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ABSTRACT 

The pharmacological administration of glucagon-like peptide-1 receptor (GLP-1R) 

agonists reduces blood pressure in type 2 diabetes and non-diabetic patients. This study tested 

the hypothesis that endogenous GLP-1R signaling influences the regulation of blood pressure. 

To this end, spontaneously hypertensive rats (SHR) and Wistar rats were treated with the GLP-

1R antagonist exendin-9 (Ex9) or vehicle for four weeks. Rats receiving the GLP-1R agonist 

exenatide (Ex4) were used as an additional control. We found that blockade of baseline GLP-1R 

signaling by Ex9 increased systolic blood pressure (SBP) in both SHR and Wistar rats, compared 

to vehicle-treated animals, while Ex4 only reduced SBP in SHR. Higher SBP induced by Ex9 

was accompanied by reduced lithium clearance and lower levels of Na+/H+ exchanger isoform 3 

(NHE3) phosphorylation at the serine 552, indicative of increased proximal tubule sodium 

reabsorption. Additionally, urinary angiotensinogen (AGT) and renal cortical concentration of 

angiotensin II (Ang II) were enhanced by Ex9. Conversely, Ex4 decreased both urinary AGT and 

cortical Ang II, but exclusively in SHRs. Moreover, both SHR and Wistar rats treated with Ex9 

displayed hyperinsulinemia as compared to vehicle-treated rats, whereas Ex4 reduced fasting 

insulin concentration in SHR. Collectively, these results suggest that endogenous GLP-1R 

signaling exerts a physiologically relevant effect on blood pressure control, which may be 

attributable in part to its tonic actions on the proximal tubule NHE3-mediated sodium 

reabsorption, intrarenal renin-angiotensin system and/or insulin sensitivity. The possible role of 

impaired GLP-1R signaling in the pathogenesis of hypertension warrants further investigation.  

 

KEYWORDS: hypertension, incretin, renoprotection, kidney, sodium reabsorption  
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INTRODUCTION 

Glucagon-like peptide-1 (GLP-1) is an incretin hormone produced through differential 

post-translational processing of the proglucagon protein by the enteroendocrine L cells1. Under 

physiological conditions, GLP-1 increases insulin secretion and suppresses glucagon release in a 

glucose-dependent manner2.  GLP-1 also increases insulin synthesis3 and insulin sensitivity in 

peripheral tissues4. All of these metabolic effects underscore the use of GLP-1 as a 

pharmacological target for treating type 2 diabetes (T2D). However, since native GLP-1 is 

rapidly degraded by the serine peptidase dipeptidyl peptidase-4 (DPP4)5, DPP4 inhibitors, and 

GLP-1 receptor (GLP-1R) agonists that are resistant to DPP4 degradation emerged as preferred 

anti-T2D drugs.  

The glycemic effects of GLP-1 are primarily mediated through binding to its selective 

G protein-coupled receptor GLP-1R and formation of cAMP via Gs signaling6. Activation of the 

GLP-1R also leads to extra-glycemic effects in numerous tissues, including the kidneys. GLP-1R 

agonists have been demonstrated to induce diuresis and natriuresis, at least in part through 

inhibition of Na+/H+ exchanger isoform 3 (NHE3) in the renal proximal tubule7. GLP-1R 

induced cAMP activation also confers renal benefits on the diseased kidney, including 

antialbuminuric, antioxidant, and anti-inflammatory effects8.   

Recent clinical studies indicate that the administration of GLP-1R agonists reduces blood 

pressure levels in diabetic patients when compared to placebo9-11. The antihypertensive effect of 

GLP-1R agonists has also been observed in a variety of non-diabetic models of hypertension, 

including Dahl salt-sensitive rats12, in angiotensin II-induced hypertension13, 14 and 

spontaneously hypertensive rats (SHR)15. Collectively, the results from these pre-clinical studies 

suggest that the antihypertensive effects of GLP-1 are mediated by its action on the kidneys to 
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induce natriuresis, on the endothelial cells to promote vasodilation and on the brainstem 

catecholamine neurons to attenuate sympathetic nerve activity. GLP-1R agonists have been 

demonstrated to counteract the actions of angiotensin II on the kidney16, which may represent 

other potential antihypertensive and renoprotective mechanism of these therapeutic agents. 

Notably, a study conducted in healthy subjects demonstrates a negative correlation between 

postprandial GLP-1 levels and systolic blood pressure (SBP)17, suggesting that endogenous GLP-

1 may have blood pressure-lowering properties. Interestingly, we have previously found that 

acute blockade of the GLP-1R with its peptide exendin-9 exerts anti-natriuretic and antidiuretic 

effects in Wistar rats18. These results provide novel evidence that GLP-1 is a physiologically 

relevant natriuretic factor that contributes to sodium balance. However, it remains to be 

established whether endogenous GLP-1 may play a role in blood pressure control, and if so, the 

mechanisms involved. Therefore, this study aimed to test the hypothesis that long-term GLP-1R 

blockade increases blood pressure in both normotensive and hypertensive rats. Besides, a 

combined strategy using the GLP-1R antagonist exendin-9 and the agonist exenatide was 

employed to gain insight into the molecular mechanisms underlying the blood pressure effects of 

GLP-1R signaling.  

 

 

  



5 
 

METHODS 

The data that support the findings of this study are available from the corresponding 

author upon request. 

An expanded Material and Methods section is available in the online-only Data 

Supplement.  

Animals - All experiments were carried out following the ethical principles in animal 

research of the Brazilian College of Animal Experimentation and were approved by the 

Institutional Animal Care and Use Committee. Forty-day-old male spontaneously hypertensive 

rats (SHR, n = 54) and Wistar rats (n = 48) were randomized into three groups and treated twice-

daily with intraperitoneal injections of the GLP-1R antagonist exendin-9 (75 μg/kg/day), the 

GLP-1R agonist exenatide (10 μg/kg/day) or vehicle (0.9% saline) over 28 days. SBP was 

measured by tail-plethysmography at the start of the study (day 0) and thereafter weekly, 

commencing after treatment with exendin-9, exenatide, or saline. Five days before the end of 

treatment, rats were individually placed into metabolic cages for 24h urine collection. The 

diuretic and natriuretic responses to an acute extracellular volume expansion were evaluated 

three days before the end of the study. Oral Glucose Tolerance Test (OGTT) was performed two 

days before the end of treatment. On the last day of treatment, BP was measured by cannulation 

of the carotid artery in anesthetized rats. Arterial blood was collected at the time of death. Rats 

were killed by decapitation, and the kidneys were immediately removed for isolation of renal 

cortical membrane proteins and immunoblotting or tissue fixation for immunohistochemistry 

(Figure S1 and Table S1). 

Statistical analysis - Results are reported as means ± SEM with n indicating the number 

of rats unless otherwise stated. Comparisons among the groups were performed using one-way or 



6 
 

two-way ANOVA with repeated measures followed by the Bonferroni post-hoc test. P<0.05 was 

considered significant. 
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RESULTS 

Long-term blockade of GLP-1R increases blood pressure in both hypertensive and 

normotensive rats  

Tail cuff BP was similar among the three groups of 40-day-old SHRs before treatment 

(Figure 1A). In vehicle-treated rats, tail-cuff BP increased significantly over the 4-week 

experimental time course, consistent with developing hypertension in SHRs. In rats receiving 

exendin-9, the hypertension was amplified compared to vehicle (Figure 1A), and at the end of 

the experiment, tail-cuff BP was 10 ± 2 mmHg higher than control. In contrast, the GLP-1R 

agonist exenatide attenuated the progressive rise in tail-cuff BP (Figure 1A), so that after 4 

weeks was 12 ± 1 mmHg lower than in untreated animals. Surprisingly, exendin-9 treatment also 

increased tail-cuff BP by 16 ± 2 mmHg in conscious Wistar rats, but in this case BP was not 

reduced by activation of GLP-1R by exenatide (Figure 1B).  

Next, we examined the effects of long-term blockade of GLP-1R on SBP and DBP in 

anesthetized SHRs and Wistar rats. In SHRs, we again found contrasting effects of exendin-9, 

which increased SBP compared to controls, and exenatide, which lowered SBP (Figure 1C). 

Normotensive Wistar rats treated with the GLP-1R antagonist exendin-9 also exhibited increased 

SBP compared to vehicle controls, whereas receptor agonism was without effect (Figure 1D). No 

significant differences were found in DBP among the three groups of SHRs (Figure 1E). DBP 

was also similar across all three groups of Wistar rats (Figure 1F). Heart rate was not different 

across treatment groups in either SHR or Wistar (data not shown).  

 

Long-term GLP-1R blockade impairs the acute renal natriuretic response  extracellular fluid 

volume homeostasis and enhances proximal tubule sodium reabsorption of SHRs and Wistar 

rats 
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Urine flow rate,  glomerular filtration rate (GFR) and the fractional excretion of sodium, 

examined by 24h urine collection at the end of the study, were similar and unchanging in all 

groups (Tables S2 and S3). This is consistent with steady state sodium-fluid balance since food 

and water intake were not different between groups. However, long-term blockade or activation 

of the GLP-1R altered the acute (3h) excretory response to an intraperitoneal bolus of isotonic 

saline (10% volume/body weight). Chronic exendin-9 treatement reduced the percentage of the 

fluid and sodium load that was excreted in both SHR and Wistar rats (Figure 2A-D). Conversely, 

the acute diuretic/natriuretic response of exenatide-treated SHR was higher than that of controls 

and exendin-9-treated SHRs (Figure 2A and 2C). Similar fluid and salt load percentages were 

excreted by control and exenatide-treated Wistar rats (Figure 2B and 2D).  

To evaluate whether changes at the rate of which the saline load was excreted by SHR 

and Wistar rats were accompanied by changes in proximal tubule sodium reabsorption, we 

measured the lithium clearance, an index of proximal tubular fluid delivery. As depicted in 

Figure 2, lithium clearance was decreased by exendin-9 and increased by exenatide when 

compared to SHR (Figure 2E) or Wistar rats (Figure 2F) that received vehicle.  

 

Long-term blockade of GLP-1R reduces PKA-mediated NHE3 phosphorylation in the renal 

cortex of SHRs and Wistar rats   

NHE3 is the primary pathway for sodium reabsorption in the proximal tubule apical 

membrane19. Therefore, we hypothesized that blockade of the GLP-1R signaling might be 

accompanied by stimulation of NHE3. To this end, we evaluated whether exendin-9 could alter 

NHE3 phosphorylation at the PKA consensus site serine 552 (PS552-NHE3) as a surrogate of 
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NHE3 activity since the levels of NHE3 phosphorylation at this residue negatively correlates 

with proximal tubule NHE3 transport function20, 21.  As illustrated in Figure 3A, long-term 

treatment with exendin-9 reduced the levels of PS552-NHE3 in the renal cortex of SHRs, 

whereas exenatide modestly increased it. A similar reduction in the levels of PS552-NHE3 was 

observed in the renal cortex of Wistar rats treated with exendin-9. In line with earlier studies 

evaluating the acute effect of exenatide on NHE37, long-term activation of the GLP-1R increased 

PS552-NHE3 levels in Wistar rats (Figure 3B). Conversely, total NHE3 protein abundance did 

not vary in response to either exendin-9 or exenatide treatments (Figure S2).  

 

Long-term blockade of GLP-1R increases renal cortical angiotensin II (Ang II) concentration 

in SHR and Wistar rats  

An activated intrarenal renin-angiotensin system (RAS) plays a crucial role in the 

pathogenesis of hypertension. We therefore evaluated the potential relationship between 

blockade of GLP-1R signaling and activation of the intrarenal renin-angiotensin system.  We 

first assessed whether long-term blockade of GLP-1R could alter the urinary excretion of 

angiotensinogen (AGT), which is known to provide a specific index of intrarenal RAS status22. 

As illustrated in Figure 4, exendin-9 treatment enhanced urinary excretion of AGT in both SHRs 

(Figure 4A) and Wistar rats (Figure 4B) as compared to their respective controls (vehicle-treated 

rats). Exenatide treatment reduced urinary AGT excretion, but only in SHRs (Figure 4A-B).  The 

systemic levels of AGT, evaluated by immunoblotting, remained unchanged in response to either 

exendin-9 or exenatide in both strains of rats (Figure S3).  

Next, to confirm the effect of GLP-1R blockade on intrarenal RAS, the levels of renal 

cortical Ang II concentration was measured. Indeed, renal cortical Ang II content was increased 
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by exendin-9 in both SHRs (Figure 4C) and Wistar rats (Figure 4D). Once again, exenatide 

treatment significantly reduced renal Ang II content in SHRs (Figure 4C) but did not alter it in 

Wistar rats when compared to saline-treated animals.  

 

Long term-blockade of GLP-1R leads to fasting hyperinsulinemia in normotensive rats, 

potentiates it in hypertensive rats and impairs insulin sensitivity in both rat strains   

Hyperinsulinemia results from an imbalance between insulin secretion and insulin 

sensitivity23. The association of hypertension, insulin resistance, and resultant hyperinsulinemia 

is well established24. Given the strong evidence suggesting that GLP-1R activation increases 

insulin sensitivity in peripheral tissues25, 26 and thereby reduces fasting hyperinsulinemia26, we 

tested the hypothesis that the effects of chronic blockade of GLP-1R on blood pressure could be 

associated with the worsening of insulin resistance.  

The fasting blood glucose levels were similar among the SHR groups (Table S2). 

However, the OGTT demonstrated a significant increase in the area under the curve (AUC) of 

the SHRs treated with exendin-9 as compared to vehicle-treated SHRs (Figure 5A), suggesting 

that GLP-1R blockade induces some degree of glucose intolerance in SHRs despite normal 

fasting glucose levels.  Conversely, exenatide reduced AUC in SHRs in comparison with 

controls (Figure 5A). In Wistar rats, fasting blood glucose levels and glucose tolerance were 

unaltered by treatment with exendin-9 (Table S3, Figure 5B); however, a reduction of AUC was 

observed in response to exenatide (Figure 5B). 

As also illustrated in Figure 5, serum insulin levels were increased in exendin-9 treated 

SHRs (Figure 5C) and Wistar rats (Figure 5D) compared to saline-treated controls. Notably, 

exenatide treatment reduced serum insulin levels of SHR rats to levels similar to those of saline-
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treated Wistar. Insulin resistance was confirmed by calculating the Homeostasis Model 

Assessment for Insulin Resistance (HOMA-IR) index (Figure 5E-F). Long-term blockade of 

GLP-1R increased the HOMA-IR index in both SHRs and Wistar rats as compared to their 

respective saline-treated group. Activation of GLP-1R by exenatide improved insulin resistance 

in SHRs but did not affect it in Wistar rats (Figure 5E-F). 

 

Long-term blockade of GLP-1R exacerbates renal damage in hypertensive rats 

Recent clinical and experimental studies have highlighted the potential renoprotective 

actions of GLP-1R agonists in diabetic nephropathy that seem to be mediated by pleiotropic 

effects independent from glycemic control27. Thus, we predicted that chronic blockade of the 

GLP-1R could potentiate the progression of renal damage, especially in SHRs. We found that 

four-week treatment with exendin-9 significantly raised the albumin to creatinine ratio (ACR) in 

SHRs and Wistar rats compared to the respective saline-treated control rats (Table S2-S3). 

Exenatide treatment decreased the ACR in hypertensive rats, but did not affect albuminuria in 

Wistar rats (Table S3).  Figure S4 shows that the myofibroblast activation marker α-SMA was 

higher in SHR treated with exendin-9 than in those which received vehicle (Figure S4A) and that 

the number of infiltrating macrophages in the renal cortex was increased also compared to 

vehicle-treated rats (Figure S4B). Conversely, the renal cortex of SHRs treated with exenatide 

displayed lower expression of α-SMA (Figure S4A) and a reduced number of infiltrated 

macrophages (Figure S4B) when compared with saline-treated SHR rats. Neither expression of 

α-SMA nor infiltration of macrophages were detected in the renal cortex of Wistar rats treated or 

not with GLP-1R modulators (Figure S4C-D).  
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Systemic administration of GLP-1R antagonist and agonist alters GLP-1R signaling in the 

renal cortex  

To determine whether the systemic infusion of exendin-9 or exenatide for four weeks 

affects GLP-1R signaling in the renal cortex of SHRs and Wistar rats, phosphorylation of PKA 

substrates were assessed by immunoblotting. As shown in Figure 6A, the levels of several 

phosphorylated PKA substrates were lower in the renal cortex of exendin-9-treated SHRs 

compared with SHRs that received saline. Conversely, the levels of phospho-PKA proteins were 

higher in the renal cortex of exenatide-treated vs. saline-treated SHR rats. As seen in Figure 6B, 

qualitatively similar effects of exendin-9 treatment were observed in Wistar, but the reduced 

phospho-PKA proteins were not statistically significant (78 ± 8 vs. 100 ± 1% Wistar-Ctrl, P = 

0.09). However, exenatide administration was capable of increasing the phosphorylation levels 

of renal cortical PKA substrates in comparison with saline-treated Wistar.  
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DISCUSSION  

Previous studies from our laboratory and others have demonstrated that acute 

pharmacological stimulation of the GLP-1R induces diuresis and natriuresis by increasing GFR 

and inhibiting the main renal proximal tubule sodium reabsorption pathway, NHE3, in 

normotensive rats7, 28, 29. In addition, we have shown that acute blockade of the GLP-1R receptor 

provokes the opposite effect, i.e., decreases GFR and increases NHE3-mediated sodium 

reabsorption in the proximal tubule18, supporting the notion that endogenous GLP-1R signaling 

exerts a tonic natriuretic action that modulates sodium balance and may prevent volume 

expansion.  Herein, we provide novel evidence that long-term blockade of the endogenous GLP-

1R signaling by its antagonist exendin-9 intensifies blood pressure rise and exacerbates renal 

damage in hypertensive rats. Intriguingly, GLP-1R blockade also enhances blood pressure in 

normotensive rats, suggesting that endogenous GLP-1R signaling may contribute to 

physiological blood pressure homeostasis. Moreover, the results presented in this study suggest 

that the antihypertensive effects of baseline GLP-1R activation involve, at least in part, 

modulation on the proximal tubule NHE3-mediated sodium reabsorption, intrarenal renin-

angiotensin system and/or insulin sensitivity.  

Multiple clinical trials assessing the cardiovascular safety of the GLP-1R agonists have 

consistently shown that sustained treatment with these agents induces modest to significant 

reductions in systolic blood pressure of T2D hypertensive patients30-32. DBP is less consistently 

affected. Notably, a Japanese study that included 128 subjects from the general population 

indicated that the postprandial increase of GLP-1 in response to a glucose load inversely 

correlates with SBP17. Conversely, no significant association was detected between postprandial 

GLP-1 levels and DBP17. These reports are in line with our findings that show that long-term 

blockade of GLP-1R signaling enhances SBP but does not affect DBP in normotensive and 
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hypertensive rats. The fact that SBP is the predominant component affected by GLP-1R 

signaling in human subjects as well as in our current experimental study suggests that GLP-1R-

mediated blood pressure control is mainly due to its effects on extracellular volume homeostasis. 

This hypothesis is supported by the saline challenge experiments revealing that the blockade of 

GLP-1R by exendin-9 reduces the natriuretic/diuretic response to an acute extracellular volume 

expansion in both hypertensive and normotensive rats. Our data also indicate that rats treated 

with the GLP-1R antagonist exendin-9 ultimately maintain salt balance but a logical conclusion 

is that this comes at the expense of increased blood pressure.   

The natriuretic/diuretic response is dependent on extracellular fluid volume and body 

sodium content (perhaps reference the paper mentioned by the reviewer here: PMID: 4021315). 

We observed a blunted excxretory response to a saline load in exendin-9-treated rats, which 

points to underlying changes in extracellular fluid volume and may additionally reflect a 

decrease in GFR and/or an increase in tubular sodium reabsorption. In normotensive rats, the 

acute anti-natriuretic effect of exendin-9 is accompanied by a reduction in GFR and renal blood 

flow18. In contrast, these renal hemodynamic parameters are increased by acute GLP-1R 

activation, most likely due to the vasodilation of the afferent arterioles33. However, chronic 

modulation of GLP-1R signaling does not significantly change GFR in normotensive rats and 

thus hemodynamic actions are unlikely to contribute significantly to the reduced natriuretic 

response to volume expansion in these animals.  Notably, hypertensive rats are refractory to the 

acute GLP-1R-activation mediated renal vascular relaxation34.35 In line with these findings, we 

show herein that long-term blockade or activation of the GLP-1R receptor does not affect GFR 

in hypertensive rats.  
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Proximal tubule NHE3-mediated sodium reabsorption plays a crucial role in the pressure 

natriuresis response that maintains volume homeostasis and blunts further increases in blood 

pressure36. Our finding that higher blood pressure and impaired renal salt handling in 

hypertensive and normotensive rats treated with exendin-9 was associated with lower levels of 

NHE3-PS552 and higher lithium clearance suggests that long-term blockade of GLP-1R 

signaling elevates blood pressure at least in part by blunting the compensatory natriuretic 

response of the renal proximal tubule. In the kidneys, the GLP-1R is found only in the proximal 

tubule and glomerulus7. However, we cannot exclude the possibility that changes in renal GLP-

1R signaling may also exert indirect effects on other sodium transporters along the nephron of 

hypertensive and normotensive rats, either due to the changes in the sodium load that is delivered 

to the distal nephron, or to the actions that GLP-1 has been shown to exert in opposition to those 

of Ang II16.  

The RAS plays a determinant role in regulating blood pressure as well as sodium and 

water balance. Our study demonstrates that long-term blockade of GLP-1R activates intrarenal 

RAS. Thus, endogenous activation of the GLP-1R may prevent blood pressure elevation and 

volume expansion by downregulating intrarenal RAS. Indeed, several studies support the idea 

that GLP-1 is capable of counteracting the actions of systemic and renal Ang II13, 14, 16, 37. Skov 

and colleagues have found that systemic infusion of GLP-1 in young healthy males for 2-hours 

decreases the circulatory Ang II concentration37. The GLP-1R agonists exendin-414 and 

liraglutide13  mitigate increases of blood pressure rise in response to Ang II, at least in part due to 

its natriuretic actions. A cross-talk between GLP-1R and Ang II has also been shown in isolated 

mesangial cells from human kidneys, in which GLP-1 blocked the Ang II-induced increase in 

reactive oxygen species and activation of inflammatory mediators through a GLP-1R/PKA 
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signaling pathway16. Opposing effects of GLP-1 and Ang II are also observed with regard to 

proximal tubule NHE3 regulation38. While GLP-1 inhibits NHE3 by stimulating the cAMP/PKA 

signaling pathway and increasing the levels of NHE3-PS5527, 29, Ang II reduces cAMP/PKA-

mediated NHE3 phosphorylation at serine 552, leading to increased NHE3-mediated transport in 

renal proximal tubule cells38. Accordingly, long-term administration of exendin-9 lowers cortical 

NHE3-PS552 levels. This effect might be resultant from the coordinated actions of the direct 

blockade of the renal GLP-1R signaling by this antagonist coupled with the indirect activation of 

the angiotensin II receptor type 1 (AT1R)/inhibitory Gi protein due to exendin-9-induced 

augmentation of cortical Ang II content. Under physiological conditions, the natriuretic effects of 

endogenous activation of GLP-1R signaling might neutralize the cellular pathway triggered by 

Ang II in the renal proximal tubule, thereby contributing to the maintenance of sodium balance 

and blood pressure regulation. 

Insulin resistance and hyperinsulinemia aggravate hypertension, among other 

cardiovascular diseases24, 39.  In this context, our study shows that both hypertensive and 

normotensive rats treated with exendin-9 exhibit increased fasting serum insulin concentration 

and HOMA-IR index as compared to vehicle-treated rats. Indeed, our data indicate that long-

term blockade of the GLP-1R is able to worsen insulin sensitivity in SHRs and develop insulin 

resistance in Wistar rats. Hyperinsulinemia may occur as a compensatory mechanism of the 

pancreas to secrete higher amounts of insulin in the face of defects in the complex cascades of 

insulin receptor signaling, including insulin substrate 1/2 (IRS-1/2)/phosphoinositide 3-kinase 

(PI3K)/protein kinase B (AKT). In the kidney, insulin resistance is selective40 since IRS1 

signaling is impaired41, whereas IRS2 remains intact42, 43. The main effects arising from 

hyperstimulation of IRS2 in the kidneys are hyperfiltration and renal tubule-mediated sodium 
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retention41, 44.  Cumulative evidence indicates that hyperinsulinemia induces volume expansion 

and contributes to the development of hypertension, mainly by stimulating sodium reabsorption 

in the proximal tubule through NHE3 on the apical surface of the cell45 and by the 

sodium/bicarbonate cotransporter (NBCe1) on the basolateral surface41. Thus, it is tempting to 

speculate that hyperinsulinemia contributes to blood pressure increase in our experimental 

models via proximal tubule NHE3. Nevertheless, despite the observations that higher blood 

pressure induced by long-term GLP-1R blockade is associated with NHE3 stimulation and 

increased insulin circulating levels, they are still not sufficient to validate this hypothesis.  

Experimental and clinical evidence indicates that GLP-1R agonists, as well as DPP4 

inhibitors, confer therapeutic benefits in diabetic nephropathy beyond its anti-hyperglycemic 

effects27. These incretin-based agents confer renoprotection by reducing proteinuria, increasing 

GFR, and improving renal damage. The mechanisms underlying the renoprotective effects of 

GLP-1R agonists involve a reduction in oxidative stress, apoptosis signaling, inflammation, and 

protection from endothelial dysfunction. In line with the renoprotective actions of GLP-1R 

agonists, the present study reveals that long-term blockade of GLP-1R in SHR, a hypertensive 

model not associated with hyperglycemia, increases albuminuria, renal fibrosis, and 

inflammation.  An important caveat is that we cannot discern from our results whether GLP-1R 

blockade worsens renal damage because it increases blood pressure or if inhibition of renal GLP-

1R signaling per se may promote albuminuria, fibrosis, and inflammation. Interestingly, an in 

vitro study conducted in mesangial cells demonstrated that GLP-1 completely blocked the 

angiotensin II-induced generation of reactive oxygen species, NF-κB activation, up-regulation of 

mRNA levels of intercellular adhesion molecule-1 and plasminogen activator inhibitor-116. 
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These antioxidant and anti-inflammatory actions of GLP-1 were dependent on PKA activation16 

and suggest that GLP-1R signaling may indeed be directly responsible for the renoprotection.  

 

PERSPECTIVES 

 Evidence from clinical trials supports that GLP-1R agonists are able to reduce 

cardiovascular events and all-cause mortality as well as the progression of kidney disease in 

T2D. Apart from lowering glycemia, the cardioprotective benefits of the GLP-1R agonists may 

be attributable, at least in part, by their antihypertensive action. To the best of our knowledge, 

this is the first study to demonstrate that endogenous GLP-1R signaling exerts a physiologically 

relevant effect on blood pressure control. As such, GLP-1 may not only be a target for 

therapeutic intervention, but likely may contribute to the development and/or maintenance of 

hypertension. Further studies are warranted to elucidate the potential role of impaired renal GLP-

1R signaling in the pathogenesis of hypertension. 

 

SOURCES OF FUNDING 

This work was supported by Grant 2016/22140-7 from the São Paulo Research 

Foundation (FAPESP). 

 

DISCLOSURES 

 The authors declare no conflict of interest. 

  



19 
 

REFERENCES 

1. Rouillé Y, Martin S, Steiner DF. Differential processing of proglucagon by the subtilisin-like 
prohormone convertases pc2 and pc3 to generate either glucagon or glucagon-like peptide. J 
Biol Chem. 1995;270:26488-26496 

2. Drucker DJ. Biologic actions and therapeutic potential of the proglucagon-derived peptides. Nat 
Clin Pract Endocrinol Metab. 2005;1:22-31 

3. Fehmann HC, Habener JF. Insulinotropic hormone glucagon-like peptide-i(7-37) stimulation of 
proinsulin gene expression and proinsulin biosynthesis in insulinoma beta tc-1 cells. 
Endocrinology. 1992;130:159-166 

4. Holz GG, Kühtreiber WM, Habener JF. Pancreatic beta-cells are rendered glucose-competent by 
the insulinotropic hormone glucagon-like peptide-1(7-37). Nature. 1993;361:362-365 

5. Deacon CF, Nauck MA, Toft-Nielsen M, Pridal L, Willms B, Holst JJ. Both subcutaneously and 
intravenously administered glucagon-like peptide i are rapidly degraded from the nh2-terminus 
in type ii diabetic patients and in healthy subjects. Diabetes. 1995;44:1126-1131 

6. Thorens B. Expression cloning of the pancreatic beta cell receptor for the gluco-incretin 
hormone glucagon-like peptide 1. Proc Natl Acad Sci U S A. 1992;89:8641-8645 

7. Crajoinas RO, Oricchio FT, Pessoa TD, Pacheco BPM, Lessa LMA, Malnic G, Girardi ACC. 
Mechanisms mediating the diuretic and natriuretic actions of the incretin hormone glucagon-
like peptide-1. American Journal of Physiology-Renal Physiology. 2011;301:F355-F363 

8. Skov J. Effects of glp-1 in the kidney. Rev Endocr Metab Disord. 2014;15:197-207 
9. Marso SP, Daniels GH, Brown-Frandsen K, Kristensen P, Mann JF, Nauck MA, Nissen SE, Pocock 

S, Poulter NR, Ravn LS, Steinberg WM, Stockner M, Zinman B, Bergenstal RM, Buse JB, 
Committee LS, Investigators LT. Liraglutide and cardiovascular outcomes in type 2 diabetes. N 
Engl J Med. 2016;375:311-322 

10. Holman RR, Bethel MA, Hernandez AF. Once-weekly exenatide and cardiovascular outcomes in 
type 2 diabetes. N Engl J Med. 2017;377:2502 

11. Marso SP, Bain SC, Consoli A, Eliaschewitz FG, Jódar E, Leiter LA, Lingvay I, Rosenstock J, Seufert 
J, Warren ML, Woo V, Hansen O, Holst AG, Pettersson J, Vilsbøll T, Investigators S-. Semaglutide 
and cardiovascular outcomes in patients with type 2 diabetes. N Engl J Med. 2016;375:1834-
1844 

12. Yu M, Moreno C, Hoagland KM, Dahly A, Ditter K, Mistry M, Roman RJ. Antihypertensive effect 
of glucagon-like peptide 1 in dahl salt-sensitive rats. J Hypertens. 2003;21:1125-1135 

13. Kim M, Platt MJ, Shibasaki T, Quaggin SE, Backx PH, Seino S, Simpson JA, Drucker DJ. Glp-1 
receptor activation and epac2 link atrial natriuretic peptide secretion to control of blood 
pressure. Nat Med. 2013;19:567-575 

14. Hirata K, Kume S, Araki S, Sakaguchi M, Chin-Kanasaki M, Isshiki K, Sugimoto T, Nishiyama A, 
Koya D, Haneda M, Kashiwagi A, Uzu T. Exendin-4 has an anti-hypertensive effect in salt-
sensitive mice model. Biochem Biophys Res Commun. 2009;380:44-49 

15. Katsurada K, Nakata M, Saito T, Zhang B, Maejima Y, Nandi SS, Sharma NM, Patel KP, Kario K, 
Yada T. Central glucagon-like peptide-1 receptor signaling via brainstem catecholamine neurons 
counteracts hypertension in spontaneously hypertensive rats. Sci Rep. 2019;9:12986 

16. Ishibashi Y, Matsui T, Takeuchi M, Yamagishi S. Glucagon-like peptide-1 (glp-1) inhibits advanced 
glycation end product (age)-induced up-regulation of vcam-1 mrna levels in endothelial cells by 
suppressing age receptor (rage) expression. Biochem Biophys Res Commun. 2010;391:1405-1408 

17. Yoshihara M, Akasaka H, Ohnishi H, Miki T, Furukawa T, Yuda S, Saitoh S, Miura T. Glucagon-like 
peptide-1 secretory function as an independent determinant of blood pressure: Analysis in the 
tanno-sobetsu study. PLoS One. 2013;8:e67578 



20 
 

18. Farah LX, Valentini V, Pessoa TD, Malnic G, McDonough AA, Girardi AC. The physiological role of 
glucagon-like peptide-1 in the regulation of renal function. Am J Physiol Renal Physiol. 
2016;310:F123-127 

19. Schultheis PJ, Clarke LL, Meneton P, Miller ML, Soleimani M, Gawenis LR, Riddle TM, Duffy JJ, 
Doetschman T, Wang T, Giebisch G, Aronson PS, Lorenz JN, Shull GE. Renal and intestinal 
absorptive defects in mice lacking the nhe3 na+/h+ exchanger. Nat Genet. 1998;19:282-285 

20. Crajoinas RO, Lessa LMA, Carraro-Lacroix LR, Davel APC, Pacheco BPM, Rossoni LV, Malnic G, 
Girardi ACC. Posttranslational mechanisms associated with reduced nhe3 activity in adult vs. 
Young prehypertensive shr. American Journal of Physiology-Renal Physiology. 2010;299:F872-
F881 

21. Kocinsky H, Girardi A, Biemesderfer D, Nguyen T, Mentone S, Orlowski J, Aronson P. Use of 
phospho-specific antibodies to determine the phosphorylation of endogenous na(+)/h(+) 
exchanger nhe3 at pka consensus sites. American Journal of Physiology-Renal Physiology. 
2005;289:F249-F258 

22. Kobori H, Alper AB, Shenava R, Katsurada A, Saito T, Ohashi N, Urushihara M, Miyata K, Satou R, 
Hamm LL, Navar LG. Urinary angiotensinogen as a novel biomarker of the intrarenal renin-
angiotensin system status in hypertensive patients. Hypertension. 2009;53:344-350 

23. Defronzo RA. Banting lecture. From the triumvirate to the ominous octet: A new paradigm for 
the treatment of type 2 diabetes mellitus. Diabetes. 2009;58:773-795 

24. El-Atat FA, Stas SN, McFarlane SI, Sowers JR. The relationship between hyperinsulinemia, 
hypertension and progressive renal disease. J Am Soc Nephrol. 2004;15:2816-2827 

25. Xu G, Stoffers DA, Habener JF, Bonner-Weir S. Exendin-4 stimulates both beta-cell replication 
and neogenesis, resulting in increased beta-cell mass and improved glucose tolerance in diabetic 
rats. Diabetes. 1999;48:2270-2276 

26. Wu H, Sui C, Xia F, Zhai H, Zhang H, Xu H, Weng P, Lu Y. Effects of exenatide therapy on insulin 
resistance in the skeletal muscles of high-fat diet and low-dose streptozotocin-induced diabetic 
rats. Endocr Res. 2016;41:1-7 

27. Tanaka T, Higashijima Y, Wada T, Nangaku M. The potential for renoprotection with incretin-
based drugs. Kidney Int. 2014;86:701-711 

28. Thomson SC, Kashkouli A, Singh P. Glucagon-like peptide-1 receptor stimulation increases gfr 
and suppresses proximal reabsorption in the rat. Am J Physiol Renal Physiol. 2013;304:F137-144 

29. Rieg T, Gerasimova M, Murray F, Masuda T, Tang T, Rose M, Drucker DJ, Vallon V. Natriuretic 
effect by exendin-4, but not the dpp-4 inhibitor alogliptin, is mediated via the glp-1 receptor and 
preserved in obese type 2 diabetic mice. Am J Physiol Renal Physiol. 2012;303:F963-971 

30. Holman RR, Bethel MA, Mentz RJ, Thompson VP, Lokhnygina Y, Buse JB, Chan JC, Choi J, 
Gustavson SM, Iqbal N, Maggioni AP, Marso SP, Öhman P, Pagidipati NJ, Poulter N, 
Ramachandran A, Zinman B, Hernandez AF, Group ES. Effects of once-weekly exenatide on 
cardiovascular outcomes in type 2 diabetes. N Engl J Med. 2017;377:1228-1239 

31. Pfeffer MA, Claggett B, Diaz R, Dickstein K, Gerstein HC, Køber LV, Lawson FC, Ping L, Wei X, 
Lewis EF, Maggioni AP, McMurray JJ, Probstfield JL, Riddle MC, Solomon SD, Tardif JC, 
Investigators E. Lixisenatide in patients with type 2 diabetes and acute coronary syndrome. N 
Engl J Med. 2015;373:2247-2257 

32. Hernandez AF, Green JB, Janmohamed S, D'Agostino RB, Granger CB, Jones NP, Leiter LA, 
Rosenberg AE, Sigmon KN, Somerville MC, Thorpe KM, McMurray JJV, Del Prato S, investigators 
HOca. Albiglutide and cardiovascular outcomes in patients with type 2 diabetes and 
cardiovascular disease (harmony outcomes): A double-blind, randomised placebo-controlled 
trial. Lancet. 2018;392:1519-1529 



21 
 

33. Jensen EP, Poulsen SS, Kissow H, Holstein-Rathlou NH, Deacon CF, Jensen BL, Holst JJ, Sorensen 
CM. Activation of glp-1 receptors on vascular smooth muscle cells reduces the autoregulatory 
response in afferent arterioles and increases renal blood flow. Am J Physiol Renal Physiol. 
2015;308:F867-877 

34. Savignano FA, Crajoinas RO, Pacheco BPM, Campos LCG, Shimizu MHM, Seguro AC, Girardi ACC. 
Attenuated diuresis and natriuresis in response to glucagon-like peptide-1 in hypertensive rats 
are associated with lower expression of the glucagon-like peptide-1 receptor in the renal 
vasculature. European Journal of Pharmacology. 2017;811:38-47 

35. Jensen EP, Møller S, Hviid AVR, Veedfald S, Holst JJ, Pedersen J, Ørskov C, Sorensen CM. Glp-1-
induced renal vasodilation in rodents depends exclusively on the known glp-1 receptor and is 
lost in pre-hypertensive rats. Am J Physiol Renal Physiol. 2020 

36. Li XC, Zhu D, Chen X, Zheng X, Zhao C, Zhang J, Soleimani M, Rubera I, Tauc M, Zhou X, Zhuo JL. 
Proximal tubule-specific deletion of the nhe3 (na. Hypertension. 2019;74:526-535 

37. Skov J, Dejgaard A, Frøkiær J, Holst JJ, Jonassen T, Rittig S, Christiansen JS. Glucagon-like 
peptide-1 (glp-1): Effect on kidney hemodynamics and renin-angiotensin-aldosterone system in 
healthy men. J Clin Endocrinol Metab. 2013;98:E664-671 

38. Crajoinas RO, Polidoro JZ, Carneiro de Morais CP, Castelo-Branco RC, Girardi AC. Angiotensin ii 
counteracts the effects of camp/pka on nhe3 activity and phosphorylation in proximal tubule 
cells. Am J Physiol Cell Physiol. 2016:ajpcell.00191.02016 

39. Arruda-Junior DF, Martins FL, Salles TA, Jensen L, Dariolli R, Antonio EL, Dos Santos L, Crajoinas 
RO, Tucci PJF, Gowdak LHW, Krieger JE, Pereira AC, Girardi AC. Postprandial increase in 
glucagon-like peptide-1 is blunted in severe heart failure. Clin Sci (Lond). 2020;134:1081-1094 

40. Horita S, Nakamura M, Suzuki M, Satoh N, Suzuki A, Seki G. Selective insulin resistance in the 
kidney. Biomed Res Int. 2016;2016:5825170 

41. Nakamura M, Yamazaki O, Shirai A, Horita S, Satoh N, Suzuki M, Hamasaki Y, Noiri E, Kume H, 
Enomoto Y, Homma Y, Seki G. Preserved na/hco3 cotransporter sensitivity to insulin may 
promote hypertension in metabolic syndrome. Kidney Int. 2015;87:535-542 

42. Gatica R, Bertinat R, Silva P, Carpio D, Ramírez MJ, Slebe JC, San Martín R, Nualart F, Campistol 
JM, Caelles C, Yáñez AJ. Altered expression and localization of insulin receptor in proximal tubule 
cells from human and rat diabetic kidney. J Cell Biochem. 2013;114:639-649 

43. Mima A, Ohshiro Y, Kitada M, Matsumoto M, Geraldes P, Li C, Li Q, White GS, Cahill C, Rask-
Madsen C, King GL. Glomerular-specific protein kinase c-β-induced insulin receptor substrate-1 
dysfunction and insulin resistance in rat models of diabetes and obesity. Kidney Int. 
2011;79:883-896 

44. Nakamura M, Satoh N, Suzuki M, Kume H, Homma Y, Seki G, Horita S. Stimulatory effect of 
insulin on renal proximal tubule sodium transport is preserved in type 2 diabetes with 
nephropathy. Biochem Biophys Res Commun. 2015;461:154-158 

45. Baum M. Insulin stimulates volume absorption in the rabbit proximal convoluted tubule. J Clin 
Invest. 1987;79:1104-1109 

 

  



22 
 

NOVELTY AND SIGNIFICANCE 

 

1) What Is New? 

§  Several studies have consistently reported the diuretic, natriuretic, and antihypertensive 

effects of pharmacological GLP-1R activation. However, whether signaling through 

GLP-1R influences blood pressure at baseline has never been investigated previously. 

§ This is the first study that tested the hypothesis that endogenous GLP-1R signaling 

contributes to blood pressure control and to shed light upon its underlying mechanisms.  

2) What Is Relevant? 

§ GLP-1R signaling at baseline contributes to blood pressure control and exerts tonic 

actions on proximal tubule NHE3-mediated sodium reabsorption, intrarenal RAS, and on 

insulin sensitivity.  

§ Impaired GLP-1R signaling may contribute to the pathogenesis of hypertension, among 

other cardiovascular, renal, and metabolic diseases.  

3) Summary 

 In this study, we administered the GLP-1R antagonist exendin-9 to both hypertensive and 

normotensive rats in an attempt to validate the hypothesis that endogenous GLP-1R signaling 

plays a role in blood pressure control. Our results provide novel evidence that endogenous GLP-

1R signaling regulates systolic blood pressure, which may be attributable, at least in part, to its 

tonic actions on the proximal tubule NHE3-mediated sodium reabsorption, intrarenal renin-

angiotensin system and/or insulin sensitivity.    
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FIGURE LEGENDS 

 

Figure 1 – Effects of long-term blockade and activation of GLP-1R on blood pressure of SHR 

and Wistar rats. (A-B) Tail-cuff blood pressure was measured before and weekly after drug 

treatment in (A) SHR (n = 18 rats/group) and (B) Wistar rats (n = 16 rats/group). (C-H) Before 

euthanasia, rats were submitted to cannulation of the carotid artery for direct measurement of (C-

D) SBP and (E-F) DBP of SHR and Wistar rats. The values represent individual measurements 

and the means ± SEM. *P<0.05 **P<0.01 ***P<0.001 vs. Ctrl and †††P<0.001 vs. Ex9. 

 

Figure 2 – Effects of long-term blockade and activation of GLP-1R on extracellular volume 

homeostasis and lithium clearance in SHR and Wistar rats. A-D: SHR and Wistar rats treated 

with saline (Ctrl), exendin-9 (Ex9) or exenatide (Ex4) were challenged with an intraperitoneal 

bolus of warmed saline equivalent of 10% of their body weight and placed into metabolic cages 

for 3-h urine collection. (A-B) The percentage of the fluid load that was excreted within 3 hours 

of the saline challenge in SHR (A) and Wistar rats (B). (C-D) The percentage of the sodium load 

that was excreted within 3 hours of the saline challenge in SHR and Wistar rats. (E-F) Lithium 

clearance of SHR and Wistar rats. The values represent individual measurements and the means ± 

SEM. *P<0.05 **P<0.01 vs. Ctrl and †††P<0.001 vs. Ex9. 

 

Figure 3 - Effects of long-term blockade and activation of GLP-1R on the phosphorylation 

levels of NHE3 in the renal cortex of SHR and Wistar rats. Levels of phosphorylated (PS552-

NHE3) and total NHE3 were determined by immunoblotting in the renal cortex of (A) SHR and 

(B) Wistar rats treated with saline (Ctrl), exendin-9 (Ex9) or exenatide (Ex4). Graphical 
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representation of the ratio of phosphorylated NHE3 to total NHE3. The values represent 

individual measurements and the means ± SEM. *P<0.05 **P<0.01 vs. Ctrl and †††P<0.001 vs. 

Ex9. 

 

Figure  4 – Effects of long-term blockade and activation of GLP-1R on components of the 

intrarenal RAS. (A-B) The urinary angiotensinogen to creatinine ratio in (A) SHR and (B) 

Wistar rats treated with vehicle (Ctrl), exendin-9 (Ex9) or exenatide (Ex4). (C-D) The renal 

cortical angiotensin II (Ang II) content in (C) SHR and (D) Wistar rats. The values represent 

individual measurements and the means ± SEM. *P<0.05 **P<0.01 ***P<0.001 vs. Ctrl and 

††P<0.01 †††P<0.001 vs. Ex9. 

 

Figure  5 – Effects of long-term blockade and activation of GLP-1R on glucose tolerance 

and insulin resistance in SHR and Wistar rats. (A-B) Oral glucose tolerance tests were 

performed following an 8-hour fast on (A) SHR and (B) Wistar rats treated with vehicle (Ctrl), 

exendin-9 (Ex9) or exenatide (Ex4) after an oral administration of glucose (2 g/kg of body 

weight). Glucose area under the curve (AUC) values were calculated.  (C-D) Fasting serum 

insulin concentration in drug or vehicle-treated (C) SHR and (D) Wistar rats. (E-F) HOMA-IR 

index was calculated from fasting serum glucose and fasting serum insulin in (E) SHR and (F) 

Wistar rats. The values represent individual measurements and the means ± SEM. *P<0.05 

**P<0.01 ***P<0.001 vs. Ctrl and †P<0.05 ††P<0.01 †††P<0.001 vs. Ex9. 

 

Figure 6 – Systemic treatment with the GLP-1R antagonist exendin-9 or the agonist 

exenatide affects renal cortical PKA activity. (A-B) Representative immunoblotting and 
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quantitation by densitometry of all phospho-PKA proteins in the renal cortex of (A) SHR and (B) 

Wistar rats treated with saline (Ctrl), exendin-9 (Ex9) or exenatide (Ex4). The values represent 

individual measurements and the means ±SEM. *P<0.05 **P<0.01 vs. Ctrl and †††P<0.001 vs. 

Ex9. 
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