Received: 29 December 2020

Revised: 1 June 2021

Accepted: 8 June 2021

DOI: 10.1111/bph.15600

RESEARCH ARTICLE

Activation of AMP kinase ameliorates kidney vascular
dysfunction, oxidative stress and inflammation in rodent
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Background and Purpose: Obesity is a risk factor for the development of chronic
kidney disease independent of diabetes, hypertension and other co-morbidities.
Obesity-associated nephropathy is linked to dysregulation of the cell energy sensor
AMP-activated protein kinase (AMPK). We aimed here to assess whether impairment
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intrarenal arteries isolated from ob/ob mice and obese Zucker rats and then mounted
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Key Results: Endothelium-dependent vasodilation and PI3K/Akt/eNOS pathway

therapeutic potential of activating renal AMPK.
Experimental Approach: Effects of the AMPK activator A769662 were assessed on
in microvascular myographs. Superoxide and hydrogen peroxide production were
measured by chemiluminescence and fluorescence, respectively, and protein
expression was analysed by western blotting.
were impaired in preglomerular arteries from genetically obese rats and mice, along
with impaired arterial AMPK activity and blunted relaxations induced by the AMPK
activator A769662. Acute ex vivo exposure to A769662 restored endothelial
function and enhanced activity of PI3K/Akt/eNOS pathway in obese rats, whereas
in vivo treatment with A769662 improved metabolic state and ameliorated endothelial dysfunction, reduced inflammatory markers and vascular oxidative stress in renal
arteries and restored redox balance in renal cortex of obese mice.
Conclusion and Implications: These results demonstrate that AMPK dysregulation
underlies obesity-associated kidney vascular dysfunction and activation of AMPK
improves metabolic state, protects renal endothelial function and exerts potent vascular antioxidant and anti-inflammatory effects. The beneficial effects of vascular

Abbreviations: ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; CKD, chronic kidney disease; EC, endothelial cell; EDH, endothelium-derived-hyperpolarization; eNOS,
endothelial NOS; ER, endoplasmic reticulum; IKCa channel, intermediate-conductance calcium-activated K + channel; IKK, IκB kinase; KATP, ATP-sensitive potassium channels; LZR, lean Zucker
rats; NADPH, nicotinamide adenine dinucleotide phosphate; Nox4, NADPH oxidase 4; OZR, obese Zucker rats; PSS, physiological saline solution; SERCA, sarcoplasmic reticulum Ca2+-ATPase;
SR, sarcoplasmic reticulum; VSM, vascular smooth muscle.
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AMPK activation might represent a promising therapeutic approach to the treatment
of obesity-related kidney injury.
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|

I N T RO DU CT I O N

What is already known

Obesity has become a public health problem of increasing prevalence worldwide due to an increase in sedentary lifestyles and
excess caloric intake. Obesity and metabolic syndrome are associated with an increased risk of diabetic complications including dia-

• Obesity is a risk factor for chronic kidney disease independent of diabetes and hypertension.
• AMPK

dysregulation

has

been

associated

with

betic nephropathy and chronic kidney disease (CKD) (Abrass, 2004).

glomerulopathy, fibrosis and lipotoxicity-induced tubule

However, obese non-diabetic individuals can also develop CKD and

injury in obesity-associated nephropathy.

epidemiological data show that obesity is a risk factor for CKD
independent of diabetes, hypertension and other co-morbidities

What does this study add

(De Vries et al., 2014; Kramer et al., 2005). Obesity-related kidney
injury has been associated with structural abnormalities such as
glomerular

hypertrophy,

tubular

injury

and

tubulointerstitial

fibrosis that lead to progressive impairment of renal function and

• Reduced vascular AMPK activity was associated with
endothelial dysfunction, oxidative stress and inflammation in obesity.

microalbuminuria, proteinuria, glomerular hyperfiltration, endothelial

• AMPK activation with A769662 improved metabolic

and podocyte dysfunction and abnormal renal haemodynamics

state, ameliorated endothelial dysfunction, oxidative

(Amann & Benz, 2013; De Vries et al., 2014; Sharma, 2014). The

stress and inflammation.

pathogenic mechanisms proposed to link kidney disease and obesity
include renal lipid accumulation and lipotoxicity, proinflammatory

What is the clinical significance

changes, abnormal secretion of adipokines, endothelial dysfunction,
hypertension and oxidative stress (Amann & Benz, 2013; De Vries
et al., 2014; Muñoz et al., 2015, 2018).

• Vascular AMPK dysregulation may be involved in the
pathogenesis of obesity-associated kidney injury.

The enzyme AMP kinase (AMPK) is a key cellular energy sensor

• Vascular AMPK activation should be considered as a

that is activated in response to ATP depletion (increased AMP/ATP

therapeutic target for treatment of metabolic disease-

ratio) in energy deficiency states and stimulates catabolic pathways to

related-nephropathy.

restore energy homeostasis. AMPK is abundantly expressed in the
kidney (Decleves et al., 2014; Hallows et al., 2010), a highly energyconsuming organ, and its activation plays an important role in the
regulation of glucose and fatty acid (FA) metabolism, ion transport
and podocyte function (Hallows et al., 2010). Furthermore, activation

metabolic states in obesity (Lopez et al., 2016). In contrast, over-

of vascular AMPK in the kidney has recently been identified by our

nutrition and metabolic stress induced by obesity are linked to

group as a new physiological target that induces renal vasodilation

reduced-AMPK activity and dysregulation of lipid metabolism in

through endothelium-dependent and independent mechanisms and

peripheral organs including kidney (Declèves & Sharma, 2015). AMPK

down-regulates ROS production under physiological conditions

phosphorylates acetyl-CoA carboxylase (ACC) to increase β-oxidation

(Rodríguez et al., 2020). Therefore, modulation of renal blood flow

of fatty acids and to decrease lipid synthesis. Decreased activity of

and vasodilation by AMPK activation may facilitate cellular nutrient

AMPK and p-ACC leads to impairment of lipid oxidation by mitochon-

uptake to restore energy levels dependent on the state of kidney

dria in the diabetic kidney (Decleves et al., 2014; Dugan et al., 2013).

metabolism.

AMPK dysregulation has also been associated with glomerulopathy,

AMPK dysregulation has been reported under conditions of

enhanced profibrotic pathways (TGF-β1 and mesangial matrix expan-

metabolic stress such as obesity and diabetes, and also in vascular

sion) and lipotoxicity-induced proximal tubule injury in high fat diet

disorders and CKD (Decleves et al., 2011; Dugan et al., 2013;

models of obesity (Decleves et al., 2011, 2014). Furthermore, oxida-

Ruderman & Prentki, 2004; Steinberg & Kemp, 2009). At a central

tive stress and inflammation have been linked to AMPK dysregulation

level, hypothalamic AMPK integrates peripheral signals to regulate

in the obese kidney because activation of AMPK was beneficial in

feeding behaviour and thermogenesis, and augmented AMPK activity

reducing inflammation markers and ROS production in renal tissues

increases feeding while decreasing thermogenesis, thus worsening

(Dugan et al., 2013; Sharma, 2014, 2016).
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Impaired AMPK vascular activity has been involved in the
development

of

obesity-associated

endothelial

dysfunction

25, KCl 4.7, KH2PO4 1.17, MgSO4 1.18, CaCl2 1.5, EDTA 0.027 and
glucose 11.

(García-Prieto, Hernández-Nuño, et al., 2015; García-Prieto,

Pharmacological experiments to assess the effects of AMPK

Pulido-Olmo, et al., 2015; Lee et al., 2005; Lobato et al., 2013), a

activation on endothelial function, vascular ROS generation and

hallmark of metabolic disease vascular complications (Prieto et al.,

expression of proteins of the AMPK/ACC and Akt/eNOS signalling

2014). Hence, drugs such as metformin, commonly used in the treat-

pathways were carried out ex vivo in isolated renal arteries from OZR,

ment of diabetes, have been shown to exert cardiovascular protec-

compared with LZR controls. To evaluate the in vivo effects of AMPK

tion through activation of vascular AMPK (Calvert et al., 2008; Ewart

activation on renal vascular dysfunction in obesity, large amounts of

& Kennedy, 2011; García-Prieto, Gil-Ortega, et al., 2015), resulting in

A769662 were required for treatment in rats, and interlobar renal

augmented endothelial NO production (Deng et al., 2010; Rossoni

arteries from the ob/ob mouse model of genetic obesity were used to

et al., 2011; Sun et al., 2006; Zhou et al., 2001). The hypothesis of

study the effects of the AMPK activation. Because adequate amounts

the present study is that vascular AMPK dysregulation is involved in

of tissue could not be obtained in this model to run ROS measure-

renal endothelial dysfunction and therefore might affect renal func-

ments and western blot analysis in arteries, renal cortex samples were

tion and contribute to obesity-associated kidney injury. Therefore,

used in parallel with myograph experiments in arteries.

activation of kidney vascular AMPK could be a potential therapeutic
target against nephropathy associated with metabolic disease
(Salatto et al., 2017).

2.2

2

were individually housed for daily food-intake and body weight mea-

|

In vivo studies

For the in vivo experiments, ob/ob (n = 12) and lean mice (n = 12)

METHODS

|

surements and randomly separated into four experimental groups for

2.1

|

Animal models

a 4-day study with six animals per group. Furthermore, OZR (n = 10)
and LZR (n = 10) were also ramdomised into four experimental groups

All animal care and experimental protocols conformed to the

and subjected to a 4-day study with five animals per group. Treatment

European Union Directive 2010/63/EU on the Protection of Animals

groups were as follows: 2 control groups (obese and lean) treated with

Used for Scientific Purposes and were approved by the Institutional

vehicle (50% saline solution and 50% DMSO, i.p, q.d) and 2 treatment

Animal Care and Use Committee of Madrid Complutense University

groups (obese and lean) treated with the AMPK activator A769662

and Comunidad de Madrid (PROEX109/16). All animal experiments

(20 mgkg

are reported in compliance with the ARRIVE guidelines (Percie du Sert

Two hours after last treatment administration, blood samples were

et al., 2020) and with the recommendations made by the British

taken for glucose and lactate levels determination by commercial

Journal of Pharmacology (Lilley et al., 2020).

strips with Accutrend Plus measurer. Animals were killed and the kid-

1

i.p, q.d for mice and 10 mgkg

1

i.p, q.d for Zucker rats).

Male obese Zucker rats (OZR, fa/fa) and their counterparts

neys were quickly removed and placed in cold PSS. Biological samples

lean Zucker rats (LZR, fa/ ) were purchased from Charles River

(arteries and cortex samples) were further randomly separated for the

Laboratories (Madrid, Spain), and ob/ob mice (obese B6.V-Lepob/ob/

various experimental procedures in groups from a number of animals

JRj) and their lean littermates were purchased from Janvier Labs

n of at least five per group.

(Madrid, Spain). These animals were used as models of genetic obesity/metabolic syndrome at 17–19 weeks (rats) and 11–13 weeks of
age (mice). The fa mutation in the OZR is an autosomal recessive

2.3

|

Dissection and mounting of microvessels

locus on chromosome 5, and homogeneity results in an improperly
coded leptin receptor gene leading to hyperphagia, obesity, hyper-

Renal interlobar arteries, second- to third-order branches of the major

insulinaemia and poor glucose tolerance although the animals are

renal artery, were isolated from the kidney of Zucker rats and ob/ob

not overtly diabetic. The ob/ob mice are homozygous for the obese

mice and carefully dissected by removing the surrounding connective

spontaneous mutation Lepob and exhibit obesity, hyperphagia, tran-

and fatty tissue. For some experiments, mesenteric resistance arteries

sient hyperglycaemia, glucose intolerance and elevated plasma insu-

of Zucker rats were also dissected. Small samples of both renal arter-

lin. Male rats/mice were used because they are not subject to

ies and cortex from rats and samples of renal cortex and myocardium

cyclical hormonal changes. Animals were housed at Complutense

from mice were also taken for ROS measurements, as described ear-

University, Pharmacy School animal care facility in separate rooms.

lier (Muñoz et al., 2017, 2020). Arterial segments were mounted in

Animals were maintained on standard chow and water ad libitum,

microvascular myographs (Danish Myotechnology, Denmark) and

under controlled temperature (23 ± 1 C) and humidity (40%–60%)

equilibrated for 30 min in PSS maintained at 37 C and continuously

and a 12:12 hr light/dark cycle. Animals were killed under CO2

bubbled with 5% CO2 in O2 to maintain pH at 7. The relationship

anaesthesia by decapitation. Then, kidneys, mesentery or heart were

between passive wall tension and internal circumference was deter-

quickly removed and placed in cold physiological saline solution

mined for each individual artery and from this, the internal circumfer-

(PSS) of the following composition (mM): NaCl 119, NaHCO3

ence L100 corresponding to a transmural pressure of 100 mm Hg for a
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relaxed vessel in situ was calculated. The arteries were set to an inter-

arteries and cortex of Zucker rats and in samples of renal cortex

nal diameter l1 equal to 0.9 times l100 (L1 = 0.9  L100), because

and myocardium of lean and obese mice, as earlier reported

force development in intrarenal arteries is close to maximal at this

(Muñoz et al., 2017, 2018, 2020). Tissue samples were dissected

internal lumen diameter (Muñoz et al., 2015).

and equilibrated in PSS for 30 min at room temperature and then
incubated in the absence (basal) and presence of AMPK selective
activator A769662 (30 μM) for 30 min at 37 C. Samples were

2.4 | Experimental procedures for the functional
experiments

then transferred to microtiter plate wells containing 5 μM bisN-methylacridinium nitrate (lucigenin) and stimulated with NADPH
(100 μM) which was added prior to ROS measurements. Chemilu-

At the beginning of each experiment, arteries were stimulated twice
+

minescence was measured in a luminometer (BMG Fluostar

with 120 mM K (KPSS) in order to test vessel viability. Integrity of

Optima), and for calculation baseline values were subtracted

the vascular endothelium was assessed by the relaxations induced by

from the counting values under the different experimental condi-

the endothelial agonist acetylcholine (ACh). Renal arteries from lean

tions and superoxide production was normalized to dry tissue

animals with a percentage of ACh-induced relaxation lower than 50%

weight.

of the phenylephrine-induced precontraction, and arteries from obese
rats with ACh-induced relaxation lower than 30% were discarded
(Muñoz et al., 2015). Cumulative concentration–responses curves to
ACh and to the β-adrenoceptor agonist isoprenaline were performed

2.7 | Measurement of hydrogen peroxide by
Amplex Red

on interlobar arteries from LZR and OZR rats or lean and ob/ob mice
precontracted with phenylephrine (0.1–0.5 μM). The relaxation

Hydrogen peroxide (H2O2) production was measured by Amplex

evoked by AMPK activation was assessed with 3 μM and 10 μM of

Red assay Kit (Thermo Fisher Scientific, Life Technologies SA,

the AMPK selective activator A769662 in intrarenal arteries and also

Madrid, Spain) in renal arteries and cortex of Zucker rats (Muñoz

in mesenteric arteries of LZR and OZR. Arteries were exposed to dif-

et al., 2017, 2018, 2020). Samples were equilibrated in HEPES-

ferent drugs until the response reached a plateau. In the case of ACh

physiological saline solution (PSS) for 30 min at room temperature

and isoprenaline, quick acting drugs, times of exposure averaged

and then incubated in the absence (basal) and presence of the

3 min, whereas for the slow acting AMPK activator A769662, time of

AMPK selective activator A769662 (30 μM) for 30 min at 37 C.

exposure averaged 10 min (Rodríguez et al., 2020). To assess the

Samples were then transferred to microtiter plate black wells con-

relationship between AMPK and the endothelial PI3K-Akt-eNOS

taining

pathway, functional responses to isoprenaline and A769662 were

(10 Uml

obtained in the absence and presence of the NOS inhibitor, L-NOARG

NADPH (100 μM) just prior to determination. Fluorescence was

ω

Amplex
1

Red

(10 mM

final

concentration)

and

HRP

final concentration), and some were stimulated with

(N -nitro- L-arginine; 100 μM) or the PI3K inhibitor (LY-294002,

measured in a fluorimeter (BMG Fluostar Optima), using an excita-

3 μM). Some experiments were performed in endothelium-denuded

tion filter of 544 nm and an emission filter of 590 nm. Background

renal arteries to compare the effect of A769662 in vascular smooth

fluorescence was subtracted from the counting values under the dif-

muscle (VSM) of LZR and OZR. The endothelium was mechanically

ferent experimental conditions and H2O2 production was normalized

removed by inserting a human hair in the vessel lumen and guiding it

to dry tissue weight.

back and forwards several times. The absence of functional endothelium was confirmed by lack of the relaxation to ACh (10 μM).

2.8
2.5 | Ex vivo acute treatment of Zucker rats
preglomerular arteries with A-769662

|

Western blot analysis

Interlobar arteries from LZR and OZR incubated 30 min with
A769662 or vehicle and renal cortex samples from ob/ob mice and
lean treated with vehicle or A769662 were snap frozen in liquid nitro-

In order to evaluate the effects of AMPK activation on renal

gen, homogenized and lysed in lysis buffer. Protein lysates (13 μg for

endothelium-dependent relaxations, relaxations to ACh were assessed

renal arteries and 20 μg for cortex samples) were separated in a 6.5%

before and after incubation for 40 min with A769662 (10 μM) in

polyacrylamide gel (SDS-PAGE), electrotransferred on a PVDF mem-

interlobar arteries from LZR and OZR.

brane and probed with the following primary antibodies: pACC Ser79
(1:1000; ref 3661, RRID:AB_330337), pAMPKα Thr172 (1:1000; ref
2535, RRID:AB_331250), AMPKα1/2 (1:1000; ref 2532, RRID:
AB_330331), pAkt Ser473 (1:500; ref 9271, RRID:AB_329825), Akt

2.6 | Measurement of superoxide production by
chemiluminescence

(1:500; ref 9272, RRID:AB_329827), p-eNOS Ser1177 (1:500; ref

Changes in basal and NADPH-stimulated levels of superoxide

AB_2728756) and TNF-α (1:1000; ref 11948, RRID:AB_2687962)

(O2• ) were measured by lucigenin chemiluminescence in renal

from Cell Signalling Technology (RRID:SCR_004431) (Leiden, The

9571,

RRID:AB_329837),

eNOS

(1:500;

ref

32027,

RRID:
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Netherlands); NADPH oxidase 4 (1:500; ref ab154244) from Abcam

2.10

|

Materials

(RRID:SCR_012931) (Cambridge, UK); p-IKKα/β (Ser 180/Ser 181)
(1:1000; ref. 23470), IKKβ (P-20) (1:1000; ref 34673), NF-κB p65

A769662 and LY-294002 were supplied by Tocris Cookson (Bristol,

(C-20) (1:1000; ref 372) from Santa Cruz Biotechnology (RRID:

UK). Sigma-Aldrich Merck Life Science S.L.U (Madrid, Spain) supplied

SCR_008987); β-actin (1:5000; ref A5316) from Sigma (RRID:

L-NOARG, isoprenaline and phenylephrine.

SCR_008988)(St. Louis, MO, USA) (Contreras et al., 2017; MartinezSanchez et al., 2017). Bound primary antibody was detected with HRP
conjugated secondary antibodies and blots were visualized using

2.11

|

Nomenclature of targets and ligands

enhanced chemiluminescence and quantified by densitometry with
ImageJ (RRID:SCR_003070) free software. Protein expression levels

Key protein targets and ligands in this article are hyperlinked to

were normalized to β-actin, and then the media ratio of the control

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

group (lean vs. obese or vehicle-treated vs. A769662-treated) was

OGY (http://www.guidetopharmacology.org) and are permanently

taken as 100%. Original scan images are available in the supporting

archived in the Concise Guide to PHARMACOLOGY 2019/20

information.

(Alexander, Fabbro et al., 2019; Alexander, Kelly, et al., 2019;
Alexander, Mathie et al., 2019).

2.9

|

Data presentation and statistical analysis
3

RE SU LT S

|

The data and statistical analysis comply with the recommendations
of the British Journal of Pharmacology on experimental design and

3.1

|

General parameters

analysis in pharmacology (Curtis et al., 2018). For the functional
experiments, results are expressed as either Nm of force, Nm

1

of

Metabolic parameters of lean and obese rats used in the study are

tension or as a percent of the response to phenylephrine in each

shown in Table 1. OZR exhibited a marked increase in body and kid-

artery, as means ± SEM of six to 12 arteries from five to six ani-

ney weight, moderate hyperglycaemia, hyperinsulinaemia, hypercho-

mals. For the measurement of O2• or H2O2 production, results are

lesterolemia and hypertriglyceridemia compared with corresponding

expressed in counts per minute (cpm) per mg of tissue and relative

values in the LZR. The normalized internal lumen diameters, l1, were

fluorescence units (RFU) per mg of tissue in arterial segments and

not significantly different in second- to third-order branches renal

cortex samples, respectively, as means ± SEM of five to 12 arteries/

interlobar arteries from LZR (329 ± 10 μm, n = 28 arteries from 15

cortex samples from of n = 5–10 animals. For western blot analysis

rats) compared with those of OZR (322 ± 11 μm, n = 27 arteries from

results are expressed as means ± SEM of five to 11 animals. When

15 rats). The relaxations to ACh in the OZR group (51% ± 4, n = 25

two samples from the same animal were used, the average value

arteries from 15 rats) were significantly impaired compared with those

was taken for the statistical analysis and n was the number of

in the LZR group (67% ± 3, n = 28 arteries from 15 rats).

animals.

Metabolic parameters of lean and ob/ob mice are shown in

In order to not to employ an unnecessary amount of animals and

Table 2. Kidney and body weight and daily food intake were signifi-

to get evidence for an effect of reasonable size in experimental

cantly higher in ob/ob mice than in lean controls. Plasma glucose levels

groups, the number of experiments was selected during experi-

were elevated in obese mice, whereas plasma triglycerides and choles-

mental design and based on considerations of the 3R principles. The

terol have been reported to be also higher in this strain, compared

experience of our previous investigations was also taken into account,

with lean controls (Cool et al., 2006). Normalized internal lumen diam-

and the minimum number of animals in each group was 5, except for

eters, l1, were not significantly different in first- to second-order

one set of experiments in Figure S2 where there are some groups
with n = 4, and therefore, comparisons between groups were not
undertaken. The group size is the number of independent values, and

TABLE 1

Metabolic parameters of LZR and OZR

statistical analysis was undertaken using these independent values.

LZR

Outliers were included in data analysis and presentation. Data analysis
was performed blinded.

Body weight (g)

399 ± 5

n

N

OZR

33

482 ± 6

*

35
*

8
19

Statistically significant differences between means of two

Kidney weight (g)

2.26 ± 0.07

8

2.55 ± 0.16

1.14 ± 0.11

16

1.87 ± 0.22*

groups were analysed by using paired or unpaired Student's t-test

Glucose (mg ml-1)

where appropriate, or one-way ANOVA followed by Bonferroni's

Insulin (pg ml-1)

13 ± 1.7

7

38 ± 3.4

8

post hoc test for comparisons involving more than two groups,

Cholesterol (mg ml-1)

0.92 ± 0.03

16

1.89 ± 0.10*

18

when F was significant. P values <0.05 were considered significant.

Triglycerides (mg ml-1)

0.94 ± 0.10

16

3.20 ± 0.26*

18

Outliers were included in the analysis. All statistical analysis was
calculated using GraphPad Prism 8 (GraphPad Software, RRID:
SCR_002798).

Note: LZR, lean Zucker rats; OZR obese Zucker rats. Data are means
± SEM of the number n of animals.
*P < 0.05, significantly different from LZR; unpaired Student's t-test.
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Lean vehicle

Lean-A769662

25.6 ± 0.8

27.10 ± 0.5

2.2 ± 0.13

ob/ob vehicle
39 ± 2.9*

2.2 ± 0.15

T A B L E 2 Metabolic parameters of
lean and ob/ob vehicle or
A769662-treated mice

ob/ob-A769662
37.6 ± 3.1

2.9 ± 0.5*

1.1 ± 0.3#

Kidney weight (g)

0.26 ± 0.01

0.24 ± 0.01

0.29 ± 0.01*

0.26 ± 0.03

Glucose (mg ml-1)

1.27 ± 0.07

1.34 ± 0.01

3.28 ± 0.64*

1.99± 0.11#

Lactate (mM)

4.08 ± 0.24

4.23 ± 0.72

5.36 ± 0.32*

2.88 ±0.29#

Note: Data are means ± SEM of n = 5–7 animals in each group.
*P < 0.05, significantly different from lean vehicle mice, #P < 0.05 significantly different from ob/ob
vehicle mice; one-way ANOVA followed by Bonferroni test.

branches renal interlobar arteries from ob/ob mice (278 ± 30 μm, 10

data, p-ACC protein levels were also reduced in OZR renal arteries

arteries from n = 5 mice) compared with those in their lean litter-

(Figure 2g).

mates (247 ± 19 μm, 8 arteries from n = 6 mice).

The involvement of the endothelial PI3K/eNOS/NO pathway in
the impaired relaxations elicited by AMPK activation in preglomerular
arteries of obese rats was further assessed. Mechanical endothelial

3.2 | Impaired endothelial Akt/eNOS/NO
vasodilator pathway in preglomerular renal arteries in
obesity

cell removal and pharmacological blockade of NOS (by L-NOARG) or
PI3K (by LY-294002) significantly reduced the relaxations to
A769662 in arteries of LZR (Figure 3a,d,g). In contrast, A769662induced relaxations after removal of endothelium or inhibition of NOS

Endothelial function was evaluated by the relaxations to ACh and to

or PI3K were unchanged or even enhanced in preglomerular arteries

the non-selective β1 and β2-adrenoceptor agonist isoprenaline in

of OZR, compared with controls (Figure 3b,e,h). The magnitude of

renal arteries from LZR and OZR. Activation of β-adrenoceptors,

these relaxations was not different from that in LZR arteries after

mainly located on vascular smooth muscle (VSM), produces vasodila-

removal of endothelium or blockade of NOS or PI3K (Figure 3c,f,i).

tion mediated by AMPc, although endothelial cells also express

Overall, these data indicate that endothelium-dependent vasodilation

β-adrenoceptors whose activation leads to NO production and

induced by AMPK activation is altered due to impaired endothelial/

vasorelaxation via the PI3K/Akt/eNOS pathway (Banquet et al., 2011;

PI3K/eNOS

Chruscinski et al., 2001; Ferro et al., 2004). Endothelium-dependent

independent AMPK VSM-mediated relaxations in preglomerular

relaxations to both ACh and isoprenaline were significantly reduced in

arteries are preserved in obese rats.

pathway

in

obese

rats,

whereas

endothelium-

obese compared with lean rats (Figure 1a,b; Table 3). Mechanical
endothelium removal and inhibition of eNOS (Figure 1c,d) or PI3K
blockade (Figure 1g,h; Table 3) markedly reduced the relaxations
induced by isoprenaline in intrarenal arteries of LZR but not in those
of OZR, thus indicating that the endothelial Akt/eNOS/NO pathway

3.4 | Acute in vitro AMPK treatment improves
metabolic activity and restores endothelial function of
intrarenal arteries in obesity

in preglomerular arteries is impaired in obese rats. Western blot
analysis confirmed that basal activity of this endothelial pathway was

AMPK dysregulation has been identified as a major risk for develop-

markedly reduced in arteries from obese rats because both levels of

ment of CKD in obesity, metabolic syndrome and diabetes (De Vries

p-eNOS and p-Akt (Figure 1e,i) and expression of eNOS and Akt

et al., 2014; Decleves et al., 2011; Dugan et al., 2013) and specific

(Figure 1f,j) were significantly lower in OZR renal preglomerular

AMPK activation in the kidney has been proposed as a potential tar-

arteries than in LZR arteries.

get to improve renal function (Salatto et al., 2017). Therefore, in order
to investigate whether acute treatment with AMPK activator is beneficial for endothelial function in obesity, renal arteries from LZR and

3.3 | Impaired AMPK activity and renal and
systemic AMPK-induced vasorelaxation in obesity

OZR were incubated ex vivo with A769662 for 40 minutes before a
second concentration–response curve for the endothelial agonist ACh
was performed. As shown in Figure 4, acute in vitro treatment with

Relaxations elicited by the selective AMPK activator A769662

the AMPK activator A769662 did not significantly change relaxations

(10 and 30 μM) were significantly reduced in renal interlobar

to ACh in control rats (Figure 4a) but increased ACh-induced vasodila-

arteries and also mesenteric arteries of OZR compared with LZR

tion in arteries from OZR (Figure 4b).

(Figure 2a–d). Impaired relaxations to A769662 were associated with

Western blot analysis demonstrated that ex vivo incubation of

reduced AMPK activity in renal arteries of OZR, compared with

renal preglomerular arteries with A769662 increased phosphorylation

values from LZR. Thus, Western blot analysis of artery homogenates

of the AMPK downstream target ACC in LZR (Figure 4c) and also in

revealed a decreased AMPKα phosphorylation (Figure 2e) and

OZR (Figure 4d). Moreover, p-eNOS and eNOS protein levels were

expression (Figure 2f) of in arteries from OZR. In keeping with those

markedly enhanced in arteries from lean rats after treatment with
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F I G U R E 1 PI3K/Akt/eNOS/NO vasodilator pathway in endothelium is impaired in renal preglomerular arteries of OZR along with reduced
activity and down-regulation of Akt and eNOS. (a,b) Relaxations to ACh (a) and isoprenaline (b) in renal interlobar arteries from LZR and OZR. (c,d,
g,h) Vasodilator responses to isoprenaline in renal arteries of LZR and OZR under different experimental conditions: in endothelium-denuded
arteries, in the presence of the NOS synthase inhibitor L-NOARG (100 μM) (c,d) and in the presence of inhibitor of PI3K, LY-294002 (3 μM) (g,h).
Results are expressed as percentage of the increases in tension induced by phenylephrine (Phe). Data are shown as the mean ± SEM of six to 10
arteries from n = 5 LZR and n = 5 OZR. *P < 0.05, significantly different from LZR or OZR control responses in the absence of inhibitors;
Student's t-test for paired observations. (e,f,i,j) Western blot analysis for p-eNOS (e), eNOS (f), p-Akt (i), Akt (j) in renal arteries from LZR and OZR.
Results were normalized to β-actin content in samples. Data represent mean ± SEM values of n = 5 LZR and 5 OZR rats (e,f) and n = 5 LZR and 6
OZR rats (i,j). *P < 0.05, significantly different from LZR; Student's t-test for unpaired observations

T A B L E 3 Relaxant effects of isoprenaline in renal interlobar arteries from LZR and OZR before and after mechanical endothelium removal or
inhibition of eNOS or PI3K blockade
LZR

OZR
pEC50

n

Emax

I1

KPSS

pEC50

n

Emax
*

*

KPSS

6.40 ± 0.14

61.4 ± 3.9

15

311 ± 15

1.55 ± 0.25

5.28 ± 0.33

12

321 ± 18

0.70 ± 0.15

5.89 ± 0.03#

48.3 ± 5.1#

8

293 ± 35

0.77 ± 0.21

5.51 ± 0.11*

39.1 ± 9.5

6

283 ± 18

0.43 ± 0.10

+ L-NOARG

5.96 ± 0.1#

49.6 ± 12.1

7

330 ± 20

1.5 ± 0.5

5.89 ± 0.1

48.3 ± 7.7

6

295 ± 44

0.67 ± 0.16

Isoprenaline

6.30 ± 0.22

58.1 ± 5.9

6

315 ± 31

1.38 ± 0.42

4.88 ± 0.47*

36.5 ± 5*

6

330 ± 34

0.95 ± 0.3

6

394 ± 45

2.10 ± 0.51

5.76 ± 0.16

48.1 ± 11

6

344 ± 35

1.42 ± 0.4

Isoprenaline
Endothelium

+ LY294002

4.53 ± 0.25

#

26.1 ± 3.9

#

41.7 ± 4

I1

Note: Values represent mean ± SEM of the number n of individual arteries from five LZR and five OZR (one or two per animal). pEC50 is –logEC50, EC50
being the agonist concentration giving half-maximal relaxation; Emax = maximal relaxation (% Phe); I1 = internal diameter (μm); KPSS (Nm 1).
*P < 0.05, significantly different from LZR, #P < 0.05, significantly different from control before treatment; unpaired Student's t-test.
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F I G U R E 2 Relaxations induced by the AMPK activator A769662 are reduced in small renal and mesenteric arteries in obesity, which is
associated with impaired AMPK activity and expression. (a,b) Original recordings showing A769662-induced relaxations in renal (a) and
mesenteric (b) arteries from LZR and OZR and (c,d) average vasodilator effect of A769662 (3 and 10 μM). Results are expressed as percentage of
the increases in tension induced by phenylephrine (Phe). Data are shown as the mean ± SEM of five to 10 arteries from n = 5 LZR and n = 5
OZR. *P < 0.05, significantly different from LZR or OZR control responses; Student's t-test for paired observations. (e-g) Western blots analysis
for p-AMPKα (e), AMPKα (f) y p-ACC (g) protein levels in samples of renal arteries from LZR and OZR. Results were quantified by densitometry
and presented as a ratio of density of the protein band to that of β-actin from the sample. Data are shown as the mean ± SEM of n = 5 LZR and
n = 6 OZR (e), n = 5 LZR and n = 5 OZR (f,g). *P < 0.05, significantly different from LZR; Student's t-test for unpaired observations

A769662 (Figure 4e,g), thus confirming the involvement of the endo-

endothelial eNOS/NO pathway in renal cortex of obese mice.

thelial PI3K/eNOS/NO pathway in AMPK-induced dilatation of renal

Western blot analysis also revealed that basal phosphorylation of

arteries. In arteries from OZR, acute treatment with A769662

AMPKα (Figure S1a) and of its downstream target ACC (Figure S1b)

increased protein levels of eNOS but not p-eNOS (Figure 4f,h).

were significantly higher in renal cortex of obese compared with lean

In order to further investigate whether AMPK activation may be

mice. These data thus show endothelial dysfunction and AMPK dys-

beneficial for renal endothelial function in obesity, we tested the

regulation in renal preglomerular resistance arteries of ob/ob mice,

in vivo effects of A769662 administration in genetically obese mice.

whereas there was up-regulation of eNOS and AMPK activities in

Endothelial function of preglomerular arteries and β-adrenoceptor and

renal cortex of obese animals.

AMPK-mediated vasodilation were assessed in interlobar arteries
from ob/ob and lean mice. As found for arteries of OZR, endotheliumdependent ACh and isoprenaline vasodilator pathways as well as
AMPK-mediated vasorelaxation were impaired in arteries from ob/ob
mice, compared with those in lean mice (Figure 5a–c) (Table 4).
Interestingly, in contrast to the impaired endothelial relaxations in

3.5 | In vivo AMPK treatment restores endothelial
function in preglomerular arteries and improves
metabolic and AMPK activity in renal cortex of ob/
ob mice

preglomerular arteries, there was a pronounced increase in basal
p-eNOS and eNOS levels (Figure S1c,d) in cortical samples from ob/ob

Metabolic parameters of lean and ob/ob mice treated with vehicle or

mice compared with controls, suggesting an up-regulation of the

A769662 are shown in Table 2. A769662 administration improved
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F I G U R E 3 The AMPK/PI3K/eNOS
pathway in renal endothelium is impaired
in obesity. (a-b) Average vasodilator effect
of 3 and 10 μM of A769662 in
endothelium-intact and endotheliumdenuded renal arteries from LZR (a) and
OZR (b). Effect of the NOS synthase
inhibitor L-NOARG (100 μM) and PI3K
inhibitor (LY-294002, 3 μM) on
A769662-induced vasodilation in renal
arteries from LZR (d,g) and OZR (e,h)
before and after treatment with inhibitors.
Comparison of vasodilator response to
A769662 after removal of endothelium or
treatment with both inhibitors in LZR and
OZR (c,f,i). Results are expressed as
percentage of the increases in tension
induced by phenylephrine (Phe). Data are
shown as the mean ± SEM of five to
seven arteries from n = 6 LZR and n = 6
OZR. *P < 0.05, significantly different
from LZR or OZR control responses in the
absence of inhibitors; Student's t-test for
paired observations

plasma glucose and lactate levels, reduced kidney weight and induced

mice (Figures 5d and e). On the other hand, A769662 treatment

a trend to reduce body weight and daily food intake in ob/ob mice

enhanced eNOS phosphorylation at Ser1177 in renal cortex from lean

(Table 2; Figure S2).

(Figure 5f) but not obese mice (Figure 5g) wherein both eNOS and

After a 4-day in vivo treatment with A769662 or vehicle, endo-

p-eNOS Ser1177 were already up-regulated (Figure S1c,d). In vivo acti-

thelial/vascular function of renal interlobar arteries from ob/ob mice

vation of AMPK improved metabolic activity in renal cortex of both

and lean controls was assessed in arteries mounted in parallel in

lean and ob/ob mice compared with the vehicle group, as shown by

microvascular myographs. As shown in Figure 5d,e and Table 4, vaso-

the increased phosphorylation of AMPKα (Figure 5h,i).

dilator responses to ACh or to the β-adrenoceptor agonist isoprenaline in arteries from lean mice were similar in vehicle- and
A769662-treated groups. However, A769662-treatment significantly
increased ACh- (Figure 5d) and isoprenaline- (Figure 5e) induced
vasorelaxation in renal arteries of ob/ob mice compared with those of

3.6 | Anti-inflammatory role of in vivo AMPK
activation by suppressing NF-κB signalling in kidney of
ob/ob mice

vehicle-treated obese mice. Comparison of ACh and isoprenaline
relaxations in the ob/ob-treated group to those in vehicle-treated

Excessive accumulation of fatty acids in skeletal muscle and other

lean group, confirmed that in vivo treatment with the AMPK

organs in obesity and metabolic syndrome leads to activation of the

activator A769662 reversed the loss of both isoprenaline-induced

NF-κB signalling pathway that increases circulating cytokines and

relaxations and ACh endothelium-dependent vasodilation in ob/ob

produces systemic inflammation. AMPK activation has important anti-
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F I G U R E 4 Ex vivo acute treatment with A769662 ameliorates
endothelial dysfunction and increases eNOS protein levels in OZR
preglomerular arteries. (a,b) In vitro effect of the AMPK activator
A769662 on the relaxations to ACh of LZR (a) and OZR (b) renal
interlobar arteries. Results are expressed as percentage of the
precontraction induced by phenylephrine (Phe). Data are shown as
the mean ± SEM of six to 10 arteries from n = 5 LZR and n = 5 OZR.
*P < 0.05, significantly different from LZR or OZR without treatment
with A769662; Student's t-test for paired observations. (c,h) Western
blot analysis for p-ACC, p-eNOS and eNOS protein levels in samples
of renal arteries from LZR (c,e,g) and OZR (d,f,h) with or without
ex vivo treatment with A769662 (10 μM). Results were normalized to
β-actin content in samples. Data represent mean ± SEM values of
n = 5 LZR and n = 5–6 OZR. *P < 0.05, significantly different from
LZR or OZR without incubation with A769662; Student's t-test for
unpaired observations

RODRÍGUEZ ET AL.

F I G U R E 5 In vivo AMPK activation with A769662 improves
relaxations to ACh and isoprenaline in preglomerular arteries of ob/ob
mice. Relaxations to ACh (a), isoprenaline (b) and A769662 (10 μM)
(c) in renal interlobar arteries from lean and ob/ob mice. Results are
expressed as percentage of the precontraction induced by
phenylephrine (Phe). (d-e) Comparison of the relaxations to
isoprenaline and ACh in preglomerular arteries of lean (d) and ob/ob
mice (e) treated with vehicle versus mice treated with A769662. In
vivo treatment with the AMPK activator restored the loss of
endothelium-dependent vasodilation of obese mice because
isoprenaline-induced relaxations (e) and vasodilation to ACh (d) were
larger when compared with relaxations of ob/ob mice treated with
vehicle. Data are shown as the mean ± SEM of seven to 10 arteries of
n = 5 lean mice and n = 7 ob/ob mice. *P < 0.05, significantly
different from lean mice (a–c) or vehicle-treated lean or ob/ob mice
(d,e); Student's t-test for unpaired (a–c) or (d, e) one-way ANOVA
followed by Bonferroni post test. (f–i) Western blot analysis for ratio
p-eNOS/eNOS in samples of renal cortex from lean (f) ob/ob mice
(g) with or without A769662 treatment, as well as p-AMPKα/AMPKα
ratio in lean (h) ob/ob mice (i). Results are expressed as percentage
vehicle-treated lean or ob/ob mice. Data represent mean ± SEM
values of n = 5 and n = 6 (f,h,i), n = 5 and n = 6 (g) vehicle-treated
and A769662-treated mice, respectively. *P < 0.05, significantly
different from vehicle-treated lean or ob/ob mice; Student's t-test for
unpaired observations. Outliers were included in analysis (g)
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TABLE 4
mice

Relaxant effects of ACh and isoprenaline in renal interlobar arteries from lean and ob/ob mice compared with A769662-treated

Lean vehicle

Lean-A769662
pEC50

Emax

n

I1

KPSS

pEC50

Emax

n

I1

KPSS

ACh

7.54 ± 0.07

84.6 ± 3.9

7

236 ± 18

0.67 ± 0.17

7.34 ± 0.09

77.3 ± 6.5

10

252 ± 27

0.65 ± 0.15

Isoprenaline

7.54 ± 0.08

68.6 ± 8.0

7

249 ± 22

0.67 ± 0.17

7.79 ± 0.11

70.5 ± 4.9

8

259 ± 29

0.65 ± 0.15

ob/ob vehicle

ob/ob-A769662
pEC50

ACh

6.60 ± 0.1
─

Isoprenaline

n

I1

KPSS

pEC50

Emax

n

I1

KPSS

#

7

292 ± 36

0.5 ± 0.19

7.15 ± 0.1*

77.6 ± 6.7

7

234 ± 25

0.58 ± 0.14

22.6 ± 6.9#

7

281 ± 31

0.5 ± 0.19

6.4 ± 0.25

44.3 ± 5.6*

8

234 ± 25

0.58 ± 0.14

Emax
#

65.8 ± 9.7

Values represent mean ± SEM of 7–10 individual arteries of five lean and five ob/ob mice (1–2 per animal). pEC50 is –logEC50, EC50 being the agonist
concentration giving half-maximal relaxation; Emax = maximal relaxation (% Phe); I1 = internal diameter (μm); KPSS (Nm 1).
*P < 0.05, significantly different from ob/ob vehicle mice; #P < 0.05, significantly different from lean vehicle mice; unpaired Student's t-test.

inflammatory effects by suppressing the NF-κB axis (Green, Macrae,

On the other hand, NADPH-derived ROS production was mea-

et al., 2011; Green, Pedersen, et al., 2011). In order to assess the

sured in myocardium samples of lean and ob/ob mice in order to

effect of in vivo treatment with A769662 on the kidney inflammatory

compare the effect of in vivo AMPK activation on heart to the effect

response of genetically obese mice, we measured p-IKK, IKK, NF-κB

on kidney samples. O2• levels detected by chemiluminiscence were

and TNF-α protein levels. Western blot analysis showed that protein

also significantly reduced in the heart of ob/ob mice compared

levels of p-IKK and TNF-α were significantly increased in renal cortex

with controls, as shown in Figure 7e. Likewise in renal cortex,

of ob/ob mice compared with controls (Figure 6a,g), but not those of

in vivo treatment with A769662 reduced NADPH-stimulated O2•

IKK or NF-κB protein (Figure 6c,e). In vivo treatment with A769662

levels in lean mice (Figure S3c). However, there were no significant

produced a significant reduction of p-IKK (Figure 6b), IKK (Figure 6d),

differences in NADPH-stimulated O2•

NF-κB (Figure 6f) and TNF-α (Figure 6h) protein expression in renal

from A769662-treated and vehicle-treated groups of ob/ob mice

cortex of ob/ob mice when compared with ob/ob mice treated with

(Figure 7f).

levels in the myocardium

vehicle. These data suggest that in vivo treatment with A769662 suppresses renal inflammation in obese mice.

3.7 | In vivo treatment with A769662 restores
impaired kidney NADPH-derived ROS production in
renal cortex of ob/ob mice

3.8 | Both ex vivo and in vivo AMPK activation
with A769662 reduces NADPH-derived ROS
production in renal preglomerular arteries from OZR
The antioxidant effects of both in vitro and in vivo AMPK activation
on kidney vascular tissues in obesity were investigated in interlobar

To investigate the antioxidant effects of AMPK activation in the kid-

arteries from LZR and OZR. NADPH-stimulated O2•

ney, ROS levels were assessed in renal cortex samples of lean and

markedly increased in isolated preglomerular arteries of OZR com-

genetically obese mice after in vivo administration of A769662.

pared with LZR (Figure 8a). In contrast, NADPH-stimulated H2O2

Interestingly,

O2•

levels were

levels measured by lucigenin chemiluminescence

generation was significantly decreased in arteries of obese rats com-

after stimulation with NADPH, were significantly reduced in renal

pared with lean controls (Figure 8b). Acute in vitro treatment with

cortex from ob/ob mice, compared with lean controls, as shown in

A769662 induced a powerful suppression of NADPH-stimulated

Figure 7a. In vivo treatment with A769662 augmented NADPH-

O2• in samples of renal arteries from both LZR and OZR as shown

stimulated O2

•

levels in cortical samples of ob/ob mice (Figure 7b),

in Figure 8a. A769662 also reduced NADPH-stimulated H2O2 produc-

whereas reduced NADPH-stimulated O2• levels in lean mice, com-

tion in arteries from LZR, and to a lesser extent in OZR, wherein H2O2

pared with those of vehicle-treated lean mice (Figure S3a). These

production was already reduced compared with lean controls

data indicate that in vivo AMPK activation restores the decreased

(Figure 8b). These data show that the increase in the overall NADPH-

renal cortex levels of ROS in obese to levels similar to those in lean

derived O2• levels contributes to oxidative stress in renal vasculature

control mice. Furthermore, western blot analysis showed that protein

in obesity, although NADPH-derived H2O2 levels are reduced in

content of Nox4 was significantly reduced in renal cortex from ob/ob

preglomerular arteries. Interestingly, A769662 acts as an effective

compared with lean mice (Figure 7c). In vivo treatment with

vascular antioxidant and can counteract and reduce arterial ROS pro-

A769662 further significantly reduced Nox4 protein levels in renal

duction in obese rats.

cortex from both ob/ob mice (Figure 7d), and also those in lean controls (Figure S3b).

Western blot analysis showed that basal protein levels of Nox4
were significantly lower in renal arteries of OZR compared with LZR
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F I G U R E 6 In vivo treatment with A769662 reduces inflammatory
markers in the kidney of ob/ob mice. Western blot analysis for p-IKK
(a), IKK (c), NF-κB (e) and TNF-α (g) protein levels in samples of renal
cortex from lean and ob/ob mice treated with vehicle. Results were
normalized to β-actin content in samples and are expressed as
percentage of lean mice. Data represent mean ± SEM values of n = 6
lean and n = 5 of ob/ob mice (a,c,e,g). *P < 0.05, significantly different
from vehicle-treated lean mice; Student's t-test for unpaired
observations. Western blot analysis for p-IKK (b), IKK (d), NF-κB (f)
and TNF-α (h) protein levels in samples of renal cortex from vehicletreated ob/ob mice and A769662-treated ob/ob mice. Results were
normalized to β-actin content in samples and are expressed as
percentage of vehicle-treated ob/ob mice. Data represent mean
± SEM values of n = 5 and n = 7 (b,d,f), and n = 5 and n = 8 (h)
vehicle-treated ob/ob mice and A769662-treated ob/ob mice,
respectively. *P < 0.05, significantly different from vehicle-treated
ob/ob mice; one-way ANOVA followed by Bonferroni post test.
Outliers were included in analysis
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F I G U R E 7 In vivo activation of AMPK restores ROS levels in
renal cortex of ob/ob mice. (a) Basal and NADPH-stimulated O2•
levels measured by lucigenin-enhanced chemiluminescence in renal
cortex samples of vehicle-treated lean and ob/ob mice. (b) Comparison
between O2• levels in renal cortex samples from ob/ob mice treated
with vehicle or after in vivo administration of A769662. Results are
expressed in counts per minute (cpm) per mg of tissue. Bars represent
mean ± SEM of n = 5 lean and n = 5 ob/ob mice (one to two cortex
samples per animal). *P < 0.05, significantly different from basal levels;
#
P < 0.05, significantly different from vehicle-treated ob/ob mice;
one-way ANOVA followed by Bonferroni post test. (c,d) Western
blots analysis for Nox4 protein levels in renal cortex from lean versus
ob/ob mice (c) and down-regulation upon chronic in vivo treatment
with the AMPK activator A769662 in ob/ob (d). Results were
quantified by densitometry and presented as a ratio of the density of
the Nox4 band to that of β-actin from the sample. Data are shown as
the mean ± SEM of n = 6 and n = 5 lean and ob/ob mice, respectively
(c), and of n = 6 and n = 8 vehicle-treated and A769662-treated
ob/ob mice, respectively (d). *P < 0.05, significantly different from lean
(c) and ob/ob treated with vehicle (d); Student's t-test for unpaired
observations. (e) Basal and NADPH-stimulated O2• levels in
myocardial samples of lean and ob/ob mice treated with vehicle.
(f) Effect of in vivo treatment with A769662 on NADPH-stimulated
O2• levels in myocardium samples from ob/ob measured by
lucigenin-enhanced chemiluminescence. Results are expressed in
counts per minute (cpm) per mg of tissue. Bars represent mean ± SEM
of one to two samples of n = 5 lean and n = 5 ob/ob mice,
respectively (e) and n = 5 vehicle-treated and n = 5 A76962-treated
ob/ob mice (f). *P < 0.05, significantly different from basal levels;
#
P < 0.05, significantly different from vehicle-treated lean mice; oneway ANOVA followed by Bonferroni post test
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(Figure 8c). Moreover, acute treatment with A769662 markedly
reduced Nox4 protein levels in renal arteries from both LZR and OZR
(Figure S4a,b) thus suggesting that AMPK activation down-regulates
Nox4-derived arterial H2O2 production from LZR and OZR.
In vivo experiments showed that NADPH-derived ROS were
markedly increased in OZR preglomerular arteries compared with
those in LZR arteries from vehicle-treated groups (Figure 8d,e). As
in the in vitro assay, in vivo administration of A769662 also
reduced NADPH-stimulated O2• levels in renal preglomerular arteries from LZR (Figure 8d) and OZR (Figure 8e) when compared with
groups treated with vehicle. These data indicate that in vivo AMPK
activation has vascular antioxidant effects by reducing superoxide
levels in renal arteries from obese rats.

4

|

DI SCU SSION

Obesity is risk factor for the development of CKD, independent of
diabetes, hypertension and other co-morbidities and AMPK dysregulation seems to play a key role in inflammation and fibrosis
underlying obesity-associated nephropathy (Decleves et al., 2011).
Here we have demonstrated that activation of AMPK not only
improved metabolic state and decreased inflammation in the kidney
of genetically obese animals but also ameliorated endothelial
dysfunction and vascular oxidative stress while restoring the redox
balance in renal cortex.
AMPK activity is impaired in muscle, liver and kidney under
conditions of metabolic stress, such as obesity (Ix & Sharma, 2010;
F I G U R E 8 Both acute in vitro and in vivo AMPK activation
reduce Nox-derived ROS generation in preglomerular arteries of lean
and obese Zucker rats. Inhibitory in vitro effect of A769662 (30 μM)
on NADPH-stimulated O2• (a) and H2O2 (b) levels in renal interlobar
arteries of LZR and OZR measured by lucigenin-enhanced
chemiluminescence and Amplex Red fluorescence, respectively.
Results are expressed in counts per minute (cpm) per mg of tissue for
chemiluminescence and in relative fluorescence units (RFU) per mg of
tissue for fluorescence. Bars represent mean ± SEM of one to two
arteries from n = 7 LZR and n = 6 OZR (a), n = 5 LZR and n = 5 OZR
(b). *P < 0.05, significantly different from basal levels, †P < 0.05,
significantly different from NADPH-stimulated; #P < 0.05,
significantly different from LZR; one-way ANOVA followed by
Bonferroni post test. (c) Western blots analysis for Nox4 protein
levels in renal arteries from LZR versus OZR. Results were quantified
by densitometry and presented as a ratio of density of the Nox4 band
to that of β-actin from the sample. Data are shown as the mean
± SEM of n = 10 LZR and n = 11 OZR, respectively. *P < 0.05,
significantly different from LZR; Student's t-test for unpaired
observations. (d,e) Comparison between O2• levels measured by
lucigenin-enhanced chemiluminescence in basal and NADPHstimulated isolated renal interlobar arteries from LZR (d) and OZR
(e) after in vivo treatment with A769662. Results are expressed in
counts per minute (cpm) per mg of tissue. Bars represent mean ± SEM
of n = 5 vehicle-treated and n = 5 A76962-treated LZR (d) and n = 5
vehicle-treated and n = 5 A76962-treated OZR (e). *P < 0.05,
significantly different from basal levels, #P < 0.05, significantly
different from LZR (d) or OZR (e) treated with vehicle; one-way
ANOVA followed by Bonferroni post test

Liu et al., 2005; Motawi et al., 2009). In the kidney, reduced renal
AMPK activity was associated with inflammation, increased matrix
accumulation, glomerular hypertrophy, tubular injury and albuminuria
in high fat diet (HFD)-induced obese mice, and AMPK activation by
treatment with AICAR prevented abnormal structural and functional
effects of HFD (Decleves et al., 2011; Kume et al., 2007; Szeto
et al., 2016). The present findings show that AMPK expression and
activity were greatly suppressed in renal arteries of genetically
obese rats and were associated with blunted NO-mediated relaxation by the specific AMPK activator A769662, along with reduced
phosphorylation of the AMPK downstream target ACC, rate-limiting
enzyme for de novo fatty acid synthesis that favours mitochondrial
oxidation of fatty acids. While impaired relaxation suggests endothelial dysfunction, decreased ACC activity may be involved in kidney vascular lipotoxicity, as reported for the aortic endothelium of
obese OLEFT rats where augmented triglycerides and lipid peroxidation was associated with reduced AMPK activity, reduced NO and
endothelial dysfunction (Lee et al., 2005). Therefore, renal dysfunction related to AMPK dysregulation in obesity is not only due
to glomerulopathy, fibrosis or lipotoxicity-induced tubular injury
(Decleves et al., 2011; Decleves, Sharma & Satriano, 2014; Szeto
et al., 2016), but also notably to impairment of the vascular effects
of AMPK.
AMPK has recently been involved in the metabolic regulation of
kidney blood flow and causes vasodilation of human renal arteries
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through both endothelium-dependent and independent mechanisms

EDH-mediated relaxations of resistance arteries, because this EDH

(Rodríguez et al., 2020). In the present study, decreased relaxant

type vasodilation is lost after specific knockout of the endothelial

effects of AMPK activation were found in preglomerular arteries asso-

AMPKα1 subunit (Enkhjargal et al., 2014). Therefore, stimulation of

ciated with endothelial dysfunction and impaired endothelial PI3K/

endothelial IKCa channels and of the EDH-type response, as recently

eNOS/NO pathway in obese rats. Thus, relaxations induced by the

reported in intrarenal arteries (Rodríguez et al., 2020, 2021), could

endothelial agonist ACh and by the β-adrenoceptor agonist isoprena-

also contribute to the A769662-induced restoration of endothelium-

line were markedly reduced along with diminished basal eNOS and

dependent relaxations in intrarenal arteries from obese rats. The ben-

Akt activity and expression in renal arteries of OZR. Endothelial

eficial effects of AMPK activation on renal endothelial dysfunction in

β-adrenoceptors can modulate eNOS and NO-mediated vasodilation

the obese kidney were further assessed by in vivo administration of

through eNOS phosphorylation via different pathways including the

A769662 in the ob/ob model of genetic obesity/metabolic syndrome.

PKA/Akt and PI3K/Akt pathways (Banquet et al., 2011; Kou &

We provide evidence here for endothelial dysfunction and abnormal

Michel, 2007), both activated downstream by AMPK. Accordingly,

β-adrenoceptor- and AMPK-mediated relaxations in preglomerular

both isoprenaline and AMPK-mediated relaxations were unchanged

interlobar arteries of genetically obese mice, as shown by the impaired

by endothelial cell removal and resistant to NOS or PI3K blockade in

relaxations to ACh, isoprenaline and A769662. Interestingly, aug-

kidney preglomerular arteries of obese rats thus confirming an

mented eNOS phosphorylation and expression were found in renal

impaired endothelial PI3K/NOS/NO pathway. Endothelium-mediated

cortex samples (including arterioles, glomeruli and peritubular capil-

AMPK relaxations in renal arteries do not only involve NO but also an

laries) from the same animals, implying a compensatory up-regulation

endothelium-derived hyperpolarization (EDH)-type component medi-

of NOS activity to protect glomerular NO-mediated endothelial func-

ated by stimulation of IKCa channels in endothelial cells (Rodríguez

tion in the kidneys of ob/ob mice. Moreover, a metabolic protection

et al., 2020, 2021). However, it is unlikely that this non-NO,

was also found in renal cortex of obese kidneys, as shown by the aug-

non-prostanoid, EDH component accounts for the defective AMPK-

mented AMPK and ACC phosphorylation indicative of a higher basal

mediated relaxations, because it is augmented to compensate for

AMPK activity. This could reflect a compensation for the obesity-

endothelial NO impairment in renal arteries in obesity (Muñoz

driven fatty acid oversupply and accumulation in renal tubular and

et al., 2020). Therefore, our findings demonstrate that endothelial

endothelial cells, in an attempt to increase ACC-mediated fatty acid

dysfunction due to impaired PI3K/Akt/eNOS pathway is associated

incorporation and β-oxidation in the mitochondria, as reported for

with defective AMPK-vasodilation in preglomerular arteries of geneti-

obese human skeletal myocytes (Green, Pedersen, et al., 2011).

cally obese rats, as earlier reported for large conductance arteries

In the present study, AMPK activation via in vivo administration

(such as aorta) from diet-induced models of obesity (García-Prieto,

of A769662 improved metabolic state and reduced plasma glucose

Hernández-Nuño, et al., 2015). In contrast to the blunted endothelial

levels, daily food intake and kidney weight, but also prevented inflam-

relaxations involving NO, renal AMPK endothelium-independent

mation and notably ameliorated kidney vascular dysfunction in obese

vasodilation was preserved or even enhanced in OZR, as shown by

animals. Thus, endothelium-dependent relaxations to ACh were

the larger relaxations induced by the AMPK activator A769662 in

restored to levels in lean rats and those to the β-adrenoceptor agonist

endothelium-denuded, preglomerular arteries or arteries treated with

isoprenaline were improved in preglomerular interlobar arteries after

inhibitors of NOS or PI3K in OZR. AMPK is expressed in both endo-

in vivo administration of A769662 in ob/ob mice, whereas basal

thelial and vascular smooth muscle (VSM) cells in renal arteries and

AMPK activity was further enhanced in samples of renal cortex. The

can activate KATP channels and phosphorylate the SERCA pump in

beneficial effects of AMPK activation on renal vascular function of

VSM thus contributing to arterial relaxation and to the metabolic

obese kidney are consistent with the cardiovascular protective actions

regulation of renal blood flow (Rodríguez et al., 2020, 2021). The

of drugs used in the treatment of metabolic disorders that activate

preserved endothelium-independent relaxations elicited by A769662

AMPK such as AICAR, metformin or thiazolidinediones (Ewart &

in arteries from OZR suggests a therapeutic potential of AMPK activa-

Kennedy, 2011).

tors in vascular complications of metabolic disease, where endothe-

Obesity-related kidney injury has been associated with renal

lium dysfunction and alterations in the eNOS/NO signalling pathway

inflammation and oxidative stress that are ameliorated by AMPK

reduce NO availability.

activation in diet-induced models of obesity (Decleves et al., 2011,

Interestingly, our results confirm the key role of AMPK in kidney

2014). In obesity, metabolic unbalance favours a chronic low-grade

vascular function and demonstrate that AMPK activation ameliorates

inflammation and fatty acid accumulation increases circulating

renal endothelial dysfunction in preglomerular arteries in obesity.

levels of proinflammatory cytokines such as TNF-α, via activation of

Acute ex vivo treatment of whole arteries with A769662 augmented

the transcription factor NFκB, and impairs insulin signalling in

ACC phosphorylation and markedly enhanced eNOS activity and

skeletal muscle, adipose tissue and endothelial cells (Green, Macrae,

expression in LZR, thus supporting the involvement of the endothelial

et al., 2011; McLaughlin et al., 2008; Prieto et al., 2014; Weisberg

PI3K/Akt/NO pathway in AMPK-mediated renal vasodilation (Levine

et al., 2003). TNF-α has in turn been involved in the inhibition of

et al., 2007). In preglomerular arteries of obese rats, A769662

AMPK activity in skeletal muscle in obesity through the TNF

restored impaired endothelium-dependent relaxations by enhancing

receptor 1, suppressing fatty acid oxidation and promoting insulin

NOS

resistance (Steinberg et al., 2006). The present findings demonstrate

expression.

AMPK

activation

is

also

involved

in

the
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an inflammatory response in the kidney of genetically obese mice

Renal lipotoxicity and defective fatty acid oxidation caused by

with increased renal levels of TNF-α associated with activation of

lipid accumulation and the associated kidney damage in obesity is

the NF-κB signalling pathway, as shown by the enhanced phosphor-

related to the reduced AMPK activity (Decleves et al., 2011, 2014;

ylation of IKK which allows NF-κB translocation into the nucleus

Szeto et al., 2016). In our study, activation of AMPK by in vivo treat-

and its activation (Hinz et al., 2012). In vivo administration of the

ment with A769662 restored superoxide production in renal cortex

thienopyridone A769662 attenuated renal inflammation in ob/ob

but not in the heart of ob/ob mice, and enhanced AMPK and ACC

renal cortex by suppressing NF-κB signalling (reduced IKK phos-

activity. By phosphorylating and inhibiting ACC, AMPK decreases lipid

phorylation and NF-κB expression) leading to decreased levels of

synthesis and increases the import of fatty acids by the mitochondria

the inflammatory cytokine TNF-α. These findings support the modu-

for β-oxidation. This would suggest that AMPK treatment restores

latory role of AMPK activators such as AICAR and metformin in

mitochondrial function and redox balance in the kidney of obese mice,

inflammation, as demonstrated in other cells types such as glial (Giri

in agreement with that earlier reported for the diabetic kidney where

et al., 2004), endothelial cells (Katerelos et al., 2010) and skeletal

activation of AMPK with AICAR enhanced superoxide generation by

myocytes of obese/Type 2 diabetic patients (Green, Pedersen, et al.,

improving activity of complexes I and III and mitochondrial biogenesis

2011) and are consistent with the anti-inflammatory effect earlier

(Dugan et al., 2013), leading to amelioration of inflammation, fibrosis

reported for AICAR in the kidney of HFD-obese mice (Decleves

and albuminuria (Decleves et al., 2011; Declèves & Sharma, 2015;

et al., 2011; Decleves, Sharma & Satriano, 2014). Moreover,

Dugan et al., 2013).

previous studies have shown that AMPK activation exerts its

In contrast to the lower superoxide levels found in renal tubu-

vasoprotective effects not only through augmentation of endothelial

lar tissues of ob/ob mice, ROS overproduction has been reported

NO availability but also through its anti-inflammatory effects on

in mesangial cells and vascular tissues of obese and diabetic kid-

endothelial cells by suppressing NF-κB, TNF-α and adhesion mole-

neys, where various sources of ROS generation including COX-2,

cules, such as VCAM-1 and E-selectin (Hattori et al., 2010; Krasner

xanthine oxidase and Nox have been involved in oxidative

et al., 2014). Accordingly, suppression of the NF-κB signalling found

stress (Elmarakby & Imig, 2010; Jha et al., 2014; Muñoz

in renal cortex samples of ob/ob mice after in vivo administration of

et al., 2015, 2020). Accordingly, the overall NADPH-dependent

A769662 could be ascribed in part to its anti-inflammatory action

superoxide production was confirmed to be greatly augmented in

on the glomerular endothelium.

preglomerular arteries of obese rats as earlier reported (Muñoz

ROS overproduction and oxidative stress have consistently been

et al., 2015, 2018), and both ex vivo and in vivo activation of

involved in the pathogenesis of diabetes and obesity-related vascular

AMPK were found to reduce vascular oxidative stress. AMPK

complications including diabetic nephropathy (Decleves et al., 2011;

reduces Nox4 expression in podocytes (Sharma et al., 2008) and

Jha et al., 2014; Muñoz et al., 2015, 2020; Sharma, 2016). We demon-

modulates redox balance in kidney preglomerular arteries through

strate here that the overall NADPH-dependent superoxide production

both down-regulation of Nox4 expression and through inhibition of

was markedly reduced in the renal cortex of ob/ob mice compared

Nox2 activation (Rodríguez et al., 2020, 2021). The powerful sup-

with controls, and this was also the case for superoxide production in

pression of superoxide production induced by ex vivo treatment

the heart of the same animals, even though cardiac ROS levels in lean

with the AMPK activator A769662 in whole renal preglomerular

animals were significantly lower than those in kidney. Reduced renal

arteries of OZR could mainly be ascribed to inhibition of Nox2,

superoxide production in ob/ob mice is consistent with the lower

that generates superoxide, rather than down-regulation of Nox4.

levels of both basal and NADPH-dependent H2O2 generation recently

Thus, arterial oxidative stress in the kidney of obese rats was

observed in the renal cortex of the obese Zucker rat (Muñoz

mostly due to augmented superoxide generation by Nox1 and

et al., 2020). These findings in rodent models of genetic obesity are in

Nox2 activity, in contrast to renal cortex wherein Nox-derived

agreement with those first reported by the Sharma's group in the

superoxide was mainly produced by Nox1, and both expression

diabetic kidney (Dugan et al., 2013), where AMPK dysregulation

and activity of Nox2 were reduced in obese animals (Muñoz

decreased superoxide production in mitochondria that was ascribed

et al., 2020). Moreover, Nox2 up-regulation and endothelial dys-

to impaired electron transport chain activity. Mitochondria are a major

function mediated by enhanced NF-κB activation have been shown

source of ROS generation and provide 80% of endogenously pro-

to be reversed by AICAR in endothelial cells of AMPKα1 knockout

duced basal superoxide. Fatty acid oxidation is a preferred energy

mice (Wang et al., 2010; Schuhmacher et al., 2011). In contrast,

source in highly metabolic cells, such as cardiac myocytes and proxi-

Nox4 expression and Nox4-derived H2O2 production were reduced

mal tubule renal cells. The mitochondrial β-oxidation of fatty acids

in vascular tissues of genetically obese rats (Muñoz et al., 2020)

accounts for two thirds of the overall kidney O2 consumption and is

and also in hyperglycaemic Type I diabetic mice and other models

located mostly in the proximal tubule. Therefore, reduced superoxide

of chronic kidney disease (Babelova et al., 2012; Sáenz-Medina

production in the kidney of rodent models of diabetes (Dugan

et al., 2019). The present findings confirm that Nox4 protein con-

et al., 2013; Sharma, 2016) and obesity, as shown in the present

tent was markedly reduced in both renal cortex of ob/ob mice and

study, might reflect mitochondrial dysfunction linked to impaired fatty

in preglomerular arteries of OZR kidney along with reduced

acid metabolism, which has also been demonstrated to underlie

NADPH-dependent H2O2 generation and lower inhibitory effects

tubulointerstitial fibrosis in the human kidney (Kang et al., 2015).

of A769662 on H2O2 levels. Therefore, the powerful suppression
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of ROS production induced by A769662 in whole arteries ex vivo
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relaxation. Here, the beneficial effects of A769662 in ameliorating
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kidney, and the therapeutic antioxidant potential of vascular AMPK
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activation were further supported by the decreased levels of
NADPH-derived superoxide in renal arteries of OZR after in vivo
treatment with A769662.
In conclusion, our findings provide evidence for endothelial dysfunction involving impaired AMPK-vasodilation and endothelial
PI3K/Akt/eNOS pathway associated with inflammation, vascular
oxidative stress and abnormal cortical redox balance in the kidney
of genetic models of obesity. This suggests that vascular abnormalities and impaired vascular AMPK activity might contribute, along
with glomerulopathy, interstitial fibrosis and tubular injury, to albuminuria and renal dysfunction in obesity. Activation of the energy
sensor AMPK with A769662 improved the metabolic state and
reduced food-intake, but notably ameliorated vascular dysfunction,
oxidative stress and inflammation and also restored cortical redox
balance in the obese kidney. These findings suggest that drugs activating AMPK that have been used in the treatment of metabolic
disorders, may considerably improve renal vascular function and
therefore represent valuable therapeutic tools to prevent obesityrelated kidney injury.
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