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Abstract

Aim: Activation of the master energy-regulator AMP-activated protein kinase (AMPK) in the heart reduces the severity of
ischemia-reperfusion injury (IRI) but the role of AMPK in renal IRI is not known. The aim of this study was to determine
whether activation of AMPK by acute renal ischemia influences the severity of renal IRI.

Methods: AMPK expression and activation and the severity of renal IRI was studied in mice lacking the AMPK b1 subunit and
compared to wild type (WT) mice.

Results: Basal expression of activated AMPK, phosphorylayed at aThr172, was markedly reduced by 96% in AMPK-b12/2

mice. Acute renal ischaemia caused a 3.2-fold increase in a1-AMPK activity and a 2.5-fold increase in a2-AMPK activity
(P,0.001) that was associated with an increase in AMPK phosphorylation of the AMPK-a subunit at Thr172 and Ser485, and
increased inhibitory phosphorylation of the AMPK substrate acetyl-CoA carboxylase. After acute renal ischemia AMPK
activity was reduced by 66% in AMPK-b12/2 mice compared with WT. There was no difference, however, in the severity of
renal IRI at 24-hours between AMPK-b12/2 and WT mice, as measured by serum urea and creatinine and histological injury
score. In the heart, macrophage migration inhibitory factor (MIF) released during IRI contributes to AMPK activation and
protects from injury. In the kidney, however, no difference in AMPK activation by acute ischemia was observed between
MIF2/2 and WT mice. Compared with the heart, expression of the MIF receptor CD74 was found to be reduced in the
kidney.

Conclusion: The failure of AMPK activation to influence the outcome of IRI in the kidney contrasts with what is reported in
the heart. This difference might be due to a lack of effect of MIF on AMPK activation and lower CD74 expression in the
kidney.
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Introduction

AMPK is a ubiquitously expressed, energy-sensing kinase that is

activated during energy stress by an increase in cellular [AMP] [1].

When activated, AMPK acts to restore energy homeostasis by

phosphorylating multiple substrates to both activate pathways of

energy production, such as fatty acid oxidation, and to inhibit

energy consuming pathways such as protein synthesis and ion

transport [2]. AMPK exists as a heterotrimer with a catalytic a
subunit and regulatory b and c subunits [1]. Each of the subunits

has multiple isoforms (a1, a2, b1, b2, c1, c2, c3) leading to

multiple heterotrimer combinations [2]. In the ischemic heart the

effect of AMPK activation is reported to be beneficial by

preventing post-ischemic cardiac dysfunction, apoptosis, and

injury [3,4,5,6]. These studies, however, have been contradicted

by others, which showed that activation of AMPK in the ischemic

heart has either no effect [7] or increases apoptosis [8].

Contrasting with the heart, activation of AMPK in the ischemic

brain appears to worsen injury [9,10,11]. In the kidney, AMPK is

reported to be involved in a variety of physiological and

pathological processes including ion transport [12], podocyte

function [13] and diabetic renal hypertrophy [14]. AMPK is

rapidly activated by acute renal ischemia [15] but whether this has

an effect on the outcome the outcome of renal IRI is not known.

Stimulation of AMPK in the ischemic heart by macrophage

migration inhibitory factor (MIF) is reported to protect against
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myocardial ischemia-reperfusion injury (IRI) [6,16]. In contrast, it

is unknown whether MIF, which is widely expressed in the normal

kidney [17], contributes to AMPK activation by acute renal

ischemia.

The present study aims to determine the functional significance

of AMPK activation in acute renal ischemia by determining the

outcome of IRI in mice deficient for the AMPK b1 subunit

(AMPK-b12/2 mice). It also seeks to determine whether MIF

contributes to AMPK activation in acute renal ischemia as it does

in the heart.

Materials and Methods

Materials and reagents
Rabbit polyclonal antibodies against a1-AMPK, a2-AMPK,

b1-AMPK, b2-AMPK, c1-AMPK, c2-AMPK, pThr172a-AMPK

and p-ACC-Ser79 were produced as previously described [15,18].

A monoclonal Ab against MIF (ab 7207) was purchased from

Abcam (Cambridge, UK). A rabbit monoclonal antibody against

ACC1 was from Cell Signaling (MA, USA). A goat polyclonal

against CD74 (sc-5438) was purchased from Santa Cruz (CA,

USA). Secondary antibodies (swine-anti-rabbit-HRP, rabbit-anti-

mouse-HRP) were purchased from Dako (Carpinteria CA, USA).

Protein A-HRP was purchased from Amersham Pharmacia

(Uppsala, Sweden).

Animals
AMPK-b12/2 mice were generated on a C57Bl/6 background

as recently described [19]. AMPK-a12/2 mice were kindly

provided by Professor Benoit Viollet (IC, Institut Cochin

Université Paris Descartes). Experiments using the AMPK

knockout strains were performed using littermate WT controls

from heterozygous mating. The MIF2/2 mice used for study are

on a C57Bl/6 background, as previously described [20]. Wild type

C57Bl/6 mice were from the Walter and Eliza Hall Institute

(Parkville, Vic).

Ethics statement
All animal procedures were performed in the animal facilities of

the Austin Hospital or St Vincent’s Hospital and were approved

by the animal ethics committees of these hospitals. All animal work

was conducted according to national and international ethical

guidelines.

Induction of acute renal ischemia
Mice were anaesthetized by intraperitoneal injection of

ketamine (85 mg/kg) and xylazine (15 mg/kg). The left kidney

was accessed by a midline laparotomy and acute renal ischemia

was induced by applying a clamp across the renal pedicle for

10 minutes. The kidneys were rapidly removed and snap frozen in

liquid nitrogen for subsequent biochemical analysis. Control

kidneys (no ischemia) were removed rapidly without being subject

to ischemia.

Induction of renal ischemia-reperfusion injury
After being anesthetized (ketamine 85 mg/kg, xylazine 15 mg/

kg) mice were placed on a heating pad to maintain their core body

temperature at 37uC during surgery. A midline abdominal incision

was made and the renal pedicles were bluntly dissected. After right

nephrectomy, a microvascular clamp (Roboz, Rockville, MD) was

placed on the left renal pedicle for either 18 or 20 min while the

animal was kept at 37uC in an incubator and well hydrated. The

clamp was then removed and the kidney observed to confirm

complete reperfusion. The surgical wounds were then sutured in

two layers with 5–0 silk. Warm normal saline (100 mL/kg) was

instilled into the peritoneal cavity during the procedure. Mice were

allowed to recover for 2 hr under a heating lamp and then kept on

a heating pad. After 24 hr of reperfusion, the mice were

euthanized, blood was taken and kidney samples were obtained

for histological analysis.

Assessment of renal function
Whole blood was collected from an inferior vena cava puncture

and sent for biochemical analysis. Serum creatinine level (modified

Jaffe rate reaction) and urea level were measured by the Department

of Pathology at the St. Vincent’s Hospital Melbourne (Olympus AU

2700, Integrated Science, Chatswood, NSW, Australia).

Preparation of kidney lysates
Lysates of mouse kidney were prepared by homogenization into

2 ml of homogenization buffer (20 mM Tris?HCl, pH 8.0, 2 mM

MgCl2, 200 mM sucrose, 1% Triton X-100, 50 mM NaF, and

protease inhibitors 2 mM PMSF, 1 mM leupeptin, 0.2 mM

aprotonin, 1 mM benzamidine, and 1 mM AEBSF) and centri-

fugation (15,000 g, 5 min). The resultant supernatant was further

clarified by high-speed centrifugation (75,000 g, 30 min).

Immunoprecipitation of AMPK
AMPK was immunoprecipitated by mixing 1 ml a1-AMPK

antibody (1 mg/ml) with 2 mg of kidney lysate at 4uC for 1 hour.

Immunocomplexes were precipitated by mixing the sample with

Protein A beads (20 ml) (Amersham Pharmacia, Uppsala, Sweden)

at 4uC for 30 minutes. After immunoprecipitation the beads were

collected by centrifugation and washed 3 times in ice cold wash

buffer (1% TritonX-100 in PBS) and once in cold PBS. Reducing

Laemmli sample buffer (20 ml) was added to the beads, which were

then heated to 95uC for 4 minutes prior to analysis by SDS-PAGE

and Western blot.

Western Blotting
Samples were separated by SDS-PAGE and electrically trans-

ferred to a PVDF membrane. The membrane was blocked in 5%

casein in Tris-buffered saline (TBS) for 1 hour and then incubated in

primary antibody overnight. After washing in TBS 0.05% Tween20

(TBS-T) the membrane was then incubated for 30 minutes in

secondary antibody at 1/2500 dilution. After further washing,

immunoreactive proteins were detected by enhanced chemilumi-

nescence with the SuperSignal Chemiluminescent System (Perkin

Elmer). Western blots were quantified by densitometry (Scion Image

for Windows, Scion Corporation, Frederick, Maryland).

AMPK Activity Assay
AMPK activity was measured as previously described [15].

Briefly, AMPK was immunoprecipitated from kidney lysates and

then a phosphorylation reaction was performed in kinase assay

buffer [50 mMHepes, pH 7.5, 10 mM MgCl2, 5% glycerol,

1 mM DTT, 0.05% Triton X-100, 250 mM (c-32P)-ATP

(500 cpm/pmole), 100 mM ADR1 peptide substrate] [21] to

measure AMPK activity (pmol/mg/min).

Renal Histology and Scoring
Ten percent formalin-fixed and paraffin-embedded kidney

tissue sections (4 mm) were stained with hematoxylin-eosin. Three

high-power fields in each of the cortex, corticomedullary junction

and medulla were assessed in a blinded fashion (DP). Scores from

the 3 high power fields were then averaged. The degree of tubular

necrosis was graded and a modified scoring system was used as

AMPK and Renal Ischemia-Reperfusion Injury
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previously described [22]: 0, normal kidney; 1, minimal necrosis

(,10% involvement); 2, mild necrosis (10%–35% involvement); 3,

moderate necrosis (36%–75% involvement); and 4, severe necrosis

(.75% involvement).

Immunohistochemistry
Tissue was immersion-fixed in 4% paraformaldehyde (BDH,

Poole, UK), processed, and embedded in paraffin. 4 mm thick

paraffin sections were incubated overnight with the anti-MIF

antibody (1 mg/ml) at 4uC. Mouse IgG was detected using the

mouse peroxidase-antiperoxidase (PAP) technique, comprising a

goat anti-mouse Ig (Dako, Carpinteria, CA) diluted at 1/100,

followed by mouse PAP (Dako) diluted 1/100. Peroxidase labelling

was revealed using the liquid DAB substrate-chromagen system

(Dako). Sections were counterstained with hematoxylin.

Statistics
Statistics were performed using GraphPad Prism Version 4.03

(GraphPad Software, Inc; San Diego, CA). Data are presented as

mean 6 SD. Unless otherwise stated, data were analyzed by

ANOVA; if significant, Bonferroni’s test for multiple comparisons

was used. P values less than 0.05 were deemed significant.

Results

AMPK activation by acute renal ischemia in wild type,
AMPK-a12/2 and AMPK-b12/2 mice

To determine the potential usefulness of AMPK knockout mice

for studying the role of AMPK activation by acute renal ischemia,

AMPK activity after renal ischemia was studied in mice deficient

for either the a1 or b1 subunit. The phenotypes of the AMPK-

a12/2 and AMPK-b12/2 mice have been described previously

[19,23]. Acute renal ischemia was induced by occluding the renal

pedicle for 10 minutes and AMPK activity was measured after

immunoprecipitations for the a1 and a2 subunits. Acute renal

ischemia activated both a1-AMPK (3.2-fold, P,0.001) and a2-

AMPK activity (2.5-fold, P,0.001) in WT mice (n = 12–16)

(Fig. 1). In kidneys from AMPK-a12/2 mice, basal a1-AMPK

activity was reduced by 70% and no increase in a1-AMPK activity

was seen with ischemia (Fig. 1A). The observation of residual a1-

AMPK activity remaining detectable in AMPK-a12/2 mice

indicates some background activity measured by the ADR-1

activity assay that is not accounted for by AMPK, as the AMPK-

a12/2 mice are totally deficient for the a1 chain. In kidneys of

AMPK-a12/2 mice, a2-AMPK activity and activation by acute

ischemia was preserved and not different from WT (Fig. 1B).

In AMPK-b12/2 mice non-ischemic (basal) total (a1 plus a2)

AMPK activity compared to WT was reduced from 16.16

4.8 pmol/mg/min to 4.963.5 pmol/mg/min (70% reduction,

P = 0.001) (Fig. 1C&D). In these mice the reduction in basal a1-

AMPK activity was 86% (P,0.001); compared with a 43%

reduction for a2-AMPK activity (P = 0.057). a1-AMPK activity

after acute renal ischemia was reduced in AMPK-b12/2 mice

compared with WT (10.867.5 vs 31.0613.1 pmol/mg/min, 65%

reduction, P = 0.002) (Fig. 1C). In addition, a2-AMPK activity was

also reduced in AMPK-b12/2 mice after acute renal ischemia

compared with WT (3.861.0 vs 12.062.6 pmol/mg/min, 68%

reduction, P,0.001) (Fig. 1D). Whilst AMPK activity was

significantly reduced in AMPK-b12/2 mice, in these mice there

Figure 1. AMPK activation by acute renal ischemia in wild type, AMPK-a12/2 and AMPK-b12/2 mice. Lysates (1 mg protein) from control
(% no ischemia) and ischemic (& 10 min ischemia) kidneys of WT (C57Bl/6), AMPK-a12/2 and AMPK-b12/2 mice were immunoprecipitated with
antibodies specific for the a1 and a2 AMPK catalytic subunits (n = 6–8 per group). Results are shown as mean 6 SD. In WT mice AMPK activity was
increased by acute renal ischaemia (P,0.001). In AMPK-b12/2 mice, AMPK activity after acute renal ischaemia was reduced compared to WT for both
AMPK-a1 (P,0.001) and AMPK-a2 (P,0.001) isoforms. In AMPK-a12/2 mice there was no activation of AMPK-a1 by acute renal ischemia, whereas
AMPK-a2 was activated by acute renal ischemia (P,0.01) by an amount not different to WT. * P,0.001, ** P,0.01.
doi:10.1371/journal.pone.0029887.g001

AMPK and Renal Ischemia-Reperfusion Injury

PLoS ONE | www.plosone.org 3 January 2012 | Volume 7 | Issue 1 | e29887



was still a 7.0-fold relative increase in a1-AMPK activity after

acute renal ischemia (P = 0.013) (Fig. 1C). In contrast, for the

AMPK-b12/2 mice no increase in AMPK-a2 activity was seen

after acute renal ischemia (Fig. 1D).

Renal expression of activated AMPK in wild type and
AMPK-b12/2 mice

To further quantify the reduction of renal AMPK activity in

AMPK-b12/2 mice, kidney lysates from WT and b12/2 were

analyzed by Western blot for expression of the activated form of

AMPK, which is phosphorylated at aThr172 in the activation loop

of the catalytic subunit. In kidneys from AMPK-b12/2 mice,

phospho-aThr172 expression was profoundly reduced, although

not absent (Fig. 2 A & B). By densitometry analysis expression of

activated AMPK was reduced by 96% (P,0.001) (Fig. 2C). After

probing for phospho-aThr172 the membrane was stripped and re-

blotted for the a1 and a2 catalytic subunits, which were also both

markedly reduced in AMPK-b12/2 mice (Fig. 2A). Western blot

analysis for the scaffolding b-subunits confirmed the absence of b1

expression in the AMPK-b12/2 kidney (Fig. 2B). Of note, the b2

subunit isoform was also detectable, and was not different between

WT and AMPK-b12/2 (Fig. 2B).

Severity of renal IRI in wild type and AMPK-b12/2 mice
Given the significant reductions in a1 and a2 AMPK

expression, AMPK activity and activation in the AMPK-b12/2

mice this strain was selected for further study. Unilateral renal IRI

was induced in both WT and AMPK-b12/2 mice for 18 or

20 minutes. Control animals underwent a sham procedure. There

was no difference in procedure related mortality between the WT

and AMPK-b12/2 mice. The severity of renal IRI was

determined by measurement of serum urea and creatinine at 24-

hours (Fig. 3). After 20 minutes of renal ischemia-reperfusion

serum urea and creatinine were increased at 24 hours in both WT

and AMPK-b12/2 mice (P,0.001). Importantly, however, no

differences in serum urea and creatinine level were observed

between WT and AMPK-b12/2 mice.

The severity of renal IRI was also assessed by measurement of

the histological injury score 24-hours after reperfusion in cortex,

corticomedullary junction (CMJ) and medulla (Fig. 4). The more

severe injury occurred at the CMJ (Fig. 4C). No differences in the

severity of injury were seen between AMPK-b12/2 mice and WT

mice.

AMPK activation and phosphorylation after acute renal
ischemia in MIF2/2 and wild type mice

To determine whether MIF contributes to AMPK activation by

acute renal ischemia studies were performed in MIF2/2 mice.

Immunohistochemical staining confirmed widespread constitutive

renal MIF expression, with the predominant site of expression

being tubular epithelium (Fig. 5A). The specificity of MIF staining

was confirmed by the absence of staining in the MIF2/2 mice.

Western blot analysis confirmed that MIF was expressed in WT

but absent in the kidneys of MIF2/2 mice (Fig. 5B). There was

no difference in expression of the MIF receptor CD74 between

WT and MIF2/2 mice (Fig. 5B). Renal MIF expression was

unchanged after 10 minutes of acute renal ischaemia (Fig. 5C).

There was no difference in AMPK expression or subunit pattern

between MIF2/2 and WT mice, with the a1, a2, b1, b2, c1 and

c2 all being expressed (Fig. 5D). The b1 subunit was much more

easily detectable than the b2 subunit in the mouse kidney by

Western blot, consistent with the earlier finding that b1 is the

predominant AMPK scaffolding subunit in the mouse kidney.

After 10 minutes of acute ischemia, renal a1-AMPK activity was

increased 3.85-fold in WT mice (P,0.001) and 2.79-fold in MIF2/2

mice (P,0.001) (Fig. 6A). Similarly, renal a2-AMPK activity was

increased by ischemia 3.11-fold in WT mice (P,0.001) and 3.16-

fold in MIF2/2 mice (P,0.001) (Fig. 6B). There were no differences

in renal a1-AMPK or a2-AMPK activity between WT and MIF2/2

mice at baseline or after renal ischemia. Activation of AMPK after

acute renal ischemia was associated with increased activating

phosphorylation of AMPK-aThr172 both in WT and MIF2/2 with

no difference being observed between the two groups (Fig. 6C&D).

Interestingly, increased phosphorylation of AMPK-aSer485 was also

observed in both WT and MIF2/2 after acute renal ischemia

(Fig. 6C&D), although the role of phosphorylation of AMPK at this

site remains unclear [24]. Increased phosphorylation at aThr172 and

Figure 2. Renal expression of activated AMPK is markedly
reduced in AMPK-b12/2 mice. A and B. Lysate from WT and AMPK-
b12/2 kidneys were analyzed by Western blot for the activated form of
AMPK, phosphorylated at Thr172 of the catalytic (a) subunit. The
membrane was stripped and reblotted to determine expression of the
catalytic (a1 and a2) (A) and scaffolding (b1 and b2) (B) subunits of
AMPK. Expression of b-actin was determined to confirm even sample
loading. C. Expression of activated (phospho-aThr172) in kidneys from
WT and AMPK-b12/2 mice was quantified by densitometry using
arbitrary units (n = 6 per group). Densitometry for phospho-aThr172 was
corrected for b-actin. * P,0.001 by unpaired t test.
doi:10.1371/journal.pone.0029887.g002
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aSer485 after acute ischemia was observed both by Western blot of

samples immunoprecipitated for a1-AMPK (Fig. 6C) and Western

blot of whole kidney lysate (Fig. 6D). Activation of AMPK by acute

renal ischaemia in WT and MIF2/2 was associated with increased

phosphorylation of the AMPK substrate acetyl-CoA carboxylase at

Ser79 (ACC-Ser79) (Fig. 6E), which is known to regulate fatty acid

synthesis and oxidation [2]. ACC was observed as a single band with

a molecular weight of 250 kDa consistent with the cytoplasmic

ACC1 isoform. Since a previous study in the heart has reported MIF

to augment ischemic AMPK activation by signaling through CD74

[6], CD74 expression was compared between kidney and heart

(Fig. 6F). In the kidney the level of CD74 expression appeared

substantially lower than was seen in the heart (Fig. 6F). CD74

expression did not change in the kidney in response to acute

ischemia.

Discussion

The lack of effect of deletion of AMPK-b1 on renal IRI in the

present study contrasts with a previous study that found the

AMPK activator AICAR, in combination with N-acetylcysteine,

attenuated IRI in a canine model of autologous renal transplan-

tation [25]. In that study, however, it is unclear whether the

protection against IRI was mediated by AICAR or N-acetylcys-

teine and also whether any effect of AICAR was mediated by

activation of AMPK or other non-specific effects. More recently,

Seo-Mayer et al. have reported that pre-activation of AMPK

before renal IRI by the diabetes drug metformin reduced both

histological injury and the level of the urinary biomarker

neutrophil gelatinase associated lipocalin (NGAL) [26]. This study

also found, consistent with our results, that metformin pre-

activation did not affect the increase in serum urea and creatinine

observed after renal IRI, suggesting that its effects did not protect

against the overall severity of renal injury [26].

Cell culture studies examining the effect of AMPK activation on

apoptosis of renal cells in culture have produced variable results.

Han et al. found that AMPK activation increased hypertonicity-

induced apoptosis in medullary interstitial cells [27]. In contrast,

Liebarthal et al found in cultured proximal tubular cells that

activation of AMPK is protective against apoptosis induced by

Figure 3. Severity of renal ischemia-reperfusion injury in wild type and AMPK-b12/2 mice assessed by serum urea and creatinine at
24 hours post IR. Serum urea (A) and creatinine (B) were measured 24 hours post renal IR for 18 or 20 minutes in WT and AMPK-b12/2 mice (n = 6–
13 per group). Results are shown as mean 6 SD. * P,0.001, ** P,0.01. No significant differences between WT and AMPK-b12/2 mice were observed.
doi:10.1371/journal.pone.0029887.g003
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metabolic stress by an Akt dependant mechanism [28]. In fact it is

well known that AMPK activation can have either anti-apoptotic

or pro-apoptotic effects depending on the cell type and the

physiological situation [29]. It is problematic, therefore, to predict

from cell culture studies the effect AMPK activation on the

severity of kidney injury in vivo. The finding of the present study

that AMPK activation appeared to have a neutral effect in renal

IRI suggest that any possible effect of AMPK on renal cell

apoptosis in response to ischaemia appears to be not having an

effect on the overall severity of kidney injury and renal

dysfunction.

The finding that reduced AMPK activation does not alter the

severity of renal IRI contrasts with studies of myocardial ischemia,

where activation of AMPK appears protective [3,6]. Further,

activation of AMPK in the ischemic brain appears harmful

[10,11]. Our data suggest a neutral effect of AMPK activation

within the kidney in a model of warm IRI. The beneficial effects of

AMPK in ischemia have generally been attributed to its effect on

energy homeostasis, which act to prevent ATP depletion and

subsequent apoptosis [3]. The mechanism by which AMPK

activation by ischemia can exacerbate injury, as seen in stroke, is

less clear but has been proposed to involve lactic acidosis, glucose

transporter upregulation, and activation of autophagy [30]. It has

also been proposed that in some circumstances activation of

AMPK by myocardial ischaemia can be harmful, possibly by

worsening intracellular acidosis [31]. Activation of AMPK in

response to ischemia is likely to regulate multiple substrates and

pathways, some of which may be protective and others of which

may be harmful.

The principle finding of this study is that the severity of IRI was

unaltered in AMPK-b12/2 despite the fact that basal AMPK

expression, activity and activation were significantly reduced. This

suggests that AMPK is unlikely to have a vital protective role in

renal IRI. A limitation of the present study, however, is that, while

significantly and substantially reduced, a low level of AMPK

activity and activation was still detectable in kidneys from AMPK-

b12/2 mice. The AMPK activity data estimates a reduction of

renal AMPK activity in the AMPK-b12/2 mice of approximately

70%, whereas the Western blot data suggests a more profound

96% reduction in the expression of activated AMPK. This

Figure 4. Histological injury 24 hours after renal ischemia-reperfusion injury in wild type and AMPK-b12/2 mice. IRI was performed for
20 minutes and the severity of injury was assessed by histology. A. Histological appearance at 24 hours following 20 mins IRI in WT and b12/2 mice.
Images shown are from the region of the corticomedullary junction (CMJ). 2006magnification. The severity of histological injury at 24-hours was
quantified in cortex (B), CMJ (C) and medulla (D) as described in methods. No differences were seen between WT and b12/2 mice. n = 7 for WT and 6
for b12/2.
doi:10.1371/journal.pone.0029887.g004

AMPK and Renal Ischemia-Reperfusion Injury
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discrepancy might be explained, at least in part, by the observation

that the AMPK activity assay does detect a low but measurable

level of non-specific background activity that is not altered by the

presence or absence of AMPK expression. Interestingly, while

AMPK activity was reduced in AMPK-b12/2 mice, the relative

level of AMPK activation with ischemia was similar in WT and

AMPK-b12/2 mice. The residual AMPK activity and activation

in the AMPK-b12/2 can be explained by expression of the

AMPK-b2 subunit that was detectable, at a proportionally low

level, in the mouse kidney. Interestingly, in the rat kidney b2 has

been observed as the predominant AMPK scaffolding subunit

[32,33], contrasting with the findings seen here in the mouse

kidney where b1 is predominant. Whilst the results of the present

study should be interpreted in the context of the limitation of the

model used at present a total AMPK null kidney is not available.

This is because total AMPK knockout has been found to be

embryonically lethal at day 10.5 post-conception [34]. An

additional consideration is the possibility that there are differences

in the functions of the various AMPK catalytic or regulatory

subunits in the kidney that are presently not known. Further

studies in mice with other disruptions to the AMPK pathway

might provide further insight into the role of AMPK in renal IRI.

In the present study we observed that AMPK activation by

acute renal ischaemia occurred simultaneously with increased

phosphorylation of both AMPK-aThr172 and AMPK-aSer485.

Whilst the role of AMPK-aThr172 phosphorylation in the

activation of AMPK is well-characterized [35], the functional

significance of phosphorylation at the AMPK-aSer485 site, which

exists in the bc binding domain of the a subunit [36], is not well

understood. Whilst two studies have reported that phosphorylation

of AMPK-aSer485 might in fact be inhibitory [37,38], this is

contradicted by the observation that the activating mutation of this

site to aspartate is still robustly activated by liver purified AMPK-

kinase [24]. The kinase(s) responsible for AMPK-aSer485 have not

been extensively studied, although both insulin and hepatitis C

have been reported to inhibit AMPK activation by mediating

phosphorylation of this site by Akt/PKB [37,38]. In addition

however, AMPK-aSer485 is reported to be phosphorylated by liver

purified AMPK-kinase, but whether this was mediated by LKB1,

CaMKKb or autophosphorylation was not defined [24]. These

Figure 5. MIF and AMPK expression in MIF and WT mice. A. Renal expression of MIF was determined by immunohistochemical staining using
a monoclonal Ab against MIF (ab 7207) in sections from cortex and medulla. To ensure the specificity of staining, immunohistochemistry was
performed on sections from WT (C57Bl/6) and MIF2/2 kidneys. B. Kidney lysates from MIF2/2 and WT mice were analyzed by Western blot with a
mouse monoclonal against MIF. MIF was detected as a single band at 14 kDa. There was no difference in CD74 expression between WT and MIF2/2

mice. Western blotting for b-tubulin was performed to confirm equivalent protein loading. C. MIF expression was analyzed by Western blot from
lysates of control and ischemic (10 mins) kidneys of WT mice. MIF expression was quantified by densitometry of western blot blots control and
ischemic kidneys. n = 7 for both groups. MIF expression was normalized to b-tubulin expression to ensure even loading. Results shown as mean 6 SD.
D. Immunoprecipitations were performed from kidney lysates (4 mg protein) of MIF2/2 and WT C57Bl/6 mice with rabbit polyclonal antibodies
against the a1 and a2 catalytic subunits of AMPK. The immunoprecipitated complexes were separated by SDS-PAGE and western blotted with
antibodies against a1, a2, b1, b2, c1 and c2 subunits of AMPK. Blots shown are representative of 3 individually performed experiments.
doi:10.1371/journal.pone.0029887.g005
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apparent inconsistencies might be explained by differences in the

sequences of phosphorylation events. For example, in the study by

Horman et al. where AMPK-aSer485 appears inhibitory, phos-

phorylation of AMPK-aSer485 preceded phosphorylation of

AMPK-aThr172. In contrast, in the present study in which

AMPK-aSer485 phosphorylation appears to occur either after or

simultaneous to AMPK-aThr172 phosphorylation, a marked

increase in AMPK activity was seen despite the fact that

phosphorylation at AMPK-aSer485 was increased.

The finding in the present study that the presence of MIF did

not contribute to activation of AMPK in the ischemic kidney

contrasts with what has been reported in the ischemic heart and

cultured cardiomyocytes [6,16]. We also did not observe any effect

of recombinant MIF on AMPK activity in a kidney cell line (data

not shown). The receptor for MIF has been identified as CD74,

which is the MHC class II invariate chain [39]. Furthermore,

signaling through CD74 appears to mediate MIF induced

activation of AMPK in the heart [6]. Sanchez-Nino et al. have

reported constitutive CD74 expression in the rat kidney, which

was localized to glomeruli and tubules and increased with diabetes

[40]. Furthermore, CD74 was found to be expressed by cultured

podocytes and proximal tubular cells [40]. In the present study we

found to that CD74 was detectable by Western blot of kidney

lysates, but the level of expression was markedly lower than in the

Figure 6. AMPK activation and phosphorylation after acute renal ischemia in MIF2/2 mice. Lysates (1 mg protein) from control (% no
ischemia) and ischemic (& 10 min ischemia) kidneys of WT (C57Bl/6) and MIF2/2 mice were immunoprecipitated with antibodies specific for the a1
(A) and a2 (B) AMPK catalytic subunits (n = 10–12 per group for a1 and n = 6 for a2). AMPK activity was measured by ADR-1 peptide activity assay.
Results are shown as mean 6 SD. a1-AMPK and a2-AMPK activity were increased several fold after 10 minutes ischemia in WT and MIF2/2 mice
(* P,0.001). There were no differences in a1-AMPK or a2-AMPK activity between WT and MIF2/2 under either control or ischemic conditions. C.
Lysates (1 mg protein) from control (C) and ischemic (Isc) kidneys of WT and MIF2/2 mice were immunoprecipitated with antibodies specific for the
a1 AMPK catalytic subunit and analyzed by Western blotting using antibodies against pAMPKaThr172, pAMPKaSer485 and a1AMPK (blot shown
representative of 4 experiments). D. In addition, whole kidney lysates (50 mg) from the same experiment were separated by SDS-PAGE and analyzed
by Western blot for AMPK phosphorylation at aThr172 and aSer485, with blotting for b-actin as a loading control (blot shown representative of 4
experiments). E. Kidney lysates from this experiment were blotted for inhibitory phosphorylation of ACC at Ser79 and expression of total ACC1 (blot
shown representative of 4 experiments). F. Heart and kidney lysate was blotted for expression of the MIF receptor CD74.
doi:10.1371/journal.pone.0029887.g006
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heart. This observation raises the possibility that the lower CD74

expression seen in the kidney compared to the heart might help

explain the different effects of MIF on AMPK activity between

heart and kidney. At present, however, the explanation for the

difference between the regulation of AMPK by MIF between the

heart and the kidney is not clear. Nonetheless, it is known that

activation of AMPK in response to specific regulators can vary

between different tissues. For example AMPK activity is increased

by leptin in skeletal muscle [41] and reduced by leptin in the

hypothalamus [42]. The two major pathways of AMPK activation

are known to be mediated by an increase in cellular [AMP], acting

via the upstream kinase LKB1 [43], or an increase in cellular [Ca
2+], acting via the upstream kinase CaMKKb [44]. Whilst acute

renal ischemia is known to acutely increase both cellular [AMP]

and [Ca2+] [45], it is not known whether activation of AMPK by

acute renal ischemia occurs predominantly downstream of LKB1

or CaMKKb. The present study shows, however, that the

pathways of AMPK activation by acute renal ischemia involve

phosphorylation of AMPK-aThr172 by upstream kinase(s) and this

is not influenced by the presence or absence of MIF.

In summary, this study found that AMPK is activated in

response to acute renal ischemia and that activation is associated

with phosphorylation of AMPK at aThr172 and aSer485 and

inhibitory phosphorylation of ACC-Ser79. Significant constitutive

expression of MIF in tubular epithelium was found, but there was

no difference in AMPK activation by acute renal ischemia

between WT and MIF2/2 mice. Expression of AMPK and

activation of AMPK by acute renal ischemia was markedly

attenuated in AMPK-b12/2 mice. Despite this there was no

difference in the severity of renal IRI, as measured biochemically

or histologically, between AMPK-b12/2 and WT mice. The lack

of effect of reduced AMPK activation on the outcome of renal IRI

suggests that renal protection in situations of severe energy stress is

unlikely to be a critical function of AMPK in the kidney. This

supports a more general view that the primary role of AMPK in

the kidney is likely to be to detect and respond to more minor

perturbations of cellular energy status that occur within the

context of normal renal physiology.

Author Contributions

Conceived and designed the experiments: PFM ST SAF KMD BVD DP.

Performed the experiments: KG ST SAF BL S-WC. Analyzed the data:

PFM ST SAF KMD GF-R RB BEK S-WC DAP. Contributed reagents/

materials/analysis tools: BVD GF-R RB BEK DAP. Wrote the paper:

PFM KMD S-WC DAP.

References

1. Oakhill JS, Scott JW, Kemp BE (2009) Structure and function of AMP-activated

protein kinase. Acta Physiol (Oxf) 196: 3–14.

2. Steinberg GR, Kemp BE (2009) AMPK in Health and Disease. Physiol Rev 89:

1025–1078.

3. Russell RR, 3rd, Li J, Coven DL, Pypaert M, Zechner C, et al. (2004) AMP-

activated protein kinase mediates ischemic glucose uptake and prevents

postischemic cardiac dysfunction, apoptosis, and injury. J Clin Invest 114:

495–503.

4. Carvajal K, Zarrinpashneh E, Szarszoi O, Joubert F, Athea Y, et al. (2007) Dual

cardiac contractile effects of the alpha2-AMPK deletion in low-flow ischemia

and reperfusion. Am J Physiol Heart Circ Physiol 292: H3136–3147.

5. Wang Y, Gao E, Tao L, Lau WB, Yuan Y, et al. (2009) AMP-activated protein

kinase deficiency enhances myocardial ischemia/reperfusion injury but has

minimal effect on the antioxidant/antinitrative protection of adiponectin.

Circulation 119: 835–844.

6. Miller EJ, Li J, Leng L, McDonald C, Atsumi T, et al. (2008) Macrophage

migration inhibitory factor stimulates AMP-activated protein kinase in the

ischaemic heart. Nature 451: 578–582.

7. Folmes CD, Wagg CS, Shen M, Clanachan AS, Tian R, et al. (2009)

Suppression of 59-AMP-activated protein kinase activity does not impair

recovery of contractile function during reperfusion of ischemic hearts.

Am J Physiol Heart Circ Physiol 297: H313–321.

8. Capano M, Crompton M (2006) Bax translocates to mitochondria of heart cells

during simulated ischaemia: involvement of AMP-activated and p38 mitogen-

activated protein kinases. Biochem J 395: 57–64.

9. Li J, Benashski SE, Siegel C, Liu F, McCullough LD (2010) Adenosine

monophosphate activated protein kinase inhibition is protective in both sexes

after experimental stroke. Neurosci Lett 482: 62–65.

10. Li J, Zeng Z, Viollet B, Ronnett GV, McCullough LD (2007) Neuroprotective

effects of adenosine monophosphate-activated protein kinase inhibition and gene

deletion in stroke. Stroke 38: 2992–2999.

11. McCullough LD, Zeng Z, Li H, Landree LE, McFadden J, et al. (2005)

Pharmacological inhibition of AMP-activated protein kinase provides neuro-

protection in stroke. J Biol Chem 280: 20493–20502.

12. Hallows KR (2005) Emerging role of AMP-activated protein kinase in coupling

membrane transport to cellular metabolism. Curr Opin Nephrol Hypertens 14:

464–471.

13. Sharma K, Ramachandrarao S, Qiu G, Usui HK, Zhu Y, et al. (2008)

Adiponectin regulates albuminuria and podocyte function in mice. J Clin Invest

118: 1645–1656.

14. Lee MJ, Feliers D, Mariappan MM, Sataranatarajan K, Mahimainathan L, et

al. (2007) A role for AMP-activated protein kinase in diabetes-induced renal

hypertrophy. Am J Physiol Renal Physiol 292: F617–627.

15. Mount PF, Hill RE, Fraser SA, Levidiotis V, Katsis F, et al. (2005) Acute renal

ischemia rapidly activates the energy sensor AMPK but does not increase

phosphorylation of eNOS-Ser1177. Am J Physiol Renal Physiol 289:

F1103–1115.

16. Ma H, Wang J, Thomas DP, Tong C, Leng L, et al. (2010) Impaired
macrophage migration inhibitory factor-AMP-activated protein kinase activa-

tion and ischemic recovery in the senescent heart. Circulation 122: 282–292.

17. Lan HY, Mu W, Yang N, Meinhardt A, Nikolic-Paterson DJ, et al. (1996) De

Novo renal expression of macrophage migration inhibitory factor during the

development of rat crescentic glomerulonephritis. Am J Pathol 149: 1119–

1127.

18. Chen Z-P, Mitchelhill KI, Michell BJ, Stapleton D, Rodriguez-Crespo I, et al.

(1999) AMP-activated protein kinase phosphorylation of endothelial NO

synthase. FEBS Letters 443: 285–289.

19. Dzamko N, van Denderen BJ, Hevener AL, Jorgensen SB, Honeyman J, et al.

(2010) AMPK beta1 deletion reduces appetite, preventing obesity and hepatic

insulin resistance. J Biol Chem 285: 115–122.

20. Fingerle-Rowson G, Petrenko O, Metz CN, Forsthuber TG, Mitchell R, et al.

(2003) The p53-dependent effects of macrophage migration inhibitory factor

revealed by gene targeting. Proc Natl Acad Sci U S A 100: 9354–9359.

21. Michell BJ, Stapleton D, Mitchelhill KI, House CM, Katsis F, et al. (1996)

Isoform-specific purification and substrate specificity of the 59-AMP-activated

protein kinase. J Biol Chem 271: 28445–28450.

22. Lu B, Rajakumar SV, Robson SC, Lee EK, Crikis S, et al. (2008) The impact of

purinergic signaling on renal ischemia-reperfusion injury. Transplantation 86:

1707–1712.

23. Jorgensen SB, Viollet B, Andreelli F, Frosig C, Birk JB, et al. (2004) Knockout of

the alpha2 but not alpha1 59-AMP-activated protein kinase isoform abolishes 5-

aminoimidazole-4-carboxamide-1-beta-4-ribofuranosidebut not contraction-in-

duced glucose uptake in skeletal muscle. J Biol Chem 279: 1070–1079.

24. Woods A, Vertommen D, Neumann D, Turk R, Bayliss J, et al. (2003)

Identification of phosphorylation sites in AMP-activated protein kinase (AMPK)

for upstream AMPK kinases and study of their roles by site-directed

mutagenesis. J Biol Chem 278: 28434–28442.

25. Lin A, Sekhon C, Sekhon B, Smith A, Chavin K, et al. (2004) Attenuation of

ischemia-reperfusion injury in a canine model of autologous renal transplanta-

tion. Transplantation 78: 654–659.

26. Seo-Mayer P, Thulin G, Zhang L, Alves DS, Ardito TA, et al. (2011)

Preactivation of AMPK by metformin may ameliorate the epithelial cell damage

caused by renal ischemia. Am J Physiol Renal Physiol.

27. Han Q, Zhang X, Xue R, Yang H, Zhou Y, et al. (2011) AMPK Potentiates

Hypertonicity-induced Apoptosis by Suppressing NF{kappa}B/COX-2 in

Medullary Interstitial Cells. J Am Soc Nephrol 22: 1897–1911.

28. Lieberthal W, Zhang L, Patel VA, Levine JS (2011) Ampk Protects Proximal

Tubular Cells from Apoptosis Induced by Metbolic Stress by an Atp-

Independent Mechanism: Potential Role of Akt Activation. Am J Physiol Renal

Physiol.

29. Weisova P, Davila D, Tuffy LP, Ward MW, Concannon CG, et al. (2011) Role

of 59-adenosine monophosphate-activated protein kinase in cell survival and

death responses in neurons. Antioxid Redox Signal 14: 1863–1876.

30. Li J, McCullough LD (2010) Effects of AMP-activated protein kinase in cerebral

ischemia. J Cereb Blood Flow Metab 30: 480–492.

31. Dyck JR, Lopaschuk GD (2006) AMPK alterations in cardiac physiology and

pathology: enemy or ally? J Physiol 574: 95–112.

32. Cammisotto PG, Londono I, Gingras D, Bendayan M (2008) Control of
glycogen synthase through ADIPOR1-AMPK pathway in renal distal tubules of

normal and diabetic rats. Am J Physiol Renal Physiol 294: F881–889.

AMPK and Renal Ischemia-Reperfusion Injury

PLoS ONE | www.plosone.org 9 January 2012 | Volume 7 | Issue 1 | e29887



33. Fraser S, Mount P, Hill R, Levidiotis V, Katsis F, et al. (2005) Regulation of the

energy sensor AMP-activated protein kinase in the kidney by dietary salt intake
and osmolality. Am J Physiol Renal Physiol 288: F578–586.

34. Viollet B, Athea Y, Mounier R, Guigas B, Zarrinpashneh E, et al. (2009)

AMPK: Lessons from transgenic and knockout animals. Front Biosci 14: 19–44.
35. Hawley SA, Davison M, Woods A, Davies SP, Beri RK, et al. (1996)

Characterization of the AMP-activated protein kinase kinase from rat liver and
identification of threonine 172 as the major site at which it phosphorylates AMP-

activated protein kinase. J Biol Chem 271: 27879–27887.

36. Hallows KR, Mount PF, Pastor-Soler NM, Power DA (2010) Role of the energy
sensor AMP-activated protein kinase in renal physiology and disease. American

Journal of Physiology - Renal Physiology 298: F1067–F1077.
37. Horman S, Vertommen D, Heath R, Neumann D, Mouton V, et al. (2006)

Insulin antagonizes ischemia-induced Thr172 phosphorylation of AMP-
activated protein kinase alpha-subunits in heart via hierarchical phosphorylation

of Ser485/491. J Biol Chem 281: 5335–5340.

38. Mankouri J, Tedbury PR, Gretton S, Hughes ME, Griffin SD, et al. (2010)
Enhanced hepatitis C virus genome replication and lipid accumulation mediated

by inhibition of AMP-activated protein kinase. Proc Natl Acad Sci U S A 107:
11549–11554.

39. Leng L, Metz CN, Fang Y, Xu J, Donnelly S, et al. (2003) MIF signal

transduction initiated by binding to CD74. J Exp Med 197: 1467–1476.

40. Sanchez-Nino MD, Sanz AB, Ihalmo P, Lassila M, Holthofer H, et al. (2009)

The MIF receptor CD74 in diabetic podocyte injury. J Am Soc Nephrol 20:

353–362.

41. Minokoshi Y, Kim YB, Peroni OD, Fryer LG, Muller C, et al. (2002) Leptin

stimulates fatty-acid oxidation by activating AMP-activated protein kinase.

Nature 415: 339–343.

42. Minokoshi Y, Alquier T, Furukawa N, Kim YB, Lee A, et al. (2004) AMP-kinase

regulates food intake by responding to hormonal and nutrient signals in the

hypothalamus. Nature 428: 569–574.

43. Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LG, et al. (2003) LKB1

is the upstream kinase in the AMP-activated protein kinase cascade. Curr Biol

13: 2004–2008.

44. Woods A, Dickerson K, Heath R, Hong SP, Momcilovic M, et al. (2005) Ca2+/

calmodulin-dependent protein kinase kinase-beta acts upstream of AMP-

activated protein kinase in mammalian cells. Cell Metab 2: 21–33.

45. Devarajan P (2006) Update on mechanisms of ischemic acute kidney injury. J Am

Soc Nephrol 17: 1503–1520.

AMPK and Renal Ischemia-Reperfusion Injury

PLoS ONE | www.plosone.org 10 January 2012 | Volume 7 | Issue 1 | e29887


