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Abstract

Renal ischemia results in both a profound fall in cellular
ATPand a rapid induction of the 70 kD heat-shock protein
family, HSP-70. The present studies examined the relation-
ship between cellular ATP and induction of the stress re-
sponse in renal cortex. Cellular ATP, continuously moni-
tored by in vivo 31P-NMR spectroscopy, was reduced and
maintained at specific, stable levels in renal cortex by partial
aortic occlusion for 45 min. Activation of heat-shock tran-
scription factor (HSF) was detected by gel retardation assay
and transcription was confirmed by Northern analysis. Acti-
vation of HSF was not present, and HSP-70 mRNAinduc-
tion did not occur when ATP levels were maintained above
60% preocclusion (control) levels. Reduction in cortical
ATP levels to 35-50% preocclusion values resulted in HSF
activation and low-level expression of inducible HSP-70
mRNA. Cellular ATPof 20-25% control values resulted in
a greater level of HSF activation and subsequent HSP-70
mRNAelaboration. HSFwas activated at the end of 15 min
of total occlusion. The studies indicate that a 50% reduction
in cellular ATP in the renal cortex must occur before the
stress response is detectable, that reduction of ATP below
25% control levels produces a more vigorous response, and
that reperfusion is not required for initiation of a heat-
shock response in the kidney. Cellular ATP, or the metabolic
consequences associated with ATP depletion, may be a
threshold factor for initiation of a stress response in the
kidney. (J. Clin. Invest. 1994. 94:1518-1523.) Key words:
heat-shock proteins - transcription factors * ischemia * kid-
ney * adenosine triphosphate.

Introduction

Renal injury that follows from ischemia is accompanied by a
host of cellular metabolic, structural, and functional alterations
that have been recently reviewed (1, 2). Much of this work has
elucidated how ischemia results in cellular injury, and the direct
consequences of that injury. Recent investigations have exam-
ined possible mechanisms by which cells may protect against
further injury, or recover from injury already sustained. Because
of their demonstrated cytoprotective effects in other models of
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cell stress, their importance in intracellular protein trafficking,
and their ability to reactivate denatured proteins (3, 4), attention
has been focused on the inducible 70 kD heat-shock protein,
HSP-72', as a potentially important component of the cellular
and molecular mechanisms responsible for restitution of post-
ischemic cellular integrity. HSP-72 is rapidly induced by renal
ischemia in a temporal and spatial pattern that suggests that this
stress protein is instrumental in cellular recovery (5, 6). In stud-
ies of cultured renal cells, accumulation of the stress proteins
has been associated with the cytoprotective effects of glycine
and alanine (7), and protection of aerobic and anaerobic metabo-
lism (8). The observation that HSP-72 induction protects the
metabolic processes associated with ATP synthesis is particu-
larly interesting, since ATP depletion is the hallmark of an
ischemic insult. Cellular ATP, then, could be a link between
the processes of injury and recovery from renal ischemia and
decreased cellular ATP, or the metabolic consequences thereof
could be a sensor for activation of a stress response.

In the kidney, severe ATP depletion from total vascular
occlusion is associated with prompt elaboration of inducible
HSP-70 mRNAand the protein HSP-72. However, the precise
relationship of cellular ATP to the induction of the stress re-
sponse has not been defined. In unstressed cells, preformed
heat-shock transcription factor (HSF) exists in a monomeric
form that has no DNA binding activity. With physiological
stress, however, HSF forms a timer and is thus activated to
bind specific DNAsequences that make up the heat-shock ele-
ment (HSE) (9, 10). Activated heat-shock transcription factors
have been defined as those proteins that bind the NGAANre-
peats which comprise the HSE (11, 12) and represent the most
proximate indication of an induced stress response. Since HSF
retards the migration of these DNAsequences in nondenaturing
gels, activation of HSF as shown by gel-retardation assays is a
sensitive indicator of cell stress (11). To determine whether a
relationship exists between ATP depletion and stress protein
induction, we developed a model in which renal ATP could
be reduced, in vivo, to predetermined steady-state levels and
maintained throughout the ischemic interval. Evidence for sub-
sequent induction of the stress response was determined by
finding activation of HSF and confirmation of inducible HSP-
70 mRNAelaboration.

Methods

Animal preparation. 200-290 g male Sprague-Dawley rats were anes-
thetized with thiobutabarbital (Inactin; Byke Gulden, Konstanz, Ger-
many) (80 mg/kg i.p.), had an external jugular catheter placed, were
given intravenous fluids, and then exposure of kidneys and hepariniza-

1. Abbreviations used in this paper: HSE, heat-shock element; HSF,
heat-shock transcription factor; HSP-70, 70 kD heat-shock protein fam-
ily; HSP-72, inducible HSP-70 protein.
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tion were performed as previously described (5). Body temperature was
maintained at 36.5-37.50C throughout the experimental period by
means of a recirculating water bath. A balloon-cuffed vascular occluder
(In Vivo Metric, Healdsburg, CA) was placed around the aorta, distal
to the celiac artery and proximal to the renal arteries. Arterial pressure
distal to the vascular occluder was monitored via a femoral artery cathe-
ter and a blood pressure monitor (Gould Inc., Glen Burnie, MD). The
cuff was inflated to reach a predetermined level of aortic occlusion as
indicated by reduction in mean femoral artery pressure. Cortical ATP
levels in the left kidney were monitored continuously with 3"P-NMR
spectroscopy throughout the experimental period. For protein and RNA
isolation, cortex of the monitored kidney was harvested immediately at
the end of the period of aortic occlusion or at reflow intervals up to 2
h after 45 min of complete or partial occlusion. Sham operated animals
were monitored with 3"P-NMR and examined for HSF activation or
HSP-70 mRNAexpression at the same time points as experimental
animals.

NMRspectroscopy. Cellular ATP levels in the renal cortex were
monitored continuously, in vivo, using NMRspectroscopy as previously
described (13). Spectra were collected before the occlusion interval and
during the experimental period until kidney harvest for protein or RNA
isolation. Thus, each animal served as its own control and ATP levels
are expressed as percent preocclusion (control) values. Cortical ATP
levels were obtained every 4.5 min throughout each study.

Gel-retardation assay. Renal cortex was harvested immediately at
the end of the occlusion interval in all study groups and at 30 min and
2 h of reflow in animals subjected to complete occlusion. Total cellular
protein was isolated by adapting methods described by Blake et al. (14).
Tissue was homogenized at 0C in 5 ml of 20 mMHepes (pH 7.9), 400
mMNaCl, 1.5 mMMgCl2, 0.2 mMEDTA, 20%glycerol, 0.2 mMDTT,
0.5 mMPMSF, 0.5 mMleupeptin using a Potter-Elvehjem homogenizer.
Cellular debris was pelleted for 30 min at 140,000 g in a centrifuge
(Optima; Beckman Instruments, Inc., Fullerton, CA) at 40C. Protein
concentrations of the supernatants were determined by protein assay
(Bio-Rad Laboratories, protein assay Hercules, CA) and aliquots were
stored at -80°C.

Two single-stranded complementary HSEfragment oligonucleotides
containing the NGAANrepeats (15) were synthesized and then annealed
in equimolar amounts in 20 mMTris (pH 7.5), 2 mMMgCl2, and 50
mMNaCl at 95°C for 5 min. DNAconcentration was determined by
ethidium bromide dot quantitation (16), and 50 pg double-stranded HSE
fragment was end-labeled with T4 polynucleotide kinase (Promega
Corp., Madison, WI) and [32P]ATP.

The gel retardation assay was adapted from Baler et al. (17). 10 pg
of the renal cortical protein extracts and 2 Isg of poly(dI-dC)-poly(dI-
dC) (Pharmacia Fine Chemicals, Piscataway, NJ) was placed in 30 Il
of binding buffer containing 12 mMHepes (pH 7.9), 12% glycerol, 2
mMMgCl2, 60 mMKCl, 0.12 mMEDTA, 0.3 mMPMSF, and 0.3
mMDTT. To this mixture was added either a 200-fold molar excess
of unlabeled HSEfragment, 200-fold molar excess of unrelated double-
stranded DNA fragment (15), or a buffer blank. The reactions were
incubated in parallel for 15 min at 25°C followed by addition to each
tube of 20,000 cpm of the end-labeled HSEfragment with an additional
incubation for 25 min. The samples were then electrophoresed at 35
mAthrough a nondenaturing 4.5% acrylamide gel in TGE(40 mMTris
[pH 8.0], 270 mMglycine, 2 mMEDTA) for 1.5 h. The gels were dried
and exposed to XAR-5 film (Eastman Kodak Co., Rochester, NY) at
-80°C with intensifying screens.

Northern analysis. Northern analysis for inducible HSP-70 mRNA
as well as for the loading control 28S ribosomal RNAwas performed
on 30 qg samples of total cellular RNAextracted from renal cortex at
2 h reflow after the occlusion interval. RNAextraction, blot preparation,
hybridization conditions, and probes were as previously described (5).

Results

Heat-shock transcription factor activation from renal ischemia.
Evidence of HSF activation to bind the heat-shock element
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Figure 1. Representative gel
retardation assay showing
specificity of HSF-HSE in-
teraction after 45 min of renal
ischemia. (Open arrow) la-
beled HSEfragment, unbound
to HSF and free to migrate
through gel; (closed arrow)
labeled HSE fragment bound
by activated HSF; (lane 1) la-
beled HSFfragment alone, no

incubation with cellular pro-
teins; (lane 2) the labeled HSE
fragment was incubated with
total cellular protein from re-

nal cortex after 45 min isch-
emia; (lane 3) prior to addi-
tion of labeled HSE, cellular
protein was preincubated with
excess nonspecific double-
stranded DNA; (lane 4) prein-
cubated with excess unlabeled
HSE fragment. Activated
HSF specifically binds HSE
and retards the fragment in gel
electrophoresis.

was first sought using the model of renal ischemia in which
elaboration of inducible HSP-70 mRNAand HSP-72 protein
has been well-characterized (5, 6). The specificity of the gel-
retardation assay to detect activated HSF is shown in Fig. 1.
The more slowly migrating labeled HSE fragment corresponds
to the previously described HSF-HSEcomplex after heat shock
(11). HSF activated to bind HSE was present among cellular
proteins after 45 min complete renal ischemia (lane 2). Acti-
vated HSF was not inhibited from binding to labeled HSEby
preincubation with excess nonspecific double-stranded DNA
(lane 3) but was competitively inhibited from binding HSE
probe by preincubation with unlabeled HSE (lane 4), which
indicated the specificity of the assay.

The elaboration of HSFactivated to bind HSEafter 45 min
renal ischemia is represented in Fig. 2. In each experiment,
parallel competitive preincubation with unlabeled HSEwas per-
formed (+ lanes). A small amount of HSFconstitutively bound
HSEin nonischemic control kidney (lane 1). At the end of the
45 min of ischemia, with no reflow, HSFwas distinctly activated
to bind HSEin greater quantity (lane 2). HSF-HSE interaction
increased further at 30 min of reflow (lane 3), and had begun
to decline by 2 h reflow (lane 4). Activation of HSF occurred
rapidly and as early as 15 min into the ischemic interval (Fig.
3, lanes 2 and 3).

Vascular occlusion and cellular ATP levels in renal cortex.
Graded vascular occlusion, as determined by change in mean
arterial pressure distal to the constriction, resulted in a stepwise
reduction in cellular ATP levels in the renal cortex. Representa-
tive experiments from four animals with different degrees of
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Figure 2. HSFactivation after 45 min renal ischemia. (+) preincubation
of cortical extracts with excess cold HSE; (-) no competitive preincuba-
tion; (lane 1) nonischemic control; (lane 2) cortex harvested at end of
45 min ischemia; (lane 3) 30 min reflow after 45 min ischemia; (lane
4) 2 h reflow after 45 min ischemia.

aortic occlusion are shown in Fig. 4. No decline in ATP levels
occurred in sham operated animals. With 50% occlusion, corti-
cal ATP levels were 95% of preocclusion levels; 70% constric-
tion reduced ATP to 70-80% of preocclusion; 90%constriction
resulted in a fall in cellular ATPto 35-55%; and total occlusion

PREOCCLUSION

TIME (min)

Figure 4. Cellular ATP in renal cortex as a function of graded vascular
occlusion. Shown are representative experiments of four separate ani-
mals with different degrees of aortic occlusion, as indicated on the right.
ATP levels are expressed as percent of preocclusion level for the same
experimental animal. Time 0 is the onset of ischemia.

dropped ATP levels to 20-25% of preocclusion values. Cellular
ATP levels remained steady during occlusion, no progressive
decline occurred over the 45-min interval. After the initial series
of experiments which characterized the stable reduction in corti-
cal ATP, subsequent studies were performed by targeting spe-
cific ATP levels. This was made possible by taking advantage
of the rapid in vivo determination of cellular ATP with the
current NMR-techniques. A specific reduction in cellular ATP
was selected and initially targeted by distal blood pressure moni-
toring. If the specific ATPdecrement was not reached, occluder
pressure could be adjusted rapidly to achieve the desired ATP
level. Thus, the procedure allowed renal ATP levels to be
clamped at specific reduced steady state values. Subsequent
examination of renal cortex for activated HSF or for HSP-70
mRNAelaboration could be accomplished, then, and related to
the level of cellular ATP achieved during vascular occlusion.

HSF activation and HSP-70 mRNAinduction relative to
cellular ATP. Renal cortex was harvested immediately at the
end of 45 min of reduced cellular ATP and HSF activation
was determined by gel-retardation assay (Fig. 5). Lanes 1-6
represent separate experiments with either no reduction in cellu-

1 2 3 4 5 6 7 8 9 10

Figure 3. HSFactivation
after brief ischemia. (+)
competitive preincuba-
tion cold HSE; (-) no
competitive preincuba-
tion; (lane 1) nonisch-
emic control; (lanes 2
and 3) 15 min ischemia,
no reflow. The area of the
gel shown is where the
HSF-HSE complexes
migrate. Free labeled oli-
gonucleotide which mi-
grated to the bottom of
the gel is not shown.

100 - 60 50-40 25-20

%O ATP
Figure 5. The relationship between cellular ATP and the presence of
activated HSF. %ATP, cellular ATP during the 45 min occlusion as

percent of preocclusion level. The values given are the range within
each group of the specific stable ATP levels achieved for each separate
sample shown. The bands shown represent HSF-HSE interaction. Free
labeled oligonucleotide which migrated to the bottom of the gel is not
shown.
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Figure 6. HSP-70 mRNAinduction following graded vascular occlu-
sion. (A) Northern blot using a probe for inducible HSP-70 mRNA.
RNAsamples are from renal cortex through 2 h of recovery after the

occlusion interval. %ATP, cellular ATP during the occlusion interval.
The values given are the range within each group of the specific stable
ATP levels achieved for each separate sample shown. (B) Hybridization
of the same blot with probe to 28S ribosomal subunit to demonstrate
RNAloading.

lar ATP (100%) or graded reduction of cellular ATP down to
60% control. Basal levels of HSF capable of binding HSEdid
not change with any reduction in cellular ATP down to 60%
control. Cortical extracts for lanes 7 and 8 were obtained after
reduction in cellular ATP to 40-50% control; for lanes 9 and
10, extracts were obtained after ATP reduction to 20-25%
control. An increase in activated HSF was first noted when
ATP levels were reduced below 50% control. A more abundant
increase in activated HSFwas apparent when cortical ATP was

reduced to 20-25% preocclusion.
Since HSF activation is not necessarily followed by HSP-

70 mRNAtranscription (9), a parallel series of experiments
were performed to determine whether HSP-70 mRNAinduction
occurred in this model of energy deprivation and whether the
pattern of message elaboration correlated with HSF activation.
Northern analysis using a probe for inducible HSP-70 mRNA
was performed on total RNA extracted from renal cortex
through 2 h reflow, the time at which HSP-70 mRNAelabora-
tion is most prominent after total vascular occlusion (5). Induc-
ible HSP-70 mRNAas related to cellular ATP levels during
aortic constriction is displayed in Fig. 6. Minimal inducible
HSP-70 mRNAis present in sham operated kidneys and in
those with ATP levels above 60% preocclusion. Reduction of
cellular ATP below 50% resulted in consistent elaboration of
message for the stress protein at 2 h of reflow. Thus, induction
of HSP-70 mRNAduring reflow correlated with activation of

HSFprior to reflow when cellular ATP levels were below 50%
preocclusion.

In contrast, a similar relationship between intracellular pH
and the heat-shock response was not observed. Intracellular pH,
as determined by NMRspectroscopy, declined in animals in
which cortical ATP was less than 50%, but did not decline
further when ATP was reduced below 25% control values, a
level at which greater HSF activation and more vigorous HSP-
70 mRNAinduction occurred. Thus, the intensity of the heat-
shock response was not related to intracellular pH.

Discussion

The induction of HSP-70 in heat-stressed cells has been found
to occur very rapidly through activation of HSFwith trimeriza-
tion and binding of the transcription factor to the HSE (18).
Activation of HSF to bind HSE, then, is an early and sensitive
indicator of initiation of the stress response. While a host of
injurious agents result in stress protein production, the mecha-
nism of induction may not be the same. The pattern of induction
varies depending upon the stress applied, and certain agents
activate HSF to bind HSEwithout subsequent transcription of
HSP-70 mRNA(19, 20, 21, 22). Benjamin et al., however, have
provided evidence that hypoxia in myogenic cells induced HSP-
70 expression through mechanisms similar to those active in
heat shock (23). Since HSF activation, as demonstrated in gel-
retardation assay, appears to be both a sensitive and early indica-
tor of the stress response, we used this marker to define the
relationship of cellular ATP during ischemia to initiation of the
stress response.

With maximal ATP depletion, HSF activation occurs rap-
idly, by 15 min into the ischemic interval. HSF-HSEinteraction
during and following 45 min of maximal ATP depletion corre-
lates with the pattern of HSP-70 mRNAaccumulation reported
previously (5). HSF binding to HSE is found as early as 15
min, is increased at 30 min of reflow, and has begun to decline
by 2 h of reflow. Following activation of the transcription factor,
HSP-70 mRNAaccumulation follows a similar sequence: it is
first detectable by 15 min reflow, peaks at 2 h, and has begun
to decline at 6 h. HSP-70 mRNAinduction is followed shortly
thereafter by production of the protein HSP-72, the inducible
member of the family (5). This pattern is consistent with the
concept that inducible HSP-70 is negatively regulated at the
transcriptional level, either through inhibition of HSFactivation,
or possibly through deactivation of the trimers by the stress
protein itself (17, 24, 25).

Our studies indicate that reflow, and thus reperfusion injury,
is not necessary for initiation of this stress response since acti-
vated transcription factor was present both at 15 and 45 min
of maximal ATP depletion without reflow. Subsequent reflow,
however, could enhance the stress response since greater HSF-
HSE interaction occurred at 30 min reflow than at the end of
ischemia. Jacchini et al. found a similar pattern in ischemic-
reperfused rat liver (26). Though reactive oxygen molecules
have been considered responsible for reperfusion injury (re-
viewed in 2), they may not be responsible for enhanced stress
protein induction during the reflow period since chemical oxida-
tive stress failed to induce expression of the HSP-70 gene in
separate studies of oxidative cell injury (19, 26). Rather, in-
creased HSP response during reperfusion may flow from the
improved metabolic state of the cell which could enhance RNA
and protein synthesis both for the stress proteins themselves

Stress Response Induction by Graded Reductions in Rat Kidney ATP 1521

A

B

I



and for other proteins requiring their chaperone activities. In
addition, the substantial rebound in ATP levels during early
reflow could result in further activation of HSFby release from
HSP-70 proteins (24).

The heat-shock proteins appear to have an intimate and
multifaceted relationship to cellular ATP. They require ATP
hydrolysis for their activity, their state of binding to other pro-
teins depends on the presence or absence of ATP, and they may
protect ATP synthesis in stressed cells. Benjamin et al. sepa-
rated the activation of HSF from a direct effect of hypoxia itself
and from the acidosis that accompanies hypoxia or inhibition
of oxidative metabolism (27). They found, instead, that the
effects of ATP depletion alone were sufficient to induce HSF-
HSEinteraction. Wesought to determine whether a relationship
exists between specific decrements in cellular ATP and induc-
tion of the stress response in renal cortex, in vivo. Prior to this
report, models of ischemia-induced HSP-70 production have
relied upon complete vascular occlusion (5, 6), severe hypoxia
(23), or total metabolic inhibition (27). With glucose deprivation
alone, Benjamin found no HSFactivation at cellular ATP levels
of 50% control. It was not until severe ATP depletion to 30%
control, achieved by complete inhibition of oxidative phosphor-
ylation, that HSF binding to DNAwas observed in cultured
myogenic cells. Using a model of graded vascular occlusion
and continuous in vivo monitoring to achieve specific steady
state decrements in cellular ATP, we evaluated activation of
HSF in renal cortex after 45 min of energy depletion. When
ATP levels were maintained above 60%, increased activation
of HSFcould not be detected; however, increased HSFbinding
to HSE consistently accompanied reduction in cortical ATP
below 50% preocclusion values. Thus, in renal cortex, cellular
ATP levels or the metabolic consequences of energy depletion
may be a threshold factor for the induction of the stress re-
sponse.

In models using cellular toxins H202, sodium salicylate,
arsenite, and even heat stress in particular cell types, the earliest
indication of the stress response, HSF binding to HSE, is not
followed by increased transcription for the 70 kD proteins (19-
21). Wefound, however, that in renal cortex HSP-70 mRNA
elaboration is closely associated with activation of HSF. Induc-
ible HSP-70 mRNAis present in renal cortex at 2 h reflow after
specific reduction of cellular ATP to below 50% control, but
not at levels above 60%. In addition, subsequent mRNAlevels
parallel activation of HSF in renal cortex. Increased HSP-70
mRNAis found when more HSF is activated with reduction in
cellular ATP to 20-25%. With higher cellular ATP levels (35-
50%), less activated HSF is apparent and less HSP-70 mRNA
accumulates (Figs. 5 and 6). Such coordination of HSF activa-
tion with subsequent transcriptional activity has been described
(11, 12, 25) though not uniformly found (21, 25, 28). Our results
also suggest that the heat-shock response in kidney cortex is a
stepped response to energy depletion; initial induction occurs
when ATP is reduced below 50% and a more vigorous stress
response is induced with ATP depletion below 25% control. In
contrast, while intracellular pH declined with partial occlusion,
we found no relationship between intracellular pH and the inten-
sity of the heat-shock response. Unlike the in vitro studies by
Benjamin et al. (27), our results do not allow for conclusive
separation of cellular pH changes from ATP depletion. How-
ever, our in vivo results are consistent with their conclusion
that ATP depletion, not pH, is central to induction of the stress
response.

Since in renal cortex there appears to be a threshold of
cellular ATP below which the stress response is initiated and
since ATP depletion alone is sufficient to activate HSF (27),
the question is raised how ATP depletion activates HSF. One
possibility is that alterations in cellular ATP directly activate
HSF. It is likely, however, that HSF is activated by the conse-
quences of ATP depletion rather than by direct effects of ATP
quantity on HSF. Initiation of the stress response by ATP deple-
tion may occur either directly or indirectly through stress protein
actions. It has been proposed that the HSP-70 proteins them-
selves control HSF activation, thus providing autoregulation
depending upon cellular needs (9, 10, 18). Cellular ATP levels
could directly affect the ability of constitutive HSP-70 to bind
HSF and, thereby, inhibit HSF activation (17, 29). Alternately,
ATP depletion could indirectly affect the stress proteins' inhibi-
tion of HSF by causing an increase in the cellular pool of
denatured proteins, which would increase the demand for the
constitutive stress proteins resulting in the release and activation
of HSF (9, 30). The studies presented here do not address which
of these models best represent the path by which cellular ATP
depletion leads to HSP-70 induction. However, studying graded
ATP depletion and HSF activation in the context of alterations
of cellular proteins, both native and stress-induced, may clarify
how ATP depletion both injures cells and activates mechanisms
that may be critically important for cellular recovery.
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