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Over the past several decades, the pathophysiologic 
mechanisms by which renal tubule cells are injured have 
been the subject of intensive investigation. Although it is 
clear that a number of factors contribute to the suscep- 
tibility and the degree of injury, the interrelationship 
between metabolic alterations and structural changes has 
provided some important new insights. A clear example 
of the way in which differences in cellular metabolism can 
effect injury is demonstrated by contrasting the straight 
(S,) segment of the proximal tubule and the medullary 
thick ascending limb (mTAL). Because of a dependence 
on oxidative phosphorylation for energy in the adult 
animal, the S, segment is particularly susceptible to renal 
ischemia and those nephrotoxins that disrupt mitochon- 
drial function and energy supply (1,2). Even brief periods 
of ischemia result in structural changes such as sloughing 
of the brush border, whereas prolonged ischemia pro- 
duces irreversible changes in some cells and sublethal 
alterations such as swelling and mitochondrial condensa- 
tion in others (2, 3). These changes take place rapidly 
and, with mild injury, repair and restitution of cellular 
structure is quickly accomplished. In contrast, the mTAL 
is much more susceptible to hypoxia, an observation that 
was first made in isolated perfused kidneys when a cell- 
free perfusate was being used (4). The unique suscepti- 
bility of this segment to hypoxia can be prevented when 
red blood cells or Hb is added to the perfusate, indicating 
the crucial importance of a threshold for oxygen delivery 
in the renal medulla (5). The mitochondrial swelling and 
nuclear pyknosis that is characteristic of the mTAL le- 
sion can be modified by inhibiting transport in this scg- 
ment with agents such as furosemide or ouabain (4). In 
contrast, maneuvers that increase the workload in the 
mTAL segment have been shown to cause more severe 
structural damage with complete cellular disruption (4). 
The differential response of these two nephron segments 
is a clear demonstration of the intricate relationship be- 
tween metabolic factors and the cellular targets for renal 
epithelial injury. This review will focus on ischemic acute 
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renal failure, which has been extensively studied and 
represents a model system in which alterations in cellular 
metabolism and consequent changes in renal cell struc- 
ture can be readily appreciated. Three interrelated as- 
pects of ischemic injury to renal epithelial cells will be 
discussed: adenine nucleotide metabolism, cellular struc- 
ture and integrity, and response of heat shock proteins. 

ADENINE NUCLEOTIDE METABOLISM 

In 1968, Voight and Farber (6) documented that, within 
5-10 min of complete occlusion of the renal artery, cel- 
lular ATP levels fell by 85-9076. With the application of in 
I ~ I J O  nuclear magnetic resonance spectroscopy, it has 
been possible to further delineate alterations in adenine 
nucleotide metabolism that occur as a consequence of 
renal hypoperfusion or ischemia (7, 8). Three phases of 
this relationship have been found to be of particular 
importance (Fig. 1). During the first phase, which follows 
reduction of blood flow to the kidney, thcre is a relatively 
rapid decrease in cellular ATP levels. Little or no change 
in renal cell ATP is noted when the degree of arterial 
occlusion is less than 50%. However, there is a concom- 
itant reduction in cellular ATP to new steady state levels 
as renal perfusion is progressively reduced. When renal 
perfusion is completely eliminated, cellular ATP levels 
are reduced rapidly to values that are 20-25% of preisch- 
emic levels. Oxygen consumption can be used to assess 
the components of cellular energy that are depleted when 
cellular ATP is reduced (Fig. 2). Under basal conditions, 
oxygen is consumed for both transport-related and non- 
transport functions. Oxygen consumption measured after 
addition of ouabain is related to nontransport activity. In 
both an ischemic injury (9) and a toxic insult (lo), a 
preferential decrease in energy related to active transport 
occurs, whereas energy devoted to nontransport func- 
tions is minimally affected. When renal cells are faced 
with a diminished supply of ATP, transport-related func- 
tions arc given up and energy is conserved for basic 
functions that may be essential for survival of sublethally 
injured cells. 

The second phase of adenine nucleotide metabolism 
occurs immediately upon reperfusion, during which there 
is a rapid recovery of cellular ATP to levels that are 
50-70r6 of preischemic values (Fig. 1) .  The degree of 
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Figure 1. Schematic representation of the alterations in cellular ATP 
that occur during and after renal ischemia as determined by in ~ ivo 
nuclear magnetic resonance spectroscopy. During phase I, ATP is 
rapidly depleted to a steady state level that depends on the degree of 
reduction in renal blood flow. Immediately upon reflow, phase 11, 
cellular ATP returns toward preischemic values and the level of recov- 
ery is related to the residual adenine nucleotide pool during ischemia 
(phase I). During phase 111, cellular ATP continues to recover but at a 
slower rate, which is dependent on complex mechanisms of ATP 
synthesis. 

ATP recovery during this rapid phase correlates well with 
the total pool of adenine nucleotides (ATP + ADP + 
AMP) that is present at the end of the ischemic interval 
(Fig. 3). Thus, with partial renal artery occlusion or with 
short periods of complete renal artery occlusion, the 
degree of ATP recovery is greater during early reflow, 
whereas prolonged complete occlusion results in dimin- 
ished ATP recovery during phase I1 (7). 

The third phase of adenine nucleotide metabolism is 
relatively slow and results in the reaccumulation of cel- 
lular ATP during the first 2 h of reperfusion (Fig. l) .  The 
critical factors for ATP resynthesis during phase 111 are 
the availability of adenine nucleosides (adenosine and 
inosine), the salvage pathways (Fig. 3), and de novo 
purine synthesis (11). For example, with prolonged isch- 
emia, ATP is progressively degraded to AMP and aden- 
osine, which may be metabolized irreversibly to inosine. 
These breakdown products of ATP catabolism, the ade- 
nine nucleosides and bases, are more membrane perme- 
able and thus more likely to be lost from the kidney 
during reperfusion. Thus, the third phase of ATP regen- 
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Figure 2. Schema showing cellular energy distribution determined by 
oxygen consumption in suspensions of renal tubules. The sum of 
transport and nontransport oxygen consumption (height of each bar) is 
determined under basal (nonstimulatedlnoninhibited) conditions. When 
ATP is depleted by ischemia (9) or  cystine loading (10). the component 
of cellular ATP devoted to essential processes (black portion) is pref- 
erentially preserved compared with transport-related energy (sfripeti 
portion). 

TOTAL 
ADENINE 
NUCLEOTIOES 

ADENYLOSUCCINATE ADENO: SINE 
ADENINE 

@ 1 NUCLEOSIDES 

XAN " f HlNE 

( 
1. ADENYUTE KINASE 6. XANTHlNE OXIDASE 
2. ADENASINE KINASE 7. URATE OXIDASE 
3. 5' SJUCLEOTIDASE 
4. AENOSINE DEAMINASE 9. ADEMOSUCCINATE SYNTHETASE 
5. HKROLASE 10. ADENXOSUCCINATE LYASE 

' REPHOSPHORVATION # SALVAGE PATHWAY 

Figure 3. Schematic representation of adenine nucleotide metabolic 
pathways. With ischemia or  oxygen deprivation, adenine nucleotides 
are degraded, clockwise, and recovery of cellular ATP during reflow is 
dependent on the residual total adenine nucleotide pool at the end of the 
ischemic event and availability of adenine nucleosides and salvage 
pathways during reflow. IMP, inosine monophosphate; HGPRT, hypo- 
xanthine guanine phosphoribosyltransferase. 

eration is particularly important with respect to the se- 
verity of the injury, and the restoration of cellular ATP is 
critically dependent on the ability of injured cells to 
effectively use endogenous precursors during reperfu- 
sion. 

These important alterations in adenine nucleotide me- 
tabolism have been correlated with the degree of renal 
functional impairment and structural alterations (7, 8, 12, 
13). For example, animals subjected to progressive de- 
grees of renal hypoperfusion develop acute renal failure 
only when severe ATP depletion occurs (13), and when 
renal perfusion is altered to the same degree only those 
animals in which ATP is severely depleted develop evi- 
dence of functional impairment (12). Based on these 
observations, the concept that cellular ATP levels are 
both a consequence of the ischemic insult and, possibly, 
a predictor of renal cell injury has been carefully evalu- 
ated. 

A pivotal role of energy depletion and restoration in an 
ischemic renal injury is supported by studies in which I )  
ATP catabolism has been inhibited during ischemia (14, 
15) and 2) ATP recovery has been augmented during 
phase I11 (16-20). ATP catabolism (Fig. 3) has been 
inhibited with two compounds: 2-deoxycoformycin, 
which blocks the conversion of adenosine to inosine, and 
adenosine-a,p methylene diphosphonate, which inhibits 
the conversion of AMP to adenosine (14, 15). In both 
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cases, the total pool of adenine nucleotides at the end of 
the ischemic injury was increased, resulting in a greater 
recovery of ATP during the rapid phase of resynthesis as 
well as an increase in the third phase of ATP recovery. 
The degree of impairment of renal function was signifi- 
cantly less in both groups of animals compared with 
nontreated controls. When the conversion of adenine 
nucleotides to adenine nucleosides had been completely 
inhibited by the administration of adenosine-a,P methyl- 
ene diphosphate, the animals that had been subjected to 
45 min of ischemia had a pattern of recovery of cellular 
ATP and renal function that was quite similar to that of 
animals subjected to only 15 min of ischemia. Thus, by 
manipulating adenine nucleotide metabolism, the degree 
of renal injury could be altered. 

The recovery of cellular ATP during the first 2 h of 
reflow can be augmented by the postischemic infusion of 
adenine nucleotides combined with magnesium chloride 
or thyroxin (1620). The early rapid phase of ATP recov- 
ery is not affected because these compounds are given 
during the first 30 min of reflow, but the slower phase 
(phase 111) is significantly enhanced. Thus, the cellular 
ATP levels at 120 min of reflow are substantially higher in 
animals given a postischemic infusion of either adenine 
nucleotides combined with magnesium chloride or thy- 
roxin. This accelerated recovery of cellular ATP is asso- 
ciated with improved glomerular and tubular function, 
augmented recovery of cellular structure, and a sustained 
recovery of renal function (16-20). The primary mecha- 
nism by which the postischemic infusion of adenine nu- 
cleotides combined with magnesium chloride is effective 
has been demonstrated to be provision of precursors 
(principally adenosine) for the resynthesis of ATP and a 
stimulation of de novo purine synthesis (11). Postisch- 
emic thyroxin stabilizes the mitochondria1 adenine nucle- 
otide transporter, which is critical for the production of 
ATP and has been shown to stimulate cellular prolifera- 
tion (21, 22). 

These alterations in cellular energy metabolism are 
closely linked to a large number of factors that contribute 
to renal cell injury (23). A depletion of cellular ATP can 
be expected to result in alterations in intracellular cal- 
cium, the production of reactive oxygen molecules, and 
the activation of phospholipases and proteases with deg- 
radation of the plasma membrane. Recent reviews of 
renal cell injury have addressed the relative role and 
contribution of each of these factors (23, 24). 

CELLULAR STRUCTURE AND INTEGRITY 

The alterations in cellular polarity and cytoskeletal 
assembly that occur as a consequence of renal ischemia 
are critical factors in the loss of epithelial structure and 
integrity. Polarized epithelial cells play fundamental roles 
in the ontogeny and functions of a variety of organs and 
tissues (25-27). Polarity is especially critical to renal 
epithelial cells, which perform the crucial functions of 
cell volume regulation and vectorial transport of ions and 

nutrients. This is made possible largely by the asymmet- 
ric targeting of the driving force, Na,K-ATPase, to the 
basolateral membrane (27-29). An initial requirement for 
the generation of cellular polarity seems to be the estab- 
lishment of cell-cell contacts and tight junctions, which 
delineate the biochemically distinct apical and basolat- 
era1 membrane compartments (30, 31). In renal tubule 
cells, the apical membrane is on the luminal aspect, 
whereas the basolateral domain faces the vascular side. 
The mechanisms by which specific enzymes, transport- 
ers, receptors, and lipids reach their membrane destina- 
tions are complex and incompletely understood. For ex- 
ample, it has been proposed by some investigators that 
Na,K-ATPase subunits are targeted directly to the baso- 
lateral domain (32, 33), whereas others have suggested 
that Na,K-ATPase goes initially to both domains fol- 
lowed by preferential retention of the enzyme in the 
lateral surface and selective loss from the apical domain 
(34). In either case, polarized membrane proteins must be 
restricted to the targeted domain and protected from 
lateral diffusion or endocytosis. Although the tight junc- 
tions may restrict diffusion of some integral membrane 
proteins within the lipid bilayer, a polarized distribution 
of Na,K-ATPase can be generated and maintained even 
in the absence of tight junctions (35). However, several 
recent findings suggest that the actin-based cytoskeleton 
plays a key role in the stabilizations of the polarized state 
(25-29, 36, 37). 

Renal ischemia, in vivo, or intracellular ATP depletion, 
in vitro, induces the rapid relocation of apical and basolat- 
era1 membrane-specific proteins and lipids into the alter- 
nate membrane domain (2743). Because of the central role 
of Na,K-ATPase in renal tubule cell function, this protein 
has been examined in detail and used as a model for 
alterations in cell polarity after ischemia. After as little as 
5 min of ATP depletion, there is loss, internalization, and 
blebbing of apical brush-border membranes and, shortly 
thereafter, the basolateral Na,K-ATPase migrates to the 
apical domain (28, 44). This results in significant cellular 
dysfunction, as exemplified by the marked reduction in 
proximal tubular reabsorption of sodium, water, and glu- 
cose (45-47). Reestablishment of basolateral Na,K- 
ATPase localization occurs during recovery and is a nec- 
essary prerequisite for restoration of tubular function (46). 
Several biochemical, histochemical, and immunocyto- 
chemical studies have recently detailed the changes in 
Na,K-ATPase polarity after renal ischemia. 

Initial biochemical evidence for the loss of Na,K- 
ATPase polarity was obtained by Molitoris et al. (44,48), 
who showed that brush-border membranes isolated from 
ischemic rat kidneys displayed increased Na,K-ATPase 
enzyme activity in apical membranes compared with 
basolateral membranes. This redistribution of Na,K- 
ATPase into the apical domain has been confirmed in situ 
in proximal tubule cells after ischemia (44, 49). 

For Na,K-ATPase to be translocated to the apical 
domain, it must first be detached from its cytoskeletal 
tether. A useful functional measure of the membrane 
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attachment of any given protein is the extractability of 
that protein in the detergent Triton X-100. When a pro- 
tein is found in the detergent-soluble fraction, it is defined 
as being disassembled. When intracellular ATP depletion 
is induced in confluent monolayers of proximal tubule 
cells and the distribution of Na,K-ATPase is analyzed by 
Triton X-100 extraction (29), there is a marked increase in 
the Triton-extractable Na,K-ATPase, suggesting that it 
has been released from the cytoskeleton. Renal ischemia 
in vivo also results in increased Triton-extractable Na,K- 
ATPase in rat renal proximal tubule cells (37). However, 
although these studies have demonstrated that severe 
intracellular ATP depletion is associated with a loss of 
Na,K-ATPase polarity, determination of a threshold 
level of ischemia below which loss of polarity results and 
correlation of the degrees of injury with degrees of im- 
paired polarity have not been accomplished. 

Reestablishment of Na,K-ATPase polarity occurs dur- 
ing recovery from renal ischemia at a rate dependent on 
the severity of the insult and is preceded by restoration of 
cellular ATP. Several investigators have shown that total 
cellular Na,K-ATPase activity in homogenized renal cor- 
tical tissue is unaltered by ischemia. Moreover, after 
ischemia, there is no increase in immunodetectable levels 
of Na,K-ATPase subunits, and the rate of transcription of 
each subunit is decreased in parallel with the overall 
transcription rate (50). These findings suggest that recy- 
cling of misplaced Na,K-ATPase subunits, rather than 
increased biosynthesis, is the mechanism by which renal 
tubular cells repolarize after an ischemic insult. 

These observations concerning cellular polarity sug- 
gest that concomitant alterations in the cytoskeleton of 
the renal epithelium would be likely to occur with isch- 
emia in vivo or ATP depletion in vitro. The cytoskeleton 
is a ubiquitous network of interacting proteins coordi- 
nated into an integrated structure (Fig. 4), the basic role 
of which is the provision of order for integral membrane 
proteins (36). The major component of this network is 
fodrin, which links with actin to form a two-dimensional 
scaffolding. Ankyrins are a family of proteins that serve 
as adapters between the fodrin skeleton and integral 

Figure 4. Schematic representation of polarized renal epithelium and 
the cytoskeletal structure of the lateral membrane domain. The forma- 
tion of tight junctions delineates apical and basolateral domains. The 
lateral domain has a network of proteins that provide a linkage between 
integral membrane proteins, such as Na,K-ATPase, and the actin-based 
cytoskeleton. Fodrin links with actin, and ankyrin serves as an adapter 
between membrane proteins and fodrin. 

membrane proteins. Fodrin, ankyrin, and Na,K-ATPase 
are colocalized in the basolateral domains of renal tubule 
epithelial cells in situ, as well as in confluent distal tubule 
cells (38-42) in culture. Also, the Triton X-100 extract- 
ability of a fodrin-ankyrin-Na,K-ATPase complex is 
markedly reduced by cell-cell contact (43), indicating 
synchronized assembly of these proteins. Furthermore, a 
direct binding of ankyrin with the a-subunit of Na,K- 
ATPase has been demonstrated in vitro (39, 42). Thus, 
ankyrins anchor Na,K-ATPase to the polarized fodrin 
cytoskeleton, thereby maintaining a basolateral distribu- 
tion and reducing endocytic removal of Na,K-ATPase 
(34,43). The actin-based cytoskeleton plays an important 
role in preserving the structural and functional integrity 
of apical microvilli and the tight junctions that exist 
between renal tubule cells (28, 29). 

It is intriguing that the response of intact fodrin to renal 
ischemia does not parallel that of Na,K-ATPase, given 
the close interactions that exist between these proteins in 
nonischemic epithelial cells (49-53). Immunocytochemi- 
cal studies on rat proximal tubules have demonstrated 
that after in vivo ischemia there was a loss of basolateral 
fodrin polarity but also a dissociation from Na,K- 
ATPase, with fodrin being detected diffusely throughout 
the cytoplasm (49). During recovery, fodrin was incom- 
pletely restored to a normal distribution, being partially 
codistributed with Na,K-ATPase along the basolateral 
membrane but also present in a diffuse cytosolic pattern 
in the subapical region. The significance of these differ- 
ences in the behavior of fodrin and Na,K-ATPase is 
unclear. 

Proteolytic processing of fodrin into cleavage products 
has been implicated in ischemic injury to the hippocam- 
pus (51). Because such degradation of fodrin may provide 
a mechanism for release of Na,K-ATPase from the cy- 
toskeleton, the biosynthesis and processing of fodrin 
after renal ischemia has been investigated. Renal tissue 
rendered completely ischemic for 2 h displays only min- 
imal breakdown of fodrin (52). However, fodrin seems to 
undergo proteolysis primarily during reperfusion after 
mild renal ischemia (44). Such processing is associated 
with the transient loss of Na,K-ATPase polarity that 
occurs specifically during early reperfusion. Further- 
more, the appearance of fodrin cleavage products is 
markedly decreased once repolarization of Na,K- 
ATPase has occurred. This temporal pattern suggests a 
role for fodrin processing in the loss and return of Na,K- 
ATPase polarity during recovery from renal ischemia. 

The response of ankyrin to renal ischemia is similar to 
that of Na,K-ATPase, at least at the morphologic level. 
After ischemia, there is a loss of polar distribution of 
ankyrin, with ankyrin immunodected in the apical do- 
main and subapical vacuoles. After complete recovery, 
ankyrin codistributes with Na,K-ATPase in the basolat- 
era1 membranes (49). However, the precise role of 
ankyrin in the loss and restitution of Na,K-ATPase po- 
larity is far from clear. It is not known whether the 
Na,K-ATPase molecules that are disassembled after 
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ischemia are also dissociated from ankyrin or whether 
they continue to be ankyrin bound. The former scenario 
would implicate defective ankyrin-Na,K-ATPase bind- 
ing in the ischemia-induced loss of polarity. Conversely, 
if the disassembled Na,K-ATPase is still ankyrin bound, 
this would implicate defective assembly of ankyrin with 
some other protein, possibly fodrin. 

Examination of ankyrin turnover after renal ischemia 
has yielded surprising results. Kidney tissue rendered 
completely ischemic displayed a major, time-dependent 
loss of ankyrin that was essentially complete at the end of 
2 h of ischemia (52). This profound loss was not accom- 
panied by an appearance of proteolytic degradation prod- 
ucts and was not observed in ischemic brain or heart. 
These observations suggest that ischemia causes a signif- 
icant tissue-specific inhibition of ankyrin mRNA tran- 
scription, stability, or translation. Early studies of the 
biosynthetic response of ankyrin during recovery from 
renal ischemia have revealed that by 2 h of reperfusion 
there is a significant loss of immunodectable intact 
ankyrin (unpublished observations) and a concomitant 
loss of Na,K-ATPase polarization by immunofluores- 
cence (50). However, by 6 h of reflow, ankyrin abun- 
dance increases to levels close to those in control kid- 
neys, at a time when restitution of Na,K-ATPase polarity 
has commenced. By 24 h of reperfusion, immunodetect- 
able ankyrin levels exceed control levels, concomitant 
with restitution of Na,K-ATPase polarity. Based on this 
temporal sequence, it is intriguing to speculate that an 
increase in ankyrin biosynthesis may play a role in the 
return of Na,K-ATPase polarity during the recovery pe- 
riod. The molecular mechanisms responsible for in- 
creased ankyrin turnover remain to be elucidated. 

In intact proximal tubules, actin is primarily associated 
with the circumferential terminal web at the apical pole. 
In vivo renal ischemia results in a redistribution of actin 
throughout the cytoplasm (54). After intracellular ATP 
depletion in cultured renal cells, there is a disruption of 
the actin cytoskeleton, conversion of monomeric (G) to 
polymeric filamentous (F) actin, and redistribution of 
F-actin from the membrane surface to a perinuclear and 
cytosolic localization (55). These changes coincide with a 
rapid decrease in the amount of cytoskeleton-associated 
Na,K-ATPase, suggesting a role for actin microfilaments 
in the ischemia-induced loss of polarity. The behavior of 
actin during the recovery phase will be important to 
examine, because these microfilaments may play a cru- 
cial role in redirecting misplaced cytoskeletal elements to 
their proper destinations. 

In vivo microperfusion studies of proximal tubules 
have revealed that ischemia results in a time-dependent 
penetration of tight junctions, secondary to disruption of 
the actin cytoskeleton (56). Disruption of tight junctions 
in vitro by other mechanisms has been shown to result in 
altered polarity of several membrane proteins and lipids 
(57). It is possible that postischemic opening of tight 
junctions allows the lateral intramembranous diffusion of 
membrane components into the alternate surface mem- 

brane domain. The loss of cellular polarity and the dis- 
ruption of the cytoskeleton that occur during both the 
ischemic insult and subsequent reperfusion are funda- 
mental components of the renal tubule insult that accom- 
panies ATP depletion. 

RESPONSE OF HEAT SHOCK PROTEINS 

As reviewed in the previous section, restitution of 
cellular structure and function seems to involve predom- 
inantly remodeling and recycling of cellular proteins, at 
least during the early phase of recovery in sublethally 
injured cells. Moreover, residual ATP levels (Fig. 2) 
seem to be conserved for essential processes rather than 
transport functions (9, 10, 58). Therefore, the ability to 
stabilize injured renal epithelium would seem to require a 
molecular process that has a high affinity for the limited 
supply of ATP and is capable of intracellular protein 
handling and trafficking. The heat shock proteins (HSP) 
are, in fact, a good candidate system that could provide 
these essential functions for cellular repair and restitu- 
tion. 

HSP are present in nearly all organisms and respond to 
stresses such as heat, anoxia, and other toxic insults. The 
HSP occur in a number of different families classified 
according to their size and apparent functions. Constitu- 
tively expressed members of each family provide a vari- 
ety of functions that assist intracellular protein traffick- 
ing. Through unfolding and refolding of peptides, HSP 
participate in the disassembly of protein aggregates and 
the translocation of proteins across intracellular mem- 
branes (59). Moreover, it has been suggested that these 
proteins may assist denatured proteins to refold or reas- 
semble into a normal configuration. Within each HSP 
family, inducible members are expressed in response to 
cellular injury. The pattern of HSP induction is depen- 
dent on cell type and the nature of the insult (59). 

The HSP family most likely to be involved in recovery 
from renal ischemia is the 70-kD group (HSP-70). These 
proteins are highly inducible in mammalian cells and have 
distinct cytoprotectant effects. Specific functions attrib- 
uted to HSP-70 proteins are mediated by a chaperon 
effect, which allows for proper protein folding by pre- 
venting deleterious peptide interactions or aggregations. 
In addition, the ability of this family of proteins to reac- 
tivate denatured proteins has been demonstrated (60). 
For these constructive activities, the HSP-70 proteins are 
highly dependent on the hydrolysis of ATP. Moreover, 
the affinity of these proteins for ATP is so  high that 
binding to ATP has been used to isolate these proteins. 
This high affinity would be particularly valuable during 
the recovery from an ischemic event when ATP levels are 
diminished and would allow the utilization of the residual 
cellular ATP for important processes directed to stabili- 
zation and recovery of tubule cells. 

Two groups of investigators have found that renal 
ischemia, in vivo, rapidly induces the elaboration of 
HSP-70 proteins (61, 62). The message for inducible 
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HSP-70 is found within minutes of an ischemic insult and 
peaks within the first 2-6 h of reflow after 45 min of 
ischemia. HSP-72, the inducible protein, appears shortly 
after the message and accumulates for the first few days 
after the injury, persisting for up to 5 d. The inducible 
protein is found in membrane fractions as well as in 
soluble cytoplasmic components, suggesting that this 
HSP may be involved with a variety of other proteins that 
have been disassembled or denatured as a result of the 
ischemic insult. The temporal localization of HSP-72 
after an ischemic insult has provided some exciting, if 
indirect, data concerning the possible interaction be- 
tween HSP and cytoskeletal or integral membrane pro- 
teins (Fig. 5). During the first 15 min of reperfusion, 
HSP-72 is found almost exclusively in the apical domain 
of the proximal tubule cells, which is the area of most 
intense injury. It is at this time that characteristic alter- 
ations of the brush border associated with breakdown of 
the apical cytoskeleton and redistribution of Na,K- 
ATPase to the apical membrane have occurred. Between 
2 and 6 h of reperfusion, HSP-72 is found throughout the 
cytoplasm and corresponds with the diffuse intracellular 
location of fodrin and Na,K-ATPase seen at the same 
recovery period (49). At 24 h of reperfusion, HSP-72 has 
migrated away from the apical domain coincident with 
restitution of cellular polarity. These interesting findings 
suggest that the induction, elaboration, and localization 
of HSP-72 may be important contributors to repair of 
cellular injury after an ischemic insult. 

Supporting evidence for HSP-70 proteins having a role 
in cellular recovery from renal injury has come from 
studies in cell culture lines and human tissue. Two amino 
acids, glycine and alanine, have been shown to protect 

renal tubule cells from ischemic injury through undefined 
mechanisms (63, 64). A opposum kidney tubule cell line 
has been used to study the effect of glycine and alanine in 
a heat shock model of injury (65). Neither glycine nor 
alanine alone induced a HSP-70 response. However, 
provision of either amino acid during and after the injury 
resulted in more prominent induction of HSP-70 mRNA 
and elaboration of protein that correlated with improved 
cellular viability. These studies suggest that the cellular 
protective effects of these amino acids may be mediated 
by enhanced HSP response. A recent study examined in 
situ expression of HSP-72 in diseased human kidneys 
(66). Although the pattern of expression varied, HSP-72 
was found in proximal tubules and collecting ducts of 
kidneys that had an ischemic insult or acute tubular 
necrosis. No HSP-72 was present in normal human kid- 
ney. In a heat shock model of collecting duct cell injury, 
preconditioning with mild heat stress (with HSP-72 accu- 
mulation) protected against impairment of cellular aero- 
bic and anaerobic metabolism, which was measured by 
state 111 mitochondria1 respiration and lactate production 
(67). This suggests that one mechanism by which HSP 
might protect or assist recovery of renal epithelial cells is 
through protection or repair of the cellular processes 
responsible for ATP production. 

Previous studies of ischemic injury have relied on a 
severe depletion of cellular ATP induced by complete 
occlusion of the renal artery. Thus, the precise cellular 
mechanisms that may be responsible for the induction of 
HSP in response to renal ischemia have not been com- 
pletely delineated. In a recently'developed model of 
partial depletion of ATP in vivo, activation of heat shock 
transcription factor (the most proximate step in initiation 

Figure 5. The temporal in situ localization of HSP-72 and Na,K-ATPase after 45 min of ischemia. In the upperpanels. HSP-72 was localized using 
confocal immunofluorescent microscopy of tubule segments (open lumen in center of tubule). In the lowerput~els. Na.K-ATPase was detected by 
immunolocalization on electron microscopy (apical border at top, basal domain at bottom). A. Nonischemic controls showed only background 
fluorescence and basolateral localization of Na-K-ATPase (hluck arcus ulotlg hot tot?^ urld sides). B. At 15 min of reflow, FISP-72 was found 
predominantly in the apical domain (yel low~~mrt~scrt lce),  which is the area of most intense injury, and Na-K-ATPase redistributed to this site 
(black stain ur top). C Two h of reflow; 19. 6 h of reflow. Between 2 and 6 h of reperfusion, HSP-72 was found throughout cytoplasm (yellow and 
redfluorescence) and corresponded with diffuse intracellular localization of Na.K-ATPase lhlack stuit~ mt hottom utld rhrolcgllour cell). E, By 24 
h of reflow, HSP-72 had migrated away from the apical domain (yellow artti reii ~~roresce~rce)  concomitant with repolarization of Na,K-ATPase 
(black stain at bottom and sides). 
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of an HSP response) and subsequent induction of HSP-70 
mRNA occur only when ATP levels are reduced below 
50% of control values (60). Although cellular ATP seems 
to be a threshold factor for the initiation of the HSP 
response, whether the response is directly related to 
cellular ATP or to a concomitant dissociation of cytoskel- 
eta1 elements from each other or from integral membrane 
proteins is unknown. The answer to this question will be 
of particular importance in understanding the role stress 
proteins play in the conservation and restoration of cel- 
lular integrity. Nevertheless, it is apparent that HSP-72 
has a multifaceted relationship with the metabolic state of 
stressed cells. Induction is associated with ATP deple- 
tion; one effect is protection of mechanisms for ATP 
synthesis, and HSP-72 functions require ATP hydrolysis. 

The interesting interrelationships between alterations 
in cellular metabolic processes, the integrity of cellular 
structure and function, and those systems that may serve 
to protect or  repair the injured epithelium represent an 
area of active investigation. Moreover, these interactions 
represent the type of-fundamental biologic processes that 
may be applicable to a variety of organ systems and types 
of injury. 
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