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Anaerobic mitochondrial metabolism of a-ketogluta-
rate and aspartate or a-ketoglutarate and malate can
prevent and reverse severe mitochondrial dysfunc-
tion during reoxygenation after 60 minutes of hyp-
oxia in kidney proximal tubules.34 The present stud-
ies demonstrate that, during hypoxia, paxillin, focal
adhesion kinase, and p130cas migrated faster by so-
dium dodecyl sulfate-polyacrylamide gel electro-
phoresis, their phosphotyrosine (pY) content de-
creased to ;5% of that in oxygenated tubules without
changes in total protein, and the normally basal im-
munostaining of b1 and a6 integrin subunits, pY, and
paxillin was lost or markedly decreased. During
reoxygenation without supplemental substrates, re-
covery of pY and basal localization of the focal adhe-
sion proteins was poor. a-Ketoglutarate and aspar-
tate, which maintained slightly higher levels of ATP
during hypoxia, also maintained 2.5-fold higher lev-
els of pY during this period, and promoted full recov-
ery of pY content and basal localization of focal ad-
hesion proteins during subsequent reoxygenation.
Similarly complete recovery was made possible by
provision of a-ketoglutarate and aspartate or a-keto-
glutarate and malate only during reoxygenation.
These data emphasize the importance of very low
energy thresholds for maintaining the integrity of key
structural and biochemical components required for
cellular survival and reaffirm the value of approaches
aimed at conserving or generating energy in cells
injured by hypoxia or ischemia. (Am J Pathol 2001,
158:2153–2164)

Ischemic and related forms of acute renal failure result
from a complex interplay of vascular and tubular events
that can vary in their relative contributions depending on
characteristics of the specific clinical situation or exper-
imental model. Although the process is frequently also
termed acute tubular necrosis, much of the tubule cell
damage in both animal models and human acute renal
failure is sublethal and reversible within affected cells.1–6

Effects on multiple subcellular structures have been de-
scribed including loss of brush border microvilli and sim-
plification of the basolateral membrane,1–3 disruption of
the normal polar distribution of major membrane-associ-
ated proteins including Na1,K1-ATPase and its associ-
ated cytoskeletal proteins,7,8 disruption of tight junctions
and adherens junctions,5,9–13 and abnormalities of inte-
grin distribution and function,14–19 all of which can con-
tribute to impaired barrier function and vectorial transport
by the epithelium. ATP depletion and the resulting protein
dephosphorylation10–13,20,21 are the primary processes
initiating these events.

Proximal tubules have relatively little or no glycolytic
capacity making them dependent on mitochondrial me-
tabolism for ATP synthesis.22,23 Freshly isolated proximal
tubules rapidly develop lethal damage when subjected to
hypoxia or other ATP-depleting maneuvers,24–27 which
has limited their utility for studying reversible structural
and metabolic alterations. This situation has improved
with recognition that much of their sensitivity is because
of the formation of pathological plasma membrane pores
that can be blocked by glycine at physiological lev-
els.28,29 By suppressing this type of plasma membrane
damage, replacement of glycine allows examination of
specific injury mechanisms in vitro, uncomplicated by the
plethora of postmortem degenerative changes that would
otherwise occur in multiple cellular systems.30–32 We
have found that, despite glycine cytoprotection, freshly
isolated, kidney proximal tubule cells develop a profound
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mitochondrial functional deficit during hypoxia/reoxygen-
ation that is characterized by incomplete recovery of
energization during reoxygenation, impaired respiration
for substrates dependent on function of electron trans-
port complex I, partial de-energization, and persistence
of mitochondrial matrix condensation.33–35 The mitochon-
drial lesion can be substantially ameliorated and recov-
ery of cell ATP strikingly enhanced by supplementing the
tubules with a-ketoglutarate plus aspartate (aKG/ASP),
a-ketoglutarate plus malate (aKG/MAL), or other specific
citric acid cycle metabolites during either hypoxia or
reoxygenation.34,35 The substrates promote mitochon-
drial pathways of anaerobic metabolism to increase ATP
production by substrate level phosphorylation and ener-
gization by anaerobic respiration in electron transport
complexes I and II34,35 and provide succinate to bypass
the complex I block when aerobic metabolism re-
sumes.35

Two related observations in these initial studies34,35

spurred us to further investigate the relationships be-
tween anaerobic ATP generated in mitochondria and its
utilization by cells to effect repair and survival. First, we
were struck by the relatively small yields of energy by
anaerobic metabolism of mitochondrial substrates in
proximal tubules as assessed by absolute levels of ATP
attained during hypoxia, ie, increases from 4.3% of oxy-
genated control levels in tubules without protective sub-
strates at the end of 60 minutes hypoxia to 6.9% with the
substrates.34 Second, we noted that the ability to perform
complex-integrated functions was regained to a remark-
able degree during reoxygenation of substrate supple-
mented hypoxic tubules as indicated by increases of ATP
concentrations and respiratory rates. Similar degrees of
recovery could be documented in tubules that had been
provided with anaerobic mitochondrial substrates only
during reoxygenation.34,35 These observations suggest
that the low levels of additional ATP generation during
hypoxia or early reoxygenation made possible by the
substrates were sufficient for utilization to maintain or
repair structure by cells that were otherwise committed to
continuing ATP depletion and a lethal outcome.35

In the present studies we have assessed the impact of
the tubule energetic deficit and its modification by pro-
tective substrates on the alterations of cytoskeletal and
focal adhesion protein distribution and tyrosine phos-
phorylation during hypoxia/reoxygenation. Cellular inter-
actions with the extracellular matrix are essential to main-
tain the integrity of signal transduction pathways that
ensure survival.36–38 Moreover, the phosphorylation
states of these proteins could serve as indices of the
availability of mitochondrially generated, anaerobic ATP
at peripheral sites. The data provide evidence that ATP
generated by the protective substrates during hypoxia is
available in the cytosol and that the mitochondrial recov-
ery promoted by the substrates during reoxygenation
plays a pivotal role to enable a strikingly complete re-
phosphorylation of tyrosine-phosphorylated proteins and
coordinated re-assembly of focal adhesions that is not
otherwise achieved. They indicate a major effect of early
energetic recovery on critical cell-matrix interactions and
the potential for enhancing these interactions with spe-

cific citric acid cycle metabolites that optimize mitochon-
drial function.

Materials and Methods

Isolation of Tubules

Proximal tubules were prepared from kidney cortex of
female New Zealand White rabbits (1.5 to 2.0 kg; Oak-
wood Farms, Oakwood, MI) by digestion with combina-
tions of Worthington Type I (Worthington, Freehold, NJ)
and Sigma blend type H or F collagenase and centrifu-
gation on self-forming Percoll gradients as de-
scribed.28,30–32

Experimental Procedure

Incubation conditions generally followed our published
protocols.28,32,33 Tubules were suspended at 3.0 to 5.0
mg of tubule protein/ml in a 95% O2/5% CO2-gassed
solution (medium A) containing (in mmol/L): 110 NaCl,
2.6 KCl, 25 NaHCO3, 2.4 KH2PO4, 1.25 CaCl2, 1.2 MgCl2,
1.2 MgSO4, 5 glucose, 4 sodium lactate, 0.3 alanine, 5.0
sodium butyrate, 3% dialyzed dextran (T-40, Pharmacia),
and 2 glycine. Medium A was also supplemented with 0.5
mg/ml of bovine gelatin (75 bloom) to suppress aggre-
gation of the isolated tubules during the prolonged ex-
perimental incubation periods. After 15 minutes of prein-
cubation at 37°C, tubules were resuspended in fresh
medium A with experimental agents as needed and re-
gassed with either 95% O2/5% CO2 (controls) or 95%
N2/5% CO2 (hypoxia). The bicarbonate concentration of
medium A during hypoxia was decreased to maintain a
pH of 6.9 to simulate tissue acidosis during ischemia in
vivo.33 After 60 minutes, samples were removed for anal-
ysis. The remaining tubules were washed twice to remove
any experimental substrates being tested for their effi-
cacy only during hypoxia and then resuspended in fresh
95% O2/5% CO2-gassed, pH 7.4 medium A with addi-
tional experimental substrates as needed. For the reoxy-
genation period, sodium butyrate in medium A was re-
placed with 2.0 mmol/L sodium heptanoate and, to
maximize availability of purine precursors for ATP resyn-
thesis, 250 mmol/L AMP or ATP was added in most ex-
periments.33 After 60 minutes of reoxygenation, samples
were removed again for analysis. Cell ATP was measured
and ultrastructural studies done as previously de-
scribed.32 Sampling and analysis for other parameters
was as in the following sections.

Measurement of Changes in Mitochondrial
Membrane Potential (DCm)

For staining with the carbocyanine dye, 5,59,6,69-tetra-
chloro-1,19,3,39-tetraethylbenzimidazocarbocyanine io-
dide (JC-1; Molecular Probes, Eugene, OR),34,35,39 an
aliquot from a 10003 stock solution in dimethyl sulfoxide
was mixed with an equal volume of serum, dispersed as
an intermediate 1003 stock solution in phosphate-buff-
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ered saline (PBS), and then added to a final concentra-
tion of 5 mg/ml in the tubule suspension at the end of the
desired experimental period. The suspension was re-
gassed with O2/CO2 and incubated in the dark for an
additional 15 minutes at 37°C, then tubules were washed
three times in an ice-cold solution containing (in mmol/L):
110 NaCl, 25 NaHEPES, pH 7.2, 1.25 CaCl2, 1.0 MgCl2,
1.0 KH2PO4, 3.5 KCl, 5.0 glycine, and 5% polyethylene
glycol (average molecular weight 8000). A 300-ml aliquot
of the washed tubules containing 1.2 to 1.5 mg of protein
was brought up to 2.5 ml with additional ice cold wash
solution and then scanned during continuous gentle stir-
ring using a Photon Technology International (Monmouth
Junction, NJ) Alphascan fluorometer at 488 nm excita-
tion/500 to 620 nm emission. Under these conditions, the
peak of the green fluorescence of the monomeric form of
the dye was at 530 nm and the red fluorescence of the
J-aggregates peaked at 590 nm.

Immunoblotting

Tubules were pelleted, then dispersed in ice-cold, 10.0
mmol/L sodium imidazole, pH 7.15, 10 mmol/L sodium-
EGTA, 1.0% Triton X-100, 5.0 mg/ml leupeptin, 5.0 mg/ml
pepstatin A, 5.0 mg/ml aprotinin, 1.0 mmol/L phenylm-
ethyl sulfonyl fluoride (PMSF), 50 mmol/L sodium fluoride,
20 mmol/L b-glycerol phosphate, 1 mmol/L sodium or-
thovanadate, 12 mmol/L cyclosporine A (Calbiochem,
San Diego, CA), and 12 nmol/L calyculin (Calbiochem).
The protein was then immediately precipitated in four
volumes of ice-cold methanol and dissolved in 2% so-
dium dodecyl sulfate/10% glycerol/0.125 mol/L Tris-HCl,
pH 7.4, then stored at 280°C until analysis. To optimize
detection of b1 integrin by immunoblotting, samples for it
were collected by resuspending pelleted tubules in boil-
ing 1% sodium dodecyl sulfate, 1 mmol/L sodium or-
thovanadate, 10 mmol/L Tris-HCl, pH 7.4, and boiled for
5 minutes. Protein concentrations were measured using
bicinchoninic acid (Pierce, Rockford, IL) with bovine se-
rum albumin as the standard.

For immunoblotting, samples were mixed 1:1 with a
double-strength running buffer containing 0.12 mol/L
Tris-HCl, pH 6.8, 4% sodium dodecyl sulfate, 20% glyc-
erol, 0.01% bromophenol blue, and 2% b-mercaptoetha-
nol, boiled for 5 minutes, run on precasted 4 to 12%
gradient polyacrylamide gels (Novex, San Diego, CA),
and then transferred onto nitrocellulose filters. For studies
of b1 integrin, b-mercaptoethanol was omitted from the
running buffer. Most proteins were immunodetected us-
ing mouse monoclonal antibodies (mAbs) as the prima-
ries (usually 1 mg/ml) and peroxidase-conjugated goat
anti-mouse (Pierce) as the secondary followed by chemi-
luminescence (ECL; Amersham, Arlington Heights, IL).
Anti-pY mAbs were from either Upstate Biotechnology,
Lake Placid, NY, (4G10), or Cell Signaling Technology,
Beverly, MA, (P-Tyr-102, agarose-conjugated P-Tyr-100).
mAbs to paxillin (clone 349), the 85-kd a-chain of PI-3-
kinase (clone 4), focal adhesion kinase (clone 77), and
p130cas (clone 21) were from Transduction Laboratories
(Lexington, KY). mAb to the b1 integrin subunit was from

Chemicon (LM534; Temecula, CA). Phosphorylation
state-specific polyclonal rabbit antibodies to pY31 and
pY118 of paxillin and to pY397 of focal adhesion kinase
were from Biosource International (Camarillo, CA). For
the latter antibodies, the secondary was peroxidase-con-
jugated goat anti-rabbit (Pierce).

Immunoprecipitation

For immunoprecipitation of p130cas, samples of whole
tubule suspension protein collected in boiling sodium
dodecyl sulfate, as described above for b1 integrin im-
munoblotting, were diluted at least 10-fold to a final vol-
ume of 1 ml into immunoprecipitation buffer [1% Triton
X-100, 150 mmol/L NaCl, 10 mmol/L Tris, pH 7.4, 1
mmol/L ethylenediaminetetraacetic acid (EDTA), 1
mmol/L EGTA, 120 mmol/L pervanadate, 1 mmol/L PMSF]
containing protein A:agarose (preblocked with bovine
serum albumin) and 5 mg of anti-p130cas (clone 21,
Transduction Laboratories). After 90 minutes incubation
at 4°C, 5 mg of rabbit anti-mouse IgG (Jackson Immu-
noresearch Labs, West Grove, PA) was added. After 30
additional minutes of incubation, the agarose beads were
pelleted and washed three times with the immunoprecipi-
tation buffer. The beads were then resuspended in sin-
gle-strength running buffer as described above for im-
munoblotting. After boiling for 5 minutes, beads were
pelleted and the supernatants were electrophoresed,
transferred to nitrocellulose, and probed with the anti-pY
mAb, P-Tyr-102, as described for immunoblotting. The
membranes were then stripped and reprobed with the
same anti-p130cas mAb that was used for the immuno-
precipitation.

For immunoprecipitation with anti-pY, we used agar-
ose-conjugated P-Tyr-100 according the manufacturer’s
directions. Tubules were pelleted and resuspended in
ice-cold lysis buffer consisting of 150 mmol/L NaCl, 20
mmol/L Tris, pH 7.5, 1 mmol/L EDTA, 1 mmol/L EGTA, 1%
Triton X-100, 2.5 mmol/L sodium pyrophosphate, 1
mmol/L b-glycerophosphate, 120 mmol/L pervanadate, 1
mg/ml leupeptin, and 1 mmol/L PMSF. This suspension
was sonicated four times for 5 seconds on ice, then
centrifuged at 12,000 3 g for 10 minutes. Samples of the
supernatant were incubated overnight with the agarose-
conjugated anti-pY. Then the beads were pelleted and
processed further for immunoblotting as described for
immunoprecipitation of p130cas. The membranes were
initially probed with P-Tyr-102, then were stripped and
reprobed with the anti-p130cas and anti-paxillin mAbs.

Immunostaining, Rhodamine Phalloidin Staining,
and Confocal Microscopic Observations on
Frozen Sections of Pelleted Tubules

Aliquots of tubule suspensions were pelleted and then
fixed by resuspension in ice-cold 2% paraformaldehyde,
75 mmol/L lysine monohydrochloride, 10 mmol/L sodium
periodate, 37 mmol/L sodium phosphate, pH 7.2, over-
night. Then the samples were cryoprotected with 20%
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sucrose and frozen in liquid nitrogen. Frozen pellets were
stored at 280°C until used. Cryosections of 6 mm thick-
ness were cut on a Reichert-Jung Fridgocut-N 2800 cry-
ostat and placed on glass slides precoated with 1%
poly-L-lysine, then stored at 280°C until stained. For im-
munostaining, slides were rinsed in PBS, then permeabil-
ized with 0.3% Triton X-100 in PBS for 4 minutes at room
temperature. They were then dip washed for 2 minutes in
PBS before 10 minutes room temperature blocking in a
combination of 10% rabbit serum plus 10% goat serum
(Jackson Immunoresearch Labs) in PBS. After another
PBS wash, primary antibodies were applied for 60 min-
utes at room temperature in a humidified chamber. For
pY (4G10), paxillin, and b1 integrin, we used the same
antibodies as for immunoblotting. Immunostaining was
also done with a mouse mAb to fodrin (mAb 1622, Chemi-
con) and a rat mAb to the a6 integrin subunit (GoH3,
MCA699; Serotec, Raleigh, NC). After mAb exposure,
slides were washed and cy3-conjugated goat anti-mouse
or anti-rat IgG (Jackson Immunoresearch Labs) was ap-
plied at a 1:50 dilution in PBS, pH 7.2, as the secondary.
After 60 minutes slides were rinsed with PBS and dried.
Then the sections were overlaid with Prolong (Molecular
Probes) and covered with glass coverslips. Other slides
were stained with rhodamine phalloidin (Molecular
Probes), 1:50 in PBS, by a parallel procedure omitting the
treatments with goat and rabbit sera and antibodies.
Slides were viewed at 1003 (Nikon Plan Apochromat, NA
1.4) on a BioRad MRC 600 laser-scanning confocal mi-
croscope using a krypton/argon mixed gas laser and the
YHS filter set, which contains a 568 DF10 excitor filter,
585 DRLP dichroic reflector, and 585 EFLP emission
filter. Intensity settings for each sample set were kept
constant relative to concurrently processed and viewed
sections from control preparations. Images shown are
representative of observations made on at least 10 to 12
tubules from each of three to five separate tubule prep-
arations under each of the conditions illustrated.

Reagents

Reagents were from Sigma (St. Louis, MO) unless other-
wise indicated and were of the highest grade commer-
cially available. Agents solubilized in ethanol or dimethyl
sulfoxide were delivered from $10003 stock solutions.
Pervanadate was prepared fresh before each use by
adding hydrogen peroxide in a 2:1 molar ratio to a 1003
stock solution of sodium orthovanadate.40,41 Addition of
catalase to the pervanadate to quench excess hydrogen
peroxide did not alter its effects on the tubules.

Statistics

Paired and unpaired t-tests were used as appropriate.
Where experiments consisted of multiple groups they
were analyzed statistically by analysis of variance for
repeated measures or independent group designs as
needed. Individual group comparisons for the multigroup
studies were then made using the Neuman-Keuls test for
multiple comparisons (SigmaStat; SPSS, Chicago, IL).

P , 0.05 was considered to be statistically significant.
The group sizes given indicate the numbers of separate
tubule preparations studied.

Results

As we have observed previously,33–35 tubules subjected
to 60 minutes of hypoxia followed by 60 minutes of reoxy-
genation without extra protective substrates showed very
poor recovery of cell ATP during reoxygenation, reaching
,10% of the values of similarly incubated tubules that
were kept oxygenated throughout, irrespective of the
presence of supplemental purine in the medium (Figure
1). Supplementation with aKG/ASP only during reoxygen-
ation markedly improved ATP recovery as compared to
tubules with no extra substrate (NES). aKG/ASP during
only hypoxia tended to have an even greater beneficial
effect, although the differences from the reoxygenation
alone groups did not reach statistical significance. aKG/
ASP during both hypoxia and reoxygenation had the
strongest effect. Consistent with an action to promote
anaerobic ATP production,34,35 the measurements of end
hypoxia ATP levels in the present studies showed that
there was a significant effect of aKG/ASP during hypoxia
to preserve ATP (0.16 6 0.02 nmol/mg protein with NES
versus 0.27 6 0.02 nmol/mg protein with aKG/ASP, n 5
10). As in our earlier work,34,35 the magnitude of this
difference was quite small relative to the concentrations

Figure 1. Prevention and reversal by aKG/ASP of the energetic deficit
developing in tubules during hypoxia/reoxygenation. Tubules were sub-
jected to 60 minutes hypoxia and 60 minutes reoxygenation with either no
extra substrate (NES), or 4 mmol/L of a-ketoglutarate plus 4 mmol/L aspar-
tate (aKG/ASP) during only reoxygenation (R), during only hypoxia (H), or
during hypoxia and reoxygenation (H and R). Reoxygenation was studied
both without and with supplemental exogenous purine (250 mmol/L ATP).
Oxygenated control tubules were incubated for the same total durations as
the corresponding hypoxia/reoxygenation groups. ATP was added to the
medium of the purine-supplemented, oxygenated control group for the last
60 minutes of incubation. As in all studies, the incubation medium for all
flasks contained glucose, lactate, alanine, and butyrate during both hypoxia
and reoxygenation. Cell ATP levels sampled at the end of hypoxia and at the
end of reoxygenation are means 6 SE for n 5 5. *, Significantly different from
corresponding NES group; #, significantly different from corresponding “R
only” group.
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of ATP in control oxygenated tubules incubated for the
same duration (6.47 6 0.3 nmol/mg protein).

At the end of the reoxygenation period, normal appear-
ing tubules were found in samples that were not sub-
strate-supplemented (not shown), but cells in 60 to 80%
of tubules incubated without extra protective substrates
displayed irregularity and swelling of brush border mi-
crovilli, pale cytosol with increased vacuolization, and

condensed mitochondria (Figure 2a). In contrast, cells in
80 to 90% of tubules incubated during reoxygenation in
the presence of aKG/ASP had a nearly normal appear-
ance (Figure 2b) with the rest displaying changes similar
to those seen in the unsupplemented tubules (not
shown).

During hypoxia, microvillar and basal staining for F-
actin with rhodamine phalloidin were decreased and im-

Figure 2. Ultrastructure of tubules subjected to hypoxia/reoxygenation without and with aKG/ASP. Tubules were subjected to 60 minutes of hypoxic incubation
and 60 minutes of reoxygenation without (a) or with supplemental aKG/ASP only during reoxygenation (b). ATP was added to the medium during reoxygenation.
Each picture is representative of observations that have been made on multiple tubule preparations. Original magnification, 37000.
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munostaining for fodrin was variably decreased and frag-
mented (Figure 3, b and c) as previously described.31–33

Without extra protective substrates during hypoxia or
reoxygenation, the majority of tubules showed little or no
recovery at the end of reoxygenation (Figure 3e). With
addition of aKG/ASP during reoxygenation, most tubules
recovered a normal appearance of F-actin and fodrin
(Figure 3f). The changes of basal F-actin were accompa-
nied by marked alterations of the major proximal tubule
integrin, a6b1.42,43 Although total b1 detected by immu-
noblotting was unchanged (Figure 4), the strong immu-
nostaining for b1 at the basal membrane that was seen in
oxygenated control tubules (Figure 3, a and d) nearly
disappeared during hypoxia, without commensurate in-
creases in other cellular compartments (Figure 3, b and
c). Basal staining for a6 was also decreased, but a stron-

ger somewhat diffuse lateral component was evident
(Figure 3, b and c). As with actin and fodrin, there was
minimal recovery of b1 and a6 during reoxygenation in
most tubules incubated without extra substrate (Figure
3e), but strong recovery in most tubules incubated with
aKG/ASP (Figure 3f). These observations indicate that
restoration of normal localization of major tubule cytoskel-
etal and cell adhesion proteins was critically determined
by the substrate-induced modification of energetic func-
tion.

The prominent alterations in basal membrane integrins
and actin suggested that major changes had occurred in
focal adhesions.19,44–48 To further investigate this possi-
bility and its relationship to alterations of protein phos-
phorylation during hypoxia/reoxygenation, we assessed
the behavior of several tyrosine phosphorylated focal
adhesion proteins. In controls (Figure 5A, lanes 1 and 8),
the anti-pY mAb, 4G10, recognized multiple discrete
bands, including particularly strong ones at 58 to 60 kd
and 68 to 75 kd, the molecular masses, respectively, of
the Src kinases47,49 and paxillin,50,51 and 120 to 130 kd,
where focal adhesion kinase (FAK) and p130cas mi-
grate.45,52 Immunoblots with mAbs to p130cas, FAK, and
paxillin confirmed their presence at the locations ex-
pected for their sizes (Figure 5; B, C, and E). The anti-
paxillin mAb (Figure 5E) also recognized lower molecular
weight forms of paxillin migrating at 50 to 55 kd as de-
scribed in some other cell types.50,51,53

When sampled at the end of hypoxia with no extra
protective substrates, the intensity of the 4G10 signal was
markedly reduced in all bands, consistent with extensive

Figure 3. Cytoskeletal alterations during hypoxia/reoxygenation. Tubules were subjected to 60 minutes of hypoxic incubation followed by 60 minutes of
reoxygenation without or with supplemental aKG/ASP only during reoxygenation. ATP was added to the medium during reoxygenation. Samples fixed in
paraformaldehyde-lysine-periodate at the end of hypoxia or after hypoxia and reoxygenation were cryosectioned and stained for F-actin with rhodamine
phalloidin or immunostained for fodrin, or the b1 or a6 integrin subunits. In each of the sets of images, a and d are oxygenated time controls corresponding to
the ends of the 60-minute hypoxic and 60-minute hypoxia plus 60 minutes reoxygenation periods, respectively. b and c are representative of the range of changes
seen in tubules at the end of the 60-minute hypoxic period. The e panels show representative tubules after hypoxia followed by reoxygenation with NES. The
f panels are from the paired flasks that were also subjected to hypoxia and reoxygenation, but were supplemented with aKG/ASP during reoxygenation.
Magnifications are the same in each panel; scale bars, 10 mm.

Figure 4. Immunoblot for total b1 integrin. Tubules were incubated under
oxygenated control conditions for 75 minutes (759 TC), for 60 minutes of
hypoxia, or 60 minutes of hypoxia and 60 minutes reoxygenation with NES
during either during hypoxia or reoxygenation. H, sample taken at the end of
60 minutes hypoxia; R, sample taken after 60 minutes hypoxia followed by 60
minutes reoxygenation. ATP was added to the medium during reoxygen-
ation.
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dephosphorylation (Figure 5A, lanes 2 and 6). Total
amounts of p130cas, FAK, and paxillin were unchanged
(Figure 5; B, C, and E; lanes 2 and 6). Each of these
proteins had a distinctly more rapid migration during
hypoxia, as expected for the dephosphorylated state.
This change was most clearly evident in the migration of
paxillin, for which, as shown below, it was likely because
of loss of both tyrosine and serine/threonine phosphory-
lation. Faster migration during hypoxia was not evident
for a fourth tyrosine-phosphorylated protein that we as-
sessed, the p85a chain of phosphatidylinositol-3-kinase
(Figure 5D). When aKG/ASP was present during hypoxia
(Figure 5A, lane 4), tubules maintained slightly, but con-
sistently higher 4G10 signals in several of the bands
including those at 68 to 75 kd and 120 to 130 kd. We
quantitated the changes in the 68 to 75 kd band (Figure
6). During hypoxia with NES, the intensity of the signal fell
to 5.1 6 0.7% of control; with aKG/ASP, it was 13.0 6
2.2% of control. Compared to samples from tubules with
NES (Figure 5E, lanes 2 and 6), samples from the tubules

treated with aKG/ASP during hypoxia (Figure 5E, lane 4)
also showed slightly slower migration of paxillin, although
it was still distinctly faster than migration of paxillin in the
controls.

At 60 minutes reoxygenation of preparations incubated
with NES during hypoxia or reoxygenation, recovery of pY
and normal migration patterns of FAK, p130cas, and
paxillin was poor (Figure 5A, lane 3). The presence of
aKG/ASP during either only hypoxia or only reoxygen-
ation restored the intensity of the 4G10 signal and the
migration patterns of the three focal adhesion proteins
measured at the end of reoxygenation to nearly normal
(Figure 5; A, B, C, and E; lanes 5 and 7).

To further establish that the tyrosine phosphorylation
changes occur in specific focal adhesion proteins, we
used newly available phosphorylation state-specific anti-
bodies to pY31 and pY118 of paxillin and to pY397 of FAK
as well as immunoprecipitation. As shown in Figure 7A,
the phosphorylation of each of the three specific pYs was
either markedly reduced or totally lost during hypoxia. For
these studies, reoxygenation with NES was compared to
reoxygenation in the presence of aKG/MAL, which has
metabolic effects identical to those of aKG/ASP.35 Phos-
phorylation of each of the pYs recovered poorly during
reoxygenation with NES and strongly in paired flasks
treated with aKG/MAL during reoxygenation. A similar
protocol was followed for studies using immunoprecipi-
tation with anti-p130cas or anti-pY (Figure 7B). After im-
munoprecipitation with anti-p130cas, the pY signal from
hypoxic tubules and tubules that were reoxygenated with
NES was much reduced as compared to that of oxygen-
ated controls and tubules reoxygenated with aKG/MAL.
Recovery of both p130cas and paxillin in anti-pY immu-
noprecipitates was nearly absent in samples taken at the
end of hypoxia and sharply reduced in tubules reoxygen-
ated with NES as compared to oxygenated controls and
tubules reoxygenated with aKG/MAL.

Consistent with the strong pY signals for focal adhe-
sion proteins on the 4G10 immunoblots of control tubules
(Figures 5A and 6A), immunostaining for pY with 4G10,
like that of paxillin, was concentrated at the basal mem-

Figure 5. Tyrosine phosphorylation patterns of focal adhesion proteins dur-
ing hypoxia/reoxygenation. These samples correspond to some of the con-
ditions studied in Figure 1 and were taken from the same experiments. A to
E: Western blots probed with the indicated mAbs of whole cell extracts from
tubules subjected to 60 minutes of hypoxia and reoxygenation with either
NES or aKG/ASP. pY, Phosphotyrosine; FAK, focal adhesion kinase; H,
samples taken at the end of 60 minutes hypoxia; R, sample taken from the
same flask as the H sample in the preceding lane enclosed in the same box,
but obtained after 60 minutes of reoxygenation. aKG/ASP (4.0 mmol/L) was
present during either only hypoxia (lane 4) or only reoxygenation (lane 7)
as indicated; TC, oxygenated time-control tubules sampled after the indicated
durations of incubation.

Figure 6. Quantitation of changes of tyrosine phosphorylation during hyp-
oxia. A: Representative scan as used for densitometry of phosphotyrosine
(pY) immunoblots. The mg protein values given below each lane indicate the
amount of sample protein run in that lane. Lanes 1 to 4 contain incremental
amounts of the oxygenated time control (TC) sample. Lanes 5 to 8 are
experimental samples taken at the end of 60 minutes of hypoxia (H) with
either NES or 4.0 mmol/L aKG/ASP. Each end hypoxia sample is from a
separate experiment. Larger amounts of protein were run in the hypoxia
lanes to provide signals that are measurable against the most linear portion
of the signal range of the control samples. B: Summary of densitometry
analysis of the 68- to 75-kd band that corresponds to the location of paxillin.
Values are means 6 SE for n 5 10. *, P , 0.05 versus hypoxia without
aKG/ASP.
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brane of oxygenated control tubules (Figure 8, a and d).
Paxillin staining in some cells was also seen in a supranu-
clear distribution, which likely reflects its presence in the
Golgi apparatus as previously described.54 Immuno-
staining for pY almost entirely disappeared during hyp-
oxia (Figure 8, b and c). It recovered poorly during reoxy-
genation in most tubules with NES during hypoxia or
reoxygenation (Figure 8e), but recovered strongly in most
tubules supplemented with aKG/ASP during reoxygen-
ation (Figure 8f). Immunostaining for paxillin during hyp-
oxia and reoxygenation followed a pattern similar to that
of pY (Figure 8). The pY immunostaining results for a
series of these experiments are quantitated in Figure 9,
which shows that, with NES, two-thirds of tubules had
weak or absent recovery of pY immunostaining. In the
presence of aKG/ASP during reoxygenation, 90% had
good or normal staining.

The loss of pY during hypoxia was mediated by vana-
date-sensitive phosphatases, because it was almost en-
tirely blocked in tubules treated with pervanadate (Figure
10A,40,41). The pervanadate-treated tubules had better
retention of basal staining for pY, but it was still markedly
decreased relative to controls (Figure 10C). The faster
migration of paxillin during hypoxia, which was evident in
both the 4G10-stained immunoblot (Figure 10A) and the
blot immunostained for paxillin (Figure 10B), was some-

Figure 7. Immunoblots with phosphorylation state-specific antibodies to
paxillin and focal adhesion kinase and after immunoprecipitation with anti-
p130cas or anti-pY. A: Western blots of total cell protein from tubules sub-
jected to 60 minutes of hypoxia followed by 60 minutes of reoxygenation
were probed with the indicated phosphorylation state-specific antibodies
(top), then the membranes were reprobed (bottom) with the same anti-
bodies used in Figure 5, which recognize the proteins irrespective of their
phosphorylation state. pY, phosphotyrosine; FAK, focal adhesion kinase; H,
sample taken at the end of 60 minutes of hypoxia with NES; R, samples taken
from the same flask as the H sample, but obtained after 60 minutes of
reoxygenation with either NES or 4.0 mmol/L aKG/MAL; 759 TC, oxygenated
time control at 75 minutes of incubation. Blots shown are all for samples from
the same experiment, which is representative of the results of four separate
studies analyzed by this approach. B: Representative blots showing the
results of: 1) immunoprecipitation (IP) with anti-p130cas followed by immu-
noblotting (IB) for pY, then p130cas; and 2) immunoprecipitation with
anti-pY followed by immunoblotting for pY, then p130cas and paxillin.
Experimental protocols and labeling are otherwise the same as for A.

Figure 8. Immunolocalization of pY and paxillin. Tubules were from the
same experiments as illustrated in Figure 3 and the images are similarly
organized. In each set, a and d are oxygenated time controls. b and c:
Representative of the range of changes seen in tubules at the end of 60
minutes of hypoxia with NES. e: Representative tubules after hypoxia fol-
lowed by reoxygenation with NES. f: Paired flasks that were also subjected to
hypoxia and reoxygenation, but were supplemented with aKG/ASP during
reoxygenation. Magnifications are the same in each panel; scale bars,10 mm.

Figure 9. Quantitation of pY immunostaining intensity patterns during hyp-
oxia/reoxygenation. Tubules were immunostained for pY as in Figure 8 after
135 minutes of oxygenated control incubation (1359 TC), 60 minutes hypoxia
with no extra substrates (H NES), 60 minutes of hypoxia and 60 minutes of
reoxygenation with no extra substrates (R NES), or 60 minutes hypoxia and
60 minutes of reoxygenation with aKG/ASP during reoxygenation (R aKG/
ASP). Shown are the percentages of tubules with entirely normal, good,
weak, or absent staining among a total of 40 to 70 tubules from three separate
preparations that were examined for each condition. By these criteria, a and
f of the pY-stained tubules in Figure 8 show normal tubules. d: A good
tubule, which is a common finding under control conditions and is charac-
terized by staining that is weaker or more irregular than the best tubules seen,
usually because of the angle of sectioning. b and e: Tubules with weak
staining. Staining would be classified as absent for the tubule in c.
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what reduced, but not eliminated by pervanadate. The
failure of vanadate to completely prevent the faster mi-
gration of paxillin (Figure 10B) despite its effect to pre-
serve pY content of the protein (Figure 10A) is likely
because of the substantial serine/threonine phosphoryla-
tion of paxillin,50,51,53 decreases of which would not have
been affected by vanadate inhibition of tyrosine phos-
phatases.

The studies in Figures 2 to 10 suggest that tyrosine
phosphorylation could be used as an index of effective
ATP availability, which would complement the information
from direct measurements of ATP. ATP recovery of the
tubules during reoxygenation is a function of both their
capacity for oxidative phosphorylation and the size of the
purine pool available for rapid rephosphorylation. Exog-
enous adenine nucleotides can be added to the tubule
suspensions to compensate for decreases of the purine
pool during hypoxia55 and allow cell ATP to be a better
index of recovery of mitochondrial function.33–35 Adeno-
sine formed from catabolism of the medium nucleotides
is transported into the cells and increases cell ATP in
both oxygenated control tubules and reoxygenated tu-
bules (Figure 1).33–35,56 Exogenous nucleotides are bet-
ter for this purpose than adenosine itself because of the
kinetics of extracellular nucleotide and adenosine catab-
olism and adenosine uptake by the tubules.56 As shown
in Figure 1, under equivalent conditions of exogenous
purine supplementation, tubules supplemented with
aKG/ASP recovered their ATP levels during reoxygen-

ation better than tubules with NES. However, the ATP
levels of the aKG/ASP-supplemented tubules that did not
also receive exogenous ATP, particularly the group sup-
plemented with aKG/ASP only during reoxygenation,
were only slightly higher than the ATP levels of tubules
with NES that received exogenous ATP (Figure 1).

To assess whether the equivalence of ATP levels be-
tween the latter two conditions represented similar cellu-
lar recovery, we performed additional experiments that
included an assessment of mitochondrial membrane po-
tential (Dcm) as a direct marker of mitochondrial func-
tional integrity34 and of tyrosine phosphorylation (Figure
11). In these studies, we used two alternate substrate
combinations that behave similarly to aKG/ASP, gluta-
mate plus malate and aKG plus malate (aKG/MAL).35

Each combination was delivered only during reoxygen-
ation with and without supplemental purine (250 mmol/L
AMP) in the medium. With both substrate combinations,
the groups that received ES without AMP (1ES/2AMP)
had ATP levels that were indistinguishable from tubules
with NES that received AMP (NES/1AMP, Figure 11A).
The 1ES/2AMP tubules, however, had nearly complete
recovery of pY on immunoblots (Figure 11B) and signifi-
cantly better recovery of Dcm than the NES/1AMP
groups, although Dcm did not quite reach the level seen
in the presence of both supplemental substrate and AMP
(1ES/1AMP) (Figure 11A). Thus, substrate-supple-
mented tubules have substantially stronger recovery of
both mitochondrial function and tyrosine phosphorylation
than tubules without extra protective substrates, even in
the absence of the maximal restoration of cellular ATP
that is promoted by the exogenous purines.

Discussion

Adhesive contacts between cells and the extracellular
matrix are mediated by integrins that concentrate in focal
adhesions where actin stress fibers and associated pro-
teins are anchored. Binding of integrins to their matrix
targets promotes integrin clustering and association with
the cytoskeleton, which, in turn leads to further clustering
and remodeling of the matrix in a positive feedback sys-
tem.44–46,48 The tyrosine and serine-threonine phospho-
rylation-mediated interactions among the nonreceptor ty-
rosine kinase, focal adhesion kinase,57 and adapter
proteins such as paxillin53 and p130cas52 that become
associated in focal adhesions transduce chemical sig-
nals and functionally and physically link these complexes
with growth factor58 and G protein-coupled59 receptors.
Cell shape, motility, survival,36–38 and proliferation are all
regulated by these interactions.

Although available data are conflicting about the pre-
cise changes that occur in vivo,17,18 redistribution of tu-
bule cell b1 integrins from their normal sites at the basal
surface during ischemic acute renal failure and related
forms of acute tubule injury has been implicated in loss of
cell adhesion and dysfunctional re-aggregation of de-
tached tubule cells.14–19,60,61 In the present study, im-
munostaining for b1 integrin was strikingly decreased
during hypoxia. This observation contrasts with a previ-

Figure 10. Effect of inhibiting tyrosine phosphatases with pervanadate on
dephosphorylation during hypoxia. Tubules were subjected to 60 minutes of
hypoxia (H) with NES without or with 120 mmol/L of pervanadate (PERV).
Samples collected at the end of hypoxia were immunoblotted for pY (A) and
paxillin (B) and immunostained for pY (C). TC indicates oxygenated time
control samples corresponding to the start of hypoxia at 15 minutes of
incubation and the end of hypoxia at 75 minutes of incubation. Each lane in
the immunoblot is from a separate flask subjected to the indicated conditions.
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ous study of rat kidney where it was not changed during
ischemia before reperfusion.18 We have observed a sim-
ilar decrease of immunostaining for b1 in ischemic rabbit
kidney (data not shown), so the loss of immunostaining
for b1 is not a peculiarity of the isolated tubules. It does
not represent a complete loss of integrins from the baso-
lateral surface because a6, although redistributed, was
still partially retained there (Figure 2). It is also not due to
of degradation of the protein because total b1 protein
measured by immunoblotting was unchanged and immu-
nostaining was rapidly restored during reoxygenation in
the substrate-supplemented tubules (Figure 3). We sus-
pect that the loss of immunostaining for b1 derives from
an ATP depletion-dependent change in the epitope rec-
ognized by the mAb used,62 but further studies will be
needed to be establish this. Nonetheless, the data dem-
onstrate major changes in both b1 and a6 during the
insult.

There is relatively little published information about
focal adhesion proteins in proximal tubule cells
13,19,47,63,64. In the previous work most relevant to the
present studies, tyrosine phosphorylation was gener-
ally decreased in cultured mouse proximal tubule cells
that were ATP depleted with cyanide and deoxyglu-
cose, although increases in some proteins that were
enhanced by vanadate provided evidence for continu-
ing tyrosine kinase activity under those conditions.13 In
the present studies, pY content of all of the major focal
adhesion proteins decreased by .90% during hypoxia
without any changes of total protein content.

The sensitivity of tyrosine phosphorylation to ATP avail-
ability and its usefulness for monitoring that parameter is

emphasized by the studies of tubules treated with aKG/
ASP during hypoxia in which the slightly higher levels of
ATP were accompanied by 2.5-fold higher levels of ty-
rosine phosphorylation of paxillin, although phosphoryla-
tion remained low compared to controls (Figure 6). This
observation importantly demonstrates that, although the
steady-state concentration increment of ATP produced
by the substrates is extremely small, it is indicative of a
continuing supply of ATP that is capable of supporting
some phosphorylation of highly labile cytosolic proteins
in addition to preventing the mitochondrial lesion. As
shown in Figures 1 and 5, these events were sufficient to
allow strong recovery of both mitochondrial metabolism
and tyrosine phosphorylation during reoxygenation even
if protective substrates were not continued during the
reoxygenation period. Moreover, provision of the protec-
tive substrates only during reoxygenation after the com-
pletion of the changes induced by hypoxia per se was
nearly as effective.

The measurements at the end of reoxygenation are
notable for the rapidity and completeness of recovery
of protein phosphorylation and localization in the sub-
strate-supplemented tubules, even after 60 minutes of
very severe hypoxia-induced ATP depletion and, as
shown in the Figure 11 studies, despite the limited
restoration of cell ATP when the substrate-supple-
mented tubules were not also purine supplemented.
Tubules treated with aKG/MAL or glutamate plus
malate during reoxygenation without concomitant AMP
supplementation in the medium (ES/2AMP) recovered
cell ATP only to the low levels measured in tubules that

Figure 11. Extent of ATP recovery required for protective effects of supplemental substrates. A: Tubules were subjected to 60 minutes of hypoxia and 60 minutes
of reoxygenation with either NES or extra substrates (ES). Four mmol/L concentrations of the supplemental substrates, glutamate plus malate or aKG/MAL, were
provided only during reoxygenation. For each condition, tubules were studied with (1) and without (2) AMP (250 mmol/L) in the medium during reoxygenation.
Values are means 6 SE for n 5 4–10. *, Significantly different from corresponding NES/1AMP group; #, significantly different from corresponding ES/2AMP
group. Values for control oxygenated tubules (not shown in the figure) at 135 minutes of total incubation corresponding to the end of the reoxygenation period
in the experimental flasks were: ATP, 19.2 6 2.3 nmol/mg protein with AMP and 6.57 6 0.25 without AMP; 5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimida-
zocarbocyanine iodide (JC-1) 590/530 nm ratio, 4.34 6 0.06 with AMP and 4.21 6 0.15 without AMP. B: pY immunoblot for a representative experiment from the
series of studies in which aKG/MAL was used as the ES. Lane 1, oxygenated time control (TC); lane 2, hypoxia/reoxygenation with NES, AMP present during
reoxygenation (1AMP); lane 3, hypoxia/reoxygenation with ES during reoxygenation, but without AMP (2AMP); lane 4, hypoxia/reoxygenation with ES and
AMP present during reoxygenation. The ATP values given for each of the samples were obtained at the end of reoxygenation at the same time as the protein for
immunoblotting was collected. pY signals of oxygenated controls were not affected by ES or AMP (not shown).
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were not supplemented with protective substrates, but
which had AMP added to their medium (NES/1AMP)
(Figure 11A). Despite their low ATP levels, the ES/
2AMP tubules had strong recovery of both Dcm (Figure
11A) and tyrosine phosphorylation (Figure 11B). These
observations are best interpreted in the context of the
recovery patterns of individual tubules under protected
and unprotected conditions. As shown by the quanti-
tative immunostaining data in Figure 9, most tubules in
unprotected samples have very low or absent recovery
of tyrosine phosphorylation, but a subpopulation does
recover strongly. Most of the Dcm and immunoblot pY
signals derive from this subpopulation that recovers,
so the values averaged over the whole suspension
underestimate recovery of these cells and overesti-
mate recovery of the rest. In contrast, most substrate-
protected tubules recover tyrosine phosphorylation
strongly, so that the average values for these samples
are more representative of the majority of individual
tubules. The 1.9- to 2.3-nmol/mg protein ATP levels of
the ES/2AMP tubules, which were 30% of the ATP
levels of oxygenated controls not supplemented with
AMP and 10% of controls that were supplemented with
AMP, are, thus, above the threshold of cell ATP re-
quired for essentially full recovery of phosphorylation
and localization of the focal adhesion proteins as-
sessed. The data indicate that the threshold for coor-
dinated re-assembly of focal adhesions was not
reached in most cells during reoxygenation after 60
minutes of hypoxia without extra protective substrates.
Whether other surface protein assemblies that are dis-
rupted during ATP depletion such as tight junctions
and adherens junctions5,9 –13 show different patterns of
recovery and dependence on ATP availability during
reoxygenation is an interesting question that can be
addressed by future studies with this model. The ex-
cellent recovery of fodrin and microvillar actin in the
substrate-protected tubules (Figure 3) indicates that
the benefit is not limited to focal adhesions.

In conclusion, hypoxic isolated proximal tubules de-
velop alterations in basal membrane immunostaining for
b1 and a6 integrins and paxillin and extensive dephos-
phorylation of multiple tyrosine phosphorylated focal ad-
hesion proteins that indicate major disruption of focal
adhesions. Citric acid cycle metabolites that support an-
aerobic pathways of mitochondrial metabolism provide
ATP that is available in the cytosol during hypoxia and
promote recovery of mitochondrial function during reoxy-
genation. This enables a strikingly rapid and complete
restoration of phosphorylation and normal basal localiza-
tion of these proteins along with a generalized improve-
ment of cytoskeletal recovery. Given the importance of
cell-matrix interactions involving focal adhesions for
maintaining cell adhesion and mediating signaling events
required for survival, these data support the concept that
the energetic deficit in the tubules and its modification by
protective substrates play pivotal roles in both their im-
mediate recovery from ATP depletion and their long-term
prospects for viability.
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