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Renal injury evokes tubular cholesterol accumula-
tion, mediated in part by increased HMG CoA reduc-
tase (HMGCR) levels. The present study was under-
taken to define potential molecular determinants of
these changes and to ascertain the relative impor-
tance of increased cholesterol production versus me-
valonate pathway-driven protein prenylation, on the
emergence of the so-called postrenal injury “cytore-
sistant state.” Cultured proximal tubule (HK-2) cells
were subjected to Fe or ATP depletion injury, fol-
lowed 1 to 24 hours later by assessments of: 1) sterol
transcription factor expression (SREBP)-1 and -2); 2)
HMGCR mRNA levels; and 3) Ras/Rho prenylation.
HMGCR mRNA and Ras/Rho prenylation were also
assessed after in vivo ischemic and Fe-mediated renal
damage. Using specific inhibitors, the relative impor-
tance of protein prenylation versus terminal choles-
terol synthesis on HK-2 cell susceptibility to injury
was also assessed. Acute injury induced HK-2 cell
SREBP disruption and reductions in HMGCR mRNA.
Renal cortical HMGCR mRNA also fell in response to
either in vivo ischemic or Fe-mediated oxidant dam-
age. At 24 hours after in vitro/in vivo injury, a time of
cholesterol buildup, no increase in Ras/Rho prenyla-
tion was observed. Prenylation inhibitors did not sen-
sitize HK-2 cells to injury. Conversely, squalene syn-
thase (terminal cholesterol synthesis) blockade
sensitized HK-2 cells to both Fe and ATP depletion
attack. We concluded that: 1) acute tubular cell injury
can destroy SREBPs and lower HMGCR mRNA. This
suggests that posttranscriptional/translational events
are responsible for HMGCR enzyme and cholesterol
accumulation after renal damage. 2) Injury-induced
cholesterol accumulation appears dissociated from
increased protein prenylation. 3) Cholesterol accu-
mulation, per se, seems to be the dominant mecha-
nism by which the mevalonate pathway contributes
to the postrenal injury cytoresistant state. (Am J
Pathol 2002, 161:681–692)

Previous work from this laboratory has demonstrated that
within 18 to 24 hours of acute ischemic, toxic, obstructive,
or immunological injury, renal cortical cholesterol accu-
mulation results.1–5 Given that each of these insults in-
duces marked histological injury, it is tempting to postu-
late that this cholesterol accumulation is an adaptive
response to overt tissue damage. However, subsequent
observations from this laboratory indicate that acute
physiological perturbations, such as heat shock, endo-
toxemia, or mild dehydration, can also increase renal
cholesterol levels despite normal renal histology.6 These
findings have led us to conclude that renal cholesterol
accumulation is part of a multifaceted renal stress re-
sponse.6 Indeed, that cholesterol increments can be ob-
served even in the absence of increased heat shock
protein expression points to the sensitivity, and ubiqui-
tous nature, of this reaction.6

To date, this laboratory has partially characterized this
cholesterol overload state as follows: 1) after renal stress,
a lag time of �18 to 24 hours is required for cholesterol
accumulation to result.1,2 2) Increased renal tubular cell
cholesterol synthesis is at least partially responsible for
the cholesterol increments, based on observations that
statin therapy can block this reaction in stressed cultured
proximal tubular HK-2 cells.2 3) Increases in HMG CoA
reductase (HMGCR) likely contribute to this response,
given that its expression, as assessed by Western blot, is
heightened after in vivo heat shock, renal ischemia, and
glycerol-induced rhabdomyolysis.5 4) As free cholesterol
rises, part of it becomes esterified, leading to massive
increases (�50–100�) in tissue cholesteryl ester
pools.2–6 5) The cholesterol accumulation causes an up-
regulation of caveolins,6 a family of cholesterol-binding
proteins that regulate caveolae microdomain function
and formation within plasma membranes. 6) The degree
of cholesterol accumulation closely mirrors the severity,
and course, of the evolving renal damage.4 and 7) Al-
though all of the pathophysiological consequences of
postrenal injury cholesterol accumulation have not been
defined, a large body of experimental data1,7,8 indicate
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that it helps mediate the so-called “cytoresistant state”
(ie, postinjury-associated reductions in proximal tubular
cell susceptibility to additional forms of attack). The in vivo
correlate of this cellular phenomenon is acquired resis-
tance to acute renal failure (ARF).9–14

Given the seemingly ubiquitous nature of stress-in-
duced cholesterol accumulation, the present study was
undertaken to gain additional insights into the molecular
mechanisms leading to its expression, and to gain addi-
tional support to mechanistically link it to the cytoresistant
state. The following specific issues have been ad-
dressed: first, given that HMGCR is the rate-limiting step
in cholesterol synthesis,14,15 might increased enzyme ex-
pression in postinjured tissues stem from a genomic re-
sponse, culminating in increased HMGCR mRNA, and
hence, HMGCR protein, levels? Second, because
SREBPs (sterol regulatory element-binding proteins) are
the transcription factors that primarily regulate choles-
terol homeostasis,16–21 are these proteins acutely acti-
vated by cell injury, a process that requires their prote-
olysis? Third, although there is compelling evidence that
tissue cholesterol content is a critical determinant of cel-
lular susceptibility to injury, it is noteworthy that activation
of the HMGCR/mevalonate pathway can potentially in-
crease prenylation of a number of signaling molecules
(eg, involving GTP-binding proteins such as Ras and
Rho).22,23 Because the latter can also modulate cell injury
responses,24–28 does postinjury mevalonate pathway ac-
tivation/HMGCR enzyme accumulation impact the cytore-
sistant state via an increase in protein prenylation, and
not simply by an increase in tissue cholesterol content?
Experiments into each of these issues form the basis of
this report.

Materials and Methods

In Vivo Animal Models of Renal Injury: Glycerol
and Postischemic ARF

Glycerol-induced rhabdomyolysis and postischemic re-
nal injury were chosen as the two ARF models for study-
ing the above delineated issues. This is because each
has previously been demonstrated to manifest all of the
characteristic features of the acquired cytoresistance
state (ie, resistance to ARF,12,29 increases in cholesterol
and HMGCR enzyme expression within renal cortex/prox-
imal tubules1,4,5). Male CD-1 mice (25 to 35 g; Charles
River Laboratories; Wilmington, MA), housed under stan-
dard vivarium conditions with free food and water ac-
cess, were used.

Glycerol-Induced ARF

Mice were anesthetized with isoflurane for approxi-
mately 30 seconds and then injected with 8.5 ml/kg of
50% glycerol in equally divided doses into each upper
hind limb. At selected times thereafter (2, 4, 24 hours),
they were reanesthetized with pentobarbital (1 to 2 mg
i.p.), and the kidneys were removed through a midline
abdominal incision. For animals studied 24 hours after

glycerol injection, blood samples were obtained from the
inferior vena cava for blood urea nitrogen (BUN) analysis
just before kidney resection. Simultaneously treated
sham mice provided control samples. The kidneys were
used for either HMGCR mRNA or Western blot (Ras/Rho)
analysis, as described below.

Postischemic ARF

Mice were anesthetized with pentobarbital and then
both renal pedicles were isolated through a midline ab-
dominal incision and occluded for either 10 or 30 minutes
with smooth vascular clamps, as previously described.1

Body temperature was maintained at 36°C to 37°C during
this period. After completion of the ischemic period, the
clamps were removed, the abdominal incision sutured,
and the mice were allowed to recover from anesthesia.
After completing either a 1-hour or 24-hour reflow period,
the mice were reanesthetized, a blood sample was ob-
tained from the inferior vena cava for BUN determination
(24-hour reflow experiments), and then the kidneys were
resected. Cortical tissues from these mice, and from
sham-operated mice, were collected and saved for either
Ras/Rho Western blotting or for HMGCR mRNA analysis,
as described below.

Specific in Vivo Experiments

HMGCR mRNA Levels after Glycerol-Induced Renal
Injury

Eighteen mice were injected with glycerol, as noted
above. At either 2, 4, or 24 hours after glycerol injection
(n � 6 at each time point), the kidneys were removed and
the cortices dissected. Simultaneously obtained cortical
samples from 12 nonglycerol-treated mice were obtained
to provide normal tissue samples. RNA was extracted
and the samples were analyzed for HMGCR mRNA, as
described below.

HMGCR mRNA after Fe-Induced Renal Injury

Although the glycerol model of ARF is mediated, in
large part, by heme iron cytotoxicity, many other factors
are also involved (muscle injury, hemolysis, cardiac/he-
patic dysfunction, cytokine/tumor necrosis factor-� re-
lease).30 Hence, potential changes in renal cortical
HMGCR mRNA after glycerol injection cannot necessarily
be attributed specifically to iron-mediated injury. Hence,
a second model of in vivo Fe injury was used (ferric Fe
injection; in the form of the Venofer, a clinically used Fe
preparation used for Fe replacement in end-stage renal
disease patients). Previous work from this laboratory has
demonstrated that Venofer Fe is directly cytotoxic to tu-
bular and endothelial cells, in part by inducing marked
lipid peroxidation and cellular ATP depletion.31 Five mice
received an intramuscular injury of 100 �l of Venofer (2
mg of elemental ferric iron; American Reagent Laborato-
ries, Shirley, NY). Three hours later, these mice and five
control mice were deeply anesthetized and both kidney
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and liver samples were resected (much of injected Ve-
nofer Fe is removed by the hepatic reticuloendothelial
system). The tissues were then processed for HMGCR
mRNA.

HMGCR mRNA Levels after Postischemic Renal
Injury

Ten-Minute Ischemia Protocol: Eight mice were sub-
jected to the 10-minute ischemia protocol, with half un-
dergoing either the 1-hour or 24-hour reperfusion period.
At the end of this time, the kidneys were removed and
RNA was isolated for subsequent HMGCR mRNA analy-
sis. Eight sham-operated mice provided control tissues.

Thirty-Minute Ischemia Protocol: To assess the impact
of a more severe form of injury on renal cortical HMGCR
mRNA, eight mice were subjected to a 30-minute bilateral
renal ischemia protocol. Eight sham-operated mice
served as controls. After completing a 24-hour reperfu-
sion/sham reperfusion period, the mice were reanesthe-
tized, a blood sample was obtained BUN, and then the
kidney tissues were harvested for mRNA.

Hepatic HMGCR mRNA after Statin Treatment

As a positive control for the HMGCR mRNA analysis,
three mice were fed a diet containing 10 mg of atorva-
statin (Pfizer, Ann Arbor, MI) per gram of food, as previ-
ously described.5 After 3 days on this diet, these mice
and three pair-fed control mice were anesthetized and
the livers were resected. The samples were subjected to
RNA extraction, followed by polymerase chain reaction
(PCR) analysis of HMGCR mRNA (see below). (Note:
statin therapy, by inhibiting hepatic cholesterol synthesis,
should cause a compensatory increase in hepatic
HMGCR mRNA. Hence, an increase in the latter would
serve as a positive biological control for HMGCR mRNA
analysis.)

In Vivo Assessment of Protein Prenylation in the
Cytoresistant State

Glycerol-Induced ARF: The following experiment was
undertaken to ascertain whether the postrenal injury cho-
lesterol overload state is accompanied by an increase in
mevalonate pathway-mediated protein prenylation. Ras
and Rho, two GTP-binding proteins that undergo preny-
lation modification,22,23 were selected for these assess-
ments. Four mice were subjected to glycerol treatment as
noted below, followed 24 hours later by kidney extraction.
The renal cortices were dissected and stored at �70°C
until Western blot analysis for Ras and Rho (described
below). Cortical tissues from four normal mice served as
controls.

Postischemic ARF: Four mice were subjected to the
30-minute ischemia/24-hour reperfusion protocol, as
noted above. The mice were reanesthetized, a blood
sample was obtained from the inferior vena cava for BUN
analysis, and then both kidneys were resected. Cortical
tissues from these mice, and from four sham-operated

mice, were collected and saved for Western blot Ras/Rho
analysis (see below).

Cultured Proximal Tubular (HK-2) Cell
Experiments

Assessment of HMGCR mRNA Levels after Fe and
ATP Depletion Injury

Fe-Induced Injury: HK-2 cells, an immortalized human
proximal tubular cell line,32 were used for the following
experiments. The cells were cultured in T-75 flasks with
keratinocyte serum-free medium (K-SFM) as previously
described.32 After achieving near confluence, 16 flasks
were divided into four experimental groups: 1) continued
control incubation for 4 hours; 2) continued control incu-
bation for 24 hours; 3) incubation with a Fe-induced
oxidant challenge for 4 hours (10 �mol/L of ferrous am-
monium sulfate complexed with equimolar hydroxyquin-
oline, a Fe siderophore that allows for intracellular Fe
access; FeHQ1); and 4) incubation with 7.5 �mol/L of
FeHQ for 24 hours. After completing these incubations,
the flasks were iced and the cells were detached with a
cell scraper. They were then pelleted and RNA was ex-
tracted for HMGCR mRNA analysis (see below).

ATP Depletion/Ca Overload Injury: Eight flasks of HK-2
cells were established as noted above and divided into
two groups: 1) ATP depletion/Ca ionophore-induced in-
jury [7.5 �mol/L antimycin A, 20 mmol/L 2-deoxyglucose,
10 �mol/L Ca ionophore A23187 (ADC), in 0.2% dimethyl
sulfoxide; 0.1% ethanol33], or 2) incubation under contin-
ued control incubation conditions (with ADC vehicle).
After 4 hours under these conditions, corresponding with
severe ATP depletion,33) the cells were collected and
RNA was extracted for subsequent HMGCR mRNA anal-
ysis, as described below.

Assessment of SREBP-1 and SREBP-2 Expression
after Tubular Cell Injury

These experiments were undertaken to assess the im-
pact of acute cell injury on SREBP-1 and -2 transcription
factor expression. (Note: Only in vitro, not in vivo, experi-
ments were conducted because of a lack of appropriate
antibodies for probing murine SREBPs.)

Fe-Mediated Oxidative Injury: HK-2 cells were grown in
24 T-75 flasks. On achieving near confluence, they were
divided into six equal groups as follows: groups 1 to 3,
continued control incubation for 1, 4, or 24 hours; groups
4 and 5, incubation with 10 �mol/L FeHQ for 1 or 4 hours;
and group 6, incubation with 7.5 �mol/L FeHQ for 24
hours. The cells were detached with a cell scraper, col-
lected, and protein extracts were prepared. These were
then stored at �70°C until SREBP-1 and -2 Western blot
analysis, as described below.

ADC Injury: HK-2 cells, grown in 16 T-75 flasks, were
divided into four equal groups as follows: 1) control in-
cubation for 1 hour, 2) control incubation for 4 hours, 3)
incubation with the above ADC challenge for 1 hour; and
4) the ADC challenge for 4 hours. The cells were then
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harvested and the proteins extracted for Western blot
analysis.

Mevastatin Treatment: The following experiment served
as a positive control for detecting SREBP up-regulation.
Six T-75 flasks were divided into two equal groups and
incubated either with 10 �mol/L mevastatin (Sigma, St.
Louis, MO) to inhibit HMGCR or mevastatin vehicle (0.1%
ethanol). Twenty-four hours later, the cells were detached
and the proteins extracted for SREBP-1 and -2 Western
blot analysis.

Assessment of HK-2 Cell Ras and Rho Prenylation

HK-2 cells were cultured in nine T-75 flasks, as noted
above. On reaching near confluence, the flasks were
divided into three equal groups: 1) continued control
incubation, 2) incubation with 7.5 �mol/L FeHQ, and 3)
incubation with 10 �mol/L mevastatin. (The purpose of
the mevastatin group was to serve as a positive control,
because HMGCR inhibition should decrease protein pre-
nylation.) After completing 24-hour incubations, cell pro-
tein extracts were prepared and probed for Ras and Rho
by Western blotting.

Impact of Protein Prenylation Inhibitors on HK-2 Cell
Susceptibility to Injury

The following experiments were undertaken to ascer-
tain the impact of protein prenylation on cellular suscep-
tibility to injury. HK-2 cells were maintained under routine
culture conditions in T-75 flasks with K-SFM, as noted
above. At near confluence, the cells in each flask were
detached by trypsinization and seeded into 24-well clus-
ter plates (4 plates per flask) and used as follows:

Farnesyl Protein Transferase (FPT) Inhibition: FPT-1 Inhib-
itor Effect on Fe-Mediated Injury: Four 24-well cluster
plates were seeded with HK-2 cells and each plate was
divided into six treatment groups as follows: 1) control
incubation; 2) incubation with 10 �mol/L of FPT-1 inhibitor
(dissolved in distilled water, cat. no. 344153; Calbio-
chem, San Diego, CA); 3) incubation with 25 �mol/L of
FPT-1 inhibitor; 4) incubation with 7.5 �mol/L of FeHQ; 5)
addition of 10 �mol/L of FPT-1 inhibitor, followed 6 hours
later by the addition of the above Fe challenge; and 6)
addition of 25 �mol/L of FPT-1 inhibitor, followed 6 hours
later by the Fe challenge. Eighteen hours after the addi-
tion of the Fe challenge, cell injury was assessed by
percentage of lactate dehydrogenase (LDH) release.1

FPT-1 Inhibitor Effect on ADC-Mediated Injury: Four
plates of HK-2 cells were established plus or minus the
FPT-1 inhibitor doses noted above. After a 6-hour pre-
treatment period, the cells in each plate were subjected
to either the ADC challenge or to incubation with ADC
vehicle. Cell injury was assessed 18 hours later by per-
centage of LDH release.

Impact of FPT-II Inhibitor on Fe and ATP Depletion Medi-
ated Cell Injury: To further determine the impact of farnesyl
protein transferase inhibition on cell injury responses, a
second inhibitor was tested: farnesyl protein transferase
II inhibitor (FPTI-II) (in distilled water, catalog no. 344152;

Calbiochem). In brief, the above described FeHQ and
ADC challenge experiments were repeated four times as
noted above, but substituting a single dose (25 �mol/L)
of FPTI-II and/or the ADC and/or the FeHQ challenge.
Eighteen hours after challenge, percentage of LDH re-
lease was assessed.

Geranylgeranyl Transferase (GGT) Inhibition: Impact on
Fe-Mediated Injury. HK-2 cells were cultured in four 24-
well plates as follows: 1) control incubation; 2) incubation
with 0.5 �mol/L of a geranylgeranyl transferase inhibitor
(GGTI) (catalog no. 345883; Calbiochem); 3) incubation
with 1.0 �mol/L of GGTI; 4) incubation with 7.5 FeHQ; 5)
incubation with 0.5 �mol/L GGTI, followed 6 hours later
by the addition of FeHQ; and 6) incubation with 1.0
�mol/L GGTI, followed 6 hours later with FeHQ. Percent-
age of LDH release was assessed 18 hours after Fe
addition.

Impact on ATP Depletion/Ca Overload Injury: The above
experiment was repeated, but substituting the ADC for
the FeHQ challenge.

Squalene Synthase Inhibition: Effects on Fe and ATP
Depletion Induced Cell Injury

Zaragozic acid A (squalestatin-1) is a highly specific
inhibitor of squalene synthase, the final regulated step of
cholesterol biosynthesis.34 Hence, inhibition at this stage
permits more direct assessment of the impact of de-
creased cholesterol production than does statin-medi-
ated upstream blockade of the entire mevalonate path-
way.22,23 Zaragozic acid A (ZGA) was kindly provided by
Leslie Koch, Scientific Liaison, Merck Pharmaceuticals,
West Point, PA. Four 24-well plates of HK-2 cells were
each divided into six treatment groups: 1) control incu-
bation; 2) addition of 5 �mol/L of ZGA (in distilled water);
3) addition of 10 �mol/L of ZGA; 4) addition of either the
FeHQ or the ADC challenge; 5) 5 �mol/L of ZGA and
either the FeHQ or ADC challenge; and 6) 10 �mol/L of
ZGA and either the FeHQ or the ADC challenge (these
challenges were added 6 hours after ZGA addition). Cell
injury was assessed 18 hours later by percentage of LDH
release. (Note: It had previously been confirmed that
ZGA in the doses used decreases cholesterol synthesis
in HK-2 cells.)

HMGCR mRNA Analysis by Reverse
Transcriptase (RT)-PCR

RT-PCR was used to measure HMGCR and GAPDH
mRNA in total RNA isolated from mouse renal cortex and
HK-2 cells. Renal cortical or HK-2 cell samples, obtained
as discussed above, were immediately placed into Trizol
reagent (Invitrogen Life Technologies, Carlsbad, CA).
Using the manufacturer’s instructions, total RNA was ex-
tracted. The final RNA pellet was brought up in RNase-
free water to an approximate concentration of 3 mg/ml.
The samples were electrophoresed for 30 minutes
through 1.2% agarose containing ethidium bromide (Sig-
ma Chemical Co.) to ensure lack of degradation of the
samples (preservation of 18S and 28S ribosomal RNA).
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Reverse transcription was performed using the First-
Strand Synthesis Kit for RT-PCR (Ambion Inc., Austin,
TX). The RT reaction was performed in a RNase-free
tubes by first adding �1 �g of RNA to a volume of diethyl
pyrocarbonate-treated water (giving a total volume of 10
�l). After adding 2.0 �l of oligo-dt primer and 4 �l of dNTP
mix (0.25 mmol/L each), the reaction was incubated at
72°C for exactly 3 minutes, and then rapidly quenched on
ice. RT components included 2 �l of 10� buffer (final
composition of 50 mmol/L Tris-HCl, pH 8.3, 75 mmol/L
KCl, 3 mmol/L MgCl2, 1 �l of recombinant RNase inhibitor
(10 U/�L), and 1 �l of M-MLV reverse transcriptase (100
U/�g RNA), added as per the manufacturer’s instruc-
tions. The total reaction volume of 20 �l was mixed and
incubated at 42°C for 1 hour. The reaction was stopped
by heating at 94°C for 10 minutes and immediately stored
on ice until PCR.

The PCR was performed using the First-Strand Synthe-
sis Kit for RT-PCR (Ambion Inc.), with HMGCR- and
GAPDH-specific primers for mice (Integrated DNA Tech-
nologies, Coralville, IA). The specific primers were de-
signed with 50 to 60% GC composition (Table 1). The
resultant calculated high melting temperature (Tm)
(�75°C) allows for a stringent annealing temperature in
the PCR cycles. After RT, 47 �l of a PCR master mix,
containing all PCR components and primers, was added
to tubes containing 3 �l of cDNA. For the individual
HMGCR and GAPDH reactions, 10 to 50 pmol of sense
and anti-sense primers were used. In the hybrid reaction,
in which HMGCR and GAPDH are assayed together, 50
pmol of each sense and anti-sense primer was used.
Deoxynucleotides were added to a final concentration of
0.125 mmol/L for each reaction. Reaction buffer (10�)
was diluted (1:10) to a final composition of: 10 mmol/L
Tris-HCl, pH 8.3, 50 mmol/L KCl, and 1.5 mmol/L MgCl2.
After the samples were overlaid with mineral oil, the tubes
are placed in a DNA thermal cycler. The thermal cycler
was programmed as follows: first, incubation at 94°C, 5
minutes (initial melt); second, 25 cycles of the following
sequential steps: 94°C, 1 minute (melt); 57°C, 1 minute
(anneal); 72°C, 1 minute (extend). The last incubation
was at 72°C for 7 minutes (final extension). PCR product
analysis was conducted with 2% agarose gel electro-
phoresis and ethidium bromide staining. cDNA bands
were visualized and quantified by densitometry using a
Typhoon 8600 scanner (Amersham Pharmacia Biotech,
Piscataway, NJ). HMGCR cDNA bands were expressed
as a ratio to the simultaneously obtained GADPH cDNA
bands, the latter used as a housekeeping gene. The
HMGCR and GADPH PCR products were confirmed by
DNA sequence analysis on 10% of the samples per-

formed by automated cycle sequencing using ABI 373
DNA sequencer (Perkin Elmer). HK-2 cell samples were
analyzed in an analogous manner to that described
above.

Methods for Western Blot Analysis

Protein extracts were prepared from mouse cortical tissue
samples and from HK-2 cells and subjected to Western
blotting using general methodologies previously described
from this laboratory.5,6 The following reagents were used for
each of the test proteins: 1) SREBP-1: primary antibody:
mouse anti-SREBP-1 monoclonal antibody (catalog no.
67651A; PharMingen, San Diego, CA); secondary antibody:
sheep anti-mouse IgG peroxidase-linked, species-specific,
whole antibody (catalog no. NA931; Amersham Pharmacia,
Piscataway, NJ); SREBP-2: primary antibody: mouse anti-
SREBP-2 monoclonal antibody (catalog no. 67361A,
Pharmingen); secondary antibody, as noted above; 3) Rho:
Primary antibody: mouse IgG1 anti Rho; (catalog no.
610991; Transduction Laboratories, San Diego, CA); sec-
ondary antibody, as above; 4) Ras primary antibody: mouse
pan Ras (catalog no. OP22; Oncogene Research Products,
Boston, MA); secondary antibody, as above. NuPage 12%
gels (Vitrogen, San Diego, CA) were used for Ras and Rho
electrophoresis. Ten percent sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis gels (BioRad, Hercules, CA)
were used for SREBP-1 and -2 electrophoresis. Antibody
dilutions were as per the manufacturer’s instructions. Pro-
tein detection was by enhanced chemiluminescence.5,6

Calculations and Statistics

All values are presented as means � 1 SEM. Statistical
comparisons were performed by either paired or un-
paired Student’s t-test. If multiple comparisons were
made, the Bonferroni correction was applied.

Results

HMGCR mRNA Analysis

Renal Cortical HMGCR mRNA after in Vivo Ischemic
Injury

As shown in Figure 1, renal cortical HMGCR mRNA
was suppressed by �25% and 65% after 10 minutes of
ischemia and either 1 hour or 24 hours of reflow, respec-
tively. Twenty-four hours after the 30-minute ischemic
insult, an �60% decrease in HMGCR mRNA was ob-

Table 1. Primer Sequences for RT-PCR Analysis of HMGCR

Genes Primer sequence PCR product size

HMGCR 5�-GGGACGGTGACACTTACCATCTGTATGATG-3� 882 bp
5�-ATCATCTTGGAGAGATAAAACTGCCA-3�

GAPDH 5�-CTGCCATTTGCAGTGGCAAAGTGG-3� 439 bp
5�-TTGTCATGGATGACCTTGGCCAGG-3�

Primer sequence used for the analysis of HMGCR. GAPDH served as the housekeeping gene.
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served. The BUN for the latter animals was 140 � 25
mg/dL (versus controls 22 � 2 mg/dL, P � 0.01).

Renal Cortical mRNA Expression after Glycerol-
Mediated Injury

Renal cortical HMGCR mRNA was not significantly
altered at 2 hours after glycerol injection (Figure 2). How-
ever, by 4 hours, an �25% increase was apparent (Fig-
ure 2, left). The HMGCR mRNA elevation persisted 24
hours after glycerol injection, a time corresponding with
renal cortical cholesterol overload.1,4 The corresponding
24-hours BUNs for the after glycerol and control mice
were 168 � 19 and 26 � 1 mg/dL, respectively (P �
0.0001, unpaired t-test).

Renal Cortical and Hepatic mRNA after Fe (Venofer)-
Induced Injury

As shown in Figure 3, hepatic HMGCR mRNA values
were �3.5 times higher in liver versus kidney (P �

0.0002), consistent with the fact that the liver is the dom-
inant site of cholesterol synthesis. Injection of Fe Venofer
caused �50% and 30% reductions in hepatic and renal
cortical HMGCR mRNA values, respectively. Thus, this
form of injury recapitulated the HMGCR mRNA changes
observed after ischemic, rather than glycerol, injury.

Hepatic HMGCR mRNA after Statin Therapy

The validity of the HMGCR mRNA analysis was con-
firmed by the observation that statin therapy caused he-
patic HMGCR mRNA values to rise to 9.0 � 0.07 from
control values of 3.6 � 0.05 (P � 0.005).

HK-2 Cell HMGCR mRNA after Fe and ATP
Depletion/Ca Ionophore Injury

After a 4-hour FeHQ challenge, a time preceding lethal
cell injury, HK-2 cell HMGCR mRNA levels were slightly
suppressed, as depicted at the left of Figure 4. By 24
hours after Fe-induced injury, much more profound
HMGCR mRNA reductions were apparent, with values
falling by �65%, compared to controls (Figure 4, middle).
Four hours of ADC injury also caused significant reduc-
tions in HK-2 cell HMGCR mRNA content (Figure 4, right).

SREBP-1 Expression in HK-2 Cells in Response
to Injury

Fe-Mediated Injury

As shown on the top half of Figure 5, three distinct
bands were seen by Western blotting of HK-2 cells using
anti-SREBP-1 antibody. One major and one minor band
were seen at �120 and 115 kd, respectively (consistent
with uncleaved SREBPs-1a/c). A modest band at �70 kd
was also observed, consistent with active SREBP-1. No
change in this profile was observed after 1 hour of Fe

Figure 1. . HMGCR mRNA after in vivo ischemic-reperfusion injury. HMGCR
mRNA values (factored by GADPH) were significantly depressed after 10
minutes of ischemia and either 1 hour or 24 hours of reflow. Similarly, a more
severe ischemic insult (30 minutes) followed by 24 hours of reflow induced
an �60% reduction in renal-cortical HMGCR mRNA.

Figure 2. HMGCR mRNA levels after glycerol-mediated in vivo renal injury.
HMGCR mRNA values did not differ from controls at 2 hours after glycerol
injection. However, at both 4 and 24 hours after glycerol injection, modest,
increases were apparent.

Figure 3. HMGCR mRNA values in liver and renal cortical extracts 3 hours
after Fe Venofer injection. HMGCR mRNA values in both liver (left) and
kidney (right) were significantly lowered after the Fe Venofer injection. Note
the significantly higher values in control liver versus control (cont) kidney
samples (consistent with the liver being the dominant site of cholesterol
synthesis).
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mediated injury (not shown). However, by 4 hours after Fe
injury, marked decreases in both the 120- and 70-kd
bands were apparent.

ATP Depletion Injury

SREBP-1 responses to the ADC challenge are de-
picted in the bottom half of Figure 5. As with the Fe
challenge, no changes were observed after 1 hour of
injury (not shown). However, by 4 hours of injury,
changes similar to those observed with Fe treatment were
observed: a marked decrease in both the dominant in-
active (�120 kd) and active (�70 kd) bands. A slight
increase in the 115-kd inactive band was apparent.

SREBP-2 Expression after HK-2 Cell Injury

Fe-Mediated Injury

As shown at the top of Figure 6, five bands were
apparent in the control cells: two high molecular weight

(�120 kd), two low molecular weight bands (�70 kd),
and one band at �90 kd. No changes were observed
after 1 hour of Fe treatment (not shown). After 4 hours of
Fe treatment, there were marked decreases in the
�120-kd and �90-kd bands. However, no consistent
reciprocal increases in the active �70-kd bands were
apparent.

ATP Depletion Injury

As shown in the bottom of Figure 6, ADC treatment
essentially reproduced the results achieved by FeHQ:
there was a clear decrease of 120- and 90-kd inactive
SREBP-2 bands with no reciprocal increase in the low
molecular weight active bands.

Twenty-Four-Hour Fe and Mevastatin Treatment

To test whether the 70-kd band reflected active
SREBP-2, HK-2 cells were probed after 24 hours of me-
vastatin (M) treatment (which should up-regulate active
SREBP-2).18,19 As shown at the top of Figure 7, meva-
statin did, indeed, increase active (70 kd) SREBP-2, con-
sistent with HMGCR enzyme inhibition with a secondary
increase in its relevant transcription factor. In contrast, Fe
therapy essentially obliterated one of the two active
SREBP-2 bands.

Unlike the changes observed in SREBP-2, statin treat-
ment did not alter active SREBP-1 (Figure 7, bottom). This
lack of response with statin therapy is consistent with the
predilection of SREBP-2, rather than SREBP-1, to control
cholesterol homeostasis.20,21 Fe therapy for 24 hours
also did not increase active SREBP-1.

Figure 4. HMGCR mRNA in HK-2 cells after FeHQ- or ATP depletion/Ca
ionophore-induced injury. Falling HMGCR mRNA values were observed from
4 hours to 24 hours after FeHQ exposure, compared to control incubated
cells. Four hours of ADC also lowered HMGCR mRNA.

Figure 5. SREBP-1 expression in HK-2 cells after 4 hours of in vitro injury.
SREBP-1 appeared as three distinct bands: a major and minor band at �120
and �115 kd, and another moderate band at �70 kd. After 4 hours of FeHQ
(Fe)-mediated injury (top), there were clear decreases in the 120-kd (inac-
tive) and 70-kd (active) bands. Four hours of ADC injury (bottom) also
caused a similar pattern. C, control incubations.

Figure 6. SREBP-2 expression in HK-2 cells after 4 hours of in vitro injury.
SREPB-2 injury. Five bands were apparent in the control cells: two high
molecular weight (�120 kd), two low molecular weight bands (�70 kd), and
one band at �90 kd. After 4 hours of Fe treatment, marked decreases in the
�120-kd and �90-kd bands were observed (top). However, no consistent
reciprocal increases in the active �70-kd bands were apparent. ADC treat-
ment (bottom) essentially reproduced the results achieved by FeHQ: there
were clear decreases in the 120- and 90-kd inactive SREBP-2 bands without
a reciprocal increase in lower molecular weight active bands. C, control
incubations.
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Assessments of Ras and Rho Prenylation

Renal Cortical Rho Expression

Rho was apparent as two distinct, but closely related,
bands at �29 kd (Figure 8). The upper and lower bands
corresponded to unprenylated and prenylated moieties, re-
spectively (based on the nonprenylated Rho standard,
“Std,” presented in the far left lanes). No apparent differ-
ences in distribution between the unprenylated versus the
prenylated bands were apparent 24 hours after glycerol (G)
or ischemic (I) injury compared to the controls (C) (Figure 1,
rows 1 and 2, respectively). To gain confirmation of this
issue, each of the bands was scanned and density ratios
(prenylated divided by unprenylated band) were calculated
for each sample. The values were as follows: control tis-
sues, 0.73 � 0.05; ischemia (I), 0.71 � 0.01; and after
glycerol (G), 0.70 � 0.05 (all NS). The corresponding BUNs
for these experiments were postischemic ARF, 189 � 14
mg/dL; controls, 26 � 2 mg/dL (P � 0.001); after glycerol
ARF, 167 � 38 mg/dL; controls, 27 � 3 mg/dL (P � 0.01).

HK-2 Cell Rho Expression

As shown in the third row of Figure 8, the FeHQ chal-
lenge did not alter Rho prenylation, either by visual in-

spection or after quantitation of the prenylated versus
nonprenylated bands (ratios: Fe, 0.59 � 0.02; controls,
0.6 � 0.01; NS). As expected, mevastatin (M) treatment
noticeably decreased the prenylated band, a result that,
when quantified, achieved statistical significance (mev-
astatin 0.45 � 0.01 versus control 0.6 � 0.01; P � 0.02)
thus serving as a positive control.

Renal Cortical Ras Expression

Ras appeared as one minor (Figure 9, top) and one major
(Figure 9, bottom) closely associated pancaked bands at
�21 kd, which could not be separately analyzed by densi-
tometry (Figure 9). However, by visual inspection, the bot-
tom, prenylated form, did not appear to increase in re-
sponse to either the glycerol (G) or the ischemic (I)
challenge (consistent with the findings of the Rho analysis,
indicating unaltered prenylation after injury despite previ-
ously documented cholesterol accumulation).

HK-2 Cell Ras Expression

As shown in the third row of Figure 9, 18 hours after
FeHQ-induced HK-2 injury, no apparent increase in Ras
prenylation was observed. Rather, a Fe-induced ten-
dency toward diminished, rather than increased, preny-
lation existed. Mevastatin (M) appeared to only slightly
decrease Ras prenylation, compared to its more dra-
matic effect on the prenylation of Rho (Figure 9, line 3).

HK-2 Cell Injury: Farnesyl- and Geranylgeranyl-
Protein Transferase Inhibition

FPTI-1

As shown in the left hand panel of Figure 10, treatment
of HK-2 cells with 5 �mol/L of FPT-1 inhibitor (FPTI-1)
caused no HK-2 cell death. However, 10 �mol/L of FPTI-1
did cause a very slight, but significant (2%; P � 0.01)
increase in LDH release (indicating bioactivity of the in-

Figure 7. SREBP-1 and -2 after 24 hours of mevastatin or Fe treatment. HK-2
cells were incubated with either mevastatin (M) or FeHQ (Fe) for 24 hours,
followed by assessment of SREBP-1 and -2 active (70 kd) bands. As can be
seen, M caused a dramatic up-regulation of active SREBP-2. Conversely, Fe
had the opposite effect, eliminating one of the two bands. Neither M nor Fe
impacted the SREBP-1 active band (the former consistent with statin’s pref-
erential effect on SREBP-2; as per text). C, control incubations.

Figure 8. Rho expression 24 hours after glycerol- or ischemia-mediated in
vivo injury or 24 hours after Fe or mevastatin treatment of cultured HK-2 cells.
Prenylated Rho appears as the lower band (�21 kd) whereas the upper band
corresponds to the unprenylated moiety (see standard; Std). No obvious
change in the relative or absolute expression of either Rho form is apparent
after the glycerol (G) or ischemic (I) challenges, compared to sham-treated
controls (C) (top and middle rows, respectively). Mevastatin (M) caused an
obvious decrease in prenylated Rho in HK-2 cells (bottom row). Conversely
FeHQ-mediated injury had no impact absolute or relative HK-2 cell Rho
expression.

Figure 9. Ras expression 24 hours after glycerol- or ischemia-mediated in
vivo injury or 24 hours after Fe or mevastatin treatment of cultured HK-2 cells.
Ras appears as two closely associated bands that were not completely
separated: the top faint band and the bottom band represent the unpre-
nylated and prenylated forms, respectively. Neither glycerol- or ischemia-
induced renal failure altered the pattern of Ras expression in renal cortical
extracts. Fe, and to a lesser extent, mevastatin (M), appeared to induce mild
decrements in the prenylated band. Thus, in sum, these results suggest that
renal tubular injury does not evoke an increase in Ras prenylation.
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hibitor). However, neither FPTI-1 dose significantly wors-
ened the severity of FeHQ- or ATP depletion (ADC)-
mediated cell death.

FPTI-2

Incubation with 25 �mol/L of FPTI-2 inhibitor (FPTI-2)
caused more overt cytotoxicity than did 10 �mol/L of FPTI-1
(10% increase in percent of LDH release over controls;
Figure 11, left). When added to cells undergoing the FeHQ
challenge, a modest increase in LDH release was ob-
served. However, this simply seemed to be because of
FPTI-2’s independent cytotoxic effect (ie, there was no po-
tentiation of Fe-induced injury). Further suggesting that
FPTI-2 was not sensitizing cells to injury was the observation
that it slightly lessened, rather than increased, ADC-medi-
ated cell death (Figure 11, right; P � 0.02).

GGTI

As shown in Figure 12, left, the geranylgeranyl protein
transferase inhibitor (GGTI) caused a very slight, but
significant, increase in percentage of LDH release at the
1 �mol/L concentration (P � 0.01), confirming its bioac-
tivity. However, neither inhibitor dose significantly altered
the severity of FeHQ- or ADC-mediated cell death.

HK-2 Cell Injury: Impact of Zaragozic Acid
Treatment

As demonstrated in Figure 13, squalene synthase inhibi-
tion with zaragozic acid (ZGA) had a minimal impact on
HK-2 cell viability in the absence of either the iron or ATP
depletion challenge. In the presence of either Fe or ATP
depletion (ADC) injury, ZGA caused a substantial, dose-
dependent, and significant increase in tubular cell death.
This was particularly true with the ADC injury model in
which 10 �mol/L of ZGA increased the percentage of
LDH release from 37 to 67%.

Figure 10. Effect of farnesyl protein transferase inhibitor-1 (FPTI-1) on the
severity of FeHQ and ADC injury. HK-2 cells were incubated for 6 hours with
FPTI-1 (0, 5, or 10 �mol/L concentrations). They were then either left under
these conditions for an additional 18 hours, or they were exposed to either
the oxidant (FeHQ) or ADC. Cell injury was assessed by percentage of LDH
release 18 hours later. FPTI-1 induced slight toxicity in the absence of the Fe
or ADC challenge (P � 0.01). However, FPTI-1 treatment did not significantly
alter the extent of either Fe- or ADC-mediated cell death.

Figure 11. Effect of farnesyl protein transferase inhibitor 1 (FPTI-2) on the
severity of FeHQ or ADC injury. These experiments were conducted exactly
as described above for the FPTI-1 experiments, with the exception that they
were conducted with a single dose of a second farnesyl protein transferase
inhibitor (FPTI-2). This inhibitor exerted a mild direct cytotoxic effect under
control incubation conditions. This same degree of toxicity was apparent in
the Fe-exposed cells (ie, the FPTI-2-induced increase in Fe-associated LDH
release was the same as it was in control cells, indicating no potentiation of
Fe-induced injury). In contrast, FPTI-2 slightly decreased cell death in the
ADC-challenged cells. In sum, these data indicate that FPTI-2 did not pre-
dispose to Fe- or ATP/Ca ionophore-mediated tubular cell death.

Figure 12. Effect of geranylgeranyl protein transferase inhibitor (GGTI) on
the severity of FeHQ or ADC injury. These experiments were conducted in a
manner analogous to those presented in Figure 10. The inhibitor induced
mild dose-dependent cytotoxicity under control conditions (indicating bio-
activity). However, it did not significantly impact either FeHQ- or ATP
depletion/Ca ionophore (ADC)-induced tubular cell injury, as assessed by
percentage of LDH release.

Figure 13. The effect of zaragozic acid A (ZGA) on the severity of FeHQ-
mediated oxidant stress or ADC injury. ZGA had virtually no effect on HK-2
cell viability under control incubation conditions. However, it induced dose-
dependent increases in both Fe- and ADC-induced lethal cell injury, as
assessed by percentage of LDH release.

Mevalonate Pathway during Tubular Injury 689
AJP August 2002, Vol. 161, No. 2



Discussion

In our previous studies of stress-mediated renal choles-
terol accumulation, increases in renal cortical HMGCR
protein were observed after glycerol- (heme Fe), and
ischemia-induced ARF.5 Fe-induced injury, imposed on
cultured HK-2 cells, also caused dose-dependent
HMGCR protein increments.5 The latter supported our
assumption that the observed renal cortical HMGCR en-
zyme increments reflected, at least in part, proximal tu-
bular cell events. Given these past observations, the
present study was undertaken, in part, to ascertain
whether cell injury activates HMGCR transcription/trans-
lation, culminating in increased HMGCR protein, and ul-
timately cholesterol, content.

Tissue HMGCR enzyme levels reflect a multifaceted,
regulated balance between enzyme production versus
destruction via the ubiquitin-proteasomal pathway.31 If
transcriptional events are responsible for injury-evoked
HMGCR enzyme increases, then a correlate of this pro-
cess should be an increase in HMGCR mRNA. Con-
versely, if decreased catabolism causes enzyme accu-
mulation, reduced HMGCR mRNA levels would be
expected (ie, because of normal feedback suppression
of its synthesis). The available in vitro data favor the latter
possibility because at 4 hours after FeHQ- or ADC-in-
duced HK-2 cell injury, falling, rather than rising, HMGCR
message levels were observed; and also at 24 hours after
FeHQ-induced HK-2 cell injury, a time of increased cho-
lesterol and HMGCR enzyme expression, HMGCR mRNA
was reduced by �67%. To ascertain whether these in
vitro results had an in vivo correlate, HMGCR message
was also assessed after in vivo renal damage. In the case
of ischemia/reperfusion, time-dependent decrements in
renal HMGCR mRNA levels were observed. Venofer Fe,
used to simulate in vitro FeHQ injury, also evoked signif-
icant renal (as well as hepatic) HMGCR mRNA reduc-
tions. When viewed together, these in vitro and in vivo data
strongly suggest that although acute cellular stress can
increase both HMGCR enzyme and cholesterol levels,
these changes can also be dissociated from increases in
HMGCR mRNA content. This is, at least, consistent with
the notion that posttranscriptional/translational events,
such as decreased ubiquitin-proteosomal catabolism,
could cause HMGCR enzyme accumulation in postrenal
injury states. One intriguing potential mediator for such a
change could be injury-evoked heat shock protein induc-
tion. Because HMGCR enzyme and heat shock pro-
tein-70 levels closely correlate after renal injury,5 it is
intriguing to speculate that heat shock proteins might
chaperone HMGCR enzyme, thereby stabilizing it, de-
creasing its degradation.35 In this regard, it is also note-
worthy that inhibition of the ubuiquitin-proteasomal path-
way has been associated with cellular resistance to
injury.36,37 Whether such a result might be, in part, ex-
plained by an increase in HMGCR remains an intriguing
question.

Given the complexity of HMGCR enzyme regulation, it
should not simply be assumed that a single mechanism is
responsible for its accumulation after all forms of cellular
stress. Rather, differing types of injury might differentially

impact the mechanisms that ultimately control HMGCR
and cholesterol levels. Indeed, the current glycerol-in-
duced ARF experiments underscore this concept. In
striking contrast to all other test models of proximal tubu-
lar injury, glycerol-induced rhabdomyolysis was the only
one to cause renal cortical HMGCR mRNA increments,
reaching �50% elevations by 24 hours after renal dam-
age. As previously noted, glycerol-induced ARF is not
simply a model of heme iron toxicity. Rather, multisystem
organ dysfunction (muscle, heart, liver) with systemic
cytokine release are all pathogenetically involved.30

Whether these differences explain the rising HMGCR
mRNA levels in this particular ARF model remains un-
known. However, one point is clear: glycerol (rhabdomy-
olysis) and ischemic ARF each induce comparable cho-
lesterol and HMGCR enzyme elevations5 irrespective of
whether HMGCR mRNA levels are elevated or de-
pressed. This again suggests that HMGCR enzyme and
cholesterol accumulation after cell injury predominantly
reflect posttranscriptional events.

HMGCR mRNA expression is predominately regulated
by SREBP transcription factors (SREBP-1b,c; SREBP-2)
that reside in uncleaved (�115 to 125 kd), inactive, forms
within the endoplasmic reticulum.18–20 Under conditions
of cellular cholesterol depletion, the SREBPs migrate
from the endoplasmic reticulum to the Golgi apparatus, a
process that is regulated by the cholesterol-sensing pro-
tein, SCAP (steroid cleavage activity protein).18–20 Once
within the Golgi, SREBPs undergo sequential cleavage
by two distinct proteases (S1P, S2P). In pathological
states, this process can also be effected by caspase-3.38

After cleavage, the activated SREBPs (�60 to 80 kd)
migrate to the nucleus where they bind to steroid-respon-
sive elements that regulate multiple genes that impact
cholesterol/lipid biosynthesis and lipid endocytic pro-
cesses (eg, low-density lipoprotein receptor densi-
ty).15,18–23 Although some functional overlaps in activities
exist, SREBP-1 and SREBP-2 are thought to preferentially
regulate fatty acid and cholesterol homeostasis, respec-
tively.39

Given the observations that acute cell injury tends to
lower HMGCR mRNA, one possible explanation could be
direct RNA damage. This would then be expected to
secondarily activate the SREBPs. Alternatively, if cell in-
jury causes proteolytic SREBP disruption, a secondary
decrease in HMGCR mRNA should result. To discrimi-
nate between these two possibilities, SREBP-1 and
SREBP-2 were probed in HK-2 cells at 1, 4, and 24 hours
after Fe and ATP depletion-mediated HK-2 cell injury.
(Unfortunately, mouse tissues could not be probed be-
cause of lack of suitable antibodies.) By 4 hours after Fe
or ATP depletion-induced HK-2 cell injury, clear decre-
ments in high molecular weight (inactive) SREBPs were
observed, consistent with proteolytic activation; however,
no reciprocal increases in low molecular weight active
SREBP fragments were observed. After 24 hours of Fe-
induced injury, decreases in both active and inactive
SREBP moieties were apparent. Confirming the validity of
the used Western blotting was the finding of a marked
increment in activated SREBP-2 with 24 hours of statin
therapy. Thus, these results indicate that acute cell injury
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can rapidly destroy SREBPs, a result that could second-
arily explain the observed decrements in HMGCR mRNA.
The mechanisms by which cell injury depleted the
SREBPs remain unknown. However, in data not pre-
sented, caspase 3 inhibitors did not prevent this process.

Irrespective of the exact mechanisms controlling
SREBP, HMGCR mRNA, and HMGCR protein expression
after cell injury, the final result is cholesterol accumulation
that seems to contribute to the so-called cytoresistance
state. The evidence to support this mechanistic link is as
follows: 1) statin-induced cholesterol reductions increase
cellular vulnerability to attack;1 2) normalizing cell cho-
lesterol levels in cytoresistant proximal tubules by chem-
ical extraction reverses the cytoresistant state;1 and 3)
enzymatic cholesterol modification with either cholesterol
oxidase or cholesterol esterase either induces overt cell
injury or sensitizes tubular cells to superimposed at-
tack.1,7 Despite these observations, it is conceivable that
each of these previously used pharmacological interven-
tions could have impacted more than just cholesterol
levels. For example, statin therapy can decrease farnesyl
and geranylgeranylpyrophosphate, as well as choles-
terol, synthesis.22–26 Chemical cholesterol extraction, or
enzymatic cholesterol modification, could also impact
upstream molecules within the mevalonate pathway, eg,
by diverting them into terminal cholesterol synthesis. Fi-
nally, injury-induced activation of the mevalonate path-
way might enhance protein prenylation in addition to
cholesterol levels. Because increased protein prenylation
can confer a survival advantage in diverse cell lines,24–28

this change, in addition to cholesterol build up, could
play a key mechanistic role in cell injury responses.
Hence, additional experiments were conducted to help
discern the role of protein prenylation versus cholesterol
accumulation in the expression of the cytoresistant state.

The first additional piece of evidence to suggest that
cholesterol, and not enhanced protein prenylation, is the
prime determinant of cytoresistance comes from the
present mevalonate pathway inhibitor experiments. Nei-
ther of two farnesyl protein transferase inhibitors sensi-
tized HK-2 cells to Fe- or ATP-depletion-mediated attack.
Additionally, geranylgeranyl protein transferase inhibition
did not increase Fe- or ATP-depletion-mediated HK-2 cell
death. In striking contrast to the results obtained with
isoprenoid transferase inhibitors, specific blockade of
terminal cholesterol synthesis via squalene synthase in-
hibition dramatically sensitized HK-2 cells to both Fe and
ATP depletion-induced attack. In sum, then, these re-
sults, obtained with three mevalonate/cholesterol path-
way inhibitors, provide strong additional support for our
previously advanced concept: that postinjury-induced in-
creases in HMGCR/mevalonate pathway activity likely
confers cytoresistance via an increase in cellular choles-
terol content. Further supporting this conclusion are our
present observations that renal cortical cholesterol accu-
mulation in the setting of rhabdomyolysis and ischemic
ARF each developed in the absence of any obvious
increase in protein (Ras/Rho) prenylation events. Com-
parable in vitro results after a FeHQ challenge support
these in vivo data. Indeed, to our knowledge, these are
the first studies to demonstrate that ischemic/ATP deple-

tion and oxidant cell injury occur independently of dis-
cernible changes in protein prenylation status. However,
it is important to stress that although a change in preny-
lation of these proteins did not result, this clearly does not
exclude a change in their activities. For example, Ras-
GTP binding/Rho activity can potentially be impacted by
a plethora of cellular signaling and pathophysiological
events, ushered in by mediators of acute cell injury (eg,
oxidative stress, reperfusion injury.40–43

In conclusion, the present studies demonstrate for the
first time that acute ATP depletion or Fe-induced oxida-
tive injury causes SREBP disruption within proximal tubu-
lar cells, and that acute reductions in HMGCR mRNA
result. Furthermore, acute ischemic or Fe-induced in vivo
injury also suppresses renal cortical HMGCR mRNA.
These findings support the concept that injury-induced
activation of the mevalonate pathway likely arises from
posttranscriptional events (eg, HMGCR enzyme stabili-
zation). However, a single operative mechanism for all
injury models is unlikely. This is underscored by the cur-
rent observations that the glycerol model of rhabdomyol-
ysis up-regulates, rather than suppresses, renal cortical
HMGCR mRNA. Finally, postrenal injury-induced choles-
terol accumulation can be dissociated from a concomi-
tant increase in protein (Ras/Rho) prenylation. This ob-
servation, plus the fact that squalene synthase, but not
prenylation, inhibitors augment HK-2 cell injury support
the concept that cholesterol accumulation, per se, is the
dominant mechanism by which mevalonate pathway con-
tributes to the postrenal injury cytoresistant state.
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