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Metabolomics as an
Extension of Proteomic

Analysis: Study of Acute Kidney Injury

Didier Portilla, MD,* Laura Schnackenberg, PhD,† and Richard D. Beger, PhD†

Summary: Although proteomics studies the global expression of proteins, metabolomics
characterizes and quantifies their end products: the metabolites, produced by an organism
under a certain set of conditions. From this perspective it is apparent that proteomics and
metabolomics are complementary and when joined allow a fuller appreciation of an organ-
ism’s phenotype. Our studies using 1H-nuclear magnetic resonance spectroscopic analysis
showed the presence of glucose, amino acids, and trichloroacetic acid cycle metabolites in
the urine after 48 hours of cisplatin administration. These metabolic alterations precede
changes in serum creatinine. Biochemical studies confirmed the presence of glucosuria, but
also showed the accumulation of nonesterified fatty acids, and triglycerides in serum, urine,
and kidney tissue, despite increased levels of plasma insulin. These metabolic alterations were
ameliorated by the use of fibrates. We propose that the injury-induced metabolic profile may
be used as a biomarker of cisplatin-induced nephrotoxicity. These studies serve to illustrate
that metabolomic studies add insight into pathophysiology not provided by proteomic
analysis alone.
Semin Nephrol 27:609-620 © 2007 Elsevier Inc. All rights reserved.
Keywords: Metabolomics, acute kidney injury, cisplatin, nuclear magnetic resonance, mass
spectrometry
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ranscriptomics, proteomics, and metabo-
lomics technologies comprise what is re-
ferred to as systems biology. The hope is

hat these “omics” technologies will identify
ranslational biomarkers that are applicable to
oth preclinical investigations and in the clini-
al setting. This is especially true for markers of
cute kidney injury, in which traditional serum
arkers such as blood urea nitrogen and creat-

nine have proven to be insensitive and nonspe-
ific.1 Metabolomics refers to the study of me-
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abolite pool that exists within a cell, tissue, or
iofluid under a particular set of conditions,2

hereas metabonomics has been defined as
he “quantitative measurement of the dynamic
etabolic response of living systems to patho-
hysiological stimuli or genetic modification.”3

etabolomics, metabonomics, or global meta-
olic profiling use analytic technologies such as
uclear magnetic resonance (NMR) spectros-
opy and mass spectrometry (MS) to identify
nd quantify as many metabolites as possible in
ells, tissues, and biofluids. The quantified me-
abolites then can be evaluated statistically to
etermine biomarkers of health and disease sta-
us and to help elucidate mechanisms of drug
etabolism and drug toxicity.
Typically, changes in metabolite levels repre-

ent the downstream changes in the genome
nd the proteome, but in reality they represent
ot only changes in gene function but also are

nfluenced by factors related to environment

nd phenotype.2 Further, up-regulation or down-
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610 D. Portilla, L. Schnackenberg, and R.D. Beger
egulation of a particular transcript does not
ecessarily result in an instantaneous change in
nzymatic activity.4 This means that it is impor-
ant to investigate the changes in gene tran-
cripts, proteins, and metabolites over multiple
ime points to understand their interactions at a
ystems level. In this case, metabolic profiling
tudies have the advantage in terms of ease of
ample collection of biofluids, preparation,
nd analysis. Therefore, metabolic profiling–
erived data can be used to pinpoint time
oints of interest for further genomics and
roteomics studies.
Metabolic profiling studies will be critical in

orwarding the concept of personalized medi-
ine because the metabolic profile encodes in-
ormation about both the phenotype and the
enotype.2 Phenotype is influenced by numer-
us environmental factors including health to
isease status, gut microflora content, nutri-
ional intake, and age, among others. The bot-
leneck of metabolic profiling is trying to un-
erstand the link between metabolites and their
henotype or genotype information, which re-
uires a strong bioinformatics component and
he proper experimental design. This being
aid, an individual’s metabolic profile, there-
ore, reflects both genotype and phenotype in-
ormation, which can be used by health care
roviders to provide more accurate health to
isease assessment and individualized medical
reatment. NMR has been used to study renal
oxicity,5-10 hepatotoxicity,5,10-13 renal transplants,14

ancer,15,16 and atherosclerosis.17,18 NMR is used
idely because it is relatively simple to use for
igh-throughput analyses of biofluids such as
rine or serum.

ETABOLOMIC STUDY OF
ISPLATIN-INDUCED ACUTE RENAL FAILURE

ephrotoxicity is a common side effect of
isplatin-based chemotherapeutic regimens.19-22

ur previous studies showed reduced protein
xpression and enzyme activities of several kid-
ey peroxisome proliferator-activated receptor
(PPAR�) target genes in response to cisplatin

ephrotoxicity, and also that the use of PPAR�
igands such as fibrate compound WY-14,643
rotected renal function by preventing proxi-

al tubule cell death in the animal models of c
schemia-reperfusion and cisplatin-induced acute
enal failure (ARF). We have examined the met-
bolic alterations that occur in ARF using high-
esolution 1H NMR spectroscopy coupled with
attern recognition.9 Experimental ARF was in-
uced in 8- to 10-week-old male mice (strain
v129) using cisplatin administration. Animals
ere maintained on standard chow and, as in-
icated, a group of animals was fed with a
pecial diet containing fibrate compound WY-
4,643 (1% wt/wt) for 7 days before the induc-
ion of ARF. Cisplatin was administered by a
ingle intraperitoneal injection of 20 mg cispla-
in/kg/body weight. After the induction of renal
ailure, the animals were returned to their cages
nd allowed free access to food and water.
rine samples were collected for NMR analysis
nd biochemical measurements of metabolite
oncentration at days 1, 2, and 3 after cisplatin
dministration. Urine samples were analyzed on
Bruker Avance NMR spectrometer (Billerica,
A) equipped with a triple-resonance cryo-
robe. A standard water-suppression pulse pro-
ram was used for the presaturation of the
ater peak. In the studies in which the PPAR�

igand WY compound was used, urine samples
btained after 2 days of cisplatin injection were
nalyzed because the urine metabolic profile at
his point was quite different from the one
btained from control mice. Spectra were Fou-
ier-transformed, phased, baseline corrected,
nd intelligently binned using ACD/Labs 1D
MR Manager, version 9.0 (ACD/Labs, To-

onto, Canada). Individual spectra were ex-
orted as jcamp files for further analysis by
henomx Eclipse software (Chenomx, Edmon-

on, Canada). Chenomx Eclipse software and
atabases were applied for identification of
pecific metabolites in the spectra.

etabolic Changes in
rine Samples by 1H-NMR

igure 1 shows representative spectra from the
rine of the same mouse obtained before dos-

ng, and for 3 days after dosing with 20 mg
isplatin/kg/body weight. Visual inspection of
he spectra showed changes in various urine
etabolites after the mouse had been given a

ose of cisplatin, including increases in glu-

ose, lactate, pyruvate, and 2-oxoglutarate 48
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Study of acute kidney injury 611
ours postdosing. Principal component analysis
PCA) of the spectral integrals showed distinct
lusters for control urine and for urine col-
ected on days 1, 2, and 3 after cisplatin injec-
ion, as shown in Figure 2. The loadings plot
data not shown) indicated that increases in
roton resonances associated with 2-oxogluta-
ate and creatinine were the major metabolites
eparating day 1 samples from control, whereas
ncreases in the glucose and lactate chemical
hifts drove the clustering of the day 2 and day

urine samples away from control samples.
nalysis of the spectra showed that the concen-

igure 1. Representative 1-dimensional 1H NMR spec-
ra of control (C) and after administration of cisplatin 24
ours postdosing (D1), 48 hours postdosing (D2), and 72
ours postdosing (D3).

igure 2. Principal component (PC) score plot showing
he changes from control over a 72-hour period after
dministration of cisplatin. (●) Control animals, (�) 24
ours after dosing, (�) 48 hours after dosing, and (�) 72
tours after dosing.
ration of 2-oxoglutarate increased over the first
8 hours after dosing followed by a decrease
rom 48 to 72 hours. Figure 3 shows the 3-di-
ensional PCA plot obtained from analysis of

ay 2 urine samples from 4 groups of 4 mice
ach. These groups included control mice
hown in solid circles, mice administered a sin-
le dose of cisplatin shown in solid squares, and
groups, one maintained on a special diet of
Y-14,643 alone, and the other one maintained

n the fibrate diet for 7 days before cisplatin
njection shown in open triangles and plus
igns, respectively. The PCA plot shows that
he 4 groups separate into distinct clusters,
ith the control group on the special diet clus-

ered fairly close to the control group on a
ormal diet. The cisplatin group clustered be-

ow the 3 groups along the PC3 axis.
Quantitative analysis of select metabolites is

hown in Table 1 and indicated that cisplatin
reatment for 2 days induced significant changes
n the urine levels of glucose (200-fold in-
rease), alanine (12-fold increase), lactate (4-
old increase), leucine (7-fold increase), methi-
nine (4-fold increase), 2-oxoglutarate (2-fold

ncrease), pyruvate (3.5-fold increase), and va-
ine (8-fold increase). Pretreatment with the
iet containing PPAR� ligand WY provided pro-

igure 3. Three-dimensional PCA score plot of NMR
ata of day 2 urine indicating the effects of the PPAR�

igand (WS) on cisplatin-induced ARF. (●) Control ani-
als, (�) animals fed WY, (�) animals administered cis-

latin after feeding with WY, and (�) animals adminis-
ered cisplatin.
ection from the metabolic changes induced by
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612 D. Portilla, L. Schnackenberg, and R.D. Beger
isplatin by reducing urine levels of glucose,
actate, methionine, 2-oxoglutarate, and pyru-
ate. The data also indicate that the PPAR�
igand increased in urine levels of amino acids
roline and tyrosine when compared with con-
rol or saline-treated mice. In addition, metabo-
ite analysis showed that 1-methylnicotinamide

as increased in both groups maintained on
he diet containing PPAR� ligand WY-16,463.
his metabolite has been shown recently to be
biomarker for peroxisome proliferation.23

isplatin Increases
onesterified Fatty Acids in
erum, Urine, and Kidney Tissue

ecause neutral lipid accumulation detected
y oil-red-O stain (Sigma, St. Louis, MO) rep-
esents the accumulation of nonesterified
atty acids (NEFAs), triglycerides, diglycer-
des, and cholesterol esters, we next exam-

Table 1. Select Urine Metabolite Concentra
Normalized to the Concentration of Creatinin

Metabolite
Control
(N � 7)

Cispl
(

Alanine 0.02 � 0.02 0.2
P

Glucose 0.30 � 0.30 60.9
P

Lactate 0.21 � 0.30 0.8
Leucine 0.03 � 0.02 0.2

P
Methionine 0.03 � 0.01 0.1

P
1-Methylnicotinamide 0.11 � 0.06 0.0

2-Oxoglutarate 7.97 � 5.37 15.7
P

Proline 0.26 � 0.18 0.4
Pyruvate 0.12 � 0.07 0.4

P
Trimethylamine 0.90 � 0.89 0.2

Tyrosine 0.17 � 0.08 0.1
Valine 0.02 � 0.01 0.1

P
NOTE. Values are reported as mg metabolite/mg creatinine.
ned specifically the effects of cisplatin on b
EFA levels measured in serum, urine, and
idney tissue. As shown in Figure 4A, cispla-
in-treated mice showed a time-dependent in-
rease in NEFA levels not only in serum and
rine, but also in kidney tissue. At day 3 there
as a 3-fold increase in serum levels, and also

t day 3 after cisplatin injection there was a
-fold increase in kidney tissue levels of NE-
As. Our assay did not detect NEFA in the
rine samples obtained from saline-treated
ice. However, in cisplatin-treated mice

here was a detectable level of NEFA in the
rine obtained at day 3 after cisplatin injec-
ion (0.15 � 0.01 mEq/L/mg protein).

PAR� Ligand Prevents Cisplatin-
nduced Accumulation of NEFAs

ur most recent studies have shown that the
se of PPAR� ligands prevents the development
f cisplatin-induced proximal tubule cell death

Measured by 1H NMR Spectroscopy and
the Urine

Day 2
7)

WY
(N � 7)

WY � Cisplatin
Day 2 (N � 7)

.13* 0.07 � 0.06 0.19 � 0.16*
03 P � .037
4.82* 0.66 � 0.61 18.08 � 23.98
04
.95 0.43 � 0.37 0.57 � 0.31
.10* 0.04 � 0.01 0.28 � 0.36
04
.07* 0.02 � 0.01 0.05 � 0.07
09
.02 0.24 � 0.12* 0.22 � 0.08*

P � .038 P � .016
.78* 15.60 � 3.76* 6.77 � 3.21
08 P � .010
.22 0.46 � 0.42 0.50 � 0.41
.21* 0.22 � 0.08* 0.27 � 0.18
08 P � .043
.26 0.07 � 0.06* 0.10 � 0.09

P � .048
.06 0.50 � 0.56 0.41 � 0.39
.09* 0.02 � 0.01 0.25 � 0.36
06
tions
e in

atin
N �

5 � 0
� .0

8 � 3
� .0

9 � 0
2 � 0
� .0

3 � 0
� .0

7 � 0

9 � 2
� .0

1 � 0
4 � 0
� .0

8 � 0

5 � 0
6 � 0
� .0
y preventing the inhibition of fatty acid oxida-
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Study of acute kidney injury 613
ion.24 Therefore, we examined the effect of
PAR� ligand on cisplatin-induced increased
EFA levels in serum, urine, and kidney tissue.
t day 3 after cisplatin injection, there was a
-fold increase in the serum levels of NEFA. In

igure 4. (A) Effect of cisplatin on NEFA levels in serum,
rine, and kidney tissue. Mice were administered saline
control) or cisplatin (20 mg/kg/body weight) by a sin-
le intraperitoneal injection. NEFA levels were measured
t day 1, day 2, and day 3 after cisplatin injection in
erum, urine, and kidney tissue homogenates. Bars cor-
espond to means � SE of at least 6 independent exper-
ments under each condition. *P � .05, compared with
ontrol by unpaired Student t test. (B) Effect of cisplatin
nd fibrate (WY) on NEFA levels. Wild-type mice were
ed with either a regular or WY-containing diet and then
ere given saline (control and WY groups) or cisplatin

cisplatin and cisplatin � WY groups). NEFA levels were
easured at day 3 after cisplatin injection in serum,

rine, and kidney tissue homogenates as described in
he Methods section. Results are expressed as the means

SE. †P � .05 compared with cisplatin, *P � .05,
ompared with control by unpaired Student t test.
ontrast, the group of mice that received the e
iet containing PPAR� ligand and cisplatin
howed comparable levels of serum NEFA with
he mice treated with saline alone, as shown in
igure 4B. We also measured NEFA levels in
rine samples of mice treated with PPAR�

igand and cisplatin, and again similarly to
aline-treated mice, we were not able to de-
ect measurable amounts of NEFAs in the
rine samples from these mice. We next ex-
mined the effect of PPAR� ligand on cispla-
in-mediated accumulation of NEFAs in kid-
ey tissue. In the group of mice that received
he diet containing PPAR� ligand and cispla-
in, there was a 65% reduction in the levels of
EFA in kidney tissue when compared with
isplatin-treated mice. These results are
hown in Figure 4B.

isplatin Increases Triglyceride
evels in Serum and Kidney Tissue

ecause triglycerides (TGs) represent the major
omponent of neutral lipids in kidney tissue,
e measured TG levels in serum, urine, and

idney tissue homogenates of mice treated with
aline (control) and mice treated with cisplatin.
s shown in Figure 5A we were able to detect
Gs only in the serum and kidney tissue homog-
nates. Our assay was not able to detect mea-
urable amounts of TGs in urine samples ob-
ained from control or cisplatin-treated mice.
s shown in Figure 5A, cisplatin-treated mice
howed not only a time-dependent increase in
G levels in serum, but also in kidney tissue. At
ay 3 there was a 3-fold increased in serum TG

evels, and also at day 3 after cisplatin injection
here was a 6-fold increase in TG levels in kid-
ey tissue homogenates.

PAR� Ligand Prevents
isplatin-Induced Accumulation of TGs

e next examined the effect of PPAR� ligand
n cisplatin-mediated increased levels of TG in
erum and kidney tissue. At day 3 after cisplatin
njection, there was a 3-fold increase in the
erum levels of TGs. In contrast, the group of
ice that received the diet containing PPAR�

igand and cisplatin showed a 70% reduction in
erum TG levels when compared with cisplatin-
reated mice, as shown in Figure 5B. We also

xamined the effect of PPAR� ligand on cis-
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614 D. Portilla, L. Schnackenberg, and R.D. Beger
latin-mediated accumulation of TGs in kid-
ey tissue. In the group of mice that received
he diet containing PPAR� ligand and cispla-
in there was a 55% reduction in TG levels in
idney tissue when compared with cisplatin-
reated mice. These results are shown in Fig-

igure 5. (A) Effect of cisplatin on TG levels in serum,
rine, and kidney tissue. Mice were administered saline
control) or cisplatin (20 mg/kg/body weight) by a sin-
le intraperitoneal injection. TG levels were measured in
erum, urine, and kidney tissues at day 1, day 2, and day
after cisplatin injection. Bars correspond to means �

E of at least 6 independent experiments under each
ondition. **P � .005 compared with control by un-
aired Student t test. (B) Effect of cisplatin and fibrate
WY) on TG levels. Wild-type mice were fed with either
regular diet or WY-containing diet and then were given

aline (control and WY groups) or cisplatin (cisplatin and
isplatin � WY groups). TG levels were measured in
erum and kidney tissue homogenates at day 3 after
isplatin injection as described in the Methods section.
esults are expressed as the means � SE. †P � .05
ompared with cisplatin, *P � .05, **P � .005 compared
ith control by unpaired Student t test.
re 5B. t
isplatin-Induced
yperglycemia and Glucosuria
recede Cisplatin-Induced ARF

H NMR analysis of urine samples revealed that
lucose was present within the first 24 to 48
ours postdosing with cisplatin. To corroborate
hese findings, we measured glucose levels in
erum, urine, and kidney tissue by an enzymatic

igure 6. (A) Effect of cisplatin on glucose levels in
erum, urine, and kidney tissue. Mice were administered
aline (control) or cisplatin (20 mg/kg/body weight) by

single intraperitoneal injection. Glucose levels were
easured at day 1, day 2, and day 3 after cisplatin

njection in serum, urine, and kidney tissue homoge-
ates. Bars correspond to means � SE of at least 6

ndependent experiments under each condition. *P �
05, **P � .005 compared with control by unpaired
tudent t test. (B) Effect of cisplatin and fibrate (WY)
n glucose levels. Wild-type mice were fed with either
regular or WY-containing diet and then were given

aline (control and WY groups) or cisplatin (cisplatin
nd cisplatin � WY groups). Glucose levels were mea-
ured at day 3 after cisplatin injection in serum, urine,
nd kidney tissue homogenates as described in the
ethods section. Results are expressed as the means
SE. †P � .05 compared with cisplatin, *P � .05, **P
.005 compared with control by unpaired Student t
est.
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Study of acute kidney injury 615
olorimetric assay. As shown in Figure 6A, cis-
latin induced a time-dependent increase in
lucose levels in serum, urine, and kidney tis-
ue. At day 3 after cisplatin injection there was
3.5-fold increase in serum glucose levels when
ompared wit saline-treated mice. Cisplatin-
reated mice also showed a remarkable 75-fold
ncrease in urine glucose levels, and a 2.5-fold
ncrease in kidney tissue levels of glucose,

hen compared with saline-treated mice.

PAR� Ligand Prevents Cisplatin-
nduced Hyperglycemia and Glucosuria

ur most recent studies have shown that the
se of PPAR� ligands prevent the development
f proximal tubule cell death during ARF by
reventing not only fatty acid oxidation, but
lso by preventing the inhibition of pyruvate
ehydrogenase complex (PDC) activity in the
itochondria.24 In addition to its stimulation of

atty acid oxidation and anti-apoptotic effects,
ecent reports have suggested that PPAR� also
ay play a role in the regulation of metabolic

bnormalities associated with the metabolic
yndrome.25 Therefore, we examined the effect
f PPAR� ligand on cisplatin-induced increased

evels of glucose in serum, urine, and kidney
issue. As shown in Figure 6B, serum glucose
evels of wild-type mice receiving a regular diet

ere increased significantly by cisplatin treat-
ent. At day 3, there was a 3.5-fold increase in

erum glucose levels. By contrast, cisplatin-
reated mice receiving a PPAR� ligand in their
iet showed comparable levels of serum glu-
ose with the mice treated with saline alone.
imilar to our NMR results, our biochemical
nalysis confirmed that cisplatin-treated mice

Table 2. Effect of Cisplatin and Fibrate (WY) o

Serum Control 3-Day

Glucose, mg/dL 145.87 � 17.00 507.3
Insulin, ug/L 0.51 � 0.11 0.9
NEFA, mEq/L 0.11 � 0.02 0.3
TG, mg/dL 25.33 � 1.45 79.0
Results are expressed as the means � SE.
*P � .005 compared with control by unpaired Student t tes
†P � .05 compared with cisplatin.
‡P � .05 compared with control by unpaired Student t test.
howed remarkable increases in urine glucose
evels (75-fold) when compared with saline-
reated mice. In the group of mice that received
he diet containing PPAR� ligand and cisplatin,
here was a 78% reduction in urine glucose
evels when compared with cisplatin-treated

ice. We next examined the effect of PPAR�
igand on cisplatin-mediated accumulation of
lucose in kidney tissue. In the group of mice
hat received the diet containing PPAR� li-
and and cisplatin, there was a 70% reduction
n glucose levels in kidney tissue homoge-
ates when compared with cisplatin-treated
ice. These results are shown in Figure 6B.

ffect of Cisplatin and Fibrate
WY) on Serum Levels of Insulin

n the next series of experiments, we measured
he effects of cisplatin on serum insulin levels.
hree days after one single injection of cisplatin

here were significant increases in serum insu-
in levels from control to cisplatin-treated mice
f 0.506 � 0.11 to 0.926 � 0.14 �g/L (N � 6,
� .05). By contrast, cisplatin-treated mice re-

eiving the diet containing PPAR� ligand showed
omparable levels of insulin with the mice treated
ith saline alone, as shown in Table 2.
In summary, we found that cisplatin-induced

RF produces an endogenous metabolic profile
evealed by 1H NMR analysis of urine. As indi-
ated in Table 1, the most marked changes in-
uced by cisplatin, and revealed by NMR spec-
roscopy, occurred within the first 48 hours,
nd were characterized by increased concentra-
ions of glucose, lactate, amino acids such as
lanine, valine, leucine, methionine, and the
resence of tricarboxylic acid (TCA) cycle me-

um Levels of Glucose, Insulin, NEFAs, and TGs

latin WY WY � Cisplatin

5.54* 91.2 � 12.3 142.75 � 26.78†
.14 0.37 � 0.28 0.33 � 0.11
.05‡ 0.06 � 0.02 0.11 � 0.04†
.46* 22.33 � 0.33 42.33 � 5.81†,‡
n Ser

Cisp

3 � 8
3 � 0
6 � 0
0 � 9

t.
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616 D. Portilla, L. Schnackenberg, and R.D. Beger
abolites such as pyruvate and lactate in urine.
ur results confirm previous studies in which
uantitative changes by NMR spectroscopic
etabolite patterns provided information on

he location and severity of toxic lesions. Those
tudies detected the presence of glucosuria and
minoaciduria after exposure to known proxi-
al tubule nephrotoxins such as gentamicin,
ercuric chloride, and D-serine.6,7,26 Glucos-

ria and enhanced excretion of amino acids are
oth strong indicators of proximal tubule dam-
ge in general, likely caused by impaired tubu-
ar reabsorption in the proximal tubule via so-
ium-dependent glucose transport. In the case
f gentamicin, recent in vivo and in vitro stud-

es performed in LLCPK1 cells, as well as in
ouse kidney tissue, have shown that amino-

lycoside antibiotics reduce glucose reabsorp-
ion in kidney tissue by reducing messenger
NA (mRNA), protein expression, and function
f the sodium-dependent glucose transporter,
hich is located in the apical membrane of the
roximal tubule.27 Our most recent unpub-

ished studies, using alpha-D-14C-glucopyrano-
ide to examine the effects of cisplatin on glu-
ose uptake in LLCPK1 cells, also lends support
o the hypothesis that the inhibition of sodium-
ependent glucose transport represents an
arly intracellular event that precedes proximal
ubule cell death when LLCPK1 cells are ex-
osed to cisplatin. Therefore, it is quite possi-
le that a common mechanism of proximal tu-
ule nephrotoxicity for both gentamicin and
isplatin relates to reduced expression and
unction of sodium-dependent glucose trans-
orters. This mechanism of proximal tubule
ephrotoxicity explains our findings by NMR
nalysis of the early presence of glucosuria and
minoaciduria in cisplatin-treated mice.

PAR� Ligand Prevents
isplatin-Induced Hyperglycemia and
lucose Accumulation in Kidney Tissue

revious studies performed in rats have shown
hat cisplatin-induced hyperglycemia is second-
ry to the presence of marked glucose intoler-
nce, in association with an impaired insulin
esponse and an abnormal glucagon response
o a glucose stimulus.28,29 Our studies corrobo-

ate those previous findings in mice treated e
ith cisplatin, including the presence of severe
yperglycemia, as well as the presence of hy-
erinsulinemia, as shown in Table 2. In addi-
ion, our studies also confirmed the presence of
n inappropriate insulin response when com-
ared with the level of hyperglycemia induced
y cisplatin in these mice. On the other hand,
brate treatment significantly ameliorated cis-
latin-induced hyperglycemia and hyperinsulin-
mia, and also prevented cisplatin-mediated ac-
umulation of glucose in kidney tissue. These
esults suggest that fibrate treatment leads to an
mproved insulin action in kidney tissue. This
eneficial effect of fibrates or PPAR� ligands on
yperglycemia and insulin levels has been ob-
erved previously in animal models of diabetes,
nd also in diabetes-prone animals.30-32 By using
tsuka Long Evans Tokushima Fatty rats, Koh
t al33 showed that fibrate treatment prevented
he development of diabetes by several mecha-
isms that included: (1) reduced basal plasma

nsulin concentrations, (2) reduced adiposity,
3) improved peripheral insulin action, and (4)
y exerting beneficial effects on pancreatic
-cell function.

isplatin-Mediated
enal Lipid Accumulation

s Ameliorated by PPAR� Ligand

previous study had reported that cisplatin
ephrotoxicity in rats was accompanied by sig-
ificant increases in serum total cholesterol and
G concentrations, an effect that was not ac-
ompanied by injury to the liver.34 Our results
xtend those previous observations, showing
lso accumulation of TGs and NEFAs in kidney
issue of cisplatin-treated mice. The mecha-
isms by which cisplatin increases both NEFA
nd TG accumulation in kidney tissue likely
eflect in part cisplatin-mediated inhibition of
atty acid oxidation. We have shown that cis-
latin causes a significant reduction in mRNA

evels and enzyme activity of mitochondrial me-
ium chain acyl-CoA dehydrogenase (MCAD),
nd that the use of PPAR� ligand WY pre-
ented cisplatin-induced reduction of mRNA
evels and enzyme activity of MCAD and ame-
iorated ARF.24 By contrast, cisplatin-treated
PAR� null mice fail to show a protective

ffect of fibrate treatment and do not reverse
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isplatin-mediated inhibition of MCAD.24 In
ur most recent study, performed in renal epi-
helial cells in culture, we found that cisplatin
irectly inhibited PPAR� activity in these cells,
nd this event was accompanied by increased
ccumulation of NEFAs.35 Pretreatment with fi-
rate prevented the inhibition of PPAR� activ-

ty, and the accumulation of NEFAs, and also
revented cisplatin-induced proximal tubule
ell death, supporting our in vivo observations
bout the protective role of PPAR� ligands in
educing accumulation of NEFAs and prevent-
ng cisplatin-mediated nephrotoxicity.

In addition to the protective effects of fi-
rates in preventing cisplatin-mediated inhibi-
ion of fatty acid oxidation in kidney tissue,
ur study cannot rule out the presence of
rotective systemic effects of fibrates on kid-
ey tissue lipotoxicity. For example, the most
ronounced systemic effect of fibrates is to
educe plasma TG-rich lipoproteins. The hypo-
riglyceridemic action of fibrates involves com-
ined effects on lipoprotein lipase (LPL) and
po-CIII expression,33 resulting in increased li-
olysis. The induction of LPL expression occurs
t the transcriptional level and is mediated by
PAR�. In contrast to LPL, transcription of the
poCIII gene is inhibited by fibrates, resulting
n decreased production of apoCIII in the liver
nd reduced serum TG levels.36 The repression
f apoCIII gene expression by fibrates is medi-
ted by PPAR�.37 Previous studies also have
hown that in addition to increased lipolysis,
brates also increase the hepatic uptake of free
atty acids by inducing the expression of spe-
ific fatty acid transport proteins and by in-
reasing the formation of acyl CoA esters by
cyl CoA synthetase.38 Therefore, fibrates po-
entially could change free fatty acid metabo-
ism from TG synthesis to catabolism. Addi-
ional cellular mechanisms by which cisplatin
ncreases the accumulation of TG in the proxi-

al tubule are likely to be involved. In a recent
tudy by Peters et al,39 the investigators exam-
ned the potential mechanisms by which prox-
mal tubule injury leads to TG accumulation.
ignificant differences in the expression and
unction of TG synthetic and degradative path-
ays were found, depending on the in vivo or
n vitro model of tubular cell damage used. A b
ignificantly increased expression in acyl coen-
yme A:diacylglycerol acyltransferase expres-
ion was seen in the antimycin and endotoxin
odels, whereas reduced expression of TG

ipase was seen in the glycerol model of ARF.
lthough we have not examined in detail the
ellular mechanisms by which cisplatin induces
G accumulation in the proximal tubule, our
ecent gene-array analysis of kidney tissue of
ice treated with cisplatin showed that mRNA

evels of fatty acid synthetase gene were re-
uced significantly by cisplatin. This observa-
ion suggests that reduced TG catabolism by
isplatin and increased accumulation of free
atty acids represent important mechanism(s)
f TG accumulation in the proximal tubule.

In summary, our analysis by NMR spectros-
opy shows that exposure to cisplatin results in
marked change in the urinary metabolic pro-
le that precedes changes in known biomarkers
f nephrotoxicity, such as blood urea nitrogen
nd serum creatinine. Future analysis by ultra
erformance liquid chromatography (UPLC)/
S-based techniques should allow us to further
ifferentiate the presence of spurious markers
hat merely reflect the administration of cispla-
in from genuine biomarkers of toxicity. In ad-
ition, our results further support the protec-
ive role of PPAR� ligands on renal function by
reventing systemic and renal alterations in glu-
ose and lipid metabolism caused by cisplatin.

YSTEMS TOXICOLOGY:
NTEGRATED METABONOMICS
ND PROTEOMICS IN LIVER TISSUE

lthough our studies focused solely on metabo-
omic analysis, others have sought to integrate

etabolomic and proteomic analyses. Metabo-
omics, proteomics, and gene expression mi-
roarray platforms were used in a systems biol-
gy study of acute hepatotoxicity of valproic
cid.40 Pregnant CD-1 mice were injected sub-
utaneously with 600 mg/kg valproic acid or
ehicle control. Urine, serum, and liver tissue
ere collected at 6, 12, and 24 hours after
osing. One-dimensional proton NMR experi-
ents were applied to the urine and aqueous

xtracts of terminal plasma and tissue samples
sing a Bruker 600 MHz NMR. PCA of the

inned NMR spectral data of urine samples
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howed the valproic acid (VPA)-dosed groups
ere clustered away from the controls as a

esult of altered glucose concentrations in
rine samples at 12 and 24 hours. NMR meta-
onomics procedures applied on aqueous

iver tissue extracts showed altered glucose
evels at 12 hours after VPA administration.
roteomics was applied to crude liver mito-
hondrial-enriched fractions that were pre-
ared from 24-hour control and VPA-treated
ouse liver homogenates. Approximately 30
g from each pooled sample was dissolved in

oading buffer and separated by sodium dodecyl
ulfate–polyacrylamide gel electrophoresis. The
odium dodecyl sulfate gel was sliced into 38
ands and were transferred to a 96-well plate.
el bands were reduced with dithiothreitol,
lkylated with iodoacetamide, and digested
ith trypsin as previously described.41,42 The

esultant 50-�L peptide pools were analyzed us-
ng nano LC/mass spectrometry (MS)/MS on a
CQ Deca XP Plus ion trap mass spectrometer
Waltham, MA). Samples were eluted with a 50-
inute gradient and MS/MS was performed on

he top 4 ions in each MS scan using the data-
ependent acquisition mode. Product ion data
ere searched against the European Bioinfor-
atics Institute’s mouse international protein

ndex protein database. Proteomics studies iden-
ified 2 proteins, glycogen phosphorylase and
mylo-1,6-glucosidase, which were increased in
osed animals relative to control. Both of these
roteins are involved in converting glycogen to
lucose. The combined metabolomic and pro-
eomic studies indicated a perturbation in the
lycogenolysis pathway after administration of
alproic acid.

ONCLUSIONS

he application of metabolomics to evaluate
nd monitor the presence of acute kidney dis-
ase is still under development. From the work
resented in this review, it is apparent that a
umber of known and unknown metabolites
hat can be measured easily in urine, serum, and
idney tissue could provide a reliable indication
f organ function. Validation of these meta-
olic biomarkers with respect to preclinical
nd clinical use, sensitivity, and specificity

ould provide additional tools in the detec-
ion of the onset and severity of kidney injury.
oreover, a significant opportunity exists to

ntegrate metabolomic and proteomic analyses
n the study of renal pathophysiology. The lit-
rature indicates that the 2 approaches have yet
o be applied in a single study of renal function
r pathology. The application of such a systems
iology approach is likely to provide new in-
ights into renal disease.
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