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A thin layer chromatographic method for determining the enzymatic
activity of peroxidases catalyzing the two-electron reduction

of lipid hydroperoxides
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Abstract

Thiol-dependent peroxidases catalyzing the reductive detoxification of lipid hydroperoxides (LOOHs) are crucial antioxidant components
of mammalian cells. There is a growing interest in manipulating expression of such enzymes to better understand their biological roles.
A new approach for determining their cellular activity is described, whereby LOOH reduction kinetics are tracked by high performance
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thin layer chromatography with peroxide-sensitive tetramethyl-p-phenylenediamine detection (HPTLC-TPD). The approach was teste
tumor cell transfectant clone (7G4) over-expressing selenoperoxidase GPx4. Timed incubation of Triton-solubilized 7G4 cells with
peroxidized phosphatidylcholine (PCOOH), followed by lipid extraction, HPTLC-TPD and densitometry revealed an exponential
PCOOH at a rate∼80-times greater than that for GPx4-deficient controls (VC). A TPD-detectable cholesterol hydroperoxide (7�-OOH) was
also reduced much faster by 7G4 than VC extracts. Spraying with H2SO4 after TPD revealed both 7�-OOH loss and resolved diol produ
(7�-OH) accumulation, the kinetics of which were identical. The approach described is relatively convenient, highly specific, and m
sensitive than conventional assays for cellular LOOH reducing enzymes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Lipid hydroperoxides (LOOHs) are important inter-
mediates arising during exposure of biomembranes and
lipoproteins to oxidizing enzymes (e.g. lipoxygenases) or
reactive oxygen species (ROS) such as hydroxyl radical,
peroxynitrite, and singlet oxygen[1,2]. Once formed,
phospholipid-, glycolipid-, cholesterol-, and cholesteryl
ester-derived hydroperoxides are subject to reductive degra-
dation, which either enhances or diminishes their prooxidant
potential. Iron-catalyzed one-electron reduction converts
LOOHs to free radical species, which can trigger damaging
free radical (chain) peroxidation reactions[2,3]. However,
two-electron reduction catalyzed by various non-heme
peroxidases converts LOOHs to relatively innocuous alcohol
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(LOH) derivatives[2]. In addition, LOOHs may underg
spontaneous or protein-facilitated translocation to o
membrane or lipoprotein sites[4,5], where one- or two
electron turnover could ensue, resulting in disseminatio
peroxidative stress on the one hand and attenuation o
other. The degree of partitioning between the one- and
electron pathways will determine how a system respo
to a LOOH challenge. If enzymatic antioxidant defen
are inadequate, chain reactions can proceed, resulti
amplification of peroxidative injury. In mammalian cel
enzymes that can catalyze the direct reductive detoxifica
of LOOHs include (i) selenium-dependent glutathio
peroxidase type-4 (GPx4 or PHGPx)[6,7], (ii) non-selenium
�-type glutathione S-transferases[8,9], and (iii) non-
selenium glutathione or thioredoxin peroxidases contain
respectively, one or two active site cysteine residues,
collectively referred to as peroxiredoxins[10–12]. The role
of these enzymes in preventing LOOH damage or regula
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LOOH signaling activity is under intensive investigation
[2,7,9–12]. Molecular genetic approaches such as gene si-
lencing, supplementation (knock-in), or deletion (knock-out)
typically call for measurement of expressed enzyme activity
in target cells. Many workers still employ a classic coupled
enzymatic assay with glutathione reductase or thioredoxin re-
ductase, using NADPH as the reporting reductant[9,11,12].
However, this type of assay is not very sensitive and absolute
specificity is not guaranteed. In this report, we describe
a highly sensitive and selective TLC-based approach for
determining cellular LOOH peroxidase activity. The method
was tested on a GPx4 transfectant clone of a breast tumor
line, using either peroxidized phosphatidylcholine (PCOOH)
or a cholesterol hydroperoxide (7�-OOH) as substrate.

2. Materials and methods

2.1. General materials

Butylated hydroxytoluene (BHT), desferrioxamine
(DFO), cholesterol (Ch), bovine brain phosphatidylcholine
(PC), N,N,N′,N′-tetramethyl-p-phenylenediamine (TPD),
and Chelex-100 were obtained from Sigma Chemical
Co. (St. Louis, MO). The photosensitizing dye aluminum
phthalocyanine disulfonate (AlPcS) was supplied by Dr. J.
v re
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detection; (2) normal-phase HPLC using a Beckman
silica column (250 mm× 10 mm; 5�m particles), hex-
ane/isopropanol (95:5, v/v) as the mobile phase, and UV
(212 nm) detection. Cholest-5-ene-3�,7�-diol (7�-OH) was
generated by triphenylphosphine reduction of 7�-OOH and
isolated by reversed-phase HPLC[15]. Product identities
were confirmed by proton NMR and mass spectrometry[15].

2.3. Iodometric analysis

Total peroxide content of stock PCOOH or 7�-OOH solu-
tions was determined by iodometric assay. Each sample was
dried under argon and dissolved in 0.3 ml of deaerated acetic
acid/chloroform (3:2, v/v). To this was added 20�l of 0.45 M
KI in deaerated water. After a 10 min reaction period, the so-
lution was mixed with 0.9 ml of 20 mM cadmium acetate to
minimize autoxidation of remaining iodide. Following cen-
trifugation, the 334 nm absorbance of triiodide that had been
stoichiometrically generated from peroxide was measured.
LOOH quantitation was based on an extinction coefficient of
22,500 M−1 cm−1 for triiodide [16].

2.4. Cell culture

COH-BR1 cells, a human breast tumor epithelial line,
were obtained from Dr. J. Doroshow (City of Hope Can-
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an Lier (University of Sherbrook) as a gift. A stock mixtu
f protease inhibitors (Complete-MiniTM) was obtaine

rom Roche Diagnostics GmbH (Mannheim, Germany).

.2. Preparation of PCOOH, 7α-OOH, and 7α-OH

PCOOH was prepared by singlet oxygen-medi
hotoperoxidation of PC. A chloroform solution of P
2 mg/ml) in a 10-ml beaker was irradiated in the prese
f 5�M AlPcS2 at 4◦C, using a 90-W quartz-halogen lig
ource and a fluence rate of 25 mW/cm2 [13]. The typica
xposure time was 30 min (fluence∼40 J/cm2). PCOOH
as separated from parent lipid by normal-phase HP
sing a silica column (250 mm× 4.6 mm; 5�m particles

rom Supelco (Bellefonte, PA). The mobile phase consis
f isopropanol/hexane/water (20:15:4, v/v) was delive

socratically at a flow rate of 1.0 ml/min. Absorban
f the effluent at 206 and 234 nm was monitored,

atter reflecting hydroperoxide-conjugated dienes. PCO
pecies emerged in a single broad peak exhibiting max
234/A260 ratio. The PCOOH fraction was isolated a
nalyzed iodometrically for total peroxide content.

Cholesterol hydroperoxides were generated by AlP2-
ensitized photoperoxidation of Ch in liposomal fo
13,14]. 3�-Hydroxycholest-5-ene-7�-hydroperoxide
7�-OOH) was separated from other peroxides in two c
atographic steps: (1) reversed-phase HPLC using a18

olumn (250 mm× 4.6 mm; 5�m particles) from Beckma
San Ramon, CA), methanol/isopropanol/acetonitrile/w
70:12:11:7, v/v) as the mobile phase, and UV (212
er Center). Wild type cells that had been transfected
construct encoded for only geneticin resistance or

eticin resistance plus the mitochondrial form of hum
Px4 were grown in DME/F12 medium supplemented w
0 nM sodium selenite and geneticin (0.5 mg/ml)[17]. A
px4-transformed clone (7G4) and a vector control cl
VC) were used in this study. Using 7�-OOH as a substra
nd reversed-phase high-performance liquid chromat
hy with mercury cathode electrochemical detection [HP
C(Hg)] for analysis, we showed previously that the G
ctivity of 7G4 cells was at least 80-times greater than
f VC counterparts and that the bulk of this activity w

ocalized in mitochondria[17,18]. HPTLC-based activit
eterminations were carried out on exponentially grow
ells.

.5. GPx4 assay reaction conditions

Cells were lysed in Chelex-treated PBS buffer [25 m
odium phosphate/125 mM NaCl (pH 7.4)] contain
.0 mM EDTA, 0.1 mM DFO, 25�M BHT, 0.3% (w/v)
riton X-100, and protease inhibitors (Complete-MiniTM,
tablet/10 ml of buffer). Assays were carried out using

her PCOOH or 7�-OOH as peroxide substrate. Reac
ixtures (0.5 ml) contained 5.0 mM GSH, cell lysate (100�g
f protein with PCOOH; 750�g of protein with 7�-OOH),
nd 40�M PCOOH or 100�M 7�-OOH (added last) i
H 7.4 Chelexed PBS containing 50�M DFO and 1.0 mM
DTA (PBS/DFO/EDTA). At various times during incub

ion at 37◦C, 0.1 ml samples were removed and extra
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with 0.4 ml of ice-cold chloroform/methanol (2:1, v/v), as
described[13,14]. After centrifugation, 0.45 ml of the or-
ganic phase was recovered, dried under nitrogen, and stored
at−20◦C until analyzed for remaining PCOOH or in the case
of 7�-OOH, remaining peroxide and generated 7�-OH.

2.6. HPTLC procedures

Sample extracts from PCOOH-containing assay mixtures
were analyzed for the peroxide by means of high-
performance thin layer chromatography with TPD spray de-
tection (HPTLC-TPD). This approach is based on peroxide-
induced oxidation of TPD to a radical cation chromophore
(Wurster’s blue), as catalyzed by iron and/or other redox
metal ions on the HPTLC plate[19]. Silica-gel 60 HPTLC
plates (10 cm× 10 cm; 0.2 mm layer thickness) obtained
from EM Science (Gibbston, NJ) were dried at 110◦C for 1 h
before use. Dried samples were dissolved in hexane/ethanol
(4:1, v/v) and applied to a plate in a hairline nitrogen stream,
using a Linomat IV programmable applicator (Camag Sci-
entific, Wilmington, NC). Chromatography was carried out
using chloroform/methanol/acetic acid/water (100:75:7:4,
v/v) as the mobile phase. Immediately thereafter, the plate
was dried under a stream of argon and sprayed with a fine mist
of freshly prepared 1% (w/v) TPD in methanol/water/acetic
acid (50:50:1, v/v). After flushing again with argon, the plate
w e air
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3. Results

3.1. HPTLC-TPD-based determination of cellular GPx4
activity using PCOOH as a substrate

The suitability of the HPTLC-TPD approach[19] for de-
termining cellular LOOH peroxidase activity was tested ini-
tially on GPx4, using photochemically generated PCOOH
as the peroxide substrate. GPx4 can catalyze the GSH-
dependent two-electron reduction of various phospholipid-,
cholesterol-, and cholesteryl ester-derived hydroperoxides in
solubilized as well as membrane- or lipoprotein-bound form
[6,7,20]. This activity distinguishes it from GPx1, a more
abundant intracellular selenoperoxidase which can act only
on more polar species such as H2O2 and fatty acid hydroper-
oxides[2,7]. A clone (7G4) of breast tumor COH-BR1 cells
that had been stably transfected with a construct encoded for
mitochondrial GPx4 was tested for GSH-dependent PCOOH
reducing activity in comparison with a vector control (VC).
As shown by the HPTLC-TPD profile inFig. 1A, the 7G4
cell extract produced a much more rapid disappearance of

F ed by
HPTLC-TPD: comparison of 7G4 and VC activities. Each assay mixture
(0.5 ml) contained 100�g of 7G4 or VC cell protein, 5 mM GSH, 60�M
PCOOH, and 0.05% Triton X-100 in PBS/DFO/EDTA at 37◦C. At various
reaction times, samples were extracted and recovered lipid fractions were
subjected to HPTLC-TPD analysis. (A) PCOOH band intensity after 0, 5,
10, and 15 min of incubation. Sample load:∼5 nmol of initial PCOOH (0-
min); 20�g of cell protein per lane (equivalent to∼1.3× 105 cells). (B)
First-order plot depicting the time course of PCOOH loss for 7G4 cells (�)
and VC cells (©). Densitometrically determined PCOOH at time-zero and
time-t is denoted byP0 andPt, respectively. Data points are means from
duplicate experiments.
as clamped to a clear glass cover in order to minimiz
xposure. When analyte signal intensity appeared ma
elative to background (typically∼15 min), densitometri
canning was carried out using an Alpha Innotech Mult
ger (San Leandro, CA). A dose–response curve obt
ith a PCOOH standard was used for quantifying assay
xide, measurements being restricted to the linear dyn
ange[19]. PCOOH molecular species are not resolved f
ne another or from their reduction products, PCOHs[19];
owever, only the peroxides are detected by this approa

For assays performed with 7�-OOH, sample extrac
ere applied to silica-gel 60 HPTLC plates and ch
atographed using benzene/ethyl acetate (1:1, v/v) a
obile phase. In this case, the peroxide substrate is

eparated from alcohol product, 7�-OH (Rf ∼ 0.42 and 0.25
espectively), allowing either or both to be determine
he assay. Three different detection methods were teste
ially, using mixtures of 7�-OOH and 7�-OH standards
i) spraying with 18N H2SO4 from a glass atomizer, fo
owed by heating at 110◦C for 15 min; (ii) spraying with
PD as described for PCOOH; or (iii) spraying with T
nd then with 18N H2SO4, followed by heating. These a
eferred to as HPTLC-H2SO4, HPTLC-TPD, and HPTLC
PD/H2SO4, respectively. The first of these proved s
ble for only 7�-OH, the second for only 7�-OOH, while

he last permitted simultaneous measurement of both
ytes at relatively high sensitivity (see Section3). Analytes
ere quantified via densitometric scanning (see above

ng loads within the linear dynamic range established with
tandards.
ig. 1. Cellular GPx4-catalyzed reduction of PCOOH, as assess
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the PCOOH band over a 15 min reaction period than the VC
extract. No significant peroxide loss was observed when ei-
ther GSH or cellular material was omitted from the assay
mixtures (results not shown), ruling out any non-enzymatic
contributions. Although not resolved from PCOOH, the alco-
hol product (PCOH) is essentially unreactive with TPD[19],
and therefore did not interfere with the assay. Sample applica-
tion with direct spraying, i.e. without chromatographic sep-
aration, was ruled out as a simplified option because cellular
material that otherwise remained at the origin gave a back-
ground color which reduced sensitivity. Plots of densitomet-
rically determined PCOOH as a function of incubation time
are shown inFig. 1B. The analyzed amounts were within the
linear dynamic range previously established for this peroxide
[19]. With 7G4 extracts, PCOOH level decayed exponentially
over at least a 15 min reaction period, the apparent first-order
rate constant being (44.3± 6.0)× 10−3 min−1. By contrast,
PCOOH loss was barely detectable with VC extracts, the
rate constant based on measurements extending to 1 h (not
shown) being (0.5± 0.1)× 10−3 min−1, i.e. only 1.1% that of
7G4 cells. Specific enzymatic activities (nmol min−1 mg−1),
based on initial rates (calculated from the rate constants and
starting PCOOH levels) and total cellular protein, were as
follows: 20.3± 2.7 for 7G4 and 0.25± 0.05 for VC. (The
kinetic parameters are mean± S.D. of values from three sep-
arate experiments.) Activity of wild type COH-BR1 cells
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Fig. 2. HPTLC profiles of various 7�-OOH and 7�-OH standard mixtures.
The numbered lanes represent the following amounts (nmol) of 7�-OOH
and 7�-OH, respectively: (1) 10.0, 0.1; (2) 7.5, 0.25; (3) 5.0, 0.5; (4) 2.5,
1.0; (5) 1.0, 2.5; (6) 0.5, 5.0; (7) 0.25, 7.5; (8) 0.1, 10.0. Analytes were
detected by spraying with (A) H2SO4 followed by warming; (B) TPD alone;
(C) TPD followed by H2SO4 and warming. (B) and (C) represent the same
TLC plate.Rf values are as follows: 7�-OOH, 0.42; 7�-OH, 0.26.

H2SO4/heat treatment, whereas less mobile 7�-OH appeared
as a blue band of much greater intensity at the same analyte
load. Spraying a duplicate HPTLC plate with TPD revealed
a distinct blue band for 7�-OOH (Fig. 2B), as observed pre-
viously[14,21]. By contrast, 7�-OH gave a barely detectable
(non-specific) response, its densitometrically determined in-
tensity being <0.1% that of 7�-OOH at the same load, and
therefore, negligible (compare lanes 1 and 8). When the same
plate was subsequently sprayed with H2SO4 and heated, both
7�-OOH and 7�-OH appeared as sharp blue bands, which
intensified progressively with increasing load (Fig. 2C). Es-
pecially noteworthy in the latter case is the color change and
intensification of the 7�-OOH band compared with its ap-
pearance after H2SO4/heat treatment alone (Fig. 2A). This
change is attributed to the quantitative conversion of 7�-OOH
to 7�-OH on the plate when it was first sprayed with TPD. The
likely mechanism is an iron-catalyzed two-electron reduction
of 7�-OOH by the chromogen[19]. Subsequent exposure
to H2SO4/heat gave the same strong blue color as observed
when 7�-OH was analyzed directly (compareFig. 2C and
A). Dose–response plots were constructed following den-
sitometric scanning of the various bands shown inFig. 2.
Best-fit equations for these plots over various analyte ranges,
along with correlation coefficients and detection limits, are
shown inTable 1. Responsiveness increased approximately
linearly with applied amount of analyte up to∼5 nmol, above
w pro-
n r
o
n LC
p

not shown) was found to be no different from that of
C clone. We tentatively attribute this low basal activity
Px4, cognizant that certain glutathione S-transferase
eroxiredoxins can also catalyze phospholipid hydrope

de reduction[9–12]. However, GPx1, which was previous
hown by coupled assay to be expressed at the same
evel in 7G4 and VC cells[17], could not have interfered
he HPTLC-TPD assay (Fig. 1) because it cannot act on ph
holipid hydroperoxides[2]. The PCOOH-based HPTLC
PD assay represented inFig. 1 is estimated to be at lea
0-times more sensitive than a coupled enzymatic assa
loying NADPH and glutathione reductase[7]. This would
e an obvious advantage for measuring cellular perox
ctivity, e.g. screening transfectant clones for expresse
ls of activity.

.2. Simultaneous determination of 7α-OOH and
α-OH using HPTLC with H2SO4, TPD, or TPD/H2SO4

etection

A GPx4 assay based on reduction of a cholestero
roperoxide isomer, 7�-OOH, was also developed. The a
antage in this case is that both substrate (7�-OOH) and prod
ct (7�-OH) could be tracked during an assay incubat
ince they are well resolved by HPTLC[14,21,22]. Respon
iveness was examined first, using mixtures of 7�-OOH and
�-OH standards varying in mol ratio from 100:1 to 1:1
nd detecting the separated species with H2SO4/heat alone
PD alone, or TPD followed by H2SO4/heat. As shown i
ig. 2A, 7�-OOH appeared as a brownish-purple band u
hich there was progressive flattening, which was more
ounced with 7�-OH than with 7�-OOH. Consequently, fo
ptimal sensitivity in measuring GPx4 activity with 7�-OOH,
o more than 5 nmol of initial peroxide was applied to a T
late.
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Table 1
Parameters for HPTLC analysis of standard 7�-OOH and 7�-OH mixturesa

H2SO4
b TPDc TPD/H2SO4

d

7�-OOH 7�-OH 7�-OOH 7�-OOH 7�-OH

Best-fit equatione y = 5.3x − 0.16x2 y = 26.4x − 2.64x2 y = 1.3 + 11.6x − 0.37x2 y = 0.3 + 11.9x − 0.45x2 y = 26.1x − 2.56x2

Range (nmol) 1–10 0.25–10 0.25–10 0.25–10 0.25–10
Correlation coefficient 0.98 0.99 0.99 0.99 0.98
Detection limit (nmol) 1.0 0.2 0.2 0.2 0.2

a Data are from the chromatograms represented inFig. 2.
b Detection by spraying with H2SO4 and warming.
c Detection by spraying with TPD.
d Detection by spraying with TPD followed by H2SO4 and warming.
e Equation representing the best-fit of plotted dose–response data.

3.3. HPTLC-TPD/H2SO4-based determination of
cellular GPx4 activity using 7α-OOH as a substrate

In a manner analogous to that described using PCOOH as
substrate (Fig. 2), we compared the 7�-OOH reducing activ-
ity of 7G4 versus VC cells. The incubation conditions were
similar to those used for the PCOOH system, but cell protein

F by
H say
m
1
A
b
b
i
c
a
(
A
M

and starting peroxide levels were set higher to compensate for
the fact GPx4 is less active on cholesterol hydroperoxides
than phospholipid counterparts[23]. For optimal substrate
and product signal strength (cf.Fig. 2), we used TPD/H2SO4
treatment for detection rather than H2SO4 alone. As shown
by the HPTLC-TPD/H2SO4 profile in Fig. 3A, incubation
of 7�-OOH in the presence of GSH and a 7G4 cell extract
resulted in a relatively rapid disappearance of the peroxide
band with corresponding accumulation of 7�-OH product.
A VC extract at the same protein level reduced 7�-OOH
much more slowly, in agreement with the PCOOH findings
(Fig. 2). Fig. 3B shows plots of the densitometrically deter-
mined analyte levels as a function of incubation time. For
both cell clones, there was no significant difference in the
apparent first-order kinetics of 7�-OOH decay and 7�-OH
buildup over a 1 h period (p > 0.50 by regression analysis).
However, the reaction rate constant for 7G4 was∼44-times
greater than that for VC [(39.2± 0.4)× 10−3 min−1 versus
(0.9± 0.2)× 10−3 min−1]. Calculated specific enzymatic ac-
tivities [nmol min−1 (mg cell protein)−1] were as follows:
6.83± 0.81 for 7G4 and 0.15± 0.03 for VC (mean± S.D.
of values from three separate experiments). A more complex
HPLC-EC(Hg)-based assay carried out previously[17] re-
vealed approximately the same activity differences between
these clones. However, in that case, only 7�-OOH loss could
be monitored. The observed agreement between the kinet-
i
c s ex-
p
o king
o up
( d by
c ddi-
ig. 3. Cellular GPx4-catalyzed reduction of 7�-OOH, as assessed
PTLC-TPD/H2SO4: comparison of 7G4 and VC activities. Each as

ixture (0.5 ml) contained 750�g of 7G4 or VC protein, 5 mM GSH,
00�M 7�-OOH, and 0.05% Triton X-100 in PBS/DFO/EDTA at 37◦C.
t the indicated times, samples were extracted and lipid fractions analyzed
y HPTLC-TPD/H2SO4. (A) Chromatogram showing 7�-OOH and 7�-OH
and intensities as a function of incubation time. Sample load:∼5 nmol of

nitial 7�-OOH (0-min); 150�g of cell protein (equivalent to∼1.0× 106

ells). (B) First-order plot showing the time course of 7�-OOH disappear-
nce (©,�) and 7�-OH appearance (�,�) for 7G4 cells (©,�) and VC cells
�,�). P0 andPt denote 7�-OOH level at time-zero and -t, respectively.A0,

t, andA∞ denote 7�-OH level at time-zero, -t, and -infinity, respectively.
ean± deviation of values from duplicate experiments are plotted.

t en-
z ction.

4

nous
L tar-
g Hs,
cs for 7�-OOH loss and 7�-OH accumulation (Fig. 3B)
onfirms that the substrate/product stoichiometry was a
ected for a GPx4-catalyzed reaction[6]. Knowing this,
ne could opt to measure enzymatic activity by trac
nly peroxide decay (TPD alone) or only alcohol build
H2SO4/heat alone). However, the assurance afforde
ombined treatment detection, which requires very little a
ional effort, argues strongly in favor of it for determining
ymes that can catalyze cholesterol hydroperoxide redu

. Discussion

It has long been known that endogenous or exoge
OOHs can kill cells via direct oxidative damage to vital
ets[2]. However, there is growing evidence that LOO



T. Kriska, A.W. Girotti / J. Chromatogr. B 827 (2005) 58–64 63

like H2O2, can also act in more subtle fashion as stress sig-
naling molecules[2,24,25]. In this capacity, they may either
mediate a growth response or apoptotic death response, de-
pending on the level of oxidative pressure[2]. Mammalian
cells typically express a variety of antioxidant enzymes, some
of which act in preventative fashion (e.g. by detoxifying
LOOH-generating ROS) and others in reparative fashion (e.g.
by reducing LOOHs to redox-inactive LOHs which, in the
case of phospholipids, are subsequently hydrolyzed and rea-
cylated)[2]. The second category includes thiol-dependent
non-heme enzymes with peroxidase or peroxidase-like activ-
ity, prominent examples being GPx4, the�-class glutathione
S-transferases (�GSTs), and the one- or two-cysteine per-
oxiredoxins (Prxs)[6–12]. NADPH is a crucial component
in the sustained action of these enzymes. It serves as a sub-
strate for GSSG reductase, which regenerates GSH for GPx4,
�GST, or one-cysteine Prx activity[26], and also for thiore-
doxin reductase, which regenerates reduced thioredoxin for
two-cysteine Prx activity[27]. LOOH-reducing activity of an
over- or under-expressed peroxidase in a cell extract is com-
monly assessed by coupling this enzyme with the appropriate
reductase and measuring the rate of NADPH oxidation (A340
decay)[7–12]. Though relatively simple and straightforward,
this approach has at least two disadvantages: (i) the sensitivity
is quite low, meaning that a relatively large amount of cellu-
lar material is needed for the assay (e.g. at least 1 mg of 7G4
p -
l ed;
e DPH
d

om-
p c for
L t re-
q H is
t mon-
i oth
s are
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of [14C]7�-OOH that is both radioactively- and peroxide-
pure requires considerable effort[13], making this alternative
rather impractical compared with TPD/H2SO4 detection. It is
important to note that we previously developed a GPx4 assay
in which 7�-OOH was determined by HPLC-EC(Hg) analy-
sis [13,17]. Though estimated to be at least 100-times more
sensitive than HPTLC-TPD/H2SO4, HPLC-EC(Hg) has clear
limitations in terms of equipment availability and complexity
of operation. Moreover, only the peroxide substrate can be
monitored by this approach.

We showed that an assay based on PCOOH as the per-
oxide substrate is also amenable to HPTLC analysis. Since
TPD-inert PCOH was not separated from PCOOH under the
chromatographic conditions used, only the TPD-reactive per-
oxide could be monitored. It is unlikely that phospholipase
A2 (PLA2)-catalyzed hydrolysis ofsn-2 fatty acyl hydroper-
oxide groups, followed by reduction, could have contributed
to the observed PCOOH loss because PLA2 requires Ca2+

and this would have been EDTA-bound in the assay system.
It is of interest that simultaneous determination of PCOOH
and PCOH in a GPx4 assay system has been reported[29],
but in that case the analytes were separated by Ultracarb-
5 ODS HPLC and detected by measuring conjugated diene
absorbance at 232 nm. In principle, it should be possible to
adapt the HPLC conditions described[29] to HPTLC, thus
a tab-
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o ipid-
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s ver-
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R

1.
rotein/ml, which corresponds to∼7× 106 cells); (ii) abso
ute specificity for peroxidatic activity cannot be assum
.g. one needs to check for possible interference by NA
ehydrogenases (diaphorases).

The HPTLC approach that we describe, though more c
lex than the coupled enzymatic assay, is highly specifi
OOH-based peroxidatic activity because NADPH is no
uired and reductant (e.g. GSH)-dependent loss of LOO

racked directly. An added advantage is that one can
tor either peroxide loss, alcohol product buildup, or b
imultaneously, providing that their relative mobilities
ufficiently different. This was clearly demonstrated fo
Px4-overexpressing cell clone (7G4), using the choles
ydroperoxide 7�-OOH, which is well resolved from 7�-
H by HPTLC. In terms of specificity, GPx4 is the only e

yme known to catalyze cholesterol hydroperoxide reduc
7,28], so use of 7�-OOH provides another advantage if GP
s the enzyme of interest. The best analytical approach d
ped for the 7�-OOH-based assay is HPTLC-TPD/H2SO4,
hich affords maximal color yield for both the peroxide s
trate and diol product. We estimate that for a given rea
ixture, this approach is up to 50-times more sensitive

he conventional coupled enzymatic assay. One could
rove the sensitivity of the HPTLC-based assay by using
labeled 7�-OOH and tracking the reaction by radioimagi

n keeping with this, we showed previously, using photo
xidized [14C]Ch-containing liposomes and purified tes
lar GPx4, that the kinetics of total cholesterol hydro
xide loss (7�/�-OOH plus three other isomers) match

hose of total diol accumulation[28]. However, preparatio
llowing a substrate/product relationship to be clearly es
ished, as demonstrated for 7�-OOH (Fig. 3). Determination
f the separated analytes could be accomplished by spr
ith a lipophilic fluorophore such as 1,6-diphenylhexatri

30], followed by fluorescence scanning.
In summary, we have developed a new chromatogra

ethod for assessing the activity of cellular non-heme
xidases capable of reducing and detoxifying phosphol
r cholesterol-derived hydroperoxides. Using this appr

n its simplest form, i.e. as HPTLC-TPD, one can dire
easure the kinetics of LOOH loss for a given amo
f cell extract and thus obtain a specific enzymatic a

ty. HPTLC-TPD is more sensitive and informative than
idely used coupled enzymatic assay, and is particularly
uited for determining the activities of upregulated or o
xpressed antioxidant peroxidases such as GPx4, Prx
GSTs.
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