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Abstract

The cytosolic GSTs were measured directly in tissue homogenates using HPLC interfaced via ESI to a mass spectrometer (LC/MS). Total
ion chromatograms were generated and filtered for ion currents correspondifgy&io characteristic of individual GST isozymes. Direct
LC/MS has a high degree of precision (8%) and low instrument detection limits (50—100 ng) and offers the advantage of monitoring GST
expression at the protein level. In this study we describe the sub-chronic effect of feeding flavone (2500 mg/kg diet) on the expression of
MGSTA3, mGSTP1, mGSTM1, and mGSTM2 in male and female mice. Additionally, we tentatively identify mGSTO and its up-regulation
by flavone; a result that will facilitate the study of this novel enzyme. Flavone induced mGSTM1 and mGSTP1 in a gender and isozyme
specific manner yet had no appreciable effect on the expression of mMGSTA3. Male animals (day 5) displayed a 8-fold increase in mGSTM1
and a 2.6-fold increase in mMGSTP1 whereas female animals displayed a 5- and 3-fold increase in mGSTM1 and mGSTP1, respectively. The
mGSTM2 was detected only in flavone-fed animals, indicating an up-regulation of this isozyme by flavone. Results obtained using direct
LC/MS compare favorably to the specific activity of individual isozyms=(0.19), and are comparable to GST levels determined using
affinity chromatography followed by LC/M3P(= 0.79).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tent antioxidant propertid3], the ability to induce apoptosis
[8,9] and regulate the cell cycld0,11] The levels of spe-
Epidemiology studies strongly suggest a protective role cific flavonoids needed to produce effects in vitro are much
for a diet rich in fruits and vegetables, yet mechanisms that higher than levels found in vivfl2], suggesting that sec-
afford this protection are not cleft]. In particular, the in- ondary effects, such as the modulation of enzyme expres-
take of flavonoids is associated with a reduced risk of chronic sion, are important factors in determining the in vivo activ-
diseases such as lung cang¢g} and coronary heart dis- ity of flavonoids[13]. Several studies indicate that certain
ease[3-6]. Biological activities of flavonoids include: po- flavonoid compounds caninduce critical phase Il biotransfor-
mation enzymes, such as glutathicghtansferasefl4—16]
Abbreviations: GSH, glutathione; GST, glutathion&transferase; It is desirable to have rapid methods for screening the re-
ESI, electrospray ionization; TIC, total ion chromatogram; RIC, recon- sponse of biotransformation enzymes in response to diet and
structed ion chromatograms; TFA, trifluoroacetic acid; CDNB, chloro-2,4- anvironmental exposures.

dinitrobenzene; BSP, bromosulfophthalein; DTT, dithiothreitol; HHM, horse Glutathione Stransferases (GSTS' EC 251 18) are
heart myoglobin ) 0.1

* Corresponding author. Tel.: +1 530 752 7926; fax: +1 530 752 4759, 1€ primary mammalian enzyme system responsible for
E-mail addressaemitchell@ucdavis.edu (A.E. Mitchell). detoxifying chemical carcinogens and by-products of lipid
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peroxidation[17]. Substrates for GSTs include aldehydic improvement in that they are fast, quantitative and represent

products of lipid peroxidation and carcinogenic products of expression at the protein level. New methods eliminate the

phase | metabolism. Individual GST isozymes exhibit sub- use of the glutathione-linked affinity chromatography by tak-

strate specificity, and are expressed in a tissue-, gender-jng advantage of orthogonal interface technologies and the

species-, and age-related manfief]. The three prevalent  ability to reconstruct ion chromatograms from the total ion

mammalian GST isozymes classes are alpha (MGSTA), mucurrent.

(mGSTM), and pi (MGSTP)18]. Other isozymes identi- To validate the usefulness of this approach, a feeding study

fied in mammals include sigma, theta, zeta and onjggh employing flavone (2500 mg/kg diet) over a period of 20

Within each class, multiple isoforms have been identified. days was conducted in male and female Swiss Webster mice.

Variation in GST isozyme expression can have profound ef- Flavone was chosen as a model substrate since a previous

fects on health. For example, low expression of human GSTM study indicated that it was a potent inducer of mGSTM1 and

is associated with an increased incidence of blafz@rand mGSTP1 (Burns, unpublished). The results obtained using

colon cancef21]. Therapies that increase the expression of the direct LC/MS methods were comparable to specific ac-

specific GST isozymes may prove useful as cancer preventiortivity, as well as to data obtained by affinity purification of

treatments. individual isozymes followed by LC/MS quantitation, pro-
Arecentlyidentified GST, termed omega (GSTO), demon- viding additional validation of this method.

strates unusual catalytic and structural proper{i#3].

GSTO has low affinity for conjugating electrophiles with

glutathione, and instead demonstrates activity similar to 2. Experimental

the glutaredoxins; including glutathione dependent dehy-

droascorbate reductase and thioltransferase actjti®y. 2.1. Materials
GSTO has an active site cysteine that participates in the thi-
oltransferase activity19], and a hydrophobic site (H-site) Flavone (97%) was purchased from Aldrich (Milwau-

that is more open and less hydrophobic then other GSTs.kee, WI); trifluoroacetic acid (95%; TFA) in 1ml am-

Consequently, GSTO may play a critical role in recovering pules, was purchased from Acros (Pittsburgh, PA); 1-

oxidized proteins and peptides and restoring their function. chloro-2,4-dinitrobenzene (CDNB), ethacrynic acid, glu-

The up-regulation of GSTO may be particularly important tathione reductase, tris(hydroxymethyl)aminomethane hy-

during oxidative stress. drochloride, cumene hydroperoxide (80%), horse heart myo-
In order to screen dietary compounds for their ability globin (HHM), and glutathione (GSH) agarose epoxy-linked

to modulate biotransformation reactions, a fast and reli- through the sulfur were purchased from Sigma (St. Louis,

able method is needed to quantitate levels of key enzymesMO), bromosulfophthalein (BSP) from ICN (Aurbra, OH).

such as the GSTs. The specific activity of individual GST Bradford protein reagent was purchased from BioRad (Her-

isozymes is typically measured for this purpose. However, cules, CA). All other reagents were analytical grade and pur-

this is time consuming owing to the fact that independent chased from Fisher (Pittsburgh, PA).

assays with differing substrates are performed to monitor in-

dividual isozymes. Studies also routinely rely on the “univer- 2.2. Animal treatment

sal” substrate 1-chloro-2,4-dinitrobenzene (CDNB) to mea-

sure total GST activity when in fact it is not a substrate for Male (25—-30 g) and female (18—20 g) Swiss Webster mice

all isozymes (e.g. omega and theta). To address these issuesyere purchased from Charles River Breeding Laboratories,

methods have been developed for the identification and quandnc. (Wilmington, MA). Male (four per group) and female

titation of GST isozymes using glutathione-linked affinity (four per group) animals were housed in wire bottom cages

chromatography followed by HPL{22] and MS analysis  and acclimated for one week prior to diet manipulation. An-

[23-28] Although these methods proved useful in the iden- imals were fed ad libitum either a casein based control diet

tification and quantitation of GSTs they required extensive (AIN-76A, Dyets Inc) or the control diet with flavone in-

sample preparation. Additionally, since GST isozymes are corporated at the concentration of 2500 mg flavone/kg diet.

not equally retained on the glutathione-linked affinity matrix Animals were euthanized with carbon dioxide and the livers

(e.g. theta and omega) not all isozymes are detected usingemoved on days 5, 10 or 20.

this method. In addition, LC/ESI-MS/MS methods quanti-

fying signature peptides of GSTA and GSTM after tryptic 2.3. Sample preparation

digestion have been develop@®], these quantitative meth-

ods are an improvement over other tryptic digest methods but ~ The four livers from each group were combined, homog-

they still require extensive sample preparation. enized and the cytosolic fraction isolated using previously
We reportanimproved LC/MS method, which requires|lit- described method®4]. The resulting supernatant was col-

tle sample preparation prior to analysis, for the simultaneous lected and specific activity was measured following centrifu-

analysis of GST isozymes directly in the cytosolic fraction gation. The remaining supernatant was frozen&Q2°C until

of tissue homogenates. These methods represent a significaranalysis by LC/MS. Frozen supernatants were defrosted on
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Table 1
The molecular masses, linear regression equations, and correlation coeffigfdrits the GST external standards and the ions selected to quantify the levels
of GST isozymes in murine hepatic tissue

Isozyme MW Linear regression equatio®  lons used for GST isozyme identification

MGSTA3 25272 y=25535k + 1611799 0.98 1204.4 1149.7 1099.7 1054.0 1011.8 973.0 937.0 903.5 8724 843.4 816.2 790.7
mMGSTP1 23478 y=22706X + 627886 0.99 1236.7 11749 1119.0 1068.2 1021.8 979.3 940.1 904.0 870.6 839.5 810.6 783.6
mGSTM1 25838 y=30641k + 2891270 0.98 11759 11248 1078.0 1034.9 9952 958.3 9241 892.3 862.6 834.8 808.8 784.3
mGSTM2 25580 NA 1113.2 1024.2 984.8 948.4
mGSTO 27195 NA 938.8 9075 878.3 850.8

a The levels of mMGTSM2 and mGSTO0 were quantified using mGSTM1 as an external standard.

ice and diluted (1:20) with nanopure water prior to LC/MS tion limits for these LC/MS methods are 50 ng for mnGSTP1
analysis. and mGSTM1 and 100 ng for mGSTA3. Regression equa-
For comparison purposes, aliquots from three of the sam-tions and the correlation coefficients for these curves are
ples were also analyzed following established methods em-given inTable 1 Protein molecular masses were determined
ploying glutathione affinity purification priorto LC/MS anal-  using MaxEnt Masslynx software (version 3.5; Micromass,
ysis[24]. Wythenshawe, UK) and are listed rable 1 Horse heart
myoglobin was used to calibrate the mass spectrometer.

2.4. Liquid chromatography
2.7. Quantification

HPLC separations were performed using a Shimadzu
(Kyoto, Japan) SCL-10AVP system. Chromatography was  TICs were filtered, by selecting the most abundant ions
achieved using a Supelco (Bellefonte, PA) Discovery BIO characteristic for mGSTM1, mGSTM2, mGSTA3, mGSTP1
wide pore Gg column (25cmx 2.1 mm, 5um). Mobile and mGSTO Table 1), creating RICsFig. 1is a represen-
phases consisted of 0.05% TFA in water (A) and 0.05% TFA tative mass spectrum of mGSTM illustrating the charge dis-
in ACN (B). The initial condition of 40% B was held for tribution and ions chosen for peak identification. Identifying
1min. GST proteins were separated using a linear gradientions were chosen by picking the four most abundant ions
from 40 to 45% B in 7 min, followed by a gradient of 45-55% in the charge envelopet(.5 amu) corresponding to calcu-

B in 17 min at a flow rate of 0.2 ml/min. lated ion masses based on the known protein sequence. Four
consecutive ions on either side of this distribution were also
2.5. ESI/mass spectrometry included to account for variable charge distributions. In these

experiments all mass spectra were obtained under identical
The proteins were detected using a Quattro LC triple ionization conditions minimizing variation in the charge dis-

quadrupole mass spectrometer (Micromass, Altrincham, tribution. In the case of mMGSTO and mGSTM2 only the four
UK) equipped with a Z-Spray electrospray (ESI) interface. Most abundant ions apparent in each spectrum were used to
lonization conditions were optimized using purified GST obtain RIC. Peak areas obtained from the RIC were used to
(MGSTA3, mGSTP1 and mGSTM1) standards. The ion guantitate proteinsHig. 2). In contrast, the samples treated
source temperature was maintained at 46@&nd the des- Py GSH affinity purification prior to LC/MS were quanti-
olvation gas temperature at 300. The ESI was operated in ~ fied by integrating the TICs. The concentrations of mMGSTO
positive ion mode with a cone voltage of 35V, capillary volt-  @nd mMGSTM2 were estimated using mGSTM1 as an external
age of 3kV and extractor voltage of 2 V. Nitrogen was used Standard. Samples and standards were analyzed in triplicate.
as the drying gas at 800 L/h and as the cone gas at 48 L/h. Thel he method detection limit was determined by adding horse
analysis was performed by collecting the TIC in continuum

mode over a mass rangerofz 600 to 1400 with a cycle time 100, 241 9583
of 2.1s, a scan duration of 2.0s and an inter-scan delay of 2924
0.1s. 26 =
10349
8348
2.6. GST standards %] 8089 1ofre
) 7843 1249
GST isozymes mGSTM1, mGSTP1 and mGSTA3 were 11760
purified using previously described methgd8]. Isozymes
were determined to be >95% pure by mass spectrometry. | TR YTV VL T A W A -
Purified GST isozymes were accurately weighed, then com- 800 900 1000 1100 1200 1300

bmed to Pmd“ce a St_andard of known concentration; dilu- Fig. 1. Typical mass spectra of purified mGSTM1obtained from ESI/MS
tions of this stock solution were made to produce the standardanaysis. The mass spectrometer operated in full scan mode, the total ion
curves over a linear range of 100-5000 ng. Instrument detec-chromatogram (TIC) was collected over a rangent#600—1400.
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10 64569 750 535 945 1om 1364 (A 2.10. Western blot
u oq\ 578 /\/\ M‘\,\M\\AM\/JI\MW\
o T8

The eluant from the HPLC containing protein with a MW

1 648 ®) corresponding to mGSTO was collected. Approximately

‘ /.‘C, , \ , , , 100pg protein was separated on a 10% SDS-PAGE gel.
710 Western blots were developed using rabbit antiserum raised

ot A © against His-tagged recombinant GSTO 1-1 and goat anti-

et rabbit IgG alkaline phosphatase conjugit@].

3. Results and discussion

10 10.64 (E)
B N e In the current study the use of LC/MS to investigate levels
e of GST isozymes expressed directly in tissue homogenates
1 B 5 was explored. Our results indicate that this approach is both a
' %‘T’L,m(/\ —_— S ime fast and reliable method for the quantification of GST expres-
6.00 8.00 10.00 12.00 14.00

sionintissue samples and values obtained compare favorable
Fig. 2. The LC/MS total ion chromatogram (TIC) of GST isozymes and re- with values obtained using Iength|¢r purification methods.
constructed ion chromatograms (RIC) filtered for ions specific tomGSTM1, The methods reported here have a high level of mass accuracy
MGSTM2, mGSTA3, mGSTP1, and mGSTO. The cytosolic fraction of liver (1-2 Da) and precision (8.0%). The method detection limit
homogenates were analyzed by the mass spectrometer operated in full scagygs determined to beidg/mg protein. To validate this new
mode, the TIC was collected over a rangemé 600-1400 (A), RICs were o544 0h the levels of the three most prevalent GST isozymes
generated by selecting ion currents from characteristic of mGSTM1 (B), . .
MGSTM2 (C), mGSTA3 (D), mGSTP1 (E), and mGSTO (F). (i.e. mGSTAS, mGSTM1, and mGSTPl) were megsured in
hepatic tissue of male and female Swiss Webster mice follow-
) _ _ _ ing dietary exposure to flavone (2500 mg/kg diet) for 5, 10
heart myoglobin (HHM) to the diluted cytosolic fraction of o 20 days. In previous studies we found that flavone was
liver homogenate prior to LC/MS analysis. a potent inducer of GSTs (Burns unpublished). Levels of
Protein modification due to oxidation in the presence of ,GSTA3, mMGSTM1, and mGSTP1 were easily measured
GSH often results in glutathionylation, in fact this modi- jn poth treated and untreated animals, whereas mGSTM2
fication occurs as a common artifact of GST purification jsozyme (a minor isozyme) was detectable in only in the
[23]. In this study, the purified mMGSTA3 standard was de- fjayone-fed animals indicating that it was likely up-regulated
termined to be 44% glutathionylated. Conversely, GSTs by flavone.
analyzed directly in tissue homogenates display no glu- | evels of GST expression measured using direct LC/MS
tathionylation indicating that glutathionylation occurs during \vere compared with the specific activity of mGSTA3
affinity purification in glutathione-rich buffers. Therefore, ,,cSTP1 and mGSTM1 in these sampl@at{e 2. The re-
MGSTAS values in the samples were corrected to accountgyits obtained by each method were equivalert@.19; high
for this overestimation. No other oxidative artifacts were p ya|yes indicate similar results) although estimates of GST
detected. induction were generally higher when measured by specific

2.8. Statistical analysis Table 2
A comparison of hepatic GST expression measured directly in cytosol by
The coefficient of variation was used to measure preci- LC/MS (xg/mg protein) and by measuring specific acitivifnfol/min
sion using replicate injections of the samplbls=(3). Paired mg protein) following dietary exposure to flavone (2500 mg/kg diet). R_e—
Student'st-tests (two-tailed, homoscedastic) were applied to EZZ?: d,vcilﬁf;lrepresem GST induction as they are presented as a ratio of
data comparing affinity LC/MS method and specific activity
assays to this direct LC/MS method.

Isozyme Gender Specific activity LC/MS

5day 10day 20day 5day 10day 20day

. mMGSTA3 M 95 082 075 193 097 0.89

2.9. GST enzyme activity F 064 078 073 091 093  0.89

GST activity was measured at 26 using CDNB as a sub- MGSTM1 '|:v| lgg; ;'2‘21 g'gé 22471 2'21 g'ég
strate to determine total GST activif§0]. BSP, ethacrynic ' ' ' ' ’

acid and GSH peroxidase were used to determine mGSTM,MCSTPL FM 4222 ;% ;;g ;ig ;'% ;;2
mGSTP, and mGSTA activity, respective[$0,31] The i ' ' ' ' '

Bradford method was used to determine protein concentra-T0tal GST M 519 419 360 403 189 192

F 590 7.30 646 257 297 267

tion [32].
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Table 3
Concentrations of MGSTA3, mGSTP1 and mGSTML1 in three samples determined by direct LC/MS analysis compared to concentrations determined using
affinity purification prior to LC/MS analysis

Sample ID GST isozyme Affinity chromatography prior to LC/M&)(mg protein) Direct LC/MS{g/mg protein)
Control female day 20 mGSTP1 ) 947
mGSTM1 1898 2027
mGSTA3 1138 2294
Control female day 10 mGSTP1 () 951
mGSTM1 2126 1963
MGSTA3 2085 2083
Control male day 5 mGSTP1 a1 1787
mGSTM1 2984 2773
MGSTA3 2162 1851

activity. It is important to note that although enzyme activity The levels of mMGSTM2 in control animals were below
is a good estimate of protein expression, the response can dethe method detection limit of gg/mg protein whereas they
viate from linearity due to protein oxidation and alterations were easily measured in flavone-fed animals. This is not
in cellular GSH leveld33]. This is particularly a problem  surprising as levels of mGSTM2 in this mouse strain were
when monitoring dietary regulation of GSTs since certain previously determined to be approximately 9% of the con-
flavonoids can increase intracellular GSH levels through the centration of mGSTM125] which corresponds to approxi-
induction ofy-glutamylcysteine synthetag@4]. Additional mately 2ug/mg protein. The levels of mMGSTMZ2 in flavone-
problems may arise when using CDNB to measure GST ex-fed female animals ranged from 20,18/mg protein (day
pression since certain GST isozymes (e.g. theta and omegap) to 17.39u.g/mg protein (day 20). In flavone-fed males,
display little to no activity towards CDNB. mMGSTM2 levels ranged from 25.43)/mg protein (day 5) to
To further validate the approach of measuring GSTs di- 15.16p.g/mg protein (day 20). The levels in flavone-fed ani-
rectly in the cytosol by LC/MS, an aliquot of the cytosol mals are approximately 10-fold higher than estimated control
was taken from a subset of samples and analyzed accordievels suggesting that dietary flavone up-regulates the expres-
ing to methods employing affinity chromatography followed sion of this GST isozyme.
by LC/MS [24]. The affinity chromatography method has Dietary flavone had a greater influence on mGSTP1 ex-
greater than 80% recoveries when measured by losses in spepression in female animals as compared to male animals.
cific activity [24]. In general, results obtained using affinity Constitutively expressed levels of mMGSTP1 were higher in
purification prior to LC/MS analysis were equivalemt € male (28.3+g/mg protein) animals as compared to female
0.79) to results obtained by direct LC/MS analysis of GSTs (8.40ng/mg protein) animalsHig. 4A and B). In response
in tissues homogentate$able 3. An exception was found  to flavone, male animals demonstrated a 2.6-fold induction
in one sample analyzed by the combined affinity purification of mGSTP1 on day 5. No induction was noted on days 10
and LC/MS method. In this sample we found a 50% decrease
in mMGSTA3. A corresponding decrease in GST activity oc- 100
curred during the affinity purification step, which indicates
that a loss of protein occurred during the affinity purification. @*)
In contrast, the direct analysis of GSTS in tissue homogenates o
is not subject to protein losses that can occur during affinity
purification. 0 B B
This method was utilized to determine the impact of di- 1o,
etary flavone on hepatic GST expression. Results indicate N\
that dietary flavone influences GST expression in a gender- [\
and isozyme-specific mannéiable J with the greatest im- " /
pact on mGSTM1. Constitutively expressed (control) levels / (B)

of MGSTM1 were similar in male (25.369/mg protein) and O e e Time

female (22.8.g/mg protein) animals. Inresponse to flavone,
male animals demonstrated a peak in mGSTML1 levels, corre-Fig. 3. Reconstructed ion chromatogram (RIC) of mGSTM1 in male mice
sponding to an eight-fold induction, on dayfd. 3). These following dietary exposure to flavone (2500 mg/kg diet) for 5 days. The cy-
levels remained elevated throughout the 20-day trial (four- tosolicfraf:tion of liver homogenatesvyere analyzed by the mass spectrometer
fold induction on day 20). In female animals fed flavone. lev- operated in full scan mode, the total ion chromatogram _(TI(F) was collected

. ! over a range ofri/z 600-1400. RICs were generated by filtering the TIC for
els of mMGSTM1 were consistently elevated throughout the ihe jons specific to mGSTM1 from control males (A) and flavone-fed males

20 days and ranged between a five- and seven-fold induction.(B) on day 5.
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100, ?) Direct analysis of GSTs in tissue homogenates using
. % LC/MS provides investigators with a rapid screening tool
R for monitoring isozyme specific expression of GSTSs, at the
® protein level, in response to a variety of environmental and di-
100 etary exposures. Given that many common dietary flavonoids
w % 1‘0’6\? induce GST activity, and induction of GSTP is considered
e =N/ SN protective against the development of cancer, it is critical to
©) develop rapid and reliable methods for screening large num-
1 bers of flavonoids for this activity.
a % 19.68
0 - / ,‘ -
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Fig. 4. Reconstructed ion chromatogram (RIC) of mGSTP1 in male and
female mice following dietary exposure to flavone (2500 mg/kg diet) for
20 days. The cytosolic fraction of liver homogenates were analyzed by the
mass spectrometer operated in full scan mode, the total ion chromatogram
(TIC) was collected over a range of’z 600-1400. RICs were generated

by filtering the TIC for the ions specific to mMGSTP1in control females (A),

control males (B), flavone-fed females (C) and flavone-fed males (D). References
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