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FiG. 4. Induction of sulindac oxidation in HepG2 human hepatoma cells. A, induction by pretreatment of cells with (R)-sulindac. B, induction by pretreatment of cells with
(S)-sulindac. Cells in 24-well plates were incubated for the indicated time with a 125 uM concentration of the inducing epimer, followed by a 200 uM concentration of
either (R)-sulindac or (S)-sulindac, as described under Materials and Methods. The results are expressed as picomoles per 100-ul incubation reaction. This experiment was

repeated twice with a similar pattern seen in both experiments.

epimers in their P450 induction experiments. To see whether sulindac
increased the activity of P450 enzymes involved in its own metabo-
lism, human HepG2 cells were treated for periods ranging from 2 to
24 h with either (R)- or (S)-sulindac. After the pretreatment period, the
medium containing sulindac was removed and replaced with fresh
medium containing either the R- or S-epimer for a 1-h incubation
period (see Materials and Methods). After this second incubation,
metabolites in the medium (see Materials and Methods) were ana-
lyzed by HPLC. As shown in Fig. 4A, pretreatment with the R-epimer
increases the activity of enzymes that can oxidize the R-epimer but not
the S-epimer to the sulfone. Pretreatment of the cells with the S-
epimer results in a much higher level of increase in the activity of
enzymes that can oxidize both the R- and S-epimers (Fig. 4B). It
should be noted that the R-epimer is oxidized at a faster rate than the
S-epimer, regardless of which epimer is used during the preincubation
(induction) period. We assume that the sulindac epimers are inducing
the P450 enzymes in these experiments because Ciolino et al. (2006,
2008) have clearly shown that sulindac and its metabolites can induce
several P450 enzymes. However, we should stress that we have not
directly shown that the P450 enzymes are induced, only that there is
an increase in P450 enzymatic activity after the cells are exposed to
sulindac over a 24-h period.

Partial Purification of an (R)-Sulindac Reductase with MsrB-
Like Activity. The reduction of (S)-sulindac has been shown to be
catalyzed by MsrA (Moskovitz et al., 1996; Etienne et al., 2003). The
reductase for (R)-sulindac was of particular interest because there is
presently no known enzyme that catalyzes this reaction. Several
different MsrB enzymes, including recombinant E. coli MsrB and

TABLE 2
Purification of (R)-sulindac reductase from rat liver

Aliquots from each step of purification were incubated with 200 uM (R)-sulindac as
described under Materials and Methods.

Step Specific Activity Purification Factor Recovery
nmol product formed/mg protein/h %
S-100 4.2 1 100
(NH4),S0,, 30-70% 5.6 1.3 98
DEAE 32.6 7.8 43
G50 1160 276 40

human MsrB2 and B3, which are known to catalyze the reduction of
protein-bound methionine-(R)-sulfoxide, were tested and found to
have no activity in reducing the (R)-sulindac epimer (data not shown).
Recombinant mammalian MsrB1 was not available, but its partial
purification from mouse liver has been described previously (Mosko-
vitz et al., 2002), and it was shown that the purified enzyme reduced
both free Met-R-(0) as well as DABS-R-Met(o), a substrate that
mimics Met(o) in peptide linkage. Thus, it was possible that MsrB1
might also reduce the R-epimer of sulindac. We therefore set out to
purify both the (R)-sulindac reductase activity and DABS-R-Met(0)
activity from a rat liver S-100 fraction to see whether the two activ-
ities copurified (see details of purification under Materials and Meth-
ods). A summary of a typical purification of (R)-sulindac reducing
activity is shown in Table 2. A 270-fold purification was obtained in
this run, and in several other runs the purification varied between 250-
and 350-fold. (S)-Sulindac reducing activity was also tested on these
fractions (data not shown). This activity, presumably mostly due to
MsrA, was twice the (R)-sulindac reductase activity in the original
S-100, but the final G50 fraction had only a trace of (S)-sulindac
reductase activity (<6%), which was not further identified. In
Table 3, the purification of both (R)-sulindac and DABS-R-Met(0)
reductase activities from a typical purification are compared. It can be
seen that the purification of both activities is very similar at each step,
suggesting that the same enzyme may be responsible for both activ-
ities. In addition, the reducing requirement for both activities at the
final purification stage was similar, because DTT, but not reduced
Trx, could serve as the reducing agent (data not shown). Mammalian
MsrB1 has a molecular mass of 12.8 kDa, and, as shown in Fig. SA,

TABLE 3
Copurification of (R)-sulindac reductase and DABS-R-Met(o) reductase

The purification factor at the different steps of purification was measured using either 200
uM (R)-sulindac or 200 uM DABS-R-Met(o), as described under Materials and Methods.

Purification Factor

Step
(R)-Sulindac Reductase DABS-R-Met(o) Reductase
S-100 1 1
(NH4),S0,, 30-70% 1.3 1.5
DEAE 7.7 7.5

G50 peak fraction 340 256
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Fic. 5. Gel analysis of purified (R)-sulindac reductase and Western blot analysis
for MsrB1. Proteins from the indicated purification steps (see Materials and
Methods) were separated on 4 to 12% NuPAGE gels. Two micrograms of protein
were applied in each lane. A, Coomassie-stained fractions: lane 1, S-100; lane 2,
(NH,),SO,, 30 to 70%; lane 3, DEAE fraction; lane 4, G50 peak activity fraction
(no. 25). B, Western blot analysis of the G50 fraction 25 as in A, along with a
standard for MsrB1. Lane 1, G50 (no. 25); lane 2, incomplete digest of MsrB1-GST
fusion protein standard (36.5 kDa), with the truncated MsrB1 10.5 kDa fragment
clearly visible (see Materials and Methods).

there is a prominent Coomassie-stained band of this size in the
most-purified fraction. Western blot analysis, using the SepX1 anti-
body (see Materials) against a GST fusion protein containing the
N-terminal 95 amino acids of MsrB1, also provided evidence of
MsrB1 at this position (Fig. 5B, lane 1). Figure 5B, lane 2, is a
positive antibody control using the GST-MsrB1 fusion protein. This
protein (36.5 kDa) was partially digested with PreScission protease,
resulting in a second, lower band corresponding to the truncated
MsrB1 (10.5 kDa). Taken together, these results strongly indicate that
MsrB1 is present in the most-active fractions and may be responsible
for the reduction of (R)-sulindac in the rat liver extracts.

Effect of Sulindac on Normal Lung and Lung Cancer Cells
Exposed to Oxidative Stress. Our previous results (Marchetti et al.,
2009) showed that normal lung cells, when pretreated with sulindac,
were protected against oxidative stress. In Fig. 6A, we tested the
individual sulindac epimers to determine whether they both had a
protective effect using normal lung cells exposed to TBHP (see
Materials and Methods). Under the conditions used, normal lung cells
are quite sensitive to TBHP as indicated by the loss of viability in the
absence of any drug. It can be seen that both epimers are able to
protect the normal lung cells against TBHP oxidation. There is an
indication that the (R)-sulindac epimer is slightly more protective than
the S-epimer, but only at higher concentrations of TBHP, and we do
not think that this difference has physiological or therapeutic
significance.

The lung cancer cells are more resistant to TBHP, as shown in Fig.
6B. In contrast to what is seen in normal cells, pretreatment of lung
cancer cells with sulindac followed by exposure to oxidative stress has
been shown to selectively kill these cells (Marchetti et al., 2009). As
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shown in Fig. 6B, the two sulindac epimers showed similar enhanced
killing of lung cancer cells under the conditions used. In all these
experiments, the cells were preincubated with sulindac for 48 h before
being exposed to TBHP (see Materials and Methods and Marchetti et
al., 2009). It is concluded that the S- and R-epimers of sulindac have
similar activities toward both normal lung cells, which sulindac pro-
tects against oxidative stress, and lung cancer cells, which sulindac
enhances the killing of when exposed to oxidative stress. Studies on
the protection of normal cells against oxidative stress by sulindac
(mixture of R- and S-epimers) have been shown to involve a precon-
ditioning mechanism (Moench et al., 2009). The selective, enhanced
killing of cancer cells exposed to sulindac and oxidative stress has
also been described elsewhere in detail and shown to involve mito-
chondrial dysfunction, leading to loss of mitochondrial membrane
potential, excess production of reactive oxygen species, and apoptosis
(Marchetti et al., 2009). There is no reason to believe that the indi-
vidual sulindac epimers are not functioning in a similar way.

Discussion

In prior studies on sulindac, the metabolism and biological effects
were investigated primarily with sulindac preparations that contained
equal amounts of both epimers. Because individual epimers of a
compound often have different metabolic pathways and biological
effects, a complete understanding of a drug’s metabolism requires
study of the individual epimers. This may be especially true for
sulindac, which has been shown recently to have unique anticancer
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FiG. 6. Effect of sulindac epimers on the viability of lung cells exposed to oxidative
stress. Cells were incubated in the presence of 500 uM (R)-sulindac (@), 500 uM
(S)-sulindac (O), or no drug (M) for 48 h before exposure to TBHP, as described
under Materials and Methods and in Marchetti et al. (2009). Viability is expressed
as percentage viable cells not exposed to TBHP. A, normal lung cells. B, lung
cancer cells. Data points are graphed as mean and S.E. bars from a set of five
repeats. *, treatment conditions under which sulindac-treated cells showed a statis-
tically significant (p < 0.05) departure from controls (no drug).
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activity in combination with other agents (Meyskens et al., 2008; Park
et al., 2008; Seo et al., 2008; Marchetti et al., 2009; Resnick et al.,
2009; Pangburn et al., 2010) and to protect normal cells against
oxidative stress (Marchetti et al., 2009). Both of these activities of
sulindac are unrelated to its NSAID activity.

In the present studies using rats, we have demonstrated that both the
sulfone and sulfide metabolites are present in plasma liver, skin, and
brain after injection with either sulindac epimer. The oxidation of each
epimer with microsomes and commercially obtained, purified cyto-
chrome P450 enzymes has allowed us to identify some of the P450
enzymes that may be involved in the oxidation of the two epimers in
vivo. Of those tested, the major purified P450 enzymes responsible for
oxidation of the R-epimer include rat and human 1A2, rat 1Al, and
human 1B1, whereas human 1A2 appeared to be most active with the
S-epimer. From previously published rat feeding experiments, it
seems that sulindac (a mixture of both epimers) did induce hepatic
mRNA expression of CYP1A1, CYP1A2, and CYP1B1 (Ciolino et
al., 2008), although sulindac oxidation was not tested in these studies.
In fact, CYP1A1 showed the highest level of mRNA induction by the
mixed epimers in these previous studies and showed high activity for
oxidation of the R-epimer in our studies. It should also be mentioned
that there is one other report showing that sulindac sulfide can be
oxidized to sulindac in vitro by a flavin-containing monooxygenase,
although the physiological significance of this reaction in vivo is not
known (Hamman et al., 2000). Induction of P450 enzyme activity in
HepG2 cells using the individual epimers showed more induced
activity toward the R-epimer than toward the S-epimer. It was sur-
prising that the induction of enzyme activity with the R-epimer
showed little or no increase in P450 activity toward the S-epimer. We
have not found any other report using chiral drugs for which this is the
case. When the S-epimer was used to induce the P450 activity, once
again the induced activity was primarily toward the R-epimer, al-
though in these experiments there was a low level of induction of
P450 activity toward the S-epimer. It was also of interest that the
S-epimer has a greater capacity to induce the P450 enzyme system
than the R-epimer. It is possible that the S-epimer has a higher affinity
for the AHR or other P450-inducing receptors, but that the induced
P450 enzyme activity oxidizes the R-epimer at a greater rate than the
S-epimer in whole cells. This finding is in agreement with the in vivo
plasma levels of the metabolites. In summary, our results indicate that
after induction of P450 enzyme activity with either epimer, the R-
epimer of sulindac is more readily converted to the sulfone than the
S-epimer in cells in culture and in vivo. We have assumed that the
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induction of enzyme activity in the cell culture experiments is due
primarily to sulindac and not to any of its metabolites, because only
a small fraction of the sulindac was metabolized in these experiments.
However, preliminary experiments have shown that sulindac sulfide
can induce P450 enzyme activity similar to what was seen with the
sulindac R-epimer, and thus we cannot rule out the possibility that
some of the increase in P450 activity seen with the sulindac epimers
is due to the sulindac metabolites.

Regarding the reduction of sulindac to sulindac sulfide, our earlier
studies showed that MsrA reduced the S-epimer of sulindac (Etienne
et al., 2003). However, MsrB2 and MsrB3, which are capable of
reducing the R-epimer of peptide-bound methionine sulfoxide, cannot
reduce (R)-sulindac to sulindac sulfide (data not shown). This finding
prompted us to search for the enzyme(s) that could reduce the R-
epimer of sulindac, especially because sulindac sulfide was present in
the plasma of rats fed the R-epimer. A 250- to 350-fold purified
enzyme fraction that can reduce both the R-epimer of sulindac and
DABS-Met-R-(0), the latter being a known substrate for the MsrB
enzymes, has been obtained. Preliminary data suggest that the enzyme
may be MsrB1, a selenoprotein, because the activities that reduce both
substrates copurify, and gel analyses of the most-purified preparation
show a band, recognized by the anti-MsrB1 antibody, at the expected
molecular weight. Matrix-assisted laser desorption ionization analysis
showed that this purified preparation was grossly contaminated with
fatty acid binding protein (data not shown), which prevented us from
obtaining selenium measurements that could support the presence of
MsrB1 in the preparation. However, we must be cautious at this time
in concluding that MsrB1 is the active factor that reduces (R)-sulin-
dac, because a recombinant MsrB1 (a generous gift from V. N.
Gladyshev, Harvard Medical School, Boston, MA), with cysteine at
position 95 instead of selenocysteine, did not have detectable activity
with (R)-sulindac even at high enzyme concentrations, under condi-
tions in which DABS-R-Met(o), a known substrate for MsrB, was
readily reduced by this enzyme. This recombinant enzyme also could
use thioredoxin as a reducing system, whereas the rat liver fraction
that we purified could use DTT, but not thioredoxin. More studies are
needed to clarify this issue. One possibility is to look at (R)-sulindac
reductase activity in MsrBl knockout mice or use MsrBl small
interfering RNA. Such studies will not provide a clear answer because
the bulk of the (R)-sulindac reductase activity in rat liver was not in
the protein fraction we purified. The DEAE fraction that contained the
highest (R)-sulindac reductase specific activity as well as the MsrB1
activity represented approximately 30% of the total (R)-sulindac re-

MsrB-like
enzyme

®
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FiG. 7. Summary of P450 enzymes involved in
the metabolism of the sulindac epimers. See
text for details.

Sulindac sulfide
MsrA
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ductase activity in the DEAE fractions. Thus, knocking out MsrB1
would give only a partial loss of (R)-sulindac reductase activity in the
crude cell extracts and would require more extensive purification.
Figure 7 summarizes our present knowledge of the metabolism of the
R- and S-epimers of sulindac.

Finally, because of the recent interest in the role of sulindac in
protecting normal cells against oxidative stress while sensitizing can-
cer cells to agents that affect mitochondrial function, we have checked
the effect of both epimers on the protection of normal lung cells
against oxidative stress as well as the ability of the sulindac epimers
to selectively enhance the killing of lung cancer cells exposed to
oxidative stress. Our purpose here was not to investigate specific
mechanisms of normal cell protection or cancer killing by the sulindac
epimers and oxidative stress, because mechanism studies with sulin-
dac (mixture of epimers) have been described elsewhere (Marchetti et
al., 2009; Moench et al., 2009). As mentioned, sulindac can protect
cells against oxidative damage by a preconditioning mechanism (Mo-
ench et al., 2009), and the sulindac-enhanced killing of cancer cells
exposed to oxidative stress involves mitochondrial dysfunction and
death as a result of reactive oxygen species production (Marchetti et
al., 2009). The goal of the present studies was to compare the relative
efficacy of the two epimers. Both epimers showed similar protection
of lung normal cells to oxidative stress and enhanced killing of cancer
cells exposed to oxidative stress. However, differences in the metab-
olism of the sulindac epimers could have therapeutic significance. The
R-epimer may have a better safety profile owing to its more efficient
conversion to the sulindac sulfone, which is not a cyclooxygenase
inhibitor.

Acknowledgments

We thank Dr. V. N. Gladyshev for his generous gift of recombinant MsrB1
with a Cys residue in place of the selenocysteine and Diana Navarro for her
help in preparing Western blots.

Authorship Contributions
Participated in research design: Brunell, Brot, and Weissbach.
Conducted experiments: Brunell, Sagher, and Kesaraju.
Performed data analysis: Brunell and Sagher.
Wrote or contributed to the writing of the manuscript: Brunell, Sagher,
Brot, and Weissbach.
Other: Weissbach initiated the project.

References

Ciolino HP, Bass SE, MacDonald CJ, Cheng RY, and Yeh GC (2008) Sulindac and its
metabolites induce carcinogen metabolizing enzymes in human colon cancer cells. Int J
Cancer 122:990-998.

Ciolino HP, MacDonald CJ, Memon OS, Bass SE, and Yeh GC (2006) Sulindac regulates the
aryl hydrocarbon receptor-mediated expression of phase 1 metabolic enzymes in vivo and in
vitro. Carcinogenesis 27:1586—1592.

Duggan DE, Hooke KF, Risley EA, Shen TY, and Arman CG (1977) Identification of the
biologically active form of sulindac. J Pharmacol Exp Ther 201:8-13.

Etienne F, Resnick L, Sagher D, Brot N, and Weissbach H (2003) Reduction of sulindac to its
active metabolite, sulindac sulfide: assay and role of the methionine sulfoxide reductase
system. Biochem Biophys Res Commun 312:1005-1010.

Grimaud R, Ezraty B, Mitchell JK, Lafitte D, Briand C, Derrick PJ, and Barras F (2001) Repair
of oxidized proteins. Identification of a new methionine sulfoxide reductase. J Biol Chem
276:48915-48920.

Gwyn K and Sinicrope FA (2002) Chemoprevention of colorectal cancer. Am J Gastroenterol
97:13-21.

Hamman MA, Haehner-Daniels BD, Wrighton SA, Rettie AE, and Hall SD (2000) Stereoselec-

1021

tive sulfoxidation of sulindac sulfide by flavin-containing monooxygenases. Comparison of
human liver and kidney microsomes and mammalian enzymes. Biochem Pharmacol 60:7-17.

Hixson LJ, Alberts DS, Krutzsch M, Einsphar J, Brendel K, Gross PH, Paranka NS, Baier M,
Emerson S, and Pamukcu R (1994) Antiproliferative effect of nonsteroidal antiinflammatory
drugs against human colon cancer cells. Cancer Epidemiol Biomarkers Prev 3:433-438.

Huskisson EC and Scott J (1978) Sulindac. Trials of a new anti-inflammatory drug. Ann Rheum
Dis 37:89-92.

Kim HY and Gladyshev VN (2004) Methionine sulfoxide reduction in mammals: characteriza-
tion of methionine-R-sulfoxide reductases. Mol Biol Cell 15:1055-1064.

Kitamura S and Tatsumi K (1982) In vitro metabolism of sulindac and sulindac sulfide:
enzymatic formation of sulfoxide and sulfone. Jpn J Pharmacol 32:833-838.

Lowther WT, Weissbach H, Etienne F, Brot N, and Matthews BW (2002) The mirrored
methionine sulfoxide reductases of Neisseria gonorrhoeae pilB. Nat Struct Biol 9:348-352.

Marchetti M, Resnick L, Gamliel E, Kesaraju S, Weissbach H, and Binninger D (2009) Sulindac
enhances the killing of cancer cells exposed to oxidative stress. PloS ONE 4:e5804.

Meyskens FL Jr, McLaren CE, Pelot D, Fujikawa-Brooks S, Carpenter PM, Hawk E, Kelloff G,
Lawson MJ, Kidao J, McCracken J, et al. (2008) Difluoromethylornithine plus sulindac for the
prevention of sporadic colorectal adenomas: a randomized placebo-controlled, double-blind
trial. Cancer Prev Res (Phila) 1:32-38.

Minetti G, Balduini C, and Brovelli A (1994) A reduction of DABS-L-methionine-dI-sulfoxide
by protein methionine sulfoxide reductase from polymorphonuclear leukocytes: stereospeci-
ficity towards the L-sulfoxide. Ital J Biochem 43:273-283.

Moench I, Prentice H, Rickaway Z, and Weissbach H (2009) Sulindac confers high level
ischemic protection to the heart through late preconditioning mechanisms. Proc Natl Acad Sci
USA 106:19611-19616.

Moskovitz J, Berlett BS, Poston JM, and Stadtman ER (1997) The yeast peptide-methionine
sulfoxide reductase functions as an antioxidant in vivo. Proc Natl Acad Sci USA 94:9585—
9589.

Moskovitz J, Singh VK, Requena J, Wilkinson BJ, Jayaswal RK, and Stadtman ER (2002)
Purification and characterization of methionine sulfoxide reductases from mouse and Staph-
ylococcus aureus and their substrate stereospecificity. Biochem Biophys Res Commun 290:
62-65.

Moskovitz J, Weissbach H, and Brot N (1996) Cloning the expression of a mammalian gene
involved in the reduction of methionine sulfoxide residues in proteins. Proc Natl Acad Sci USA
93:2095-2099.

Pangburn HA, Ahnen DJ, and Rice PL (2010) Sulindac metabolites induce proteosomal and
lysosomal degradation of the epidermal growth factor receptor. Cancer Prev Res (Phila)
3:560-572.

Park JH, Kim EJ, Jang HY, Shim H, Lee KK, Jo HJ, Kim HJ, Yang SH, Jeong ET, and Kim HR
(2008) Combination treatment with arsenic trioxide and sulindac enhances apoptotic cell death
in lung cancer cells via activation of oxidative stress and mitogen-activated protein kinases.
Oncol Rep 20:379-384.

Rahman MA, Nelson H, Weissbach H, and Brot N (1992) Cloning, sequencing, and expression
of the Escherichia coli peptide methionine sulfoxide reductase gene. J Biol Chem 267:15549—
15551.

Ratnayake JH, Hanna PE, Anders MW, and Duggan DE (1981) Sulfoxide reduction. In vitro
reduction of sulindac by rat hepatic cytosolic enzymes. Drug Metab Dispos 9:85—87.

Resnick L, Rabinovitz H, Binninger D, Marchetti M, and Weissbach H (2009) Topical sulindac
combined with hydrogen peroxide in the treatment of actinic keratoses. J Drugs Dermatol
8:29-32.

Sagher D, Brunell D, Brot N, Vallee BL, and Weissbach H (2006a) Selenocompounds can serve
as oxidoreductants with the methionine sulfoxide reductase enzymes. J Biol Chem 281:
31184-31187.

Sagher D, Brunell D, Hejtmancik JF, Kantorow M, Brot N, and Weissbach H (2006b) Thionein
can serve as a reducing agent for the methionine sulfoxide reductases. Proc Natl Acad Sci USA
103:8656—-8661.

Seo SK, Jin HO, Lee HC, Woo SH, Kim ES, Yoo DH, Lee SJ, An S, Rhee CH, Hong SI, et al.
(2008) Combined effects of sulindac and suberoylanilide hydroxamic acid on apoptosis
induction in human lung cancer cells. Mol Pharmacol 73:1005-1012.

Sharov VS, Ferrington DA, Squier TC, and Schoneich C (1999) Diastereoselective reduction of
protein-bound methionine sulfoxide by methionine sulfoxide reductase. FEBS Lett 455:247—
250.

Taketo MM (1998a) Cyclooxygenase-2 inhibitors in tumorigenesis (part I). J Natl Cancer Inst
90:1529-1536.

Taketo MM (1998b) Cyclooxygenase-2 inhibitors in tumorigenesis (Part II). J Natl Cancer Inst
90:1609-1620.

Van Arman CG, Risley EA, Nuss GW, Mucker HB, and Duggan DE (1976) Pharmacology of
sulindac, in Clinoril in The Treatment of Rheumatic Disorders (Huskisson EC and Franchi-
mont P eds), pp 9-36, Raven Press, New York.

Weissbach H, Resnick L, and Brot N (2005) Methionine sulfoxide reductases: history and
cellular role in protecting against oxidative damage. Biochim Biophys Acta 1703:203-212.

Address correspondence to: Dr. Herbert Weissbach, Center for Molecular
Biology and Biotechnology, Florida Atlantic University, John D. MacArthur Cam-
pus, 5353 Parkside Dr., Jupiter, FL 33458. E-mail: hweissba@fau.edu

TTOZ ‘2T 1snbny uo Alelqi eiueajAsuuad Jo Ausiaaiun re Hio'sieulnofadse pwp wolj papeojumoq


http://dmd.aspetjournals.org/

