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The unusual amino acid L-ergothioneine is a
physiologic cytoprotectant
BD Paul1 and SH Snyder*,1,2,3

Ergothioneine (ET) is an unusual sulfur-containing derivative of the amino acid, histidine, which is derived exclusively through
the diet. Although ET was isolated a century ago, its physiologic function has not been clearly established. Recently, a highly
specific transporter for ET (ETT) was identified in mammalian tissues, which explains abundant tissue levels of ET and implies a
physiologic role. Using RNA interference, we depleted cells of its transporter. Cells lacking ETT are more susceptible to oxidative
stress, resulting in increased mitochondrial DNA damage, protein oxidation and lipid peroxidation. ETT is concentrated in
mitochondria, suggesting a specific role in protecting mitochondrial components such as DNA from oxidative damage
associated with mitochondrial generation of superoxide. In combating cytotoxic effects of pyrogallol, a known superoxide
generator, ET is as potent as glutathione. Because of its dietary origin and the toxicity associated with its depletion, ET may
represent a new vitamin whose physiologic roles include antioxidant cytoprotection.
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L-ergothioneine (ET) is an unusual sulfur-containing amino
acid discovered a century ago in the rye ergot.1 The only
organisms known to synthesize it are bacteria belonging to the
order Actinomycetales (example mycobacteria) and non-yeast
like fungi which include members of the division Basidiomycota
and Ascomycota.2,3 These microbes synthesize ET from Lhistidine via an intermediate hercynine, a betaine of histidine.4,5 A sulfur group is added to hercynine to form ET.4 The
biosynthetic enzymes catalyzing these reactions are unknown.
ET is widely distributed in both the plant and animal
kingdoms. Mammals acquire ET solely through their diet.
Foods such as mushrooms, black beans, red meat and oats
are rich in ET.6,7 Plants accumulate ET from the soil where
microbes generate it. ET is concentrated in cells and tissues
frequently exposed to oxidative stress with highest levels in
the millimolar range occurring in blood, lens of the eye, liver,
bone marrow and seminal fluid.8–10
ET is tautomeric and exists predominantly in the thione form
in neutral aqueous solutions which may account for ET’s
resistance to autooxidation,11 in contrast to glutathione, the
other major water-soluble thiol which is rapidly oxidized.
ET’s sulfhydryl group implies an antioxidant role.8–11 Exogenous ET can scavenge reactive oxygen and nitrogen
species and protect cells from a variety of apoptotic insults.
Earlier studies of ET’s antioxidant actions have been
conducted in vitro or using overexpression systems with no
evidence for a physiologic function.
An important advancement in understanding ET physiology
was the discovery by Schomig and associates that the putative

transporter protein OCTN1, a product of the gene SLC22A4
(solute carrier family 22, member 4) that had been implicated in
rheumatoid arthritis, is primarily a physiologic ET transporter
(ETT).12 This transporter was first cloned and characterized
earlier in 1997 and shown to transport organic cations such
as tetraethyl ammonium, carnitine, and verapamil.13 Using
a liquid chromatography mass spectroscopy difference shading approach, Schomig and colleagues showed a very high
specificity for ET.12–14 ETT occurs in a variety of tissues,12–15
with a high level of expression in the cells of the hematopoietic
lineage and CD14 þ cells, such as monocytes and macrophages.12–16 Levels of the transporter correlate closely with
those of ET. Mutations in the ET transporter locus have been
identified as susceptibility factors for autoimmune disorders
such as rheumatoid arthritis and Crohn’s disease.17,18 Interestingly, the gene for ETT lies in close proximity to genes
involved in inflammatory responses such as caspase recruitment domain family, member 15, CARD 15. ETT is abundantly
expressed in CD14 þ macrophages and monocytes consistent
with a role in inflammation.12–19
ET inhibits tumor necrosis factor-a-induced release of the
inflammatory cytokine interleukin-8 (IL-8) in alveolar macrophages.20 ETT expression is upregulated by inflammatory
cytokines.17–21 The transcription factor nuclear factor-kappa
B, which regulates inflammatory genes, has binding sites in
the promoter of human ETT and regulates its expression,
further supporting a role for ETT in modulating inflammatory
processes.21 Patients with rheumatoid arthritis accumulate
ET in their synoviocytes. ETT influences cell proliferation and
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differentiation22 and treatment of intestinal Caco-2 cells with
ET stimulates cell proliferation.23 ETT is also one of the genes
upregulated during liver regeneration.
Although ET is not made by the body, it is taken up from the
diet and retained preferentially in cells exposed to oxidative
stress and involved in inflammatory responses. The presence
of a high affinity transporter in conjunction with its non-random
distribution implies physiologic function. In this study, we
depleted endogenous ETT in HeLa cells and show marked
augmentation of oxidative stress and cell death providing
strong evidence for a physiological role of ET as a physiological antioxidant.

Results
RNAi-mediated knockdown of the ergothioneine
transporter ETT/OCTN1. We examined a range of cell
lines for ETT. HeLa cells, RAW 264.7, HaCaT cells and
PC12 cells express ETT and transport ET. We focused on
HeLa cells, because this cell line is especially amenable to
transfection. We used RNA interference to deplete ETT,
which resulted in approximately 75% depletion as confirmed
by reverse transcriptase PCR (Figure 1a and c). Western blot
analysis also revealed a similar decrease in the ETT protein.
Depletion of ETT was also verified by measuring the uptake
of [3H]ET. In HeLa cells transfected with ETT siRNA,
transport of ET was reduced by 75% (Figure 1d). Loss of
ET transport was directly proportional to the degree of
depletion of ETT mRNA.
ETT-depleted cells are more sensitive to oxidative
stress. ETT depletion resulted in a decrease in cell

proliferation (data not shown), consistent with earlier
studies.22,23 If ET is a physiological antioxidant, depletion
of its transporter should result in the decreased ability of cells
to cope with oxidative stress. ET protected against hydrogen
peroxide-mediated toxicity (Figure 2a). In unprotected HeLa
cells, hydrogen peroxide (0.5 mM) induced apoptosis,
whereas pretreatment with 1 mM ET for 24 h was protective. ETT-deficient cells were more susceptible to hydrogen peroxide, with or without pretreatment by ET (Figure 2b).
The extent of reduced protection correlated with the extent of
ETT depletion. The RNAi-mediated depletion was not total,
hence the residual transporter present was able to afford a
small degree of protection. The augmented cytotoxicity
associated with ETT depletion indicates that basal levels of
ET provide physiologic cytoprotection.
ETT depletion differentially impacts protein and lipid
oxidation. Glutathione, which is hydrophilic, preferentially
prevents oxidation of water-soluble proteins, whereas the
lipophilic bilirubin selectively protects lipids from peroxidation.24 Might the hydrophilic ET differentially affect protein and lipid oxidation? Protein carbonylation, a common
oxidative modification induced by free radicals, can be
detected using 2,4-dinitrophenylhydrazine (DNPH), which
reacts with protein carbonyls generated by oxidants. The
DNPH conjugated proteins can then be detected and
quantitated using an anti-DNPH antibody. Cells depleted of
ETT displayed increased levels of protein carbonylation
(Figure 3a, compare black bars to gray). ET pretreatment
protected control but not ETT-depleted cells (Figure 3a).
Lipid peroxidation in these cells was also monitored. In this
case, cells were treated with a mixture of hydrogen peroxide
and ferrous sulfate to generate hydroxyl radical by the
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Figure 1 (a) Structure of L-Ergothioneine: ET is a betaine of the amino acid histidine with a sulfhydryl group attached to the carbon of the imidazole ring. (b) ETT
knockdown in HeLa cells. Total RNA was isolated from control and RNAi-transfected cells and 500 ng of RNA was used for the RT-PCR. The top panel shows the RT-PCR
product corresponding to the ETT transcript. The bottom panel shows the levels of the GAPDH transcript used as an endogenous loading control. (c) A quantitative
representation of the gel shown in B, which shows approximately 75% knockdown of the ETT transcript. (d) [3H]Ergothioneine uptake assay was performed essentially as
described earlier. At 72 h post transfection, cells were incubated with 3 mM ET for an hour at 371C and uptake monitored. The RNAi-depleted cells show about 75% decrease
in ET uptake compared with the control cells. The data shown are the mean±S.E. of three independent experiments ***Po0.001 using the Student’s t-test
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Fenton reaction to induce lipid peroxidation. ETT-depleted
cells displayed enhanced lipid peroxidation monitored by the
thiobarbituric acid reactive substances (TBARS) assay
(Figure 3b). The increase in lipid peroxidation following
ETT depletion was less than the augmentation in protein
oxidation, fitting with the notion that the hydrophilic ET
selectively protects water-soluble proteins.

ET protects cellular DNA from damage induced by
reactive oxygen species. ETT is abundantly expressed in
mitochondria.25 Mitochondrial DNA is especially vulnerable
to stress, because unlike nuclear DNA, there are no histones
to protect it. Mitochondria also lack the very efficient DNA

repair mechanisms of the nucleus. The electron transport
chain of mitochondria generates free radicals and ROS, such
as superoxide and hydroxyl radical that create redox imbalance. In the process, mitochondrial DNA itself is targeted by
ROS leading to DNA nicks, breaks and mutations. A region of
the mtDNA, the Displacement or D-loop, is a hotspot for DNA
damage. Several mutations occurring here are associated
with cancers.26 Damaged DNA is a poor template for PCR
amplification so that the extent of damage is reflected in
the degree of amplification, which can be precisely measured.27–29 To determine whether ET can protect mtDNA
3.5
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Figure 2 Ergothioneine protects against apoptosis induced by hydrogen
peroxide. (a) Cultured HeLa cells were treated with 1 mM hydrogen peroxide for
16 h after a 24-h pretreatment with 1 mM ET and assayed for cell viability using the
MTT Assay. Data are expressed as percentage of viability compared with untreated
(designated as U) cells. The ET-treated cells are better protected against H2O2
toxicity. Data shown are means±S.E. of five independent experiments,
***Po0.001 using Student’s t-test. (b) Depletion of the ETT RNA results in
increased apoptosis in response to H2O2. Cells were transfected with ETT siRNA
and 72 h post transfection, treated with or without 1 mM ET for 24 h and then
challenged with 0.5 mM H2O2 for 16 h. Results are expressed as percentage of
viability compared with control, untreated cells. The ETT-depleted cells (black bars)
were more susceptible to oxidative stress and showed a marked decrease in
viability, Po0.001 using Student’s t-test
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Figure 3 Depletion of the ET transporter leads to increased damage to cellular
proteins and lipids. (a) Control- and ETT-depleted HeLa cells were treated with
0.5 mM H2O2 or 16 h after preincubation with 1 mM ET and assayed for protein
oxidation using 2,4-dinitrophenylhydrazine (DNPH), which reacts with protein
carbonyl groups generated by oxidation. The DNPH-derivatized samples were
electrophoresed and subjected to western blotting using anti-DNPH antibodies.
The signals were quantified using densitometry and expressed as a fold increase in
protein carbonylation compared with the untreated control. The data shown are from
a representative experiment repeated at least three times. The ETT-depleted cells
(black bars) show higher levels of oxidation compared with control cells (gray bars).
(b) ETT cells show a higher level of lipid peroxidation. Cells were pretreated with
1 mM ET 72 h post transfection and lipid peroxidation induced using a mixture of
30 mM FeSO4 and 100 mM H2O2 for 2 h at 371C. The cells were then assayed using
the Thiobarbituric Acid Reactive Substances (TBARS) Assay to quantify the levels
of Malondialdehyde (MDA), which is a product of lipid peroxidation. The ETTdepleted cells undergo higher oxidation than control cells (Black versus gray bars).
Data shown is a representative of three independent experiments
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the physiologic antioxidant role of endogenous ET (Figure 5c
and d). Pretreatment with ET did not prevent morphological
damage in ETT-depleted cells (Figure 5c compare bottom
panel with the top).
The abundant evidence that endogenous ET serves an
antioxidant role, especially for water-soluble cellular constituents, implies a physiological role comparable with other watersoluble antioxidants. Accordingly, we compared ET with
ascorbate and glutathione, the other major water-soluble
antioxidants. ET was somewhat more active than the other
two substances in preventing pyrogallol-induced cell death
(Figure 5b).
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Figure 4 Ergothioneine prevents DNA damage. (a) ET protects mitochondrial
DNA (mtDNA) from damage induced by reactive oxygen species. Control and ETT
cells were treated with 0.5 mM H2O2 for 4 h with or without pretreatment with 1 mM
ET for 24 h, and total DNA (genomic and mitochondrial) were isolated. Ten
nanograms of the DNA were used as a template for quantitative real-time PCR
(qPCR) using probes specific for the D-loop, a hotspot for mtDNA damage and
normalized to b-actin, the probe for nuclear DNA. The ETT RNAi-transfected cells
(black bars) yielded a decreased signal in the PCR, indicating increased DNA
damage even in the presence of ET. The control cells were more resistant to mtDNA
damage (gray bars). The data shown are the mean of duplicates of three
independent experiments, which yielded similar results. **indicates po0.01 by
Students t test. (b) ET prevents nicking induced by UV and H2O2. Supercoiled
plasmid DNA (1 mg) was treated with 2.5 mM H2O2 in the presence of increasing
concentrations of ET (0.25–5 mM), irradiated at 254 nm for 5 min and electrophoresed on a 1% agarose gel in 1  Tris Acetate EDTA (TAE). The lower band
represents supercoiled plasmid DNA. The more slowly migrating band is the open
circular DNA arising from nicking of DNA. ET protects against this oxidative stress in
a dose-dependent manner

from oxidative stress, we stressed cells with hydrogen
peroxide. We then isolated total DNA and assessed the
degree of mtDNA damage using quantitative real-time PCR
(Figure 4a). ET exposure protected DNA in control but not in
ETT-depleted cells. To assess whether ET can directly
protect against DNA damage, we treated supercoiled
plasmid DNA with 2.5 mM hydrogen peroxide and irradiated
with UV for 5 min in the presence of increasing concentrations of ET (0.25–5 mM). ET prevented DNA nicking by the
UV/hydrogen peroxide mixture in a dose-dependent manner
(Figure 4b). ET can scavenge hydroxyl radicals as well as
directly absorb UV radiation to block its effects on DNA. ET
has an absorption spectrum in the UV range similar to DNA
with a molar extinction coefficient of 1.4  104 M1 cm1,
lmax 257, suggesting that ET can act as a physiological UV
filter.30
In vitro and cell culture studies have identified ET as
a superoxide scavenger.31 We treated HeLa cells with
pyrogallol (150 mM), a known generator of superoxide.
Cells incubated with ET exhibited higher growth rates and
less apoptosis than untreated cells. ET protected the cells
from pyrogallol-generated stress in a dose-dependent manner (Figure 5a). ETT depletion markedly augmented sensitivity to pyrogallol-induced cell damage and death, reinforcing
Cell Death and Differentiation

Discussion
This study provides substantial evidence that ET is a
physiologic antioxidant cytoprotectant. ET tissue levels are
maintained by its transporter, ETT. Depletion of ETT by RNA
interference prevents the antioxidant actions of exogenous
ET. More importantly, in the absence of added ET, ETT
depletion leads to enhanced oxidative damage of protein, lipid
and DNA as well as augmented cell death. In these studies the
incubation media contained very low concentrations of ET so
that cytoprotection was afforded by ‘endogenous’ ET accumulated by the cells.
Our findings that exogenous ET exerts antioxidant,
cytoprotective effects fits with observations of others.32–35
Schomig and associates observed ET protection against
cytotoxicity elicited by Cu2 þ but not hydrogen peroxide,
hydroxynonenal, doxyrubicin, iron(II)/ascorbic acid and sodium nitrite.7 In these experiments, cells were only exposed to
ET for an hour. Because of ET’s slow rate of accumulation,
maximal effects require prolonged exposure.35 This study is
the first to show the endogenous antioxidant capacity of ET
using RNA interference in cells naturally expressing ETT.
In protecting against cell death ET was somewhat more
active than the same concentrations of added ascorbate or
glutathione. Endogenous levels of ET vary, attaining millimolar concentrations in tissues that are typically exposed to
marked oxidative stress such as blood cells, the lens of the
eye, liver and bone marrow. In the bovine lens, ET concentrations, about 7 mM,10 exceed those of glutathione, generally
regarded as the most abundant endogenous antioxidant. In
the bovine cornea, ET concentrations are 14-fold higher than
those of glutathione, suggesting that it is the principal
antioxidant in this tissue.10 ET is avidly retained in cells and
its tissue concentrations tend to be stable. When acting as an
antioxidant, its SH group is oxidized but very rapidly reduced
because of the unique tautomeric structure of the molecule.
By contrast, glutathione is often almost totally depleted in the
face of oxidative stress.
Varying properties of diverse antioxidants may lead to
different functions. Bilirubin is unique in that its low-tissue
concentrations in the 50 nM range, exert cytoprotection comparable with glutathione, which is thousands of times more
abundant.36 When bilirubin acts as an antioxidant, it is itself
oxidized to biliverdin. Biliverdin reductase rapidly reduces
biliverdin back to bilirubin with this enzymatic cycling providing
more than 1000-fold amplification of bilirubin potency.37
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Figure 5 Ergothioneine protects HeLa cells against pyrogallol, a superoxide generator. (a) HeLa cells were treated with 150 mM pyrogallol for 16 h in the presence of
increasing concentrations of ET (0.1–1 mM). ET-protected cells in a dose-dependent manner. (b) Comparison of ET with other water-soluble antioxidants such as glutathione
and ascorbate (0.1 mM each). ET was marginally better than the antioxidants glutathione and ascorbate in protecting against pyrogallol-induced cytotoxicity. (c) Morphology of
control and ETT cells treated with pyrogallol. RNAi-depleted cells (shown in the bottom panel) undergo severe morphological deformation such as cell shrinkage and
membrane blebbing whereas control cells (top panel) retain their normal cellular architecture. (d) MTT Cell viability assays reveal that control cells (gray bars) are more
resistant to pyrogallol-induced damage. Data show mean±S.E. and are derived from three independent experiments, **Po0.01

Antioxidants differ in their selectivity for various classes of
molecules. The hydrophilic ascorbate and glutathione protect
against damage to water-soluble proteins, whereas the
lipophilic bilirubin preferentially protects against lipid peroxidation.24 Thus, abrogation of the biliverdin–bilirubin amplification cycle by depletion of biliverdin reductase selectively
increases lipid peroxidation, whereas depletion of glutathione
selectively augments the oxidation of water-soluble proteins.24 ET is highly water soluble and appears to prevent carbonylation of water-soluble proteins resembling the
actions of glutathione.
ETT is highly concentrated in the plasma membrane and
mitochondria. Because of the absence of antibodies for ET
that are suitable for immunohistochemistry, its detailed
intracellular localization has not been established. However,
following administration of radiolabeled ET to rats, mitochondrial accumulation was higher than in any other particulate
subcellular compartment.38 Mitochondria are uniquely susceptible to damage from superoxide, physiologically generated by mitochondrial metabolism. Mitochondrial DNA is
substantially more sensitive to oxidative damage than nuclear
DNA, as the latter is protected by histones. Also, mitochondria
lack the efficient DNA repair mechanisms of the nucleus.
Selective damage to mitochondrial DNA by oxidative stress
has been implicated in neurodegenerative diseases, espe-

cially Parkinson’s Disease.39,40 Thus, ET might be uniquely
involved in the protection of mitochondrial DNA from the
superoxide generated in the course of the electron transport
cycle.
Appreciation of ET as a physiologic antioxidant augments
an already substantial cohort of such agents. Presumably, a
multiplicity of diverse antioxidants helps the cell to cope with a
wide range of stresses. As already indicated, hydrophilic
antioxidants protect soluble proteins whereas lipophilic substances protect lipids. Antioxidant turnover may determine the
function. Thus, glutathione turns over very rapidly; with some
stressors its levels fall up to 90% in minutes. Multiple
mechanisms exist to regenerate glutathione but, with major
tissue insults, these are heavily taxed. The bilirubin–biliverdin
cycle provides a means for rapidly regenerating bilirubin after
its service as an antioxidant and conversion to biliverdin.
The cycle depends on the integrity of the highly abundant
biliverdin reductase and can be imperiled if tissue damage
impacts this enzyme. ET may afford a more stable mode of
cytoprotection. It is not metabolized to any notable extent in
mammalian tissues, the half-life of dietary ET being approximately 1 month.38 Its cycling between oxidized and reduced
sulfur takes place non-enzymatically and is facilitated by the
intrinsically tautomeric structure of the molecule. These
properties suggest a role for ET as a bulwark, a final defense
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for cells against oxidative damage. Its stability may help
mitochondria cope with otherwise overwhelming stresses
encountered even during relatively physiologic metabolism.
Evidence that ET is a physiologic antioxidant raises the
question of its ‘status’ in biology. Despite its high concentration and ubiquitous presence, all mammalian ET derives from
dietary sources. The existence of ETT establishes ET as an
important normal body constituent. In this sense, ET probably
fits the definition of a vitamin. Classic criteria require that
depletion of a putative vitamin elicit pathological consequences. No pathological syndrome of ET deficiency has
been reported. However, lack of such reports may simply
reflect the relative dearth of ET research as well as the
difficulty of depleting ET. This study implies that ET deficiency
can be cytotoxic. Because ET is not metabolized, it slowly
exits the body. Moreover, ETT appears to be unidirectional,
fostering ET’s cellular accumulation, but not its exit. For drug
transport, ETT does act in a bidirectional fashion.41 Because
of its highly charged nature, ET does not readily diffuse out of
cells. In our own experiments a variety of cell lines labeled with
[3H]ET retain most of the radiolabel for many hours even after
repeated washing with fresh media (unpublished data). Mice
with targeted deletion of ETT may help elucidate the
importance of ET for normal physiology.
In summary, ET is a most unusual amino acid with
substantial antioxidant efficacy. The existence of a physiologic ET transporter is responsible for high tissue levels.
Depletion of ETT leads to augmented oxidative stress and
cell death. ET preferentially protects water-soluble proteins
from oxidative damage. The high density of ETT in mitochondria implies a unique role in protecting this organelle from the
reactive oxygen species that accumulate even with normal
oxidative metabolism. ET also protects the cell from damage
induced by reactive nitrogen species and UV radiation
(Figure 6). For all these reasons ET appears to be an
important physiologic cytoprotectant which probably merits
designation as a vitamin.
Materials and Methods
Cell lines. HeLa cells were obtained from American Type Culture Collection
(Manassas, VA, USA) and maintained in Dulbecco’s Modified Eagle’s Medium
containing 10% fetal bovine serum, L-glutamine and Pen–Strep (Invitrogen,
Carlsbad, CA, USA).
Depletion of the ergothioneine transporter ETT. The siRNA for
human ETT RNAi was obtained from Santa Cruz Biotechnology Inc. Transfection of
HeLa cells was carried out using Lipofectamine 2000 and OptiMEM I (Invitrogen) as
per the manufacturer’s recommendations. Knockdown of the ETT was confirmed by
RT-PCR 72 h post-transfection, using the SuperScript One-Step RT-PCR Kit
(Invitrogen) on 500 ng total RNA isolated using TriZOL Reagent (Invitrogen).
The sequence of the primers used for RT-PCR were the following: GAPDH forward
50 -ACTGGCGTCTTCACCACCAT-30 , reverse 50 -TACAGCAACAGGGTGTGGA-30 ;
Human ETT forward 50 -GTCTACCTGTCCACCGTCGT-30 and reverse 50 -TGT
GGTGGTTCATTCCTGAA-30 . The size of the RT-PCR products of GAPDH and
ETT were 724 and 471 bp, respectively.
ET uptake assay. The uptake of ET was monitored using [3H] ET (Moravek
Biochemicals) as described previously.22 Briefly, HeLa cells seeded in 6-well plates
were preincubated for 20 min at 371C in transport buffer containing 3 mM K2HPO4,
1 mM MgCl2, 2 mM CaCl2, 5 mM D-glucose, 130 mM NaCl and 20 mM Tris, pH 7.4.
After 20 min, the medium was replaced with fresh transport media containing 3 mM
[3H] ET, which was also preincubated at 371C and incubation continued for 60 min.
After incubation, the transport was stopped by addition of ice-cold transport medium
Cell Death and Differentiation
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compartments via its specific transporter ETT. Reactive oxygen species, viz
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2 , hydroxyl radical OH generated in the mitochondria by respiration
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these free radicals. ET absorbs UV radiation and prevents DNA breaks and
mutations. ET may stimulate certain enzymes involved in antioxidant response and
repair mechanisms and also have a role in cell proliferation. In addition, ET protects
against a variety of other ROS and reactive nitrogen species providing
cytoprotection at multiple levels

followed by three washes with phosphate-buffered saline containing 1 mM EDTA.
Cells were then lysed in buffer containing 10 mM Tris, pH 7.4, 0.1% Triton X-100
and radioactivity measured using a liquid scintillation counter.
Treatments and cell viability assay. Cells were treated with the indicated
doses of H2O2 (Sigma) or Pyrogallol(Fluka) for the designated times and cell viability
calculated using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT). MTT was added to cell cultures at 125 mg/ml for 60 min. The media was
removed and cells were lysed in dimethyl sulfoxide, using an empty well as a blank.
Absorbance was read at 570 nm, using 630 nm as the reference for cell debris.
Protein and lipid oxidation assays. Protein oxidation was determined by
measuring protein carbonylation using the OxyBlot Protein Oxidation Detection Kit
(Millipore) which uses 2,4-dinitrophenylhydrazine (DNPH) to derivatize oxidize
proteins, which can be detected by anti-DNPH antibody. Cells were treated with
0.5 mM H2O2 for 16 h in the presence or absence of 1 mM ET to induce oxidative
stress. After the incubation, cells were harvested and protein extracts prepared.
Five micrograms of protein was used in the reaction, followed by western blotting.
Lipid peroxidation was assessed by measuring the levels of malondialdehyde with
the OxiSelect TBARS Assay Kit (Cell Biolabs). Lipid peroxidation was induced in the
cell by the Fenton reaction, treating the cells with 30 mM FeSO4 and 100 mM H2O2
for 2 h at 371C.
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DNA damage assay. One microgram of supercoiled plasmid DNA was
incubated with 2.5 mM H2O2 and irradiated by UV C on a transilluminator for 5 min.
The treated samples were mixed with DNA loading dye and electrophoresed on a
1% agarose gel to visualize the open circular DNA, which is indicative of DNA
damage. To assess mitochondrial DNA (mtDNA) damage, cells were treated with
0.5 mM H2O2 for 4 h and total DNA isolated using the Blood Mini Kit (Qiagen).
Quantitative real-time PCR was used to determine the extent of mtDNA damage in
the region of the D-Loop as described earlier.27 The gene b-actin was used to
normalize the data. The primers used for the PCR were: D-Loop Forward:
50 -TATCTTTTGGCGGTATGCACTTTTAACAGT-30 D-Loop Reverse: 50 -TGATG
AGATTAGAGTATGGGAGTGG-30 . b-actin Forward: 50 -TCACCCACACTGTGCCC
ATCTACGA-30 b-actin Reverse: 50 -CAGCGGAACCGCTCATTGCCAATGG-30 .
Standard curves were generated using DNA from untreated control cells and the
relative standard curve method was used to analyze data. The results were
expressed as the ratio of signal obtained for the D-Loop to that of the signal obtained
for b-actin.
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