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Abstract
Aims—Tanshinone IIA is an important ingredient in the herb danshen (Salvia miltiorrhiza), which
has been used to treat cardiovascular diseases such as atherosclerosis and angina for hundreds of
years in China. There are numerous reports that TIIA has antioxidant properties but the chemical
structure indicates that TIIA is fully oxidized. Here, we test the hypothesis that TIIA alters the
expression and/or activity of specific anti-oxidation enzymes to protect cells from oxidant damage.

Main Methods—We utilized J774 macrophages to model cellular responses to TIIA when
challenged with H2O2. Expression and activity levels of several anti-oxidation enzymes were
investigated and the only system modulated by TIIA was glutathione peroxidase (GPx).

Key findings—GPx-1 mRNA levels were significantly increased by TIIA but not the vitamin E
analogue, Trolox. GPx activities were also significantly increased by TIIA. Mercaptosuccinic acid
inhibited GPx activity and the protective effect of TIIA was attenuated. Thus, TIIA protects cultured
macrophages from H2O2-induced cell death and protection is mediated in large part by TIIA
induction of GPx gene expression and activity.

Significance—Because of the importance of GPx in health and because TIIA is able to modulate
GPx activity to some extent in cell culture, we suggest that TIIA is a worthwhile candidate for further
study in animal models of atherosclerosis and eventually in human prospective trials.
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INTRODUCTION
Danshen (Salvia miltiorrhiza) is an herbal supplement that has been used to treat cardiovascular
disease for hundreds of years in China (Zhou et al. 2005). Danshen contains of a mixture of
compounds but tanshinone IIA (TIIA) is considered to be the most important bioactive
ingredient (Zhongguo 2005). The rationale for using danshen as a treatment is primarily based
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on observational studies in animals and cell culture, and data obtained from a few small clinical
trials involving danshen or specific ingredients as performed in China (Janji et al. 2000). There
are several pathways by which danshen or specific ingredients are thought to provide beneficial
affects toward cardiovascular diseases. These are protecting vascular cells from damage and
death through anti-oxidation pathways (Zhou et al. 2003), dampening thrombosis by reducing
platelet aggregation and restenosis following vascular injury (Liu et al. 2002; Wang et al.
1989), and improving heart function by increasing collateral blood vessel formation and
general myocyte function (Li and Tang 1991; Zhao et al. 1996). However, large scale
prospective studies using well defined compounds with consistent end-points have yet to be
performed to support claims that danshen is beneficial for cardiovascular diseases. Further,
molecular mechanisms by which TIIA alters cell biology to effect protection are unclear. For
instance, there are numerous reports that TIIA has anti-oxidant properties which prevent the
oxidation of low-density lipoproteins (LDLs) (Niu et al. 2000), rescue PC-12 cells from
hypoxia (He et al. 2001), and reduce cellular damage caused by free radicals (Zhao et al.
1996; Zhou et al. 1999; Wang et al. 2003). However, TIIA is a diterpene quinine which is fully
oxidized (Figure 1). Thus, it is unlikely that TIIA acts directly as an anti-oxidant to prevent
cell damage induced by reactive oxygen species (ROS).

In this report, we test the hypothesis that cells challenged with H2O2 are protected from cell
damage and apoptosis by TIIA. We further test the hypothesis that TIIA effects such protection
by altering the expression and/or activity of specific anti-oxidation enzymes. We utilize a
macrophage cell culture system because macrophages play an important role in the
pathogenesis of atherosclerosis. The main finding is that TIIA protects cultured macrophages
from H2O2-induced cell death and protection is mediated in large part by the induction of
glutathione peroxidase gene expression and activity.

EXPERIMENTAL PROCEDURES
Materials

The J774 mouse macrophage cell line was purchased from ATCC (Manassas, VA). Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), L-glutamine, penicillin and
streptomycin, and SYBR Green I nucleic acid gel stain (SYBR-I) were purchased from
Invitrogen (Carlsbad, CA). Hydrogen peroxide, JC-1 dye, 3-amino-1,2,4-triazole (AZT),
mercaptosuccinic acid (MS) and DMSO were purchased from Sigma (St. Louis, MO). TUNEL
reagents were obtained from Roche Applied Science (Indianapolis, IN). Trolox (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), Caspase-3 Cellular Activity Assay
Kit (#235419) and Caspase-9 Assay Kit (#218824) were purchased from EMD Biosciences
(San Diego, CA). The Caspase-8 Assay Kit (#BV-K113-2) was purchased from MBL
International (Watertown, MA). The Glutathione Peroxidase Assay Kit (#703102) and the
Catalase activity kit (#707002) were purchased from Cayman Chemical (Ann Arbor, MI).
Tanshinone IIA was obtained from LKT labs (#T0154; St. Paul, MN) and purity certification
given as 98.5% based on HPLC analyses. RNeasy Mini Kit was obtained from Qiagen
(Chatsworth, CA) and the Micro BCA reagents for protein concentration determinations were
purchased from Pierce (Rockford, IL).

Cell Culture, Drug Pretreatments and Oxidative Model
J774 macrophages were maintained in 150 cm2 culture flasks in DMEM supplemented with
10% FBS, 2mM L-glutamine and 100 U/ml penicillin and streptomycin in humidified 95% air
and 5% CO2 at 37°C before subculture. Trypan blue exclusion was used to examine cell
viability which was higher than 90%.
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To determine conditions needed for H2O2 cytotoxicity and rescue by Trolox, cells were planted
in chamber slides filled with FBS-free DMEM and then H2O2 was added in increasing
concentrations per slide (50 µM, 100 µM, 200 µM, 300 µM and 400 µM) and for different
times (0.5, 1, 2, and 4 hours). Over 90% cell death was achieved by 4 hours of treatment with
300 µM to 400 µM H2O2 (data not shown) and this condition (4 hours treatment with 300 µM
H2O2) was selected for further studies.

In order to test the ability of Trolox and TIIA to protect cells from H2O2-mediated cell death,
cells were incubated in DMEM supplemented with 1% FBS, 2mM L-glutamine, 100 U/ml
penicillin and streptomycin. Trolox and TIIA were dissolved in 100% ethanol and added into
the medium to achieve final concentrations of either 1 mM (Trolox), 0.6 µM (TIIA), or 3.0
µM (TIIA) and 1 µg/ml ethanol (vehicle). Cells were then incubated for 18 hours prior to cell
viability and other assays. In a separate set of control studies, ethanol treatment alone failed to
lead to cell death and did not protect cells from H2O2 mediated cell death (data not shown). In
all cases, studies were performed in quadruplicate, and in most cases, complete repetitions of
studies were performed.

Caspase Activities, DNA Fragmentation and Mitochondrial Membrane Potential Change
To evaluate activities for caspase-3, 8 and 9, cells were lysed, centrifuged and cellular debris
was discarded. Protein concentrations were quantified using Micro BCA reagents and activities
were measured using commercial kits as described in Materials. DNA fragmentation was
assayed by using terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick-end
labeling (TUNEL) method and the procedures were followed as given by the manufacturer.
The mitochondrial membrane potential (Ψm) was assayed by using JC-1 dye (Reers et al.
1991). After treatments, cells were incubated in the dark for 15 min at 37 °C in DMEM
containing the JC-1 d ye. In healthy cells, the dye accumulates and aggregates in mitochondria,
emitting a bright red fluorescence (λem=585–590nm). In apoptotic and necrotic cells with
altered Ψm, the dye remains in the cytoplasm in its monomeric form and the fluorescence is
green (λem=527–530nm). Fluorescence intensity was measured by fluorescence-activated cell
sorting (FACS) using a Beckman Coulter FC500. Each condition was conducted in triplication
and five thousand events were counted in one sample.

Real-Time Reverse-Transcribed Polymerase Chain Reaction (RT-PCR)
Total RNA samples were isolated from J774 cells using the RNeasy Mini Kit and quantified
by spectrometry. First-strand cDNAs were synthesized from 2.0 µg of total RNA with M-MLV
reverse transcriptase. The fluorescent reporter dye used in real-time RT-PCR was SYBR-I.
The primer pairs were purchased from IDT (Coralville, IA) and the sequences are listed in
Table 1. Sequences for SOD1-2, GPx-3-4 were designed by using Primer Express 3.0 (Applied
Biosystem, Foster City, CA) and sequences for catalase, GPx-1-2 were adopted from literature
sources (Esworthy et al. 2005;Fujita et al. 2005;Kwei et al. 2004). All primer sequences were
examined by using the NCBI Basic Local Alignment Search Tool (BLAST) (Altschul et al.
1990) to validate sequences and specificity. PCR assays were carried out using the Taqman
Universal Master Mix and an ABI Prism 7500 Fast Sequence Detection System (Applied
Biosystem, Foster City, CA) under the following conditions: 50°C for 2 minutes, 95°C for 10
minutes, followed by 40 cycles of 95°C for 15 seconds, and 60°C for 1 minute.

Glutathione Peroxidase (GPx) and Catalase Activities
After treatments, J774 cells were collected by centrifugation and pellets were homogenized in
a cell lysis buffer containing 1mM Tris base, 15mM NaCl, and 1% Triton X-100 and proteasase
inhibitor cocktail. After centrifugation at 10,000 × g for 15 minutes at 4°C, the supernatant
was stored at −80°C until further analysis. The protein concentration was measured using Micro
BCA reagents. Cellular glutathione peroxidase and catalase activities were measured as
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described in the manufacturer’s instructions. Briefly, for GPx, cell lysates were mixed with
co-substrate containing NADPH, glutathione, and glutathione reductase in a 96-well plate. The
reaction was initiated by cumene hydroxide supplied in the kit. The absorbance was read every
minute at 340nm using a plate reader at 25°C for 5 minutes. The GPx activity was then
calculated by comparisons to pure GPX enzyme supplied in the kit and reported as nmol/min/
ml. For catalase activity, 20µl cell lysates were added to 100µl assay buffer containing 100mM
potassium phosphate and 30µl methanol. The reaction was initiated by adding 20µl hydrogen
peroxide and incubated for 20minutes at room temperature. After adding 30µl potassium
hydroxide and 30µl Purpald (4-amino-3-hydazino-5-mercapto-1,2,4-triazole which is used as
a chromagen for this colorimetric assay) for 10 minutes at room temperature, 10ul potassium
periodate was added and the plate was read at 540nm.

Statistics
Values are reported as the mean ± SEM. ANOVA analyses were applied to assess differences
between averages. In some cases, the Student’s t-test was used to compare independent means.

RESULTS
TIIA and Trolox protect against H2O2-mediated toxicity in J774 macrophages

We utilized Trolox as a positive control for assays used throughout this study. Trolox is a water
soluble anti-oxidant vitamin E analog which has been shown to have scavenging properties for
a wide range of ROS (Penn et al. 1997; Salgo and Pryor 1996). Trolox is a powerful inhibitor
of membrane damage (Forrest et al. 1994), and is known to reduce H2O2 induced damage to
a variety of cell types including reducing apoptosis (Salgo and Pryor 1996; Forrest et al.
1994). Thus, Trolox provides a useful reference to which to compare the antioxidant capacity
of TIIA.

The effects of H2O2 on cell death were first determined using the TUNEL assay. Cytotoxicity
was negligible for control cells (viability near 100%), but significant death (73%) was seen for
cells treated with H2O2 (300 µM) (Figure 2). Pretreatment with Trolox significantly attenuated
the cytotoxicity mediated by H2O2 (relative viability 57%, p<0.001). TIIA was also able to
maintain cell viability at levels comparable to or better than Trolox (67% at 0.6 µM TIIA,
p<0.001 and 73% in 3 µM TIIA, p<0.007).

TIIA does not prevent mitochondrial membrane potential changes or reduce caspase
activities following H2O2 treatment

We tested whether TIIA protects cells through processes often associated with apoptosis. To
evaluate the ability of TIIA to preserve the mitochondrial membrane potential, J774 cells were
incubated with JC-1, a fluorescent indicator of mitochondrial membrane potential, following
treatment of cells with H2O2. Cells with healthy mitochondria emit red fluorescence, whereas
cells with unhealthy mitochondria emit green fluorescence. FACS was used to quantify the
extent of red or green fluorescence in cells and results are shown in Figure 3. H2O2 treatment
induced marked increased green to red fluorescence intensity as indicated by an apoptosis
percentage of 32.4 ± 4.9% (p=0.006 vs control). No significant changes from the H2O2
treatment were seen for the TIIA group suggesting that TIIA does not prevent collapse of the
mitochondrial electrochemical gradient as elicited by H2O2.

We tested whether TIIA protects cells from H2O2-mediated death by altering the activities of
caspase enzymes. Caspase-3, -8, and -9 are members of separate subfamilies of caspase
enzymes which act at different stages of cell death and cell protection (Kuranaga and Miura
2007). Caspase-3 has been implicated in macrophage apoptosis (Asmis and Begley 2003) and
is activated by caspase-9. Caspase-8 is activated through an extrinsic pathway involving the
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tumor necrosis factor receptor and Fas receptor (Kuranaga and Miura 2007). Cell lysates from
untreated cells (control) and cells treated with H2O2 (300µM), Trolox (1mM) and TIIA (3.0
µM) were collected and assayed for caspase-3, -8 and -9 activities (Table 2). As expected,
H2O2 activated all three cellular caspase activities significantly as compared to control cells.
Trolox and TIIA did not reduce caspase-3 and -9 activities due to pretreatment of cells with
H2O2. While Trolox significantly reduced caspase-8 activity as compared to the H2O2 levels
(22% reduction, p< 0.05), TIIA did not reduce caspase-8 activity. Trolox is known to protect
against apoptosis likely because of its radical scavenging potential which may have reduced
cellular ROS concentrations. Overall, it is unlikely that TIIA mediates protective effects against
cell death through caspase pathways.

Tanshinone IIA induces GPx-1 mRNA
Several reports implicate tanshinone derivatives as able to scavenge oxidative radicals and
protect cells, tissue and low density lipoproteins from oxidative damage (Zhao et al 1996; Niu
et al. 2000; He et al. 2001; Zhou et al. 1999; Wang et al. 2003). Since TIIA is fully oxidized,
it is unlikely that TIIA acts directly as an antioxidant. However, it is possible that TIIA induces
antioxidant defenses through increasing the expression of one or more antioxidant enzymes.
We tested this concept by examining gene expression and in some cases, enzymatic activity
for seven antioxidant enzymes (SOD1, SOD2, catalase, GPx-1, GPx-2, GPx-3 and GPx-4).
Gene expression was initially examined in the absence of H2O2 treatment to test for direct
effects of TIIA. Trolox treatment resulted in a 2.7-fold increase in catalase mRNA level as
compared to levels in untreated cells (p=0.02), but no other differences were seen among the
genes tested (data not shown). For cells treated with TIIA, the only alteration in mRNA level
among the genes tested was for GPx-1 for which mRNA levels were elevated by 30% over
levels seen for untreated cells (Figure 4A; p=0.01). GPx-1 mRNA levels were additionally and
markedly elevated (100%; p<0.001) for TIIA treated cells which were also challenged with
H2O2 (Figure 4B).

Mercaptosuccinic acid inhibits GPx activity and eliminates the protective effect of TIIA
against H2O2

The detoxification of H2O2 in cells is predominantly mediate by the antioxidation enzyme
activities of catalase and glutathione peroxidase (GPx) (Dringen et al. 2005; Liddell et al.
2006). We tested whether TIIA could modulate enzymatic activities for catalase and GPx.

TIIA failed to significantly alter catalase enzyme activity (data not shown). We tested for TIIA
contributions to catalase activity in studies of J774 cells treated and untreated with H2O2. Thus,
TIIA is unlikely to provide cytoprotection by influencing the expression or activity of catalase.

GPx enzyme activity in J774 cells was increased modestly (26% for Trolox and 18% for TIIA)
but significantly (p=0.03) by TIIA and Trolox as compared to untreated control cells (Figure
5A). To further evaluate the contribution of GPx activity in the mediation of cell survival by
TIIA, we utilized an inhibitor of overall GPx activity, mercaptosuccinic acid (MS). We treated
cells with TIIA and either 3 mM or 4 mM MS. Treatment with MS significantly decreased the
TIIA enhancing effects on GPx activity (by 45%, p=0.004; Figure 5B). The functional
relevance of reduced GPx activity was tested by quantifying the extent of cell death using
TUNEL staining. The extent of cell death induced following treatment of J774 cells with 300
uM H2O2 (approximately 70%) did not change significantly when cells were also treated with
3 mM MS (Figure 5C). Importantly, the protection from H2O2 mediated cell death provided
by TIIA was ameliorated when 3mM MS was present (Figure 5C). Taken together, these data
suggest that the induction of GPx provides an important mechanism by which TIIA mediates
its protective effects.

Li et al. Page 5

Life Sci. Author manuscript; available in PMC 2009 October 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DISCUSSION
Oxidative stress has been implicated in pathological processes associated with atherosclerosis
and other cardiovascular diseases. In the present report, we tested the hypotheses that TIIA, an
ingredient of the herbal supplement danshen, is cytoprotective following ROS challenge and
that protective effects are mediated through the altered expression or activity of specific
antioxidant enzymes. The primary findings were that TIIA protects cultured macrophages from
H2O2-induced cell death and protection is mediated in part by induction of glutathione
peroxidase activity.

TIIA is a diterpene thought to be a major bioactive molecule in danshen, a dietary supplement
derived from the root of Salvia miltiorrhiza, widely used in China and now available in health
food stores in the United States. In China, danshen is commonly used to treat heart disease and
cancer but large scale prospective studies have not been performed to test its efficacy.
Nonetheless, several ingredients of danshen such as tanshinone derivatives are being
investigated as possible drug treatments (Geng et al. 2004; Min et al. 2002). In most cases,
studies utilize mixtures of danshen products or crude extracts from the Salvia miltiorrhiza root
and thus, it is difficult to attribute protective or damaging effects to one danshen component.
Our study is significant because we utilize a purified product to identify mechanisms by which
TIIA can alter cell biology.

We chose a system of cell death mediated by a peroxide product, H2O2, produced from the
reduction of superoxide, in a cell culture system modeling macrophages as found in vascular
diseases such as atherosclerosis. H2O2 is known to induce cell death in many types of cells
(Chaube et al. 2005; Park et al. 2005; Jiang et al. 2005) by promoting changes in mitochondrial
permeability and transmembrane potential, leading to release of cytochrome c, activation of
caspase-3, and apoptosis (M’Bemba-Meka et al. 2005; Lee et al. 2005; Simizu et al. 1998). In
our study, J774 cells exhibited increases in mitochondrial potential and in the activities of
caspase-3, -9, and-8 with H2O2 treatment. Although these events were not reversed by TIIA
pretreatment, TIIA did promote cell viability (Figure 2) suggesting that TIIA cytoprotection
was mediated via other pathways.

TIIA has been implicated as an antioxidant because it has been found to reduce the oxidation
of LDL particles challenged with peroxynitrite (Niu et al. 2000). TIIA has also been shown to
maintain the activity of SOD in human umbilical vein endothelial cells challenged with
H2O2 (Lin et al. 2006). However, TIIA is a fully oxidized diterpene quinine (Figure 1) and is
unlikely to participate directly in antioxidation pathways. We suggest that TIIA triggers
protection from oxidative stress by altering the expression of antioxidation defense systems.
In this report, we tested this concept at the level of mRNA for seven anti-oxidation genes
(SOD1, SOD2, catalase, GPx-1, GPx-2, GPx-3 and GPx-4) and enzyme activity for catalase
and GPx, two enzymes known to inactivate H2O2. mRNA for catalase and other genes were
not influenced by TIIA treatment except for GPx-1 for which mRNA levels were markedly (2-
fold) elevated as compared to control, H2O2, and Trolox + H2O2 treated cells (Figure 4B).
Further, overall GPx enzymatic activity was increased by 20% with TIIA treatment as
compared with control cells. Finally, reducing GPx activity by introducing the generalized GPx
inhibitor MS markedly reduced the protective effect of TIIA toward H2O2-induced cell death,
suggesting that TIIA provides cytoprotection from H2O2 challenge in part via modulation of
GPx activity.

Glutathione peroxidases are selenoproteins involved in multiple cellular defense mechanisms
including inflammation, oxidation, and cytokine production (Drevet 2006; Brigelius-Flohe
2006). Macrophages express GPx-1 as well as other GPx forms such the phospholipid
hydroperoxide GPx (GPx-4) (Straif et al. 2000; Fu et al. 2001). We showed that mRNA for
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GPx-1 but not other GPx forms are increased with TIIA treatment. However, the GPx assay
used is not specific for GPx-1 and so, additional studies are required to rigorously test the role
of specific enzymes which can detoxify H2O2. However, it is of interest that mRNA and activity
levels of catalase were not modulated by TIIA treatment suggesting specificity of action by
TIIA toward glutathione peroxidases.

The importance of at least one GPx, GPx-1, to health is highlighted by multiple reports showing
that risk of cardiovascular diseases vary inversely with GPx-1 levels in erythrocytes
(Blankenberg et al. 2003; Espinola-Klein et al. 2007). Genetic variation in the GPx-1 gene is
a determinant for coronary artery calcification among type 2 diabetic patients (Nemoto et al.
2007). In hyperlipidemic mice, reduction in macrophage glutathione content, controlled in
large part by GPx-1 activity, is associated with increased lesion development (Rosenblat et al.
2002) and Gpx-1 deficient mice show an acceleration of atherosclerosis with altered cellular
contents (Torzewski et al. 2007).

CONCLUSION
Because of the importance of GPx in health and because TIIA is able to modulate GPx activity
to some extent in cell culture, we suggest that TIIA is a worthwhile candidate for further study
in animal models of atherosclerosis and eventually in human prospective trials.
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Figure 1.
Chemical structure of tanshinone IIA (TIIA). This compound appears as a red crystal, has a
molecular weight of 294.34 and is fully oxidized. It is hydrophobic and highly soluble in
organic solvents such as ethanol.
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Figure 2.
Protective effect of Trolox and TIIA against H2O2 mediated cytotoxicity. J774 macrophages
were pretreated for 18 hours with ethanol (vehicle), 1 mM Trolox, 0.6 µM TIIA or 3 µM TIIA.
Except for a control group, cells were then treated with 300 µM H2O2 for 4 hours. Cell death
was evaluated by TUNEL staining, using DAPI (Blue) for cellular nuclei. Cell death was nearly
absent in the control group (vehicle treatment only) for which cell viability was set to 100%.
Positive TUNEL staining was evident in cells treated with H2O2 with significantly less staining
seen for cells pretreated with Trolox or TIIA. TUNEL positive cells were evaluated in five
different microscope fields with n=4 per group and data presented as mean ± SEM; *p<0.007
versus H2O2; § p<0.005 versus control.
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Figure 3.
Mitochondrial potential is not altered by TIIA. H2O2-induced apoptosis in J774 cells was
analyzed by flow cytometry. J774 cells receiving vehicle, 1mM Trolox or 3µM TIIA
pretreatment as in Figure 2 were incubated with 300 µM H2O2 for 4 hours. The mitochondrial
membrane potential was assessed using the JC-1 dye (as described in Methods). Cells emitting
green fluorescence were considered apoptotic. Five thousands cells were counted in one
sample. The apoptosis percentage was calculated as: cells emitting green fluorescence/ total
cells, presented as mean ± SEM and n = 3 in each group; *p<0.006 versus control.
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Figure 4.
TIIA treated cells contain increased levels of GPx-1. J774 cells received vehicle, Trolox or
TIIA for 18 hours. After this pretreatment, cells were treated with H2O2 for 4 hours. GPx-1
mRNA levels were measured after pretreatment (A) and after treatment (B) with H2O2. Data
is presented as mean ± SEM and three replicates per group; *: p< 0.01 versus control.
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Figure 5.
GPx activity and cytotoxicity evaluated in J774 macrophage cells. (A) J774 cells were
incubated with vehicle, Trolox (1mM) or TIIA (3µM) for 18 hours. Cell lysates were then
assayed for total GPx activity. (B) J774 cells were incubated with 3 uM TIIA, or with TIIA
plus 3 mM or 4 mM of MS for 18 hours. (C) J774 cells were pretreated for 18 hours with
ethanol (vehicle), 3 mM MS, 3 uM TIIA or 3 uM TIIA with 3 mM MS. Cells were then treated
with 300 uM H2O2 for 4 hours. Cell death was evaluated by TUNEL stainig, using DPI (Blue)
for cellular nuclei and data is presented with respect to untreated cells which were set at 100%
viability (not included in this figure). Data is presented as mean ± SEM. For panels A and B,
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* p< 0.03 versus control; n=3 per group. For panel C, *p<0.02 versus all other conditions; n=3
or 4 per group.
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Table 1
Primer sequences of 18S, SOD1, SOD2, Catalase, GPx-1-4

Forward Primer Reverse Primer Reference

18S 5’-CGCCGCTAGAGGTGAAATTC-3’ 5’-TTGGCAAATGCTTTCGCTC-3’
SOD1 5’-TTTTTTTGCGCGGTCCTTT-3’ 5’-ACCAGAGAGAGCAAGACGAGAAG-3’
SOD2 5’-CCTGCTCTAATCAGGACCCATT-3’ 5’-CGTGCTCCCACACGTCAAT-3’

Catalase 5’-CCGACCAGGGCATCAAAA-3’ 5’-GAGGCCATAATCCGGATCTTC-3’ Esworthy et al.
2005

GPx-1 5’-TCAGTTCGGACACCAGGAGAA-3’ 5’-CTCACCATTCACTTCGCACTTC-3’ Kwei et al. 2004
GPx-2 5’-CCAGCTCAATGAGCTGCAATG-3’ 5’-CCCCCAGGTCGGACATACTT-3’ Fujita et al. 2005
GPx-3 5’-GCCCTCCCACTGCAGAACT-3’ 5’-GGATCTTCATGGGTTCCCAAA-3’
GPx-4 5’-GCATCCCGCGATGATTG-3’ 5’-TCGATGTCCTTGGCTGAGAAT-3’

Life Sci. Author manuscript; available in PMC 2009 October 10.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li et al. Page 17
Ta

bl
e 

2
TI

IA
 d

id
 n

ot
 a

ff
ec

t c
as

pa
se

 a
ct

iv
iti

es
. J

77
4 

ce
lls

 re
ce

iv
ed

 n
o 

pr
et

re
at

m
en

t (
co

nt
ro

l a
nd

 H
2O

2 
gr

ou
p)

, 1
m

M
 T

ro
lo

x 
(T

ro
lo

x 
gr

ou
p)

 a
nd

3µ
M

 T
II

A
 (T

II
A

 g
ro

up
) f

or
 1

8 
ho

ur
s. 

Th
en

, H
2O

2, 
Tr

ol
ox

 an
d 

TI
IA

 g
ro

up
s w

er
e i

nc
ub

at
ed

 w
ith

 3
00

µM
 H

2O
2, 

w
he

re
as

 th
e c

on
tro

l g
ro

up
w

as
 k

ep
t i

n 
re

gu
la

r m
ed

iu
m

. A
fte

r 4
 h

ou
rs

, c
el

ls
 w

er
e 

co
lle

ct
ed

 a
nd

 c
el

l l
ys

at
es

 w
er

e 
us

ed
 fo

r m
ea

su
rin

g 
ca

sp
as

e 
ac

tiv
iti

es
 a

s d
es

cr
ib

ed
un

de
r “

Ex
pe

rim
en

ta
l P

ro
ce

du
re

s.”
 H

2O
2 i

nc
re

as
ed

 a
ll 

th
re

e 
ca

sp
as

es
 a

ct
iv

iti
es

. T
ro

lo
x 

on
ly

 re
du

ce
d 

ca
sp

as
e-

8 
ac

tiv
ity

, n
ot

 c
as

pa
se

-9
 o

r
ca

sp
as

e-
3.

 T
II

A
, h

ow
ev

er
, d

id
 n

ot
 in

hi
bi

t a
ny

 o
f t

he
se

 c
as

pa
se

s.

Pr
et

re
at

m
en

t
H

2O
2

C
as

pa
se

-9
 (O

D
/µ

g 
pr

ot
ei

n)
C

as
pa

se
-3

 (p
m

ol
/m

in
/µ

g 
pr

ot
ei

n)
C

as
pa

se
-8

 (O
D

/µ
g 

pr
ot

ei
n)

C
on

tro
l

N
on

e
−

2.
05

±0
.3

9
0.

21
±0

.0
1

1.
73

±0
.2

2
H

2O
2

N
on

e
+

7.
88

±0
.0

4
1.

13
±0

.0
5

6.
30

±0
.2

2
Tr

ol
ox

Tr
ol

ox
+

7.
04

±0
.8

9
1.

32
±0

.1
2

4.
92

±0
.4

4*
TI

IA
TI

IA
+

9.
37

±1
.2

3
1.

55
±0

.2
6

6.
47

±0
.5

4

* p-
va

lu
e 

< 
0.

05
 v

er
su

s H
2O

2 
gr

ou
p

Life Sci. Author manuscript; available in PMC 2009 October 10.


