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Abstract

Thalidomide [α-(N-phthalimido)glutarimide] (1) is a sedative and antiemetic drug originally 

introduced into the clinic in the 1950s for the treatment of morning sickness. Although marketed 

as entirely safe, more than 10,000 babies were born with severe birth defects. Thalidomide was 

banned and subsequently approved for the treatment of multiple myeloma and complications 

associated with leprosy. Although known for more than 5 decades, the mechanism of 

teratogenicity remains to be conclusively understood. Various theories have been proposed in the 

literature including DNA damage and ROS, inhibition of angiogenesis and inhibition of cereblon. 

All the theories have their merits and limitation. Although the recently proposed cereblon theory 

has gained wide acceptance, it fails to explain the metabolism and low dose requirement reported 

by a number of groups. Recently we have provided convincing structural evidence in support of 

the presences of arene oxide and the quinone reactive intermediates. However, the ability of these 

reactive intermediates to impart toxicity/teratogenicity needs investigation. Herein we report that 

the oxidative metabolite of thalidomide, di-hydroxythalidomide is responsible for generating ROS 

and DNA damage. We show using cell lines the formation of comet (DNA damage) and ROS. 

Using DNA cleavage assays we also show that catalase, radical scavengers and desferal is capable 

of inhibiting DNA damage. A mechanism of teratogenicity is proposed that not only explains the 

DNA damaging property but the metabolism, low concentration and species specificity 

requirements of thalidomide.
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Introduction

Thalidomide [α-(N-phthalimido)glutarimide] (TD, 1) is a sedative and antiemetic drug 

originally introduced in the clinic in the 1950s for the treatment of morning sickness.1 

Although marketed as entirely safe, more than 10,000 babies were born between 1957 and 

1961 with severe birth defects that resulted in its withdrawal in the early 1960s.1, 2 However, 

owing to its clinical properties, TD was approved in 1998 for the treatment of lesions 

associated with leprosy and in 2006 for multiple myeloma.3, 4 In addition, TD is being tested 

for the treatment of many diseases including refractory esophageal Crohn’s disease, 

recurrent bleeding resulting from gastric angiodysplasia and hereditary hemorrhagic 

telangiectasia.5–8 The recent emergence of TD as a drug with clinical potential resulted in 

renewed interest in both its toxicity and pharmacological mechanisms, none of which are 

conclusively established. Moreover, prevention of inadvertent exposure of pregnant women 

to this drug is a continuing challenge, particularly in parts of the world where access to the 

drug is less restricted.

The teratogenicity of TD is very species-specific, being teratogenic in primates and rabbits 

but not in rats and mice.9 It was initially believed that the R isomer is sedative, whereas the 

S isomer is teratogenic; however, the two enantiomers are readily interconvertible.10 TD is 

metabolized in the liver to two major products, 5-hydroxythalidomide and 5´- 

hydroxythalidomide, by P450s.11,12 We have previously shown that P450 3A4 and 3A5 also 

oxidize TD to the 5-hydroxy and dihydroxy metabolites.13,14 The second oxidation step in 

the P450 3A4 pathway generates a reactive intermediate, possibly an arene oxide that can be 

trapped by the tripeptide glutathione (GSH) to give GSH adducts.3, 15, 16 The observation of 

GSH adduct formation with 5-hydroxythalidomide was confirmed in vivo in humanized 

mouse models.13 The dihydroxythalidomide (DHT, 2) product is further oxidized to the 

potentially toxic quinone intermediate that can also react with GSH to give the 

corresponding GSH adduct of DHT17. In both bacterial and AS52 cells thalidomide was 

found to be not genotoxic.18

Although TD has been known for more than half a century, its mechanism of teratogenicity 

remains to be convincingly established. More than 30 theories have been proposed including 

generation of reactive oxygen species (ROS), inhibition of angiogenesis, and non-covalent 

binding to the protein cereblon.2,19–22 However, none of the proposed theories are without 

limitations. For example, the ROS theory does not indicate the species responsible for ROS 

generation or the mechanism of ROS formation;22 the anti-angiogenesis theory proposes the 

involvement of a reactive intermediate but fails to present any direct evidence of any;21 and 

finally, the cereblon inhibition theory, although has recently gained wide acceptance is 

unable to explain the metabolism and low dose requirements (concentration of TD that is 

significantly higher than clinically relevant exposure levels were used in some of the 

reported experiments).23–27 Interestingly, the need for metabolism of TD for teratogenicity 
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is consistently reported in the literature.20,28 Recently, we provided direct evidence for the 

presence of arene oxide and quinone reactive intermediates, using GSH as a trapping agent.
15,17 However, the ability of these reactive intermediates to impart toxicity/teratogenicity is 

yet to be demonstrated. Herein we report the DNA damaging properties of the 5,6-

dihydroxythalidomide (DHT, 2) metabolite that is readily oxidized to the corresponding 

quinone.

Experimental Procedures

Caution: Thalidomide and its metabolites are extremely teratogenic and toxic. Caution and 
care should be taken while handling these chemicals.

Materials

Unless otherwise mentioned all chemicals used are of the highest quality available and 

purchased from Sigma Aldrich (St. Louis, MO, USA). Agarose, agar, ethidium bromide, 

catalase, methanol, ethanol, isopropanol, DMSO, NaCl, EDTA, Tris-HCl, Triton-X 100, 

NaOH, paraformaldehyde, bovien serum albumin (BSA), biotin, histidine, ampicillin, oxoid 

nutrient broth No. 2, and protease inhibitor cocktail were obtained from HiMedia (Mumbai, 

India), sodium fluoride and orthovandate from MP Biomedicals, LLC (Solon Ohio, USA), 

CellROX Deep Red and Nuc Blue (Hoechst 33342) from ThermoFisher Scientific (Santa 

Clara, CA), Salmonella typhimurium TA100 from Microbial Type Culture Collection and 

Gene Bank (MTCC, Chandigarh, India), thalidomide and DMEDA from Tokyo Chemical 

Industry (Tokyo, Japan), nitrocellulose membranes from MDI Membrane Technologies 

(Ambala. India), LMPA and LE Agarose from Lonza (Rockland, ME, USA), γ-H2AX 

Alexa Fluor 488 from Biolegend (San Diego, CA, USA), and PAD-PARP antibody from 

Abcam (MA, USA). The 293T cell line was purchased from National Centre for Cell 

Culture (Pune, India) and authenticated by Short Tandem Repeat DNA profiling from Life 

Code Technology, Delhi, India. HepG2 cells were a generous gift from Dr. Soumya Sinha 

Roy at the CSIR Institute of Genomics and Integrative Biology, New Delhi. HUVEC was 

procured from HiMedia (Mumbai, India).

DNA Cleavage Assays

In a typical DNA cleavage reaction, plasmid DNA (pUC19, 1 µg) was incubated with 

dihydroxy thalidomide (DHT, 0.5–25 µM) in potassium phosphate buffer (1 mM, pH 7.4) at 

37 °C for 12 h. For reactions containing an NADPH-generating system, 1 µl of it was added 

such that the final concentration of NADP+ is 250 µM. To prepare the NADPH-generating 

system, equal volumes of NADP+ (10 mM), and glucose 6-phosphate (100 mM) were 

premixed and glucose 6-phosphate dehydrogenase (1U) was added to it. Following 

incubations, reactions were subjected to DMEDA (100 mM) workup for 2 hours at 37 °C, 

quenched by addition of 5 µL of glycerol loading buffer, and then electrophoresed for 45 

min at 80 V in 1% agarose gel (w/v) containing 0.5 µg/mL ethidium bromide. DNA was 

visualized and quantified using an AlphaImager (ProteinSimple, CA) gel documentation 

system. Strand breaks per plasmid DNA molecule (S) were calculated using the equation S=
−ln f1, where f1 is the fraction of plasmid present as form I. For assays with radical 

scavengers, methanol (1 M), isopropanol (1 M), or DMSO (1 M) was used. For some 
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reactions catalase was used at concentration of 250 µg/mL, ferrous sulfate at (0–10 mM) or 

desferal at (1 mM).

Comet Assay

In a typical assay, sub-confluent cells treated with DHT, thalidomide, 5-hydroxythalidomide 

or menadione (10 µM each) for 1.5, 3, or 12 h were sandwiched in 0.5% low melting 

agarose on pre-coated agarose (1%) slides. Sandwiched cells were incubated in lysis buffer 

(10 mM Tris-HCl buffer (pH 10) containing 2.5 M NaCl, 100 mM EDTA, and 1% 

TritonX-100 (v/v)) for 2 hours, followed by 30 min incubation in alkaline buffer (300 mM 

NaOH and 1 mM EDTA, pH>13). Slides were electrophoresed in the same buffer at 21 

V/300 mA for 30 min. Neutralization was done in 400 mM Tris-HCl (pH 7.5) buffer and 

staining with 1µg/mL ethidium bromide. All steps were carried out at 4 °C. Fixing was done 

with absolute ethanol, and imaging was done using a Leica DFC450C microscope (Wetzlar, 

Germany). ImageJ plugin OpenComet software was used to quantify the DNA damage.29

Reactive Oxygen Species Detection

Sub-confluent cells were initially treated with 10 µM of DHT for 1.5 and 3 h, and then 

CellROX Deep Red (5 µM) reagent was added and incubated for 6 30 min. Following 

incubation cells were treated with Hoechst counter stain for another 10 min, washed with 

phosphate-buffered saline solution, and immediately taken for imaging. For a positive 

control, menadione was used at a concentration of 100 µM for 2 h.

Western Blot Analysis for PAR-PARP

Cells were treated with 10 µM DHT for 15, 45, 90, and 180 min and subsequently lysed 

using RIPA Lysis buffer (150 mM NaCl, 50 mM Tris, pH 8.0 and NP40 1%). Protease 

inhibitor cocktail along with NaF (500 mM) and orthovandate (100 mM) were added to the 

lysate and incubated on ice for 30 min, with a single brief vortex mixing of 5 s. After 

incubation, the lysate was centrifuged at 1,000 g for 10 min and supernatant taken. 

Quantification of protein was done using a Bradford assay.30 Proteins in the lysate were 

separated using 8% SDS-PAGE and transferred to a nitrocellulose membrane. PAD-PARP 

(Abcam, 1:500, v/v) was used to check for DNA damage.31 Equal loading was confirmed 

using β-actin. Imaging was done on a LICOR instrument.

Statistical Analysis

All data were analyzed using GraphPad Prism software (Prism 5.03). Data are expressed as 

mean ±SD or mean ±SEM. A P-value of <0.05 was considered statistically significant in all 

experiments and represented by asterix (*).

Results and Discussion

DNA Cleavage by DHT

Because quinones are known to undergo redox cycling through the formation of 

semiquinones following one electron reductive activation, we tested the DNA cleaving 

ability of DHT (Figure 2A and Figure S1m supporting information).32 Plasmid DNA exist in 
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the supercoiled form (I). Single-strand cleavage converts it to an open circular form (II) and 

double-strand cleavage makes it linearized (III). Each of the three forms have a distinct 

mobility in an agarose gel. Drugs causing DNA cleavage will convert supercoiled plasmid 

DNA into either form II or III depending on the nature of the cleavage. The extent and 

efficiency of this process can be determined and estimated by separating and quantitating 

each form in an agarose gel. Using this plasmid DNA cleavage assay, a low but reproducible 

amount of DNA cleavage was observed when DHT was treated alone. Addition of tyrosinase 

(known to oxidize DHT to the corresponding quinone) increased DNA cleavage.17 Addition 

of an NADPH-generating system along with tyrosinase further increased the DNA cleavage 

efficiency of DHT. This is surprising because NADPH is an obligate two-electron reducing 

agent and should not be involved in one electron reductive activation of DHT quinone. DHT 

undergoes slow but spontaneous oxidation to the quinone. The quinone comproportionates 

with DHT to generate the semiquinone.33 Addition of tyrosinase increased the concentration 

of the quinone while NADPH ensured steady level of the catechol necessary for 

semiquinone generation. Surprisingly, increasing the concentration of DHT resulted in an 

initial increase in cleavage efficiency up to 1 µM, followed by a gradual decrease (Figure 

2B). This may be due to DHT acting as a radical scavenger or limiting NADPH 

concentration.

To understand the mechanism of DNA cleavage by DHT, we looked into its DNA cleaving 

ability in the presence of radical scavengers (iPrOH, MeOH, and DMSO), catalase, desferal, 

and GSH (Figures 2C and D).34 DNA cleavage was significantly inhibited in presence of all 

the agents used here, clearly indicating the involvement of H2O2, metals, radicals, and 

quinones. Quinones are known to undergo redox-cycling upon one-electron reductive 

activation to generate superoxide radical. The net outcome of this futile cycle is drug-

mediated transfer of electrons from a reducing equivalent, to molecular oxygen. The 

superoxide radical anion is converted to H2O2, which then undergoes Fenton chemistry in 

the presence of metals to produce the well-known DNA damaging agent hydroxyl radical 

(•OH). The cytotoxic effect of H2O2 is mitigated by various enzymes including catalase, 

while desferal inhibits Fenton chemistry by chelating metals.34 The inhibition of DNA 

cleavage by 5 mM GSH is consistent with its ability to quench radicals and trap quinones, 

clearly suggesting the involvement of these species in DNA cleavage. The presence of GSH 

in cells at a concentration of about 5 mM also suggests a protective role against DNA 

damage by DHT in vivo as well as the ability of these metabolites to deplete GSH, as 

reported in the literature.

Comet assay

To determine if DHT will damage DNA in a cell that contains various protective pathways 

including GSH (~5 mM), we performed comet assays on three cell lines: HEK293T 

(embryonic), HepG2 (liver), and HUVEC (endothelial). The extent of DNA damage is 

represented by the length and intensity of the comet tail. Alkaline comet assays clearly 

showed significant DNA cleavage in HEK293T, HepG2, and HUVEC cells when treated 

with 10 µM DHT, a clinically relevant exposure levels, but not TD (Figure 3 and Figure S2, 

supporting information). This may be because TD is not metabolized to DHT in these cell 

lines. Although in theory HepG2 cells contain some of the P450s that might be involved in 
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the two-step sequential oxidation of TD to DHT, albeit in lower amounts, an initial higher 

concentration of TD should result in preferential biotransformation of TD to the 5-hydroxy 

metabolite during the course of these assays. The extent of DNA cleavage by DHT is 

comparable to that caused by the prototypical redox cycling agent menadione (10 µM) in 

HepG2 cells. Interestingly, for the normal MCF10A cells, no comet was observed when 

treated with DHT. This may be due to the reduced oxidation of the DHT to the quinone, lack 

of a one-electron reductive system, or detoxification of the quinone by GSH. To address the 

tumor selectivity of DHT, we transformed MCF10A cells with the HER2 and H1047R PI3K 

oncogenes. MCF10A is a non-tumorigenic mammary epithelial cell line that is used as a 

popular model system for testing effects of oncogenes and tumor suppressors on cellular 

transformations.35 Here, we have genetically engineered MCF10A cells by stably expressing 

(through retroviral infection carrying oncogenes of interest followed by drug selection) two 

oncogenes HER2 (Human epidermal growth factor receptor 2) and H1047R mutant PI3K 

p110a subunit (H1047R PIK3CA). According to previously published report,36 introduction 

of these two oncogenes in MCF10A cell line dramatically altered its growth, serum/growth 

actor requirement, mobility, invasiveness as well as sensitivity toward HER2-targeting drugs. 

Thus, this dual oncogene expressing variant of MCF10A cell line can be considered as 

transformed. Consistent with the above observation, a comet was seen in this transformed 

cell line indicating the tumor selectivity of DHT (Figure S2, supporting information). 

However, the mechanism of this tumor selectivity needs further investigation.

Detection of ROS in cells using microscope

Because the DNA cleavage assays clearly indicated a typical quinone mechanism, we looked 

for the formation of ROS in cells using the CellROX deep red reagent (the dye used is 

tetramethylrhodamine, TRITC).37 The CellROX reagent is a cell-permeant non-specific dye 

(can detect any reactive oxygen species) that upon oxidation by ROS produces bright red 

fluorescence. When HEK293T, HUVEC, and HepG2 cells were treated with DHT for 1.5 

and 3 h, ROS formation was detected. The ROS generation was particularly pronounced in 

HUVEC cells following 3 h drug treatment. These results are consistent with earlier report 

that TD causes oxidative stress.22 Our data provided direct biochemical evidence that TD, 

following metabolism, can cause oxidative damage.

Detection of single strand DNA cleavage

Although all of the evidence points towards DNA single strand breaks (SSB), it is important 

to gain additional evidence to propose a mechanism. Accordingly, we performed a PARP 

assay. PARP is a nuclear protein involved in detection and signaling of SSB to the cellular 

enzyme-machinery involved in SSB repair. PARP activation is an immediate cellular 

response to DNA SSB. After PARP detects SSB, it binds to DNA and begins the synthesis of 

a poly (ADP-ribose) chain (PAR) as a signal for DNA repair. Detection of PAR containing 

PARP is a clear indication of the presence of DNA SSB. Western blot (immunoblot) analysis 

using a PAR-PARP specific antibody revealed an increase in the level of PAR-PARP within 

45 min of DHT treatment (Figure 5). This immediate response in the level of PAR-PARP 

clearly indicates that DHT produced DNA SSB in a cell. The decrease in the level of PAR-

PARP within 3h of DHT treatment is probably due to degradation of DHT or the quinone 

intermediate.
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Mechanism of DNA cleavage by thalidomide

The data reported here is consistent with that typically seen for quinones.38, 39 Based on the 

observations made here a mechanism of DNA damage by DHT is proposed (Figure 6). 

According to the proposed mechanism, DHT is oxidized to the quinone, which undergoes 

comproportionation with the reduced DHT to generate the semiquinone radical intermediate. 

The semiquinone in the presence of oxygen is back oxidized to the quinone along with the 

formation of superoxide radical anion and finally H2O2. In the presence of metals, H2O2 

undergoes Fenton chemistry to produce the well-known DNA damaging agent hydroxyl 

radical.

According to the mechanism proposed here, the toxic effect of DHT is not dependent on the 

cellular concentration of DHT but on the opposing action of the reducing equivalents and the 

protective effects of catalase, quinone reductases, and GSH. Interestingly, the concentration 

of catalase is significantly lower in fetal liver compared to adult.40 Until gestation week 6 

the level of catalase is undetectable.40 Because most organ development is complete by 

gestation week 6, the results presented here fit well with the observed teratogenic properties 

of TD, including the metabolism requirement, time sensitive window, and low dose. The 

ROS theory was initially proposed by Wells and coworkers and supported by others.22, 41 

However, according to the results presented here TD is unable to generate ROS and cause 

DNA damage. The TD oxidation product DHT are the true species capable of generating 

ROS and causing DNA damage.

The mechanism proposed here for the teratogenicity of thalidomide clearly explains the 

metabolism and/or low dose requirements along with the GSH depletion reports. But the 

teratogenicity of TD is also species specific. Interestingly, mutant mice that are deficient in 

antioxidant enzymes or glutathione or are having inhibition of the glutathione peroxidase or 

reductase enzymes are sensitive to thalidomide embryopathy.42 According to the mechanism 

proposed here presence of these enzymes and GSH should provide a protection from 

oxidative damage by DHT and hence from teratogenicity. Mouse embryos having these 

agents should in principle be insensitive to the teratogenic effect of DHT. Thus, the 

mechanism proposed here not only provides a direct chemical basis for the in vivo oxidative 

DNA damage mediated teratogenicity of this drug but also explains the various observations 

made regarding the teratogenicity of TD. Although our proposed mechanism seems 

consistent with the various literature reports, it is quite possible that several of the 

mechanisms are working in parallel or synergistically.

Conclusion

In conclusion we have shown that the dihydroxy metabolite of thalidomide is capable of 

causing extensive redox activated DNA cleavage. The cleavage was also observed in comet 

assays. The DNA cleavage is radical mediated through the formation of ROS. The proposed 

mechanism is consistent with that of typical quinones and explains some of the unusual 

properties of this drug.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BSA Bovine Serum Albumin

DAPI 4',6-diamidino-2-phenylindole

DHT Dihydoxy thalidomide

DIC Differential interference contrast

DMEDA N, N′-dimethylethylenediamine

DMSO Dimethyl sulfoxide

EDTA Ethylenediaminetetraacetic acid

FITC Fluorescein isothiocyanate

GSH Glutathione

H1047R PI3K H1047R mutant PI3K p110a subunit

HEK293T Human Embryonic kidney cell line

HepG2 Human hepatoma G2 cell line

HER2 Human epidermal growth factor receptor 2

HUVEC Human umbilical vein endothelial cell line

LMPA Low melting point agarose

MCF10A Michigan cancer foundation 10A cell line

NaCl Sodium Chloride

NaOH Sodium hydroxide

NP40 Nonident P40

P450 Cytochrome P450

PARP Poly (ADP-Ribose) polymerase
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ROS Reactive oxygen species

SDS-PAGE Sodium dodecyl sulphate- poly acryl amide gel 

electrophoresis

SSB Single strand break

TD Thalidomide

TRITC Tetramethylrhodamine
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Figure 1. 
Cytochrome P450 mediated biotransformation of thalidomide15,17
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Figure 2. 
Plasmid DNA cleavage assay A) Plasmid DNA cleavage by 10 µM DHT in the presence and 

absence of tyrosinase. B) DNA cleavage efficiency by DHT (100 nM-10 µM) in the presence 

of tyrosinase and NADPH. (Experiments are done in triplicates, error bars represent ±SEM, 

Lane 1 vs 3 *P=0.029, Lane 1 vs 4 **P=0.002, Lane 1 vs 5 **P=0.0021, Lane 1 vs 6 

***P=0.0003, Lane 5 vs 7 **P=0.0023, Lane 5 vs 8 **P=0.0027) C) Effect of radical 

scavengers iPrOH (1 M), MeOH (1 M) or DMSO (1 M). (Lane 1 vs 2 ***P<0.001, Lane 1 

vs 3 ***P<0.0001, Lane 1 vs 4 ***P<0.0004, Lane 1 vs 5 **P=0.0033, Lane 1 vs 7 

***P=0.0004, Lane 4 vs 5 **P=0.0015, Lane 4 vs 6 ***P<0.0006, Lane 4 vs 7 

***P=0.0004) D) Effect of catalase (250 µg/mL), desferal (1 mM), or GSH (5 mM). (Lane 1 

vs 2 **P=0.0013, Lane 1 vs 3 *P=0.018, Lane 1 vs 4 ***P=0.0001, Lane 1 vs 5 *P=0.021, 

Lane 1 vs 6 **P=0.0052, Lane 1 vs 7 **P=0.0038, Lane 4 vs 5 ***P<0.0001, Lane 4 vs 6 

***P<0.0001, Lane 4 vs 7 ***P<0.0001).
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Figure 3. 
Comet assay with 293T cells. 293T cells in culture were treated with DHT (10 µM), TD (10 

µM), or DMSO for 3 (DMSO vs DHT *P=0.0268) or 12 h (DMSO vs DHT *P=0.0224, 

DMSO vs TD *P=0.0262, DHT vs TD *P=0.016). Experiments ae done in duplicates with 

error bars representing ±SD. A) Cells showing presence of comet with the inset picture 

representing a magnified image showing comet formation in one cell. B) Quantitation of 

DNA cleavage measured as the amount of DNA in the tail of the comets formed. The comet 

image of menadione is shown in the supporting information (Figure S2).
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Figure 4. 
Detection of ROS in HEK293T and HUVEC cells. Cells in culture were either treated with 

DHT (10 µM) for 1.5 and 3 h (HUVEC 0hr vs 3hr *P=0.0039, 0hr vs menadione *P=0.029 

and HEK293T 0hr vs menadione *P=0.020) or menadione (200 µM) for 2 h. Presence of 

ROS was detected using the deep red CellRox reagent having tetramethylrhodamine 

(TRITC) as the fluorescent dye. Experiments are done in triplicates with error bars 

representing ±SEM. A) Microscopic images of cells showing formation of ROS B) 

Quantitation of ROS measured as the fluorescence intensity within the cell.
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Figure 5. 
Western blot analysis showing the presence of Pad-Parp.
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Figure 6. 
Proposed mechanism of DNA damage by DHT.
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