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Arsenic Activates Nrf2 Response in Human Liver cells
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Oxidative
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Inhaled particulate
matter enters the cell,
complexes with iron
and induces
oxidative stress

Microscopic 
images

of lungs stained
for iron show 

accumulation of
the metal around 
retained articles

and fibers

 

Gottipolu, et al Environ. Health Perspect., 
2009, accepted.
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Source: Nadadur, S.S et al. 2005. Environ. Health Perspect 113: 1717-22
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Asthmatic Non-Asthmatic 

Mo, J., Xia, Y.,  Wade, T.J.,  Schmitt, M.,  Le, X.C., 
Dang, R., Mumford, J.L. Environ. Health Perspect.
2006 Vol.114(6):835-41

Heidenfelder et al.  Annals of Allergy, Asthma and
Immunology accepted 2008
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Concepts:  Kim, Y.M., Reed, W., Wu, W., Bromberg, P.A.,Graves, L.M. and Samet, J. M. (2006). 
Am. J. Physiol.: Lung Mol. Cell. Biol.. 290: L1028-1035.
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LaGier, A.J et al, 2008 (accepted: Cardiovascular Toxicology).
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ID  Symbol       Gene Name
4132 Rbm3 RNA binding motif protein 3
1060 Bhlhb3 basic helix-loop-helix domain containing, class B3
1010 Slc22a8 solute carrier family 22 (organic anion transporter), member 8
1149 Slc26a1 solute carrier family 26 (sulfate transporter), member 1
1763 C2ta class II, major histocompatibility complex, transactivator
2381 Adam3 a disintegrin and metalloprotease domain 3 (cyritestin)
7713 Atp2a2 ATPase, Ca++ transporting, cardiac muscle, slow twitch 2

11993 Dbp D site albumin promoter binding protein
14549 Nr1d2 nuclear receptor subfamily 1, group D, member 2

249 Fmod fibromodulin
399 Fcgr3 Fc receptor, IgG, low affinity III

12257 Thbs4 thrombospondin 4
2831 Csrp2 cysteine and glycine-rich protein 2
4249 Mfap4 microfibrillar-associated protein 4
6496 Dpt_p dermatopontin (predicted)

11617 Fgfr1 Fibroblast growth factor receptor 1
12235 Col1a1 procollagen, type 1, alpha 1

3059 Arntl aryl hydrocarbon receptor nuclear translocator-like
12514 G0s2 G0/G1 switch gene 2

2912 Ces3 carboxylesterase 3
11510 Cdkn1a cyclin-dependent kinase inhibitor 1A
14238 Sfrp2 secreted frizzled-related protein 2
12911 Gadd45g growth arrest and DNA-damage-inducible 45 gamma

658 St3gal5 ST3 beta-galactoside alpha-2,3-sialyltransferase 5
3503 P4ha1 procollagen-proline, 2-oxoglutarate 4-dioxygenase, alpha 1 polypeptide

170 Dapk3 death-associated protein kinase 3
6346 Hyal3 hyaluronoglucosaminidase 3
5490 Pdrg1 p53 and DNA damage regulated 1

11113 Btg2 B-cell translocation gene 2, anti-proliferative
2022 Pgm1 phosphoglucomutase 1
2785 Ppt1 palmitoyl-protein thioesterase 1
6777 Grb2 growth factor receptor bound protein 2

15536 Tceb2 transcription elongation factor B (SIII), polypeptide 2
4462 Tgfbi transforming growth factor, beta induced

871 Sod3 superoxide dismutase 3, extracellular
2525 Dynll1 dynein light chain LC8-type 1
4874 Emilin1_p elastin microfibril interfacer 1 (predicted)
1450 Thbd thrombomodulin

11228 Por P450 (cytochrome) oxidoreductase
1370 Fstl1 follistatin-like 1

12454 Tagln2 transgelin 2
408 Tgfb3 transforming growth factor, beta 3

4192 Ccnd1 cyclin D1
2710 Ssg1 steroid sensitive gene 1
3379 Egfr epidermal growth factor receptor

967 Cp ceruloplasmin
2704 Col1a2 procollagen, type I, alpha 2

11888 Id3 inhibitor of DNA binding 3
12688 Serpinf1 serine (or cysteine) peptidase inhibitor, clade F, member 1

5574 C1qg complement component 1, q subcomponent, gamma polypeptide
180 Ctgf connective tissue growth factor

11114 Btg2 B-cell translocation gene 2, anti-proliferative
4240 Rarres2 retinoic acid receptor responder (tazarotene induced) 2
4970 Aga aspartylglucosaminidase

362 Ppp1r14a protein phosphatase 1, regulatory (inhibitor) subunit 14A
5771 Hexa hexosaminidase A

117 Mgp matrix Gla protein
2561 Ptgis prostaglandin I2 (prostacyclin) synthase

11166 Hspb3 heat shock 27kDa protein 3
2723 Myd116 myeloid differentiation primary response gene 116
3358 Tubg1 tubulin, gamma 1
5150 Atf5 activating transcription factor 5
5322 Npdc1 neural proliferation, differentiation and control, 1

11044 Arpc1b actin related protein 2/3 complex, subunit 1B
142 Sepw1 selenoprotein W, muscle 1

12261 Cspg2 chondroitin sulfate proteoglycan 2
11881 Jund Jun D proto-oncogene
12817 Ecm1 extracellular matrix protein 1
15562 Gnb2 guanine nucleotide binding protein, beta polypeptide 2

395 S100a4 S100 calcium-binding protein A4
5848 Gng3 guanine nucleotide binding protein (G protein), gamma 3
2839 Tubb5 tubulin, beta 5
5591 Slc27a5 solute carrier family 27 (fatty acid transporter), member 5

15255 Slc29a1 solute carrier family 29 (nucleoside transporters), member 1
553 Mrpl23 mitochondrial ribosomal protein L23

3906 Igfbp7 insulin-like growth factor binding protein 7
1375 Comt catechol-O-methyltransferase

15576 Stip1 stress-induced phosphoprotein 1
3795 NTF2 nuclear transport factor 2

15596 Ube2v1_p ubiquitin-conjugating enzyme E2 variant 1 (predicted)
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Delker,D. et al. 2006.  Molecular biomarkers of oxidative 
stress associated with bromate carcinogenicity.  Toxicology 
221: 158-165.

Concept:  Turi JL, Yang F, Garrick MD, Piantadosi CA, Ghio AJ.  The iron 
cycle and oxidative stress in the lung.  Free Radic Biol Med 2004; 36 
(7):850-857. (19 publications since 2005 expand this concept)

Wistar Kyoto (WKY)
-Healthy, occasional myopathy

Spontaneously Hypertensive 
(SHR) - Hypertension, ADHD

Stroke -prone SHR (SHRSP) -
Stroke, ADHD , nephropathy, hypertension 

and osteoporosis

JCR - Diabetes, insulin resistance, 
cardiovascular plaque formation, 

atherosclerosis, obesity, wound healing, 
and myocardial infarction research

Obese SHR 
(SHHOB) - Obesity

Heart Failure SHR 
(SHHF) - Heart failure , 

hypertension, type 2 diabetes, 
nephropathy and insulin resistance

Rat models of cardiovascular disease
Wistar Kyoto (WKY)

Healthy, occasional myopathy

Spontaneously Hypertensive 
(SHR) - Hypertension

Stroke-prone SHR (SHRSP)
Stroke, ADHD, nephropathy, hypertension

JCR -

Obese SHR 
(SHHOB) -Obesity

Heart Failure SHR 
(SHHF)

Heart failure, hypertension, nephropathy, Type 2 diabetes

Diabetes, insulin resistance, 
vascular plaque formation, 
wound healing

Science Questions

● Is oxidative stress (OS) a
common pathway for
environmentally induced
toxicity?

● Is disease-associated OS
a common underlying
condition for
increased risk from
environmental exposures?

● Are there any specific,
reliable and noninvasive
methods for measuring OS
in both clinical and
epidemiological studies?

Research Goals

● Determine whether 
oxidative stress is an 
indicator of the biological 
effects of a variety
of toxicants.

● Evaluate 'background' 
oxidative stress levels
under various disease 
conditions.

● Improve non-invasive
measurements of oxidative
stress and apply these
as exposure biomarkers in  
epidemiological studies.

Findings and ConclusionsOxidative stress has been shown to be a common pathway
for environmentally induced toxicity
Arsenic in drinking water (cancer)

● Oxidative stress triggers the activation of Nrf2, a transcription factor that coordinates the regulation of anti-
oxidant genes such as heme oxygenase 1 and NADPH quinone oxidoreductase.

● Using human liver cells, we engineered a stable, cell-based reporter gene assay that measures Nrf2 
activation in response to oxidative stressors.

● Human liver cells were treated for 24 hours with 10nM-1mM arsenic oxide (As2O3), sodium arsenite
(NaAsO2), dimethylarsinous acid (DMA), monomethylarsinous acid (MMA) or a known Nrf2 inducer, 
hydroquinone (HQ).  Nrf2 activity was measured using luciferase assay normalized to stable green 
fluorescent protein expression. Nrf2 activity (y-axis) is plotted as log2 fold change compared to untreated 
controls, therefore positive values reflect increased Nrf2 activation, while negative values reflect loss of
basal Nrf2 levels (cytotoxicity).

Simmons and Ramabhadran, submitted.

Bromate in drinking water (cancer)

Expression of 8-
oxodeoxyguanosine 
glycolase (OGG1) an 
inducible DNA repair 
enzyme in response to 
oxidative stress, was up-
regulated approximately 4-
fold in rat kidney following 
bromate exposure.

Iron dys-regulation resulting from PM and fiber exposure

Particulate matter (PM) in air (non-cancer)
Diesel exhaust (DE) inhalation
caused cardiac mitochondrial 
aconitase inhibition indicating 
oxidative stress in healthy
Wistar Kyoto (WKY) and 
Spontaneously Hypertensive
(SH) rats. 

DE-induced cardiac oxidative 
stress is associated with 
development of a 
hypertensive gene expression 
pattern in healthy WKY rats 
making them appear like SH 
rats. Downregulation of genes 
involved in antioxidant 
compensatory response, 
mitochondrial function and 
cardiac cell structural integrity 
is noticed.

LTG 1  Poster 09

Zinc induced injury to mitochondria

● Live cell imaging with the
sensor, PG1, shows that
Zn exposure elevates intra-
cellular H2O2 levels.

● Zn exposure induces a
loss of mitochondrial
potential that precedes the
increase in H2O2, as
detected by the change
of JC1 fluorescence from
red to green. 

Ozone induced oxidative stress progress
Unique changes in expression of oxidative stress genes at different ozone
exposure levels: Rat lung homogenates after 2 hour ozone exposures.

Disease-associated oxidative stress has been shown
to be a common underlying condition explaining 
increased risk from environmental exposures.
Rabbit cardiovascular disease 
model: effect of ZnO/ZnSO4
instillation. When compared to animals fed a normal 

diet, animals fed a cholesterol diet had:

1) plaques in the aorta

2) ECG waveforms that changed from 
baseline (gray line) minutes after the 
instillation of zinc (black line).

3) changes in the oxidative status of the lung 
days after zinc instillation (indicated by 
changes in lung lavage fluid oxidized 
glutathione).

Animal models of heart failure, 
stroke, diabetes and hyper-
tension show increased 
oxidative stress gene 
expression in the lung 
immediately after ozone 
exposure (1.0 ppm, 4 hr).

New markers useful for epidemiologic studies.

Measurement of induced repair gene (OGG1) 
expression for oxidized DNA detected toxicity 
of drinking water arsenic in Inner Mongolian 
residents in China (N=299)

● Measurement of reactive oxygen species in
blood plasma in children showed that
asthmatic children had higher levels than non-
asthmatic.

● Measured by lucigenin chemiluminescence in
blood plasma of 148 children residing in
Detroit, Michigan.  

Impact and Outcomes

● NCEA will be able to use oxidative
stress measures as part of the 
mechanistic underpinning in risk
assessment for both cancer and non-
cancer endpoints.  

● Assessment of 'background oxidative
stress' resulting from life style and 
pre-existing disease can explain and
identify susceptible sub-groups.

● Future epidemiology studies will be
able to incorporate newer non-
invasive markers of oxidative stress 
as biomarkers of exposure. 

● In vitro screening tests for oxidative
stress cFuturan be exte Direndeed tctioo otnhser 
'stress pathways‘ (see LTG1 – 10)

LTG1-10 shows future directions building on 
the oxidative stress MOA which include:

● Extend and modify the reporter gene
assays already developed to other cell
lines and exposure scenarios

● Screen an array of pollutants relevant
to Air and Water programs (see LTG
1-11).

● Develop a virtual lung model to
determine the dose of reactive gases
and particles to deep lung targets in
order to link whole-body exposure
data with toxicity pathway information
obtained in vitro.  (see LTG 1-113,14).
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