
Figure 3.  Network consisting of 12 of the proteins identified as 
being altered following in utero exposure.  The large circles 
identify the altered proteins with red being up regulated and 
blue being down regulated proteins.  Arrows between 
components indicate direction of interactions.

DISCUSSION AND CONCLUSIONS

We have found that chronic, low-dose in utero arsenic exposure 
causes alteration of protein expression in the lung.  We observed 
both up regulation and down regulation of a broad range of 
proteins that include several functional groups. Several of the 
identified proteins are involved in signal transduction, 
cytoskeleton and nuclear organization and DNA repair.  
Previously identified targets of arsenic (UbcH6, an E2 ubiquitin
conjugating enzyme, and dihydrofolate reductase) were also 
altered in our experiments (Kirkpatrick et al, 2003; Mure et al,
2003).  Network analysis of altered proteins indicated a potential 
involvement of RAC1, Pyk2, CDC42, JNK and occludins as sites 
of action.  Localization of altered expression of select proteins in 
the developing lung will be assessed to identify targeted cells.
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ABSTRACT

Inorganic arsenic is a known human carcinogen and 
common drinking water contaminant affecting millions of 
people worldwide.  Though the effects of maternal arsenic 
exposure on the developing lung are unknown, this metalloid is 
known to cross the placenta.  Using an in utero exposure model, 
we have previously identified genes that are altered by exposure
to arsenic in the maternal drinking water.  A more complete 
understanding of the in utero effects of arsenic requires analysis 
of alterations in protein expression.  We hypothesize that in 
utero exposure to inorganic arsenic through maternal drinking 
water causes altered protein expression in the developing lung, 
indicative of downstream molecular and functional changes.  
From conception to embryonic day eighteen, we exposed 
pregnant Sprague-Dawley rats to 500 parts per billion arsenic 
(as arsenite) via the drinking water.  Protein was isolated from a 
single pup from 3 separate arsenic exposed liters.  Protein was 
also isolated from three control pups (each pup from a different
liter).  Samples were pooled and arsenic-induced alterations in 
protein expression were determined using BD PowerBlotTM

analysis.  This technique can analyze over 1000 separate 
proteins.  Blots were run in triplicate and protein content was 
measured using densitometry.  Each of the treated blots was 
compared against each of the control blots.  Only those proteins
in which expression was 1.25 up or down regulated by arsenic in 
each sample were considered as being altered.  Thirty seven 
proteins or post-translationally modified proteins were 
identified as being altered (22 up- and 15 down-regulated). 
Analysis of potential protein function indicated that 
nucleus/nuclear transport proteins, cancer related proteins, 
tyrosine kinase substrates and cytoskeleton related proteins 
were altered by arsenic.  The present study shows that arsenic 
induces alterations in protein levels in the developing lung.  
These data may be useful in the elucidation of molecular targets
and biomarkers of inorganic arsenic exposure during lung 
development.  Supported by NIH grants ES-04940 and ES-
06694.

INTRODUCTION

Arsenic is a human carcinogen that targets the lung.  
Contaminated drinking water is consumed by pregnant women 
in many developing countries, at levels up to hundreds of parts 
per billion.  Because the lung is a target organ for arsenic, the 
developing lung may be at risk for arsenic induced 
developmental alterations. We are interested in the effects of 
chronic, low-dose arsenic exposure on gene and protein 
expression alterations in the lung and ultimately, the 
physiological consequences of this aberrant expression. 

Previous research (Waalkes et al, 2004) has shown that in 
utero exposures can lead to increase tumor formation later in 
life. Using subtractive hybridization and array technologies, we
have previously identified 137 genes that were altered in fetal 
lungs following 18 day in utero exposure to 500 ppb arsenite in 
maternal drinking water.  In order to further our 
understanding of these alterations, we have carried out protein 
analysis using BD PowerBlotTM analysis.  This analysis 
determines alterations in protein expression levels of over 1000
proteins or post-translationally modified proteins.  Pathways 
and interactions identified from the protein analysis will extend 
and support our previous gene expression data. 

METHODS

1. Exposure
Sprague-Dawley rat embryos were exposed to (500 ppb) 

arsenic (as sodium arsenite) in utero.  Immediately following 
mating, female rats were placed on either control or arsenic 
containing water.  On embryonic day 18, lungs from pups 
were harvested and snap frozen.  

2. Protein Analysis:
Protein was extracted from individual pups as described 

by BD Biosciences Pharmingen (San Diego, CA).  Protein 
from one pup from each of three different control or arsenic 
treated animals was collected and pooled.  Gels were run in 
triplicate and probed with well characterized antibodies (see 
BD website for complete list, www.bdpowerblot.com).  
Densities were determined by scanning the gels and were also 
verified visually.  Each run of the treated proteins was 
compared against each of the control gels.  Only those 
proteins that showed 1.25 fold or greater alterations in all 
nine comparisons were considered as significantly altered.

RESULTS

Comparison of gene and protein expression data
Of the 137 genes that were originally identified with 

altered expression, 23 were represented in the protein 
analysis.  Of those, 15 were detected on the blots. A number 
of the protein profiles showed similarities to the gene 
expression changes.  For example, A-RAF, ERK1 and 
CDC25b, all up regulated in the gene expression analysis, 
were up regulated in a majority of the comparisons.  
However, they were not  up regulated in all nine comparisons 
which we required for significance in our analysis.  

Differentially expressed proteins
Thirty seven proteins or post-translationally modified 

proteins were found to be altered by at least 1.25 fold in all 
nine comparisons made between the three control and three 
arsenic treated blots.  Examples of the alterations are shown 
in Figure 1.  Of the 37 proteins, 22 were up regulated and 15 
were down regulated (Table 1).

Within the broad functional categories the majority of 
proteins are involved in cell cycle (6), cancer related (7), 
nucleus & nuclear transport (8), signal transduction (9), 
adaptors and tyrosine kinase substrates (7) and cytoskeleton 
(6).  (Figure 2, Note some proteins occur in more than 
category).

Analysis of networks and pathways
Pathways and networks that involved proteins affected 

by the arsenic exposure were analyzed using MetaCoreTM 

(GeneGo, Inc, St Joseph’s, MI. See also Nikolsky et al, 2005).  
Analysis of alterations in gene expression identified RAC 
pathways as potential targets of the in utero arsenic 
exposure.  While there was no overlap between arsenic-
induced changes in gene expression and protein expression, a 
number of altered proteins were also found to be present in 
the RAC1 pathway.

Figure 3 shows a network containing 12 of the proteins 
that we have identified as being altered by arsenic treatment.  
The large circles indicate proteins that have been altered.  
Red circles are up regulated and blue are down regulated 
proteins.  Key nodes in the network include RAC1, CDC42, 
JNK, Py2K and occludin.  

Control

CONTROL 

ARSENIC TREATED

Figure 1.  Representative blots from control and arsenic treated (500 ppb) lungs following in utero
exposure.  Caveloin 3 (CAV3) and ubiquitin conjugating enzyme CH6 (UbcH6) are up regulated in the 
arsenic treated animals while protein disulfide isomerase (PDI) is down regulated.  Numbers across the 
bottom are lane designations.

Figure 2.  Categories of proteins altered by in utero arsenic exposure.  Red are up regulated while green are down regulated proteins.  
The proteins within a category are ordered left to right from the most up regulated to the most down regulated. 

CDC42DematinPaxillinSHP-1CortactinEzrinCytoskeleton
Paxillin

Clathrin, 
HCSHP-1Cav 3CortactinEzrinCav 1

Adaptors & Tyrosine 
Kinase Substrates

CDC42JNK (p)RANITGB3ITPR3PRKAR2BPYK2Cav 3Cav 1Signal Transduction
GCF2RANFIP-2HAP1FEN1MSH6WRNCAF-1

Nucleus & Nuclear 
Transport

CDC42DHFRRBBPFEN-1MSH6WRNUbcH6Cancer Related
DHFRRBBPFEN-1WRNCAF-1UbcH6Cell Cycle

TABLE 1. DIFFERENTIALLY EXPRESSED PROTEINS

1.95FEN1
1.75YES2.64No557.46Ezrin
3.29WRN3.50NIPP-14.00DHFR
5.88VHR2.17MSH64.00Dematin
14.29Vesl-1L1.63LCB13.24Cortactin
6.69UbcH63.23JNK (pT183/pY185)1.95Clathrin, heavy chain
1.89RBBP1.57ITGB310.00CDC42
2.94RAN1.69IP3R-32.46CAV3
1.87PYK22.63HspBP1*CAV1
2.05PTP1C/SHP-11.96HAP16.06CAF-1
1.73PKARIIb (pS114)17.45Gephyrin4.76310 KD (pS)
1.89PDI2.94GCF22.38236 KD (pS)
2.94Paxillin2.27FIP21.7235 KD (pS)

Red are up regulated and green are down regulated proteins.  Fold changes are listed. The “*” for CAV1 indicates that the 
protein was absent in controls and present in arsenic treated animals.
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