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Abstract: To better understand the toxicity of an antifouling
booster biocide Irgarol-1051 degradation product M2 ( 3-
[ 4-tert-butylamino-6-methylthiol-s-triazin-2-ylamino ] pro-
pionaldehyde ), this study utilized a DNA microarray
technique to explore the genotoxicity of M2. The
Affymetrix, Inc. rat genome 230 2.0 GeneChip was
employed to examine alterations in gene regulation in rat
hepatoma cells exposed to 30 wmol/L of M2 for 96 h. The
results showed that 38 genes were significantly (p <0. 002 5)
altered by M2 at two-fold changes in all the four possible
control/exposure comparisons. Accn5 was the only well
described gene consistently being suppressed, which likely
altered the epithelial sodium channel (ENaC). 10 and 82
annotated genes were up- and down-regulated in at least one
of the control/exposure comparisons, The
induced genes were mainly involved in the nucleus belonging
The
suppression concerned G-protein coupled receptor protein
signaling pathways belonging to the biological process and
integral to membranes belonging to the cellular component.
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respectively.

to the cellular component. largest categories of

A ntifouling agents are utilized to reduce the attach-
ment of living organisms to the submerged surfaces
of aquatic infrastructures. The antifouling action is usual-
ly a result of biocide release'’. Among the commercial
antifouling booster biocides, Irgarol-1051 (2-methythio-
4-tert-butylamino-6-cyclopropylamino-s-triazine) is spe-
cifically designed for use in marine antifouling coatings to
replace the highly toxic organotin-base antifoulants” . Ir-
garol-1051 was believed to have low biological activity in
animals in general. However, the toxicological informa-
tion of dominant antifoulants such as Irgarol 1051 in parti-
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cular, is required in view of reports of its broad distribu-
tion and its persistence in global coastal waters”™ . The
high toxicity of Irgarol-1051 to phytoplankton and mini-
mal toxicity to animals has been established by many
studies'" *'. The predominant stable degradation product
of Irgarol-1051 in natural waters is 2-methylthio-4-tert-
butylamino-6-amino-s-triazine( M1 or GS26575), which
is generally less toxic to aquatic phytoplankton, but more
toxic to root elongation of terrestrial plants than Irgarol-
1051"". Thereafter, M2 (3-[4-tert-butylamino-6-methyl-
thiol-s-triazin-2-ylamino] propionaldehyde), a new Irgar-
0l-1051 degradation product,
M2 is more polar than its parent Irgarol-1051,

was identified in coastal
waters'" .
but less polar than M1. The average log K , values are
3.38, 2.54 and 2. 92 for Irgarol-1051, M1 and M2, re-
spectively'” . M2 is readily decomposed to M1 upon heat-
ing or UV irradiation'". Although M2 cannot be regarded
as a persistent compound in the environment, it has rela-
tively high concentrations (11.09 to 20.28 pg/L) in
coastal waters, which are comparable to the residual lev-
els of M1 and more than ten times higher than its Irgarol-
1051 parent'*’. Up to now, no toxicity study of this new
s-triazine compound M2 has been undertaken. Therefore,
the ultimate goal of the present study is to provide a pre-
liminary screening for the genotoxicity of M2 using the
genomewide expression analysis method based on the rat

7
genome'” .

1 Materials and Methods
1.1 Cell culture

H4IIE-luc cells were cultured as described else-
where'”'. Briefly, the cells were cultured in a Dulbecco’s
Modified Medium ( Sigma D-2902, Sigma, St. Louis
MO) amended with 10% fetal bovine serum ( FBS, Hy-
clone, Logan, UT) using 100 mm tissue culture plates.
The incubation conditions were set at 37 C, under 5%
CO, and a relative humidity of 90% . Culture media were
refreshed every 48 h. At approximately 80% to 90%
confluence, cells were released from the plate surface
with typpsin/EDTA ( Hyclone, Logan, UT), and split
into five tissue culture plates. This subculture was carried
out every four days. Cells between passages 5 and 10
were prepared for further study.
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1.2 Chemical preparation

M2 was prepared in accordance with the literature
method" .
cause of its low adverse effects on cells. In this study, a
DMSO solution with a low concentration of M2 (100 pg/
L) and a medium solution of M2 (100 wg/L) were stored
under the same conditions of cell incubation for 72 h. No

DMSO is usually used in exposure studies be-

significant M2 degradation was observed.
1.3 Cytotoxicity test

The water solubility of Irgarol-1051 is around 7 mg/L
(30 wmol/L)".
high test concentration to evaluate the cytotoxicity of M2.
Cells were suspended from the tissue culture plate and
transferred onto a 96-Well ViewPlate. ( Packard Instru-
ments, Meriden, CT, USA) (0.25 mL/well). The cell
concentration in each well was 7.5 x 10* cells/mL. Cells
were incubated for 24 h, prior to M2 dosing. Solvent
control wells were exposed to 2.5 pL of solvent ( DM-
SO, ACS Sigma, USA). Test wells received a dilution
series of M2 (final concentrations were 100, 30, 10, 3,
1 and 0.3 pmol/L) while blank wells received no dose.
The final concentration of solvent in each well was 1% .

Therefore, 7 mg/L was used as the

The Triplicate wells were prepared for each concentra-
tion. After 72 h of exposure, cell viability assays were
conducted using the LIVE/DEAD Viability/Cytotoxicity
Kit (Invitrogen, CA, USA) following the manufacture
manual. Two recognized parameters of cell viability, in-
tracellular esterase activity and plasma membrane integri-
ty, were determined. No significant cytotoxicity was pro-
duced in the 30 pmol/L treatment and other more diluted
ones.

1.4 M2 treatment

The stock M2 solution used in the exposure was 30
mmol/L in DMSO. 10 cm tissue culture plates were used
in all exposure experiments. First, cells were split into
sixteen tissue culture plates. 24 h later, after all cells at-
tached to the plate surfaces, eight of the sixteen plates
were exposed to 12 mL of the dosing solution (12 mL of
culture medium with 12 L of M2 stock). The finial con-
centration 30 pmol/L was comparable to the water solu-
bility of Irgarol-1051. The control groups were treated
with 12 mL medium and achieved a final concentration of
0. 1% DMSO only. All the cells were incubated for 72 h
at 37 C with 5% CO, and a relative humidity of 90% .

1.5 Total RNA extraction and purification

Total RNA was isolated from H4IIE cells with the Tr-
izol Reagent (Invitrogen, CA, USA) following manufac-
turer procedures. Prior to extraction, cell conditions were
checked and rinsed twice with ice-cold 1 x PBS ( phos-
phate buffer saline). The purity of the extracted RNA

was evaluated by the ratio of the optical densities meas-
ured at 260 and 280 nm and the total RNA concentrations
were determined by the absorbance at 260 nm. The quali-
ty of RNA was evaluated by the appearance of the distinct
18S and 28S ribosomal RNA bands in 1% agarose gel e-
lectrophoresis. High quality RNA shows the 28S RNA
band with twice the intensity of the 18S rRNA band. Du-
plicate samples of total RNA from each of the four identi-
cal plates, which were exposed to the same dose of M2 or
DMSO, were pooled for subsequent GeneChip analysis
immediately after RNA purification using the RNeasy To-
tal RNA Mini Kit (Qiagen, CA, USA). The final total
RNA samples had absorbance ratios of 260/280 nm between
1.90 and 2. 00 and concentrations greater than 1 pg/pL.

1.6 Microarray analysis

The microarray experimental procedures were as previ-
ously described'”. In brief, single and double stranded
cDNA were synthesized from the total RNA using the Su-
perScript II ( Invitrogen, CA, USA). 16 pg of high-
quality total RNA were used as the template and 2 L of
50 pmol T7-Oligo(dT),,(5'-GGCCAGTGAATTGTAAT-
ACGACTCACTATAGGGAGGCGG-( dT),,-3" Operon,
HPLC purified DNA) was used as the primer. The double
stranded cDNA was further cleaned up, followed by bio-
tin-labeled complementary RNAs synthesis with the Enzo
Bioarray HighYield RNA Transcript Labeling Kit ( Affy-
metrix, CA, USA). The synthesized cRNA purification
was conducted using the RNeasy Mini Kit (Qiagen, CA,
USA) and fragmented for hybridization analysis. A 15
pg of aliquant of the fragmented cRNA was hybridized
with the Rat Genome 230 2.0 array ( Affymetrix, CA,
USA) in a hybridization cocktail. Hybridization lasted for
16 h at 45 C. Thereafter, automated washing and stai-
ning, with streptavidin-phycoerythrin ( SAPE, Molecular
Probes, OR, USA), were conducted following the Affy-
metrix GeneChip Expression Analysis Technical Manual.
Probe arrays were scanned with the G2500A GeneArray
Scanner ( Affymetrix, CA, USA) and the distribution of
fluorescent material on the array was obtained using the
Microarray Suite (MAS) version 5.0 and GeneChip Op-
erating Software (GCOS) supplied by Affymetrix to per-
form gene expression analysis. A total of four chips were
obtained in this study: two control samples (0. 1% DM-
SO) and two exposure samples (30 pmol/L M2 and
0.1% DMSO).

1.7 Gene tree, condition tree and pathway analysis

GeneChip data was retrieved using the Affymetrix “da-
ta mining” tool (Affymetrix, CA, USA). The hierarchi-
cal dendrogram was constructed with the gene tree algo-
rithm of GeneSpring 7. 2 (Silicongenetics, CA, USA) as
described elsewhere'”'.
clustering genes according to their expression responses.

The gene tree was created by
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Genes that greatly correlated with each other tend to be
clustered together. The location/distance of a branch in-
dicates the similarity of the gene expression. Similarly to
gene trees, condition trees examine the relationships of
the expression levels among different treatments. In this
study, the horizontal axis showed the clustering of the
genes based on their expression profile affected by the
treatments and the vertical axis showed the clustering ac-
cording to their gene expression across treatments. The
gene map annotator and pathway profiler ( GenMAPP)
was applied to visualize the gene expression data associat-
ed with metabolic and signaling pathways, as well as
gene clusters on maps.

1.8 Statistical analysis

In the present study, the GeneChip probe arrays de-
signed to be each gene were represented by 11 to 20 probe
pairs (each probe is 25 bp in length). For each probe
pair, one was a perfect match probe and the other was a
mismatch probe. The mismatch probe was almost identi-
cal to the perfect match one, except for the base differ-
ence at nucleotide 13. The probe pair was designed as an
internal control to evaluate the cross hybridizations be-
tween closely related target sequences.
specificity of the GeneChips were achieved by the relative
spot intensity between all perfect match probes and be-
tween each match and mismatch probe pair. The signal
generated by the One-Sided
Wilcoxon’s Signed Rank test. A small p-value was ob-
tained when the overall intensity of a perfect match was
much greater than that of a mismatch. Here, a p-value
less than 0.04 indicated the presence of a probe set,
whereas a p-value greater than 0. 06 indicated the absence
of a probe set.

In the commonly used comparison analysis mode of the
Affymetrix GeneChip system, two samples were hybrid-

Sensitivity and

detection p-value was

ized to two GeneChip probe arrays. They were compared
to each other to reveal the changes in gene expression.
One GeneChip was set as the control GeneChip and the
other was set as the treated GeneChip. To minimize the
uncertainties, all the data were scaled and normalized
with the rat230 _2norm. msk to 2000 automatically to cor-
rect for variations in the overall intensity and heterogenei-
ty between the two GeneChip probe arrays. In the data
comparison analysis, each probe pair on the treated Gene-
Chip was compared to its corresponding probe pair on the
control array. Moreover,
signed rank test was used to discover the “change p-val-
ue”, which represented an “increase”, “decrease” or “no
change” in gene expression ( Microarray Suite ( MAS)
version 5. 0, Affymetrix, CA, USA). The degree of al-
teration in gene expression was evaluated by the signal
log ratio using the one step Turkey’s Biweight method by

taking a mean of the log (base 2) ratios of the probe pair

the one-sided Wilcoxon’s

intensity across the two GeneChips. Following the above
algorithms, the level of gene expression in the present
study was regarded as a significant increase when its
change p-value was less than 0. 002 5 and as a significant
decrease when its change p-value was greater than 0. 997
5. A change in p-value between 0. 002 5 and 0. 997 5 in-
The
gene expression fold change was calculated by *fold
change =2 (signal log ratio)” and a two-fold cut-off for
significance was applied to the present GeneChip analy-

dicated no significant gene expression alteration.

sis. This statistical analysis method was commonly used
in other studies'””'.

2 Results and Discussion

The Rat Genome 230 2.0 array includes 31 042 gene
probes made of 25-mer single strand oligonucleotides.
Four chips were generated in this study including dupli-
cate DMSO controls and duplicate M2 exposures (30
pmol/L). Over 200 genes were found to be significantly
altered (p <0.002 5) by at least two-fold after M2 treat-
ment (see Tab.1). C1-1 and C1-2 represent control sample
1 and control sample 2, respectively, while M2-1 and M2-
2 represent M2 treated sample 1 and M2 treated sample 2,
respectively. up-regulated
genes. Bold numbers represent down-regulated genes.

Regular numbers represent

Tab.1 Number of significantly altered genes (p <0.002 5)

Sample Cl-1 Cl-2 M2-1 M2-2
Cl1-1 4 25 25
C1-2 4 24 21
M2-1 216 184 6
M2-2 217 194 4

When a gene tree analysis was used to create several
clusters among all samples, the M2 treated ones exhibited
a profile different from the control ones. Moreover, the
similarity within the two controls and the two exposures
was clearly indicated by nodes automatically ( see Fig. 1).
Samples with a similar banding pattern showed similar
gene expression patterns. The dendrogram linked samples
were based on gene expression patterns. The scale represents
the intensity of expression of a particular gene in a sample
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Fig.1 Gene tree dendrogram comparison of duplicate samples
(M2-1, M2-2) exposed to M2 and duplicate control samples
(Cl1-1, C1-2) in H4IIE cell line
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relative to the mean expression value of all samples. 1.0
indicates little or no change, and expressions over 1.0
and below 1.0 denote increase and decrease,
respectively.

Among all the altered genes, five of them were found
to be consistent when induced in all the four possible con-
trol/exposure comparisons, while 33 genes were signifi-
cantly decreased in the four comparisons. In these 38

consistently altered genes, only one in the suppressed

group has its gene title and annotation. Others are all ex-
pressed as sequence tags (ESTs). Meanwhile, 10 annota-
ted genes were listed in the significantly induced (p <
0.002 5) group, if at least one two-fold-change ( signal
log ratio=1) had been observed in the four comparisons
(see Tab.2). 82 annotated genes were significantly sup-
pressed (p >0.997 5) in at least one two-fold-change (sig-
nal log ratio<< —1). Among them, the genes suppressed in
three or more comparisons were tabulated in Tab. 3.

Tab.2 List of genes induced significantly (p <0. 002 5) by M2 in at least one control/exposure comparison

Gene ID Gene title Gene symbol ~ M2-1/Cl1-1 M2-1/C1-2 M2-2/Cl1-1 M2-2/C1-2
NM _053525 ATP-dependent, RNA helicase Ddx52 2.46 2.46 1.41
BG666306 Thrombomodulin Thbd 3.03
NM _012780  Aryl hydrocarbon receptor nuclear translocator Arnt 2.00
NM _ 133547  Sulfotransferase family, cytosolic, 1C, member 2 Sultlc2 1.87 2. 46
U15660 Nuclear receptor subfamily 1, group D, member 2 Nrld2 2.64
AW921084 Cold inducible RNA binding protein Cirbp 2.64
BF563441 RNA binding protein HuB Hub 22.63 24.25
BF397805 ﬁizz ;h;isgzzn‘gxf;z r;facr::eti?;:ey)“dmme X At 2.00 1.62 2.30 2.00
BG378312 Chondroitin sulfate proteoglycan 6 Cspgb 2.14
BF390064 Alpha thalassemia/mental retardation syndrome X- Atrx 187 2. 46 214 2.00

Linked (RAD54 homolog, S. cerevisiae)

Note: The bold values indicate significant fold-change (signal log ratio=1).

Tab.3 List of genes decreased significantly (p >0.997 5) by M2 in at least three control/exposure comparison

Representative

public D Gene title Gene symbol M2-1/Cl-1  M2-1/C12  M2-2/Cl-1  M2-2/Cl-2

NM _031736  Solute carrier family 27 (fatty acid transporter), member 2 Sle27a2 -2.46 -2.46 -2.23
NM _016991  Adrenergic receptor, alpha 1b Adralb -2.14 -1.87 -4.00 -5.66
NM _053856  Secretogranin II[ Scg3 -4.29 -2.46 -2.46

NM _052799  Nitric oxide synthase 1, neuronal Nosl -6.96 -6.96 -9.85 -8.57
NM _133518  Rabphilin 3A homolog( mouse) Rph3a -10.56 -8.57 -2.46
NM_133521  F-box only protein 32 Fbxo32 -8.00 -5.28 -2.64
NM _019329  Contactin 3 Cntn3 -2.64 -16. 00 -12.13
NM _ 022227  Amiloride-sensitive cation channel 5, intestinal Accn5 -4.92 -3.03 -59.71 -16. 00
NM _012729  Protease, serine, 2 Prss2 —-42.22 -51.98 -32.00 -51.98
L35572 LIM homeobox protein 5 Lhx5 -59.71 -29.40 -10. 56

UB8156 Huntingtin-associated protein interacting protein ( duo) Hapip -2.00 -1.74 -2.46
BI278379 Reticulocalbin 3 LOC308580 -3.73 -3.03 -11.31 -9.85
AWS533397 Lipase, hormone sensitive Lipe -2.14 -1.62 -1.74

AW921174 Pregnancy-specific beta 1-glycoprotein Psg -6.50 -11.31 -11.31 -13.00
NM _024376  Connexin 46 Gja3 -12.13 -22.63 -13.93
U49694 Brain acyl-CoA hydrolase Bach -3.25 -3.03 -2.30 -2.14
BE105446 Rapostlin Fnbpl -3.03 -2.46 -1.62
BM387946 Zeta-chain (TCR) associated protein kinase 70kDa Zap70 -1.74 -2.14 -2.46
AI059285 Anti-Mullerian hormone Amh -2.46 -3.03 -2.83
BI286389 Type I keratin KA17 Kal7 -1.87 -2.83 -1.74 -2.00

Note: The bold values indicate significant fold-change (signal log ratio< -1).

The gene ontology (GO) consortium developed a con-
trolled vocabulary that describes the biological processes,
molecular functions, and cellular components associated
with a particular gene product, and so acts as a repository

of the known functional biological information for each
gene'"”. Based on the gene ontology vocabulary, 9 in the
10 induced genes and 62 in the 82 suppressed genes had

defined annotations. These two groups of genes can be
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divided into several selectively functional categories ac-
cording to the annotation information. Genes which did
not fit into the selected categories were classified as the
others (see Tabs. 4 to 7). The 10 induced genes were
found to be involved in 13 biological processes, 8 cellular
components and 12 molecular functions. Two or more
genes were involved in the regulation of transcription,
DNA repair, signal transduction (biological process); nu-
cleus, cytoplasm (cellular component); helicase activity,
DNA/RNA/protein binding, transcription factor activity
and receptor activity ( molecular function). The larger
group of genes suppressed were involved in metabolism/
biosythesis/catabolism, transport and G-protein coupled
receptor protein signaling pathway ( biological process),
membrane especially to integral to membrane and extracel-
lular (cellular components), receptor activity especially G-
protein coupled receptor activity (rhodopsin-like receptor
activity), DNA/protein/ion binding, and catalytic(hydro-
lase ) /transporter/ growth factor/oxidoreductase/ion chan-
nel activity ( molecular function). Several genes in the
down-regulation group also played roles in apoptosis, cell

Tab.4 A summary of the functions of the 10 up-regulated

genes by M2
Functional categories of gene Symbol of annotated genes
rRNA processing Ddx52
Blood coagulation Thbd
Regulation of transcription,
DNA-dependent Amt, Nrld2
Biological ~ DNA repair Atrx, Cspgb
process Signal transduction Arnt, Cspgb
Response to stimulus Armt, Cirbp
Transport Cspgb
Chromosome segregation Cspgb
Cell cycle Cspgb
Nucleus Arnt, Nrld2, Atrx,
Cspgb
Transcription factor complex  Arnt
Cellular Cytoplasm Arnt, Cspgb
component  Spindle pole Cspgb
Kinesin complex Cspgb
Cohesin complex Cspgb
Membrane Cspgb
Catalytic activity Hub, Ddx52
Transcription factor activity Arnt, Nrld2
Signal transducer activity Arnt
Receptor activity Arnt, Nrld2
Nucleic acid binding Cirbp, Amt, Nrld2,
Atrx, Hub
Molecular ~ DNA binding Arnt, Nrld2, Atrx
function RNA binding Cirbp, Hub
Protein binding Hub, Cspgb
ATP binding Cspgb
ATP-binding cassette (ABC)
transporter activity Csped
Extracellular matrix structural
Cspgb

constituent

adhesion/cycle/proliferation, intracellular signaling cas-
cade, signal transduction, regulation of transcription and
synapsis (biological process), nucleus, kinesin complex,
endoplasmic reticulum, microsome, Golgi apparatus, cy-
tosol ( cellular component), phospholipid binding, hor-
mone/ transferase/ protein kinase, and ligase activity ( mo-

lecular function).

Tab.5 A summary of the down-regulated genes relating to bi-

ological process functions

Biological process

Symbol of annotated genes

Apoptosis

Cell

adhesion
cycle
proliferation

intracellular signaling cascade

Metabolism/Biosythesis/Catab-
olism

amino acids/protein

fatty acids/lipids
nitrogen

Proteolysis and peptidolysis

Development

Secretion

Signal transduction

G-protein coupled receptor
protein signaling pathway
Response to oxidative stress

Regulation of transcription
Transport

electron
ion
Chemotaxis
Synapsis
synaptic transmission
Calcium relatives
cytosolic calcium ion concen-
tration elevation

Scn2al, Bmf
Cntn3, Comp, Gja3, Anxal,
Fgf7, Fgfl0, Terg, Adcy4,

Nosl, Hapip, Zap70, Clasp2
Cntn3, Comp

Anxal, Fgf7

Anxal, Fgf7

Adcy4, Nosl, Hapip, Zap70
Slc27a2,  Spr, Lipe, Ins2,
Pla2gda, Cyp2el, Nosl, Adcy4,
Fgf7, Amh, Prps2, Srd5a2,
Fbxo32, Gatm, Upbl, Camk2g,
Zap70, Pkib

Fbxo32, Gatm, Upbl, Camk2g,
Zap70, Pkib

Slc27a2, Lipe, Pla2gda

Upbl, Nosl

Pla2gda

Olfml, Cntn3, Scn2al, Hapip,

Pou3f3, Fnbpl, Ctxn, Fgfl0,
Zap70, Inexa, Hoxa2, Tpml,
Cldnl, Srd5a2

Anxal

Anxal, Fgf7, Gipr, Adralb,
Gpr51, Chrm3, Ptafr, Tacrl,
Mox2r, Ucn, Fgfl10

Gipr, Adralb, Gpr51, Chrm3,
Ptafr, Tacrl, Mox2r

Camk2g, Ucn

Arix, Hoxa2, Lhx5, Pou3f3
Rph3a, Cyp2el, Nosl, Kcnsl,
Grin2d, Scn2al Slcl18a2, Ins2
Cyp2el, Nosl

Kcnsl, Grin2d, Scn2al

Ptafr, Gm1960

Grin2d, Gpr51, Chrm3, Camk2g
Grin2d, Gpr51, Chrm3

Gipr, Adralb, Cxcr3

Gipr, Adralb

Pathway analysis was conducted by overlapping the
genes with the known gene pathway maps in the Gen-
MAPP organization and the Kyoto Encyclopedia of Genes
and Genomes. The number of common genes with each
pathway and the random overlap p-value of the gene list
against pathways were obtained from the Genespring path-
way analysis. GenMAPP pathways of the G-protein cou-
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Tab. 6 A summary of the down-regulated genes relating to
cellular component functions

Cellular component Symbol of annotated genes

Gatm, Gipr, Kcnsl, Grin2d,
Gpr51, Rph3a, Fud, Cldnl,
Slc18a2, Terg, Slc27a2, Adcy4,

Membrane .
Adralb, Kcnsl, Grin2d, Chrm3,

Ptafr, Ctxn, Fut4, Tacrl, Srd5a2,
Gja3, Mox2r, Cntn3

Slc18a2, Terg

Sle27a2, Gipr, Adcy4, Adralb,
Kensl, Grin2d, Gpr51, Chrm3,
Slc18a2, Ptafr, Ctxn, Fut4, Cldnl,
Tacrl, Srd5a2, Gja3, Mox2r
Scn2al

Nppb, Fgfl0, Fgf7, Ucn, Ins2,
Cyp2el, Fgfl0

Cldnl, Comp, Amh

integral to plasma membrane

integral to membrane

Cell fraction

Extracellular

Nppb, Cyp2el, Fgfl0, Fgf7,
extracellular space Cldnl, Comp

Ins2, Amh

Hoxa2, Lhx5, Pou3f3, Gatm,

Olfml, Srd5a2, Slc27a2, Fgf7,
Intracellular

Fut4, Bach, Zap70, Clasp2,

Tpml

Tpml, Inexa, Nosl, Rph3a,

Hoxa2, Gpr51, Olfml, Fbxo32,
Others ) X

Gja3, Kbxo32, Gja3, Kbcnsl,

Scn2al, Grin2d

Tab.7 A summary of the down-regulated genes relating to
molecular functions

Molecular function Symbol of annotated genes
Hoxa2, Lhx5, Pou3f3, N5
Hoxa2, Lhx5, Pou3f3, N5

Hoxa2, N5, Lhx5, Pou3f3

Nucleic acid binding
DNA binding

Transcription factor activity

Transcription regulator activity ~ Arix, Pou3f3
Adralb, Grin2d, Ptafr, Mox2r, Gi-
Receptor activity pr, Gpr51,

Chrm3, Tacrl, Ucn, Cxcr3, Lrp3

G-protein coupled receptor Gipr, Adralb, Gpr51, Chrm3,
activity Ptafr, Tacrl, Ucn, Mox2r
Chemokine activity Gm1960
Kensl, Hapip, Cldnl, Zap70,

Protein binding Clasp2, Tpml

Anxal, Rph3a, Comp, Upbl, Ad-

Ion bindi
on binding cy4, Grin2d, Prps2

Lipid binding Rph3a, Anxal
L. Fgfl0, Fgf7, Fgfl4, Amh, Nppb,
Receptor binding
Ucn, Ins2
Cyclase activtiy Adcy4

Catalytic activity Oplah, Slc27a2, Upbl, Lipe, Bach
Cyp2el, Nosl, Spr, Srd5a2
Slc27a2, Fbxo32, Prps2

Gatm, Fut4,
Zap70

Oplah, Upbl, Lipe, Bach, Pla2g4a
Grin2d, Rph3a, Slc18a2, Nosl,
Xtrp3, Gja3, Scn2al, Accn5
Kcensl, Grin2d, Scn2al, AccnS
Hapip, Pkib, Anxal

oxidoreductase activity
ligase activity

Prps2, Camk2g,

transferase activity
hydrolase activity
Transporter activity

Ion channel activity

Enzyme regulator activity

pled receptor protein signaling pathway ( GPCRs Class
A Rhodopsin-like, Monoamine GPCRs and Small lig-
and GPCRs), fatty acid degradation (3 genes) ap-
peared to be altered.

The above results suggest that microassay is a useful
tool to screen the toxicological effects of an absolutely
unknown compound. However, the major challenge in
the interpretation of toxicogenomic data was to define
how chemically induced changes in gene expression were
related to conventional toxicological endpoints''”’. Lat-
er, gene expression analysis was used to identify genes
involved in specific biochemical pathways and allow
classification of toxicants and provide further insights
[7:91 " Despite that some
mRNA changes cannot be translated to the correspond-
ing changes in enzyme concentration or activity. The
alteration of a group of genes involved in a particular
biochemical pathway can provide strong evidence of
the chemical effects.

into mechanisms of action

Of the total 30 000 functionally annotated genes and
ESTs analyzed in the present microarray study, less than
1% responded to M2 with a greater than two-fold change
in expression. Differences between control/exposure gene
expression profiles were limited. The largest altered gene
group (17 down-regulated genes) was found to relate to
the integral to membrane (see Tab.5), which indicated
that M2 may be incorporated into cell membranes and af-
fect physical effects on membrane processes. For the
down-regulated genes, pathway analysis revealed relative-
ly M2-dependent transcriptional responses associated
GPCRs Class A Rhodopsin-like, Monoamine GPCRs and
Small ligand GPCRs (belonging to the G-protein coupled
receptor protein signaling pathway) (see Fig. 2, the al-
tered genes were located with ellipse) . Eight down-regu-
lated genes are related to the G-protein coupled receptor
protein signaling pathway (see Tabs.5, 6 and 7) in to-
tal, 1 759 G-protein coupled receptor protein signaling
pathway related genes. The definition of this biological
process includes a series of molecular signals generated
as a consequence of a G-protein coupled receptor binding
to its physiological ligand. Alteration of this pathway re-
lated gene expressions was also observed in other stud-
ies'”""". The suppression of G-protein associated signa-
ling pathway genes such as Gipr may cause some disea-
ses. For example, the decreased effectiveness of Glu-
cose-dependent insulinotropic polypeptide ( GIP) in the
Vancouver diabetic fatty Zucker ( VDF) rat and in type 2
diabetes was likely due to a decreased receptor ( Gipr)
expression in the islet''”. G protein-coupled receptors
(GPCRs) represent the most abundant drug targets. Re-
search on the interaction of GPCRs with different mole-
cules in the signal transduction pathways, and further
studies on receptor dimerization, may lead to the discov-
ery of new drugs'™.
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Amine Cannabis
Acetylcholine ( muscarinic ) Cn2
CHRM1 Cnrl
Chrm2 Platelet Activating factor
Chmd | _ 5 28 fold ~36.76 fold
Chrm4 Thyrotropin-releasing hormone & Secretagogue
Adrenoceptors Trhi2
Alpha Adrenoceptors Trhr
Adrala Melatonin
@dralb [-5.66 fold Gpr50
Adrald Minrla
()
Dopamine Serotonin Adrenergic Histamine Muscarinic
Receptors Receptors Receptors Receptors Acetylcholine Receptors
Drdla Htrla Adrala — Hrhl Chrm1
Drd2 Htrlb Adralb 5.66 Hrh2 [— Chrm2
Drd3 Hirld Adrald| ™ Chm®>| |- 5. 28 fold
Drd4 Hirld Adra2a Chrm4
Drd5 Hirle Adra2b Chrm5
Hulf Adra2e
Htr2a Adrbl
Hu2b Adrb2
Ht2e Adrb3
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HtrSa
Hu5b ]
Htr6
Hu7
Gs Pathway Gi/Go Pathway Gp/Gl11 Pathway Gs Pathway
(b)

Cannabinoid LySOpT;I;hatidic Melatonin Platelet Activating Prostanoids
Cnrl [— Edgl Mtnrla Ptafr Pgd2
Cnr2 Edg2 Minrlb ~36.76 fold Ptgerl

Edg3 Minrle Ptger2
Edg5 Ptger3
Edgb Ptgerd
Ptgfr
Ptgir
Thxa2r

Gi Pathway

Gp/Gl11 Pathway
(c)

Gp/Gl11 Pathway

Fig.2 GenMAPPs illustrating significant M2-responsive genes. (a) GenMAPP pathways of enlarged subfigures of GPCRs _ Class _ A _ Rho-
dopsin-like; (b) GenMAPP pathway of Monoamine GPCRs; (c¢) GenMAPP pathway of Small ligand GPCRs

In the present study, Accn5 (amiloride-sensitive cation
channel 5, intestinal) was the only annotated gene signifi-
cantly down-regulated ( —3.03- to —-59.71-fold) among
all the control/exposure comparison pairs (see Tab. 3).
The gene was found to express in the whole brain, liver,
small intestine (duodenum, jejunum and ileum) and testis
and its product belongs to the amiloride-sensitive Na*
channel and degenerin family (NaC/DEG), an expanding

family of cationic channels associated with a variety of
functions in organisms''*’. Despite their functional diver-
sity, all these channels show common properties, such as
permeability to Na®, inhibition by the diuretic amiloride
and voltage-independent gating'*'. Moreover, the NaC/
DEG family contains constitutively active channels such
as the epithelial Na* channel (ENaC)'"”'. The biological

process of AccnS is believed to modulate ENaC, a rate-
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limiting step for Na " reabsorption across epithelial tissues
to maintain the fluid and electrolyte homeostasis'™'.
Therefore, the significant down-regulation of AccnS was
very likely to cause some alterations to the regulatory
mechanisms of the amiloride-sensitive epithelial sodium

channel (ENaC).
3  Conclusion

To summarize, M2 is not likely to be a serious geno-
toxic chemical. However, the potential gene risks relating
to amiloride-sensitive epithelial sodium channel ( ENaC)
and some functions involving the nucleus ( cellular com-
ponent),
pathways ( biological process) and integral to membrane
(cellular component) are of concern.

G-protein coupled receptor protein signaling
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