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1. Abbreviations: AAI, aristolochic acid I; AAII, aristolochic acids II; ABP, 4-aminobiphenyl; AhR, arylhydrocarbon 
receptor; BfR, Federal Institute of Risk Assessment; BIU, Biochemical Institute for Environmental Carcinogens; DIfE, 
German Institute of Human Nutrition; dN, 2-deoxynucleoside; FFA, furfuryl alcohol; γH2AX, phosphorylation of 
the histone protein H2AX;  HMF, 5-hydroxymethylfurfural; 1-HMP, 1-hydroxymethylpyrene; i.p., intraperitoneal; 
LOD, limit of detection; ko, knockout of the Sult1a1; LC-MS/MS, liquid chromatography coupled with tandem mass 
spectrometry; ME, methyleugenol; 1-MIM-OH, 1-methoxy-3-indolylmethyl alcohol; 1-MP, 1-methylpyrene; MRM, 
multiple reaction monitoring; MS, mass spectrometry; m/z, mass-to-charge ratio; NAT, N-acetyltransferases; 3-NBA, 
3-nitrobenzanthrone; OAT, organic anion transporter; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine; PL, 
detection of DNA adducts using 32P-postlabelling combined with multi-directional thin-layer chromatography: SCE, 
sister chromatid exchange; SMF, 5-sulfooxymethylfurfural; 1-SMP, 1-sulfooxymethylpyrene; SULT, sulfotransferase 
(human or generic; italics for genes romans for proteins and RNAs); Sult, sulfotransferase (mouse forms; italics for 
genes, romans for proteins and RNAs); SULT1A1/2, human SULT1A1 and/or SULT1A2 enzyme; tg, transgenic for 
the human SULT1A1-SULT1A2 gene cluster; wt, wild-type. 

2. Introduction: We have investigated a total of twelve compounds for DNA adduct formation and or other 
toxicological effects in ko, ko-tg, and/or tg compared to wt, mice – in some cases with additional knockout of Sult1d1 
(which has no functional orthologue in humans). All these compounds had demonstrated enhanced mutagenicity in 
Salmonella typhimurium strains and or Chinese hamster V79 cells after expression of human SULT1A1 (Tables S1 & 
S2). Eleven compounds are known to have carcinogenic activity in animal models and/or are proximate 
genotoxicants of known carcinogens. 1-MIM-OH (the compound investigated in the present study) has not been 
studied for tumorigenesis in animals, either However, when tg mice were treated sub-chronically (for 90 d) with 1-
MIM-OH, hepatic adduct levels accumulated over the time and 1-MIM-OH induced a gene expression profile similar 
to the expression signature caused by known genotoxic hepatocarcinogens [73]. 
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The following compounds were studied:  
• 1-Methoxy-3-indolylmethylalcohol (1-MIM-OH) – see present study 
• 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP): a heterocyclic aromatic amine, mainly formed in 

heated muscle meat 
• 4-Aminobiphenyl (ABP): industrial chemical, also present in cigarette smoke, classical bladder carcinogen in 

humans 
• 3-Nitrobenzanthrone (3-NBA): environmental pollutant 
• Aristolochic acids I and II (AAI and AAII): secondary plant metabolites present in Aristolochia species; potent 

nephrocarcinogens in humans and animal models 
• Methyleugenol (ME): secondary plant metabolite found in many foods and herbs, e.g., at high levels in basil 
• 1’-Hydroxymethyleugenol (1’-HME): major metabolite of ME 
• 1-Methylpyrene (1-MP): common alkylated polycyclic aromatic hydrocarbon, e.g. present at high levels in 

cigarette smoke 
• 1-Hydroxymethylpyrene (1-HMP): Major metabolite of 1-MP. The analysis of DNA adducts in animals treated 

with 1-methylpyrene demonstrated activation via 1-HMP and subsequent sulfation [77] 
• Furfuryl alcohol (FFA): important intermediate in the heat-induced degradation of pentoses, glucose and 

fructose; pollutant in air resulting from the use of furan resins 
• 5-Hydroxymethylfurfural (HMF), formed from hexoses treated with acid or heat, present at high levels in 

numerous foodstuffs, rather weak carcinogenic effects in several animal studies 
We only present data for tissues studied with 1-MIM-OH in genetically modified mouse strains, i.e. liver, stomach, 
small intestine, caecum, colon, kidney and bone marrow (as comparison with the effects of 1-MIM-OH is the subject 
of this supplement). 1-MIM-OH is the only compound tested in bone marrow (and therefore bone marrow is ignored 
for the subsequent comparisons). 
 
3. Effect of SULT1A1 and other SULT/NAT enzymes on genotoxic activities in vitro: Human SULT1A1 had 
enhanced the mutagenicity of all test compounds (or their phase I metabolites, i.e., the proximate mutagens) in S. 
typhimurium (Ames test, using strains expressing SULTs) and or Chinese hamster V79 cells (gene mutations at hprt 
locus, SCE and/or DNA adducts). Here we primarily list compounds tested with additional human SULT forms, 
mouse Sults (in particular Sult1a1) or, human N-acetyltransferases (NATs, enzymes mediating the activation 
reactions of various aromatic hydroxylamines, analogously to the esterification mediated by SULTs). 

Taken together the data (Tables S1 & S2) demonstrate that SULT1A1 is not the only human enzyme able to 
activate the compounds. However, the number of enzyme, the enzyme forms involved and their relative activities 
vary substantially among the set of compounds studied. In particular, many compounds that were activated by 
SULT1A1 were also toxified very efficiently by SULT1C2 (SULT1C4 in a newer nomenclature proposed). However, 
it appears that expression of this form is restricted to the foetal period [78]. 

Mouse Sult1a1 and human SULT1A1 showed similar activities in the bioactivation of various promutagens [(+)-
1’-OH-ME, (–)-1’-OH-ME, 1-HMP, FFA and HMF]; however, the Sult1a1 showed negligible activity toward N-OH-
PhIP (and 2-hydrox-3-methylcholanthrene [79]), two relatively large molecules, although the human orthologue was 
an excellent activator of these compounds (Table S1). Interestingly, Sult1d1 was rather active in the activation of 
many compounds of this list. Sult1d1 has no functional orthologue in humans. We have constructed and used a 
Sult1d1-knockout mouse line [80]. 
 
4. Synthesis and activities of sulfo conjugates: We have synthesised reactive sulfo conjugates of three compounds 
listed above, 1-HMP, FFA and HMF. Their half-life times in water at 37 °C were nearly 114 min, 20 s and 2.9 min 
respectively [81]. The corresponding sulfo conjugates of the other compounds have not been prepared in pure form 
in our or any other laboratories – possibly owing to very high reactivity. 

1-Sulfooxymethylpyrene (1-SMP) and 5-sulfooxymethylfurfural (SMF) were detected in blood of animals 
treated with 1-HMP, and HMF, respectively [77, 80, 82]. They are substrates for the organic anion transporters (OAT) 
1 and 3 [83, 84], mediating cellular uptake and are highly expressed at the basolateral (blood) site of proximal tubule 
cells. Indeed, direct intraperitoneal administration of these metabolites led to the formation of high levels of DNA 
adducts in kidney (1-SMP) [85] and massive damage to proximal tubule cells (SMF) [86]. 
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Table S1: Effect of expression of SULTs and NATs in Salmonella typhimurium target cells on the mutagenicity of test 
compounds. 
 

Compound Starting strain Revertants/nmol 
Starting strain 
(no heterologous 
enzyme) 

HumanSULT1A1 
expressed 

Mouse 
Sult1a1 
expressed 

Other SULT or NAT 
enzymes expressed 

1-MIM-OH S. typhimurium TA100 
[51, 52] 

3 a 600 a – 1C2 (4,200) 
inactive: 1A2, 1A3, 1E1, 
2A1, 2B1b 

(+)-1’-OH-ME  S. typhimurium TA100 
[87] 

< 0.5 a 12 a (35b) 5 1A2 (0.7), 1C2 (12) 1E1 
(1.5) 
inactive: 1A3, 1C1, 1C3, 
2A1, 2B1b, 1d1 

(–)-1’-OH-ME  S. typhimurium TA100 
[87] 

< 0.5 a 8 a (25b) 2 1A2 (0.4), 1C2 (5) 1E1 
(1) 
inactive: 1A3, 1C1, 1C3, 
2A1, 2B1b, 1d1 

N-OH-PhIP S. typhimurium TA1538-
DNP c [88] 

10,400 102,100 – inactive: NAT1, NAT2 

N-OH-PhIP S. typhimurium TA1538 
[89] 

18,000 480,000 ≤ 18,000 1A2 (145,000) 
1d1 (76,000) 
inactive: 1A3, 1C1, 1C2, 
1C3, 1E1, 2A1, 2B1a, 
2B1b, 4A1, 1a1 

AAI+AAII 
(commercial mixture) d 

S. typhimurium TA1538 
[90] 

0.18 0.75 (4.8b) – 1B1 (1.1) 
inactive: 1A2, 1A3, 1C1, 
1C2, 1C3, 1E1, 2A1, 
2B1a, 2B1b, 4A1 

1-HMP S. typhimurium TA1538 
[79, 80] 

< 0.3 7,000 
(16,000b) 

8,300 1A2 (400), 1A3 (60), 1B1 
(90), 1C2 (800), 1C3 (2), 
1E1 (14,000), 2A1 (350) 
1b1 (15), 1d1 (30), 1e1 
(15,000); 2a1 (150), 2a2 
(70) 
inactive: 1C1e, 1c2 e, 2a3 

e, 5a1 e 
FFA S. typhimurium TA100, 

mutations [81] 
< 10 1,800 2,500 1A2 (500), 1A3 (20), 

1C2 (70) 1E1 (30),  
1d1 (200) 
inactive: 2A1 

HMF S. typhimurium TA100, 
mutations [81] 

< 10 100 190 1A3 (10), 1C2 (700) 
1d1 (30) 
inactive: 1A1, 1E1, 2A1 

a DNA adduct formation (detected by LC-MS/MS) was increased, in parallel to the mutagenic effects. 
b Data in parentheses refer to strains expressing human SULT1A1 at increased levels (strains TA1538-SULT1A1*1Y or TA100-SULT1A1*1Y). 
c Strain TA1538-DNP lacks an endogenous acetyltransferase (an enzyme able to activate various aromatic hydroxylamines).  
d Bioactivation by human SULT1A1 was later confirmed for AAI as well AAII tested separately. 
e Some activation (weak, but unambiguous) by these enzymes was detected under modified experimental conditions [80]. 
– Not tested 
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Table S2: Effect of expression of SULTs and NATs in Chinese hamster V79 target cells on genotoxic effects of the 
test compounds. 
 

Compound Endpoint studied Cell lines used, strength of effect 

MIM-OH [51] SCE V79-hSULT1A1 >> V79 (> 30-fold) 

Cytotoxicity V79-hSULT1A1 > V79 (≥ 10-fold) 

PhIP [89] Gene mutations (hprt) Positive (lowest effective concentration): V79-hCYP1A2-hSULT1A1 (0.3 µM) > V79-
hCYP1A2-hSULT1A2 (1 µM) > V79-hCYP1A2-hNAT2 (10 µM) 

Negative (highest concentration used: 30 µM): V79-hCYP1A2, V79-hCYP1A2-hNAT1 

PhIP [91] γH2AX Positive (lowest effective concentration): V79-hCYP1A2-hSULT1A1 (0.1 µM) > V79-
hCYP1A2-hNAT2 (1 µM) = V79-hCYP1A2 (1 µM)  

AAI+AAII [90] 
(commercial mixture) 

Gene mutations (hprt) V79-hSULT1A1 > V79p a (4-fold) 
V79-hCYP2E1-hSULT1A1: without SULT inhibitor > with SULT inhibitor 

pentachlorophenol (5-fold) 

3-NBA [92] DNA adducts (PL) V79-hNAT2 >> V79-hSULT1A1 > V79-hNAT1 > V79 (several conditions) 

3-NBA [93] DNA adducts (PL) 
 

V79-hCYP1A2-hNAT2 ≥ V79-hCYP1A2-hSULT1A1 ≥ V79-hCYP1A2-hSULT1A2 ≥ V79-
hCYP1A2-hNAT1 >> V79-hCYP1A2 > V79 (several conditions) 

a V79p: vector control (puromycin-resistant) 
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Table S3: DNA adducts and other toxicological findings in mouse lines with gene-technically modified SULT1A1 
status. 
 

Compound Treatment, 
analytics, 
reference 

Tissue DNA adduct level (DNA breaks in the case of HMF) Comment 
wt ko tg ko-tg 

1-MIM-OH 600 µmol/kg (106 
mg/kg), i.p., 8 h, 
N2-(1-MIM)-dG 
(LC-MS/MS), this 
study 

Liver High 
1/7 

↓↓↓ 
by 98.2 % 

↑ 
2-fold 

↑ 
2.1-fold 

 

Stomach High 
3/7 

= = = 

Small 
intestine 

Low 
5/7 

= ↑↑↑ 
19.2-fold 

↑↑↑ 
23.1-fold 

Caecum High 
2/7 

↓↓↓ 
by 98.9 % 

= = 

Colon Intermediate 
4/7) 

↓↓↓ 
by 95.4 % 

= = 

Kidney Low 
6/7 

↓↓ 
by 70 % 

↑↑↑ 
9.8-fold 

↑↑↑ 
16.2-fold 

PhIP 90 mg/kg, oral 
gavage, 8 h, PL), 
[59] 

Liver Low 
8/8 

 ↑↑↑ 
13-fold 

 Note that in both 
studies liver was the 
tissue with the lowest 
adduct level in wt 
mice, whereas it was 
the tissue with highest 
adduct level in tg mice. 

Small 
intestine 
(jejunum) 

Moderate 
2/8 

= 

Small 
intestine 
(ileum) 

Moderate 
3/8 

= 

Caecum High 
1/8 

↑ 
1.5-fold 

Colon Moderate 
5/8 

↑ 
2.0-fold 

Kidney Moderate 
4/8 

↑ 
1.6-fold 

PhIP 75 mg/kg, oral 
gavage, 3 h, LC-
MS/MS) [94] 

Liver Low 
5/5 

↑↑↑ 
14-fold a 

Proximal 
small 
intestine 

Moderate 
2/5 

↑ 
3.5-fold a 

Distal small 
intestine 

Moderate 
1/5 

↑ 
2.5-fold a 

Colon Moderate 
3/5 

↑ 
3.0-fold a 

Kidney Low 
4/5 

↑ 
2.5-fold a 

PhIP 90 mg/kg, oral 
gavage, 8 h, LC-
MS/MS), 
manuscript in 
preparation 

Liver Low 
4/5 

= ↑↑↑ 
6.5-fold 

↑↑↑ 
11-fold b 

Knockout of Sult1d1 
reduced the adduct 
formation in all four 
tissues listed in this 
table (sites of Sult1d1 
expression in wt mice), 
but not in lung (no 
expression detected in 
wt) 

Small 
intestine 

Moderate 
1/5 

= ↑ 
1.8-fold 

↑ 
1.6-fold b 

Colon Moderate 
2/5 

= = = 

Kidney Low 
3/5 

= ↑ 
1.8-fold 

↑ 
2.0-fold b 

ABP 20 mg/kg, i.p., 24 
dG-C8-ABP (LC-
MS/MS) [95] 

Liver High 
2/2 

↓↓↓ 
by 98 % 

  Further decrease in 
adducts in  
Sult1a1-Sult1d1 
double-knockout mice  
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AAI 50 mg/kg, oral 

gavage, 24 h, PL), 
[96] 

Liver Low 
6/8 

= =  Transgenic human 
SULT1A1/2 had no 
effect in the remaining 
tissues studied, either 

Glandular 
stomach 

Low 
4/8 

 = 

Small 
intestine 

Moderate 
3/8 

= = 

Colon Low 
8/8 

 = 

Kidney High 
1/8 

= = 

AAII 50 mg/kg, oral 
gavage, 24 h, PL), 
[96] 

Liver Low 
6/8 

= =  Transgenic human 
SULT1A1/2 had no 
effect in the remaining 
tissues studied, either 

Glandular 
stomach 

Low 
5/8 

 = 

Small 
intestine 

Moderate 
2/8 

= = 

Colon Low 
8/8 

 = 

Kidney High 
1/8 

= = 

3-NBA 2 mg/kg, i.p., 24 h, 
PL), [96] 

Liver High 
1/9 

 =  . 

Glandular 
stomach 

Moderate 
5/9 

↑ 
2.5-fold 

Small 
intestine 

Low 
7/9 

↑↑ 
4.0-fold 

Colon High 
2/9 

↑ 
6.1-fold 

Kidney Low 
6/9 

↑↑ 
1.4-fold 

ME 280 µmol/kg (50 
mg/kg), oral 

gavage, 6 h, N2-
MIE-dG (LC-
MS/MS) [68] 

Liver High 
2/4 

↓↓↓ 
by 96.1 % 

↑↑ 
6.1-fold 

↑↑ 
5.1-fold 

 

Stomach High 
3/4 

= = = 

Caecum High 
1/4 

↓↓↓ 
< LOD, 
by >97.5 % 

↑ 
2.3-fold 

= 

Kidney < LOD < LOD +++ 
>32-fold 

+++ 
>37-fold 

1’-OH-ME 280 µmol/kg (54 
mg/kg), i.p., 6 h, 

N2-MIE-dG (LC-
MS/MS) [58], 

Liver High 
1/1 

↓↓↓ 
by 99.2 % 

↑↑↑ 
8.9-fold 

↑↑↑ 
8.3-fold 

 

1-MP oral gavage,  500 
µmol/kg (108 

mg/kg), 2 h, N2-(1-
MP)-dG (LC-
MS/MS) [77] 

Liver High 
1/3 

 ↑↑ 
4.4-fold 

 The dramatic increase 
in the renal DNA levels 
detected in tg versus 
wt mice was 
accompanied by a 
similar increase the in 
serum levels of the 
reactive metabolite, 1-
SMP 

Kidney Moderate 
2/3 

 ↑↑↑ 
21-fold 
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1-HMP 83 µmol/kg 19.3 

(mg/kg), oral 

gavage, 1 h, N2-(1-
MP)-dG (LC-
MS/MS) [80] 

Liver High 
1/5 

↓↓↓ 
by 89 % 

↑↑↑ 
13-fold 

 The dramatic increase 
in the renal DNA levels 
detected in tg versus 
wt mice was 
accompanied by a 
similar increase the in 
serum levels of the 
reactive metabolite, 1-
SMP 

Colon Low 
4/5 

= = 

Kidney Moderate 
2/5 

↓↓ 
by 65 % 

↑↑↑ 
83-fold 

FFA 400 mg/kg, i.p., 1 

h, N2-MF-dG (LC-
MS/MS) [97] 

Liver Moderate 
2/5 

↓↓↓, < LOD 
by >92 % 

= ↑↑ 
3.4-fold b 

Sult1d1-knockout led 
to significant decreases 
in adduct formation in 
kidney and small 
intestine 

Small 
intestine 

Moderate 
4/5 

= ↑↑↑ 
6-fold b 

Colon Moderate 
1/5 

↓↓↓, < LOD 
by >88 % 

= b 

Kidney Moderate 
3/5 

↓↓ 
by 80 % 

↑↑ 
4.5-fold b 

FFA 400 mg/kg, i.p., 1 

h, N2-MF-dG (LC-
MS/MS) [98] 

Liver Moderate 
2/4 

 = ↑↑ 
4.4-fold b 

This study confirms 
the results of the 
preceding study. In 
addition, adduct 
formation in wt and 
double-ko-tg mice 
were enhanced when 
ethanol or an inhibitor 
of alcohol 
dehydrogenase was 
co- administered with 
FFA 

Colon Moderate 
1/4 

  = b 

Kidney Moderate 
3/4 

  ↑↑ 
4.7-fold b 

FFA 250 mg/kg, oral 
gavage, 1 h, LC-
MS/MS),  [99] 

Liver Low (↑ c) 
2/5 

 = a, c   

Proximal 
small 
intestine 

Low (= c) 
4/5 

↑↑ 
7-fold a, c 

Distal small 
intestine 

Low (= c) 
5/5 

= a, c 

Colon Low (↑↑c) 
1/5 

= a, c 

Kidney Low (= c) 
3/5 

= a, c 

HMF 900-1300 mg/kg, 
oral gavage, 1 h, 
DNA breaks 
(alkaline single 
cell gel electro- 
phoresis) [100] 

Liver 0  0   
Colon 0 0 
Kidney 0 + 

All data presented were obtained with male mice (aged 8-10 weeks) and refer to the treatment scheme indicated in column 2. The list is incomplete 
in as much findings in females and with other treatment regimens are omitted; likewise findings in tissues other than liver, stomach, small 
intestine, caecum, colon and kidney are omitted. 
Column 4: numbers in parentheses (m/n): n, number of tissues investigated in that study (including tissues omitted in the table); m, rank with 
regard to adduct level among these tissues (1 = highest). 
Columns 5-7: comparison with effect in wt mice; =, no statistical difference; ↓, ↓↓, ↓↓↓: moderate, strong and very strong decrease in effect, 
respectively (% decrease is given in the next line for readers preferring numbers); ↑, ↑↑, ↑↑↑: moderate, strong and very strong increase in effect 
(fold increase in next line). If an effect was not observed either in the wt or the compared mouse line, LOD was used for calculating the minimal 
% decrease or fold increase. Comet assay: 0, no effect compared to vehicle control. 
a Animals homozygous for human SULT1A1/2 were used (whereas mice hemizygous for this transgene) were used in the other studies 

presented unless specified otherwise. 
b Human SULT1A1/2 was expressed Sult1a1/1d1-double knockout mice. 
c Only study in which the adducts analysed were also detected in vehicle treated control animals, suggesting an unintended exposure to FFA 

(a wide-spread contaminant, present for example in building materials). 
Empty fields: not tested. 
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5. Discussion 
AAI and AAII: It is concluded that SULT1A1 enzymes are unimportant for the activation of AAs in the mouse 

models used, although human SULT1A1 had demonstrated (moderate) activation in vitro (Tables S1 & S2). 
PhIP: Transgenic SULT1A1/2 drastically enhanced DNA adduct formation in liver, and to lower extents in many 

other tissues, whereas Sult1a1-knockout had no effect on the adduct formation in any tissues. However, Sult1d1-
knockout reduced the adduct formation – selectively in tissues with Sult1d1 expression (kidney, small intestine and 
colon). The findings agree with results obtained in recombinant S. typhimurium strain: human SULT1A1 and 
SULT1A2 as well as mouse Sult1d1 activated N-OH-PhIP to a mutagen, whereas no activation was observed with 
mouse Sult1a1. 

3-NBA: Experiments with recombinant V79 cells indicate that phase II enzymes (SULT or NAT) are important 
for efficient activation of 3-NBA. The highest adduct formation was observed in the liver – it was not affected by 
transgenic SULT1A1/2, suggesting that endogenous enzymes (probably Nat and Sult enzymes) were present at levels 
sufficient for effective activation. These enzymes have not been specified, as experiments with any knockout models 
are missing. However, transgenic SULT1A1/2 enhanced the adduct formation in various extrahepatic tissues of tg 
mice. 

4-ABP, ME (and 1’-OH-ME), 1-HMP, FFA, 1-MIM-OH: Sult1a1-knockout led to drastic decreases in the 
formation of DNA adducts (by 89-99.2 %), implying that it is the principal activator in this tissue. Apart from the 
liver, Sult1a1 is highly expressed in colon and caecum. Adduct formation by some of these compounds was also 
studied in these tissues of Sult1a1-knockout mice. Like in the liver, adduct levels in ko mice were drastically 
decreased (88-98.9 %) after treatment with MIM-OH (studied in caecum and colon), ME (caecum) and FFA (colon). 
However, adduct formation in colon by 1-HMP was unaffected by this knockout, suggesting that other enzymes 
were important – indeed numerous different human and mouse SULT forms were able to activate 1-HMP in vitro 
(Table S1). With all test compounds, Sult1a1-knockout had no (or low) impact on the DNA adduct formation in small 
intestine and stomach, tissues with very low Sult1a1 expression. Kidney takes an intermediate position, complicated 
by the observation that some reactive sulfo-conjugates (1-SMP and SMF) are distributed in the organism via the 
circulation and actively taken up (by OAT transporters) into proximal tubule cells (section 4). Such a transfer of 
reactive sulfo conjugates does not appear to occur to an appreciable extent in the case of 1-MIM-OH and ME, as 
inferred from the very low renal adduct formation in wt mice. 

Sult1a1-knockout either decreased or did not affect the adduct formation in a given tissue by any compound 
studied, but never increased it. Likewise, transgenic SULT1A1/2 enhanced or did not affect adduction, but did not 
decrease it. However the impacts of these genetic manipulations were not simply mirror-inverted. Transgenic 
SULT1A1/2 affected more tissues (e.g. small intestine and kidney) and compounds (e.g. PhIP) than Sult1a1-knockout. 
This is due to a wider tissue distribution and differing (usually broader) substrate tolerance for human SULT1A1 
plus SULT1A2 as compared to Sult1a1. However the mouse contains another enzyme, Sult1d1 (without a functional 
orthologue in humans) able to activate pro-genotoxicants. Its substrate tolerance strongly overlaps with those of 
SULT1A enzymes, and it differs in its tissue distribution from Sult1a1. 
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