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of SULT1A1, were identified using qPCR and TaqMan 
assays in the donors’ genomic DNA. SULT1A1 mRNA 
and protein levels were quantified using microarray data 
and Western blot analysis, respectively. Methyleugenol 
DNA adducts were detected in all 121 liver samples stud-
ied. Their levels varied 122-fold between individuals and 
were significantly correlated to both mRNA and protein 
levels of SULT1A1 (rs = 0.43, and rs = 0.44, respectively). 
Univariate and multivariate statistical analysis identified 
significant associations of SULT1A1 CNVs with mRNA 
(p = 1.7 × 10−06) and protein (p = 4.4 × 10− 10) levels as well 
as methyleugenol DNA adduct levels (p = 0.003). These 
data establish the importance of SULT1A1 genotype for 
hepatic methyleugenol DNA adducts in humans, and they 
confirm a strong impact of SULT1A1 CNVs on SULT1A1 
hepatic phenotype.
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Introduction

The alkylbenzene derivative methyleugenol (4-allyl-
1,2-dimethoxybenzene) is a natural compound that has 
been detected in more than 450 plant species, many of them 
being used as foods, sources of essential oils or medicines 
(Tan and Nishida 2012). Particularly high levels of methyl-
eugenol were observed in many herbs and spices, such as 
basil, pimento, laurel, anise, and nutmeg (De Vincenzi et al. 
2000). Methyleugenol is also present in essential oils used 
for flavoring foods and cosmetics. In rats and mice, methyl-
eugenol induces hepatocellular carcinomas, but also tumors 
in various other tissues, such as the bile duct, kidney, and 
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mammary gland (Miller et  al. 1983; National Toxicology 
Program 2000). As a consequence, the usage of pure meth-
yleugenol as an additive has been banned in some countries 
(e.g., European Union), but not in others (e.g., USA).

It has been known for quite some time that following 
metabolic activation, methyleugenol and other alkenylben-
zenes can bind covalently to DNA and the resultant DNA 
adducts have been identified (Boberg et  al. 1983; Phil-
lips et al. 1984; Herrmann et al. 2012). The carcinogenic-
ity of different alkenylbenzenes in the liver of rats and 
mice was shown to be directly associated with the abun-
dance of DNA adducts (Miller et  al. 1983; Phillips et  al. 
1984; Williams et  al. 2013). Methyleugenol is metaboli-
cally activated in a two-step process. First, it is converted 
by various cytochrome P450 enzymes (CYPs), including 
human CYP1A2, CYP2C9, CYP2C19, and CYP2D6, to 
hydroxylated forms (in particular 1′-hydroxymethyleuge-
nol) (Jeurissen et al. 2006; Al-Subeihi et al. 2015), which 
then acts as substrate for sulfotransferases (SULTs), espe-
cially members of the SULT1A family (Herrmann et  al. 
2012). The sulfated product 1′-sulfooxymethyleugenol 
is electrophilically reactive, and can form covalent bonds 
to the exocyclic amino groups of guanine and adenine 
bases in DNA, resulting in the formation of N2-(trans-
methylisoeugenol-3′-yl)-2′-deoxyguanosine (N2-MIE-dG) 
and N6-(trans-methylisoeugenol-3′-yl)-2′-deoxyadenosine 
(N6-MIE-dA) adducts (Phillips et al. 1984; Herrmann et al. 
2012). We previously showed that the SULT1A1 enzyme 
is the most efficient activator of 1′-hydroxymethyleuge-
nol among the various human SULT forms expressed in 
Salmonella typhimurium (Herrmann et  al. 2012). Like-
wise, hepatic DNA adduct formation by methyleugenol 
and 1′-hydroxymethyleugenol was decreased by 97 and 
99%, respectively, in Sult1a1 knockout mice and strongly 
enhanced in mice transgenic for the human SULT1A1-1A2 
cluster (Herrmann et al. 2014). Moreover, DNA adduct for-
mation in mice expressing endogenous Sult1a1 as well as 
human SULT1A1-1A2 was nearly additive compared to 
animals expressing only the endogenous enzyme or only 
the transgene, suggesting that SULT1A activity was limit-
ing for the adduct formation. The SULT1A1 status also had 
a strong impact on the methyleugenol-induced DNA adduct 
formation in several extrahepatic tissues (Herrmann et  al. 
2016).

Recently, we found that methyleugenol DNA adducts are 
abundant in human tissue samples. Using isotope-dilution 
ultraperformance liquid chromatography coupled with 
tandem mass spectrometry (UPLC-MS/MS), we detected 
these adducts in 29 out of 30 human liver samples (Her-
rmann et al. 2013) and in 10 out of 10 human lung samples 
(Monien et  al. 2015). This method is particularly reliable 
with regard to the unambiguous structural identification and 
accurate quantification of DNA adducts (Tretyakova et al. 

2012). Up to date, only a small number of DNA adducts 
from xenobiotics have been detected in human tissue sam-
ples by isotope-dilution UPLC-MS/MS or other robust 
methods. To the best of our knowledge, DNA adducts of no 
other xenobiotic have been observed in such a high percent-
age of the human tissue samples studied as with methyl-
eugenol. Therefore, there is a need to clarify potential car-
cinogenic risks resulting from these adducts in humans. To 
this end, it may be useful to know factors determining this 
adduct formation. In the present study, we analyzed the role 
of some genetic and non-genetic host factors, in particular 
in relation to SULT1A1.

SULT1A1 is the most abundant SULT form in the 
human organism and ubiquitously expressed in human 
tissues, including the human liver (Teubner et  al. 2007; 
Riches et al. 2009). Interindividual variability in SULT1A1 
enzyme expression and activity is in part due to genetic 
factors, including functional genetic polymorphisms. For 
instance, a non-synonymous SNP SULT1A1*2 (rs9282861, 
c.638G>A, Arg213His) reduces SULT1A1 enzyme activ-
ity in platelets (Raftogianis et al. 1997), and was associated 
to cancer risk in various studies (reviewed by Glatt and 
Meinl 2004; Sak and Everaus 2016). Moreover, structural 
variations, including copy number variations (CNVs), that 
alter functional gene dosage are common and have been 
associated with altered enzyme activity in platelets and in 
human liver (Hebbring et al. 2007; Yu et al. 2010; Gaedigk 
et al. 2012).

The aim of this study was to validate the role of the 
SULT1A1 enzyme in the formation of methyleugenol DNA 
adducts and to investigate the influence of genetic vari-
ance in the SULT1A1 gene on SULT1A1 phenotypes and 
DNA adduct levels in human liver. To this end, we meas-
ured adduct levels in a well-documented cohort of 121 
Caucasian liver samples using a previously established 
isotope-dilution UPLC-MS/MS procedure (Herrmann et al. 
2013). We further quantified SULT1A1 expression levels 
and analyzed CNV and SNP genotypes of SULT1A1. Our 
data emphasize that the formation of methyleugenol DNA 
adducts in human liver depends on SULT1A1 activity and 
SULT1A1 genotype. This finding should be useful for fur-
ther studies on methyleugenol consumption in relation to 
cancer in humans.

Materials and methods

Liver samples

Liver tissue and corresponding blood samples for DNA 
extraction were previously collected from Caucasian 
patients undergoing liver surgery at the Department of Gen-
eral, Visceral, and Transplantation Surgery at the Charité 
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(Campus Virchow, University Medical Center Charité, 
Humboldt University Berlin, Germany). The use of human 
liver tissues was approved by the local ethical committees 
of the Charité, Humboldt University (Berlin, Germany), 
and the University Clinic Tuebingen, Germany. Written 
informed consent was obtained from all liver donors, and 
the study was conducted in accordance with the Declara-
tion of Helsinki. All tissue samples had been examined by 
a pathologist, and only histologically normal liver tissue 
was collected and stored at −80 °C. In this study, we used 
121 liver samples for which sufficient liver tissue material 
was available for the determination of methyleugenol DNA 
adducts and from which detailed clinical documentation 
was available (Gomes et  al. 2009; Klein et  al. 2010). All 
liver samples were from separate subjects, and there was 
no overlap with the liver samples analyzed previously for 
methyleugenol DNA adducts (Herrmann et al. 2013). Lim-
ited information was available on the dietary habits of the 
donors.

DNA samples and genotyping

Genomic DNA was isolated from EDTA blood samples 
using the QIAmp DNA Blood Mini Kit System (Qiagen, 
Hilden, Germany). The SULT1A1 copy number was deter-
mined using commercially available TaqMan real-time 
quantitative PCR (qPCR) copy number assays (Applied 
Biosystems, Foster City, CA, USA) as specified in the 
manufacturer’s instructions. In brief, 10  ng of genomic 
DNA was used in each reaction together with 2X TaqMan 
Universal Master Mix (Applied Biosystems) and TaqMan 
assay Hs04461762_cn together with VIC dye–labeled 
TaqMan RNase P assay (two gene copy reference) in a 
7500 Real-Time PCR Instrument (Applied Biosystems). 
The absolute quantification was run in 12 μL reactions as 
quadruplicates and CT values were recorded using manual 
CT threshold and autobaseline. The SULT1A1 copy number 
was quantified using CopyCaller™ software v2.0 (Applied 
Biosystems) and the comparative CT (ΔΔ CT) method.

Genotyping for SNP rs9282861 was performed using 
restriction fragment-length (RFLP) analysis (Engelke et al. 
2000). In brief, a genomic sequence [253 nucleotides (nt) 
from intron 6 and exon 7] containing the rs9282861 site 
was amplified by PCR using 70 ng of each DNA sample, 
the forward primer 5′-GCT CTG CAG GGT CTC TAG 
GA-3′ and the reverse primer 5′-ACG GTG GTG TAG 
TTG GTC ATA-3′. The resulting PCR product was treated 
with the restriction enzyme BfoI (Thermo Fisher Scien-
tific, Braunschweig, Germany) and then electrophoresed on 
3% agarose gels. The number of G and A alleles could be 
unambiguously determined from the height of the respec-
tive peaks following densitometric analysis of the gels 
using appropriate reference samples.

SULT1A1 mRNA expression

SULT1A1 mRNA levels were obtained using data pre-
viously collected by genome-wide expression array 
[IlluminaHuman WG6v2; SULT1A1 Probe_ID: 
ILMN_1656900; GEO: GSE32504 (Schröder et  al. 
2013)].

SULT1A1 protein expression

Relative SULT1A1 protein expression was analyzed 
using Western blotting of cytosolic fractions from 
human liver samples with adequate amounts of material 
(n = 118). Aliquots of 30  µg of total protein were sepa-
rated by electrophoresis on 11% SDS–polyacrylamide 
gels and blotted onto nitrocellulose membranes. Sample 
loading and transfer efficiency were checked by Pon-
ceau S staining. For the detection of SULT1A1 protein, 
anti-human SULT1A1 immunoserum raised in rabbit 
(1:10,000 dilution) and IRD800-labeled secondary anti-
rabbit antibody (1:10,000 dilution, Licor, Lincoln, NE, 
USA) were used. The specificity of the antibody was con-
firmed using recombinantly expressed SULT1A forms 
(Supplementary Fig. S1) as well as other human SULT 
forms (Teubner et al. 2007). Immunoreactive bands were 
densitometrically quantified using an Odyssey infrared 
imaging system (Licor, Lincoln, NE, USA). For relative 
quantification, standard curves of pooled liver cytosols 
were co-analyzed on each blot (5, 10, 20, 40 µg protein) 
together with a reference sample. Values were normal-
ized to the subject with the lowest SULT1A1 expression.

Detection of methyleugenol DNA adducts

The adducts were measured using isotope-dilution 
ultraperformance liquid chromatography (UPLC-MS/
MS) as described previously (Herrmann et  al. 2013). 
In brief, hepatic DNA was isolated from nuclear pellets 
using DNA extraction columns (Qiagen) and quantified 
using a NanodropND 1000 spectrophotometer (peQlab, 
Erlangen, Germany). Aliquots of 112.5  µg DNA were 
spiked with stable-isotope-labeled adduct standards 
 ([15N5]N2-MIE-dG and  [15N5]N6-MIE-dA) and digested to 
nucleosides using phosphodiesterase type II, micrococcal 
nuclease, and alkaline phosphatase. After DNA diges-
tion and butanol extraction to reduce background signals, 
the samples were applied to the UPLC-MS/MS analysis. 
Since N6-MIE-dA levels were determined to be approxi-
mately 50 times lower than N2-MIE-dG levels, only the 
latter adducts were used for further analyses (Herrmann 
et al. 2012, 2013, 2014, 2016).
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Statistical analyses

Associations and non-genetic factors Non-parametric 
Kruskal–Wallis rank sum tests, Wilcoxon rank sum tests, 
chi-squared tests, and Spearman’s correlation tests were 
used to investigate the associations between SULT1A1 
mRNA expression, protein expression or DNA adduct lev-
els and the genetic factors (CNV, SNP) as well as demo-
graphic, clinical, and patient-related factors (Klein et  al. 
2010): age, sex [male vs female], nicotine [non-smokers vs 
moderate smokers (<1 packet of cigarettes/day) vs heavy 
smokers (>1 packet of cigarettes/day)], alcohol consump-
tion [non-drinkers vs moderate drinkers (1–2  times/week) 
vs daily drinkers], presurgical drug exposure [no vs yes], 
cholestasis [no vs yes], serum bilirubin [normal (≤1.2) vs 
elevated (>1.2)], C-reactive protein [CRP; normal (≤8.2) 
vs elevated (>8.2)], serum gamma-glutamyltransferase 
[GGT; normal (f ≤36; m ≤64) vs elevated (f >36; m >64)], 
and diagnosis leading to liver resection [primary liver 
tumor vs metastasis].

ANOVA Multivariate median regression was applied 
to evaluate the association between SULT1A1 CNVs and 
each phenotype corrected by the ten non-genetic factors. 
In brief, we used function anova.rq (with rank test-statistic 
and Wilcoxon score function) in R-package quantreg-5.19 
(Koenker 2015) with the parameters rank test-statistic and 
Wilcoxon score to compare two median regression fits: (1) 
only the ten non-genetic factors as covariates versus (2) 
the ten genetic factors plus the SULT1A1 CNV status (four 
groups; 1, 2, 3, ≥4).

Correlations and partial correlations Spearman’s cor-
relation tests and pairwise partial correlations function of 
the ppcor_1.1 package (Kim 2015) were applied as appro-
priate to investigate the correlation between DNA adduct 
measurements and each of the chosen gene expression lev-
els. Expression profiles of 323 important genes involved 
in absorption, distribution, metabolism, and excretion 
(ADME) including genes of the core and extended ADME 
gene lists at pharmaadme.org and further genes responsi-
ble for xenobiotic metabolism were also extracted from 
expression array data (see above). In the partial correlation 
analysis, SULT1A1 mRNA expression levels were used 
as controlling variable. Reported p values were Benjamini 
Hochberg adjusted.

CNV × SNP interactions We adopted the regression 
model used by Hebbring et  al. (2007) to assess whether 
the non-synonymous SNP SULT1A1*2 had an influence 
above the CNV effect on both SULT1A1 phenotype lev-
els and DNA adduct levels. For each phenotype and CNV 
(four groups; 1, 2, 3, ≥4) or SNP genotype (three groups; 
0, 1, 2), we applied function anova.rq to compare differ-
ent median regression fits. (1) A null model, (2) a model 
including either CNVs or SNPs alone, and (3) a third 

model including both CNV and SNP allele counts. We 
report pseudo F and p values, while a small p value (high 
F value) would suggest a more significant influence of the 
additional factor. All statistical tests were two-sided, and 
statistical significance was defined as p < 0.05. Analyses 
were performed using the statistic software R version 3.3.0 
(R Core Team 2014).

Results

Descriptive analysis of DNA adduct levels

Methyleugenol DNA adducts (N2-MIE-dG) were detect-
able in all 121 human liver samples using isotope-dilution 
UPLC-MS/MS. The adduct levels varied substantially 
between individual samples. The ratio between highest and 
lowest adduct measurements was 122, and the coefficient 
of variation as a measure of variability was 79%. We ana-
lyzed the contribution of ten available demographic and 
clinical host factors to the methyleugenol DNA adduct vari-
ability. As illustrated in Supplementary Figure S2, DNA 
adduct levels were slightly reduced in subjects with clini-
cally elevated CRP levels, but this change was not signifi-
cant (p = 0.37). Elevated serum bilirubin and GGT levels 
were significantly associated with lower DNA adduct levels 
(by 35 and 33%, respectively; both p = 0.02, pairwise Wil-
coxon rank sum tests). Furthermore, there was a significant 
inverse relationship between the donor’s age and the DNA 
adduct level, although the correlation coefficient was mod-
erate (rs = −0.25, p = 0.006).

ADME‑wide correlation analyses

Taking advantage of genome-wide gene expression pro-
files that were available for the investigated liver samples 
from a previous microarray study (Schröder et  al. 2013), 
we correlated the methyleugenol DNA adduct levels with 
the mRNA expression profiles of 323 pharmacogenes, 
including genes of the core and extended ADME gene lists 
at pharmaadme.org and further genes involved in xenobi-
otic metabolism. The analysis revealed a number of statis-
tically significantly correlated genes (see Table  1 for the 
top correlated genes, and Supplementary Table S1 for the 
complete list). SULT1A1 had the highest positive correla-
tion coefficient, followed by several genes from the phase I 
and II enzyme, drug transporter as well as nuclear receptor 
families. To assess the contribution of these other genes in 
relation to SULT1A1, we used a partial correlation analy-
sis with SULT1A1 mRNA expression as cofactor. This 
analysis revealed insignificant correlations between meth-
yleugenol DNA adduct levels and most of the ADME genes 
except for NR1H3, coding for the liver X receptor LXR-A, 
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and ABCB4, coding for the transporter MDR3 (Table 1 and 
Supplementary Table S2).

SULT1A1 mRNA and protein expression

To further characterize SULT1A1 hepatic phenotypes, we 
determined SULT1A1 protein levels in the corresponding 
liver cytosols using an antiserum raised in rabbit against 
human SULT1A1 protein (Teubner et al. 2007). SULT1A1 
mRNA and protein levels varied less strongly than the 
methyleugenol DNA adduct levels, as evident from their 
lower coefficients of variation of 30.3 and 27.6%, respec-
tively. The highest and lowest SULT1A1 expression levels 
differed by a factor of 5.6 for mRNA and 4.5 for protein. 
SULT1A1 mRNA and protein levels were significantly cor-
related with each other (Fig.  1a; rs = 0.5, p = 1.0 × 10−08). 
Although SULT1A1 mRNA levels were negatively cor-
related to the donor’s age (rs = −0.19, p = 0.04), the pro-
tein levels were not significantly influenced by the donor’s 
age (rs = −0.11, p = 0.24; Supplementary Fig. S3 and S4). 

Table 1  Correlations between N2-MIE-dG adduct levels and phar-
macogene mRNA expression levels in 121 human liver samples

The top ten positively or negatively correlated genes are listed 
according to their Spearman correlation coefficients. In the partial 
correlation analysis SULT1A1 mRNA levels were used as controlling 
variable. The mRNA expression data were obtained from previous 
microarray analysis (Schröder et al. 2013)
a Benjamini Hochberg adjusted; significant p values (<0.05) are dis-
played in bold type

Gene rs pa r (partial cor-
relation)

Pa (partial 
correla-
tion)

SULT1A1 0.426 0.0003 NA NA
NR1H3 0.420 0.0003 0.344 0.020
CYP1A1 0.386 0.001 0.228 0.172
SULT1E1 0.384 0.001 0.264 0.121
NR3C1 0.383 0.001 0.239 0.150
SLCO1A2 0.379 0.001 0.282 0.083
CYP1A2 0.366 0.002 0.207 0.238
EPHX2 0.363 0.002 0.230 0.166
GSTZ1 0.355 0.002 0.192 0.306
PON1 0.350 0.002 0.221 0.189
RNF40 −0.290 0.011 −0.275 0.087
TRPV4 −0.295 0.009 −0.253 0.150
ABCB8 −0.297 0.009 −0.286 0.083
ABCC4 −0.301 0.009 −0.218 0.195
ABCC3 −0.305 0.008 −0.234 0.162
ABCB4 −0.322 0.005 −0.364 0.015
ALDH3B1 −0.331 0.004 −0.199 0.276
SLCO2A1 −0.351 0.002 −0.245 0.150
TYMS −0.353 0.002 −0.298 0.083
GPX7 −0.356 0.002 −0.280 0.083

Fig. 1  Spearman correlation analysis between SULT1A1 pheno-
types and methyleugenol DNA adduct (N2-MIE-dG) levels in human 
liver donors. SULT1A1 mRNA expression levels were obtained from 
Illumina expression microarray data. Relative SULT1A1 protein 
expression was determined using Western blot analysis of cytosolic 
preparations. DNA adducts were measured in genomic DNA using 
isotope-dilution UPLC-MS/MS. The correlation coefficients and 
statistical significance were as follows: a rs = 0.5, p = 1.0 × 10−08; b 
rs = 0.43, p = 1.1 × 10−06; c rs = 0.44, p = 6.6 × 10−07
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Subjects diagnosed with metastases showed 1.15-fold 
higher SULT1A1 protein expression (p = 0.04) compared 
to subjects with primary liver tumors (Supplementary Fig. 
S4).

As shown in Fig. 1b, c, the methyleugenol DNA adduct 
levels were correlated to both the SULT1A1 mRNA levels 
as well as the corresponding SULT1A1 protein levels. Both 
correlations were statistically highly significant (rs = 0.43, 
p = 1.1 × 10−06; rs = 0.44, p = 6.6 × 10−07).

Determination of SULT1A1 copy number variation 
and frequencies in human liver

As illustrated in Fig.  2a, b, the copy number values 
observed could be assigned to five clusters representing 
different gene copy number groups. Four of 121 subjects 
with a calculated ratio below 1.4 were assigned copy num-
ber one. A group of 36 samples with a value >2.4 and <3.5 

was assigned copy number three; a group of 7 donors with 
a value >3.5 and <4.5 was assigned copy number four, 
and finally one subject was assigned copy number five, as 
it exhibited a ratio >4.5. No donors were observed carry-
ing a homozygous deletion. The calculated copy number 
values were all significantly different between the clus-
ters (p < 0.001; pairwise Wilcoxon rank sum tests). The 
observed CNV carrier frequencies were comparable to 
previous data, although we found slightly lower and higher 
frequencies compared to other samples with European 
ancestry for deletions and biallelic or multiallelic duplica-
tions, respectively (Table 2).

SULT1A1 genotype–phenotype correlation analysis

As illustrated in the boxplot in Fig.  3a, subjects with 
variant SULT1A1 gene copy number showed proportion-
ally altered mRNA expression levels (p = 4.4 × 10−07, 
Kruskal–Wallis rank sum test). Whereas the decrease in the 
median mRNA level in subjects carrying one gene deletion 
was of borderline significance (p = 0.06, pairwise Wilcoxon 
rank sum test), donors with three SULT1A1 copies showed 
significantly increased median mRNA levels (p = 0.001, 
pairwise Wilcoxon rank sum test) compared to donors with 
two gene copies. Subjects with four or more SULT1A1 gene 
copies showed significantly higher median mRNA levels 
compared to donors with two (p = 1.0 × 10−05) and three 
SULT1A1 gene copies (p = 0.002), respectively. The asso-
ciation between SULT1A1 CNVs and mRNA expression 
remained significant in the multivariate analysis with cor-
rection for the non-genetic factors (p = 1.7 × 10−06).

Analysis of relative SULT1A1 protein levels determined 
in liver cytosolic fractions revealed even stronger associa-
tion with SULT1A1 gene copy number both in a univariate 
test (p = 1.7 × 10−11, Kruskal–Wallis rank sum test) as well 
as in the multivariate regression analysis (p = 4.4 × 10−10). 
Subjects carrying a heterozygous SULT1A1 gene deletion 
showed significantly lower median protein expression com-
pared to samples with two gene copies (decrease by 31%; 
p = 0.04, pairwise Wilcoxon rank sum test). The presence 
of three gene copies of SULT1A1 significantly increased 
the median protein level by 1.4-fold (p = 4.2 × 10−10, pair-
wise Wilcoxon rank sum test). The difference in protein 

Fig. 2  SULT1A1 gene copy number detection in 121 liver samples. 
The copy number was calculated using TaqMan CT values and Copy-
Caller software v2.0 for SULT1A1 intron 2 region. The distribution 
of copy number values within the cohort are shown as cluster dia-
gram (a) and as histogram (b). Gray and white bands (a) and vertical 
dashed lines (b) define clusters of samples with different gene copy 
number

Table 2  Comparison of SULT1A1 CNV carrier frequencies in three 
studies

Study Deletion 
(CN = 1) (%)

Duplication/s 
(CN > 2) (%)

Hebbring et al. (2007) (n = 362) 4.7 25.7
Gjerde et al. (2008) (n = 151) 5.3 29.9
This study (n = 121) 3.3 36.4
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level between subjects carrying more than three SULT1A1 
gene copies compared to subjects with two copies was also 
significant (p = 2.9 × 10−05, pairwise Wilcoxon rank sum 
test) although less pronounced (Fig. 3b).

Influence of SULT1A1 CNVs on DNA adduct levels

Subsequently we investigated the association between 
SULT1A1 CNVs and methyleugenol DNA adduct 
(N2-MIE-dG) levels in the 121 liver samples. As illustrated 
in the boxplot in Fig. 4, the level of DNA adducts increased 
consistently with the SULT1A1 copy number (p = 0.02, 
Kruskal–Wallis rank sum test). Although subjects carry-
ing one gene copy showed decreased DNA adduct levels 
by 25% compared to carriers of two SULT1A1 gene cop-
ies, this difference was not statistically significant, probably 
due to the small number of samples. Significantly elevated 
adduct levels compared to subjects with normal CNV 
state of two copies were found for subjects carrying three 
SULT1A1 gene copies (1.64-fold; p = 0.03, pairwise Wil-
coxon rank sum test) and carriers of four or more gene cop-
ies (2.17-fold; p = 0.01, pairwise Wilcoxon rank sum test). 
The association of SULT1A1 CNVs and DNA adduct levels 
was also significant in the multivariate analysis (p = 0.003).

Significance of the non‑synonymous SNP SULT1A1*2 
(rs9282861, c.638G>A, Arg213His)

We genotyped the SNP rs9282861 in the liver samples to 
assess its functional significance for the SULT1A1 phe-
notypes measured and for the DNA adduct levels in rela-
tion to the SULT1A1 CNVs. There appeared to be a con-
sistent influence of the SNP genotype on mRNA levels, as 
these increased with the number of A alleles in each CNV 
group (not significant, Kruskal–Wallis rank sum test; Sup-
plementary Fig. S5a). In contrast, no consistent influence 
was found for protein or methyleugenol DNA adduct lev-
els. Donors carrying two gene copies with the heterozy-
gous SNP showed decreased SULT1A1 protein expression 

levels (by 12%) compared to the homozygous non-carriers 
of the SNP (GG vs GA, p = 0.01, pairwise Wilcoxon rank 
sum test, Supplementary Fig. S5b). There were no further 
statistically significant associations of the SNP in relation 
to the CNV status on protein levels. The DNA adduct lev-
els were not significantly associated to the A allele in any 
CNV group (Supplementary Fig. S5c). Furthermore, we 
used a median regression model to elucidate whether the 
SNP effect increases or compensates the CNV influence 

Fig. 3  Association between SULT1A1 CNVs and SULT1A1 mRNA 
or relative protein expression. SULT1A1 CNV status of 121 human 
liver samples was determined by qPCR and a TaqMan assay. a Box-
plots displaying SULT1A1 mRNA levels for four distinct CNV 
groups. The corresponding mRNA expression levels were obtained 
from Illumina expression microarray data. b Representative and 
cropped Western blot showing SULT1A1 immunoreactive protein 
bands obtained with a polyclonal anti-SULT1A1 antibody in relation 
to CNV status (copy number one to four) for selected liver donors and 
a boxplot displaying SULT1A1 protein levels for four distinct CNV 
groups (one, two, three, and greater than or equal to four gene cop-
ies). Relative SULT1A1 protein expression was determined using 
Western blot analysis of 118 human liver cytosols. Three samples 
were not analyzed by Western blot analysis due to insufficient liver 
tissue

▸
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on SULT1A1 expression and methyleugenol DNA adduct 
measurements. This analysis revealed that the effect of the 
SNP on any phenotype was marginally significant com-
pared to the CNV effect (Table  S2). Only for the protein 
levels, there was a significant influence of the SNP alone 
(p = 0.009), which was however much weaker as compared 
to the SULT1A1 CNVs (Table S2).

Discussion

In a previous study, we had established the dose–response 
curve for the formation of hepatic DNA adducts by meth-
yleugenol in mouse models (Herrmann et  al. 2014). In 
humanized mice (transgenic for SULT1A1-1A2, knock-
out of endogenous Sult1a1), DNA adducts were detected 
even at a single oral dose of 50 µg/kg body mass, which is 
four-fold below the estimated mean daily intake of methyl-
eugenol by humans from foods, as estimated by a scientific 
committee of the European Union (2001). This finding led 
us to examine 30 human liver specimens for the presence of 
methyleugenol DNA adducts (Herrmann et al. 2013). The 
major adduct, N2-MIE-dG, was unambiguously detected in 
29 of the samples (at levels of 1.5–36.2 adducts/108 nucleo-
sides), demonstrating that methyleugenol DNA adducts 
are abundant in human liver. Here, we analyzed a much 
larger set of 121 well-characterized liver samples. Because 
the liver cohort had originally been established for other 
purposes, no data on methyleugenol-related dietary hab-
its of the donors were available. Nevertheless, it allowed 
us to investigate the population variability of hepatic 

methyleugenol DNA adducts and the influence of various 
genetic and non-genetic factors.

Increased age and elevated liver function parameters 
(serum GGT, serum bilirubin) correlated with lower 
hepatic methyleugenol DNA adduct levels. These relation-
ships were independent of SULT1A1 CNV status (data not 
shown). Possible explanations for the negative association 
with age could be reduced food intake or altered dietary 
preferences leading to reduced methyleugenol intake, or 
alterations in the expression/function of enzymes involved 
in the bioactivation or detoxification of methyleugenol. 
Furthermore, the enzyme activity of CYP1A2, which 
catalyzes the 1′-hydroxylation of methyleugenol (Jeuris-
sen et al. 2006), is reduced in patients with elevated serum 
GGT or bilirubin (Klein et  al. 2010). Since these serum 
parameters point to liver damage, liver cell proliferation 
may have been enhanced, leading to dilution of methyl-
eugenol DNA adducts.

Because SULT1A1 was the known and primary candi-
date as methyleugenol adduct influencing factor, as based 
on work in genetically modified mouse models (Herrmann 
et  al. 2014, 2016), we performed a comprehensive analy-
sis of its hepatic expression variability as well as its genetic 
polymorphisms. These data considerably extend former 
studies of SULT1A1 in human liver, which have been more 
limited in extent and analysis (Hebbring et al. 2007; Riches 
et  al. 2009). A polyclonal antibody raised against human 
SULT1A1 in sheep (Teubner et al. 2007) was used to study 
the SULT1A1 protein level in hepatic cytosolic fractions. 
This antibody readily reacts with all three human SULT1A 
forms (1A1, 1A2 and 1A3), but only shows minimal cross-
reactivity with other human SULT forms (Teubner et  al. 
2007). We used recombinant SULT1A proteins, expressed 
in S. typhimurium, as standards to identify these forms in 
the human liver specimens. Confirming earlier reports 
(Heroux et al. 1989; Riches et al. 2009), SULT1A3 protein 
was not detected in the liver cytosols. Data on SULT1A2 
protein in human liver are scarce in the literature. In part, 
this may be due to its great similarity to SULT1A1. The 
reference type forms (*1) of SULT1A1 and SULT1A2 have 
molecular masses of 34,195 and 34,308  Da, respectively, 
and only differ in 12 out of 295 amino acid residues, mak-
ing electrophoretic separation or selective immunodetec-
tion difficult. Our conditions are optimized in this regard 
(Teubner et  al. 2007). In the present study, we detected 
SULT1A2 protein, a modest activator of 1′-hydroxymeth-
yleugenol (Herrmann et al. 2012), in all samples with ade-
quate liver material (118 of 121 samples), but always at a 
markedly lower level (<1/4) than that of the SULT1A1 pro-
tein, similar to the findings in our previous studies (Meinl 
et al. 2006; Teubner et al. 2007).

The highest and lowest SULT1A1 protein levels dif-
fered by a factor of 4.5, which is markedly less than in the 

Fig. 4  Hepatic methyleugenol DNA adduct (N2-MIE-dG) levels in 
relation to SULT1A1 CNV status. Combination of box and scatter 
plots showing DNA adduct levels for four CNV groups of one, two, 
three, and greater than or equal to four gene copies. See legends of 
previous figures for methodological details
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study of Riches et  al. (2009) with 11.7-fold variation in 
28 liver samples. The SULT1A1 mRNA level correlated 
with the SULT1A1 protein level (p = 1.0 × 10−08). Both 
expression parameters correlated with the methyleugenol 
DNA adduct levels with overwhelming statistical signifi-
cance (rs = 0.43, p = 1.1 × 10−06; rs = 0.44, p = 6.6 × 10−07, 
respectively), although their interindividual variability 
was much lower than that of the adducts (5.6- and 4.5-
fold, compared to 122-fold). Among the available clinical 
factors tested, cholestasis, serum liver function parame-
ters, age (reduced mRNA in elder subjects), and diagno-
sis leading to surgery (increased SULT1A1 protein levels 
in patients with metastases compared to patients with pri-
mary liver tumors) resulted in statistically significant but 
modest changes in SULT1A1 expression.

Using TaqMan qPCR analysis, we observed frequent 
SULT1A1 CNVs in the 121 human liver samples. Com-
pared to 36.4% of subjects carrying more than two gene 
copies, deletions were observed with lower frequencies 
(3.3%). The frequencies calculated in this study were 
consistent with previous studies, emphasizing their rela-
tively common occurrence (Hebbring et  al. 2007; Gae-
digk et  al. 2012). While earlier studies have shown the 
effect of SULT1A1 CNVs on mRNA and enzyme activity 
(Hebbring et  al. 2007; Yu et  al. 2010), our data further 
expand the SULT1A1 copy number–phenotype relation-
ships by including quantitative protein expression data. 
Remarkably, we found the SULT1A1 copy number poly-
morphism to be highly penetrant and to alter not only 
SULT1A1 expression, but also the abundance of meth-
yleugenol DNA adducts in human liver, which clearly 
depended on the SULT1A1 copy number status in this 
study. Moreover, median adduct levels increased almost 
linearly with SULT1A1 gene copy number. Thus, carri-
ers of four copies of SULT1A1 per diploid cell showed 
almost three-fold higher methyleugenol DNA adduct 
levels compared to carriers with a single gene copy. The 
DNA adduct differences between carriers of more than 
two gene copies compared to carriers of two copies were 
significant by both univariate and multivariate analysis. 
The lack of significance for the difference between one 
and two copies was probably due to the smaller number 
of samples carrying a gene deletion. Our findings are 
consistent with previous work using a transgenic mouse 
model mimicking multiple SULT1A1 gene copies (Her-
rmann et  al. 2014). However, given the complexity of 
metabolic and DNA repair mechanisms involved, we 
think it is quite surprising that the SULT1A1 copy num-
ber polymorphism affects methyleugenol DNA adduct 
formation to an extent detectable in a cohort even without 
correction for (presumably high) variation of exposure. 
The inclusion of allele SULT1A1*2 in a combined analy-
sis of CNV and SNP genotypes revealed that CNVs had 

a much stronger impact on mRNA and protein expression 
as well as methyleugenol DNA adduct levels than the 
allele SULT1A1*2.

In order to obtain further insight into influential genes 
for adduct formation in a systematic manner, we per-
formed correlation analyses based on mRNA expression 
profiles of over 300 ADME genes (Table  1; Supple-
mental Table  S1). This approach showed that SULT1A1 
was the gene with the highest correlation coefficient 
and statistical significance. However, these values were 
only slightly lower for a number of other genes, includ-
ing genes already known to be involved in methyleuge-
nol metabolism, such as other SULT forms (SULT1A2, 
SULT1E1) and cytochrome P450s CYP1A1, CYP1A2, 
CYP2C19 (Jeurissen et  al. 2006; Herrmann et  al. 2012, 
2013). However, it should be noted that none of the co-
regulated enzyme genes stayed significant in our partial 
correlation analysis, which corrects for the extent of co-
regulation with SULT1A1. The gene with the second 
highest correlation coefficient, which was significant by 
both correlation strategies, was identified as NR1H3, 
a nuclear receptor coding for the liver X receptor alpha 
(LXRα). It is involved in the regulation of many com-
ponents of the xenobiotic-metabolizing system. To our 
knowledge, a role of LXRα in the transcriptional regu-
lation of SUL1A1 has not been established. ABCB4 was 
the only other gene retaining statistically significant cor-
relation with methyleugenol adducts after correction for 
co-regulation with SULT1A1. It encodes MDR3, a trans-
membrane transporter for lipids. It is difficult to imagine 
a direct role of MDR3 in the distribution and metabolism 
of methyleugenol.

In conclusion, we confirmed the strong influence of 
SULT1A1 CNVs on hepatic SULT1A1 phenotype, and 
we presented a significant association to methyleugenol 
DNA adduct formation. Further studies are required to 
investigate a cancer risk of methyleugenol in relation to 
the uptake of the natural compound and SULT1A1 copy 
number status in humans.
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