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Abstract
UDP-glucuronosyltransferase (UGT) 1A enzymes detoxify a broad array of exog-
enous compounds including environmental toxins and carcinogens. Case-control 
studies identified genetic variations in UGT1A genes leading to reduced glucuronida-
tion activity, which were associated with hepatocellular carcinoma (HCC) formation 
and progression. The aim of the study was therefore to examine the direct effect 
of common UGT1A polymorphisms (SNPs) on HCC development and outcome in 
a diethylnitrosamine (DEN)-induced mouse model. Therefore, a single intraperito-
neal DEN injection (20 mg/kg) was administered to 15-day-old htgUGT1A-WT and 
htgUGT1A-SNP mice (containing a human haplotype of 10 common UGT1A SNPs) 
either receiving water or coffee cotreatment for the following 39 weeks. After this 
time, tumor incidence, size (>1 mm), histology, liver-body ratio, serum aminotrans-
ferase activities, and UGT1A regulation and activity levels were determined. In DEN-
treated htgUGT1A-SNP mice, a markedly higher number of tumors with a bigger 
cumulative diameter were detected. The relative liver weight and aminotransferase 
activity levels were also significantly higher in mice carrying UGT1A SNPs. After cof-
fee + DEN cotreatment, susceptibility for tumor development and growth consid-
erably decreased in both mouse lines, but was still higher in htgUGT1A-SNP mice. 
In conclusion, our study provides experimental evidence for the protective role of 
UGT1A enzymes in neoplastic transformation. These data confirm case-control stud-
ies implicating impaired UGT1A-mediated carcinogen detoxification as a risk factor 
for individual cancer disposition. Coffee treatment, which is able to activate UGT1A 
expression and activity, reduced HCC development and provides an explanation for 
the protective properties of coffee on liver diseases including liver cancer.
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1  | INTRODUC TION

The human body, and especially the liver, is continuously ex-
posed to a broad array of potentially toxic compounds. Cancer 
initiation and progression have been causally linked to the ex-
posure to environmental toxins and (pro)carcinogens,1 which 
requires an effective detoxification system to prevent their ac-
cumulation and consecutive detrimental effects in the body. 
UDP-glucuronosyltransferase 1A (UGT1A) enzymes constitute 
an essential system for the clearance of xenobiotic chemicals as 
well as potentially cancer-promoting molecules.2,3 By catalyz-
ing the covalent addition of glucuronic acid to a broad array of 
endobiotic, xenobiotic, and carcinogenic compounds, UGT1As 
facilitate their renal or biliary elimination from the body, which 
contributes to cyto- and genoprotection.4 The food-borne carcin-
ogen 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (PhIP), its 
major metabolite N-hydroxy-PhIP, hydroxylated benzo[a]pyrenes 
as well as cancerogenic primary amines and nitrosamines such 
as the nicotine-derived tobacco-specific 4-(methylnitrosami-
no)-1-(3-pyridyl)-1-butatone (NNAL) are among those compounds 
that have been characterized to undergo UGT1A-mediated detox-
ification.5-8 The capacity of UGT1A proteins to eliminate carcino-
gens has linked glucuronidation to the risk of cancer development 
and progression.9,10 In addition, the identification of genetic fac-
tors influencing an individual cancer risk has been intensively 
studied in recent years. Case-control studies identified the pres-
ence of genetic UGT1A polymorphisms, mainly single-nucleotide 
polymorphisms (SNPs), as risk factors for individual cancer dis-
position.11,12 Against this background, the hypothesis appears 
plausible that lower carcinogen-metabolizing action as a result of 
either decreased UGT1A expression or lower enzymatic activity 
is likely to represent an important reason for the increased tox-
icological susceptibility and carcinogenic initiation in carriers of 
UGT1A SNPs.13-15

With almost 800 000 new cases annually, hepatocellular 
carcinoma (HCC) is the fifth most common malignant tumor 
worldwide and the second most frequent cause of tumor-related 
death.16,17 Accounting for approximately 90% of all cases of pri-
mary liver cancer, the number of cases diagnosed with HCC is 
expected to further increase in industrialized countries.18 The 
liver is a major organ of the human body involved in the metab-
olism of environmental xenobiotics. Due to high hepatic UGT1A 
mRNA levels, the liver is viewed as the major site of glucuroni-
dation and subsequent excretion of mutagenic compounds.19,20 
A significant association between carriers of the low-activity 
UGT1A7*3 variant and the incidence of HCC has been reported in 
case-control studies among patients with hepatitis B or C.10,21-23  
The UGT1A7*3 polymorphism is characterized by the combi-
nation of a promoter polymorphism (−57T>G) and three amino 
acid substitutions (Asn129Lys, Arg131Lys, and Trp208Arg) in the 
first exon of the UGT1A7 gene.24 These polymorphisms are part 
of a complex Gilbert syndrome–associated haplotype present in 
roughly 10% of the white population.25 Although a plethora of 

case-control studies points to the increased risk of cancer devel-
opment in carriers of low-activity UGT1A variants, direct experi-
mental evidence is still missing. In addition, a growing number of 
epidemiological studies reported an inverse association of coffee 
consumption with hepatic fibrosis progression, liver cirrhosis, and 
HCC.26,27 In line with this, a large meta-analysis of epidemiologi-
cal and case-control studies discovered a 40% lower risk for HCC 
development in coffee drinkers versus non–coffee drinkers.28 
Interestingly, in vitro and in vivo studies performed by our own 
laboratory identified coffee as a potent activator of genopro-
tective UGT1A expression leading to hepatoprotective effects 
against the tobacco carcinogen benzo[a]pyrene.29,30 Therefore, 
the aim of this study was to experimentally analyze the impact 
of multiple UGT1A polymorphisms, representing a haplotype of 
ten common occurring UGT1A SNPs, on HCC susceptibility and 
outcome in htgUGT1A mice after chemical induction (diethylnitro-
samine, DEN) of hepatocarcinogenesis. Furthermore, the study 
was expanded by investigating the effects of coffee cotreatment 
on UGT1A induction and the associated hepatoprotection against 
DEN-induced tumor development and progression.

2  | MATERIAL AND METHODS

2.1 | Induction of HCC, analysis of liver tumors, and 
tissue collection

Previously described male htgUGT1A-wild-type (WT) and SNP mice 
30,31 were treated with a single intraperitoneal injection (20 mg/kg 
body weight) of saline-dissolved DEN (Sigma-Aldrich) at 15 days of 
age.32 One week after DEN injection, mice of each genotype were 
further divided into two subgroups either receiving water or coffee 
as only available drinking source for the following 39 weeks. Vehicle-
injected, water-drinking 42-week-old male htgUGT1A-WT and SNP 
mice served as controls. All mice had ad libitum access to water/
coffee and chow and were kept at 22°C with a 12-hour day/night 
cycle in the Central Animal Facility of the University Hospital Bonn. 
Experiments were performed in accordance to the “German Animal-
Protection Law” and the “Guide for the Care and Use of Laboratory 
Animals” and authorized by the relevant North Rhine-Westphalian 
State Agency for Nature, Environment, and Consumer Protection 
(LANUV).

Mice were sacrificed 39 weeks after DEN injection to macro-
scopically determine the number and size of neoplastic tumors vis-
ible on the surface of each liver lobe. All tumors larger than 1 mm in 
diameter were counted and dimensions were measured. The accu-
mulated tumor measurement represents the sum of all diameters 
of all hepatic tumors. For determination of the relative liver weight, 
whole livers were removed and weighed, and the liver/body ratio 
was assessed. Tumors were carefully separated from normal (non-
tumorous) liver sections, and both were immediately snap-frozen 
in liquid nitrogen and stored at −80°C until use. The right lateral 
lobe was separated before and fixed in 4% paraformaldehyde for 
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3 days. It was subsequently embedded in paraffin and used for his-
tological examinations.

2.2 | Histological analysis

Liver tumors were analyzed by immunofluorescence staining using 
Ki-67 antibody (MA5-14520, dilution 1:100, Thermo Scientific) and an 
appropriate secondary antibody (ab150077 Alexa Fluor® 488, dilution 
1:200, Abcam). Deparaffinization, rehydration, and antigen retrieval of 
paraffin-embedded tissue slides was accomplished by incubation of 
liver specimens in decreasing alcohol concentrations as described else-
where.33 Slides were then heated in sodium citrate buffer (pH 6.0) at 
95-100°C for 20 minutes and subsequently washed three times before 
being blocked with blocking buffer (1× PBS/5% goat serum) for 1 hour. 
Overnight incubation with the Ki-67 antibody was carried out in TBS-T 
containing 5% goat serum. The secondary antibody was added to the 
tissue sample area and incubated for 1 hour. A mounting medium with 
DAPI (Abcam) was applied according to manufacturer's instructions. 
The specimens were visualized under a microscope (Axio Scope.A1, 
Zeiss) on the same day to count the proportion of Ki-67–positive cells. 
Hematoxylin-eosin (H&E) staining was applied to visualize tumor histo-
pathology following a standard protocol procedure.34

2.3 | Coffee preparation

For coffee administration, 500 mL water (Aqua Irrigation Solution, 
DeltaSelect) was boiled in a beaker and cooled for 10 seconds. Then, 
10 g of ground coffee powder (Jacobs Krönung, Kraft Foods) was 
added and incubated for 1 minute, followed by filtration through a 
paper coffee filter (Melitta).30

2.4 | Measurement of serum 
aminotransferase activities

Serum levels of alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) were measured using a Fuji DRI-CHEM NX500i 
(Fujifilm Cooperation) serum analyzer following the instructions of 
the manufacturer. For this analysis, blood was collected from DEN-
injected transgenic mice and centrifuged at 1900 g for 10 minutes. 
The obtained supernatant was stored at −20°C until further analysis.

2.5 | Gene expression analysis

Total RNA was separately isolated from tumorous and nontumorous 
snap-frozen liver tissue of sacrificed htgUGT1A-WT and SNP mice by 
means of TRIzol Reagent (Invitrogen) according to the recommenda-
tions of the manufacturer. 5 μg of RNA was incubated with DNase 
I (Invitrogen) at room temperature for 15 minutes followed by a 
10-minute inactivation period at 65°C. SuperScript® III First-Strand 

Synthesis System for RT-PCR (Thermo Scientific) was subsequently 
used for synthesis of cDNA. Concentrations were determined by 
qPCR relative to mouse beta-actin in a CFX96 real-time PCR de-
tection system (Bio-Rad) with qPCR MasterMix (Eurogentec) and 
gene-specific primers and probes. All reactions were performed in 
triplicates and were also repeated three times. Bio-Rad CFX Manager 
3.0 software was used to calculate the relative gene expression.

2.6 | Western blot analysis

50 mg of snap-frozen tumor or normal liver tissue was separately 
homogenized in 1 mL RIPA extraction buffer containing protease 
inhibitor cocktail (1:100) in a Qiagen TissueLyser and subsequently 
incubated for 1 hour on a shaking plate at 4°C. After 10 minutes cen-
trifugation at 15 800 g at 4°C, supernatant was collected to deter-
mine protein concentration with Bradford reagent. For Western blot 
analysis, 60 µg of isolated protein was boiled at 95°C for 5 minutes in 
Laemmli sample buffer separated by SDS-PAGE (10% polyacrylamide 
gel) and blotted onto a nitrocellulose membrane via electrotrans-
fer by means of the Trans-Blot®-Turbo transfer system (Bio-Rad). 
Incubation with primary antibodies (anti-UGT1A, antibodies-online.
com ABIN2856950; and anti-GAPDH, Santa Cruz sc-32233) was 
carried out in 5% dry milk. After incubation with appropriate sec-
ondary antibodies (Santa Cruz sc-516102 and sc-2357), protein was 
visualized by chemiluminescence with the use of ChemiDOC™ MP 
imaging system (Bio-Rad).

2.7 | UGT-Glo-Assay

The activity of UGT1A enzymes was assessed using the UGT-Glo™ 
Assay Kit (Promega). For microsome isolation, a pool of 100 mg snap-
frozen tumor or normal liver tissue was separately homogenized in 
1 mL buffer (50 mmol/L Tris-HCl with 10 mmol/L MgCl2 [pH 7.6]) 
and subsequently centrifuged at 10 000 g for 10 minutes at 4°C. 
The supernatant was collected, and the pellet was resuspended in 
1 mL buffer and again centrifuged at 10 000 g for 10 minutes at 
4°C to collect the supernatant once more. Afterwards, the combined 
supernatants were centrifuged at 100 000 g for 60 minutes at 4°C, 
and the pellet was resuspended in 0.4 mL buffer. Microsomal pro-
tein concentrations were determined by the method of Bradford and 
subsequently stored at −80°C until use. For UGT activity assay, 1 µg 
of microsomes isolated from mouse tissue was used per reaction, 
and enzyme activity was measured in triplicates after 35 minutes of 
incubation using 50 µmol/L proluciferin UGT multienzyme substrate 
according to manufacturer's instructions.

2.8 | Statistical analysis

Data are expressed as mean ± standard deviation determined by 
Student’s t test to define significance. A pool of 9-11 mice per group 

 13497006, 2020, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.14635 by U

niversitäts- U
nd, W

iley O
nline L

ibrary on [18/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



     |  4269LANDERER Et AL.

was analyzed (four mice per control group); P values below 0.05 
were considered statistically significant. Given the high number of 
multiple comparisons for UGT1A expression levels, Bonferroni cor-
rection was applied. Here, the typical significance level of 0.05 was 
divided by 9, yielding a significance criterion of P < 0.006.

3  | RESULTS

3.1 | Incidence and size of HCC-like tumor 
formations in htgUGT1A mice

In order to examine the effect of common UGT1A polymorphisms on 
the development and outcome of DEN-induced hepatocarcinogen-
esis, tumor burden was recorded as the number and size of macro-
scopically evident tumor formations in htgUGT1A-WT and SNP mice. 
A striking difference between the groups was observed, demon-
strating a considerably higher tumor burden in the presence of SNPs 

(Figure 1A). Tumors were histologically analyzed by counting the 
proportion of Ki-67–positive cells and evaluation of the histomor-
phological changes visible in H&E-stained liver sections (Figure 1B). 
Even though the histological analysis revealed the presence of mi-
crovesicular fat incorporations, eosinophilic inclusions within the 
cytoplasm, cytoplasmic bile pigments, increased cell proliferation 
as well as elevated infiltration of inflammatory cells, no significant 
tumor-specific differences and characteristics were observed be-
tween htgUGT1A-WT and SNP mice and among the differently 
treated groups.

All DEN-treated htgUGT1A-SNP mice (water- and coffee-drink-
ing) developed macroscopically detectable tumors within 40 weeks 
(Figure 1C, every mouse is represented by one spot), whereas no 
visible tumor formations were detected in one water-drinking and 
five coffee-cotreated htgUGT1A-WT mice. This clearly shows a dif-
ferential effect of both the presence of SNPs and the induction of 
UGT1As by coffee. Although the susceptibility to tumor growth dif-
fered considerably between individual mice within one group, the 

F I G U R E  1   Manifestation of chemically induced hepatocarcinogenesis in htgUGT1A mice 40 wk after diethylnitrosamine (DEN) injection. 
A, Representative images of the liver of htgUGT1A–wild-type (WT) and single-nucleotide polymorphism (SNP) mice immediately after 
laparotomy (upper 4 panels) and the respective tumor-affected liver lobes (lower 4 panels; black scale bar: 10 mm). B, Hematoxylin-eosin 
(H&E) staining showing DEN-induced liver tumors and Ki-67 staining indicating increased cell proliferation, microvesicular fat incorporations, 
eosinophilic inclusions within the cytoplasm, and elevated infiltration of inflammatory cells. C, Assessment of tumor number and the 
cumulative diameter of each htgUGT1A mouse separately (each mouse is represented by one dot). Both, the total number of tumors and the 
accumulated diameter were highest in DEN-injected htgUGT1A-SNP and lowest in coffee-cotreated htgUGT1A-WT mice. Groups without the 
same letter are significantly different; P < 0.05 was considered statistically significant
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average number of tumors per mouse and the accumulated diameter 
of all tumors were higher in mice carrying the UGT1A SNP haplotype. 
Both number and size of tumors were decreased in coffee + DEN-
cotreated htgUGT1A-WT and SNP mice. In total, 62 macroscopically 
visible tumors with a total cumulative diameter of 231 mm devel-
oped in DEN-treated htgUGT1A-SNP mice, compared with 44 tu-
mors measuring 86 mm in diameter detected in htgUGT1A-WT mice 
(Figure 2A + B), indicating a considerable difference of tumor burden 
between those groups.

After coffee + DEN cotreatment, the number of visible tumors in 
both mouse lines was lower but was still shown to be higher in mice 
carrying the UGT1A SNP haplotype (SNP: 48 tumors/97 mm total di-
ameter; WT: 11 tumors/23 mm total diameter). In addition, the per-
centage proportion of mice that developed especially large tumors 
(≥5 mm) reached 20% in DEN-treated and 10% in coffee-cotreated 

htgUGT1A-WT mice (Figure 2C), compared with a considerably 
higher ratio detected in equally treated htgUGT1A-SNP mice (water: 
78%, coffee: 30%). In line with these results, the relative liver weight 
was significantly higher in DEN-treated htgUGT1A-SNP mice com-
pared with htgUGT1A-WT mice (Figure 2D). In coffee-cotreated ht-
gUGT1A-SNP mice, the relative liver weight was lower and reached 
comparable levels to that measured in mice with regular UGT1A 
expression.

3.2 | Serum aminotransferase activities in DEN-
treated htgUGT1A mice

Elevated aminotransferase activities are an indicator for hepatocel-
lular damage and liver injury.35 To assess their levels during mouse 

F I G U R E  2   Tumor incidence and size of htgUGT1A mice 40 wk after chemical induction of hepatocarcinogenesis. Total number (A) 
and total accumulated diameter (B) of all visible tumors detected at the liver surface of htgUGT1A–wild-type (WT) and single-nucleotide 
polymorphism (SNP) mice. In the absence of UGT1A polymorphisms, less tumors with a reduced cumulative diameter were detected 
after diethylnitrosamine (DEN) and DEN + coffee cotreatment. C, Percentage proportion of mice bearing tumors bigger than 5 mm. The 
proportion of mice with especially large tumors was higher in htgUGT1A-SNP mice. D, Liver/body ratio after DEN and DEN + coffee 
cotreatment. The relative liver weight was significantly higher in htgUGT1A-SNP mice after DEN-treatment, whereas a comparable ratio was 
observed in DEN + coffee-cotreated mice. Groups without the same letter are significantly different; P < 0.05 was considered statistically 
significant
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     |  4271LANDERER Et AL.

hepatocarcinogenesis, serum aminotransferase activities were 
determined in both experimental mouse lines (Figure 3). In DEN-
treated mice, significantly higher AST and ALT levels were measured 
in htgUGT1A-SNP mice (AST: 107.4 U/L and ALT: 186.1 U/L) com-
pared with minor elevations in htgUGT1A-WT mice (AST: 62.2 U/L 
and ALT: 59.0 U/L). Coffee + DEN cotreatment lowered the AST and 
ALT values in both mouse lines, but the ALT levels remained slightly 
but significantly elevated in htgUGT1A-WT (control: 31.0 U/L, cof-
fee + DEN: 45.2 U/L) and htgUGT1A-SNP mice (control: 36.2 U/L, cof-
fee + DEN: 60.4 U/L) compared with their respective control group. 
Therefore, aminotransferase activities in serum appear to be higher 
in carriers of the SNP genotype and considerably decreased after 
induction treatment with coffee. Although significant (P < 0.05), the 
results did not meet the criteria for Bonferroni correction.

3.3 | Hepatic UGT1A expression in DEN-treated 
htgUGT1A mice

To assess UGT1A regulation during tumorigenesis in the different 
groups, hepatic UGT1A gene expression was determined (Figure 4). 
In DEN-treated htgUGT1A-WT mice, the transcriptional activation 
of all investigated UGT1A genes was significantly higher in normal 
liver tissue compared with tumor tissue. As expected, lower UGT1A 
expression levels were determined in DEN-treated htgUGT1A-SNP 
mice. Interestingly, no transcriptional UGT1A induction was ob-
served at the end of the 39-week experiment after coffee cotreat-
ment, although coffee had earlier been shown to increase UGT1A 
gene expression in vivo.29 Of note, UGT1A expression within tumor 
tissue of coffee + DEN-cotreated htgUGT1A-WT mice was lower 
compared with that measured inside tumors of water-receiving 
htgUGT1A-WT mice. A comparable but lower expression level was 
observed in coffee + DEN-cotreated htgUGT1A-SNP mice. Only 

UGT1A1 and UGT1A6 expression showed a different pattern with 
elevated mRNA levels within tumors of coffee-cotreated htgUGT1A-
SNP mice.

3.4 | Hepatic UGT1A protein expression and 
enzyme activity in DEN-treated htgUGT1A mice

With the intention to quantify hepatic UGT1A protein levels, 
Western blot analysis with an antibody detecting all human UGT1A 
isoforms was performed (Figure 5A). In line with the results of mRNA 
expression, hepatic protein expression in normal and tumor tissue 
of htgUGT1A-WT mice was considerably higher compared with the 
levels measured in htgUGT1A-SNP mice. Moreover, the downregula-
tion of UGT1A protein in tumor tissue of DEN-treated htgUGT1A-
WT and SNP mice was also detectable and is therefore in line with 
the mRNA results as well. After coffee + DEN cotreatment, an up-
regulation of UGT1A protein was measured in normal and especially 
in tumor tissue of htgUGT1A-WT mice, whereas lower protein levels 
were observed in the presence of SNPs.

In order to investigate a potential correlation of UGT1A enzyme 
activity with tumor burden and tumorigenesis, UGT activity levels 
were determined (Figure 5B). In general, significantly higher activity 
levels were measured in htgUGT1A-WT mice compared with equiv-
alently treated mice carrying the UGT1A SNP haplotype. In line with 
the results of UGT1A mRNA and protein expression, lower enzyme 
activity was measured within tumorous compared with nontumor-
ous liver tissue. Of note, activity levels of UGT enzymes were signifi-
cantly upregulated in normal liver tissue of both mouse lines after 
coffee + DEN cotreatment, with highest catalytic activity measured 
in coffee-cotreated htgUGT1A-WT mice (24.0% higher compared 
with htgUGT1A-SNP mice). Moreover, the enzymatic activity also in-
creased in tumor tissue after coffee + DEN cotreatment but did not 

F I G U R E  3   Aminotransferase activity level of htgUGT1A mice 40 wk after chemical induction of hepatocarcinogenesis. Liver injury was 
assessed by serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities. Mice carrying the Gilbert syndrome–
associated single-nucleotide polymorphism (SNP) haplotype had significantly higher AST and ALT levels. Each column represents the 
mean ± standard deviation. Groups without the same letter are significantly different; P < 0.05 was considered statistically significant. DEN, 
diethylnitrosamine; WT, wild-type
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4272  |     LANDERER Et AL.

reach the activity levels measured in normal tissue. In consequence, 
the UGT activity levels inversely correlate with the observed tumor 
burden of htgUGT1A-WT and SNP mice, with higher activities reduc-
ing tumor incidence and growth. These data suggest that coffee-me-
diated induction of UGT1A activity likely leads to an increased 
detoxification of carcinogenic compounds and consequently to an 
elevated degree of hepatoprotection, which in turn results in a de-
creased susceptibility for neoplastic transformation.

4  | DISCUSSION

The presence of genetic polymorphisms leading to the impaired 
ability of an organism to detoxify genotoxic compounds and sub-
sequently to an increased risk of tumorigenesis has been the hy-
potheses of case-control studies investigating the individual genetic 
disposition for cancer. Low-function UGT1A variants have been 

identified as an inheritable risk factor for cancer development. Thus 
far, direct experimental evidence corroborating this sequence of 
events has not been provided and was the aim of this study. By using 
htgUGT1A-WT and SNP mice, combined with the well-established 
model of DEN-induced carcinogenic liver injury, we were able to 
confirm that expression and induction of UGT1A genes influence 
hepatocarcinogenesis, with higher activities exerting a protective 
function and reduced expression increasing tumorigenesis and 
tumor burden.

In agreement with the hypothesis of a protective effect of higher 
UGT1A detoxification function, mice carrying the UGT1A SNP hap-
lotype, which is associated with lower carcinogen-metabolizing gene 
expression and activity, were more susceptible to DEN-induced 
hepatocarcinogenesis than htgUGT1A-WT mice. This was clearly 
observable by a significantly higher number of liver tumors, accu-
mulated tumor diameter, increased relative liver weight, and higher 
AST and ALT levels in htgUGT1A-SNP mice compared with their WT 

F I G U R E  4   Hepatic UGT1A expression levels of htgUGT1A mice 40 wk after diethylnitrosamine (DEN)-induced hepatocarcinogenesis. 
The graphs illustrate the mRNA expression of UGT1A genes relative to mouse β-actin measured in normal or tumor tissue of DEN- and 
coffee + DEN-treated htgUGT1A–wild-type (WT) and single-nucleotide polymorphism (SNP) mice. Values for htgUGT1A-WT mice refer 
to the left y-axis, those of htgUGT1A-SNP mice refer to the right y-axis. Significantly higher absolute expression levels were detected in 
htgUGT1A-WT mice. No UGT1A induction was measured in normal liver tissue after DEN + coffee cotreatment. Except for UGT1A1 and 
UGT1A6 expression in htgUGT1A-SNP mice, lower transcriptional activation was detected within tumor tissue. Each column represents the 
mean ± standard deviation. Groups without the same letter are significantly different; P < 0.006 was considered statistically significant
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counterparts. This corresponded to higher absolute expression and 
activity levels of UGT1A genes in the employed htgUGT1A-WT mice 
compared with lower levels observed in htgUGT1A-SNP mice. As 
glucuronidation of DEN has earlier been demonstrated in vivo,36 the 
correlation between increased tumor incidences and the presence of 
UGT1A SNPs is likely attributable to the impaired clearance mecha-
nism of cancerogenic DEN intermediates. Especially the reduced ex-
pression of UGT1A1, UGT1A4, and UGT1A7, which have been shown 
to play a crucial role in the detoxification of food-borne primary 
amines, nitrosamines, and other cancerogenic compounds,37 are a 
likely explanation for an increase of carcinogenesis in htgUGT1A-SNP 
mice, in which they are expressed only at low levels. Interestingly, 
lower UGT1A expression and protein levels were measured inside 
liver tumors compared with normal surrounding non-neoplastic 
liver tissue. Reduced UGT1A transcription in liver tumors may addi-
tionally decrease the ability of hepatocytes to eliminate mutagenic 
compounds and favor the conditions for the perpetuation of car-
cinogen-induced cytotoxicity and genotoxicity potentially leading 
to additional mutational events. These data are in line with previ-
ously published results by Strassburg et al reporting lower UGT1A 
mRNA and protein levels in tumors of HCC patients compared with 
normal surrounding liver tissue of the same liver.19 The consistency 
with such specific characteristics observed in humans suggests that 
the recreation of carcinogenesis in the DEN model shares important 
features with clinically encountered hepatocarcinogenesis in HCC in 

humans. Importantly, our data now provide direct experimental evi-
dence that the regulation of UGT1A genes and their activity directly 
modulates the risk for neoplastic transformation and that this find-
ing confirms case-control association studies of UGT1A SNPs and 
HCC incidence.

The study further evaluated the effects of coffee in this context. 
In addition to its hepatoprotective properties and reduced cancer 
risk, coffee consumption is known for its capability to act as po-
tent UGT1A inducer.29,38 Coffee cotreatment was found to reduce 
tumor formation and progression in both mouse lines. Although cof-
fee-cotreated mice experienced a higher degree of protection than 
water-drinking mice of the same genotype, coffee was not found 
to be associated with an increased UGT1A gene expression when 
samples were tested at the end of the 39-week experimental period. 
Additionally, even lower mRNA expression levels were determined 
within tumors of coffee-cotreated mice (except for UGT1A1 and 
UGT1A6 in htgUGT1A-SNP mice). A likely explanation for this finding 
is the timing of the measurement. Most published reports show an 
induction of UGT1A gene regulation within days of exposure, which 
was different in our experimental setting. Data covering periods of 
40 weeks have not yet been reported to our knowledge. However, 
coffee-mediated induction of UGT1A enzymes especially during the 
initial phase of DEN administration and the molecular events prev-
alent at this time leading to neoplastic initiation are likely to occur 
in the same way as observed in previously published data. Due to 

F I G U R E  5   Hepatic UGT1A protein expression and enzyme activity in diethylnitrosamine (DEN)-treated htgUGT1A mice 40 wk after 
DEN-induced hepatocarcinogenesis. A, Western blot analysis of hepatic UGT1A protein quantity in normal (N) and tumor (T) tissue. 
Increased protein levels were detected in DEN-treated htgUGT1A–wild-type (WT) mice, and a considerable upregulation was observed after 
DEN + coffee cotreatment especially in tumor tissue. B, UDP-glucuronosyltransferase (UGT) enzyme activity against a proluciferin substrate 
shown as percent of substrate consumed. Catalytic UGT activity was significantly induced after coffee cotreatment in both mouse lines with 
higher protein activity measured in htgUGT1A-WT mice. Each column represents the mean ± standard deviation. Groups without the same 
letter are significantly different; P < 0.05 was considered statistically significant
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the high cellular replication rate and the associated base mispair-
ing as well as the error-prone repair mechanism in the presence of 
carcinogen action,39 young animals are more susceptible to DEN-
induced carcinogenesis. Therefore, the coffee-mediated UGT1A ac-
tivation immediately or shortly after DEN injection plays an essential 
role in the observed protection by coffee, and this may no longer 
be detectable after 40 weeks. Nevertheless, correlation between 
detoxification function of UGT1A enzymes and hepatoprotection 
by coffee was demonstrated, as increased UGT activity levels after 
coffee cotreatment were determined even at the end of the exper-
imental period.

Besides the supposed role of UGT1As as effectors of the 
hepatoprotective properties of coffee in the prevention of car-
cinogen-induced hepatocarcinogenesis, glucuronidation is also 
among the primary pathways for biotransformation of HCC 
chemotherapeutic agents such as sorafenib 40 and lenvatinib.41 
Accordingly, coffee consumption could also potentially influence 
the chemotherapeutic treatment of HCC. A coffee-mediated in-
duction of glucuronidation activity might increase the excretion 
of therapeutic agents, which would affect drug efficacy. On the 
other hand, protective effects of coffee consumption during 
irinotecan (a drug used in colorectal cancer therapy) treatment 
were shown in a recently published in vivo study.42 In this study, 
a significant reduction of irinotecan toxicity–induced leukopenia, 
intestinal oxidative stress, and inflammation was demonstrated 
indicating potential clinical utility of coffee to reduce drug- 
related side effects. However, to assess whether coffee-mediated 
UGT1A activation influences drug efficacy during chemother-
apy requires further study. Our study conclusively suggests that 
low-function genetic UGT1A variants, observed in 10% of the white 
population, have a direct effect on the risk for neoplastic transfor-
mation and are a relevant risk factor for hepatocarcinogenesis and 
the development of HCC. High UGT1A expression and the induction 
of UGT1A transcription by coffee exposure were associated with 
protection against tumor development in a model of DEN-induced 
hepatocarcinogenesis. As a consequence of our findings, UGT1A 
polymorphisms may play a role to predict HCC susceptibility and 
progression. In addition, chemoprevention by strategies aiming at 
inducing UGT1A expression, ie, by exposure to coffee constituents 
or other compounds may represent attractive preventive strate-
gies in susceptible individuals for hepatocarcinogenesis.
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