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ABSTRACT

Background: Alcohol dehydrogenase and acetaldehyde dehydrogenases have been associated with hepatocellular carcinoma, but how
alcohol dehydrogenase and acetaldehyde dehydrogenases alter the prognosis of hepatocellular carcinoma have not been completely
elucidated.

Methods: Metabolic activities, gene polymorphisms, and content of alcohol dehydrogenase and acetaldehyde dehydrogenases were
determined in 68 fibrotic livers from hepatocellular carcinoma patients. These characteristics were then correlated with clinical features
and prognosis in these patients.

Results: The median survival time of the ALDH-high activity group (727 days) was increased by 128% compared with that of ALDH-low
activity group (319 days), and there was a significant negative correlation between the activity of acetaldehyde dehydrogenases and
the level of alanine aminotransferase, aspartate aminotransferase, and alkaline phosphatase. There was no difference in survival time
between ALDH2-high and ALDH2-low expression group, though the activity of acetaldehyde dehydrogenases had correlation with the
content of ALDH2 (r = 0.6887, P < .001). Mutation at ALDH2rs671 significantly decreased both the activity and content of acetalde-
hyde dehydrogenases, but the polymorphism had no relationship with progression of hepatocellular carcinoma patients. In addition,
the activity and 3 polymorphisms of alcohol dehydrogenase had no effect on overall survival. Mutation at ADH1Crs698 significantly
decreased both the activity and content of alcohol dehydrogenase (P < .05), mutation at ADH1C rs2241894 had an inverse effect, and
mutation at ADH1B rs1229984 increased activity but did not affect content. The activity of alcohol dehydrogenase had a moderate cor-
relation with the content of ADH1A and ADH1C in livers (P < .05).

Conclusion: Low activity of acetaldehyde dehydrogenases in livers correlates with poor prognosis and clinical progression in hepatocel-

lular carcinoma patients, and both gene polymorphisms and content influence its metabolic activity.
Keywords: ADH, ALDH, hepatocellular carcinoma, polymorphism, prognosis

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth leading
cause of cancer death worldwide in 2018." In patients
who underwent radical resection, the 5-year survival rate
has remained below 12% due to postoperative recurrence
and/or metastasis.2? It is vital to identify the factors that
affect recurrence and survival of HCC patients. Recently,
metabolic alterations have been shown to play a major
role in tumorigenesis.*’ Therefore, changes in enzymes
involved in metabolism are receiving increasing attention.

Alcohol dehydrogenase (ADH) and acetaldehyde dehy-
drogenases (ALDH) are classified as phase | xenobiotic
metabolizing enzymes, and they take part in the metabo-
lism of ethanol, retinol, hydroxysteroids, lipid aldehyde,
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and so on.%® Currently, a considerable amount of studies
have focused on the effects of ADH and ALDH on liver
disease. The results of Jelski et al'® showed that total
ADH and ALDH activities were significantly higher in can-
cer tissues than in healthy tissues from HCC patients.
However, Hou et al* found that ALDH2 levels were signifi-
cantly lower in liver tumor tissues. Yi et al'' indicated that
ADHIII can promote liver fibrosis by activation of hepatic
stellate cells and inhibition of natural killer cell activity.
Our previous results showed that the activities of total
ADH, ADHI, and ADHII in fibrotic livers increased signifi-
cantly, and both the positive rate of ADHI and ADHII were
more than 70%¢9%. Guo et al'? revealed that ALDH2 can
ameliorate liver injury caused by chronic alcohol intake in
ALDH2 transgenic mice.
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It is well known that there are clear inter-individual
variations in the activities of ADH and ALDH.5'° Gene
polymorphisms are considered to have important effect
on enzyme activity.”*'* The genes encoding ADH1B,
ADH1C, and ALDH2 exhibit polymorphisms with eth-
nic variations. Single-nucleotide polymorphisms of
ADH1B rs1229984 (ADH1B*2), ADH1Crs698(A>G),
and ALDH2 rs671 (ALDH2*2) receive more atten-
tion." Many studies have demonstrated that these
polymorphisms are related to some diseases, includ-
ing esophageal cancer,'® hypopharyngeal squamous
cell carcinoma,’” and pancreatitis.’® In addition, protein
content is another important factor affecting enzyme
activity. Prasad et al'® determined the expression levels
of ADH and ALDH in alcoholic and hepatitis C cirrhotic
livers, and considerable individual variation was found in
ADH protein content.

The above data indicate that ADH and ALDH likely
play important roles in liver diseases, especially HCC.
Moreover, gene polymorphisms and expression might
affect their activity. However, their specific func-
tion during HCC development remains poorly under-
stood. To our knowledge, there are only 2 reports that
focused on the relationship between ALDH and pro-
gression of HCC.#2° The results of Hou et al* suggested
that decreased levels of ALDH2 in tumor tissues may
exhibit a poor prognosis in HCC patients, and forcing
the expression of ALDH2 in HCC cells inhibited their
aggressive behavior. Huang et al?® reported that HCC
patients carrying mutant allele (rs671 G>A), a defec-
tive allele, of ALDH2 had a favorable postoperative
outcome. Their results seem to be contradictory
because the expression level of ALDH2 in GA and AA
genotype carriers is only between 30% and 40% of that
of wild type.?’

In this study, gene polymorphisms, protein content,
and the activities of ADH and ALDH were analyzed in
68 human fibrotic liver samples from HCC patients,

Main Points

Both gene polymorphisms and content influence the activ-
ity of alcohol dehydrogenase (ADH) and acetaldehyde
dehydrogenases (ALDH).

Polymorphisms of ADH and ALDH have no effects on over-
all survival of hepatocellular carcinoma (HCC) patients.
Low activity of ALDH in livers correlates with poor progno-
sis in HCC patients.

and the relationship between content and activity was
assessed. Moreover, the effects of ADH and ALDH on
overall survival (OS) were analyzed.

MATERIALS AND METHODS

Patients and Follow-up

The research has been approved by the ethics committee.
Human liver tissues from 68 patients with HCC receiving
surgical resection were collected after written informed
consent (Table 1) from 2013 to 2014.7222% All liver sam-
ples were from patients with severe fibrosis (S3 or S4) as
confirmed by the pathological results.?? The liver samples
were 2 cm distant from the tumor tissue and were placed
in liquid nitrogen within 30 minutes of resection. Clinical
characteristics of the patients were recorded, including
gender, age, alpha-fetoprotein (AFP), aspartate amino-
transferase (AST), alanine aminotransferase (ALT), alka-
line phosphatase (ALP), HBV surface antigen, tumor size,
and tumor volume. All cases were followed up after surgi-
cal treatment. The OS was calculated based on the date
of death or the last visit time (December 31, 2017).

Table 1. Clinical and Laboratory Characteristics of Hepatocellular
Carcinoma Patients

Variables Group Number Percentage
Gender Male 58 85.29
Female 10 14.71
Age Age < 40 years 8 11.76
40 < Age <60 years 42 61.76
Age >60 years 18 26.47
Smoking Non-smoker 38 55.89
Smoker 30 4411
Alcohol Non-drinker 46 67.65
Drinker 22 32.35
ALT <40.00 39 57.35
>40.00 29 42.65
AST <40.00 31 45.59
>40.00 37 54.41
ALP 30.00-120.00 44 64.71
>120.00 24 35.29
S3/s4 S3 23 33.82
S4 45 66.18
Total 68 100

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alka-
line phosphatase.
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Determination of Total ADH and ALDH Activity in
Liver56,10,24,25

The activities of total ADH and ALDH were measured
according to the method reported previously. In brief,
the substrates were p-nitrosodimethylaniline, and
6-methoxy-2-naphthaldehyde, respectively. Wavelength
of 440 nm was used for assays of total ADH. Emission
wavelength of 360 nm with excitation wavelength of
310 nm was used for assays of total ALDH.

Determination of the Content of ADH and ALDH2 in
Livers

Label-free quantitative proteomics method was used for
quantifying liver tissue proteins.2® The lysate of the pro-
tease mixed inhibitor was added to liver tissue and placed
in an ice bath for 20 minutes after brief sonication. The
preparation was subjected to centrifugation at 4° and
16 000 g x 10 minutes to obtain the supernatant. The pro-
tein concentration was measured using a BCA kit (Boster,
Wuhan, China). Trypsin was added for digestion, and the
Nanodrop micro-ultraviolet spectrophotometer (Thermo,
Madison, WI, USA) was used to detect the peptide concen-
tration. Peptide fractions were pre-separated using reverse
chromatography columns and sequenced on a Q-Exactive
HF mass spectrometer (Thermo). A peptide solution pro-
duced from HEK293T cells was used as quality control.
The data analysis was performed using MaxQuant software
(version 1.5.3.8), and the normalized intensity-based abso-
lute quantification (iBAQ) value based on peak intensity
represented the protein expression.

Determination of Polymorphisms of ADH and ALDH
Polymorphisms ~ ADH1B  rs1229984  (G>A) and
ADH1Crs698 (A>G) were determined by polymerase
chain reaction-restriction fragment length polymor-
phism.2” ADH1C rs2241894 (A>G), ALDHZ2 rs671 (A>G),
and ALDHZ2 rs13306164 (C>T) were detected by per-
forming mass spectrometry (LIUHE HUADA Genomics
Technology Co., Ltd., Beijing, China).

Statistical Analysis

Statistical analyses were performed by using the
Statistical Package for Social Sciences version 22.0 soft-
ware (IBM Corp.; Armonk, NY, USA), and a value of P <.05
was considered as a significant difference. Alcohol dehy-
drogenase and ALDH activities were analyzed by Mann—
Whitney U test due to abnormal distribution. Enzyme
content was analyzed with independent-samples t tests
between 2 groups or one-way ANOVA among more than
2 groups. Survival analysis was performed using the

Kaplan—Meier method, and the difference between 2
groups was compared by the log-rank test.

RESULTS

The Activity of ADH and ALDH in HCC Patients

The metabolic activities of total ADH and ALDH were
measured in 68 liver homogenates. Generally, the met-
abolic activities of ADH and ALDH are expressed by per
mg of homogenate protein (V,), which ignore the differ-
ence in the content of homogenate protein in 1 g of liver
tissues (HPGL) in different samples. So in this study, the
metabolic activities were based on per gram of liver (V,),
and V, was calculated by multiplying V, and the values
of HPGL (Figure 1A). The minimal and maximal values
of HPGL were 45.1 and 107.6 mg protein/g liver, respec-
tively, representing a 2.4-fold variation. There were also
substantial individual variations in metabolic activities of
total ADH and ALDH. The individual variations in V, of ADH
reached 36-fold, while the variations in V at 95% predic-
tion interval decreased to less than 23-fold. Compared
with ADH, the fold change of ALDH V, was much lower
but still achieved 10-fold.

The correlations between the activities of ADH and ALDH
were analyzed (Figure 1B), and the results showed that
the activity of ADH had no significant correlation with
ALDH (P > .05).

Effects of Gene Polymorphisms on Activity of ADH

and ALDH

Alcohol dehydrogenase | comprises 3 subtypes, includ-
ing ADH1A, ADH1B, and ADH1C. Three mutations were
detected and the effects on the corresponding enzyme
activities were shown in Table 2. The results displayed
that the mutation frequency of ADHI1B rs1229984,
ADH1Crs698, and ADH1C rs2241894 correspondingly
were 62.0%, 9.7%, and 71.6%, respectively. The ADH1B
rs1229984 mutation increased ADH activity compared to
the wild-type GG genotype, and the ADH1C rs698 muta-
tion reduced ADH activity (P < .05). The V, of individuals
with mutant homozygous and heterozygous alleles for
the ADH1C rs2241894 (A > G) was increased by 70.9%
and 95% compared with the AA allele.

The ALDH2 rs671 mutation frequency was 15%, and
ALDH2 rs13306164 mutation frequency was 5.2%
(Table 2). The ALDH2 rs671 mutation significantly
decreased the activity of ALDH (P < .01). The V, of ALDH
decreased by 62% in the GA genotype compared with the
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Figure 1. (A) The activity of ADH and ALDH. (B) The correlation between ADH and ALDH activity. (C) C Individual variations in subjects with
the same genotype in ADH and ALDH. Max/min: ratio of maximum to minimum of V,. ADH, alcohol dehydrogenase; ALDH, acetaldehyde
dehydrogenases; HCC, hepatocellular carcinoma.

Table 2. The Distribution of Activity and Content of ADH of ALDH According to Polymorphism Types (Median)

Content
Allele n Frequency (%) A n iBAQ (x108)
ADH1B rs1229984 GG 10 14.9 485.76 6 55.5
GA 31 46.3 733.61 18 51.4
AA 26 38.8 633.07 15 51.4
ADH1C rs698 AA 54 80.6 680.58 33 6.30
GA 13 19.4 450.78" 6 3.60™
ADH1C rs2241894 AA 9 13.4 373.44 6 4.27
GA 20 29.9 728.09 14 6.30
GG 38 56.7 638.23" 19 5.93"
ALDH2 rs671 GG 47 7041 14.69 25 20.8
GA 20 29.9 5.61" 14 8.62"
ALDH2 rs13306164 CC 60 89.6 11.71 36 17.7
TC 7 10.4 13.18 3 27.7

V,, nmol/min/g tissue; *P < .05, “P < .01,""P < .001 versus wild-type homozygotes.
ADH, alcohol dehydrogenase; ALDH, acetaldehyde dehydrogenases; iBAQ, intensity-based absolute quantification.
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GG genotype. The ALDH2 rs13306164 mutation had no
significant effect on the V, of ALDH.

Though gene polymorphisms had an effect on activity,
there were still substantial differences among the subjects
with the same genotype (Figure 1C). For the V, of ADH,
individual variation in subjects with ADH1Brs1229984 GG
genotype was lowest, and it was still 4.3-fold. Moreover,
the variation in subjects with ADH1Crs698 AA geno-
type was greatest which was up to 26-fold. For the V,
of ALDH, the variation of the CC genotype based on
rs13306164 was 9-fold.

Effects of Content on Activity of ADH, ALDH,

and ALDH2

The protein content of ADH1A, ADH1B, ADH1C, and ALDH2
of 39 samples was detected in 68 samples and expressed by
iBAQ. The correlation between the expression level and the
corresponding activity was evaluated, and the results showed
that there was a moderate correlation between the activ-
ity of ADH and the expression level of ADH1A and ADH1C
(Figure 2, P < .05). Compared with ADH, the correlations
between ALDH2 content and ALDH activity were higher with
a correlation coefficient of 0.6887 (Figure 2). Furthermore,
there was a correlated trend between the ADH activity and
content of ADH1B, and the P value was close to .05. The
correlations between them were not statistically significant
which might be due to the relatively small sample size.

As shown in Table 2, individuals who possessed GA alleles
of ADH1C rs698 had obviously lower ADH1C protein lev-
els than those with the AA genotype (P < .05). The protein
level of ADH1C in samples with the G allele was signifi-
cantly higher than that in samples carrying the AA allele
for ADH1C rs2241894 (P < .05). For the ALDH2 polymor-
phism, the ALDH2 rs671 mutation decreased the content
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by 58.6%. The change trend and effect on the content of
the 3 polymorphisms were similar with the effect on cor-
responding activity.

Effects of ADH, ALDH, and ALDH2 on the Clinical
Characteristics of HCC Patients

In order to analyze the effects of ADH and ALDH on the
development and progression of HCC, the patients were
divided into 2 groups based on the median activity: a high-
activity group and a low-activity group. The difference in
clinical characteristics, such as ALT, AST, ALP, AFP, tumor
size, and tumor volume, between the groups was analyzed.
The results showed that the patients with high ALDH
activity achieved better OS and a longer time to death
than those in the ALDH-low activity group (Figure 3A). The
median survival time of the ALDH-low activity group and
the ALDH-high activity group was 319 days and 727 days,
respectively. Compared with the low-activity group, the
survival time of the high-activity group was 128% longer.
In addition, there was a significant correlation between the
activity of ALDH and several indicators of liver injury, includ-
ing ALT, AST, and ALP (Figure 3C-E, P < .05). The multi-
variate Cox regression analysis further indicated that ALDH
activity was an independent risk factor for OS in patients
with HCC (Table 3). The relationship between ALDH2 con-
tent and survival in patients was also analyzed. The median
survival time of the ALDH-low expression group (n = 19)
and the ALDH-high expression group (n = 20) was 351
days and 344 days, respectively (P> .05, Figure 3B).

The effects of gene polymorphisms in ADH and ALDH,
including ADHI1B rs1229984, ADH1Crs698, ADHI1C
rs2241894, ALDH2 rs671, and ALDHZ2 rs13306164 on
OS and other clinical characteristics were analyzed. The
results showed that there were no significant differences
among different genotypes (P > .05, Figure 4A and B).
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Figure 2. Correlation between content and activity of ADH and ALDH in different human livers (n = 39). The content was expressed as
iBAQ value. ADH, alcohol dehydrogenase; ALDH, acetaldehyde dehydrogenases; iBAQ, intensity-based absolute quantification.
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Figure 3. The survival curves of the HCC patients according to
ALDH activity and levels. (A) Kaplan—-Meier survival curves for ALDH
activity (A) and content (B) in all patients with HCC. (C-E) Analysis

of the correlation and differences between ALDH activity subgroups
and clinical indicators ALT (C), AST (D), ALP (E). ALD, alcohol
dehydrogenase; ALDH, acetaldehyde dehydrogenases; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; ALP,
alkaline phosphatase; HCC, hepatocellular carcinoma.

DISCUSSION

Hepatocellular carcinoma is the most common form of
liver cancer characterized by a high recurrence rate and a
poor prognosis. Most risk factors can lead to the forma-
tion of liver fibrosis and further development of fibrosis
or cirrhosis, which is shown in between 80% and 90% of
patients with HCC.2 Thus, the status of fibrosis liver tis-
sue surrounding the tumor might be very important for
the recurrence and the clinical outcome of these patients

after surgical resection. In this study, the activities of ADH
and ALDH in 68 livers from HCC patients were deter-
mined based on liver tissues and showed substantial
variation, reaching 36-fold. The influence of gene poly-
morphisms and content on inter-individual variations in
metabolic activities was systematically investigated. We
found that low ALDH activity in livers correlates with poor
prognosis and clinical progression. These results are use-
ful for the development of individualized treatment for
patients with HCC.

As mentioned above, many papers have focused on
the relationship between ADH, ALDH, and liver dis-
ease. #5102 Yj et al" and Guo et al' focused on the
effects of ADHIII and ALDH?2 on liver fibrosis and alco-
hol-induced hepatic steatosis, respectively, and did
not address HCC. Three other studies were conducted
with HCC patients.*®'® Several examined the enzymes
in tumor tissue or in the adjacent tumor tissue, namely
fibrosis liver. They measured either enzyme activity or
content. We think that the activity of the metabolic
enzymes in fibrotic tissues (adjacent tumor tissues) of
HCC patients may be more meaningful for the prog-
nosis of patients. The main reasons are as follows.
First, HCC is different from other cancers because the
adjacent tumor tissues of between 80% and 90%
of HCC patients are fibrotic tissues rather than nor-
mal tissues.? This is the "soil” for tumor cell, first sug-
gested in Paget's “seed and soil” hypothesis.?® By
studying the adjacent tumor liver tissue, risk factors
that affect the development of HCC may be found.
For example, we have carried out a series of studies
on adjacent tumor tissues in HCC patients and have
found that CYP2E1 activity can affect the occurrence
and prognosis of HCC.222¢ Secondly, compared
with the whole liver, a tumor takes up a small propor-
tion, so the adjacent tumor tissues can better reflect
the overall condition of the metabolic enzyme in
the liver. Lastly, enzyme activity is more representa-
tive of enzyme characteristics than enzyme content
because the content is not the only factor that affects
enzyme activity.

Our previous data indicated that the ADH activity
was significantly increased in fibrotic livers from HCC
patients compared with normal livers, and a higher level
of ADH activity may be a risk factor for hepatofibrogen-
esis.® However, in this study, we failed to find an associa-
tion between ADH activity and progression of HCC, which
suggested that the occurrence and progression of HCC
were not completely consistent.
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Table 3. Univariate and Multivariate Analyses—Cox Regression Overall Survival

Clinical Parameters

Univariate Analysis

Multivariate Analysis

HR (95% Cl) P HR (95% Cl) P
ALDH activity* 0.949 (0.904-0.997) .039 0.941 (0.889-0.996) 036
Gender, male = 1 1.209 (0.538-2.715) 646 394
Age (years) 1.004 (0.979-1.030) 760 715
Smoking 0.662 (0.363-1.207) 176 586
Drinking 0.894 (0.472-1.693) 732 484
HBsAg 0.314 (0.076-1.308) 093 0.457 (0.107-1.957) 299
ALT 1.006 (1.000-1.013) 052 0.974 (0.957-0.990) .002
AST 1.016 (1.008-1.024) <.001 1.052 (1.027-1.077) <.001
ALP 1.003 (0.998-1.008) 278 466
GGT 1.002 (0.999-1.005) 122 546

*The activity of ALDH based on tissue level.
HR, hazard ratio; ALDH, acetaldehyde dehydrogenases; HBsAg, HBV surface antigen; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
ALP, alkaline phosphatase; GGT, y-glutamyl transpeptadase.

We found that patients with high ALDH activity achieved
better OS. Mutation of rs671 significantly decreases
ALDH activity, but there was still a substantial difference
among the subjects with the same genotype. The results
indicated that the polymorphism had a limited effect on
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had no effect on survival to a certain extent. The results
of Hou et al* showed that the decreased levels of
ALDH2 might indicate a poor prognosis in HCC patients,
which were not completely consistent with ours. The rea-
son might be that Hou* measured the content of ALDH in
tumor tissues, while we measure the content in adjacent
tumor tissues. In addition, this result was different from
the study of Huang et al?® in which HCC patients carrying
a defective allele of ALDH2 had a favorable postopera-
tive outcome. The differing results might be due to the
sample size and the stage of cancer and therapies with
curative intent.

Most of the studies about polymorphism of ADHand ALDH
focus on alcohol metabolism or alcoholism. ADH1B*2 and
ALDH2*2 have been reported to show protective effects
against developing alcoholism.?®3° Individuals with the
ADH1B*2 allele showed a higher alcohol elimination
rate.3' Marshall et al®? reported that ADH1B*3 had a
marginal effect on alcohol pharmacokinetics in nonde-
pendent drinkers of African descent. Other reports have
shown that polymorphisms in ALDH2 dramatically influ-
ence blood ethanol and acetaldehyde levels.333* However,
pharmacokinetics included absorption, distribution,
metabolism, and excretion, and the in vivo studies could
not really reflect the effects of gene polymorphisms
on metabolism.”® A few studies existed regarding the
effects of gene polymorphisms on ADH and ALDH
activities in vitro. Enomoto et al® analyzed the effect of
ALDH2*2 on hepatic ALDH2 activity in 23 patients and
found that hepatic ALDH2 activity was not evident in the
2 cases of the mutant homozygote, which indicated that
ALDH2*2 causes a catalytic inactivation of the enzyme.
Our study systematically evaluated the influence of gene
polymorphism of ADH and ALDH on metabolic activity of
ADH and ALDH in vitro, and we found that the mutation
of ADH1C rs698 and ALDH2 rs671 significantly decreases
the activity of corresponding enzyme, while ADH1B
rs1229984 had the opposite effect.

Moreover, the effects of ADH and ALDH mutations on
content were also analyzed. Interestingly, we found
that the polymorphism locus of ADH1C rs698, ADH1C
rs2241894, and ALDH2 rs671 significantly affected the
content of the corresponding enzyme, and the extent
of the effect on content was consistent with that on
activity. This suggests that the effects of the above poly-
morphisms on activity were achieved by the effects on
the content. While ADH1B rs1229984 only increased
the activity, not content, this locus might directly affect
enzyme activity.

Despite these encouraging results, several limitations in
our study should be stated. First, only HCC patients with
serious fibrosis (S3 and S4) undergoing resection were
enrolled. Second, the expression levels of ADH and ALDH
were iBAQ values, which was not absolute content.

In conclusion, the study suggests that low activity of
ALDH in livers correlates with poor prognosis and clini-
cal progression in HCC patients, and both gene polymor-
phisms and content influence its metabolic activity.
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