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ABSTRACT

Hepatic cytosolic alcohol and aldehyde dehydrogenases (ADHs and
ALDHs) catalyze the biotransformation of xenobiotics (e.g., cyclo-
phosphamide and ethanol) and vitamin A. Because age-dependent
hepatic abundance of these proteins is unknown, we quantified
protein expression of ADHs and ALDH1A1 in a large cohort of pediatric
and adult human livers by liquid chromatography coupled with tandem
mass spectrometry proteomics. Purified proteins were used as cal-
ibrators. Two to three surrogate peptides per protein were quantified
in trypsin digests of liver cytosolic samples and calibrator proteins
under optimal conditions of reproducibility. Neonatal levels of ADH1A,
ADH1B, ADH1C, and ALDH1A1 were 3-, 8-, 146-, and 3-fold lower than

the adult levels, respectively. For all proteins, the abundance steeply
increased during the first year of life, which mostly reached adult
levels during early childhood (age between 1 and 6 years). Only for
ADH1A protein abundance in adults (age > 18 year) was ~40% lower
relative to the early childhood group. Abundances of ADHs and
ALDH1A1 were not associated with sex in samples with age > 1 year
compared with males. Known single nucleotide polymorphisms had
no effect on the protein levels of these proteins. Quantification of
ADHs and ALDH1A1 protein levels could be useful in predicting
disposition and response of substrates of these enzymes in younger
children.

Introduction

Age-dependent maturation of the expression or activity of drug metab-
olizing enzymes (DMEs) in humans is commonly observed (Hines, 2008).
Although substantial data exist on the ontogeny of major microsomal
DMEs, age-dependent regulation of cytosolic enzymes is not well studied.
Alcohol dehydrogenase 1 isoforms (ADH1A, ADH1B, and ADH1C) and
aldehyde dehydrogenase 1A1 (ALDHIAL) are high-abundant cytosol-
ic proteins in human liver (Edenberg, 2000; Sladek, 2003) and belong to
a family of NAD(P)*-dependent enzymes and primarily involved in the
biotransformation of primary alcohols to aldehydes and aldehydes to weak
carboxylic acids, respectively (Sladek, 2003). For example, these enzymes
play major roles in the metabolism of vitamin A (Kam et al., 2012; Arnold
et al., 2015), alcohol (Zakhari, 2006), and drugs such as cyclophosphamide
(CP) (de Jonge et al., 2005). Specifically, ALDH1Al is responsible for
converting retinaldehyde to retinoic acid, whereas ADH enzymes convert
ethanol to acetaldehyde. CP is first converted by multiple cytochrome P450
enzymes to 4-hydroxy-CP, which exists in equilibrium with its open ring
tautomer, aldophosphamide. Both 4-hydroxy CP and aldophosphamide are
irreversibly deactivated by ADHs and ALDH1A1 to 4-keto CP and
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carboxyphosphamide, respectively. The ALDH-catalyzed detoxifica-
tion reaction competes with the activation reaction that converts
aldophosphamide to cytotoxic phosphoramide mustard, which is respon-
sible for the anticancer activity (de Jonge et al., 2005). Therefore, these
enzymes play a major role in determining the efficacy as well as off-
target toxicity of CP.

Immature levels of DMEs and transporters are often associated with
reduced clearance and an increased risk of toxicity of xenobiotics in
children (Hines, 2008). Although midterm fetal levels of hepatic ADH and
ALDH are significantly lower relative to adults (Smith et al., 1971),
ontogenic trajectories of these proteins across the entire age spectrum from
newborns to adults have not been established. Such data are important to
predict the effect of age on in vivo clearance of ADHs and ALDH1A1
substrates in children before clinical use. Therefore, we quantified ADHI1A,
ADHI1B, ADHI1C, and ALDH1A1 in the hepatic cytosolic (HLC) fractions
isolated from a bank of tissues using our well-established proteomics
methodology (Prasad et al., 2016). We then studied the effect of age, sex,
race, and genetic polymorphisms on protein expression of these enzymes.
Although there are multiple ADHs (Estonius et al., 1996) and ALDHs
(Stewart et al., 1996) expressed in various human tissues, this study is lim-
ited to four major hepatic dehydrogenases (ADH1A, ADH1B, ADHIC,
and ALDHI1A1). Integration of the protein abundance data into physio-
logically based pharmacokinetics modeling software would be useful to
predict accurate drug disposition in a pediatric population.

Materials and Methods

Materials. Purified ADH1A, ADHIB, ADHIC, and ALDHI1AIl protein
standards were procured from Abnova (Walnut, CA). Synthetic heavy labeled
peptides (Supplemental Table 1S) were obtained from Thermo Fisher Scientific

ABBREVIATIONS: ADH, alcohol dehydrogenases; ALDH, aldehyde dehydrogenase; CP, cyclophosphamide; DME, drug-metabolizing enzyme;
HLC, human liver cytosol; LC-MS/MS, liquid chromatography coupled with tandem mass spectrometry.
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(Rockford, IL). Ammonium bicarbonate (98% purity), bovine serum albumin
(BSA) and Pierce Trypsin protease (MS-grade) were purchased from Thermo
Fisher Scientific (Rockford, IL). Chloroform, ethyl ether, Optima MS-grade
acetonitrile, methanol, and formic acid were purchased from Fischer Scientific
(Fair Lawn, NJ).

Human Liver Cytosol Samples. Human cytosol samples of 129 pediatric liver
donors were provided by Children’s Mercy-Kansas City (Kansas City, MO). Tissues
were obtained from the National Institute of Child Health and Human Development
Brain and Tissue Bank for Developmental Disorders at the University of Maryland
the Liver Tissue Cell Distribution System at the University of Minnesota and the
University of Pittsburgh as well as Vitron (Tucson, AZ) and XenoTech LLC (Lenexa,
KS). An additional 57 adult and 8 pediatric samples were available through the
University of Washington School of Pharmacy liver bank. The samples were
classified based on the following age categories: neonatal (027 days; n = 4), infancy
(28-364 days; n = 17), toddler/early childhood (1 year to < 6 years; n = 30), middle
childhood (6 years to < 12 years; n = 38), adolescence (12-18 years; n = 48), and
adulthood (> 18 years; n = 57). The use of these samples has been classified as
nonhuman subject research by the institutional review boards of the University of
Washington (Seattle, WA) and Children’s Mercy-Kansas City. Procurement and
storage information were described previously (Pearce et al., 2016; Prasad et al.,
2016; Shirasaka et al., 2016; Boberg et al., 2017). Detailed donor demographic
information is provided in Supplemental Table 2S. The HLC fraction was isolated
from liver tissue samples by differential centrifugation as per established protocols
(Pearce et al., 2016; Shirasaka et al., 2016).

Protein Denaturation, Reduction, Alkylation, Enrichment, and Trypsin
Digestion. The HLC samples were trypsin digested as described with few
modifications (Boberg et al., 2017). Detailed method is also described in the
Supplemental Material. For absolute quantification, protein standards (on column
amounts, 0.032-2.04 pmol (ADH1A), 0.017-1.104 pmol (ADH1B), 0.017-1.115
pmol (ADH1C), and 0.013-0.803 pmol (ALDH1A1)) were injected to create the
calibration curves.

Quantitative Analysis of ADH1A, ADH1B, ADH1C, and ALDH1A1 by
LC-MS/MS. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
consisted of an Acquity (Waters Technologies, Milford, MA) LC coupled to an
AB Sciex Triple Quadrupole 6500 MS system (Framingham, MA). Two to three
surrogate peptides per protein were selected for the quantification of ADHIA,
ADHIB, ADHIC, and ALDH1A1 protein abundance (Supplemental Table 1S)
following previously published protocol (Vrana et al., 2017) (QPrOmics; www.
gpromics.uw.edu/qpromics/assay/). The peptide separation was achieved on an
Acquity UPLC column (HSS T3 1.8 um, 2.1 x 100 mm, Waters). Mobile phase
A (water with formic acid 0.1%; v/v) and mobile phase B (acetonitrile with formic
acid 0.1%; v/v) were used with a flow rate of 0.3 ml/min in a gradient manner
(Supplemental Table 1S). Multiple reaction monitoring conditions for targeted
analysis of ADHIA, ADH1B, ADHIC, and ALDH1AL1 proteins are shown in
Supplemental Table 1S. Peak integration and quantification were performed using
Analyst (Version 1.6, Mass Spectrometry Toolkit v3.3, Framingham, MA). We
used a robust strategy to ensure optimum reproducibility when quantifying these
proteins. For example, ion suppression was addressed by using heavy peptide.
BSA was used as an exogenous protein internal standard, which was added to
each sample before methanol-chloroform-water extraction and trypsin digestion
to correct for protein loss during processing and digestion efficiency. To address
interbatch variability, three sets of pooled representative cytosolic samples were
processed each day, which served as quality controls. In total, three-step data
normalization was used. First, average light peak areas for specific peptide
daughter fragments were divided by corresponding average heavy peak areas.
This ratio was further divided by BSA light/heavy area ratio. For each day, these
data were further normalized to average quality control values. Absolute
quantification of ADHs and ALDH1A1 in the pooled quality control samples
was performed using the purified protein calibrators, which was used to calculate
the protein abundance in each sample. The protein abundance data presented are
the mean of the three analyses with standard deviation (S.D.).

DNA Isolation and Genotyping. ADH and ALDH genotyping of the control
adult samples was conducted per established protocols (Prasad et al., 2014;
Rasmussen-Torvik et al., 2014). Briefly, genomic DNA was extracted from liver
tissues. The genotyping was performed using PGRN-SeqV 1 (Gordon et al., 2016) and
the Affymetrix DMET Plus Array (Santa Clara, CA) per the manufacturer’s protocol.

Statistical analysis. For individual age categories (neonates to adults), protein
abundance data were compared using Kruskal-Wallis test followed by Dunn’s
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multiple comparison test. Mann-Whitney test was used to analyze the effect of sex
on protein abundance. A nonlinear, allosteric sigmoidal model using eq. 1 was
fitted to the continuous ontogeny protein abundance data until age 18 (GraphPad
Prism, San Diego, CA), as described previously (Boberg et al., 2017).

F= (Adultmax = Fpirmn

= ([ ") x Age! + Fy, 1
Ageé’OJrAgeh > 8ge + birth ( )

Adult,,,, is the maximum average relative protein abundance; Age is the age in
years of the subject at the time of sample collection; Ages, is the age in years at
which half-maximum adult protein abundance is obtained; F' is the fractional
protein abundance in adult samples; F,;,, is the fractional protein abundance (of
adult) at birth; and £ is the exponential factor.

The goodness of model fit was evaluated by visual inspection, 95% confidence
intervals (CIs) of the parameter estimates, and residual plots. Weights of 1/Y? were
used. The Pearson regression test was used to test correlation between proteins
across entire population. A P value below 0.05 was considered statistically
significant. The observed data were illustrated in graphs and tables using Microsoft
Excel (Version 16, Redmond, WA) and GraphPad.

Results and Discussion

The dynamic detection range was established for internal standard
peptides (Supplemental Table 3S). There was no saturation of signal at
higher points. The lower limit of quantification for ADH1A, ADH1B,
ADHIC, and ALDH1A1 was 0.12, 0.07, 0.08, and 0.07 pmol (on-
column), respectively. Correlations between peak area ratios of multiple
surrogate peptides of ADHs or ALDHI1A1 across samples were
excellent (> > 0.93), indicating the robustness of protein quantification
by LC-MS/MS (Supplemental Fig. 1S). Neonatal levels of ADHIA,
ADHI1B, ADHI1C, and ALDHI1A1 were 3-, 8-, 146-, and 3-fold lower
than the adult levels, respectively (Fig. 1). Ageso values, i.e., the age at
which protein expression is 50% of maximum abundance, for ADHIA,
ADHI1B, ADHI1C, and ALDH1A1 was 10.1, 9.3, 12.3, and 10.9 months
(Fig. 2). For all these proteins, the abundance increased steeply during
the first year of life, approaching adult levels during early childhood (age
1-6 years). Developmental trajectories of each of the ADH proteins
displayed some unique features. For example, ADH1A protein levels in
adults (>18 years) were ~40% lower as compared with the early
childhood group. ADH1B was the most abundant of all the proteins
assessed in this study, with an absolute level that was significantly higher
than other proteins across the entire population (Fig. 1). ADHIC
demonstrated the most rapid trajectory, steeply increasing to adult levels
during the first year of life.

There was no significant effect of sex on ADHs and ALDH1A1
abundance (Supplemental Fig. 2S). Although we detected single
nucleotide polymorphisms in ADH1A (rs1826909, rs6811453, 1s7684674,
and rs12512110), ADH1B (rs1229983 and 1s1229984), ADHI1C (15283413
and rs1789915), and ALDHI1A1 (rs13959) in several samples, none were
significantly associated with protein expression (Supplemental Fig. 3S).
ADHIB levels were significantly correlated with ADHIA (+* = 0.81)
and ALDHIAL1 (+* = 0.77) (Supplemental Fig. 4S). We did not find any
significant effect of ethnicity on abundance of ADHs and ALDH1A1
(data not shown). Based on principle component analysis as shown in
Supplemental Fig. 5S, we did not observe clustering of expression
pattern based on source of samples.

A comprehensive analysis of the developmental trajectories of ADHI1A,
ADHI1B, ADHIC, and ALDH1A1 protein abundance was performed in
human liver samples obtained from donors across the entire pediatric and
adult population spectrum for the first time using sensitive and robust
LC-MS/MS analysis. Our results are consistent with the limited existing
human data on the developmental changes of ADHs and ALDHI1Al
expression in fetal, infant, and adult liver samples (Smith et al., 1971). Asa
novel finding, we report ontogenic trajectories of these proteins (Fig. 2),
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ADH1A ADH1B ADH1C  ALDH1A1
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Neonatal (4) vs Middle childhood (38) * * * **
Neonatal (4) vs Adoloscence (48) * * > *
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Infancy (17) vs Adoloscence (48) ns * b >
Infancy (17) vs Adulthood (57) ns * i ns
Toddler\early childhood (30) vs Adulthood (57) b Ns ns ns
Middle childhood (38) vs Adulthood (57) b Ns ns ns
Adoloscence (48) vs Adulthood (57) * Ns ns ns

Fig. 1. Age-dependent abundance of ADHIA, ADHIB, ADHIC, and ALDH1AI in human liver cytosol samples. Age classification: neonatal (0-27 days), infancy (28-364 days),
toddler/early childhood (1 year to <6 years), middle childhood (6 years to < 12 years), adolescence (12— 18 years) and adulthood (>18 years). The number of subjects in
each age category are indicated in parentheses in the x-axis of categorical data. Dot plots are displayed with mean protein abundance as the horizontal line together with S.D.
Representative pie chart is showing change in protein abundance of ADHs and ALDH1A1 from neonatal to adulthood. For all proteins, the abundance steeply increases
during the first 2 years of life, reaching adult levels during early childhood. ADHIA protein abundance in adults (>18 years) is ~39% lower compared with children and
adolescents. *, ** and *** represents P values < 0.05, < 0.01, and < 0.001, respectively.

e.g., Ageso for ADHIA, ADH1B, ADHIC, and ALDH1A1 was around
10-11 months, respectively. Like human data, mRNA expression of
different Aldh enzymes in mouse was detected at lower levels in fetuses
than in adults (Alnouti and Klaassen, 2008). In contrast to a previous
study in adults (Smith et al., 1971) that reports low to nondetectable
ADHIA levels, we detected ADH1A protein levels in all of our samples,
which is likely due to better sensitivity of LC-MS/MS over the
semiquantitative starch gel electrophoresis methodology. The sensitivity
of the novel, validated, high-throughput LC-MS/MS methods presented
here may also have utility for precision diagnosis and therapeutics in the
context of cancer chemotherapy, because these proteins (especially
ALDHI1A1) are often upregulated in various types of cancers (Khoury
etal., 2012; Xu et al., 2015). Targeting ALDH1A1 by disulfiram/copper
complex inhibits non-small cell lung cancer recurrence driven by
ALDH-positive cancer stem cells (Liu et al., 2016).

ADH, ALDH, cytochrome P450 2E1 (CYP2E1), and catalase are the
primary enzymes involved in ethanol disposition. Seven ADH genes,

i.e., ADHIA, ADHIB, ADHIC, ADH4, ADH5, ADH6, and ADH7, are
expressed in humans (Edenberg, 2007), but the closely related isoforms
(ADHI1A, ADHIB, and ADHIC), which can form homodimers or
heterodimers, account for most of the ethanol-oxidizing capacity in the
liver (Lee et al., 2006). In contrast, ALDH1A1 functions downstream of
ADHs in the oxidative metabolism of excess retinol, and alteration of
ALDHI1AT1 function correlates with retinol toxicity primarily due to its
accumulation (Molotkov and Duester, 2003). Our data are important for
predicting the effect of age on such sequential metabolism. Furthermore,
ADHs and ALDH1A1 play an important role in the biotransformation of
CP, which is a cornerstone of curative chemotherapy regimens in over
50% of newly diagnosed pediatric cancer patients (McCune et al., 2009).
ALDHI1A1 determines both toxicity and efficacy of CP. Pediatric
patients with lower CP clearance and those who produce significant
quantities of inactive metabolites are at greater risk of recurrence after
current chemotherapy regimens for B-cell non-Hodgkin’s lymphoma
(Yule et al., 2004). Decreased conversion of 4-hydroxy CP to its inactive

2202 ‘2 1800190 U0 SuINor 134SY e 610°s jeuino fldse puup WoJy papeo lumod


http://dmd.aspetjournals.org/

Hepatic Age-dependent ADH and ALDH Abundance 1047
ADH1A ADHAB
1000
3 __ 10000
cQ £
23 5
(=] . 7}
g s 100 g% 1000+
o =35 o
10 T y T y ' T 100 T . . r .
0001 001 041 1 10 100 0001 001 04 1 10 100
Age (yrs) Age (yrs)
ADH1C ALDH1A1
10000+ 1000-
3
o S 10001 78
235 £3
gg 1001 58 100
£ £
o
mg; g:
1 T T T T 1 1c T T T T 1
0001 001 0.1 1 10 100 0.001 001 0. 1 10 100
Age (yrs) Age (yrs)
ADH1A ADH1B ADH1C ALDH1A1
EO ND 1822 + 208 21+6 209 + 17
(pmol/mg of cytosolic protein) (1413 to 2231) (8.9 t0 32.3) (175.4 t0 241.7)
Mean + SE (95% CI)
Adult_max 426 + 26 5220 + 220 2598 + 141 394 + 13
(pmol/mg of cytosolic protein) = (374 to 477) = (4789 to 5651) 2322 to 2874 (368 to 420)
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Mean + SE (95% CI) (0.0to 1.9) (0.0 to 395.6) (1.6 t0 2.7) (0.0 to 5696)
Ageso (months) 10.1 9.3 12.3 10.8
Mean + SE (95% ClI) (0 to 25) (6.5t0 12) (8.5t0 13.7) (9.8t0 11.9)

Fig. 2. Continuous age-dependent abundance of ADHI1A, ADHIB, ADHIC, and ALDH1A1 in human liver cytosol samples. Table presents fitted values of abundance at
birth (EO), average adult abundance (Adult_max), and 50% protein abundance is observed (Ages,). Additional parameters are reported in Supplemental Table 4S. Only
protein expression data until age 18 were used to calculate above parameters. ND, not defined; SE, standard error; CI, confidence intervals.

metabolite due to lower levels of hepatic ADHs and ALDH1A could
potentially result in off-target liver toxicity in younger pediatric patients.
The allelic variants ADH1B*2 (1s1229984), ADH1B*3 (rs1229984), and
ADHIC*] are associated with higher rates of ethanol biotransformation
with turnover rates of 350, 300, and 90 minute ', respectively, compared
with ADHIB*1, ADHIC*2, and ADHI1A (turnover rates < 40 minute_l)
(Edenberg, 2007). Different combinations of these isoforms and genotypes
determine alcohol metabolizing capacity in humans. In our study, we found
seven subjects heterozygous for ADHIB*2 (rs1229984; 48A>G), which
was not associated with any change in ADH1B protein abundance. Because
ADHIB*2 is associated with reduced risk of alcoholism (Muramatsu
et al., 1995) and reduced risk of migraine (Garcia-Martin et al., 2010),
this single nucleotide polymorphisms likely affects substrate affinity
(Kn) without any effect on protein abundance and V... 1s283413
encodes a variant of the ADHIC gene that leads to a truncated alcohol
dehydrogenase protein, which is associated with Parkinson disease
(Buervenich et al., 2005). This variant is relatively rare, and only one
donor in our liver banks was observed to carry this gene variation.

In human hepatocytes, bile acids can induce ADH1A and ADHIB
expression by activation of the nuclear receptor, farnesoid X receptor
(FXR) (Langhi et al., 2013). Epigenetic modifications such as DNA
methylation, histone modifications, noncoding RNAs, nucleosome posi-
tioning, and chromatin remodeling could control age-dependent changes
in DMEs (Zhong and Leeder, 2013). A strong correlation between
miRNA expression and age is known for miR-34a, miR-200a, and
miR-200b, which are associated with regulation of some DMEs (Rieger
et al., 2013). Additional studies would be needed to elucidate whether
these mechanisms are associated with hepatic ADH and ALDHI1AL1
expression.

In summary, the age-dependent protein abundance data may be useful
for predicting hepatic detoxification of ADH and ALDH1A1 substrates.
Because ADHs and ALDHs are also expressed in other tissues (Arnold
etal., 2015), the validated LC-MS/MS methods can be used to characterize
extrahepatic levels of these proteins. Once available, integration of hepatic
and extrahepatic levels of these proteins into physiologically based
pharmacokinetics software platforms can be used to predict first-in
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children dosing of new chemical entities with primary alcohol and aldehyde
groups.
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