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Abstract Aging is associated with reduced liver function
that may increase the risk for adverse drug reactions in
older adults. We hypothesized that age-related changes to
epigenetic regulation of genes involved in drug metabo-
lism may contribute to this effect. We reviewed published
epigenome-wide studies of human blood and identified
the cytochrome P450 2E1 (CYP2E1) gene as a top locus
exhibiting epigenetic changes with age. To investigate
potential functional changes with age in the liver, the
primary organ of drug metabolism, we obtained liver
tissue from mice aged 4–32 months from the National

Institute on Aging. We assayed global DNA methylation
(5-methylcytosine, 5mC), hydroxymethylation (5-
hydroxymethylcytosine, 5hmC), and locus-specific 5mC
and histone acetylation changes around mouse Cyp2e1.
The mouse livers exhibit significant global decreases in
5mC and 5hmCwith age. Furthermore, 5mC significantly
increased with age at two regulatory regions of Cyp2e1 in
tandemwith decreases in its gene and protein expressions.
H3K9ac levels also changed with age at both regulatory
regions of Cyp2e1 investigated, while H3K27ac did not.
To test if these epigenetic changes are associated with
varying rates of drug metabolism, we assayed clearance
of the CYP2E1-specific probe drug chlorzoxazone in
microsome extracts from the same livers. CYP2E1 intrin-
sic clearance is associated with DNA methylation and
H3K9ac levels at the Cyp2e1 locus but not with chrono-
logical age. This suggests that age-related epigenetic
changes may influence rates of hepatic drug metabolism.
In the future, epigenetic biomarkers could prove useful to
guide dosing regimens in older adults.
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Introduction

Adverse drug reactions (ADRs) are estimated to be
between the fourth and sixth leading cause of death in
the USA (Lazarou et al. 1998; Routledge et al. 2004).
The impact and management of ADRs are complex and
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have been estimated to cost up to $30.1 billion annually
(Sultana et al. 2013). Previous research suggests that
rates of ADRs increase as people age, have more chron-
ic health conditions, and take more medications
(McLean and Le Couteur 2004; ElDesoky 2007;
Budnitz et al. 2011). Human life expectancy has more
than doubled in the last two centuries, and while mor-
tality has been delayed, aging is still accompanied by a
significantly elevated risks for many diseases (Issa
2002; Duron and Hanon 2008; Barzilai et al. 2012).
Comorbid chronic conditions in individuals older than
65 years cause a high degree of polypharmacy in this
population. According to a 2006 survey, 40% of persons
65 years of age or older were taking five to nine med-
ications, while almost one-fifth (18%) were taking 10 or
more (Slone Epidemiology Center 2006). Ultimately,
older adults are almost seven times more likely than
younger persons to have ADRs that require hospitaliza-
tion (Budnitz et al. 2006). While ADRs are a serious
problem in the aging population, up to 80% of ADRs in
older patients are dose related and, therefore, are poten-
tially avoidable (Routledge et al. 2004). This implies
that effective methods for predicting the correct dose for
the individual patient could make a significant impact in
geriatric healthcare.

Age-associated changes to hepatic metabolism of
drugs increase risk for ADRs in older adults
(McLachlan et al. 2009; McLachlan and Pont 2012),
but the determinants of these changes are not fully
understood. One possible mechanism that may influ-
ence rates of drug metabolism in older adults is epige-
netics (Seripa et al. 2015; Fisel et al. 2016; Kronfol et al.
2017). Aging is associated with substantial changes to
the epigenome (Benayoun et al. 2015; Pal and Tyler
2016; Horvath and Raj 2018), and genes encoding drug
metabolizing enzymes in the human liver are under
epigenetic control (Bonder et al. 2014; Park et al.
2015). Furthermore, treatment with epigenetic drugs
affects the metabolic capacity of cultured cells (Ruoß
et al. 2019). These considerations led us to hypothesize
that age-associated epigenetic changes at genes
encoding drug metabolizing enzymes could affect rates
of drug metabolism. Epigenome-wide association stud-
ies (EWAS) in human blood have found significant
changes to DNA methylation at several genes encoding
phase I (oxidative) drug metabolism enzymes with age
(Heyn et al. 2012; Hannum et al. 2013; Horvath 2013;
Steegenga et al. 2014; Reynolds et al. 2014; Marttila
et al. 2015; Peters et al. 2015). However, the extent to

which these age-related changes are present and affect
enzymatic activity in the liver, the primary site of drug
metabolism, is unclear. Therefore, the goal of this study
is to identify age-related epigenetic changes at genes
encoding phase I drugmetabolizing enzymes in the liver
and test if these epigenetic changes are associated with
rates of drug metabolism. Due to the experimental con-
trol afforded and availability of the relevant tissue, we
chose to conduct the experiments in mice.

To date, the number of published studies on epigenetics
and drug metabolism in aging is limited. As a starting
point to identify potential genes of interest, we reviewed
published EWAS and genome-wide gene expression stud-
ies in human blood and chose the phase I drugmetabolism
genes showing the best empirical evidence of change with
age. The rationale for using human blood studies to guide
gene selection is because (1) the largest number of aging
EWAS have been conducted in this tissue, (2) epigenetic
aging effects are significantly correlated across tissues and
species (Horvath 2013), and (3) consistent patterns of gene
expression changes with age have been observed across
several species (McCarroll et al. 2004). We identified two
phase I drug metabolism genes, CYP2E1 and CYP1B1,
showing strong evidence for age-associated epigenetic
changes in human blood. We mapped the associated re-
gions in the human genome to their homologous mouse
regions and tested for epigenetic changes in the mouse
liver. Only Cyp2e1 showed differential methylation with
age. Based on these results, we focused on Cyp2e1 and
conducted a detailed analysis of regulation at this locus
including assays for DNA methylation and histone post-
translational modifications (PTMs) with reported associa-
tions with age (McClay et al. 2014; Dozmorov 2015).
Finally, we investigated if these effects were associated
with CYP2E1 metabolic function by isolating liver micro-
somes and applying Michaelis–Menten kinetics to deter-
mine the intrinsic clearance (CLint) of the probe drug
chlorzoxazone (CZ), which is predominantly metabolized
by CYP2E1 (Lucas et al. 1999).

Methods

Extended methods are available in the Supplementary
Material.

Mice Liver tissue samples from 20 male CB6F1 mice
(five subjects in each of four age groups: 4, 18, 24, and
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32 months) were obtained from the National Institute on
Aging (NIA) rodent tissue bank.

DNA and RNA extraction Genomic DNAwas extracted
using the AllPrep DNA/RNA kit (Qiagen, Hilden, Ger-
many) according to manufacturer’s protocol. DNA and
RNA purity and quantity were measured using a
Nanodrop spectrometer (Thermo Fisher, Waltham,
MA).

Global 5mC and 5hmC Global 5-methylcytosine
(5mC) and 5-hydroxymethylcytosine (5hmC) levels
were measured using MethylFlash ELISA-based color-
imetric assays (Epigentek, Farmingdale, NY). 5mC- or
5hmC-specific antibodies, provided in the kit, were
incubated with 100 ng genomic DNA. Optical density
at 450 nm was measured on a Synergy HT plate reader
(BioTek Instruments, Winooski, VT). Known standards
provided in the kit consisting of 0.1, 0.2, 0.5, 1, 2, and
5% for 5mC and 0.02, 0.04, 0.1, 0.2, 0.4, and 1% for
5hmC were also assayed. The optical density of liver
samples was used to determine the percentage of 5mC
and 5hmC of each sample by interpolation on respective
standard curves. Each sample and standard was run in
duplicate.

Selection of genomic regions of interest Aging EWAS
findings for human blood were obtained from published
studies (see Dozmorov 2015), and a list of genes
encoding drug metabolizing enzymes was obtained
from the ADME (absorption, distribution, metabolism,
and excretion) gene list from the pharmaADME consor-
tium (pharmaADME.org), see Supplementary Table S1.
Significant findings by ADME gene were summed
across studies, and the top two phase I drug
metabolism genes showing the most significant
findings were selected for study.

Genomic location of human age-associated cytosine–
phosphate–guanine (CpG) positions were used to ex-
tract the homologous regions in mouse using the “con-
vert” function in the University of California Santa Cruz
(UCSC) genome browser (Kent et al. 2002). A complete
list of the genomic coordinates of all loci investigated in
mouse is found in Supplementary Table S2. An addi-
tional regulatory region around human CYP2E1 was
identified using the GeneHancer track (Fishilevich
et al. 2017) on the UCSC genome browser (Fig. 1). Data
from the mouse Encyclopedia of DNA Elements
(ENCODE) (Stamatoyannopoulos et al. 2012) and

Ludwig Institute for Cancer Research (LICR) (Barrera
et al. 2008) chromatin immunoprecipitation (ChIP) se-
quencing runs on young (8 weeks) male mouse liver
tissue were used to identify two regions with high levels
of histone 3 lysine 9 acetylation (H3K9ac) and histone 3
lysine 27 acetylation (H3K27ac) PTMs (GSM1000153,
GSM1000140).

Bisulfite conversion of genomic DNA and HRM
analysis Two hundred nanograms of liver genomic
DNA was treated with sodium bisulfite according to
the EZ DNAMethylation kit protocol (Zymo Research,
Irvine, CA). Mouse genomic DNA standards of known
percentage 5mC (EpigenDx, Hopkinton, MA) were
used to create a standard curve. High-resolution melt
(HRM) assays used MeltDoctor HRM MasterMix (Ap-
plied Biosystems, Foster City, CA) on a Quantstudio 3
instrument. HRM was used to measure 5mC levels at
LINE1 elements using the method of Newman et al.
(2012) with minor modifications (see Supplementary
Methods) and at a 319-bp region on the 5′UTR ofmouse
Cyp2e1 (chr7: 147,949,616–147,949,934, mouse ge-
nome assembly mm9 NCBI37/ build 9, July 2007)
encompassing 7 CpGs (Supplementary Table S2). This
region at Cyp2e1 was amplified by qPCR as follows:
10 min hold at 95 °C followed by 40 cycles of 15 s at
95 °C, 30 s at 57 °C, and 30 s at 72 °C, followed by a
final extension at 72 °C for 7 min and a melt curve stage
with temperature range of 57 to 95 °C with fluorescence
capture at 0.025° per s increment. Each reaction includ-
ed 20 ng bisulfite-converted DNA and 0.2 μM each of
forward and reverse primer (Supplementary Table S2) in
1× MeltDoctor HRM MasterMix. Liver samples and
standards were run in triplicate. The net temperature
shift (NTS) values (Newman et al. 2012) of the liver
samples were interpolated on the standard curve to yield
their 5mC percentage.

Gene expression analysis by RT-qPCR For each sam-
ple, 1 μg of total liver mRNA was reverse transcribed
using the iScript kit (Bio-Rad, Hercules, CA). Aliquots
of cDNA were amplified in triplicate using TaqMan
gene expression master mix and TaqMan Cyp2e1
Mouse Gene Expression Assay (Mm00491127_m1,
Thermo Fisher) (Martinez et al. 2010; Koh et al.
2011). qPCR conditions were 40 cycles of 15 s at
95 °C and 60 s at 60 °C. Mouse Gapdh endogenous
c o n t r o l w a s a l s o a s s a y e d i n t r i p l i c a t e
(Mm99999915_g1, Thermo Fisher) (Scarzello et al.
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2016; Wilhelm et al. 2016; Jia et al. 2018). A 1:2 serial
dilution of control cDNAwas used to generate a 5-point
standard curve. Quantification cycles (Cq) were deter-
mined using the Relative Quantification application on
the Thermo Fisher Cloud. Normalized quantification
cycles (ΔCq) were obtained by subtracting the mean
Gapdh Cq from the mean Cyp2e1 Cq. ΔΔCq was cal-
culated for each age group by subtracting theΔCq of the
4 months (youngest age group as reference) from each
of the other age group’s ΔCq to calculate fold
differences.

Western blots Twenty milligrams of liver tissue was
homogenized in lysis Pierce RIPA buffer with 1% v/v
Halt Protease Inhibitor buffer (Thermo Fisher). All other
reagents were from Bio-Rad (Hercules, CA) unless oth-
erwise specified. Ten micrograms of total protein in β-
mercaptoethanol (βME)-Laemmli buffer was separated
on 10% Mini-PROTEAN precast SDS-PAGE gels and
transferred onto PVDF membrane using a TransBlot
Turbo at 1.3 A for 5 min. Membranes were blocked in
5% milk in 1× TBST (Tris-buffered saline, Tween 20).
Blots were probed with anti-CYP2E1 antibody (1:2500,
ab28146, Abcam, Cambridge, UK) overnight at 4 °C
and with HRP-coupled rabbit IgG secondary antibody
(1:10,000, Cell Signaling, Danvers, MA) for 1 h at room
temperature, prior to treatment with ECL and imaging
on a ChemiDoc instrument. Then, membranes were
washed with 1× TBST and stripped using Restore

stripping buffer (Thermo Fisher), followed by incuba-
tion with GAPDH primary antibody (1:5000, MA5-
15738, Thermo Fisher) and then mouse IgG secondary
antibody (1:20,000, 7076S, Cell Signaling, Danvers,
MA). CYP2E1 bands were quantified using Image
Lab v 6.0 (Bio-Rad) and normalized to GAPDH.

ChIP-qPCR Eighty milligrams of mouse liver per sam-
ple was processed using the TruChIP tissue shearing kit
(Covaris, Woburn, MA). Minced tissue was fixed in 1%
formaldehyde for 2 min, washed, transferred to a
tissueTUBE (Covaris), flash-frozen in liquid N2, and
pulverized. After cell lysis, chromatin was sheared on
a Covaris M220 for 8 min. Two percent of sheared
chromatin per IP was set aside as input control. ChIP
used 5 μl of anti-H3K9ac (39137, Active Motif, Carls-
bad, CA), or 5 μg of anti-H3K27ac (39133, Active
Motif), or 5 μg of Rabbit IgG isotype control
(ab171870, Abcam) incubated with 2 μg sheared chro-
matin from each sample overnight (16 h) at 4 °C. This
mixture was added to Dynabeads Protein G (Thermo
Fisher) for 4 h at 4 °C before washing and elution of
ChIP DNA by heating to 65 °C for 1 h. After elution,
samples were treated with RNAse and Proteinase K and
DNAwas purified using QIAquick (Qiagen).

Each ChIP’ed DNA was amplified in triplicate using
PowerUp SYBR Green (Applied Biosystems), with
0.2 μM of forward and reverse primers (Supplementary
Table S2) as follows: 2 min at 50 °C, 2 min at 95 °C

Fig. 1 Illustration showing the transcription start site (TSS) and
upstream regulatory regions of the human CYP2E1 and the ho-
mologous mouse Cyp2e1 gene. Upstream regulatory element po-
sitions were obtained from GeneHancer (Fishilevich et al. 2017)
and ORegAnno (Lesurf et al. 2016). DNA methylation assays
were conducted in the current study at both the TSS and upstream
regulatory region in mouse at positions marked by the arrows.

Reference histone 3 lysine 9 acetylation (H3K9ac) and histone 3
lysine 27 acetylation (H3K27ac) in 8-week-old mouse livers are
from the ENCODE/LICR track in UCSC Genome Browser. Two
loci with high liver histone acetylation levels were chosen for
analysis using ChIP-qPCR in the current study, at positions
marked by the arrows. For exact assay coordinates, see Supple-
mentary Tables S2 and S3
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followed by 40 cycles of 15 s at 95 °C, 30 s at 59 °C, and
1min at 72 °C, followed bymelt curve stage.Cq values for
each plate were obtained as above, and the mean threshold
cycle (Cq) for each sample normalized to the dilution
factor (2% = 1/50) corrected Cq value (Log2 (50) =
5.6438) of the input control to obtainΔCq. The percentage
of input was calculated by multiplying 100 by 2ΔCq.

Pyrosequencing Quantitative methylation measures
o f i n d i v i d u a l CpGs we r e ob t a i n e d v i a
pyroseqeuncing of bisulfite converted DNA (Tost
et al. 2003). Primers targeting the loci of interest
were designed with PyroMark Assay Design ver-
sion 2.0.1.15 (Qiagen) (Supplementary Table S3).
Amplification was performed using the PyroMark
PCR Kit (Qiagen) and the vendor specified pro-
gram for bisulfite converted DNA. Next, the
amplicons were bound to Streptavidin Sepharose
beads (Fisher, Hampton, NH) and prepared for
sequencing using the PyroMark Q96 vacuum sta-
tion followed by sequencing on the PyroMark
Q96MD platform with PyroMark Gold Q96 re-
agents (Qiagen). A standard consisting of 0, 5,
10, 25, 50, 75, and 100% methylated mouse ge-
nomic DNA was inc luded on each pla te
(EpigenDx). Both the standard and the liver test
samples were pyrosequenced in duplicate.

CYP2E1 intrinsic clearance Mouse liver microsomes
(MLM) were prepared from 500 mg of liver tissue per
sample, as described previously (Knights et al. 2016),
and details are provided in the Supplementary Materi-
al. Standards for CZ and 6-OH-CZ (18869, 10009029,
Cayman Chemical, Ann Arbor, MI) were purchased.
Chromatographic separation was achieved using an
Agilent 1100 series HPLC (Agilent Technologies,
Santa Clara, CA) system equipped with PerkinElmer
series 200 degasser and auto injector (PerkinElmer,
Waltham, MA) and C18 BDS hypersil 50 mm × 4.6
with 5 μm particle size (Thermo Fisher) column. Di-
ode array detector was used to monitor the depletion
of CZ and the formation of 6-OH-CZ at 280 and
299 nm for CZ and 6-OH-CZ respectively. Gradient
elution was used with the initial mobile phase being
85% aqueous (2% acetic acid and 1% triethylamine,
v/v) and 15% methanol (Supplementary Table S4).
Total run time was 6.5 min with retention times of
1.86 and 5.17 min for 6-OH-CZ and CZ respectively.
Linear standard curves with R2 ≥ 0.999 were obtained

from 0.47 to 240 μM for 6-OH-CZ and 2.34–
1200 μM for CZ (Supplementary Figs. S4 and S5).

Hydroxylation of chlorzoxazone (CZ) to 6-
hydroxychlorzoxazone (6-OH-CZ) was measured
to determine the catalytic activity of CYP2E1.
Linearity of metabolite formation with time and
MLM protein concentration was established
(Supplementary Figs. S6 and S7). The final con-
centrations in the metabolic reactions were 50 mM
potassium phosphate buffer pH 7.4, 10 mM
MgCl2, 1 mg/ml MLM protein, 1 mM EDTA,
and 1 mM NADPH with incubation time of
25 min at 37 °C. The final concentration of
DMSO in each reaction was maintained at 0.5%.
Each MLM sample was run in 8 MLM reactions
that vary by the final concentration (10, 20, 40,
80, 160, 320, 640, 1000 μM) of the parent probe
drug (CZ) to determine Michaelis–Menten kinetic
constants. The reaction was stopped with methanol
and centrifuged for 10 min at 20,000×g at room
temperature. Reaction rates (pmol/min/mg protein)
of 6-OH-CZ formation were plotted against CZ
concentration (μM), and Km and Vmax values were
estimated by GraphPad Prism using Eq. 1, where
Y is the reaction rate (pmol/min/mg protein), X is
CZ concentration (μM), Vmax is the maximal reac-
tion rate of 6-OH-CZ formation (pmol/min/mg pro-
tein), and Km is CZ concentration at half maximal
rate (μM).

Y ¼ Vmax � X � Km þ Xð Þ ð1Þ

Intrinsic clearance (CLint) is the enzyme-mediated
activity toward a drug that would occur at concentration
below Km without physiological limitations such as
hepatic blood flow (Houston 1994). CLint by CYP2E1
for the hydroxylation reaction was calculated according
to Eq. 2

CLint ¼ Vmax � Km ð2Þ

Statistics Linear regression and Pearson correlation
tests were conducted in R version 3.6.1 (www.r-
project.org) with α = 0.05. Beta values (β) and
Pearson correlation coefficients (r) are reported. β
indicates the degree of change in the outcome
variable for every unit change in the predictor
variable, while r indicates the degree of association
found in the correlation test. Replicates beyond 2
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standard deviations from the mean of any of the
assays were discarded.

Results

Global epigenetic effects in aged mouse liver

DNA and RNA extractions from the mouse liver sam-
ples were successful with an average 260/280 value of
1.94 [1.8–2.1] for DNA and 2.05 [1.94–2.1] for RNA.
Prior to locus-specific analysis, we first assayed age-
associated changes to the global abundance of epigenet-
ic marks in the mouse liver. Using ELISA assays, we
observed a significant decrease in global abundance of
5mC (β = − 0.011, SE = 0.004, p = 0.024) and 5hmC
(β = − 0.001, SE = 0.0004, p = 0.002) (Fig. 2a, b). This
translates to approximately 50% reduction in the
32 months age group compared to the 4 months age
group for both modifications (0.6% vs 0.32% for 5mC
and 0.1% vs 0.06% for 5hmC). We also measured 5mC
at LINE1 elements using high-resolution melt (HRM)
analysis of bisulfite converted DNA (Supplementary
Figs. S1 and S2). We observed a significant decrease
in abundance of 5mC at LINE1 elements with increas-
ing age in our sample (β = − 2.062, p = 1 × 10−8), with
an average reduction of 2% methylation per month of
age. These results demonstrate that, in a broad sense,
epigenetic changes were occurring with age in this
study’s liver samples.

Age-associated changes to Cyp2e1 5′UTR methylation
and gene and protein expressions

We reviewed published EWAS and genome-wide gene
expression studies of aging in human blood
(Supplementary Table S1) and identified CYP2E1 and
CYP1B1 as the phase I drug metabolism genes showing
most evidence for age-associated changes. We mapped
the human age-associated differentially methylated re-
gions from EWAS to their homologous mouse regions
and tested for epigenetic changes at these loci in our aged
mouse liver samples. The human CYP2E1 region
mapped to the mouse Cyp2e1 5′UTR (Fig. 1) and HRM
analysis revealed that methylation at this locus increased
significantly with age in mouse liver DNA (β = 1.3, SE =
0.0038, p = 0.002) (Fig. 3a). However, no changes to

Cyp1b1 methylation with age were detected in our sam-
ple (Supplementary Fig. S3) so we focused on Cyp2e1.

The observed Cyp2e1 5′UTR methylation increase
with age corresponds to a 1.3% increase in methylation
per month of increased age. In tandem, Cyp2e1 gene
expression decreased significantly with age in the same
samples (β = − 0.03, SE = 0.011, p = 0.01) (Fig. 3b).
Using the 4 months group as reference, we observed a
2.15% reduction in expression of Cyp2e1 per month of
increased age. Furthermore, we observed a significant
decrease of CYP2E1 protein expression with age, as
measured by change in chemiluminescence detected in
Western blot (β = − 4.0e+5, SE = 0.01, p = 0.02) (Fig. 3c).

Base-resolution 5mC analysis of Cyp2e1 5′UTR
and upstream regulatory region

Having established that DNA methylation changes
were occurring with age at the Cyp2e1 5′UTR, we
aimed to obtain a fuller picture of Cyp2e1 epigenetic
regulation. Our first priority was to assay 5mC levels
at each of the seven CpGs in the 5′UTR region
individually, in contrast to the aggregate measure
obtained via HRM. We also identified an upstream
regulatory region in human CYP2E1 (Fig. 1) that we
used to obtain the homologous region in mouse that
harbored a single CpG. Therefore, we subjected both
regions to bisulfite pyrosequencing that allows high-
ly quantitative methylation measurements at single-
base resolution. This revealed that the single CpG in
the upstream regulatory region (position 1, chr7:
1 4 7 , 9 4 2 , 4 9 2 , mm 9 ) w a s s i g n i f i c a n t l y
hypermethylated with age (p = 0.023; Fig. 4 a and
b, position 1). Pyrosequencing confirmed the meth-
ylation increase at the 5′UTR with age observed via
HRM (Supplementary Table S6), with all individual
CpGs showing significant increase in methylation
with age (Fig. 4 a and b, positions 2 through 8).
The CpG at position 5 (chr7: 147,949,754, mm9)
was the most significantly hypermethylated (p =
0.007) with the largest beta value of 0.84% increase
per month of age (Fig. 4b).

Histone acetylation analysis of Cyp2e1 5′UTR
and upstream regulatory region

We viewed publicly available mouse ChIP-Seq data
(GSM1000153, GSM1000140) in UCSC genome
browser to identify two regions neighboring and/or
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overlapping the 5′UTR and the upstream regulatory
region that showed high histone 3 lysine 9 acetylation
(H3K9ac) and histone 3 lysine 27 acetylation
(H3K27ac) occupancy rates in young mouse liver (Fig.
1). To assay histone acetylation levels in these regions,
we used chromatin immunoprecipitation coupled to
quantitative PCR (ChIP-qPCR). We observed a signifi-
cant increase in H3K9ac at Cyp2e1 intron 1, adjacent to
the 5′UTR (region 1, chr7: 147,950,223–147,950,367,

mm9) (β = 0.133, SE = 0.06, p = 0.044) and at the up-
stream regulatory region (region 2, chr7: 147,942,350–
147,942,468, mm9) (β = 0.194, SE = 0.08, p = 0.041)
when regressing ChIP-qPCR percentage of input on
age (Fig. 5). This corresponds to a 0.133% and
0.194% increase in H3K9ac per month of increased
age at each site, respectively. However, H3K27ac levels
were stable with age at both Cyp2e1 regions in this
sample.

a

c

b

Fig. 2 Box plots with regression line (blue) of age-associated
changes to global a 5-methylcytosine (n = 20) and b 5-
hydroxymethylcytosine (n = 20). Data represent median (middle
hinge), 25% (lower hinge), and 75% (upper hinge) quantiles. Data

points beyond upper or lower 1.5 × interquantile range are repre-
sented as individual black dots. c Scatter plot of 5-methylcytosine
and 5-hydroxymethylcytosine with regression line (blue) (n = 20)
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CYP2E1 pharmacokinetics, chronological age,
and epigenetics

As shown above, 5mC and H3K9ac levels at Cyp2e1
changed with age in tandem with reduced gene and
protein expressions in our sample. To determine if these
effects impacted CYP2E1 metabolic activity, we
assayed metabolism of the CYP2E1-specific probe drug
chlorzoxazone (CZ) in microsome extracts from the
same livers. The average microsome yield was 1.07%
w/w [0.55–1.69], which was within expected range
(Knights et al. 2016). Linearity of the HPLC assays of
R2 ≥ 0.999 was established for 2.34–1200 μM CZ and
0.46–240 μM 6-OH-CZ (Supplementary Figs. S4 and
S5). Linearity of 6-OH-CZ formation with reaction time
and MLM final concentration was established, and the
final reaction time andMLM concentration were 25min
and 1 mg/ml respectively (Supplementary Figs. S6 and
S7). Vmax and Km values were estimated and used to
calculate intrinsic clearance (CLint). Initial analyses
established that chronological age was not significantly
associated with CLint of CYP2E1 despite a relatively
large correlation coefficient (r = 0.31, p = 0.8). Average
Michaelis–Menten constants and CLint per age group
are reported in Supplementary Table S7. Representative
Michaelis–Menten curves of each age group are found
in Supplementary Fig. S8. This result suggests that
chronological age is not a robust independent predictor
of CLint, corroborating prior research (Schmucker et al.
1990; Hunt et al. 1990; Mach et al. 2016).

We then tested Cyp2e1 epigenetic measures for asso-
ciation with the pharmacokinetic variables. All CpGs

were negatively correlated with CLint (Fig. 6), and the
most significant was with CpG at position 8 (chr7:
147,949,806, mm9) (r = − 0.29, p = 0.0008). Further-
more, H3K9ac levels at the upstream regulatory region,
but not intron 1, of Cyp2e1 were positively correlated
with CLint (r = 0.49, p = 0.005). All p values are provid-
ed in Supplementary Table S5.

Discussion

In this study, we demonstrated that 5mC and H3K9ac
levels change with age at Cyp2e1 in the mouse liver.
Furthermore, we showed that these epigenetic changes
were significantly associated with rates of CYP2E1-
mediated drug metabolism in microsome extracts from
the same livers, while chronological age was not. This
finding suggests that epigenetic marks may be better
predictors of drug metabolism in advanced age than
chronological age itself.

Considering our findings in the context of published
work, we found that global 5mC levels diminished with
increasing age and this effect has been shown before in
studies of different tissues (Booth and Brunet 2016),
including the liver (Wilson et al. 1987). Previous reports
have also shown reduced global 5hmC in the mouse
liver with age, as we observed here (Tammen et al.
2014). However, recent genome-wide bisulfite sequenc-
ing studies in the mouse liver have shown either a
modest excess of hypermethylated sites (Hahn et al.
2017) or no overall excess in either direction with age
(Gravina et al. 2016). One possible reason for this

a b c

Fig. 3 Box plots with regression line (blue) of age-associated
changes to Cyp2e1 a 5′UTR percent methylation (n = 19) and b
gene expression (n = 20). c Box plot of age-associated changes to
Cyp2e1 protein expression with representative western blot (n =

20). Data represent median (middle hinge), 25% (lower hinge),
and 75% (upper hinge) quantiles. Data points beyond upper or
lower 1.5 × interquantile range are represented as individual black
dots

GeroScience (2020) 42:819–832826



discrepancy is that “genome-wide” approaches such as
next-generation sequencing (NGS) are not truly repre-
sentative of the whole genome. For example, NGS
approaches typically underrepresent repetitive elements
because reads in these regions may not align unambig-
uously to the reference genome and so are discarded.
This may diminish the influence of repeats on the cu-
mulative abundance of methylation in bisulfite sequenc-
ing studies. Several classes of repetitive elements

reportedly lose methylation with age (Cardelli 2018).
Therefore, underrepresentation of these elements could
lead to underestimation of age-related hypomethylation
in genome-wide NGS studies of aging. In our sample,
we observed significant hypomethylation of LINE1 el-
ements, with an average reduction of 2% per month of
age. As LINE1 elements are the dominant repeat class in
mouse and human, comprising almost 20% of the ge-
nome (Mouse Genome Sequencing Consortium et al.

a

b

Fig. 4 Pyrosequencing data for Cyp2e1. a Scatter plot of percent
methylation of cytosine–phosphate–guanine (CpG) and all inves-
tigated CpG positions with superimposed line plot for each age
group connecting the average methylation percentage at each CpG
(n = 20 per CpG, N = 80 total). X-axis not drawn to scale. chr 7
chromosome 7, mm9 mouse genome assembly NCBI37/build 9,
July 2007. b Scatter plot of CpGmethylation and age of individual

CpG positions with regression line and statistics under each loca-
tion. A simple linear regression was performed on all 20 data
points for each CpG (n = 20) against each age 4, 18, 24, and
32 months (N = 80). Positions 1–8: chr7: 147,942,492;
147,949,679; 147,949,684; 147,949,743; 147,949,754;
147,949,770; 147,949,791; 147,949,806, mm9
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2002), this result could partly explain the discrepancy
between global 5mC studies and genome-wide bisulfite
sequencing studies of aging in liver DNA.

Considering our locus-specific results, we found that
DNA methylation of the Cyp2e1 5′UTR and upstream
regulatory region increased significantly with age, while
its gene expression declined with age. This supports and
extends prior observations in human blood studies. For
example, Peters et al. (2015) reported a hypermethylated
CpG at human CYP2E1 and decreased gene expression
with age. Reduced Cyp2e1 expression was also reported
in the mouse liver tissue aged 28 months compared to
4 months, as detected via RNA sequencing (White et al.
2015). To date, prior studies of histone PTM changes in
the context of aging are limited and we are not aware of
available published data for the liver. Park et al. (2015)
found that histone deacetylase inhibitors influenced
transcription of cytochrome P450s in cultured hepato-
cytes, suggesting histone acetylation affects expression,
but this study did not examine the effect of aging nor
specific histone acetylationmarks. Further work is need-
ed in this area, in particular genome-wide analysis of

H3K9ac with age, given our findings with respect to
H3K9ac in this study.

We observed a significant negative correlation be-
tween CLint and Cyp2e1 methylation and a significant
positive correlation between CLint and Cyp2e1 histone
acetylation. The correlations are substantial, e.g., − 0.31
for CpG 5mC and 0.49 for H3K9ac, suggesting that
epigenetics plays a significant role in regulating
CYP2E1 hepatic activity. This finding may have clinical
relevance because CYP2E1 is responsible for the me-
tabolism of hepatotoxic substrates such as ethanol, acet-
aminophen, chlorzoxazone (CZ), pro-carcinogens (ben-
zene, chloroform, and N-nitroso-nicotine), and endoge-
nous compounds such as estrogen, acetone, and linoleic
acid (Lieber 1997; Caro and Cederbaum 2004;
Ingelman-Sundberg 2004; Porubsky et al. 2008). It
comprises 5.5–16.5% of the hepatic P450 pool
(Zanger and Schwab 2013), and its substrate profile
makes it relevant to older adults due to the detrimental
and unpredictable ADRs of these substrates. For exam-
ple, CYP2E1 is inducible at heavy ethanol intake and is
involved, along with alcohol dehydrogenases (ADH), in

Fig. 5 Chromatin immunoprecipitation quantitative polymerase
chain reaction (ChIP-qPCR) data. Box plots with regression line
(blue) of age-associated changes to percentage of input occupancy
of histone 3 lysine 9 acetylation (H3K9ac) (n = 20 per region),
histone 3 lysine 27 acetylation (H3K27ac) (n = 20 per region) at
Cyp2e1 intron 1 (region 1, chr7: 147,950,223–147,950,367, mm9)

and promoter (region 2, chr7: 147,942,350–147,942,468, mm9).
IgG percentage of input shows a low background noise signal for
each of the sample’s age groups (n = 20 per region). Data represent
median (middle hinge), 25% (lower hinge), and 75% (upper hinge)
quantiles. Data points beyond upper or lower 1.5 × interquantile
range are represented as individual black dots
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alcohol-mediated liver toxicity hospitalizations (Caro
and Cederbaum 2004). In addition, acetaminophen-
related liver injury is the primary over-the-counter
drug-related hospitalization (Lee 2017). Acetaminophen
hepatotoxicity is mediated by the excessive formation of
the toxic byproduct N-acetyl-p-benzoquinone imine
(NAPQI) and subsequent thiol residue depletion upon
acetaminophen overdose. CYP2E1 is responsible for
NAPQI formation at high acetaminophen doses, which
highlights its importance in acetaminophen-induced liv-
er damage (French 2013). Finally, CZ is a high-risk drug
listed on the 2019 American Geriatrics Society Beers
criteria for potentially inappropriate use in older adults
(American Geriatrics Society 2019). CZ is a centrally
acting skeletal muscle relaxant that is strongly recom-
mended to avoid in the elderly due to moderate evidence
of poor toleration by this population according to these
criteria. Taken together, these examples provide evi-
dence for clinical significance of the metabolism of
drugs that are CYP2E1 substrates.

A limitation of the study as presented is that we could
not manipulate epigenetic levels in our post-mortem
samples, so the association between epigenetics and
drug metabolism is correlational, rather than causal.
Nevertheless, the use of the probe drug CZ renders the
association highly specific to the action of CYP2E1. In
addition, sex differences in drug metabolism have been
described; however, our sample was comprised of only
male mice. Hence, female-specific effects should be
investigated in future studies. Age-related changes to
pharmacokinetic attributes such as plasma protein bind-
ing and hepatic blood flow should be the subject of
future in vivo investigations that pertain to drugs that
are highly protein bound or have high hepatic extraction
ratio due to the possible changes to these attributes that
affect the overall disposition of drugs with advanced age
(McLachlan and Pont 2012). Looking to the future, this
work may have clinical applications if extended to hu-
man populations. Age-related epigenetic changes at hu-
man CYP2E1 and other drug metabolizing genes should

Fig. 6 Correlation matrix reporting Pearson correlation statistical
test result (r). White blank cells indicate non-significant associa-
tion (p > 0.05). Refer to Supplementary Table S5 for individual
p values of each Pearson correlation test of a given pair. Color
gradient indicates the direction of effect of the association with
dark pink representing the strongest positive association of 1 while
dark gray representing the strongest negative association of − 1.
Only lower half of the plot is shown to prevent redundancy in
reporting the results. Age: chronological age, Pos 1–8: Positions

1–8 chr7: 147,942,492; 147,949,679; 147,949,684; 147,949,743;
147,949,754; 147,949,770; 147,949,791; 147,949,806, mm9.
Vmax: maximal rate of hydroxylation reaction of chlorzoxazone
by Cyp2e1, Km: chlorzoxazone concentration at half maximal
rate, CL.Int: intrinsic clearance, K9: histone 3 lysine 9 acetylation
in Cyp2e1 intron 1 (chr7: 147,950,223–147,950,367, mm9),
R2K9 histone 3 lysine 9 acetylation in Cyp2e1 promoter (chr7:
147,942,350–147,942,468, mm9)
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be studied, and if these changes are linked to altered
clearance clinically, epigenetic biomarkers of altered
drug metabolism could be potentially used to guide
dosing decisions in older adults. One potential issue is
that epigenetic modifications vary by cell and tissue
type. Therefore, age-related effects mapped in the liver
will need to be tested for equivalency in peripheral cells
or tissues (e.g., blood) that are more readily accessible
for the purposes of biomarker testing. However, prior
work by Horvath (2013) and others (Spiers et al. 2016;
Zhu et al. 2018) suggests that many age-related epige-
netic changes are consistent across tissues and indeed in
this study, we demonstrated continuity across mouse
and human. Future work should investigate genome-
wide epigenetic changes with age in the liver and blood
concurrently, for the same organism.
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