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ABSTRACT: Cytochrome P450 monooxygenase (P450) enzymes metabolize critical endogenous chemicals and oxidize nearly all xenobiotics.
Dysregulated P450 activities lead to altered capacity for drug metabolism
and cellular stress. The eﬀects of mixed exposures on P450 expression and
activity are variable and elusive. A high-fat diet (HFD) is a common exposure
that results in obesity and associated pathologies including hepatotoxicity.
Herein, we report the eﬀects of cigarette smoke on P450 activities of normal
weight and HFD induced obese mice. Activity-based protein proﬁling results
indicate that HFD mice had signiﬁcantly decreased P450 activity, likely
instigated by proinﬂammatory chemicals, and that P450 enzymes involved in
detoxiﬁcation, xenobiotic metabolism, and bile acid synthesis were eﬀected by HFD and smoke interaction. Smoking increased
activity of all lung P450 and coexposure to diet eﬀected P450 2s1. We need to expand our understanding of common exposures
coupled to altered P450 metabolism to enhance the safety and eﬃcacy of therapeutic drug dosing.

■

INTRODUCTION
The worldwide rate of adult obesity has doubled since 1980,
with 39% of adults classiﬁed as overweight.1 Diet induced
obesity (DIO) is accompanied by chronic inﬂammation,
oxidative stress, and increased susceptibility to a wide range
of comorbidities including type 2 diabetes mellitus (T2DM),
hypertension, nonalcoholic fatty liver disease (NAFLD),
gallbladder disease, and some cancers.2 Compared to
individuals with normal body mass, obese individuals also
have a higher risk of hepatotoxicity3,4 and experience
physiological changes that alter the pharmacokinetics (PK)
and pharmacodynamics (PD) of drug metabolism.5,6 Obesityinduced changes to PK and PD are variable and are thought to
be altered by blood ﬂow, adipose tissue distribution, microbiome composition,7,8 and the functional status of drug
metabolizing enzymes (DME).9 Despite this knowledge, drug
dosing recommendations are still primarily derived from clinical
evaluation of healthy weight individuals. Obese individuals are
greatly under-represented in these evaluations, thereby leading
to ill-deﬁned and potentially harmful drug dosing regimens for
obese patients.4−6,10
Pharmaceuticals represent one class of the xenobiotics
humans are exposed to daily. Others include diet-derived
compounds (e.g., polyphenols, phytoestrogens, lipids, and
preservatives), cleaning products, cosmetics, pesticides, air
pollution, and active (ﬁrst-hand) or passive (second-hand/
environmental) cigarette smoke. Chemical composition,
concentration, and route of exposure dictate how our cells
enzymatically transform each xenobiotic to increase polarity,
decrease toxicity, or derive nutrients.2 Xenobiotics frequently
© 2018 American Chemical Society

undergo oxidative metabolism, an event catalyzed by
cytochrome P450 monooxygenases (P450).11 These enzymes
are primarily located in the endoplasmic reticulum of a cell, but
the quantity and complement of P450 are tissue speciﬁc with
the highest diversity and concentration found in the liver.12 In
addition to xenobiotics, endogenous P450 substrates include
cholesterol and fatty acids, the metabolism of which is crucial
for a vast number of diverse cellular processes. Each P450 varies
in substrate selectivity or promiscuity and can be diﬀerentially
regulated.13 For clarity, P450 are grouped into families by
sequence similarity and not substrate speciﬁcity; P450 with
≥40% sequence match are grouped in numerical families, and
P450 with ≥55% sequence match are grouped in alphabetical
subfamilies. Individual enzymes are designated by a number
that follows the subfamily letter.12
There is a paucity of research focused on determining the
impact of multiple xenobiotic exposures on DME function.
Obesity is common in modern society and is often
accompanied by health complications that require medications
prescribed with doses determined for nonobese individuals.
Deﬁning how DIO alters xenometabolism activities could
enhance our understanding of susceptibilities to associated
health risks and may lead to improved therapeutic practices.4−6,10 With this as motivation, we implemented activitybased protein proﬁling (ABPP) techniques to characterize
functionally active P450 in the liver and lungs of regular weight
mice fed a standard diet (SD) or DIO mice fed a high-fat diet
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Figure 1. Activity-based protein proﬁling P450. High-fat diet induced obese and SD mice were exposed to active or passive cigarette smoke.
Microsomes were isolated form the liver and lungs and treated with activity-based probes (ABP). Following P450 labeling, click chemistry was used
to append azido biotin, and the protein-probe-biotin products were enriched on streptavidin resin. ABP targeted enzymes were trypsin digested onresin and the resulting peptides were characterized by high-resolution LC−MS.

eﬀects of DIO and active or passive CSE on hepatic and
pulmonary P450 activities.

(HFD). In addition to diet, we evaluated the metabolic
consequences of active cigarette smoke exposure (ACSE) or
passive cigarette smoke exposure (PCSE), also referred to as
second-hand or environmental smoke, on P450 activity proﬁles.
Cigarette smoke was chosen as a secondary exposure because it
is a common habit that leads to multiorgan exposure to a highly
complex mixture of chemicals that include polyaromatic
hydrocarbons, nitrosamines, aldehydes, carbon monoxide, and
many others.14 DIO and CSE often lead to oxidative stress and
chronic inﬂammation which can increase risk factors for a
variety of chronic human diseases.15
The P450 family is challenging to study because (1) diﬀerent
species have their own complement of P450, (2) genetic
polymorphisms can impact function, (3 and 4) P450 expression
can be constitutive or regulated by diverse mechanisms, while
activity can be altered by various stimuli.16,17 Transient posttranslational modiﬁcations and ligand-based inhibition or
induction govern many P450 activities, but the eﬀects are
missed by classic transcriptomic and proteomic approaches
which report on abundance, but are not suited to characterize
P450 activity levels.18 Activity assays are available for a subset of
P450, but in many cases, assay substrates can be metabolized by
multiple P450 and so results will not reﬂect the activity of an
individual P450. Additionally, individual activity assays are not
available for all P450, so comprehensive assessment of P450
activities is not feasible. To overcome these methodological
deﬁcits, we have pioneered the use of activity-based protein
proﬁling (ABPP) to comprehensively proﬁle the functional
activity of individual P450 enzymes within the broad complement of P450 subfamilies. 18−23 This chemoproteomic
technique utilizes activity-based probes (ABP) to broadly
label active P450 by exploiting the enzyme’s inherent catalytic
activity. These mechanisms previously described by Wright et
al., include P450 catalyzed oxidation of aryl alkyne moiety to
reactive ketene intermediates that inactivate the enzyme by
covalent adduction, or oxidation of propynyl-bearing group to a
reactive Michael acceptor and covalent adduction (probe
structures found within Figure 1).21 The ABP used for this
study also included an alkyne moiety to enable CuI-catalyzed
azide−alkyne cycloaddition reactions (click chemistry) for
appending azido-biotin reporter tags to probe labeled enzymes
for subsequent streptavidin resin enrichment and analysis by
quantitative high-resolution LC−MS to characterize probe
labeled P450 (Figure 1). We applied this ABPP approach to
investigate the consequences of common human exposures,
with a focus on the individual and confounding physiological

■

EXPERIMENTAL PROCEDURES

Animals and Diet. Standard diet (SD) and high-fat diet (HFD)
fed C57BL/6J male mice were purchased from the Jackson Laboratory
(Bar Harbor, ME). Only male mice were included in this study as
gender is a documented factor that inﬂuences the expression and
activity of some P450,24 and we chose to constrain variables to ensure
a focused study scope. The mice were acclimated to the AALASaccredited animal facility as well as to the nose-only restraint tubes for
1 week prior to the initiation of CSE. Feed and tap water were
provided ad libitum, except when animals were placed in exposure
tubes. All animals were observed twice daily for mortality and
moribundity. All procedures were carried out with the approval of the
Institutional Animal Care and Use Committees at Paciﬁc Northwest
National Laboratory. The SD diets consisted of PMI 5002 Certiﬁed
Rodent Diet (PMI 5002 Rodent Diet, Richmond, IN; ∼13 kcal% fat)
HFD were D12492 Rodent Diet (Research Diets Inc., New Brunswick,
NJ; 60 kcal% fat) starting at 6 weeks of age and continued throughout
the study. The HFD mice were fed this diet for 9 weeks prior to the
start of the two-week CSE regime resulting in a signiﬁcant increase in
body weight compared to SD animals over the same time period
(Figure 2).
Active and Passive Cigarette Smoke Exposure. Filtered
tobacco cigarettes (3R4F reference cigarettes) were purchased from
the University of Kentucky (Lexington, KY). Cigarette Smoke
Exposure System (CSES) consisted of a monitoring and control
console and two rodent exposure units ﬁtted with a JaegerBaumgartner 2070i cigarette smoking machine (JB2070 CSM; CH
Technologies, Westwood, NJ) modiﬁed to provide simultaneous
generation of ACSE and PCSE. The NoCSE ﬁltered air exposure unit
was similar but did not include a smoking machine. The automated 30port JB2070 CSM was set to light, smoke (2 s, 35 mL puﬀ per
minute), and eject cigarettes after 7 puﬀs. Puﬀ counts were set at 7 to
meet the International Organization for Standardization (4387)
minimum acceptable cigarette butt length (35 mm).
Exposure concentration was monitored by the system operator
primarily observing the online carbon monoxide (CO) analyzer
(California Analytical Instruments, Inc., Orange, CA) and controlled
by adjusting of dilution or/and siphon ﬂows to achieve the desired
target reading for the CO monitor. Additional control of the ACS
particle concentration was provided using the real-time aerosol
monitor (RAM, Microdust Pro, Casella Cel Ltd., Bedford, UK), and
additional control of the PCS particle concentration was provided
using the scanning mobility particle sizer (SMPS, 3936L76, TSI, St
Paul, MN).
The dose target wet-weight total particulate matter (WTPM) and
carbon monoxide exposure concentration was set for 250 WTPM/L;
250 ppm of CO and 85 WTPM/L; 250 ppm of CO for ACSE and
PCSE, respectively. These target concentrations were based upon
levels determined by previous studies.14 Smoke concentration (μg
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hemoximeter (Radiometer, Copenhagen, Denmark). Animals were
removed from the exposure unit and blood collection was initiated
within ∼5 min. The blood samples were collected in tubes containing
potassium EDTA) and placed into an ice bath until analyzed.
Tissue Collection. On the day following the last exposure, mice
were euthanized with pentobarbital and exsanguinated. The liver and
lungs from each mouse were collected and ﬂash frozen and stored at
−80 °C.
Serum Glucose Measurement. A glucose calorimetric assay kit
(Cayman Chemicals, Ann Arbor, MA) was used as directed by
manufacturer to quantify serum glucose. In short, this glucose oxidase
based assay results in H2O2 byproduct from the enzymatic oxidation of
sample glucose and subsequent enzyme reoxidation reaction. Horseradish peroxidase then catalyzes the H2O2 oxidation of 3,5-dichloro-2hydroxybenzenesulfonic acid and 4-aminoantipyrine to form products
with optimal absorption at 514 nm. Following incubation (37 °C, 10
min), absorbance (514 nm) was measured with a microplate
spectrophotometer (SpectraMax Plus 384, Molecular Devices,
Sunnyvale, CA).
ABPP Sample Preparation. Liver and lungs were razor minced,
dounce homogenized in 250 mM sucrose buﬀer on ice, and
microsomes isolated by serial centrifugation as previously described.18
A Pierce Bicinchronic acid (BCA) kit (Thermo Fisher Scientiﬁc,
Waltham, MA) was used to determine microsomal protein
concentrations; assay absorbance (562 nm) was measured with a
SpectraMax Plus 384. Microsomes were adjusted with 250 mM
sucrose to a 1.00 mg/mL protein concentration, and duplicate samples
were prepared for each animal and tissue type with 1.00 and 0.60 mL
volume size for liver and lungs, respectively. One sample from each
pair was prepared as a null activity (NA) control counterparts to
samples prepared for proﬁling P450 activity.
Prior to the addition of activity-based probes, samples were treated
with a requisite source of P450 reductant, nicotinamide adenine
dinucleotide phosphate (NADPH; 0.63 mM). The NA controls for
liver and lung samples were prepared diﬀerently due to inconclusive
preliminary ABP screening by SDS-PAGE (data not shown) for the
lung samples. We believe two factors led to the inconclusive results:
(1) the isolated lung microsomes had substantially less protein than
the liver and thereby native NADPH levels are suﬃcient during ABPP
studies, and (2) lung tissues are documented as having less P450
expression than liver.12 To ensure successful lung NA controls, the
samples were ﬁrst denatured by heat-shock (98 °C, 10 min) before
ABP labeling. Alternatively, liver NA samples were not heat-shocked,
but instead PBS was used in place of NADPH. All samples were then
treated with an equimolar mix of the three ABPs (20 μM) and
incubated (37°, 500 rpm, 60 min). To enable ABP-labeled protein
enrichment, free ABP alkyne moieties were reacted with biotin-PEG3azide (36.0 μM, 25 °C, 500 rpm, 90 min) in the presence of tris(2carboxyethyl)phosphine (TCEP, 2.5 mM), tris[(1-benzyl-1H-1,2,3triazol-4-yl)methyl]amine prepared in DMSO:t-butanol 1:4 (0.25
mM), and CuSO4 (0.50 mM) to form triazole linked protein bound
ABP-biotin complexes. To end the reaction, samples were mixed with
one volume of cold MeOH, incubated on ice (10 min), centrifuged (4
°C, 10 000g, 5 min), and supernatants were discarded. Protein pellets
were washed twice as follows: pellets were sonicated on ice in 0.50 mL
of cold MeOH (10 pulses), rotated (4 °C, 10 min), centrifuged (4 °C,
10 000g, 5 min), and supernatants were discarded. To solubilize
proteins, pellets were suspended in 0.52 mL of 1.2% sodium dodecyl
sulfate (SDS) in PBS, sonicated (5 pulses), heated (90 °C, 5 min), and
sonicated (5 pulses). Samples were then centrifuged (25 °C, 10 000g, 5
min) to pellet insoluble protein and debris, and the supernatant
protein was determined by BCA assay.
To isolate the biotinylated ABP-labeled P450, 0.05 mL of
prewashed Pierce streptavidin agarose resin slurry (Thermo Fisher
Scientiﬁc, Waltham, MA) was added to each sample (0.36 μg of
protein in 0.2% SDS in PBS) and incubated (37 °C, rotating, 4 h).
Samples were then transferred to Bio-Spin columns (Biorad, Hercules,
CA) and washed six times with 1.0 mL aliquots of 0.5% SDS in PBS,
PBS, ultrapure water, and 6 M urea on a vacuum manifold. Next,
samples were transferred to low-bind conical tubes with 1.0 mL of 6 M

Figure 2. (A) Mean body weight, and (B) mean serum glucose at
necropsy (±SE, n = 8). After 11 weeks on a SD or a HFD, the HFD
mice had signiﬁcantly increased (p < 0.05) body weight and serum
glucose concentration compared to the SD counterparts.
WTPM/L) was determined gravimetrically from duplicate ﬁlter
samples collected during the ﬁrst, third, and ﬁfth hours of the 5-h
exposure period. Smoke samples were collected on Cambridge-style 47
mm glass ﬁber ﬁlters and mean exposure concentration was calculated
from the mass collected on the ﬁlter and the total volume of air drawn
through the ﬁlter, as determined by the sample time and ﬂow rate.
Actual delivered doses were within 10% of each target, for example,
254.9 ± 10.6 WTPM/L for ACSE and 82.0 ± 6.7 WTPM/L for PCSE,
with associated CO levels of 251.2 ± 6.6 ppm and 276.1 ± 8.8 ppm,
respectively. Groups of SD and HFD C57BL/6J mice (15-weeks old at
start of exposure) were exposed to either ﬁltered air or cigarette smoke
by nose-only inhalation exposure for 5 h per day for a total of eight
exposures over 2 weeks as follows: 5 consecutive days of exposure,
followed by 2 days with no exposure, then 3 days of exposure, with
necropsies occurring the day following the last exposure. The target
WTPM concentrations were based upon previous short-term ACSE
cigarette exposure studies conducted with mice in our laboratory14 and
from preliminary range-ﬁnding studies used to establish the tolerance
of SD and HFD C57BL/6 mice to the PCSE, which have lower overall
particulate concentrations but a higher concentration of acutely toxic
volatile components, such as CO. On the basis of these preliminary
studies, CO concentrations in the exposure atmospheres were
considered a limiting factor in the ability of the animals to tolerate
the two-week exposure regimen with no signiﬁcant overt toxicity (i.e.,
over 10% loss in body weight or lethality); thus, ACSE and PCSE total
particulate concentrations were adjusted to achieve equivalent target
CO concentrations (∼250 ppm).
Carboxyhemoglobin Concentration Determination. Immediately following the last exposure, animals were anesthetized
(isoﬂurane) and blood collected from the orbital sinus for
carboxyhemoglobin (COHb) determinations using an OSM3
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Table 1. Blood Carboxyhemoglobin (COHb) Levels after 8 Days of Cigarette Smoke Exposure
smoke

a

NoCSE

PCSE

diet

SD

HFD

SD

COHb % ± SD, n = 8

1.5 ± 0.1

1.5 ± 0.1

29.6 ± 1.0

b

ACSE
HFD
29.8 ± 1.0

a

SD
a,c

HFD

29.0 ± 1.4

a

26.4 ± 1.5a,b

c

p < 0.05 versus NoCSE group. p < 0.05 ACSE-SD versus ACSE-HFD group. p < 0.05 ACSE-HFD versus PCSE-HFD group.

Figure 3. (A−E) Active P450 proﬁles for mice fed standard diet (SD) or high-fat diet (HFD) and exposed to active or passive cigarette smoke
(ACSE and PCSE respectively), as determined by ABPP. (A) Liver and (B) lung heatmap columns represent each exposure group, and each row
maps to a functionally active P450 as determined by probe labeling and measurement by LC−MS and the log2 transformed mean (n = 8) relative
abundance. These liver data can be found in Data set S1, and lung data can be found in Data set S2. Each P450 is grouped by primary substrate (fatty
acid, xenobiotic, steroid) or “orphan” if the enzyme function is still unclassiﬁed. Arrows indicate key functions and products. (C) Liver data, (D) lung
data with signiﬁcantly diﬀerent (p < 0.05) relative abundance values that were increased or decreased compared to the control group (NoCSE-SD).
Primary substrate(s) are included next to P450 in bar graph: fatty acid (FA), xenobiotic (X), steroid (S), or orphan (O). (E) Two-way ANOVA with
Bonferonni correction performed to test the signiﬁcance of the diet and smoke interaction on liver P450 and lung P450 ABPP activity. Graph only
includes P450 with signiﬁcant diﬀerences (p < 0.05).
urea, centrifuged (25 °C, 6000g, 5 min), and supernatants were
discarded. Resin-bound proteins were and reduced with TCEP (2 mM,
37 °C, 1200 rpm, 30 min) in 0.20 mL of 6 M urea, alkylated with
iodoacetamide (4 mM, 50 °C, 1200 rpm, 45 min), and then
transferred to columns and washed six times with 1.0 mL aliquots of 6
M urea, PBS, ultrapure water, and NH4HCO3 (25 mM, pH 8).
Proteins were digested on resin in 200 μL of NH4HCO3 (25 mM, pH
8) with 0.1 μg of trypsin (37 °C, 1200 rpm, 15 h). Tryptic peptides

were concentrated to 40 μL by vacuum centrifugation and
characterized using a Velos Orbitrap (Thermo Fisher Scientiﬁc,
Waltham, MA) interfaced with a reverse-phase high-performance
liquid chromatography (HPLC) system for peptide separation (LC−
MS). Data were acquired for 100 min, beginning 65 min after sample
injection (15 min into gradient). Spectra were collected from m/z 400
to 2000 at a resolution of 100 000 followed by data-dependent ion trap
generation of tandem MS (MS/MS) spectra of the six most abundant
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to active or passive cigarette smoke or ﬁltered air (NoCSE).
The dose targets for ACSE (250 WTPM/L; 250 ppm of CO)
and PCSE (85 WTPM/L; 250 ppm of CO) were based upon
levels determined by previous studies.14 Actual delivered doses
were maintained within 10% of each target, for example, 254.9
± 10.6 WTPM/L for ACS and 82.0 ± 6.7 WTPM/L for PCS,
with associated CO levels of 251.2 ± 6.6 ppm and 276.1 ± 8.8
ppm, respectively. All CSE mice exhibited signiﬁcantly
increased blood carboxyhemoglobin (COHb) levels relative
to the NoCSE control mice, whereas the COHb levels were
nearly the same for ACSE and PCSE mice and not statistically
diﬀerent in the HFD mice (Table 1).
P450 Activity Proﬁles. We applied ABP (Figure 1) to lung
and liver microsomes. The ABP react mechanistically and
irreversibly with individual functionally active P450 from nearly
all P450 subfamilies. Resulting ABP labeled P450 were enriched
and measured by high resolution LC−MS (Figure 1). To probe
label microsomes, samples were treated with the requisite
reducing cofactor, NADPH,12 and null activity (NA) controls
were also prepared as either heat-denatured (lung) or probe
alone (without NADPH; liver). Active samples had signiﬁcantly
higher peptide abundances (g-test (p < 0.05); t test (p < 0.05);
fold change ≥ 2) when statistically compared to peptides from
NA controls, and retained for further data analysis and
calculation of protein abundance values. In total, not
accounting for exposures, the signiﬁcant probe-labeled P450
compared to controls include 33 from liver samples and 13
from lung samples (Figure 3A and B, respectively).
Exposure-Dependent Alterations in Hepatic and
Pulmonary P450 Activity. Statistical analysis of P450 activity
proﬁles from individual exposures (PCSE-SD, ACSE-SD, and
NoCSE-SD groups) and dual exposures (PCSE-HFD and
ACSE-HFD groups) compared to the control NoCSE-SD
group was performed. Statistically diﬀerent (ANOVA p < 0.05,
g-test p < 0.05) P450 activity levels for each comparison are
shown in Figure 3C and D. In general, hepatic P450 activity
levels decreased for HFD groups and increased with CSE,
except for the ACSE-HFD group, which had activity increase
for 1/3 of all identiﬁed enzymes and three with decreased
activity. Conversely, lung proﬁles show that a HFD alone had
very little eﬀect while P- and ACSE resulted in increased
activity for enzymes primarily involved in xenobiotic metabolism, except P450 2s1 and P450 20a, enzymes still yet to be
classiﬁed for their function, and P450 39a1 which metabolizes
oxycholesterol. Notable exceptions to the general exposure
trends were for liver P450 2e1, which had increased activity for
all HFD and CSE groups, whereas P450 2f2 displayed inverse
changes in activity. In the lung, P450 2e1 was not identiﬁed, but
P450 2f2 and 2s1 were signiﬁcantly increased by CSE and
decreased by HFD for all groups with a high degree of
similarity. A striking ﬁnding is that the HFD resulted in
decreased P450 39a1 in the liver, but increased activity in the
lung. Additionally, it is important to point out that aside from
P450 2e1, a HFD resulted in signiﬁcantly decreased activity for
the major xenobiotic metabolizing P450 including 1a2 and
3a11, highlighting the eﬀect HFD has on DME function in the
liver. Conversely, HFD exposure resulted in less P450 activity
variance for the lung than in the liver data, but all CSE
exposures resulted in increased P450 activity when compared to
NoCSE-SD group. A HFD alone had no signiﬁcant eﬀect on
P450 activity in the lung, but when combined with PCSE and
ACSE, HFD did appear to be inﬂuential. The P450 20a, 4v2,
1a1, 2a5, 2d26, 2d11, and 39a1 were only identiﬁed for CSE

ions using 35% collision energy. A dynamic exclusion time of 30 s was
used to discriminate against previously analyzed ions.18
Proteomic Data Analysis. Peptide MS/MS spectra were searched
using the mass spectra generating function plus (MSGF+) algorithm25
against the publicly available Mus musculus translated genome
sequence (www.uniprot.org; September 2013 collection). A minimum
of six amino acid residues were required for peptide analysis and an
MSGF scores ≤ 1 × 10−10, which corresponded to an estimated false
discovery rate (FDR) < 1% at the peptide level, were used to generate
an accurate mass and time (AMT) tag database.26 Matched peptide
features from each data set were then ﬁltered on a FDR of ≤ 5% using
the statistical tools for AMT tag conﬁdence metric.27
Peptide data quality control steps were performed to select for
peptides of ABP-labeled proteins with signiﬁcantly higher abundance
compared to NA control peptides, identify outliers for removal, and
normalize prior to peptide to protein roll-up. First, peptide AMT data
for samples treated with ABPs and NADPH were compared to NA
controls. To do this, peptides that were signiﬁcant by g-test (p <
0.05)28 and by t test (≥2-fold change) were retained and NA control
runs were removed. Next, a standard outlier algorithm for proteomics
was used RMD-PAV, 29 and Pearson correlation plots were
implemented to identify outliers; resulting outliers were then removed.
Lastly, the data were normalized using a percentage of peptide present
(PPP) approach with a threshold of 25%.30 Peptide AMT abundance
values were then rolled up to proteins using RRollup31 with criteria set
to include that ≥3 peptides per protein were required for Grubb’s test
(p < 0.05), and only peptides unique to a single protein were utilized
to estimate protein abundances. The resulting protein AMT
abundance values were log2 transformed.
Activity-Based Proteomic Data Statistical Analysis. The
primary goal for statistical analysis was to compare probe labeled
protein AMT values for the exposure groups to those of the control
SD-NoCSE group to understand the individual and combined eﬀects
of diet and smoking on P450 activity. To start, protein data
normalization was performed using a standard reference-based
normalization method to estimate protein abundances.32,33 Next,
quantitative diﬀerences of each of the ﬁve groups tested against the
SD-NoCSE control data were calculated using analysis of variance
(ANOVA) and Tukey test. Qualitative trends for exposure groups
compared to SD-NoCSE controls were established using g-test, which
evaluates the null hypothesis that the data are missing at random.34 Gtest results were then corrected for multiple comparisons with
Bonferroni test. Proteins with p-values <0.05 were considered to have
signiﬁcantly diﬀerent activity levels compared to the SD-NoCSE
group.
Statistical analysis of the diet and smoke coexposure interaction on
activity was performed using 2-way ANOVA (Prism7 software)
corrected for multiple comparisons with a Bonferroni test; P450 with
p-values <0.05 were considered to have activity signiﬁcantly altered by
the diet and smoke variable interaction term. For this analysis, only
NoCSE and ACSE samples were evaluated.

■

RESULTS
Exposure Characterization. Male mice (C57Bl6/J) were
fed a high fat diet (HFD) with ∼60% fat, or a standard fat diet
(SD) with ∼13% diet. The HFD mice achieved an average
weight ∼21% heavier than the corresponding SD mice after 11
weeks on the diets (Figure 2). The HFD mice from The
Jackson Laboratory are a model for pre-T2DM, having
increased body weights, elevated blood glucose, and impaired
glucose tolerance.35 Blood serum glucose was measured for
each animal to assess glucose absorption at terminal necropsy.
On average, there is a 45%, 47%, and 57% diﬀerence in serum
glucose levels in NoCSE, PCSE, and ACSE, respectively, when
compared to the SD-NoCSE group (Figure 2).
A cigarette smoking machine modiﬁed to simultaneously
generate smoke streams that mimic active and passive smoking
within designated chamber ports was utilized for exposing mice
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Figure 4. Bile acid synthesis and regulation. (A) Hepatic metabolism of cholesterol to bile acids. Key enzymes involved in bile acid synthesis,
metabolites that function as nuclear receptor ligands (outlined in pink), corresponding nuclear receptor (pink text) and their regulatory eﬀects. (B)
Once conjugated, primary bile acids reach the intestinal tract via gallbladder, the microbiome transforms BA prior to enterohepatic cycling or
excretion. (C) Heatmap view of HFD and CSE eﬀect on P450 7a1 and 8b1 (details in Figure 3A with the exception that data presented here is Zscaled). (D) List of pathologies regulated by BA. Abbreviations: BAAT; BSH, bile acid hydrolase; BACS, bile acid CoA synthase; BAAT, bile acid
CoA−amino acid N-acetyltransferase; FXR, Farnesoid X receptor; LXR, Liver X receptor; IBD, Irritable Bowel Syndrome; T2DM, Type 2 Diabetes
Mellitus.

groups. The P450 with signiﬁcantly increased activity unique to
PCSE-SD and ACSE-SD includes 2a5, 2d11, and 20a1 (Figure
3B).
The diet and smoke smoke interaction eﬀect on P450 activity
was statistically tested by two-way ANOVA with Bonferonni
correction. The variables tested for diet were HFD and SD, and
smoke variable only included NoCSE and ACSE data for liver
and lung P450. For the liver samples, 16 P450 resulted in p <
0.05 while only one P450, 2s1 was very signiﬁcantly eﬀected by
diet and smoke interaction. The signiﬁcantly eﬀected P450 and
corresponding p-values are depicted in Figure 3E.

and there is growing evidence that obesity can increase the risk
of drug induced liver injury.4,37 Our ABPP approach shows that
HFD, passive and active CSE create signiﬁcant, yet variable,
impacts on P450 activity with tissue level disparity. In general,
we ﬁnd that HFD alone decreases activity for many P450 and
alters the susceptibility of P450 to a secondary exposure, while
CSE signiﬁcantly increases activity levels for many xenobiotic
metabolizing P450. It is also clear that a HFD together with
ACSE lead to dramatic diﬀerences in P450 activity levels
compared to individual exposures (Figure 3A−D), and that diet
and CSE interaction signiﬁcantly eﬀects a subset of P450,
including those key to drug metabolism (P450 3a11) and bile
acid metabolism (P450 3a11,7a1, 7b1, 2c70), and lung P450
2s1 activity indicationg that these enzymes are susceptible to
exposure interactions. We will discuss the exposure impacts of

■

DISCUSSION
Diet-induced obesity and cigarette smoke are associated with
oxidative stress, inﬂammation, and increased risk for disease,36
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complications in pharmaceutical dosing and increased risk for
hepatotoxicity.5,6
HFD-Induced Obesity Leads to Decreased Functional
Capacity for Bile Acid Synthesis and Oxysterol Detoxiﬁcation. Bile acid (BA) concentrations are regulated by the
liver, GI tract, and gut microbiota (Figure 4). Though it was
originally thought that the roll of BA was to simply aid in lipid
digestion, it is now established that BA also function as
signaling molecules involved in regulating energy homeostasis
and concentrations of triglycerides, and glucose.51−54 Recent
studies agree that HFD induced obesity is accompanied by
redox imbalance, inﬂammation, altered gut microbiome, and
BA concentrations.55,56 Except for P450 3a11 and 2c70, the
HFD imposed reduction on BA metabolizing P450 was
insigniﬁcant, yet the diet and smoke coexposure eﬀect on
liver P450 3a11, 2c70, 7a1, and 8b1 was signiﬁcant (Figure 3E)
indicating that this pathway may be susceptible to complex
exposures and the impacts could lead to altered BA levels and
therefore cellular signaling events across multiple organs.55,56
Speciﬁc examples of a BA signaling network include the BA
activated nuclear receptor farnesoid X receptor (FXR), which
represses expression of CYP7a1 and CYP8b1,57 the products of
which perform the ﬁrst steps in converting cholesterol to
CDCA and cholic acid respectively, but conjugated muricholic
acid is an extremely potent FXR antagonist (Sayin et al.).
Additionally, BA and FXR have been implicated as having
inhibitory eﬀects on NLRP3 inﬂammasome, which is associated
with chronic inﬂammation in metabolic disorders.53,54 Our data
show that a HFD leads to repressed capacity for conversion of
cholesterol to BA, which could be in part responsible for
unresolved inﬂammation in obesity and associated pathologies.
A standout ﬁnding, which to our knowledge has not been
previously reported, is for the signiﬁcant impact CSE had on
the activity of liver and lung P450 39a1, a hydroxylase selective
for 24-hydroxycholesterol (24-HC). Our data show that P450
39a1 activity is signiﬁcantly decreased for CSE groups in the
liver but is signiﬁcantly increased in the lung (Figure 3A−D). In
the brain, P450 46a1 oxidizes cholesterol to 24-HC, which
unlike cholesterol, can pass the blood−brain barrier to be
selectively metabolized by P450 39a1. In healthy individuals,
oxysterol levels are low and function as agonists for the nuclear
transcription factor Liver X receptor (LXR) (Figure 4), a key
regulator of cholesterol, fatty acid, and glucose homeostasis.
However, increased oxysterol levels result in oxidative stress
and are connected to human pathologies and inﬂuence
carcinogenesis and cancer progression.58 Recent metabolite
studies found that obesity does not alter 24-HC plasma levels59
but that CSE does and can be used as an oxidative stress
biomarker for smokers.60 Our ABPP results led us to speculate
upon whether decreased liver P450 39a1 activity in CSE groups
create bottlenecks in 24-HC detoxiﬁcation, whereas signiﬁcantly increased lung P450 39a1 may indicate a tissue speciﬁc
activation of P450 39a1 functioning to protect the lung from
CSE induced oxidative damage and inﬂammation. The missing
functional link between circulating and target tissue oxysterols
remains obscure,58 but the clinical relevance requires follow-up
studies.
Diet-Induced Obesity and CSE Result in Disparate Yet
Signiﬁcant Impacts on Activity of P450 Involved in
Eicosanoid Metabolism and Lipid Detoxiﬁcatoion.
Chemical or mechanical stress lead to an inﬂux of inﬂammatory
cytokines, signaling molecules that elicit marked changes in
liver gene expression leading to downregulation of many DME,

enzymes that play critical roles in drug, bile acid, and eicosanoid
metabolism.
Concomitant Exposure to HFD and CS Leads to
Highly Variable Activity Flux for Critical Drug Metabolizing P450. The metabolism of 95% of reported chemicals is
enzymatically oxidized by P450,11 and P450 families 1−3 are
implicated in the metabolism of most xenobiotics, including
70−80% of all drugs in clinical use.11,16 Therefore, understanding the impacts of common exposures on the functions of
these enzymes is critical to determining personalized
therapeutic dose and toxicity risk. The P450 1a1, 1a2, 1b1,
and potentially 2s1 are inducible by the aryl hydrocarbon
receptor (AHR) transcription factor; AHR ligands include
many xenobiotics, tryptophan metabolites, and microbiotaderived compounds.38,39 Our data show that CSE increases
liver and lung P450 1a2 activity and lung P450 1a1 (ACSE >
PCSE > NoCSE for SD and HFD groups), but HFD dampens
this eﬀect (Figure 3A). P450 2s1 is still classiﬁed as an “orphan
enzyme” because a primary substrate has not been conﬁrmed;
however, Bui and colleagues demonstrated that benzo[a]pyrene (BaP), the major cigarette smoke procarcinogen, AHR
ligand, and P450 1a1 substrate, could be oxidized by human
P450 2S1 to the highly carcinogenic (+)BaP-7,8-epoxide with
support from NADPH or fatty acid hydroperoxides.40 Additionally, this enzyme is highly expressed in hypoxic tumor cells
and can perform reductive activation of the anticancer prodrug
AQ4N.41 There are signiﬁcant and tissue speciﬁc HFD and
CSE eﬀects on family 2 P450 (Figure 3A−D). Our results
indicate that compared to SD-NoCSE group, all HFD and CSE
groups have signiﬁcantly increased P450 2e1 activity. Induction
studies show that when activated, this enzyme produces ROS,
which in turn depletes concentrations of the cellular antioxidant
glutathione and induces a pro-inﬂammatory cytokine storm,42
pathologies associated with HFD and CSE. Additionally, P450
2f2 is responsible for activating a number chemicals, including
the cigarette constituent naphthalene, to toxic metabolites in
mice.43 Our data show all CSE groups had signiﬁcantly
decreased liver P450 2f2 activity but increased lung activity
(Figure 3A,C). P450 2a5, 2b, 2f, 2s have been shown to be
involved in lung tumorigenesis in mice,44 so observing
increased activity for the enzymes by CSE exposure is not
surprising, but that we see a HFD increasing activity as well
indicates that diet may lead to increased risk for lung
carcinogenesis when combined with CSE.
The P450 3a subfamily is the most proliﬁc DME, but is also
involved in metabolizing endogenous substrates.11,45 Human
P450 3A4 is responsible for the biotransformation of
approximately 50% of therapeutic drugs currently on the
market.46 In mice, P450 3a11 is 76% homologous to human
P450 3A4 and functions similarly.47 Studies have shown that
HFD, obesity and T2DM are associated with a signiﬁcant
decrease in hepatic P450 3A4 enzymatic activity and protein
abundance in human liver microsome,48,49 and a recent study
found that inﬂammation results in down-regulation of P450
3a11 in mice.50 Our data complement these ﬁndings and
demonstrate that HFD-induced obesity results in signiﬁcantly
decreased hepatic P450 3a11 activity (Figure 3A,C) and that
the diet and CSE interaction aﬀected activity more than all
P450 except 2c59. Altered P450 3A activity is clinically relevant
for obese and diabetic patients with various comorbidities that
require multiple medications. In general, our ABPP data
indicate that a HFD negatively inﬂuences the functional
capacity of xenobiotic metabolizing P450, which could lead to
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Figure 5. Stress induced eicosanoid synthesis. General overview of stress-induced activation of phospholipase A2 (PLA2) to release arachidonic acid
from the cell membrane, and the varied metabolic pathways where arachidonic acid is converted to eicosanoids including cyclooxygenase-1 and -2
(COX1/2), 5-, 8-, 12-, and 15-lipoxygenases (5-, 8-, 12-, 15-LOX), and cytochrome P450 epoxyhydrolase and ω-hydroxylase (green text).
Eicosanoid species (black text) and proposed receptors (pink text). Abbreviations: ALX, COX, cyclooxygenase; P450, cytochrome P450; EET,
epoxyeicosatrienoic acid; GPR, G protein-coupled receptor; HETE, hydroxyeicosatetraenoic acid; HX, hepoxilin; LOX, lipoxygenase; LX, lipoxin;
PLA2, phospholipase A2; PPAR, peroxisome proliferator-activated receptor; TRPA1, transient receptor potential ankyrin 1; TRPV1, transient
receptor potential vanilloid 1; and TX, thromboxane.

yet the origin of this event is unclear.61 The immune response
involves complex molecular signaling networks with proinﬂammatory, anti-inﬂammatory, and pro-resolution functions
coordinated by cytokine and eicosanoid biochemical messengers. Eicosanoids are signaling molecules derived from
arachidonic acid (AA) with anti- or pro-inﬂammatory eﬀects.
The cyclooxygenase (COX) and lipoxygenase (LOX) arachidonic acid metabolites (Figure 5) have been studied
extensively, whereas the P450 AA metabolites have not. The
P450 epoxygenases, subfamilies 2c and 2j, convert AA to EET
and are generally thought to function as agents in antiinﬂammatory processes as evidenced by their ability to inhibit
inﬂammatory cytokines.62 Examples include 11,12-EET, which
activates anti-inﬂammatory functions by binding peroxisome
proliferator-activated receptor α (PPARα), while 11,12-EET
and 8,9-EET exert anti-inﬂammatory eﬀects by inhibiting
endothelial nuclear factor-κB (NF-κB).63 The P450 ωhydroxylases, 4a and 4f metabolize AA to pro-inﬂammatory
20-HETE, P450 1a and 2e1 metabolize AA to 19-HETE and
prostaglandins to malondialdehyde.64 Here we show that
compared to SD fed mice, HFD fed mice had decreased AA
metabolizing P450 activity, with exception of P450 4f14, 4b1,
and 2e1. Conversely, the combined exposure of ACSE and
HFD leads to increased P450 1a2, 2c40, and 2c54 activity
(Figure 3A,C). Fatty acid metabolizing P450 eﬀected by diet
and smoke interaction can be seen in Figure 3E.
Human P450 2B6, 3A4, 1A2, 2J2, and mouse 2c29 have been
screened and shown to be responsible for the detoxiﬁcation of
α,β-unsaturated aldehydes lincluding 4-hydroxy-nonenal (4HNE), a reactive biomolecule produced during lipid peroxidation. Oxidative stress can lead to accumulated 4-HNE, which
forms critically harmful nucleic acid, protein, and memebrane
lipid adducts and is associated with the onset of diabetes,
cancer, cardiovascular, and neurodegenerative diseases.65 A

HFD dramatically decreased the activity of P450 1a2, 3a11, and
2c29 (Figure 3C) and the latter two enzymes were the most
signiﬁcantly eﬀected by diet−smoke interaction (Figure 3E). A
decreased capacity to detoxify reactive organic molecules would
lead to increased risk for developing disease.
Mechanisms for constitutive and inducible regulation of
P450 expression and activity are diverse and diﬃcult to
determine.16 Altered P450 activity levels have the potential to
increase susceptibility to toxicity, oxidative stress, and
inﬂammation and in turn can result in a variety of pathologies.
Our ABPP results show that HFD leads to signiﬁcantly reduced
functional capacity of many P450 involved in drug metabolism,
signaling molecule synthesis, and reactive biomolecule detoxiﬁcation. There are many xenobiotic-inducible mechanisms for
modulating P450 expression and activity, and many have
reported that inﬂammation by way of proinﬂammatory cytokine
(e.g., interleukin-6) decrease P450 activity.63 Inﬂammation
accompanies obesity, so the widespread decrease in P450
activity we measured in HFD mice can likely be attributed to
cytokine signaling events. On the other hand, the eﬀects of
cigarette smoke, an exposure also associated with inﬂammation,
impacted the activity of only a few P450 in SD mice, whereas
coexposure to cigarette smoke and HFD lead to many
signiﬁcantly increased P450. Future research should focus on
the interaction, whether null, agonistic, or antagonistic, between
inﬂammation and xenobiotics on cell signaling and P450
activity modulation. This understanding will be key to
determining appropriate drug dosage for patients with
conditions that are intrinsically linked to chronic inﬂammation
and could even lead to therapeutic strategies for modulating
dysregulated P450 activities caused by inﬂammatory events.
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