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INTRODUCTION

The cytochrome P450 (CYP) superfamily is involved in the
metabolism of more than half of all clinically used drugs on
the market, making it the most important group of drug-
metabolizing enzymes.l‘2 Among all CYP isoforms identi-
fied, only a small number is considered to have a central
role in drug metabolism.? These include CYP3A, CYP2C109,
CYP2C9, CYP1A2, CYP2B6, CYP2D6, and CYP2E1. CYP
isoforms are particularly important for the hepatic clear-
ance of substrate drugs, but may also contribute signifi-
cantly to the first-pass metabolism of orally administered
drugs.* There is substantial interindividual variability in
CYP-mediated metabolism due to a combination of factors,
including genetics, environment, and diseases.>®

Type 2 diabetes mellitus (T2DM) is a growing health
issue worldwide, mainly caused by obesity leading to
insulin resistance and impaired f-cell function.®” The
prevalence of nonalcoholic fatty liver disease (NAFLD) is
particularly high in people with obesity and/or T2DM,*?
who typically also have elevated levels of inflammatory
cytokines.*'*!! The drug response in patients with T2DM
is often variable, and different, compared with other pa-
tient populations,>™* possibly due to altered activity and
expression of drug-metabolizing enzymes.

A recent study investigating the impact of T2DM on
different CYP activities showed that alterations in CYP
activity were isoform-specific.'® For instance, CYP3A and
CYP2C19 activities were lower in patients with T2DM
compared with individuals without T2DM, and elevated
levels of inflammatory cytokines were suggested as an im-
portant mechanism.'® However, chronic low-grade inflam-
mation is also central in the pathophysiology of obesity,
the main preventable cause of T2DM.%” Hence, an import-
ant limitation of the current literature is that the obesity
component has not been accounted for when the effect of
T2DM on different CYP activities has been investigated.

WHAT QUESTION DID THIS STUDY ADDRESS?

Does T2DM impact in vivo activities and protein expressions of CYP2C19, CYP3A,
CYP1A2, and CYP2C9 in patients with obesity?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study suggests that in vivo CYP2C19 activity is lower in patients with T2DM
and obesity compared with patients with obesity only. T2DM does not seem to
impact CYP3A, CYP1A2, and CYP2C9 activities and protein concentrations in
patients with obesity.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The risk of treatment failure (prodrugs) and adverse cffects (active drugs) should
be borne in mind when prescribing drugs dependent on CYP2C19-mediated
metabolism in patients with T2DM and obesity.

Previous studies have in fact provided evidence of lower
CYP3A activity in patients with obesity compared with
individuals without obesity.'*'* Additionally, we have re-
cently shown that patients with obesity (with or without
T2DM) had lower CYP2C19 activity than mainly normal
weight controls.”” There is also evidence of lower CYP3A
and CYP2C19 activity in patients with NAFLD,?*?! and
since obesity, T2DM, and NAFLD often coexist,® this fur-
ther complicates the interpretation of previous findings.

In view of this, the primary objective was to investigate
the impact of T2DM on in vivo activities and protein ex-
pressions of CYP2C19, CYP3A, CYP1A2, and CYP2C9, by
comparing patients with obesity and T2DM with their re-
spective counterparts without T2DM. Secondary, we aimed
to investigate the effect of covariates such as NAFLD, body
mass index (BMI), and inflammatory markers on these
CYP activities within a wide body weight range.

METHODS
Participants

A total of 108 patients were included in the COCKTAIL
study, an open-label, three-armed, single-center, con-
trolled study (NCT02386917).1¢ Of these, six patients
withdrew and two patients were excluded before study
start.'® Also, one patient was excluded from the pharma-
cokinetic analysis due to severe liver cirrhosis, leaving
99 patients that were included in the present cross-
sectional exploratory post hoc analysis. Inclusion and
exclusion criteria of the COCKTAIL study have been
published previously in a protocol article.”” The study
population included patients with obesity scheduled for
weight loss treatment with Roux-en-Y-gastric bypass
(RYGB) or non-surgical calorie restriction based on clin-
ical indications, and a control group of mainly normal
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weight individuals scheduled for cholecystectomy. The
study design included a stratification for diabetic sta-
tus of patients with obesity.?* The impact of RYGB and
strict diet on the activities and protein concentrations
of central CYP enzymes in the same study population
have been published previously.'®*® The COCKTAIL
study was approved by the Regional Committee for
Medical and Health Research Ethics (2013/2379/REK),
performed according to the Declaration of Helsinki, and
all patients gave written informed consent as part of the
COCKTAIL study.

In the present analysis, patients were divided into
three groups based on diabetes status and BMI: (1) pa-
tients with T2DM and obesity (BMI >30kg/m?) labeled
T2DM-obesity, (2) patients with obesity, but not T2DM,
labeled obesity, and (3) controls without obesity (BMI
<30kg/m?) and without T2DM labeled controls. T2DM
was diagnosed according to the following criteria: gly-
cated haemoglobin (HbAlc) 248 mmol/mol (6.5%), or
antidiabetic drug treatment, or previously diagnosed
with T2DM treated with lifestyle interventions. The
T2DM-obesity group and the obesity group underwent a
3-week low-energy diet (<1200kcal/day) before the in-
depth study investigation, whereas the controls did not
undergo any defined diet. None of the patients received
treatment with medications and/or other substances
known to influence the pharmacokinetics of the probe
drugs used in this study.

Study investigation and procedures

On the study day, patients first met for blood sampling
at 7:30a.m. before they received 100mg oral caffeine
(8:00a.m.), followed by 1.5 mg oral midazolam syrup,
25mg oral losartan, and 20 mg oral omeprazole 1 h later
(9:00a.m.). Intravenous midazolam (1.0 mg) was admin-
istered 4 h after the oral midazolam syrup (1:00p.m.).
Blood samples for analysis of omeprazole, caffeine, and
their metabolites were collected 3 and 4 h after adminis-
tration of the respective drug (12:00a.m.). For midazolam
the blood samples were collected before and 0.25, 0.5,
1, 1.5, 2, 3, 4, 4.25, 4.5, 5, 5.5, 6, 8, 10, 12, 23, and 24-h
after the administration of oral midazolam syrup. The
blood samples were drawn in K2-EDTA vacutainer tubes
and centrifuged for 10 min at 4°C (1800 g). Plasma was
separated into Cryovials and frozen within 1 h at —70°C
until analysis. Urine was collected in a container for 8 h
after the administration of losartan, and the total volume
was recorded. An aliquot of 10 ml urine was frozen im-
mediately after sampling at —70°C. The pharmacokinetic
investigation has been described in more detail previ-
ously.'®?° Also, in the patients subjected to RYGB, paired
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jejunal and liver biopsies were obtained during surgery.
This has been described in detail previously.**** The bi-
opsies were transferred into cryotubes, snap-frozen in lig-
uid nitrogen directly upon sampling, and stored at —70°C
until analysis.

Standard clinical chemistry analyses were performed
in fresh blood samples at the Department of Laboratory
Medicine, Vestfold Hospital Trust, Tensberg, Norway.
Plasma concentrations of high-sensitivity C-reactive
protein (hs-CRP) were measured using immunoturbi-
dimetry (Advia Chemistry XPT systems, Siemens) at
Fiirst Medical Laboratory, Oslo, Norway. Plasma con-
centration of inflammation markers representing var-
ious types of immune responses, > namely interferon
(IFN)-y, interleukin (IL)-1p, IL-6, and tumor necrosis
factor-a (TNF-a), were analyzed using multiplex bead-
based immunoassays (Bio-Techne, UK) based on XMAP
technology (Luminex, Austin, TX) at the Department
of Medical Biochemistry, Diakonhjemmet Hospital,
Oslo, Norway. Body weight (kg) and body composition
were measured with the Inbody 720 Body Composition
Analyzer (Biospace, Korea). Waist and hip circumfer-
ence were measured with a stretch-resistant tape par-
allel to the floor and midway between the 12th rib and
the iliac crest, and around the widest portion of the but-
tocks, respectively.

Estimation of CYP activities

Absolute bioavailability and systemic clearance of mi-
dazolam and plasma concentrations of the endogenous
CYP3A biomarker 48-hydroxycholesterol (4OHC) were
used to estimate CYP3A activity. Midazolam absolute
bioavailability and systemic clearance were determined
using a population pharmacokinetic model, which has
been described in detail previously.16 In short, the mod-
eling was performed using the nonparametric adaptive
grid approach implemented in Pmetrics (version 1.5.2)
for R (version 3.6.2).2% A catenary three-compartment
model with absorption lag-time and first-order elimi-
nation from the central compartment described the
data adequately for the purpose of the present analy-
sis. CYP1A2 activity was described by the 4-h plasma
paraxanthine/caffeine ratio, CYP2C19 activity by the
3-h plasma 5-hydroxyomeprazole (5-OH-omeprazole)/
omeprazole ratio, and CYP2C9 activity by the 8-h urine
losartan/losartan carboxylic acid (LCA) ratio. For the
metabolic ratios calculated as metabolite/drug ratio
(CYP1A2 and CYP2C19), a higher ratio implies higher
CYP activity, while for the metabolic ratio calculated as
drug/metabolite ratio (CYP2C9), a higher ratio implies
lower CYP activity.
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Bioanalytical assays
Midazolam

A previously validated ultra-high performance liquid chro-
matography tandem mass spectrometry (UHPLC-MS/MS)
method was used to determine plasma concentrations
of midazolam and has been described in detail previ-
ously.?’ Briefly, liquid-liquid sample extraction was used
as sample preparation. Eight calibrators in the range of
0.1-20ng/ml were applied, and back-calculated values
of calibrators within 80-120% were accepted. The lower
limit of quantification (LLOQ) was 0.1 ng/ml, and the
upper limit of quantification (ULOQ) was 20ng/ml.
Samples with midazolam concentrations above ULOQ
were diluted in blank plasma and reanalyzed. Dilution
integrity with dilution factors of 1/2, 1/5, 1/10, 1/20, and
1/50 was established; mean accuracy ranged from 88.9%
to 103.8%, and the imprecision was <4.5%. Within-series
and between-series performance were assessed with the
resulting coefficient of variation (CV) <12.3%, and the
mean accuracy ranged from 99.3% to 104.3%.

Caffeine, omeprazole, and losartan

As previously described, plasma concentrations of caffeine,
paraxanthine, omeprazole, and 5-OH-omeprazole, and uri-
nary concentration of losartan and LCA were determined by
Covance Laboratories (Madison, WI) using validated LC-
MS/MS methods.”® The inter-run precisions, assessed as
CVs, were <4.6% and <4.5% for caffeine and paraxanthine,
respectively. The inter-run accuracies ranged between
94.7% and 98.7% for caffeine and between 96.7% and 100.0%
for paraxanthine. For losartan the inter-run precision was
<9.8% and inter-run accuracies varied between 95.6% and
103.0%, and for LCA the inter-run precision was <10.6%
and inter-run accuracies were between 96.9% and 100.2%.
In the omeprazole and 5-OH-omeprazole assay, inter-run
CVs were <9.8% and <14.9% and inter-run accuracies were
between 96.9% and 101.2% and 98.0% and 102.4% for ome-
prazole and 5-OH-omeprazole, respectively.

4B-Hydroxycholesterol (4B0HC)

A previously described assay,”® with an added filtration step,?’
was used to determine plasma concentrations of 4OHC. In
brief, 480HC was de-esterified from fatty acids by ethanolic
sodium methoxide and isolated from plasma by liquid-
liquid extraction with hexane. Extracts were evaporated by
nitrogen and reconstituted in methanol before filtration. For
the quantitative analysis, a UPLC followed by an MS detector

(Waters, Milford, MA) was used. Chromatographic separa-
tion was achieved on a BEH C18 column RP-shield (1.7 pm,
1x100mm) from Waters with a mobile phase of water and
methanol. After atmospheric pressure chemical ionization,
detection was obtained with multiple reaction monitoring
at m/z 385.25->367.45 (4pOHC) and m/z 392.30->374.50
(4pOHC-D7; internal standard). The LLOQ was 10 ng/ml.
Intra- and interday imprecision and inaccuracy were <15%
at 10 ng/ml and <4% at 644ng/ml (n = 6).%

Protein quantification of CYP enzymes in
liver and jejunal biopsies

The protein quantification has been described previ-
ously.®® In brief, proteins were extracted from liver and
jejunal biopsies in a sodium dodecyl sulfate (SDS)-
containing (2% w/v) lysis buffer, and processed with the
multi-enzyme digestion filter-aided sample preparation
protocol, using LysC and trypsin. Proteomics analysis was
performed with Q Exactive HF or Q Exactive HF-X. MS
data were processed with MaxQuant, using the human
UniProtKB. Spectral raw intensities were normalized with
variance stabilization. The protein concentrations were
calculated using the total protein approach.

Genotype analyses

Tagman-based real-time polymerase chain reaction assays
implemented for routine pharmacogenetic analyses at the
Center for Psychopharmacology, Diakonhjemmet Hospital,
Norway were used to analyze the following variant alleles:
CYP1A2; the increased induction allele *IF (rs762551),
CYP2C9; the reduced function alleles *2 (rs1799853) and
#3 (rs1057910), CYP2C19; the null alleles *2 (rs4244285), *3
(rs4986893), and *4 (rs28399504) and the gain-of-function
allele *17 (rs12248560), CYP3A; the reduced function al-
lele *22 (rs35599367) and CYP3AS5; and the null allele *3
(rs776746). The following subgroups were used to describe
genotype-predicted-phenotype: normal, ultrarapid/rapid,
intermediate, and poor metabolizer. Except for CYP2C9*3,
all alleles were in Hardy—Weinberg equilibrium.

Data and statistical analysis

Visual inspection of plots and Shapiro Wilk's test were used
to evaluate the normality of the data. Wilcoxon rank-sum
test was used to compare differences between (1) the T2DM-
obesity group and obesity group and (2) the obesity group
and the controls. Fisher's exact test was used to compare
genotype-predicted-phenotype distribution between the
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groups. Multivariable regression analyses were performed
to explore the effects of BMI, T2DM (yes/no), and NAFLD
(yes/no) on the various CYP activities. The multivariable
regression analyses were adjusted for age, sex (male/fe-
male), and genotype-predicted-phenotype (i.e., genotypic
normal, rapid/ultrarapid, intermediate, and poor metabo-
lizer) effects. Inflammatory markers with a p value <0.25
in the univariate regression analyses were candidates for
inclusion in the final multivariable model. Potential impact
of the 3-week low-energy diet was investigated in a suba-
nalysis. Linear mixed-effects models with a log-transformed
dependent variable (PK parameter) were used to estimate
the between-group difference (T2DM-obesity vs. obesity) in
change over time (weeks 0-3). Visit (time), diabetes status
(yes/no), and their interaction (visit x diabetes status) were
treated as fixed effects. The unique patient ID was used as
a random effect, and the confidence interval (CI) was ad-
justed using Tukey's method. Insulin resistance was esti-
mated using the homeostasis model assessment (HOMA)

TABLE 1 Patient characteristics

@
ASCPT

and calculated by the following equation: fasting insulin
(pmol/L) x fasting glucose (mmol/L)/135.*" The NAFLD
liver fat score (NAFLD-LFS) was calculated according to
Kotronen et al.** Values of NAFLD-LFS greater than —0.640
were indicative of NAFLD. A p value <0.05 was considered
statistically significant, and all statistical analyses were per-
formed using R for Windows (version 4.1.2).%

RESULTS
Patients

A total of 99 patients (30% males) were included in
the present analysis; 29 in the T2DM-obesity group,
53 in the obesity group, and 17 in the controls. Patient
characteristics are presented in Table 1. Mean age was
higher in the T2DM-obesity group compared with the
obesity group (8years [95% CI: 4, 12]), whereas mean

T2DM-obesity Obesity Controls

Characteristic (n=29) (n =53) (n=17)
Age (years) 52+8 45+9 42+15
Sex (male/female) 8/21 19/34 3/14
Body weight (kg) 109+17 128 +23 7011
BMI (kg/m?) 38+4.9 43+5.6 24426
Waist circumference (cm) 119+10 124+13 81+16
Hip circumference (cm) 120+13 131+12 96+16
Waist—hip ratio 0.99+0.09 0.95+0.10 0.85+0.06
HbA1c (mmol/mol) 50+10 36+3.4 35+2.7
Glucose (mmol/L) 6.7+1.4 4.9+40.45 4.7+0.40
Insulin (pmol/L) 122+43 100+ 51 50+22
HOMA-IR 59+3.0 34+1.9 1.6+0.81
Total cholesterol (mmol/L) 4.0+1.1 3.9+0.8 4.4+09
hs-CRP (mg/L) 4.5+4.2 6.3+6.6 24+3.9
ALT (U/L) 39+23 37+21 23+15
NAFLD 29 (100) 33(62) 1(6)
Comorbidities

Hypertension 15(52) 17 (32) 0(0)

Heart disease® 2(7) 1(2) 0(0)

Depression/anxiety 9(31) 14 (26) 0(0)

Asthma/COPD 8 (28) 9(17) 0(0)

Autoimmune diseases’ 1(3) 2(4) 0(0)

Note: Data are described as mean + standard deviation or absolute numbers (%).

Abbreviations: ALT, alanine aminotransferase; BMI, body mass index; COPD, chronic obstructive
pulmonary disease; HbAlc, glycated hemoglobin; hs-CRP, high-sensitivity C-reactive protein; HOMA-IR,
Homeostasis Model Assessment of Insulin Resistance; NAFLD, nonalcoholic fatty liver disease; T2DM,

type 2 diabetes mellitus.

“Includes coronary artery bypass surgery, myocardial infarction, and percutaneous coronary intervention.

"Includes rheumatoid arthritis, Bechterew’s discase (ankylosing spondylitis), inflammatory bowel
disease, coeliac disease, and polymyalgia rheumatica.
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BMI was slightly lower (—4.6 kg/m? [95% CI: —=7.0,
—2.1]; Table 1). In the T2DM-obesity group, all patients
(100%) had NAFLD-LFS indicative of NAFLD, whereas
in the obesity group and the controls the proportions
were 62% and 6%, respectively. Among the patients
with T2DM-obesity, 69% received treatment with one
or more glucose-lowering drugs; metformin (n = 13),
sodium-glucose co-transporter 2 (SGLT2) inhibitors
(n = 5), glucagon-like peptide-1 (GLP-1) analogues
(n = 4), and/or a combination of metformin and dipep-
tidyl peptidase 4 (DPP-4) inhibitors (n = 8). The CYP
genotype distribution is given in Table 2. There were
no significant between-group differences in genotype-
predicted-phenotype distribution between the three
groups.

CYP2C19

Table 3 reports the activities and protein concentrations
of the various CYP enzymes in the T2DM-obesity, obe-
sity, and control groups. The median 5-OH-omeprazole/
omeprazole ratio was 63% lower in the T2DM-obesity
group compared with the obesity group (Figure 1la,
Table 4). Jejunal CYP2C19 concentrations, available
in a subset of the patients (n = 34), were 40% lower

in the T2DM-obesity group compared with the obesity
group, while there was no statistically significant dif-
ference in hepatic CYP2C19 concentrations (n = 39;
Figure 1b,c, Table 4). Results from the regression model
including all three study groups (n = 99) suggested
that interindividual variability in CYP2C19 activity
(5-OH-omeprazole/omeprazole ratio) was associated
with both T2DM and NAFLD, but not BMI (Table 5).
None of the inflammatory markers were included in the
final model, due to the lack of significance and/or in-
fluence of the p-estimates. The final model explained
43% of the variability in CYP2C19 activity. Results from
the univariate regression analysis of covariates are pre-
sented in Table S1.

CYP3A

There were no differences in any of the in vivo CYP3A
metrics or in jejunal or hepatic CYP3A concentration
between the T2DM-obesity group and the obesity group
(Table 4). The multivariable regression analyses showed
that interindividual variability in midazolam absolute
bioavailability, systemic clearance, as well as 4fOHC
concentrations, were associated with BMI (Table 5).
For absolute bioavailability of midazolam and 4fOHC

TABLE 2 Genotype distribution in

. T2DM-obesity Obesity Controls the three study groups

Genotype (likely phenotype) (n=29) (n =53) (n=17)
CYP2C19 genotype

*1/*1 (NM) 12 (41) 21 (40) 7 (41)

*17/*17 or *1/*17 (UM/RM) 8(28) 22 (41) 5(29)

*1/%2 or *2/¥17 (IM) 7(24) 8(15) 5(29)

*2/*2 or *2/*4 (PM) 2(7) 2(4) 0(0)
CYP3A4 genotype

*1/%1 (NM) 27 (93) 50 (94) 15 (88)

*1/*22 (IM) 2(7) 3(6) 2(12)
CYP3AS5 genotype

*1/%3 (IM) 2(7) 6(11) 2(12)

*3/%3 (PM) 27(93) 47 (89) 15 (88)
CYP1A2 genotype

*1/#1 or *1/*1F (NM) 14 (48) 25 (47) 10 (59)

*1F/*1F (hyperinducer) 15 (52) 28(53) 7 (41)
CYP2C9 genotype

*1/#1 or *1/%2 (NM) 26 (90) 49 (92) 16 (94)

*1/%3 or *2/%2 (IM) 3(10) 4(8) 0(0)

*3/%3 (PM) 0(0) 0(0) 1(6)

Note: Data are presented as absolute numbers (%).

Abbreviations: CYP, cytochrome P450; IM, intermediate metabolizer; NM, normal metabolizer; PM, poor

metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer.
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of CYP2C19, CYP3A, CYP1A2, and T2DM-obesity ~ Obesity Controls
CYP2C9 in the three study groups Parameter (n=29) (n=53) (n=17)
CYP2C19
5-OH-omeprazole/omeprazole 0.76 +0.92 1.5+1.6 23423
Jejunal CYP2C19 (fmol/pg protein)*®  0.14 +0.10 0.24 +0.15 NA
Hepatic CYP2C19 (fmol/pg protein)* 7.9 +2.5 9.3+3.5 11+£3.9
CYP3A
MDZ absolute bioavailability (%) 25 +12 20 +10 8.4+4.2
MDZ systemic clearance (L/h) 25 +10 24 +11 17+9.1
4BOHC (ng/mL) 10 +4.6 9.8 +3.8 18+6.1
Jejunal CYP3A4 (fmol/ug protein)* 13 +4.9 14 +5.3 NA
Hepatic CYP3A4 (fmol/pg protein) 19 +6.6 23 +8.1 26+6.7
CYP1A2
Paraxanthine/caffeine 0.41 +0.15 0.38 +0.14 0.45+0.26
Hepatic CYP1A2 (fmol/pg protein)® 14 +5.6 14 +6.2 18+11
CYP2C9
LCA/losartan 1.2 £0.53 1.4 £0.62 4.3+12
Jejunal CYP2C9 (fmol/pg protein)® 32+6.1 1.8 £0.75 NA
Hepatic CYP2C9 (fmol/pg protein)* 12 +2.5 12 +2.2 12+3.3

Note: Data are presented as mean +standard deviation.

Abbreviations: 4fOHC, 4f-hydroxycholesterol; CYP, cytochrome P450; MDZ, midazolam; NA, not
available; T2DM, type 2 diabetes mellitus.

“Jejunal biopsies were only available in 37 patients subjected to Roux-en-Y-gastric bypass (RYGB).

PJejunal CYP2C19 concentration was missing in 3 patients due to technical error (n = 34).

“Hepatic biopsies were only available in 56 patients subjected to RYGB or cholecystectomy.
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FIGURE 1 Invivo CYP2C19 activity and jejunal and hepatic protein expression in paired samples. Boxplot with individual points

of (a) the 5-OH-omeprazole/omeprazole ratio (in vivo CYP2C19 activity), (b) jejunal CYP2C19 concentration, and (c) hepatic CYP2C19
concentration. The dots are colored according to genotype. CYP, cytochrome P450; T2DM, type 2 diabetes mellitus. Jejunal CYP2C19
concentration was only available in 34 patients subjected to Roux-en-Y-gastric bypass (RYGB). Hepatic CYP2C19 concentration was only

available in 56 patients subjected to RYGB or cholecystectomy.

concentrations, the interindividual variability was also
associated with T2DM and NAFLD, respectively. The co-
variates included in the final models could only explain
19%, 6%, and 25% of the variability in midazolam absolute
bioavailability, systemic clearance, and 4pOHC concen-
trations, respectively.

CYP1A2 and CYP2C9

No differences in the paraxanthine/caffeine ratio or lo-
sartan/LCA ratio, nor intestinal (only CYP2C9) and he-
patic CYP1A2 and CYP2C9 concentrations between the
T2DM-obesity group and the obesity group were observed
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Parameter

CYP2C19*
5-OH-omeprazole/omeprazole
Jejunal CYP2C19 (fmol/pg protein)”
Hepatic CYP2C19 (fmol/pg protein)®

CYP3A®
MDZ absolute bioavailability (%)
MDZ systemic clearance (L/h)
4BOHC (ng/ml)

Jejunal CYP3A4 (fmol/pg protein)b

Hepatic CYP3A4 (fmol/pg protein)”
CYP1A2'

Paraxanthine/caffeine

Hepatic CYP1A2 (fmol/pg protein)®

CYP2C9®
LCA/losartan
Jejunal CYP2C9 (fmol/pg protein)”
Hepatic CYP2C9 (fmol/pg protein)

TABLE 4 Between-group differences
in protein expression and in vivo activities
of CYP2C19, CYP3A, CYP1A2, and
CYP2C9

T2DM-obesity vs.
Obesity

—0.39 [—0.82, —0.09]
—0.09 [—0.18, —0.003]
—0.83 [=3.4, 0.97]

4.4[-1.2,11]

1.9 [-3.7,7.0]
0.70 [—1.2,2.7]
—1.6 [—5.6, 2.0]
—3.3[-7.3,0.81]

0.02 [—0.03, 0.08]
—0.11 [-3.9, 3.8]

—0.16 [—0.42, 0.09]
1.5[1.2, 2.0]
0.04 [—1.7, 1.7]

Note: Data are presented as median [95% confidence interval]. Wilcoxon rank-sum test was used to
compare differences between the groups. A p value <0.05 was considered statistically significant (shown

in bold).

Abbreviations: 4pOHC, 4p-hydroxycholesterol CYP; cytochrome P450; LCA, losartan carboxylic acid;

MDZ, midazolam; NA, not available; T2DM, type 2 diabetes mellitus.
ACYP2C19 activity was described by the 3-h plasma 5-OH-omeprazole/omepra:

zole ratio.

bJejunal biopsies were only available in 37 patients subjected to Roux-en-Y-gastric bypass (RYGB).

‘Jejunal CYP2C19 concentration was missing in 3 patients due to technical err
dHepatic biopsies were only available in 56 patients subjected to RYGB or chol

or (n = 34).
ecystectomy.

°CYP3A activity was described by absolute bioavailability and systemic clearance of midazolam and

plasma concentrations of the endogenous CYP3A4 biomarker 4fOHC.
fcypia2 activity was described by the 4-h plasma paraxanthine/caffeine ratio.
BCYP2C9 activity was described by the 8-h urine losartan/LCA ratio.

(Table 4). The regression analyses supported that T2DM
has no relevant effect on CYP1A2 (paraxanthine/caffeine
ratio) or CYP2C9 activities (losartan/LCA ratio) (Table 5).
The inflammatory marker TNF-o was associated with
some of the interindividual variability in both CYP1A2
and CYP2C9 activities and was thus included in the final
model. Genotype-predicted-phenotype also explained a
significant part of the variability in CYP2C9 activity. The
covariates included in the final model for CYP1A2 and
CYP2C9 explained 10% and 48% of the interindividual
variability, respectively.

Impact of the low-energy diet

Beforethedietintervention, the median 5-OH-omeprazole/
omeprazole ratio was 55% lower in the T2DM-obesity group
compared with the obesity group: —0.27 [95% CI: —0.50,
—0.03]. None of the other markers investigated showed

any significant difference between these groups before
the diet intervention (p>0.10). During the 3-week diet
intervention, the obesity group had a significantly larger
increase in the 5-OH-omeprazole/omeprazole ratio com-
pared with the T2DM-obesity group: 0.28 [95% CI: 0.05,
0.51]. For the paraxanthine/caffeine ratio, mean differ-
ence in change between the obesity group and the T2DM-
obesity group during the diet intervention was —0.05 [95%
CI: —0.09, —0.01]. There was no between-group difference
in within-group change in midazolam absolute bioavail-
ability, systemic clearance, 430HC concentration, or lo-
sartan/LCA ratio between weeks 0 and 3 (all p>0.23).

DISCUSSION

In this comprehensive analysis including data from 99
patients we were able to study the impact of T2DM on
CYP2C19, CYP3A, CYP1A2, and CYP2C9 activities and
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TABLE 5 Multivariable analysis of CYP1A2, CYP2C9, CYP2C19, and CYP3A activities

Parameter estimate
CYP450 isoform Covariates (B) +SE p value Adjusted R?
CYP2C19 (log 5-OH-omeprazole/omeprazole) BMI (kg/m?) —0.000 +0.013 0.99 0.43
T2DM (yes) —0.64 +0.26 0.016
NAFLD (yes) —0.63 +0.25 0.015
CYP3A (MDZ absolute bioavailability, %) BMI (kg/m?) 0.030 +0.009 0.0011 0.19
T2DM (yes) 0.40 +0.18 0.033
NAFLD (yes) —0.027 £0.18 0.88
CYP3A (MDZ systemic clearance, L/h) BMI (kg/m?) 0.015 +0.007 0.041 0.06
T2DM (yes) 0.11 +£0.15 0.46
NAFLD (yes) —0.027 £0.15 0.86
CYP3A (log 4pOHC, ng/ml) BMI (kg/m?) —0.020 +0.006 0.0017 0.25
T2DM (yes) —0.012 £0.12 0.92
NAFLD (yes) —0.27 +0.12 0.029
CYP1A2 (log paraxanthine/caffeine) BMI (kg/m?) —0.007 +0.005 0.21 0.10
T2DM (yes) 0.14 £0.11 0.20
NAFLD (yes) —0.14 +£0.11 0.19
Log TNF-a (pg/ml) 0.074 £0.034 0.032
CYP2C9 (log losartan/LCA) BMI (kg/m?) —0.001 +0.006 0.89 0.48
T2DM (yes) 0.013 +£0.12 0.92
NAFLD (yes) —0.24 +0.12 0.050
Log TNF-a (pg/ml) 0.081 +0.038 0.037

Note: The models were adjusted for age, sex (male/female), and genotype-predicted-phenotype (categorized according to Table 2: CYP2C19: *1/*1 (normal),
*17/*17 or *1/*17 (ultrarapid/rapid), *1/*2 or *2/*17 (intermediate), and *2/*2 or *2/*4 (poor); CYP3A4: *1/*1 (normal) and *1/*22 (intermediate); CYP3AS5:
*1/*3 (intermediate) and *3/*3 (poor); CYP1A2: *1/*1 or *1/*1F (normal) and *1F/*1F (hyperinducer); CYP2C9: *1/*1 or *1/*2 (normal), *1/*3 or *2/*2

(intermediate), and *3/*3 (poor)).

Abbreviations: 4OHC, 4f-hydroxycholesterol; 5-OH-omeprazole, 5-hydroxyomeprazole; BMI, body mass index; CYP, cytochrome P450; LCA, losartan
carboxylic acid; MDZ, midazolam; NAFLD, nonalcoholic fatty liver disease; TNF-«, tumor necrosis factor-o; T2DM, type 2 diabetes mellitus.

protein expression in primarily an obese population with
and without T2DM. The main finding was that CYP2C19
activity was lower in patients with T2DM and obesity than
in patients with obesity only. By contrast, T2DM had no
impact on in vivo activities and/or protein expressions of
CYP3A, CYP1A2, and CYP2CO9.

Our results showed that CYP2C19 activity was ~60%
lower in the patients with T2DM and obesity compared
with the patients with obesity only. In agreement with our
finding, Gravel et al. also found approximately 50% lower
CYP2C19 activity in patients with T2DM compared with
non-T2DM individuals with a wide body weight range."
A lower CYP2C19 activity in patients with T2DM is also
supported by other studies showing an inadequate ef-
fect of clopidogrel at studied doses, a prodrug which to
a large extent is activated by CYP2C19, in this patient
population.’***** We have previously shown that patients
with NAFLD have decreased CYP2C19 activity.”’ The re-
gression analyses in this present analysis supported that
NAFLD is involved in the downregulation of CYP2C19
activity, while BMI does not appear to be of significance.

Even though higher levels of inflammatory markers have
been suggested as an important mechanism for the down-
regulation of CYP2C19 activity in patients with T2DM,"
none of the inflammation markers investigated in the
present study could explain the additional effect of T2DM
on CYP2C19 activity. The intestinal CYP2C19 protein ex-
pression was lower in the patients with T2DM and obesity
than the patients with obesity only. Interestingly, there was
no statistically significant difference in hepatic CYP2C19
expression. However, it may be that the study was not
powered to show an effect, given that the proteomics data
were only available in a subset of the patients.

We did not observe any difference in CYP3A activity or
hepatic or intestinal CYP3A expression between the pa-
tients with T2DM and obesity and the patients with obe-
sity only. The regression analyses supported that T2DM
has no effect on hepatic CYP3A, but it may explain some
of the interindividual variability in absolute bioavailabil-
ity of midazolam. Taken together, the data in this study
indicate that BMI, but not T2DM, is of importance for
the downregulation of CYP3A activity in patients with
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obesity. By contrast, Gravel et al. showed lower CYP3A
activity in patients with T2DM compared with non-T2DM
individuals.”> Yet, in their study, the comparison was
done between two groups with significantly different BMI
(mean of 29.1 kg/m? in patients with T2DM vs. 25.7 kg/m?
in non-T2DM). Hence, the lower CYP3A activity may ac-
tually be explained by the higher BMI rather than T2DM.
The regression analyses in the present analysis supported
this hypothesis. That obesity may play a role in such pa-
tients has been proposed previously,35 and several stud-
ies have shown a decreased CYP3A activity and protein
expression with increasing BML***%% Gravel et al. have
also reported that T2DM did not have any effect on CYP3A
expression and ex vivo activity in intestinal biopsies com-
pared to patients without T2DM,* which is in line with
the results in the present analysis. Higher levels of inflam-
matory markers such as IL-6, IL-1f, and TNF-« in obesity
and T2DM have been shown previously.>! It also appears
that CYP3A is more susceptible to downregulation by in-
flammatory markers such as IL-6 compared to other CYP
enzymes.* Yet, none of the inflammatory markers in the
present study could explain the variability in CYP3A ac-
tivity. Nevertheless, inflammation may play an important
role in the downregulation of CYP3A with increasing
BMI.

Our results also indicate that T2DM does not im-
pact the expression and in vivo activity of CYP1A2 and
CYP2C9 significantly. The literature to date has been in-
conclusive with respect to the effect of T2DM on CYP1A2
and CYP2C9 activity, although there have been some
indications of an increased activity.15 4041 For CYP1A2,
the inconsistent findings may be due to different gender
distribution, as there are some indications of increased
CYP1A2 activity in men.?

The major strength of this study is the stratified inclusion
of patients with obesity with and without T2DM and a con-
trol group of primarily normal weight individuals without
T2DM. Hence, we were in the unique position to investigate
the effect of T2DM in an obese population, thus limiting the
confounding effect of obesity on CYP activities. Another
important strength is that we have matched in vivo activity
data and proteomics data from liver and intestinal samples.
Limitations of this study are, first, that a single-time point
metabolic ratio for CYP2C19, CYP2C9, and CYP1A2 does
not provide detailed information about pharmacokinetic
processes. The absorption rate and extent may differ in the
BMI range investigated, and the absorption may be delayed in
patients with diabetes.*** Thus, we cannot rule out that this
has influenced the metabolic ratios. However, our data on
oral midazolam did not indicate any difference in absorption
rate or lag-time in the present study. Second, as the protein
concentrations from the biopsies may not be entirely repre-
sentative of the CYP content in the whole organ (liver and

intestine) this complicates in vitro—in vivo extrapolation.**
Third, an important limitation of this study includes not ad-
justing for multiple testing, which may increase the likeli-
hood of type 1 errors. Also, no sample size calculation was
performed due to the exploratory nature of the study. Hence,
the study may not have been powered to detect a statistically
significant difference (alpha = 0.05), thus increasing the like-
lihood of type 2 errors. Fourth, the patients with obesity (with
and without T2DM) were subjected to a 3-week low-energy
diet which may have influenced the results. However, the re-
sults from the subanalysis showed that the diet intervention
had no effect on CYP3A and CYP2C9 activities, whereas the
effect on CYP1A2 activity was minor, but statistically signifi-
cant. The diet intervention had a larger impact on CYP2C19
activity in the patients with obesity without T2DM than the
patients with both obesity and T2DM. Thus, the difference in
the median 5-OH-omeprazole/omeprazole ratio was numer-
ically larger after the diet than prior to the diet (63% vs. 55%).
Accordingly, we do not believe that the diet intervention has
influenced the results to any significant degree. Finally, we
used surrogate measures of NAFLD, and hence it was not
possible to determine any degree of steatosis, and we only
measured systemic inflammation, not local inflammation in
the liver.

In conclusion, in vivo CYP2C19 activity was lower
in patients with T2DM and obesity compared with pa-
tients with obesity only, while there were no difterences
in CYP3A, CYP1A2, and CYP2C9 in vivo activities and
protein expressions. Thus, the effect of T2DM on CYP ac-
tivities is isoform-specific. It also appears that CYP2C19
activity is downregulated in patients with NAFLD. These
findings should be borne in mind when prescribing drugs
dependent on CYP2C19-mediated metabolism in patients
with T2DM and obesity.
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