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Abstract

Cytochrome P450 2D6 (CYP2D6) is important for metabolism of 20%-25% of all
clinically used drugs. Many known genetic variants contribute to the large in-
terindividual variability in CYP2D6 metabolism, but much is still unexplained.
We recently described that nuclear factor 1B (NFIB) regulates hepatic CYP2D6
expression with the minor allele of NFIB rs28379954 T>C significantly increasing
CYP2D6-mediated risperidone metabolism. In this study, we investigated the effect
of NFIB T>C on metabolism of solanidine, a dietary CYP2D6 substrate. Analyses
of solanidine and metabolites (M414, M416, and M444) were performed by ultra-
high performance liquid chromatography-high-resolution mass spectrometry
in a cohort of 463 CYP2D6-genotyped patients of which with 58 (12.5%) carried
NFIB TC (n=56) or CC (n=2). Increased metabolism of solanidine was found in
CYP2D6 normal metabolizers (NMs; n =258, 55.7%) carrying the NFIB C variant
(n=27, 5.8%) with 2.83- and 3.38-fold higher M416-to-solanidine (p =0.039) and
M444-to-solanidine (p=0.046) ratios, respectively, whereas this effect was not sig-
nificant among intermediate metabolizers (n=166, 35.9%) (p=0.09). Importantly,
no effect of the NFIB polymorphism on solanidine metabolism was seen in TC or
CC carriers lacking CYP2D6 activity (poor metabolizers, n=30, 6.5%, p=0.74).
Furthermore, the NFIB polymorphism significantly explained variability in solan-
idine metabolism (M414 p=0.013, M416 p=0.020, and M416 and M444 p=0.009)
in multiple linear regression models for each metabolic ratio in the entire popu-
lation, correcting for covariates (including CYP2D6 genotypes). Thus, the study
confirms the effect of NFIB in regulating CYP2D6 activity, suggesting an about
200% increase in CYP2D6-mediated clearance in NMs being NFIB CT or CC carri-
ers, comprising around 6% of Europeans.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

The interindividual variability in CYP2D6 activity is high, particularly in pa-
tients who are classified as CYP2D6 normal metabolizers (NMs). Recently, it was
showed that CYP2D6 NM patients carrying the NFIB rs28379954 C variant have
increased risperidone metabolism, but studies on additional CYP2D6 substrates
are necessary to strengthen the evidence of an association between NFIB geno-
type and CYP2D6 metabolism, as well as estimate the effect size of the NFIB C
variant on CYP2D6 clearance.

WHAT QUESTION DID THIS STUDY ADDRESS?

We investigated the effect of the NFIB rs28379954 T>C polymorphism on me-
tabolism of the dietary CYP2D6 biomarker solanidine in patients stratified by
CYP2D6 genotype.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

We found that CYP2D6 NMs carrying NFIB C had significantly increased
CYP2D6-mediated metabolism of solanidine by around 200%, whereas no sig-
nificant effect of NFIB genotype was seen in CYP2D6 intermediate metabolizers
and poor metabolizers (PMs). The significant effect in NMs and absent effect
in PMs provided conclusive evidence that NFIB modulates CYP2D6 activity.
Further studies should investigate the clinical impact of the increased metabo-
lism in CYP2D6 NMs carrying NFIB TC or CC genotypes, who comprise around
6% of Europeans.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The study contributes with increased understanding of genetic factors causing
the extensive variability in enzyme activity among CYP2D6 NMs assigned by
CYP2D6 genotype. Furthermore, it opens for new studies investigating the clini-
cal impact of increased metabolism in CYP2D6 NMs carrying the NFIB TC or CC
genotype. The studies should investigate the potential importance of the NFIB
T>C polymorphism for precision dosing of CYP2D6 drugs in CYP2D6 NMs as
well as clinical outcomes.

INTRODUCTION

CYP2D6 is a highly polymorphic enzyme involved in
the metabolism of a great variety of therapeutic drugs.'
Knowledge of the CYP2D6 genotype is used for prediction
of drug clearance and optimal dosing in vivo. However,
the interindividual variability in CYP2D6 activity is very
high between patients having the same CYP2D6 genotype-
predicted phenotype.”™ This indicates the influence
of other, unknown genetic variants affecting CYP2D6-
mediated drug metabolism.

Recently, we showed that nuclear factor 1B (NFIB) plays
a role in the regulation of several drug-metabolizing en-
zymes, including cytochrome P450 1A2 (CYP1A2) and 2D6
(CYP2D6) as well UGTs and GST in human liver spher-
oids.” Furthermore, we found that CYP2D6 normal me-
tabolizers (NMs) carrying the C variant allele of the NFIB
1s28379954T>C polymorphism exhibited significantly

increased metabolism of the CYP2D6 biomarker drug
risperidone compared to NFIB TT carriers, but this effect
was importantly not observed in CYP2D6 poor metaboliz-
ers (PMs).” Transfection of in vitro reporter constructs en-
compassing —1915 to —413bp of the 5" upstream CYP2D6
sequences in Huh7 cells suggested that NFIB appears to
cluster with proteins interfering with a regulatory element
—413 to —534bp upstream of the CYP2D6 gene thereby in-
hibiting gene expression.” In 3D liver spheroids, we found
that the variant form of the NFIB gene, NFIB C, causes less
expression of nuclear NFIB in hepatocytes, which would
then result in less NFIB-mediated lowering of CYP2D6 ex-
pression and increased rate of CYP2D6 metabolism.’
Although these novel findings on risperidone metabo-
lism provided evidence for the role of NFIB in regulating
CYP2D6 metabolism, data on additional substrates are
needed to reproduce the NFIB effect on CYP2D6 metab-
olism. Recent studies from Magliocco et al.® and Behrle



NFIB GENOTYPE AND EFFECT ON CYP2D6 METABOLISM

| 30f7

et al.’” identified solanidine and metabolites, originating
from potatoes (S. tuberosum),*®® as promising dietary
biomarkers of CYP2D6 activity. After potato intake, so-
lanidine is present in human serum in nanomolar (nM)
concentrations up to 3weeks.'” The aim of the present
study was to investigate the effect of the NFIB C variant on
solanidine metabolism in a large population stratified for
CYP2D6 genotype.

METHODS
Subjects

This study included CYP2D6-genotyped patients, who
had performed routine pharmacogenetic testing and ther-
apeutic drug monitoring (TDM) of psychiatric drug(s) at
the Center for Psychopharmacology, Diakonhjemmet
Hospital (Oslo, Norway), during the period March 2019
to April 2022. The patients partly overlapped with previ-
ous studies investigating the impact of NFIB genotype on
risperidone and clozapine metabolism.>"!

Information about CYP2D6 genotypes was retrieved from
the laboratory database, whereas NFIB genotype was carried
out using remaining DNA samples from the original routine
analyses. Measurements of solanidine and its metabolites
were drawn from existing high-resolution mass spectrome-
try (HRMS) data files of TDM measurements. Exclusion cri-
teria were age less than 18 or greater than or equal to 65 years
and co-medicated with the CYP2D6 inhibitors bupropion,
fluoxetine, paroxetine, or levomepromazine. Because the
routine genotyping assays could not discriminate among
duplication CYP2D6*1, CYP2D6*4, or CYP2D6*41, patients
with change in copy number with presence of CYP2D6*4 or
CYP2D6*41 were excluded.

The use of historical data in this study was approved by
the Regional Committee for Medical and Health Research
Ethics and the Hospital Investigational Review Board.

CYP2D6 and NFIB rs28379954
T>C genotyping

Although ethnicity is not allowed to register when per-
forming laboratory analysis in Norway, most inhabitants
are of European Ancestry. The routine panel for CYP2D6
genotyping therefore comprises the most relevant CYP2D6
variants found in Europeans. Analyses of CYP2D6 variant
alleles were performed using TagMan-based real-time
polymerase chain reaction (PCR) assays implemented and
validated for routine pharmacogenetic testing at the Center
for Psychopharmacology, Diakonhjemmet Hospital, Oslo,
Norway, described in detail elsewhere.'” The CYP2D6

ASCPT

pharmacogenetic panel includes (i) non-functional (Null)
alleles CYP2D6*3, CYP2D6*4, CYP2D6*6, (ii) decreased
function (Decr) alleles CYP2D6*9, CYP2D6*10, and
CYP2D6*41, as well as (iii) copy number analysis to iden-
tify CYP2D6*5 (Null, whole gene deletion) allele and du-
plication of functional alleles (CYP2D6*1/*1x2). Absence
of detected variants in the routine pharmacogenetic anal-
yses was interpreted as wild type (CYP2D6*I). Copy num-
ber variation was analyzed using a predesigned TaqgMan
assay in exon 9 of CYP2D6 (Thermo Fisher Scientific) with
RnaseP as reference assay, which is present on two cop-
ies in humans. All the analyses of the CYP2D6 genotyping
panel, where data were included from, are accredited for
clinical use.

The patients were categorized according to the
Clinical Pharmacogenetics Implementation Consortium
(CPIC) guidelines: CYP2D6 ultrarapid metabolizers
(UMs; CYP2D6*1*1x2), CYP2D6 NMs (CYP2D6*1/*1
or CYP2D6*1/Decr), intermediate metabolizers (IMs;
CYP2D6*1/Null, CYP2D6Decr/Decr or CYP2D6Decr/Null),
or PMs (CYP2D6Null/Null).®> As some CYP2D6 variants,
such as CYP2D6*2, CYP2D6*17, and CYP2D6*35, were not
included in the routine CYP2D6 pharmacogenetic panel,
this may for some patients affect the accuracy of assign-
ments to CYP2D6 IM and NM groups.

Genotyping of the NFIB rs28379954 T>C polymor-
phism is described in detail elsewhere.’ Briefly, it was
performed in a similar way as for CYP2D6 genotyping
with TagMan single-nucleotide polymorphism genotyp-
ing assay from Thermo Fisher Scientific (C_59359617_10).
The PCR assays were run on QuantStudiol2K Flex or
QuantStudio Dx Real-Time PCR Systems (Thermo Fischer
Scientific).

Ultra-high performance liquid
chromatography-HRMS assay

The serum samples had previously been analyzed on an
ultra-high performance liquid chromatography-HRMS in-
strument in routine TDM of any psychiatric drugs,'* but,
in this case, applied for identification and quantification
of solanidine and metabolites through retrospective repro-
cessing of the non-selective full scan HRMS data, as de-
scribed in detail elsewhere.®® Solanidine and metabolites
(i.e., M414, M416, and M444) were identified in the HRMS
data files by accurate mass (m/z, +£5ppm) detection at the
fourth decimal and isotope ratio. The identity of solani-
dine was confirmed using retention time and matched tan-
dem mass spectrometry spectrum by analyzing a reference
standard purchased from Phytolab (Vestenbergsgreuth,
Germany). TraceFinder 5.1 (Thermo Fisher Scientific)
was used for data processing. All peaks were integrated
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automatically. Undetectable levels of solanidine and sola-
nidine metabolites were truncated to the lower limit of de-
tection (LLOD; i.e., M414, 1564; M416, 2041; M444, 1257,
and solanidine, 2556) found for the corresponding analyte
to enable proper calculations of metabolic ratios.

Outcome measure and statistical analyses

The outcome measures were the various CYP2D6-
determined metabolite-to-solanidine ratios (MRs) in NFIB
TC/CC versus TT carriers. The MRs were In-transformed
prior to statistical analyses. Undetectable levels of metabo-
lites and solanidine were truncated to the LLOD to enable
proper calculations of MRs. Samples with undetectable
serum levels of solanidine and metabolite(s) were ex-
cluded from the corresponding analysis. Initially, the vari-
ous MRs distributions were compared between NFIB TC/
CCversus TT carriers within each of the specified CYP2D6
phenotype subgroups using Student's ¢-test. The 95% con-
fidence intervals were calculated for each of the solanidine
metabolic ratios to compare distributions of NFIB C versus
TT carriers within each CYP2D6 group. Mean estimates
of metabolite ratios for the respective NFIB subgroups
were back transformed to describe the quantitative differ-
ences in solanidine metabolism between NFIB TC/CC and
TT carriers in the various CYP2D6 groups. CYP2D6 UMs
were left out of the statistical analyses due to small sam-
ple size. Subsequently, multiple linear regression analyses
using In-transformed MRs were carried out to evaluate the
significance degree of NFIB genotype explaining the over-
all interindividual variability in the various solanine MRs
when including age, sex, and CYP2D6 phenotype (NM,
IM, PM, or UM) as covariates.

All statistical analyses were performed in SPSS, ver-
sion 27.0 (IBM SPSS). GraphPad version 9 (GraphPad

Software) was used for graphical presentations. The sig-
nificance level was set to 0.05. Unstandardized beta (B)
values with standard errors (SEs) were back transformed
to linear scales in the results presentation to illustrate the
quantitative effects of NFIB genotype on the various sola-
nidine metabolic ratios.

RESULTS

Initially, 608 patients were screened for study inclu-
sion. After excluding patients with inconclusive CYP2D6
genotypes (i.e., possible duplication of null or decreased-
function alleles, n=15), use of CYP2D6 inhibitors
(n=40), or age less than 18 or greater than or equal to
64years (n=90), a total of 463 subjects (59.4% men, mean
age=41.4years, SD: 11.2) were included. In line with ex-
pected values in Europeans, the frequencies of genotype
predicted CYP2D6 UMs, NMs, IMs, and PMs were 1.9%
(n=9), 56% (n=258), 36% (n=166), and 6.5% (n=30), re-
spectively. Among the patients, 56 heterozygous and two
homozygous NFIB C carriers were identified. Thus, 12.1%
of the population carried the NFIB C variant, whereof 27
were CYP2D6 NMs (5.8%; Table S1).

The sensitivity of detecting solanidine and the me-
tabolites in the serum samples varied from 97.8%
(M414) to 91.1% (M444). There were no significant
differences in age, sex, or proportions of undetectable
levels of solanidine and metabolites in NFIB C versus
TT carriers (p>0.19). Figure 1 shows the distributions
of solanidine MRs in NFIB TC/CC versus TT carriers
within each CYP2D6 subgroup. Significantly increased
M416- (p=0.039) and M444-to-solanidine (p=0.046)
metabolic ratios were observed for NFIB C versus TT
carriers within CYP2D6 NMs, with 2.84- and 3.37-fold
increased formations of M416 and M444, respectively

(a) (b) (c) . _
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FIGURE 1 Distributions of (a) M444-, (b) M414-, and (c) M416-to-solanidine metabolic ratios in NFIB C (red dots) versus TT carriers
(black dots) among various CYP2D6 phenotype subgroups. The two blue-square dots represent the two homozygous NFIB C carriers
detected in the population. Horizontal lines represent mean values of the respective metabolic ratios (+95% confidence interval). Statistical
analyses were performed by Student's t-test comparing NFIB C versus TT carriers within each CYP2D6 phenotype subgroups.

IM intermediate metabolizers; NM, normal metabolizers; PM, poor metabolizers; UM, ultra-rapid metabolizers.
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TABLE 1 The effects of NFIB
rs28379954 T>C allele (NFIB C) carriers
on M414-, M416-, and M444-to-solanidine

M414-to-solanidine
ratio

M416-to-solanidine
ratio

ASCPT

M444-to-solanidine
ratio

ratios with age, sex, and CYP2D6 Variables B (SE) p B (SE) D B (SE) p
phenotype subgroups as covariates. No. of patients 445 440 42
Intercept 2.86 (0.14) <0.001 2.62(0.22) <0.001 0.73(0.26) 0.006
NFIBTCor CC 0.57(0.23) 0.013  0.83(0.36) 0.020 1.12(0.43) 0.009
Covariates
Age® 0.002(0.007)  0.74  0.008 (0.010) 043  0.005(0.013) 0.66
Male sex 0.14 (0.15) 035 0.18(0.24) 0.46 0.28 (0.29) 0.33
CYP2D6 IM —0.89(0.16) <0.001 —1.71(0.25) <0.001 —2.38(0.30) <0.001
CYP2D6 PM —10.2(0.31) <0.001 —9.88(0.47) <0.001 —8.67(0.56) <0.001
Model R 0.722 0.513 0.398

Note: All the beta values In-transformed.

Abbreviations: B, beta; CYP2D6, cytochrome P450; IM, intermediate metabolizers; PM, poor metabolizers.

#Age calculated by subtracting age from the population average age.

(Figure 1; Table S2). No statistically significant differ-
ences were found between NFIB TC/CC and TT carriers
within CYP2D6 IMs or PMs, but a tendency of increased
formation of M414 was observed in IMs carrying NFIB
C (p=0.089). The lack of significant effect of NFIB C in
CYP2D6 PMs (p >0.35), where enzyme activity is absent,
provided strong evidence that NFIB genotype impacts
CYP2D6 metabolism. Pairwise comparisons of solani-
dine MRs in NFIB TC/CC versus TT carriers in CYP2D6
UMs could not be performed due to the small sample
size (Figure 1).

In multiple linear regression analyses, NFIB TC and
CC carriers significantly explaining variabilities of all
solanidine MRs, that is, p=0.013 for M414, p=0.020 for
M416, and p=0.009 for M444 (Table 1), supporting the
effect of NFIB on the regulation of CYP2D6 metabolism.
As expected, the CYP2D6 PM phenotype was the strongest
predictor of solanidine MRs (Table 1). In the multivari-
ate analysis, including CYP2D6 PMs, NFIB genotype rep-
resented 2.7% of the model's overall explained variability
of the M444 ratio (most sensitive to NFIB C). When the
analysis was performed without CYP2D6 PMs, NFIB gen-
otype represented 15.4% of the model's overall explained
variability (data not shown).

DISCUSSION

The present study shows that the NFIB C variant is sig-
nificantly associated with increased CYP2D6 metabolism
of solanidine. A significant effect on solanidine metabo-
lism was only seen in CYP2D6 NMs, which is compat-
ible with the findings that the NFIB C variant modulates
CYP2D6 gene expression and activity, which cannot occur
in CYP2D6 PMs.

We recently showed that the NFIB C variant is associ-
ated with increased metabolism of risperidone,S another
CYP2D6 substrate, where a significant effect of NFIB gen-
otype was also exclusively seen in CYP2D6 NMs (no sig-
nificant effect in IMs and PMs). Together, these findings
on two different CYP2D6 substrates indicate that the effect
of NFIB genotype on CYP2D6 metabolism is generic, and
not substrate dependent. This supports that the NFIB C is
a genetic marker of CYP2D6 metabolism, although studies
with additional CYP2D6 substrates are still required.

An issue which needs to be considered when assessing
the potential value of solanidine metabolism predicting
exposure of CYP2D6 substrates, is the substantial inter-
individual variability within and between NFIB geno-
type subgroups. This variability reflects other factors,
genetic and non-genetic, affecting CYP2D6 metabolism.
However, this issue is the same for CYP2D6 genotype in
predicting metabolizer phenotype, where the inter- and
intra-genotype variability in CYP2D6 metabolism is also
extensive. Nevertheless, the significant associations of
NFIB genotype with risperidone® and solanidine metabo-
lism in CYP2D6 NMs contribute to the understanding of
the unexplained metabolic variability of this highly poly-
morphic enzyme.

In the present study, which mainly included individ-
uals of European ancestry, the overall proportion of pa-
tients carrying the NFIB C variant was 12.1%, and as much
as 5.8% were CYP2D6 NMs. Thus, this subgroup compris-
ing individuals with increased CYP2D6 metabolism prob-
ably represents a substantial part of White populations. In
other ethnic groups, frequencies of the minor rs28379954
T>C allele are low, ranging from 0.2% in Africans to 4% in
South-Asians.” Therefore, the NFIB C variant is mainly
of relevance for individual variability in CYP2D6 metabo-
lism among people of European ancestry.
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NFIB C carriers showed significantly 2.84- (M416)
to 3.37-fold (M444) increased formation of metabolites
in CYP2D6 NMs. This indicates an average increase in
CYP2D6 activity of around 200% in CYP2D6 NMs carry-
ing the NFIB C variant. An important point though is that
the effect of the NFIB C variant among CYP2D6 NMs to
a considerable extent was driven by absence of patients
showing decreased CYP2D6 metabolism. This may indi-
cate that the presence of NFIB C counteracts downreg-
ulation of CYP2D6 activity. However, as the overlaps in
individual solanidine metabolic ratios were high between
CYP2D6 NMs carrying versus not carrying NFIB C, the ap-
parent power for classifying the former subgroup as “UM”
is currently not sufficient. Furthermore, current evidence
does not indicate whether the impact of the NFIB C vari-
ant on CYP2D6 metabolism is large enough to warrant
prescription changes of CYP2D6 substrates, including
risperidone.

A typical feature supported by the present study, is
that generally the presence of more than two functional
CYP2D6 genes has less impact on serum or plasma con-
centrations of CYP2D6 substrates as compared to the
difference between NMs and IMs. This has been shown
in studies on several psychiatric drugs, where, how-
ever, a significantly increased risk of therapeutic fail-
ure in CYP2D6 UMs versus NMs is still observed.>**¢
Additionally, a noticeable distinction exists in the dis-
criminatory capacity between the two substrates here
used for identifying CYP2D6 NMs and UMs. Specifically,
solanidine metabolic ratios exhibit a greater ability to
differentiate individuals with gene variants associated
with decreased metabolism compared to those with
higher activity variants. Conversely, risperidone proves
to be more effective in distinguishing subjects carrying
increased activity CYP2D6 variants than solanidine.*®
Additional studies on other CYP2D6 substrates than
risperidone and solanidine are necessary to highlight
this issue, and it would also be valuable to replicate the
findings of NFIB C on risperidone and solanidine me-
tabolism in other cohorts.

The naturalistic nature of the current study is associ-
ated with some limitations, such as missing information
about comorbidity and organ function that may have
altered CYP2D6 activity. Further, the amount of potato
intake was unknown, and differences in time after sola-
nidine consumption probably contributed to some of the
variability in solanidine MRs beyond that attributable to
differences in CYP2D6 activity. However, the solanidine
MRs are expected to be relatively stable over time due to
solanidine's long elimination half-life.'® Another poten-
tial issue worth mentioning is that the routine CYP2D6
panel at the point of data collection only included the
most relevant variants present in Norwegians, which

was the basis for CYP2D6 subgroups assignments of
the patients. If the panel had included variants such
as CYP2D6*2, CYP2D6*17, and CYP2D6*35, which are
now being implemented, this would have increased the
precision of CYP2D6 phenotype subgroup assignments.
Furthermore, lacking information on potential disease
factors and unknown CYP2D6 variant alleles may have
influenced the variability in solanidine metabolic ratios.
However, the ability to include a large number of sub-
jects allowed for robust comparisons between NFIB TC
or CC versus TT carriers within the CYP2D6 subgroups,
except from CYP2D6 UMs. An additional strength was
the ability to exclude patients using strong CYP2D6
inhibitors reducing bias of the main non-genetic fac-
tor causing variability in CYP2D6 metabolism in nat-
uralistic settings. Regarding significant p values from
univariate tests and potential adjustment for multiple
testing, the additional multiple linear regression models
for each solanidine metabolic ratio provided very low
p values of the NFIB genotype in explaining variability
in solanidine metabolism, even when including CYP2D6
PMs in the models. Thus, the overall evidence for the
associations between NFIB TC or CC and CYP2D6 me-
tabolism is robust.

In conclusion, the present study shows a significant
association between the NFIB C allele variant and me-
tabolism of solanidine, a dietary CYP2D6 biomarker, in
CYP2D6 NMs. NFIB genotype had no effect in CYP2D6
PMs, which is rational because CYP2D6 activity is absent
in these patients. The estimated increase in CYP2D6 activ-
ity in heterozygous or homozygous carriers of the NFIB C
variant versus the TT genotype is around 200% in CYP2D6
NMs. Individuals who are CYP2D6 NMs and carry the
NFIB C comprise around 6% of Europeans and represent
a group where additional studies should be performed
to clarify whether the impact of NFIB C on CYP2D6 me-
tabolism is large enough to affect clinical response and
warrant potential prescription changes of drugs being
CYP2D6 substrates.
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