
Humboldt-Universität zu Berlin

Lebenswissenschaftliche Fakultät
Institut für Biologie

Bachelorarbeit

Zum Erwerb des akademischen Grades Bachelor of
Science

A systematic overview of protein variability in cytochrome P450 and
UDP-glucuronosyltransferase enzymes in the human liver
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Abstract

English

Cytochrome P450 (CYP450) and UDP-glucuronosyltransferase (UGT) enzymes play key roles in
the metabolism of a wide variety of endogenous and exogenous compounds, including drugs and
toxins. CYP450 enzymes are involved in phase I metabolic reactions that typically introduce or
unmask functional groups on molecules, often leading to their activation or inactivation. These
reactions include hydroxylation, oxidation, and reduction. UGT enzymes, on the other hand,
are essential for phase II metabolism, where they catalyze the conjugation of glucuronic acid to
various substrates, making the compounds more water soluble and therefore easier to excrete.
Both CYP450 and UGT are critical in determining drug pharmacokinetics, drug e�cacy, drug
interactions and potential toxicity.

A variety of CYP450 and UGT isoforms exist in the human liver, and di�erent isoforms are re-
sponsible for detoxifying di�erent substances. For example, CYP1A2 is involved in the metabolism
of ca�eine, CYP2D6 in dextromethorphan, CYP2E1 in chlorzoxazone, and CYP3A4 in midazolam.
There are large inter-individual di�erences in the metabolism of drugs by the di�erent CYP450
and UGT isoforms. Important factors for these di�erences are di�erences in activity, e.g. due to
genetic polymorphisms, and the amount of protein of the respective enzyme in the liver.

The aim of this study was to provide a systematic overview of the variability in protein levels
of CYP450 and UGT isoforms in the human liver. To this end, a manually curated database of
protein abundance information was established and used to answer the following questions: (i)
What are the protein distributions of the di�erent CYP450 and UGT isoforms? (ii) What factors
a�ect these protein levels (age, sex, body mass index, smoking, alcohol consumption)? (iii) How
do CYP and UGT isoforms correlate among each other?

Key results include: (i) A free and open database of CYP and UGT protein levels in the human
liver has been established. (ii) CYP and UGT isoforms show large inter-individual variability in
protein levels. (iii) Di�erent CYP and UGT isoforms have di�erent protein levels. (iv) Factors such
as age, smoking and alcohol consumption may a�ect the protein levels of CYP and UGT enzymes.
(v) There are signi�cant correlations in protein levels between CYP isoforms and between UGT
isoforms.

This work has established an important resource for the study of variability in drug detoxi�ca-
tion due to variability in protein levels in the human liver.
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German

Die Enzyme Cytochrom P450 (CYP450) und UDP-Glucuronosyltransferase (UGT) spielen eine
Schl•usselrolle beim Sto�wechsel einer Vielzahl von endogenen und exogenen Verbindungen, ein-
schlie�lich Medikamenten und Toxinen. CYP450-Enzyme sind an Sto�wechselreaktionen der Phase
I beteiligt, bei denen typischerweise funktionelle Gruppen in Molek•ule eingef•uhrt oder demask-
iert werden, was h•au�g zu deren Aktivierung oder Inaktivierung f•uhrt. Zu diesen Reaktionen
geh•oren Hydroxylierung, Oxidation und Reduktion. UGT-Enzyme hingegen sind f•ur den Phase-
II-Sto�wechsel unerl•asslich, wo sie die Konjugation von Glucurons•aure an verschiedene Substrate
katalysieren, wodurch die Verbindungen wasserl•oslicher werden und daher leichter ausgeschieden
werden k•onnen. Sowohl CYP450 als auch UGT sind von entscheidender Bedeutung f•ur die Phar-
makokinetik von Arzneimitteln, die Wirksamkeit von Arzneimitteln, Arzneimittelwechselwirkun-
gen und potenzielle Toxizit•at.

In der menschlichen Leber gibt es eine Vielzahl von CYP450- und UGT-Isoformen, und ver-
schiedene Isoformen sind f•ur die Entgiftung unterschiedlicher Substanzen zust•andig. So ist beispiel-
sweise CYP1A2 am Sto�wechsel von Ko�ein beteiligt, CYP2D6 an Dextromethorphan, CYP2E1
an Chlorzoxazon und CYP3A4 an Midazolam. Es gibt gro�e interindividuelle Unterschiede beim
Metabolismus von Arzneimitteln durch die verschiedenen CYP450- und UGT-Isoformen. Wichtige
Faktoren f•ur diese Unterschiede sind Aktivit•atsunterschiede, z. B. aufgrund genetischer Polymor-
phismen, und die Menge an Protein des jeweiligen Enzyms in der Leber.

Ziel dieser Studie war es, einen systematischen•Uberblick •uber die Variabilit•at der Protein-
menge von CYP450- und UGT-Isoformen in der menschlichen Leber zu geben. Zu diesem Zweck
wurde eine manuell kuratierte Datenbank mit Informationen zur Proteinh•au�gkeit erstellt und
zur Beantwortung der folgenden Fragen verwendet: (i) Wie sind die Proteinverteilungen der ver-
schiedenen CYP450- und UGT-Isoformen? (ii) Welche Faktoren beein
ussen diese Proteinmengen
(Alter, Geschlecht, Body-Mass-Index, Rauchen, Alkoholkonsum)? (iii) Wie korrelieren die CYP-
und UGT-Isoformen miteinander?

Die wichtigsten Ergebnisse sind: (i) Es wurde eine freie und o�ene Datenbank f•ur CYP- und
UGT-Proteinspiegel in der menschlichen Leber eingerichtet. (ii) CYP- und UGT-Isoformen weisen
eine gro�e interindividuelle Variabilit•at der Proteinkonzentrationen auf. (iii) Verschiedene CYP-
und UGT-Isoformen weisen unterschiedliche Proteingehalte auf. (iv) Faktoren wie Alter, Rauchen
und Alkoholkonsum k•onnen die Proteinkonzentrationen der CYP- und UGT-Enzyme beein
ussen.
(v) Es gibt signi�kante Korrelationen der Proteingehalte zwischen CYP-Isoformen und zwischen
UGT-Isoformen.

Mit dieser Arbeit wurde eine wichtige Ressource f•ur die Untersuchung der Variabilit•at bei der
Drogenentgiftung aufgrund der Variabilit•at der Proteingehalte in der menschlichen Leber geschaf-
fen.
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1 Introduction

1.1 Drug detoxi�cation

Drug detoxi�cation is a critical process that removes unwanted substances from the body. It
involves biotransformations that convert both endogenous and exogenous compounds into more
water-soluble products to facilitate their elimination. Drug metabolism occurs primarily in the
liver, but metabolizing enzymes can be found throughout the body [35]. The drug detoxi�cation
process can be divided into three stages: modi�cation, conjugation, and excretion. The liver
is primarily responsible for the metabolism of drugs during phases I and II. As a result of this
metabolic process, compounds often become more water-attractive (hydrophilic), allowing for easy
secretion by the kidneys [4].

Figure 1: Enzymes involved in phase I drug detoxi�cation . CYP450 enzymes are in-
volved in phase I metabolic reactions that typically introduce or unmask functional groups on
molecules, often resulting in their activation or inactivation. Such reactions include hydroxyla-
tion, oxidation, and reduction. The contribution of di�erent enzymes to the phase I metabolism
of drugs is indicated by the size of each section of the diagram. CYP, cytochrome P450; DPD,
dihydropyrimidine dehydrogenase; GST, glutathione S-transferase; NAT, N-acetyltransferase; STs,
sulfotransferases; TPMT, thiopurine methyltransferase; UGTs, uridine 59-triphosphate glucurono-
syltransferases. Adapted from [14].

In phase I, several enzymes, especially the cytochrome P-450-dependent mixed-function oxidase
system, facilitate the addition of reactive and polar groups (Fig. 1). Hydroxylation is one of the
most common modi�cations during this phase. Phase I reactions, also known as non-synthetic
reactions, can take place through processes such as oxidation, reduction, hydrolysis, cyclization,
decyclization, and either the introduction of oxygen or the removal of hydrogen. These reactions
are mainly carried out by mixed-function oxidases, primarily in the liver. The typical oxidative
reactions in this phase involve a cytochrome P450 monooxygenase (commonly abbreviated as
CYP), NADPH, and oxygen [21].

Phase II reactions involve the conjugation of activated xenobiotic metabolites with charged
entities such as glutathione (GSH), sulfate, glycine, or glucuronic acid (Fig. 2). The result of
these conjugation reactions is the formation of higher molecular weight products that are generally
less active than their precursors. This is a notable di�erence from phase I reactions, which often
produce active metabolites.

After the phase II reactions, the xenobiotic conjugates may undergo further metabolic processes
(Fig. 3). A classic example is the conversion of glutathione conjugates into acetylcysteine (mercap-
turic acid) conjugates [7]. During this transition, enzymes such as gamma-glutamyl transpeptidase
and dipeptidases act to remove the gamma-glutamate and glycine residues from the glutathione
core structure. The culmination of this process is the acetylation of the cysteine residue present
in the conjugate. In the subsequent Phase III of metabolism, these conjugates and their respec-
tive metabolites are prepared for elimination [23]. The anionic group present in them serves as
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Figure 2: Enzymes involved in phase II of drug detoxi�cation . UGT enzymes, on the other
hand, are essential for phase II metabolism, where they catalyze the conjugation of glucuronic
acid to various substrates, making the compounds more water soluble and therefore easier to
excrete. The percentage contribution di�erent enzymes to the phase II metabolism of drugs is
indicated by the size of each section of the diagram. GST, glutathione S-transferase; NAT, N-
acetyltransferase; STs, sulfotransferases; TPMT, thiopurine methyltransferase; UGTs, uridine-
triphosphate glucuronosyltransferases. Adapted from [14].

a marker, ensuring their a�nity to various multidrug resistance protein (MRP) membrane trans-
porters, facilitating their removal [26, 9].

Cytochrome P450 (CYP450) and UDP-glucuronosyltransferase (UGT) are key enzymes re-
sponsible for the metabolism of a wide range of endogenous and exogenous compounds, including
drugs and toxins. CYP450 enzymes are primarily involved in Phase I metabolic reactions. These
reactions typically involve the introduction or exposure of functional groups on molecules, lead-
ing to either their activation or inactivation. Examples of such reactions include hydroxylation,
oxidation, and reduction.

Conversely, UGT enzymes are integral to phase II metabolism (Fig. 3). Their primary function
in this phase is to catalyze the attachment of glucuronic acid to various substrates. This conjugation
increases the water solubility of the compounds, thereby facilitating their elimination.

Both CYP450 and UGT signi�cantly in
uence drug pharmacokinetics, ensuring optimal drug
e�cacy, modulating drug-drug interactions, and monitoring potential toxicity.

1.2 Cytochrome P450 (CYP)

Cytochrome P450 (CYP) proteins are the best-known drug-metabolizing enzymes expressed pri-
marily in the liver. CYPs, especially those involved in drug metabolism, play an essential role in
maintaining overall human health [44].

A variety of CYP450 isoforms exist in the human liver, and di�erent isoforms are responsible
for detoxifying di�erent substances. Some CYPs metabolize only one (or very few) substrates, such
as CYP19 (aromatase). For example, CYP1A2 is involved in the metabolism of ca�eine, CYP2C19
in omeprazole, CYP2E1 in chlorzoxazone, or CYP3A4 in midazolam (Fig. 4).

Human cytochrome P450 (CYP) enzymes are membrane-bound hemoproteins expressed pri-
marily in the liver. CYP450s are known as the major class of enzymes that chemically transform
drugs into their water-soluble byproducts to aid in elimination by the kidneys and/or liver [4].

In addition to the liver, they are expressed in many other tissues, including the intestinal
mucosa (probably the most important extrahepatic tissue for drug metabolism), brain, kidney,
lung, and skin, and are important for hormone synthesis and breakdown (including synthesis and
metabolism of estrogen and testosterone), cholesterol synthesis, and vitamin D metabolism.

Cytochrome P450 (CYP) is one of the largest protein families consisting of 57 putative func-
tional genes whose products perform a variety of biological oxidations and reductions in drug,
xenobiotic, and endogenous metabolism. The CYP3A subfamily consists of at least three isoforms
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Figure 3: Schematic overview of phase I and phase II of drug metabolism. The process
of drug metabolism can be categorized into two key phases according to their chemical character-
istics. Phase I metabolism involves the oxidation, reduction or hydrolysis of the drug, resulting
in metabolites that may be inactive, active, or toxic. This process is carried out primarily by a
family of enzymes known as cytochrome P450 (CYP) enzymes. Phase II metabolism involves the
conjugation of the modi�ed drug with another molecule, such as glucuronic acid, sulfate, or amino
acids. This process increases the water solubility of the drug and helps it to excrete easier. Phase
II reactions are commonly catalyzed by various enzymes, such as UDP-glucuronosyltransferases
(UGTs), sulfotransferases, and glutathione S-transferases (GSTs). Adapted from [37].

Figure 4: Examples of di�erent substrate speci�cities of human cytochrome P450 en-
zymes . Representative substrates are shown above each enzyme. Adapted from [12].

and is the most abundant group of CYP enzymes in the liver: CYP3A4, 3A5, and 3A7. This sub-
family is the major metabolizer of a number of drugs [13]. CYP3A4 is the most widely expressed
CYP, accounting for approximately 30 to 40 percent of the total CYP content in adult human liver
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Figure 5: Overview of clinically relevant drug-metabolizing cytochrome P450 iso-
forms . There are 57 sequenced P450 genes in humans, with 18 families and 43 subfamilies of
P450s. Of the 57 genes, 10-13 are involved in the majority of P450 drug metabolism. These
include CYP3A4/5, CYP2C9, CYP2C8, CYP2C19, CYP2D6, CYP2B6, CYP2E1, CYP2A6, and
CYP1A2, with CYP3A4 and CYP2D6 contributing to over 50% of P450-related drug metabolism.
Adapted from [43].

and small intestine. CYP3A5 is 83 percent homologous to CYP3A4 and has a much lower level of
expression in the liver than CYP3A4, but is the major CYP3A isoform in the kidney. CYP3A7 is
the major CYP isoform detected in human embryonic, fetal and neonatal liver, but is also detected
in adult liver, but at much lower levels than CYP3A4 [13].

1.3 UDP-glucuronosyltransferase (UGT)

Uridine 5'-diphospho-glucuronosyltransferase (UDP-glucuronosyltransferase, UGT) is a microso-
mal glycosyltransferase commonly involved in the metabolism of drugs, xenobiotics, bilirubin,
androgens, estrogens, mineralocorticoids, glucocorticoids, fatty acid derivatives, retinoids, and bile
acids.

UGTs are membrane-bound conjugating enzymes that catalyze the transfer of the glucuronic
acid group of uridine diphosphoglucuronic acid (UDP-GlcA) to the functional group (e.g. hydroxyl,
carboxyl, amino, sulfur) of a speci�c substrate. Human UDP-glucuronosyltransferases (UGTs) are
a superfamily of 22 proteins divided into 5 families and 6 subfamilies based on sequence identity.
The UGT1A and 2B subfamilies play an essential role in terminating the biological e�ects and en-
hancing the renal elimination of nonpolar (lipophilic) drugs of all therapeutic classes. The primary
function of these enzymes is to catalyze the covalent attachment of glucuronic acid, generated from
the cofactor UDP-glucuronic acid, to a substrate with an appropriate acceptor functional group.
This process is called glucuronidation. While the liver is the major detoxi�cation organ and as
such contains the greatest abundance and diversity of UGTs, these enzymes also have signi�cant
but variable expression outside the liver [32]. The phase II glucuronidation reaction consists of the
transfer of the glucuronosyl group from uridine-5'-diphospho-glucuronic acid (UDPGA) to sub-
strate molecules containing oxygen, nitrogen, sulfur, or carboxyl functional groups. The resulting
glucuronide is more polar (e.g., hydrophilic) and easier to excrete than the substrate molecule.
The solubility of the product in the blood is increased, allowing it to be eliminated from the body
by the kidneys.

In addition to liver, UGT1A and UGT2B enzymes are expressed in a number of other tissues,
including kidney, small intestine, colon, stomach, lung, epithelium, ovary, testis, and prostate [32].
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1.4 Question, scope and hypotheses

Inter-individual variability in drug metabolism and liver function is an important factor in de-
termining how di�erent people respond to drugs. A deeper understanding of protein variability
and the factors that in
uence it is fundamental to understanding this phenomenon. The speci�c
protein levels of the CYP450 and UGT isoforms involved in the metabolic process are central to
the di�erences in drug elimination rates between individuals. Current reports on CYP450 and
UGT protein levels lack comprehensiveness, and individual data are not easily accessible for fur-
ther analysis or reuse [2]. In particular, there is currently no open, freely available database or
resource detailing CYP450 and UGT protein levels in the human liver.

The aim of this study was to provide a systematic overview of the variability in protein levels
of the CYP450 and UGT isoforms in the human liver. Speci�cally, this work attempts to answer
the following questions

ˆ (i) What are the protein distributions of the di�erent CYP450 and UGT isoforms?

ˆ (ii) What factors a�ect these protein levels (age, sex, body mass index, smoking, alcohol
consumption, ethnicity)?

The main objective was to better understand the variability of important drug-metabolizing
enzymes in the human liver and to provide a open and free resource of this information for further
research.
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2 Methods

This chapter describes the methods and resources used to create the database of CYP and UGT
proteins in human liver. Several steps were used to provide a systematic overview of protein
variability, starting with systematic literature search (Sec. 2.1), followed by data curation (Sec.
2.2), data analysis (Sec. 2.3), analysis of factors a�ecting protein levels (Sec. 2.4), and correlation
analysis (Sec. 2.5).

2.1 Systematic literature research

To establish a database of cytochrome P450 and UDP-glucuronosyltransferase levels in human
liver, a systematic literature search was performed.

The PubMed database was searched using an appropriate combination of keywords (drug
metabolism , cytochrome P450, UDP-glucuronosyltransferase , liver OR hepatic , human, ab-
undance). In addition to abundance, other keywords such asmeasurement, quantification ,
concentration , quantity were used instead ofabundanceto broaden the search scope.

The main inclusion criteria were that the study was conducted in humans and that the study
reported protein abundance data in individual subjects or averaged data. No exclusions based on
subject gender, age group, ethnic background, medical history, or other variables were made in
order to obtain a broader range of results.

To identify additional literature, references cited in the primary corpus were also examined.
Selected studies that cited metadata and individual liver microsomal samples in which protein
abundance was measured were selected. To ensure that the data used in the analysis were not
duplicated, the sources of the data were identi�ed.

Zotero was used to manage the collected publications. To organize the di�erent references with
di�erent enzyme data, groups were created such asCYP450and UGT. Within the groups, tags were
used to organize and select the references (e.g.priority high for the more important references).
After a thorough review of the literature, the relevant papers were selected for data curation.

2.2 Data curation

A standardized data presentation format was established, and relevant data were manually curated
from the literature into this format. The data consisted of both mean and individual protein
levels of cytochrome P450 isoforms and UDP-glucuronosyltransferase isoforms and corresponding
subject information. Data from tables and �gures were extracted and curated into a standardized
xlsx spreadsheet �le format. The Groups sheet coded all reported group information such as
number of subjects, health status, age, sex, weight, BMI, smoking status, alcohol consumption,
ethnicity, cause of death, medical history, and medications. The sheetIndividuals encoded the
corresponding information for individuals. The remaining sheets encoded protein abundance from
tables or �gures, and PlotDigitizer was used as a tool to extract numerical data from �gures and
graphs.

Curation followed established curation work
ows for the open pharmacokinetics database PK-
DB (https://pk-db.com [19, 18]). Validation scripts were established to ensure the high quality of
the data. A second curator checked all curated data for consistency.

2.3 Data analysis

The data from each study were combined into a single data set. All analyses were performed on
the individual subject data (i.e., mean data for groups are part of the database but are not used
in any of the analyses). The data were �ltered for analysis. First, protein isoforms with < 10 data
points were removed as there was not enough data for analysis. Second, this project focused on
the human liver, so data from other subjects were �ltered as well as data from other tissues such as
intestine. Data sets for both liver and isolated hepatocytes were included in the analysis because
the data were highly consistent.

Heterogeneity analysis was performed as reported in [2]. Weighted means (WX) and weighted
coe�cient of variations (WCV) of enzyme abundances from the combined studies were calculated
according to [5].
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W X =

P J
j =1 nj � X j
P J

j =1 nj

WCV =

P J
j =1 nj � CVj
P J

j =1 nj

Subscript j indicates the study, nj indicates the number of samples in studyj , and X j indicates
the mean abundance of a particular enzyme in studyj .

To assess the heterogeneity between the means and coe�cients of variation of individual studies
and the overall mean and variability of the pooled data were used:

V arW X =

P J
j =1 wj � X j
P J

j =1 wj

wj =
1

(sdj )2

Q =
JX

j =1

�
wj � (X j � V arW X )2�

where wj is the weight of study j , expressed in terms of variance (calculated as the inverse
of the square of the standard deviation,sdj ), V arWX is the variance of the weighted mean of
the data from all studies. Q is the coe�cient of heterogeneity of the pooled data (Cochran's Q
test [8], expressed as the collective weighted squared di�erences between the mean of each study
and the variance of the weighted mean. A higher value ofQ indicates greater heterogeneity. The
I 2 can be used to assess the degree of heterogeneity [22]. This index provides a percentage of
total heterogeneity, which is interpreted as about 0 percent - no heterogeneity, about 25 percent
- low heterogeneity, about 50 percent - moderate heterogeneity, and about 75 percent - high
heterogeneity.

I 2 = 100 �
Q � (k � 1)

Q

where I 2 is the index of heterogeneity,Q is Cochran's coe�cient of heterogeneity, and (k � 1) is
the number of degrees of freedom, de�ned as the number of studies,k, minus one. If I 2 is negative,
it is set to zero.

2.4 Strati�cation analysis

An analysis of the factors a�ecting the protein levels of each isoform was performed, examining the
e�ect of age, sex, body mass index (BMI), smoking, and alcohol consumption. For each protein
isoform, individual data were strati�ed by sex (male or female), smoking (yes or no), alcohol
consumption (yes or no), age (middle aged or elderly), BMI (normal weight, overweight, obese).
The age groups were de�ned as middle-aged (age range 35-65 years) and elderly (> 65 years).
BMI was divided into three groups with normal weight as 18.5-25 bmi, overweight 25-30 bmi and
obese with a bmi > 30. A strati�cation analysis based on ethnicity was not performed because
the majority of the data were from Caucasians and the other ethnicities were underrepresented.
Preliminary analysis showed insu�cient data for analysis.

Signi�cant di�erences were tested using two-sample Mann-Whitney U tests in the case of two
groups (alcohol, age, smoking, sex) and the Kruskal-Wallis test in the case of multiple groups (bmi),
the nonparametric equivalent of one-way ANOVA. Importantly, the Kruskal-Wallis test does not
assume normality in the data and is much less sensitive to outliers than one-way ANOVA.
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Strati�cation analysis was performed separately for CYP and UGT data. Correction for
multiple testing was performed with a family-wise error rate (FWER) of 0.05 using the Ben-
jamini/Hochberg (BH, non-negative) false discovery rate (FDR) method. All analyses were per-
formed in Python version 3.10.13 using thescience.stats and statsmodels packages. Signi�-
cance levels after correction for multiple testing were considered signi�cant at the following levels:
*0.05, **0.01, and ***0.001.

2.5 Correlation analysis

The correlation matrix was calculated using Pearson's correlation. Signi�cance levels are *0.05,
**0.01, and ***0.001, with p-values adjusted for multiple testing using Benjamini and Hochberg.
Analysis was performed with R version 4.2.1 and thecorrplot package. To visualize the symmetric
correlation matrix, only the lower triangular matrix is shown with positive correlations in blue and
negative correlations in red. The area of the circle is proportional to the correlation coe�cient.

Volcano plots were created in Python with cuto�s for showing data with labels being p-value
< 0.05 and absolute correlation coe�cient > 0.5.

2.6 Web application

The web application was written as a streamlit application in Python available from https://protein-
distribution.streamlit.app/. The data can be �ltered by species and protein class. For individual
isoforms, the protein abundance data is provided as a CSV for download. Summary plots are
generated using matplotlib. All data is available as CC-BY citing this thesis.
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3 Results

In this thesis, a protein abundance database for cytochrome P450 (CYP) and UDP-glucuronosyl-
transferase (UGT) isoforms in human liver was established. This chapter is divided into two
main sections. The �rst presents the results for CYP (Sec. 3.1), followed by the results for UGT
(Sec. 3.2). The protein abundance database is available via a web application (Sec. 3.3).

3.1 Cytochrome P450 (CYP)

3.1.1 Protein data (CYP)

An overview of studies containing CYP isoform protein abundances is provided in Fig. 6. In total,
18 studies reported abundance data for 35 CYP isoforms.

Couto2019 [10], Vildhede2015 [40] and Wegler2022 [42] reported abundance data for many
isoforms compared to studies such as Asai1996 [6], Inoue2000 [24] and Snwader2000 [34] with only
1-2 di�erent protein isoforms. Some CYP isoforms such as 1A2, 2B6, 2C9, 2E1 were reported in
many studies, while 1A1, 27A1, 2B, 2D7, 2U1, 2W1, 4F3B, and 7A1 were reported in only a few
studies.

The resulting protein abundances of the CYP isoforms are shown in Fig. 7 and Fig. 8.

Figure 6: Studies for cytochrome P450 analysis. For all studies reporting CYP data, the num-
ber of group and individual data points are listed for the di�erent proteins (groups|individuals).
CYP data were manually curated from [2, 1, 6, 10, 15, 17, 24, 25, 27, 28, 29, 30, 33, 34, 39, 40, 41,
42].
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Figure 7: Protein abundance of cytochrome P450 isoforms. The box plot and individual
scatter plots are shown for each isoform. Each point corresponds to a single measurement of protein
amount in a human liver sample from a single subject.
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Figure 8: Protein abundance and heterogeneity of cytochrome P450 isoforms. Weighted
means, mode, coe�cient of variation (cv), weighted coe�cient of variation (wcv), minimum value
(min), maximum value (max), number of subjects (n), unit, Cochran's heterogeneity coe�cent
(Q), Higgen's and Thompson's heterogeneity index (I 2), degree of freedom (df) and heterogeneity
analysis of hepatic cytochrome p450 enzyme abundance data.
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Examples of protein levels (CYP) Two examples are provided with protein abundances for
CYP2E1 shown in Fig. 9 and CYP1A2 in Fig. 10.

Figure 9: Protein abundance for CYP2E1. A) Individual and mean � SD protein abundance
CYP2E1. B) Histogram of individual protein abundance CYP2E1. Data from [2, 1, 6, 10, 15, 17,
24, 25, 27, 29, 30, 33, 34, 39, 40, 42].

Figure 10: Protein abundance for CYP1A2. A) Individual and mean � SD protein abundance
CYP1A2. B) Histogram of individual protein abundance CYP1A2. Data from [2, 1, 6, 10, 15, 17,
25, 27, 29, 30, 33, 39, 40, 41, 42].
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3.1.2 Strati�cation analysis (CYP)

In a next step, we used the established database to investigate factors a�ecting the protein levels
of CYP enzymes in the human liver (Fig. 11). Speci�cally, we examined the e�ect of sex (Fig. 12),
age (Fig. 13), smoking (Fig. 14), alcohol (Fig. 15), and body mass index (Fig. 16).

Figure 11: Signi�cance testing of strati�cation of cytochrome P450 enzymes in human
liver. Signi�cance testing was performed with Mann-Whitney U tests were used in case of two
groups (alcohol, age, smoking, sex) and Kruskal-Wallis in case of multiple groups (bmi). Signi�-
cance levels: *0.05, **0.01, and ***0.001. Rows colored by uncorrected p-values: *** dark green,
** light green * orange. Table contains all entries with uncorrected p-value < 0.05.

Signi�cant di�erences were tested using Mann-Whitney U tests were used in case of two groups
(alcohol, age, smoking, sex) and Kruskal-Wallis in case of multiple groups (bmi). P-values were
adjusted for multiple testing correction with results presented in Fig. 11.

Age signi�cantly a�ected CYP4F2, CYP2E1 and CYP2B6, resulting in a decrease in protein
amount in the elderly compared to the middle-aged. Smoking had a signi�cant e�ect on CYP2E1,
resulting in a decrease in protein levels. No statistically signi�cant di�erences in cytochrome P450
levels were found between male and female subjects, or according to BMI or alcohol consumption.
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Figure 12: Strati�cation of cytochrome P450 enzymes in human liver by sex. Su�cient
data for analysis existed for 23 isoforms.

Figure 13: Strati�cation of cytochrome P450 enzymes in human liver by age. Su�cient
data for analysis existed for 13 isoforms. Age groups were de�ned as following: Middle aged (35-
65yr), eldery (> 65yr)
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