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ABSTRACT

Hepatic disorders -- encompassing non-alcoholic fatty liver disease (NAFLD), alcoholic liver disease (ALD), viral hepatitis
B and C, and cirrhosis -- collectively disrupt the enzymatic machinery governing phase I and phase II drug metabolism,
precipitating clinically significant alterations in drug clearance, bioavailability, and toxicity risk. This study systematically
quantified the expression and activity of twelve cytochrome P450 enzymes (CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, CYP3A4, CYP3A5) and five phase II conjugating enzymes (UGT1A1, UGT1A4, SULT1A1, NAT2, GSTM1)
across 180 liver biopsy specimens spanning five hepatic disorder categories and matched healthy controls (n = 30 per
group). Enzyme expression was quantified by targeted LC-MS/MS proteomics, and functional activity by substrate probe
cocktail assay in freshly prepared liver microsomes. CYP3A4 protein expression was reduced by 78% in cirrhotic tissue
relative to healthy controls (p < 0.001), with proportional reductions in midazolam 1-hydroxylation activity (81% reduction;
IC50 shift from 2.4 to 14.7 µM). CYP2E1 was paradoxically upregulated 2.8-fold in ALD (p < 0.001), driving hepatotoxic
acetaminophen N-deacetylation and reactive oxygen species generation. UGT1A1 activity was uniformly suppressed
across all disorder categories (38-67% reduction), with the most severe impairment in decompensated cirrhosis. These
findings provide a quantitative enzyme activity atlas for hepatic disorder-stratified drug dosing guidance and identify
CYP2E1 upregulation in ALD as a priority target for hepatoprotective pharmacological intervention.
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1. Introduction
The liver is the primary site of xenobiotic
biotransformation, orchestrating the metabolic
conversion of drugs through a coordinated
cascade of phase I oxidative reactions
(predominantly cytochrome P450 enzymes), phase
II conjugation reactions (glucuronidation,
sulphation, acetylation, glutathione conjugation),
and phase III efflux transport (Gonzalez et al.,
2011). This biotransformation machinery ensures
the efficient elimination of lipophilic compounds
and the detoxification of reactive intermediates.
Hepatic disorders -- whether arising from
metabolic dysregulation (NAFLD), alcohol toxicity
(ALD), viral infection (hepatitis B and C), or
end-stage parenchymal destruction (cirrhosis) --
variably disrupt this enzymatic infrastructure
through hepatocyte loss, inflammatory
cytokine-mediated enzyme downregulation,
transcription factor reprogramming, and nuclear
receptor dysregulation (Morgan et al., 2008).

1.1 Clinical Significance of Impaired Hepatic
Drug Metabolism
The clinical consequences of impaired hepatic
drug metabolism are substantial: reduced
clearance of high-extraction-ratio drugs (e.g.,
lidocaine, propranolol, morphine) leads to toxic
accumulation; altered bioactivation can convert
prodrugs to subtherapeutic levels (e.g.,
clopidogrel activation by CYP2C19 is reduced in
hepatitis C-associated liver disease); and enhanced
CYP2E1 activity in alcoholic liver disease amplifies
acetaminophen hepatotoxicity at standard
therapeutic doses (Leclercq et al., 2011). Current
clinical dosing guidance for hepatically impaired
patients relies predominantly on Child-Pugh
scoring, a composite measure that integrates
bilirubin, albumin, prothrombin time, ascites, and
encephalopathy -- but which does not directly
capture the functional enzymatic capacity that
governs drug clearance (Verbeeck, 2008).

1.2 Gaps in Quantitative Enzyme Activity Data
While multiple studies have characterised
individual CYP enzyme activity in specific liver
diseases, a systematic, multi-enzyme,
multi-disorder quantitative proteomics and activity
study using standardised liver biopsy specimens
remains lacking. Most available data derive from
small single-disease cohorts, rely on immunoblot
rather than absolute protein quantification, or
assess only one or two CYP isoforms (Frye et al.,

2006; Adedoyin et al., 1998). This study addressed
that gap by applying targeted LC-MS/MS absolute
quantification proteomics and functional
microsomal cocktail assays to a 180-specimen
biopsy bank spanning five hepatic disorder
categories, generating the first comprehensive
cross-disease enzyme activity atlas for clinical
pharmacokinetic extrapolation.

1.3 Study Objectives
This investigation aimed to: (i) quantify absolute
protein expression (pmol/mg microsomal protein)
of seven CYP and five phase II enzymes across
healthy liver and four hepatic disorder categories;
(ii) determine corresponding functional activity
using a validated eight-substrate CYP cocktail
probe assay and phase II activity substrates; (iii)
correlate enzyme activity changes with Child-Pugh
score and hepatic fibrosis stage (METAVIR F0-F4);
and (iv) identify disease-specific enzyme activity
signatures with implications for precision drug
dosing in each hepatic disorder category.

2. Literature Review
Decades of investigation into hepatic drug
metabolism in disease states have established
disease-specific patterns of enzyme dysregulation,
while also revealing important gaps in quantitative
multi-enzyme characterisation. The following
review covers the key mechanistic and clinical
evidence underpinning each hepatic disorder
investigated in this study.

2.1 CYP Enzyme Regulation in NAFLD and
NASH
Fisher et al. (2009) demonstrated that NASH
reduces CYP3A4 microsomal protein by 48%
compared to healthy liver, attributable to reduced
pregnane X receptor (PXR) transcriptional activity
driven by elevated TNF-alpha and IL-6
inflammatory signalling. CYP2E1, paradoxically, is
upregulated 1.9-fold in NAFLD through a
mechanism involving elevated free fatty
acid-mediated mTOR activation and reduced
CYP2E1 ubiquitin-dependent degradation (Raucy
et al., 2010). Woolsey et al. (2015) conducted the
most comprehensive study of CYP enzyme activity
in NAFLD to date (n = 63), reporting a disease
severity-dependent gradient: steatosis (F0-F1)
showed modest CYP3A4 reductions (22%), while
NASH with advanced fibrosis (F3-F4) showed 61%
reductions approaching cirrhotic values.
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2.2 Alcoholic Liver Disease and CYP2E1
Induction
Lieber et al. (1997) established the microsomal
ethanol-oxidising system (MEOS), primarily
CYP2E1, as the dominant ethanol oxidation
pathway at chronic high-dose alcohol exposure,
with CYP2E1 protein levels elevated 4-10-fold in
chronic alcoholics. This CYP2E1 induction
generates excess reactive oxygen species (ROS)
and hydroxyethyl radicals, contributing to lipid
peroxidation and hepatocellular injury
(Cederbaum, 2010). A critical clinical implication
was established by Seeff et al. (1986), who
reported that therapeutic acetaminophen doses
(3-4 g/day) produced hepatotoxicity in alcoholic
patients through CYP2E1-mediated
overproduction of the reactive metabolite NAPQI,
bypassing glutathione detoxification capacity.

2.3 Viral Hepatitis: HBV and HCV Effects on
CYP Expression
Pasanen et al. (1997) demonstrated that HCV core
protein directly inhibits CYP1A2 and CYP3A4
transcription through interference with
HNF1-alpha and RXRalpha nuclear receptor
activity, with CYP3A4 activity reduced 37-52% in
HCV-infected hepatocytes. Bifano et al. (2013)
provided clinical pharmacokinetic evidence in a
12-patient cohort showing that midazolam AUC
was increased 2.8-fold in HCV-positive individuals
with early fibrosis relative to HCV-negative
matched controls, implicating CYP3A4 suppression
as the mechanistic driver. HBV surface antigen
(HBsAg) expression was shown by Xu et al. (2002)
to downregulate CYP2C9 through a mechanism
involving CYP2C9 promoter methylation, raising
implications for warfarin and phenytoin dosing in
HBV-infected patients.

2.4 Cirrhosis: Global CYP Suppression and
Phase II Impairment
Verbeeck (2008) reviewed the pharmacokinetic
consequences of cirrhosis across 45 drugs,
demonstrating that hepatic clearance of
high-extraction drugs is reduced by 60-90% in
Child-Pugh C cirrhosis, while low-extraction drugs
with high protein binding show less predictable
changes due to concurrent hypoalbuminaemia.
Frye et al. (2006) reported a strong linear
correlation between CYP3A4 microsomal content
and MELD score (r = -0.81; p < 0.001) in 42
explanted cirrhotic livers, suggesting MELD may
be a superior predictor of CYP3A4 functional
capacity than Child-Pugh. UGT1A1 activity,

responsible for bilirubin glucuronidation, is
severely impaired in decompensated cirrhosis
(Gazzard et al., 1975), directly contributing to
hyperbilirubinaemia and altering the
glucuronidation of drugs such as irinotecan and
lorazepam.

Table 1. Key studies on CYP enzyme
expression and activity changes in hepatic
disorders
Study
(Year)

Disor
der

Enzy
me(s

)

Key Finding Effect
Magnit

ude
Fisher
et al.
(2009)

NAS
H

CYP3
A4

PXR suppression;
48% protein
reduction

-48%

Woolsey
et al.
(2015)

NAFL
D (F3
-F4)

CYP3
A4

Fibrosis-dependen
t gradient; 61% at
F3-F4

-61%

Lieber
et al.
(1997)

ALD (
chron
ic)

CYP2
E1

MEOS induction;
4-10x CYP2E1
elevation

+400-1
000%

Seeff et
al.
(1986)

ALD
+
APAP

CYP2
E1

NAPQI toxicity at
therapeutic APAP
dose

Hepatot
oxic

Pasanen
et al.
(1997)

HCV CYP3
A4/1A
2

HCV core protein
inhibits HNF1a;
37-52% drop

-37-52%

Bifano
et al.
(2013)

HCV f
ibrosi
s

CYP3
A4

Midazolam AUC
2.8x in HCV vs
HCV-negative

+180%
AUC

Xu et al.
(2002)

HBV CYP2
C9

HBsAg promotes
CYP2C9 promoter
methylation

-30-45%

Frye et
al.
(2006)

Cirrh
osis

CYP3
A4

r = -0.81 with
MELD; 60-90%
reduction at CP-C

-60-90%

ALD: alcoholic liver disease; APAP: acetaminophen;
MEOS: microsomal ethanol-oxidising system; NAPQI:
N-acetyl-p-benzoquinone imine; CP-C: Child-Pugh C;
MELD: model for end-stage liver disease.

3. Materials and Methods
3.1 Liver Biopsy Specimen Bank
A retrospective biopsy bank of 180 snap-frozen
liver specimens was assembled from the Biobank
of Mediterranean Institute of Technology
(MIT-BB-2018-LIV), with ethical approval from the
Comitato Etico Regionale Lazio (reference
CER-LAZIO-2018-0047). Six groups of 30
specimens each were included: (1) healthy
controls (deceased donors, no hepatic pathology
on histology, normal liver function tests); (2)
NAFLD/NAFL (steatosis >= 5%, METAVIR F0-F1,
NAS < 4); (3) NASH with advanced fibrosis (NAS
>= 4, METAVIR F3-F4); (4) ALD (biopsy-confirmed
alcoholic hepatitis or advanced alcoholic
steatohepatitis); (5) viral hepatitis (HBV n = 15,
HCV n = 15; METAVIR F2-F3); and (6) cirrhosis



Biomedical and Pharmacological Literature Archives https://stanfordgroup.org/index.php/BPLA/issue/archive

ISSN: 3117-7328  Vol: 2023, Issues: Issue1, 2023

34

(METAVIR F4, aetiologies: HCV n = 12, HBV n =
8, ALD n = 6, cryptogenic n = 4). All specimens
had minimum tissue availability of 50 mg for
microsome preparation.

3.2 Microsome Preparation and Protein
Quantification
Liver microsomes were prepared by differential
ultracentrifugation (9,000 g, 20 min for
post-mitochondrial supernatant; 100,000 g, 60 min
for microsomal pellet) following the standard
protocol of the International Transporter
Consortium (Kalvass et al., 2018). Microsomal
protein concentration was determined by BCA
assay (Thermo Fisher). CYP and UGT enzyme
absolute quantification used a targeted LC-MS/MS
signature peptide approach (QconCAT internal
standard, 13C/15N-labelled, Sigma-Aldrich):
trypsin digestion, UHPLC separation (Acquity
UPLC BEH C18, 1.7 µm), and detection on a triple
quadrupole instrument (Xevo TQ-S, Waters).
Results expressed as pmol CYP per mg microsomal
protein.

3.3 Functional CYP Activity Cocktail Assay
A validated eight-substrate cocktail probe assay
was employed for simultaneous determination of
CYP1A2 (phenacetin O-deethylation), CYP2C9
(diclofenac 4'-hydroxylation), CYP2C19
(omeprazole 5-hydroxylation), CYP2D6
(dextromethorphan O-demethylation), CYP2E1
(chlorzoxazone 6-hydroxylation), and CYP3A4
(midazolam 1'-hydroxylation and testosterone
6beta-hydroxylation). Incubations used pooled
microsomal protein (0.1 mg/mL), substrate
concentrations at Km/2, NADPH-regenerating
system (1.3 mM NADP+, 3.3 mM
glucose-6-phosphate, 0.4 U/mL G6PDH), 37degC
for 30 min. Reactions were quenched with
acetonitrile (2:1, v/v). Metabolites quantified by
LC-MS/MS (MRM mode, Xevo TQ-S). Phase II
assays: UGT1A1 (estradiol 3-glucuronidation),
SULT1A1 (4-nitrophenol sulphation), NAT2
(sulfamethazine N-acetylation), GSTM1
(1-chloro-2,4-dinitrobenzene conjugation) using
standard validated protocols.

3.4 Clinical and Histopathological Scoring
Child-Pugh scores were calculated from clinical
records within 30 days of biopsy. METAVIR
fibrosis (F0-F4) and activity (A0-A3) scores were
assigned by a single experienced
hepatopathologist (blinded to enzyme results)

using standard criteria. MELD scores were
calculated as: 3.78 x ln[bilirubin mg/dL] + 11.2 x
ln[INR] + 9.57 x ln[creatinine mg/dL] + 6.43.
Spearman rank correlations assessed relationships
between enzyme activity, Child-Pugh score, MELD
score, and METAVIR fibrosis stage. All statistical
analyses used R v4.2.1; significance threshold p <
0.05 (Bonferroni-corrected for multiple
comparisons).

3.5 In Silico Dose Adjustment Modelling
The Simcyp Simulator v21 (Certara) was used to
translate observed microsomal CYP activity
reductions into predicted clinical pharmacokinetic
changes for six model drugs: midazolam (CYP3A4),
warfarin (CYP2C9), acetaminophen
(CYP2E1/UGT1A1), omeprazole (CYP2C19),
metoprolol (CYP2D6), and irinotecan (UGT1A1).
Hepatic disease population files were built from
the measured enzyme activity data using the in
vitro-in vivo extrapolation (IVIVE) scaling
methodology, with microsomal yield per gram liver
(MPPGL) adjusted for hepatocyte loss as a function
of METAVIR fibrosis stage.

Table 2. Liver biopsy cohort demographics
and clinical characteristics by group (n = 30
per group)
Paramete

r
Hea
lthy

NAF
LD

NAS
H F
3-F4

ALD Vira
l He
p.

Cirrho
sis

Age
(years)

48
+-
11

52
+- 9

55
+-
10

49
+-
12

46
+-
10

58 +-
11

Male sex
(%)

57% 63% 58% 74% 61% 62%

BMI
(kg/m2)

24.2
+-
3.1

29.8
+-
4.2

31.4
+-
5.1

26.1
+-
4.8

23.8
+-
3.4

24.6 +-
3.8

Albumin
(g/dL)

4.3
+-
0.3

4.1
+-
0.4

3.8
+-
0.5

3.6
+-
0.6

3.9
+-
0.4

2.9 +-
0.7

Bilirubin
(µmol/L)

12
+- 4

18
+- 6

28
+- 9

42
+-
18

31
+-
12

84 +-
38

ALT (U/L) 22
+- 8

58
+-
22

94
+-
34

148
+-
62

112
+-
48

61 +-
29

Child-Pugh
score

N/A N/A N/A 7.4
+-
1.8

6.8
+-
1.4

10.2 +-
1.9

METAVIR
fibrosis
(mode)

F0 F1 F3 F3 F2 F4

Values are mean +- SD. N/A: not applicable (not scored).
ALT: alanine aminotransferase. Viral hepatitis: 15 HBV +
15 HCV per group. Child-Pugh and MELD scores
calculated for groups where clinically applicable.
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4. Results
4.1 CYP Enzyme Protein Expression Across
Hepatic Disorders
LC-MS/MS absolute quantification revealed
disease-specific and enzyme-specific patterns of
CYP expression (Table 3). CYP3A4 -- the most
abundant hepatic CYP accounting for ~30% of
total microsomal CYP in healthy liver (mean 108.4
+- 18.2 pmol/mg) -- was progressively reduced
across disease categories: NAFLD (-31%), NASH
F3-F4 (-58%), viral hepatitis (-44%), ALD (-52%),
and most severely in cirrhosis (-78%; 23.8 +- 6.4
pmol/mg; p < 0.001 vs. all other groups). CYP2E1
showed the opposite trajectory: profoundly
upregulated in ALD (2.8-fold; 82.4 +- 14.7 vs. 29.4
+- 5.8 pmol/mg in controls; p < 0.001) and
modestly elevated in NAFLD (1.6-fold; p < 0.01),
consistent with induction by ethanol and free fatty
acids respectively. CYP1A2, CYP2C9, and
CYP2C19 showed moderate reductions (30-55%) in
cirrhosis and viral hepatitis, but were relatively
preserved in NAFLD (< 20% reduction; Figure 1).

4.2 Functional Activity Changes and Substrate
Metabolism
Functional cocktail assay activity broadly
paralleled protein expression changes, though
with consistently greater magnitude reductions,
indicating that post-translational regulation also
contributes to functional impairment beyond
protein loss alone (Table 3). CYP3A4 midazolam
1'-hydroxylation activity in cirrhotic microsomes
was 81% lower than controls (0.46 +- 0.12 vs. 2.41
+- 0.38 pmol/min/mg; p < 0.001), consistent with
the clinical AUC increases for CYP3A4 substrates
in cirrhosis. CYP2E1 chlorzoxazone hydroxylation
was 2.4-fold elevated in ALD (8.92 +- 1.84 vs. 3.71
+- 0.78 pmol/min/mg; p < 0.001), producing a
predicted 2.6-fold increase in NAPQI formation
from acetaminophen at standard doses. Spearman
correlations confirmed strong inverse
relationships between CYP3A4 activity and MELD
score (rho = -0.83; p < 0.001) and METAVIR
fibrosis stage (rho = -0.79; p < 0.001; Figure 2).

4.3 Phase II Enzyme Activity Across Hepatic
Disorders
Phase II conjugating enzyme activities showed
uniformly suppressed profiles across all disease
categories, most severely in cirrhosis (Table 4).
UGT1A1 estradiol glucuronidation was reduced by
38% in NAFLD, 54% in NASH, 61% in ALD, 49% in
viral hepatitis, and 67% in cirrhosis (all p < 0.001
vs. controls). SULT1A1 showed a similar pattern

(35-62% reductions) while NAT2 activity was most
severely reduced in cirrhosis (-71%) and relatively
preserved in viral hepatitis (-28%). GSTM1
glutathione transferase activity declined
substantially in ALD (-58%) and cirrhosis (-72%),
reflecting the critical role of glutathione depletion
in alcohol-related oxidative liver injury -- a finding
with direct relevance to the management of
paracetamol overdose in this patient population
(Figure 3).

4.4 In Silico Drug Exposure Predictions and
Dose Adjustment Guidance
Simcyp IVIVE modelling translated microsomal
activity data into predicted clinical AUC changes
for six model drugs across hepatic disorder
categories (Table 5). For cirrhotic patients,
midazolam AUC was predicted to increase 4.8-fold
(median; 90% PI: 3.1-7.4), supporting dose
reduction to 20-25% of the standard dose.
Warfarin AUC increased 2.2-fold, indicating the
need for substantially reduced maintenance doses
with intensified INR monitoring. The most
clinically alarming prediction was for
acetaminophen in ALD: despite UGT1A1
suppression reducing glucuronidation (the primary
detoxification route), CYP2E1 upregulation
increased predicted NAPQI formation 3.1-fold,
effectively converting the standard 1 g dose into a
potentially hepatotoxic exposure. The radar chart
(Figure 4) visualises the composite multi-enzyme
disruption profile of each hepatic disorder
category, confirming that cirrhosis produces the
most globally disruptive enzyme phenotype while
ALD is characterised by the unique CYP2E1
induction signature.

Table 3. CYP enzyme absolute protein content
(pmol/mg) and functional activity
(pmol/min/mg) by hepatic disorder category
Enzy
me

Healt
hy

NAFL
D

NAS
H F3
-F4

ALD Viral
Hep.

Cirrh
osis

CYP3
A4 (p
mol/
mg)

108.4
+-
18.2

74.8
+-
13.4

45.5
+- 9.1

52.1
+-
11.4

60.7
+-
12.8

23.8
+-
6.4*

CYP3
A4 ac
tivity

2.41
+-
0.38

1.74
+-
0.29

1.08
+-
0.21

1.22
+-
0.24

1.48
+-
0.28

0.46
+-
0.12*

CYP2
E1 (p
mol/
mg)

29.4
+- 5.8

47.0
+- 8.6

38.2
+- 7.4

82.4
+-
14.7*

31.8
+- 6.1

21.6
+- 5.2

CYP2
E1 ac
tivity

3.71
+-
0.78

5.82
+-
1.12

4.94
+-
0.98

8.92
+-
1.84*

4.02
+-
0.81

2.84
+-
0.64
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Enzy
me

Healt
hy

NAFL
D

NAS
H F3
-F4

ALD Viral
Hep.

Cirrh
osis

CYP2
C9 (p
mol/
mg)

68.2
+-
12.4

58.4
+-
10.8

42.1
+- 8.3

38.6
+- 7.8

41.3
+- 8.6

30.7
+-
7.1*

CYP2
C9 ac
tivity

4.82
+-
0.91

4.18
+-
0.78

3.12
+-
0.62

2.84
+-
0.58

3.04
+-
0.61

2.01
+-
0.48*

CYP1
A2 (p
mol/
mg)

44.8
+- 8.6

40.2
+- 7.8

30.4
+- 6.2

26.8
+- 5.8

27.4
+- 5.6

20.1
+-
4.8*

CYP2
D6 (p
mol/
mg)

8.4 +-
2.1

7.8 +-
1.9

6.1 +-
1.4

5.8 +-
1.3

6.4 +-
1.5

4.2 +-
1.1*

*p < 0.001 vs. healthy controls (Kruskal-Wallis + Dunn's
post-hoc, Bonferroni corrected). Activity expressed as
pmol metabolite formed per min per mg microsomal
protein. CYP3A4 activity: midazolam 1'-hydroxylation;
CYP2E1: chlorzoxazone 6-hydroxylation; CYP2C9:
diclofenac 4'-hydroxylation; CYP1A2: phenacetin
O-deethylation.

Table 4. Phase II enzyme activity
(nmol/min/mg microsomal protein) by hepatic
disorder category
Enzyme /
Reaction

Heal
thy

NAF
LD

NAS
H F3
-F4

ALD Viral
Hep.

Cirr
hosi

s
UGT1A1
(estradiol
3-glucuro
nidation)

4.84
+-
0.62

3.00
+-
0.48

2.22
+-
0.38

1.89
+-
0.34

2.47
+-
0.41

1.60
+-
0.28*

SULT1A1
(4-NP sulp
hation)

6.12
+-
0.88

4.22
+-
0.64

3.18
+-
0.51

2.64
+-
0.44

3.41
+-
0.52

2.32
+-
0.38*

NAT2 (sul
famethazi
ne N-acet
ylation)

3.28
+-
0.54

2.84
+-
0.47

2.14
+-
0.38

1.88
+-
0.34

2.36
+-
0.42

0.95
+-
0.22*

GSTM1
(CDNB co
njugation)

8.46
+-
1.24

6.72
+-
1.08

5.84
+-
0.94

3.55
+-
0.64*

5.42
+-
0.88

2.36
+-
0.48*

*p < 0.001 vs. healthy controls. 4-NP: 4-nitrophenol;
CDNB: 1-chloro-2,4-dinitrobenzene. Values are mean +-
SD (n = 30 per group). UGT1A1 reductions represent
percentage loss vs. healthy: NAFLD 38%, NASH 54%,
ALD 61%, Viral Hep. 49%, Cirrhosis 67%.

Table 5. Predicted AUC changes
(fold-increase vs. healthy) for six model drugs
by hepatic disorder (Simcyp IVIVE modelling)

Drug
(Primary
Enzyme)

NA
FL
D

NA
SH
F3-
F4

AL
D

Vir
al
He
p.

Cir
rho
sis

Recommend
ed Dose

Adjustment

Midazola
m
(CYP3A4)

1.5
x

2.4
x

2.1
x

1.9
x

4.8
x

Cirrhosis:
reduce to
20-25%

Warfarin
(CYP2C9)

1.3
x

1.9
x

2.0
x

1.8
x

2.2
x

Cirrhosis/ALD
: reduce +
monitor INR

Drug
(Primary
Enzyme)

NA
FL
D

NA
SH
F3-
F4

AL
D

Vir
al
He
p.

Cir
rho
sis

Recommend
ed Dose

Adjustment

Acetamino
phen (CYP
2E1/UGT1
A1)

1.4
x

1.8
x

3.1
x*

1.6
x

2.6
x

ALD: max 2
g/day; avoid if
active use

Omeprazo
le (CYP2C
19)

1.2
x

1.7
x

1.9
x

2.1
x

2.8
x

Cirrhosis:
reduce by
50%

Metoprolo
l
(CYP2D6)

1.1
x

1.4
x

1.6
x

1.4
x

2.1
x

Cirrhosis:
reduce by
40%; monitor
HR

Irinotecan
(UGT1A1)

1.5
x

2.1
x

2.6
x

2.0
x

3.4
x

All disease
groups:
reduce
starting dose

*NAPQI formation predicted 3.1-fold above healthy liver,
reflecting CYP2E1 induction combined with reduced
UGT1A1 glucuronidation capacity. AUC fold-change =
median of Simcyp virtual patient simulation (n = 100
virtual subjects per scenario).

Figure 1. CYP3A4 protein content (pmol/mg) across
six liver groups

Figure 2. CYP2E1 and CYP3A4 activity (pmol/min/mg)
compared to healthy controls
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Figure 3. Phase II UGT1A1 activity (nmol/min/mg)
across hepatic disorder categories

Figure 4. Multi-enzyme disruption profile by hepatic
disorder (normalised to healthy = 1.0)

5. Discussion
This study presents the most comprehensive
multi-enzyme, multi-disorder hepatic drug
metabolism dataset generated from a uniform
biopsy cohort, combining absolute LC-MS/MS
proteomics with functional microsomal activity
assays and clinical IVIVE modelling. Several
findings carry immediate translational relevance.

5.1 Cirrhosis as the Most Severe Metabolic
Phenotype
The 78% reduction in CYP3A4 protein content in
cirrhosis (Table 3) -- translating to an 81%
functional activity loss and a predicted 4.8-fold
midazolam AUC increase (Table 5) -- represents
the most clinically consequential finding of this
study. The strong correlation between CYP3A4
activity and MELD score (rho = -0.83) confirms
Frye et al. (2006), and supports the case for
MELD-guided rather than Child-Pugh-guided
CYP3A4 substrate dose adjustment in clinical
practice. Practically, the midazolam dose
reduction to 20-25% of standard recommended

here is consistent with the prescribing information
for Child-Pugh C patients, validating the predictive
accuracy of the IVIVE approach used. The
pervasive phase II impairment in cirrhosis --
UGT1A1 reduced 67%, NAT2 71%, GSTM1 72% --
markedly increases irinotecan exposure risk and
should prompt mandatory dose reduction and
UGT1A1 genotype screening in this population.

5.2 CYP2E1 Induction in ALD: A Distinct
Toxicological Signature
The 2.8-fold CYP2E1 protein upregulation and
2.4-fold activity increase in ALD specimens are
mechanistically attributable to ethanol-induced
post-translational CYP2E1 protein stabilisation
through reduced ubiquitin-proteasome
degradation (Cederbaum, 2010). The predicted
3.1-fold increase in NAPQI formation from
acetaminophen at standard 1 g doses has direct
patient safety implications: current UK and US
prescribing guidelines recommend a maximum of
2 g/day in chronic alcohol users, but do not
quantify the mechanistic basis for this limit. The
IVIVE data reported here -- derived from human
liver microsomes rather than animal models --
provide the quantitative pharmacokinetic
justification for this restriction and suggest that
even 2 g/day may be excessive in active heavy
drinkers with severe ALD.

5.3 NAFLD as an Emerging Drug Metabolism
Confounder
The intermediate CYP3A4 reductions in NAFLD
(31%) and NASH F3-F4 (58%) are particularly
important given the epidemic prevalence of
NAFLD (estimated 25% of the global adult
population; Younossi et al., 2016) and the common
concomitant use of polypharmacy in this metabolic
disease population. The identification that NASH
with advanced fibrosis approaches cirrhotic
CYP3A4 expression levels supports the extension
of cirrhosis-level dose adjustment guidance to
NASH patients with METAVIR F3-F4 fibrosis -- a
group not currently captured by Child-Pugh or
MELD scoring systems.

5.4 Limitations
Several limitations should be noted. The
cross-sectional biopsy design precludes
longitudinal tracking of enzyme changes with
disease progression or resolution after treatment.
The cirrhosis group was aetiologically mixed
(HCV, HBV, ALD, cryptogenic), and
aetiology-specific effects within the cirrhotic
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phenotype could not be fully characterised given
the sample size per aetiological subgroup. The
IVIVE scaling approach used population-average
MPPGL values adjusted for fibrosis stage, but
individual variability in MPPGL is substantial (CV
~50%) and represents a source of uncertainty in
predicted AUC values. Future studies should
integrate hepatocyte viability counting and
single-nucleus RNA sequencing to dissect
zone-specific CYP expression changes within
heterogeneous cirrhotic liver nodular architecture.

6. Conclusion
This systematic multi-enzyme characterisation of
drug metabolic capacity across five hepatic
disorder categories establishes a quantitative
enzyme activity atlas of hepatic disease that
translates directly into precision dose adjustment
guidance. Cirrhosis produced the most globally
severe enzymatic phenotype, with CYP3A4 protein
reduced 78% and six model drug AUC values
increased 2.1-4.8-fold, confirming MELD score as
the most appropriate clinical correlate for
CYP3A4-dependent drug exposure prediction. The
ALD-specific CYP2E1 induction signature (2.8-fold
upregulation) mechanistically establishes why
standard acetaminophen doses are hepatotoxic in
this population and quantifies the NAPQI
overproduction risk for the first time in human
microsomal tissue. NASH with advanced fibrosis
(METAVIR F3-F4) exhibited CYP3A4 suppression
approaching cirrhotic levels (-58%), supporting the
extension of cirrhosis-level prescribing caution to
this rapidly growing patient population. These
findings collectively provide the mechanistic and
quantitative underpinning for an evidence-based
revision of hepatic impairment drug dosing
guidance across all major hepatic disorder
categories.
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Appendix A
LC-MS/MS Signature Peptides and MRM

Transitions for CYP Enzyme
Quantification

This appendix lists the tryptic signature peptides,
selected reaction monitoring (SRM/MRM)
precursor-to-product ion transitions, and retention
times used for absolute quantification of each CYP
and phase II enzyme by the QconCAT LC-MS/MS
method. All peptides were selected for uniqueness
within the human proteome (BLASTP confirmed),
absence of known polymorphic sites, and absence of
missed cleavages. Heavy-labelled QconCAT internal
standard was used at 10 fmol/µg microsomal protein
to enable absolute quantification.

A.1 CYP Enzyme Signature Peptides
A.2 Phase II Enzyme Signature Peptides




