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Abbreviations: DME, drug-metabolizing enzymes; Hi3, high three ion intensity method; 

HLM, human liver microsomes; iBAQ, intensity-based absolute quantification; NAFLD, 

non-alcoholic fatty liver disease; PBPK, physiologically-based pharmacokinetics; QconCAT, 

quantification concatemer; TPA, total protein approach.  
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Abstract 

Model-based assessment of the effects of liver disease on drug pharmacokinetics requires 

quantification of changes in enzymes and transporters responsible for drug metabolism and 

disposition. Different proteomic methods are currently used for protein quantification in 

tissues and in vitro systems, each with specific procedures and requirements. The outcome of 

quantitative proteomic assays from four different methods (one targeted and three label-free), 

applied to the same sample set, were compared in this study. Three pooled cirrhotic liver 

microsomal samples, corresponding to cirrhosis with non-alcoholic fatty liver disease, biliary 

disease or cancer, and a control microsomal pool, were analyzed using QconCAT-based 

targeted proteomics, the total protein approach (TPA), high three (Hi3) ion intensity 

approach, and intensity-based absolute quantification (iBAQ), to determine the absolute and 

relative abundance in disease compared with control. The relative abundance data provided a 

‘disease perturbation factor’ (DPF) for each target protein. Absolute and relative abundances 

generated by standard-based label-free methods (iBAQ and Hi3) showed good agreement 

with targeted proteomics (limited bias and scatter) but TPA (standard-free method) over-

estimated absolute abundances by approximately 2 fold. DPF was consistent between 

different proteomic methods but varied between enzymes and transporters, indicating 

discordance of effects of cirrhosis on various ADME proteins. DPF ranged from no change 

(e.g. for UGT1A6 in NAFLD group) to less than 0.3 (e.g. CES1 in cirrhosis of biliary origin).  

Significance Statement 

This study demonstrated that relative changes in enzymes and transporters (DPF) are 

independent of the quantitative proteomic methods used. Standard-based label-free methods 

such as high three ion intensity (Hi3) and intensity-based absolute quantification (iBAQ) 

methods, were less biased and more precise than the total protein approach (TPA), when 
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compared with targeted data. The DPF reconciled differences across proteomic methods 

observed with absolute levels. Using this approach, differences were revealed in the 

expression of enzymes/transporters in cirrhosis associated with different etiologies. 
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Introduction 

The use of liquid chromatography-mass spectrometry (LC-MS) based proteomics for the 

characterization of biological samples has become more widespread in recent years. The 

main advantage of this analytical tool is that it allows sensitive, selective and simultaneous 

quantification of a large number of proteins in a single assay (Pitt, 2009). Proteomic 

quantification can be performed either by quantifying all detectable proteins in a global 

proteomic experiment or by targeting a predefined set of proteins using specific standards 

(Prasad, et al., 2019). In targeted proteomics, heavy (isotopically-labelled) versions of 

proteotypic peptides are used to quantify the target proteins. Label-free quantification using 

global proteomic data is somewhat cheaper, can offer high proteome coverage, and can be 

employed for absolute quantification through the addition of unlabeled protein standards (Al 

Feteisi, et al., 2015; El-Khateeb, et al., 2019; Li, et al., 2012; Megger, et al., 2014). In label-

free global proteomics, several data analysis methods have been proposed, such as the total 

protein approach (TPA), high n (Hi-N) ion intensity method, and intensity-based absolute 

quantification (iBAQ) (Couto, et al., 2019; Fabre, et al., 2014; Schwanhäusser, et al., 2011; 

Wiśniewski, et al., 2019).  

Cirrhosis is a liver disease caused by various conditions, including alcoholic and non-

alcoholic fatty liver disease, biliary disease, including primary sclerosing cholangitis (PSC) 

and primary biliary cholangitis (PBC), autoimmune hepatitis, and hepatitis C virus (HCV) 

infection. Cirrhosis can also progress to primary liver cancer (Schuppan & Afdhal, 2008). 

Liver disease affects the pharmacokinetics of different drugs, especially compounds that are 

mainly hepatically extracted, but can also affect renally excreted drugs (Verbeeck, 2008). 

These effects are normally due to changes in protein binding, hepatic blood flow, and altered 

expression of different drug metabolising enzymes (DMEs) and transporters (Edginton & 

Willmann, 2008; Johnson, et al., 2010). There is, however, no unique and universal measure 
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that can summarize the impact of the cirrhosis on all enzymes and transporters (El-Khateeb, 

et al. Unpublished) and not all drugs are affected in the same manner. Therefore, recent FDA 

guidance encourages performing clinical trials with patients with hepatic impairment for 

drugs with a narrow therapeutic index if these are mainly eliminated by the liver, and for any 

other drug if 20% or more of clearance is attributable to the hepatic route (FDA, 2003). 

Indeed, there has been more demand than before for the inclusion of hepatically-impaired 

patients in early stage clinical trials in order to be more representative of patients who will 

receive the drug after approval (FDA, 2020; Lichtman, et al., 2017). The practical 

determination of a safe and effective dose for those patients is, however, challenging to 

implement in such clinical trials. Alternative approaches, such as the use of virtual clinical 

trials based on physiologically based pharmacokinetic (PBPK) modelling and simulation 

(M&S), to predict the clearance and implement dose adjustment in this population have been 

suggested and applied for regulatory submission of some drugs (Jamei, 2016). In these 

models, change in drug clearance in patients is accounted for by administration of selective 

probes, where available, in vivo and subsequent measurement of specific enzyme activity or 

by using in vitro systems and scaling by activity or abundance of relevant 

enzymes/transporters (Frye, et al., 2006; Johnson, et al., 2010). 

Variability in measurements of enzymes and transporters have previously been reported and 

these can stem from differences in quality and handling conditions of the samples, sample 

preparation, proteomic methods, data analysis strategies or a combination of these factors 

(Harwood, et al., 2016; Wegler, et al., 2017). These covariates are especially important when 

the effect of disease is the focus of the proteomic investigation and increasing the trust in 

outcome of the predictive PBPK models which rely on the proteomics data as a major input.  

The aim of this study was therefore to assess the performance of different proteomic methods 

(targeted and untargeted) in relation to characterization of the effect of hepatic cirrhosis on 
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the abundance of enzymes and transporters. A strategy to address method-specific bias is 

proposed to achieve improved implementation of the generated data in downstream M&S.  

Materials and Methods 

Human liver samples 

Pooled human liver microsomal (HLM) samples represented four sets of samples: 

histologically normal control group (n = 14 individual livers), non-alcoholic fatty liver 

disease (NAFLD) associated cirrhosis (n = 9), biliary disease associated cirrhosis (n = 13), 

and cancer associated cirrhosis (n = 9). Control samples were obtained from patient 

undergoing liver tumor excision, and the tissue adjacent to tumor was confirmed to be non-

cancerous by histopathology. Cirrhotic livers were obtained from diseased livers following 

liver transplantation. Individual liver tissue samples were provided by Cambridge University 

Hospitals Tissue Bank (Cambridge, UK), and HLM fractions were prepared by differential 

centrifugation, as described in detail for the same set of samples in a previous publication (El-

Khateeb, et al., 2020). The HLM fractions were pooled for each group separately by mixing 6 

μL from each individual sample (corresponding to 6 mg of tissue from each liver sample). 

Anonymized demographic and clinical data for the donors are presented in Supplemental 

Tables 1 and 2. These samples are covered by ethical approval from the Health Research 

Authority and Health and Care Research Wales (Research Ethics Committee Approval 

Reference 18/LO/1969). The samples were prepared and analyzed for previous work (El-

Khateeb et al., 2020) and the opportunity arose to further use these sets for a comparative 

investigation of different quantification methods in health and disease.    

Sample preparation for proteomics 

Protein content in the HLM pooled samples was estimated by the Bradford assay 

(ThermoFisher Scientific, Hemel Hempstead, UK). Three stable isotope (
13

C) labeled 
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concatenated standards (QconCATs) (Russell, et al., 2013) were spiked into 70 μg of each 

pooled sample as internal standards; 0.56 μg of MetCAT (QconCAT standard for the 

quantification of CYPs and UGTs), 0.45 μg of NuncCAT (QconCAT for the quantification of 

non-CYP, non-UGT enzymes), and 0.24 μg of TransCAT (QconCAT for the quantification 

of transporters), in addition to 0.126 μg of bovine serum albumin (BSA) (as a label-free 

exogenous protein standard).  

Filter-aided sample preparation (FASP) (Wiśniewski, et al., 2009) was used for sample 

preparation as previously described with minor modifications (Couto, et al., 2019). Sample 

mixtures were solubilized by incubation with sodium deoxycholate (10% w/v final volume), 

1,4-dithiothreitol (DTT) was added at a final concentration of 100 mM, and the protein 

mixture was incubated at room temperature for 10 min. Reduction of protein disulfide bonds 

was carried out by incubation at 56°C for 40 min. Amicon Ultra 0.5 mL centrifugal filters, 3 

kDa molecular weight cutoff, (Millipore, Nottingham, UK) were conditioned by briefly 

centrifuging 400 μL of 0.1 M Tris of pH 8.5 at 14000g at room temperature. The protein 

samples were then transferred to the conditioned filter units, followed by centrifugation at 

14000g at room temperature for 30 min. Alkylation of reduced cysteine was performed by 

incubation with 100 μL of 50 mM iodoacetamide in the dark for 30 min at room temperature. 

After alkylation, deoxycholate removal was performed by buffer exchange using two 

successive washes with 8 M urea in 100 mM Tris-HCl (pH 8.5), 200 μL each. To reduce urea 

concentration, additional washes (3 x 200 µL were performed using 1 M urea in 50 mM 

ammonium bicarbonate (pH 8.5). For each wash, solvent (200 µL) was added to the filter, 

without mixing, centrifuged at 14000g at room temperature for 20 min, leaving a volume of 

approximately 20 µL in the filter.  The filtrate containing small molecules such as detergent 

was discarded.  Protein digestion was achieved using LysC twice (LysC:protein ratio 1:50, 2 

hours each, at 30°C), then trypsin digestion was carried out (trypsin:protein ratio 1:25) for 12 
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hours at 37°C and another equivalent treatment for an extra 6 hour incubation. Peptides were 

recovered from the filter by centrifugation (14000g, 20 min); a second collection was 

achieved by adding 0.5 M sodium chloride (100 µL) to the filter and centrifuged at 14000g 

for another 20 min. The collected peptides were lyophilized to dryness using a vacuum 

concentrator at 30⁰C and with vacuum in aqueous mode; the time required was in the range 1-

3 hours and was sample-dependent. Lyophilized peptides were reconstituted in 20% (v/v) 

acetonitrile in water, acidified with 2% (v/v) trifluoroacetic acid, then desalted using C18 

spin columns  according to the manufacturer’s instructions (Nest group, USA). The peptides 

were lyophilized and stored at −80°C until mass spectrometric analysis. 

Liquid chromatography and tandem mass spectrometry (LC-MS/MS) 

Lyophilized peptides were re-suspended in 70 μL 3% (v/v) acetonitrile in water with 0.1% 

(v/v) formic acid. The samples were analyzed by LC-MS/MS using an UltiMate® 3000 

Rapid Separation LC (RSLC, Dionex Corporation, Sunnyvale, CA) coupled to a Q Exactive 

HF Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, 

MA) mass spectrometer. Mobile phase A was 0.1% formic acid in water and mobile phase B 

was 0.1% formic acid in acetonitrile, and peptides were eluted on CSH C18 analytical 

column (75 mm x 250 μm inner diameter, 1.7 μm particle size) (Waters, UK). A 1 µL aliquot 

of the sample was transferred to a 5 µL loop and loaded onto the column at a flow rate of 300 

nL/min for 5 min at 5% B. The loop was then taken out of line and the flow was reduced 

from 300 nL/min to 200 nL/min in 0.5 min. Peptides were separated using a gradient from 

5% to 18% B in 63.5 min, then from 18% to 27% B in 8 min, and finally from 27% B to 60% 

B in 1 min. The column was washed at 60% B for 3 min before re-equilibration to 5% B in 1 

min. At 85 min, the flow was increased to 300 nL/min until the end of the run at 90 min. 

Mass spectrometry data were acquired in a data-dependent manner for 90 min in positive 

mode. Peptides were selected for fragmentation automatically by data dependent analysis on 
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a basis of the top 12 peptides with m/z between 300 to 1750 Th and a charge state of 2+, 3+, 

and 4+ with dynamic exclusion set at 15 sec. The MS resolution was set at 120,000 with an 

AGC target of 3E6 and a maximum fill time set at 20 ms. The MS2 resolution was set to 

30,000, with an AGC target of 2E5, a maximum fill time of 45 ms, isolation window of 1.3 

Th and a collision energy of 28 eV. 

Proteomic data analysis 

Proteins were identified by searching peptide MS/MS data against UniProtKB database 

(http://www.uniprot.org/) using MaxQuant version 1.6.10.43 (Max Planck Institute of 

Biochemistry, Martinsried, Germany). Processing parameters for both targeted and label-free 

analysis are summarized in Supplemental Table 3. QconCAT-based quantification was 

carried out as previously described (Al-Majdoub, et al., 2019, 2020) to measure the 

abundance of 15 CYP and 9 UGT enzymes (MetCAT), in addition to UGT2B17, 22 non-

CYP/non-UGT drug-metabolizing enzymes (NuncCAT) and 30 transporters (TransCAT). A 

protein was considered quantifiable in liver microsomal samples if (a) there was evidence of 

its expression in the liver (Human Protein Atlas, https://www.proteinatlas.org/), (b) it was 

localized in a membrane (Uniprot, https://www.uniprot.org/), (c) it was identified by at least 

one razor or one unique peptide, and (c) it was detected in a sufficient number of samples (at 

least 3/14 samples) and by at least two data analysis methods with priority assigned to the 

targeted approach. A list of the peptides that constitute these QconCATs is presented in 

Supplemental Table 4. Details of data analysis and quantification approaches are provided 

below.  

 Method 1. Targeted proteomics 

In targeted analysis, the abundance of each target protein was calculated using the following 

equation. 
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[𝑃𝑟𝑜𝑡𝑒𝑖𝑛] = [𝑄𝑐𝑜𝑛𝐶𝐴𝑇]  × Ii,L Ii,H⁄                                                                 (1) 

Where [Protein] is the protein abundance based on the surrogate peptide i, measured in units 

of pmol/mg microsomal protein. Ii,L Ii,H⁄  is the ratio of the intensity of the light (analyte) to 

the heavy (QconCAT-derived) surrogate peptide, and [QconCAT] is the concentration of the 

QconCAT standard measured using Equation 2.   

[𝑄𝑐𝑜𝑛𝐶𝐴𝑇] = [NNOP]  × INNOP,H INNOP,L⁄                                                      (2) 

Where INNOP,H INNOP,L⁄  is the ratio of the intensity of the heavy (QconCAT-derived) to the 

light (spiked in) non-naturally occurring peptide (NNOP) standard, and [NNOP] is the 

concentration of the NNOP standard expressed in units of pmol/mg microsomal protein 

analyzed by mass spectrometry. The intensity ratios were corrected for isotope labelling 

efficiency prior to use in the equations (Achour, et al., 2018; Russell, et al., 2013). Unlabeled 

NNOP peptides, EGVNDNEEGFFSAR, GVNDNEEGFFSAR and AEGVNDNEEGFFSAR 

were added to the pooled samples at 38, 125 and 350 fmol, respectively, to quantify the 

TransCAT, MetCAT and NuncCAT, respectively.  

 Method 2: HiN or Hi3 method 

In label-free analysis with the HiN method, quantification was performed using the averaged 

intensity of the three most abundant unique peptides based on the acquired MS/MS data for 

the protein of interest and the standard protein (Achour, et al., 2017; Al-Majdoub, et al., 

2019; Chevreux, et al., 2018). The selection of peptides was according to previously 

published criteria (Achour, et al., 2018). The following equation was applied. 

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛] = [𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑]  × (∑ I𝑟𝑎𝑛𝑘 (𝑖)
𝑛
𝑖=1 𝑛⁄ )

(∑ I𝑟𝑎𝑛𝑘 (𝑗)
𝑚
𝑗=1 𝑚⁄ )

⁄                     (3) 
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Where [Protein] represents the abundance of a target protein, [standard] represents the 

abundance of the standard protein, both expressed in units of pmol/mg microsomal protein, 

and the fraction refers to the ratio of the averaged intensities of the n highest ion peaks for the 

target protein relative to the reference (in this case, n = m = 3). Peptides used in quantification 

of the selected proteins were identified as unique using a BLAST search (NCBI, 

https://www.ncbi.nlm.nih.gov/). For the pooled samples, BSA at known concentration (26 

pmol/mg fraction protein) was used as a standard. 

 Method 3: The total protein approach (TPA) 

In the total protein approach (TPA), peptides were assigned to the proteins of interest and the 

total signal intensity from a particular protein was used for quantification as follows. Peptides 

were assigned to proteins from the Uniprot human proteome, with full length characterized 

sequences being prioritized over truncated, uncharacterized and cDNA sequences. The 

remaining peptides that did not match any protein were deleted. A best-fit analysis was then 

run to minimize the number of protein assigned to account for all the peptides (Al‐Majdoub, 

et al., 2020). 

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛] =  ∑ I𝑖
𝑛
𝑖=1

(𝑀 × ∑ 𝐼𝑠𝑎𝑚𝑝𝑙𝑒)⁄                                             (4) 

Where the ratio of the sum of intensity of all peptides derived from a protein of interest to the 

sum of intensity of all peptides in a particular sample (expressed in parts per billion) is 

converted to an abundance value (pmol/mg) by normalizing to the molecular mass of the 

protein, M, in daltons.    

 Method 4: Intensity-based absolute quantification (iBAQ) 

Intensity-based absolute quantification, iBAQ, relies on normalising protein MS intensity to 

the total number of observable peptides (Schwanhäusser, et al., 2011). The protein 
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concentration is then inferred by comparing the obtained normalized intensity to a similar 

ratio for an internal protein standard at known concentration, as follows.  

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛] = [𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑]  ×  (∑ I𝑖
𝑛
𝑖=1 𝑇𝑖⁄ )

(∑ I𝑗
𝑚
𝑗=1 𝑇𝑗⁄ )

⁄                                          (5) 

Where I is the summed intensity of all peptides from the protein of interest i or the standard j, 

and T is the number of theoretically observable peptides from in silico digestion of protein i 

or standard j.  Similar to the Hi3 method, BSA at known concentration was used as a 

standard. 

Absolute abundances in pmol/mg microsomal protein were determined using the four 

methods discussed above for the set of targets that fit our predefined criteria. 

Disease-to-control abundance ratios 

For each method, the abundance of target proteins obtained from each cirrhotic pool was 

normalized to the corresponding value from the control pooled sample. This ratio represents 

alteration in protein expression due to disease and will henceforth be referred to as disease 

perturbation factor (DPF). In the context of comparative performance, the absolute 

abundances and the ratios determined using different quantification methods were compared, 

and the proportion of values within a 2-fold difference across methods were determined. 

Targets showing ratios for the cirrhotic pools (relative to control) outside the range of 0.5-2 

fold were considered to be affected by the disease.  

Statistical analysis 

Data analysis was performed using Microsoft Excel 2010 and GraphPad Prism 8.4.3 (La 

Jolla, CA). Linear regression analysis was performed to assess correlations of data from 

different quantification methods, both at the level of absolute quantification and the disease-

to-control ratios. The deviation from the line of unity (represented by the slope of the line of 

regression) and goodness of fit (R
2
) were used to assess the quality of the correlation. Good 
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correlation was considered for comparisons with correlation coefficients above 0.5. The 

percentage of data points outside a 2-fold range was used as an overall measure of agreement. 

Bias specific to each method was assessed using the average fold error (AFE) and scatter of 

one dataset relative to another was assessed using the absolute average fold error (AAFE) as 

follows:  

AFE = 10[
∑ Log(𝑥2,𝑖 𝑥1,𝑖⁄ )𝑛

1

𝑛
]
                                              (6) 

AAFE = 10[
∑ | Log(𝑥2,𝑖 𝑥1,𝑖⁄ )|𝑛

1

𝑛
]                                          (7) 

Where x1,i and x2,i are data derived for the same target i using two different methods. Values 

different from 1 reflect higher bias and scatter.  

Results 

Label-free global proteomics of pooled liver membrane fractions 

Pools from normal, NAFLD-cirrhosis, biliary-cirrhosis, and cancer-cirrhosis liver sets were 

analyzed using global and targeted proteomics. The average protein content from three 

different measurements for each pool (mean± SD) was 7.11±0.09, 7.03±0.01, 13.78±0.01, 

12.19±0.02 μg total protein per mg liver tissue, respectively. Global proteomics identified 

18073, 20010, 19482, and 18866 peptides from samples representing the control, NAFLD, 

biliary disease, and cancer related cirrhotic livers. This translated to 2307, 2587, 2577, and 

2530 proteins, respectively. Technical and analytical variability determined for a subset of the 

individual samples used in this study was within 30% for the quantified target proteins (data 

not shown). 

Effect of surrogate peptide selection on targeted quantification 

Two unique peptides representing each protein of interest are routinely included in a 

QconCAT standard. In this study, absolute abundance values and disease-to-control ratios 

were calculated using QconCAT peptides detected by LC-MS/MS in the majority of the 
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pooled samples (the control sample and at least one diseased pool). Where quantification 

from both peptides for each target was possible, the values were compared (Table 1). 

Absolute levels were, in several cases (CYP2A6, 2E1, 3A4, 4F2 and UGT1A1), different 

from one peptide to another for the same target protein (assay-related bias reaching up to 10 

fold difference). It is possible to reconcile these differences by selecting the most appropriate 

peptide or so-called  “best performer” peptide using criteria related to the peptide’s amino 

acid composition (stability and physicochemical properties), mapping of the sequence 

(cleavability and proximity to the membrane) and visual MS and MS/MS spectral 

examination, as we have discussed previously (Achour, et al., 2018). The “best performing” 

peptides, showing reliable intensity values, for each of these proteins in most of the samples 

are shown in Table 1.  Excitingly, however, the impact of disease (represented by disease-to-

control ratio) was consistent for these pairs of peptides, even where the absolute 

quantification was not (Table 1). 

Quantification of key hepatic enzymes and transporters using label-free global 

proteomics 

For label-free proteomics, quantification of the targets focused on key proteins involved in 

pharmacokinetics of xenobiotics and therapeutic drugs. The criteria for selecting the targets 

followed technical and biological considerations to ascertain that the quantification was 

reliable. We focused on targets quantifiable by the QconCAT standards to enable head-to-

head comparison. A total of 35 drug-metabolizing enzymes and drug transporters satisfied the 

criteria (12 CYPs, 7 UGTs, 7 non-CYP non-UGT enzymes and 9 transporters). The data are 

presented in Table 2.  

Comparison of absolute abundances of target proteins quantified by different methods 
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Absolute abundance values of the targets under investigation were highly correlated for all 

the four methods with R
2
 ranging from 0.69 to 0.88 (Supplemental Figure 1A). Standard-

based label-free methods, iBAQ and Hi3, showed better agreement with targeted 

quantification (slopes of 1.58 and 0.85, respectively) than the TPA method (1.80 fold higher 

on average). Label-free methods (iBAQ, Hi3, and TPA) returned values for 60%, 68%, and 

42% of the targets, which were within a 2-fold range relative to the targeted data (Figure 1). 

Using the targeted data as a reference, the Hi3 and iBAQ approach were less biased (AFE = 

0.96) than the TPA (AFE = 1.19) methods. The TPA approach was the least precise method 

(AAFE = 2.55), while the Hi3 and iBAQ approaches reflected lower data scatter (AAFE of 

1.85 and 2.21, respectively).
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Comparison of disease-to-control ratios determined by different proteomic methods 

Discrepancies in absolute values in Tables 1 and 2 suggest the use of DPF as a way of 

reconciling differences.  We now compared the relative levels of 35 proteins in diseased 

(with reference to control) samples as determined by four different quantification methods. 

The ratios obtained by the Hi3 and iBAQ methods showed good correlation with one another 

and with the targeted approach and TPA data (R
2
 range 0.56-0.81). TPA data showed poor 

correlation to the targeted method with R
2
 of only 0.21 (Supplemental Figure 1B). The ratios 

measured by the iBAQ, Hi3 and TPA label-free methods for 96%, 94%, and 77% of the 

targets, respectively, were within 2-fold difference from the targeted data. Compared with the 

absolute abundance values, the scatter of the data was significantly reduced after 

implementation of the ratio (AAFE of 1.33, 1.31, and 1.62 for iBAQ, Hi3 and TPA, 

respectively, relative to the targeted data). Bias in the ratio values was low for the Hi3 and 

iBAQ methods (AFE of 0.95 and 0.87, respectively), but still persisted with the TPA method 

(AFE of 1.44) (Figure 2).   

 

Recovering disease-related perturbations in abundance of hepatic enzymes and 

transporters  

Disease effects on the abundances of key drug-metabolizing enzymes and drug transporters is 

shown in Figure 3. Based on targeted proteomics, biliary and cancer-related cirrhosis were 

associated with 2 or more fold reduction in abundance of CYP3A4, 1A2, 2C8, 2J2, UGT2B7, 

2B17, CES1, CES2, FMO3 and FMO5. Expression levels of the majority of the remaining 

enzymes and transporters dropped to less than 50% in cancer-associated cirrhosis compared 

with control. CYP2A6, 2B6, 2C9, 2E1, and UGT1A9 were significantly downregulated in 

cholestatic cirrhosis. In this group, BSEP and MRP3 (implicated in transport of bile salts and 

bile conjugates, respectively) increased by 45 and 70%, respectively, while there was a 
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reduction in OCT1 (by 60%) and OATP2B1 (by 30%). However, for changes that are within 

a 2-fold cut-off range, disease effects may be masked by analytical or technical variability. 

Although NAFLD-related cirrhosis had a lower impact on CYPs and UGTs than other types 

of cirrhosis, this etiology was associated with increased expression (> 2 fold) of several 

transporters, including MRP3, OAT2, and MCT1 (Figure 3). 

Discussion 

In this study, we investigated the performance of targeted and three label-free global 

proteomic methods in measuring the effects of liver disease on expression of hepatic enzymes 

and transporters. Absolute abundance values of DMEs and transporters measured by targeted 

and label-free (Hi3 and iBAQ) methods showed good overall agreement in terms of accuracy 

(consistency with targeted measurement) and precision. Although the TPA method correlated 

with the targeted approach, as highlighted previously (Vildhede, et al., 2018), the TPA tended 

to overestimate consistently by approximately two fold. This emphasizes the observation that 

standard-based methods perform well relative to methods with no standards (such as TPA) 

when accurate quantification, rather than an estimate, is required. It is not very surprising that 

the TPA overestimates. The central tenet of this approach is that the total intensity in a 

sample represents the total amount of protein.  In fact, many proteins fall below the limit of 

detection, and many others fall below the limit of quantification. Wiśniewski et al (2014) 

have attempted to overcome this limitation using the protein ruler, allowing a standardization 

to internal standards.  A further limitation of the classical TPA (used in this study) is that the 

intensity corresponding to more than one protein (where a peptide is present in more than one 

protein) is assigned in full to each of those proteins (Sánchez, et al., 2021). A modification in 

the TPA can be performed by assigning such intensity on the basis of the ratio of intensity 

due to the razor peptides; this modification is more important in limiting overestimation of 

individual proteins than in addressing the global overestimation (Al‐Majdoub, et al., 2020).  
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 The high correlation between Hi3 and iBAQ methods (R
2
 0.87) is in line with findings by 

Krey et al. (2014). The difference between these two methods is that in the Hi3 method only 

unique peptides are used for quantification, whereas non-unique peptides may be used in the 

iBAQ method. This can justify the over-estimation observed in the iBAQ compared to the 

targeted and the Hi3 using the observed data. There are advantages to both approaches, which 

have not been fully explored. The elimination of non-unique peptides is arguably more 

robust; even when their contribution is divided among contributing proteins, the ratio is an 

estimation.  However, their inclusion allows more data to be used in the quantification, and 

this is important where proteins with few unique peptides are to be quantified. 

As previously discussed (Prasad, et al., 2019), absolute quantification is critically dependent 

on the choice of the surrogate peptides used to quantify each protein. Different peptides 

behave differently under sample preparation and LC-MS conditions (Chen, et al., 2020). 

Peptides in close proximity to membrane-spanning domains, those prone to missed cleavage 

and sequences with hydrophobic amino acids (such as P, V, W) negatively affect proteomic 

quantification (Achour, et al., 2018). These factors can lead to high variability in the data 

generated by different laboratories, with differences reaching up to 10 fold in some instances 

(Chen, et al., 2020; Prasad & Unadkat, 2014; Wegler, et al., 2017). Our results confirmed 

previous conclusions of cross-laboratory studies about the impact of peptide choice and 

analysis method on reported end-point measurements.  

This study shows that relative quantification to a control set can lead to greater consistency 

between quantification methodologies and this might be a useful strategy to offset bias 

related to surrogate peptides, analytical methods or even different laboratories. Where the aim 

is to demonstrate the effect of disease, DPF described here, is a useful measure. When the 

disease to control ratios were compared, they were shown to be more consistent than absolute 

values across methods and between surrogate peptides. Using the QconCAT approach, the 
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differences in these ratios were within 25% for different targets, which supported the 

possibility of reconciling inherent technical variability in absolute abundance measurements. 

In a similar fashion, relative expression factors, REF, extensively used in in vitro-in vivo 

extrapolation, were previously shown to be more consistent when the abundance in tissue and 

in the in vitro system are measured in the same laboratory using the same methodology 

(Harwood, et al., 2016).    

The ability of different quantification methods to define DPF in expression of various drug 

metabolism proteins was investigated by applying the ratios of expression of each protein in 

the disease samples relative to histologically normal controls. The ratios should be 

compatible with reverse translational modelling of drug kinetics and effects of co-morbidities 

as described previously (Rostami-Hodjegan, 2018). This relies on implementing the DPF into 

verified models in a healthy population rather than a fully bottom-up approach (Sharma, et 

al., 2020). Again, the Hi3 and iBAQ label-free methods were able to capture the disease 

perturbation in agreement with the targeted approach, with much less bias (lower AFE) and 

scatter in the data (lower AAFE) than the TPA. The reason may well be that this approach 

does not apply a standard that acts as an anchor to offset the effect of technical variability on 

measured abundance. The use of the protein ruler with stable expression in a lysate 

(Wiśniewski, et al., 2014) together with a principled division of intensities due to non-unique 

peptides among contributing proteins may bring this in line. The remaining difficulty is to 

establish a suitable ruler for microsomal samples.   

Cirrhosis is a chronic fibrotic liver disease that is known to change the liver architecture and 

affect the expression of drug-metabolizing enzyme and their activities (Weersink, et al., 

2020). However, these changes are not fully understood and differences can be related to the 

enzyme isoform, degree of disease severities and underlying conditions (Elbekai, et al., 

2004). Using DPF, the degree of change in expression of hepatic enzymes and transporters 
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among cirrhosis samples of different etiologies revealed differences in their pathophysiology 

and confirmed the heterogeneity of cirrhosis as a disease, in line with previous studies 

(Drozdzik, et al., 2019; El-Khateeb, et al., 2020; Prasad, et al., 2018). In agreement with our 

findings, Prasad et al. (2018) reported reduced CYP and UGT expression in cirrhosis, 

although the causes of the disease were different from those explored in the current study. 

Drozdzik et al., (2019) reported relative changes in the abundance of different transporters in 

cirrhotic livers with etiologies associated with alcohol, cholestasis, autoimmune diseases and 

viral hepatitis compared to normal controls. In their cholestasis group, the reported changes 

in OCT1, BSEP, and OATP2B1 were in line with findings in the current study. To avoid 

confounding disease-related changes with technical variability stemming from experimental 

error, we only considered differences of >30%. Measuring the effect of disease in the current 

and previous studies relied on measurements in liver tissue. Non-invasive techniques, such as 

liquid biopsy (Achour, et al., 2021), might be an avenue for further development to determine 

the extent and inter-individual variabilities in perturbation, considering that significant 

differences exist in the altered values for different pathways, as typical clinical scores of 

cirrhosis, such as the Child-Pugh system, cannot predict associated changes in metabolic 

capacity (Elmeliegy, et al., 2021; EMA, 2005). 

In conclusion, differences were observed in absolute abundances measured by several 

targeted and untargeted methods. Error inherent to these methods was mitigated by 

measuring a relative factor that captures the effect of disease on the expression of various 

hepatic enzymes and transporters. DPF is more consistent than using absolute values, when 

the same method is employed for the disease and control sample sets. Application of this 

approach can help in understanding different expression patterns of enzymes and transporters 

in disease states, such as cirrhosis across different disease etiologies or severities. 
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Figure Legends 

Figure 1. Assessment of agreement between absolute abundance data generated using label-

free methods (iBAQ, Hi3, and TPA) and targeted proteomics. The AFE and AAFE values 

reflect bias and scatter of the data. The continuous line is the line of unity and the dashed 

lines represent the 2-fold range. 

Figure 2. Assessment of the agreement between disease-to-control ratios (disease 

perturbation factor, DPF) generated using label-free methods (iBAQ, Hi3, and TPA) and 

targeted proteomics. The AFE and AAFE values reflect bias and scatter of the data. The 

continuous line is the line of unity and the dashed lines represent the 2-fold range.  

Figure 3. Disease-to-control abundance ratios (disease perturbation factor, DPF ) for 

enzymes and transporters measured by targeted (QconCAT) proteomics in three pooled 

cirrhosis liver samples with concomitant hepatic disease, non-alcoholic fatty liver (NAFLD), 

cholestasis (biliary), and hepatocellular carcinoma (cancer), relative to histologically normal 

control  liver samples. 
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Tables 

Table 1. The absolute and relative abundances of different proteins using targeted proteomic assays based on two surrogate peptides for each protein. 

Target protein Peptides used for targeted 
Absolute abundance (pmol/mg protein) 

 
Disease to control ratio 

Control NAFLD Biliary Cancer NAFLD Biliary Cancer 

CYP1A2 
ASGNLIPQEK  $  19 7.1 5.8 9.0 0.37 0.31 0.48 

YLPNPALQR 18.17 7.1 5.3 7.8 0.39 0.29 0.43 

CYP2A6 
GTGGANIDPTFFLSR$ 20.1 20.2 8.2 11.7 1.1 0.41 0.58 

DPSFFSNPQDFNPQHFLNEK 1.6 2 0.7 1.1 1.3 0.45 0.71 

CYP2D6 
AFLTQLDELLTEHR 68.3 38.1 35.4 44.2 0.56 0.52 0.65 

DIEVQGFR$ 8.7 5.6 4.2 5.1 0.65 0.48 0.59 

CYP2E1 
GIIFNNGPTWK 13.9 22 7.2 11.5 1.5 0.51 0.82 

FITLVPSNLPHEATR$ 37.4 49.4 12.2 30.1 1.3 0.33 0.80 

CYP3A4 
LSLGGLLQPEK$ 64 33.4 20.9 20.6 0.52 0.33 0.32 

EVTNFLR 24.9 15.5 9.7 8.4 0.62 0.39 0.34 

CYP4F2 
HVTQDIVLPDGR$ 9.6 9.5 4.8 5.1 1.02 0.51 0.54 

FDPENIK 3.1 ND 1.7  ND ND 0.55 ND 

UGT1A1 
DGAFYTLK$ 15.5 22.5 14.5 19.8 1.5 0.93 1.28 

TYPVPFQR 6.5 11.7 6.7 7.5 1.7 1.04 1.2 

UGT1A6 
VSVWLLR 4.7 5.3 3.5 3.8 1.01 0.74 0.79 

SFLTAPQTEYR$ 5.9 6.1 3.9 3.8 1.03 0.66 0.65 

CES2 
ADHGDELPFVFR$ 23.4 18.2 8.7 8.1 0.78 0.37 0.35 

SFFGGNYIK 17.6 14.5 ND 6.6 0.82 ND 0.37 

POR 
QYELVVHTDIDAAK$ 19.8 34.5 ND 7.5 1.7 ND 0.38 

IQTLTSSVR 21.1 31.9 16.4 ND 1.5 0.77 ND 

MGST3 
IASGLGLAWIVGR$ 8.1 9.5 5.9 2.1 1.2 0.73 0.26 

VLYAYGYYTGEPSK 6.9 7.7 5.4 2.3 1.1 0.79 0.33 

BCRP 
SSLLDVLAAR$ 0.15 0.20 0.16 ND 1.3 1.04 ND 

ENLQFSAALR 0.12 ND 0.13 ND ND 1.1 ND 
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Control, NAFLD, Biliary, Cancer denote microsomal samples from histologically normal or cirrhotic liver tissue from patients with non-alcoholic fatty liver 

disease, cholestasis, and hepatocellular carcinoma at the time of sample collection. ND, The peptide was not detected in the sample. $ Peptide used for the 

quantification. 

 

Table 2. Quantification of drug-metabolizing enzymes and drug transporters in pooled human liver samples from normal and cirrhotic livers with 

different co-existing conditions using four quantification approaches; QconCAT-based targeted proteomics, Hi3 label-free quantification, the total 

protein approach (TPA), and intensity-based absolute quantification (iBAQ).  

Protein Method 1 

Targeted quantification 

(pmol/mg protein) 

Method 2 

Hi3 label-free quantification 

(pmol/mg protein) 

Method 3 

TPA 

(pmol/mg protein) 

Method 4 

iBAQ 

(pmol/mg protein) 

Control NAFLD Biliary Cancer Control NAFLD Biliary Cancer Control NAFLD Biliary Cancer Control NAFLD Biliary Cancer 

CYP1A

2 

19 7.1 5.8 9 25.1 8.8 8.5 11.8 31.5 11.7 16.4 27.9 35.7 10.4 10.1 15.3 

CYP2A

6 

20.1 20.2 8.2 11.7 38.9 31.1 16.6 26.6 43.8 38 28.6 45.3 41.5 28.3 14.7 20.8 

CYP2B

6 

2.8 3.4 1.1 2.4 6.5 6.4 2.2 4.3 3.1 3.1 2.2 4.9 3.3 2.7 1.3 2.6 

CYP2C

8 

25.8 17 7.7 12.6 39.5 22.8 10.6 22 53.7 32.4 26.5 47.8 53.9 25.5 14.4 23.2 

CYP2C

9 

92.5 100.2 42.6 58.3 73 58.1 36.1 51.6 68 59.2 56.7 83.6 82.8 56.6 37.4 49.2 

CYP2C

18 

1.3 0.7 0.7 0.7 1.4 0.6 ND ND 10.5 7 6.1 10 10.5 5.5 3.3 4.8 

CYP2D

6 

8.7 5.6 4.2 5.1 6.7 3.2 3.8 3.5 13.8 8.1 13.3 22.5 15.5 7.1 8.1 12.2 

CYP2E

1 

37.4 49.4 12.2 30.1 25.4 20.9 6.6 24 28.9 38.5 12 35.3 31.8 33.3 7.2 18.7 

CYP3A

4 

64.0 33.4 20.9 20.6 24.8 13.7 8.7 10 36.7 20.7 20.6 23.8 40.8 18 12.4 12.8 

CYP3A

5 

4.4 ND 2.4 7.3 1.2 ND 0.6 ND 12.3 8.2 9.1 14 14.1 7.4 5.7 7.8 

CYP2J2 1.26 0.77 0.6 0.55 0.4 0.2 0.2 0.2 0.29 0.13 0.15 0.21 0.26 0.09 0.07 0.09 

CYP4F

2 

9.6 9.5 4.8 5.1 3.3 2.7 1 2.4 14.4 11 9.7 16.4 15 9 5.5 8.2 
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UGT1A

1 

15.5 22.5 14.4 19.8 7.3 14.8 5.6 9.7 4.9 10.2 7 13.4 8.1 13.3 6.3 10.8 

UGT1A

4 

20.8 14.3 14.9 ND 27.7 18.2 22.7 21.5 20.4 14.8 30.3 29.8 25.7 14.6 20.7 18.1 

UGT1A

6 

5.9 6.1 3.9 3.8 7 5.7 4.7 6.6 8.6 7.4 9.1 12.1 9.4 6.3 5.4 6.4 

UGT1A

9 

11.8 10.9 5.5 8.3 9.5 5.1 1.4 7.1 7.5 6.3 5.6 13.2 10.7 7.1 4.4 9.1 

UGT2B

4 

25.4 23.6 14.4 16.7 27.4 23.2 11.3 23 25.7 29.5 33 45.1 30.1 27.2 21 25.5 

UGT2B

7 

61.2 43.4 20 30.6 116.2 62.2 38.7 58.6 54.9 37.6 34.8 50.1 69.9 37.6 24.1 30.8 

UGT2B

17 

8 7.1 3.3 3.1 7.8 ND ND 3.5 28.4 16.8 17.4 28 33.6 15.6 11.2 16 

CES1 303.2 180.6 81.2 88.7 277.4 150 70.4 158.8 584 280.7 245.2 498 574.4 216.9 130.8 236.7 

CES2 23.4 18.2 8.7 8.1 31.3 22.6 13.4 19.9 27.8 19.3 15.1 31.2 39.4 21.4 11.6 21.3 

FMO3 66.8 53 26.5 22.5 68.4 42.1 24 42.1 118.2 85.5 67.6 109.4 111.6 63.4 34.6 49.9 

FMO5 18.1 16.5 8.1 5.3 23.9 14.9 11.7 10.5 34.1 23 25.1 26 35.7 18.9 14.2 13.2 

POR 19.8 34.5 13.4 7.5 48.2 46 28.7 30.5 26.6 31.9 35 36.8 27.7 26.2 19.8 18.6 

MGST1 45.1 38.2 32 13.3 70.1 67.5 44.8 53.5 137.3 128.8 161 159.2 202.7 149.4 128.9 113.6 

MGST3 7.5 8.6 5.7 2.2 5.8 5.5 3.4 4.2 7.1 6.8 8.1 8.6 9.9 7.4 6.1 5.8 

BSEP 0.23 0.35 0.34 0.11 0.3 0.3 0.3 0.3 0.07 0.08 0.17 0.15 0.07 0.07 0.1 0.08 

MRP3 0.16 0.55 0.27 0.13 ND 0.3 ND 0.3 ND 0.06 ND 0.03 ND 0.07 ND 0.02 

MRP6 0.41 0.56 0.29 0.19 0.6 0.5 0.3 0.4 0.11 0.09 0.06 0.18 0.15 0.1 0.04 0.12 

ATP1A

1 

2.52 6.63 2.58 1.82 4.3 8.1 4.5 4.6 6.28 13.63 10.57 11.51 7.93 13.52 7.24 7.02 

OCT1 1.53 1.5 0.67 0.82 ND ND ND ND 0.3 0.28 0.13 0.41 0.87 0.66 0.21 0.59 

OAT2 0.52 1.16 0.4 0.35 ND ND ND ND 0.08 0.12 0.08 0.15 0.09 0.11 0.05 0.08 

OATP1

B1 

0.42 0.72 0.5 0.22 1.6 1.2 0.9 1.2 0.61 0.46 0.49 0.71 0.65 0.39 0.29 0.37 

OATP2

B1 

1.01 1.22 0.74 0.47 1.2 0.7 0.5 0.6 0.22 0.25 0.22 0.2 0.39 0.35 0.21 0.17 

MCT1 1.43 3.21 1.47 0.89 ND ND ND ND ND 0.33 0.18 ND ND 0.18 0.07 ND 

Normal, NAFLD, biliary, cancer denote microsomal samples from histologically normal or cirrhotic liver tissue from patients with non-alcoholic fatty liver 

disease, cholestasis, and hepatocellular carcinoma at the time of sample collection. ND, not detected using a particular method 
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