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Drug Disposition Protein Quantification in 
Matched Human Jejunum and Liver From 
Donors With Obesity
Christine Wegler1,2, Jacek R. Wiśniewski3, Ida Robertsen4, Hege Christensen4, Jens Kristoffer Hertel5,   
Jøran Hjelmesæth5,6, Rasmus Jansson- Löfmark2, Anders Åsberg4,7, Tommy B. Andersson2 and   
Per Artursson1,*

Mathematical models, such as physiologically- based pharmacokinetic models, are used to predict, for example, drug 
disposition and toxicity. However, populations differ in the abundance of proteins involved in these processes. To 
improve the building and refinement of such models, they must take into account these interindividual variabilities. 
In this study, we used global proteomics to characterize the protein composition of jejunum and liver from 37 donors 
with obesity enrolled in the COCKTAIL study. Liver protein levels from the 37 donors were further compared with 
those from donors without obesity. We quantified thousands of proteins and could present the expression of several 
drug- metabolizing enzymes, for the first time, in jejunum, many of which belong to the cytochrome P450 (CYP) 
(e.g., CYP2U1) and the amine oxidase (flavin- containing) (e.g., monoamine oxidase A (MAOA)) families. Although 
we show that many metabolizing enzymes had greater expression in liver, others had higher expression in jejunum 
(such as, MAOA and CES2), indicating the role of the small intestine in extrahepatic drug metabolism. We further 
show that proteins involved in drug disposition are not correlated in the two donor- matched tissues. These proteins 
also do not correlate with physiological factors such as body mass index, age, and inflammation status in either 
tissue. Furthermore, the majority of these proteins are not differently expressed in donors with or without obesity. 
Nonetheless, interindividual differences were considerable, with implications for personalized prediction models and 
systems pharmacology.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Protein quantifications in human liver and small intestine 
have targeted specific proteins, in small sample sizes and used 
membrane enrichment. These data are inadequate for building 
and refining accurate physiologically- based prediction models.
WHAT QUESTION DID THIS STUDY ADDRESS?
 We compared the proteomes of matched human jejunum and 
liver from 37 donors, at a global level— comparing all quantified 
proteins— and at an absorption, distribution, metabolism, and 
excretion– specific level.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
 We provide a large data set of donor- matched protein levels 
for human jejunum (6,398) and liver (5,773) from 37 donors. 

Expression levels of several drug- metabolizing enzymes are pre-
sented for the first time, for human jejunum, and compared 
with the levels in liver from the same donors. The high expres-
sion of several of these jejunal enzymes suggests this organ has 
an important role in extrahepatic drug metabolism.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 The proteomics data from the 37 donors revealed large in-
terindividual differences in protein levels. Such differences can 
greatly influence models used for predicting drug disposition 
or toxicity. Knowledge of these differences will contribute to 
developing personalized systems pharmacology.

ARTICLE

mailto:
mailto:per.artursson@farmaci.uu.se
mailto:per.artursson@farmaci.uu.se


CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 111 NUMBER 5 | May 2022 1143

Mathematical models, such as physiologically- based pharma-
cokinetic models, are frequently applied to predict drug dispo-
sition, efficacy, and toxicity in humans. These models rely on 
accurate translation of experimental in vitro data to in vivo.1 
Such translation has been successfully performed with scaling 
factors based on specific protein concentrations in the in vitro 
model and target tissue.2,3 To build and refine predictive mod-
els, they must take into account interindividual variability.1 
Information regarding the protein composition of tissues in-
volved in drug disposition across different populations is there-
fore imperative.

The small intestine— comprised of the duodenum, jejunum, 
and ileum— and liver are important organs for nutritional ab-
sorption and digestion, as well as drug disposition. Recent ad-
vancements in mass spectrometry– based proteomics analysis 
have mapped proteomes in many tissues, including the small 
intestine and liver.4 However, these studies have focused on the 
comparison of many different tissue types from few and un-
matched donors, rather than the protein profiles of specific tis-
sues with respect to interindividual variability. Furthermore, 
when proteins have been quantified from the small intestine and 
liver of small sets of matching donors (n = 9), focus has been on 
a set of enzymes5 and transporters6 that is currently considered 
clinically relevant for drug disposition.

Other proteomics studies on the jejunum— the major drug ab-
sorption site— have quantified selected proteins involved in drug 
disposition7– 14 and, again, in a small number of donors.7,8,10– 12,14 
Furthermore, many of these studies used membrane enrichment 
procedures,9– 13 which introduces variability to the protein quan-
tification.15– 17 For example, a global proteomics study of mucosal 
fractions of jejunum identified up to 5,700 proteins,7 but it only 
included four donors, which does not capture the interindividual 
variability. Meanwhile, studies of the jejunum from larger sample 
donor sets (up to 28 donors), have only targeted specific drug- 
metabolizing enzymes and transporters.9

The liver proteome has been more studied. Although mem-
brane enrichment has also been used for liver protein quantifica-
tion,13,18– 20 other studies have quantified proteins in whole liver 
tissue lysates,5,6,15,16,21 both on a global level15,16 and for selected 
drug disposition proteins.5,6,21 However, as with the jejunum stud-
ies, sample sizes have been small (up to 15 donors) in whole liver 
lysate.5,6,15,16,21 Larger sample sets (up to 39 donors) have been an-
alyzed in membrane- enriched liver microsomes.13,19

In this study, we quantified the global proteomes of matched 
whole lysate jejunum and liver obtained from 37 donors un-
dergoing gastric bypass surgery. These patients were enrolled in 
the COCKTAIL (Impact of Body Weight and Weight Loss on 
Drug Bioavailability, Cardiovascular Risk Factors and Metabolic 
Biomarkers) study.22 A primary objective in COCKTAIL was 
to investigate the relationship between body composition and 
jejunum and liver protein expression and activity of proteins in-
volved in the absorption, distribution, metabolism, and excretion 
(ADME) of drugs. The proteomics data on these donor- matched 
tissues enabled us to (i) perform an individual comparison of the 
global protein composition of the two organs; (ii) capture inter-
individual variability of protein levels involved in ADME in each 

tissue; and (iii) study how these levels relate to individual biologi-
cal factors, such as body mass index (BMI), inflammation, age, and 
sex.

METHODS
Human jejunal and liver tissue
Jejunal and liver biopsies were obtained from 38 patients with obesity un-
dergoing gastric bypass surgery. Additionally, liver biopsies were also ob-
tained from 17 lower weight controls undergoing cholecystectomy as part 
of the study. Patients gave informed consent as part of the COCKTAIL 
study approved by the Regional Committee for Medical and Health 
Research Ethics (Ref: 2013/2379/REKsørøst A). For jejunum, pinch bi-
opsies of the intestinal mucosa were collected 60 cm distal to the ligament 
of Treitz. For liver, true- cut biopsies were obtained from parenchyma close 
to the edge of the right liver lobule. Biopsies were snap frozen in liquid 
nitrogen directly upon sampling and stored at −80°C until analysis.22

Protein quantification
Biopsies were thawed and lysed in 2% sodium dodecyl sulfate, and the 
proteins were denatured at 95°C. Samples were prepared for proteomic 
analysis with the multienzyme digestion filter- aided sample preparation 
protocol, using endoproteinase LysC and trypsin.23 Total protein and 
peptide amounts were determined based on tryptophan fluorescence.24 
Peptides were separated on an EASY- spray C18- column (50  cm, 75  µm 
inner diameter), using an acetonitrile/water gradient (0.1% formic acid) 
at 300 nL/min. The nano– liquid chromatography (nLC) was coupled to 
a Q Exactive HF or Q Exactive HF- X (Thermo Fisher Scientific, Waltham, 
MA). Mass  spectrometry (MS) data were processed with MaxQuant 
(https://www.maxquant.org/),25 using the human UniProtKB (https://
www.uniprot.org/). Spectral raw intensities were normalized with variance 
stabilization.26 Protein abundances (fmol/µg protein) were calculated with 
the total protein approach.27 See Supplementary Methods for details.

Clinical parameters
Body weight and body composition were determined using the Inbody 
720, Body Composition Analyzer (Biospace, Seoul, South Korea). 
Clinical laboratory analyses were performed at the Central Laboratory, 
Vestfold Hospital Trust and at the Hormone Laboratory, Oslo University 
Hospital (Norway). Plasma concentrations of high- sensitivity C- reactive 
protein (hs- CRP) were measured with immunoturbidimetry (Advia 
Chemistry XPT systems, Siemens, Munich, Germany) at Fürst Medical 
Laboratory (Oslo, Norway). Nonalcoholic fatty liver disease (NAFLD) 
scores were calculated based on fasting serum levels of aspartate amino-
transferase, alanine amino transferase, and insulin, together with if the 
donors had type 2 diabetes (T2D) and/or metabolic syndrome.28

Statistical analysis
Biopsies were collected over 2 years and analyzed in three batches (on 
average 10  months after collection). Batch effects were removed by 
geometric mean- centering of protein levels. Initial evaluation of the 
proteomics data with principal component analysis showed deviating 
results in the jejunum of one patient (most likely due to temporary 
technical f luctuation in the nLC- MS/MS analysis). Therefore, both je-
junum and liver data from this patient were excluded from the pairwise 
analysis of the proteomes, leaving data from 37 donor- matched jejunum 
and liver samples for further analysis. To ensure high- quality quanti-
fication, only proteins identified with at least three unique  +  razor 
peptides were considered to be quantified. Those that were quantified 
in at least 50% of the samples (n = 19) were included in the global com-
parative analyses. Functional annotation clustering of gene ontology 
(GO) enrichments of GO terms molecular function and biological 
processes was performed in R (https://www.r- project.org/) with the 
clusterProfiler- package.29 The background set of proteins from which 
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GO- enrichments were calculated was set to all the proteins identified 
in the jejunum and liver samples. Spearman rank correlation coeffi-
cients were determined from protein abundances in at least 50% of the 
37 donors (n  =  19) for all proteins in the respective tissues (used for 
between- tissue intercorrelation of proteins, and protein- clinical pa-
rameter correlation). P values were adjusted for multiple comparisons 
with Benjamini- Hochberg. Significance differences in protein abun-
dances due to sex and glucose tolerance were performed in GraphPad 
Prism (version 9.0.0; GraphPad Software, San Diego, CA) with the 
Mann- Whitney nonparametric test, adjusted for multiple comparison 
with False Discovery Rate and two- way analysis of variance followed by 
the Tukey multiple comparison test, respectively.

RESULTS
Patient demographics
Inclusion criteria for COCKTAIL are described elsewhere.22 At 
the time of surgery, the 37 donors included in the proteomics anal-
ysis (see the Method section for exclusion) had a median (range) 
weight of 123 (79– 155) kg, and corresponding median (range) 
BMI of 43 (30– 51) kg/m2 (Figure  1a). All donors were White 
with a median (range) age of 48 (23– 63) years. Two- thirds of the 
donors were female (n = 25), and 35% of donors (n = 13) had T2D 
(Table S1).

Global proteomes of human jejunum and liver
In total, 6,398 jejunal proteins and 5,773 liver proteins were quanti-
fied with an overlap of 5,082 proteins between the two tissues (88% 
of the liver proteins and 79% of the jejunal ones; Figure 1b). There 
were slightly higher levels of the overlapping proteins in jejunum 
than in liver, with an average fold difference (AFD) of 1.3 (95% 
confidence interval (CI), 1.2– 1.4; Figure 1c). These matching pro-
teins were involved in basic cellular processes, such as transcription 
(e.g., “nucleoporin proteins” and “heterogeneous nuclear ribonucle-
oproteins”), protein translation and localization (e.g., proteins from 
the small and large subunits of the ribosome, and “eukaryotic initi-
ation factor proteins”), and post- translational protein modification 
(e.g., “proteasome subunit proteins”) (Figure 1d; Data S1).

Proteins found only in jejunum (n  =  1,316), were involved in 
biological processes connected to transcription (e.g., HMGA1 
and NME1), protein glycosylation (e.g., DPM3 and TMEM258), 
and absorption (e.g., CLCA1 and SI). These proteins had median 
abundances ranging from 1.7 (TMEM258) to 38.4 (CLCA1) 
fmol/µg protein (Figure 1e) for the 37 donors.

In contrast, proteins found only in liver (n = 691), were involved 
in liver specific functions, such as small molecule and drug metab-
olism (e.g., FMO3 and CYP2A6), fatty acid and lipid metabolism 
(e.g., RDH16 and HAO1), amino acid metabolism (e.g., BHMT 
and ARG1), glycogen metabolism (e.g., GYS2), and transport (e.g., 
SLC27A5 and SLCO1B1). Their median abundances ranged from 
2.6 (SLCO1B1) to 91.6 (BHMT) fmol/µg protein (Figure 1e).

ADME- related proteins in human jejunum and liver
As the jejunum and liver are key contributors to drug disposition, 
we next focused the analysis on 682 selected proteins related to 
ADME (a list compiled by Schröder et al.,30). With our set crite-
ria, 321 ADME- related proteins were quantified in jejunum, and 
328 in liver. These proteins overlapped to 80% (272) for the two 
tissues (Figure 2a), and constituted many enzymes and transcrip-
tion factors (Figure 2c).

Abundances of ADME- related proteins were similar in jejunum 
and liver with an AFD of 0.88 (95% CI, 0.3– 1.5), and generally 
higher levels in liver (Data S1). Notably, several enzymes had more 
than 10- fold higher levels in liver. These included cytochromes P450 
(CYPs) (CYP2C19, CYP4F3, CYP4F11, CYP4V2, CYP7B1, 
and CYP51A1), alcohol dehydrogenases (ADH1A, ADH1B, 
ADH4, ADH6), an aldehyde dehydrogenase (ALDH4A1), uri-
dine diphosphate (UDP)– glucuronosyltransferases (UGT1A4, 
UGT1A6), and glutathione S- transferases (GSTM1, GSTZ1; 
Figure 2b). In contrast, the enzymes CYP2S1, ALDH1A3, and 
ALDH3A1, and the adenosine triphosphate (ATP)– binding cas-
sette transporters, ABCD1 and TAP2 (ABCB3), were more than 
10- fold higher in jejunum (Figure 2b).

In general, no correlations were found between ADME- related 
protein levels expressed in the two tissues. Among the 272 match-
ing proteins, only six were significantly correlated (GSTM4, 
SULT1A1, CYP4F12, GSTT1, CYP2D6, and GSTM3; with 
Rs  >  0.54 and P value < 0.05 after Benjamini- Hochberg adjust-
ment for multiple comparisons; Figure S1a,b; Data S1).

Phase I drug- metabolizing enzymes
The ADME- related proteins contained several groups of import-
ant phase I drug- metabolizing enzymes in both tissues. In jejunum, 
these included, among others, 27 CYPs, 6 ADHs, 17 ALDHs, 4 
dimethylaniline monooxygenases (N- oxide- forming) (previously 
known as flavin- containing monooxygenases; FMOs), 5 arylamine 
N- acetyltransferases (NAT), and the 2 amine oxidases (flavin- 
containing), MAOA and MAOB. In liver, 32 CYPs (26 of the 27 
also found in jejunum, and 6 additional ones), 7 ADHs (1 addi-
tional to those found in jejunum), 16 ALDHs, 4 FMOs, 3 NATs, 
and MAOA and MAOB were quantified (Table 1; Data S1).

All of the major drug- metabolizing CYP enzymes31 were quan-
tified in both tissues, and were usually higher in liver (AFD = 3.7; 
95% CI,  2.7– 4.8; Figure  2d). Importantly, the least expressed 
CYP2B6, CYP1A2, CYP2A6, CYP2E1, and CYP2C8 were 
quantified only in less than 7 (18%) of the 37 jejunal biopsies, but 
in all 37 liver biopsies (Table 1). The auxiliary proteins NADPH- 
cytochrome P450 reductase (POR) and cytochrome b5 (CYB5A) 
were found at twofold higher concentrations in liver. Similarly, 
ADH enzymes and ALDH enzymes were expressed 15- fold and 
2- fold higher, respectively, in liver (Table S2; Table S3).

Figure 1 Global proteomics analysis of liver and jejunal biopsies from 37 donors undergoing gastric bypass surgery. (a) BMI distribution of 
the 37 donors and schematic overview of quantitative proteomics analysis. (b) Venn diagram of jejunal and liver proteins. (c) Correlation 
and distribution of protein levels in jejunal and liver biopsies (geometric mean protein level from the 37 donors). (d) Molecular function and 
biological processes from ClusterProfiler29 of proteins specific to jejunum and liver, or overlapping proteins in the two tissues. (e) Protein 
level distribution of representative proteins found specifically in jejunal or liver biopsies from the 37 donors. AFD, average fold difference 
(jejunal protein levels/liver levels);59 BMI, body mass index; mRNA, messenger RNA; r: Pearson’s correlation coefficient calculated from log2- 
transformed protein levels.
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The FMO and NAT enzymes were low abundant in both jeju-
num and liver, with the exception of FMO3 and FMO5 in liver 
(38.6 and 10.9 fmol/µg protein). MAOA and MAOB had median 
levels of 29.3 and 9.0 fmol/µg protein in jejunum, respectively, and 
15.1 and 27.1 fmol/µg protein in liver (Table S4).

Phase II drug- metabolizing enzymes
In terms of phase II drug- metabolizing enzymes, we found 14 
UDP- glucuronosyltransferase (UGT) isoforms, 16 glutathione S- 
transferases (GSTs), 3 carboxylesterases (CESs), and 6 sulfotrans-
ferases (SULTs) in jejunum. Furthermore, 11 UGT isoforms, 16 
GSTs (of which 15 were the same as in jejunum), 3 CESs, and 6 
SULTs were quantified in liver (Table 2; Data S1).

The quantified UGT isoforms32,33 were 11- fold higher in liver 
than jejunum (Figure 2d; Table 2; Table S5). Furthermore, CES1 

had 100- fold higher levels in liver, while CES2 and CES3 had 3- 
fold and 2- fold higher levels in jejunum (Table  S7). In contrast, 
nine GSTs had fourfold higher levels in liver, while six GSTs were 
fivefold higher in jejunum (Table  S6). The SULTs had twofold 
higher levels in jejunum. Importantly, SULT1C2 and SULT2B1 
were found only in jejunum (0.14 and 0.7 fmol/µg protein, respec-
tively; Table S7). Moreover, thioredoxin (TXN) was 67.8 fmol/
µg protein in jejunum and 35.7 fmol/µg protein in liver; intestinal- 
type alkaline phosphatase (ALPI) was 8.1 fmol/µg protein in jeju-
num (Table S7).

Drug- transporting proteins
Transporter proteins, such as ATP- binding cassette (ABC) and 
solute carrier (SLC) transporter families were found in both tis-
sues. Twenty of the 26 ABCs in jejunum overlapped with 23 in 

Figure 2 Proteomics analysis focused on proteins involved in drug disposition (ADME (absorption, distribution, metabolism, and elimination)) 
in human jejunal and liver biopsies from 37 donors undergoing gastric bypass surgery. (a) Venn diagram of jejunal and liver proteins. (b) 
Correlation of proteins quantified in jejunal and liver biopsies (geometric mean protein levels from the donors). (c) Protein classes of drug 
disposition proteins specific to jejunum and liver, or overlapping proteins in the two tissues. (d) Protein levels of major drug- metabolizing 
enzymes and transporting proteins in the jejunal and liver biopsies. Box plot displays median, 25th, and 75th percentile, and whiskers denote 
minimum and maximum values. Dots are displayed instead of box plot for proteins represented in fewer than 50% (n = 19) of the donors.

ARTICLE



CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 111 NUMBER 5 | May 2022 1147

liver. For the SLC transporters, 158 were quantified in jejunum 
and 97 in liver. Of these, 76 were found only in jejunum, and 15 
only in liver (Table 3; Data S1; Tables S8 and S9).

The four most important enterocyte ABC drug transport-
ers34 (ABCC3, ABCB1, ABCC2, and ABCG2) were quantified 
to 0.26– 0.60  fmol/µg protein in jejunum (Figure  2d; Table  3). 
Of the eight most important liver ABC drug transporters,34 five 
(ABCB1, ABCC2, ABCB11, ABCB4, and ABCC3) were quan-
tified with median levels of 0.21– 0.84 fmol/µg protein (Figure 2d; 
Table 3). Importantly, the three nonquantified ABC transporters 
(ABCC4, ABCC6, and ABCG2) are known to be low abundant 
and thus difficult to quantify.34 In line with this, ABCC6 was de-
tected in only eight of the 37 liver biopsies, and then identified by 
only one peptide.

Of the 11 major enterocyte SLC drug transporters,34 7 
were quantified in jejunum (SLC15A1, SLC16A1, SLC19A3, 
SLCO2B1, SLC29A1, SLC51A, and SLC51B) with median 
levels ranging 0.02– 0.91  fmol/µg protein (Figure  2d; Table  3). 
Similarly, 8 of the 12 main liver SLC drug transporters34 were 
quantified (SLC22A1, SLC22A7, SLC22A9, SLCO1B1, 
SLCO1B3, SLCO2B1, SLC29A1, and SLC47A1) to median 
levels of 0.05– 2.6 fmol/µg protein. Importantly, the uptake trans-
porter, SLC10A1, was identified with only two unique + razor 
peptides in liver (and thus below our stringent quantification cri-
terion), but in all 37 donors, at a median level of 0.3 fmol/mg pro-
tein (Figure 2d; Table 3).

Interindividual variability
In general, larger interindividual variability of drug- metabolizing 
enzymes were found in jejunum than in liver. For example, CYP 
enzymes showed a median 34- fold difference between maximum 
and minimum levels in jejunum and only 5- fold difference in 
liver. Importantly, the polymorphic CYP2D6 showed a 27- fold 
difference in jejunum and 19- fold in liver (Figure  2d; Table  1; 
Table S2). Similarly, in jejunum, ADH and ALDH showed on av-
erage 25- fold and 17- fold variabilities, respectively, and only on av-
erage 3- fold and 7- fold variability, respectively, in liver (Table S3). 
Although interindividual variability of phase II enzymes was also 
larger in jejunum, the differences between the two tissues were 
smaller: The interindividual variability for UGTs was 7- fold in 
jejunum and 3- fold in liver (Table 2; Table S5). Similarly, SULT- 
differences were 11- fold in jejunum and 6- fold in liver (Table S7). 
However, CES showed larger differences between tissues: 24- 
fold in jejunum and 2- fold in liver (Table S7). In contrast, GST 
enzymes varied more in liver (10- fold) than in jejunum (6- fold; 
Table S6).

Similar interindividual variabilities were observed between the 
two tissues for both ABC and SLC transporters. ABC transport-
ers showed on average 9- fold and 6- fold differences in jejunum 
and liver, respectively, and SLC transporters had average fold dif-
ferences of 11 and 9 in jejunum and liver, respectively (Table  3; 
Tables S8 and S9).

Comparison with donors without obesity
We further compared our results of drug- metabolizing enzymes 
and transporters (252 selected proteins) with levels from donors 
without obesity.

For liver, we compared with data from 17 lower weight donors 
undergoing cholecystectomy (Table S1)— included as controls in 

Table 1 Protein levels of CYP enzymes and auxiliary proteins 
in jejunum and liver

Jejunum Liver

Median (min– max) N Median (min– max) N

CYP3A4 13.4 (5– 25.3) 37 21.2 (11.8– 44.3) 37

CYP27A1 5.9 (4– 10.2) 37 10.2 (7.8– 12.2) 37

CYP4F2 5.4 (1.6– 15.5) 37 1.9 (0.6– 4.2) 37

CYP2S1 4.5 (1.6– 7.5) 37 0.1 (0– 0.2) 37

CYP2C9 1.5 (0.4– 23.5) 37 12.3 (7.5– 16.2) 37

CYP3A5 0.9 (0.1– 3) 37 1.8 (0.9– 7.6) 37

CYP20A1 0.8 (0.5– 1.4) 37 1.2 (0.7– 2.6) 37

CYP2C18 0.5 (0.2– 6) 35 0.2 (0– 0.5) 37

CYP4F12 0.5 (0.1– 3.8) 37 0.6 (0.1– 1.4) 37

CYP2D6; 
CYP2D7

0.4 (0.1– 1.7) 32 9.6 (0.9– 17) 37

CYP2J2 0.3 (0.1– 0.9) 37 0.6 (0.4– 1.3) 37

CYP1A1 0.2 (0– 3.1) 35 0.1 (0– 0.7) 36

CYP51A1 0.2 (0– 2.9) 36 4 (2.2– 9.8) 37

CYP4F11 0.2 (0– 0.6) 30 2.4 (1– 4.3) 37

CYP2C19 0.2 (0– 0.6) 34 8.1 (3.3– 17.8) 37

CYP2B6 0.1 (0– 0.7) 4 4.1 (1.6– 16.5) 37

CYP2U1 0.1 (0– 0.9) 28 0.1 (0– 0.4) 37

CYP1A2 0.02 (0– 1.5) 3 12.4 (5.9– 27.7) 37

CYP2A6 0.02 (0.01– 9.6) 7 35.3 (15.2– 74.9) 37

CYP2E1 0.02 (0.01– 4.8) 7 14.7 (8.6– 23.1) 37

CYP4F3 0.04 (0– 0.4) 21 14.2 (9.6– 21.5) 37

CYP8B1 0 (0– 2.2) 3 9.4 (5.8– 13.9) 37

CYP2C8 0.01 (0– 9.5) 5 22.3 (16.5– 31.9) 37

CYP4V2 0.03 (0.01– 0.1) 23 0.7 (0.3– 1.3) 37

CYP2W1 0.03 (0– 0.1) 19 ND

CYP7B1 0.02 (0.01– 0.1) 20 0.7 (0.2– 1.8) 37

CYP4A11 0.01 (0– 4.5) 8 20.3 (11.8– 32.3) 37

CYP4A22 ND 0.4 (0.2– 1) 37

CYP39A1 ND 0.1 (0– 0.6) 37

CYP3A7 ND 0.1 (0– 1.2) 32

CYP4F22 ND 0.03 (0.01– 0.1) 33

CYP7A1 ND 0.03 (0.01– 0.1) 18

CYP2A7 ND 0.01 (0– 0.2) 14

Auxiliary proteins

CYB5A 48.9 (11.2– 86.5) 37 118.1 
(94.9– 166.4)

37

POR 6.7 (4.4– 10.5) 37 11.4 (8.1– 16.4) 37

Protein levels of CYP enzymes and auxiliary proteins in jejunal and liver 
biopsies from the 37 donors. Protein levels are given in fmol/µg protein. For 
proteins separated with “;” the specific isoforms could not be distinguished by 
the MaxQuant search engine due to large sequence overlap.
max, maximum; min, minimum; N , number of donors for which the protein was 
quantified. ND, not detected.
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the COCKTAIL study— combined with published data,15,16,21to 
increase the number of donors without obesity (N ≤ 49). We found 
74 proteins with significantly different liver levels (P < 0.05 Mann- 
Whitney test corrected for multiple comparisons with false discov-
ery rate) between donors with and without obesity. However, the 
differences between the two groups (AFD of 1.2; 95% CI, 1– 1.4) 
were smaller than the interindividual variability within each group 
(AFDs of 7.9 (95% CI, 7.4– 8.5) and 17.4 (95% CI, 16.7– 18.1) 
for donors with and without obesity, respectively). For example, 
while CYP2C9 levels were 1.6- fold lower (P  <  0.05) in donors 
with obesity, the interindividual variabilities were 2.2- fold and 
15- fold in donors with and without obesity, respectively. Similarly, 
SLCO1B1 levels were 1.5- fold (P < 0.05) higher in donors with 
obesity, and interindividual variabilities were 4.9- fold and 21- fold 
in donors with and without obesity, respectively (Figure  3a– d; 
Data S1).

For jejunum, we also compared the levels of ABCs, CYPs, 
UGTs, and CESs (selection based on availability in the literature) 
with published data,8,13,14 and found an AFD of 1.7 (95% CI, 0.9– 
2.5). As for the liver, the AFD between our and published data 
was lower than the interindividual variability in jejunum from do-
nors with obesity for these proteins (AFD 9.6; 95% CI, 8.8– 10.3; 
Tables S2– S9).

Comparison with clinical data
Interindividual variations may alter levels of ADME- related pro-
teins, so we finally compared protein levels in jejunum and liver 
with sex, age, BMI, plasma levels of the inflammation marker 
hs- CRP, and glycated hemoglobin A1c (HbA1c), the latter being 

a proxy for glucose tolerance/metabolic control. Liver protein lev-
els were also compared with NAFLD scores. In the liver compar-
isons, data from both the 37 donors with obesity and the 17 lower 
weight controls were used.

In general, correlations were poor between the physiological pa-
rameters and protein concentrations in both tissues. In jejunum, 
the median rank order correlations for age, BMI, HbA1c, and 
hs- CRP comparisons were Rs = −0.02, 0.02, 0.002, and 0.03, re-
spectively (Rs 25th and 75th percentile: −0.10– 0.16; Figure 4a). 
Similarly, in liver, the median Rs for age, BMI, HbA1c, hs- CRP, and 
NAFLD score comparisons were Rs  =  −0.02, 0.02, −0.01, 0.04, 
and 0.004, respectively (Rs 25th and 75th percentile: −0.13– 0.15; 
Figure 4a). Out of 1,639 comparisons, only 10 significant correla-
tions were found: NAFLD- score and liver proteins COL18A1, 
UGT1A3, GSR, PON1, SLC22A7, and TPMT; hs- CRP and 
STAT3; Age and ABCB11 and PSMC5; and BMI and HMOX1 
with absolute Rs between 0.48– 0.58 and adjusted P values 0.014– 
0.036 (Figure S2). For more correlations see Data S1.

In agreement with poor correlations between HbA1c values and 
protein levels, no significant differences in ADME- related proteins 
were found in either tissue type for donors with “normal glucose 
tolerance” (HbA1c  <  37.8  mmol/mol), “prediabetes” (HbA1c 
37.8– 46.5  mmol/mol), and “T2D” (HbA1c  >  46.5  mmol/mol), 
(Figure 4b).

Finally, no significantly different protein levels were found 
between sexes (n  =  12 males and 25 females) in either tissue 
(Figure  4c). However, jejunal proteins with the largest differ-
ences were ALDH1A2, CYP2W1, and the protein kinase CDK9, 
with 10- fold, 2- fold, and 2- fold higher levels, respectively, in 

Table 2 Protein levels of UGT enzymes in jejunum and liver

Jejunum Liver

Median (min– max) N Median (min– max) N

UGT1A1 2.6 (0.6– 5.1) 37 3.8 (0.7– 9.4) 37

UGT1A10 7.7 (4– 12.1) 37 ND

UGT1A3 0.1 (0– 0.7) 25 0.1 (0.01– 0.7) 37

UGT1A4 0.1 (0– 1.2) 22 7.8 (2.6– 14.8) 37

UGT1A6 0.1 (0– 0.9) 31 17.9 (9– 29.2) 37

UGT2B4 0.03 (0.002– 3.9) 9 13.5 (7.9– 28.4) 37

UGT2B7 3.6 (2.1– 14) 37 30.1 (19.2– 42.9) 37

UGT1A8 0.02 (0.02– 0.02) 3 ND ND

UGT1A9; UGT1A6 2.1 (2.1– 2.1) 1 ND ND

UGT1A9; UGT1A8;  
UGT1A10; UGT1A6

ND ND 2.5 (1.3– 4.3) 37

UGT2A1 1.1 (0.4– 2.9) 37 ND ND

UGT2A3 7.7 (3.3– 13.3) 37 1.2 (0.5– 2.4) 37

UGT2B10 0.1 (0.01– 2.5) 6 15.2 (9.1– 23.5) 37

UGT2B15 0.04 (0.003– 0.3) 7 6.3 (3.9– 9) 37

UGT2B17 18.5 (0.5– 53.1) 37 17.7 (11.8– 32) 37

UGT3A1 0.02 (0.01– 0.1) 6 0.2 (0.03– 0.5) 37

Protein levels of UGT enzymes in jejunal and liver biopsies from the 37 donors. Protein levels are given in fmol/µg protein. For proteins separated with “;” the 
specific isoforms could not be distinguished by the MaxQuant search engine due to large sequence overlap.
max, maximum; min, minimum; N, number of donors for which the protein was quantified; ND, not detected; UGT, uridine diphosphate 
(UDP)– glucuronosyltransferase.
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males. In contrast, FMO1, SULT1C2, GCLM, and SLC7A5 
had threefold, threefold, twofold, and twofold higher jejunal 
levels, respectively, in females. In liver, ALDH1A2, BZ1B, and 
SLC47A1 had 1.8- fold, 1.7- fold, and 1.7- fold higher levels in 
males, whereas CYP3A7 and CYP2U1 were 1.7- fold and 1.6- 
fold higher in females.

DISCUSSION
In this study, we examined the interindividual variability in pro-
tein composition of the two major organs involved in drug dispo-
sition. To this end, we compared the proteomes of matched jejunal 
and liver biopsies from 37 donors enrolled in the COCKTAIL 
study. We compared all quantified proteins at a global level, and, 
at a specific level, the ones implicated in ADME. To our knowl-
edge, this is the first study of this size— in terms of the number of 
quantified proteins (6,398) and number of donor- matched jejunal 
and liver biopsies (n = 37).

Global proteomics of jejunum and liver
The small intestine is the major site for absorption of nutrients 
and drugs. In line with this, proteins found only in the jejunal 
biopsies were involved in biological processes such as absorption, 
for example SI, which is important for carbohydrate digestion 
and subsequent absorption.35 Further, the constant turnover, 

proliferation, and differentiation of enterocytes in the jejunum36 
likely explains the enrichment of transcription processes among 
the proteins found only there (e.g., HMGA137). Moreover, the 
mucus lining the intestinal epithelium contains glycosylated pro-
teins important for physiological protection and immunological 
processes.38 Thus, proteins involved in glycosylation processes, 
such as DPM3,39 were also found only in the jejunal biopsies.

The liver is the major organ for synthesis, metabolism, and stor-
age of carbohydrates, proteins, and lipids, and plays an important 
role in the maintenance of metabolic homeostasis. Not surpris-
ingly, proteins quantified only in the liver biopsies were involved in 
processes such as lipid and fatty acid metabolism— exemplified by 
HAO1 that metabolizes glycolate and hydroxyl fatty acids40— as 
well as glycogen metabolism (e.g., GYS241). We also quantified 
proteins important for drug transport (SLCO1B1)34 and hepatic 
fatty acid uptake and bile acid recycling (SLC27A5, or FATP5).42 
Another important process in the liver is amino acid metabolism. 
Here proteins found only in the liver biopsies (e.g., ARG1 and 
BHMT) play important roles. BHMT is primarily located in the 
liver43 and have been associated with diet- induced NAFLD and 
inflammatory response.44 Partly in line with this, BHMT liver con-
centrations significantly correlated with the inflammatory marker 
hs- CRP (Rs = −0.35, P = 0.038), but not with the NAFLD score 
(Rs = −0.21; Figure S3).

Table 3 Protein levels of the major drug transporting ABC and SLC proteins in jejunum and liver

Jejunum Liver

Median (min– max) N Median (min– max) N

TAP2 (ABCB3) 2.2 (0.7– 4.3) 37 0.2 (0.1– 0.7) 37

TAP1 (ABCB2) 1.5 (0.8– 3.4) 37 0.2 (0.1– 0.8) 37

ABCB1 0.9 (0.3– 1.9) 37 0.2 (0.1– 0.4) 37

ABCG2 0.6 (0.3– 1.5) 37 ND

ABCC3 0.3 (0.1– 0.5) 37 0.2 (0.1– 0.4) 37

ABCC2 0.1 (0– 0.2) 37 0.4 (0.2– 0.7) 37

ABCC4 0.04 (0.003– 0.1) 37 ND

ABCC6 0.04 (0.01– 0.3) 34 ND

ABCB11 ND 0.8 (0.3– 1.5) 37

ABCB4 ND 0.2 (0.1– 0.7) 37

SLC15A1 0.9 (0.4– 1.5) 37 ND

SLC16A1 0.8 (0.3– 1.7) 37 0.5 (0.1– 1) 37

SLC19A3 0.04 (0.02– 0.1) 13 ND

SLC29A1 0.04 (0.02– 0.1) 17 0.3 (0.1– 0.6) 37

SLC51A 0.2 (0.03– 0.6) 37 ND

SLC51B 0.3 (0.2– 0.6) 21 ND

SLCO2B1 0.02 (0.01– 0.2) 14 0.8 (0.4– 1.1) 37

SLC22A1 0.5 (0.5– 0.5) 1 0.8 (0.1– 2.3) 37

SLC22A7 ND 0.6 (0.3– 1.5) 37

SLC47A1 ND 0.05 (0.01– 0.1) 32

SLCO1B1 ND 2.6 (1.1– 5.5) 37

SLCO1B3 ND 1.1 (0.5– 1.9) 37

Protein levels of the major drug transporting ABC and SLC proteins in jejunal and liver biopsies from the 37 donors. Protein levels are given in fmol/µg protein.
ABC, adenosine triphosphate (ATP)– binding cassette; max, maximum; min, minimum; N, number of donors for which the protein was quantified; ND, not detected; 
SLC, solute carrier.
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ADME- related proteins
To our knowledge, we report for the first time the presence in 
human jejunum of several enzymes related to drug disposition: 
e.g., 1 ADH, 15 ALDHs, 7 CYPs, 2 FMOs, 5 NATs, 2 MAOs, 9 
GSTs, 3 CESs, and 4 SULTs. Although most of these were at low 
levels, MAOA and CES2 were expressed at levels that could influ-
ence intestinal drug metabolism (Tables 1 and 2; Tables S2– S7).

Importantly, we quantified seven new CYP enzymes in jejunum: 
CYP2U1, CYP20A1, CYP4F3, CYP4F11, CYP4F12, CYP4V2, 
and CYP7B1. These have not been previously reported in MS- 
based proteomics studies,5,7,14 but were all confirmed to high levels 
in small intestine with antibody staining.43 We also, for the first 
time, identified CYP2A6, CYP8B1, and CYP2W1 in human je-
junum, although CYP2A6 was only found in 7 and CYP8B1 in 

Figure 3 Protein levels in liver from donors with obesity (n ≤ 37) and without obesity (from lower weight control group in COCKTAIL study 
and published data;15,16,21 n ≤ 49) (a) CYP enzymes and auxiliary proteins, (b) UGT enzymes, (c) ABC transporters, and (d) SLC transporters 
important for drug metabolism and transport. Line, box, and whiskers represent median, 25th– 75th percentile, and minimum- maximum. 
The * represents significance P < 0.05 Mann- Whitney test corrected for multiple comparisons with false discovery rate, between the two 
groups. ABC, adenosine triphosphate (ATP)– binding cassette; CYP, cytochrome P450; SLC, solute carrier; UGT, uridine diphosphate (UDP)– 
glucuronosyltransferase.
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3 of the 37 biopsies. The levels of these three proteins were low in 
jejunum, which may be why they had not been identified by anti-
body staining or previous proteomics studies. CYP1A2, CYP2B6, 
CYP2E1, and CYP2C8 (all of which are considered among the 
major drug- metabolizing CYPs31) have previously not been pos-
sible to quantify in jejunum with proteomics5 without membrane 
enrichment (only CYP1A29,10). Correspondingly, we only man-
aged to quantify these four, low abundant proteins in a small subset 
of the jejunal biopsies.

In agreement with previous smaller scale proteomics studies 
on donor- matched jejunum and liver (n  =  9),5,6 many drug- 
metabolizing enzymes and transporters showed higher liver 
levels. The exceptions were the major metabolizing enzyme 
CYP3A4 and efflux transporter ABCB1; both showed similar 
or higher jejunal levels compared with liver levels in our study 
and previous ones.5,6 These higher liver levels are not surpris-
ing since the major fraction of drug metabolism occurs in the 
liver. Nonetheless, drug- metabolizing enzymes from families 
other than CYP enzymes were also found in our jejunal biopsies, 

indicating that the small intestine overall is involved in extrahe-
patic drug biotransformation.45

As membrane- bound transporters have hydrophobic domains, 
their extraction, digestion, and peptide identification compli-
cate quantification.46 In addition, peptides from low abundant 
transporters can be “masked” if co- eluting with those from high 
abundant proteins in global proteomics MS analysis.46 These are 
likely contributors to why we could not quantify some low abun-
dant drug transporters, including a few of those identified by the 
International Transporter Consortium (ITC)34 as relevant for 
human pharmacokinetics, or other potentially important drug 
transporters.47 For example, we could not detect the liver drug 
transporters ABCC4 and ABCG2, and only identified ABCC6 
in few donors, and then with only one peptide. Importantly, 
ABCG2 has also previously only been found at very low levels 
with global proteomics in whole tissue lysates,15 while others 
could not quantify the protein with global proteomics even after 
membrane enrichment.13,18,19 Targeted approaches, when select-
ing specific proteins, have been more successful in liver ABCG2 

Figure 4 Correlation between clinical parameters and protein levels in jejunum and liver. (a) Distribution of Spearman rank correlation coefficients 
between clinical parameters and drug disposition proteins quantified in the jejunal biopsies from the 37 donors and liver biopsies from the 37 
donors and 17 lower weight controls. The panel to the far right describes the comparisons between protein level and clinical parameter for the 
correlation calculations. (b) Distribution of drug disposition protein levels in donors with normal glucose tolerance (jejunum: n = 12; liver: n = 27), 
with prediabetes (jejunum: n = 12; liver: n = 14), and type 2 diabetes (jejunum and liver n = 13). (c) Distribution of drug disposition protein levels 
in males (jejunum: n = 12; liver: n = 15) and females (jejunum: n = 25; liver: n = 39). b,c, Line, box, and whiskers represent median, 25th– 75th 
percentile, and minimum- maximum. BMI, body mass index; HbA1c, glycated hemoglobin A1c; hs- CRP, high- sensitivity C- reactive protein; NAFLD, 
nonalcoholic fatty liver disease; Rs, Spearman rank correlation coefficient.
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quantification, but required membrane enrichment.15,48 
Furthermore, ABCC6 has previously only been quantified to 
low levels in membrane- enriched liver samples,13,19 whereas 
ABCC4 could not be quantified in either whole tissue lysates 
or after membrane enrichment.6,13 These differences in sample 
preparation and MS analysis methods15,46 may affect the results. 
We therefore compared our data with studies using whole cell 
lysates, excluding data from membrane- enriched samples as this 
introduces further variability.15– 17 Furthermore, mucosal isola-
tion of jejunal samples (as used by refs. 5– 8,13) may lead to pro-
tein degradation during the time until samples are frozen49 and 
give different results than biopsies snap- frozen upon excision (as 
used in our study).

Biological factors can also affect protein levels. For example, 
body weight, diabetes, and inflammation are reported to alter levels 
of drug- metabolizing enzymes, e.g., those in the CYP family.50– 52 
However, the results are conflicting, possibly due to differences 
in study design. Furthermore, it is difficult to study individual 
biological factors in a physiologically relevant manner.50,53,54 We 
recently showed correlations between liver CYP3A4 and body 
weight for our 37 donors with obesity together with the lower 
weight control group.55 In contrast, we found no difference in he-
patic uptake clearance of rosuvastatin and body weight in the same 
donors.3 Furthermore, using the published model3 and the protein 
levels of the transporters SLCO1B1, SLCO2B1, SLCO1B3, and 
SLC10A1, we found no difference in predicted area under the 
curve vs. concentration (AUC; ng/mL/h) of rosuvastatin in the 37 
donors with obesity and the 17 lower weight donors (median AUC 
(25th– 75th percentiles): 3159.6 (2,659.7– 4,932.8) ng/mL/h and 
3,497.8 (3,027.7– 4,462.5) ng/mL/h), respectively.

Although we found significant differences in some liver drug- 
metabolizing enzymes and transporters in our donors compared 
with those in donors without obesity (from the lower weight con-
trol group and published data15,16,21), the differences between the 
groups were markedly smaller than the interindividual variability 
within each group. This suggests that for most of these proteins 
obesity plays a minor role in their regulation. The small differences 
between the groups could be an effect of the 3- week low- calorie 
diet that our donors with obesity underwent prior to biopsy col-
lection. Notably, it has been shown that chronic cholestatic disease 
recipients (primary biliary cholangitis and primary sclerosing chol-
angitis) in liver transplant recipients may affect certain liver protein 
levels.56 However, the 17 control donors who underwent planned 
elective cholecystectomy in our study were otherwise healthy, 
with no clinical or biochemical signs of cholestatic liver disease. 
Accordingly, all liver- related laboratory measures of alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), alkaline 
phosphatase (ALP), and albumin were within the reference ranges 
(ALT: females < 45  units/litre (U/L), males < 70 U/L; AST: fe-
males < 35 and males < 45 U/L; ALP: 35– 105 U/L, and albumin: 
34– 48  g/L).22 Nevertheless, the observed larger interindividual 
variability stresses the importance of modeling each patient indi-
vidually regardless of whether they have obesity or not.

Fewer data are available for the jejunum. Selected drug- 
metabolizing enzymes and transporters have previously been quan-
tified in jejunum in a large set of morbidly obese patients (n = 28, 

ref. 9). Unfortunately, the use of microsomal (membrane) enrich-
ment in that study prevents proper comparison with our data. 
Nevertheless, we found similar levels of jejunal enzymes and trans-
porters in studies of mucosal isolates.8,13,14 However, these studies 
were limited to fewer donors and the body weights were not spec-
ified. Therefore, it is difficult to draw conclusions about the effect 
of obesity on the jejunal proteins.

Although our study demonstrates that protein concentrations 
are not conclusively correlated to physiological factors, there were 
large interindividual differences across the 37 donors, as in our 
previous study.56 For some of these proteins, such as CYP2C19 
and CYP2D6, genetic polymorphisms resulting in low expres-
sion could contribute to the variability.57 This was observed for 
CYP2D6 in liver where the lowest protein level was found in a 
donor with *4/*4 (11- fold lower than the median protein level; 
Figure S4). However, most proteins quantified in our study do not 
have known genetic variants that influence expression, and thus 
polymorphisms would not explain the interindividual differences. 
The larger interindividual differences found in jejunum compared 
with liver could be because jejunum is a more heterogeneous tissue 
with several distinct tissue layers. Therefore, the sampling depth of 
the pinch- biopsy technique could result in slightly different sample 
composition of mucosa and submucosa. This, in turn, could lead 
to different dilution effects of the quantified proteins calculated 
with the total protein approach.56 We attempted to correct for dif-
ferences in sampling by using enterocyte- specific proteins (SI and 
VIL1) for normalizing jejunal protein levels in each donor. This 
approach assumes that these proteins are expressed at constant lev-
els in all donors, which might not be true, as even housekeeping 
genes have been shown to vary in protein levels across individu-
als.56 Indeed, correcting for SI and VIL1 resulted in higher interin-
dividual variability (Figure S5), suggesting that more sophisticated 
algorithms for cell type composition are required.58 As differences 
in protein levels can greatly influence mathematical prediction 
models for drug disposition or toxicity, they should be taken into 
account when personalizing systems pharmacology.1 However, 
care should be taken in using the concentrations provided for 
multimeric assemblies (e.g., ABCG2 (BCRP) is active as a dimer). 
Furthermore, expression levels of, e.g., polymorphic proteins do 
not always correlate to activity.

In summary, we used global proteomics analysis to establish the 
protein profiles of matched jejunum and liver obtained from 37 
donors. Although most of the drug- metabolizing enzymes had 
greater expression in liver, jejunum contained levels of enzymes 
from many important families that would influence drug disposi-
tion. We did not find correlations between ADME- related protein 
concentrations in the two donor- matched tissues, or between pro-
tein levels and physiological factors, such as age, BMI, and inflam-
mation. Nonetheless, our data demonstrate large interindividual 
differences in protein levels for both tissues. As these differences 
can influence drug disposition, knowledge of them is a prerequisite 
for building and refining accurate prediction models. Here we ex-
amined a subset of the proteins quantified in jejunum (n = 6,398) 
and liver (n = 5,773). Further exploration in the protein compo-
sition of the two tissues from the 37 donors can be made using 
Data S1.
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SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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