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Abstract

Human hepatocytes show marked differences in cell size, gene expression, and function

throughout the liver lobules, an arrangement termed liver zonation. However, it is not

clear if these zonal size differences, and the associated phenotypic differences, are re-

tained in isolated human hepatocytes, the “gold standard” for in vitro studies of human

liver function. Here, we therefore explored size differences among isolated human he-

patocytes and investigated whether separation by size can be used to study liver

zonation in vitro. We used counterflow centrifugal elutriation to separate cells into

different size fractions and analyzed them with label‐free quantitative proteomics, which

revealed an enrichment of 151 and 758 proteins (out of 5163) in small and large

hepatocytes, respectively. Further analysis showed that protein abundances in different

hepatocyte size fractions recapitulated the in vivo expression patterns of previously

described zonal markers and biological processes. We also found that the expression of

zone‐specific cytochrome P450 enzymes correlated with their metabolic activity in the

different fractions. In summary, our results show that differences in hepatocyte size

matches zonal expression patterns, and that our size fractionation approach can be used

to study zone‐specific liver functions in vitro.
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1 | INTRODUCTION

Hepatocytes are the main cell type of the liver, constituting around 80%

of its volume (Kmiec, 2001). Structurally, hepatocytes are organized in

repeating units of hexagonal lobules, with marked differences in gene

expression, differentiation, and function from the periportal region in the

lobule periphery to the pericentral region in the middle. This structured

heterogeneity, known as liver zonation (Gebhardt & Matz‐Soja, 2014), is

established by an elaborate interplay between many factors, including

concentration gradients of environmental components, like oxygen

(Jungermann & Kietzmann, 2000), and various signaling molecules, such

as Wnt morphogens (Benhamouche et al., 2006) and glucagon (Cheng

et al., 2018). Many liver functions show distinct zonation patterns. For

example, periportal hepatocytes are highly involved in gluconeogenesis

and urea synthesis, whereas pericentral hepatocytes perform glycolysis

and metabolism of xenobiotics (Gebhardt &Matz‐Soja, 2014). Zonation is
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also apparent in many pathological states of the liver (Ben‐Moshe &

Itzkovitz, 2019). These include autoimmune hepatitis, which pre-

dominantly occurs in the periportal region (Diamantis & Boumpas, 2004),

as well as the steatosis and injury associated with fatty liver disease,

which first manifest in the pericentral region (Brunt, 2007).

The expression patterns of liver zonation have been extensively

characterized on both the messenger RNA (mRNA) and protein levels

(Ben‐Moshe et al., 2019; Berndt et al., 2020; Brosch et al., 2018; Halpern

et al., 2017; MacParland et al., 2018; McEnerney et al., 2017), even

though human data is still lacking at the protein level. Some of these

studies used computational methods to separate cells from different

zones (Halpern et al., 2017; MacParland et al., 2018), while others used

laser capture microdissection (Brosch et al., 2018; McEnerney et al.,

2017) or fluorescence‐activated cell sorting (FACS; Ben‐Moshe et al.,

2019; Berndt et al., 2020) to perform actual physical separation of cells.

While these methods allow highly precise separation and characteriza-

tion of many cellular subpopulations, they cannot easily be used to obtain

cells in the amounts typically required for functional studies in vitro.

Interestingly, liver zonation is accompanied by increasing cell size

from the periportal to the pericentral region (Turner et al., 2011). This

provides a potentially useful experimental connection between zonal

origin and a physical property of the cell. However, while isolated human

hepatocytes are widely used in experimental studies of liver biology

(Godoy et al., 2013), the properties of human hepatocytes of different

sizes in vitro remain largely unexplored. If the connection between zonal

origin and cell size is retained after isolation, a technique such as coun-

terflow centrifugal elutriation (Sanderson et al., 1976), which allows the

fractionation of massive numbers of cells (up to billions) by size, could be

used to facilitate in vitro studies of liver zonation.

In this study, we first confirmed that there is considerable variability

in cell size distributions between different batches of isolated human

hepatocytes. We then used counterflow centrifugal elutriation to sepa-

rate human hepatocytes into six size fractions of progressively larger

cells. Proteomic analysis revealed that proteins that were enriched in

different size fractions largely represented biological processes of known

zonal specificity. Finally, we compared the expression and metabolic

activity of important cytochrome P450 (CYP) enzymes across the size

fractions. We observed strong correlations between expression and

metabolic function for CYPs with known zonation in vivo (CYP1A2,

CYP2B6, CYP2C19, and CYP3A4), but not for non‐zonated CYPs

(CYP2D6, CYP2C9, and CYP2C8). Altogether, our results indicate that

differences in cell size among isolated human hepatocytes are related to

zonal origin, and that elutriation‐based size fractionation enables studies

of zonated human liver functions in vitro.

2 | MATERIALS AND METHODS

2.1 | Hepatocyte isolation

Liver tissue was obtained from human liver resection surgery at the

Department of Surgery, Uppsala University Hospital, Sweden. All donors

provided informed consent, in agreement with the approval from the

Uppsala Regional Ethical Review Board (Ethical Approval no. 2009/028).

Primary hepatocytes were isolated based on a two‐step collagenase

perfusion technique, as previously described (LeCluyse & Alexandre,

2010). Briefly, the tissue was flushed with HypoThermosol FRS (BioLife

Solutions) to remove blood, before transport to the laboratory. Two

blood vessels were cannulated and the cut surface was sealed with

medical adhesive. The tissue was submerged in warmDPBS and perfused

with a calcium‐depleted buffer to disrupt cell‐cell connections, followed
by perfusion with collagenase/protease‐containing buffer. After complete

digestion, the tissue was placed in warm medium and Glisson's capsule

was opened. The tissue was gently shaken and stroked to release he-

patocytes into the medium. The cell suspension was filtered and sub-

jected to a series of centrifugation steps, including density centrifugation

with Percoll (GE Healthcare), to remove nonparenchymal cells and

nonviable hepatocytes.

2.2 | Cryopreservation and thawing

Cryopreservation was performed at 10 ×106 viable hepatocytes per

cryovial, followed by storage at −150°C. Vials were thawed in a 37°C

water bath for approximately 2min. Dead cells were removed by density

centrifugation.

2.3 | Cell viability and size

Viable cell counts and sizes in cell suspensions were determined with

an acridine orange (AO)/propidium iodide (PI) viability assay using a

Cellometer Vision CBA image cytometer (Nexcelom Bioscience).

2.4 | Hepatocyte plating and monolayer quality

After thawing, hepatocytes were resuspended in pre‐warmed suspension

and attachment medium (LeCluyse & Alexandre, 2010) and analyzed

with image cytometry as described above. Cells were seeded in 24‐well
plates coated with Collagen I (Corning) and incubated at 37°C with 5%

CO2. After 3 h in culture, the medium was exchanged for supplemented

Hepatocyte Maintenance Medium (complete HMM; Lonza). Monolayer

scores, representing monolayer quality (with higher scores indicating

higher quality), were assigned after 24h in culture, as previously de-

scribed (Ölander et al., 2019). Briefly, the monolayer score is based on

qualitative, blinded evaluation of monolayer images, including assess-

ments of cell shape, level of cell stretching, distinctness of cell‐cell con-
tacts, presence of dead cells and debris, and the degree of confluence.

2.5 | Cell separation with counterflow centrifugal
elutriation

Cryopreserved hepatocytes were thawed and resuspended in ice‐
cold elutriation buffer (EB), consisting of HBSS with Ca2+ and
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Mg2+, and 0.2% (w/v) BSA. The cell suspension was filtered

through a 70 µm cell strainer and injected into a JE‐5.0 elutria-

tion rotor (Beckman Coulter) set up with the small elutriation

chamber, in an Avanti J‐20 XPI centrifuge (Beckman Coulter) at a

speed of 2500 rpm and an EB flow rate of 32 ml/min. The cen-

trifuge and buffer were kept at 4°C. Centrifugation speeds and

flow rates were gradually adjusted for sequential elutriation of

six different size fractions (Table S5). A volume of 100 ml was

collected for each fraction and kept on ice. The fractions were

centrifuged at 75 g for 5 min at 4°C, and supernatants were re-

moved. Cell pellets were resuspended in medium as necessary for

the intended experiment, or stored at −80°C pending proteomic

analysis.

2.6 | Proteomic analysis

Samples were prepared for proteomic analysis using multi-

enzyme digestion filter‐aided sample preparation (MED‐FASP),
with Lys‐C and trypsin (Wisńiewski & Mann, 2012). Total protein

and peptide amounts were determined based on tryptophan

fluorescence (Wisńiewski & Gaugaz, 2015). Proteomic analysis

was performed with a Q Exactive HF mass spectrometer (Thermo

Fisher Scientific). MS data was processed with MaxQuant (Cox &

Mann, 2008). Protein copy numbers were calculated with the

Proteomic Ruler approach (Wisńiewski et al., 2014). The mass

spectrometry proteomics data have been deposited to the Pro-

teomeXchange Consortium via the PRIDE partner repository

(Vizcaino et al., 2016) with the data set identifier PXD013142.

2.7 | CYP activity

Elutriated hepatocyte fractions were resuspended in complete HMM

and incubated with probe drugs to monitor the activities of CYP3A4,

CYP2D6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, and CYP1A2. Drug

clearance was analyzed by a substrate depletion method (Obach,

1999), using UPLC‐MS/MS detection.

2.8 | Statistical analysis

Frequency distributions and statistical tests were performed using

GraphPad Prism, version 7.03. Pathway analysis was performed by

functional annotation clustering in version 6.8 of the DAVID data-

base (Huang et al., 2008), including GOBP, GOCC, and KEGG terms,

using the default settings. Annotation clusters were considered sig-

nificant at enrichment scores above 1.3 (corresponding to

p‐values < .05). Transcription factor analysis was performed with the

FunRich software, version 3.1.3 (Pathan et al., 2015).

Extended method descriptions are available in the Supporting

Information.

3 | RESULTS

3.1 | Size distributions in unfractionated human
hepatocyte batches

Human hepatocytes show marked size differences along the

periportal‐pericentral axis (Turner et al., 2011). To investigate if

these differences are retained after isolation, we used all available

data from our collection of isolated human hepatocytes (Tables 1 and

S1), obtained with a two‐step collagenase perfusion technique

(LeCluyse & Alexandre, 2010), to evaluate the cell size variability

between different hepatocyte batches (54 cryopreserved batches in

total). We found that, on average, freshly isolated (n = 48, including

eight batches that were not cryopreserved) and cryopreserved bat-

ches (n = 54) had very similar size distributions, indicating that size

distributions are not affected by cryopreservation (Figures 1a and

S1). We therefore focused solely on cryopreserved hepatocytes, as

these are more commonly used in practice. Median cell size (dia-

meter) in the 54 cryopreserved batches (Figure S2) was 18.4 µm and

most cells (88%) had diameters between 12 and 26 µm. Interestingly,

size distributions of cryopreserved hepatocytes showed high inter‐
batch variability. Distribution maxima ranged from 14 to 22 µm, and

the distributions had different shapes (Figure 1b). Using our recently

described scoring metric (termed monolayer score) for morphologi-

cal evaluation of hepatocyte quality after cryopreservation (Ölander

et al., 2019), we found that overall inter‐batch size variability was

generally unrelated to differences in batch quality (Figure S3).

Importantly, size distributions in individual hepatocyte batches were

(almost) identical at different thawing occasions (i.e., using cells from

different cryovials), demonstrating the reproducibility of our cell size

TABLE 1 Donor characteristics of the human hepatocyte batches
included in this study

Characteristica All batches, n = 54

Age, years, median (IQR) 68 (57–73)

Gender

Male 34 (63%)

Female 20 (37%)

BMI, median (IQR) 24.6 (22.8–28.7)

Diagnosis

Colorectal cancer 43 (80%)

Gastrointestinal stromal tumor 2 (3.7%)

Malignant melanoma 2 (3.7%)

Adenoma 1 (1.9%)

Small intestine cancer 2 (3.7%)

Hepatocellular carcinoma 2 (3.7%)

Bile duct cancer 1 (1.9%)

Breast cancer 1 (1.9%)

Cytostatic treatment 41 (76%)

aData for individual donors can be found in Table S1.
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measurements (Figures 1c and S2). Together, our results show that

cells of different sizes are retained after isolation of human hepa-

tocytes, and that hepatocyte batches differ in cell size composition.

3.2 | Size separation of human hepatocytes

To further probe hepatocyte size characteristics, we used coun-

terflow centrifugal elutriation to separate 10 cryopreserved he-

patocyte batches, representing the full range of monolayer

scores, into six size fractions (F1–F6; see Table S1 for batch use).

Median cell size ranged from 15.9 µm (IQR: 14.6–17.0 µm) in F1

to 20.9 µm (IQR: 19.0–23.2 µm) in F6 (Figure 2a). The percentage

of total cells belonging to different fractions was highly variable

between batches (Figure 2b), in line with the inter‐batch varia-

bility in size distributions. On average, F4 contained the most

cells (22% of total), but all fractions generally contained over

10% of total cells (Figure 2c). Overall, these results show that our

elutriation protocol can yield hepatocyte fractions of progres-

sively larger cell size with experimentally useful numbers of cells

in all fractions.

3.3 | Proteomic analysis of hepatocyte size
fractions

We next performed global proteomic analysis of different size frac-

tions from three batches (029, 051, and 085; see Table S1), together

with corresponding unfractionated controls. The batches we in-

cluded thus originated from different donors (and, consequently, had

different size distributions), to avoid generating data that would only

be meaningful for a specific donor. In total, we identified 5163

proteins, with only a few proteins unique to each fraction (Figures 3a

and S4). The full data set can be found in Table S2. However, all

fractions contained proteins that differed from expression levels in

the unfractionated controls (Figure 3b). To rule out contamination by

nonparenchymal cells (NPCs), we examined the expression of reliably

quantified markers (i.e., detected by at least three unique peptides)

for the major NPC types, that is, liver sinusoidal endothelial cells

(LSEC), Kupffer cells (KC), and hepatic stellate cells (HSC; Ölander

et al., 2020). We investigated markers that were previously found at

low but detectable levels in unfractionated hepatocyte batches

(Vildhede et al., 2015). NPCs are generally smaller than hepatocytes

(Kegel et al., 2016), and could potentially contaminate our early

F IGURE 1 Size characteristics of isolated human hepatocytes. (a) Average cell size distributions of freshly isolated and cryopreserved
hepatocyte batches, using all our available size data (n = 48 and n = 54 for fresh and cryopreserved batches, respectively). (b) Size distributions
of cryopreserved hepatocyte batches, highlighting the considerable variability between batches. Inset are three examples of highly different
batches (050, 076, and 077). (c) Representative example of a cryopreserved hepatocyte batch (052) that was thawed and analyzed multiple
times (i.e., with cells from different cryovials), showing that size distributions are highly reproducible

F IGURE 2 Size separation of cryopreserved human hepatocytes using counterflow centrifugal elutriation. (a) Cell size in the different
size fractions (n = 10 batches). Dots show medians and error bars denote interquartile ranges. (b) Percentage of total cells belonging to different
size fractions in 10 hepatocyte batches, sorted by monolayer score. (c) Range (min to max) of batch content of different size fractions.
White lines show means
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fractions containing small hepatocytes. Encouragingly, virtually no

NPC markers were detected, except for very low levels of one LSEC

marker (STAB1) in two samples (Figure S5). Blood cells constitute

another potential contaminant, and we therefore investigated the

expression of common markers for erythrocytes, T cells, and B cells.

However, none of the blood cell markers were detected (Figure S5).

These results indicate that our elutriation approach generates he-

patocyte fractions essentially free from NPCs and blood cells.

We then investigated the size‐dependent expression of two well‐
known markers of liver zonation, glutaminase 2 (GLS2) and glutamine

synthetase (GLUL), which are predominantly expressed in the periportal

and pericentral regions, respectively, and play important roles in am-

monia detoxification (Ghafoory et al., 2013). GLS2 and GLUL showed

distinct enrichment patterns that matched histological images of human

liver tissue from the Human Protein Atlas (Uhlén et al., 2015; HPA;

Figure 3c,d). Thus, GLS2 expression was relatively even in F1–F4 and

F IGURE 3 Global proteomic analysis of different size fractions of cryopreserved human hepatocytes. (a) Number of proteins detected in
different size fractions from the three batches (029, 051, and 085) that were analyzed with label‐free quantitative proteomic analysis.
(b) Identified proteins ranked by abundance in the unfractionated controls. (c) and (d) Protein abundance of (c) the periportal marker GLS2 and
(d) the pericentral marker GLUL, shown as fold over unfractionated controls. Shaded areas denote standard deviations. Histological images of
GLS2 and GLUL expression in human liver (from the HPA) show similar patterns. Central veins (CV) are marked with arrows. (e) and (f) Enriched
biological functions in (e) small and (f) large hepatocytes. Enrichment scores denote the statistical significance of the functional annotation
clusters from the pathway analysis (see Section 2). (g) and (h) Average expression profiles of proteins in individual enrichment clusters from (g) small cells
and (h) large cells. (i) Transcription factors predicted to be involved in regulating the expression of enriched proteins in large hepatocytes
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decreased in the large cells from F5–F6, whereas GLUL expression

steadily increased from small to large cells. Furthermore, we compared

our data with a transcriptomic study of laser microdissected zones from

human liver tissue, selecting genes with predominant expression in

periportal and pericentral hepatocytes (McEnerney et al., 2017). We

observed similar trends in the average expression profiles of these genes

in our size fractions. In large cells, expression of pericentral genes was

markedly enriched, and periportal genes depleted (Figure S6). Periportal

genes were also expressed at lower levels in the first fraction, which may

indicate a difference between mRNA and protein levels in very small

hepatocytes. Generally, the expression patterns we observed provide

additional support for the connection between cell size and zonal origin.

To identify more proteins with sequential enrichment across

fractions, we correlated protein abundance with fraction numbers

(1–6). We considered proteins with a Pearson's correlation coefficient

below −.8 or above .8 to be enriched in small and large hepatocytes,

respectively. Using these criteria, we found that 151 proteins were

enriched in small cells, while 758 proteins showed enrichment in large

cells, corresponding to enriched expression in periportal and peri-

central hepatocytes, respectively (Table S3). The higher number of

proteins with enrichment in large cells is in agreement with studies of

zonal RNA and protein levels in murine liver, where larger proportions

of non‐randomly zonated genes were pericentrally enriched

(Ben‐Moshe et al., 2019; Halpern et al., 2017).

Pathway analysis showed that clusters of enriched proteins re-

presented many biological processes with known zonal specificity. Small

hepatocytes showed significant enrichment of proteins involved in the

immune response and oxidative energy metabolism (Figure 3e and

Table S4). The latter is consistent with the high oxygen concentration in

the periportal region (Jungermann & Kietzmann, 2000). Energy meta-

bolism proteins included all three subunits of isocitrate dehydrogenase, a

key enzyme of the citric acid cycle, and several subunits of protein

complexes in the mitochondrial respiratory chain. Large hepatocytes, on

the other hand, showed significant enrichment of many pericentral pro-

cesses (Figure 3f and Table S4), such as drug metabolism, peroxisomal

processes, bile acid biosynthesis, glutathione metabolism, and oxidative

stress responses (Gebhardt & Matz‐Soja, 2014). The drug metabolism

cluster contained members of several important families of metabolic

enzymes, including nine CYPs, five glutathione S‐transferases (GSTs), and
seven UDP‐glucuronosyltransferases (UGTs). Interestingly, although not

part of the drug metabolism cluster in the enrichment analysis, the up-

take transporter SLCO1B3 was also enriched in large cells. However,

most clinically relevant drug transporters (Zamek‐Gliszczynski et al.,

2018) were not notably zonated (Figure S7). Closer inspection of ex-

pression patterns in individual enrichment clusters confirmed the findings

of the pathway analysis (Figure 3g,h).

We then performed predictions of which transcription factors

(TFs) could be involved in regulating the expression of enriched pro-

teins in small and large hepatocytes. No clear results were found for

proteins enriched in small cells, but six TFs (KLF7, SP4, SP1, NRF1,

EHF, and ELK1) were predicted to be involved in regulating a large

proportion of proteins enriched in large cells (Figure 3i). In relation to

the pathway analysis, it is interesting to note the association of SP1

with the hepatocyte response to hepatotoxins (Reymann & Borlak,

2006) and the importance of NRF1 in oxidative stress protection in

the liver (Xu et al., 2005). These, as well as other associated TFs, merit

additional study for further elucidation of the molecular determinants

of liver zonation.

3.4 | Zonated functionality in hepatocyte size
fractions

Finally, we assessed whether the differences in protein expression across

fractions were reflected by differences in hepatocyte functionality. To

this end, we analyzed the metabolic activity of the seven most important

CYP enzymes in hepatic drug metabolism, that is, CYP3A4, CYP2D6,

CYP2C9, CYP1A2, CYP2B6, CYP2C19, and CYP2C8 (Zanger & Schwab,

2013). Experiments were performed with cell suspensions immediately

after size separation (starting with approximately 50 million cryopre-

served cells per batch), at a concentration of 1 ×106 cells/ml. Four of the

enzymes (CYP1A2, CYP2B6, CYP2C19, and CYP3A4) showed strong

correlations between expression and activity across fractions (rs = .94,

p= .017; Figure 4a). Histological images of human liver from the HPA

matched these patterns, showing predominant expression in the peri-

central region (Figure 4b). The results on CYP expression and activity are

further supported by previous studies on the zonal expression patterns

of these enzymes in human liver (Lindros, 1997; McEnerney et al., 2017).

These results demonstrate that zonal differences in hepatocyte function

are carried over to isolated hepatocyte batches in vitro.

4 | DISCUSSION

Here, we show that cell size in isolated human hepatocytes is con-

nected with zonal origin. This can be utilized to separate hepatocytes

into zone‐specific fractions with retained protein expression patterns

and function. Accordingly, the size fractionation approach we describe

constitutes a convenient tool to study liver zonation using isolated

human hepatocytes.

The transcriptomic and proteomic characteristics of mammalian liver

zonation have recently been comprehensively investigated (Ben‐Moshe

et al., 2019; Brosch et al., 2018; Halpern et al., 2017; MacParland et al.,

2018; McEnerney et al., 2017), but human proteomic data has not pre-

viously been described. The proteomic data from different size fractions

of human hepatocytes that we describe here constitutes an effort to

address this, and the biological functions enriched in our data were lar-

gely in agreement with previous studies. Specifically, the relevance of our

proteomic results in a liver zonation context is supported by comparisons

with a previous transcriptomic analysis of laser microdissected zones

from human liver tissue (McEnerney et al., 2017) and with histological

images of zonal expression patterns from the Human Protein Atlas

(Uhlén et al., 2015). This indicates that size separation is a useful tool for

studying liver zonation. An interesting aspect of small hepatocytes, re-

vealed by our proteomic data, was the enrichment of some immune

response proteins, particularly related to antigen presentation.
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Hepatocytes are known to express major histocompatibility complex

(MHC) molecules involved in antigen presentation (Chen et al., 2005),

and these findings may point to a periportal preference for this function.

This could be linked to the fact that periportal hepatocytes are the first

to encounter and process gut‐derived antigens (Robinson et al., 2016).

The proteomic results were supported by our observations (in bat-

ches that were also used for proteomics) on the size‐dependent meta-

bolic activity of four CYP enzymes with known zonated expression

patterns (CYP1A2, CYP2B6, CYP2C19, and CYP3A4), further indicating

that there is a connection between cell size and zonal origin. Size frac-

tionation should thus also be useful for exploring other zonated liver

functions. For instance, the prominent zonation of metabolic enzymes is

thought to underlie the zone‐specific hepatotoxicity of some xenobiotics,

such as carbon tetrachloride and acetaminophen (Lindros, 1997). Acet-

aminophen is converted into a toxic metabolite by the pericentral CYP

enzymes CYP2E1, CYP1A2, and CYP3A4 (Kang et al., 2018), which we

show are enriched in the large hepatocytes that populate this region.

Interestingly, zonal differences in CYP3A4 expression have, together

with estimations of sinusoidal blood flow, been incorporated in phar-

macokinetic models of midazolam clearance (a CYP3A4 substrate), pro-

viding a detailed picture of decreasing concentrations along a sinusoid,

with the major metabolic contribution coming from pericentral hepato-

cytes (Schwen et al., 2015). The data we provide here could be used to

refine such models for any enzyme of interest.

F IGURE 4 Analysis of the connection between protein abundance and zonated functionality across hepatocyte size fractions. (a) Expression
and metabolic activity of important CYP enzymes, used to represent hepatocyte function. CYP activity and expression is shown as fold over the
average of all fractions (n = 2 batches). Experiments were performed at a concentration of 1 × 106 cells/ml. Shaded areas denote standard
deviations. (b) Similar zonation patterns can be observed in histological images of human liver from the HPA, shown here for CYP1A2 and
CYP3A4. Central veins (CV) are marked with arrows. rs, Spearman's correlation coefficient
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We also observed enrichment of the UGT family of Phase II

metabolic enzymes in large cells, in line with previous studies

showing predominantly pericentral expression of UGT enzymes

(Lindros, 1997; Mouelhi & Kauffman, 1986). On the other hand,

zonation does not seem to be as prominent for hepatic drug trans-

porters (Li et al., 2009). Indeed, we found that most clinically im-

portant solute carrier (SLC) and ATP‐binding cassette (ABC)

transporters (Zamek‐Gliszczynski et al., 2018) did not show size‐
dependent enrichment of expression, in line with a study of

transporter expression in murine liver (Tachikawa et al., 2018).

Nevertheless, the uptake transporter SLCO1B3 showed clear en-

richment in large cells. Supporting this, SLCO1B3 was the sixth most

strongly enriched protein in the pericentral region in a study of laser

microdissected human liver tissue (McEnerney et al., 2017).

We conclude that our approach can be used to facilitate functional

studies of human liver zonation in vitro, as cell separation with coun-

terflow centrifugal elutriation can be readily performed with cryopre-

served hepatocytes. Other methods for separation of periportal and

pericentral hepatocytes, such as digitonin‐collagenase perfusion

(Quistorff, 1985), typically require fresh liver tissue. Fresh human liver

tissue for hepatocyte isolation is not routinely available for most re-

searchers, and the possibility of using cryopreserved cells provides

experimental flexibility. Further optimization of the elutriation proce-

dure may give even more clear separation of zone‐specific functions,

but our analyses demonstrate the usefulness of the present protocol.

In fact, size fractionation by elutriation has previously been used in

small‐scale studies of zonation in rodent hepatocytes (Gumucio et al.,

1986). However, due to species differences in liver structure and

function, the results from such studies may not be directly translatable

to humans (Akiyoshi et al., 1998; Martignoni et al., 2006), highlighting

the need for the type of human‐adapted protocol we describe here.

We found that all size fractions generally contained over 10% of

total cells, meaning that a crude rule of thumb for experimentation

would be to start with more than 20 million cells to obtain at least 2

million cells per fraction for functional studies, but we recommend

using around twice the required number (if possible) to account for

batch‐to‐batch variability in yields. While the elutriation technique

cannot provide the detailed subpopulation resolution of carefully de-

signed FACS‐based approaches (Ben‐Moshe et al., 2019), an ad-

vantage is that it works well with much larger cell quantities: hundreds

of millions, or even billions, of cells can be rapidly processed at the

same time without adjustments to the protocol. This means that very

large numbers of cells can be obtained for each fraction if required for

the intended experiment. Another interesting aspect of elutriation,

worthy of further exploration, is that it can be used to isolate different

types of NPCs from digested liver tissue (Knook & Sleyster, 1976).

NPCs differ in size and are all, in general, considerably smaller than

hepatocytes (Kegel et al., 2016). This implies that an elutriation pro-

tocol could be designed for the sequential isolation of NPCs and

periportal, midlobular, and pericentral hepatocytes in a single run.

In summary, our results suggest that hepatocyte size is asso-

ciated with zonal origin, and that zonal differences in proteome

composition and hepatocyte function are carried over to isolated

batches in vitro. This was reinforced by the strong correlations we

observed between protein expression and function of important

zonated CYP enzymes across different hepatocyte size fractions. Our

fractionation approach thus enables experimental applications be-

yond the possibilities of whole‐batch experiments, and benefits the

exploration of zonal differences in human liver function in health and

disease.
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Vildhede, A., Wisńiewski, J. R., Noreń, A., Karlgren, M., Artursson, & P.

(2015). Comparative proteomic analysis of human liver tissue and

isolated hepatocytes with a focus on proteins determining drug

exposure. Journal of Proteome Research, 14(8), 3305–3314.

Vizcaino, J. A., Csordas, A., del‐Toro, N., Dianes, J. A., Griss, J., Lavidas, I., &

Hermjakob, H. (2016). 2016 update of the PRIDE database and its

related tools. Nucleic Acids Research, 44(D1), D447–D456.
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