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SUMMARY
Background/Aims: During iron overload of dietary origin, iron accumulates predominantly
in periportal hepatocytes. A gradient in the basal and normal transcriptional control of genes
involved in iron-metabolism along the portocentral axis of liver lobules could explain this
feature. Therefore, we aimed at characterizing, by quantitative RT-PCR, the expression of
iron-metabolism genes in adult C57BL/6 mouse hepatocytes regarding lobular localisation,
with special emphasis to cell ploidy, considering its possible relationship with lobular
zonation. Methods. We used two methods to analyse separately periportal and perivenous
liver cells: 1) a selective liver zonal destruction by digitonin prior to a classical collagenase
dissociation, and 2) laser capture microdissection. We also developed a method to separate
viable 4N and 8N polyploidy hepatocytes by flow cytometer. Results: Transcripts of
ceruloplasmin, involved in iron efflux, were overexpressed in periportal areas and the result
was confirmed by in situ hybridization study. By contrast, hepcidin 1, hemojuvelin,
ferroportin, transferrin receptor 2, hfe and L-ferritin mRNASs were not differentially expressed
according to either lobular zonation or polyploidisation level. Conclusions: At variance with
glutamine or urea metabolism, iron metabolism is not featured by a metabolic zonation lying
only on abasal transcriptional control. The preferential periportal expression of ceruloplasmin
raises the issue of its specia rolein iron overload disorders involving a defect in cellular iron

export.

Abstract word count: 216

List of Abbreviations
LDH: lactate dehydrogenase; SSC: Side Scatter Channel; FSC: Forward Scatter Channel; PI:
Propidium lodide; 2N: diploid cells; 4N: tetraploid cells; 8N: octoploid cells; LCM: Laser

Capture Microdissection.
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INTRODUCTION

Hepatocytes are heterogeneous for metabolic functions (review in [1]) and ploidy (total cell
DNA content) [2, 3] within hepatic lobules.

Periportal hepatocytes are mainly involved in ureagenesis, bile formation and glycogenesis.
Perivenous (centrilobular) hepatocytes are preferentially implicated in glycolysis, lipogenesis,
glutamine synthesis and xenobiotic metabolism (review in [1]). The liver metabolic zonation
can be partialy related to a static transcriptional zonation implicating transcriptional factors
such as recently described in the Wnt/beta-catenin pathway [4], or physiological parameters
including oxygen tension, blood stream, circulating factors, paracrine effects between cells or
cell-cell contacts (review in [1]).

Cell ploidy is defined as the total cellular DNA content. The normal DNA content for
eukaryotic cells is 2N (diploid cell). Cells with more than 2N chromosomes are called
polyploid. DNA can be distributed in one nucleus (mononuclear) or 2 nuclel (binuclear).
Hepatocytes can therefore be diploid (2N), tetraploid (4N) with one nucleus or tetraploid with
2 diploid nuclei, octaploid (8N). Furthermore, the liver exhibits a peculiar distribution of
hepatocyte ploidy within the lobules, and expresses biological differences between diploid
and polyploid hepatocytes [5, 6]. Previous results suggested, by indirect evaluations [5, 6], a
particular distribution of hepatocyte ploidy within the lobules. Indeed, diploid-enriched
fractions and polyploid cells showed phenotypic markers from periportal areas and perivenous

areas respectively [5].

During certain human iron overload diseases, such as HFE haemochromatosis, iron
accumulates in hepatocytes following a portocentral decreasing gradient [7]. This

heterogeneous distribution of iron is also observed in iron overload models of : i) genetic
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origin, such in mice knock-out for Hfe gene (Hfe ") [8], ii) or iron-rich diet origin, such as
carbonyl-iron supplemented mice [9]. Periportal hepatocytes are the first cells to receive both
transferrin and non-transferrin bound iron [10] from blood flow and are therefore iron-
overloaded prior to centrilobular hepatocytes. However, unexpectedly, mice knock-out for the

hepcidin gene (hepcl’) mice show a perivenous iron accumulation [11] suggesting that other

types of control could be implicated in addition to the blood flow.

In this study, we addressed the question of an iron metabolism zonation lying on a static

MRNA expression level, on the model of glutamine or urea metabolism [4].

Distribution of iron-metabolism gene expression within liver lobules is partial, and mainly
documented in rats [12, 13],. However, except for hepcidin and hemojuvelin [14] no data on
the distribution of most major iron-metabolism genes is yet available in mouse, despite its

recognition as a model for studying the pathophysiology of iron metabolism.

Our aim was to characterize the hepatic expression of iron-metabolism genes in adult mouse
regarding: i) hepatocyte localisation within the liver lobules and ii) hepatocyte ploidy status.
We focused our study on genes implicated in: i) the local or systemic control of iron
homeostasis such as hepcidin 1 (Hepcl also named Hampl) [15, 16], Hfe [17], hemojuvelin
(Hjv) [18] and transferrin receptor 2 (Tfr2) [19, 20], ii) iron uptake : transferrin receptor 1
(Tfrl) [21], iii) iron storage : L-ferritin [22, 23], and iv) iron efflux : ferroportin [24-26], and
ceruloplasmin [27]. Periportal and perivenous hepatocytes were separated either by selective
areas destruction by digitonin prior to liver dissociation or by laser capture microdissection.
Moreover, in order to isolate viable hepatocytes on the basis of DNA content, we developed a

on flow cytometric method allowing further mRNA level quantification.
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We found that ceruloplasmin showed a decreasing portocentral transcriptional gradient along
the lobules. By contrast, no mRNA level gradient was found according to hepatocyte ploidy
or along the portocentral axis of liver lobules for other iron-related genes, including hepcidin
1, hfe, hemojuvelin, transferrin receptor 2, L-ferritin and ferroportin. Our results suggest that
the zonal iron accumulation observed during hepatic iron overload cannot be explained by a
major static zonation of iron-metabolism transcriptiona regulation in C57BL/6 mice, and

suggest to take into account the role of the periportal expression of ceruloplasmin in iron

overload conditions involving a defect in cellular iron efflux.
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MATERIALSAND METHODS

Animals

Adult 20-week old C57BL/6 male mice from CERJ (Le Genest St Isle, France) were used.
They were maintained under standard conditions of temperature, atmosphere and light, and
experimental procedures were performed in agreement with French law and regulations
(Agreement B-35-238-10). They had free access to tap water and standard AO3 diet (UAR,

France).

Selective isolation of perivenous and periportal hepatocytes by digitonin-collagenase
perfusion

After anaesthesia, perivenous and periportal hepatocytes were prepared by the digitonin-
collagenase perfusion method [28, 29] adapted to mouse. Hepatic veins were first ligatured.
To obtain perivenous hepatocytes, the liver was first washed 3 min (10 mL/min) in HEPES
buffer and then short-term perfused with 7 mM digitonin for a few seconds at 2.5 mL/min
through the portal vein. The liver was then washed by an anterograde wash flow 10 min (10
mL/min) in calcium-free HEPES buffer through the inferior vena cava, followed by 8 min (10
ml/min) of enzymatic dissociation in HEPES buffer (0.025% collagenase, 0.075%CaCl2). To
obtain periportal hepatocytes, destruction of perivenous areas was achieved by perfusion
through the inferior vena cava and dissociation through the portal vein. Cells were then
filtrated on nylon 60y with Leibowitz medium (Invitrogen) and settled 20 min in order to
enrich the pellet in hepatocytes. Cells were washed twice in HEPES (700 rpm, 1min) and
once in MEM:M119 (3v:1v; Invitrogen) in order to eliminate dead cells, and thereafter

immediately frozen at -80°C until RNA extraction.
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Selective isolation of perivenous and periportal hepatic cells by Laser Capture
Microscopy (LCM)
After anaesthesia, livers were removed, frozen in isopentane then liquid nitrogen, and stored
at -80°C. Ten um thick frozen sections were cut on a cryostat (Leica, Milton Keynes, UK),
mounted onto uncoated glass dlides, fixed at -20°C in 70% ethanol for 1 min, then stained
with histogene (Arcturus Engineering, Mountain View, California, USA) for 5s at room
temperature, washed briefly in 70% ethanol and sequentially dehydrated in 100% ethanol and
xylene. The sections were then microdissected using a Veritas Laser Capture Microdissection
system (LCM) (Arcturus). The settings of the InfraRed laser were: spot diameter 20 um,
pulse duration 3500 ms and power 90 mW. On the same section, 1 mm? of perivenous and
centrilobular areas were microdissected with a separated "cap”. All areas were selected and
collected in less than 30 min after the slide preparation. RNA isolation was performed using

the PicoPure RNA isolated kit (Arcturus). RNAs were quality-checked (Ribosomal Integrated

Number (Agilent) at 7.5).

In situ Hybridization

Digoxigenin-labeled riboprobe preparation. Two-hundred/Four-hundred base pairs length
gene fragment of mouse ceruloplasmin and ferroportin were cloned into pGEM-T or pGEM -
Teasy vectors (Promega, Madison, WI) with T7 and SP6 promoters flanking either side.
Sequence and orientation were confirmed by DNA sequencing. For each gene, both antisense
and sense probes were synthesized with 1jg of linearized template by in vitro transcription
using DIG-RNA labelling kit (Roche) following the manufacturer's instruction. The probes
were ethanol precipitated and dissolved in 100 pL of hybridization buffer (50% formamide; 5
x standard saline citrate [SSC], pH 4.5; 50 pg/mL yeast tRNA; 1% sodium dodecy! sulfate

[SDS]; and 50 pg/mL heparin). The probes were stored at —80°C until use.
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Tissue preparation. Liver sections were prepared as for laser microdissection described
above.
Hybridization. The slides were dried on a hot plate 5 min at 35°C prior to fixationin
paraformaldehyde 4% in PBS at 4°C for 10min followed by 3 washes in PBS for 3 minutes
each. Antisense or sense RNA probe was diluted to a final concentration of 1 ng/pL in
hybridization buffer, and incubated with the tissue in a humidified chamber at 70°C for 18
hours. Free probes were removed by a sequential washing: 3 times in SSC 1x, 50%
formamide, 0.1% Tween 20 for 30 min at 65°C and 2 times 30 min in 100mM maleic acid pH
7.5, 150mM NaCl, 0.1% Tween 20 (MABT) at room temperature. The tissue was then
incubated in the blocking solution (MABT + 2% blocking reagent (Roche) + 20% inactivated
goat serum) 1 hour at room temperature. The hybridized RNA probes were detected by anti-
digoxigenin akaline phosphatase (1:2500 dilution; Roche) in alkaline-phosphatase staining
buffer (NTMT (100mM NaCl, 50mM MgCl, 100mM Tris pH9.5, 0.1%Tween20 + NBT

(Promega) and BCIP (Promega)).

Céll ploidy

One million freshly isolated hepatocytes were gently permeabilized in PBS 0.5% saponin,
treated by 100pg/mL RNAse and stained with 10pg/mL propidium iodide. DNA content
analysis was performed on FACS Calibur cytometer (BD Biosciences) on the linear scaled
FL2-A. Ten thousand events were recorded by Cell Quest software (BD Biosciences), and
ploidy was calculated using Modfit 2.0 software (Verity Software House), after removing of
doublets on FL2-A versus FL2-W dot plots. Mouse lymphocytes were used as control for

diploidy.
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I solation of 4N- and 8N-enriched hepatocytes by flow cytometer
Freshly isolated hepatocytes were analyzed on FACS Calibur cytometer (BD Biosciences)
equipped with a catcher tube. Linear scaled SSC-H versus FSC-H dot plots were used to
define gates of the sort at low speed, in exclusion mode. Samples were collected, immediately

concentrated, and used for viability count, ploidy verification, cell culture, or RNA extraction.

Viability assay
Viability of sorted hepatocytes was assayed with 0.05% trypan-blue exclusion immediately
after cell sort, and by lactate dehydrogenase (LDH) release assay (LDH assay, Roche) on cell

culture [30] 24h post-seeding.

RNA extraction and quantitative real-time RT-PCR

Total RNAs (except for LCM samples) were extracted using SV total RNA isolation system
(Promega) according to manufacturer’s instructions. Quality and quantity of total RNA were
assayed on a lab chip device (Agilent 2100 Bioanalyser) or Nanodrop (Agilent). Two
micrograms of total RNAs were reverse-transcribed using random primers and MMLV
Reverse Transcriptase (Promega). Quantitative PCR was performed using gPCR MasterMix
Plus for SYBR green (Eurogentec, Seraing, Belgium) on ABI prism 7000 SDS (PE-
Biosystems): 95°C for 10 min and 40 cycles of 95°C for 15 seconds and 60°C for 1 min. Each
amplification was duplicated. We verified genomic DNA contamination by negative control
of reverse transcription and amplification efficiency by standard curves. Each result was

normalized with beta-actin endogenous value. Primers are presented in Table 1.

Statistical analysis
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A p-vaue, from non parametric Mann Whitney or Spearman correlation tests (StatView

software), lower than 0.05 was considered as statistically significant.
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RESULTS

Efficiency of differential zonal liver perfusion.

Selective destruction of periportal or perivenous areas of liver lobules by digitonin (Figure 1,
panels A, B and C) prior to tissue dissociation showed a classical reticular aspect of liver as
described in rat [29] and mouse livers [31]. The pellets consisted mainly of hepatocytes and
about 20x10° hepatocytes were collected per liver with cell viability above 80%. The
selectivity of liver destruction was evaluated by quantitative RT-PCR of intracellular
transcriptional level of Pepck (phosphoenolpyruvate carboxykinase) involved in glycogenesis,
known as a periportal mMRNA marker [32, 33], and of Glutamine synthetase (Gs) (glutamine
synthesis) [33, 34] and Cyp2el (xenobiotic metabolism), as centrilobular mMRNA markers [33-
36] (Figure 2). Pepck mRNASs were found to be mainly expressed in periportal areas (p<0.05),
whereas both Gs and Cyp2el mRNAs were mainly expressed in centrilobular areas (p<0.05)

(Figure 2A), validating the method.

Efficiency of laser capture microdissection.

Laser Capture Microdissection (LCM) was selected as a complementary approach allowing to
study various hepatic cell types, and not only hepatocytes. The histogen staining and
histological architecture allowed us to easily identify portal space and centrolobular vein
(Figure 3, panels A and D) with high confidence. No contamination between periportal and
perivenous areas (Figure 3, panels B and C) was observed while capturing the samples. As
expected (Figure 4A), we retrieved the upregulation of Pepck in periportal areas (p<0.05)
whereas Gs and Cyp2el mRNAs were predominant in perivenous areas (p<0.05). We noticed

that the amplitude of the mRNA level was higher with LCM than with the digitonin method.
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Ceruloplasmin is overexpressed in periportal area according to the digitonin method.

We studied hepatic mMRNA expression levels of 8 genes involved in iron metabolism in
periportal or perivenous hepatocytes. Results are shown in Figure 2B. Ceruloplasmin mRNA
levels were higher in periporta areas (p<0.05) compared to total-liver hepatocytes.
Furthermore, we aso found that Tfr2 mRNA was overexpressed in periportal and perivenous
(p<0.05) cells compared to total-liver hepatocytes. No significant zonation was observed for

mMRNA levels of Hepcl, Hjv, Ferroportin, Hfe, Tfr1, or L-Ferritin.

Ceruloplasmin and Tfr1 are overexpressed in periportal areasaccordingto LCM.

We found that Ceruloplasmin and Tfr1 mRNA levels were higher in periportal areas than in
total liver (p<0.05) and versus perivenous areas (p<0.05) (Figure 4B). This double
significance confirmed the results. Hepcl, Hjv, ferroportin, Hfe, Tfr2, and L-ferritin mRNASs

were equally expressed along the portocentral axis of the lobules.

Ceruloplasmin isoverexpressed in periportal areasaccording to in situ hybridization.

In order to confirm results obtained by LCM, we performed in situ hybridization of
ceruloplasmin and ferroportin mRNA with both antisense and sense probes (Figure 5, panels
A and B, respectively). Ceruloplasmin expression was observed only in hepatocytes. No
detectable signal was observed using the ceruloplasmin sense probe (negative probe). The
ceruloplasmin staining was stronger in periportal hepatocytes (Figure 5A). The expression of
ferroportin was not uniform but did however not present any clear gradient. Ferroportin
staining was weakly detected in hepatocytes and better detected in sinusoidal cells, i.e Kupffer

cells (Figure 5B). No staining was detected with the ferroportin sens probe (negative probe).
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These results are in agreement with our quantitative RT-PCR findings on LCM samples.
Furthermore, they confirmed the major implication of other hepatic cell types than

hepatocytes, namely Kupffer cells, of the ferroportin.

Relationship between hepatocyte ploidy and location within the lobule.

In this study, we isolated hepatocytes from periportal and perivenous areas by the digitonin-
collagenase protocol, and we directly measured cellular DNA content in these cells by flow
cytometry using propidium iodide staining (Table 2). As expected in adult mice, close to 97%
of hepatocytes were polyploid (ie >2N) [30, 37-39] (Table 2). We identified a depletion in
diploid cellsin the centrilobular hepatocyte subpopul ation (2.9%) compared to periportal cells
(6.6%) (p<0.001), and an enrichment in diploid hepatocytes in periportal areas (p<0.01)
compared to controls, demonstrating that diploid hepatocytes were preferentially located
around the portal triad. Interestingly, we also demonstrated that the different populations of

polyploid (ie 4N, 8N) hepatocytes were homogeneously distributed within the [obule.

Efficient enrichment of hepatocyte ploidy sort.

In order to isolate viable hepatocytes on the basis of DNA content, we developed a protocol to
sort, by flow cytometry, fresh polyploid hepatocytes from adult mouse hepatocytes on SSC-H
(granularity/cytoplasmic complexity) versus FSC-H (size) parameters on linear scales without
using dye (Figure 5A). Sorted subpopul ations were homogeneous in ploidy (Figure 5B), size,
and granularity (Figure 5A). Enrichment of the 4N subpopulation was up to 96.8%, and
72.7% for the 8N hepatocytes (Figure 5C). Because diploid cells represented less than 4% of
total hepatocytes, they were not sorted from adult mice liver. Moreover, propidium iodide
staining of these subpopulations revealed heterogeneous populations in terms of nuclearity,

with mono- and bi-nucleated cells (Figure 5D). Immediately after the sorting, as well as 24h



Troadec MB et a,
Liver zonation, ploidy and iron genes

after seeding, viability was slightly higher in sorted subpopulations than in non—sortedpav%ﬁolli
population maintained under the same conditions, as evaluated by trypan-blue dye exclusion
and by LDH release respectively (Table 3). High quality total RNA was obtained with a
285/18S ratio of more than 1.7 as measured on a lab chip Agilent device. Moreover, cells

were kept in culture up to 72h, demonstrating the viability and sterility of this protocol (data

not shown).

Gene expression and hepatocyte ploidy.

We assayed transcriptional levels of periporta (Pepck) and centrilobular (Gs and Cyp2el)
markers in 4N- and 8N-hepatocytes (Figure 6A). Pepck was uniformly expressed in 4N-
enriched subpopulation, 8N-enriched subpopulation and total hepatocyte population. Gs
MRNAs were overexpressed in 4N-enriched versus 8N-enriched and total-liver hepatocyte
populations (p<0.05). Cyp2el mRNAs were aso overexpressed in the 4N-enriched
subpopulation compared to 8N-enriched subpopulation and total hepatocyte population
(p<0.05). In these samples, we observed a positive correlation between 18S rRNA and Beta-
Actin mRNA (rho=0.676, p<0.05) (Figure 6B) suggesting that global gene expression in
hepatocytes was effectively related to DNA content unit. Previous data indicated that
hepatocyte cell ploidy was correlated to nuclear RNA synthesis, RNA polymerase activity,
and cellular RNA content [40, 41].

MRNA levels of genesinvolved in iron metabolism, Hepcl, Hjv, ferroportin, Hfe, Tfr1, Tfr2
and L-ferritin, did not vary significantly between 4N-enriched, 8N-enriched subpopulations
and total hepatocyte population (Figure 6C). However, we only observed a trend towards a
decrease in expression of ceruloplasmin in these polyploid cells compared to tota liver

hepatocytes suggesting that diploid hepatocytes are the main source of this protein.
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DISCUSSION

In this study, we addressed the question of a zonation of iron metabolism mRNA expression

in basal condition which could secondarily play arole during iron overload diseases.

Periportal or centrilobular hepatic cells were collected either by specific zonation destruction
with digitonin prior to liver dissociation or by laser capture microdissection (LCM). Liver
dissociation and LCM allowed us to obtain gene expression results in hepatocytes only and in
hepatic cells, including sinusoidal cells, respectively. Furthermore, these methods allowed us
to measure mRNA levels by quantitative PCR, a more quantitative methodology than mRNA
in situ hybridization.

As expected, overexpression of Pepck mRNAS [32, 33] in periportal areas and overexpression
of glutamine synthetase [33, 34] and Cyp2el [35, 36] mMRNAS in centrilobular areas validated
the efficiency of both methods. However, differences revealed by LCM were sharper between
periportal and perivenous areas. This was well illustrated by glutamine synthetase, an
hepatocyte specific gene (Figures 2 and 4). A limitation of the digitonin-dissociation
methodology is that periportal, perivenous and control cells were not originating from the
same animals, a potential source of increased variability. By contrast with digitonin-
dissociation methodology, L CM-extracted areas contained a majority of hepatocytes but also
non parenchymal cells. This feature could explain our data on mRNA level of Tfrl, whichis
overexpressed in periportal areas of adult mice using LCM method only. This suggests that
non hepatocyte cell types could be involved in the portocentral decreasing gradient of Tfrl, in
accordance with data reporting changes in Tfrl protein expression in aging rats [42]. Indeed,
Tfrl protein staining was mainly observed within sinusoidal cells and in periportal areas in

adult rats, whereas it was parenchymal and perivenous in younger rats.
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Using mRNA in situ hybridization, previous data reported that Hfe, Tfr2, Tf, TfrlP:r?g 1L6
ferritin mRNAS in rat [12, 13] and hepcidin mRNA in mouse [14] were homogeneously
expressed within the lobules in the hepatocytes. We found accordingly that, in the liver of
adult C57BL/6 mouse, hepcidin 1, Hfe, Tfr2 and L-ferritin mRNAs did not show a
portocentrolobular gradient. However, we found that isolated hepatocytes expressed Tfr2 with
an unusual pattern corresponding to both periportal and centrilobular veins. A better
understanding of the exact role of TfR2 gene, which is not directly implicated in hepatocyte

iron uptake, in the control of hepcidin expression [20] and more globally in iron metabolism

will help to understand such pattern.

Haemojuvelin is a major regulator of hepcidin expression [18] which is a negative regulator
of the iron export activity of ferroportin [43]. We did not detect any zonation for either
ferroportin or hemojuvelin mRNAs at variance with authors who found that the levels of
ferroportin mRNA in the rat [12] and activity of hemojuvelin promoter in the mouse [14]
were higher in periportal hepatocytes. We confirmed our data on ferroportin expression by in
situ hybridization. A species-difference could be possible for ferroportin expression. The
difference with previous published results for hemojuvelin could suggest : i) a strain
specificity [44-46], ii) a perturbation in the hemojuvelin promoter activity or, iii) an alteration
of the upstream-transcript stability in periportal areas in hemojuvelin-deficient transgenic

mice [14].

Using the ploidy approach, we found that the level of hepcidin 1, hemojuvelin, ferroportin,
Hfe, Tfrl, Tfr2, ceruloplasmin and L-ferritin mRNASs normalized on actin mRNA level were
similar in 4N- and 8N-enriched hepatocyte subpopulations compared to total-liver

hepatocytes suggesting that the transcriptional activity of theses genes is correlated with cell
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DNA content. Several authors have explored the relationship between ploidy and furF:s'Ei] §n1a7l
activity. Some have found that the rate of protein synthesis was directly proportiona to the
degree of cell ploidy [47-52], others have demonstrated that rat polyploid-enriched fractions
showed higher cytochrome P450 [5], and glutamine synthetase [6] activities and, in contrast,
that diploid hepatocytes presented a higher ceruloplasmin biosynthetic rate [5], suggesting
exogenous control factors of these gene expressions, such as cell-cell contact or circulating

soluble factors. Our results on Cyp2el, Gs and ceruloplasmin mRNAS expression reinforce

this view.

Our data, indicating about a two-fold induction of ceruloplasmin mRNA level in periportal
areas, could be associated to the periportal increase of ceruloplasmin protein synthesis
previously reported in rat [5]. We aso confirmed the increase in ceruloplasmin mRNA
expression in periportal hepatocytes by in situ hybridization. Ceruloplasmin is a ferroxidase,
which is secreted in the plasma by the liver. Its function depends on the presence of an iron
exporter, such as ferroportin, a membrane protein. The presence of extracellular
ceruloplasmin is required for proper iron export. Thus, ceruloplasmin deficiency had been
previously associated with the development of iron overload in mice [53] and in humans,
since patients with aceruloplasminemia present iron overload, including liver iron overload
[54]. Furthermore, at local level, high modulation of ceruloplasmin was reported in Usf2
knock-out mice, exhibiting iron overload secondary to the lack of hepcidin expression found
in this model [55]. Our results clearly showed that the expression patterns of ferroportin and
ceruloplasmin did not merge, suggesting that secretion site of ceruloplasmin differs from its
sites of action. However, we assume that the particular location of ceruloplasmin expression
in periportal hepatocytes could have a direct physiological implication in adjusting the level

of synthesis of Ceruloplasmin to serum iron. Ceruloplasmin could act as a tuner of iron
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export, locally but also at systemic level. Moreover, the overexpression of cerulopIan)magi?] 1|ﬁ
periportal hepatocytes could explain, at least partially, the centrilobular accumulation of iron
in hepcl knock out mice [11] by an extra iron efflux in periportal areas at the expense of a
weaker iron efflux in centrilobular areas. The role of periportal expression of ceruloplasminin

disorders related to altered hepcidin-ferroportin pathways controlling iron export requires

further studies.

In conclusion, in this study, ceruloplasmin mRNA, and Tfr1 mRNA were the only iron-
metabolism genes which exhibited a decreasing mRNA level gradient along the portocentral
axis of hepatic lobules. Other genes, hepcidin 1, hemojuvelin, ferroportin, Hfe, and L-ferritin,
were not differentially expressed within liver lobules. Therefore, the hepatic iron distribution
observed during genetic haemochromatosis in liver is unlikely related to a static
transcriptional zonation. However, physiological implication of periportal location of
ceruloplasmin may be strategic in the control of iron metabolism, and should be taken into
account when considering the cell mechanisms involved in iron overload diseases

characterized by altered cellular iron export.
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FIGURE LEGENDS

Figure 1: Selective zonal destruction in liver mouse.

To obtain periportal or perivenous hepatocytes, mouse liver was perfused by inferior vena
cava or portal vein by digitonin, prior to classical liver dissociation. (A) Destruction of
selected zones showed a typical reticular aspect; white zones correspond to dead cells in

periportal (B) or perivenous areas (C). Original magnification x1.5 (A) and x10 (B and C).

Figure 2: mRNA expression levelsin periportal and perivenous hepatocytes obtained by
liver perfusion.

MRNA levels were obtained by quantitative RT-PCR, and expressed as |og2(zones/control).
Controls corresponded to total-liver hepatocytes. Mean +/- SD. *p<0.05, Mann Whitney test,
between samples and control (single star), or between centrilobular and periportal cells (star
with bracket). (A) mRNA levels of markers from periportal or perivenous liver zones. Pepck:
phosphoenol pyruvate carboxykinase, Gs. glutamine synthetase, Cyp2el: cytochrome P450
2el. (B) mRNA levels of genes implicated in iron metabolism. Hepcidin (Hepcl),
hemojuvelin (Hjv), ferroportin, ceruloplasmin, Hfe, transferrin receptor 1 (Tfrl), transferrin

receptor 2 (Tfr2) and L-ferritin.

Figure 3: Laser capture microdissection of liver lobules.

Thin 10 um slides of liver were stained by histogen (panels A to C). (A1) Typical portal space
with portal vein (pv) and hepatic artery (ha) and biliary canaliculi (bc), and centrolobular vein
(cv) are well seen (original magnification x 200). From these structures, hepatocytes from

both periportal and perinous areas can be selected. (A2) Different areas were selected on the
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basis of the histological features of periportal to perivenous areas and the histogen staining.
We captured first the periportal areas (panels B1 and B2), then the perivenous areas (panels
C1 and C2). B1 and C1 show the remaining tissue whereas B2 and C2 show the captured

samples from which RNAs were extracted. Original magnification x20.

Figure 4: mRNA expression levels in periportal and perivenous liver tissue isolated by
Laser Capture Microdissection.

MRNA levels were obtained by quantitative RT-PCR, and expressed as log2(captured
zones/captured total liver). Mean +/- SD. *p<0.05, Mann Whitney test, between captured
areas and captured total liver (single star), or between perivenous and periportal cells (star
with bracket). (A) mMRNA levels of markers from periportal or perivenous liver zones. Pepck:
phosphoenol pyruvate carboxykinase, Gs. glutamine synthetase, Cyp2el: cytochrome P450
2el. (B) mRNA levels of genes implicated in iron metabolism. Hepcidin (Hepcl),
hemojuvelin (Hjv), ferroportin, ceruloplasmin, Hfe, transferrin receptor 1 (Tfrl), transferrin

receptor 2 (Tfr2) and L-ferritin.

Figure 5: In situ hybridization analysis of hepatic ceruloplasmin and ferroportin
MRNAs expression. In situ hybridization analysis of Ceruloplasmin (panel A) and
Ferroportin (panel B) in mouse liver. For each gene, the images from the analysis of both
antisense (gene-specific probe) and sense probes (negative control) are shown. Incubation
times for the development: ceruloplasmin: 50h ; Ferroportin: 60h. * indicates Kupffer cells.

Pv indicates portal vein, cv, centrilobular vein. Original magnification x200.

Figure 6: Separation of adult mouse hepatocytes on size and granularity criteria.
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Viable mouse hepatocytes were sorted on (A) SSC-H (granularity/complexity) verwsplggsg—zl?l
(size) parameters on flow cytometer without using any dye, detergent or fixation. (B) An
aliquot of cells was stained by propidium iodide and analysed for cell DNA content on FL2-A
by Cell Quest software. (C) Distribution of ploidy was analysed by Modfit software in 18-20-
week old C57BL/6 mice (n=8) and in sorted hepatocytes (n=3 each subpopulation). Mean +/-
SD of percentage of total cell population. (D) Nuclearity was visualized by a propidium

iodide staining and revealed an heterogeneity of 4N- and 8N-enriched subpopulations.

Figure 7. mRNA expression levelsin 4N- and 8N-enriched hepatocyte subpopulations.

mMRNA levels were obtained by guantitative RT-PCR, and expressed as
log2(subpopulation/control). Controls correspond to total-liver hepatocytes. Mean +/- SD.
*p<0.05, Mann Whitney test between samples and control (single star), or between 4N- and
8N-enriched hepatocytes (star with braket). (A) mRNA levels of markers from periportal or
perivenous liver zones. Pepck: phosphoenolpyruvate carboxykinase, Gs. Glutamine
synthetase, Cyp2el: cytochrome p450 2E1. (B) Correlation of Cycle threshold values (Ct) of
18S rRNA and actin mRNA (n=12) *p<0.05, Spearman test. (C) mRNA levels of genes
implicated in iron metabolism. Hepcidin (Hepcl), Hemojuvelin (Hjv), Ferroportin,
Ceruloplasmin, Hfe, Transferrin receptor 1 (Tfrl), Transferrin receptor 2 (Tfr2) and L-

Ferritin.



Symbol

Pepck

Cyp2el
Gs

18S

Actin
Hepcl
Hijv
Ferroportin
Ceruloplasmin
Hfe

Tirl

Tfr2

L-Ferritin

Gene name

phosphoenolpyruvate
carboxykinase
cytochrome P450 2E1
glutamine synthetase
beta actin

hepcidinl
hemojuvelin
ferroportin
ceruloplasmin

Hfe

transferrin receptor 1
transferrin receptor 2

L-ferritin

Official gene
symbol

Pckl

Cyp2el

Glul

Actb
Hamp
Hfe2
Slc40al
cp

Hfe

Tfrc
Tfr2

Ftl

Troadec MB et d,
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Forward

ccacagctgctgcagaaca

tgcagtccgagacaggatga
caggctgccataccaacttca
tgcaattattccccatgaacg
gacggccaagtcatcactattg
cctatctccatcaacagatg
aagtgggcattgtctggcag
gctgctagaatcggtctttggt
gggagccgtctaccctgataa
gagcaagtgtgccccctccaagtctt
tcatgagggaaatcaatgatcgta
agtggcgacgtttggaaca

cagtctgcaccgtctcttcg

Table 1. Primersused for quantitative real-time RT-PCR.

Page 30

Reverse

gaagggtcgcatggcaaa

ggacgaggttgatgaatctctga
tcctcaatgcacttcagaccat
gcttatgacccgcacttactgg
ccacaggattccatacccaaga
aacagataccacactgggaa
gttggtgccagtctccaaaag
cagcaactgtgtcaccgtcaa
ttgtcatcagcccgttgaaa
aaggaaggcttcaggaggaacc
gccccagaagatatgtcggaa
tcaggcacctcctttgec

gtcatggctgatccggagtag
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Cell ploidy (%)
hepatocyte location n= 2N 4N 8N
periportal 6 6.6 +/-1.4 (p<0.05/control) 65.0 +/-4.8 (ns) 28.4 +/-4.4 (ns)
centrilobular 8 2.9 +/-1.6 (p<0.001/periportal) 66.5 +/-5.2 (ns) 30.6 +/-4.8 (ns)
total-liver hepatocytes 2 3.0 (2.3-3.8) 58.7 (51.5-65.8) 38.3 (31.8-44.8)

Table 2: Hepatocyte ploidy in the hepatic periportal and perivenous areas.
Isolation of periportal or perivenous hepatocytes was performed by a selective destruction of
liver areas by digitonin prior to classical liver dissociation. Cell ploidy was evaluated on

propidium iodide staining of hepatocytes on flow cytometer. Mean+/- SD. Mann Whitney

test. ns. non significant
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Cell death
Hepatocyte subpopulation n= Viability (%)
(mU LDH release/mg proteins)
4N-enriched hepatocytes 3 86.7 +/-6.1 4266.1 +/- 902 *
8N-enriched hepatocytes 3 94.2 +/-2.0* 4657.4 +/- 1002 *
Total liver cell population 3 76.3 +/-5.5 6413.1 +/- 1333

Table 3: Viability of 4N- and 8N-enriched hepatocyte subpopulations.

4AN- and 8N-enriched subpopulations were obtained from 20-week old C57BL/6 mouse
hepatocytes. Immediately after sorts, hepatocyte viability was assayed by trypan-blue
exclusion. Sorted hepatocytes were plated in culture and cell death was evaluated by LDH

release assay (mU/mg proteins), 24h after seeding. Mean+/-SD. * p<0.05, Mann Whitney test.
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