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The protein mutated in hereditary hemochromatosis

(HFE) is an unconventional MHC class I molecule

involved in the regulation of intracellular iron metabo-

lism through poorly understood molecular mechanisms

[1,2]. Although HFE mutations are clearly associated

with iron overload both in humans and mice [1,3,4],

the marked clinical heterogeneity among affected

individuals with the same mutations indicates that

other molecules, environmental factors, and cells of

the immunological system probably modify disease

severity [5–11]. Recently, it has been demonstrated that

in addition to their role as peptide presenting struc-

tures, classical MHC class I molecules are involved in

the regulation of liver iron metabolism [12].
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Iron overload in the liver may occur in clinical conditions such as hemo-

chromatosis and nonalcoholic steatohepatitis, and may lead to the deterior-

ation of the normal liver architecture by mechanisms not well understood.

Although a relationship between the expression of ICAM-1, and classical

major histocompatibility complex (MHC) class I molecules, and iron over-

load has been reported, no relationship has been identified between iron

overload and the expression of unconventional MHC class I molecules.

Herein, we report that parameters of iron metabolism were regulated in a

coordinated-fashion in a human hepatoma cell line (HepG2 cells) after iron

loading, leading to increased cellular oxidative stress and growth retarda-

tion. Iron loading of HepG2 cells resulted in increased expression of

Nor3.2-reactive CD1d molecules at the plasma membrane. Expression of

classical MHC class I and II molecules, ICAM-1 and the epithelial CD8

ligand, gp180 was not significantly affected by iron. Considering that intra-

cellular lipids regulate expression of CD1d at the cell surface, we examined

parameters of lipid metabolism in iron-loaded HepG2 cells. Interestingly,

increased expression of CD1d molecules by iron-loaded HepG2 cells was

associated with increased phosphatidylserine expression in the outer leaflet

of the plasma membrane and the presence of many intracellular lipid drop-

lets. These data describe a new relationship between iron loading, lipid

accumulation and altered expression of CD1d, an unconventional MHC

class I molecule reported to monitor intracellular and plasma membrane

lipid metabolism, in the human hepatoma cell line HepG2.

Abbreviations

DCFH-DA, 2¢,7¢-dichlorodihydrofluorescein-diacetate; APAAP, alkaline phosphatase-antialkaline phosphatase; MHC, major histocompatibility

complex; MFI, mean fluorescence intensity; ROS, reactive oxygen species.
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The study of the influence that environmental and

genetic factors have on liver iron metabolism, has

received great attention over the past years using

knockout and transfection technologies. In marked

contrast, studies addressing the effect that iron loading

of hepatic cells has on the expression of immune recog-

nition molecules have been scarce. In vivo studies by

Hultcrantz and collaborators showed that iron accu-

mulation in the liver of hemochromatosis patients is

associated with oxidative stress and increased expres-

sion of ICAM-1 [13]. On the other hand, a recent

in vitro study examining the effect of iron loading on

gene expression in HepG2 cells by differential display

revealed that iron can affect mRNA levels of proteins

unrelated with iron metabolism, but none was associ-

ated with immune recognition molecules [14]. Interest-

ingly, in this study, iron-treated cells showed a marked

decrease in Apo B100; a protein essential for maintain-

ing normal lipid metabolism. Hepatic iron overload

has been reported in nonalcoholic steatohepatitis

[15,16], and an association of hepatic iron stores with

steatosis was reported in patients with insulin-resist-

ance syndrome [17]. However, the nature of the rela-

tionship between hepatic steatosis and iron overload

remains obscure.

CD1d is an unconventional MHC class I molecule

specialized in binding and presenting lipids to selected

subsets of T cells [2,18,19]. Earlier studies on human

CD1d expression showed that this unconventional

MHC class I molecule localizes in the cytoplasm of

human epithelial cells of the gastrointestinal tract and

liver, two central organs in the regulation of iron

metabolism [20,21]. After their synthesis in the endo-

plasmic reticulum, CD1d molecules are continuously

recycled between the surface and endolysosomal com-

partments [22]. Cell surface expression seems to be dic-

tated by the presence of a tyrosine motif in the

cytoplasmic tail of CD1d that allows association with

several chaperones and adaptors that direct the mole-

cule to endolysosomes, and by its capacity to bind

lipid compounds within the different endolysosomal

compartments [23].

In this study, we examined whether iron loading of

the liver epithelial cell line HepG2 influenced the

expression of immune regulatory molecules known to

function as ligands of selected subsets of T cells, such

as MHC class I and II, CD1d, ICAM-1 and the novel

CD8 ligand gp180. We also characterized parameters

of oxidative stress, cell growth and lipid metabolism in

the iron loaded HepG2. The results of the study

revealed a new link between iron loading and lipid

accumulation, leading to upregulation of CD1d mole-

cules at the cell surface in HepG2 cells.

Results

Development of iron accumulation in HepG2 cells

cultured in iron-rich media

To examine changes in iron metabolism parameters we

examined expression of the transferrin receptor, ferritin

and storage iron in HepG2 cells grown in media sup-

plemented with 100 lm of ferric citrate (iron-rich

media), the most common form of nontransferrin

bound iron found in iron overload conditions such as

hemochromatosis [1 24]. The transferrin receptor, CD71,

was expressed at moderate levels by HepG2 cells, and

culture in iron-rich media decreased its expression

(Fig. 1A). Permeabilization with saponin allowed us to

determine that HepG2 cells contained high levels of

intracellular ferritin, with some ferritin being expressed

at the cell surface and culture in iron-rich media

increased by two- to threefold the ferritin content as

determined by the increase in mean fluorescence inten-

sity (MFI) (Fig. 1C). As shown in Fig. 1B, permeabili-

zation with saponin did not increase background

staining when rabbit immunoglobulins were used as

first step antibody. The opposite changes in CD71 and

intracellular ferritin in HepG2 cells grown in iron-rich

media were observed regardless of the time in culture.

Under these conditions HepG2 cells showed intracellu-

lar iron accumulation as determined by Perls’ staining

(Fig. 1D). Kinetic experiments showed that iron depos-

ition was detectable after 1 week of culture (� 20% of

cells positive for iron) and reached a plateau after

8 weeks of culture (� 60% of cells positive, Fig. 2A).

In all subsequent experiments, HepG2 cells were cul-

tured in iron-rich media for at least 3–4 weeks before

any determination unless indicated.

Growth in iron-rich media induces oxidative

stress in HepG2 cells

Given that HepG2 cells grown in iron-rich media

developed iron overload (Figs 1D and 2A) and excess

iron is known to catalyze oxidative reactions harmful

to the cell, we examined parameters of oxidative stress,

namely the intracellular production of reactive oxygen

species (ROS) by using the probe 2¢,7¢-dichlorodi-
hydrofluorescein (DCFH)2 . In preliminary experiments,

it was observed that the basal levels of fluorescence in

HepG2 cells labeled with DCFH-diacetate (DA)3 and

cultured for 1–24 h were very high when compared to

other cell types such as resting T cells (data not

shown). In subsequent experiments, ROS production

was determined after the short incubation period with

DCFH-DA. As shown in Fig. 2B (thin line), HepG2
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cells cultured in normal media naturally produced

ROS at high levels as indicated by the high mean

fluorescence intensity when compared to background

staining in unlabeled cells or resting T cells (data not

shown). Yet, HepG2 cells grown in iron-rich media

showed a further increase in ROS production as deter-

mined by an increase in DCFH mean fluorescence

intensity (Fig. 2B, thick line). In addition, determin-

ation of acrolein adducts, a marker of oxidative stress

in biological systems [25], on the cell surface of HepG2

cells by flow cytometry revealed that HepG2 cells have

low but detectable levels of acrolein adducts and that

culture in iron-rich media induces a marked increase

(Fig. 2C).

HepG2 cells grown in iron-rich media show

growth retardation but not increased cell death

To ascertain whether the increase in oxidative stress

parameters observed in HepG2 cells cultured in iron-

rich media had any impact on viability and ⁄or cell

growth, cell recovery at the end of the weekly culture

periods was determined. Recovery of viable HepG2

cells cultured with iron-rich media was significantly

reduced when compared with cells cultured in normal

media (Fig. 3A). However, quantification of nonviable

cells (trypan blue positive) demonstrated that the

decrease in cell recovery was not due to an increase in

cell death (Fig. 3A). Quantification of DNA content

by flow cytometry revealed that the inhibition of cell

growth was due to a decrease in the percentage of cells

in the S and G2 ⁄M phases of the cell cycle (Fig. 3B).

In a total of seven separate determinations, a statisti-

cally significant decrease in the percentage of dividing

HepG2 cells (S + G2 ⁄M) was observed in the iron-

rich cultures (P ¼ 0.017, Fig. 3B). In accordance with

the cell viability studies, growth retardation in HepG2

cells cultured in iron-rich media was not associated

with an increase in the percentage of apoptotic cells
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Fig. 2. Kinetics of iron-loading and oxidative stress parameters in iron-loaded HepG2 cells. HepG2 cells were cultured for 1–10 weeks in the

absence or presence of 100 lM of ferric citrate. (A) Kinetic study showing the percentage of Perls’ positive HepG2 cells with time of culture

in iron-rich media. A total of 200 cells were counted in each time point. (B) For ROS determination growing cells were first incubated with

10 lM of DCFH-DA, harvested and acquired immediately in a FACSCalibur and analyzed using the CELLQUEST software. Histogram shows

DCFH fluorescence in HepG2 cells grown without (thin line, – Fe) or with (thick line, + Fe) iron in one representative of five separate experi-

ments. Dotted line represents background staining in HepG2 cells not loaded with DCFH-DA. (C) For determination of oxidatively modified

proteins, cells were harvested and stained with 5F6 (anti-acrolein) followed by FITC-conjugated rabbit anti-(mouse Igs). Cells were acquired

immediately in a FACSCalibur and analyzed using CELLQUEST. Histogram shows cell surface expression of acrolein adducts in HepG2 cells cul-

tured without (thin line, – Fe) or with (thick line, + Fe) iron. Dotted line represents background staining with mouse Igs as the first-step anti-

body. One representative of seven separate experiments is shown.

Fig. 1. Regulation of iron related parameters by iron loading in

HepG2 cells. HepG2 cells were cultured in normal media or media

supplemented with 100 lM of ferric citrate for 4–8 weeks. Cells

were stained with Ber-T9 monoclonal antibodies (anti-CD71) and

rabbit anti-ferritin Igs, followed by FITC-conjugated rabbit anti-

mouse and FITC-conjugated swine anti-rabbit Igs, respectively.

Mouse and rabbit Igs were used as control to define background

staining. For intracellular staining, cells were first permeabilized

with 0.2% saponin. Labeled cells were acquired in a FACSCalibur

and analyzed using the CELLQUEST software. (A) Histograms show

cell surface expression of the transferrin receptor (thick lines) in

nonpermeabilized cells cultured without and with iron. Thin lines

represent background staining with mouse Igs. (B) Histograms

show background staining with no antibody (thin lines) or with rab-

bit Igs (thick lines) as first step in permeabilized cells. (C) Histo-

grams show ferritin expression in nonpermeabilized (thin lines,

– saponin) and permeabilized cells (thick lines, + saponin) cells cul-

tured without and with iron as indicated. (D) Perls’ staining of cyto-

spins of HepG2 cells grown in media supplemented with 100 lM of

ferric citrate for 8 weeks showing iron accumulation (blue) in

HepG2 cells at ·100 original magnification. Inset shows a ·400 ori-

ginal magnification. One representative of at least three separate

experiments is shown22 .
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(subG0 ⁄G1), but with an increase of cells in G1 phase,

i.e. an increase in cell arrest (Fig. 3B).

Expression of immunoregulatory molecules

by HepG2 cells

Next, we examined the expression of cell surface mole-

cules involved in immune activation and recognition.

HepG2 cells grown in normal media displayed moder-

ate to high levels of ICAM-1, gp180 and MHC class I

molecules on the cell surface. CD1d, as recognized by

Nor3.2 antibodies, was expressed at very low levels

and MHC class II molecules barely detectable

(Fig. 4A). Culture of HepG2 cells in iron-rich media

induced a significant increase in the percentage of

HepG2 cells expressing Nor-3.2-reactive CD1d, while

the expression of ICAM-1, gp180 and MHC molecules

was not affected significantly (Fig. 4A). On average, a

twofold increase in the percentage of CD1d+ cells was

observed in HepG2 cells grown in iron-rich media

(P < 0.001, n ¼ 9). As Nor3.2 was generated by

immunizing mice against a recombinant denatured

CD1d protein the capacity of this antibody to recog-

nize native CD1d molecules is limited [26]. Accord-

ingly, further studies were performed using CD1d42

antibodies, which recognize native CD1d. In contrast

to Nor3.2-reactive molecules, CD1d42-reactive mole-

cules were absent from the cell surface of HepG2 cells

and culture in iron-rich media did not influence their

expression (Fig. 4B).

CD1d protein and mRNA are upregulated

in iron-loaded HepG2 cells

Immunocytochemistry and immunofluorescence stud-

ies confirmed that Nor3.2-reactive CD1d is expressed

by a low percentage of HepG2 cells, mainly in the

cytoplasm, while CD1d expression by HepG2 cells

grown in iron-rich media showed a preferential local-

ization into proximal regions of the plasma mem-

brane (Fig. 5A). The increase in CD1d expression at

the cell surface was confirmed by immunoprecipita-

tion studies. Nor3.2 immunoprecipitates from lysates

of cell surface biotinylated HepG2 cells, grown in

iron-rich media, showed a major band of 90–95 kDa

that corresponded to the expected molecular mass of

dimers of mature glycosylated CD1d molecules; this

was about threefold higher than the band immuno-

precipitated from lysates of HepG2 cells cultured in

normal media (Fig. 5B). Western blotting analysis of

immunoprecipitates from nonbiotinylated lysates and

mRNA measurements by RT-PCR revealed that the
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Fig. 3. Iron-rich media inhibits growth of

HepG2 cells. HepG2 cells were cultured in

normal media or media supplemented with

100 lM of ferric citrate for 4–8 weeks. After

harvesting, total viable and nonviable cells,

as determined by trypan blue exclusion and

inclusion, respectively, were counted using

a hematocytometer. After extensive wash-

ing, cells were evaluated for DNA content in

a FACSCalibur as indicated in the Methods.

(A) Bars show the number of viable and

nonviable HepG2 cells (mean ± SD, n ¼ 8)

after culture in media without (– Fe) and

with (+ Fe) iron. Statistically significant

differences (Student¢s t-test) are indicated.

(B). Histograms show the percentage of

apoptotic cells (subG0 ⁄G1), and cells into

the G1 and S + G2 ⁄M phases in the two

culture conditions. One representative of at

least five separate experiments is shown.
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marked increase in CD1d at the cell surface of iron-

loaded HepG2 cells was paralleled by an increase on

the total CD1d protein and mRNA, although not of

the same magnitude (Fig. 5B,C). Although HepG2

cells cultured in the presence of ferric citrate showed

features of iron accumulation (Fig. 1) and oxidative

stress (Fig. 2) concomitant with an increase in the

percentage of CD1d+ positive cells [Fig. 4], the lat-

ter effect could not be attributed to oxidative stress

per se. Indeed, oxidants such as H2O2 and diamide

applied exogenously were incapable of reproducing

the results obtained with ferric citrate. Rather, these

oxidants induced cell death of HepG2 cells (data not

shown).

Upregulated CD1d expression and alterations

in lipid parameters

Considering that CD1d is an unconventional MHC

class I molecule specialized in binding lipids and is

proposed to monitor lipid membrane integrity [27], we

studied changes in membrane lipid composition and

intracellular lipid content in HepG2 cells by exam-

ining phosphatidylserine expression and lipid droplet

accumulation, respectively. Phosphatidylserine is a

lipid that is enriched in the inner face of the plasma

membrane and that is translocated into the outer face

under certain cellular states. Double-labeling with

Annexin V and CD1d revealed that a large number of

HepG2 cells growing in normal media already

expressed phosphatidylserine in the plasma membrane

with a third of these cells also expressing CD1d

(Fig. 6A, left dot-plot). Interestingly, the increase in

phosphatidylserine expression by HepG2 cells grown

in iron-rich media was of the same order of magnitude

as the upregulation of CD1d expression (Fig. 6A, right

dot-plot). Immunofluorescence experiments indicated

that phosphatidylserine and Nor3.2-reactive CD1d

molecules colocalize in the plasma membrane of

HepG2 cells (data not shown). To ascertain whether

phosphatidylserine translocation was associated with

changes in intracellular lipid metabolism, we examined

lipid content in iron-loaded HepG2 cells by Oil Red

staining. Faint lipid accumulation was observed in

HepG2 cells grown in normal media (Fig. 6B). In

marked contrast, culture in iron rich-media induced a

manifest increase in lipid accumulation in HepG2 cells

(Fig. 6B). Electron microscopy studies confirmed that

iron-loaded HepG2 cells showed many lipid droplets

(Fig. 6C).
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(B) Lysates corresponding to 5 · 106 biotinylated (upper panel) and nonbiotinylated (lower panel) HepG2 cells grown in media without (–)

and with (+) iron were immunoprecipitated with Nor3.2 antibodies. Biotinylated and nonbiotinylated samples were boiled in 1% SDS and

separated on a 10% SDS ⁄ PAGE under nonreducing and reducing conditions, respectively, and proteins transferred to nitrocellulose filters.

Cell surface biotinylated CD1d molecules were visualized by using Super-Signal West Femto (Perbio). CD1d dimers (90–95 kDa) and mono-
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conjugated rabbit anti-(mouse Igs) and Super-Signal West Femto (Perbio). Densitometry quantification of the CD1d protein bands indicated

was performed using a Kodak Digital Science DC40 camera and its associated software. Band intensities are shown on the right and are

expressed as the sum of all pixel intensity values in the band rectangle. (C) RT-PCR of total RNA isolated from HepG2 cells grown in normal

media (–) or media supplemented with 100 lM of ferric citrate (+). Primers specific for CD1d and GAPDH were used as described.
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Discussion

In the human liver CD1d molecules are expressed

mainly in the cytoplasm [21]. Herein we have shown that

iron loading of HepG2 cells, a hepatocytic cell line,

resulted in increased cell surface expression of CD1d

molecules recognized by Nor3.2 but not by CD1d42

antibodies. Interestingly, CD1d42 antibodies recognize

the native ‘folded’ CD1d molecule, while Nor3.2 anti-

bodies recognize non-native CD1d molecules [26]. How-

ever, CD1d upregulation was not paralleled by a

significant increase in gp180, a heavy glycosylated pro-

tein that associates with CD1d in epithelial cells [28], or

in other immune recognition ligands such as classical

MHC class I and II molecules and ICAM-1. Studies by

Hultcrantz and colleagues reported that upregulation of

ICAM-1 expression by hepatocytes in hereditary hemo-

chromatosis only takes place in patients with Kupffer

cell iron overload [13]. Thus, it is probable that hepatic

iron loading, as the reported in this study using HepG2

cells, is unable per se of regulating the expression of

ICAM-1, and other immune recognition molecules

other than Nor3.2-reactive CD1d.

To our knowledge, iron loading does not regulate

members of the MHC class I family. For instance,

conflicting results have been reported regarding the

expression of HFE by human intestinal cells. While

Han et al. reported that expression of HFE was regu-

lated by iron load, in another study, Tallkvist et al.

found that iron overload had no effect on HFE

[29,30]. Probably, changes in the expression of HFE

protein under iron overload conditions are secondary

to changes in proteins known to interact with mole-

cules of the MHC family. In this context, it is import-

ant to draw attention to the fact that HepG2 cells

grown in iron rich media: (a) induced coordinated

changes in the expression of the transferrin receptor

and ferritin; (b) developed iron accumulation and

(c) increased the prooxidant state and the level of

oxidatively modified proteins. These results are in

accordance with previous in vitro and in vivo studies of

hepatic iron loading [31–35]. Evidence for toxicity
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Fig. 6. Alterations in lipid metabolism para-

meters in iron-loaded HepG2 cells. HepG2

cells were cultured for 4 weeks as indicated

in legend of Fig. 1 and processed for flow

cytometry, immunocytochemistry and trans-

mission electron microscopy as indicated in

the Methods. (A) Four-log dot-plots show

double-labeling of CD1d (FL-2) and phos-

phatidylserine (FL-1) in HepG2 cells cultured

without (– Fe) or with (+ Fe) iron. The per-

centage of HepG2 cells positive for phos-

phatidylserine (lower right quadrant) and

phosphatidylserine plus CD1d (upper right

quadrant) in each culture condition is indica-

ted. (B) Pictures show Oil Red O staining of

cryostat sections of HepG2 cells cultured

without (– Fe) or with (+ Fe) iron and count-

erstained with hematoxylin at ·200 original

magnification. (C) Pictures show TEM ima-

ges of sections of HepG2 cells cultured

without (– Fe) or with (+ Fe) iron at ·16 000

original magnification.
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caused by excess of iron in the liver is now well estab-

lished and there is evidence that the harmful effect of

iron accumulation is due to the prooxidant state cre-

ated that is preceded by an increase in the labile iron

pool [34–37]. By using the ROS detector probe DCFH

we have shown that basal level of oxidative stress in

HepG2 cells is already high and that is exacerbated by

growth in iron-rich media. We have also shown that

the increase in the prooxidant state caused by iron

loading has an impact in protein integrity, as indicated

by an increase in protein-bound acrolein adducts at

the cell surface, which point to acrolein-adducts as a

reliable marker of lipid peroxidation also in iron over-

load disorders [25]. Most importantly, the changes in

parameters of oxidative stress caused by iron in

HepG2 cells were associated with growth retardation

due to a decrease in the percentage of cells in the cycle
4with concomitant cell arrest in the G1 phase. Overall,

and considering that in clinical situations of iron over-

load fibrosis is associated with proliferation of stelleate

cells and synthesis of collagen [36,37], the in vitro data

presented here may be relevant for understand some of

the complex mechanisms responsible for the develop-

ment of fibrosis and cirrhosis in vivo.

A number of intracellular pathways activated in

iron-loaded HepG2 cells as a result of the undergoing

metabolic changes observed might have resulted in the

activation of CD1d gene expression and a subsequent

increased expression. Indeed, RT-PCR experiments

showed an increase in CD1d mRNA levels in iron-

loaded HepG2 cells. Yet, the combination of the flow

cytometry and immunoprecipitation data suggests that

the increase in CD1d molecules at the cell surface

could not be solely the result of increased transcription

but also from intracellular redistribution. In this scen-

ario, it is tempting to speculate that the appearance of

Nor3.2-reactive CD1d molecules at the cell surface

of iron-loaded HepG2 cells could be a consequence of

CD1d misfolding in intracellular compartments with a

subsequent release of the bound lipid; thus altering the

intracellular lipid content. A number of previous stud-

ies tend to support this view. First, CD1d has a con-

served tyrosine motif within its cytoplasmic tail that

permits the association with molecules that facilitate

trafficking between the plasma membrane and endo-

lysosomal compartments [38–40]. Second, earlier stud-

ies showed that in situations of hepatic iron loading,

iron accumulates primarily in lysosomes leading to

alterations in membrane composition and vesicular pH

[41–43]. Third, CD1d has the capacity to bind a

variety of intracellular lipids in the endolysosomal

compartment and changes in the pH of these compart-

ments may alter lipid binding by CD1d molecules and,

consequently, trafficking between the plasma mem-

brane and endolysosomes [44].

Taking into consideration these studies, upregulation

of CD1d in iron-loaded HepG2 cells could be largely

due to biochemical and molecular changes that take

place within the endolysosomal compartment and that

result in a redistribution of endolysosomal CD1d mole-

cules to the plasma membrane. Interestingly, in the

present study we demonstrated that iron-loading of

HepG2 cells led to marked changes in lipid metabo-

lism. Thus, expression of phosphatidylserine at the

outer part of iron-loaded HepG2 cells was increased,

and double-labeling revealed that the increase in phos-

phatidylserine expression was of the same order of

magnitude as the upregulation of CD1d expression. In

other words, the same HepG2 cells expressed CD1d

and phosphatidylserine. Although phosphatidylserine

externalization is regarded as a hallmark of apoptosis,

recent studies suggest that phosphatidylserine expres-

sion, and membrane lipid redistribution in general, is a

normal event in viable cells that marks a process rela-

ted with the cell cycle status [45]. In this context, it is

important to stress that DNA content studies did not

show significant differences in apoptosis (subG0 ⁄G1)

between normal and iron-loaded HepG2 cells. Further

examination of lipid metabolism parameters led to the

finding of overt lipid accumulation and lipid droplet

formation in iron-loaded HepG2 cells, as verified by

Oil Red O staining and transmission electron micros-

copy. These data reinforce the view that changes in

lipid metabolism take place in iron loaded HepG2 cells

which may underlie the redistribution of CD1d and its

expression at the cell surface. A study showing that

CD1d expression augments in lipid-laden macrophages

from atherosclerotic tissue supports this view [46].

Apart from the present study, Nor3.2-reactive CD1d

has been found altered in keratinocytes from psoriatic

lesions [47], in the gastrointestinal tract of certain

inflammatory diseases [48,49], and in primary biliary

cirrhosis [50]. Whether iron and ⁄or lipid metabolism

are altered in any of these conditions is not known. In

our view, upregulation of CD1d molecules at the cell

surface of iron-loaded HepG2 cells in a non-native

form may have implications at two different levels; at

the level of the hepatic cell itself and at the level of the

relationship with neighboring cells. At the level of the

hepatocyte, CD1d redistribution may influence quanti-

tatively and qualitatively the intracellular lipid pool by

either intracellular release and ⁄or extracellular uptake.

At the level of the relationship with adjacent cells

in vivo, upregulation of CD1d by hepatocytes may

function as a signaling device that activates selected

subsets of resident NK CD8+ T cells (reviewed in
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[51]). Recent studies in humans during hepatitis C viral

infections showing that hepatic CD1d is upregulated

and recognized by CD1d-specific T cells tend to sup-

port this assumption [52]. Activation of CD1d-restric-

ted T cells may induce the secretion of cytokines

capable of regulating hepatic iron metabolism [53].

Alternatively, phosphatidylserine expression, concomit-

ant with CD1d, by iron-loaded hepatocytes may facili-

tate phagocytosis and removal of the purportedly

apoptotic cells by resident macrophages through the

phosphatidylserine receptor [54]. Removal of apoptotic

cells may avoid local inflammation by a number of dif-

ferent mechanisms, such as production of TGF-b1 as

seen in iron-overloaded hemochromatosis patients [33].

TGF-b1 production under iron overload could be

the result of the phosphatidylserine ⁄CD1d-dependent

ingestion of apoptotic hepatocytes by resident Kupffer

cells and may contribute to reduce local inflammation,

as demonstrated in a recent report [55].

The present in vitro model may be used to study

mechanisms of hepatic cell function under a number of

stressful conditions associated with iron-overload, such

as viral infections or heavy alcohol consumption and

to examine the possible role played by cells and mole-

cules of the immunological system in hepatic injury

and repair. Understanding the interdependence between

the metabolism of iron and lipids [14,56,57] may be

relevant in a variety of liver diseases. It is anticipated

that iron overload in hepatic cells in clinical situations

in vivo might cause changes in lipid metabolism

and consequently in lipid binding molecules such as

CD1d.

Materials and methods

Cells and culture conditions

The hepatocellular carcinoma cell line HepG2 was pur-

chased from the European Collection of Cell Cultures

(ECACC, Wiltshire, UK) and maintained in Minimum

Essential Medium, MEM (Gibco, Invitrogen, Merelbeke,

Belgium) supplemented with 1% (w ⁄ v) antibiotic ⁄ anti-
miotic solution (Sigma-Aldrich, Barcelona, Spain), 1%

(w ⁄ v) glutamine, 1% (w ⁄ v) nonessential amino acids and

2% (w ⁄ v) fetal bovine serum (Biochrom KG, Berlin, Ger-

many). Paired cultures of cells growing in normal media or

in iron-rich media were set up and maintained for different

periods of time as indicated. Iron-rich media consisted of

MEM supplemented with 100 lm of ferric citrate (Sigma-

Aldrich). Ferric citrate was prepared freshly from a stock

solution of 25 mm made in distilled H2O by gentle agitation

at 65 �C and stored at 4 �C. Unless otherwise indica-

ted, cells were seeded at 2 · 106 per 75-cm2 flask (TPP,

Trasadingen, Switzerland) and stored for a week in an incu-

bator at 37 �C, 5% (v ⁄ v) CO2 and 99% humidity. After

this period, cells were treated with a solution of 1% (w ⁄ v)
trypsin ⁄EDTA (Gibco), washed with Hanks’ balanced salt

solution (HBSS), counted and replated as described above.

HepG2 cells cultured in MEM-2% usually reached conflu-

ence with a viable cell recovery between 7 and 9 · 106 cells

per flask during the 1-week period. To analyze the effect of

direct oxidative stress, HepG2 cells were grown in the pres-

ence of H2O2 and diamide (Sigma-Aldrich). Seven days

after, phenotypic and morphological parameters of cell

growth and survival were determined.

Flow cytometry

Approximately 0.3 · 106 cells were cell surface stained with

the appropriate5 antibodies in staining solution [NaCl ⁄Pi,

0.2% (w ⁄ v) BSA, 0.1% (w ⁄ v) sodium azide6 ] and analyzed

in a FACScalibur (Becton Dickinson, Mountain View, CA,

USA). For intracellular staining, fixed cells in 2% (v ⁄ v) for-
maldehyde were first permeabilized by incubation in

NaCl ⁄Pi ⁄ 0.2% (w ⁄ v) saponin for 10 min. The following

primary antibodies were used: W6 ⁄ 32, a monoclonal anti-

body to human b2m-associated MHC class I molecules

(DAKO, Glostrup, Denmark); CR3 ⁄ 43, a monoclonal anti-

body to human MHC class II molecules (DAKO); Nor3.2

a monoclonal antibody to non-native human CD1d (BIO-

DESIGN, Saco, ME, USA [26]); CD1d42, a monoclonal

antibody to native human CD1d (Pharmingen, San Diego,

CA, USA); 1B9, a monoclonal antibody to the human

intestinal epithelial molecule gp180 (a gift from L. Mayer,

Mount Sinai School of Medicine, New York7 , USA);

MCA534, a monoclonal antibody to human ICAM-1

(SEROTEC, Oxford, UK); Ber-T9, a monoclonal antibody

to the human transferrin receptor (DAKO); rabbit Igs to

human ferritin (DAKO); 5F6, a monoclonal antibody to

oxidatively modified proteins containing the aldehyde

adduct acrolein (a gift from K. Uchida8 , Nagoya University,

Nagoya, Japan). Rabbit anti-mouse and goat anti-rabbit

Igs, fluorescein isothiocyanate (FITC)9,10 or R-phycoerythrin9,10 -

conjugated, were from DAKO. Mouse and rabbit Igs

(DAKO) were used as negative controls. Annexin V-FITC

was from BD Biosciences (San Diego, CA, USA).

Determination of intracellular iron

Intracellular ferric iron was detected by the Perls’ Prussian

blue. Briefly, cytospins11 (centrifugations of cell suspensions

on glass slides) of HepG2 cells were fixed and incubated for

1 h in a 1 : 1 solution of 2% potassium ferrocyanide ⁄ 2%
HCl (w ⁄ v ⁄ v). Afterwards, cytospins were rinsed in distilled

water, counterstained with erytrosin, dehydrated in 70%

(v ⁄ v) alcohol, then in 100% (v ⁄ v) alcohol and xylol12 , and

finally mounted in Entellan (Merck, Barcelona, Spain).
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Determination of phosphatidylserine expression

and cell death

Phosphatidylserine expression on the outer part of the

plasma membrane was examined by Annexin V binding.

Briefly, cells were washed twice with binding buffer (10 mm

Hepes, 140 mm NaCl and 2.5 mm CaCl2, pH 7.4) and incu-

bated with Annexin V-FITC for 15 min at room tempera-

ture. Cells were analyzed immediately by flow cytometry.

In immunofluorescence studies, cells were fixed in acetone

prior to analysis. Cell death was determined by trypan blue

staining. Aliquots of HepG2 cells were resuspended in

NaCl ⁄Pi containing trypan blue. Dead and alive cells were

counted in a NEUBAUER chamber under a light micro-

scope.

Measurement of oxidative stress and DNA

content

Oxidative stress was measured through the detection of

ROS and of protein-bound acrolein. ROS produced within

HepG2 cells were detected with the membrane permeant

probe 2¢,7¢-dichlorodihydrofluorescein-diacetate (DCFH-

DA). ROS produced by the cell oxidize DCFH to DCF,

which after excitation at 488 nm, emits fluorescence at

530 nm (FL-1 channel). Growing HepG2 cells were incuba-

ted with 10 lm of DCFH-DA in culture media for 30 min

at 37 �C and washed three times with the same media. Cells

were then harvested and analyzed immediately by flow

cytometry. Protein-bound acrolein was detected by flow

cytometry after labeling with the mouse monoclonal anti-

body 5F6, followed by the appropriate13 fluorochrome-conju-

gated rabbit anti-mouse Igs. To evaluate DNA content,

HepG2 cells were permeabilized with ice-cold 70% (v ⁄ v)
ethanol for 10 min. Then, cells were washed three times

with NaCl ⁄Pi and stained for 30 min at 37 �C with

50 lgÆmL)1 of propidium iodide in NaCl ⁄Pi. Labeled cells

were acquired immediately in a FACScalibur and apoptotic

(subG0 ⁄G1), resting (G1) and dividing (S + G2 ⁄M) cells

determined by DNA content (PI fluorescence) monitored

on the FL-3 channel.

Cell labeling, immunoprecipitation and

immunoblotting

For immunoprecipitation of cell surface CD1d, HepG2

cells were incubated with 0.5 lgÆmL)1 of NHS-sulfo-biotin

(Perbio Science, Cheshire, UK) in NaCl ⁄Pi for 10 min at

room temperature (20–25 �C)14 followed by four washes in

NaCl ⁄Pi. After washing, labeled cells were lysed in lysis

buffer [20 mm Tris pH 7.6, 150 mm NaCl, 1 mm phenyl-

methanesulfonyl fluoride and 1% (v ⁄ v) Triton X-100] for

30 min on ice. The lysates were centrifuged at 10 000 g to

remove cell debris and precleared for 1 h with protein-A

Sepharose beads (Amersham Pharmacia Biotech, Bucking-

hamshire, UK). Precleared detergent lysates were boiled

for 10 min in 0.1% (v ⁄ v) SDS and then immunoprecipi-

tated with Nor3.2 and protein A-Sepharose beads for 2 h

at 4 �C. Washed immunoprecipitates were boiled for 5 min

and resolved by SDS ⁄PAGE. Proteins were blotted onto

nitrocellulose membranes (Amersham Pharmacia Biotech)

and the filters blocked with 5% (w ⁄ v) nonfat dry milk in

TBS-T. Washed filters were incubated for 1 h with a

1 : 7500 dilution of streptavidin-conjugated horseradish

peroxidase (Sigma) in TBS-T, and proteins visualized using

Super Signal (Perbio Science). For detection of total

CD1d molecules, cell lysates of nonbiotinylated cells were

immunoprecipitated, resolved by SDS ⁄PAGE and trans-

ferred onto nitrocellulose membranes as above. After-

wards, filters were incubated with Nor3.2 antibodies for

1 h in TBS-T, followed by incubation with HRP-conju-

gated goat anti-(mouse Ig) Igs (Molecular Probes, Leiden,

the Netherlands). After extensive washing, CD1d was visu-

alized with Super Signal (Perbio Science).

RT-PCR

HepG2 cells were collected into cryotubes vials (Nunc,

VWR International, Lisbon, Portugal), snap frozen in

liquid nitrogen and stored at )70 �C for further analysis.

From each sample, total RNA was isolated and DNAse

treated using the RNeasy kit according to the manufacture

specifications (Qiagen, Victoria, Australia). The total RNA

concentration was measured by spectrophotometer and its

quality assessed by agarose gel electrophoresis. Subse-

quently, 5 lg of total RNA was converted into cDNA by

using the termoscript RT-PCR system (Gibco) according to

the recommended protocol. The CD1d gene was amplified

by PCR using the following primers: 5¢-GGGCACTC

AGCCAGGGGACATCCTGCCCAA-3¢ as forward and

5¢-GATACAAGTTTGCACACCTTTGCACTTCTG-3¢ as

reverse [58]. The PCR amplification was performed in a

total volume of 50 lL reaction mix containing 1 lL of

cDNA, 10 pmol of each primer, 10· reaction buffer,

0.5 mm dNTPs and 2 units of Taq polymerase (Promega,

Madison, WI, USA). For the CD1d amplification, we used

the following PCR program: an initial denaturing step of

3 min at 92 �C, followed by 35 cycles (92 �C for 30 s,

55 �C for 1 min and 72 �C for 3 min) and a final extension

step for 10 min at 72 �C. Subsequently, 10 lL of the PCR

products were loaded into a 1.5% agarose gel with 1· ethi-

dium bromide15 , the electrophoresis performed and the

547 bp fragment visualized under UV light. To ensure that

the cDNA samples were of similar concentration and qual-

ity, the GAPDH gene was also amplified by using a similar

protocol with the housekeeping gene specific primers:

5¢-CCATGGAGAAGGCTGGGG-3¢ as forward and 5¢-CA
AAGTTGTCATGGATGACC-3¢ as reverse.
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Immunocytochemistry and immunofluorescence

Cytospins of HepG2 cells in poly(l-lysine)16 -coated slides

(Sigma) were air-dried and fixed with 100% (v ⁄ v) acetone.

Immunocytochemistry was performed by using the alkaline

phosphatase-antialkaline phosphatase (APAAP)17 method.

Briefly, cytospins were incubated with normal rabbit serum

diluted 1 : 10 for 10 min. Then, cells were incubated with

Nor3.2 or with DAK-GO1 a monoclonal antibody of the

same isotype but specific for Aspergillus niger glucose oxi-

dase (negative control). After washing, cytopins were incu-

bated with rabbit anti-mouse Igs for 30 min, followed by a

further 30 min with the APAAP conjugate. These steps were

repeated for 10 min each to increase the intensity of the sig-

nal. After three additional washes18 , color was developed with

Fast-Red substrate. Reagents were from DAKO. Prepara-

tions were analyzed on an Axioskop microscope (Zeiss,

Göttingen, Germany) equipped with a SPOT II camera

(Diagnostic Instruments, Sterling, Michigan, USA). For

immunofluorescence studies, the tyramide signal amplifica-

tion TSA kit containing a HRP-conjugated secondary anti-

body and Alexa 568-labeled tyramide was used (Molecular

Probes, Leiden). Briefly, cells were first stained in suspension

with Nor3.2 followed by HRP-goat anti-(mouse IgG). For

phosphatidylserine determination, cells were washed with

binding buffer and incubated with Annexin V-FITC for

15 min at room temperature. Cells were deposited immedi-

ately in poly(l-lysine)19 coated slides and incubated with

Alexa Fluor 568 tyramide following manufacturer instruc-

tions. Preparations were fixed in 100% acetone at )20 �C
for 5 min, mounted in Vectashield with 4¢,6-diamidino-

2-phenylindole (DAPI)20 (Vector Laboratories, Inc., Burlin-

game, CA) and analyzed in an Axioskop microscope (Zeiss).

Electron microscopy

The ultrastructure of HepG2 cells was examined by trans-

mission electron microscopy following established routine

protocols. Briefly, HepG2 cells were harvested after trypsin

treatment, washed extensively and fixed in 2.5% (v ⁄ v) glu-
taraldehyde in cacodylate buffer (0.1 m, pH 7.2) and post-

fixed in 1% (w ⁄ v) osmium tetroxide in the same buffer.

The samples were then embedded in Epon resin (TAAB

Laboratories Equipment Ltd, Berkshire, UK) after dehy-

dration in a series of graded ethanol. Ultrathin sections

were cut with an RMC MT-7 microtome and contrasted

with uranyl acetate and lead citrate. Observations and

micrographs were performed under a Zeiss EM10 electron

microscope.

Microscopic evaluation of lipid droplets

Light microscopic examination of lipid droplet was per-

formed using Oil Red O. HepG2 cells were harvested after

trypsin treatment and washed extensively. Then, cryostat

sections from a cell pellet were fixed in a buffered isotonic

solution of 4% (v ⁄ v) formaldehyde for 5 min, and washed

in running tap water for 5 min. Then, sections were incuba-

ted in 85% (v ⁄ v) propyleneglycol for 2 min (the solution

was changed twice) and in Oil Red O [0.5% (v ⁄ v) in pro-

pyleneglycol] for 30 min. After rinsing in 85% (v ⁄ v) propyl-
eneglycol for 1 min (the solution was changed twice), slides

were washed twice in distilled water. Finally, sections were

counterstained in hematoxylin for 30 s and mounted in

AQUATEX� (Merck, Darmstadt, Germany).

Statistical analyses

The paired Student’s t-test (two-tailed) was used to test the

significance of the differences between group means. Statis-

tical significance was defined as P < 0.05.
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