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Leptin as a profibrogenic eviokine via MAPK
and PIRK/AKT

FFurther. leptin increased TGEF-B mRNA in isolated
smusoidal endothelial cells and Kupffer cells From this
point of view. 1t is suggested that leptin promotes hepatic
fibrogenesis through upregulation of TGEF- in the hver.
Morcover. leptin augmented PDGF-dependent prolif-
cration of HSCs by enhancing downstream intracellular
signaling pathways via mitogen-activated protein Kinase
(MAPK) and phosphatidylinositol 3 kinase(PI3K )/
AL Collectively. it is postulated that feptin acts as a
profibrogenic cytokine in the sinusoidal microenviron-
ment. These findings indicated that leptin is one of the
key regulators for inflammation and progression of
fibrosis in various chronic liver diseases including
NASH. In a similar hypothesis. Anania et al. indicated
that leptin is profibrogenic in activated HSCs partly via
the Jak-Stat pathway as well.”

Recently. several studies also identified that leptin
upregulates collagen expression in HSCs: i.e.. increased
a2 (1) collagen gene expression in cultured rat hepatic
stellate cells.™ and enhanced wl (1) collagen gene
expression in LX-2 human hepatic stellate cells via
JAK-mediated H,O,dependent MAPK  pathways.™
Meanwhile, several studies described that leptin stimu-
lates and increases tissue inhibitor of metalloproteinase
1 (TIMP-1) gene expression.” ™ Moreover. ObR activa-
tion in HSCs leads 1o increased expression of proinflam-
matory and proangiogenic cytokines. indicating a
complex role for leptin in the regulation of liver wound-
healing responses.™ Collectively. it is most likely true
that these data support the hypotheses: profibrogencsis
is markedly increased when hepatic stellate cells are
activated, where leptin plays a pivotal role in hepatic
fibrosis.

Mitachondria abnormalities and NAFLI/NASH

Mitochondrial abnormalities were described in liver
hiopsy specimens of paticnts with NASH™™: however.
it is also unclear whether the observed mitochondria
abnormalitics are congenital or acquired. Mitochon-
dnal defects are supposed to be one of the primary
causes of steatosis because of impaired B-oxidation of
fatty acids in humans”' Morcover. recent study has
shown that anti-TNF antibody improves mitochondrial
dysfunction in ob/ob mice. Taken together. these find-
ings indicated that inflammation derived from oxidative
stress is one of the most important backgrounds in
paticnts with NAFLDINASH as well as metabolic
syndrome.

S Watanabe et al: Liver diseases and metabulic svndiome

Chronic hepatitis C, hepatic steatosis, and
mietabolic svndrome

Chronic hepatitis C virus (HOV) ilection 1s a4 signifi-
vant worldwide problem because approximately 170
million people arc suffering from HOV infection. It s
thought that about 80% ol acute HOV infection becomes
chronic. that 20% will develop liver darrhosis. and that
1%-6"% will develop hepatocellular carcinoma each
year." A new treatment strategy including the comhina-
tion of pegylated interferon and ribavirin were devel-
oped: nevertheless, the overall efficacy of the treatment
is not enough to overcome HOV infection at the
moment, as only about 54%-63% respond,™ ™

Hepatic steatosis is a common histological feature of
chronic hepatitis C (CHC), which is observed in 40%-
70% of the patiems® Hepatic steatosis oceurs more
frequently in patients with chronie hepatitis C than in
the general population in the world.” First, focusing
epidemiologically on host-related factors. overweight
patients with chronic hepatitis C have increased circu-
lating insulin levels™ At the same time. obesity and
diabetes mellitus and/or insulin resistance are associ-
ated with hepatic steatosis i patients with chronic
hepatitis €. ‘These clinical features are often
observed in patients with metabolic syndrome. There-
fore. it was supposed that multiple nisk factors for
metabolic disorders are closely correlated with the
prevalence of hepatic steatosis in CHC  patients
Second. focusing on virus-related factors 11 was com-
monly shown that the HCV genotype 3 is significantly
associated with hepatic steatosis.™ Additionally. evalu-
ation of paired (pre- and postantiviral therapy) liver
biopsies demonstrated a marked decline in steatosis in
HCV genotype 3 patients who achieved sustained viral
response (SVR).™ Although it is hypothesized that
genotype 3 virus is more cytopathic and therefore ste-
atogenic. the mechanisms underlying the genotype
specific steatosis are still not fully ¢lucidated. More-
over, lransgenic mice expressing hepatitis C virus
core protein develop hepatic steatosis and insulin resis-
tance without gain in body weight al a young age.™™
Taken together. these findings suggested that multiple
factors are closely associated with the occurrence of
hepatic steatosis in patients with chronic hepatitis €,
not only host-related metabolic disorders but also HEV
iself.

Importantly, emerging lines of clinical data revealed
that several metabolic disturbances: such as obesity.
insulin resistance. and hepatic steatosis, are signifi-
cant risk factors for decreased SVR to the interferon
and ribavirin combination antiviral therapy in CHC
patients™ 7% (lable 1). Underlving mechanisms of
lesser elficacy of antiviral treatment are not well inves-
tigated: however. it is postulated that oxidant stress and
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proinflammatory cytokines are closely associated with
interferon resistance.™™ Indeed, Etanercept. which is a
chimerical protein that binds to and inactivates TNF-a
in the liver and mononuclear cells. has been reported 1o
improve the efficacy of antiviral treatment in patients
with chronic hepatitis CV (Fig. 1).

Collectively. it is most likely true that intensive adjust-
ment of metabolic imbalance before the induction of
antiviral therapy is favorable for the complete cradica-
tion of HCV infection.

Metabolic syndrome and progression of fibrosis,
occurring as hepatocellular carcinoma (HCC) in
chronic hepatitis

Progression of hepatic fibrosis is an important aspect in
patients with chronie liver disease. such as NASH and
chronic hepatitis C, because liver cirrhosis is one of the
critical risk factors for liver-related death. including
liver failure and hepatocellular carcinoma.

Recently. it has become apparent that hepatic ibrosis
is associated with obesity. insulin resistance. and hepatic
steatosis.”™ 1t is reported that NASH can progress 1o
cirthosis in up 1o 20% of the patients” Therefore. it is
suggested that metabolic abnormalities are closely asso-
ciated with progression of fibrosis as well.

As a malignant discase. HOC is one of the most
important discases in patients with chronic liver discasc.
Recently. some epidemiological studies have reported
that obesity and diabetes mellitus are a risk factor
for hepatocellular carcinoma (HOC). respectively.™ ™
Furthermore, hepatic steatoss 1s o risk factor lor HOC

S Watanabe et als Liver diseases and metabolic syndrome

Fig- L. Working hypothesis of the under-
Iving  mechanisms  of the  interaction
between liver discases including HOV
infection and metabolic syndrome. (1)
Underlying mechanisms of lesser efficacy
of antiviral treatment are not well inves-
tigated: however. it is postulated that
oxidant stress and proinflammatory cyto-
Kines are closely associaled with inter-
feron resistance. (1) Etanercept, which is
a chimerical protein that binds to and
inactivates TNF-a in the liver and mono-
nuclear cells. has been  reported 1o
improve the efficacy of antiviral treat-
ment in patients with chrome hepatitis C.
(#11) Furthermore, hepatic steatosis is a
nzk factor for HOU in patients with
chronic HCV infection. HCV. hepatitis ¢
virus; ROS. reactive oxygen species: TNVF-
@ tumor necrosis  factor-alpha; [FN.
interferon: /R, insulin resistance: RAS.
renin-angiolensin - system; ANS. auto-
nomic nervous system: HCC, hepatocel-
lular carcinoma

in patients with chronic HCV infection as well”
(Fig. 1).

In the meantime. experimental data suggested that
PTEN deficiency leads to steatohepatitis and hepatocel-
lular carcinoma.® PTEN is a ubiquitously expressed
tumor suppressor gene™ that is mutated in many human
sporadic cancers as well as in tumorigenic hereditary
disorders. It is postulated that controlled blocking of
molecules acting downstream of PI3K might provide
significant therapeutic benefit 1o patients predisposed to
NASH and hepatocellular carcinoma.

Hepatic steatosis, atherosclerosis, and hypertension

Metabolic syndrome. which is characterized by insulin
resistance. is associated with atherosclerosis and hyper-
tension andisrecognized asaninflammatory discase. """
It is a serious discase because the mortality rate of car-
diovascular discase is increasing. especially in Asia.'?

As with liver discase. it was reported that hypoa-
diponectinemia is observed in patients with coronary
artery discase and is associaled with the incidence of
cardiovascular death."™"™ Experimental data demon-
strated that adenovirus-mediated increase of plasma
adiponectin significantly suppressed the progression of
atherosclerotic lesions in apolipoprotein E-deficient
mice."®

Recently. the PROactive  study  (PROspective
proght Azone Clinical Trial In macroVascular Events)
has shown that ploglitazone: agonists of peroxisome
proliferators-activated receptor ¥ (PPAR-y). which 1s a
thiazohdinedione that amcliorales insulin resistance

—177—



S Wiatanabe ¢t al: Liver diseases and metabolic syndiome

and improves glucose and lipid metabolism in type 2
diabetes. reduces the composite of allcause mortahty.
nonfatal myocardial infarction. and stroke in patients
with type 2 diabetes who have a high risk of macro-
vascular events '™

Hepatic steatosis 15 also mcreasingly recogmzed as
one of the important risk factors for atherosclerosis
and cardiovascular discase"” "™ (Fig. 1). Interestingly. a
recent prospective study has shown that histological
features in patients with NASH: including hepatic
steatosis. ballooning necrosis. and inflammation. are
improved by administrating pioglitazone as compared
with placebo."" However, fatigue and mild lower-
extremity edema developed in | of 55 subjects who
received pioglitazone. Therefore, we have to find the
appropriate dose of pioglitazone and be careful about
the adverse effects.

Taken together. there seem to be close relationships
among hepatic steatosis. atherosclerosis, and hyperten-
sion as metabolic disorders. From this point of view, we
would be able to investigate the aspects of both liver
and cardiovascular-related diseases.

Conclusions

In this review. we described the current understanding
of relationships between liver diseases and metabolic
syndrome. As we noted. there are so many intricate
factors of causing hepatic inflammation. steatosis/ste-
atohepatitis. fibrosis. and carcinoma in patients with
chronic liver diseases in conjunction with metabolic syn-
drome. We should pay a critical attention to “liver dis-
eases.” because there must be a clue 10 ¢lucidate the
pathophysiology of so-called metabolic syndrome.

Necessarily, 10 avoid developing fatal diseases in the
end. we have 1o establish a radical treatment strategy
not only by ordinary dict and exercise therapy bult also
developing a sure remedy against liver discases and
metabolic syndrome.
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Translocation of Iron from Lysosomes into
Mitochondria Is a Key Event During Oxidative Stress-
Induced Hepatocellular Injury

Akira Uchiyama,' Jae-Sung Kim,* Kazuyoshi Kon,* Hartmut Jaeschke,' Kenichi lkejima,’ Sumio Watanabe, and
John J. Lemasters'$

Iron overload exacerbates various liver diseases. In hepatocytes, a portion of non-heme iron is
sequestered in lysosomes and endosomes. The precise mechanisms by which lysosomal iron
participates in hepatocellular injury remain uncertain. Here, our aim was to determine the role of
intracellular movement of chelatable iron in oxidative stress-induced killing to cultured hepato-
cytes from C3Heb mice and Sprague-Dawley rats. Mitochondrial polarization and chelatable
iron were visualized by confocal microscopy of tetramethylrhodamine methylester (TMRM) and
quenching of calcein, respectively. Cell viability and hydroperoxide formation (a measure of lipid
peroxidation) were measured fluorometrically using propidium iodide and chloromethyl dihy-
drodichlorofluorescein, respectively. After collapse of lysosomal/endosomal acidic pH gradients
with bafilomycin (50 nM), an inhibitor of the vacuolar p pumping adenosine triphos-
phatase, cytosolic calcein fluorescence became quenched. Deferoxamine mesylate and starch-
deferoxamine (1 mM) prevented bafilomycin-induced calcein quenching, indicating that
bafilomycin induced release of chelatable iron from lysosomes/endosomes. Bafilomycin also
quenched calcein fluorescence in mitochondria, which was blocked by 20 uM Ru360, an inhib-
itor of the mitochondrial calcium uniporter, consistent with mitochondrial iron uptake by the
uniporter. Bafilomycin alone was not sufficient to induce mitochondrial depolarization and cell
killing, but in the presence of low-dose rerr-butylhydroperoxide (25 pM), bafilomycin enhanced
hydroperoxide generation, leading to mitochondrial depolarization and subsequent cell death.
Conclusion: Taken together, the results are consistent with the conclusion that bafilomycin
induces release of chelatable iron from lysosomes/endosomes, which is taken up by mitochon-
dria. Oxidative stress and chelatable iron thus act as two “hits” synergistically promoting toxic
radical formation, mitochondrial dysfunction, and cell death. This pathway of intracellular iron
translocation is a potential therapeutic target against oxidative stress-mediated hepatotoxicity.
(HEPATOLOGY 2008:48:1644-1654.)

helatable iron and other transition mertals such as  branes.! Cytoprotection by deferoxamine in various mod-
copper catalyze formation of highly reactive hy-  els of oxidarive stress and hypoxia/ischemia suggests a role
droxyl radical (OH*) from H;0: and superoxide  for iron in the pathogenesis of injury.”* In heparocyres.
(0;*7), which damages DNA, proteins, and mem-  generation of reactive oxygen species (ROS), including
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H:0,. O,* . and OH®*, contributes to lethal cell injury
from oxidative stress, various hepatotoxicants. and isch-
emia/reperfusion.™ In particular. ROS formation ini-
tiates onset of the mitochondrial permeability transition
(MPT) caused by opening of nonspecific permeability
transition  pores in the mitochondrial inner mem-
brane.®!" Open permeability transition pores conduct all
solutes up to 1500 Da to cause mitochondrial depolariza-
tion, uncoupling of oxidative phosphorylation, and large-
amplitude mitochondrial swelling. These events lead
either to necrosis from adenosine riphosphate depletion
or apoptosis from release of pro-apoptotic proteins such as
cytochrome .

Although an essenrial nutrient, iron in excess is a hu-
man toxicant causing acute hepatocellular necrosis after
accidental overdose and chronic heparic injury in heredi-
tary hemochromatosis.!! Excess iron also may aggravare
diabetes, cancer, cardiovascular disease, and alcoholic and
nonaleoholic steatohepatits.'*1% In cells and tissues, two
poals of iron exist. The first pool is “non-chelatable™ iron
that is sequestered in ferritin or in structural components
of proteins (such as heme, iron-sulfur complexes) and
that cannot be removed by conventional iron chelators
such as deferoxamine. The second pool is “chelatable”
iron that represents free iron and iron bound less strongly
to a wide varniety of anionic intracellular molecules. Esti-
mated to be 5 uM in hepatocytes,'” chelatable iron is
accessible to deferoxamine and other iron chelators. In-
creases of intracellular chelatable iron contribute to death
of sinusoidal endothelial cells and hepatocytes after cold
ischemia/reperfusion.'®3° Moreover, direct addition to
hepatocytes of a membrane-permeable Fe’™ complex
causes the MPT and consequent necrotic and apoprotic
cell killing,”* whereas the iron chelator N,N,N',N"-ret-
rakis(2-pyridylmethyl)ethylenediamine attenuares caspase
activation and apoptosis in postischemic livers.”!

The precise mechanisms by which iron is mobilized to
contribute to hepatocellular injury after oxidarive and
other stresses remain poorly understood. Here using laser
scanning confocal microscopy. we show that lysosomes
are a source of rapidly mobilized chelatable iron and that
chelatable iron released by lysosomes is rapidly taken up
into mitochondria by the calcium uniporter. Inside mito-
chondria. this iron is available to catalyze toxic ROS cas-
cades,

Materials and Methods

Hepatocyte Isolation and Culture. All expeniments
were conducted using protocols approved by the Institu-
tional Animal Care and Use Commirree. Hepatocytes
were isolated from 25 to 30 g overnight-fasted male
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C3Heb/Fe] mice (Jackson Laboratory, Bar Harbor, ME)
and 200 to 250 g overnight-fasted male Sprague-Dawley
rats (Charles River. Wilmington. MA) by collagenase per-
fusion, as described previously.”? Hepatocytes were resus-
pended in Waymouth's medium MB-752/1 (GIBCO,
Grand Island, NY) containing 2 mM L-glutamine, 10%
fetal bovine serum. 100 nM insulin (Squibb-Novo,
Princeton, NJ), 100 nM dexamethasone (LyphoMed,
Rosemont, IL), 100 units/mL peniallin, and 100 pg/mL
strepromyain, Cell viability was greater than 92%. as de-
termined by trypan blue exclusion. Hepatocytes were
plated in 24-well microtiter plates (1.5 X 10% cells per
well) and 35-mm Petri dishes (6.0 X 105 cells) with
14-mm glass coverslips for imaging (MatTek, Ashland,
MA). Plates and coverslips were coated with 0.1% Type-1
rat-tail collagen (Sigma, St. Louis, MO). Hepatocytes
were allowed to attach for 4 hours in humidified 5% CO,,
95% air at 37°C, Subsequently, hepatocytes were washed
once and incubated in Waymouth's medium 752/1 con-
taining 20 mM N-2-hydroxyethyl-piperazine-N*-2"-eth-
anesulfonic acid (HEPES, Sigma) buffer supplemenred
with 10% fetal bovine serum, 100 nM insulin, 100 nM
dexamerthasone, 100 units/mL penicillin, and 100 pg/mL
strepromycin at pH 7.4 (Waymouth/HEPES).

Fluorometric Assay of Cell Viability and ROS, After
atrachment to 24-well plates, mouse heparocytes were
washed once and replaced with Waymouth/HEPES
containing 30 uM propidium iodide (P, Molecular Probes/
Invitrogen, Eugene, OR) or 10 uM chloromethyldihydrodi-
chlorofluorescein  diacetate (emH,DCF-DA, Molecular
Probes/Invitrogen). Cell killing (PI) and ROS producrion
(emH,DCF-DA) were assessed using a multiwell fluores-
cence plate reader (BMG Lab Technologies, Germany), as
previously described.”*#* Increased Pl Auorescence corre-
lates closely with trypan blue uprake, whereas as conversion
of de-esterified nonfluorescent emH;DCF-DA to green flu-
orescing, chloromethyldichlorofluorescein (emDCF) signi-
fies production of organic hydroperoxides thar are formed
after lipid peroxidation.’s Fluorescence does not arise from a
direct reaction with H,O.. Rather, emDCF fluorescence isa
general indicator of ROS production and not an indicator
for a specific species of oxygen radical,

In some experiments, hepatocytes were preincubared |
hour with 1 mM deferoxamine (Sigma), 1 mM deferox-
amine conjugated to hydroxyethystarch (starch-deferox-
amine, >10 kDa, Biomedical Frontiers, Minneapolis,
MN) or 20 M Ru360 (Calbiochem, San Diego, CA) at
37°C. After pretreatment, hepatocytes were then incu-
bated for 1 hour in the presence and absence of 50 nM
bafilomycin Al (Calbiochem) before addition of rerr-bu-
tylhvdroperoxide (-BuOOH. 25 uM. Sigma).

Loading of Fluorophores. Hepatocvies plated on
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glass coverslips in Waymouth/HEPES were loaded for 20
minutes with calcein-AM (1 uM, Malecular Probes/In-
vitrogen) or 10 uM emH,;DCF-DA or tetramethylrho-
damine methylester (TMRM, 100 nM, Molecular
Probes/Invitrogen). The hepatocytes were then incubated
in Waymouth/HEPES containing 300 uM calcein-free
acid, S0 nM TMRM, or 3 uM DI, as indicared.

In some experiments, 70 kDa rhodamine-dextran (5
mg/ 100 g body weight, intraperitoneally, Sigma) was in-
jected into rats 12 hours before hepatocyte isolation o
label lysosomes.”® After isolation, 6-hour cultured hepa-
tocytes loaded with rhodamine-dextran were cold-loaded
with 1 uM calcein-AM for | hour ar 4°C and washed.
The cells were then incubated overnight in Waymouth/
HEPES at 37°C. This procedure produced selective label-
ing of lysosomes with rhodamine-dextran and both
mitochondria and lysosomes with calcein, as shown pre-
viously.?”

Laser Scanning Confocal Microscopy. Heparocytes
loaded with the various combinatons of fluorophores
were placed in environmental chambers at 37°C on the
stages of Zeiss LSM 410 and LSM 510 laser scanning
confocal microscopes (Zeiss, Germany). Red fluorescence
(TMRM, PI, Rho-Dex) was excited ar 543 or 568 nm,
and ¢mission was imaged at = 590 nm. Green fluores-
cence (calcein, emDCF) was excired at 488 nm, and emis-
ston was collected through a 515-nm o 560-nm band
pass filter.

Statistics. Data are presented as means * standard
error. Images shown are representaave of three or more
experiments. Statistical analysis was performed by Stu-
dent 7 test or analysis of variance, using P < 0.05 as the
criterion of significance.

Resuits

Bafilomycin-Induced Increase of Chelatable Iron in
the Cytosol. Cultured mouse hepatocytes were loaded
with calcein, a fluorophore whose fluorescence is rapidly
and stoichiomertrically quenched by transition metal 10ns
such as iron. copper, cobalt, and nickel.** Caleein-loaded
hepatocytes were treated with bafilomycin (50 nM), an
inhibitor of the vacuolar proton-pumping adenosine
triphosphatase thar collapses acidic lysosomal/endosomal
pH gradients.”® Bafilomycin caused quenching of calcein
lvaded into the cytosol that was evident within 60 min-
utes and even more marked after 2 hours (Fig. 1B). Loss of
caleein Auorescence was nor caused by passive leak into
the extracellular medium, because caleein Huorescence
decreased to substanl‘ia“y below the Auorescence nfcxng-
enous caleein-free acid (300 pM) placed in the extracel-
lular medium. Quenching of calcein Auorescence was a
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specific effect of bafilomycin, because intracellular calcein
fluorescence declined only slightly in hepatocytes nort ex-
posed to baflomyein (Fig. 1A).

To determine whether quenching of calcein in the cy-
tosol was a consequence of an increase of chelatable iron.
hepatocytes were treated with deferoxamine or starch—
deferoxamine before exposure to bafilomycin. Deferox-
amine and starch—deferoxamine are specific iron
chelators, but starch—deferoxamine is membrane-imper-
meable and can enter cells only via endocyrosis. Deferox-
amine and starch-deferoxamine (1 mM) both largely
blocked calcein quenching after bafilomycin (Fig. 1C and
D). which supported the conelusion thar calcein quench-
ing was iron mediated.

After background subtraction, average calcein fluores-
cence was quantified for individual hepatocytes in the
various groups. In untreated hepatocytes, calcein fluores-
cence decreased 17% after 2 hours (Fig. 2). By contrast,
after bafilomycin, calcein fluorescence decreased 54%
(P < 0.0] versus untreated). Deferoxamine and starch—
deferoxamine  blocked bafilomycin-induced
quenching almost completely, and calcein fluorescence
decreased by only 16% and 13%, respectively, after
bafilomycin plus deferoxamine and bafilomycin plus
starch— deferoxamine (P < 0.01 versus bafilomycin alone)
(Fig. 2).

After the treatment with bafilomycin, cytosolic calcein
was quenched but TMRM fluorescence remained essen-
tially unchanged both with and without treatment with
deferoxamine and starch—deferoxamine (Fig. 1). Thus,
mitochondria remained polarized during up 2 hours of
incubation with bafilomyein, which indicated lack of on-
set of the MPT.

Conrribution of Chelatable Iron to Cytotoxicity
After Oxidartive Stress. Mitochondrial glutathione per-
oxidase reduces -BuOOH to r-butanol. which promotes
mitochondrial oxidative stress by depleting reduced nic-
onnamide adenine dinudeotide phosphate, and glutathi-
one.* When hepatocytes were exposed to a relatively low
dose of -BuOOH (25 uM), little cell killing occurred, as
evaluated by PI fluoromerry (Fig. 3A). Similarly, bafilo-
mycin alone caused no cell killing over untreated cells.
However, the combination of -BuQOH plus bafilomy-
cin caused substantial cytotoxicity over either - BuOOH
or bafilomycin alone (Fig. 3A). Treatment with deferox-
amine and starch—deferoxamine prevented cytotoxicity
by +-BuOOH plus bafilomycin and restored cell killing to
nearly the same as untreated cells (Fig. 3B).

The MPT After 1-BuOOH Plus Bafilomycin. To
further characterize cellular responses after +BuOOH
with and withourt bafilomycin, confocal microscopy was
performed of mouse hepatocytes that were loaded with

calcein
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Fig. 1. Inhibition of bafilomycin-induced intracellular calcein quenching by deferoxamine and starch- deferoxamine in mouse hepatocytes. Mouse
hepatocytes were co-loaded with TMRM (100 nM} and calcein-AM (1 M) and incubated with P (3 uM), calcein free acid (300 uM), and TMRM
(50 nM) in the extraceliular medium with and without deferoxamine (1 mM) or starch- defs {1 mM def ine equivalency), as described
in Materals and Methods. Green fluorescence of calcein and red fluorescence of TMRM and Pl were then imaged by laser scanning confocal
microscopy before (0 minutes) and at 60 and 120 minutes after no further addition (A, Control), 50 nM bafilomycin (B, Baf), bafilomycin in the
presence of deferoxamine (C, Baf+DFO) and bafilomycin in the p e of starch-deferoxamine (D, sBal+DFO). Note the marked decrease of green
calcein fluorescence in the cytosol in B after bafilomycin addition, which did nol occur during the control incubation (A} and which was suppressed

in the presence of deleroxamine (C) and slarch- deferoxamine (D). TMRM fu

nuclei. Each experiment is typical of three or more replicates.

calcein and TMRM and then incubated in the presence of
Pl and calcein-free acid in the extracellular medium. After
exposure to low-dose +-BuOOH (25 uM) alone, virtually
no loss of TMRM or quenching of calcein fluorescence
accurred after | hour, although a small decrease of both
calcein and TMRM fluorescence became evident after 2
hours (Fig, 4A). By contrast, after exposure to -BuOOH
plus hafilomycin together, all TMRM fuorescence was
lost within 1 hour (Fig. 4B). In one of the three cells in the
field, loss of viability had already occurred, as shown by
nuclear staning with PL. In the remaining cells, calcein
Auorescence was decreased, L‘!\Pfti’.ll”_\" in the middle cell.
showing large surface blebs as a sign of cellular stress. After
90 minutes. all cellsin the field had lost viability. asshown
by PI laheling and the equilibranon of intracellular and
extracellular calcein fluorescence. Nonetheless., caleein
Auarescence inside nonviable cells was somewhar less than
outside hecause of r.pacc—ﬁ"ing structures (for example,

was m d under all conditions, and Pi did not label

endoplasmic reticulum and nucler) within the dead cells
(Fig. 4B). Complete loss of TMRM fluorescence followed
by cell death was consistent with onset of the MPT, as
shown previously for hepatocytes exposed to higher con-
centrations of +-BuOOH.*

Protection Against Mitochondrial Depolarization
by Iron Chelators. Calcein-loaded and TMRM-loaded
hepatocytes were pretreated with deferoxamine (1 mM)
before exposure to -BuOOH plus bafilomyein. In the
presence of deferoxamine, mitochondria did not release
TMRM fluorescence after up to 2 hours of incubation
(Fig. 4C). Similarly. quenching of caleein Auorescence
was much decreased in companson with hepatocytes not
treated with deferoxamine (Fig. 4C: compare with Fig,
4B). Moreover. the hepatocyies did nor lose viability, as
shown by the lack of nuclear staining with PL. Similarly.
starch—deferoxamine blocked mitochondrial depolariza-
nion and caleein quenching (Fig. 4D). In chis last expen-
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Fig. 2. Quantitation of calcein quenching after balilomycin treatment.
Mouse hepatocytes were loaded with calcein and treated as described in
Fig. 1. Average calcein fuorescence of individual hepalocytes after
background sublraction was determined al 60 and 120 minules of
incubation as the percentage of fluorescence before additions (0 min-
utes). Bal, bafilomycin; DFO, deferoxamine; sDF 0, starch- deferoxamine;
*F < 0,01 compared with other groups (n = 2-5 hepatocytes per
group).

ment, TMRM had not yer fully equilibrated into
mitochondria at the ume of baseline imaging (Fig. 4D, 0
minutes), and TMRM fluorescence actually increased
during incubation to reach stable steady-state mitochon-
drial loading. Thus, both iron chelators prevented the
MPT and cell death induced by low-dose +-BuOOH plus
bafilomycin.

Formation of ROS After 1-BuOOH Plus Bafilomy-
cin. To assess ROS formation after various treatments,
we incubated mouse hepatocytes with emH,DCF-DA
and measured development of hydroperoxide-indicaring
emDCF fluorescence after exposure to bafilomyein,
+-BuOOH, and bafilomyein plus -BuOOH. Bafilomyein
alone did nor increase hydroperoxide formation ar all in
comparison with untreared  hepatocytes  (Fig.  5A).
+-BuOOH alone caused an approximate doubling of the
emDCF signal in comparison with untreared cells. By
contrast. the combination of bafilomyan plus t-BuOOH
led to a fourfold increased signal (Fig. 5A). Iron chelation
with either deferoxamine or slar&‘h—drfvrnxamin{‘ come-
pletely blocked hydroperoxide formarion after bafilomy-
cin plus +BuOOH to levels observed in untreated cells
(Fig. 5B).

Lysosomal Integrity After Bafilomycin. To this
point. our findings strongly implicated the lvsosomal/
endosomal compartment as a source of mobilized che-
latable iron. hecause bafilomycin increased cytosolic
chelatable iron, as shown by caleain quenching. More.
aver, starch deferoxamine, an ron chelator thar gains
entrance by endocytosis into the endosomal/lysosomal

HEFATOLOGY, Novwember 2008

compartment but not the cytasol, blocked the bafilo-
mycin-induced increase of chelatable iron in the cy-
tosol. Bafilomycin-induced release of chelatable iron
su&;rs!cd thar iron was retained in i}'st:mmes because
of transport coupled to the pH gradient. Alternatively,
bafilomycin may induce lysosomal swelling and rup-
ture to cause iron release. To discriminate between
these possibilities, lysosomes of rat hepatocytes were
loaded with 70 kDa rhodamine—dextran. The mito-
chondria of the hepatocytes were also loaded with cal-
cein, as described later. In untreated hepatocytes,
rhodamine—dextran fluorescence persisted essentially
unchanged for at least 2 hours (Fig. 6A, bottom pan-
els). Although individual lysosomes moved in and out
of the plane of section during the incubation, rhodam-
ine—dextran fluorescence remained punctuate, and no
release of red thodamine~ dextran fluorescence into the
cytosol was observed. These findings confirmed the
expectation thar lysosomes remained intact during the
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Fig. 3. Synergistic cell killing after batilomycin plus t-BuOOH: protec-
tion by deferoxamine and starch- deferoxamine. Viability of mouse hepa-
tocytes was assessed by Pl fluorometry, as described in Materals and
Methods. (A) Hepatocytes were exposed lo 1-BuOOH (25 uM) with and
without 60 minutes of pretreatment with 50 nM bafilomycin (Baf), (B)
Hepalocytes were treated with deferoxamine (1 mM) or starch- deferox-
amine (1 mM deferoxamine equivalency) or no addition belore bafilo-
mycin plus 1BuOOH treatment. In both panels. “None™ represents
hepatocyles incubated withoul any additions, Values are means =
slandard emor from three or more hepatocyte isolations.
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Hg 4. Mitochondnal depolanzation and cell death after batilomycin plus t-BuOOH: protection by deferoxamine and starch- deferoxamine. Mouse
hepatocyles were loaded, as described in Fig. 1, s_nc exposed to 25 uM 1-BuOOH alone (A), (-BuOOH plus 50 nM bafilomycin (Baf) (B), 1-BuOOH

plus bafilomycin after p with def (DFO, 1 mM) (C), and 1-BuDOH plus bafilomycin after pretreatment with starch- deferoxamine
(DFO, 1 mM deferoxamine equivalency) (D). After 1-BuOOH alone (A), note that red mitochondrial TMRM fuorescence was retained and green calcein

quenchmg did not occur, When 1-BuOOH was combined with bafilomycin, calcein quenching. loss a! TMRM, and cellular blebbing occurred within

60 followed by nuclear PI labeling with 2 hours (B). Def

and starch- deh P d calcein quenching. loss of TMRM

fiuorescence and nuclear labeling with Pl (c and D). Each experiment is typical of three or more replicates.

normal incubarion. Similarly after exposure to bafilo-
mycin, rhodamine-dextran fluorescence remained
punctate and did not move into the cytosol after as long
as 2 hours (Fig. 6B, bottom panels). Thus, bafilomycin
was not causing lvsosomal fragility and ruprure for ar
least 2 hours of observation. These results indicated
that iron release was likely linked to bafilomycin-in-
duced collapse of lysosomal/endosomal pH gradients
rather than ro disintegration of individual lysosomes.
Increased Chelatable Iron in Mitochondria After
Bafilomnycin. To assess whether chelatable iron released
from lvsosomes moves into mitochondria, we used a cold
ester loading/warm incubation protocol to load calcein
selecavely into the mitochondna of rhodamine—dextran-
loaded rat hepatocytes. When caleein-AM s loaded ar
colder temperatures into rat hepatocyres. mitochondrial
Csterases dv—mtrrlf_\' a porton of the calcein-AM o lrap
caleein-free acid in the mitochondnal matrix as well as the
eytosol.” % Similarly, lysosomal esterases lead to lvsoso-
mal loading of calcein. Subsequent warm incubation
overnight then causes loss of eveosolic caleein through an
anion transporter in the plasma membrane, but mito-

chondrial and lysosomal calcein is retained. However, at-
tempts to cold ester load caleein into the mitochondna of
mouse hepatocytes were unsuccessful, possibly because of
low activity of the mitochondrial esterase (data not
shown). Accordingly, we continued these experiments us-
ing rat hepatocytes.

After calcein labeling of mitochondria and lysosomes
by cald lvading/warm incubation, compartmentanon of
calcein was quite stable during a normal incubation, and
no redistribution of calcein from either organelle into the
cytosol was observed even after 2 hours (Fig. 6A, top
panels). By contrast, when hepatocytes were exposed to
bafilomycin, mitochondnal calecin fluorescence progres-
sively and substanually decreased over 2 hours (Fig. 6B,
top panels). Caleein fluorescence in rhodamine— dextran-
labeled lysosomes after bafilomyein did nor decrease but
instead appeared to inerease (Fig. 6B, arrows). Thus. as
inferred from caleein quenching and  unquenching,
bahlomycin caused lysosomal chelatable iron to decrease
and mitochondnal chelatable iron 1o increase.

In hepatoeyres co-loaded with thodamine—dextran in
lvsosomes and calcein in both mitochondna and lvso-
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Fig. 5. ROS formation after bafilomycin plus t-BuQOH. protection by
deferoxamine and starch- deferoxamine. Mouse hepatocyles were incu-
bated with emH,DCF-DA (10 uM, and fluorescence was measured using
a fluorescence plate reader. (A) Hepatocyles were exposed to t-BuODH
(25 uM) with and without 60 minutes pretreatment with 50 nM balilo-
mycin (Baf) in comparison with bafilomycin alone. (B) Hepatocyles were
treated with deferoxamine (DFO. 1 mM), starch-deferoxamine (sDFO, 1
mM deferoxamine equivalency), or no addition before bafilomycin plus
1-BuOOH. In both panels, “Control” represents hepatocytes incubated
without any additions. Values are means = standard emor from three or
more hepatocyle isolations.

somes, deferoxamine and starch-deferoxamine each sup-
pressed bafilomycin-induced quenching of mitochondrial
caleein Auorescence (Fig, 6C, D). Deferoxamine mesylate
suppressed quenching of mitochondrial calcein fluores-
cence somewhat more strongly than starch-deferoxamine,
Deferoxamine and starch-deferoxamine also promorted
unguenching of lysosomal caleein fluorescence after
bafilomycin over the course of 2 hours of incubation (Fig.
6C and D, arrows). Taken together, these findings indi-
cated that quenching of caleen fluorescence in mitochon-
dria after bafilomyein was attributable specifically to an
increase of mitochondrial chelatable iron 1n associaton
with a decrease in lysosomal chelatable ron.

Iron Uptake Into Mitochondria by the Calcium
Uniporter. Ru360 is a highly specific inhibitor of the
mitochondnal ¢lectrogenic calaum uniporter.”’ When
hepatocyies were co-loaded with rhodamine—dexeran in
lysusomes and caleein in both mitochondria and lyso-
somes, exposure to bafilomyein in the presence of Ru3on

HEPATOLOGY, Nowmber 2008

(20 uM) decreased mitachondrial calecin quenching
(Fig. 7). However, in contrast to deferoxamine and
starch-deferoxamine, Ru360 did not induce an 1increase of
calcein fluorescence in lysosomes (Fig. 7, arrows).

Discussion

Rel, of Lysosomal Iron Iuto the Cytosol by
Bafilomycin. The major finding of the current work was
that the lysosomal/endosomal compartment of cultured
hepatocytes is a reservoir of chelatable iron, which is re-
leased on inhibition of the proton-pumping vacuolar
adenosine triphosphatase with bafilomycin (Fig. 1). Che-
latable iron released into the cytosol was in part taken up
into mitochondna via the electrogenic calcium uniporrer
residing in the mitochondrial inner membrane (Figs. 6.
7). Bafilomycin-induced release of chelatable iron acted
synergistically with the oxidant +BuOOH to augmenrt
hvdroperoxide formation, onset of the MPT, and cell
death (Figs. 3-3). Suppression of these effects by deferox-
amine and starch—deferoxamine confirmed the specific
role of chelatable iron in augmenting cytotoxiciry.

Quenching of Calcein Fluorescence by Ferrous Iron.
Transition metals rapidly and stoichiometrically quench
caleein fluorescence with the relative potency: Cu > Ni >
Co > Fe” > > Mn > Zn > Ph > Fe?* > Ca, Mg,
Hg."? Although copper and cobalt quench calcein fluo-
rescence, quenching after bafilomycin treatment was pre-
vented by deferoxamine and starch-deferoxamine. These
chelators are highly specific for iron and do not chelare
copper, cobalt, or nickel.”* Aluminum is the only other
biologically relevant meral thar is chelared by deferox-
amine, bur aluminum does not quench calcein Auores-
cence, Thus, calcein quenching most likely represents an
increase of chelatable iron, specifically ferrous iron (Fe? " ).
The magnitude of increase of chelatable iron was substan-
tial, because the decrease of intracellular caleein fluores-
cence was roughly the magnitude of the fluorescence of
caleein (300 pM) placed to the extracellular medium.
Assuming a one-to-one stoichiometry of chelatable iron
to quenched calcein, bafilomycin led to an increase of
chelatable iron in the range of 300 pM.

Two-Hir Hypothesis of Iron-Catalyzed Hydroxyl
Radical Formation. In the presence of H,0; (and O,*
dismutating to H,O,). Fe'” caralyzes OH® formanon
and lipid peroxidation.! After bafilomycin. increased che-
latable iron by itself was not sufficient to enhance ROS
production (increased emDCF formation) (Fig. 5). the
MPT (mirochondnal depolarizanon) (Fig. 4), or cell kill-
ing (Pl uptake) (Fig. 3). Rather. two “hirs”™ of oxidant
stress and icreased chelatable iron were needed o pro-
mote ROS formation. the MPT, and cell killing. Lack of
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Fig 6. Calcein quenching in mitochondra and unquenching in lysosomes aRer bafilomycin. Rat hepatocytes were loaded with 70 kDa
rhodamine-dextran (Rhod-Dex) and co-loaded with calcein by cold ester loading/wam incubation, as described in Materials and Methods. The
hepatocytes were then exposed to no addition (Control) (A), bafifomycin (Baf, 50 nM) (B), bafilomycin after pretreatment with deferoxamine (DFO,
1 mM) (C), and bafilomycin after pretreat with starch-defi ine (sDFO, 1 mM deferoxamine equivalency) (D). Red fMuorescence of
hodamine-dextran and green fluorescence of calcein were imaged by laser scanning confocal microscopy. Bafilomycin was added after collection
of a baseline image (0 minutes) and then after 60 and 120 minutes. Note that mitochondrial calcein fluorescence and lysosomal hodamine- dextran
fluorescence did not change duning the control incubation (A). By contrast, mitochondnial calcein was quenched markedly after bafilomycin, whereas
lysosomal calcein fluorescence co-localizing with rhodamine- destran appeared 1o increase (B). In the presence of deferoxamine (C) and
starch-deferoxamine (D), mitochondrial calcein quenching was suppressed, whereas the increase of lysosomal calcein fluorescence appeared to be
more marked. Rhodamine-dextran did not leak from lysosomes under any condilion. Amows identify representative lysosomal structures. Each

experment is typical of three or more replicates

cytotoxicity after bafilomycin alone was not attributable
to iron chelation by calcein, because cell killing and mi-
tochondrial depolanizanion after bafilomycin did not oc-
cur in the absence of calcein !nadmg (data not shown),
which is consistent with the observation thar most Fe-
chelates are redox active. unlike deferoxamine.™* More-
over. previous expenments with calcein did not show
cytoprotection by the fAuorophore.

Mitachondnial iron overloading causing mirochon-
drial ROS formaton, the MPT, and cell death may con-
tribute ro a variety of hepauc diseases, such as
|l('pallml.tll.'lr_\‘ frnm iron overdose, hemochromatosis,
and aleoholic and nonalcoholic steatoheparins, ! 105
Direct addition of membrane-permeable iron complexes
induces the MPT and killing of hepatocytes.”” Moreover,
in isolated mitochondria, Fe?* induces the MPT at con-
centrations comparable to the approximarely 300-pM in-
ercase of chelarable tron observed here. ™ In condinons

associated with lyvsosomal fragility and breakdown. such

as lipotoxicity and high cyrokine exposure.** release of
iron from lysosomes and uprake into mitochondria also
may contribute to oxidative stress, MPT induction, and
activation of death pathways. Similar mechanisms also
play a role in Wilson's diseases, with copper replacing iron
as the transition metal promoting oxidative stress.?” These
possihilities will need to be explored in future studies.
Cytoprotection by Deferoxamine and Starch-De-
feroxamine via Chelation of Lysosomal Iron. Defer-
oxamine 1s highly polar and poorly permeant through
membranes, and high doses of deferoxamine (0.5-1 mM)
are required o block hepatocyte killing after ischemia/
reperfusion and oxidative stress, which may signify its
poor penetration into the cytoplasm, ! Alternatvely, de-
feroxamine may enter through endocytosis into the acidic
endosomal/lvsosomal compartment. as has been suggest-
ed. To assess the later pn,\sﬂ‘\iflr}. hcp.\mt‘_\-'tc.\ were ex-
pu\ui [ (3] h;lﬁlnm_\_'rm mn l}’h‘ pf\‘ﬁl'nrr nl‘ dl’f-'l‘-)\.‘ii"k‘llrh'
conjugated to hydroxyethyl starch (starch— deferoxamine,
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Suppression of mitochondrnial calcein quenching after bafilomycin by Ru360. Rat hepatocytes were loaded with rodamine- destran and

calcein, as described in Fig. 6, and exposed to 50 nM bafik

{Baf) in the p

of 20 uM Ru360. Note that in companson Lo bafilomycin

alone (Fig. 68), mitochondnial calcein quenching was sunpmssled by Ru360. Amows identify representative lysosomal structures. One experment is

typical of three or more replicates.

1 mM deferoxamine equivalency). The =10 kDa starch-
deferoxamine only enters eells by endocytosis. Strikingly,
starch—deferoxamine prevented bafilomycin-induced cal-
cein quenching as effecuvely as deferoxamine (Figs. 1, 2).
These findings are consistent with the conclusion that
lysosomes/endosomes release chelatable iron after bafilo-
mycin and that deferoxamine and starch—deferoxamine
prevent this release by chelaung the intralumenal iron
store of these organelles. Indeed, after calcein loading into
lysosomes, bafilomycin treatment, especially in combina-
ton with deferoxamine or starch—deferoxamine, caused
unquenching of caleein fluorescence, signifying a decrease
of intralumenal chelatable iron within the lysosomes (Fig.
G6). Other approaches to measuring changes of intralume-
nal lysosomal chelatable iron. such as homogenizing
heparocytes and isolating lvsosomes by density gradient
centrifugation, were considered but not pursued, because
chelatable iron contained in lysosomes would most likely
be rclca;ud hvfuru Thl.' ])'M Bumes C\luld l‘t.‘ puriﬁvd.
Fe*/H" Exchange as a Mechanism of Lysosomal
Iron Release. Changes of chelatable iron also may con-
tribute to normal physielogical processes, In Kupffer cells,
chelatable iron increases transiently after lipopolysaccha-
ride simulation, and iron chelators block nuclear factor
kappa B activation and cvrokine formation.*“** Iron che-
lation alse produces hypoxia inducible factor-1er transac-
tvarion and expression of transferrin n'r:cpturs.“'-' An
important queston is how intracellular iron s mobilized.
Proteolysis in lysosomes and proteosomes recyeles iron for
biosynthenc reactions,™ Similarly. heme oxvgenase re-

leases iron as heme is degraded. Fernitin and hemosiderin
store excess iron in a nonreactive highly chelated form. In
plasma, transferrin binds almost all non-heme iron at two
iron binding sites. Plasma transferrin is 5 to 10 uM, and
transferrin iron occupancy is approximately 30%, which
translates to plasma iron of 3 to 6 uM.4" The endosomal/
lysosomal compartment continuously receives ron by
transferrin recepror—mediated endocytosis,*3' but how
iron is released into the cytosol for cellular needs, such as
synthesis of iron-containing proteins, is not known.* A
membrane iron transporter, divalent mertal transporter-1,
mediates H'/Fe?” symport by enterocytes across the
plasma membrane and early endosomes 1nto the cytosol
and may mediate iron release from lysosomes and late
endosomes.® % In our experiments, alkalinizaton of ly-
sosomes/endosomes with bafilomycin caused release of
chelatable iron into the cytosol without disrupting the
integrity of individual lysosomes. This finding suggests
that a Fe’ "/H " exchange mechanism may be important
in lysosomal iron retention ar low lysosomal pH and re-
lease at high lysosomal pH.

Dunng oxidative stress and hypoxia/ischemia, lyso-
somes rupture in hepatocytes and other cells./*#%%45% |
cell lines. lysosomal ruprure is a source of iron release and
consequent pro-oxidant cell damage.® * Lysosomal deg-
radation also ocecurs in models of apoprosis o hepato-
cvies.” Overall. chelatable iron may act both as a dynamic
regulator of cellular function and as a mediator of cell
injury. Like the better characterized calcium ion, chelar-
able iron may represent both a signal regulanng normal
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cellular responses and an intracellular mediator of toxicity
when iron homeostasis is dysregulated.

Mitochondrial Iron Uptake Afier Lysosomal Iron
Release. Using a technique of cold-loading followed by
warm incubation, we were able to load mitochondria se-
lectively with calcein (Fig. 6). After bafilomycin treat-
ment, mitochondrial caleein fluorescence  decreased,
signifying an increase of chelatable iron within the mito-
chondria. Both deferoxamine and starch deferoxamine
suppressed mitochondnial caleein quenching after bafilo-
mycin (Fig. 6). Thus, chelatable iron released into the
cviosol by hafilomyan from lysosomes and endosomes
was being taken up into mitochondria.

Previous studies show that isolated mitochondria accu-
mulate Fe’* electrogenically via the mitochondrial Ca™”
unporter.® Fe'” is not transported. We confirmed this
observation in intact hepatocytes by showing thar Ru360,
a highly specific inhibitor of the calcium uniporter,"! in-
hibited bafilomyan-induced quenching of mitochondnal
calcein fluorescence (Fig. 7). Thus, mitochondria took up
at least a portion of chelatable iron released by lysosomes
after bafilomycin via the calcium uniporter. In previous
studies of ischemia/reperfusion injury and oxidarive stress
with t--BuOOH, ROS formaton assessed with DCF oc-
curred primarily within mitochondria.*?* Such ROS for-
mation promoted onsct of the MPT and subsequent cell
death, because mitochondrial depolarization, inner mem-
brane permeabilizanion, and loss of cell viability were
blocked by deferoxamine and antioxidants.** Thus, the
two hits of ROS generation and increased chelatable iron
may be occurring within mitochondria to promore the
MPT and cell death.

In conclusion. iron potentiates injury in a variery of
diseases of the liver and other organs. Storage of chelarable
iron in the lysosomal compartment and the mobilization
of lysosomal iron by various stressors may be important
events exacerbating heparocellular injury. In particular,
injury from oxidant stress may involve the two “hits™ to
mitochondna of increased O*— /H,0; and increased che-
latable iron to promote formation of highly reactive and
toxic OH®. Understanding of these mechanisms may lead
to new strategies to minimize iron-dependent hepatoeel-
lular injury in vanous liver discases.,
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CENBHENFJe R B L UTEIEIRMIE Y A WVARSPHCV Y 2/ ¥ 4 T LD 4 L AMEFIZmA,
Mien@BEMAFICINHAEENRTVWS, A HHPLEMEEICNA, AFF) v 2 Fo—4A
(MetS) DHE T T DI TORIAETH 2ITHEM{EA, CHIFKIZEVTLHFBH#ILOMRITLA >~

§—7 x> (IFN) EMEHEIHFSTLIATLE L THAETH LA LARAERE STV A,

hb

DEENEATFOHRIEIZREERLHERDROTFMHHTH LT TR MEPICA T 282y
A NWARERMAT TO—FOMILIC LA DEZ LM B,

(HA&EE 97 : 69~74, 2008)

Key words : chronic hepatitis C, interferon resistance, fatty liver, hypertension, metabolic syn-

drome
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EINCBITHCEFRY A VAT x ) T4
200 FABBEMEESNTE Y, CRUBHIT 2B E
D% {13 RS R B4 WY MR % R THFIEZE -
FFARRAME A~ & AT 5 B 7200, WA LY 1 )L
AFECEDREER AT AL E S D,
CERIUBMRT 2133 B30 4 W ABHE I B ST
l&4 »#—7 0¥ (IFN) & /- iG#HnE—
OBINFETH Y, V5K » (Riba) WU
HR R Z{LIFN®FH] (Peg-IFN) OB X L
A& LeB3 5 & FOEREBIIHBEICE ELT
ETw2500, RKELTHREMIS FTE
T5. FICERVEICEBVTIZIFNZEYD S OFEW

WIHLE HAWE, REALT hwl, bl

TaHE L MEREKENHLEAH

(69)

T/ ¥4 TIbE - B A LA BMDIEFIL 7 HE
{EREDHTHEY, BAEDHEMN 2 Peg-IFN + Riba
PERMmETD Y 4 v AFEREME{L (SVR) ¢
50% MIRICH T o T WA LAKELZMETH
2. 2D & ) CIFNIGHEMI LS L LRV
(HRRTIREWI EDFREREBIZHI- 228,
YA NAMOEF ML TH 4 OFEMEF»
HEERIZLTWAEEZEZLNA. HCVD 7 4
WA 2 ) 247, 74 VARIETFOER
LTI |MCEYBohAT4LA
DFHTIZ & D MRS (SN TVW S,
BEMHEFOMITIE L Y PHETHE WL, +
S I N TVB EIRFVEEY., LaL.
FoBARERCHMLA 7 =X 2T 5%
WEVREOREDMESIZEET L, FoA ¥ K
YouzirFuo—Lh (MetS) i Lo LT 5K
HFRFEROFRIE~ORE AR EEFH S TY

BEMELSEE WI7E N1 8. ¥H20%1 B108

= 93—
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C @A O RE(LERERET 2 8I5HHHE SIRBGNER

W EAI

SEEEHER

HFE (BEHAEZO0% b—AMETF)

Angiotensinogen

7L - EFEE
HIV 8&U HBY OEASR

TGF-p1 mAGEH

TNF-a iz

ApoE WEm - 1 A R
MEH (Microsomal epoxide hydroxylase) FFRERA{E

MCP-1, MCP-2 =

Factor V MO A L AREDED

4. KR TIZCRIFF 22 0 ME & IFNE IS
B A TE EME T IZ2WT, MetSE @B A
A ZHERE L Az,

1. 58 - 15%E ECREIFRORMELER
b JUIFNABRUEME

—HERYIHCV IR a7 S BYERT 22 % & THTFIEE
I2E L T TORMIZ20~30E2ET 5L Fbh
TWd, %S, 20 2\ L 30 Eft oz i &
DHCVIZ &% L, 50—60 mfQLLME Iz fFiEZE %
BELAHBORELRDD L Vo ofEiliT 6
HTHMEINTHS. Lo L, —7FHT50 sfLlig
V7% o CTHCVICHIER L, 5~10 FREDEBT
BEICTEEICECET I AL LT
Brahs., /o HETRLZWVLDAMICEREL
7ol EZOND S —ATYH 30 BAICHFEZEIZE
HZZLIIMTHS. SO LIFHCVOFF#E
ERMAM L D b R R A E OFEAL, JFIZ 50
BN E»rSCRBBIC R L EZTBLTWVA,
277, CEIBYERT S EATIZIZEA & e E DR
b, BYEL B LTI LR
PRRIETHAZ LGN T WA, KMHETY
50 MARLIBEIC R ICHF ROEITHERLN DI L
A&, LTI ROETHEN EO—HF
LT, ZERNLEY, B APO P
FFRRMETL ) L THIRIM ISR 2 2 L 2504y
EBRORTIFMEHASI A TS, LaL. B
P95 RV E CRBEOZE(LA e MoB ACRITSR

BEAHESEE MO7# M1 8- Fm20F1 F10A

(70)

DETERELTVBNE) DZ20TIE, £
FLL S F U RAEILT VWS LT
ATz

B RE T O MAMELIZ, 4 DBETK
BIUVRHAFPLEHEBIZIVHAESIRTY
2. CERIF#£ICH ZIFMELD, R D
TELIFEECES WL, G caEIC
MRHEL AT+ A BEIC AN T A5 LAk,
ZOLSRBAAELBREEE LTI, 740
ZlCHT A RBERICDERIZMA T, EEDk
FEREILA P LA, MRS IEERRCMED S
e ZEHFOBADEITLNDS (K1), I,
BT THd MetSBRE o 8 T 22 FF IR BA L2 SAF#iHE
ILERIZLFS L TVAIEAER SN TWS.
IFN &R R 2B LT, I LTl o &%)
RATENZ L HE { DBERNRE >SS A
Tdha. MHEILAERE FITldm iR B MR E A
BnI &L &k )+ ROIFNES AR
CENEFDO—HELZ>TVEEEZOLONDELD
D, WEEO A A =X Mo TIRLTLL+
SIZIEBH I T TwWiwv, —, CRBEFkD
IFNZEGM IS E T 2 RIEZFERICOVWTLEHS
{oMEDBHYN, —HBEREZE (SNP) T A
FHEN TS (F2).

2. CEBMARICH I SAFIERIEESIFN
AR

HAETHBORE A S B RA— BRI % .
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