Iron-Mediated Inhibition of Mitochondrial Manganese
Uptake Mediates Mitochondrial Dysfunction in a Mouse
Model of Hemochromatosis
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Previous phenotypiny of glucose homeostasis and insulin secretion in a mouse model of hereditary hemochromatosis (Hfe™)
and iron overload sugyested mitochondrial dysfunction. Mitochondria from Hfe”~ mouse liver exhibited decreased respiratory
capacity and increased lipid peroxidation. Although the cytosol contained excess iron, Hfe™™ mitochondria contained normall
iron but decreased copper, manyganese, and zinc, associated with reduced activities of copper-dependent cytochrome ¢ oxi-
dase and manganese-dependent superoxide dismutase (MNSOD). The attenuation in MnSOD activity was due to substantial lev-
els of unmetallated apoprotein. The oxidative damayge in Hfe”~ mitochondria is due to diminished MnSOD activity, as manga-
nese supplementation of Hfe”™ mice led to enhancement of MnSOD activity and suppressed lipid peroxidation. Manganese
supplementation also resulted in improved insulin secretion and glucose tolerance associated with increased MnSOD activity and
decreased lipid peroxidation in islets. These data suggest a novel mechanism of iron-induced cellular dysfunction, namely altered

mitochondrial uptake of other metal ions.
Online address: hitp://www.molmed.org

doi: 10.2119/2007-00114.Jouihan

INTRODUCTION

Hereditary hemochromatosis (HH) is a
common autosomal recessive disorder of
iron metabolism (1,2). The majority of in-
dividuals with HH are homozygous for a
single nucleotide substitution (C282Y) in
the hemochromatosis gene (HFE) (3).
Normal HFE protein expression is re-
quired for hepatic synthesis of hepcidin,
a peptide that regulates iron absorption
in a negative feedback loop through the
downregulation of the iron channel fer-
roportin (4). Patients with HH are char-
acterized by excessive intestinal absorp-
tion of dietary iron leading to systemic
iron overload in multiple organs which
may result in cirrhosis, diabetes, and car-
diac failure (1,5-7). It is assumed, but un-
proven, that the progressive accumula-

tion of iron in tissues of HH patients is
directly responsible for complications via
iron’s established role in promoting tis-
sue damage by free radical-mediated
mechanisms (8-10).

Although diabetes is part of the classic
clinical presentation of hemochromatosis,
its pathogenesis is not fully understood.
We have demonstrated previously that
mice with targeted deletion of the he-
mochromatosis gene (Hfe ') (11), like hu-
mans with HH (5), exhibit decreased in-
sulin secretion. The mouse islets show
evidence of oxidative stress, apoptotic
loss of B3 cell mass, and desensitization of
glucose-induced insulin secretion second-
ary to iron accumulation (11). Because of
the crucial roles of mitochondria in both
apoptosis and glucose-stimulated insulin
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secretion, we hypothesized that iron
might result in mitochondrial dysfunc-
tion. Herein, we demonstrate that in the
liver of Hfe”~ mice, iron accumulates
mainly in the cytosol but not in mito-
chondria. Mitochondrial manganese,
copper, and zinc, however, are decreased
significantly. This is associated with re-
ductions in mitochondrial oxygen con-
sumption, the activities of mitochondrial
manganese-dependent superoxide dis-
mutase (MnSOD), and copper-dependent
cytochrome c oxidase (CCO). This mito-
chondrial dysfunction is reversible with
manganese supplementation, which nor-
malizes lipid peroxidation and MnSOD
activity, and leads to enhanced insulin se-
cretory capacity and improved glucose
tolerance in Hfe”/~ mice.

MATERIALS AND METHODS

Experimental Animails

Mice with targeted deletion of the
mouse hemochromatosis gene (er'/ D)
(12,13) were bred onto the 129/SvEvTac



strain for at least eight generations. Di-
etary iron overload was produced by sup-
plementing the diet with 20 g/kg carbonyl
iron (Harlan Teklad TD91013) for a period
of 2 months. Manganese supplementation
was achieved by a daily intraperitoneal
(i.p.) injection of 250 pL of 30 mM MnCl,
in sterile saline (0.9 %). Control mice were
injected with sterile saline. Female Hfe™’~
mice were used at 8 to 10 months of age
and age-matched wild type 129/SvEvTac
littermates (Hfe™'*) were used as controls.
Procedures were approved by the Institu-
tional Animal Care and Use Committee of
the University of Utah.

Isolation of Mitochondria

Fresh mouse livers were minced and
homogenized at 4°C in 250 mM sucrose,
5 mM Tris/HCl and 2 mM EGTA, pH 7.4
(for respiration assays) or 250 mM su-
crose, 10 mM HEPES, 0.5 mM EGTA,
0.1% BSA, pH 7.4 (for other assays). Ho-
mogenization utilized four to six strokes
with a Dounce homogenizer in isolation
medium (10 mL/g tissue). The ho-
mogenates were centrifuged at 1,000 for
3 min at 4°C. The supernatants were cen-
trifuged (12,000g, 10 min) to obtain a
crude mitochondria pellet. These pellets
were washed in 10 mL of isolation buffer
(without BSA and EGTA), recentrifuged,
and resuspended in isolation buffer. Pro-
tein concentrations were determined
using the Bio-Rad Bradford assay kit
(Hercules, CA, USA). Isolation of pure
mitochondria was performed using a dis-
continuous Histodenz (Sigma St. Louis,
MO, USA) gradient (16% on 28%) as de-
scribed previously (14). Integrity of mito-
chondrial preparations was verified by
the presence of MnSOD and cytochrome
¢ oxidase enzyme activity in mitochon-
drial, but not cytosolic, fractions. The pri-
marily cytosolic Cu/Zn-SOD activity was
not detected in mitochondrial fractions,
confirming their purity.

Measurement of Mitochondrial
Oxygen Consumption

Oxygen consumption in isolated liver
mitochondria was measured using a
fiber-optic oxygen sensor (Ocean Optics,

Orlando, FL, USA) as described (15).
Mitochondrial protein (1-2 mg) was
suspended in 2.0 mL of 120 mM KCI, 3
mM HEPES, 5 mM KH,PO,, 1 mM
EGTA, and 1 mg/mL free fatty acid
BSA, pH 7.2. Respiration assay was per-
formed in a thermostated (25°C), water-
jacketed, sealed glass chamber with
constant magnetic stirring. Oxygen con-
sumption rates were measured for each
of the following substrates: 5 mM gluta-
mate + 2 mM malate and 5 mM succi-
nate + 10 mM rotenone in the basal state
(state 2), following the addition of 1 mM
ADP (to maximally stimulate the respi-
ration, state 3), and in the presence of

1 ug/mL oligomycin to block ATP syn-
thesis (state 4). Respiratory control ra-
tios (RCR) were calculated as the ratio
of respiration rate in state 3 to that in
state 4.

Determination of Mitochondrial
Enzyme Activities

Cytochrome c oxidase (CCO) assay
was performed in the presence of 32
mM exogenously reduced cytochrome ¢
in 40 mM potassium phosphate (pH
6.7) and 0.5% Tween 20 (14). The CCO
activity was calculated by recording the
oxidation of reduced cytochrome c at
550 nm, expressed as nmol oxidized cy-
tochrome ¢/min/mg of protein. Succi-
nate dehydrogenase (SDH) activity was
measured using 10-50 mg crude mito-
chondrial proteins in a total volume of
1 mL of 50 mM potassium phosphate
(pH 7.6), 5 mM EDTA, 1 mM KCN,
25 mM sodium succinate, 0.12 mM cy-
tochrome ¢, and 0.12 mM phenazine
methosulfate (PMS), and expressed as
arbitrary units (change in A..,/min/mg
protein) (16). Aconitase activity was
measured in 50 mM Tris-HCI (pH 7.5)
containing 20 mM cis-aconitic acid. The
rate of change of absorbance was fol-
lowed for 10 min at 240 nm, with the
activity expressed as mmol cis-aconitate
used/min/mg of protein. Malate dehy-
drogenase (MDH) activity was mea-
sured by following the rate of oxidation
of NADH in the presence of oxaloac-
etate (17). An extinction coefficient for
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NADH of 6.22 mM™ cm™ at 340 nm
was used to calculate the enzyme activ-
ity (nmol/min/mg of protein). Total
SOD and MnSOD activities were as-
sessed using a Superoxide Dismutase
Assay Kit according to the manufac-
turer’s protocol (Cayman Chemical,
Ann Arbor, MI, USA). One unit of SOD
is defined as the amount of enzyme
needed to exhibit 50% dismutation of
the superoxide radical.

Immunoblotting Analysis

Equal amounts of mitochondprial pro-
tein extracts or FPLC-purified mitochon-
drial fractions were electrophoresed
through a 12% polyacrylamide gel and
electroblotted to a polyvinylidene fluo-
ride membrane (Bio-Rad, Hercules, CA,
USA). Membranes were immunostained
first with rabbit anti-MnSOD polyclonal
antibody (Upstate, Lake Placid, NY,
USA) or with mouse anti-porin (human
mitochondrial) polyclonal antibody
(Molecular Probes, Eugene, OR, USA) as
a control, and then with HRP-conjugated
secondary antibodies. Proteins were de-
tected using a chemiluminescence sys-
tem (PerkinElmer, Boston, MA, USA).
Densitometry measurements were ob-
tained using a UMAX Astra 3450 scanner
(UMAX Technologies, Fremont, CA,
USA) and NIH Image 1.63 (Bethesda,
MD, USA).

Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES)
Analysis

Equal amounts of mitochondria were
acid-digested for 1 h in sealed tubes at
95°C in 150 mL of metal free 40% nitric
acid (Optima, PerkinElmer, Boston, MA,
USA) as described (14). As controls,
blanks of nitric acid were digested in
parallel. Samples were centrifuged
(22,000 g, 15 min, 4°C) and supernatants
were diluted to 600 nL using double-
distilled water. Metal concentrations by
ICP-OES (Optima 3100XL, PerkinElmer)
were determined from a standard curve
using metal standards (Optima,
PerkinElmer).
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Chromatographic Fractionation of
Mitochondrial Proteins

Equal amounts of crude mitochon-
dria from Hfe”’~ and control mice were
sonicated (3x30 sec pulses, 50% output,
Ultrasonic W-380, Misonix, Farming-
dale, NY, USA). After centrifugation
(22,000 g, 15 min), soluble fractions
were diluted into Buffer A (50 mM
ammonium-acetate, pH 8.5), filtered
(0.45 mM), and loaded onto a HR10/
10 MonoQ column (Amersham Bio-
sciences, Piscataway, NJ, USA) equili-
brated in 10 column volumes (CV) of
Buffer A. After washing with 5 CV
of Buffer A, a 25 CV gradient (0-100%)
of Buffer B (1 M ammonium-acetate,
pH 8.5) was initiated. Fractions con-
taining MnSOD protein were fraction-
ated further by size-exclusion (HR 10/30
Superdex-200, Amersham Biosciences)
in 20 mM Tris (pH 8.5) and 100 mM
NaCl. All fractions were analyzed by
ICP-OES and 150 mL aliquots were
concentrated by speed drying for deter-
mination of MnSOD protein content by
immunoblotting.

Thiobarbituric Acid Reactive
Substances (TBARS) Assessment

TBARS levels were measured to assess
lipid peroxidation (18-20) according to
the manufacturer’s protocol (OXItek
TBARS Assay Kit, Zeptometrix, Buffalo,
NY, USA).

Quantitation of Transcript Levels by
RT-PCR

After a 17 h fast, mice were killed and
livers isolated and processed as
described (11). First strand cDNA syn-
thesis was performed on RNA samples
(1.5 mg/ea) using SSRTII reverse tran-
scriptase (Invitrogen, Carlsbad, CA,
USA) according to manufacturer’s pro-
tocol and utilizing 125 pM T14VN oligo-
dT first-strand primers (21). Real-time
PCR for MnSOD and two normalizer
transcripts (Cyclophilin-A and RPL13a)
was performed as described (22). Primers
for mouse MnSOD were, 5' -GCCAC
CGAGGAGAAGTACCA-3" and
5 -GCTTGATAGCCTCCAGCAACTC-3,

amplifying a 178-bp product. Eight point
log-linear standard curves from compila-
tion cDNA were generated within each
PCR run, and normalization to the aver-
age of the two normalizer transcripts
was applied as described (11).

Intraperitoneal Glucose Tolerance
Testing (IPGTT) and Insulin
Determination in vivo

After a 6 h fast, glucose (1 g/kg body
weight) was administered intraperi-
toneally to nonsedated animals. Tail vein
blood (3 pL) was sampled at 0-120 min
for glucose determination (Glucometer
Elite, Bayer Corp., Tarrytown, NY, USA).
Blood (50 pL) also was collected at 0 and
30 min for insulin determination (Sensi-
tive Rat Insulin Kit, Linco Research, St.
Charles, MO, USA).

Preparation of Islets

Islets were isolated after collagenase
digestion as described (23). Islets were
separated from acinar tissue on a discon-
tinuous Ficoll gradient.

Statistical Procedures

Descriptive statistics are represented as
average = standard error. The unpaired
student t-test (two tail) was used to com-
pare differences between experimental
and control groups.

RESULTS

Mitochondrial Function in Liver of
Hfe™~ Mice

Because the insulin secretion abnor-
malities in iron-overloaded Hfe’~ mice
are suggestive of mitochondrial dys-
function (11), we assessed mitochon-
drial function in Hfe”’~ mice and wild
type controls. We used mitochondria
from liver because that tissue is iron-
overloaded in the Hfe”/~ mice to a simi-
lar degree as islets (11) and the tissue
provides sufficient amounts of mito-
chondria for functional assays. Total
mitochondrial yield in preparations
from Hfe”/~ and wild type mice were
similar: 11.7 =+ 1.5 mg of mitochondrial
protein/g wet liver of wild type com-
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pared with 13.0 = 1.4 mg of mitochon-
drial protein/g wet liver of Hfe”~ mice
(P = 0.5). Mitochondrial function was
analyzed by measuring the rates of oxy-
gen consumption utilizing two sub-
strates (glutamate/malate and succi-
nate) which serve as functional markers
for electron transport complexes I and
11, respectively. Compared with wild
type mice, mitochondria from liver of
Hfe’~ mice exhibited reduced mito-
chondrial respiration. Under gluta-
mate/malate-supported respiration,
states 2, 3, and 4 mitochondrial respira-
tion were reduced by 51% (P < 0.01),
27% (P < 0.05), and 37% (P < 0.01), re-
spectively (Figure 1A). Similar reduc-
tions in Hfe”’~ mitochondrial respiration
were found when succinate was used as
substrate: States 2, 3, and 4 respiration
were reduced by 33% (P < 0.01), 19%

(P <0.05), and 31% (P < 0.01), respec-
tively (Figure 1B). Because oxygen con-
sumption rates during state 3 and state
4 were reduced proportionally, the res-
piratory control ration (RCR) did not
differ in Hfe”’~ mice compared with
controls (Figure 1A-B). The reduction
in mitochondprial respiration was not
associated with decreased protein lev-
els of subunits of electron transport
chain complexes (complex I: 30 kDa
iron-sulfur protein 3, and 39 kDa
a-subcomplex 9; complex II: 30 kDa
iron-sulfur protein; and complex IV: 57
kDa COX1, data not shown).

Elevated Levels of Lipid Peroxidation
in Liver Mitochondria from Hfe /-
Mice

Reduced mitochondrial respiration can
result in enhanced oxidative damage
(24,25). To determine whether liver mito-
chondria from the Hfe”’~ mice exhibited
increased oxidative damage, we deter-
mined the levels of thiobarbituric acid re-
active substances (TBARS), a marker of
non-specific lipid peroxidation (18-20).
Liver mitochondria from Hfe”~ mice had
a 61% increase in TBARS compared with
controls (Figure 1C; 0.132 = 0.012 vs.
0.082 = 0.01 nM malondialdehyde
(MDA)/mg protein; P < 0.05).
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Figure 1. Lower respiratory activity and increased lipid peroxidation in isolated liver mito-
chondria from Hfe”~ mice. Respiration was measured in liver mitochondria from Hfe'’*
and Hfe™™ mice using either glutamate/malate (A) or succinate/rotenone (B) as sub-
strate. Rates of oxygen consumption during states 2, 3, and 4 were expressed as nmol
O,/min/my protein and values reported are means = SEM of 8-10 experiments. RCR, res-
piratory control ratio. *P < 0.05 compared with wild type, n = 8-10/group. C. Lipid peroxi-
dation in liver mitochondria from Hfe™~ mice compared with wild type controls. Values
are represented as the mean = SEM and are expressed as nM equivalent of malondialde-
hyde (MDA) normalized to mitochondrial protein content per sample (*P < 0.05 com-
pared with wild type, n = 5 for controls and n = 6 for Hfe™™ mice).

Altered Content of Transition Metals in
Cytosolic and Mitochondrial Fractions
from Livers of Hfe”~ Mice

We have reported previously that iron
levels in total liver homogenates from
Hfe”~ mice were elevated compared with
wild type controls (11). We therefore sought
to determine if iron also might be accumu-
lating in the mitochondria to account for
the respiratory defect in Hfe”/~ mitochon-
dria. Cytosolic fractions from Hfe”’~ mice
had significantly increased iron levels com-

pared with wild type controls (Figure 2A;
157%, P < 0.001). However, normal levels of
iron were observed in gradient-purified mi-
tochondria of the Hfe”~ mice (Figure 2B). In
contrast, mitochondria from er‘/ ~livers
exhibited significant decreases in copper
(44%), manganese (38%), and zinc (30%)
compared with wild type animals (Figure
2B, P < 0.01). Cytosolic content of copper
(+4%), manganese (+3%), and zinc (+3%) in
Hfe”'~ liver were not significantly different
from wild type mice (Figure 2A).
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Figure 2. Metal content in cytosolic and
mitochondrial liver preparations. Cytosolic
and gradient-purified mitochondrial
preparations were isolated from livers of
Hfe™ and Hfe*’* control mice. Values from
Hfe™~ mice were normalized to wild type
values and data represent the percent
change in Hfe”™ mice compared with
confrol mice (*P < 0.01, n = 9-12 indepen-
dent determinations per group, with each
assay using mitochondria pooled from
two 1o three livers). A. Cytosolic content of
copper, iron, zinc, and manyganese from
Hfe™”~ mice relative to wild type controls.
B. Mitochondrial metal content from Hfe™~
mice relative to wild type controls.

Reduced Mitochondrial Cytochrome
C Oxidase and Manganese
Superoxide Dismutase Activities in
Hfe~ Mice

We next sought to determine if the re-
duction of mitochondrial manganese and
copper were functionally significant by
measuring the activities of copper-
dependent cytochrome c oxidase (CCO)
and the manganese-containing superox-
ide dismutase (MnSOD or SOD?2) in liver
mitochondria from wild type and Hfe”/~
mice. Hfe”/~ mice had a 21% decrease in
mitochondrial CCO activity compared
with controls (Figure 3A, 4.06 + 0.17 vs.
5.12 = 0.37 nmol/min/mg protein, P <
0.05) and a 25% reduction in mitochon-
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drial MnSOD (Figure 3B, 3.34 = 0.35 vs.
4.44 = 0.33 units SOD2/mg protein, P <
0.05). The reduction in MnSOD activity
was not associated with decreased levels
of either mitochondrial MnSOD protein
(12.9 = 1.19 densitometry arbitrary units
in wild types-verses-13.5 + 2.4 in Hfe”/~
mice, n = 6/group, P = 0.8) or mRNA
(relative levels of 1.00 + 0.10 in wild type,
n =7 compared with 1.01 + 0.07 in Hfe ™",
n =38, P =0.9). CCO and MnSOD activi-
ties were not detected in cytosolic frac-
tions (data not shown), confirming that
the purification procedure generated in-
tact mitochondria without leakage of
CCO or MnSOD into cytosol. Activity of
malate dehydrogenase (MDH), a non-
metal containing enzyme of the mito-
chondrial tricarboxylic acid cycle, was
not different between Hfe/~ mice and
wild type controls (Figure 3C, 18.6 = 2.8
vs. 18.8 = 2.8 nmol/min/mg protein,
P=0.7).

Normal mitochondrial aconitase and
succinate dehydrogenase activities in
Hfe™ mice. Aconitase and succinate de-
hydrogenase (SDH) are iron-sulfur-
containing enzymes that are susceptible
to inactivation by superoxide radicals
(26). Mitochondrial aconitase activities in
er’/ ~ mice were not reduced, however,
compared with controls (0.62 = 0.14
mmol/min/mg protein in wild type-
verses-0.65 = 0.15 mmol/min/mg pro-
tein in er’/’ mice, n = 11, P = 0.9), nor
were SDH activities (0.079 = 0.027 unit
SDH/min/mg protein in wild type vs.
0.078 = 0.015 unit SDH/min/mg protein
in Hfe”’~ mice, n = 8-10, P = 0.85).

Wild type mice with dietary iron over-
load also display abnormal mitochon-
drial metal distribution and function.
The altered mitochondrial levels of cop-
per, manganese, and zinc may arise from
the cytosolic iron accumulation in Hfe™’~
mice or from a function of the HFE pro-
tein. To address this question, we sub-
jected wild type Hfe"’* mice to either nor-
mal chow (NC) or a diet supplemented
with carbonyl iron to induce tissue iron
overload. Cytosolic fractions from wild
type mice fed excess dietary iron dis-
played high iron levels compared with
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Figure 3. Mitochondrial enzyme activities.
Crude mitochondria were isolated from
livers of Hfe™~ mice (open bars) and Hfe
controls (black bars). Values are repre-
senfed as the mean = SEM. A. Activity of
CCO was reduced significantly in Hfe™"
mice (4.06 +0.17 vs. 5.12 = 0.37 nmol oxi-
dized cytochrome c¢/min/my protein, 6-7
mice/group, *P < 0.05). B. Activity of
MnSOD was reduced in Hfe”~ mice (3.34 =
0.35 vs. 4.44 + 0.33 unit SOD/my protein,
7-9 mice/group, *P < 0.05). C. MDH activ-
ity showed no difference between Hfe™”"
mice and wild type controls (18.6 = 2.8 vs.
18.8 + 2.8 nmol NADH used/min/my pro-
fein, 6-7 mice/group, P=0.7).

+/+

NC-fed wild type controls (Figure 4A;
+770%, P < 0.01), yet cytosolic levels of
copper (+16%), manganese (-16%), and
zinc (+9%) in livers of iron-fed mice were
not significantly different from NC-fed
animals (Figure 4A). The increase in cy-
tosolic iron was significantly greater than
that seen in the Hfe”’~ mice (Figure 2A),
and was also associated with elevated
mitochondrial iron content in iron-fed
wild type mice (Figure 4B; +102%, P <
0.03). Mitochondria from wild type mice
fed excess dietary iron also displayed
significant decreases in copper (-18%,
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Figure 4. Altered metal distribution,
MnSOD activity, and lipid peroxidation in
liver preparations from wild type mice
fed excess dietary iron. Cytosolic (A)
and gradient-purified mitochondrial (B)
preparations were isolated from livers of
aye-matched (8-10 month old) male
wild type mice fed either normal chow
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Contents of copper, iron, zinc, and man-
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ized to WT-NC values and data repre-
sent the percent chanye in iron-fed
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mice (*P < 0.05, n = 4-9 independent de-
terminations per group, with each assay
using mitochondria pooled from two to
three livers). C. Activity of mitochondrial
MnSOD was reduced in iron-fed Hfe*'*
mice (2.62 = 0.08 for iron-fed mice vs.
3.32 + 0.15 unit SOD/mgy protein for con-
trols, 4 mice/group; *P < 0.01). Values are
represented as the mean = SEM. D.
TBARS in iron-fed Hfe*’* mice were ele-
vated compared with NC-fed confrols
(0.13 £ 0.01 compared with 0.06 = 0.005,
4 mice/group; *P < 0.01).



P < 0.05) and manganese (-34%, P < 0.01)
(Figure 4B). Zinc levels were 14% lower
than NC-fed control animals, but that
difference was not statistically significant
(P = 0.12; Figure 4B). Mitochondria from
iron-fed wild-type mice had a 21% de-
crease in mitochondrial MnSOD activity
(Figure 4C; 2.62 + 0.08 compared with
3.32 = 0.15 unit SOD2/mg protein, P <
0.01) without a change in MnSOD pro-
tein (not shown). Liver mitochondria
from iron-fed wild type mice also had a
109% increase in lipid peroxidation
(TBARS) compared with NC-fed controls
(Figure 4D; 0.132 = 0.014 vs. 0.063 + 0.014
nM MDA /mg protein; P < 0.005).

Decrease in SOD-Bound Manganese
in Mitochondria from Livers of Hfe™"
Mice

To assess whether the decrease in
mitochondrial manganese was directly
responsible for the observed reduction in
MnSOD activity in Hfe”~ mice, we puri-
fied MnSOD and determined the degree
of metallation of this protein. Soluble
components of liver mitochondria from
wild type and Hfe”’~ mice were subjected
to Mono Q anion exchange FPLC fol-
lowed by size exclusion chromatography
(Figure 5A). Immunoblotting was uti-
lized to detect mitochondrial MnSOD
protein and metal levels were assessed
by ICP-OES. A manganese-containing
peak coeluted with the bulk of SOD pro-
tein in wild type and Hfe”’~ mitochon-
drial preparations (Figure 5A-B). In
Hfe”~ mitochondrial preparations, the
manganese content normalized to the
eluted SOD protein was reduced by 54%
compared with wild type controls (Fig-
ure 5C, P = 0.02). Although this degree of
decrease in Mn associated with MnSOD
in Hfe”’~ mice is larger than the observed
decrease in intramitochondrial Mn (38%,
Figure 2) and the decrease in MnSOD ac-
tivity (25%, Figure 3), the relative de-
creases in these three measures are not
significantly different from one another.
Only trace amounts of iron coeluted with
the bulk of SOD protein, with no differ-
ence between wild type and Hfe”/~ frac-
tions. A second manganese-containing
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Figure 5. Reduced amounts of manganese associated with SOD protein in mitochondria
from livers of Hfe™~ mice. SOD protein was purified from equal amounts of crude mito-
chondrial protein extracts of Hfe”™ and control mice by anionic exchanye followed by
size exclusion FPLC fractionation. Measurement of manganese and iron content in 1 mL
fractions following size exclusion was performed by ICP-OES. Immunoblotting with MnSOD
antibody was utilized to determine SOD protein content and final values were measured
as arbitrary densitometric units (range 0.0 to 0.3). A. Manganese (black squares and
dashed line), iron (black circles and dotted line), and MnSOD protein (open triangles and
solid line) in mitochondrial fractions from wild type mice (averayge of three independent
determinations). B. Manganese, iron, and MnSOD protein levels in mitochondrial fractions
from Hfe”™ mice. C. Incremental areas under manyanese curves were calculated and
normalized to SOD protein (measured as arbitrary densitometric units). SOD-bound man-
ganese was decreased by 54% in mitochondria from liver of Hfe”™ mice compared with
control mice (P =0.02, n = 3/group).
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peak (fractions 5-8, Figure 5A-B) was
seen inconsistently in both mice groups,
but this peak was not associated with
SOD protein and thus represents either
an artifact or a manganese-containing
component of unknown identity.
Manganese supplementation reverses
mitochondrial manganese deficiency and
restores MnSOD activity in Hfe™ mice.
Because the observed reduction in mito-
chondrial manganese content in Hfe”~
mice was associated with under-metalla-
tion and decreased activity of MnSOD,
we hypothesized that supplementing
manganese might reverse these defects.
Manganese supplementation was
achieved by daily intraperitoneal injec-
tions of MnCl, for 1 week. We deter-
mined the distribution of manganese and
iron in cytosolic and gradient-purified
mitochondrial fractions prepared from
livers of mock-treated and the manga-
nese-supplemented Hfe”’~ mice. Iron con-
tent in both cytosol and mitochondria
were similar in manganese-supple-
mented Hfe”” mice compared with mock-
treated Hfe”~ controls (Figure 6A). Man-
ganese treatment, however, resulted in
14- and 20-fold increases in cytosolic and
mitochondrial manganese, respectively
(Figure 6B). This increase in mitochon-
drial manganese resulted in a 192% in-
crease in mitochondrial MnSOD activity
(Figure 6C, 9.76 + 0.45 compared with
3.34 = 0.35 unit SOD/mg protein, P <
0.001) in manganese supplemented Hfe™'~
mice without affecting mitochondrial
MnSOD protein levels (data not shown).
The enhancement in MnSOD activity had
a protective effect. Manganese supple-
mented Hfe”” mice had a 54% decrease in
lipid peroxidation as assessed by mito-
chondrial TBARS levels, compared with
mock-treated Hfe”~ controls (Figure 6D;
0.06 = 0.007 compared with 0.13 = 0.017
nM MDA /mg protein; P < 0.01).
Manganese supplementation im-
proves glucose-induced insulin secretion
and glucose tolerance in Hfe” mice. Our
original hypothesis was that the decrease
in insulin secretion in Hfe”” mice was
due to mitochondrial dysfunction (11). If
similar effects to those described for liver
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Figure 6. Manganese supplementation reverses mitochondrial phenotype of the Hfe™~
mice. Liver cytosolic and gradient-purified mitochondrial preparations were isolated from
Hfe”~ mice that either were mock controls or manganese-treated (plus Mn). Figures show

contents of cytosolic and mitochondrial iron and manganese from Hfe

" mice (plus Mn)

(hatched bars) presented as the percent chanye in (plus Mn) Hfe”’™ mice compared with
controls (open bars). A. Iron content in cytosolic and mitochondrial preparations from
Hfe™ mice (plus Mn) displayed no chanyges compared with mock-treated Hfe”™ mice.
Actual iron values were: cytosol, 24.7 + 1.9 nmol iron/my protein for (plus Mn) mice com-
pared with 21.7 + 2.9 for controls; mitochondria, 13.6 = 2.2 nmol iron/my protein for (plus
Mn) mice compared with 13.4 = 1.7 for controls; P = NS; n = 4-6 determinations/group).
Values are represented as the mean = SEM. B. Manganese supplementation caused sig-
nificant manyanese accumulation in cytosolic and mitochondrial preparations in (plus
Mn) Hfe”~ mice compared with controls. Actual manganese values were: cytosol, 0.4 =
0.06 nmol Mn/mgy protein for (plus Mn) mice compared with 0.03 + 0.007 for conftrols, in
mitochondria, 1.62 = 0.4 nmol Mn/my protein for (plus Mn) mice compared with 0.08 =
0.02 for controls; *P < 0.001; n = 4-6 determinations/group). C. Manganese supplementa-
tion increases activity of mitochondrial MnSOD in Hfe”~ mice compared with controls
(9.76 £ 0.45 vs. 3.34 = 0.35 unit SOD/my protein, 7-9 mice/yroup; *P < 0.001). D. Manygo-
nese (plus Mn) supplementation reduced TBARS levels in Hfe”™ mice compared with un-
freated controls (0.06 = 0.01 compared with 0.13 = 0.02, 6-8 mice/group; *P < 0.01).

(Figure 6) also occurred in islets, we pre-
dicted that manganese supplementation
should improve insulin secretion and
glucose tolerance in Hfe” mice. Insulin
levels 30 min following intraperitoneal
glucose challenge were significantly
higher in the manganese-treated Hfe”"
mice than in the mock-treated Hfe”~ con-
trols (Figure 7A, 52% increase, 0.79 = 0.05
compared with 0.52 + 0.03 ng/mL in-
sulin, P < 0.01). Manganese-treated Hfe”~
mice also showed a trend toward in-
creased fasting serum insulin levels (Fig-
ure 7A, 25% increase, 0.40 = 0.05 com-
pared with 0.32 = 0.02 ng/mL insulin,
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P =0.18). In the face of increased insulin,
fasting glucose levels and levels 60 and
120 min after glucose challenge were
significantly lower in manganese-
supplemented Hfe”” mice compared with
mock-treated Hfe”” mice (Figure 7B, 82 =
3.5 compared with 98 + 2.4 mg/dl fasting
glucose levels, 105 = 14.1 compared with
147 = 11.1 mg/dl glucose at 60 min, and
86 = 8.3 compared with 120 + 5.4 mg/dl
glucose at 120 min, P < 0.01). We also
confirmed that manganese supplementa-
tion of the Hfe”” mice led to increased
MnSOD activity in islets (Figure 7C, 56%
higher than Hfe”'~ controls, P < 0.05) and
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Figure 7. Manganese supplementation improves insulin secretion, glucose tolerance,
islet MNSOD activity, and islet oxidant stress in Hfe™~ mice. Glucose (1 my/y body
weight) was administered infraperitoneally fo age-matfched (8-10 month old) male

Hfe™" mice that either were freated with manganese (plus Mn) or mock-treated (n =
5-6 mice/group). A. Serum insulin levels were determined before and 30 min after glu-
cose injection (*P < 0.01 for (plus Mn) Hfe”~ compared with Hfe”~ controls). B. Glucose
levels were determined at the indicated times (*P < 0.01 for (plus Mn) Hfe”~ compared
with Hfe™~ controls). C. Manganese supplementation increases activity of MnSOD in

—/-

islets from Hfe™™ mice compared with conftrols (4 mice/ygroup; *P < 0.05). D. Manyganese
supplementation (plus Mn) reduced TBARS levels in islets from Hfe™™ mice compared
with untreated controls (4 mice/group; *P < 0.001).

this was associated with a significant de-
crease in lipid oxidation as assessed by
the TBARS assay (Figure 7D, 73% lower
than controls, P < 0.001).

DISCUSSION

Mitochondria are key organelles for cel-
lular function and survival (27-29), and
mitochondrial dysfunction has been impli-
cated in a number of diseases including
neurodegenerative diseases (30), cardiomy-
opathy (31), and diabetes (27,32-34). Free
radicals, such as reactive oxygen and nitro-
gen species, are normally generated during
energy production in mitochondria. Excess
levels of these radicals can negatively affect
mitochondrial function through oxidative
damage of mitochondrial macromolecules

(35,36). Because non-protein-bound iron
can generate free radicals through Fenton
chemistry, we studied the effect of iron
overload associated with hemochromatosis
on oxidative damage and mitochondrial
function. This study demonstrates that in a
mouse model of hemochromatosis (er’/ 0,
iron accumulation in the liver is confined to
the cytosol where it is associated with de-
creased mitochondrial accumulation of
other metals—including manganese, cop-
per, and zinc. Mitochondria from Hfe™~
mice are dysfunctional and manifest in-
creased oxidant damage, but correcting the
mitochondrial manganese deficit largely
reverses this damage.

The er’/ ~“mouse, like humans with
hereditary hemochromatosis, exhibit
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[ cell apoptosis and decreased glucose-
stimulated insulin secretion (5,11). While
it was not feasible to assess metal levels
directly in mitochondria from pancreatic
B cells, we have observed previously that
the degree of increased iron in f3 cells is
comparable to that observed in liver cy-
tosol (11). In the current study, we show
that the insulin secretory defect ob-
served in the Hfe”” mice is reversed by
manganese supplementation, resulting
in improved insulin secretion and, con-
sequently, enhanced glucose tolerance.
This is associated, as in liver, with in-
creased MnSOD activity and decreased
lipid peroxidation in islets from manga-
nese-supplemented Hfe”” mice. These re-
sults are consistent with the likelihood
that f cell mitochondria exhibit the same
changes in MnSOD levels observed in
liver mitochondria. Furthermore, these
data suggest that mitochondrial manga-
nese availability is a limiting factor in
protection against oxidative stress in this
model. These observations correlate
strongly with a proposed causative role
of oxidative stress in several diabetes
models (37).

The mitochondrial dysfunction in
Hfe”~ mice, evidenced by decreased
oxygen consumption, is consistent with
oxidative damage and lipid peroxidation.
Studies on cardiac reperfusion injury, for
example, have demonstrated that treat-
ment of cardiac mitochondria with
4-hydroxy-2-nonenal (HNE) results in
decreased NADH-linked (complex-I) res-
piration, and other studies have impli-
cated products of lipid peroxidation in
altering cellular membrane permeability
(38,39). Our data show that the iron accu-
mulation in Hfe”~ mice occurs in the cy-
toplasm, but not mitochondria, suggest-
ing that mitochondrial iron accumulation
resulting in generation of reactive oxy-
gen species by Fenton chemistry is not
the major source of oxidative stress
within the mitochondria. The finding
that Hfe”~ mice are able to regulate iron
transport into, and/or export from, mito-
chondria and maintain a normal pool of
mitochondrial iron—despite the presence
of a two-fold increase in cytosolic iron
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content, has not been described previ-
ously and its mechanism is not known.
The altered mitochondrial metal pro-
file in the Hfe”” mice is solely a result of
elevated cytosolic iron, as demonstrated
by similar mitochondrial deficits of man-
ganese, copper, and zinc in wild type
mice fed excess iron. Thus the Hfe pro-
tein itself does not seem to be responsi-
ble. It is important to note that the iron-
fed wild type, unlike Hfe”" mice,
accumulated excess iron in mitochon-
dria. This is likely due to an approxi-
mately three-fold greater degree of accu-
mulation of iron in cytosol of the iron-fed
mice compared with the Hfe”” mice.
Thus the ability of the mitochondria to
maintain normal iron content, seen in the
Hfe”” mice, is most likely limited to situa-
tions of modest cytosolic accumulation.
Further studies of iron uptake with
graded iron challenge of wild type and
Hfe”” mice will be required to answer
this question. It also is noteworthy that
in the wild type mice fed excess dietary
iron, the degrees of diminution of mito-
chondrial Mn, Cu, and Zn appear to be
less than in the Hfe”~ mice that exhibit a
lower degree of cytosolic iron accumula-
tion. Among possible explanations for
this result are upregulation of mitochon-
drial metal transporters in situations of
large changes in metal availability, or a
heretofore undescribed function for the
Hfe protein in regulation of mitochon-
drial metal accumulation. Answers to
these questions await identification of
the relevant transport proteins and an
understanding of their regulation.
MnSOD plays a critical role in protect-
ing the mitochondria from free radicals
normally generated during respiration
by converting superoxide anions into hy-
drogen peroxide, which is detoxified into
water by mitochondrial glutathione per-
oxidase (40). Mice homozygous for dele-
tion of MnSOD (SOD27") die shortly
after birth due to dilated cardiomyopa-
thy and lipid accumulation in liver and
muscles (41). The heterozygous knockout
mice (SOD2*") are viable and grossly
normal despite a 50% reduction of
MnSOD activity in all tissues, and ex-

hibit alterations in mitochondrial func-
tion (42-44). Our data demonstrate a 21%
reduction in MnSOD activity in Hfe/~
mice, and increased mitochondrial lipid
peroxidation. The decrease in MnSOD
activity in the Hfe”~ mice is less than that
observed in SOD2*" mice, perhaps ac-
counting for the normal activities of
aconitase and SDH observed in Hfe ™/~
mice. Thus, the remaining MnSOD activ-
ity in Hfe”’~ mice could be sufficient to
provide some protection against oxida-
tive damage, at least in the unstressed
state. It should be noted that the pheno-
type of the SOD2"" mice, in terms of glu-
cose tolerance and insulin secretion, has
not been reported. In the case of the
er’/ ~ mice, however, we have deter-
mined that the decreased insulin secre-
tion is balanced by enhanced sensitivity
to insulin, resulting in overall glucose
tolerance that is modestly supranormal
(45). Thus, the SOD2*" mice also might
have a subtle overall metabolic pheno-
type that would be defined only with
careful and separate dissection of glucose
handling and insulin secretion.
Metallation of MnSOD occurs in the
mitochondria upon translocation of man-
ganese and the non-metal containing
SOD protein from the cytosol, where the
protein is activated immediately after
import (40,46,47). In Saccharomyces cere-
visiae, conditions of mitochondrial iron
overload, or manganese deficiency, result
in the mismetallation with iron of the
MnSOD homologue, SOD2 (48). Inappro-
priate iron binding to MnSOD inactivates
the protein because of altered redox po-
tential (48-53). In this mouse model,
however, there was no demonstrable
misincorporation of iron into SOD2, even
in iron-fed wild type mice that accumu-
late mitochondrial iron (data not shown).
This suggests that the oxidative stress-re-
lated defect is due to availability of man-
ganese rather than aberrant iron binding.
We, therefore, wanted to determine the
extent to which supplementing Hfe™~
mice with excess manganese might re-
verse this defect. Supplementing Hfe”~
mice with manganese not only leads to
increased mitochondrial manganese con-
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tent, but also to increased MnSOD activ-
ity and decreased oxidative damage as
assessed by lipid peroxidation. This en-
hanced activity resulted in improved
glucose homeostasis parameters. In fact,
we noted that with manganese supple-
mentation, the activity of SOD increased
by greater than the 21% deficit that is ob-
served in the Hfe”’~ mice on normal
chow. This result implies that SOD activ-
ity was limited by manganese availabil-
ity, and not by protein levels in the liver.
In support of this observation, MnSOD
in wild type mice on normal chow can be
enhanced by additional manganese sup-
plementation, even in the absence of iron
overload, although the fold increase is
lesser in wild type mice than what is ob-
served for the Hfe”” mice (data not
shown). Enhancement of activity with
supplementation implies that a pool of
apo-SOD?2 is present in murine mito-
chondria. Previous observations in yeast
suggest that this pool of apo-SOD2 can-
not be activated, as manganese binding
can occur only as the SOD2 is inserted
into the matrix before folding (47). The
murine and yeast mitochondria differ,
however, in that the pool of apo-SOD2
appears to be mismetallated with iron in
yeast even under wild type conditions
(48). The effects of supplementing wild
type mice with manganese on glucose
tolerance and insulin secretion are in
progress, and our preliminary data sug-
gest a positive effect of short-term man-
ganese supplementation on insulin secre-
tion in wild type animals, consistent with
enhanced MnSOD activity.

Our observations point out the previ-
ously unrecognized potential of manga-
nese as a limiting factor in antioxidant
defenses. Because of insulfficient informa-
tion on manganese requirements, the
Food and Nutrition Board of the Institute
of Medicine has not set a Recommended
Dietary Allowance (RDA), instead setting
an “adequate intake level” of 2 mg/day.
Thus, optimal manganese intake levels
are unknown, although excessive inges-
tion, as occurs in miners, can lead to neu-
rodegenerative diseases (54). Variable lev-
els of manganese and resulting variation



in or suboptimal levels of MnSOD also
may be an issue in experimental studies.
Most culture media, for example, contain
no manganese so that the metal is avail-

able only from serum, which contains ap-

proximately 10 nM manganese (55) and
will be present in variable amounts de-
pending on the cell line and treatment
protocol.

How does high cytosolic iron cause
decreased mitochondrial manganese ac-
cumulation? Mammals mediate high
affinity mitochondrial iron uptake via
mitoferrin (56). Deletion or mutation of
mitoferrin in zebrafish results in erythro-
poietic defects and reduced mitochon-
drial iron levels (56). The decreased up-
take of manganese probably results from
a competition for uptake after the mito-

ferrin system becomes saturated, at site(s)

of additional low affinity iron transport.
One such low affinity transporter of iron
must be the unknown primary manga-
nese transporter. Deletion of Mrs3/4, the
yeast homologues of mitoferrin, in an

iron overload model causes an increase in

the activity of SOD2—suggesting con-
served mechanisms may be involved in
balancing iron and manganese availabil-
ity in the mitochondria (48).

In summary, we have demonstrated

that iron accumulation in a mouse model

of hemochromatosis is confined to the

cytoplasm, while mitochondprial iron con-

tent is maintained at normal levels.
However, Hfe”” mutant mice are signifi-
cantly deficient in mitochondrial manga-
nese, copper, and zinc, resulting in mito-

chondrial dysfunction and impairment of

mitochondrial-dependent activities such

as insulin secretion. Our present findings

suggest a new component to iron toxic-
ity, namely altering mitochondrial metal
content—resulting in attenuated mito-

chondrial antioxidant defenses and over-

all function. The deficiencies of manga-
nese, coppet, and zinc in mitochondria
from Hfe” mice are new factors in un-
derstanding the pathogenesis of he-
mochromatosis and possibly other dis-
eases characterized by altered metal
homeostasis, mitochondrial dysfunction,
and oxidative stress. Interactions among

these metal transport mechanisms could
explain, for example, why individuals
with hemochromatosis are more suscep-
tible to amyotrophic lateral sclerosis (57),
a disease whose familial form is caused
by mutations in the Cu/ZnSOD gene
(58). The further consequences of, and
potential ability to correct, these abnor-
malities in mitochondrial metal content
are under investigation and represent a
potential for therapeutic intervention.
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