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Aluminum Toxicity Elicits a Dysfunctional TCA Cycle
and Succinate Accumulation in Hepatocytes
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ABSTRACT: Aluminum (Al), a known environmen-
tal toxicant, has been linked to a variety of pathologi-
cal conditions such as dialysis dementia, osteomalacia,
Alzheimer’s disease, and Parkinson’s disease. How-
ever, its precise role in the pathogenesis of these dis-
orders is not fully understood. Using hepatocytes as a
model system, we have probed the impact of this triva-
lent metal on the aerobic energy-generating machinery.
Here we show that Al-exposed hepatocytes were char-
acterized by lipid and protein oxidation and a dysfunc-
tional tricarboxylic acid (TCA) cycle. BN-PAGE, SDS-
PAGE, and Western blot analyses revealed a marked
decrease in activity and expression of succinate de-
hydrogenase (SDH), a-ketoglutarate dehydrogenase
(KGDH), isocitrate dehydrogenase-NAD* (IDH), fu-
marase (FUM), aconitase (ACN), and cytochrome c ox-
idase (Cyt C Ox). 3C-NMR and HPLC studies further
confirmed the disparate metabolism operative in con-
trol and Al-stressed cells and provided evidence for
the accumulation of succinate in the latter cultures. In
conclusion, these results suggest that Al toxicity pro-
motes a dysfunctional TCA cycle and impedes ATP
production, events that may contribute to various Al-
induced abnormalities. © 2006 Wiley Periodicals, Inc.
J Biochem Mol Toxicol 20:198-208, 2006; Published on-
line in Wiley InterScience (www.interscience.wiley.com).
DOI110:1002/jbt.20137
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INTRODUCTION

Aluminum (Al) has become an important health
concern due to its increased bioavailability triggered by
acid rain and anthropogenic activities. Exposure to this
trivalent metal has also been on the rise as it is widely
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utilized in antacids, the processing of potable water,
and various food products [1]. Al does not appear to
have any biological function but is notorious for its
toxic influence. Iron homeostasis, Ca**-mediated pro-
cesses, membrane lipids, and Mg**-catalyzed reactions
appear to be the primary targets of Al [2]. The iron-
depleted situation generated by Al has been shown to
lead to elevated transferrin receptor synthesis and the
suppression of ferritin production [2,3]. Furthermore,
the oxidative environment promoted by Al toxicity has
been shown to result in the alteration of membrane
fluidity, hence, abnormal biological functions [4].

Pathological conditions such as Alzheimer’s dis-
ease, Parkinson’s disease, amyotrophic lateral sclero-
sis, and Down’s syndrome have all been associated
with increased accumulation of Al in cerebral tissues
[3]. Following absorption of Al via the gastrointesti-
nal system, the metal gains entry to the liver, kidney,
lungs, and spleen with the assistance of the transferrin
uptake machinery or the involvement of organic chela-
tors such as citrate, malate, lactate, or succinate [3]. In
the transferrin-mediated uptake system, Al competes
with Fe and gains access to the cell with the aid of the
receptor-mediated endocytosis [5]. Once inside the cell,
Al exerts its toxic properties by substituting for iron
in Fe-dependent proteins, thus preventing redox reac-
tions [6]. Although the impact of Al on Fe-mediated re-
actions has been reported [7], the influence of this metal
on metabolic processes has not been fully delineated.
The tricarboxylic acid (TCA) cycle is a key metabolic
pathway that provides the cell with energy and an-
abolic precursors for proliferation and survival [8]. As
these processes are mediated by metal cofactors and
essential sulfur groups localized in various enzymes,
it is important to elucidate how Al toxicity interferes
with these critical energy-generating systems.

In this study, HepG2 cells were used as a model
system to elucidate the effects of Al on key metabolic
enzymes that are involved in energy production. Here
we report on the ability of Al to create an oxidative en-
vironment and to impede the TCA cycle by interfering
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with the expression and activity of such enzymes as
succinate dehydrogenase (SDH) and aconitase (ACN).
This metabolic dysfunction appears to promote the ac-
cumulation of succinate. The implication of these find-
ings on cellular energy status and the role of succinate
as a signaling molecule are also discussed.

MATERIALS AND METHODS

Cell Culture and Isolation

HepG2 cells were a gift from Dr. D. Templeton (Uni-
versity of Toronto) and were maintained in a-MEM
supplemented with 5% FBS and 1% antibiotics. Cells
were routinely seeded and cultured in 175 cm? flasks
with loosened caps and incubated with 5% CO; in a
humidified atmosphere at 37°C.

Al Treatment and Cell Viability

Upon reaching 70% confluency, the cell cultures
were re-supplemented with serum-free media contain-
ing citrate (2.5 mM) or Al-citrate (0.5 mM:2.5 mM)
and exposed from 4 to 24 h. (Note: The amount of
Al utilized ranged from 0.2 to 13.4 pg/mL compared
to 750 pg/mL in Alzheimer’s serum, >0.4 pg/mL in
serum from dialysis patients, and the allowable limit
of 0.1-10 pg/mL in drinking water [3,9-13].) Recovery
assays were performed on Al-stressed cells transferred
in the FBS medium for 24 h. Cell viability was mon-
itored with the aid of the Trypan Blue Exclusion As-
say [14]. The concentration of citrate utilized is similar
to the amount found in human serum. At the desired
time intervals, cells were trypsinized and centrifuged
at 450g for 10 min at 4°C. Following two washings
with PBS, the pellet was suspended in cell storage
buffer (CSB) (50 mM Tris-HCI, 1 mM phenylmethyl-
sulfonylfluoride, 1 mM dithiothreitol, 250 mM sucrose,
2 mM citrate) and stored at —86°C until needed.

Aluminum Measurement and Visualization

Analysis of Al metabolism in HepG2 cells was done
using the Aluminon Assay [15]. Following washings
with 0.1 mM EDTA and PBS (to remove any fortu-
itously bound Al), 4 x 10° cells were ultrasonically dis-
rupted (20 s in 2 s bursts with a Brunswick sonicator).
The membrane and soluble fractions were isolated by
centrifugation at 180,000g for 3 h at 4°C. While the solu-
ble fraction and the spent fluid were analyzed without
further treatment, the membrane fraction was treated
with conc. nitric acid at 95°C for 4 h to hydrolyze all
membrane bound protein. The absorbance was mea-
sured at 530 nm. AICl; was used as the standard.
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Morin reagent was used to visualize the relative
amount of Al associated in HepG2 cells. Following
the exposure of the cells to citrate or Al-citrate, cells
were washed twice with PBS and once with 0.5 mM
EDTA. Hepatocytes were fixed with methanol:glacial
aceticacid (3:1) and exposed to rhodamine B (10 pg/mL
in 2 mL of MEM + 5% FBS) for 30 min at 37°C.
This allowed the optical detection of the mitochon-
dria [16]. This was followed by counterstaining with
0.1 mg/mL of morin reagent for 10 min [17]. The cover-
slips were washed thoroughly with PBS and mounted
for detection. The cells were then visualized using an
inverted deconvoluting microscope (Zeiss). The Al-
morin complex was detected at Aexcitation = 425 nm and
Aemission = 520 nm and protonated rhodamine B was as-
certained at Aeycitation = 546 nm and Aemission = 620 nm.
In vitro binding assays were performed to optimize the
assay, to ensure Al specificity, and to prevent spectral
overlap of the two fluorophores.

Oxidized Protein and Lipid Analysis

The Thiobarbituric Acid Reactive Species Assay
(TBARS) was performed in order to evaluate the
amount of oxidized lipids in the membrane, according
to the method in [18]. The membrane fraction was solu-
bilized in a mixture of 15% trichloroacetic acid, 0.375%
trichlorobarbituric acid, and 0.25 N HCI. The reaction
mixture was heated for 25 min at 95°C. The precipitated
protein was spun down at 21,000g for 10 min and the
clear supernatant was measured at 532 nm.

Determination of protein carbonyl content was per-
formed with the dinitrophenyl hydrazine (DNPH) as-
say [19]. One milligram of soluble protein was mixed
with 1 mL of 2% (w/v) DNPH and allowed to stand
for 1 h. Following precipitation of the protein, the pel-
let was washed three times with ethylacetate:ethanol
(1:1). The resultant mixture, obtained after the addition
of 1 mL of 6 M guanidine-HCI, was read at 360 nm.

Subcellular Fractionation

The cells were thawed and pelleted at 450g for
10 min at 4°C and resuspended in CSB containing
1 mg/mL of pepstatin A and 0.1 mg/mL of leupeptin.
The cell suspension was homogenized on ice using a
Brunswick sonicator for 20 s in 2 s bursts. Following
homogenization, mitochondrial and soluble fractions
were isolated by differential centrifugation [20,21]. The
nucleus and whole cells were removed by centrifuga-
tion at 700g for 10 min at 4°C. The supernatant was
then subjected to centrifugation at 12,000g for 30 min
at 4°C to pellet the mitochondria. The mitochondrial
pellet was then resuspended in a minimal amount of
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CSB. The supernatant was utilized to monitor the sol-
uble enzymes. The purity of the cellular fractions were
confirmed by immunoblot analysis of F-actin, voltage-
dependent anion channel (VDAC), and histone 2A.

In Vitro Identification of Fe-S Cluster
Stability

Fe-S cluster stability was determined by scanning
0.5 mg/mL of protein equivalent of mitochondria from
control or Al-stressed cultures. The state of the Fe-S
cluster was ascertained by performing a UV-VIS scan
using an Ultraspec 2100 Pro spectrophotometer. The
Fe-S cluster attributed to 395420 nm was monitored
[22,23].

13C-Nuclear Magnetic Resonance Studies

BC-NMR analyses were performed using a Var-
ian Gemini 2000 spectrometer operating at 50.38 MHz
for 13C. Experiments were executed with a 5 mm dual
probe (35° pulse, 1-s relaxation delay, 8 kilobytes of
data, and 2000 scans). Chemical shifts were referenced
to standard compounds under the same conditions.
Following exposure to Al, whole cells were exposed
to 10 mM [2,4-13C] citrate for 1 h at 37°C. Similar ex-
periments were performed with control cells. Mito-
chondria were isolated from control and Al-exposed
HepG2 cells and 1 mg of protein, equivalent of mito-
chondria, was incubated at 37°C with 5 mM [2,3-13C]
succinate + 1 mM NAD™. The reaction was performed
in a 1.5 mL microfuge tube for 1 h and was stopped by
placing the tube in boiling H,O for 5 min. Following
the removal of any precipitate, the > C-NMR spectra
were recorded.

Blue Native-PAGE and Two-Dimensional
Electrophoretic Analysis

Blue Native (BN)-PAGE was performed accord-
ing to the method of Schagger [24,25]. The BioRad
MiniProtean™ 2 system was utilized, and 4-10% lin-
ear gradient gels were favored for protein separation.
Mitochondrial proteins were prepared in BN buffer
(500 mM 6-amino hexanoic acid, 50 mM BisTris (pH
7.0), and 1% B-dodecyl-D-maltoside). The soluble pro-
tein was prepared in a similar manner except maltoside
was omitted. Thirty micrograms of protein/lane was
loaded in each well. Gels were electrophoresed under
native conditions. Eighty volt was used for the stack-
ing gel and increased to 200 V upon entering the re-
solving gel. The blue cathode buffer (50 mM Tricine,
15 mM BisTris, 0.02% Coomassie G-250 (pH 7.0) at
4°C) was changed to colorless cathode buffer (50 mM
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Tricine, 15 mM BisTris, (pH 7.0) at 4°C) when the run-
ning front was half way through the separating gel.
Electrophoresis was stopped just as the running front
reached the bottom of the gel. The gel was then placed
in equilibration buffer (25 mM Tris, 5 mM MgCl, (pH
7.4) for 15 min). Enzyme activity was visualized by
formazan formation in a reaction buffer consisting of
equilibration buffer, 5 mM substrate, 0.5 mM cofac-
tor, 0.5 mg/mL iodonitrotetrazolium, and 0.2 mg/mL
phenazine methosulfate [8]. Isocitrate dehydrogenase
(IDH) activity staining was performed with the aid
of isocitrate (5 mM), NAD" (0.1 mM), phenazine
methosulfate, and iodonitrotetrazolium. Malate de-
hydrogenase (MDH) and o-ketoglutarate dehydroge-
nase (KGDH) were detected using the same tech-
nique except malate (5 mM) and «-ketoglutarate («KG)
(5 mM) were the substrates and 0.25 mM CoA was
an additional cofactor. SDH activity was visualized
using succinate (60 mM), 5 mM KCN, phenazine
methosulfate, and iodonitrotetrazolium. ACN activ-
ity was detected in a reaction buffer consisting of
5 mM citrate, 0.5 mM NADPT, 5 units/mL IDH-
NADPT (Sigma), iodonitrotetrazolium, and phenazine
methosulfate. Similarly, for fumarase (FUM), fu-
marate (5 mM), NAD* (0.5 mM), iodonitrotetrazolium,
phenazine methosulfate, and MDH (5 units/mL) were
utilized [4]. Cytochrome ¢ oxidase (Cyt C Ox) activ-
ity was tested with equilibration buffer supplemented
with 5 mM KCN, diaminobenzidene (10 mg/mL), cy-
tochrome ¢ (10 mg/mL), and sucrose (562.5 mg/mL)
[26]. Two-dimensional BN-PAGE and SDS-PAGE were
performed on the activity bands. Protein content was
examined by Coomassie Blue stain or silver staining
(Biorad). Band specificity was confirmed by loading
pure enzyme or performing the reactions in the absence
of substrate.

SDS-PAGE and Immunoblots

SDS-PAGE in a discontinuous buffer system was
performed according to the modified method of
Laemmli [27]. Samples were solubilized in 62.5 mM
Tris—HCI (pH 6.8), 2% SDS, and 2% 3-mercaptoethanol
at 100°C for 5 min. The proteins were transferred to
a Hybond™-P polyvinylidene difluoride membrane
for immunoblotting. Nonspecific binding sites were
blocked by incubating the membrane in 5% nonfat
skim milk in TTBS (20 mM Tris—-HCI, 0.8% NaCl,
1% Tween-20 (pH 7.6)) for 1 h. Polyclonal antibodies
raised against KGDH, SDH, and ACN from rabbits
were generously supplied by Dr. G. Lindsay, Univer-
sity of Glasgow; Dr. Lemire, University of Alberta; and
Dr. R. Eisenstein, University of Wisconsin-Madison, re-
spectively. VDAC (Abcam) and F-actin (Santa Cruz)
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were used as loading controls. The secondary antibody
consisted of horseradish peroxidase-conjugated mouse
anti-rabbit (Santa Cruz). Detection of the desired anti-
gen was done by incubating the membrane for 5 min
at room temperature in Chemiglow (Alpha Innotech).
The immunoblots were subsequently documented us-
ing the ChemiDoc XRS system (Biorad Imaging Sys-
tems). Band intensity was quantified using Alpha In-
notech Software (Alpha Innotech Corporation).

Analysis of TCA Cycle Metabolites

To further confirm the disparate metabolism op-
erative in Al-stressed cells, the metabolites were ana-
lyzed by HPLC. The spent fluid obtained from these
two cultures after 24 h of incubation was analyzed
on a Cyg-reverse phase column (Phenomenex) using
an Alliance HPLC purchased from Waters. The mo-
bile phase consisted of 20 mM KH,PO, (pH 2.9 with
6 N HCI) and the column was eluted at a flow rate of
0.7 mL/min at 30°C ambient temperature. The reten-
tion time of the organic acids were compared to known
standards. The presence of succinate was further as-
certained by enzymatic reaction involving SDH ob-
tained from cell-free extract of Pseudomonas fluorescens.
Dichloroindophenol (DCPIP) was the chromophore
[28]. Briefly, spent fluid was lyophilized and reconsti-
tuted in ddH,O and analyzed with 25 ug/mL DCPIP
and 0.2 mg/mL protein equivalent/mL of membrane
from P. fluorescens in a reaction buffer (25 mM Tris-HCI,
pH 7.4, 5 mM MgCl,, 5 mM KCN). The decrease in in-
tensity at 600 nm was monitored on an Ultraspec 2100
Pro spectrophotometer.

Mitochondria (2 mg protein equivalent) obtained
from control and Al-exposed cells were incubated with
10 mM oKG, 0.1 mM NAD™, and 0.1 mM CoA at 37°C
for 10 min. The reaction was subsequently stopped by
boiling and the organic acids were extracted with 0.1%
perchlorate. The consumption of ’KG was recorded by
HPLC as described previously.

RESULTS

Al and Cellular Toxicity

Following the exposure of the cells to citrate and
Al-citrate respectively, the distribution of Alin the hep-
atocytes was examined. Al did appear to interact di-
rectly with the cell as nearly 42% of the Al was associ-
ated with cells even following washings with 0.1 mM
EDTA (Table 1). Bright field microscopy revealed signif-
icant morphological changes in HepG2 cells exposed to
Al compared to the control cells. The former appeared
to be enlarged (Figure 1). These observations were fur-
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TABLE 1. Aluminum Distribution, Oxidized Lipids, and
Oxidized Proteins in HepG2 Cells Exposed to Citrate or
Al-Citrate for a 24 h Period

Amount of Oxidized Lipids ~ Oxidized Protein

Al in Cells (wmol*/4 x 10°  (pmol®/4 x 10°
Treatment (ng/4 x 10° Cells) Cells) Cells)
Control 0.513 £ (0.663)  0.024 £ (0.001)  0.465 =+ (0.002)

Al-stressed ~ 56.245 £ (1.194)  0.609 £ (0.017)  1.302 £ (0.007)

n = 3, mean =+ SD in parentheses.
"Malondialdehyde equivalents (pumol).
b Carbonyl equivalents (pmol).

ther confirmed when intracellular Al was visualized
with the aid of morin reagent. Green fluorescence char-
acteristic of Al was readily evident in the HepG2 cells
subjected to Al-citrate treatment, while such fluores-
cence was absent in hepatocytes incubated with citrate
(Figure 1). Counterstaining the cells with rhodamine B,
a mitochondrial detector, correlated the green fluores-
cence of the Al-morin complex with the position of the
mitochondria (Figure 1).

Al as a Promoter of Oxidative Stress

As Al toxicity has been shown to be mediated
by an oxidative environment, the amount of oxidized
lipids and proteins in control and Al-treated HepG2
cells was analyzed. Table 1 depicts the amount of car-
bonyl residue associated with the soluble CFE obtained
from control and Al-stressed HepG2 cells. After 24 h, a
three-fold increase was attained in the Al-stressed cells.
Similarly, oxidized lipids, as monitored by TBARS as-
say, increased sharply in cells subjected to Al—citrate for
24 h (Table 1). These findings prompted us to examine
how the cellular metabolism might be affected by the
presence of Al in the medium.

Proton-Decoupled *C-NMR
and HPLC Studies

HepG2 cells isolated from Al-stressed and control
cultures were incubated with [2,4-13C] citrate for 1 h.
The spectrum for the Al-stressed whole cells revealed
peaks at 44 and 32 ppm indicative of citrate and suc-
cinate as confirmed by standards. In the control cells,
the citrate was metabolized rapidly and various peaks
at 94, 99, and 130 ppm were evident (Figure 2). As it
appeared that succinate was being accumulated in the
Al-stressed cells, the metabolism of this dicarboxylic
acid was also followed in the mitochondria.

Mitochondria were isolated from Al-stressed and
control cells and incubated with [2,3-13C] succinate
for 1 h. In the control mitochondria, succinate was
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FIGURE 1. Visualization of the intracellular accumulation of Al and the mitochondrial membrane potential using morin and rhodamine B
stains. HepG2 cells were grown to a minimal density on glass coverslips and exposed to (A) citrate and (B) Al—citrate for 24 h, respectively. Scale

bar: 7 pm.

metabolized to an olefinic peak characteristic of fu-
marate (Figure 3). In the mitochondria isolated from
the Al-exposed HepG2 cells, a single peak at 32-33 ppm
indicative of unreacted succinate was observed, even if
left for longer periods. The ability of Al to interfere with
the TCA cycle was further confirmed by the presence of
succinate in the spent fluid isolated from HepG2 cells
exposed to Al-citrate. A peak at 12 min indicative of
this dicarboxylic acid was recorded in the Al-stressed
cells compared to control (Figure 4, II). Enzymatic as-
say involving SDH and DCPIP further confirmed this
observation (Figure 4, I).

Immobilized Enzyme Assays

The disparate metabolic profile revealed by
I3C-NMR and HPLC studies pointed to an abnormal
TCA cycle in HepG2 cells exposed to Al. To further
probe the nature of this metabolic dysfunction, various
key enzymes involved in the metabolism of citrate
via the TCA cycle were studied by BN-PAGE, a
technique known to reveal the activity and expression
of enzymes. As ACN is dependent on Fe, a nutrient
whose bioavailability is affected by Al, the activity
and expression of this enzyme was determined. To
assess the influence of Al toxicity on Fe metabolism,

J Biochem Molecular Toxicology DOI10:1002/jbt
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FIGURE 2. Proton-decoupled "*C-NMR spectra obtained from the
incubation of 10 mM [2,4-13C] citrate with whole HepG2 cells from
control and Al conditions. Cells were incubated for 1 h and then
analyzed. (A) Citrate supplemented cultures and (B) Al—citrate sup-
plemented cultures.

the absorption band in the 395-420 nm region that is
attributed to the Fe-S cluster was monitored in the
mitochondrial isolates. The mitochondria from
the Al-stressed cells did not have any absorbance in
the 395-420 nm region, while a prominent band was
evident in the mitochondria from the control cells
(Figure 5, I). In contrast, an intense absorbance shift in
this region was recorded in the control cells. HepG2 mi-
tochondria (30 ug protein equivalent) from control and
Al-stressed cultures were loaded and electrophoresed.
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FIGURE 3. Proton-decoupled C-NMR spectra obtained from the
incubation of 5 mM [2,3-*C] succinate and 1 mM NAD* with HepG2
mitochondria from control and Al-supplemented cultures for 1 h.
Mitochondria were incubated for 1 h and then analyzed. (A) Citrate
supplemented cultures and (B) Al—citrate supplemented cultures.
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{1} Succinate consumption assay

Al-stressed Culture
1.105 £ (D.024) *

Control Culture
0125+ (0.032)

Units: yM of succinate per mL of media. S.0. in parenthesis n=3.

n

g 8 10 M1 12 13 4 8 9 10 11 12 13 14
Min Min

FIGURE 4. Detection of succinate in the media of control and Al-
stressed cultures. (I) Succinate was measured by detecting the relative
change in absorbance using the DCPIP assay. * Denotes a significant
difference in comparison to control (1 = 3, p < 0.05, mean + SD). (II)
Representative chromatographs showing the occurrence of succinate
in HepG2 media from (A) citrate and (B) Al-citrate cultures. Whole
cells were incubated with 10 mM citrate for 24 h at 37°C. The spent
fluid was then collected and analyzed.

Both the expression and activity of the mitochondrial
ACN were reduced in the HepG2 cells exposed to
Al (Figure 5, II). At least a 50% decrease in activity
was recorded. No activity of this citrate-isomerizing
enzyme in either control or stressed cells was detected
in the cytoplasm. However, Western blot experiments
helped establish the presence of this protein both in the
cytoplasm and mitochondria. In the latter organelle,
the ACN level was markedly lower in the cells
subjected to Al toxicity (Figure 5, III). In addition, the
exposure of Al-stressed HepG2 cells to 5% FBS restored
mitochondrial ACN levels (Figure 5, III). As these data
indicated that the presence of Al affected Fe-proteins,
FUM, another enzyme that relies on an Fe-S cluster for
the reversible conversion of fumarate to malate was
monitored. A lower activity in the HepG2 cells exposed
to Al compared to the control was observed (Figure
5, IV). The inability of the Al-stressed HepG2 cells
to metabolize succinate prompted us to discern the
activity and expression of SDH. In-gel activity staining
clearly pointed to a decrease in the activity of SDH
(Figure 6, I). Coomassie staining and immunoblotting
experiments revealed that this decrease in activity
in the HepG2 cells subjected to Al was due to the
diminution of protein expression (Figure 6, II and III).

As the mitochondria isolated from the Al-stressed
cells were unable to metabolize succinate, KGDH, an
enzyme involved in its formation was investigated. In-
cubation of control and Al-stressed mitochondria in the
presence of 10 mM «KG revealed a decrease in KGDH
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FIGURES5. Activity and immunoblot analysis of ACN and FUM in (A) citrate (B) Al—citrate cultures, and (C) Al-stressed cells incubated in FBS
for 24 h. (I) UV=VIS scan of Fe-S cluster stability in mitochondria. (II) In-gel activity stain for ACN. The border defines the respected boundaries
of the gel. (III) Immunodetection of ACN in the cytoplasmic and mitochondrial fractions. Std corresponds to porcine heart ACN (Sigma). (IV)

In-gel activity stain for FUM.

activity in Al-exposed HepG2 cells. While in the control
experiment a fumarate peak was evident at 8 min, in
the Al-stressed mitochondria a single peak at 5.5 min
attributable to «KG was discerned (Figure 7, I). KGDH
activity was then detected by incubation of the gel in
the presence of NAD*, CoA, and «KG. The NADH
generated at the site of the enzyme formed a formazan
precipitate that was easily visualized with the aid of
PMS and INT. A darker band was obtained in the con-
trol sample (Figure 7, II). Densitometric analyses indi-
cated that KGDH activity in Al-stressed cells was at
least 40% lower in comparison to control. To evalu-
ate the amount of protein associated with the change
in enzymatic activity, the bands were sliced and run
on a 2D BN-PAGE. Following electrophoresis, protein
levels were detected by silver stain. No significant vari-
ation in protein level was discernable between control
and Al-stressed cultures (Figure 7, III). This observa-
tion was further confirmed by probing these bands by
SDS-PAGE and polyclonal antibodies raised against the
E2-subunit of KGDH (Figure 7, IV). The intensity of the

band did not appear to vary significantly in the two
cases. IDH-NAD™, an enzyme that catalyzes the decar-
boxylation of isocitrate to ’KG, was found to be lower
in activity in Al-stressed HepG2 cells as detected by
formazan precipitation (Figure 8, I). On the other hand,
MDH, an enzyme involved in the reversible conversion
of malate to oxaloacetate, was not significantly differ-
entin the control and Al-stressed cells. Activity staining
did not reveal any noticeable difference (Figure 8, II).
As numerous enzymes in the TCA cycle were
markedly decreased due to the presence of Al in the
medium, we decided to determine the impact of this
trivalent metal on oxidative phosphorylation. Cyt C
Ox, an enzyme that transfers e~ to O,, was the obvious
choice. Using diaminobenzidene as the chromophore,
the activity of this protein was monitored by BN-PAGE.
A dark band due to the oxidative polymerization of
diaminobenzidene was observed in the mitochondrial
proteins from the control cells, while no precipitation
was detected in the mitochondria isolated from Al-
stressed cells (Figure 9, I). These activity bands were cut

J Biochem Molecular Toxicology DOI10:1002/jbt
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FIGURE 6. Activity and expression of SDH in (A) citrate and (B)
Al-—citrate cultures. (I) In-gel activity stain for SDH. (II) 2D BN-PAGE
stained with Coomassie. (III) Immunodetection of SDH expression.

and further electrophoresed by the 2D BN-PAGE tech-
nique. Silver staining revealed a decreased expression
of this protein in the cells exposed to Al (Figure 9, II).

DISCUSSION

These results provide evidence that points to a
drastic reduction in the production of energy via ox-
idative phosphorylation as a consequence of Al toxicity.
This is the first demonstration of the negative impact
of Al on the ATP-producing machinery in oxygen-
consuming cells. The ability of this trivalent metal to
trigger oxidative stress and promote the accumulation
of succinate is also shown. Hence, the presence of Al
in a cellular environment would negatively influence
the generation of ATP. Although various studies have
proposed a pro-oxidant role of Al, the exact mechanism
that enables Al to create an oxidative environment has
not been fully understood [29]. In this study, we ob-
served a marked increase in oxidized lipids and pro-
teins in HepG2 cells exposed to Al. It is not unlikely
that the increased levels of Al may compete for Fe-
binding sites in proteins and render this Fe labile. This
situation may enhance the production of reactive oxy-
gen species (ROS), which may;, in turn, lead to oxidized
biomolecules. The involvement of Al in ROS produc-
tion has recently been demonstrated [30]. The link be-
tween Al toxicity and a defective Fe-metabolism was
further confirmed by the UV-VIS scan of mitochondrial
fractions. Fe-S cluster integrity within the membrane
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FIGURE 7. Activity and expression of KGDH in (A) citrate and (B)
Al-citrate. (I) Representative chromatographs showing the consump-
tion of 10 mM o-ketoglutarate. Mitochondria were incubated for
10 min at 37°C and then analyzed. (II) In-gel activity stain for KGDH.
(IIT) 2D BN-PAGE stained with Coomassie R-250. (IV) Immunodetec-
tion of KGDH expression.

fraction was severely compromised in the HepG2 cells
subjected to Al stress compared to the control cells. The
competition between Al and Fe for binding sites in pro-
teins is not unexpected as these two metal ions share
similar charges and the concentration of Al found in
this study would tilt the balance in favor of Al. The Fe—
S cluster peak evident in the UV-VIS spectrum would
clearly argue for such a possibility.

Thus, it is not surprising that the three critical Fe-
proteins in the Al-stressed hepatocytes were severely
affected as both their activity and expression were
lower compared to their counterparts from the control
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FIGURE 8. Activity staining for mitochondrial MDH and NAD"-
dependent IDH in (A) citrate, (B) Al-citrate, (C) corresponds to an
MDH standard (Sigma), and (D) corresponds to a BSA standard. (I)
In-gel detection of IDH-NAD". (II) In-gel detection of MDH.

cultures. ACN, a protein that is key to the proper func-
tioning of the TCA cycle in the mitochondria, was
markedly impeded. We have recently shown that this
enzyme has lower activity in Al-stressed cells due to the
perturbation of the Fe-S cluster and not its expression
[8]. To promote its survival, the organism upregulates
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FIGUREY. Activity staining and protein level determination for Cyt
C Oxin (A) citrate and (B) Al—citrate cultures. (I) In-gel activity stain
for Cyt C Ox. (II) 2D BN-PAGE detected by silver staining.
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two downstream enzymes—isocitrate dehydrogenase
and isocitrate lyase—in an effort to compensate for the
decreased ACN activity. However, such a luxury is not
affordable to these highly specialized eukaryotic cells.
In this study, the HepG2 cells appeared to succumb
to the toxicity of Al, as citrate was not effectively me-
tabolized via the TCA cycle. However, the cytoplas-
mic ACN, a protein that acts as a sensor for oxidative
stress, had negligible activity but was amply expressed
in Al-stressed cells. This situation would enable this
protein to monitor oxidative tension and regulate the
biogenesis of Fe-proteins via the iron responsive ele-
ment [31-33]. Hence, this organelle-specific control of
ACN concentration may be a key strategy invoked by
the HepG2 cells to survive by decreasing the TCA cycle
in the mitochondria and by inhibiting the synthesis of
Fe-proteins via the cytoplasmic ACN. FUM and SDH,
two other Fe-S containing enzymes, were also down-
regulated in the Al-stressed cells. The reduction in the
biosyntheses of these two enzymes would severely im-
pede the ability of the TCA cycle to generate NADH, a
crucial metabolite for the generation of ATP via oxida-
tive phosphorylation. It is tempting to speculate that a
dearth of bioavailable Fe induced by Al toxicity would
create a situation whereby the formation of energy in
the presence of oxygen will not be favored. The de-
creased syntheses of these two enzymes would cer-
tainly serve this purpose. Indeed, the Cyt C Ox, the pro-
tein that shuttles e~ directly to oxygen, was markedly
diminished in the mitochondria isolated from the Al-
challenged hepatocytes. Hence, it is quite likely that Al
toxicity affects the production of ATP in the mitochon-
dria by interfering with Fe-containing proteins.

The ability of the TCA cycle to be effective was
further compounded by diminished activities of IDH-
NAD" and KGDH. These two decarboxylating en-
zymes also play a key role in the homeostasis of NADH.
This situation will undoubtedly limit the ability of the
TCA cycle to generate NADH from citrate and will sub-
sequently diminish the efficacy of the ATP-producing
machinery. The slowing of the TCA cycle may have an
added benefit of creating a nonoxidative environment.
As the level of NADH produced is lower, the ability
of the mitochondria to generate ROS when NADH
is oxidized by the e~ transport proteins will also be
lower. This strategy initiated in response to Al toxicity
may help the cell extend its survivability due to dimin-
ished ROS formation, of course at the expense of ATP
formation.

Succinate was an important metabolite that ap-
peared to accumulate in the Al-exposed HepG2 cells.
Such a situation may have been favored by the inability
of the SDH and FUM from Al-stressed cells to promote
the metabolism of succinate. This dicarboxylic acid has
recently been proposed to play a critical role in linking
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SCHEME 1. Al toxicity and mitochondrial dysfunction.

mitochondrial dysfunction to anaerobic respiration. It
has been hypothesized that succinate helps stabilize
HIF-1c, a subunit critical to the function of the hypoxia
inducible factor (HIF). This dicarboxylic acid appears to
inhibit the hydroxylation of HIF-1x and consequently
prevents its degradation [34]. In the present situation,
such a response to Al may not be unlikely. As this triva-
lent metal favors an oxidative and Fe-deprived envi-
ronment, the accumulation of succinate triggered by a
dysfunctional TCA cycle would be an ideal messen-
ger, signaling the inability of mitochondria to oxidize
NADH. Subsequently, the elevated level of succinate
would help the cell activate its energy production via
anaerobiosis with the aid of HIF-1«. The decreased ac-
tivity and expression of KGDH may also contribute to
the accumulation of succinate. x-Ketoacids have been
widely utilized as antioxidants in vitro and their in-
volvement in in vivo in diminishing oxidative tension
has also been recently recognized [35]. The aKG may
detoxify such ROS as H,O, and O;* with concomi-
tant formation of succinate and CO,. In Al-stressed
HepG2 cells, the diminished activity and expression
of the KGDH may serve the dual purpose of limiting
the production of NADH, a pro-oxidant and decreasing
oxidative tension by scavenging ROS. Hence, «KG may
be an essential molecule involved in the homeostasis of
ROS and succinate.

In conclusion, this work demonstrates that Al
exerts its toxic influence by promoting an oxidative

J Biochem Molecular Toxicology DOI10:1002/jbt

environment deficient in bioavailable Fe. This situa-
tion renders the TCA cycle dysfunctional and limits
the production of ATP via oxidative phosphorylation.
Thus, the ability of Al-stressed cells to produce ATP
is severely compromised. Furthermore, the accumu-
lation of succinate evoked by Al toxicity may be an
important signaling molecule designed to shift the cel-
lular metabolism to anaerobiosis. Scheme 1 provides a
snapshot of the toxic impact of Al on TCA cycle and
the oxidative energy production in hepatocytes. Thus,
the negative influence of Al on the energy-generating
apparatus may be an important contributing factor
that enables this metal to be involved in numerous
disorders.
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