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Aluminum toxicity triggers the nuclear translocation
of HIF-1a and promotes anaerobiosis in hepatocytes
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Abstract

Although aluminum (Al) is known to be toxic, the exact molecular events that enable this trivalent metal to be involved in various
diseases have not been fully delineated. In this report, we show that Al promotes the translocation of the HIF-1a (hypoxia inducible
factor) to the nucleus and activates the anaerobic metabolism of D-glucose. Al-exposed hepatocytes (HepG2 cells) showed a marked
increase in HIF-1a that was associated with nuclear extracts. D-Glucose consumption in these Al-stressed cells was rapid as more
GLUT-1 transporter was expressed. Furthermore, these Al-treated HepG2 cells were characterized with enhanced activities of such met-
abolic enzymes as hexokinase (HK), pyruvate kinase (PK), lactate dehydrogenase (LDH) and glucose 6-phosphate dehydrogenase
(G6PDH). 13C- NMR studies pointed to a metabolic profile in Al-stressed cells that favored enhanced glycolysis. HPLC analyses con-
firmed increased glycolytic ATP production in Al-exposed hepatocytes. These findings reveal the ability of Al to create a hypoxic envi-
ronment that promotes the translocation of HIF-1a to the nucleus and stimulates the anaerobic metabolism of D-glucose.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Metabolism is the foundation of all living organisms as
the various metabolic networks are essential for prolifera-
tion, survival and normal biological functions (Fernie and
Carrari, 2004; Middaugh and Hamel, 2005). Adaptation
depends on the ability of metabolic pathways to adjust to
intracellular and extracellular environmental fluxes (Feller
and Gerday, 2003; Prasad Maharjan and Yu, 2005). Regu-
lation of the glycolytic pathway is crucial for the survival of
organisms facing diminished oxygen tension and/or an oxi-
dative milieu. This metabolic route allows the production of
ATP without the participation of the mitochondria (Dang
and Semenza, 1999; Kim and Tchernyshyov, 2006). It has
been postulated that the HIF-1a plays a pivotal role during

anaerobiosis as it mediates a series of reactions that enables
the cell to survive hypoxic situations (Lu and Forbes, 2002).

Under normoxic conditions, HIF-1a is hydroxylated
by prolyl hydroxylase (PHD), a process that is dependent
on iron (II) and a-ketoglutarate (Dery and Michaud,
2005). The hydroxylation of HIF-1a targets this tran-
scription factor for proteosomal degradation. However,
a variety of factors including reactive oxygen species
(ROS), hypoxia, succinate, iron deprivation and oxida-
tion are known to inhibit this hydroxylation process, thus
favouring the stabilization of HIF-1a (Hirota and Sem-
enza, 2006). Growth factors and pro-inflammatory cyto-
kines are also known to aid in stabilizing and
translocating this transcription factor to the nucleus
(Brunelle and Bell, 2005; Selak and Armour, 2005).
Co2+, Ni2+, and Cu2+ have also been shown to stabilize
HIF-1a (Maxwell and Salnikow, 2004; Martin and
Linden, 2005; Murphy and Sato, 2005). Activation of
hypoxic and angiogenic pathways appear to be the
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hallmark of this transcription factor (Dery and Michaud,
2005).

Al is known to be a pro-oxidant and has recently been
implicated in the generation of an oxidative milieu by aid-
ing in the production of ROS such as O:�

2 and H2O2 (Exley,
2004; Singh and Beriault, 2005). Furthermore, this trivalent
metal is known to interfere with iron metabolism and cells
exposed to Al exhibit properties indicative of an iron-
deprived environment (Middaugh and Hamel, 2005). The
ability of the mitochondria to function effectively is
severely restricted in the presence of Al. The involvement
of this trivalent metal in various diseases such as Alzhei-
mer’s, anaemia, and dialysis encephalopathy has been sug-
gested (Mahieu and del Carmen Contini, 2000; Zatta and
Lucchini, 2003). As part of our study to decipher the
molecular mechanisms that contribute to Al toxicity, we
have investigated the influence of this toxic metal on vari-
ous metabolic processes in human hepatocytes. Here, we
demonstrate that an oxidative environment triggered by
Al leads to the stabilization and translocation of HIF-1a
to the nucleus. The significance of enhanced consumption
of D-glucose via the glycolytic cycle and the pentose phos-
phate pathway is discussed.

2. Materials and methods

2.1. Cell culture

HepG2 cells (a generous gift from Dr. Templeton, Uni-
versity of Toronto) were seeded at 1.0 · 105 cells/ml and
maintained in a-MEM containing 5% FBS and 1% antibi-
otics. Cells were routinely passaged and cultured in
175 cm2 flasks and incubated with 5% CO2 in a humidified
atmosphere at 37 �C.

2.2. Al and glucose treatment

HepG2 cells were grown as described above in a 20 ml
volume until they reached 70% confluency. The media was
removed and the cultures were exposed to a-MEM (-FBS)
containing citrate (2.5 mM citrate, control condition) or
Al-citrate (2.5 mM citrate:0.5 mM AlCl3 Æ 6H2O, Al-
stressed condition) for 4 h to 24 h. The amount of Al uti-
lized ranged from 0.2 to 13.4 lg/ml compared to 750 lg/
ml found in Alzheimer’s serum and the allowable limit of
0.1–10 lg/ml in drinking water (Flaten, 2001; Nayak,
2002; Smorgon and Mari, 2004). Following a 24 h exposure,
control and Al-stressed cells were supplemented with
30 mM D-glucose. Cell viability was monitored by the try-
pan blue exclusion assay (Shannon, 1978). At the appropri-
ate time intervals, cells were detached by trypsinization and
pelleted by centrifugation at 250 g at 4 �C. Following two
washings with phosphate-buffered saline (PBS), the pellet
was suspended in cell storage buffer (CSB) (50 mM tris–
HCl (pH 7.0), 1 mM phenylmethylsulphonylfluoride,
1 mM dithiothreitol, 250 mM sucrose, 2 mM citrate) and
stored at �86 �C until further use.

2.3. Oxidized protein and lipid profiles

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 Singh and Beriault (2005). 4 · 106 cells were iso-
lated for this experiment. Following cell disruption, the
membrane fraction was collected and solubilized in a mix-
ture of 15% trichloroacetic acid, 0.375% trichlorobarbituric
acid, and 0.25 N HCl. The reaction mixture was heated for
25 min at 95 �C. Precipitated protein was removed by cen-
trifugation at 21000 g for 10 min. The clear supernatant
was measured at 532 nm.

Determination of protein carbonyl content was per-
formed with the dinitrophenyl hydrazine (DNPH) assay
(Singh and Beriault, 2005). 1 mg of soluble protein (from
4 · 106 cells) was mixed with 1 ml of 2% (w/v) DNPH
and allowed to stand for 1 h. Following precipitation of
protein, the pellet was washed 3· with ethylacetate:ethanol
(1:1). The resultant mixture attained after the addition of
1 ml of 6 M guanidine–HCl was read at 360 nm.

2.4. Cell fractionation

The cells were thawed and pelleted at 250 g at 4 �C for
10 min and resuspended in CSB containing 1 mg ml�1 of
pepstatin A and 0.1 mg ml�1 of leupeptin. Suspended cells
were mechanically disrupted using a Brunswick sonicator
for 20 s in 2 s bursts. The cell homogenate was subjected
to differential centrifugation to afford a cytoplasmic frac-
tion devoid of nucleus or mitochondria (Lee and Shin,
1999; Kwik-Uribe and Reaney, 2003). Whole cells were
removed by centrifugation at 100 g for 10 min at 4 �C.
The pellet was discarded and the supernatant was centri-
fuged at 850 g to provide a nuclear pellet (Mazzola and Sir-
over, 2005). The nuclear pellet was resuspended in CSB and
stored at �86 �C. The soluble fraction was centrifuged at
12000 g for 30 min at 4 �C to obtain a soluble fraction
devoid of mitochondria. Protein concentration was deter-
mined by Bradford assay using BSA as a standard (Brad-
ford, 1976). Proper loading and purity of cellular
fractions were verified by F-actin, histone 2A, and VDAC
(voltage dependent anion channel) immunoblot analysis.

2.5. In-gel activity assays

BN PAGE was performed according to a modified
method of Schagger (Schagger and von Jagow, 1991; Beria-
ult and Chenier, 2005; Singh and Chenier, 2005). Proteins
were resolved using the BioRad MiniProteanTM system
on a 4–16% linear gradient gel. Briefly, soluble proteins
were prepared in a BN buffer (500 mM 6-amino hexanoic
acid, 50 mM tris (pH 7.0)) to provide a final sample con-
centration of 2 mg/ml. Protein (30 lg) was loaded in each
well and electrophoresed under native conditions at 80 V.
Upon entering the resolving gel, the voltage was increased
to 200 V. The coloured cathode buffer (50 mM Tricine,
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15 mM bistris, 0.02% Coomassie G-250 (pH 7.0) at 4 �C)
was replaced by a colourless cathode buffer once the run-
ning front was half way through the resolving gel. Ponceau
S (0.0125% w/v) was substituted for Coomassie G-250 to
allow for the visualization of PK and HK (Grandier-
Vazeille and Guerin, 1996). Electrophoresis was stopped
once the running front reached the bottom of the gel.
The gel was then placed in equilibration buffer (25 mM tris,
5 mM MgCl2 pH 7.4) for 15 min. Enzyme activity was visu-
alized by formazan precipitation. LDH activity staining
was performed using equilibration buffer, lactate (5 mM),
and 0.5 mM NAD+. The band was visualized with the
aid of 0.2 mg ml�1 phenazine methosulfate (PMS) and
0.4 mg ml�1 iodonitrotetrazolium (INT) chloride. PK
activity was ascertained in a similar manner using the equil-
ibration buffer, 5 mM phosphoenolpyruvate (PEP),
0.5 mM ADP, 1 unit/ml LDH, and 0.5 mM NADH,
dichloroindophenol (DCIP) (16.7 lg ml�1) and INT
(0.4 mg ml�1) (Singh and Chenier, 2005). The activity band
was excised and resolved by 2D BN-PAGE or SDS-PAGE
to determine the amount of protein expressed. HK activity
was also measured by monitoring the formation of glucose
6-phosphate. The reaction consisted of equilibration buffer,
15 mM glucose, 0.5 mM ATP, 2 units/ml G6PDH, and
0.5 mM NADP+. The band was made apparent with
PMS (0.2 mg/ml) and INT (0.4 mg/ml). A similar tech-
nique was utilized to record the enzyme G6PDH. This
was achieved in an equilibration buffer containing 2 mM
G6P, 0.5 mM NADP+, INT (0.4 mg/ml) and PMS
(0.2 mg/ml). The apparent molecular mass of each enzyme
was confirmed using the appropriate standards.

2.6. Immunoblot analyses

SDS-PAGE in a discontinuous buffer system was per-
formed according to the modified method of Laemmli
(Laemmli, 1970). Samples were solubilized in 62.5 mM
tris–HCl (pH 6.8), 2% SDS, and 2% b-mercaptoethanol
at 100 �C for 5 min. The proteins were transferred to a
Hybond TM-P polyvinylidene difluoride membrane for
immunoblotting. Nonspecific binding sites were blocked
by incubating the membrane in 5% non fat skimmed milk
in TTBS (20 mM tris–HCl, 0.8% NaCl, 1% Tween-20 pH
7.6) for 1 h. Monoclonal and polyclonal antibodies raised
against HIF-1a, GLUT-1 (Santa Cruz, CA), LDH and,
GADH (Abcam, Cambridge, MA) were used to determine
the expression levels of their cognate epitopes. F-actin and
histone 2A (Santa Cruz, CA) were used as the loading con-
trols. The secondary antibody consisted of horseradish per-
oxidase-conjugated mouse anti-rabbit, goat anti-mouse, or
mouse anti-goat (Santa Cruz, CA). Detection of the desired
antigen was done by incubating for 5 min at room temper-
ature in Chemiglow (Alpha Innotech). The immunoblots
were subsequently documented using the ChemiDoc XRS
system (Biorad Imaging Systems). Band intensity was
quantified using Alpha Innotech Software (Alpha Innotech
Corporation).

2.7. D-Glucose consumption assay

Spent fluid was isolated at desired time intervals from
control and Al-stressed cultures following D-glucose sup-
plementation. Glucose uptake was monitored with a glu-
cose assay kit (Sigma) according to the manufacturer’s
protocols. The assay was normalized using glucose
standards.

2.8. 13C- NMR studies and ATP measurement

These experiments were performed with soluble fraction
isolated from control and Al exposed cells (10 · 106 cells).
Soluble fractions were incubated in a microfuge tube in a
phosphate reaction buffer (10 mM Na2HPO4, 5 mM
MgCl2, pH 7.4) containing 10 mM (2-13C) D-glucose,
0.5 mM NAD+, and 0.5 mM ADP. Following a 1 h incu-
bation at 37 �C, the reaction was stopped by heating the
sample for 5 min at 95 �C. The resulting mixture was sub-
jected to 13C- NMR analysis using a Varian Gemini 2000
spectrometer operating at 50.38 MHz for 13C The follow-
ing parameters (35� pulse, 1-s relaxation delay, 8 kilobytes
of data, and 2000 scans) were routinely utilized to record
the spectra. Similar experiments were performed with solu-
ble fraction incubated with D-glucose (10 mM), NAD+

(0.5 mM), and ADP (0.5 mM) for 15 min. Following the
precipitation of the proteins by heating at 95 �C for
5 min, the reaction mixture was centrifuged for 10 min at
12,000g. The supernatant was collected and placed in an
ice cold microfuge tube. ATP concentration was measured
by an enzyme coupled assay involving HK (10 units/mL),
G6PDH (10 units/mL), and NADP+ (1.0 mM) (Tsang
and Howell, 1988).

To further confirm the anaerobic metabolism operative
in Al-stressed cells, the metabolites were analyzed by
HPLC. Cytoplasm from control and Al-stressed cells was
collected as described above and incubated in the presence
of 10 mM glucose, 0.5 mM NAD+, and 0.5 mM ADP in a
phosphate buffer for 15 min at 37 �C. The reaction was
stopped by heating the reaction mixture at 95 �C for
5 min. Protein was removed by treatment with 0.5% HPLC
grade trichloroacetic acid (Sigma). The samples were then
centrifuged at high speed for 2 h and filtered through a
0.22 lm filtration unit. Following dilution (1:1 ratio) with
mobile phase, the metabolites were analyzed on a C18-
reverse phase column (Phenomenex) using an HPLC pur-
chased from Waters. The mobile phase consisted of
20 mM K2HPO4 (pH 2.9 with 6 N HCl) and the column
was eluted at a flow rate of 0.7 ml/min at 30 �C ambient
temperature. ATP and ADP were detected at 254 nm.
The retention time of the nucleotides was compared to
known standards.

2.9. Analysis of Fe metabolism

The nature of the Fe–S cluster was determined spec-
trophotometrically by scanning 0.5 mg/ml of protein
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equivalent of mitochondria from control or Al-stressed cul-
tures. The Fe–S cluster peak attributed to 395–420 nm was
monitored (Middaugh and Hamel, 2005). Aconitase, a
mitochondrial enzyme, was detected by immunoblot anal-
ysis (the ACN antibody was a generous gift from Dr. R.
Eisenstein, University of Wisconsin-Madison).

2.10. Statistical analysis

Data were expressed as mean ± SD. Statistical correla-
tions of data were checked for significance using the stu-
dent t test.

3. Results and discussion

To evaluate the impact of Al on the oxidative status of
the hepatocytes, the HepG2 cells were treated with Al-cit-
rate for 24 h and oxidized lipids and proteins, markers of
an oxidative environment were monitored. A sharp
increase in oxidized lipids and proteins were recorded in
the Al-treated cells respectively (Table 1). The generation
of an Al-induced oxidative stress prompted us to examine
the levels of HIF-1a. HepG2 cells were exposed to citrate
and Al-citrate and the soluble extracts were analyzed at
various time intervals. Immunoblot assays revealed bands
indicative of HIF-1a at 4 h, 8 h and 24 h. In the control

Table 1
Oxidized lipid and protein in HepG2 cells cultured in citrate or Al-citrate

Oxidized lipids (lmola/4 · 106 cells) Oxidized proteins (pmolb/4 · 106 cells)

Time (h) 4 24 4 24

Citrate 0.068 ± (0.005) 0.024 ± (0.001) 0.279 ± (0.002) 0.465 ± (0.002)
Al-citrate 0.205 ± (0.010) 0.609 ± (0.017) 0.465 ± (0.004) 1.302 ± (0.007)

n = 3, mean ± SD in parentheses.
a Malondialdehyde equivalents (lmol).
b Carbonyl equivalents (pmol).

Fig. 1. Detection of HIF-1a levels in HepG2 cells isolated from (A) citrate and (B) Al-citrate cultures. (I) Immunoblot analyses of the time dependent
variation of HIF-1a in HepG2 cells cultured in citrate or Al-citrate media. (II) Nuclear localization of HIF-1a measured by immunoblot. Nuclear extracts
from citrate and Al-citrate cells were examined following exposure to (A) citrate, (B) Al-citrate and (C) Al-citrate stressed cells transferred into 5% FBS
(note the absence of the HIF-1a respectively for 24 h). F-actin, H2A, VDAC detection were utilized as internal loading standards and to ensure
cytoplasmic and nuclear extract purity.
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fractions, a faint band was observed only in cells harvested
at 24 h of incubation in citrate (Fig. 1, I). The nuclear frac-
tions obtained from the Al-treated HepG2 cells did contain
high amounts of HIF-1a in comparison to the nuclear frac-
tion from the control cultures (Fig. 1, II). However, when
Al-stressed cells were exposed to 5% FBS for 24 h no
HIF-1a in the nucleus was observed. The absence of
HIF-1a clearly points to an important role of Al in trigger-
ing this nuclear localization. Thus, the presence of HIF-1a
in the nuclear and soluble extracts from the HepG2 cells
points to a hypoxic response evoked by Al toxicity. To pro-
mote such an anaerobic metabolism the glycolytic cycle
would be a most likely metabolic module to be affected.

13C- NMR studies were performed on the soluble frac-
tions obtained from control and Al-challenged cells.
(2-13C) D-glucose was utilized as the substrate in the pres-
ence of NAD+, ADP and Pi. It was clear that a disparate
metabolism was operative in these two situations. In the
Al-treated cells, stronger product peaks were evident, while
in control cells, a peak at 73 ppm attributable to the unre-

acted glucose was still significant (Fig. 2). The ATP level in
the soluble fractions from the Al-exposed HepG2 cells was
2-fold higher than that observed in the control cultures
(data not shown), thus pointing to an increased anaerobic
metabolism in the former cells. HPLC studies did confirm
the enhanced glycolytic activity and ATP production in
the Al-exposed cells (Fig. 2, inset).

To further confirm the activation of glycolysis during Al
stress in hepatocytes, we examined a variety of enzymes
including the glucose transporter GLUT-1. Fig. 3 (I)
depicts the rapid uptake of glucose in the Al-treated cells.
At 1 h of incubation, approximately 55% of the D-glucose
in the medium was taken up. The Al-exposed cells were
characterized with GLUT-1 while the control cells did
not appear to have a significant band corresponding to
GLUT-1 after 1 h of incubation (Fig. 3, II). HK, an
enzyme that plays a critical role in glucose metabolism
was also higher in the cells cultured in Al-citrate (Fig. 4,
I). To further confirm the enhanced glucose consumption
as a consequence of Al toxicity, we evaluated the activity
of the enzyme G6PDH, a key component of the pentose
phosphate pathway and a producer of NADPH, a potent
anti-oxidant. A noticeable increase in the activity of this

Fig. 2. Proton decoupled 13C- NMR spectra of (A) citrate and (B) Al-
citrate cultures. HepG2 cells were exposed to citrate and Al-citrate for 24 h
and the cytoplasmic fraction was incubated for 1 h at 37 �C in a phosphate
reaction buffer containing 10 mM [2-13C] D-glucose, 0.5 mM NAD+, and
0.5 mM ATP. Insets: chromatographs showing the anaerobic production
of ATP. Cytoplasmic fractions from control and Al-stressed cells were
incubated in the presence of 10 mM glucose, 0.5 mM NAD+, and 0.5 mM
ADP for 1 h at 37 �C. The fractions were then treated accordingly for
HPLC analysis. ATP and ADP were referenced to standards.

Fig. 3. (I) D-Glucose consumption in HepG2 cultures. Spent fluid was
analyzed enzymatically using HK and G6PDH (Sigma). (d): citrate. (s):
Al-citrate (n = 3, p 6 0.05, mean ± S.D.). (II) Immunoblot analysis of
GLUT-1. HepG2 cells were exposed to (A) citrate and (B) Al-citrate for
24 h and subsequently incubated with D-glucose.
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enzyme was observed in the Al-exposed cells isolated at 1 h
and 4 h of incubation (Fig. 4, II). LDH, an enzyme that
activates glycolysis by regenerating NAD+, was markedly
upregulated in the cells subjected to Al toxicity. In this
instance, Native PAGE and 2D BN-PAGE analyses
revealed a sharp increment in both its activity and expres-
sion (Fig. 5, I). PK, an enzyme that mediates the phosphor-
ylation of ADP to ATP and aids the glycolytic network
was much more active in the Al-treated cells compared to
the HepG2 cells grown in the control medium (Fig. 5,
II). GADH, another key glycolytic enzyme involved in
the metabolism of trioses was upregulated in Al-exposed
cells (Fig. 5, III). Hence this evidence points to a metabolic
switch favouring the production of ATP via substrate level
phosphorylation, a process known to by-pass mitochon-

drial energy production during oxidative stress. Indeed,
the mitochondria obtained from the Al-stressed cells had
a disparate Fe-metabolism compared to the control hepa-
tocytes. The characteristic absorption band at 395–
420 nm, attributable to the Fe–S clusters was virtually
absent in the stressed cells (Fig. 5, IV). Immunoblot analy-
sis of aconitase (ACN), an Fe–S cluster enzyme, revealed a
significant decrease in the mitochondria obtained from the
Al-exposed cells.

Although Al is known to be toxic, the molecular mech-
anism responsible for this toxicity has not been completely
elucidated (Nayak, 2002; Zatta et al., 2002). Al has been
shown to act as a pro-oxidant, to create an iron-deprived
environment, to mimic Ca2+ and to interact with cellular
membrane (Zatta and Lucchini, 2003; Zafara et al., 2004;
Middaugh and Hamel, 2005). The ability of Al to interfere
with mitochondrial ATP formation has also been demon-
strated (Dua and Gill, 2004). The data presented in this
report clearly illustrate the hypoxic environment evoked
by Al in hepatocytes. And as HIF-1a plays a critical role
during hypoxia, the ability of Al to regulate the concen-
tration and localization of this transcription factor was
elucidated. Al-treated HepG2 cells did contain more
HIF-1a in the cytoplasm and the nuclear region. Metal
ions like Cu2+, Ni2+, and Co2+ have been shown to pro-
mote hypoxia and induce the synthesis of HIF-1a.
Although the exact mechanism how these metals trigger
HIF-1a stabilization is still undetermined, it has been pos-
tulated that PHD inhibition may be a possible contribut-
ing factor (Maxwell and Salnikow, 2004). The ability of
these metals to generate ROS may also contribute in the
stabilization of HIF-1a (Martin and Linden, 2005).
Recently the possibility of a direct interaction between
Cu2+ and PHD as a cause for the accumulation of HIF-
1a, has also been suggested (Martin and Linden, 2005).
In the present study, it is not unlikely that increased level
of ROS and the reduced amount of bioavailable Fe as a
consequence of Al toxicity may be contributing to the sta-
bilization of the transcription factor. However, the possi-
bility of direct inhibition of the PHD by Al may not be
completely ruled out. The PHD is an enzyme that has
an affinity for Fe and requires a-ketoglutarate. The ability
of Al to interfere with these two essential cofactors may
also have a negative impact on the normal activity of this
hydroxylating enzyme, thus aiding in the stabilization,
accumulation, and nuclear translocation of HIF-1a in
the Al-exposed cells. We have also recently demonstrated
the accumulation of succinate in Al-treated HepG2 cells
(Mailloux and Appanna, 2006). This dicarboxylic acid
has been shown to be a potent inhibitor of the hydroxyl-
ation of HIF-1a (Selak and Armour, 2005). The possible
implication of a-ketoglutarate in ROS detoxification in
Al-treated cells may also contribute to the inactivity of
the hydroxylase. This a-keto acid has been shown to be
an important cofactor for PHD (Dery and Michaud,
2005). This situation would indeed help stabilize HIF-1a
and promote its migration to the nucleus.

Fig. 4. Expression and activity of D-glucose utilizing enzymes in HepG2
cells exposed to (A) citrate and (B) Al-citrate. Cells were isolated at the
desired time intervals following supplementation with D-glucose. (I) HK
activity. Protein was resolved on a 4–16% linear gradient gel. (II) G6PDH
activity. Protein was resolved on a 4–10% linear gradient gel.
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The accumulation of HIF-1a evoked by Al in hepato-
cytes enabled these cells to generate ATP via enhanced gly-
colysis as numerous enzymes involved in this metabolic
pathway were upregulated. 13C- NMR studies revealed a

faster consumption of D-glucose in the cytoplasmic extract
from the Al-stressed cells. The former also generated more
ATP. Hence, Al appeared to be promoting glycolytic ATP
production. D-glucose was rapidly consumed as its uptake

Fig. 5. In-gel activity and expression of glycolytic enzymes in the soluble fractions obtained from (A) citrate and (B) Al-citrate conditions (C) LDH
standard (Sigma) Ia: Activity profile of LDH by BN PAGE. Ib: Protein expression was discerned by 2D BN PAGE of the activity band followed by silver
staining. II: Activity profile of PK by BN PAGE. Bands were quantified using Scion Imaging software. III: Immunoblot detection of LDH and GAPD in
cytoplasmic fraction. F-actin was utilized as a loading control. IV: Defective Fe-metabolism in Al-stressed hepatocytes: UV–Visible scan of mitochondrial
extract from (A) control and (B) Al-stressed cells. Inset: The expression of ACN in mitochondrial extract from (A) control and (B) Al-stressed cells.
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in the cell was facilitated due to the increased expression of
GLUT-1 and enhanced activity of HK. Owing to the abil-
ity of the latter to generate glucose 6-phosphate, the
decomposition of this metabolite via the pentose-phos-
phate pathway and the glycolytic cycle was further facili-
tated. NADPH generated by G6PDH is a key participant
in the diminution of intracellular oxidative tension (Singh
and Beriault, 2005). This enzyme has been shown to be
upregulated during lipogenesis, oxidative stress and DNA
repair (Ayene and Stamato, 2002; Berger and Ramirez-
Hernandez, 2004). It is quite likely that NADPH may be
promoting the reduction of the oxidative environment trig-
gered by Al toxicity. PK and LDH, two enzymes that are
pivotal in the production of ATP during anaerobiosis,
had markedly increased activities in the Al-treated HepG2
cells. LDH enables the recycling of NAD+ that subse-
quently further activates glycolysis (Dang and Semenza,
1999). Al clearly perturbs Fe metabolism and creates a hyp-
oxic situation. To combat this diminished oxygen tension,
the hepatocytes resort to glycolysis to produce ATP.
Enzymes and their products (metabolites) are indeed the
best participants in this intracellular conversation between
metabolism and cellular activity as they are the direct effec-
tors involved in energy production and the generation of a
reductive environment, two critical ingredients essential for
normal cellular functions. In this instance the oxidative
stress triggered by Al leads to the stabilization and migra-
tion of HIF-1a into the nucleus. This transcription factor
subsequently orchestrates the anaerobic glucose metabo-
lism. Scheme 1 depicts a possible molecular mechanism

how Al toxicity leads to hypoxia, HIF-1a stabilization
and enhanced anaerobiosis.

In conclusion, our data support a direct link between Al
toxicity and hypoxia in hepatocytes. The hypoxic situation
leads to HIF-1a stabilization and translocation to the
nucleus with the subsequent activation of D-glucose meta-
bolism via glycolysis and pentose phosphate pathway.
The latter helps in creating a reductive environment while
the former generates ATP via substrate level phosphoryla-
tion. The perturbation of mitochondrial ATP production
appears to be an important target of Al toxicity. Hence,
Al can severely affect the energy output and thus can lead
to a variety of cellular abnormalities.
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