
Hyeyoung Nam,1 Deborah Jones,1 Robert C. Cooksey,1 Yan Gao,2 Sandy Sink,2

James Cox,3 and Donald A. McClain1,2,3

Synergistic Inhibitory Effects of
Hypoxia and Iron Deficiency on Hepatic
Glucose Response in Mouse Liver
Diabetes 2016;65:1521–1533 | DOI: 10.2337/db15-0580

Hypoxia and iron both regulate metabolism through mul-
tiple mechanisms, including hypoxia-inducible transcrip-
tion factors. The hypoxic effects on glucose disposal
and glycolysis are well established, but less is known
about the effects of hypoxia and iron deficiency on
hepatic gluconeogenesis. We therefore assessed their
effects on hepatic glucose production in mice. Weanling
C57BL/6 male mice were fed an iron-deficient (4 ppm)
or iron-adequate (35 ppm) diet for 14 weeks and were
continued in normoxia or exposed to hypoxia (8% O2)
for the last 4 weeks of that period. Hypoxic mice be-
came hypoglycemic and displayed impaired hepatic
glucose production after a pyruvate challenge, an ef-
fect accentuated by an iron-deficient diet. Stabilization
of hypoxia-inducible factors under hypoxia resulted in
most glucose being converted into lactate and not
oxidized. Hepatic pyruvate concentrations were lower
in hypoxic mice. The decreased hepatic pyruvate levels
were not caused by increased utilization but rather were
contributed to by decreased metabolism from gluconeo-
genic amino acids. Pyruvate carboxylase, which catalyzes
the first step of gluconeogenesis, was also downregulated
by hypoxia with iron deficiency. Hypoxia, and more so
hypoxia with iron deficiency, results in hypoglycemia due
to decreased levels of hepatic pyruvate and decreased
pyruvate utilization for gluconeogenesis. These data high-
light the role of iron levels as an important determinant of
glucose metabolism in hypoxia.

Iron and hypoxia both have significant effects on a wide
range of metabolic processes (1,2), but their potential inter-
actions in determining metabolism are poorly understood.

Hypoxia results in stabilization of hypoxia-inducible factors
(HIFs), transcription factors that control a wide range of
physiologic processes. HIF-1 and -2 form heterodimeric
DNA binding complexes composed of a- and b-subunits
(3). HIF-1a and HIF-2a are highly structurally homolo-
gous; however, the phenotypes of HIF-1a and HIF-2a
knockout mice differ in the effects on transcriptional tar-
gets and their tissue distribution (4). Under normoxia,
HIF-a subunits are hydroxylated at proline residues by
prolyl hydroxylase (PHD) and then rapidly degraded by
the ubiquitin-proteasome pathway. PHDs are 2-oxoglutarate–
dependent dioxygenases that use O2 as a substrate and iron
as a cofactor. Thus, under hypoxia or iron deficiency, the
catalytic activity of PHDs is inhibited, allowing HIF-a
subunits to escape degradation and translocate to the nu-
cleus, where they dimerize with b-subunits to activate
transcription (5). Iron metabolism is tightly coregulated
with oxygen homeostasis, and HIFs regulate genes involved
in iron uptake and utilization.

Hypoxia is associated with multiple changes in metab-
olism and energy balance. Decreased weight and/or weight
loss, for example, is seen in individuals living at high
altitude (6) or in high-altitude sojourners. The mechanisms
underlying these effects, however, are not completely un-
derstood. Decreased appetite and caloric intake frequently
occur at altitude, and some but not all studies suggest a
relation to increased levels of leptin, an HIF-1a–responsive
gene (7,8). Living at high altitude is also associated with
lower fasting blood glucose levels and improved glucose
tolerance (9). Tibetans, for example, commonly live at
altitudes of up to 5,000 m and have successfully adapted
to high altitude (10). Tibetans are not only protected
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from mountain sickness but also have a lower preva-
lence of diabetes and metabolic syndrome (11). The
mechanisms related to changes in weight and improved
glucose handling among individuals accustomed to higher
altitude are incompletely understood, but the contribution
of the HIF pathway is supported by observations in path-
ologic activation of hypoxia-sensing pathways at lower
altitudes.

The disease Chuvash polycythemia (CP), for example,
is characterized by mutation of the VHL protein and
impaired degradation of HIF-1a and HIF-2a, even under
normoxia. CP patients have lower blood glucose levels
and glycosylated hemoglobin A1c levels compared with
wild-type subjects (12). Studies in mice with the cognate
human mutation suggest the relative hypoglycemia in CP
results from a combination of effects on hepatic glu-
coneogenesis and increased glucose disposal (12). CP
is frequently treated by phlebotomy to manage HIF-
induced polycythemia, but the effects of the resulting
iron loss on the glucose phenotype are unknown. Ap-
proximately 7% of the world’s population lives above
1,500 m altitude (13), and 2 billion people in the world
suffer from iron deficiency (14). The interactions of
hypoxia pathways with iron levels in affecting glucose
metabolism are therefore highly clinically relevant but
understudied.

To test the hypothesis that dietary iron deficiency and
hypoxia interact to affect glucose homeostasis, weanling
male mice were fed iron-deficient (FeD) or iron-adequate
(FeA) diets and subsequently exposed to normoxia or
hypoxia (8% O2). Hypoxic mice became hypoglycemic
due to the impairment of hepatic glucose production
for multiple reasons, including decreased levels of pyru-
vate despite increased levels of gluconeogenic amino
acids, decreased levels of pyruvate carboxylase (PC), and
decreased expression of enzymes involved in processing
gluconeogenic amino acids. These effects were exacerbated
by iron deficiency, suggesting that tissue iron stores may
be an important determinant of glucose metabolism in
hypoxia.

RESEARCH DESIGN AND METHODS

Experimental Animals
Weanling C57BL/6 male mice (n = 4–5/group) were given
free access to Harlan AIN-93G diets containing iron at
4 mg/kg (TD.10210) for an FeD diet or 35 mg/kg
(TD.10211) for an FeA diet for 14 weeks (by weight
17.7% protein, 60.1% carbohydrate, and 7.2% fat; Harlan
Teklad, Madison, WI). Weanling mice were fed the same
diets for 10 weeks and then transferred into a hypoxia
chamber and exposed to 8% O2 for 4 weeks with contin-
uation of the same diets. The experiment design is sum-
marized in Fig. 1. Oxygen levels were regulated by a
ProOx 110 oxygen controller (BioSpherix). The chamber
was opened for ;10 min every 3 days for maintenance
and refeeding. At the end of the studies, animals were anes-
thetized with isoflurane, and blood collection was performed
by cardiac puncture. Animal protocols were approved by the
University of Utah and Wake Forest University Institutional
Animal Care and Use Committees.

Pyruvate and Alanine Tolerance Test
For the pyruvate or alanine tolerance test, mice were
fasted for 16 h, followed by an intraperitoneal injection of
sodium pyruvate or L-alanine (2 g/kg body weight). Tail
blood was taken at specified times, and glucose levels were
measured by glucometer (Bayer Contour).

Measurement of Blood Parameters and Hepatic Iron
Concentrations
Hemoglobin was measured with a HemoCue201+ analyzer
(HemoCue). Plasma insulin levels were measured by ELISA
(Crystal Chem Inc.), plasma lactate and alanine by kit
(Sigma-Aldrich), and liver total iron (nonheme and heme)
levels by inductively coupled plasma mass spectroscopy
conducted by the diagnostic center at Michigan State Uni-
versity (15,16).

RNA Isolation and Quantitative RT-PCR
Total RNA was isolated using the RNeasy Mini Kit (Qiagen).
cDNA synthesis and RT-PCR were described previously (16).
Primer sequences are given in Supplementary Table 1.

Figure 1—Schematic experimental design for normoxia and hypoxia animal studies. Weanling male mice were randomized in FeD and FeA
diets (n = 4–5/group). The N-FeD and N-FeA mice were fed these diets for 14 weeks. For hypoxic treatment, weanling mice were fed the
same diets for 10 weeks and then exposed to 8% O2 for 4 weeks with continuation of the same diets. wks, weeks.
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Immunoblotting Analysis
Liver samples were homogenized in ice-cold radioimmu-
noprecipitation assay buffer (Sigma-Aldrich) containing
13 Complete Mini Protease Inhibitor Cocktail (Roche).
Preparation of samples and Western blot analysis were
described previously (16). Antibodies used included HIF-1a
(Pierce), HIF-2a (Novus Bio), tubulin (Sigma-Aldrich),
phosphorylated mammalian target of rapamycin (p-mTOR),
mTOR, protein LC3 (LC3I), LC3I conjugated to phosphati-
dylethanolamine (LC3II), p62, and Atg3 (autophagy family
3) (Cell Signaling).

Determination of PC Activity
PC activity in liver mitochondria was measured as previously
described (17) by incubating aliquots of crude mitochondria
with reaction mixtures containing 4 mmol/L 14C NaHCO3

(PerkinElmer). Activities were expressed as picomoles of
oxaloacetate formed per milligram of protein per min.

Hepatic Glucose Production Assay
HepG2 cells were transfected with 10 nmol/L human HIF-1a,
HIF-2a, or negative control small interfering RNA (si)RNA
(Qiagen) using lipofectamine RNAiMAX (Invitrogen).
After 48 h, cells were exposed to normoxia or hypoxia
(1% O2 and 5% CO2) at 37°C (Galaxy 48R CO2 incuba-
tor; Eppendorf) in the presence or absence of 100 mmol/L
desferrioxamine (DFO) for 24 h. Cells were incubated with
phenol red–free, glucose-free DMEM (Invitrogen) contain-
ing 2 mmol/L pyruvate, 20 mmol/L lactate, and 10 mmol/L
forskolin (Sigma-Aldrich). The medium was collected 3 h
later, and glucose levels in the medium were measured by
kit (Sigma-Aldrich).

Glucose Incorporation and Metabolomic Analyses
HepG2 cells were supplemented with fresh 25 mmol/L
[U-13C6]glucose (Cambridge Isotope Laboratories). After
24 h, metabolites were extracted by adding cold 80% high-
performance liquid chromatography–grade methanol,
as described previously (18). Gas chromatography–mass
spectrometry (GC-MS) analyses were conducted using an
Agilent 6890N connected to a Waters GCT Premier de-
tector equipped with a Zebron ZB-5MSi Guardian column
and an HP7682 injector. The QaunLynx software program
(Waters) was used to extract and integrate the target com-
pounds. Samples were normalized to the internal stan-
dard D4-succinate and protein concentrations. For in vivo
studies, freeze-clamped liver tissue was homogenized in bead
mill tubes containing cold 90%MeOH with internal standards
(D4-succinate). The sample was homogenized, placed at220°C
for 1 h to precipitate proteins, and centrifuged at 20,000g for
5 min at 4°C. The supernatant was collected, dried under
vacuum, and subjected to GC-MS as described above.

Statistical Analysis
Results are expressed as means 6 SE. The significance of
variability was determined by two-way ANOVA and the
Tukey multiple comparison post hoc test. Data were an-
alyzed with GraphPad Prism software.

RESULTS

Hypoxic Mice Become Hypoglycemic
Mice were provided at weaning with a normal purified
FeA diet (35 ppm) or the same purified FeD diet (4 ppm).
Groups were separated 10 weeks later and were contin-
ued under normoxia or exposed to hypoxia (8% O2) for a
further 4 weeks. Mice were killed, and hemoglobin levels
were 33% higher in hypoxic (H) mice fed the FeA diet
(H-FeA) compared with normoxic (N) mice fed the same
diet (N-FeA). Hypoxic mice fed the FeD (H-FeD) became
anemic, as indicated by reduced hemoglobin relative to
that of N-FeA and H-FeA mice (Fig. 2A). Total liver iron
concentrations trended to be decreased in N-FeD mice
compared with N-FeA mice. In H-FeD mice, liver total iron
levels were three times lower than in N-FeA or H-FeD mice
(Fig. 2B). After 12 h fasting, normoxic mice maintained
blood glucose values in the 65–70 mg/dL range. Glucose
levels were significantly decreased in hypoxia (Fig. 2C).
Fasting glucose values of H-FeD mice were decreased by
31% compared with N-FeD and H-FeA by 46% compared
with N-FeA. Insulin levels were increased by 70% in H-FeD
mice and by 109% in H-FeA mice relative to N-FeA controls
(Fig. 2D).

Significant decreases in body weight were observed in
hypoxic mice after exposure to hypoxia (Supplementary
Fig. 1). The levels of food intakes did not differ among the
group for 10 weeks on the different iron diets (Supple-
mentary Fig. 1C). The initial exposure of hypoxia caused
a significant decrease in food intake in both H-FeD and
H-FeA mice on day 3. During the subsequent 3 weeks, food
intake recovered, and food intake for the final 3 weeks did
not differ among the groups. This finding is consistent
with results of other reports (19,20). Leptin levels were
increased by iron deficiency but not significantly so by
hypoxia (data not shown), indicating that leptin was not
solely responsible for the changes in food intake. Mice were
killed and body was composition was analyzed by dual
photon absorptiometry. Lean mass did not differ among
the groups, although hypoxic mice fed both diets exhibited
decreased fat mass and bone mineral content (Supplemen-
tary Fig. 1D).

Hepatic Glucose Production Is Impaired in Hypoxic
Mice but Not due to Decreased Gluconeogenic Gene
Expression
To determine if the observed hypoglycemia was due to
changes in endogenous glucose production, we performed
pyruvate and alanine tolerance testing, wherein blood
glucose excursions are measured after an intraperitoneal
injection of either of those two gluconeogenic precursors
in mice fasted overnight. Injection of pyruvate resulted in
a rapid increase in blood glucose levels in normoxic mice
(Fig. 3A). However, the H-FeA mice displayed impaired
glucose production, and the H-FeD mice exhibited a fur-
ther decrease (Fig. 3A and B). Similarly, blood glucose
levels were increased in N-FeA mice after injection of
L-alanine, whereas N-FeD mice had less glucose production
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(Fig. 3C). H-FeA mice exhibited further impairment in their
glucose response, and this was yet more accentuated in the
H-FeD mice (Fig. 3C and D). We next determined if the
impairment of glucose response was contributed by down-
regulation in the expression of genes for gluconeogenic
enzymes. Despite increased insulin (Fig. 2D), mRNA ex-
pression of neither phosphoenolpyruvate carboxykinase
(PEPCK) nor glucose-6-phosphatase (G6Pase) was changed
in H-FeD mice (Fig. 3E and F).

H-FeD Mice Have Increased Plasma Levels
of Gluconeogenic Substrates, and Glucose
Is Preferentially Converted Into Lactate Rather
Than Pyruvate
Levels of plasma lactate and alanine were measured to
determine if hypoglycemia in hypoxic mice was due to
diminished availability of those metabolites, the princi-
pal gluconeogenic precursors in the blood. Lactate and
alanine, however, were increased by 161% and 74% in
H-FeD relative to N-FeA mice (Fig. 4A and B). The in-
creased levels of lactate in H-FeD mice may have been
due to increased production in skeletal muscle, insofar as
glucose oxidation rates were down (Supplementary Fig.
2A), and mRNA levels of lactate dehydrogenase A were
increased (Supplementary Fig. 2D) in the H-FeD cohort.
The increase in lactate was unlikely to be caused solely by
hypoxia-driven lactate release from muscle because the
mRNA levels of the hypoxia-responsive monocarboxylate

transporter 4 were not increased in the H-FeD cohort,
although they were increased in the H-FeA group (Sup-
plementary Fig. 2C). Normally, these gluconeogenic pre-
cursors are converted into pyruvate in the liver for
gluconeogenesis, but decreased levels of hepatic pyruvate
were observed in hypoxic mice; hepatic lactate did not
differ among the groups (Fig. 4C and D). These results
suggest that decreased utilization of pyruvate for gluco-
neogenesis may have been occurring in the liver, so we
next investigated the metabolic fates of pyruvate in the
liver under hypoxia with or without iron deficiency.

Under aerobic conditions, pyruvate can enter into the
citric acid (TCA) cycle for oxidative metabolism, with entry
into the TCA cycle being tightly controlled by the activities
of pyruvate dehydrogenase (PDH) and its inhibitory kinase
(PDK). The mRNA levels of PDK isoform 2 (PDK2), which
inhibits PDH and thus mitochondrial oxidation of pyru-
vate, were significantly upregulated in the liver of hypoxic
mice (Fig. 4E). We did not measure glucose oxidation in
liver tissue but did verify that glucose oxidation was de-
creased in isolated soleus muscle from hypoxic mice, with a
further decrease being observed in H-FeD mice (45% de-
crease in H-FeA mice and 64% decrease in H-FeD mice
compared with N-FeA mice) (Supplementary Fig. 2A and
B), indicating that chronic hypoxia impairs entry of py-
ruvate into the TCA cycle. Thus, the decrease in hepatic
pyruvate levels is unlikely to be caused by increased uti-
lization in the TCA cycle.

Figure 2—Hemoglobin, hepatic iron, blood glucose, and insulin levels in normoxic or hypoxic mice on the varied iron diets. A: Hemoglobin
levels of N-FeD, N-FeA, H-FeD, and H-FeA mice. B: Hepatic iron (heme and nonheme) levels were determined by inductively coupled
plasma mass spectroscopy and are reported as micrograms of Fe per gram of tissue dry weight. The levels of glucose (C) and plasma
insulin (D) were analyzed after overnight fasting. Values are expressed as mean6 SE (n = 4–5 per group). *P< 0.05 and **P< 0.01 indicate
the difference among the groups.

1524 Hypoxia and FeD Affect Glucose Response Diabetes Volume 65, June 2016

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0580/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0580/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0580/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0580/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0580/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0580/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0580/-/DC1


Pyruvate can also be converted into lactate in anaerobic
glycolysis. We therefore examined the fate of uniformly
labeled [U-13C6]glucose in HepG2 cells cultured in hypoxia
(1% O2), with or without iron depletion. Consistent with the
results obtained in hypoxic mouse liver, total pyruvate levels
were decreased and lactate levels were twofold higher under
hypoxia (Fig. 4F). When the flux levels were assessed by
incorporation of 13C into lactate, the differences caused by
hypoxia were even more pronounced (Fig. 4G). Treatment
of cells with the iron chelator DFO further accentuated
[13C]lactate production. Thus, increased lactate produc-
tion may be a factor in the observed decrease in pyruvate.

Hypoxia and Iron Deficiency Additively Stabilize HIFs,
and HIF-1a Contributes to the Impairment of Hepatic
Glucose Response Under Hypoxia and Iron Deficiency
Much of the shift in cellular metabolism to anaerobic processes
under hypoxia is regulated by the HIF family of transcriptional
factors that are stabilized under conditions of oxygen or iron
insufficiency. Under normoxia, iron deficiency led to the
upregulation of Hif1a (fourfold) and Hif2a (twofold) protein
levels in liver compared with N-FeA mice (Fig. 5A). This effect
was accentuated by the combination of iron deficiency and
hypoxia (10-fold for Hif1a and 3-fold for Hif2a protein)

compared with N-FeA mice. The effects of hypoxia and iron
deficiency on HIF expression were reflected in increased levels
of mRNAs for Hif1a target genes: glycolytic enzymes (hexoki-
nase 2 [HK2] and phosphofructokinase 1), sterol regulatory
element–binding protein 1, and transferrin receptor 1 (TfR1)
(Fig. 5B). HK2 and TfR1mRNA levels were further upregulated
by the combination of hypoxia and iron deficiency. TfR1
mRNA levels, which respond to iron status, were measured
as a positive control for iron-dependent changes in these
groups. As expected, TfR1 mRNA levels were upregulated in
N-FeD or H-FeD mice relative to N-FeA or H-FeA mice.

To establish causality for the changes in HIF expres-
sion being responsible for changes in glucose production,
HepG2 cells were treated with siRNA targeting human
Hif1a or Hif2a, followed by hypoxia exposure. Treatment
with Hif1a or Hif2a siRNA resulted in an 80% and
90% knockdown of each gene in hypoxia (Fig. 5C).
We next examined glucose production by the HepG2 cells
with knockdown of HIF expression by culturing in glucose-
free medium containing the gluconeogenic precursors lac-
tate and pyruvate and by measuring glucose accumulation
in the media. In normoxia, hepatic glucose production in
iron-depleted DFO-treated (ND) cells was slightly but not
significantly higher than in control cells (Fig. 5D). However,

Figure 3—Hypoxia with iron deficiency impairs hepatic glucose production despite no change in the expression of gluconeogenic genes in
mouse liver. For pyruvate (A) or alanine (C) tolerance testing, mice were fasted for 16 h, followed by an intraperitoneal injection of sodium
pyruvate or L-alanine (2 g/kg body weight). B and D: The area under the glucose curve was calculated for the studies in A and C. Relative
mRNA abundances of PEPCK (E) and G6Pase (F ), normalized to levels of RPL13a, were determined by quantitative RT-PCR in mouse liver.
Values are expressed as mean6 SE (n = 4–5 per group). ALT, alanine tolerance test; PTT, pyruvate tolerance test. *P< 0.05 and **P< 0.01
indicate the difference among the groups.
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under hypoxia (1% O2), iron-depleted (HD) cells had re-
duced hepatic glucose production relative to that of ND cells.
Knockdown of Hif1a under hypoxia resulted in recovery of
the hepatic glucose response to levels seen in normoxia.
Furthermore, the hepatic glucose response in Hif1a knock-
down cells with DFO treatment was three times higher than
in control HD cells. Although increased hepatic glucose re-
sponse was seen in hypoxic cells treated with Hif2 siRNA,
further increases in hepatic glucose response were not seen
with incubation with DFO, suggesting that impaired hepatic
glucose production under hypoxia with iron deficiency is
mostly due to Hif1a induction.

PC Activity Is Downregulated in H-FeD Mice
Hepatic gluconeogenesis is initiated by PC, which is located
in mitochondria and catalyzes the biotin-dependent car-
boxylation of pyruvate to oxaloacetate for initiating gluco-
neogenesis (Fig. 6A). Levels of PC mRNA in mouse liver
were increased by iron deficiency under normoxia, but
H-FeD significantly downregulated PC mRNA levels com-
pared with N-FeD (Fig. 6B). Consistent with the mRNA
expression, PC enzyme activity decreased by 80% under
H-FeD, compared with the hypoxia control (Fig. 6C).
Parallel results were observed in cultured cells, wherein
hypoxic cells had 30% lower PC activity than normoxic

Figure 4—Hypoxia with iron deficiency upregulates plasma levels of gluconeogenic substrates, and glucose is preferentially converted into lactate
rather than pyruvate. Levels of plasma lactate (A) and alanine (B) were analyzed in N-FeD, N-FeA, H-FeD, and H-FeA mice. The levels of hepatic
lactate (C) and pyruvate (D) were measured by GC-MS in freeze-clamped liver tissue. E: Relative mRNA abundance of PDK2, normalized to levels
of RPL13a, was determined by quantitative RT-PCR in mouse liver. Values are expressed as mean6 SE (n = 4–5 per group). F: HepG2 cells were
incubated at normoxia in absence or presence of 100 mmol/L DFO. HepG2 cells were exposed to hypoxia (1% O2 [H]) without or with iron
depletion for 24 h. Relative abundances of [12C]lactate and pyruvate were quantified with GC-MS. G: After 24 h incubation with uniformly labeled
[13C6]glucose in HepG2 cells, the levels of [U-13C]pyruvate and [U-13C]lactate were measured using GC-MS. The bars represent the mean6 SE of
three independent experiments performed in triplicate. A.U., arbitrary units. *P < 0.05 and **P < 0.01 indicate the difference among the groups.
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Figure 5—Hypoxia with iron deficiency leads to the stabilization of HIFs in mouse liver, and HIF-1a contributes to the impairment of hepatic
glucose response. A: Immunoblot analysis of Hif1a and Hif2a in livers of normoxic or hypoxic mice. The blots were stripped and reprobed
with tubulin as a lane loading control. The band intensities were quantified by the ImageJ program. B: The mRNA expression levels of the
Hif1a target genes HK2, phosphofructokinase 1, sterol regulatory element–binding protein 1 (Srebp1), and TfR1 were analyzed by quan-
titative RT-PCR, and RPL13a was used as a normalizing gene. C: Human Hif1a, Hif2a, or negative control siRNA (10 nmol/L) was trans-
fected in HepG2 cells, followed by exposure of 1% O2 for 24 h (H-Hif1a and H-Hif2a siRNA). The transcript levels of Hif1a and Hif2a were
analyzed by quantitative RT-PCR and normalized to human RPL13a. D: HepG2 cells were treated with Hif1a, Hif2a, or negative control
siRNA and cultured in normoxia or under hypoxia (1% O2 [H]) with or without 100 mmol/L of the iron chelator DFO for 24 h. After 24 h, the
cells were incubated with hepatic glucose production buffer for 3 h. The glucose concentrations in medium were analyzed and normalized
to protein levels. Bars represent the mean6 SE of three independent experiments performed in triplicate. *P< 0.05 and **P< 0.01 indicate
the difference among the groups.
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cells, and the combined effect of H-FeD further di-
minished PC activity (;80% decrease in HD cells,
Fig. 6D).

Levels of Serine Dehydratase mRNA Are Decreased
and Levels of Gluconeogenic Amino Acids Are
Increased in H-FeD Mice
We finally examined if the decreased pyruvate levels
observed in H-FeD may also be contributed to by
changes in the metabolism of the gluconeogenic amino
acids that can be converted into pyruvate (Fig. 6A).
Serine dehydratase, which converts serine into pyru-
vate, was ;60% lower in H-FeD mice compared with
other groups (Fig. 7A). Therefore, pyruvate levels are
lower in H-FeD as a result of multiple mechanisms, and
the lack of pyruvate utilization for gluconeogenesis, in
turn, results from lower levels of PC activity and of its
substrate.

We next examined whether the levels of gluconeogenic
amino acids that can be converted into pyruvate might
also be responsible for decreased gluconeogenesis in
H-FeD by quantitating their levels by GC-MS in freeze-
clamped liver tissue. Serine, alanine, glycine, threonine,
tryptophan, and cysteine were all increased in the livers of
H-FeD mice (Fig. 7B), suggesting that decreased availabil-
ity of these substrates was not contributing to decreased
gluconeogenesis. To examine the reason for high levels
of these amino acids, synthesis of gluconeogenic amino
acids from glucose was measured by steady-state label-
ing of [U-13C6]glucose, followed by GC-MS analysis in
HepG2 cells. The relative 13C flux into amino acids from
glucose carbon indicated that at least three amino
acids—serine, glycine, and cysteine—exhibited decreased
synthesis from glucose under hypoxia in the presence or
absence of an iron chelator, suggesting that the in-
creases in their total levels observed under hypoxia with

Figure 6—PC activity is significantly lower in hypoxia with iron deficiency. A: Simplified schematic diagram of the fates of
pyruvate produced by glycolysis and hepatic gluconeogenesis. B: Relative transcript abundances of PC were analyzed by
quantitative RT-PCR and normalized to RPL13a. C: The rates of PC activities were determined in freshly isolated crude
mitochondria from mice livers. PC activity was assayed with a [14C]HCO3

2
fixation assay and expressed as picomoles of

oxaloacetate formed per mg protein per min. D: HepG2 cells were exposed to 21% O2 (N), 1% O2 (H), or 1% O2 with 100
mmol/L DFO (HD) for 24 h. Crude mitochondria were freshly isolated from these cells, followed by the incubation with PC
activity reaction mixture. Bars represent the mean 6 SE of three independent experiments performed in triplicate. HGO,
hepatic glucose output. *P < 0.05 and **P < 0.01 indicate the difference among the groups.

1528 Hypoxia and FeD Affect Glucose Response Diabetes Volume 65, June 2016



iron deficiency were not due to their synthesis from glu-
cose (Fig. 7C).

Decreased Anabolic and Increased Catabolic
Signaling Induced by H-FeD in Mouse Liver
To examine the source of the increased amino acid levels
in mouse liver exposed to H-FeD, we measured indices of
activation of select anabolic and catabolic pathways. Most
cells respond to nutritional deprivation by upregulating
autophagy, a catabolic pathway, to maintain metabolic
homeostasis and viability (21). A major intracellular hub
for blocking autophagy-related signals is mTOR (22). The
ratio of activated p-mTOR to total mTOR was signifi-
cantly decreased in H-FeD mice compared with N-FeD
mice (Fig. 8A). Furthermore, 4EBP1, a downstream target
for mTOR signaling, is also regulated by both iron and
hypoxia, as evidenced by changes in the p-4EBP1–to–
4EBP1 ratio (Supplementary Fig. 3). A direct response

to autophagic signaling is the conjugation of LC3I with
LC3II, experimentally determined by the LC3II-to-LC3I
ratio. This ratio did not, however, change with hypoxia
or iron deficiency (Fig. 8B). However, another auto-
phagy marker, p62, whose levels are usually inversely
corrected with autophagy, decreased 63% in H-FeD
mice and 35% in H-FeA mice compared with N-FeA
mice. Furthermore, Atg3, a protein required for auto-
phagosome formation, was also upregulated in H-FeD
and H-FeA compared with N-FeA mice. These data sug-
gest that autophagy may play a role in the increased levels
of gluconeogenic amino acids observed in hypoxia and iron
deficiency.

DISCUSSION

Emerging evidence demonstrates that hypoxia and tissue
iron stores both exert significant influences on glucose
metabolism. Body iron stores are positively associated

Figure 7—The levels of gluconeogenic amino acids are significantly upregulated by hypoxia and iron deficiency but not because of
increased synthesis. A: Relative mRNA abundances of serine dehydratase, normalized to levels of RPL13a, were determined by quanti-
tative RT-PCR B: Levels of gluconeogenic amino acids were analyzed by GC-MS with freeze-clamped liver tissues. C: HepG2 cells were
supplemented with fresh 25 mmol/L [U-13C6]glucose. After labeling for 24 h, metabolites were extracted and analyzed by GC-MS. Bars
represent the mean 6 SE of three independent experiments performed in triplicate. A.U., arbitrary units; H, hypoxia (1% O2). *P < 0.05 and
**P < 0.01 indicate the difference among the groups.
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with the development of glucose intolerance and type 2
diabetes (1). Conversely, phlebotomy improves glucose tol-
erance in prediabetes (23), and low levels of serum iron and
its storage protein, ferritin, are associated with neonatal
hypoglycemia (24). Because hypoxia and low iron can both
signal additively through the hypoxia response pathway,
we have investigated hepatic glucose metabolism in nor-
moxic and hypoxic mice fed the FeD or FeA diets. We re-
port here that hypoxic mice become hypoglycemic, largely
due to the impairment of hepatic glucose production.
These phenomena are accentuated in the H-FeD mice.
The mechanisms for these effects include combined effects
of hypoxia and iron deficiency on stabilization of HIFs,
decreased hepatic levels of the gluconeogenic precursor
pyruvate, and decreased levels of PC, the enzyme cata-
lyzing the first step in gluconeogenesis. Decreased levels
of hepatic pyruvate are caused by multiple mechanisms,
including preferential conversion of glucose to lactate
and decreased conversion of gluconeogenic precursor
amino acids to hepatic pyruvate.

Consistent with our observations, individuals living at
high altitude have been shown to have lower fasting
glucose levels and better glucose tolerance compared
with those who live at sea level (9,25). Higher insulin
levels may contribute to the lower glycemia observed in

hypoxia in this study, but lower glucose levels of human
highlanders are not adequately explained by insulin
(26,27). More importantly, in the current studies we did
not observe decreased expression of the rate-limiting en-
zymes in gluconeogenesis (PEPCK or G6Pase) that are
responsive to high insulin. This observation supports
the hypothesis that increased insulin levels do not wholly
explain the observed hypoglycemia and do not contribute
to the impairment of hepatic glucose production. The ef-
fects of hypoxia on insulin and insulin action are neverthe-
less interesting and deserve further study. Insulin levels
would be expected to drop with the observed weight loss
under hypoxia, for example, but in fact, insulin levels in the
hypoxic group were higher than in the control group. Sev-
eral studies have reported this paradoxical increase in insulin
levels during weight loss under hypoxia and concluded that
insulin levels are tightly related to duration and intensity of
exposure to hypoxia (28–30). As a possible mechanism, hyp-
oxia was previously demonstrated to increase insulin mes-
senger stability (31). The parallel issue of insulin action
during hypoxia has also received much attention.

Recently, researchers suggested that hepatic insulin
signaling is sensitized by Hif2a stabilization through
direct or indirect induction of insulin receptor substrate
2 (Irs2) and inhibition of vascular endothelial growth

Figure 8—Decreased mTOR and increased autophagy signaling are observed in hypoxia and iron deficiency in mouse liver. A: Immunoblot
analysis of p-mTOR and mTOR in livers of N-FeD, N-FeA, H-FeD, and H-FeA mice. B: Immunoblot analysis of LC3I and LC3II, p62, and
Atg3 in mice livers of normoxic or hypoxic mice. The blots were stripped and reprobed with tubulin as a lane loading control. The band
intensities were quantified by the ImageJ program. Values are expressed as mean 6 SE (n = 4–5 per group). *P < 0.05 and **P < 0.01
indicate the difference among the groups.

1530 Hypoxia and FeD Affect Glucose Response Diabetes Volume 65, June 2016



factors (32). We compared hepatic Irs2 among the groups
and did not observe any further induction of Irs protein
levels in hypoxia (data not shown), supporting the con-
clusion that in our model, at least, the Irs mechanism is
not involved. We examined the activation (phosphoryla-
tion) of the downstream mediator of insulin action, Akt,
in liver, but the increased levels of insulin are not
reflected in increased pAkt in the FeD mice (data not
shown), suggesting insulin resistance upstream of that
mediator. In the FeA mice, the increased insulin does
cause increased pAkt (data not shown), but as we report-
ed, this did not translate to repression of gluconeogenic
gene expression, so in that case, there is an additional
layer of insulin resistance distal to Akt. Further work
will be needed to fully explicate these effects of hypoxia
on insulin and insulin action, but because of the lack of
any effects on gluconeogenic gene expression, we there-
fore sought other explanations for the changes in the fate
and generation of hepatic pyruvate.

The mechanism for the decreased hepatic pyruvate
levels seen with hypoxia and iron deficiency is likely
multifactorial. Hypoxia and iron deficiency additively
stabilize the protein levels of Hif1a and Hif2a that in-
duce glycolysis through the upregulation of enzymes
such as HK2 and phosphofructokinase 1 and inhibition
of glucose oxidation by multiple mechanisms, including
upregulation of PDK that inhibits PDH. The isoforms
PDK2 and PDK4 are highly expressed in the liver (33),
but only PDK2 is significantly upregulated by hypoxia.
These results differ from previous reports that the
mRNA for PDK4 but not PDK2 is induced by hypoxia
(34). The differences may be accounted for by differ-
ences in the model systems and the degree and duration
of hypoxia (9 h at 0.1% O2) in the cited study. Regard-
less, the net effect of hypoxia and iron deficiency is to
block the entry of glucose into the TCA cycle and pref-
erentially convert it to lactate.

Other possible explanations for the decreased hepatic
pyruvate levels include decreased metabolism from other
sources. There are six gluconeogenic amino acids that
can be converted into hepatic pyruvate. Levels of these
amino acids were increased in the H-FeD mice, suggesting a
possible block in their conversion to pyruvate. Consistent
with this possibility, the mRNA level of serine dehydratase,
which converts serine into pyruvate and whose activity
is regulated at the level of transcription, is ;60% lower
in hypoxia with iron deficiency (35). We noted no dif-
ferences in other mRNAs that regulate conversion of
gluconeogenic amino acids to hepatic pyruvate (e.g.,
alanine aminotransaminase 1 and cystathionase) but
did not assess the enzyme activities associated with
these transcripts.

Two important members of the HIF family are HIF-1a
and HIF-2a. The metabolic effects of HIF-1a are largely
related to effects on target genes involved in glucose up-
take, glycolysis, and nonoxidative metabolism, although
its effects vary according to tissue and degree of hypoxia

(36). HIF-2a, at least in the liver, primarily regulates lipid
metabolism through decreased fatty acid oxidation and
increased lipid storage (37). Transcription of the mRNAs
for the rate-limiting enzymes in hepatic gluconeogenesis,
PEPCK and G6Pase, is upregulated by HIF-1a (38). In
mice exposed to hypoxia and/or iron deficiency, however,
we did not observe changes in PEPCK or G6Pase expres-
sion that would explain the observed changes in hepatic
glucose production. Hepatic gluconeogenesis is known to
be coordinately modulated by multiple gluconeogenic en-
zymes (39), and several HIF-1 target genes are also regu-
lated by hypoglycemia (40,41). One candidate for the effects
observed in our studies is the mitochondrial enzyme PC,
a known target of the hypoxia pathway that catalyzes the
first committed step in gluconeogenesis (42). Indeed, we
observed upregulation of PC transcripts in mice exposed
to 8% O2 for 3 days (data not shown), but PC transcripts
were downregulated by long-term exposure of hypoxia
in H-FeD compared with N-FeD mice. HIF target genes
are known to be differentially expressed in acute com-
pared with long-term hypoxia in mouse liver (43), and
iron deficiency may induce additional pathways that
contribute to the final integrated pathway of the
hypoxia-acclimatized state. The importance of PC to
our observed hypoglycemic phenotype is consistent with
multiple observations. Deficiency of PC, for example, is a
rare autosomal-recessive inborn error of metabolism that
causes hypoglycemia and lactic acidosis (44). Hepatic PC
protein levels are regulated by feeding/fasting and dysregu-
lated in diabetes and are strongly correlated with glycemia
in humans (45,46).

In investigating the mechanisms for decreased hepatic
pyruvate levels, we observed that levels of gluconeogenic
amino acids were upregulated by hypoxia with iron de-
ficiency and that this was not due to increased de novo
synthesis from glucose. This observation is consistent with
others who demonstrated increased levels of intracellular
amino acids in hypoxic cells (47). These amino acids likely
derive from increased cell catabolism by autophagy. One
pathway by which nutrient starvation triggers autophagy
is through blocking of mTOR, a central regulator of cell
growth and metabolic activity (22). We demonstrated de-
creased levels of mTOR signaling in hypoxia with iron
deficiency. The ratio of LC3II to LC3I, one indicator
of autophagic activity, did not differ among these
groups. The conversion of LC3I to LC3II is catalyzed
by autophagy-initiation protein Atg3, which was increased
in hypoxic mice compared with normoxic mice. The fact that
the LC3II-to-LC3I ratio was not, however, increased may
reflect its faster degradation under hypoxia (48) and the
known fact that decreased mTOR also decreases levels
of LC3II (49). Consistent with the possibility that the ratio
of LC3II to LC3I may not accurately reflect overall rates of
autophagy in our model, p62 was significantly decreased in
H-FeA mice relative to N-FeA mice and more so in H-FeD
mice. The p62 protein preferentially interacts with LC3 to
be degraded by autophagolysosomes (50); thus, the total
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cellular expression levels of p62 are usually inversely cor-
related with autophagy activity.

In sum, we have presented evidence that hepatic glucose
production is impaired in hypoxic mice and is further
diminished in iron deficiency due to multiple mechanisms.
Hypoxic mice demonstrate decreased levels of hepatic
pyruvate despite increased levels of gluconeogenic amino
acids, likely the result of activation of autophagy. PC, which
catalyzes the first step for gluconeogenesis, is downregu-
lated by hypoxia and iron deficiency. These data highlight
the role of iron levels as an important determinant of
glucose metabolism in hypoxia. These data also support the
need for further studies on the effect of iron levels on other
hypoxic conditions such as cancer or neonatal hypoglycemia.
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