
 International Journal of 

Molecular Sciences

Article

Different Expressions of HIF-1α and Metabolism in Brain and
Major Visceral Organs of Acute Hypoxic Mice

Lu Xu 1 , Hua Song 2 , Qi Qiu 1, Ting Jiang 3, Pingyun Ge 2, Zaiji Su 2, Wenhui Ma 1, Ran Zhang 1,
Caihua Huang 4, Shanhua Li 1,*, Donghai Lin 2,* and Jiaxing Zhang 1,*

����������
�������

Citation: Xu, L.; Song, H.; Qiu, Q.;

Jiang, T.; Ge, P.; Su, Z.; Ma, W.; Zhang,

R.; Huang, C.; Li, S.; et al. Different

Expressions of HIF-1α and

Metabolism in Brain and Major

Visceral Organs of Acute Hypoxic

Mice. Int. J. Mol. Sci. 2021, 22, 6705.

https://doi.org/10.3390/ijms22136705

Academic Editor: Jung-Ae Kim

Received: 31 March 2021

Accepted: 25 May 2021

Published: 23 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Brain Diseases and Cognition, Medical College of Xiamen University, Xiamen 361102, China;
xlxmu@stu.xmu.edu.cn (L.X.); qiuqi9592@stu.xmu.edu.cn (Q.Q.); mawenhui7@126.com (W.M.);
zhangran2008@xmu.edu.cn (R.Z.)

2 Fujian Provincial Key Laboratory of Innovative Drug Target Research, School of Pharmaceutical Sciences,
Xiamen University, Xiamen 361102, China; songhua@xmu.edu.cn (H.S.); gxx_1128@163.com (P.G.);
32320191153407@stu.xmu.edu.cn (Z.S.)

3 Key Laboratory for Chemical Biology of Fujian Province, College of Chemistry and Chemical Engineering,
Xiamen University, Xiamen 361005, China; jt127721@126.com

4 Research and Communication Center of Exercise and Health, Xiamen University of Technology,
Xiamen 361024, China; huangcaihua@xmut.edu.cn

* Correspondence: lish@xmu.edu.cn (S.L.); dhlin@xmu.edu.cn (D.L.); zhangjiaxing@xmu.edu.cn (J.Z.)

Abstract: Hypoxia is associated with clinical diseases. Extreme hypoxia leads to multiple organs
failure. However, the different effects of hypoxia on brain and visceral organs still need to be clarified,
and moreover, characteristics in vulnerable organs suffering from hypoxia remain elusive. In the
present study, we first aimed to figure out the hypoxic sensitivity of organs. Adult male mice were
exposed to 6% O2 or 8% O2 for 6 h. Control mice were raised under normoxic conditions. In vivo
and in vitro imaging of anti-HIF-1α-NMs-cy5.5 nanocomposites showed that the expression level
of hypoxia-inducible factor (HIF-1α) was the highest in the liver, followed by kidney and brain.
HIF-1α was detected in the hepatocytes of liver, distal convoluted tubules of kidney and neurons
of cerebral cortex. The liver, kidney and brain showed distinct metabolic profiles but an identical
change in glutamate. Compared with kidney and brain, the liver had more characteristic metabolites
and more disturbed metabolic pathways related to glutaminolysis and glycolysis. The level of O-
phosphocholine, GTP, NAD and aspartate were upregulated in hypoxic mice brain, which displayed
significant positive correlations with the locomotor activity in control mice, but not in hypoxic mice
with impaired locomotor activities. Taken together, the liver, kidney and brain are the three main
organs of the body that are strongly respond to acute hypoxia, and the liver exhibited the highest
hypoxic sensitivity. The metabolic disorders appear to underlie the physiological function changes.

Keywords: hypoxia; metabolism; HIF-1α; brain; liver; kidney

1. Introduction

Oxygen is critical to the body. Acute hypoxia is common in clinical diseases, such
as birth asphyxia and traumatic injury that limits respiration, and in daily life, such as
pilots and mineworkers with short O2 supply and people who travel fast to high altitudes.
Systemic hypoxia drives multi-organ damage such as cognitive decline [1], pulmonary
hypertension [2], heart failure [3,4], liver injury [5] and renal damage [6]. Each organ
has its own oxygen requirement to maintain tissue homeostasis [7,8]. Different organs
have varying tolerance to hypoxia, partially due to both the systemic redistribution of
the inadequate O2 supply in favor of vital organs and the distinctive intrinsic organ
responses [9,10]. Expectedly, comparison and understanding of the responses of vital
organs to acute hypoxia might improve the treatment of diseases associated with tissue
hypoxia.
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After acute exposure to hypoxia, the heart rate increases immediately, which elevates
cardiac output and maintains systemic oxygen supply, with no cardiomyocyte damage [11].
The link between myocardial hypoxia and the development of heart failure has been
speculated [12–14]. A recent study has demonstrated that gradual systemic hypoxemia
can reduce reactive oxygen species (ROS) and oxidative DNA damage in cardiomyocytes,
which is sufficient to induce cell cycle re-entry of adult cardiomyocytes [15]. The brain is
one of the heaviest consumers of oxygen in the body. Insufficient oxygen supplements
would lead to neuronal cell death [16–19] and structural and functional damage in the
brain [20–22]. Furthermore, the liver also has a unique anatomical structure and acts
as a master metabolic organ [23]. Maintenance of liver function requires a considerable
amount of oxygen [24]. Previous studies have revealed that the pathogenesis of several
hepatic diseases is related to hypoxia [25,26]. The kidney is a high-blood flow and high-
perfused organ, and the low oxygen supply and high oxygen demand make the kidney
vulnerable to hypoxia [27]. The regulation of erythropoietin, which is mainly produced
by the kidney, is part of the classical physiological response to hypoxia [9]. In addition,
exposure to high-altitude hypoxia increases the incidence of kidney disease [28–30]. The
structural and functional alterations of these organs must have a unique molecular and
metabolic basis. In fact, it is well known that molecular changes induced by hypoxia-
inducible factors (HIFs) are associated with physiological and pathological responses to
hypoxia [31]. Energy metabolism has important implications for organ function. The
HIF-1α protein is present in the brain, kidney, liver and heart of mice kept under normoxic
conditions and dramatically increased in these organs in response to short-term hypoxia,
with an organ-specific regulation [32]. However, after long-term hypoxic exposure, HIF-1α
becomes undetectable in the heart and liver, although it is highly expressed in the brain and
kidney. Moreover, apoptosis was marked in the heart, slightly in the kidney medulla, and
undetectable in other organs [33,34]. Based on the above data, we suggest that by inducing
different metabolic changes, hypoxia may exert different effects on the heart, brain, liver
and kidney.

When the oxygen supply of a tissue is restricted, mitochondria emit signals to gen-
erate ROS [31], which in turn stabilizes oxygen-sensing HIFs. Among the three isoforms
of HIFs, only HIF-1α is found in all cell types and acts as a core regulator. HIF-1α also
mediates primary transcriptional response to hypoxia [35–37]. Previous studies have
demonstrated that the upregulation of HIF-1α leads to a shift in cell metabolism under
hypoxic conditions [38–41], and metabolic disorders are involved in the development of
hypoxic diseases [37,42,43]. HIF-1α activates the expression of genes that encode glucose
transporters and glycolytic enzymes, thereby increasing cell glucose utilization and gly-
colytic flux [44–46]. Glycolysis then provides a path for ATP production at low O2 tension.
Furthermore, HIFs have been implicated in promoting lipogenesis by changing the car-
boxylation of glutamine to ketoglutarate [47,48]. However, the metabolic characteristics of
vulnerable organs suffering from hypoxia remain unclear.

This study aimed to test the hypoxic sensitivity of visceral organs and to identify
which organ is the most vulnerable to hypoxic damage. To this end, we applied in vivo and
in vitro imaging of anti-HIF-1α-NMs-cy5.5 nanocomposites to determine the accumulation
of HIF-1α in the body after acute hypoxia exposure. Furthermore, we used immunofluores-
cence and Western blotting to locate and quantify the expression of HIF-1α in the brain and
visceral organs. To clarify the functions of acute hypoxic exposure, we performed nuclear
magnetic resonance (NMR)-metabolomic profiling of the metabolic features of the liver,
kidney and brain.

2. Results
2.1. Physiological and Behavioral Alterations

Compared with control mice, hypoxic mice showed significantly decreased peripheral
oxygen saturation (SpO2) and significantly increased respiratory frequency and heart rate
(Figure 1A–D). In the open field test, both the number of grooming and percent of time
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spent in the center of the open field, the total distance and mean locomotor speed were
significantly lower in hypoxic mice compared with controls (Figure 1E–I).
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Figure 1. Changes of physiological values and behavior metrics in hypoxic mice. (A–D) Body weight,
respiratory frequency, SpO2 and heart rate in hypoxic mice and controls (both, n = 7). (E–I) Open
field test in hypoxic mice and controls. *, p < 0.05, **, p < 0.01, ***, p < 0.001. The error bars represent
SEM.

2.2. HIF-1α Expressions in the Liver, Kidney and Brain After Acute Hypoxic Exposure

According to our previous report, anti-HIF-1α antibody-conjugated Pluronic P123
micelles can target HIF-1α in vivo [49]. When mixed with cy5.5, it can be self-organized
into a single molecular micelle with the core of cy5.5, forming the nanocomposites of
anti-HIF-1α-NMs-cy5.5. To determine the real-time biodistribution of the HIF-1α protein
expression, we injected anti-HIF-1α-NMs-cy5.5 intravenously into nude mice, and analyzed
the time-dependent distribution of the nanocomposites using in vivo fluorescence imaging
(Figure 2A–F). A strong near-infrared fluorescence (NIRF) signal was observed in the whole
body immediately after injection, and then it was gradually increased as the time elapsed
until 40 min after injection (Figure 2B). No significant differences were observed in the
distribution of fluorescence signal in anti-HIF-1α-NMs-cy5.5 all over the body compared
with anti-HIF-1α antibody unconjugated nanocomposite (Figure 2C,D). Time-dependent
strong fluorescence signals of anti-HIF-1α-NMs-cy5.5 were detected in the liver, kidney
and brain in hypoxic mice compared with control mice (Figure 2E). For more accurate
measurement, brain and major visceral organs (heart, liver, spleen, lung and kidney) were
removed 4 h after hypoxia and analyzed directly on the fluorescent imager. The liver,
kidney and brain showed marked accumulations of anti-HIF-1α-NMs-cy5.5 in the hypoxic
mice compared with control mice (Figure 2F,G).

Western blot analysis showed that HIF-1α protein expressions were significantly
increased in the liver, kidney and brain in hypoxic mice compared with controls, with by
far the highest expression in the liver (Figure 3A,B).
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NMs-cy5.5; the right figure displays the carboxylic acid on the terminal end of the PEO which is 
conjugated to anti-HIF-1α by carbodiimide coupling chemistry. CT P123, carboxyl-terminated Plu-
ronic P123 nano micelles; PEO, poly (ethylene oxide); PPO, poly (propylene oxide). (B) The meta-
bolic kinetics of the nanocomposites in vivo was first tested before the hypoxia experiment. Fluo-
rescence images were taken at 0, 10, 20 and 40 min after injection of anti-HIF-1α-NMs-cy5.5. After 
injection for 40 min, a strong and stable near-infrared fluorescence signal was observed. Mice in-
jected with of glucose solution (GS) and NMs-cy5.5 (P123) served as controls. (C) In vitro fluores-
cence images of the organs excised from body 40 min after injection of nanocomposites. (D) Quan-
tification of the nano-carriers accumulated in different organs (n = 3). (E) In vivo fluorescence imag-
ing was performed in nude mice when strong and stable NIRF signal was observed. GS group: mice 
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Figure 2. In vivo and in vitro fluorescence imaging of HIF-1α accumulation after hypoxic exposure.
(A) Schematic representation of the synthesis of Pluronic P123 copolymer and strategy of modification
of HIF-1α antibody. The left figure shows the structure of the nanocomposite of anti-HIF-1α-NMs-
cy5.5; the right figure displays the carboxylic acid on the terminal end of the PEO which is conjugated
to anti-HIF-1α by carbodiimide coupling chemistry. CT P123, carboxyl-terminated Pluronic P123
nano micelles; PEO, poly (ethylene oxide); PPO, poly (propylene oxide). (B) The metabolic kinetics
of the nanocomposites in vivo was first tested before the hypoxia experiment. Fluorescence images
were taken at 0, 10, 20 and 40 min after injection of anti-HIF-1α-NMs-cy5.5. After injection for 40 min,
a strong and stable near-infrared fluorescence signal was observed. Mice injected with of glucose
solution (GS) and NMs-cy5.5 (P123) served as controls. (C) In vitro fluorescence images of the organs
excised from body 40 min after injection of nanocomposites. (D) Quantification of the nano-carriers
accumulated in different organs (n = 3). (E) In vivo fluorescence imaging was performed in nude mice
when strong and stable NIRF signal was observed. GS group: mice were injected with 5% glucose
solution; NOR group: mice were injected with P123-HIF (anti-HIF-1α-NMs-cy5.5 nanocomposites)
under normoxia condition; HY group: mice were exposed to 8% O2. (F) In vitro fluorescence images
of the organs 4 h after hypoxia exposure. (G) Quantification of the nano-carriers accumulated in
different organs after hypoxia (n = 3). *, p < 0.05, **, p < 0.01. The error bars represent SEM.
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Figure 3. Locations and quantifications of HIF-1α protein in organs. (A) Western blot shows HIF-1α
protein concentrations in the tissues of hypoxic mice (H) and control mice (N). (B) Statistic of HIF-1α
protein levels. *, p < 0.05, ***, p < 0.001. (C) Locations of HIF-1α expressions in organs. Scale bar,
50 µm.

2.3. Locations of HIF-1α Protein in the Liver, Kidney and Brain of Hypoxic Mice

In the liver, HIF-1α protein was expressed in the nuclear of hepatocytes, but not in
the zonal and endothelial cells of the central and portal veins. In the kidney, the HIF-1α
protein was discovered in the endothelial cells of distal convoluted tubules, but not in
the glomerular endothelial and vascular endothelial cells. In the brain, HIF-1α protein
was expressed in the neurons of the cerebral cortex of the brain in mice. In the heart and
spleen, HIF-1α protein was not detected (Figure 3C). Furthermore, the expression level of
HIF-1α was low in bronchial endothelial cells of the lung; however, there was no significant
difference existed between hypoxic mice and controls (Figure 3C).

2.4. Metabolic Features in the Liver

Forty-four metabolites of liver were unambiguously identified based on the NMR
spectra (Figure 4A). The PCA demonstrated that hypoxic mice displayed a distinctly
different metabolic profile from control group (Figure 4B). Based on the relative inte-
grals calculated from the 1D NMR spectra of aqueous liver extracts, the relative levels
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of the metabolites were quantified (Supplementary Table S1). Sixteen metabolites were
significantly changed in hypoxic mice compared with controls, with seven metabolites
(3-hydroxyisobutyrate, alanine, betaine, glutamate, acetone, dihydrouracil and methionine)
upregulated and nine metabolites (choline, dimethylamine, glutathione, inosine, lactate,
niacinamide, N,N-dimethylglycine, ascorbate and uridine) down-regulated (Figure 4C).
These changed metabolites mostly were mainly nucleotide and amino acids. Furthermore,
metabolite set enrichment analysis (MSEA) identified seven significantly altered metabolic
pathways, involving in the metabolisms of betaine, glycine, serine, methionine, glutathione,
glucose-alanine cycle, alanine and glutamate (Figure 4D). The glycine, serine, and threonine
metabolic pathways were the most significantly disturbed (Supplementary Figure S2A).
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Figure 4. Metabolomic analysis of the liver. (A) Representative 1D 1H NMR spectra of aqueous
extracts derived from the liver. 1, Inosine; 2, Phenylalanine; 3, Fumarate; 4, Uridine; 5, Man-
nose; 6, Glycerophosphocholine; 7, Glucose; 8, Glycine; 9, β-Alanine; 10, N,N-Dimethylglycine; 11,
Asparagine; 12, Aspartate; 13, Sarcosine; 14, Dimethylamine; 15, Malate; 16, Dihydrouracil; 17, Gluta-
mate; 18, Acetone; 19, 2-Phenylpropionate; 20, Lactate; 21, 3-Hydroxyisobutyrate; 22, Niacinamide;
23, Adenosine 5’-monophosphate; 24, Histamine; 25, Tyrosine; 26, Uracil; 27, Ascorbate; 28, Betaine;
29, Choline; 30, Ornithine; 31, N-Methylhydantoin; 32, Creatine phosphate; 33, Methylguanidine; 34,
Trimethylamine; 35, Methionine; 36, Glutathione; 37, Succinate; 38, Glutamine; 39, Acetate; 40, Ala-
nine; 41, Ethanol; 42, Valine; 43, Leucine; 44, Isoleucine. (B) PCA score plot, illustrating a metabolic
difference between hypoxic mice and controls. The x-axis represents the first PC accounting for
64.8% of the total variation, and the y-axis denotes the second PC accounting for 26.6% of the total
variation. Ovals in the panel highlight the metabolic distinction between two groups. (C) Clustered
heatmap plot of relative metabolite levels, showing metabolic derangement. (D) Significantly altered
metabolic pathways.
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2.5. Metabolic Features in the Kidney

Fifty-nine metabolites were unambiguously identified based on the NMR spectra
(Figure 5A). The PCA demonstrated that hypoxic mice displayed a distinctly different
metabolic profile from normoxic mice (Figure 5B). Pairwise PLS-DA analysis further illus-
trated that hypoxic mice were metabolically discriminated from controls (Supplementary
Figure S1A). The validation plots of the corresponding RPTs indicated that the PLS-DA
model was reliable (Supplementary Figure S1B). Based on the relative integrals calcu-
lated from the 1D NMR spectra of aqueous kidney extracts, the relative levels of the
metabolites were quantified (Supplementary Table S2). Eleven metabolites were signif-
icantly changed in hypoxic mice compared with controls, with glutamate, betaine and
o-phosphocholine down-regulated and valine, 3-hydroxyisobutyrate, 3-hydroxybutyrate,
N,N-Dimethylglycine, allantoin, leucine and isoleucine upregulated (Figure 5D). MSEA
identified three distinctly altered metabolic pathways, involving in the metabolisms of
valine, leucine, isoleucine, betaine, glycine and serine (Figure 5D). The valine, leucine and
isoleucine metabolic pathways were the most altered. (Supplementary Figure S2B).

2.6. Metabolic Features in the Brain

Thirty-nine metabolites were unambiguously identified based on the NMR spec-
tra (Figure 6A). The PCA demonstrated that hypoxic mice displayed a distinctly differ-
ent metabolic profile from normoxic mice (Figure 6B). Pairwise PLS-DA analysis illus-
trated a distinct metabolic separation between hypoxic mice and controls (Supplementary
Figure S1C). The validation plots of the corresponding RPTs confirmed that the PLS-DA
model was valid (Supplementary Figure S1D). Based on the relative integrals calculated
from the 1D NMR spectra of aqueous brain extracts, the relative levels of the metabolites
were quantified (Supplementary Table S3). Fifteen metabolites were significantly changed
in hypoxic mice compared with controls, with 4-aminobutyrate, glutamate, succinate,
aspartate, o-phosphocholine, myo-inositol, glycine, guanosine triphosphate (GTP), his-
tamine, formate, niacinamide, nicotinamide adenine dinucleotide (NAD), leucine and
isoleucine upregulated and glycerol down-regulated. These changed metabolites mostly
were carbohydrates and amino acids. MSEA identified seven distinctly altered metabolic
pathways, involving in the metabolisms of glutamate, malate-aspartate shuttle, arginine,
proline, ammonia recycling, valine, leucine and isoleucine degradation, purine and carni-
tine synthesis (Figure 6D). The alanine, aspartate and glutamate metabolic pathways were
the most significantly altered (Supplementary Figure S2C).

In normoxic mice, the correlation analysis showed that the relative intensities of o-
phosphocholine (r = 0.913, p = 0.011), GTP (r = 0.907, p = 0.013), NAD (r = 0.852, p = 0.031)
were positively correlated with mice moving distance in the center floor in open field test,
and the relative intensity of aspartate was positively correlated with resting time (r = 0.959,
p = 0.004) (Figure 6E). No significant correlations were established between the relative
intensities of the other metabolites and the behavior metrics in the hypoxia group.
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Figure 5. Metabolomic analysis of the kidney. (A) Representative 1D 1H NMR spectra of aqueous
extracts derived from the kidney. 1, Inosinic acid; 2, Inosine; 3, 3-Methylxanthine; 4, Tryptophan;
5, Imidazole; 6, Anserine; 7, Uridine; 8, Glucuronate; 9, Glucose; 10, Glycine; 11, Methanol; 12,
Betaine; 13, Choline; 14, Ethanolamine; 15, N,N-Dimethylformamide; 16, N-Methylhydantoin; 17,
Asparagine; 18, Aspartate; 19, Succinate; 20, Glutamate; 21, 2-Phenylpropionate; 22, Threonine; 23, 3-
Hydroxyisobutyrate; 24, 3-Hydroxybutyrate; 25, Pantothenate; 2, Nicotinamide adenine dinucleotide;
27, Niacinamide; 28, Formate; 29, Adenine; 30, Xanthine; 31, 4-Pyridoxate; 32, Phenylalanine; 33,
Histamine; 34, Tyrosine; 35, Fumarate; 36, Uracil; 37, Allantoin; 38, Mannose; 39, Glycerol; 40,
Myo-inositol; 41, Taurine; 42, O-Phosphocholine; 43, Glycerophosphocholine; 44, Malonate; 45,
Cystine; 46, Creatine phosphate; 47, Creatinine; 48, N,N-Dimethylglycine; 49, Trimethylamine;
50, Dimethylamine; 51, 5,6-Dihydrouracil; 52, Methionine; 53, Acetate; 54, Alanine; 55, Lactate;
56, Ethanol; 57, Valine; 58, Leucine; 59, Isoleucine. (B) PCA score plot, illustrating the metabolic
difference between hypoxic mice and controls. The x-axis represents the first PC accounting for
60.1% of the total variation, and the y-axis denotes the second PC accounting for 33.9% of the total
variation. Ovals in the panel highlight the metabolic distinction between two groups. (C) Clustered
heatmap plot of relative metabolite levels, showing the metabolic derangement. (D) Significantly
altered metabolitc pathways.
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Figure 6. Metabolomic analysis of the brain. (A) Representative 1D 1H NMR spectra of aqueous extracts derived from
the brain of mice. 1, Inosinic acid; 2, Adenine; 3, Histamine; 4, Fumarate; 5, Adenosine; 6, Uridine; 7, Glucose; 8,
Ascorbate; 9, Myo-inositol; 10, Taurine; 11, O-Phosphocholine; 12, Aspartate; 13, Succinate; 14, N-Acetylaspartate; 15,
4-Aminobutyrate; 16, Lactate; 17, Ethanol; 18, 3-Hydroxyisobutyrate; 19, Adenosine monophosphate; 20, Formate; 21,
Nicotinamide adenine dinucleotide; 22, Guanosine triphosphate; 23, Niacinamide; 24, Tyrosine; 25, Inosine; 26, Uracil;
27, Glycerol; 28, Glycine; 29, Caffeine; 30, Glycerophosphocholine; 31, Creatine phosphate; 32, Glutamine; 33, Glutamate;
34, Acetate; 35, Alanine; 36, 3-Hydroxyisobutyrate; 37, Valine; 38, Leucine; 39, Isoleucine. (B) PCA score plot, illustrating
the distinct metabolic difference between hypoxic mice and controls. The x-axis represents the first PC accounting for
74.1% of the total variation, and the y-axis denotes the second PC accounting for 16.1% of the total variation. Ovals in the
panel highlight the metabolic distinction between two groups. (C) Clustered heatmap plot of relative metabolite levels,
showing metabolic derangement. (D) Significantly altered metabolic pathways. (E) The correlations of relative intensities of
metabolites with mice performances in the open field test. *, p < 0.05.
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3. Discussion

In this study, we investigated the effects of acute hypoxia on the brain and visceral
organs by observing the metabolic characteristics and accumulation of oxygen-sensitive
transcription factor HIF-1α. The expression levels of HIF-1α in the liver, kidney and brain
were significantly higher than those in other organs after acute hypoxia exposure, with
the highest expression levels in the liver. Unexpectedly, the heart did not show a higher
expression of HIF-1α. Acute hypoxia exposure caused metabolic disorders in these organs
with high HIF-1α expression, and the liver, kidney, and brain had distinct metabolic profiles
but a consistent change in glutamate.

Two previous studies have observed HIF-1α distributions in the animal body at the
mRNA level. The first study found that the exon I.1-derived HIF-1α mRNA isoform was
differentially expressed in mice exposed to 7.5% O2, showing high levels in the kidney,
tongue, stomach and testis, but undetectable in the liver, whereas the exon I.2 isoform
displayed a ubiquitous expression pattern in all mouse tissues examined [50]. This study
verified the total HIF-1α mRNA expression in the liver and found a gradual decrease in
HIF-1α mRNA after prolonged hypoxia (7.5% O2 for up to 72 h). On the other hand, the
second study showed significant differences in the expression of prolyl hydroxylase (PHD)
mRNA in organs of rats exposed to 8% O2 for 8 h [51]. PHD can catalyze the hydroxylation
reaction of HIF-1, and PHD2 is the dominant isoform in regulating HIF detectable in all
organs, with the highest levels in the heart. PHD2 upregulation could potentially lead to
attenuated HIF accumulation in the heart. This finding in PHD2 supports the results of the
present study, which showed low HIF-1α protein expression in the heart. HIF-1α protein
expression has been directly observed in mice subjected to acute hypoxia (1–12 h) [32],
and higher expression of HIF-1α was found in the brain, kidney, liver, heart and skeletal
muscle; however, HIF-1α in the liver and kidney reached maximum levels after 1 h and
disappeared after 4 h after hypoxia. These findings were inconsistent with our results and
the findings of Bianciardi et al. [33], because we still observed higher concentrations of
HIF-1α in the liver and kidney of mice 6 h after hypoxia, while Bianciardi et al. found
that HIF-1α was expressed in the kidneys of rats exposed to chronic hypoxia (10% O2) for
2 weeks. Another inconsistency was that HIF-1α protein was detected in the heart, but not
in our study [33,51]. In summary, the different expression of HIF-1α in the above studies
mainly exists in the heart and liver, showing HIF-1α expression in the heart [32,50], and
liver [32,51], showing HIF-1α expression in the two organs, but not in other studies [33].
It remains to be elucidated whether this is due to the faster return of HIF-1α to baseline
levels in these two organs. In our study, in vivo imaging could determine the real-time
biodistribution of HIF-1α protein concentration in the whole body with a high targeting
ability, as this method avoids the degradation of HIF-1α.

Compared with the kidney and brain, the hypoxic mice displayed remarkably more
altered metabolites in the liver. As the central metabolic organ that maintains ammonia
metabolism and blood glucose levels, the liver has a multitude of functions that require a
considerable amount of oxygen [24,52]. The predominant metabolic changes in the liver
might indicate that hepatic metabolic disorders are more closely related to acute hypoxia
exposure. Additionally, we found that HIF-1α was mostly expressed in the liver after
hypoxia. HIFs regulate major metabolic liver functions [53], which is consistent with the
results of hepatic metabolic disorders. Furthermore, the liver is the major organ involved
in gluconeogenesis [54], and the abnormal expression of HIF-1α is related to impaired
gluconeogenesis during liver regeneration [55]. The different metabolic responses and
mechanisms in the liver remain relatively unknown during acute hypoxia exposure. The
importance of oxygen as a regulator of carbohydrate metabolism has been confirmed in rat
liver studies [56]. During hypoxic exposure, animals switch from oxidative phosphoryla-
tion to glycolysis. Glucose is processed via glycolysis to pyruvate with an ATP yield. Then,
pyruvate is either directly converted to lactate or reacts with glutamate in a transamination
reaction, yielding alanine and α-ketoglutarate. In the present study, we observed signifi-
cantly decreased levels of lactate and increased levels of alanine and glutamate after acute
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hypoxia (Figure 7), suggesting that pyruvate conversion pathways were shifted towards
alanine in the liver.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 11 of 19 
 

 

anisms in the liver remain relatively unknown during acute hypoxia exposure. The im-
portance of oxygen as a regulator of carbohydrate metabolism has been confirmed in rat 
liver studies [56]. During hypoxic exposure, animals switch from oxidative phosphoryla-
tion to glycolysis. Glucose is processed via glycolysis to pyruvate with an ATP yield. Then, 
pyruvate is either directly converted to lactate or reacts with glutamate in a transamina-
tion reaction, yielding alanine and α-ketoglutarate. In the present study, we observed sig-
nificantly decreased levels of lactate and increased levels of alanine and glutamate after 
acute hypoxia (Figure 7), suggesting that pyruvate conversion pathways were shifted to-
wards alanine in the liver. 

 
Figure 7. Overview of hypoxia altered metabolic pathways. Blue indicates the down-regulated me-
tabolites, whereas red indicates upregulated metabolites. Hypoxic exposure significantly altered 
amino acid metabolism and energy metabolism, with glutamate changed in all the liver, kidney and 
brain. 

On the other hand, glutamate levels can be increased by glutathione metabolism. 
Glutathione is the main cellular antioxidant in cells that efficiently counteracts oxidative 
stress [57]. As a well-known antioxidant, ascorbate can reduce ROS content in hepatocyte 
mitochondria. Moreover, we observed gradually decreased levels glutathione and ascor-
bate, suggesting a partially weakened antioxidant defense system after acute hypoxia ex-
posure. Furthermore, betaine, which is derived from choline via an irreversible oxidation 
reaction, functions as an osmolyte capable of stabilizing cell membranes and exerts anti-
oxidant effects by increasing the levels of methionine [58,59]. Therefore, the increased me-
thionine and betaine levels and decreased choline in the hypoxic liver suggest that acute 
hypoxic stress increases liver cell membrane permeability and promotes betaine biosyn-
thesis. 

In our study, 11 differential metabolites were significantly altered in the kidneys of 
hypoxic mice, including increased branched chain amino acids (BCAA) such as valine, 
leucine, isoleucine and 3-hydroxyisobutyrate (3-HIBA). 3-HIBA is a catabolic valine inter-
mediate. BCAAs are not only involved in protein synthesis, but also play an important 
role in glucose metabolism. A previous study has shown that BCAAs such as leucine, va-
line, and isoleucine are involved in the treatment of chronic renal failure [60]. High con-
centrations of BCAAs have also been observed in several pathophysiological conditions 

Figure 7. Overview of hypoxia altered metabolic pathways. Blue indicates the down-regulated
metabolites, whereas red indicates upregulated metabolites. Hypoxic exposure significantly altered
amino acid metabolism and energy metabolism, with glutamate changed in all the liver, kidney and
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On the other hand, glutamate levels can be increased by glutathione metabolism.
Glutathione is the main cellular antioxidant in cells that efficiently counteracts oxidative
stress [57]. As a well-known antioxidant, ascorbate can reduce ROS content in hepato-
cyte mitochondria. Moreover, we observed gradually decreased levels glutathione and
ascorbate, suggesting a partially weakened antioxidant defense system after acute hypoxia
exposure. Furthermore, betaine, which is derived from choline via an irreversible oxida-
tion reaction, functions as an osmolyte capable of stabilizing cell membranes and exerts
antioxidant effects by increasing the levels of methionine [58,59]. Therefore, the increased
methionine and betaine levels and decreased choline in the hypoxic liver suggest that
acute hypoxic stress increases liver cell membrane permeability and promotes betaine
biosynthesis.

In our study, 11 differential metabolites were significantly altered in the kidneys of
hypoxic mice, including increased branched chain amino acids (BCAA) such as valine,
leucine, isoleucine and 3-hydroxyisobutyrate (3-HIBA). 3-HIBA is a catabolic valine inter-
mediate. BCAAs are not only involved in protein synthesis, but also play an important
role in glucose metabolism. A previous study has shown that BCAAs such as leucine,
valine, and isoleucine are involved in the treatment of chronic renal failure [60]. High
concentrations of BCAAs have also been observed in several pathophysiological condi-
tions [61,62]. In acute hypoxic conditions in our study, mitochondrial dysfunction resulted
in a restrictive utilization of BCAAs, which gave rise to the accumulation of BCAAs in the
kidney. We observed that betaine and N,N-dimethylglycine were increased in the kidneys
of hypoxic mice. Betaine is utilized in the kidney primarily as an osmoprotectant [63], and
the inflammation caused by hypoxia can be diminished by betaine [64]. Thus, increased
betaine indicates that it may act as both an osmoprotectant and an antioxidant after hypoxia
exposure. In addition, as a structural component in the membrane, phosphocholine is
decreased after hypoxia [65], suggesting that acute hypoxic stress increases kidney cell
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membrane permeability and decreases integrity. Additionally, allantoin is a product of uric
acid oxidation [66], and its elevated level after hypoxia indicates that hypoxia might in-
crease the attack of highly reactive ROS on uric acid. In summary, these altered metabolites
in the kidneys might protect against acute hypoxic stress.

Hypoxia has been shown to induce cognitive deficits [67,68]. In our study, we ob-
served an anxiety-like behavior in mice exposed to hypoxia for several hours. Furthermore,
15 differential metabolites were found in the hypoxic mouse brain, and significant corre-
lations existed between aspartate, O-phosphocholine, GTP, NAD, and behavior metrics
in the normoxic group. However, these relationships were disrupted in the hypoxia
group. O-phosphocholine is an early cord metabolite index and is an outcome of hypoxic-
ischemic encephalopathy [69]. Both NAD and NADPH play important roles in neuropro-
tection [70] and are regulated by HIF-1α to maintain cellular redox homeostasis and energy
metabolism [71]. Aspartic acid and glutamic acid are excitatory amino acid neurotrans-
mitters [72]. The breakdown of these correlations suggests that hypoxia stress promotes
the release of excitatory neurotransmitters and changes energy metabolism. Moreover,
BCAAs play critical roles in neurotransmitter synthesis in the brain [73]. We observed
that leucine and isoleucine levels were significantly increased after hypoxia, which was
in accordance with the increase in excitatory neurotransmitters. Additionally, the GABA
shunt is an alternative energy production pathway activated during cellular stress, which
can be triggered by local hypoperfusion and subsequent hypoxia [74]. Our results were
consistent with those observed in a previous study, indicating that GABA shunt was
profoundly promoted after hypoxia. Glycerol was also thought to be a marker of cell
membrane degradation [75]; however, we observed a decrease in glycerol after hypoxia,
suggesting that acute hypoxia stress did not affect the integrity of the cell membrane in
the brain. In summary, the cognitive deficits caused by acute hypoxia stress are mostly
associated with energy metabolism abnormalities and increases in some neurotransmitters.

Distinct metabolic features of the liver, kidney, and brain in hypoxic mice may be due
to the different physiological functions of these organs. In our study, changes in gluta-
mate levels were consistently detected in the liver, kidney, and brain after acute hypoxia
exposure. It is well known that glutamate is a potential survival factor that enhances
cell survival in hypoxia/reoxygenation injury [76,77]. Glutamate is the main excitatory
neurotransmitter [78] in the brain and is released by hypoxia-activated microglia [79,80].
In the kidney, EAAC1 is the only cloned glutamate transporter that plays an important
role in glutamate control [81]. A significantly decreased level of glutamate was found in
the kidney after hypoxia, which might be a possible consequence of enhanced EAAC1
production [82]. In the liver, the increased level of glutamate suggests that mitochondrial
glucose metabolism is reduced under hypoxia, and an exogenous supply of glutamine
could fuel the Krebs cycle and contribute to the glutamate pool in hepatocytes to preserve
liver bioenergetics [83]. Additionally, hypoxia regulates glutamic acid and decarboxylase
enzyme levels [84]. In summary, glutamate release in the liver, kidney, and brain might
indicate an enhanced metabolic utilization and a protective effect against hypoxia.

In conclusion, our study showed a higher concentration of HIF-1α in the liver, kidney
and brain after acute hypoxia exposure, which is partially consistent with the findings of
previous studies. Significantly, our study revealed that the liver had the highest levels of
HIF-1α among visceral organs. Moreover, the liver, kidney, and brain may be the most
vulnerable to hypoxic damage. Interestingly, the hypoxic mice displayed considerably more
altered metabolites in the liver. The liver, kidney, and brain have distinct metabolic profiles,
except for their identical glutamate changes. Our study expands the understanding of the
molecular mechanisms underlying hypoxia and may contribute to the treatment of hypoxic
injury associated with clinical diseases.
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4. Materials and Methods
4.1. Animals and Patterns of Hypoxic Exposure

A total of 14 Kunming male mice (7 months) and 14 BALB/c male nude mice (7 weeks)
were purchased from the experimental animal center of Xiamen University. According
to a previous study that HIF-1α proteins were only expressed in the brain, kidney, liver
and heart of mice exposed to very low oxygen concentration (6% O2) within several
hours [32], and therefore, in this study mice were exposed to oxygen at this concentration.
Kunming mice were exposed to 6% O2 in a gas control chamber for 6 h for physiological
measurements, behavioral tests, Western blot analysis and immunofluorescence staining of
HIF-1α expression in tissues and NMR-based metabolomics study. As nude mice were hard
to survive extremely low oxygen, they were exposed to a relatively higher level of oxygen
at 8% O2 for 4 h in the study of in vivo imaging of HIF-1α accumulation. Control mice
were raised in room air conditions. All mice were maintained under standard conditions at
22 ± 1 ◦C, with free access to food and water, and exposed to a 12 h:12 h light/dark cycle.
The protocols have been reviewed and approved by the committee on animal care and
used at Xiamen University.

4.2. Physiological Measurements

Respiratory frequency, heart rate and SpO2 were measured using multi-parameter
monitoring equipment (STARR multi-parameter monitor, RWD Life Science Co., Shen Zhen,
China).

4.3. Open Field Test

The open field test was used to assess anxiety-like behavior. Immediately after hypoxic
exposure, mice were taken out of the hypoxic chamber for the test in the open field. The
apparatus was a square open-field box (60 × 60 × 50 cm). The floor was divided into
9 squares. The central square was regarded as the “center” of the floor. The test started
by placing mice in the center of the field. The activities of each mouse within 5 min were
video-tracked and counted, which included the total of center entry, defecation, grooming,
rearing, moving distance and moving speed.

4.4. In Vivo and In Vitro Imaging of HIF-1α Accumulation
4.4.1. Preparation of Anti-HIF-1α Antibody-Conjugated Pluronic P123 Micelles

The Pluronic block copolymers contained poly (ethylene oxide) (PEO) and poly (propy-
lene oxide) (PPO), showing the structural form as PEO-PPO-PEO, with PEO as the water-
soluble block. Carboxyl-terminated Pluronic P123 nano micelles were prepared using the
method as described in our previous study [49]. The concrete steps were as follows: briefly,
0.5 mg cy5.5 and 2 mg carboxylate-functionalized copolymer Pluronic P123 were dissolved
in methyl cyanides under the help of ultrasonic treatment, and dried in a rotary evaporator
at reduced pressure to form a thin-film layer, which was resuspended in 1 mL ultrapure
water containing 5% trehalose until completely hydrated. Then, the nano micelles disper-
sion was serially passed through 0.2 mm pore size filters (Millipore) and the insoluble
substance was removed from the solution. Final yields of carboxyl-terminated Pluronic
P123 nano micelles filled with cy5.5 were obtained. Finally, the cy5.5-loaded Pluronic
NMs were incubated with 400 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and
100 mM N-hydroxysuccinimide for 15 min at room temperature with gentle stirring. After
Pluronic P123 micelles were prepared, they were covalently linked to HIF-1α monoclonal
antibody (1% weight compared with polymer concentration) for further experiments.

4.4.2. Biodistribution of HIF-1α Protein Using In Vivo Imaging

Nude mice were anesthetized with isoflurane. For in vivo study, the nanocomposites
(anti-HIF-1α-antibody-conjugated P123 micelles encapsulated with cy5.5) were injected
into nude mice by intravenous route. This study included two steps: (1) Metabolic kinetics
of the nanocomposites in vivo was first tested before the hypoxia experiment. Nude
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mice, which were injected into 5% glucose solution or anti-HIF-1α antibody unconjugated
nanocomposite, were served as controls. Fluorescence images were taken by the IVIS
Spectrum imaging system (Caliper Life Science, Hopkinton, MA, USA) at 0, 10, 20 and
40 min after injection. In this study, we observed that the strongest and stable NIRF signal
appeared at time-point of 40 min after injection. Therefore, in the next hypoxia experiment,
after injection for 40 min, mice were exposed to 8% O2 hypoxia. (2) Hypoxia experiment.
Normoxic nude mice were set as controls. The images were taken at 2 and 4 h after hypoxia.
After the last in vivo fluorescence imaging, brain and visceral organs were excised from
mice body for in vitro imaging study.

4.5. Western Blot

Mice were sacrificed immediately (<5 s) after being taken out of the hypoxic chamber.
Organs were homogenized and solubilized in RIPA lysis buffer with the protease inhibitor
cocktail (Roche, Basel, Switzerland). Tissue homogenates were thereby sonicated for
1 min and centrifuged at 13000× g for 15 min at 4 ◦C. The supernatants were collected,
and protein concentrations were determined by BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Equal amounts of proteins were subjected to SDS-PAGE
and transferred to PVDF membranes for immunoblotting analysis. The membranes were
first blocked with fat-free 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBST), and
then successively incubated with primary antibodies (HIF-1α: ABclonal Biotech Co., Ltd.,
Cambridge, MA, USA; actin: Cell Signaling Technology, Beverly, MA, USA) and secondary
antibodies. Secondary antibodies included anti-rabbit and anti-mouse antibodies (Bio-
Rad, Laboratories, Inc., Shanghai, China). Finally, blots were visualized by enhanced
chemiluminescence reagents (Thermo Fisher Scientific, San Jose, CA, USA). Actin served
as an internal control.

4.6. Immunofluorescence Staining

Mice were sacrificed immediately (<5 s) after being taken out of the hypoxic chamber.
The heart, liver, spleen, lung, kidney and brain were immediately frozen in liquid nitrogen,
and stored at −80 ◦C. Sections (20 µm) of the tissues were cut by using a cryostat micro-
tome (HM 505-E, Germany). After 4% paraformaldehyde fixed for 10 min, sections were
incubated with HIF-1α rabbit monoclonal antibody (1:500 dilution, Abcam, Cambridge,
MA, USA) in PBST containing 0.3% Triton X-100 overnight at 4 ◦C. For brain, sections
were incubated with both HIF-1α antibody and Alexa Fluor 488 conjugate mouse anti-
NeuN monoclonal antibody (1:200 dilution, Merck Millipore, Darmstadt, Germany) at the
same time. Then, the sections were incubated with 10% donkey serum for 20 min. Subse-
quently, sections were incubated with the specific donkey anti-rabbit immunoglobulin G
(IgG) (FITC-labeled or Tetramethylrhodamine (TRITC)-labeled, 1:200 dilution, Santa Cruz
Biotechnology, Dallas, TX, USA) for 2 h at room temperature. Finally, the sections were
covered with glycerol and positive cells were observed using a laser scanning confocal
microscope.

4.7. NMR Sample Preparation and Measurements

Mice were sacrificed immediately (<5 s) after being taken out of the hypoxic chamber.
Aqueous intracellular metabolites were extracted from the liver, kidney and brain for the
NMR analysis according to our protocol described previously [85]. Generally, the liver,
kidney and brain samples were homogenized after adding ice-cold methanol, chloroform
and water at a volume ratio of 4:4:2.85 to obtain a two-phase extract. Only the upper polar
tissue extracts were lyophilized and suspended in 550 µL of NMR buffer (50 mM sodium
phosphate buffer, pH 7.4, in D2O) using 0.1 mM sodium 3- (trimethylsilyl) propionate-
2,2,3,3-d4 (TSP). D2O was used for field-frequency lock, and TSP was used to provide the
chemical shift reference (δ 0.00). All the samples were vortexed uniformly and centrifuged
(12000× g for 10 min at 4 ◦C), and finally transferred into 5-mm NMR tubes.
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NMR experiments were performed on a Bruker Avance III 850 MHz spectrometer
equipped with a high-sensitivity TCI cryoprobe (Bruker BioSpin, Rheinstetten, Germany).
One dimensional (1D) 1H spectra was recorded on aqueous extracts of tissue using the pulse
sequence NOESYGPPR1D [RD–G1–90◦–t1–90◦–τm–G2–90◦–ACQ] with water suppression
during the relaxation delay and mixing time. The parameters were set as follows: relaxation
delay 4 s, short delay 4 µs and mixing time 10 ms. Pulsed gradients G1 and G2 were used
to improve water suppression quality. A total of 32 transients were collected into 64 K data
points using a spectral width of 17 KHz with an acquisition time (ACQ) of 1.88 s.

The MestReNova software (Version 9.0, Mestrelab Research S. L, Spain) was used
to process NMR spectral data. To reduce concentration differences among the samples,
NMR spectral integrals of metabolites were normalized to the total spectral integrals by
using MatLab (Version 2011b; Math Works Inc., Natick, MA, USA). Based on the NMR
spectra, metabolites were identified by a combination of the Chenomx NMR Suite (Ver-
sion 8.2, Chenomx Inc., Edmonton, AB, Canada), the Human Metabolome Data Base
(HMDB, http://www.hmdb.ca/ accessed on 31 March 2021) and relevant published ref-
erences. Multivariate statistical analysis was conducted using the SIMCA-P + software
(Version 12.0.1, Umetrics AB, Umea, Sweden).

For multivariate data analysis, the normalized spectral data were imported into
the SIMCA-P software (Version 12.0, Umetrics AB, Umea, Sweden), and scaled by Pareto
scaling to increase the importance of low-level metabolites without significant amplification
of noise. The principal component analysis (PCA) was performed to observe the grouping
trends, highlight outliers and show clusters among the groups. MSEA were applied to
identify the altered metabolic pathways in hypoxic mice (p < 0.05), using the module of
metabolite sets enrichment analysis (MetaboAnalyst 4.0 webserver).

4.8. Statistical Analysis

All data were quantitatively analyzed by the SPSS16 software data program. Differ-
ences between the groups were pairwisely compared by using an independent samples t
test, with p < 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22136705/s1, Figure S1: PLS-DA score plots and validation plots of 1D 1H NMR data for
aqueous extracts derived from the kidney and brain of mice, Figure S2: Significantly altered metabolic
pathways associated with the hypoxia mice relative to normoxic mice, Table S1: Comparison of
metabolite levels between two groups of mice based on relative integrals calculated from the 1D 1H
NMR spectra of liver, Table S2: Comparison of metabolite levels between two groups of mice based
on relative integrals calculated from the 1D 1H NMR spectra of kidney, Table S3: Comparison of
metabolite levels between two groups of mice based on relative integrals calculated from the 1D 1H
NMR spectra of brain.
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60. HoleČek, M. Branched-chain amino acids in health and disease: Metabolism, alterations in blood plasma, and as supplements.
Nutr. Metab. 2018, 15, 1–12. [CrossRef] [PubMed]

61. Zhenyukh, O.; Civantos, E.; Ruiz-Ortega, M.; Sánchez, M.S.; Vázquez, C.; Peiró, C.; Egido, J.; Mas, S. High concentration of
branched-chain amino acids promotes oxidative stress, inflammation and migration of human peripheral blood mononuclear
cells via mTORC1 activation. Free Radic. Biol. Med. 2017, 104, 165–177. [CrossRef] [PubMed]

62. Liu, J.; Zhan, G.; Chen, D.; Chen, J.; Yuan, Z.B.; Zhang, E.L.; Gao, Y.X.; Xu, G.; Sun, B.D.; Liao, W.; et al. UPLC-QTOFMS-based
metabolomic analysis of the serum of hypoxic preconditioning mice. Mol. Med. Rep. 2017, 16, 6828–6836. [CrossRef]

63. Kempson, S.A.; Vovor-Dassu, K.; Day, C. Betaine Transport in Kidney and Liver: Use of Betaine in Liver Injury. Cell. Physiol.
Biochem. 2013, 32, 32–40. [CrossRef] [PubMed]

64. Olli, K. Lahtinen, S.; Rautonen, N.; Tiihonen, K. Betaine reduces the expression of inflammatory adipokines caused by hypoxia in
human adipocytes. Br. J. Nutr. 2013, 109, 43–49. [CrossRef] [PubMed]

65. Chipot, C.; Dehez, F.; Schnell, J.R.; Zitzmann, N.; Pebay-Peyroula, E.; Catoire, L.J.; Miroux, B.; Kunji, E.R.S.; Veglia, G.; Cross, T.A.;
et al. Perturbations of Native Membrane Protein Structure in Alkyl Phosphocholine Detergents: A Critical Assessment of NMR
and Biophysical Studies. Chem. Rev. 2018, 118, 3559–3607. [CrossRef]

66. Marklund, N.; Östman, B.; Nalmo, L.; Persson, L.; Hillered, L. Hypoxanthine, uric acid and allantoin as indicators of in vivo
free radical reactions. Description of a HPLC method and human brain microdialysis data. Acta Neurochir. 2000, 142, 1135–1142.
[CrossRef]

67. Qaid, E.; Zakaria, R.; Sulaiman, S.F.; Yusof, N.M.; Shafin, N.; Othman, Z.; Ahmad, A.H.; Aziz, C.A. Insight into potential
mechanisms of hypobaric hypoxia–induced learning and memory deficit—Lessons from rat studies. Hum. Exp. Toxicol. 2017, 36,
1315–1325. [CrossRef]

68. Bouak, F.; Vartanian, O.; Hofer, K.; Cheung, B. Acute Mild Hypoxic Hypoxia Effects on Cognitive and Simulated Aircraft Pilot
Performance. Aerosp. Med. Hum. Perform. 2018, 89, 526–535. [CrossRef] [PubMed]

69. Reinke, S.N.; Walsh, B.H.; Boylan, G.B.; Sykes, B.D.; Kenny, L.C.; Murray, D.M.; Broadhurst, D.I. 1H NMR Derived Metabolomic
Profile of Neonatal Asphyxia in Umbilical Cord Serum: Implications for Hypoxic Ischemic Encephalopathy. J. Proteome Res. 2013,
12, 4230–4239. [CrossRef] [PubMed]

70. Huang, Q.; Sun, M.; Li, M.; Zhang, D.; Han, F.; Wu, J.C.; Fukunaga, K.; Chen, Z.; Qin, Z.-H. Combination of NAD+ and NADPH
Offers Greater Neuroprotection in Ischemic Stroke Models by Relieving Metabolic Stress. Mol. Neurobiol. 2017, 55, 6063–6075.
[CrossRef] [PubMed]

71. Xiao, W.; Wang, R.-S.; Handy, D.E.; Loscalzo, J. NAD(H) and NADP(H) Redox Couples and Cellular Energy Metabolism. Antioxid.
Redox Signal. 2018, 28, 251–272. [CrossRef]

72. Wang, Y.X.; Zhang, F.; Ma, X.L.; He, C.C.; Tian, K.; Wang, H.G.; An, D.; Heng, B.; Xie, L.H.; Liu, Y.Q. Oxygen-glucose deprivation
enhancement of cell death/apoptosis in PC12 cells and hippocampal neurons correlates with changes in neuronal excitatory
amino acid neurotransmitter signaling and potassium currents. Neuroreport 2016, 27, 617–626. [CrossRef]

73. Sperringer, J.E.; Addington, A.; Hutson, S.M. Branched-Chain Amino Acids and Brain Metabolism. Neurochem. Res. 2017, 42,
1697–1709. [CrossRef] [PubMed]

74. Salminen, A.; Jouhten, P.; Sarajärvi, T.; Haapasalo, A.; Hiltunen, M. Hypoxia and GABA shunt activation in the pathogenesis of
Alzheimer’s disease. Neurochem. Int. 2016, 92, 13–24. [CrossRef] [PubMed]

75. Clausen, T.; Alves, O.L.; Reinert, M.; Doppenberg, E.; Zauner, A.; Bullock, R. Association between elevated brain tissue glycerol
levels and poor outcome following severe traumatic brain injury. J. Neurosurg. 2005, 103, 233–238. [CrossRef] [PubMed]

76. Piccirillo, S.; Castaldo, P.; Macrì, M.L.; Amoroso, S.; Magi, S. Glutamate as a potential “survival factor” in an in vitro model of
neuronal hypoxia/reoxygenation injury: Leading role of the Na+/Ca2+ exchanger. Cell Death Dis. 2018, 9, 1–14. [CrossRef]
[PubMed]

77. Maiolino, M.; Castaldo, P.; Lariccia, V.; Piccirillo, S.; Amoroso, S.; Magi, S. Essential role of the Na+-Ca2+ exchanger (NCX) in
glutamate-enhanced cell survival in cardiac cells exposed to hypoxia/reoxygenation. Sci. Rep. 2017, 7, 1–15. [CrossRef]

78. Zhou, Y.; Danbolt, N.C. Glutamate as a neurotransmitter in the healthy brain. J. Neural Transm. 2014, 121, 799–817. [CrossRef]
79. Saijo, K.; Glass, C.K. Microglial cell origin and phenotypes in health and disease. Nat. Rev. Immunol. 2011, 11, 775–787. [CrossRef]
80. Hanisch, U.-K. Microglia as a source and target of cytokines. Glia 2002, 40, 140–155. [CrossRef]
81. Kanai, Y.; Hediger, M.A. Primary structure and functional characterization of a high-affinity glutamate transporter. Nature 1992,

360, 467–471. [CrossRef]
82. Kobayashi, S.; Millhorn, D.E. Hypoxia regulates glutamate metabolism and membrane transport in rat PC12 cells. J. Neurochem.

2001, 76, 1935–1948. [CrossRef] [PubMed]

http://doi.org/10.1016/0014-5793(87)80940-7
http://doi.org/10.3389/fphar.2014.00151
http://www.ncbi.nlm.nih.gov/pubmed/25024695
http://doi.org/10.1021/acs.jafc.6b03592
http://www.ncbi.nlm.nih.gov/pubmed/27677203
http://doi.org/10.1093/jn/133.5.1302
http://www.ncbi.nlm.nih.gov/pubmed/12730414
http://doi.org/10.1186/s12986-018-0271-1
http://www.ncbi.nlm.nih.gov/pubmed/29755574
http://doi.org/10.1016/j.freeradbiomed.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28089725
http://doi.org/10.3892/mmr.2017.7493
http://doi.org/10.1159/000356622
http://www.ncbi.nlm.nih.gov/pubmed/24429813
http://doi.org/10.1017/S0007114512000888
http://www.ncbi.nlm.nih.gov/pubmed/22424556
http://doi.org/10.1021/acs.chemrev.7b00570
http://doi.org/10.1007/s007010070042
http://doi.org/10.1177/0960327116689714
http://doi.org/10.3357/AMHP.5022.2018
http://www.ncbi.nlm.nih.gov/pubmed/29789086
http://doi.org/10.1021/pr400617m
http://www.ncbi.nlm.nih.gov/pubmed/23931672
http://doi.org/10.1007/s12035-017-0809-7
http://www.ncbi.nlm.nih.gov/pubmed/29164394
http://doi.org/10.1089/ars.2017.7216
http://doi.org/10.1097/WNR.0000000000000588
http://doi.org/10.1007/s11064-017-2261-5
http://www.ncbi.nlm.nih.gov/pubmed/28417264
http://doi.org/10.1016/j.neuint.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26617286
http://doi.org/10.3171/jns.2005.103.2.0233
http://www.ncbi.nlm.nih.gov/pubmed/16175851
http://doi.org/10.1038/s41419-018-0784-6
http://www.ncbi.nlm.nih.gov/pubmed/29955038
http://doi.org/10.1038/s41598-017-13478-x
http://doi.org/10.1007/s00702-014-1180-8
http://doi.org/10.1038/nri3086
http://doi.org/10.1002/glia.10161
http://doi.org/10.1038/360467a0
http://doi.org/10.1046/j.1471-4159.2001.00214.x
http://www.ncbi.nlm.nih.gov/pubmed/11259512


Int. J. Mol. Sci. 2021, 22, 6705 19 of 19

83. Chan, T.S.; Cassim, S.; Raymond, V.-A.; Gottschalk, S.; Merlen, G.; Zwingmann, C.; Lapierre, P.; Darby, P.; Mazer, C.D.; Bilodeau,
M. Upregulation of Krebs cycle and anaerobic glycolysis activity early after onset of liver ischemia. PLoS ONE 2018, 13, e0199177.
[CrossRef] [PubMed]

84. Hwang, S.; Ham, S.; Lee, S.-E.; Lee, Y.; Lee, G.H. Hypoxia regulates the level of glutamic acid decarboxylase enzymes and
interrupts inhibitory synapse stability in primary cultured neurons. Neurotoxicology 2018, 65, 221–230. [CrossRef] [PubMed]

85. Cui, P.; Shao, W.; Huang, C.; Wu, C.-J.; Jiang, B.; Lin, D. Metabolic derangements of skeletal muscle from a murine model of
glioma cachexia. Skelet. Muscle 2019, 9, 3. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0199177
http://www.ncbi.nlm.nih.gov/pubmed/29902244
http://doi.org/10.1016/j.neuro.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29107683
http://doi.org/10.1186/s13395-018-0188-4
http://www.ncbi.nlm.nih.gov/pubmed/30635036

	Introduction 
	Results 
	Physiological and Behavioral Alterations 
	HIF-1 Expressions in the Liver, Kidney and Brain After Acute Hypoxic Exposure 
	Locations of HIF-1 Protein in the Liver, Kidney and Brain of Hypoxic Mice 
	Metabolic Features in the Liver 
	Metabolic Features in the Kidney 
	Metabolic Features in the Brain 

	Discussion 
	Materials and Methods 
	Animals and Patterns of Hypoxic Exposure 
	Physiological Measurements 
	Open Field Test 
	In Vivo and In Vitro Imaging of HIF-1 Accumulation 
	Preparation of Anti-HIF-1 Antibody-Conjugated Pluronic P123 Micelles 
	Biodistribution of HIF-1 Protein Using In Vivo Imaging 

	Western Blot 
	Immunofluorescence Staining 
	NMR Sample Preparation and Measurements 
	Statistical Analysis 

	References

