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Background: Both chronic hypoxia (CH) and long-term chronic intermittent hypoxia
(CIH) exposure lead to right ventricular hypertrophy (RVH). Weight loss is an effective
intervention to improve cardiac function and energy metabolism in cardiac hypertrophy.
Likewise, caloric restriction (CR) also plays an important role in this cardioprotection
through AMPK activation. We aimed to determine the influence of body weight
(BW) on RVH, AMPK and related variables by comparing rats exposed to both
hypoxic conditions.

Methods: Sixty male adult rats were separated into two groups (n = 30 per group)
according to their previous diet: a caloric restriction (CR) group and an ad libitum (AL)
group. Rats in both groups were randomly assigned to 3 groups: a normoxic group (NX,
n = 10), a CIH group (2 days hypoxia/2 days normoxia; n = 10) and a CH group (n = 10).
The CR group was previously fed 10 g daily, and the other was fed ad libitum. Rats
were exposed to simulated hypobaric hypoxia in a hypobaric chamber set to 428 Torr
(the equivalent pressure to that at an altitude of 4,600 m above sea level) for 30 days.
Measurements included body weight; hematocrit; serum insulin; glycemia; the degree
of RVH (Fulton’s index and histology); and AMPK, mTOR, and PP2C expression levels
in the right ventricle determined by western blotting.

Results: A lower degree of RVH, higher AMPK activation, and no activation of mTOR
were found in the CR groups exposed to hypobaric hypoxia compared to the AL groups
(p < 0.05). Additionally, decreased glycemia and serum insulin levels were observed.
Interestingly, PP2C expression showed an increase in the AL groups but not in the CR
groups (p < 0.05).
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Conclusion: Maintaining a low weight before and during exposure to high-altitude
hypoxia, during either CH or CIH, could prevent a major degree of RVH. This
cardioprotection would likely be due to the activation of AMPK. Thus, body weight is
a factor that might contribute to RVH at high altitudes.

Keywords: right ventricle hypertrophy, hypobaric hypoxia, AMPK, body weight, high altitude

INTRODUCTION

Exposure to hypoxic environments under both chronic
hypoxia and long-term chronic intermittent hypoxia induces
cardiopulmonary changes that allow the maintenance of the
circulatory demands and the homeostasis of tissues under
conditions of limited oxygen availability (Ostadal et al., 1998).
Under Long-term chronic intermittent hypoxia condition
individuals work at a high altitude for days and rest at sea level
for the same period (Richalet et al., 2002). Hypoxia exposure
elevates pulmonary artery pressure by vasoconstriction (Von
Euler and Liljestrand, 1946; Moudgil et al., 2005), and after a
long period of exposure there is a remodeling of pulmonary
vasculature leading to right ventricular hypertrophy (RVH)
(Brito et al., 2007, 2018; Penaloza and Arias-Stella, 2007).

Cardiac hypertrophy is associated with increased
cardiomyocyte cell volume, enhanced protein synthesis, and
changes in gene transcription and translation (Glennon et al.,
1995). Additionally, human studies and animal experimental
models have identified that right ventricular dysfunction due
to pressure overload is associated with metabolic derangements
(Ryan and Archer, 2014). Because of its particular role, the heart
requires high metabolic activity due to constant overloading
(Noppe et al., 2014).

AMP-activated protein kinase (AMPK) is a heterotrimeric
protein kinase composed of a catalytic α subunit and two
regulatory subunits (β & 7). As an intracellular energy sensor,
in the heart, AMPK is activated in response to an increase in
the AMP/ATP ratio under stress conditions such as hypoxia,
hypertrophy and hypoglycemia (Arad et al., 2007; Viollet et al.,
2009). Studies in mice revealed that AMPK activation attenuates
the development of cardiac hypertrophy by inhibiting protein
synthesis and activating autophagy (Chan et al., 2004, 2008;
Kang et al., 2011; Li et al., 2014). AMPK activation can also
increase the uptake of glucose, enhance fatty acid oxidation
(Dyck and Lopaschuk, 2006; Nagendran et al., 2013) and inhibit
protein synthesis to reserve energy stores (Liu et al., 2006).
Therefore, AMPK would have a protective role by restoring
the energy balance and a key role against cardiovascular
diseases and cellular stress (Dolinsky and Dyck, 2006). This
role has been seen in humans under chronic hypoxia (CH)
(Zhang et al., 2018) but has rarely been studied in hypobaric
chronic intermittent hypoxia (CIH). The cardioprotective role
of the AMPK pathway against cardiac hypertrophy involves
mammalian target of rapamycin (mTOR), which is a major
regulator of myocardial protein synthesis and a major driver of
cardiac hypertrophy (Proud, 2004) whose activation regulates
cell proliferation, apoptosis, cell migration and metabolism
(Li et al., 2014). However, the inactivation of AMPK by

dephosphorylation has been described to be attributed to PP2C
(Davies et al., 1995; Marley et al., 1996; Steinberg, 2007). PP2C is
a protein serine/threonine phosphatase that controls the specific
dephosphorylation of thousands of phosphoprotein substrates
(Shi, 2009). The primary function of PP2C appears to be the
regulation of stress signaling, although it also plays a role in
cell differentiation, growth, survival, apoptosis, and metabolism
(Lu and Wang, 2008).

The impact of caloric restriction (CR) on inducing weight
loss in cardiac hypertrophy has substantial clinical importance
(Karwi et al., 2019). Recently, it has been reported in both humans
and animal models that overweight and obesity influence high-
altitude illness outcomes such as pulmonary hypertension (San
Martin et al., 2017; Brito et al., 2018). Studies in mice show that
CR is a potent dietary intervention to produce beneficial cardiac
effects (Kobara et al., 2015; Melo et al., 2016) through AMPK
activation, which plays an important role in cardioprotection
(Shinmura et al., 2005, 2008; Chen et al., 2013).

The impact of a change in body weight before and during
exposure to hypoxia at a high altitude, as well as the activation of
AMPK in RVH, is not well known. Therefore, it is hypothesized
that during high-altitude hypobaric hypoxia, a lower body weight
would promote a reduced RVH through the activation of AMPK.
Thus, the aim of this study was to determine the influence of body
weight (BW) on RVH, through caloric restriction compared to
an ad libitum food intake regimen, as well as its association with
AMPK and related variables, by comparing rats exposed to both
hypoxic conditions (CIH and CH).

MATERIALS AND METHODS

Animal Model
The model used for this experiment was largely described and
validated previously in several studies (Siques et al., 2006).
The study was performed on sixty male Wistar rats (12 weeks
of age) obtained from the animal facility of the Institute of
Health Studies of Arturo Prat University, Iquique, Chile. The
rats were assigned to two groups according to the amount of
food provided during the previous month of exposure (CR
10 g and AL daily). Then, it was obtained a CR group (body
weight 251.6 ± 1.9 g; n = 30), which received 10 g/day of food
(Corresponding to caloric restriction 70%), and an ad libitum
(AL) group (body weight 434.6 ± 5.9 g; n = 30). This model
of caloric restriction is based on the works in rats of Kobara
et al. (2015) and Melo et al. (2016). Then, both groups were
randomly divided into three groups: (1) a normobaric normoxia
(NX) group (n = 10), which served as a sea-level control; (2) a
chronic intermittent hypobaric hypoxia (CIH) group (n = 10),
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which underwent 2 days of exposure to hypobaric hypoxia
alternating with 2 days of exposure to normobaric normoxia;
and (3) a chronic hypobaric hypoxia (CH) group (n = 10),
which underwent permanent exposure to hypobaric hypoxia.
All groups received water ad libitum and a standard balanced
diet for laboratory rats (22.0% crude protein, 5.0% crude fat,
5.0% crude fiber, 9.0% ash and 12% moisture (5POO R©, LabDiet R©,
Prolab RMH3000). Food intake was measured through the
determination of the amount of residual food, and fasting times
were accurately controlled. The exposure time of each group was
30 days, and hypobaric hypoxia was simulated in a chamber
at 428 Torr (equivalent to an altitude of 4,600 m above sea
level). The time of ascension from sea level to 4,600 m above sea
level was 60 min.

The chamber conditions were as follows: internal flow of
3.14 L/min of air and humidity between 21 and 30%. NX groups
were located in the same room at sea level (760 Torr) and housed
under the same chamber conditions as the groups exposed to
hypoxia. The rats were placed in individual cages at a temperature
of 22 ± 2◦C and a circadian rhythm of 12 h of light and 12 h
of dark. Movement inside the cage was not restricted, but no
exercise was performed. At the end of the exposure period, the
rats were euthanized with an overdose of ketamine (0.9 mg/kg of
weight), organs were collected and stored at −80◦C, and specific
variables were measured.

The animal protocol and experimental model were in
accordance with Chilean Law No. 20380 regarding animal
experimentation and were approved by the Research Ethics
Committee of Arturo Prat University, Iquique, Chile.

Body Weight, Hematocrit, Blood
Glucose, and Serum Insulin
Both biochemical and physiological parameters in all study
groups were measured at day 0 under basal normoxic conditions
and after 30 days immediately after removal from the chamber.
The body weight and residual food were measured using an
electronic scale (Acculab V-1200 R©, Chicago, IL, United States).

Blood extraction (1 mL) for biochemical measurements was
performed via cardiac puncture under anesthesia (0.3 mg/kg
body weight) after 10 h of fasting. The hematocrit (Hct) values,
calculated as percentages, were measured using capillaries, which
were centrifuged (5804 R Eppendorf AG R©, Hamburg, Germany)
at 5,000 rpm for 5 min. Glucose in blood was measured using
a glucometer (CarenSensN R©), and serum insulin was measured
using a commercial kit (Reta Insulin ELISA Kit R©, ALPCO, Salem,
VT, United States).

Western Blot Analysis
For protein analysis, 50 mg of right ventricular cardiac
muscle was obtained from each rat. Protein extraction was
started by tissue homogenization (Stir-Pak R©, Barrington, IL,
United States) with 500 µL RIPA lysis buffer, which contains a
mixture of phosphatase and protease inhibitors (4 mM PMSF,
10 µM leupeptin, 1 mM EDTA, 1 mM EGTA, 20 mM NaF,
20 mM HEPES and 1 mM DTT). Then, the homogenates
were centrifuged (5804 R Eppendorf AG R©, Hamburg, Germany)

at 12,000 rpm for 20 min at 4◦C, and the supernatant
was extracted. For the quantification of the total protein
extracted, the Bradford reaction was used (Bradford, 1976)
with a BioPhotometer (Eppendorf AG R©, Hamburg, Germany)
at 590 nm, and samples were then stored at −80◦C. For
western blotting, the samples were previously diluted with 2X
Laemmli buffer [0.125 M Tris-HCl, 4% SDS (p/v), 20% glycerol
(v/v), 0.004% bromophenol blue, 10% β-mercaptoethanol (pH
6.8)]. Then, 50 µg of the protein were separated according
to their molecular weight (MW) under an electric field via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (30% bis-acrylamide (v/v), 150 mM Tris (pH 6.8 and
8.8), 1.0% TEMED (w/v), H2O) at 6 and 12%. Electrophoretic
separation was initiated with the application of direct current
to 150 V over 80 min with a power supply (PolyScience R©,
EPS-300, Taipei, Taiwan, China), and the proteins were then
transferred from the polyacrylamide gel to a polyvinylidene
difluoride (PVDF) membrane at 180 mA for 90 min with a
semidry electroblotting system (OwlTM HEP systems, Thermo
Fisher Scientific R©, United States).

To avoid nonspecific antibody binding, the PVDF membrane
was blocked with bovine serum albumin (BSA) at a concentration
range of 3–5% in TBS-T solution containing 10 mM HCl,
150 mM NaCl, and 0.05% Tween-20 at pH 7.4. The blocking
time was 1 h at room temperature. Then, the membrane
was incubated with the corresponding primary antibodies
[AMPKα1/2 (sc-25792), p-AMPKα1/2 (sc-101630), mTOR (sc-
517464), p-mTORC1 (sc-293133), PP2Cα (sc-517264), and
β-actin (sc-130657)] at a dilution of 1:500 (Santa Cruz
Biotechnology R©, Santa Cruz, CA, United States) and incubated
overnight at 4◦C. Finally, the membrane was incubated
with secondary antibodies (anti-goat, anti-rabbit and anti-
mouse antibodies, Santa Cruz Biotechnology R©, Santa Cruz, CA,
United States) at a dilution of 1:2,000 in 3% BSA for 1 h at room
temperature, washed with TBS-T and then imaged in a dark room
with a chemiluminescence kit (Chemiluminescence West Pico R©,
Super Signal Substrate, Thermo Fisher Scientific R©, Rockford,
IL, United States). The density of the bands was measured
with ImageJ software and normalized according to β-actin
expression and Ponceau staining. The activity levels of AMPK
and mTOR were determined by the ratio of phosphorylated
protein to total protein.

Right Ventricular Hypertrophy and
Histology
RVH was evaluated at the end of the exposure period
(day 30) using Fulton’s index [RV/LV+Septum (g/g)], as
described previously (Kay, 1980). Also, total ventricles weight
vs. body weight ratio was obtained (g/g). For morphological
assessment under light microscopy, the ventricular tissue was
cut transversally and fixed in 4% paraformaldehyde at room
temperature overnight and then dehydrated and embedded in
paraffin. Paraffin-embedded tissue slices (5 µm thick) were
routinely stained with hematoxylin and eosin (H&E) and finally,
the area was measured through ImageJ software.
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Data Analysis
All data recorded were included in a database and analyzed
using the SPSS program (IBM SPSS R© V.21.0 R©, Armonk, NY,
United States). The normality of the variables was established
by the Kolmogorov-Smirnov test, and all variables had a
normal distribution. The means and standard errors (SEs) were
calculated for all variables. To determine differences in the
measured variables over time, a paired-sample Student’s t test was
performed between the two groups. To establish the intergroup
differences, repeated-measures analysis of variance (ANOVA)
was used. For variables measured once, an independent Student’s
t test and one-way ANOVA followed by the least significant
difference (LSD) post hoc test were performed. The level of
significance was established at the 95% confidence level, with
p < 0.05 considered indicative of significance.

RESULTS

Body Weight, Hematocrit, Blood
Glucose, and Serum Insulin
Previous exposure body weight was decreased in CR compared
to AL group (p < 0.001) (Figure 1A). The body weight was lower
in both the AL and the CR hypoxia-exposed groups (CIH and
CH) than in the NX group (p < 0.001) at the end of exposure
day 30 (Figure 1B). Remarkably, the AL group lowered their
weight by a greater proportion than the CR group (p < 0.001).
Importantly, food intake under CH in both the AL and CR groups
was similar (10 g), whereas under CIH, both groups showed
reduced intake, with less intake in the AL group than in the CR
group while they were in the chamber. Interestingly, CR group
under chronic hypoxia did not further reduce the food intake.
Despite this observation, the AL group showed a higher weight
than the CR group at the end of the exposure.

Both the AL- and CR-exposed groups exhibited a decrease
in blood glucose levels and serum insulin compared to the NX
groups and basal levels (p < 0.01). Interestingly, the CR group
exposed to CIH showed lower insulin levels than the AL group
exposed to CIH (p < 0.01) (Figures 1C,D).

Under hypobaric hypoxic conditions (CIH and CH), both
the AL and CR groups showed an increase in Hct compared to
the NX groups and basal levels (p < 0.001), with values being
higher in the CH groups (p < 0.01). Notably, this increase was
less in the CR groups than in the AL groups exposed to CH
(p < 0.01) (Figure 1E).

Right Ventricular Hypertrophy
RVH was observed in both the AL and CR groups under
hypobaric hypoxic conditions compared to the NX groups
(p < 0.01) and was higher in the CH groups than in the CIH
groups. Remarkably, a lower degree of hypertrophy was observed
in the CR group than in the AL group (p < 0.05), and the
degree of hypertrophy observed in the CR group under CH was
similar to that in the AL group under CIH (Figure 2A). Similar
results were found with total ventricles weight vs. body weight
ratio (Figure 2B). Representative images and the quantification

of the area clearly show the enlargement of myocytes, which was
coincident with the hypertrophy found in the CR and AL groups
(Figures 2C,D). Interestingly, the weights of both ventricles (RV
and LV) in rats of the AL group were higher than those in the CR
group, as expected.

AMPK, mTOR, and PP2C Expression
Levels
AMPK activation was increased only in the CR groups under both
CIH and CH (p < 0.05), while the AL groups showed no AMPK
activation. Interestingly, in this latter group, a decrease in AMPK
under CH was found (p < 0.05) (Figures 3A,D).

Conversely, in the CR groups under both CIH and CH,
there was no mTOR activation and no overexpression of
PP2Cα, while in the AL group, there was a higher activation
and expression of both proteins under CH than under CIH
(p < 0.05) (Figures 3B–D).

DISCUSSION

This research on long-term CIH and CH right ventricular
hypertrophy revealed important and novel findings. Caloric
restriction results in: (1) reduced RVH; (2) activation of AMPK;
and (3) no activation of mTOR and PP2Cα was seen.

This research is in line with other studies and calls attention
to the importance of a low body weight to decrease cardiac risk
(Riordan et al., 2008; Derumeaux et al., 2017) with ventricular
hypertrophy (Karwi et al., 2019). However, the influence of body
weight on AMPK activation in RVH induced by CH and long-
term CIH exposure has received little attention.

In this study, both the AL and CR groups lost body weight
and had lower blood glucose and serum insulin levels due to the
metabolic effects of hypoxia, as has been reported with hypobaric
and hypoxic hypoxia models (Chiu et al., 2004; Gamboa et al.,
2011; Siques et al., 2018). Moreover, the CR group not only lost
body weight under hypoxia but also began exposure with a lower
body weight than did the AL group. These results call attention
to the importance of maintaining a low body weight before and
during exposure to long-term hypobaric hypoxia.

Interestingly, regarding hematocrit, the CR group had a lower
hematocrit before the exposure, with no difference among the
groups. This result is consistent with those of some authors, who
explain that this lower hematocrit is the effect of decreased intake
of dietary energy and of blood-forming nutrients (Faris et al.,
2012; Gasmi et al., 2018). Despite the possible influence of CR
in the hematocrit level, it is important to highlight that the all
exposed to hypoxia groups had elevated hematocrit at day 30.

On the other hand, the model of this study is effectively an
unusual model of exposure that is scarcely known. Food intake
clearly has an effect on insulin level, but the regimen and degree
of hypoxia are also extremely important, which is in agreement
with the results of Debevec and Millet (1985), who demonstrated
that the regimen and the degree of hypoxia can lead to variation
in the results. In our results, the degree of hypoxia was the most
important variable because it determined the amount of food
intake, although the difference was not significant between the
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FIGURE 1 | Physiological and biochemical parameters: Ad libitum (AL) and caloric restriction (CR) groups on days 0 and 30: normoxic group (NX), chronic
intermittent hypoxia group (CIH), and chronic hypoxia group (CH). (A) Body weight (g) previous to exposure, (B) Body weight (g) during exposure, (C) Blood glucose
(mg/dl) and (D) Serum insulin (ng/ml) (E) Hematocrit (%). The values are the mean (x̄) ± standard error (SE). ∗p < 0.05: hypoxia-exposed vs. NX; #p < 0.05: CIH vs.
CH. †p < 0.05: AL vs. CR; ‡Day 30 vs. Day 0 for each group NX, CIH and CH of AL and CR groups.

Frontiers in Physiology | www.frontiersin.org 5 April 2020 | Volume 11 | Article 342

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00342 April 20, 2020 Time: 15:21 # 6

Flores et al. AMPK in Long-Term Hypobaric Hypoxia

FIGURE 2 | Grade of right ventricular hypertrophy (RVH): Ad libitum (AL) and caloric restriction (CR) groups on day 30: normoxic group (NX), chronic intermittent
hypoxia group (CIH), and chronic hypoxia group (CH). (A) Expressed as Fulton’s index [right ventricle (RV) weight/(left ventricle (LV) weight + septum weight)].
(B) Ventricles (RV+S+LV)/BW ratio. (C) Hematoxylin and eosin staining of the slices of the RV and (D) of the cardiomyocyte area of the RV. The values are the mean
(x̄) ± standard error (SE). ∗p < 0.05: hypoxia-exposed vs. NX; #p < 0.05: CIH vs. CH. †p < 0.05: AL vs. CR.
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FIGURE 3 | Protein expression levels in the right ventricle (RV): Ad libitum (AL) and caloric restriction (CR) groups at day 30: normoxic group (NX), chronic intermittent
hypoxia group (CIH), and chronic hypoxia group (CH). (A) Activation of AMPK (p-AMPK/total AMPK ratio); (B) Activation of mTOR (p-mTOR/total mTOR ratio)
normalized by β-actin; (C) PP2Cα expression levels, normalized by Ponceau staining; and (D) Representative bands are shown. Values are means (X) ± standard
errors (SEs). ∗p < 0.05: hypoxia-exposed vs. NX; #p < 0.05: CIH vs. CH. †p < 0.05: AL vs. CR.

CR and the AL in CH groups. Interestingly, AL groups, in both
hypoxia conditions show a decrease of food-intake and a possible
explanation could be attributed to the hypoxic stressor and its
side effects (San Martin et al., 2017).

Conversely, the CIH groups eat differently under hypoxic
stimuli. Those fed ad libitum eat 4.5 g; however, the CR group
eat an average of 7.9 g. The AL groups could have been affected
by anorexia and general malaise, as occurs in humans (acute
mountain sickness), and particularly so when just slightly over
a healthy body weight (as described by San Martin et al., 2017).
Furthermore, the AL group maintained a substantial amount
of fat tissue, which has an influence in insulin. Additionally,
insulin sensitivity has been demonstrated to be increased in
hypoxia (Chiu et al., 2004; Gamboa et al., 2011). Therefore, both
food intake and hypoxia regimen would contribute to determine
insulin levels, highlighting that the kind and degree of hypoxia
might be the most critical.

Ventricular hypertrophy) is characterized by increased
cardiomyocyte size, a higher degree of sarcomere organization
and enhanced protein synthesis levels, all of which are closely

associated with energy metabolism (Tham et al., 2015). Human
studies in the same model of CIH showed that this hypertrophy
is associated with cardiometabolic factors, among others (Brito
et al., 2018). Our results demonstrate RVH in those exposed
to hypoxia, and importantly, that RVH in CR is lesser than
in AL. Although, in this study does not seems to be restricted
to the latter, because CR rats eat more food than AL inside
the chamber in CIH condition; and the CR rats did developed
RVH as well but at a lesser, only under hypoxic conditions,
where AMPK pathway might play a major role as is discussed
below. However, in the current study, it is clear that with CR,
the hypoxia regimen increased the AMPK activity and inhibited
mTOR, which might explain the degree of RVH that was found.
The weights of both ventricles, including LV, in rats of the AL
group were higher than those in the CR group, as expected
because of the pre-exposure weight.

AMPK is known as an energy sensor and a regulator of
cardiac energy metabolism under normal and stress conditions.
Additionally, AMPK has been shown to inhibit cardiac
hypertrophy (Sung et al., 2015) and to have a role beyond
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metabolic regulation. It also plays a critical role in an
ample variety of cellular processes, such as regulating protein
synthesis, transcriptional activity and energy supply (Baskin
and Taegtmeyer, 2011; Cates et al., 2018; Feng et al., 2018).
Additionally, CR-induced relative energy deficits, such as
hypoxia, hypertrophy and hypoglycemia, result in increased
intracellular levels of the AMP/ATP ratio, activating AMPK
(Arad et al., 2007; Viollet et al., 2009). Our study (caused by
pressure overload as a consequence of hypoxia) presents all of
the above stressors; however, only CR groups that began with a
lower body weight prior to exposure and maintained it exhibited
the activation of AMPK activation and lower RVH. Similarly,
other studies demonstrate other pathways that involve AMPK,
showing nutrient deprivation produce an increase of AMPK
activity, and this activation decreases the cardiac remodeling
through degradation of hypertrophic proteins mediated by
AMPK-induced transcription factors, such as MEF2 (Baskin and
Taegtmeyer, 2011). However, in our study the hypoxic stressor
appears to play a clear role. Another kind of RVH induction
in rats showed that the activation of AMPK by metformin
significantly reduced RVH, highlighting the importance of
AMPK in clinical treatments for RVH (Li et al., 2016).
Other evidence has demonstrated that pharmacological AMPK
activation attenuates the development of cardiac hypertrophy
by inhibiting protein synthesis through the inactivation of the
mammalian target of rapamycin (mTOR) signaling pathway
(Chan et al., 2004, 2008; Kang et al., 2011).

Thus, in the process of regulating ventricular hypertrophy
mTOR is involved. mTOR is the key sensor of nutrient status,
consisting of two distinct complexes, mTORC1 and mTORC2,
and its activation contributes to cell survival in cardiomyocytes
and regulates cell proliferation, apoptosis, cell migration and
metabolism. Moreover, the protective effects of AMPK on PO-
induced cardiac hypertrophy were recently shown to be partially
mediated by the inhibition of mTORC1 signaling but not
mTORC2 signaling (Li et al., 2014). This study, focused on
mTORC1, showed that only the CR group demonstrated no
activation of mTOR, which supports the role of the activation
of AMPK as a protector against RVH in high-altitude hypoxia
(hypobaric hypoxia).

Conversely, in the AL group exposed to CH, increased mTOR
activation and decreased AMPK activation showed an inverse
regulation between the two kinases. Further support for our
findings comes from reports demonstrating that the inhibition
of mTOR under chronic hypobaric hypoxic conditions resulted
in the prevention of RVH in an animal model (Paddenberg et al.,
2007) and that increased AMPK activity and decreased mTOR
activity attenuated RVH in pulmonary-artery-hypertension-
induced rats (Deng et al., 2017).

In this study, we have shown that the modification of
body weight through diet leads to reduced RVH under high-
altitude exposure. CR has been established as a potent dietary
intervention that produces beneficial cardiac effects (Kobara
et al., 2015; Melo et al., 2016) through AMPK activation,
which plays an important role in cardioprotection, as has been
demonstrated in the left ventricle (Shinmura et al., 2005, 2008;
Chen et al., 2013).

On the other hand, it was interesting to observe that the
PP2Cα expression level was increased in the AL group after CH
exposure but not in the CR group. This finding further supports
the lack of AMPK activation. Notably, the time of hypoxia
exposure in the CIH group was lower than that in the CH group.
This fact, could explain the reason to have a remarkably RVH in
AL’s chronic groups.

Many authors have described that AMPK inactivation by
dephosphorylation is attributed to PP2C (Davies et al., 1995;
Marley et al., 1996; Steinberg, 2007). This dephosphorylation
is enhanced under nutrient-rich conditions (the AL group of
this study) but deranged under nutrient-poor conditions (Davies
et al., 1995; Sanders et al., 2007; Hardie et al., 2012). The finding
of a lack of expression of this phosphatase would be another way
to explain the reduced hypertrophy in the CR group allowing
AMPK activation.

The aim of this study was to evaluate RVH in different
regimens of long-term hypoxia and not the degree of pulmonary
hypertension, which is well known that hypoxemia induce an
increase in pulmonary artery pressure and all the involved
mechanisms leading to RVH. Given that we cannot correlate both
proteins (AMPK and mTOR) with the actual degree of PAP at
any stage, this would be a limitation. However, in that sense, the
literature supports and describes that CR could decrease PAP
and RVH (Ding et al., 2015). Thence, in the current study, it
is clear that with CR, and the hypoxia regimen increased the
AMPK activity and inhibited mTOR, which might explain the
RVH that was found.

In addition, Wang and Unger (2005) suggested that AMPK
activity was reduced and the expression of PP2C was increased
significantly in the hearts of obese rats, which is rather in
agreement with the histological findings of more fat between
myocytes in the AL group, although the rats in these groups
were not obese. This study also has the limitation that
obese rats were not included, since the inclusion of obese
rats raises the concern of introducing a bias, and the main
aim was just to analyze CR in the development of RVH.
Another limitation of this study is the lack of assessment of
the cardiac functional status because the focus was more for
cardiac morphology.

CONCLUSION

This study contributes to a better understanding of the possible
relationship between body weight and AMPK activation in
the development of RVH under hypoxia. Caloric restriction,
either under CH or CIH, would be contributory to a
decreased degree of high-altitude-induced RVH through the
activation of AMPK. Nonetheless, further research is necessary
to corroborate this finding and whether it can be translated to
clinical grounds.

DATA AVAILABILITY STATEMENT

All data sets for this study are included in the manuscript.

Frontiers in Physiology | www.frontiersin.org 8 April 2020 | Volume 11 | Article 342

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00342 April 20, 2020 Time: 15:21 # 9

Flores et al. AMPK in Long-Term Hypobaric Hypoxia

ETHICS STATEMENT

The animal study was reviewed and approved by the Research
Ethics Committee of Arturo Prat University, Iquique, Chile.

AUTHOR CONTRIBUTIONS

KF, PS, and JB conceived and designed the study, performed
the experiments, analyzed and interpreted the data, drafted the
manuscript, critically revised important intellectual content in
the manuscript, and provided overall supervision. ÁL and SA
contributed to the interpretation of the results and assisted
in critical decisions and revision. FL-V, KA, SO, EP, and RL
contributed to critical revisions of the manuscript. All authors

approved the final manuscript and agreed to be accountable for
all aspects of the work.

FUNDING

This study was supported by grants from projects GORE
FIC Tarapacá BIP30477541-0 and Internal Project VRIIP0098-
18, UNAP.

ACKNOWLEDGMENTS

We would like to thank Gabriela Lamas and Daniel Aguayo for
their technical assistance in the laboratory.

REFERENCES
Arad, M., Seidman, C. E., and Seidman, J. G. (2007). AMP-activated protein

kinase in the heart: role during health and disease. Circ. Res. 100, 474–488.
doi: 10.1161/01.res.0000258446.23525.37

Baskin, K. K., and Taegtmeyer, H. (2011). AMP-activated protein kinase regulates
E3 ligases in rodent heart. Circ. Res. 109, 1153–1161. doi: 10.1161/circresaha.
111.252742

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Brito, J., Siqués, P., León-Velarde, F., De La Cruz, J. J., López, V., and Herruzo,
R. (2007). Chronic intermittent hypoxia at high altitude exposure for over 12
years: assessment of hematological, cardiovascular, and renal effects. High Alt.
Med. Biol. 8, 236–244. doi: 10.1089/ham.2007.8310

Brito, J., Siques, P., Lopez, R., Romero, R., Leon-Velarde, F., Flores, K., et al.
(2018). Long-term intermittent work at high altitude: right heart functional
and morphological status and associated cardiometabolic factors. Front. Physiol.
9:248. doi: 10.3389/fphys.2018.00248

Cates, C., Rousselle, T., Wang, J., Quan, N., Wang, L., Chen, X., et al. (2018).
Activated protein C protects against pressure overload-induced hypertrophy
through AMPK signaling. Biochem. Biophys. Res. Commun. 495, 2584–2594.
doi: 10.1016/j.bbrc.2017.12.125

Chan, A. Y., Dolinsky, V. W., Soltys, C. L., Viollet, B., Baksh, S., Light, P. E., et al.
(2008). Resveratrol inhibits cardiac hypertrophy via AMP-activated protein
kinase and akt. J. Biol. Chem. 283, 24194–24201. doi: 10.1074/jbc.M80286
9200

Chan, A. Y., Soltys, C. L., Young, M. E., Proud, C. G., and Dyck, J. R.
(2004). Activation of AMP-activated protein kinase inhibits protein synthesis
associated with hypertrophy in the cardiac myocyte. J. Biol. Chem. 279, 32771–
32779. doi: 10.1074/jbc.M403528200

Chen, K., Kobayashi, S., Xu, X., Viollet, B., and Liang, Q. (2013). AMP activated
protein kinase is indispensable for myocardial adaptation to caloric restriction
in mice. PLoS One 8:e59682. doi: 10.1371/journal.pone.0059682

Chiu, L. L., Chou, S. W., Cho, Y. M., Ho, H. Y., Ivy, J. L., Hunt, D., et al. (2004).
Effect of prolonged intermittent hypoxia and exercise training on glucose
tolerance and muscle GLUT4 protein expression in rats. J. Biomed. Sci. 11,
838–846. doi: 10.1007/bf02254369

Davies, S. P., Helps, N. R., Cohen, P. T., and Hardie, D. G. (1995). 5’-AMP
inhibits dephosphorylation, as well as promoting phosphorylation, of the AMP-
activated protein kinase. Studies using bacterially expressed human protein
phosphatase-2C alpha and native bovine protein phosphatase-2AC. FEBS Lett.
377, 421–425. doi: 10.1016/0014-5793(95)01368-7

Debevec, T., and Millet, G. P. (1985). Discerning normobaric and hypobaric
hypoxia: significance of exposure duration. J. Appl. Physiol. 116:1255. doi: 10.
1152/japplphysiol.00873.2013

Deng, Y., Wu, W., Guo, S., Chen, Y., Liu, C., Gao, X., et al. (2017). Altered
mTOR and Beclin-1 mediated autophagic activation during right ventricular

remodeling in monocrotaline-induced pulmonary hypertension. Respir. Res.
18:53. doi: 10.1186/s12931-017-0536-7

Derumeaux, G., Ernande, L., and Sawaki, D. (2017). Weight loss to rejuvenate the
heart. Eur. Heart J. Cardiovasc. Imaging 19, 143–144. doi: 10.1093/ehjci/jex318

Ding, M., Lei, J., Qu, Y., Zhang, H., Xin, W., Ma, F., et al. (2015). Calorie restriction
attenuates monocrotaline-induced pulmonary arterial hypertension in rats.
J. Cardiovasc. Pharmacol. 65, 562–570. doi: 10.1097/FJC.0000000000000224

Dolinsky, V. W., and Dyck, J. R. (2006). Role of AMP-activated protein kinase in
healthy and diseased hearts. Am. J. Physiol. Heart Circ. Physiol. 291, H2557–
H2569. doi: 10.1152/ajpheart.00329.2006

Dyck, J. R., and Lopaschuk, G. D. (2006). AMPK alterations in cardiac physiology
and pathology: enemy or ally? J. Physiol. 574, 95–112. doi: 10.1113/jphysiol.
2006.109389

Faris, M. A.-I. E., Hussein, R. N., Ai-Kurd, R. A., Al-Fararjeh, M. A., Bustanji,
Y. K., and Mohammand, M. K. (2012). Impact of ramadan intermittent fasting
on oxidative stress measured by urinary 15-f(2 t)-isoprostane. J Nutr Metab.
2012:802924.

Feng, Y., Zhang, Y., and Xiao, H. (2018). AMPK and cardiac remodelling. Sci.
China Life Sci. 61, 14–23. doi: 10.1007/s11427-017-9197-5

Gamboa, J. L., Garcia-Cazarin, M. L., and Andrade, F. H. (2011). Chronic hypoxia
increases insulin-stimulated glucose uptake in mouse soleus muscle. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 300, R85–R91. doi: 10.1152/ajpregu.00078.
2010

Gasmi, M., Sellami, M., Denham, J., Padulo, J., Kuvacic, G., Selmi, W., et al. (2018).
Time-restricted feeding influences immune responses without compromising
muscle performance in older men. Nutrition. 5, 29–37. doi: 10.1016/j.nut.2017.
12.014

Glennon, P. E., Sugden, P. H., and Poole-Wilson, P. A. (1995). Cellular mechanisms
of cardiac hypertrophy. Br. Heart J. 73, 496–499. doi: 10.1136/hrt.73.6.496

Hardie, D. G., Ross, F. A., and Hawley, S. A. (2012). AMPK: a nutrient and energy
sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251–262.
doi: 10.1038/nrm3311

Kang, S., Chemaly, E. R., Hajjar, R. J., and Lebeche, D. (2011). Resistin promotes
cardiac hypertrophy via the AMP-activated protein kinase/mammalian target
of rapamycin (AMPK/mTOR) and c-Jun N-terminal kinase/insulin receptor
substrate 1 (JNK/IRS1) pathways. J. Biol. Chem. 286, 18465–18473. doi: 10.
1074/jbc.M110.200022

Karwi, Q. G., Zhang, L., Altamimi, T. R., Wagg, C. S., Patel, V., Uddin, G. M.,
et al. (2019). Weight loss enhances cardiac energy metabolism and function
in heart failure associated with obesity. Diabetes Obes. Metab. 21, 1944–1955.
doi: 10.1111/dom.13762

Kay, J. M. (1980). Effect of intermittent normoxia on chronic hypoxic pulmonary
hypertension, right ventricular hypertrophy, and polycythemia in rats. Am. Rev.
Respir. Dis. 121, 993–1001. doi: 10.1164/arrd.1980.121.6.993

Kobara, M., Furumori-Yukiya, A., Kitamura, M., Matsumura, M., Ohigashi,
M., Toba, H., et al. (2015). Short-term caloric restriction suppresses cardiac
oxidative stress and hypertrophy caused by chronic pressure overload. J. Card.
Fail 21, 656–666. doi: 10.1016/j.cardfail.2015.04.016

Frontiers in Physiology | www.frontiersin.org 9 April 2020 | Volume 11 | Article 342

https://doi.org/10.1161/01.res.0000258446.23525.37
https://doi.org/10.1161/circresaha.111.252742
https://doi.org/10.1161/circresaha.111.252742
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1089/ham.2007.8310
https://doi.org/10.3389/fphys.2018.00248
https://doi.org/10.1016/j.bbrc.2017.12.125
https://doi.org/10.1074/jbc.M802869200
https://doi.org/10.1074/jbc.M802869200
https://doi.org/10.1074/jbc.M403528200
https://doi.org/10.1371/journal.pone.0059682
https://doi.org/10.1007/bf02254369
https://doi.org/10.1016/0014-5793(95)01368-7
https://doi.org/10.1152/japplphysiol.00873.2013
https://doi.org/10.1152/japplphysiol.00873.2013
https://doi.org/10.1186/s12931-017-0536-7
https://doi.org/10.1093/ehjci/jex318
https://doi.org/10.1097/FJC.0000000000000224
https://doi.org/10.1152/ajpheart.00329.2006
https://doi.org/10.1113/jphysiol.2006.109389
https://doi.org/10.1113/jphysiol.2006.109389
https://doi.org/10.1007/s11427-017-9197-5
https://doi.org/10.1152/ajpregu.00078.2010
https://doi.org/10.1152/ajpregu.00078.2010
https://doi.org/10.1016/j.nut.2017.12.014
https://doi.org/10.1016/j.nut.2017.12.014
https://doi.org/10.1136/hrt.73.6.496
https://doi.org/10.1038/nrm3311
https://doi.org/10.1074/jbc.M110.200022
https://doi.org/10.1074/jbc.M110.200022
https://doi.org/10.1111/dom.13762
https://doi.org/10.1164/arrd.1980.121.6.993
https://doi.org/10.1016/j.cardfail.2015.04.016
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00342 April 20, 2020 Time: 15:21 # 10

Flores et al. AMPK in Long-Term Hypobaric Hypoxia

Li, S., Han, D., Zhang, Y., Xie, X., Ke, R., Zhu, Y., et al. (2016). Activation of AMPK
prevents monocrotaline-induced extracellular matrix remodeling of pulmonary
artery. Med. Sci. Monit. Basic Res. 22, 27–33. doi: 10.12659/msmbr.897505

Li, Y., Chen, C., Yao, F., Su, Q., Liu, D., Xue, R., et al. (2014). AMPK inhibits cardiac
hypertrophy by promoting autophagy via mTORC1. Arch. Biochem. Biophys.
558, 79–86. doi: 10.1016/j.abb.2014.06.023

Liu, L., Cash, T. P., Jones, R. G., Keith, B., Thompson, C. B., and Simon, M. C.
(2006). Hypoxia-induced energy stress regulates mRNA translation and cell
growth. Mol. Cell 21, 521–531. doi: 10.1016/j.molcel.2006.01.010

Lu, G., and Wang, Y. (2008). Functional diversity of mammalian type 2C protein
phosphataseisoforms: new tales from an old family. Clin. Exp. Pharmacol.
Physiol. 35, 107–112. doi: 10.1111/j.1440-1681.2007.04843.x

Marley, A. E., Sullivan, J. E., Carling, D., Abbott, W. M., Smith, G. J., Taylor, I. W.,
et al. (1996). Biochemical characterization and deletion analysis of recombinant
human protein phosphatase 2C alpha. Biochem. J. 320, 801–806. doi: 10.1042/
bj3200801

Melo, D. S., Costa-Pereira, L. V., Santos, C. S., Mendes, B. F., Costa, K. B., Santos,
C. F., et al. (2016). Severe calorie restriction reduces cardiometabolic risk factors
and protects rat hearts from ischemia/reperfusion injury. Front. Physiol. 7:106.
doi: 10.3389/fphys.2016.00106

Moudgil, R., Michelakis, E. D., and Archer, S. L. (2005). Hypoxic pulmonary
vasoconstriction. J. Appl. Physiol. 98, 390–403.

Nagendran, J., Waller, T. J., and Dyck, J. R. (2013). AMPK signalling and the
control of substrate use in the heart. Mol. Cell Endocrinol. 366, 180–193. doi:
10.1016/j.mce.2012.06.015

Noppe, G., Dufeys, C., Buchlin, P., Marquet, N., Castanares-Zapatero, D.,
Balteau, M., et al. (2014). Reduced scar maturation and contractility lead to
exaggerated left ventricular dilation after myocardial infarction in mice lacking
AMPKalpha1. J. Mol. Cell Cardiol. 74, 32–43. doi: 10.1016/j.yjmcc.2014.04.018

Ostadal, B., Ostadalova, I., Kolar, F., Pelouch, V., and Dhalla, N. (1998). “Cardiac
adaptation to chronic hypoxia,” in Myocardial Preservation and Cellular
Adaptation, eds E. E. Bittar and D. K. Das (London: Press INC), 43–60. doi:
10.1016/s1569-2590(08)60007-5

Paddenberg, R., Stieger, P., von Lilien, A. L., Faulhammer, P., Goldenberg,
A., Tillmanns, H. H., et al. (2007). Rapamycin attenuates hypoxia-induced
pulmonary vascular remodeling and right ventricular hypertrophy in mice.
Respir. Res. 8:15. doi: 10.1186/1465-9921-8-15

Penaloza, D., and Arias-Stella, J. (2007). The heart and pulmonary circulation at
high altitudes: healthy highlanders and chronic mountain sickness. Circulation
115, 1132–1146. doi: 10.1161/circulationaha.106.624544

Proud, C. G. (2004). Ras, PI3-kinase and mTOR signaling in cardiac hypertrophy.
Cardiovasc. Res. 63, 403–413. doi: 10.1016/j.cardiores.2004.02.003

Richalet, J.-P., Donoso, M. V., Jiménez, D., Antezana, A.-M., Hudson, C.,
Cortès, G., et al. (2002). Chilean miners commuting from sea level to 4500
m: a prospective study. High Alt. Med. Biol. 3, 159–166. doi: 10.1089/
15270290260131894

Riordan, M. M., Weiss, E. P., Meyer, T. E., Ehsani, A. A., Racette, S. B., Villareal,
D. T., et al. (2008). The effects of caloric restriction- and exercise-induced
weight loss on left ventricular diastolic function. Am. J. Physiol. Heart Circ.
Physiol. 294, H1174–H1182. doi: 10.1152/ajpheart.01236.2007

Ryan, J. J., and Archer, S. L. (2014). The right ventricle in pulmonary arterial
hypertension: disorders of metabolism, angiogenesis and adrenergic signaling
in right ventricular failure. Circ. Res. 115, 176–188. doi: 10.1161/circresaha.113.
301129

San Martin, R., Brito, J., Siques, P., and Leon-Velarde, F. (2017). Obesity as a
conditioning factor for high-altitude diseases. Obes. Facts 10, 363–372. doi:
10.1159/000477461

Sanders, M. J., Grondin, P. O., Hegarty, B. D., Snowden, M. A., and Carling, D.
(2007). Investigating the mechanism for AMP activation of the AMP-activated
protein kinase cascade. Biochem. J. 403, 139–148. doi: 10.1042/bj20061520

Shi, Y. (2009). Serine/threonine phosphatases: mechanism through structure. Cell
139, 468–484. doi: 10.1016/j.cell.2009.10.006

Shinmura, K., Tamaki, K., and Bolli, R. (2005). Short-term caloric restriction
improves ischemic tolerance independent of opening of ATP-sensitive K+
channels in both young and aged hearts. J. Mol. Cell Cardiol. 39, 285–296.
doi: 10.1016/j.yjmcc.2005.03.010

Shinmura, K., Tamaki, K., and Bolli, R. (2008). Impact of 6-mo caloric restriction
on myocardial ischemic tolerance: possible involvement of nitric oxide-
dependent increase in nuclear Sirt1. Am. J. Physiol. Heart Circ. Physiol. 295,
H2348–H2355. doi: 10.1152/ajpheart.00602.2008

Siques, P., Brito, J., Flores, K., Ordenes, S., Arriaza, K., Pena, E., et al. (2018).
Long-term chronic intermittent hypobaric hypoxia induces glucose transporter
(GLUT4) translocation through AMP-activated protein kinase (AMPK) in the
soleus muscle in lean rats. Front. Physiol. 9:799. doi: 10.3389/fphys.2018.00799

Siques, P., Brito, J., León-Velarde, F., Barrios, L., Cruz, J. J. D. L., López, V.,
et al. (2006). Time course of cardiovascular and hematological responses in rats
exposed to chronic intermittent hypobaric hypoxia (4600 m). High Alt. Med.
Biol. 7, 72–80. doi: 10.1089/ham.2006.7.72

Steinberg, G. R. (2007). Inflammation in obesity is the common link between
defects in fatty acid metabolism and insulin resistance. Cell Cycle 6, 888–894.
doi: 10.4161/cc.6.8.4135

Sung, M. M., Zordoky, B. N., Bujak, A. L., Lally, J. S., Fung, D., Young, M. E., et al.
(2015). AMPK deficiency in cardiac muscle results in dilated cardiomyopathy
in the absence of changes in energy metabolism. Cardiovasc. Res. 107, 235–245.
doi: 10.1093/cvr/cvv166

Tham, Y. K., Bernardo, B. C., Ooi, J. Y., Weeks, K. L., and McMullen, J. R.
(2015). Pathophysiology of cardiac hypertrophy and heart failure: signaling
pathways and novel therapeutic targets. Arch. Toxicol. 89, 1401–1438. doi:
10.1007/s00204-015-1477-x

Viollet, B., Athea, Y., Mounier, R., Guigas, B., Zarrinpashneh, E., Horman, S., et al.
(2009). AMPK: lessons from transgenic and knockout animals. Front. Biosci.
14:19–44. doi: 10.2741/3229

Von Euler, U. S., and Liljestrand, G. (1946). Observations on the pulmonary arterial
blood pressure in the cat. Acta Physiol. Scand. 12, 301–320. doi: 10.1111/j.1748-
1716.1946.tb00389.x

Wang, M. Y., and Unger, R. H. (2005). Role of PP2C in cardiac lipid accumulation
in obese rodents and its prevention by troglitazone. Am. J. Physiol. Endocrinol.
Metab. 288, E216–E221. doi: 10.1152/ajpendo.00004.2004

Zhang, H., Liu, B., Li, T., Zhu, Y., Luo, G., Jiang, Y., et al. (2018). AMPK activation
serves a critical role in mitochondria quality control via modulating mitophagy
in the heart under chronic hypoxia. Int. J. Mol. Med. 41, 69–76. doi: 10.3892/
ijmm.2017.3213

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Flores, Siques, Brito, Ordenes, Arriaza, Pena, León-Velarde, López,
López de Pablo and Arribas. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 10 April 2020 | Volume 11 | Article 342

https://doi.org/10.12659/msmbr.897505
https://doi.org/10.1016/j.abb.2014.06.023
https://doi.org/10.1016/j.molcel.2006.01.010
https://doi.org/10.1111/j.1440-1681.2007.04843.x
https://doi.org/10.1042/bj3200801
https://doi.org/10.1042/bj3200801
https://doi.org/10.3389/fphys.2016.00106
https://doi.org/10.1016/j.mce.2012.06.015
https://doi.org/10.1016/j.mce.2012.06.015
https://doi.org/10.1016/j.yjmcc.2014.04.018
https://doi.org/10.1016/s1569-2590(08)60007-5
https://doi.org/10.1016/s1569-2590(08)60007-5
https://doi.org/10.1186/1465-9921-8-15
https://doi.org/10.1161/circulationaha.106.624544
https://doi.org/10.1016/j.cardiores.2004.02.003
https://doi.org/10.1089/15270290260131894
https://doi.org/10.1089/15270290260131894
https://doi.org/10.1152/ajpheart.01236.2007
https://doi.org/10.1161/circresaha.113.301129
https://doi.org/10.1161/circresaha.113.301129
https://doi.org/10.1159/000477461
https://doi.org/10.1159/000477461
https://doi.org/10.1042/bj20061520
https://doi.org/10.1016/j.cell.2009.10.006
https://doi.org/10.1016/j.yjmcc.2005.03.010
https://doi.org/10.1152/ajpheart.00602.2008
https://doi.org/10.3389/fphys.2018.00799
https://doi.org/10.1089/ham.2006.7.72
https://doi.org/10.4161/cc.6.8.4135
https://doi.org/10.1093/cvr/cvv166
https://doi.org/10.1007/s00204-015-1477-x
https://doi.org/10.1007/s00204-015-1477-x
https://doi.org/10.2741/3229
https://doi.org/10.1111/j.1748-1716.1946.tb00389.x
https://doi.org/10.1111/j.1748-1716.1946.tb00389.x
https://doi.org/10.1152/ajpendo.00004.2004
https://doi.org/10.3892/ijmm.2017.3213
https://doi.org/10.3892/ijmm.2017.3213
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Lower Body Weight in Rats Under Hypobaric Hypoxia Exposure Would Lead to Reduced Right Ventricular Hypertrophy and Increased AMPK Activation
	Introduction
	Materials and Methods
	Animal Model
	Body Weight, Hematocrit, Blood Glucose, and Serum Insulin
	Western Blot Analysis
	Right Ventricular Hypertrophy and Histology
	Data Analysis

	Results
	Body Weight, Hematocrit, Blood Glucose, and Serum Insulin
	Right Ventricular Hypertrophy
	AMPK, mTOR, and PP2C Expression Levels

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


