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Hypoxia is a condition during which the body or specific tissues are deprived of
oxygen. This phenomenon can occur in response to exposure to hypoxic environmental
conditions such as high-altitude, or because of pathophysiological conditions such as
obstructive sleep apnea. Circumstances such as these can restrict supply or increase
consumption of oxygen, leading to oxyhemoglobin desaturation and tissue hypoxia. In
certain cases, hypoxia may lead to severe health consequences such as an increased
risk of developing cardiovascular diseases and type 2 diabetes. A potential explanation
for the link between hypoxia and an increased risk of developing cardiovascular
diseases lies in the disturbing effect of hypoxia on circulating blood lipids, specifically its
capacity to increase plasma triglyceride concentrations. Increased circulating triglyceride
levels result from the production of triglyceride-rich lipoproteins, such as very-low-
density lipoproteins and chylomicrons, exceeding their clearance rate. Considerable
research in murine models reports that hypoxia may have detrimental effects on several
aspects of triglyceride metabolism. However, in humans, the mechanisms underlying
the disturbing effect of hypoxia on triglyceride levels remain unclear. In this mini-review,
we outline the available evidence on the physiological responses to hypoxia and their
impact on circulating triglyceride levels. We also discuss mechanisms by which hypoxia
affects various organs involved in the metabolism of triglyceride-rich lipoproteins. This
information will benefit scientists and clinicians interested in the mechanistic of the
regulatory cascade responsible for the response to hypoxia and how this response could
lead to a deteriorated lipid profile and an increased risk of developing hypoxia-related
health consequences.

Keywords: intermittent hypoxia, continuous hypoxia, dyslipidemia, triglycerides, triglyceride-rich lipoproteins

INTRODUCTION

Through evolution, organisms have developed physiological systems to maintain and regulate
oxygen (O;) homeostasis (Semenza, 2000). O, plays the most important role in vegetal and animal
respiration serving as the electron acceptor during oxidative phosphorylation (Brahimi-Horn and
Pouysségur, 2007). Hypoxia is a condition during which the body is deprived of adequate O, at

Abbreviations: AT, Adipose tissue; ATGL, Adipose triglyceride lipase; CM, Chylomicron; CPAP, Continuous positive airway
pressure; CVD, Cardiovascular disease; FiO,, Fraction of inspired oxygen; HIF, Hypoxia-inducible factor; HSL, Hormone-
sensitive lipase; IH, Intermittent hypoxia; LPL, Lipoprotein lipase; MUFA, Monounsaturated fatty acid; NEFA, Non-esterified
fatty acid; O,, Oxygen; OSA, Obstructive sleep apnea; SCD-1, Stearoyl-coenzyme A desaturase 1; SNS, Sympathetic nervous
system; SREPB-1, Sterol regulatory element-binding protein 1; TG, Triglyceride; TRL, Triglyceride-rich lipoprotein; VLDL,
Very-low-density lipoprotein.
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the tissue level. Essentially, hypoxia occurs when O, demand is
greater than O, delivery, initiating changes in gene expression
mediated by a class of transcriptional factors called hypoxia-
inducible factors (HIF). HIF-1, one of 3 major HIF isoforms, is
known as the master regulator of cellular responses to hypoxia
and activates the transcription of more than 1,000 genes encoding
enzymes, as well as transport and mitochondrial proteins
controlling the delivery and utilization of O, (Semenza, 2014).
Environmental conditions such as high altitude, or pathological
conditions such as obstructive sleep apnea (OSA) and chronic
obstructive pulmonary disease can lead to tissue hypoxia (Raguso
et al, 2004; Drager et al, 2010). In some conditions (e.g.,
OSA), individuals exposed to hypoxia are at an increased risk
of developing cardiovascular diseases (CVD) and metabolic
disorders (Drager et al., 2013). A potential explanation linking
hypoxia to these health consequences lies in its disturbing effect
on lipid metabolism. More precisely, hypoxia may disturb the
balance between lipid storage and lipid mobilization in hepatic
and adipose tissues (AT). These disturbances, characterized by
an overproduction and/or an impaired clearance of triglyceride-
rich lipoproteins (TRL), can lead to a deterioration of the
blood lipid profile, specifically an increase in plasma triglyceride
(TG) concentrations. Prolonged impairment of lipid storage
and/or mobilization and overexposure of non-adipose tissue
to high plasma lipid concentrations can in the long-term
lead to lipotoxicity, which could promote the development
of metabolic disorders (Lewis et al, 2002). Consequently,
considerable research has investigated the effect of acute or
chronic hypoxia on circulating TG levels. The following sections
will provide key information on TG metabolism, experimental
evidence linking hypoxia and circulating TG levels, and the main
underlying mechanisms by which hypoxia modulates TG levels.

IMPORTANCE, PRODUCTION, AND
EFFECTS OF TRIGLYCERIDES

TG are the most energy-dense substrate. They can be derived
from food or produced through the conversion of excess
carbohydrates and amino acids into fatty acids, through a process
called de novo lipogenesis, that are then esterified to glycerol to
produce TG. TG are composed of 3 fatty acids and 1 glycerol,
and the long aliphatic chains provided by the fatty acids confers a
highly hydrophobic character to the molecule. The transportation
of TG in the aqueous environment typical of living organisms
thus requires the help of specialized proteins called lipoproteins.
Blood TG are secreted in the circulation in the form of TRL
by the liver [as very-low-density lipoproteins (VLDL)] and the
intestine [as chylomicrons (CM)] (Chapman et al., 2011; Packard
et al., 2020). Humans ingest approximately 30-150 g of TG
per day (Dubois et al., 1998). The small intestine’s main roles
include the digestion, absorption, and finally the secretion of
dietary fats into the circulation in the form of CM (Xiao et al,
2011). In humans, a minimal consumption of 15 g of lipids
is needed to induce a significant increase in postprandial CM
levels (Dubois et al., 1998). Peak TG levels typically occur 2—
4 h following meal ingestion. In the fasted state, normal TG

levels should be lower than 1.7 mmol/L; higher values represent a
CVD risk factor (Miller et al., 2011). It should also be noted that
postprandial TG levels are superior to fasting TG as predictors
of CVD risk (Kolovou and Ooi, 2013). Elevated triglyceridemia,
both in fasting and postprandial states, is therefore increasingly
considered a risk factor for CVD (Kolovou and Ooi, 2013).

TRIGLYCERIDE METABOLISM

Circulating TG levels reflect the balance between the production
of TRL by the liver (as VLDL) and the intestine (as CM), and
the disposal of TRL and their remnants by the periphery and
the liver (Chapman et al., 2011; Packard et al., 2020; Figure 1).
Following the ingestion of at least 15 g of lipids, a transient
increase in TG levels and a change in plasma lipoprotein pattern
occur (Lopez-Miranda et al., 2007). In brief, both the plasma
concentrations of CM of intestinal origin and VLDL remnants
increase (Nakajima et al., 2011). In contrast, in the postabsorptive
state, TG are predominantly produced by the liver as VLDL. Both
TRL are mainly hydrolyzed by the endothelium-bound enzyme
lipoprotein lipase (LPL) which is secreted by AT and other
tissues. Following the hydrolysis of VLDL and CM, low-density
lipoprotein and CM remnants are metabolized by the liver to
resynthesize VLDL (Figure 1). The secretion of VLDL by the liver
is modulated according to the hormonal/nutritional state. During
postabsorptive status or short-term fasting, the activation of the
sympathetic nervous system (SNS) and the secretion of stress
hormones facilitate the intracellular breakdown of TG within AT,
which favor the efflux of non-esterified fatty acids (NEFA) into
the circulation (Lafontan and Langin, 2009; Young and Zechner,
2013). NEFA are the main substrate for VLDL production (Xiao
et al, 2011). Conversely, in postprandial or prandial states,
insulin is secreted by the pancreas and strongly suppresses AT
intracellular lipolysis, resulting in a reduced hepatic NEFA influx
which represses hepatic VLDL production (Xiao et al.,, 2011;
Nielsen and Karpe, 2012). Other non-negligible contributors to
hepatic VLDL production are the de novo lipogenesis pathway
and the uptake of TRL remnants. In summary, hepatic VLDL
synthesis is mainly substrate-driven and primarily determined by
hepatic lipid availability, to which NEFA delivery appears to be
the main contributor (Nielsen and Karpe, 2012).

EXPERIMENTAL EVIDENCE LINKING
HYPOXIA AND CIRCULATING
TRIGLYCERIDE LEVELS

The following section discusses the results found in Table 1. For
over half a century, hypoxia has been associated with lipemic
disturbances (Louhija, 1969). Table 1 summarizes experimental
evidence from rodent and human studies reporting the effects
of acute/chronic and intermittent/continuous hypoxia on AT-
LPL activity and on circulating TG and NEFA concentrations.
Studies were included if they simulated hypoxia in a controlled
environment and/or had a weight-matched control group if the
exposition time was longer than 1 day. Hypoxia is consistently
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FIGURE 1 | Potential underlying physiological mechanisms by which hypoxia modulates blood triglyceride levels. Circulating TG levels reflect the production of TRL
by both the liver (as VLDL) and the intestine (as CM) as well as the disposal of TRL and their remnants (LDL and CR) in the liver/periphery. Hypoxia does not disturb
CM metabolism in the small intestine. Conversely, hypoxia disturbs hepatic and adipose tissue functions by (1) delaying hepatic removal of TRL remnants from
circulation, and/or (2) delaying intravascular lipolysis of TRL via the HIF-1 upregulation of ANGTPL4, a potent inhibitor of adipose tissue LPL activity. In the liver,
hypoxia also increases lipid biosynthesis via HIF-1-dependent upregulation of the transcriptional factor SREBP-1, which increases expression of SCD-1, the
rate-limiting enzyme for the synthesis of MUFA, a major substrate for the synthesis of CE, TG, and PL. These latter substrates are key determinants involved in VLDL
production. Through sympathetic activation, hypoxia can also increase VLDL production by (1) directly increasing VLDL assembly in the liver, and/or (2) by stimulating
intracellular lipolysis of adipose tissue, which results in the increased release of NEFA, the main precursor to VLDL production. ANGPTL4, Angiopoietin-like 4; CM,
Chylomicron; CR, Chylomicron remnant; CE, Cholesterol ester; HIF-1, Hypoxia-inducible factor 1; LDL, Low-density lipoprotein; LPL, Lipoprotein lipase; MUFA,
Monounsaturated fatty acid; NEFA, Non-esterified fatty acid; PL, Phospholipid; SCD-1, Stearoyl-CoA desaturase-1; SREBP-1, Sterol regulatory element-binding
protein 1; SNS, Sympathetic nervous system; TG, Triglyceride; VLDL, Very-low-density lipoprotein.

Hypoxia

Adipose tissue

(and other tissues)

(e, @)

associated with elevated TG levels in murine models, with 12 out
of 14 studies reporting an increase ranging from 20 to 570%, and
no studies reporting a decrease. This wide range of increased TG
levels could stem from several factors, including the type and
severity of hypoxic exposure, diet, exposition time, nutritional
status, temperature, and inter-species differences. Most notably,
a negative relationship between the fraction of inspired oxygen
(FiO,) and TG levels has been observed (Jun et al., 2012).

A major concern regarding the physiological relevance of
studies conducted with rodents is the effect of thermoneutrality.
Jun et al. (2013) compared the effect of acute continuous hypoxia
in mice exposed to either a thermoneutral condition (30°C) or a
non-thermoneutral condition (22°C). They showed that cooler
ambient temperatures increased lipid uptake in several tissues
(e.g., liver, lungs, heart, brown, and white adipose tissues) and

that hypoxia attenuated this stimulation, resulting in increased
TG levels. Under the thermoneutral condition, no difference was
observed in the lipid uptake of these tissues, and TG levels were
not altered following 6 h of normoxia vs. hypoxia (FiO, = 0.10)
exposure. These findings led the authors to conclude that
ambient temperatures must be carefully considered in the
design and interpretation of experiments that involve hypoxia
in mice. This statement likely applies to experiments with
humans given the well-recognized effects of cooler temperature
on energy metabolism (van Marken Lichtenbelt et al., 2002;
Blondin et al., 2017). Throughout the last couple of decades,
rodent studies have also identified other factors that can weaken
the disturbing effect of hypoxia on lipid metabolism. Those
factors include, but are not limited to, pre-existing obesity (Li
et al., 2005) and deficiencies in certain nuclear factors/proteins
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TABLE 1 | Effects of acute/chronic and intermittent/continuous hypoxia on adipose tissue LPL activity, and on circulating levels of triglycerides and non-esterified fatty
acids in rodent and human studies.

References Year IH/CH Exposition Hypoxic Adipose tissue Blood Blood Nutritional Rodent/Human
time severity LPL activity triglycerides non-esterified status
fatty acids
Louhija (1969) 1969 CH 12days  FiO, =0.10 N/A 4 570% No differences Fasting Sprague-Dawley rats
Férézou et al. 1993 CH 7 days FiO, =0.12 N/A No differences N/A Fasting Healthy young participants
(1993)
N/A 1 40% N/A Postprandial Healthy young participants
Leaf and Kleinman 1996 CH 2h FiO, =0.16 N/A No differences N/A Fasting Older men
(1996)
Muratsubaki et al. 2003 CH 5h FiO, = 0.10 N/A 1 210% N/A Sated Sprague-Dawley rats
(2003)
N/A No differences N/A Fasting Sprague-Dawley rats
Li et al. (2005) 2005 H 5 days 60 cycles/h N/A 1 40% No differences Fasting C57bl/6j mice, not thermoneutral,
FiO, = 0.05 lean
N/A No differences  No differences Fasting C57bl/6j mice, not thermoneutral,
obese
Lietal (2007a) 2007 IH 4 weeks  FiOo =0.05 N/A 1 25% N/A Fasting C57bl/6j mice, not thermoneutral,
FiO, =0.10 N/A No differences N/A Fasting C57Dbl/6j mice, not thermoneutral,
Li et al. (2007b) 2007 IH 4 weeks 60 cycles/h N/A 4 100% No differences Fasting Scapfl/fl mice, not thermoneutral
FiO, = 0.05
N/A No differences ~ No differences Fasting L-Scap- mice, not thermoneutral,
deficiency in SREBP
Savransky et al. 2007 IH 12 weeks 60 cycles/h N/A No differences N/A Fasting C57bl/6j mice, not thermoneutral,
(2007) FiO, = 0.05 regular diet
N/A No differences N/A Fasting C57bl/6j mice, not thermoneutral,
high cholesterol diet
Savransky et al. 2008 H 10 weeks 60 cycles/h N/A No differences  No differences Fasting C57bl/6j mice, not thermoneutral
(2008) FiOp = 0.05
N/A No differences  No differences Fasting C57Dbl/6j mice, not thermoneutral,

treated with antisense SCD-1
oligonucleotides

Jun et al. (2010) 2010 IH 4 weeks 60 cycles/h N/A 1 60% 1 45% Fasting ApPOE-/- mice, not thermoneutral
FiO, = 0.07
Drager et al. 2012 IH 4 weeks 60 cycles/h J 80% 1 100% 115%* Fasting C57bl/6j mice, not thermoneutral
(2012) FiO, = 0.07
Jun et al. (2012) 2012 CH 6h FiO, = 0.07 1 60% 1 150% 1 60% Fasting C57bl/6j mice, not thermoneutral
Jun et al. (2013) 2013 CH 6h FiO, =0.10 J 60% 1 50% 1 40% Fasting C57bl/6j mice, not thermoneutral
1 80% No differences  No differences Fasting C57bl/6j mice, thermoneutral
Drager et al. 2013 IH 4 weeks 60 cycles/h N/A 1 55% 1 30% Fasting ApoE-/- mice, not thermoneutral
(2013) FiOy = 0.07
N/A No differences 1 35% Fasting ApoE-/- mice, not thermoneutral,
treated with ANGPTL4-neutralizing
antibody
Yao et al. (2013) 2013 IH 4 weeks 60 cycles/h 1 50% 1 20% N/A Fasting C57bl/6j mice, not thermoneutral
FiOp = 0.07
No differences 1 75% N/A Fasting C57Dbl/6j mice, not thermoneutral,
treated with ANGTPL4-neutralizing
antibody
Siques et al. 2014 CH 30days FiO, =0.12 N/A 1 35% N/A Fasting Winstar rats, not thermoneutral
(2014)
Mahat et al. (2016) 2016 IH 6h 17 cycles/h  No differences  No differences 1 25% Postprandial Healthy young men
Nz = 100%
Chopra et al. 2017 IH 3 nights CPAP N/A No differences 1 Postprandial OSA patients
(2017) withdrawal
Mahat et al. (2018) 2018 CH 6h FiO, =0.12 N/A No differences 1 95% Fasting Healthy young men
Mauger et al. 2019 CH 6h FiOp = 0.12 N/A 1+15% * 1 30% Prandial Healthy young men
(2019)
Morin et al. (2021) 2021 IH 6h 15 cycles/h N/A 1 45% 125% * Postprandial Healthy young men
No = 100%
N/A No differences  No difference Postprandial OSA patients

ANGPTL4, Angiopoietin-like 4; CH, continuous hypoxia; FiO», fraction of inspired oxygen; IH, intermittent hypoxia; LPL, lipoprotein lipase; OSA, obstructive sleep apnea;
SCD-1, Stearoyl-CoA desaturase-1; SREBP-1, Sterol regulatory element-binding protein 1. *Trend (p-value between 0.05 and 0.1).
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(Li et al,, 2007a; Savransky et al., 2008; Drager et al., 2013;
Yao et al., 2013).

Human studies do not report elevated TG levels in response
to hypoxia as consistently as in murine studies. Leaf and
Kleinman (1996) observed no changes in fasting TG levels
in individuals (mean age = 70 years) who underwent 2 h
of continuous hypoxia exposure. More recently, Mahat et al.
(2018) investigated the effect of a 6-h exposure to normobaric
continuous hypoxia (FiO, = 0.12) in fasted healthy young
men and reported no difference in TG levels. The same
group also investigated the effect of acute intermittent hypoxia
(IH) on postprandial TG levels in healthy young men in
2 independent studies with conflicting results despite using
similar IH protocols. In one study, no difference in postprandial
TG levels between IH and normoxia exposure was observed
(Mahat et al., 2016), while in the other, a marginal transient
increase in postprandial TG levels was observed after 3 h
of IH exposure (Morin et al., 2021). This discrepancy is not
readily explainable, but we speculate that it could be the
result of higher postprandial peaks in TG levels achieved
in the latter study. A study conducted in a steady prandial
state provided further insight into the effect of hypoxia on
lipid metabolism by showing a trend toward 15% higher
prandial TG levels after 4 h of normobaric continuous hypoxia
(Mauger et al., 2019).

The effect of hypoxia on circulating lipids has also been
examined in pathophysiological conditions such as OSA, a
sleep disorder characterized by episodes of partial or complete
obstruction of the upper respiratory airways that leads to IH
during sleep (Dempsey et al, 2010). Chopra et al. (2017)
compared individuals with OSA, untreated or treated using
continuous positive airway pressure (CPAP) withdrawal. CPAP
withdrawal increased nocturnal NEFA but not TG levels. In line
with this observation, Morin et al. (2021) recently showed no
difference in postprandial TG in individuals with OSA exposed
to 6 h of IH or ambient air, in a crossover design.

In summary, there is a consistent increase in TG levels in
response to hypoxia in rodents while such a response is less
obvious in human studies (Table 1). It is critical to keep in
mind that the effect of thermoneutrality on circulating TG
levels may be an important concern regarding the physiological
relevance of studies conducted with rodents. In humans,
studies have always been conducted in thermoneutrality. Would
conducting human trials in non-thermoneutral conditions lead
to similar inter-species results? This warrants further exploring.
In rodents, it has been shown that hypoxia increases TG levels
through two major mechanisms: increased hepatic secretion
of VLDL (Li et al, 2007a) and decreased TRL clearance
(Jun et al, 2012; Drager et al., 2013). In human studies,
cellular and molecular mechanisms are still poorly understood
and require further attention. Despite progress and recent
developments, several questions remain, including the effects
of age, sex, as well as the exact hypoxic threshold (severity
x time) needed to trigger modulations of TG levels. The
sections below elaborate on the knowledge to date pertaining
to the underlying mechanisms by which hypoxia modulates
circulating TG levels.

UNDERLYING MECHANISMS BY WHICH
HYPOXIA MODULATES TRIGLYCERIDES
LEVELS

White Adipose Tissue

White AT has an important buffering action on circulating lipids
concentrations (e.g., NEFA and TG contained in lipoproteins) by
modulating (1) the release of NEFA into circulation, which occurs
through intracellular lipolysis, and (2) the clearance of TRL-TG,
which occurs through intravascular lipolysis of TRLs content.
The effects of hypoxia on these crucial pathways are discussed
in this section.

Intracellular Lipolysis

In periods of food deprivation and/or excess metabolic need,
TG stored in AT can be rapidly mobilized into the circulation
as NEFA and glycerol. The catabolic process of intracellular
lipolysis relies on 3 hydrolases, of which 2, namely the hormone-
sensitive lipase (HSL) and the adipose TG lipase (ATGL), are
considered regulated and rate-limiting (Lafontan and Langin,
2009; Young and Zechner, 2013). The HSL and ATGL are mainly
under hormonal control with catecholamines and natriuretic
peptides stimulating, and insulin inhibiting ATGL, HSL, and AT
lipolysis. Hypoxia has been shown to increase SNS tone (Somers
et al., 1989, 1995) and catecholamines secretion (Mesarwi et al.,
2019). The increase in sympathetic activation in response to
hypoxia exposure and its upregulation of intracellular lipolysis
has elegantly been demonstrated by Weiszenstein et al. (2016).
Specifically, they showed that IH exposure for 14 days in mice
significantly increased adipocyte lipolysis and elevated NEFA
levels, effects that were attenuated when mice were treated with
a pharmacological lipolysis inhibitor, acipimox. In addition to
its impact on AT intracellular lipolysis at the whole-body level
via the activation of the SNS, hypoxia has also been shown to
stimulate basal lipolysis of human subcutaneous (O’Rourke et al.,
2013; Mahat et al., 2016, 2018) and visceral (O’Rourke et al.,
2013) adipocytes. Cultured adipocytes in hypoxic conditions also
showed an activation of the glucose transporter 1, the facilitative
glucose transporter independent of insulin, and a reduction
in insulin-dependent glucose transporter-4 (Regazzetti et al,
2009; Wood et al,, 2011; Varela-Guruceaga et al., 2018). This
state of insulin resistance in fat cells is dependent on HIF-1
transcription (Regazzetti et al., 2009; Varela-Guruceaga et al,
2018). Together, these findings provide evidence that hypoxia
stimulates intracellular lipolysis and increases the release of
NEFA into circulation, which likely explains the marked elevation
in circulating NEFA levels commonly observed upon hypoxia
exposure (Table 1).

Intravascular Lipolysis

Several tissues synthesize the enzyme LPL, the key intravascular
lipolytic enzyme. Intracellularly produced LPL is secreted and
transported to the luminal side of the capillary endothelium
where it hydrolyzes TG contained in circulating TRL (Eckel,
1989; Kersten, 2014). The TG hydrolysis process releases
NEFA, which can be taken up by nearby cells. In AT, this
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cascade results in the intracellular re-esterification of NEFA
into storage TG droplets. Therefore, AT-LPL plays a crucial
role in the regulation of circulating TG as well as in the
AT lipid storage capacity. As summarized in Table 1, rodent
studies consistently reported attenuated AT-LPL activity in
acute and chronic exposures to hypoxia, where the reduction
ranges from 50 to 80% (Drager et al, 2012; Jun et al., 2012,
2013; Yao et al., 2013). In differentiated human preadipocytes,
acute hypoxia has been shown to reduce LPL activity dose-
dependently (Mahat et al., 2018) with a reduction up to
sixfold after 24 h at a FiO, of 0.03 (Mahat et al, 2016).
A well-recognized mechanism underlying the reduction of
AT-LPL activity upon hypoxia exposure is the upregulation
of angiopoietin-like 4 (Drager et al, 2012; Yao et al,
2013), a strong post-translational inhibitor of LPL activity
(Wu et al, 2021) induced by HIF-1 (Drager et al, 2013).
Together, these findings indicate that hypoxia alters the TG
clearing capacity of AT.

Small Intestine

Ingested fat is the major regulator of CM production in the small
intestine (Dash et al., 2015). As previously reviewed (Westerterp
and Kayser, 2006; Kayser and Verges, 2013), energy digestibility
measured by bomb calorimetry of feces is not affected by altitudes
up to 6,500 m, an altitude that refers to a FiO, of ~ 0.09. Using
retinyl palmitate to study the dynamics of buoyant intestinal CM,
it has previously been reported that mice exposed to chronic
IH show no impairment of intestinal absorption as compared
to mice exposed to normoxia (Drager et al, 2012). Recent
evidence also suggests that the gastrointestinal tract seems to
cope well with hypoxia exposure. More precisely, no difference
was observed in the circulating CM-TG of healthy individuals
after 6 h of normobaric hypoxia (FiO,= 100%) after a meal
(Morin et al., 2021).

Liver

The liver plays a major role in the regulation of TRL,
primarily in VLDL production and TRL remnants disposal.
VLDL production is modulated by (1) hepatic NEFA delivery,
and (2) de novo lipogenesis (Nielsen and Karpe, 2012). Also,
there is clear evidence that an increase in sympathetic tone
to the liver directly leads to an increase in VLDL production
(Geerling et al., 2014). As previously mentioned, the increase in
sympathetic tone observed upon hypoxia favors both a release
of NEFA into circulation, which serve as substrates for VLDL
production, and a reduction in TG clearance. It has also been
shown that IH, through activation of HIF-1, upregulates a key
transcriptional factor involved in lipid biosynthesis, the sterol
regulatory element-binding protein-1 (SREPB-1) (Li et al., 2005,
2006). Upregulation of SREPB-1 leads to an increase in the
gene expression of several de novo lipogenic enzymes, including
stearoyl-coenzyme A desaturase 1 (SCD-1) (Shimano, 2001),
which facilitates the endogenous synthesis of monounsaturated
fatty acids (MUFA). MUFA synthesized through this pathway
serve as major substrates for the synthesis of cholesterol esters,
TG, and phospholipids (Ntambi and Miyazaki, 2004) that are
secreted in the circulation as lipoproteins if said production

exceeds the liver’s needs. Overall, hypoxia increases the key
substrates involved in VLDL production.

A limited number of studies highlight the impact of hypoxia
on the metabolism of TRL remnants. Drager et al. (2012)
demonstrated that mice chronically exposed to IH have a
decreased clearance of TRL. Interestingly, this effect was also
shown in individuals living with severe OSA. Indeed, using
radiolabeled lipids, Drager et al. (2018) observed that severe
OSA delays both the lipolysis of TRL and the removal of
TRL remnants from the circulation. They also demonstrated
that the impairments in remnants removal and intravascular
lipolysis were strongly correlated with the severity of nocturnal
hypoxemia. More recently, a study reported that prandial
TG concentrations associated with denser lipoproteins (CM
remnants and VLDL) were increased by 6 h of normobaric
hypoxia (Mauger et al., 2019). Acute IH was also shown to
negatively affect postprandial TG levels in healthy individuals,
due to an increase in denser TRL levels such as VLDL and
CM remnants (Morin et al, 2021). These results support
the concept that hypoxia disturbs the prandial/postprandial
metabolism of denser TRL.

CONCLUSION

There is ample evidence from murine and human studies linking
hypoxia with considerable adverse effects on TG metabolism and
triglyceridemia through alterations in AT and liver functions.
The present work highlights that hypoxia tends to negatively
affect TG levels by increasing the concentration of denser TRL
such as VLDL and CM remnants, an observation that mainly
occurs in prandial and postprandial states. Taken together, these
findings can help to orient future studies or develop strategies
to alleviate the effect of hypoxia on TG levels, and therefore
reduce the cardiovascular risk associated with hypoxia-inducing
health conditions.

AUTHOR CONTRIBUTIONS

RM and NG drafted versions of the manuscript with input and
revisions from PI. All authors edited, revised, and approved the
final version of the manuscript.

FUNDING

This work was supported by grants from the Natural Sciences and
Engineering Research Council of Canada (RGPIN-2019-04438)
and Institut du savoir Montfort (2014-005 Apnea-Lipids and
2016-018-Chair-PIMB).

ACKNOWLEDGMENTS

We would like to thank Anne-Marie Gagnon, senior
research advisor at the University of Ottawa, for her
willingness and cooperation in revising our manuscript.

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 730935


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

Morin et al.

Hypoxia and Circulating Triglyceride Levels

REFERENCES

Blondin, D. P., Tingelstad, H. C., Noll, C., Frisch, F., Phoenix, S., Guérin, B.,
et al. (2017). Dietary fatty acid metabolism of brown adipose tissue in cold-
acclimated men. Nat. Commun. 8:14146. doi: 10.1038/ncomms14146

Brahimi-Horn, M. C., and Pouysségur, J. (2007). Oxygen, a source of life and stress.
FEBS Lett. 581, 3582-3591. doi: 10.1016/j.febslet.2007.06.018

Chapman, M. J., Ginsberg, H. N., Amarenco, P., Andreotti, F., Borén, J., Catapano,
A. L, etal. (2011). Triglyceride-rich lipoproteins and high-density lipoprotein
cholesterol in patients at high risk of cardiovascular disease: evidence and
guidance for management. Eur. Heart J. 32, 1345-1361. doi: 10.1093/eurheartj/
ehr112

Chopra, S., Rathore, A., Younas, H., Pham, L. V., Gu, C., Beselman, A., etal. (2017).
Obstructive sleep apnea dynamically increases nocturnal plasma free fatty acids,
glucose, and cortisol during sleep. J. Clin. Endocrinol. Metab. 102, 3172-3181.
doi: 10.1210/j¢.2017-00619

Dash, S., Xiao, C., Morgantini, C., and Lewis, G. F. (2015). New insights into
the regulation of chylomicron production. Annu. Rev. Nutr. 35, 265-294. doi:
10.1146/annurev-nutr-071714-034338

Dempsey, J. A., Veasey, S. C., Morgan, B. J., and O’Donnell, C. P. (2010).
Pathophysiology of sleep Apnea. Physiol. Rev. 90, 47-112. doi: 10.1152/physrev.
00043.2008

Drager, L. F., Jun, J., and Polotsky, V. Y. (2010). Obstructive Sleep Apnea and
Dyslipidemia: implications for atherosclerosis. Curr. Opin. Endocrinol. Diabetes
Obes. 17, 161-165. doi: 10.1097/MED.0b013e3283373624

Drager, L. F,, Li, J., Shin, M.-K,, Reinke, C., Aggarwal, N. R,, Jun, J. C,, et al.
(2012). Intermittent hypoxia inhibits clearance of triglyceride-rich lipoproteins
and inactivates adipose lipoprotein lipase in a mouse model of sleep apnoea.
Eur. Heart J. 33, 783-790. doi: 10.1093/eurheartj/ehr097

Drager, L. F., Tavoni, T. M., Silva, V. M., Santos, R. D., Pedrosa, R. P., Bortolotto,
L. A, et al. (2018). Obstructive sleep apnea and effects of continuous positive
airway pressure on triglyceride-rich lipoprotein metabolism([S]. J. Lipid Res. 59,
1027-1033. doi: 10.1194/jlr.M083436

Drager, L. F., Yao, Q., Hernandez, K. L., Shin, M.-K., Bevans-Fonti, S., Gay, J., et al.
(2013). Chronic intermittent hypoxia induces atherosclerosis via activation
of adipose Angiopoietin-like 4. Am. J. Respir. Crit. Care Med. 188, 240-248.
doi: 10.1164/rccm.201209-16880C

Dubois, C., Beaumier, G., Juhel, C., Armand, M., Portugal, H., Pauli, A. M., et al.
(1998). Effects of graded amounts (0-50 g) of dietary fat on postprandial lipemia
and lipoproteins in normolipidemic adults. Am. J. Clin. Nutr. 67, 31-38. doi:
10.1093/ajcn/67.1.31

Eckel, R. H. (1989). Lipoprotein lipase. N. Engl. J. Med. 320, 1060-1068. doi:
10.1056/NEJM198904203201607

Férézou, J., Richalet, J. P., Sérougne, C., Coste, T., Wirquin, E., and Mathé, D.
(1993). Reduction of postprandial Lipemia after acute exposure to high altitude
hypoxia. Int. J. Sports Med. 14, 78-85. doi: 10.1055/s-2007-1021150

Geerling, J. J., Boon, M. R., Kooijman, S., Parlevliet, E. T., Havekes, L. M,,
Romijn, J. A., et al. (2014). Sympathetic nervous system control of triglyceride
metabolism: novel concepts derived from recent studies. J. Lipid Res. 55,
180-189. doi: 10.1194/j1r.R045013

Jun, J., Reinke, C., Bedja, D., Berkowitz, D., Bevans-Fonti, S., Li, J., et al. (2010).
Effect of intermittent hypoxia on atherosclerosis in apolipoprotein E-deficient
mice. Atherosclerosis 209, 381-386. doi: 10.1016/j.atherosclerosis.2009.10.017

Jun, J. C,, Shin, M.-K., Yao, Q., Bevans-Fonti, S., Poole, J., Drager, L. F., et al. (2012).
Acute hypoxia induces hypertriglyceridemia by decreasing plasma triglyceride
clearance in mice. Am. J. Physiol. Endocrinol. Metab. 303, E377-E388. doi:
10.1152/ajpendo.00641.2011

Jun, J. C., Shin, M.-K,, Yao, Q., Devera, R., Fonti-Bevans, S., and Polotsky, V. Y.
(2013). Thermoneutrality modifies the impact of hypoxia on lipid metabolism.
Am. ]. Physiol. Endocrinol. Metab. 304, E424-E435. doi: 10.1152/ajpendo.00515

Kayser, B., and Verges, S. (2013). Hypoxia, energy balance and obesity: from
pathophysiological mechanisms to new treatment strategies. Obes. Rev. 14,
579-592. doi: 10.1111/0br.12034

Kersten, S. (2014). Physiological regulation of lipoprotein lipase. Biochim. Biophys.
Acta 1841, 919-933. doi: 10.1016/j.bbalip.2014.03.013

Kolovou, G., and Ooi, T. C. (2013). Postprandial lipaemia and vascular
disease. Curr. Opin. Cardiol. 28, 446-451. doi: 10.1097/HCO.0b013e328360
6971

Lafontan, M., and Langin, D. (2009). Lipolysis and lipid mobilization in human
adipose tissue. Prog. Lipid Res. 48, 275-297. doi: 10.1016/j.plipres.2009.05.001

Leaf, D. A,, and Kleinman, M. T. (1996). Acute exposure to carbon monoxide
does not affect plasma lipids, lipoproteins, and Apolipoproteins. Angiology 47,
337-341. doi: 10.1177/000331979604700403

Lewis, G. F., Carpentier, A., Adeli, K., and Giacca, A. (2002). Disordered fat storage
and mobilization in the pathogenesis of insulin resistance and type 2 diabetes.
Endocr. Rev. 23, 201-229. doi: 10.1210/edrv.23.2.0461

Li, J., Bosch-Marce, M., Nanayakkara, A., Savransky, V., Fried, S. K., Semenza,
G. L, etal. (2006). Altered metabolic responses to intermittent hypoxia in mice
with partial deficiency of hypoxia-inducible factor-1alpha. Physiol. Genomics 25,
450-457. doi: 10.1152/physiolgenomics.00293.2005

Li, J., Nanayakkara, A., Jun, J., Savransky, V., and Polotsky, V. Y. (2007a).
Effect of deficiency in SREBP cleavage-activating protein on lipid metabolism
during intermittent hypoxia. Physiol. Genomics 31, 273-280. doi: 10.1152/
physiolgenomics.00082.2007

Li, J., Savransky, V., Nanayakkara, A., Smith, P. L., O'Donnell, C. P., and Polotsky,
V. Y. (2007b). Hyperlipidemia and lipid peroxidation are dependent on the
severity of chronic intermittent hypoxia. J. Appl. Physiol. 102, 557-563. doi:
10.1152/japplphysiol.01081.2006

Li, J., Thorne, L. N., Punjabi, N. M., Sun, C. K., Schwartz, A. R., Smith, P. L., et al.
(2005). Intermittent hypoxia induces hyperlipidemia in lean mice. Circ. Res. 97,
698-706. doi: 10.1161/01.RES.0000183879.60089.29

Lopez-Miranda, J., Williams, C., and Lairon, D. (2007). Dietary, physiological,
genetic and pathological influences on postprandial lipid metabolism. Br. J.
Nutr. 98, 458-473. doi: 10.1017/S000711450774268X

Louhija, A. (1969). Hypertriglyceridemia in rats at simulated high altitudes.
Experientia 25, 248-249. doi: 10.1007/BF02034371

Mahat, B., Chassé, E., Lindon, C., Mauger, J.-F., and Imbeault, P. (2018). No effect
of acute normobaric hypoxia on plasma triglyceride levels in fasting healthy
men. Appl. Physiol. Nutr. Metab. 43, 727-732. doi: 10.1139/apnm-2017-0505

Mahat, B., Chass¢, E., Mauger, J.-F., and Imbeault, P. (2016). Effects of acute
hypoxia on human adipose tissue lipoprotein lipase activity and lipolysis.
J. Transl. Med. 14:212. doi: 10.1186/s12967-016-0965-y

Mauger, J.-F., Chassé, E., Mahat, B., Lindon, C., Bordenave, N., and Imbeault,
P. (2019). The effect of acute continuous hypoxia on triglyceride levels in
constantly fed healthy men. Front. Physiol. 10:752. doi: 10.3389/fphys.2019.
00752

Mesarwi, O. A., Loomba, R., and Malhotra, A. (2019). Obstructive sleep Apnea,
hypoxia, and nonalcoholic fatty liver disease. Am. J. Respir. Crit. Care Med. 199,
830-841. doi: 10.1164/rccm.201806-1109TR

Miller, M., Stone, N. J., Ballantyne, C., Bittner, V., Criqui, M. H., Ginsberg, H. N.,
et al. (2011). Triglycerides and cardiovascular disease: a scientific statement
from the American Heart Association. Circulation 123, 2292-2333. doi: 10.
1161/CIR.0b013e3182160726

Morin, R., Mauger, J.-F., Amaratunga, R., and Imbeault, P. (2021). The effect of
acute intermittent hypoxia on postprandial triglyceride levels in humans: a
randomized crossover trial. J. Transl. Med. 19:268. doi: 10.1186/s12967-021-
02933-z

Muratsubaki, H., Enomoto, K. Ichijoh, Y. and Yamamoto, Y. (2003).
Hypertriglyceridemia associated with decreased post-heparin plasma hepatic
triglyceride lipase activity in hypoxic rats. Arch. Physiol. Biochem. 111, 449-454.
doi: 10.3109/13813450312331342319

Nakajima, K., Nakano, T., Tokita, Y., Nagamine, T., Inazu, A., Kobayashi, J.,
etal. (2011). Postprandial lipoprotein metabolism: VLDL vs chylomicrons. Clin.
Chim. Acta 412, 1306-1318. doi: 10.1016/j.cca.2011.04.018

Nielsen, S., and Karpe, F. (2012). Determinants of VLDL-triglycerides production.
Curr. Opin. Lipidol. 23, 321-326. doi: 10.1097/MOL.0b013e3283544956

Ntambi, J. M., and Miyazaki, M. (2004). Regulation of stearoyl-CoA desaturases
and role in metabolism. Prog. Lipid Res. 43, 91-104. doi: 10.1016/S0163-
7827(03)00039-0

O’Rourke, R. W., Meyer, K. A., Gaston, G., White, A. E., Lumeng, C. N., and Marks,
D. L. (2013). Hexosamine biosynthesis is a possible mechanism underlying
hypoxia’s effects on lipid metabolism in human adipocytes. PLoS One 8:¢71165.
doi: 10.1371/journal.pone.0071165

Packard, C. J., Boren, J., and Taskinen, M.-R. (2020). Causes and consequences
of Hypertriglyceridemia. Front. Endocrinol. 11:252. doi: 10.3389/fendo.2020.
00252

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 730935


https://doi.org/10.1038/ncomms14146
https://doi.org/10.1016/j.febslet.2007.06.018
https://doi.org/10.1093/eurheartj/ehr112
https://doi.org/10.1093/eurheartj/ehr112
https://doi.org/10.1210/jc.2017-00619
https://doi.org/10.1146/annurev-nutr-071714-034338
https://doi.org/10.1146/annurev-nutr-071714-034338
https://doi.org/10.1152/physrev.00043.2008
https://doi.org/10.1152/physrev.00043.2008
https://doi.org/10.1097/MED.0b013e3283373624
https://doi.org/10.1093/eurheartj/ehr097
https://doi.org/10.1194/jlr.M083436
https://doi.org/10.1164/rccm.201209-1688OC
https://doi.org/10.1093/ajcn/67.1.31
https://doi.org/10.1093/ajcn/67.1.31
https://doi.org/10.1056/NEJM198904203201607
https://doi.org/10.1056/NEJM198904203201607
https://doi.org/10.1055/s-2007-1021150
https://doi.org/10.1194/jlr.R045013
https://doi.org/10.1016/j.atherosclerosis.2009.10.017
https://doi.org/10.1152/ajpendo.00641.2011
https://doi.org/10.1152/ajpendo.00641.2011
https://doi.org/10.1152/ajpendo.00515
https://doi.org/10.1111/obr.12034
https://doi.org/10.1016/j.bbalip.2014.03.013
https://doi.org/10.1097/HCO.0b013e3283606971
https://doi.org/10.1097/HCO.0b013e3283606971
https://doi.org/10.1016/j.plipres.2009.05.001
https://doi.org/10.1177/000331979604700403
https://doi.org/10.1210/edrv.23.2.0461
https://doi.org/10.1152/physiolgenomics.00293.2005
https://doi.org/10.1152/physiolgenomics.00082.2007
https://doi.org/10.1152/physiolgenomics.00082.2007
https://doi.org/10.1152/japplphysiol.01081.2006
https://doi.org/10.1152/japplphysiol.01081.2006
https://doi.org/10.1161/01.RES.0000183879.60089.a9
https://doi.org/10.1017/S000711450774268X
https://doi.org/10.1007/BF02034371
https://doi.org/10.1139/apnm-2017-0505
https://doi.org/10.1186/s12967-016-0965-y
https://doi.org/10.3389/fphys.2019.00752
https://doi.org/10.3389/fphys.2019.00752
https://doi.org/10.1164/rccm.201806-1109TR
https://doi.org/10.1161/CIR.0b013e3182160726
https://doi.org/10.1161/CIR.0b013e3182160726
https://doi.org/10.1186/s12967-021-02933-z
https://doi.org/10.1186/s12967-021-02933-z
https://doi.org/10.3109/13813450312331342319
https://doi.org/10.1016/j.cca.2011.04.018
https://doi.org/10.1097/MOL.0b013e3283544956
https://doi.org/10.1016/S0163-7827(03)00039-0
https://doi.org/10.1016/S0163-7827(03)00039-0
https://doi.org/10.1371/journal.pone.0071165
https://doi.org/10.3389/fendo.2020.00252
https://doi.org/10.3389/fendo.2020.00252
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Morin et al.

Hypoxia and Circulating Triglyceride Levels

Raguso, C. A., Guinot, S. L., Janssens, J.-P., Kayser, B., and Pichard, C. (2004).
Chronic hypoxia: common traits between chronic obstructive pulmonary
disease and altitude. Curr. Opin. Clin. Nutr. Metab. Care 7, 411-417. doi: 10.
1097/01.mc0.0000134372.78438.09

Regazzetti, C., Peraldi, P., Grémeaux, T., Najem-Lendom, R., Ben-Sahra, I,
Cormont, M., et al. (2009). Hypoxia decreases insulin signaling pathways in
Adipocytes. Diabetes Metab. Res. Rev. 58, 95-103. doi: 10.2337/db08-0457

Savransky, V., Jun, J., Li, J., Nanayakkara, A., Fonti, S., Moser, A. B., et al. (2008).
Dyslipidemia and atherosclerosis induced by chronic intermittent hypoxia are
attenuated by deficiency of Stearoyl Coenzyme A Desaturase. Circ. Res. 103,
1173-1180. doi: 10.1161/CIRCRESAHA.108.178533

Savransky, V., Nanayakkara, A., Li, J., Bevans, S., Smith, P. L., Rodriguez, A., et al.
(2007). Chronic intermittent hypoxia induces atherosclerosis. Am. J. Respir.
Crit. Care Med. 175, 1290-1297. doi: 10.1164/rccm.200612-17710C

Semenza, G. L. (2000). HIF-1: mediator of physiological and pathophysiological
responses to hypoxia. J. Appl. Physiol. 88, 1474-1480. doi: 10.1152/jappl.2000.
88.4.1474

Semenza, G. L. (2014). Hypoxia-inducible factor 1 and cardiovascular disease.
Annu. Rev. Physiol. 76, 39-56. doi: 10.1146/annurev- physiol-021113-170322

Shimano, H. (2001). Sterol regulatory element-binding proteins (SREBPs):
transcriptional regulators of lipid synthetic genes. Prog. Lipid Res. 40, 439-452.
doi: 10.1016/S0163-7827(01)00010-8

Siques, P., Brito, J., Naveas, N., Pulido, R., De la Cruz, J. J., Mamani, M., et al.
(2014). Plasma and liver lipid profiles in rats exposed to chronic hypobaric
hypoxia: changes in metabolic pathways. High Alt. Med. Biol. 15, 388-395.
doi: 10.1089/ham.2013.1134

Somers, V. K., Dyken, M. E,, Clary, M. P., and Abboud, F. M. (1995). Sympathetic
neural mechanisms in obstructive sleep apnea. J. Clin. Invest. 96, 1897-1904.
doi: 10.1172/JCI118235

Somers, V. K., Mark, A. L., Zavala, D. C., and Abboud, F. M. (1989). Influence
of ventilation and hypocapnia on sympathetic nerve responses to hypoxia in
normal humans. J. Appl. Physiol. 67, 2095-2100. doi: 10.1152/jappl.1989.67.5.
2095

van Marken Lichtenbelt, W. D., Schrauwen, P., van de Kerckhove, S., and
Westerterp-Plantenga, M. S. (2002). Individual variation in body temperature
and energy expenditure in response to mild cold. Am. J. Physiol. Endocrinol.
Metab. 282, E1077-E1083. doi: 10.1152/ajpendo.00020.2001

Varela-Guruceaga, M., Milagro, F. 1., Martinez, J. A., and de Miguel, C. (2018).
Effect of hypoxia on caveolae-related protein expression and insulin signaling in
adipocytes. Mol. Cell. Endocrinol. 473, 257-267. doi: 10.1016/j.mce.2018.01.026

Weiszenstein, M., Shimoda, L. A., Koc, M., Seda, O., and Polak, J. (2016). Inhibition
of lipolysis ameliorates diabetic phenotype in a mouse model of obstructive
Sleep Apnea. Am. J. Respir. Cell Mol. Biol. 55,299-307. doi: 10.1165/rcmb.2015-
03150C

Westerterp, K. R., and Kayser, B. (2006). Body mass regulation at altitude. Eur. J.
Gastroenterol. Hepatol. 18, 1-3. doi: 10.1097/00042737-200601000-00001

Wood, I. S., Stezhka, T., and Trayhurn, P. (2011). Modulation of adipokine
production, glucose uptake and lactate release in human adipocytes by small
changes in oxygen tension. Pfliigers Arch. 462, 469-477. doi: 10.1007/s00424-
011-0985-7

Wu, S. A, Kersten, S., and Qi, L. (2021). Lipoprotein lipase and its regulators: an
unfolding story. Trends Endocrinol. Metab. 32, 48-61. doi: 10.1016/j.tem.2020.
11.005

Xiao, C., Hsieh, J., Adeli, K., and Lewis, G. F. (2011). Gut-liver interaction in
triglyceride-rich lipoprotein metabolism. Am. J. Physiol. Endocrinol. Metab.
301, E429-E446. doi: 10.1152/ajpend0.00178.2011

Yao, Q., Shin, M.-K,, Jun, J. C., Hernandez, K. L., Aggarwal, N. R., Mock,
J. R, et al. (2013). Effect of chronic intermittent hypoxia on triglyceride
uptake in different tissues. J. Lipid Res. 54, 1058-1065. doi: 10.1194/jlr.
M034272

Young, S. G., and Zechner, R. (2013). Biochemistry and pathophysiology of
intravascular and intracellular lipolysis. Genes Dev. 27, 459-484. doi: 10.1101/
gad.209296.112

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Morin, Goulet, Mauger and Imbeault. 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

August 2021 | Volume 12 | Article 730935


https://doi.org/10.1097/01.mco.0000134372.78438.09
https://doi.org/10.1097/01.mco.0000134372.78438.09
https://doi.org/10.2337/db08-0457
https://doi.org/10.1161/CIRCRESAHA.108.178533
https://doi.org/10.1164/rccm.200612-1771OC
https://doi.org/10.1152/jappl.2000.88.4.1474
https://doi.org/10.1152/jappl.2000.88.4.1474
https://doi.org/10.1146/annurev-physiol-021113-170322
https://doi.org/10.1016/S0163-7827(01)00010-8
https://doi.org/10.1089/ham.2013.1134
https://doi.org/10.1172/JCI118235
https://doi.org/10.1152/jappl.1989.67.5.2095
https://doi.org/10.1152/jappl.1989.67.5.2095
https://doi.org/10.1152/ajpendo.00020.2001
https://doi.org/10.1016/j.mce.2018.01.026
https://doi.org/10.1165/rcmb.2015-0315OC
https://doi.org/10.1165/rcmb.2015-0315OC
https://doi.org/10.1097/00042737-200601000-00001
https://doi.org/10.1007/s00424-011-0985-7
https://doi.org/10.1007/s00424-011-0985-7
https://doi.org/10.1016/j.tem.2020.11.005
https://doi.org/10.1016/j.tem.2020.11.005
https://doi.org/10.1152/ajpendo.00178.2011
https://doi.org/10.1194/jlr.M034272
https://doi.org/10.1194/jlr.M034272
https://doi.org/10.1101/gad.209296.112
https://doi.org/10.1101/gad.209296.112
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

	Physiological Responses to Hypoxia on Triglyceride Levels
	Introduction
	Importance, Production, and Effects of Triglycerides
	Triglyceride Metabolism
	Experimental Evidence Linking Hypoxia and Circulating Triglyceride Levels
	Underlying Mechanisms by Which Hypoxia Modulates Triglycerides Levels
	White Adipose Tissue
	Intracellular Lipolysis
	Intravascular Lipolysis

	Small Intestine
	Liver

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


