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Simple Summary: The term hypoxia is used to describe biological situations where insufficient
levels of oxygen exist. Hypoxia and hypoxic states can occur in a range of diseases including in
cancer. Researchers have understood for numerous years that the hypoxia found in tumors leads
to more aggressive and harder to treat disease and ultimately, poor patient outcome. While much
research is, and has been, carried out to investigate the effects of hypoxia, this is usually done using
experimental models which employ stable levels of hypoxia. However, we know that tumor hypoxia
is not static but instead is rapidly changing through complex processes involving both rapid and
slower fluctuations in oxygen concentrations. These dynamic changes in oxygen, known as cyclic
hypoxia, are challenging to model experimentally and therefore our understanding of these processes
has been limited. This review seeks to outline the known causes of cyclic hypoxia and the best
ways to measure it both experimentally and clinically. How cancer cells respond to cyclic hypoxic
compared to stable levels will also be discussed.

Abstract: Regions of hypoxia occur in most if not all solid cancers. Although the presence of tumor
hypoxia is a common occurrence, the levels of hypoxia and proportion of the tumor that are hypoxic
vary significantly. Importantly, even within tumors, oxygen levels fluctuate due to changes in
red blood cell flux, vascular remodeling and thermoregulation. Together, this leads to cyclic or
intermittent hypoxia. Tumor hypoxia predicts for poor patient outcome, in part due to increased
resistance to all standard therapies. However, it is less clear how cyclic hypoxia impacts therapy
response. Here, we discuss the causes of cyclic hypoxia and, importantly, which imaging modalities
are best suited to detecting cyclic vs. chronic hypoxia. In addition, we provide a comparison of the
biological response to chronic and cyclic hypoxia, including how the levels of reactive oxygen species
and HIF-1 are likely impacted. Together, we highlight the importance of remembering that tumor
hypoxia is not a static condition and that the fluctuations in oxygen levels have significant biological
consequences.
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1. Introduction

Hypoxia is a well-established physiological feature of many solid cancers. Hypoxia oc-
curs when tumor sub-regions have insufficient oxygen concentration to support aerobic
metabolic functions. The radioresistance associated with tumour hypoxia is a result of the
need for oxygen to be present during irradiation or exposure to certain cytotoxic drugs
which create stable treatment-induced DNA adducts that are difficult to repair [1]. Further-
more, certain forms of DNA repair mechanisms are inhibited under hypoxic conditions [1].
Hypoxia also impedes the immune responses to tumors, via multiple mechanisms [2].
Importantly, the tumor microenvironment includes variable and fluctuating oxygen con-
centrations, which result in dynamic tumor oxygenation referred to as cyclic or intermittent
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hypoxia. Changes in signal transduction and metabolism as well as radiosensitivity oc-
cur when pO2 drops below 10 mmHg, so this is a convenient threshold to use to define
hypoxia [3]. Hypoxia occurs in two forms: (1) when cells are experiencing hypoxia at quasi-
steady state, it is referred to as “chronic”. (2) Temporal variation of pO2 that fluctuates
above and below the 10 mmHg threshold, is known as intermittent, acute, transient, or
cyclic hypoxia [4]. The objective of this review is to focus on the subject of cyclic hypoxia in
human cancer, as its causes, characteristics and consequences are less defined than chronic
hypoxia. The review has two parts: physiologic characterization, potential mechanisms
that cause cyclic hypoxia and cellular consequences.

2. Physiological Characterization

Key features of cyclic hypoxia. The pathophysiology underlying cyclic hypoxia
has been reviewed previously [4–7]. Here, we provide an historical overview of key
features of cyclic hypoxia. The idea that cyclic hypoxia might exist was first described
in a classic paper by Yamaura [8]. They found that tumor regrowth occurred toward the
edge of window chamber tumors after irradiation. They had assumed that the tumor
edge would not be hypoxic, but instead observed unstable blood flow and episodes of
transient vascular stasis in the periphery. They suggested that the periphery might therefore
be experiencing transient hypoxia leading to temporary radioresistance. In addition,
Martin Brown demonstrated that transient radiobiologically significant hypoxia could
occur, using the EMT6 tumor model [9]. This model is unique in that cells extracted from
irradiated tumors are grown in vitro to generate survival curves. The terminal slope of
the in vivo derived survival curve was parallel to that of in vitro hypoxia demonstrating
that a proportion of cells were hypoxic in vivo. When all the hypoxic cells in tumors
were killed with a hypoxic cytotoxin and tumors irradiated 24 h later, they still observed
a radioresistant subfraction. This shows that tumor cells that were aerobic when drug
was administered were hypoxic 24 h later when tumors were irradiated. In summary, the
work of Yamaura suggested that cyclic hypoxia could occur over periods of a few minutes,
whereas the work of Brown showed that this could also occur on a timescale of several
hours to a day; both were likely correct.

Chaplin and Durand administered the DNA binding dye, Hoechst-33342, intra-
venously, to tumor-bearing mice and then isolated tumor cells and subjected them to
flow cytometric analysis and assessment of clonogenic survival [10]. The more brightly
Hoechst-33342 stained cells were closer to microvessels. When dye was administered
intravenously during irradiation, brightly stained cells were more radiosensitive than
dimly stained cells, suggesting that brightly stained cells were more aerobic. However,
when dye was administered 20 min before radiation, there was no difference in radiosen-
sitivity between dimly and brightly stained cells. The conclusion was that the cycle time
for transient hypoxia was around 20 min. They theorized that temporary vascular stasis
was responsible for cyclic hypoxia. However, other data does not completely support this
theory, as outlined below.

Characterization of rapid (a few cycles per hour) vs. slow cycles (cycles over hours
to days). Invasive probes or imaging methods have been used to measure parameters
related to cyclic hypoxia (Table 1) [11–20]. When observation periods are between 1 and
2 h, the dominant rapid fluctuation frequencies have been 2–3 cycles per hour as assessed
by Fourier transform analysis [21]. This is the same 20 min timeframe reported by Chaplin
and Durand [10]. However, studies conducted in skin fold window chambers revealed
that the incidence of total vascular stasis was low (<5%) [22]. Kimura et al. performed
simultaneous measurements of red cell flux and perivascular oxygen concentration within
individual microvessels of window chamber tumors [23]. Fluctuations in red cell flux
and perivascular pO2 were coordinated at a frequency of 2–3 cycles per hour. A later
study showed that pO2 several cell layers away (approaching the diffusion distance of
oxygen-150 µm) from surrounding microvessels coordinated with fluctuations in red cell
flux [24]. The link between variations in vascular pO2 and tissue pO2 in skin-fold window
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chamber tumors has also been reported using optical methods [25]. In summary, current
evidence supports the theory that variations in red cell flux or hemoglobin saturation are
mainly responsible for cyclic hypoxia. One cannot rule out that vascular stasis occasionally
occurs, but it is not dominant.

Table 1. Summary of the cyclic hypoxia measurement techniques. PET = positron emission tomography; SPECT = single-photon
emission computed tomography; BOLD MRI = blood oxygen level dependent MRI, measured by R2 *, OE-MRI measures R1,
which is sensitive to [O2] in tissue; EPR = electron paramagnetic resonance; EPRI = electron paramagnetic resonance imaging;
* = methods that have been used to measure hypoxia in human tumors and are amenable to measuring cyclic hypoxia. Rapid
cycles = cycles occurring over 1–2 h observation. Slow cycles = cycles occurring over many hours to days.

Measurement
Techniques Requires Chemical Probe Direct pO2

Measurement Frequency of Detection Spatial
Resolution Ref.

Polographic O2
microelectrodes No Yes <<1 s

Suitable for rapid cycles 20–30 µm [11]

Oxylite optical probe No Yes <<1 s
Suitable for rapid cycles 250 µm [11]

Phosphorescence lifetime
imaging Pd-porphyrin dendrimer, IV Yes 2–2.5 min

Suitable for rapid cycles <mm-cm [12]

Optical Spectroscopy * No No 30 s
Suitable for rapid and slow cycles mm-cm [13]

PET/SPECT * Yes No >24 h
Suitable for slow cycles Several mm [14]

BOLD MRI * No No 4 s
Suitable for rapid cycles Sub mm-mm [15]

OE-MRI * No No 2.5 min
Suitable for rapid cycles 0.24 mm [16]

EPR Implantable O2 sensitive spin
probe with resonator Yes 10–60 s

Suitable for rapid and slow cycles mm-> cm [17]

EPRI O2 sensitive spin probe, IV Yes 2–3 min
Suitable for rapid and slow cycles 1.6–1.8 mm [18]

F-19 MRI Intratumoral injection of
hexafluorobenzene Yes 1.5 min

Suitable for rapid and slow cycles 2 mm [19]

Dual hypoxia marker
drugs *

2 hypoxia marker drugs given at
various intervals from each other No These probes average extent of

hypoxia over 60–90 min µm [20]

The methods described in Table 1 that are amenable to clinical use are designated by
a “*” next to the name. We have discussed the advantages and disadvantages of these
methods to measure hypoxia in other reviews [26,27]. Here we focus on relative ease
of use to measure cyclic hypoxia. Recessed tip polarographic microelectrodes are not
commercially available. Nevertheless, studies performed with these electrodes represent
the most detailed early accounting of cyclic hypoxia. The Oxylite Optical probe was used
pre-clinically, including canine cancers [28,29], but its use in the clinic is challenging. Place-
ment of this probe into human tumors would require imaging and either a physician or
nurse to avoid traversing critical normal tissues and verify intra-tumoral placement [30].
These challenges, along with the limitations of requiring direct access to the tumor for
placement played an important role in the cessation of the commercial Eppendorf pO2
electrode. Phosphorescence lifetime imaging has not been used clinically to our knowledge.
Optical spectroscopy has been used in women with breast cancer [31]. This method yields
real time data on two parameters related to oxygen transport—namely, total hemoglobin
and hemoglobin saturation. Optical spectroscopy has not been used to measure cyclic
hypoxia in human patients, but it has been used in a pre-clinical model for this purpose [32].
Optical spectroscopy is non-invasive and easy to implement. Preclinical devices are com-
mercially available (http://www.zenalux.com/). Depth of light penetration limits utility
of optical spectroscopy in human tumors. However, photoacoustic imaging enhances
depth of detection by measuring emitted acoustic signals when tissue exposed to light.
Photoacoustic imaging was used to monitor changes in oxygenation after radiotherapy
(RT) in head and neck PDX models [33]. PET imaging of hypoxia marker drugs, such as
18-F Misonidazole, has been used in many human clinical trials to measure tumor hypoxia.
One paper examined the spatial stability of PET uptake in head and neck cancers, by

http://www.zenalux.com/
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comparing spatial patterns over a 72 h window. A subset of patients showed instability
in size or location of marker avid zones [14]. BOLD-MRI has been used extensively in
pre-clinical and clinical studies, and is described in more detail below. EPRI has been used
to measure cyclic hypoxia in pre-clinical models [34], but this method is not yet clinically
available. However, EPRI is in early stages of commercial development for pre-clinical
imaging (https://www.o2map.com/about). EPR has been used to measure kinetics of
reoxygenation in pre-clinical models, but it has not been used to measure cyclic hypoxia.
The technology is not widely available.

The skin-fold window chamber model has been used to examine slower cycle times [13].
Hemoglobin saturation and redox ratio, the ratio in inherent fluorescence intensities be-
tween flavin adenine nucleotide (FAD) and nicotinamide adenine dinucleotide (NADH)
were measured every 6 h for 36 h. FAD is the main electron acceptor and NADH is
the electron donor in oxidative phosphorylation—FAD/NADH correlates with oxygen
demand. Coordinated fluctuations of FAD/NADH and hemoglobin saturation, were ob-
served around networks of microvessels, suggesting that cycling was occurring in networks
of blood vessels (Figure 1).
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Figure 1. Window chamber data illustrating relatively slow fluctuations in tumor oxygenation and
redox ratio. In this study, nude mice with window chambers were transplanted with FaDu head and
neck cancer cells. After several days of growth, hemoglobin saturation Hbsat and redox ratio (ratio of
fluorescence intensities of FAD and NADH) were measured every 6 h for 36 h. (A) Regions of interest
selected for analysis. (B) Paired Hbsat and Redox ratios from one tumor. Note particularly the region
indicated by the blue arrow at 0 and 12h. This region shows fluctuation in both parameters around
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a small network of microvessels. (C,D). Time course of changes in Redox ratio and Hbsat. (E) Over
all tumors studied, there was a linear relationship between these two parameters, illustrating that
there is a link between oxygen delivery and demand. In the analogy to tides and waves in Figure 2,
these slow fluctuations are the tides. Panels A–D are from Skala et al. [13]. (DOI: 10.1117/1.3285584)
CC-BY. Panel E is derived from the data for Panels A–D, but has not been previously published.
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blood vessels are coordinated in cycles of hypoxia come from two different sources of 
data: (1) skin fold window chambers and (2) MR/EPR imaging [18].  

Figure 2. Tides and waves provide an analogy to the kinetics of cycling hypoxia. As de-
picted in Figure 1, the slow (quasi-steady state) fluctuations in tissue pO2, that occur over
hours are analogous to tides. (Upper panel). Map of hemoglobin saturation across a tumor
growing in a window chamber (blue = low saturation, orange to red = high saturation).
The faster cycles, occurring 2–5 times per hour are analogous to waves. (Lower Left) In a
region where the steady state pO2 (tide) is low, the higher frequency fluctuations (waves)
in oxygen delivery will lead to fluctuations in the extent of tissue hypoxia, depicted by the
island of hypoxia. (Lower Right) When the overall oxygen field is high, the waves have
less of an influence on the extent of cycling hypoxia. Reproduced from Dewhirst [4], with
permission from the publisher @ 2021 Radiation Research Society.

The hypoxic fraction of cervix cancer cells (SiHa) was studied as a function of time
after the hypoxia marker drug, pimonidazole, was added to the drinking water of mice
bearing these tumors [20]. The pimonidazole-labeled fraction, measured by flow cytometry
of cells removed from tumors, increased over 96 h. They administered a second hypoxia
marker drug 3 h before tumor removal. The fraction of cells labeled with the second drug
was much lower than that seen for pimonidazole after 96 h exposure. These results strongly
suggest that cyclic hypoxia is occurring throughout much of a tumor, but at different
spatiotemporal locations.

In summary, the kinetics of cyclic hypoxia are complex. Slow fluctuations occur over
hours to days, and rapid fluctuations occur in the range of 2–5 cycles per hour [21,35].
We theorize that both are happening simultaneously. We previously used an analogy of
tides and waves in the ocean to explain this complex kinetics [4] (Figure 2).

Spatiotemporal distribution of cyclic hypoxia. If cyclic hypoxia were occurring in
isolation in individual microvessels, as might occur if there were temporary vascular
stasis, then one would see very small regions of temporary hypoxia that are not spatially
coordinated. However, this does not appear to be the case. Evidence that networks of
blood vessels are coordinated in cycles of hypoxia come from two different sources of data:
(1) skin fold window chambers and (2) MR/EPR imaging [18].

Spatiotemporal fluctuations of pO2 were studied in three different skin fold window
chamber tumor models, using an oxygen sensitive Pd-porphyrin dendrimer that measures
pO2 based on phosphorescence lifetime [12]. The dominant frequencies were between



Cancers 2021, 13, 23 6 of 20

10–40 min per cycle. All tumor types showed spatial autocorrelation of cycling, as assessed
by watershed segmentation. However, regions showing autocorrelation moved over time.
A similar spatiotemporal pattern of pO2 fluctuations in the window chamber was observed,
using an oxygen sensitive nanoparticle (Supplemental Video S1) [25].

Baudelet observed fluctuations in serial MR measurements of R2* in mice with flank
tumors [36]. R2* is sensitive to concentration of deoxyhemoglobin. The fluctuation patterns
tended to be either random (likely machine noise) or they showed large, coordinated
fluctuations amongst neighboring voxels. These results support that cyclic hypoxia occurs
in networks of microvessels. Similar results were obtained by others [15,18,34].

3. Does Cyclic Hypoxia Occur in Canine and Human Tumors?

Rapid cyclic hypoxia. Fluctuation in perfusion [37] and pO2 have been seen in human
and canine tumors [29], respectively, with cycle times similar to that seen in rodent tumors.
A recent study in a limited series of patients with head and neck cancer showed fluctuations
in BOLD MRI R2* in tumor sub-regions, particularly in involved lymph nodes [38]. The
incidence ranged from 2–15% of lesion volume. Additional studies can establish the
prevalence and clinical relevance in other human tumors.

Cycles over days. Temporal variation in intratumoral distribution of hypoxia as
assessed with the 18-F labeled PET hypoxia marker drug, misonidazole, occurred over 72 h
in head and neck cancer [39].

Immunohistochemical methods. Varying extents of mismatch between hypoxia-
dependent proteins HIF-1α, CA-IX, and the well-established hypoxia marker drug, pi-
monidazole, have been reported in human cervical cancer xenografts and human patients
with cervix cancer [40–42]. Ellingson et al. reported no correlation between HIF-1α and
CA-IX, or uptake of pimonidazole [40]. These authors concluded that these endogenous
hypoxia marker proteins would not be useful for assessment of hypoxia. In two other
papers, CA-IX expression correlated significantly with pimonidazole uptake in preclin-
ical models and a clinical series [41,42]. However, HIF-1α expression remained poorly
correlated with pimonidazole uptake. One explanation for mismatch between different
markers may be cyclic hypoxia. The kinetics of induction and degradation of HIF-1α
are dynamic, because of the efficient post-translational degradation of the protein in the
presence of oxygen [41,42]. Once HIF-1α stimulates translation of target proteins, it takes
many hours to days for the proteins to reach maximal expression [41,43]. If one observes
expression of a HIF-1α target, such as CA-IX, in the absence of HIF-1α itself, one conclusion
is that the region must have been hypoxic sometime prior to the discernable upregulation
of CA-IX, but was not hypoxic at the time of biopsy. The exception to this conclusion
may reside in perinecrotic areas, where decreased HIF-1α expression is associated with
nutrient depletion [41]. Cyclic hypoxia has been associated with hyper- expression of HIF-1
dependent proteins such as CA-IX [44]. This may occur because cyclic hypoxia is associated
with increased oxidative stress [45]. Oxidative stress can increase HIF-1α expression, even
in normoxia [46] by inhibiting degradation of HIF-1α by prolyl hydroxylases [47].

Mismatch between distribution of bioreductive hypoxia marker drugs has also been
used to quantify hypoxia dynamics or cyclic hypoxia in pre-clinical model tumors [20,48].
Some of these drugs are approved for human use, thereby justifying feasibility of use in
humans. One has to be cognizant of the limitations of biopsy-based methods, however.
They represent very small samples of a tissue that contains distinct heterogeneity in both
chronic and cyclic hypoxia. Random samples may not reflect the character of the whole
tumor.

4. Mechanisms Underlying Cyclic Hypoxia

Rapid cyclic hypoxia. The fact that the dominant periodicity is around 2–5 cycles per
hour, across multiple tumor types (including canine and human cancers) and methods of
measurement [12,15,18,19,21,25,29,32,34–38,49], suggests that cyclic hypoxia results from
an underlying physiologic process. Adding to this argument is the observation that normal
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muscle shows the same 2–3 cycle per hour of arteriolar diameter fluctuation, perfusion
and pO2 [21,22]. The question that arises then, is what physiologic process can affect
perfusion and pO2 in normal tissue with cycle times of 2–5 cycles per hour? Both heart
and respiratory rates occur at much higher frequencies than oscillations seen with cyclic
hypoxia [50]. Arteriolar vasomotion in the range of 30–60 cpm occurs in microcirculatory
networks in vivo [51,52]. This frequency is much too fast to be consistent with cyclic
hypoxia. It has been speculated that sleep apnea could contribute to cyclic hypoxia, but this
does not occur in awake subjects or in dogs who have been intubated for measurements [6].
Yet, cyclic hypoxia occurs in tumors of both species.

We theorize that thermoregulation may be the physiologic factor that drives cyclic
hypoxia. The body is equipped with sophisticated means to transport heat, via circulation
from body core to periphery, where active heat exchange occurs across the skin surface [53].
Transient receptor potential (TRP) receptors signal the brain to control vascular response to
changes in temperature [54–56]. TRP receptors are located throughout the body [54,57,58].
Receptors associated with sensing temperature and thermal regulation from elevated
temperature include TRPV1, TRPV2, TRPV3, and TRPV4 [59]. Knockout of TRPV1 in
mice compromises their ability to thermoregulate [54]. The brain responds to changes
in systemic temperature and TRPV signaling by increasing neuronal activation in the
preoptic region of the hypothalamus [56]. The time course for these responses is in the
range of 20 min. However, these responses can be seen with local change in temperature
as well. The kinetics of tissue response to local thermal stress were previously examined
in canine muscle [60]. To elicit a thermoregulatory response, a microwave applicator was
used to apply power to muscle. They observed oscillations in muscle temperature, with
a frequency in the range of 2–3 cycles per hour. Goncalves et al., performed serial R2*
measurements in tumors of mice, while simultaneously measuring muscle arteriolar pO2,
using a pulse oximeter [15]. The kinetics of muscle pO2 fluctuations (2–3 cycles per hour)
mirrored that of the R2* oscillations in tumors in the same animals. They presumed that
pulse oximeter measurements were reflective of oscillations in systemic pO2. However,
arteriolar pO2 of muscle is much lower than the blood gas pO2, the result of longitudinal
gradients [61]. It is more likely that fluctuations in muscle pO2 were due to perfusion
cycles caused by thermoregulation. Consistent with thermoregulation theory, we have
observed a slower arteriolar vasomotion kinetic, consistent with a cycle time of 20–30 min
in window chambers [22]. However, additional studies are required to prove whether
thermoregulation is an underlying cause for cyclic hypoxia. Although TRP receptor
expression is ubiquitous throughout the body, we do not know whether these receptors
are involved in thermoregulation in deep-seated tissues. There is no question, however,
that TRP receptors are very important for thermoregulation in skin and muscle. Since the
vast majority of preclinical cyclic hypoxia studies involved tumors growing in peripheral
tissues, existing data may overestimate the importance of this phenomenon in deep-seated
tumors. New studies of deep-seated tumors are essential for understanding this important
question.

Slow cycles occurring over hours to days. The mechanism underlying slower kinetics
of cyclic hypoxia remain undefined. It is speculated that this may be the result of vascular
remodeling within the tumor [5]. To fully understand mechanisms for this slower kinetic
behavior, further research is required.

Differences in fluctuation magnitude. There are large differences in fluctuation
magnitude between different tumor types and sites of tumor growth [35,62]. Others have
observed that the fluctuation magnitudes are associated with the presence of vascular
smooth muscle in tumors, which presumably would be more vasoactive [63]. More work
is needed to uncover mechanisms associated with such variations.

5. Cellular Consequences

As previously discussed, there are significant challenges in accurately measuring
the parameters associated with cyclic hypoxia. As a consequence, although it is clear
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that the biological response to cyclic conditions differs to chronic hypoxia, the breadth
of conditions and models used makes comparing studies difficult. In particular, few
studies use cycling conditions between physiologically relevant levels of oxygen while
most incorporate periods of reoxygenation to 21% oxygen (air) (Table 2). However, despite
this, many common findings have emerged and will be discussed.

Table 2. Summary of published studies describing cyclic hypoxia. Studies highlight in grey are in vitro studies which include
reoxygenation to 21% O2. Studies in blue are those that include reoxygenation to 21% O2 but do not include multiple cycles i.e.,
a single reoxygenation event. Those in green are in vitro cyclic hypoxia studies that include cycling between two physiologically
relevant oxygen concentrations. Finally, those in orange are in vivo studies and indicate the concentration of oxygen in the air
the mice were given to breathe and for how long.

Cycling Conditions (% O2 and Length of Exposure) Number of Cycles Ref.
1% O2 (6.67 min)—21% O2 (6.67 min) 72 [64]

<0.02% O2 (1 h)—21% O2 (1 h) 2–5 [65]
<0.02% O2 (1 h)—21% O2 (1 h) 2–5 [66]
<0.02% O2 (16 h)—21% O2 (1 h) 1 [67]
1% O2 (1 h)—21% O2 (30 min) 4 [68]

<1% O2 (1 h)—21% O2 (30 min) 3 [69]
1% O2 (2 h)—21% O2 (2 h) 1–3 [70]

0.5–1% O2 (1 h)—21% O2 (30 min) 3 [71]
0.5–1% O2 (1 h)—21% O2 (30 min) 3 [72]

0.5–1% O2 (10 min)—21% O2 (10 min) 12 [73]
0.5–1% O2 (10 min)—21% O2 (10 min) 12 [74]

1.5% O2 (30 s)—21% O2 (5 min) 60 [75]
0.5–1% O2 (1 h)—21% O2 (30 min) 3 [76]

0.1% O2 (24 h)—21% O2 (72 h) 20 [77]
1% O2 (48 h)—21% O2 (24, 48, 72 h) 1 [78]

1% O2 (24 h)—21% O2 (24 h) 1, 5, 10 [79]
1% O2 (12 h)—21% O2 (12 h) 7 [80]
1% O2 (12 h)—21% O2 (12 h) 5 [81]
1% O2 (12 h)—21% O2 (12 h) 5, 10, 15, 20 [82]

0.5–1% O2 (1 h)—21% O2 (30 min) 3 [83]
<1% O2 (‘shots’ for 8, 72 h)—21% O2 (n/a) 1,3/week [84]

1% O2 (48 h)—21% O2 (48 h) 18–20 [85]
1% O2 (24 h)—21% O2 (24 h) 5 [86]

<0.1% O2 (5 min)—7.76% O2 (5 min) 36 or 108 [87]
1% O2 + nutrient deprivation (7 days)—21% O2 (1–3 weeks) 1–3 [88]

0.5% O2 (1 h)—21% O2 (30 min) 3 [89]
1% O2 (1 h)—21% O2 (30 min) 4 [90]
<1% O2 (48 h)—21% O2 (120 h) 16 or 25 [91]
<1% O2 (48 h)—21% O2 (120 h) 16 or 25 [92]

<0.1% O2 (30 min or 3 h)—7% O2 (30 min) 21 or 72 [93]
<0.1% O2 (48 h)—21% O2 (120 h) 16 or 25 [94]

1% O2 (1 h)—21% O2 (30 min) 4 [95]
0.2 or 1% O2 (8, 16, 24 h)—21% O2 (8, 16, 24 h) 3, 6, 50 [96]

1.5% O2 (30 s)—21% O2 (5 min) 15, 30, 60 [97]
<1% O2 (8, 72 h)—21% O2 (undefined) 30, 60 [98]

7% O2 (1 h)—21% O2 (30 min) 3 [72]
5% O2 (30 s)—21% O2 (1 min) 180/day (21 days) [99]

7% O2 (10 min)—21% O2 (10 min) 12 [73]
10% O2 (~3 min)—21% O2 (~3 min) 80/day (7 days) [100]
7% O2 (10 min)—21% O2 (10 min) 12/day (5/week for 6 weeks) [101]
7% O2 (10 min)—21% O2 (10 min) 6 or 12/day (5/week for 6 weeks) [102]

7% O2 (1 h)—21% O2 (30 min) 3 [71]
5–7% O2 (10 min)—21% O2 (10 min) 12/day [103]

7% O2 (10 min)—21% O2 (10 min) 12/day (21 days) [104]
7% O2 (10 min)—21% O2 (10 min) 12 [76]
8% O2 (10 min)—21% O2 (10 min) 12/day (35 days) [105]
8% O2 (10 min)—21% O2 (10 min) 12/day [106]

7% O2 (1 h)—21% O2 (30 min) 3/day (1 day) [95]
7% O2 (10 min)—21% O2 (10 min) 12/day (21 days) [44]

5% O2 (15 s)—21% O2 (5 min) 9/day (10 days) [97]
5% O2 (15 s)—21% O2 (5 min) 9/day (10 days) [107]
5% O2 (15 s)—21% O2 (5 min) 9/day (10 days) [108]
5% O2 (30 s)—21% O2 (30 s) 5 days [109]
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The contribution of reactive oxygen species (ROS). ROS is a broad term used to
describe reactive chemical species containing oxygen, typically generated during cellular
metabolism. Two key mechanisms for ROS generation are enzymes that produce ROS as
a by-product, and electrons that “leak” from the electron transport chain (ETC) and sub-
sequently interact with oxygen to form ROS [110,111]. As reactive molecules can perturb
normal cellular function, it is imperative that mechanisms exist to tightly regulate ROS
levels. These mechanisms include the ability to quench reactivity through antioxidants such
as glutathione and enzymes including superoxide dismutase (SOD). Failure to restrict ROS
levels causes oxidative stress. Oxidative stress is defined as conditions where potentially
lethal damage to proteins, lipids, and DNA occurs in a ROS-dependent manner [112,113].
However, ROS also play essential roles and have been implicated in cellular signaling
pathways critical to proliferation, host cell defense, autophagy, and stem cell differentia-
tion [45,112,114–117]. Somewhat paradoxically, despite an insufficient supply of oxygen,
ROS have been shown to increase in chronic hypoxia. Specifically, hypoxia-induced ROS
have been attributed to mitochondrial disfunction, resulting in more electrons being re-
leased from the ETC [118–120]. In addition, the expression of enzymes including NADPH
oxidase 4 (NOX4), which produce ROS as a by-product of their activity, are nduced in
hypoxic conditions and contribute to ROS levels [111,121]. Less surprisingly, single reoxy-
genation events (usually to 21% O2) have been well-documented to induce ROS through
NOX, nitric oxide synthase (NOS), and xanthine oxidase (XO) signaling, in addition to
further damage to the ETC [111,122]. Importantly, cyclic hypoxia both in vitro and in vivo
has been shown to increase ROS levels [65,66,70,72–76,99]. An increase in the mRNA and
protein expression of NOX and NOS has been demonstrated in conditions of cyclic hy-
poxia [69,70,73–75]. Most importantly, when compared directly, ROS have been shown to
increase in cyclic hypoxia to a greater extent than in chronic hypoxia [72–74,76]. To support
this observation, levels of NOX4 mRNA and protein were measured in cyclic and chronic
hypoxia in glioblastoma cell lines in vitro and found to increase to a greater extent in
cyclic hypoxia [73,74]. Furthermore, knockdown of specific NOX proteins both in vitro
and in vivo reduced ROS levels in cyclic hypoxia [70,73,74].

As mentioned previously, oxidative stress results from elevated cellular ROS levels
and can lead to a loss of viability [112,113]. In vitro and in vivo models of cyclic hypoxia
have shown increases in a variety of oxidative stress markers, including increased expres-
sion of p22phox and NRF2 [99,100], and the presence of DNA damage [64,67,100,101].
DNA damage induced as a result of oxidative stress includes the accumulation of aber-
rant DNA bases such as 8-oxoguanine. An increase in 8-oxoguanine in cyclic hypoxia
has been observed in vivo, although this appears to be dependent on the mouse model
used [100–102]. Furthermore, in vitro models of cyclic hypoxia have detected a significant
increase in DNA damage by comet assay compared to normoxia [64,67]. The transcription
factor, NFκB, plays a key pro-survival role in response to oxidative stress [112,123]. Multi-
ple studies have observed increased activation of NFκB in cyclic hypoxia determined by
phosphorylation status and increased expression of NFκB-target genes [90,95,99]. How-
ever, despite the activity of NFκB, colony survival assays conducted in cyclic hypoxia
in colorectal, breast, and glioblastoma cell lines demonstrated a loss in viability that is
ROS-dependent [65,66]. The mechanism of cell death in cyclic hypoxia is unclear and
likely multi-factorial. Interestingly, it has been shown that the decrease in cell viability
in cyclic hypoxia can be exacerbated through treatment with chloroquine, an inhibitor of
autophagy. Autophagy is thought to protect cells in cyclic hypoxia through the promotion
of mitophagy which would decrease ROS produced through the ETC [66].

The HIF-1 response to cyclic hypoxia. The hypoxia inducible factor 1 (HIF-1) tran-
scription factor is formed from the binding of a HIF-1α and HIF-1β subunit. In normoxic
conditions the HIF-1α subunit is hydroxylated by members of the prolyl hydroxylase do-
main (PHD) family. Hydroxylation targets HIF-1α for proteasomal degradation mediated
by the E3 ligase, von Hippel Lindau (VHL). In the absence of VHL-mediated degradation,
HIF-1α binds to HIF-1β and regulates the transcription of a variety of effector genes with
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diverse functions including metabolism, angiogenesis, growth, and apoptosis [124,125].
Importantly, HIF-1α accumulates in a wide variety of oxygen concentrations ranging from
<0.1 to 3% O2 [126–128]. More recently, the alternative α subunits HIF-2α and HIF-3α
have been identified and shown to bind HIF-1β [129,130]. A number of in vitro studies
have demonstrated that HIF-1α levels are higher in cyclic hypoxia compared to chronic
exposure and that the increased levels of HIF-1α correlate with transcriptional activity
and expression of downstream HIF-1 target genes [69,70,72,76,79,87,89,97]. An in vivo
study also demonstrated that cyclic hypoxia induces the expression of a variety of HIF-1
target genes in orthotopically grown cervical tumors in mice [44]. Interestingly, though
the stabilization of HIF-2α increases in chronic hypoxia, stabilization in response to cyclic
hypoxia was shown to decrease in vitro and in vivo [97,107,108,127].

The role of ROS in mediating HIF-1α stability through inhibition of the PHDs has
been well-described (reviewed in [131–133]). These data support the hypothesis that
increased ROS levels in cyclic hypoxia contribute to HIF-1α stabilization [118,134,135].
However, it should be noted that these studies all used cyclic conditions which included
periods of 21% O2, which are non-physiological, and also likely to induce significant
ROS (Table 2). In contrast, a single study has investigated HIF-1α stabilization in cycling
conditions which featured physiologically relevant levels of oxygen. In this case, oxygen
tensions were rapidly cycled every 5 min between <0.1–7.76% O2 and found that while
HIF-1α expression increased in cyclic hypoxia, it accumulated to a lesser extent in cyclic
compared to chronic hypoxia [87]. It is clear that in the studies demonstrating increased
HIF-1α in cyclic hypoxia this was ROS-dependent as the use of scavengers reduced HIF-
1α accumulation [72,73,75,99]. However, it remains unclear whether cycling between
physiologically relevant levels of hypoxia leads to an increase in ROS and whether this,
in turn, contributes to increased HIF-1α stabilization. Another, non-mutually exclusive
explanation for the increased HIF-1 mediated activity observed in cyclic hypoxia, is the
contribution of a non-nuclear HIF-1 response. In response to cellular stress, including
hypoxia, the cell packages key mRNA transcripts associated with the stress response into
cytoplasmic compartments known as stress granules [136]. It has been shown that, upon
reoxygenation (21% O2), these stress granules disaggregate and their contents are released
to amplify HIF-1 downstream signaling [46].

Due to the biological complexity of HIF stabilization and signaling, mathematical
modeling has emerged as a useful way to increase our understanding of HIF biology.
Though HIF dynamics in response to cyclic hypoxia have not been explicitly modeled,
this strategy represents a promising way to decipher biological responses to complex
variables such as oxygen concentration and cycling frequency without the need to test
every condition experimentally. By reducing the complex system that controls HIF-1
regulation to a simpler “core” system, existing biological knowledge of the interplay of the
components within the core system can be used to inform the model to make predictions
on situations that have not been experimentally tested [137]. For example, oxygen tensions
in different regions of a spheroid were measured with intracellular probes that were
subsequently used to inform the parameters of a mathematical model. A spheroid was then
subjected to an in silico decrease in oxygen concentration from both 8 to 3% O2 and from 21
to 1% O2 and HIF-1 activity was modeled over time. The model predicted that cells on the
periphery of the spheroid would have the highest level of HIF-1 signaling once exposed to
hypoxia even though the core of the spheroid was initially the most hypoxic region. This
somewhat counterintuitive finding was hypothesized to occur due to the relative speed of
the change in oxygen concentration at the periphery of the spheroid relative to the hypoxic
core, where the faster change results in a larger initial accumulation of HIF-1 [138].

In addition to investigating the HIF response, mathematical models have been used to
predict cellular characteristics in the face of a dynamic oxygen environment. For example,
a mathematical model was created that included a population of cells with a continuous
gradient of metabolic potentials ranging from fully oxidative to fully glycolytic to mimic the
metabolic variation present in tumors. The values of these variables were used to inform
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the model as to the distribution of oxygen across the tumor and where regions of cyclic
hypoxia would arise. Analysis was then carried out to determine how the subpopulations
interacted with one another under the given oxygen conditions. One of the key findings
from this approach was that, in conditions where the oxygen level tended to fluctuate, a
higher phenotypic variation became a competitive advantage in terms of managing oxygen
consumption in a changing environment [139]. These studies all further the notion that
distinct biological signaling occurs depending on the oxygen dynamics present in the
tumor and that mathematical modeling is a useful tool to dissect the complex contribution
of the dynamic oxygen environment.

Radiotherapy. The increased radioresistance of hypoxic tumors/cells has been well-
characterized and is known to contribute to patient prognosis. The oxygen enhancement
ratio (OER) describes the relative radiosensitivity of cells in hypoxic versus normoxic condi-
tions and demonstrates that hypoxic cells can be 2.5–3 times more radioresistant than their
oxygenated neighbors [140–142]. The requirement for oxygen at the time of irradiation in
order to induce maximum levels of DNA damage has been reviewed recently [143]. Partic-
ularly relevant here are the multiple studies that demonstrate that exposure to different
chronic and cyclic hypoxic treatment schedules prior to irradiation impact radiosensitivity.
Clonogenic assays show that cells pre-treated with cyclic hypoxia are more radioresistant
when compared to cells pre-treated with chronic hypoxic [71,72,74,77,91–93]. This has
also been confirmed in vivo where glioblastoma tumors irradiated in mice exposed to
cyclic hypoxia were more radioresistant than the chronic hypoxia controls [72]. These data
demonstrate that the OER can be affected by a biological component, distinct from the
oxygen concentration at the moment of irradiation, and suggest that this biological com-
ponent could be influenced by the nature of prior hypoxia exposure. Notably again, the
majority of these studies were conducted in cycling conditions that included periods of
reoxygenation to 21% O2 and, therefore, oxidative stress-induced DNA damage. It is,
therefore, surprising that the pretreatment with these cyclic conditions did not increase
radiosensitivity, suggesting a selection pressure to increase cell viability.

The contribution of HIF-1 to the radiosensitivity of cells in hypoxia has been investi-
gated and broadly demonstrates that inhibition or loss of HIF-1 increases radiosensitivity
and is likely attributable to the impact on tumor vasculature, metabolism and cell cycle con-
trol [46,72,144–147]. However, it is not surprising, given the diverse and numerous targets
of HIF-1, that a context dependent balance between HIF-1-mediated radiosensitivity and
radioresistance is likely [148,149]. As previously mentioned, some studies have suggested
that HIF-1 is more active in cyclic conditions compared to chronic hypoxia and, therefore,
the impact on radiosensitivity could also be more significant. In support of this hypothesis,
in vitro and in vivo experiments determined that radioresistance was increased in cyclic
hypoxia and that this was dependent on HIF-1 signaling [71,72,77].

The eukaryotic translation initiation factor 2α (eIF2α) has been identified as a factor
that influences the OER in hypoxia including cyclic conditions [65]. eIF2α is typically asso-
ciated with the unfolded protein response (UPR) though it also plays a role in regulating
the expression of enzymes involved in the synthesis of key antioxidants such as glutathione
and cysteine [150]. Inhibition of eIF2α was shown to increase radiosensitivity in vivo and,
although not directly measured or induced, the presence of cyclic hypoxia was inferred
from analysis of pimonidazole positive and negative regions [65]. Interestingly, radiosen-
sitization only occurred when eIF2α was inhibited prior to radiation and was attributed
to an eIF2α-dependent role in mediating the cellular response to ROS. Inhibition of eIF2α
prior to irradiation renders the cell incapable of managing the increased ROS generated
by irradiation-induced reoxygenation. Supportive in vitro experiments demonstrated that
cell death caused by cyclic hypoxia increased further when eIF2α was inhibited, and that
this was ROS-dependent. Furthermore, enzymes involved in the creation of glutathione
and cysteine were shown to increase in cyclic hypoxia in an eIF2α-dependent manner [65].
Similarly, SLC25A10, SLC25A1, and GOT1 which have roles in mitigating oxidative stress,
are induced in response to cyclic hypoxia and contribute to radioresistance [91,92,94]. In-
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terestingly, a recent report describes the use of Angiotensin II type 1 receptor blockers as a
means of improving radiation response through the inhibition of transient hypoxia [151].

Chemotherapy. Hypoxic tumors demonstrate increased chemoresistance due to a
variety of factors including: large diffusion distances from blood vessels, decreased cel-
lular drug uptake, decreased apoptosis, altered pH, and decreased proliferation [1,152].
Many of these chemoresistant features are mediated by HIF-1 signaling [152,153]. Re-
cently, increased drug efflux and apoptotic resistance have been studied in the context of
cyclic hypoxia and found that chemoresistance exceeded that of cells treated in chronic
hypoxia [76,83].

In cyclic hypoxia, a HIF-1 dependent mechanism results in the upregulation of the
cell membrane efflux pump, ATP Binding Cassette Subfamily B Member 1 (ABCB1). Cells
in cyclic hypoxia demonstrated an increased capacity to efflux the chemotherapeutic drug
Rh123 compared to cells in chronic hypoxia in an ABCB1-dependent manner. This ability to
efflux chemotherapy drugs in cyclic hypoxia translated into increased resistance of glioblas-
toma cells to doxorubicin and carmustine (BCNU) in vitro [83]. Cells in cyclic hypoxia also
demonstrate an increased ability to resist apoptosis in response to chemotherapeutics. The
anti-apoptotic gene, B-cell lymphoma extra-large (Bcl-xL), was shown to be upregulated
to a greater extent in cyclic hypoxia compared to chronic hypoxia in a HIF-1 dependent
manner in glioblastoma and medulloblastoma cell lines [76,85]. Treating cells in cyclic
hypoxia with temozolomide (TMZ) combined with Bcl-xL inhibition resulted in increased
cell kill compared to TMZ alone. Interestingly, Bcl-xL upregulation was also found to occur
in a ROS-dependent manner in cyclic hypoxia. Consequently, in vivo ROS scavenging
with Tempol increased the effectiveness of TMZ treatment [76]. Furthermore, exposure
to a course of cyclic hypoxia spanning 50 days led to selection for loss of the p53 tumor
suppressor gene. Loss of p53 translated into increased survival of sub clones from the cells
treated in cyclic hypoxia compared to normoxia when treated with the chemotherapeutic
etoposide [96].

Metastasis. Understanding the processes of metastasis is essential to improving
cancer therapy, as the vast majority of cancer-related deaths occur as a result of tumor
spread/metastasis [154]. In order to metastasize, cancer cells undergo a series of rate-
limiting steps including: the epithelial to mesenchymal transition (EMT), invasion and
migration through the basement layer, survival in blood circulation, and proliferation at
the second site [155–157]. The tumor microenvironment has been shown to contribute to
multiple steps in the progression of metastasis [158]. Hypoxia in particular aids cancer cells
in completing these steps primarily through HIF-1 signaling [156,157]. Utilizing regulated
gas supplies to modulate the oxygen level in the environment of mice with xenograft
tumors, it was demonstrated that mice treated with cyclic hypoxia develop more metastasis
than mice exposed to normal oxygen conditions [86,89,99,103,105,106,159]. In addition,
studies that have compared the ability of tumors to form metastasis in xenograft mice
treated with cyclic and chronic hypoxia show that tumors from mice treated with cyclic
hypoxia have more metastasis [86,89,103,159]. The effect of cyclic hypoxia on the cellular
abilities required to successfully metastasize are summarized in Figure 3.
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Metabolism. Cellular metabolism is known to be altered in cancers and is a hallmark
of cancer. A major factor that influences the metabolic shift in tumors is the stabilization
of HIF-1α in response to hypoxia. HIF-1 targets include genes such as GLUT1 and PDK1,
which can increase glycolysis and downregulate oxidative phosphorylation, respectively.
These metabolic changes allow cells to generate sufficient energy in environments devoid of
oxygen [161,162]. Currently, little is known about cellular metabolism in response to cyclic
hypoxia in cancer, although a wealth of literature studying cyclic hypoxia associated with
obstructive sleep apnea has identified a variety of metabolic effects, including alternations
in lipid and glucose metabolism (reviewed in [163–165]). Interestingly, one study showed
that increased levels of serum triglycerides induced by cyclic hypoxia occurred in a HIF-1
dependent manner in a heterozygous HIF-1 knockout mouse model compared to the
wild-type [109]. Another study measuring the expression of a panel of 30 genes involved
in glucose metabolism in vitro, observed a significant increase in the expression of 15
genes contained within the panel in cyclic hypoxia [98]. Furthermore, culturing of cells in
cyclic hypoxia over long time periods caused a metabolic shift that persisted in normoxia.
Increases in HIF-1α and GLUT1 expression were seen in normoxia along with a significant
increase in oxygen consumption [96]. Interestingly, an emerging clinical strategy to sensitize
tumors to radiotherapy is through the modulation of the oxygen consumption rate of
tumors prior to irradiation [166–168]. It is possible that these agents may lead to conditions
similar to cyclic hypoxia. Further study is needed to assess the effects of cyclic hypoxia on
metabolism as well as how these effects compare to those seen in chronic hypoxia.

6. Future Directions

It is clear, and has been for some time, that regions of hypoxia in tumors are not static;
instead, oxygen levels fluctuate and cycle. Research into this phenomenon and delineating
impact on tumor progression and therapy response has been limited by our ability to mea-
sure physiological meaningful parameters and then model these in vitro. Consequently,
physiologically relevant signaling caused by cyclic hypoxia that could potentially inform
clinical practice is poorly understood. More physiologically relevant in vitro models of
cyclic hypoxia, utilizing experimental systems more capable of mimicking the complex
oxygen environments found in tumors, will be instrumental in understanding the clinically
relevant consequences of cyclic hypoxia. Advances in imaging and mathematical modeling
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present exciting methods to inform physiologically relevant oxygen conditions. Mathemat-
ical modeling in particular presents an opportunity to lessen dependence on individual
in vitro models that generally lack comparability between labs, and study complex oxygen
dynamics that cannot be experimentally tested. Notably, these developments are likely
to significantly impact our understanding of developing therapeutic strategies, which
aim to manipulate oxygen consumption within tumors as a means of reducing hypoxia
and increasing radiosensitivity [166–168]. It is plausible that agents which inhibit oxygen
consumption/mitochondrial metabolism may lead to biological consequences similar to
those described in the response to cyclic hypoxia.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
4/13/1/23/s1, Video S1: Dynamics of cycling hypoxia in a window chamber containing a 4T1 tumor.
An oxygen sensitive nanoparticle was used to directly measure pO2 by measuring phosphorescence
lifetime. Hemoglobin saturation was measured optically. Measurements were taken every 7.5 min
for 60 min. The X-Y plane represents the surface of the tumor; the Z-plane depicts pO2. Microvessel
hemoglobin saturation is superimposed on the pO2 images. The spatiotemporal dynamics clearly
illustrate that the changes are occurring simultaneously in many vessels. But one can see increases
in some regions with decreases in other areas. This illustrates the complex hemodynamics that can
occur, especially in tumor vascular networks. Data are from Palmer et al. [25].

Author Contributions: All authors contributed to the planning, writing and editing of the review.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Thank you to Charlotte Simpson for proof reading. Our apologies to the
authors we were unable to cite due to space restrictions. In particular, we have not been able to
consider the extensive literature describing the physiological response to changes in altitude and
ischemia/reperfusion damage.

Conflicts of Interest: Mark W. Dewhirst is a consultant for The Zenalux Corporation. Other authors
declare no conflict of interest.

References
1. Bristow, R.G.; Hill, R.P. Hypoxia and metabolism. Hypoxia, DNA repair and genetic instability. Nat. Rev. Cancer 2008, 8, 180–192.

[CrossRef] [PubMed]
2. Zhang, X.; Ashcraft, K.A.; Betof Warner, A.; Nair, S.K.; Dewhirst, M.W. Can Exercise-Induced Modulation of the Tumor Physiologic

Microenvironment Improve Antitumor Immunity? Cancer Res. 2019, 79, 2447–2456. [CrossRef] [PubMed]
3. Dewhirst, M.W.; Cao, Y.; Moeller, B. Cycling hypoxia and free radicals regulate angiogenesis and radiotherapy response.

Nat. Rev. Cancer 2008, 8, 425–437. [CrossRef]
4. Dewhirst, M.W. Relationships between Cycling Hypoxia, HIF-1, Angiogenesis and Oxidative Stress. Radiat. Res. 2009,

172, 653–665. [CrossRef]
5. Bayer, C.; Vaupel, P. Acute versus chronic hypoxia in tumors. Controversial data concerning time frames and biological

consequences. Strahlenther. Onkol. 2012, 188, 616–627. [CrossRef]
6. Kukwa, W.; Migacz, E.; Druc, K.; Grzesiuk, E.; Czarnecka, A.M. Obstructive sleep apnea and cancer: Effects of intermittent

hypoxia? Future Oncol. 2015, 11, 3285–3298. [CrossRef]
7. Michiels, C.; Tellier, C.; Feron, O. Cycling hypoxia: A key feature of the tumor microenvironment. Biochim. Biophys. Acta

Rev. Cancer 2016, 1866, 76–86. [CrossRef]
8. Yamaura, H.; Matsuzawa, T. Tumor regrowth after irradiation—Experimental approach. Int. J. Radiat. Biol. 1979, 35, 201–219.

[CrossRef]
9. Brown, J.M. Evidence for acutely hypoxic cells in mouse-tumors, and a possible mechanism of re-oxygenation. Br. J. Radiol. 1979,

52, 650–656. [CrossRef]
10. Chaplin, D.J.; Olive, P.L.; Durand, R.E. Intermittent blood-flow in a murine tumor—Radiobiological effects. Cancer Res. 1987,

mboxemph47, 597–601.
11. Braun, R.D.; Lanzen, J.L.; Snyder, S.A.; Dewhirst, M.W. Comparison of tumor and normal tissue oxygen tension measurements

using OxyLite or microelectrodes in rodents. Am. J. Physiol. Heart Circ. Physiol. 2001, 280, H2533–H2544. [CrossRef] [PubMed]
12. Cardenas-Navia, L.I.; Mace, D.; Richardson, R.A.; Wilson, D.F.; Shan, S.; Dewhirst, M.W. The pervasive presence of fluctuating

oxygenation in tumors. Cancer Res. 2008, 68, 5812–5819. [CrossRef] [PubMed]
13. Skala, M.C.; Fontanella, A.; Lan, L.; Izatt, J.A.; Dewhirst, M.W. Longitudinal optical imaging of tumor metabolism and hemody-

namics. J. Biomed. Opt. 2010, 15, 011112. [CrossRef]

https://www.mdpi.com/2072-6694/13/1/23/s1
https://www.mdpi.com/2072-6694/13/1/23/s1
http://dx.doi.org/10.1038/nrc2344
http://www.ncbi.nlm.nih.gov/pubmed/18273037
http://dx.doi.org/10.1158/0008-5472.CAN-18-2468
http://www.ncbi.nlm.nih.gov/pubmed/31068341
http://dx.doi.org/10.1038/nrc2397
http://dx.doi.org/10.1667/RR1926.1
http://dx.doi.org/10.1007/s00066-012-0085-4
http://dx.doi.org/10.2217/fon.15.216
http://dx.doi.org/10.1016/j.bbcan.2016.06.004
http://dx.doi.org/10.1080/09553007914550241
http://dx.doi.org/10.1259/0007-1285-52-620-650
http://dx.doi.org/10.1152/ajpheart.2001.280.6.H2533
http://www.ncbi.nlm.nih.gov/pubmed/11356608
http://dx.doi.org/10.1158/0008-5472.CAN-07-6387
http://www.ncbi.nlm.nih.gov/pubmed/18632635
http://dx.doi.org/10.1117/1.3285584


Cancers 2021, 13, 23 15 of 20

14. Nehmeh, S.A.; Lee, N.Y.; Schroder, H.; Squire, O.; Zanzonico, P.B.; Erdi, Y.E.; Greco, C.; Mageras, G.; Pham, H.S.; Larson, S.M.; et al.
Reproducibility of intratumor distribution of (18)F-fluoromisonidazole in head and neck cancer. Int. J. Radiat. Oncol. Biol. Phys.
2008, 70, 235–242. [CrossRef] [PubMed]

15. Goncalves, M.R.; Johnson, S.P.; Ramasawmy, R.; Pedley, R.B.; Lythgoe, M.F.; Walker-Samuel, S. Decomposition of spontaneous
fluctuations in tumour oxygenation using BOLD MRI and independent component analysis. Br. J. Cancer 2015, 113, 1168–1177.
[CrossRef]

16. O’Connor, J.P.; Boult, J.K.; Jamin, Y.; Babur, M.; Finegan, K.G.; Williams, K.J.; Little, R.A.; Jackson, A.; Parker, G.J.; Reynolds,
A.R.; et al. Oxygen-Enhanced MRI Accurately Identifies, Quantifies, and Maps Tumor Hypoxia in Preclinical Cancer Models.
Cancer Res. 2016, 76, 787–795. [CrossRef]

17. Khan, N.; Mupparaju, S.; Hou, H.; Williams, B.B.; Swartz, H. Repeated assessment of orthotopic glioma pO(2) by multi-
site EPR oximetry: A technique with the potential to guide therapeutic optimization by repeated measurements of oxygen.
J. Neurosci. Methods 2012, 204, 111–117. [CrossRef]

18. Matsumoto, S.; Yasui, H.; Mitchell, J.B.; Krishna, M.C. Imaging cycling tumor hypoxia. Cancer Res. 2010, 70, 10019–10023.
[CrossRef]

19. Magat, J.; Jordan, B.F.; Cron, G.O.; Gallez, B. Noninvasive mapping of spontaneous fluctuations in tumor oxygenation using 19F
MRI. Med. Phys. 2010, 37, 5434–5441. [CrossRef]

20. Bennewith, K.L.; Raleigh, J.A.; Durand, R.E. Orally administered pimonidazole to label hypoxic tumor cells. Cancer Res. 2002,
62, 6827–6830.

21. Braun, R.D.; Lanzen, J.L.; Dewhirst, M.W. Fourier analysis of fluctuations of oxygen tension and blood flow in R3230Ac tumors
and muscle in rats. Am. J. Physiol. Heart Circ. Physiol. 1999, 277, H551–H568. [CrossRef] [PubMed]

22. Dewhirst, M.W.; Kimura, H.; Rehmus, S.W.E.; Braun, R.D.; Papahadjopoulos, D.; Hong, K.; Secomb, T.W. Microvascular studies
on the origins of perfusion-limited hypoxia. Br. J. Cancer 1996, 74, S247–S251.

23. Kimura, H.; Braun, R.D.; Ong, E.T.; Hsu, R.; Secomb, T.W.; Papahadjopoulos, D.; Hong, K.L.; Dewhirst, M.W. Fluctuations in
red cell flux in tumor microvessels can lead to transient hypoxia and reoxygenation in tumor parenchyma. Cancer Res. 1996,
56, 5522–5528. [PubMed]

24. Lanzen, J.; Braun, R.D.; Klitzman, B.; Brizel, D.; Secomb, T.W.; Dewhirst, M.W. Direct demonstration of instabilities in oxygen
concentrations within the extravascular compartment of an experimental tumor. Cancer Res. 2006, 66, 2219–2223. [CrossRef]
[PubMed]

25. Palmer, G.M.; Fontanella, A.N.; Zhang, G.Q.; Hanna, G.; Fraser, C.L.; Dewhirst, M.W. Optical imaging of tumor hypoxia dynamics.
J. Biomed. Opt. 2010, 15. [CrossRef] [PubMed]

26. Lee, C.T.; Boss, M.K.; Dewhirst, M.W. Imaging tumor hypoxia to advance radiation oncology. Antioxid. Redox Signal. 2014,
21, 313–337. [CrossRef]

27. Rickard, A.G.; Palmer, G.M.; Dewhirst, M.W. Clinical and Pre-clinical Methods for Quantifying Tumor Hypoxia. Adv. Exp.
Med. Biol. 2019, 1136, 19–41. [CrossRef]

28. Thrall, D.E.; Maccarini, P.; Stauffer, P.; Macfall, J.; Hauck, M.; Snyder, S.; Case, B.; Linder, K.; Lan, L.; McCall, L.; et al. Thermal
dose fractionation affects tumour physiological response. Int. J. Hyperth. 2012, 28, 431–440. [CrossRef]

29. Brurberg, K.G.; Skogmo, H.K.; Graff, B.A.; Olsen, D.R.; Rofstad, E.K. Fluctuations in pO2 in poorly and well-oxygenated
spontaneous canine tumors before and during fractionated radiation therapy. Radiother. Oncol. 2005, 77, 220–226. [CrossRef]

30. Brizel, D.M.; Rosner, G.L.; Prosnitz, L.R.; Dewhirst, M.W. Patterns and variability of tumor oxygenation in human soft tissue
sarcomas, cervical carcinomas, and lymph node metastases. Int. J. Radiat. Oncol. Biol. Phys. 1995, 32, 1121–1125. [CrossRef]

31. Shah, N.; Cerussi, A.; Eker, C.; Espinoza, J.; Butler, J.; Fishkin, J.; Hornung, R.; Tromberg, B. Noninvasive functional optical
spectroscopy of human breast tissue. Proc. Natl. Acad. Sci. USA 2001, 98, 4420–4425. [CrossRef] [PubMed]

32. Yu, B.; Shah, A.; Wang, B.; Rajaram, N.; Wang, Q.; Ramanujam, N.; Palmer, G.M.; Dewhirst, M.W. Measuring tumor cycling
hypoxia and angiogenesis using a side-firing fiber optic probe. J. Biophotonics 2014, 7, 552–564. [CrossRef] [PubMed]

33. Rich, L.J.; Miller, A.; Singh, A.K.; Seshadri, M. Photoacoustic Imaging as an Early Biomarker of Radio Therapeutic Efficacy in
Head and Neck Cancer. Theranostics 2018, 8, 2064–2078. [CrossRef] [PubMed]

34. Redler, G.; Epel, B.; Halpern, H.J. Principal component analysis enhances SNR for dynamic electron paramagnetic resonance
oxygen imaging of cycling hypoxia in vivo. Magn. Reson. Med. 2014, 71, 440–450. [CrossRef] [PubMed]

35. Ellingsen, C.; Ovrebo, K.M.; Galappathi, K.; Mathiesen, B.; Rofstad, E.K. pO(2) Fluctuation Pattern and Cycling Hypoxia in
Human Cervical Carcinoma and Melanoma Xenografts. Int. J. Radiat. Oncol. Biol. Phys. 2012, 83, 1317–1323. [CrossRef]

36. Baudelet, C.; Ansiaux, R.; Jordan, B.F.; Havaux, X.; Macq, B.; Gallez, B. Physiological noise in murine solid tumours using
T2*-weighted gradient-echo imaging: A marker of tumour acute hypoxia? Phys. Med. Biol. 2004, 49, 3389–3411. [CrossRef]

37. Pigott, K.H.; Hill, S.A.; Chaplin, D.J.; Saunders, M.I. Microregional fluctuations in perfusion within human tumours detected
using laser Doppler flowmetry. Radiother. Oncol. 1996, 40, 45–50. [CrossRef]

38. Panek, R.; Welsh, L.; Baker, L.C.J.; Schmidt, M.A.; Wong, K.H.; Riddell, A.M.; Koh, D.M.; Dunlop, A.; McQuaid, D.; d’Arcy, J.A.; et al.
Noninvasive Imaging of Cycling Hypoxia in Head and Neck Cancer Using Intrinsic Susceptibility MRI. Clin. Cancer Res. 2017,
23, 4233–4241. [CrossRef]

39. Wang, K.L.; Yorke, E.; Nehmeh, S.A.; Humm, J.L.; Ling, C.C. Modeling acute and chronic hypoxia using serial images of
F-18-FMISO PET. Med. Phys. 2009, 36, 4400–4408. [CrossRef]

http://dx.doi.org/10.1016/j.ijrobp.2007.08.036
http://www.ncbi.nlm.nih.gov/pubmed/18086391
http://dx.doi.org/10.1038/bjc.2015.270
http://dx.doi.org/10.1158/0008-5472.CAN-15-2062
http://dx.doi.org/10.1016/j.jneumeth.2011.10.026
http://dx.doi.org/10.1158/0008-5472.CAN-10-2821
http://dx.doi.org/10.1118/1.3484056
http://dx.doi.org/10.1152/ajpheart.1999.277.2.H551
http://www.ncbi.nlm.nih.gov/pubmed/10444480
http://www.ncbi.nlm.nih.gov/pubmed/8968110
http://dx.doi.org/10.1158/0008-5472.CAN-03-2958
http://www.ncbi.nlm.nih.gov/pubmed/16489024
http://dx.doi.org/10.1117/1.3523363
http://www.ncbi.nlm.nih.gov/pubmed/21198195
http://dx.doi.org/10.1089/ars.2013.5759
http://dx.doi.org/10.1007/978-3-030-12734-3_2
http://dx.doi.org/10.3109/02656736.2012.689087
http://dx.doi.org/10.1016/j.radonc.2005.09.009
http://dx.doi.org/10.1016/0360-3016(95)00106-9
http://dx.doi.org/10.1073/pnas.071511098
http://www.ncbi.nlm.nih.gov/pubmed/11287650
http://dx.doi.org/10.1002/jbio.201200187
http://www.ncbi.nlm.nih.gov/pubmed/23242854
http://dx.doi.org/10.7150/thno.21708
http://www.ncbi.nlm.nih.gov/pubmed/29721063
http://dx.doi.org/10.1002/mrm.24631
http://www.ncbi.nlm.nih.gov/pubmed/23401214
http://dx.doi.org/10.1016/j.ijrobp.2011.09.037
http://dx.doi.org/10.1088/0031-9155/49/15/006
http://dx.doi.org/10.1016/0167-8140(96)01730-6
http://dx.doi.org/10.1158/1078-0432.CCR-16-1209
http://dx.doi.org/10.1118/1.3213092


Cancers 2021, 13, 23 16 of 20

40. Ellingsen, C.; Andersen, L.M.; Galappathi, K.; Rofstad, E.K. Hypoxia biomarkers in squamous cell carcinoma of the uterine cervix.
BMC Cancer 2015, 15, 805. [CrossRef]

41. Sobhanifar, S.; Aquino-Parsons, C.; Stanbridge, E.J.; Olive, P. Reduced expression of hypoxia-inducible factor-1alpha in per-
inecrotic regions of solid tumors. Cancer Res. 2005, 65, 7259–7266. [CrossRef] [PubMed]

42. Jankovic, B.; Aquino-Parsons, C.; Raleigh, J.A.; Stanbridge, E.J.; Durand, R.E.; Banath, J.P.; MacPhail, S.H.; Olive, P.L. Comparison
between pimonidazole binding, oxygen electrode measurements, and expression of endogenous hypoxia markers in cancer of
the uterine cervix. Cytom. B Clin. Cytom. 2006, 70, 45–55. [CrossRef] [PubMed]

43. Moon, E.J.; Sonveaux, P.; Porporato, P.E.; Danhier, P.; Gallez, B.; Batinic-Haberle, I.; Nien, Y.C.; Schroeder, T.; Dewhirst, M.W.
NADPH oxidase-mediated reactive oxygen species production activates hypoxia-inducible factor-1 (HIF-1) via the ERK pathway
after hyperthermia treatment. Proc. Natl. Acad. Sci. USA 2010, 107, 20477–20482. [CrossRef] [PubMed]

44. Chaudary, N.; Hill, R.P. Increased expression of metastasis-related genes in hypoxic cells sorted from cervical and lymph nodal
xenograft tumors. Lab. Investig. 2009, 89, 587–596. [CrossRef]

45. Koritzinsky, M.; Wouters, B.G. The roles of reactive oxygen species and autophagy in mediating the tolerance of tumor cells to
cycling hypoxia. Semin. Radiat. Oncol. 2013, 23, 252–261. [CrossRef]

46. Moeller, B.J.; Cao, Y.; Li, C.Y.; Dewhirst, M.W. Radiation activates HIF-1 to regulate vascular radiosensitivity in tumors: Role of
reoxygenation, free radicals, and stress granules. Cancer Cell 2004, 5, 429–441. [CrossRef]

47. Lee, G.; Won, H.S.; Lee, Y.M.; Choi, J.W.; Oh, T.I.; Jang, J.H.; Choi, D.K.; Lim, B.O.; Kim, Y.J.; Park, J.W.; et al. Oxidative
Dimerization of PHD2 is Responsible for its Inactivation and Contributes to Metabolic Reprogramming via HIF-1alpha Activation.
Sci. Rep. 2016, 6, 18928. [CrossRef]

48. Ljungkvist, A.S.; Bussink, J.; Kaanders, J.H.; van der Kogel, A.J. Dynamics of tumor hypoxia measured with bioreductive hypoxic
cell markers. Radiat. Res. 2007, 167, 127–145. [CrossRef]

49. Yasui, H.; Matsumoto, S.; Devasahayam, N.; Munasinghe, J.P.; Choudhuri, R.; Saito, K.; Subramanian, S.; Mitchell, J.B.; Krishna,
M.C. Low-Field Magnetic Resonance Imaging to Visualize Chronic and Cycling Hypoxia in Tumor-Bearing Mice. Cancer Res.
2010, 70, 6427–6436. [CrossRef]

50. Podtaev, S.; Morozov, M.; Frick, P. Wavelet-based correlations of skin temperature and blood flow oscillations. Cardiovasc. Eng.
2008, 8, 185–189. [CrossRef]

51. Arciero, J.C.; Secomb, T.W. Spontaneous oscillations in a model for active control of microvessel diameters. Math. Med. Biol.
J. IMA 2012, 29, 163–180. [CrossRef] [PubMed]

52. Forouzan, O.; Yang, X.X.; Sosa, J.M.; Burns, J.M.; Shevkoplyas, S.S. Spontaneous oscillations of capillary blood flow in artificial
microvascular networks. Microvasc. Res. 2012, 84, 123–132. [CrossRef] [PubMed]

53. Lemons, D.E.; Chien, S.; Crawshaw, L.I.; Weinbaum, S.; Jiji, L.M. Significance of vessel size and type in vascular heat-transfer.
Am. J. Physiol. 1987, 253, R128–R135. [CrossRef] [PubMed]

54. Wetsel, W.C. Sensing hot and cold with TRP channels. Int. J. Hyperth. 2011, 27, 388–398. [CrossRef]
55. Huang, Y.H.; Fliegert, R.; Guse, A.H.; Lu, W.; Du, J. A structural overview of the ion channels of the TRPM family. Cell Calcium

2020, 85. [CrossRef]
56. Tan, C.L.; Cooke, E.K.; Leib, D.E.; Lin, Y.C.; Daly, G.E.; Zimmerman, C.A.; Knight, Z.A. Warm-Sensitive Neurons that Control

Body Temperature. Cell 2016, 167, 47–59. [CrossRef]
57. Liu, X.B.; Ong, H.L.; Ambudkar, I. TRP Channel Involvement in Salivary Glands-Some Good, Some Bad. Cells 2018, 7, 74.

[CrossRef]
58. Mergler, S.; Valtink, M.; Coulson-Thomas, V.J.; Lindemann, D.; Reinach, P.S.; Engelmann, K.; Pleyer, U. TRPV channels mediate

temperature-sensing in human corneal endothelial cells. Exp. Eye Res. 2010, 90, 758–770. [CrossRef]
59. Caterina, M.J. Transient receptor potential ion channels as participants in thermosensation and thermoregulation. Am. J. Physiol.

Regul. Integr. Comp. Physiol. 2007, 292, R64–R76. [CrossRef]
60. Roemer, R.B.; Oleson, J.R.; Cetas, T.C. Oscillatory temperature response to constant power applied to canine muscle. Am. J. Physiol.

1985, 249, R153–R158. [CrossRef]
61. Dewhirst, M.W.; Ong, E.T.; Braun, R.D.; Smith, B.; Klitzman, B.; Evans, S.M.; Wilson, D. Quantification of longitudinal tissue

pO(2) gradients in window chamber tumours: Impact on tumour hypoxia. Br. J. Cancer 1999, 79, 1717–1722. [CrossRef] [PubMed]
62. Cardenas-Navia, L.I.; Yu, D.H.; Braun, R.D.; Brizel, D.M.; Secomb, T.W.; Dewhirst, M.W. Tumor-dependent kinetics of partial

pressure of oxygen fluctuations during air and oxygen breathing. Cancer Res. 2004, 64, 6010–6017. [CrossRef] [PubMed]
63. Baudelet, C.; Cron, G.O.; Ansiaux, R.; Crokart, N.; DeWever, J.; Feron, O.; Gallez, B. The role of vessel maturation and vessel

functionality in spontaneous fluctuations of T-2*-weighted GRE signal within tumors. NMR Biomed. 2006, 19, 69–76. [CrossRef]
[PubMed]

64. Liu, S.; Wang, Z.; Xu, B.; Chen, K.; Sun, J.; Ren, L. Intermittent hypoxia reduces microglia proliferation and induces DNA damage
in vitro. Iran. J. Basic Med. Sci. 2016, 19, 497–502. [CrossRef]

65. Rouschop, K.M.; Dubois, L.J.; Keulers, T.G.; van den Beucken, T.; Lambin, P.; Bussink, J.; van der Kogel, A.J.; Koritzinsky, M.;
Wouters, B.G. PERK/eIF2alpha signaling protects therapy resistant hypoxic cells through induction of glutathione synthesis and
protection against ROS. Proc. Natl. Acad. Sci. USA 2013, 110, 4622–4627. [CrossRef]

http://dx.doi.org/10.1186/s12885-015-1828-2
http://dx.doi.org/10.1158/0008-5472.CAN-04-4480
http://www.ncbi.nlm.nih.gov/pubmed/16103077
http://dx.doi.org/10.1002/cyto.b.20086
http://www.ncbi.nlm.nih.gov/pubmed/16456867
http://dx.doi.org/10.1073/pnas.1006646107
http://www.ncbi.nlm.nih.gov/pubmed/21059928
http://dx.doi.org/10.1038/labinvest.2009.16
http://dx.doi.org/10.1016/j.semradonc.2013.05.006
http://dx.doi.org/10.1016/S1535-6108(04)00115-1
http://dx.doi.org/10.1038/srep18928
http://dx.doi.org/10.1667/RR0719.1
http://dx.doi.org/10.1158/0008-5472.CAN-10-1350
http://dx.doi.org/10.1007/s10558-008-9055-y
http://dx.doi.org/10.1093/imammb/dqr005
http://www.ncbi.nlm.nih.gov/pubmed/21525236
http://dx.doi.org/10.1016/j.mvr.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22732344
http://dx.doi.org/10.1152/ajpregu.1987.253.1.R128
http://www.ncbi.nlm.nih.gov/pubmed/3605377
http://dx.doi.org/10.3109/02656736.2011.554337
http://dx.doi.org/10.1016/j.ceca.2019.102111
http://dx.doi.org/10.1016/j.cell.2016.08.028
http://dx.doi.org/10.3390/cells7070074
http://dx.doi.org/10.1016/j.exer.2010.03.010
http://dx.doi.org/10.1152/ajpregu.00446.2006
http://dx.doi.org/10.1152/ajpregu.1985.249.2.R153
http://dx.doi.org/10.1038/sj.bjc.6690273
http://www.ncbi.nlm.nih.gov/pubmed/10206282
http://dx.doi.org/10.1158/0008-5472.CAN-03-0947
http://www.ncbi.nlm.nih.gov/pubmed/15342381
http://dx.doi.org/10.1002/nbm.1002
http://www.ncbi.nlm.nih.gov/pubmed/16411170
http://dx.doi.org/10.1016/j.chest.2016.02.602
http://dx.doi.org/10.1073/pnas.1210633110


Cancers 2021, 13, 23 17 of 20

66. Rouschop, K.M.; Ramaekers, C.H.; Schaaf, M.B.; Keulers, T.G.; Savelkouls, K.G.; Lambin, P.; Koritzinsky, M.; Wouters, B.G.
Autophagy is required during cycling hypoxia to lower production of reactive oxygen species. Radiother. Oncol. 2009, 92, 411–416.
[CrossRef]

67. Hammond, E.M.; Dorie, M.J.; Giaccia, A.J. ATR/ATM targets are phosphorylated by ATR in response to hypoxia and ATM in
response to reoxygenation. J. Biol. Chem. 2003, 278, 12207–12213. [CrossRef]

68. Toffoli, S.; Roegiers, A.; Feron, O.; Van Steenbrugge, M.; Ninane, N.; Raes, M.; Michiels, C. Intermittent hypoxia is an angiogenic
inducer for endothelial cells: Role of HIF-1. Angiogenesis 2009, 12, 47–67. [CrossRef]

69. Martinive, P.; Defresne, F.; Quaghebeur, E.; Daneau, G.; Crokart, N.; Gregoire, V.; Gallez, B.; Dessy, C.; Feron, O. Impact of
cyclic hypoxia on HIF-1alpha regulation in endothelial cells-new insights for anti-tumor treatments. FEBS J. 2009, 276, 509–518.
[CrossRef]

70. Malec, V.; Gottschald, O.R.; Li, S.; Rose, F.; Seeger, W.; Hanze, J. HIF-1 alpha signaling is augmented during intermittent hypoxia
by induction of the Nrf2 pathway in NOX1-expressing adenocarcinoma A549 cells. Free Radic. Biol. Med. 2010, 48, 1626–1635.
[CrossRef]

71. Martinive, P.; Defresne, F.; Bouzin, C.; Saliez, J.; Lair, F.; Gregoire, V.; Michiels, C.; Dessy, C.; Feron, O. Preconditioning of the tumor
vasculature and tumor cells by intermittent hypoxia: Implications for anticancer therapies. Cancer Res. 2006, 66, 11736–11744.
[CrossRef]

72. Hsieh, C.H.; Lee, C.H.; Liang, J.A.; Yu, C.Y.; Shyu, W.C. Cycling hypoxia increases U87 glioma cell radioresistance via ROS
induced higher and long-term HIF-1 signal transduction activity. Oncol. Rep. 2010, 24, 1629–1636. [CrossRef] [PubMed]

73. Hsieh, C.H.; Shyu, W.C.; Chiang, C.Y.; Kuo, J.W.; Shen, W.C.; Liu, R.S. NADPH oxidase subunit 4-mediated reactive oxygen
species contribute to cycling hypoxia-promoted tumor progression in glioblastoma multiforme. PLoS ONE 2011, 6, e23945.
[CrossRef] [PubMed]

74. Hsieh, C.H.; Wu, C.P.; Lee, H.T.; Liang, J.A.; Yu, C.Y.; Lin, Y.J. NADPH oxidase subunit 4 mediates cycling hypoxia-promoted
radiation resistance in glioblastoma multiforme. Free Radic. Biol. Med. 2012, 53, 649–658. [CrossRef] [PubMed]

75. Yuan, G.; Nanduri, J.; Khan, S.; Semenza, G.L.; Prabhakar, N.R. Induction of HIF-1alpha expression by intermittent hypoxia:
Involvement of NADPH oxidase, Ca2+ signaling, prolyl hydroxylases, and mTOR. J. Cell Physiol. 2008, 217, 674–685. [CrossRef]

76. Chen, W.L.; Wang, C.C.; Lin, Y.J.; Wu, C.P.; Hsieh, C.H. Cycling hypoxia induces chemoresistance through the activation of
reactive oxygen species-mediated B-cell lymphoma extra-long pathway in glioblastoma multiforme. J. Transl. Med. 2015, 13, 389.
[CrossRef] [PubMed]

77. Liu, Y.; Song, X.; Wang, X.; Wei, L.; Liu, X.; Yuan, S.; Lv, L. Effect of chronic intermittent hypoxia on biological behavior and
hypoxia-associated gene expression in lung cancer cells. J. Cell. Biochem. 2010, 111, 554–563. [CrossRef] [PubMed]

78. Schlaepfer, I.R.; Nambiar, D.K.; Ramteke, A.; Kumar, R.; Dhar, D.; Agarwal, C.; Bergman, B.; Graner, M.; Maroni, P.; Singh, R.P.;
et al. Hypoxia induces triglycerides accumulation in prostate cancer cells and extracellular vesicles supporting growth and
invasiveness following reoxygenation. Oncotarget 2015, 6, 22836–22856. [CrossRef]

79. Bhaskara, V.K.; Mohanam, I.; Rao, J.S.; Mohanam, S. Intermittent hypoxia regulates stem-like characteristics and differentiation of
neuroblastoma cells. PLoS ONE 2012, 7, e30905. [CrossRef]

80. Miao, Z.F.; Zhao, T.T.; Wang, Z.N.; Xu, Y.Y.; Mao, X.Y.; Wu, J.H.; Liu, X.Y.; Xu, H.; You, Y.; Xu, H.M. Influence of different hypoxia
models on metastatic potential of SGC-7901 gastric cancer cells. Tumor Biol. 2014, 35, 6801–6808. [CrossRef]

81. Zhu, H.; Wang, D.; Zhang, L.; Xie, X.; Wu, Y.; Liu, Y.; Shao, G.; Su, Z. Upregulation of autophagy by hypoxia-inducible factor-
1alpha promotes EMT and metastatic ability of CD133+ pancreatic cancer stem-like cells during intermittent hypoxia. Oncol. Rep.
2014, 32, 935–942. [CrossRef] [PubMed]

82. Liu, L.; Liu, W.; Wang, L.; Zhu, T.; Zhong, J.; Xie, N. Hypoxia-inducible factor 1 mediates intermittent hypoxia-induced migration
of human breast cancer MDA-MB-231 cells. Oncol. Lett. 2017, 14, 7715–7722. [CrossRef] [PubMed]

83. Chou, C.W.; Wang, C.C.; Wu, C.P.; Lin, Y.J.; Lee, Y.C.; Cheng, Y.W.; Hsieh, C.H. Tumor cycling hypoxia induces chemoresistance
in glioblastoma multiforme by upregulating the expression and function of ABCB1. Neuro Oncol. 2012, 14, 1227–1238. [CrossRef]
[PubMed]

84. Alhawarat, F.M.; Hammad, H.M.; Hijjawi, M.S.; Sharab, A.S.; Abuarqoub, D.A.; Al Shhab, M.A.; Zihlif, M.A. The effect of cycling
hypoxia on MCF-7 cancer stem cells and the impact of their microenvironment on angiogenesis using human umbilical vein
endothelial cells (HUVECs) as a model. PeerJ 2019, 7, e5990. [CrossRef] [PubMed]

85. Gupta, R.; Chetty, C.; Bhoopathi, P.; Lakka, S.; Mohanam, S.; Rao, J.S.; Dinh, D.E. Downregulation of uPA/uPAR inhibits
intermittent hypoxia-induced epithelial-mesenchymal transition (EMT) in DAOY and D283 medulloblastoma cells. Int. J. Oncol.
2011, 38, 733–744. [CrossRef] [PubMed]

86. Chen, A.; Sceneay, J.; Godde, N.; Kinwel, T.; Ham, S.; Thompson, E.W.; Humbert, P.O.; Moller, A. Intermittent hypoxia induces a
metastatic phenotype in breast cancer. Oncogene 2018, 37, 4214–4225. [CrossRef] [PubMed]

87. Martinez, C.A.; Kerr, B.; Jin, C.; Cistulli, P.A.; Cook, K.M. Obstructive Sleep Apnea Activates HIF-1 in a Hypoxia Dose-Dependent
Manner in HCT116 Colorectal Carcinoma Cells. Int. J. Mol. Sci. 2019, 20, 445. [CrossRef]

88. Louie, E.; Nik, S.; Chen, J.S.; Schmidt, M.; Song, B.; Pacson, C.; Chen, X.F.; Park, S.; Ju, J.; Chen, E.I. Identification of a stem-like
cell population by exposing metastatic breast cancer cell lines to repetitive cycles of hypoxia and reoxygenation. Breast Cancer Res.
2010, 12, R94. [CrossRef]

http://dx.doi.org/10.1016/j.radonc.2009.06.029
http://dx.doi.org/10.1074/jbc.M212360200
http://dx.doi.org/10.1007/s10456-009-9131-y
http://dx.doi.org/10.1111/j.1742-4658.2008.06798.x
http://dx.doi.org/10.1016/j.freeradbiomed.2010.03.008
http://dx.doi.org/10.1158/0008-5472.CAN-06-2056
http://dx.doi.org/10.3892/or_00001027
http://www.ncbi.nlm.nih.gov/pubmed/21042761
http://dx.doi.org/10.1371/journal.pone.0023945
http://www.ncbi.nlm.nih.gov/pubmed/21935366
http://dx.doi.org/10.1016/j.freeradbiomed.2012.06.009
http://www.ncbi.nlm.nih.gov/pubmed/22713363
http://dx.doi.org/10.1002/jcp.21537
http://dx.doi.org/10.1186/s12967-015-0758-8
http://www.ncbi.nlm.nih.gov/pubmed/26711814
http://dx.doi.org/10.1002/jcb.22739
http://www.ncbi.nlm.nih.gov/pubmed/20568121
http://dx.doi.org/10.18632/oncotarget.4479
http://dx.doi.org/10.1371/journal.pone.0030905
http://dx.doi.org/10.1007/s13277-014-1928-7
http://dx.doi.org/10.3892/or.2014.3298
http://www.ncbi.nlm.nih.gov/pubmed/24994549
http://dx.doi.org/10.3892/ol.2017.7223
http://www.ncbi.nlm.nih.gov/pubmed/29250173
http://dx.doi.org/10.1093/neuonc/nos195
http://www.ncbi.nlm.nih.gov/pubmed/22946104
http://dx.doi.org/10.7717/peerj.5990
http://www.ncbi.nlm.nih.gov/pubmed/30729067
http://dx.doi.org/10.3892/ijo.2010.883
http://www.ncbi.nlm.nih.gov/pubmed/21181094
http://dx.doi.org/10.1038/s41388-018-0259-3
http://www.ncbi.nlm.nih.gov/pubmed/29713057
http://dx.doi.org/10.3390/ijms20020445
http://dx.doi.org/10.1186/bcr2773


Cancers 2021, 13, 23 18 of 20

89. Daneau, G.; Boidot, R.; Martinive, P.; Feron, O. Identification of cyclooxygenase-2 as a major actor of the transcriptomic adaptation
of endothelial and tumor cells to cyclic hypoxia: Effect on angiogenesis and metastases. Clin. Cancer Res. 2010, 16, 410–419.
[CrossRef]

90. Delprat, V.; Tellier, C.; Demazy, C.; Raes, M.; Feron, O.; Michiels, C. Cycling hypoxia promotes a pro-inflammatory phenotype in
macrophages via JNK/p65 signaling pathway. Sci. Rep. 2020, 10, 882. [CrossRef]

91. Hlouschek, J.; Ritter, V.; Wirsdorfer, F.; Klein, D.; Jendrossek, V.; Matschke, J. Targeting SLC25A10 alleviates improved antioxidant
capacity and associated radioresistance of cancer cells induced by chronic-cycling hypoxia. Cancer Lett. 2018, 439, 24–38.
[CrossRef] [PubMed]

92. Hlouschek, J.; Hansel, C.; Jendrossek, V.; Matschke, J. The Mitochondrial Citrate Carrier (SLC25A1) Sustains Redox Home-
ostasis and Mitochondrial Metabolism Supporting Radioresistance of Cancer Cells With Tolerance to Cycling Severe Hypoxia.
Front. Oncol. 2018, 8, 170. [CrossRef] [PubMed]

93. Kumareswaran, R.; Chaudary, N.; Jaluba, K.; Meng, A.; Sykes, J.; Borhan, A.; Hill, R.P.; Bristow, R.G. Cyclic hypoxia does not alter
RAD51 expression or PARP inhibitor cell kill in tumor cells. Radiother. Oncol. 2015, 116, 388–391. [CrossRef] [PubMed]

94. Matschke, J.; Riffkin, H.; Klein, D.; Handrick, R.; Ludemann, L.; Metzen, E.; Shlomi, T.; Stuschke, M.; Jendrossek, V. Targeted
Inhibition of Glutamine-Dependent Glutathione Metabolism Overcomes Death Resistance Induced by Chronic Cycling Hypoxia.
Antioxid. Redox Signal. 2016, 25, 89–107. [CrossRef] [PubMed]

95. Tellier, C.; Desmet, D.; Petit, L.; Finet, L.; Graux, C.; Raes, M.; Feron, O.; Michiels, C. Cycling hypoxia induces a specific amplified
inflammatory phenotype in endothelial cells and enhances tumor-promoting inflammation in vivo. Neoplasia 2015, 17, 66–78.
[CrossRef]

96. Verduzco, D.; Lloyd, M.; Xu, L.; Ibrahim-Hashim, A.; Balagurunathan, Y.; Gatenby, R.A.; Gillies, R.J. Intermittent hypoxia selects
for genotypes and phenotypes that increase survival, invasion, and therapy resistance. PLoS ONE 2015, 10, e0120958. [CrossRef]

97. Nanduri, J.; Wang, N.; Yuan, G.; Khan, S.A.; Souvannakitti, D.; Peng, Y.J.; Kumar, G.K.; Garcia, J.A.; Prabhakar, N.R. Intermittent
hypoxia degrades HIF-2alpha via calpains resulting in oxidative stress: Implications for recurrent apnea-induced morbidities.
Proc. Natl. Acad. Sci. USA 2009, 106, 1199–1204. [CrossRef] [PubMed]

98. Jarrar, Y.; Zihlif, M.; Al Bawab, A.Q.; Sharab, A. Effects of Intermittent Hypoxia on Expression of Glucose Metabolism Genes in
MCF7 Breast Cancer Cell Line. Curr. Cancer Drug Targets 2020, 20, 216–222. [CrossRef]

99. Li, L.; Ren, F.; Qi, C.; Xu, L.; Fang, Y.; Liang, M.; Feng, J.; Chen, B.; Ning, W.; Cao, J. Intermittent hypoxia promotes melanoma
lung metastasis via oxidative stress and inflammation responses in a mouse model of obstructive sleep apnea. Respir. Res. 2018,
19, 28. [CrossRef]

100. Snyder, B.; Shell, B.; Cunningham, J.T.; Cunningham, R.L. Chronic intermittent hypoxia induces oxidative stress and inflammation
in brain regions associated with early-stage neurodegeneration. Physiol. Rep. 2017, 5. [CrossRef]

101. Kalliomaki, T.M.; McCallum, G.; Lunt, S.J.; Wells, P.G.; Hill, R.P. Analysis of the effects of exposure to acute hypoxia on oxidative
lesions and tumour progression in a transgenic mouse breast cancer model. BMC Cancer 2008, 8, 151. [CrossRef] [PubMed]

102. Kalliomaki, T.M.; McCallum, G.; Wells, P.G.; Hill, R.P. Progression and metastasis in a transgenic mouse breast cancer model:
Effects of exposure to in vivo hypoxia. Cancer Lett. 2009, 282, 98–108. [CrossRef]

103. Cairns, R.A.; Kalliomaki, T.; Hill, R.P. Acute (cyclic) hypoxia enhances spontaneous metastasis of KHT murine tumors. Cancer Res.
2001, 61, 8903–8908. [PubMed]

104. Cairns, R.A.; Hill, R.P. Acute hypoxia enhances spontaneous lymph node metastasis in an orthotopic murine model of human
cervical carcinoma. Cancer Res. 2004, 64, 2054–2061. [CrossRef] [PubMed]

105. Zhang, J.; Cao, J.; Ma, S.; Dong, R.; Meng, W.; Ying, M.; Weng, Q.; Chen, Z.; Ma, J.; Fang, Q.; et al. Tumor hypoxia enhances
Non-Small Cell Lung Cancer metastasis by selectively promoting macrophage M2 polarization through the activation of ERK
signaling. Oncotarget 2014, 5, 9664–9677. [CrossRef] [PubMed]

106. Rofstad, E.K.; Gaustad, J.V.; Egeland, T.A.; Mathiesen, B.; Galappathi, K. Tumors exposed to acute cyclic hypoxic stress show
enhanced angiogenesis, perfusion and metastatic dissemination. Int. J. Cancer 2010, 127, 1535–1546. [CrossRef]

107. Nanduri, J.; Vaddi, D.R.; Khan, S.A.; Wang, N.; Makerenko, V.; Prabhakar, N.R. Xanthine oxidase mediates hypoxia-inducible
factor-2alpha degradation by intermittent hypoxia. PLoS ONE 2013, 8, e75838. [CrossRef]

108. Peng, Y.J.; Yuan, G.; Khan, S.; Nanduri, J.; Makarenko, V.V.; Reddy, V.D.; Vasavda, C.; Kumar, G.K.; Semenza, G.L.; Prabhakar,
N.R. Regulation of hypoxia-inducible factor-alpha isoforms and redox state by carotid body neural activity in rats. J. Physiol.
2014, 592, 3841–3858. [CrossRef]

109. Li, J.; Bosch-Marce, M.; Nanayakkara, A.; Savransky, V.; Fried, S.K.; Semenza, G.L.; Polotsky, V.Y. Altered metabolic responses
to intermittent hypoxia in mice with partial deficiency of hypoxia-inducible factor-1alpha. Physiol. Genom. 2006, 25, 450–457.
[CrossRef]

110. Galanis, A.; Pappa, A.; Giannakakis, A.; Lanitis, E.; Dangaj, D.; Sandaltzopoulos, R. Reactive oxygen species and HIF-1 signalling
in cancer. Cancer Lett. 2008, 266, 12–20. [CrossRef]

111. Raedschelders, K.; Ansley, D.M.; Chen, D.D. The cellular and molecular origin of reactive oxygen species generation during
myocardial ischemia and reperfusion. Pharmacol. Ther. 2012, 133, 230–255. [CrossRef]

112. Finkel, T.; Holbrook, N.J. Oxidants, oxidative stress and the biology of ageing. Nature 2000, 408, 239–247. [CrossRef]
113. Nathan, C.; Cunningham-Bussel, A. Beyond oxidative stress: An immunologist’s guide to reactive oxygen species. Nat. Rev. Immunol.

2013, 13, 349–361. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1078-0432.CCR-09-0583
http://dx.doi.org/10.1038/s41598-020-57677-5
http://dx.doi.org/10.1016/j.canlet.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30205167
http://dx.doi.org/10.3389/fonc.2018.00170
http://www.ncbi.nlm.nih.gov/pubmed/29888201
http://dx.doi.org/10.1016/j.radonc.2015.03.027
http://www.ncbi.nlm.nih.gov/pubmed/25842967
http://dx.doi.org/10.1089/ars.2015.6589
http://www.ncbi.nlm.nih.gov/pubmed/27021152
http://dx.doi.org/10.1016/j.neo.2014.11.003
http://dx.doi.org/10.1371/journal.pone.0120958
http://dx.doi.org/10.1073/pnas.0811018106
http://www.ncbi.nlm.nih.gov/pubmed/19147445
http://dx.doi.org/10.2174/1568009619666191116095847
http://dx.doi.org/10.1186/s12931-018-0727-x
http://dx.doi.org/10.14814/phy2.13258
http://dx.doi.org/10.1186/1471-2407-8-151
http://www.ncbi.nlm.nih.gov/pubmed/18507854
http://dx.doi.org/10.1016/j.canlet.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/11751415
http://dx.doi.org/10.1158/0008-5472.CAN-03-3196
http://www.ncbi.nlm.nih.gov/pubmed/15026343
http://dx.doi.org/10.18632/oncotarget.1856
http://www.ncbi.nlm.nih.gov/pubmed/25313135
http://dx.doi.org/10.1002/ijc.25176
http://dx.doi.org/10.1371/journal.pone.0075838
http://dx.doi.org/10.1113/jphysiol.2014.273789
http://dx.doi.org/10.1152/physiolgenomics.00293.2005
http://dx.doi.org/10.1016/j.canlet.2008.02.028
http://dx.doi.org/10.1016/j.pharmthera.2011.11.004
http://dx.doi.org/10.1038/35041687
http://dx.doi.org/10.1038/nri3423
http://www.ncbi.nlm.nih.gov/pubmed/23618831


Cancers 2021, 13, 23 19 of 20

114. Sena, L.A.; Chandel, N.S. Physiological roles of mitochondrial reactive oxygen species. Mol. Cell 2012, 48, 158–167. [CrossRef]
[PubMed]

115. Reczek, C.R.; Chandel, N.S. ROS-dependent signal transduction. Curr. Opin. Cell Biol. 2015, 33, 8–13. [CrossRef] [PubMed]
116. Martinez-Reyes, I.; Cardona, L.R.; Kong, H.; Vasan, K.; McElroy, G.S.; Werner, M.; Kihshen, H.; Reczek, C.R.; Weinberg, S.E.;

Gao, P.; et al. Mitochondrial ubiquinol oxidation is necessary for tumour growth. Nature 2020. [CrossRef]
117. Lee, S.R.; Yang, K.S.; Kwon, J.; Lee, C.; Jeong, W.; Rhee, S.G. Reversible inactivation of the tumor suppressor PTEN by H2O2.

J. Biol. Chem. 2002, 277, 20336–20342. [CrossRef]
118. Chandel, N.S.; Maltepe, E.; Goldwasser, E.; Mathieu, C.E.; Simon, M.C.; Schumacker, P.T. Mitochondrial reactive oxygen species

trigger hypoxia-induced transcription. Proc. Natl. Acad. Sci. USA 1998, 95, 11715–11720. [CrossRef] [PubMed]
119. Bell, E.L.; Klimova, T.A.; Eisenbart, J.; Moraes, C.T.; Murphy, M.P.; Budinger, G.R.; Chandel, N.S. The Qo site of the mitochondrial

complex III is required for the transduction of hypoxic signaling via reactive oxygen species production. J. Cell Biol. 2007,
177, 1029–1036. [CrossRef] [PubMed]

120. Guzy, R.D.; Hoyos, B.; Robin, E.; Chen, H.; Liu, L.; Mansfield, K.D.; Simon, M.C.; Hammerling, U.; Schumacker, P.T. Mitochondrial
complex III is required for hypoxia-induced ROS production and cellular oxygen sensing. Cell Metab. 2005, 1, 401–408. [CrossRef]
[PubMed]

121. Li, S.; Tabar, S.S.; Malec, V.; Eul, B.G.; Klepetko, W.; Weissmann, N.; Grimminger, F.; Seeger, W.; Rose, F.; Hanze, J. NOX4 regulates
ROS levels under normoxic and hypoxic conditions, triggers proliferation, and inhibits apoptosis in pulmonary artery adventitial
fibroblasts. Antioxid. Redox Signal. 2008, 10, 1687–1698. [CrossRef] [PubMed]

122. Granger, D.N.; Kvietys, P.R. Reperfusion injury and reactive oxygen species: The evolution of a concept. Redox Biol. 2015,
6, 524–551. [CrossRef] [PubMed]

123. Morgan, M.J.; Liu, Z.G. Crosstalk of reactive oxygen species and NF-kappaB signaling. Cell Res. 2011, 21, 103–115. [CrossRef]
[PubMed]

124. Keith, B.; Johnson, R.S.; Simon, M.C. HIF1alpha and HIF2alpha: Sibling rivalry in hypoxic tumour growth and progression.
Nat. Rev. Cancer 2011, 12, 9–22. [CrossRef] [PubMed]

125. Brahimi-Horn, M.C.; Pouyssegur, J. HIF at a glance. J. Cell Sci. 2009, 122, 1055–1057. [CrossRef] [PubMed]
126. Dobrynin, G.; McAllister, T.E.; Leszczynska, K.B.; Ramachandran, S.; Krieg, A.J.; Kawamura, A.; Hammond, E.M. KDM4A

regulates HIF-1 levels through H3K9me3. Sci. Rep. 2017, 7, 11094. [CrossRef]
127. Schofield, C.J.; Ratcliffe, P.J. Oxygen sensing by HIF hydroxylases. Nat. Rev. Mol. Cell Biol. 2004, 5, 343–354. [CrossRef]
128. Koumenis, C.; Wouters, B.G. “Translating” tumor hypoxia: Unfolded protein response (UPR)-dependent and UPR-independent

pathways. Mol. Cancer Res. 2006, 4, 423–436. [CrossRef]
129. Poon, E.; Harris, A.L.; Ashcroft, M. Targeting the hypoxia-inducible factor (HIF) pathway in cancer. Expert Rev. Mol. Med. 2009,

11, e26. [CrossRef]
130. Duan, C. Hypoxia-inducible factor 3 biology: Complexities and emerging themes. Am. J. Physiol. Cell Physiol. 2016, 310, C260–C269.

[CrossRef]
131. Hagen, T. Oxygen versus Reactive Oxygen in the Regulation of HIF-1alpha: The Balance Tips. Biochem. Res. Int. 2012, 2012, 436981.

[CrossRef] [PubMed]
132. Chen, R.; Lai, U.H.; Zhu, L.; Singh, A.; Ahmed, M.; Forsyth, N.R. Reactive Oxygen Species Formation in the Brain at Different

Oxygen Levels: The Role of Hypoxia Inducible Factors. Front. Cell Dev. Biol. 2018, 6, 132. [CrossRef] [PubMed]
133. Thomas, L.W.; Ashcroft, M. Exploring the molecular interface between hypoxia-inducible factor signalling and mitochondria.

Cell. Mol. Life Sci. 2019, 76, 1759–1777. [CrossRef] [PubMed]
134. Niecknig, H.; Tug, S.; Reyes, B.D.; Kirsch, M.; Fandrey, J.; Berchner-Pfannschmidt, U. Role of reactive oxygen species in the

regulation of HIF-1 by prolyl hydroxylase 2 under mild hypoxia. Free Radic. Res. 2012, 46, 705–717. [CrossRef] [PubMed]
135. Mansfield, K.D.; Guzy, R.D.; Pan, Y.; Young, R.M.; Cash, T.P.; Schumacker, P.T.; Simon, M.C. Mitochondrial dysfunction resulting

from loss of cytochrome c impairs cellular oxygen sensing and hypoxic HIF-alpha activation. Cell Metab. 2005, 1, 393–399.
[CrossRef] [PubMed]

136. Buchan, J.R.; Parker, R. Eukaryotic stress granules: The ins and outs of translation. Mol. Cell 2009, 36, 932–941. [CrossRef]
137. Cavadas, M.A.; Nguyen, L.K.; Cheong, A. Hypoxia-inducible factor (HIF) network: Insights from mathematical models.

Cell Commun. Signal. 2013, 11, 42. [CrossRef]
138. Leedale, J.; Herrmann, A.; Bagnall, J.; Fercher, A.; Papkovsky, D.; See, V.; Bearon, R.N. Modeling the dynamics of hypoxia

inducible factor-1alpha (HIF-1alpha) within single cells and 3D cell culture systems. Math. Biosci. 2014, 258, 33–43. [CrossRef]
139. Ardaseva, A.; Gatenby, R.A.; Anderson, A.R.A.; Byrne, H.M.; Maini, P.K.; Lorenzi, T. A Mathematical Dissection of the Adaptation

of Cell Populations to Fluctuating Oxygen Levels. Bull. Math. Biol. 2020, 82, 81. [CrossRef]
140. Palcic, B.; Brosing, J.W.; Skarsgard, L.D. Survival measurements at low doses: Oxygen enhancement ratio. Br. J. Cancer 1982,

46, 980–984. [CrossRef]
141. Hammond, E.M.; Asselin, M.C.; Forster, D.; O’Connor, J.P.; Senra, J.M.; Williams, K.J. The meaning, measurement and modification

of hypoxia in the laboratory and the clinic. Clin. Oncol. 2014, 26, 277–288. [CrossRef] [PubMed]
142. Horsman, M.R.; Mortensen, L.S.; Petersen, J.B.; Busk, M.; Overgaard, J. Imaging hypoxia to improve radiotherapy outcome.

Nat. Rev. Clin. Oncol. 2012, 9, 674–687. [CrossRef]

http://dx.doi.org/10.1016/j.molcel.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/23102266
http://dx.doi.org/10.1016/j.ceb.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25305438
http://dx.doi.org/10.1038/s41586-020-2475-6
http://dx.doi.org/10.1074/jbc.M111899200
http://dx.doi.org/10.1073/pnas.95.20.11715
http://www.ncbi.nlm.nih.gov/pubmed/9751731
http://dx.doi.org/10.1083/jcb.200609074
http://www.ncbi.nlm.nih.gov/pubmed/17562787
http://dx.doi.org/10.1016/j.cmet.2005.05.001
http://www.ncbi.nlm.nih.gov/pubmed/16054089
http://dx.doi.org/10.1089/ars.2008.2035
http://www.ncbi.nlm.nih.gov/pubmed/18593227
http://dx.doi.org/10.1016/j.redox.2015.08.020
http://www.ncbi.nlm.nih.gov/pubmed/26484802
http://dx.doi.org/10.1038/cr.2010.178
http://www.ncbi.nlm.nih.gov/pubmed/21187859
http://dx.doi.org/10.1038/nrc3183
http://www.ncbi.nlm.nih.gov/pubmed/22169972
http://dx.doi.org/10.1242/jcs.035022
http://www.ncbi.nlm.nih.gov/pubmed/19339544
http://dx.doi.org/10.1038/s41598-017-11658-3
http://dx.doi.org/10.1038/nrm1366
http://dx.doi.org/10.1158/1541-7786.MCR-06-0150
http://dx.doi.org/10.1017/S1462399409001173
http://dx.doi.org/10.1152/ajpcell.00315.2015
http://dx.doi.org/10.1155/2012/436981
http://www.ncbi.nlm.nih.gov/pubmed/23091723
http://dx.doi.org/10.3389/fcell.2018.00132
http://www.ncbi.nlm.nih.gov/pubmed/30364203
http://dx.doi.org/10.1007/s00018-019-03039-y
http://www.ncbi.nlm.nih.gov/pubmed/30767037
http://dx.doi.org/10.3109/10715762.2012.669041
http://www.ncbi.nlm.nih.gov/pubmed/22360728
http://dx.doi.org/10.1016/j.cmet.2005.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16054088
http://dx.doi.org/10.1016/j.molcel.2009.11.020
http://dx.doi.org/10.1186/1478-811X-11-42
http://dx.doi.org/10.1016/j.mbs.2014.09.007
http://dx.doi.org/10.1007/s11538-020-00754-7
http://dx.doi.org/10.1038/bjc.1982.312
http://dx.doi.org/10.1016/j.clon.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24602562
http://dx.doi.org/10.1038/nrclinonc.2012.171


Cancers 2021, 13, 23 20 of 20

143. Skwarski, M.; Bowler, E.; Wilson, J.D.; Higgins, G.S.; Hammond, E.M. Targeting Tumor Hypoxia. In Molecular Targeted Ra-
diosensitizers: Opportunities and Challenges; Willers, H., Eke, I., Eds.; Springer International Publishing: Cham, Switzerland,
2020; pp. 265–299.

144. Garcia-Barros, M.; Paris, F.; Cordon-Cardo, C.; Lyden, D.; Rafii, S.; Haimovitz-Friedman, A.; Fuks, Z.; Kolesnick, R. Tumor
response to radiotherapy regulated by endothelial cell apoptosis. Science 2003, 300, 1155–1159. [CrossRef] [PubMed]

145. Liu, J.; Zhang, J.; Wang, X.; Li, Y.; Chen, Y.; Li, K.; Zhang, J.; Yao, L.; Guo, G. HIF-1 and NDRG2 contribute to hypoxia-induced
radioresistance of cervical cancer Hela cells. Exp. Cell Res. 2010, 316, 1985–1993. [CrossRef] [PubMed]

146. Harada, H. Hypoxia-inducible factor 1-mediated characteristic features of cancer cells for tumor radioresistance. J. Radiat. Res.
2016, 57 (Suppl. S1), i99–i105. [CrossRef] [PubMed]

147. Barker, H.E.; Paget, J.T.; Khan, A.A.; Harrington, K.J. The tumour microenvironment after radiotherapy: Mechanisms of resistance
and recurrence. Nat. Rev. Cancer 2015, 15, 409–425. [CrossRef]

148. Moeller, B.J.; Dreher, M.R.; Rabbani, Z.N.; Schroeder, T.; Cao, Y.; Li, C.Y.; Dewhirst, M.W. Pleiotropic effects of HIF-1 blockade on
tumor radiosensitivity. Cancer Cell 2005, 8, 99–110. [CrossRef]

149. Moeller, B.J.; Dewhirst, M.W. HIF-1 and tumour radiosensitivity. Br. J. Cancer 2006, 95, 1–5. [CrossRef]
150. Harding, H.P.; Zhang, Y.; Zeng, H.; Novoa, I.; Lu, P.D.; Calfon, M.; Sadri, N.; Yun, C.; Popko, B.; Paules, R.; et al. An integrated

stress response regulates amino acid metabolism and resistance to oxidative stress. Mol. Cell 2003, 11, 619–633. [CrossRef]
151. Wadsworth, B.J.; Cederberg, R.A.; Lee, C.M.; Firmino, N.S.; Franks, S.E.; Pan, J.; Colpo, N.; Lin, K.S.; Benard, F.; Bennewith, K.L.

Angiotensin II type 1 receptor blocker telmisartan inhibits the development of transient hypoxia and improves tumour response
to radiation. Cancer Lett. 2020, 493, 31–40. [CrossRef]

152. Cosse, J.P.; Michiels, C. Tumour hypoxia affects the responsiveness of cancer cells to chemotherapy and promotes cancer
progression. Anticancer Agents Med. Chem. 2008, 8, 790–797. [CrossRef] [PubMed]

153. Monti, E.; Gariboldi, M.B. HIF-1 as a target for cancer chemotherapy, chemosensitization and chemoprevention. Curr. Mol. Pharmacol.
2011, 4, 62–77. [CrossRef] [PubMed]

154. Steeg, P.S. Targeting metastasis. Nat. Rev. Cancer 2016, 16, 201–218. [CrossRef] [PubMed]
155. Chambers, A.F.; Groom, A.C.; MacDonald, I.C. Dissemination and growth of cancer cells in metastatic sites. Nat. Rev. Cancer 2002,

2, 563–572. [CrossRef]
156. Rankin, E.B.; Giaccia, A.J. Hypoxic control of metastasis. Science 2016, 352, 175–180. [CrossRef]
157. Lu, X.; Kang, Y. Hypoxia and hypoxia-inducible factors: Master regulators of metastasis. Clin. Cancer Res. 2010, 16, 5928–5935.

[CrossRef]
158. Joyce, J.A.; Pollard, J.W. Microenvironmental regulation of metastasis. Nat. Rev. Cancer 2009, 9, 239–252. [CrossRef]
159. Rofstad, E.K.; Galappathi, K.; Mathiesen, B.; Ruud, E.B. Fluctuating and diffusion-limited hypoxia in hypoxia-induced metastasis.

Clin. Cancer Res. 2007, 13, 1971–1978. [CrossRef]
160. Gutsche, K.; Randi, E.B.; Blank, V.; Fink, D.; Wenger, R.H.; Leo, C.; Scholz, C.C. Intermittent hypoxia confers pro-metastatic

gene expression selectively through NF-kappaB in inflammatory breast cancer cells. Free Radic. Biol. Med. 2016, 101, 129–142.
[CrossRef]

161. Denko, N.C. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat. Rev. Cancer 2008, 8, 705–713. [CrossRef]
162. Zeng, W.; Liu, P.; Pan, W.; Singh, S.R.; Wei, Y. Hypoxia and hypoxia inducible factors in tumor metabolism. Cancer Lett. 2015,

356, 263–267. [CrossRef] [PubMed]
163. Drager, L.F.; Jun, J.C.; Polotsky, V.Y. Metabolic consequences of intermittent hypoxia: Relevance to obstructive sleep apnea.

Best Pract. Res. Clin. Endocrinol. Metab. 2010, 24, 843–851. [CrossRef] [PubMed]
164. Chiang, A.A. Obstructive sleep apnea and chronic intermittent hypoxia: A review. Chin. J. Physiol. 2006, 49, 234–243. [PubMed]
165. Ryan, S. Adipose tissue inflammation by intermittent hypoxia: Mechanistic link between obstructive sleep apnoea and metabolic

dysfunction. J. Physiol. 2017, 595, 2423–2430. [CrossRef] [PubMed]
166. Zannella, V.E.; Dal Pra, A.; Muaddi, H.; McKee, T.D.; Stapleton, S.; Sykes, J.; Glicksman, R.; Chaib, S.; Zamiara, P.; Milosevic, M.;

et al. Reprogramming metabolism with metformin improves tumor oxygenation and radiotherapy response. Clin. Cancer Res.
2013, 19, 6741–6750. [CrossRef] [PubMed]

167. Ashton, T.M.; Fokas, E.; Kunz-Schughart, L.A.; Folkes, L.K.; Anbalagan, S.; Huether, M.; Kelly, C.J.; Pirovano, G.; Buffa, F.M.;
Hammond, E.M.; et al. The anti-malarial atovaquone increases radiosensitivity by alleviating tumour hypoxia. Nat. Commun.
2016, 7, 12308. [CrossRef]

168. Benej, M.; Hong, X.; Vibhute, S.; Scott, S.; Wu, J.; Graves, E.; Le, Q.T.; Koong, A.C.; Giaccia, A.J.; Yu, B.; et al. Papaverine and its
derivatives radiosensitize solid tumors by inhibiting mitochondrial metabolism. Proc. Natl. Acad. Sci. USA 2018, 115, 10756–10761.
[CrossRef]

http://dx.doi.org/10.1126/science.1082504
http://www.ncbi.nlm.nih.gov/pubmed/12750523
http://dx.doi.org/10.1016/j.yexcr.2010.02.028
http://www.ncbi.nlm.nih.gov/pubmed/20206160
http://dx.doi.org/10.1093/jrr/rrw012
http://www.ncbi.nlm.nih.gov/pubmed/26983985
http://dx.doi.org/10.1038/nrc3958
http://dx.doi.org/10.1016/j.ccr.2005.06.016
http://dx.doi.org/10.1038/sj.bjc.6603201
http://dx.doi.org/10.1016/S1097-2765(03)00105-9
http://dx.doi.org/10.1016/j.canlet.2020.07.015
http://dx.doi.org/10.2174/187152008785914798
http://www.ncbi.nlm.nih.gov/pubmed/18855580
http://dx.doi.org/10.2174/1874467211104010062
http://www.ncbi.nlm.nih.gov/pubmed/20958262
http://dx.doi.org/10.1038/nrc.2016.25
http://www.ncbi.nlm.nih.gov/pubmed/27009393
http://dx.doi.org/10.1038/nrc865
http://dx.doi.org/10.1126/science.aaf4405
http://dx.doi.org/10.1158/1078-0432.CCR-10-1360
http://dx.doi.org/10.1038/nrc2618
http://dx.doi.org/10.1158/1078-0432.CCR-06-1967
http://dx.doi.org/10.1016/j.freeradbiomed.2016.10.002
http://dx.doi.org/10.1038/nrc2468
http://dx.doi.org/10.1016/j.canlet.2014.01.032
http://www.ncbi.nlm.nih.gov/pubmed/24508030
http://dx.doi.org/10.1016/j.beem.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/21112030
http://www.ncbi.nlm.nih.gov/pubmed/17294831
http://dx.doi.org/10.1113/JP273312
http://www.ncbi.nlm.nih.gov/pubmed/27901270
http://dx.doi.org/10.1158/1078-0432.CCR-13-1787
http://www.ncbi.nlm.nih.gov/pubmed/24141625
http://dx.doi.org/10.1038/ncomms12308
http://dx.doi.org/10.1073/pnas.1808945115

	Introduction 
	Physiological Characterization 
	Does Cyclic Hypoxia Occur in Canine and Human Tumors? 
	Mechanisms Underlying Cyclic Hypoxia 
	Cellular Consequences 
	Future Directions 
	References

