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Abstract
We present new data on the effects of HBOT on human kidney (HK-2) cell metabolism using a SeaHorse XF Analyzer to
evaluate separately the state of mitochondrial and glycolytic energy metabolism. The data are discussed in the context of
the concept of cellular caloristasis networks. The information on the changes in cellular energy metabolism stimulated
by HBOT presented here provides new insights into the cellular energy state and mitochondrial environment in which
sHSPs function. These data will be useful in forming testable hypotheses about the functions of translocated sHSPs in
human mitochondria responding to stressors.
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Introduction

Deep history of stress bioenergetics: metabolic versus
proteotoxic stress

Ferruccio Ritossa reported his discovery of the heat shock
response (HSR) of Drosophila in 1962(Ritossa 1962). The
title of the paper included not only temperature shock but also
2,4-dinitrophenol (DNP) as inducers, indelibly linking the
HSR with cellular energy metabolism. As Ferruccio later
reflected (Ritossa 1996), he found a small book by Albert
Szent-Gyorgyi titled Bioenergetics in which the Nobel
Laureate proposed that electron flow along the respiratory
chain in mitochondria was facilitated by an ice-like crystalline
structure of water molecules hydrating the transport chain.
Ferruccio wondered if heat could destroy such a structure
resulting in uncoupling of oxidative phosphorylation. This
idea led him to test whether DNP and other uncouplers such

as salicylate and recovery from anoxia could induce the heat
shock puffs (heat shock gene activation). This was the first
attempt to create a testable hypothesis about the functional
significance of the heat shock response. Indeed, the uncou-
plers induced the same puffs, and Ferruccio pursued the hy-
pothesis that the HSR is directly correlated with changes in
cellular metabolism, specifically cellular energy production.
He commented in his reflections article that “It does not matter
if this interpretation was true or false; it was a working link
between imagination and reality, like love”(Ritossa 1996).
Ferruccio had the analytical mind of a scientist and the restless
spirit of an artist. He continued to think of the response as
having general importance as an organismal response to an
environmental signal. Many colleagues did not share this
view, and they considered the response a laboratory artifact,
an attitude that Ferruccio found very discouraging.

In his full article that followed his 1962 brief communica-
tion, Ferruccio added to the list of inducers sodium azide and
dicumarol (Ritossa 1964). He chose inducers known to in-
crease cellular ADP and inorganic phosphate and decrease
concentrations of ATP. In the concluding remarks, he
foreshadowed the more recent concepts of caloristasis net-
works and cellular oxygen sensing. He thought that a newly
synthesized compound was needed for chromatin puffing to
occur and that even though metabolic changes might create
the inducing stimulus, puffing required a functional energy-
producing system.
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The current view

Ferruccio lived long enough to see the resurgence of cellular
energy metabolism as a key component of cellular stress re-
sponses. His opinion was that the HSR, as he preferred to call
it, likely held more surprises for future investigators. Most in-
vestigators now call the HSR the proteotoxic stress response
(PSR), recognizing that heat is one of the long list of stressors
that induce molecular chaperones by damaging proteins, i.e.,
proteotoxicity (Hightower 1991). In 2015, a remarkable paper
by Dai and coworkers (Dai et al. 2015) described how the PSR
and the metabolic stress response (MSR) worked in opposition
to create a new mechanism to maintain cellular homeostasis.
We suggest that this third mechanism, a combination of PSR
and MSR, is the caloristasis network. The proximal integrator
of these responses is HSF1, its DNA binding activity induced in
Dai’s study by heat stress to produce the PSR. A key player in
the new mechanism is adenosine monophosphate kinase
(AMPK), a key sensor and master regulator of cell nutritional
status. The PSR is facilitated by reduced AMPK activity in
cells. Low cellular AMPK activity indicates the ATP sufficient,
nutritionally replete cellular state capable of supporting the en-
ergetically expensive tasks of the PSR. Dai and colleagues
found that the PSR can inhibit AMPK activation and thus di-
minish cells’ ability to mount a MSR. In contrast, cell nutrient
deprivation activates AMPK. Activated AMPK phosphorylates
HSF1 on Ser121 reducing its DNA binding activity (negative
regulation) and blocking the induction of the energetically de-
manding PSR in cells experiencing reduced levels of ATP and
attempting to respond with the MSR to restore cellular homeo-
stasis. This effect may be cell type dependent but holds for a
human kidney cell line HEK293 used in the Dai study. A hu-
man kidney (HK-2) cell line was used in our HBOT study
described herein.

Hyperbaric oxygen therapy: a cellular stress response
modulator

The use of compressed air for therapeutics was first noted in
1662 by Henshaw. The discovery of oxygen in 1775 opened
a new chapter for the improvement of HBOT. From 1789
through the early 1880s, there was a growing disinclination
toward the use of HBOT due to possible toxicity from the
excess oxygen (Edwards 2010). However, physicians and
researchers around the world started to appreciate the possi-
ble therapeutic benefits of HBOT which led to the manufac-
ture of several hyperbaric oxygen chambers for use in human
therapy. HBOT is now used primarily for the therapy of
decompression illness (patients affected by scuba diving),
carbon monoxide poisoning, infections, and wounds seen
in diabetic profile patients. Our recent findings indicate that
HBOT may even be advantageous for the treatment of type 2
diabetes (Harrison et al. 2018; Verma et al. 2015). The

therapeutic actions of HBOT are the result of elevating both
the partial pressure of oxygen and the hydrostatic pressure.
Henry’s law adapted to our example states that the amount of
oxygen dissolved in a liquid at constant temperature is di-
rectly proportional to the partial pressure of oxygen in equi-
librium with blood plasma. Dalton’s law of partial pressures
states that the pressure of a mixture of gases is the sum of the
pressures of the individual gases (Choudhury 2018; Thom
2009). The oxygen-carrier protein hemoglobin, nearly fully
occupied under normal conditions, becomes saturated with
bound oxygen under these conditions. Increased hydrostatic
pressure is essential for stimulation of the cell and for tissue-
level changes in gene expression responsible for the action of
HBOT as a cellular stress response modulator and as an
inducer of acquired cytoprotection.

HBOT and the caloristasis network

Swan and Sistonen (Swan and Sistonen 2015) have provided a
useful summary of the complex, data-rich paper of Dai et al.
(2015). Taken together, they provide an excellent example of
the value of the caloristasis network concept, first publicly
presented by L. Hightower at the CSSI Turku Congress
(Bonorino et al. 2018). This concept emphasizes the integra-
tive regulatory interactions needed to understand cellular en-
ergy homeostasis. In this paper, we present new data about the
changes in energy metabolism in human cells exposed to
HBOT, oxygen provided at about 2.4 atm for 60 min followed
by a recovery period. We have long argued that HBOTshould
not be considered an oxidative stress because the small
amount of reactive oxygen species (ROS) generated in cells
is sensed as a signal to activate the transcription factor Nrf-2,
the master regulator of expression of genes involved in cellu-
lar antioxidant defenses.

In the Dai study and in Fig. 1 (HSF1 integrates multiple
stress responses) of the Swan and Sistonen summary, it is clear
that HBOT should be placed alongside the anti-diabetes drug
metformin and not with heat shock and oxidative stress.
Metformin blocks mitochondrial ROS production by
inhibiting respiration, leading to activation of AMPK (Foretz
et al. 2014). It is significant that Swan and Sistonen included
both heat shock and oxidative stress on the PSR side of their
figure and metformin on the MSR side. Combination of PSR
and MSR is one of the most frequently encountered stressor
pairings that organisms encounter in the real world outside of
the research laboratory. Two examples in mammals are re-
sponses to tissue damage and inflammation including infec-
tions. Both involve a combination of heat stress and oxidative
stress, provoking cell and tissue responses orchestrated pri-
marily by the activation of HSF1 and Nrf-2, respectively.
The PSR and MSR appear to be controlled by the cellular
equivalent of a continuously adjustable rheostat rather than
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two on/off switches as these regulators respond to rapidly
changing states of proteostasis and caloristasis.

HBOT as a cytoprotective response

The effects of HBOT on a cellular level have been studied in
terms of its antioxidant pathway-activating mechanisms asso-
ciated with cytoprotection (Verma et al. 2015). Cellular
stressors, including injury, infection, and chronic diseases,
trigger a stress response that results in the production of anti-
oxidants (Giudice et al. 2010). Nrf2-Keap1 plays the key role
in regulating the expression of antioxidant genes in the
stressed cells. Under stress-free conditions, Nrf2 is found in
a ubiquitinated state degraded in the proteasome, whereas in
the presence of an electrophilic stressor, Nrf2 is stabilized and
transported to the nucleus where it activates antioxidant re-
sponse element-regulated genes (Giudice et al. 2010;
Godman et al. 2010a; Godman et al. 2010c; Verma et al.
2015). Post-HBOT expression levels of Nrf2 in human endo-
thelial cells (HMEC-1) showed an increase, indicating antiox-
idant pathway activation as an immediate response to HBOT,
thus implying a cytoprotective effect of HBOT. We tested for
protection by allowing HBOT-treated HMEC-1 cells to recov-
er for 24 h before challenging themwith the oxidant tert-butyl-
hydroperoxide. Relative to untreated control cells, the HBOT-
treated cells were significantly more resistant to the hydroper-
oxide (Godman et al. 2010a; Godman et al. 2010c).

In our previous study, Db/Db mice (type 2 diabetes model
lacking leptin receptor activity) were used to study the effect
of periodic HBOT on suppressing renal injury. Several
markers of kidney damage were reduced significantly by
HBOT (Verma et al. 2015). Expression of the stress response
genes Nrf2 and HMOX1 was also reduced after periodic ex-
posure to HBOT. These findings suggest that HBOT triggers

non-cytotoxic oxidative stimuli, ultimately reducing oxidative
stress and increasing antioxidant levels. We anticipated that
ROS generated by 100% oxygen would act as a non-cytotoxic
signal since moderate doses of ROS stimulate cytoprotection
by preconditioning effects and induce cellular defense path-
ways (Bilban et al. 2008). However, another key factor that
has roles in cytoprotection, cellular energy metabolism, has
not been investigated in detail using HBOT.

Purpose of this paper

We present new data on the effects of HBOT on human
kidney (HK-2) cell metabolism using a SeaHorse XF
Analyzer to evaluate separately the state of mitochondrial
and glycolytic energy metabolism. We now have three dif-
ferent lines of evidence linking HBOT to changes in mito-
chondrial functions that we summarize in the “Discussion”
section. Currently, our hypothesis linking the changes in
cellular energy metabolism caused by HBOT to sHSPs in
our work is speculative but firmly grounded in published
studies. We did detect HSPB1 gene expression in a micro-
array study of gene expression in HBOT-treated HMEC-1
cells (Godman et al. 2010a; Godman et al. 2010c).
However, HBOT did not significantly affect HSPB1
(Hsp27) gene expression. Unlike Drosophila and plant
species that have been studied, mammalian cells do not
have a sHSP isoform that is primarily located in mitochon-
dria. However, there is ample evidence that sHSPs trans-
locate to mitochondria in stressed mammalian cells (Zeng
et al. 2013). In their review article, Zeng et al. concluded
that several kinds of sHSPs are translocated to mitochon-
dria where they confer protection again stress by maintain-
ing mitochondrial homeostasis. We will limit our remarks
to human Hsp27. Zeng et al. summarized studies showing

Fig. 1 XFp mito stress test modulators of electron transport chain (ETC).
The target of action of all compounds (oligomycin, FCCP, rotenone, and
antimycin A) injected into the reagent ports enabling themeasurements of

basal respiration, ATP production, maximal respiration, spare capacity,
and non-mitochondrial respiration. (Images used with permission from
Agilent SeaHorse Technologies, Inc.)
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that Hsp27 plays an essential role in the intracellular traf-
ficking of mitochondria during mitophagy (mitochondrial
autophagy). Hsp27 knockdown in human cell lines results
in fragmentation of mitochondria similar to mitophagy
with reduced aerobic respiration and ATP levels. In
cytoprotected cells (thermotolerance), HSP27 associates
with the mitochondrial fraction, and its loss stimulates cy-
tochrome c release from mitochondria exposed to caspase-
dependent apoptotic stimuli (Samali et al. 2001). Hsp27 is
also involved in neuroprotection and cardioprotection
(Zeng et al. 2013).

The information on the changes in cellular energy me-
tabolism stimulated by HBOT presented here provides new
information on the cellular energy state and mitochondrial
environment in which these sHSPs function. These data
will be useful in forming testable hypotheses about the
functions of translocated sHSPs in human mitochondria
responding to stressors.

Methods

Cell mito stress test

HK-2 cells were plated on a SeaHorse microwell miniplate
treated at 2.4 atm with 100% saturated oxygen for 2 h within
the Life Support Technologies Small Round Experimental
Hyperbaric Chamber. Then, glycolytic flux and mitochondrial
respiration of HK-2 cells were simultaneously assessed by
SeaHorse Bioscience extracellular flux analyzer. Glycolysis
and mitochondrial stress tests (Figs. 1 and 2) were performed
on day 0 and 1 following HBOT treatment. The mitochondrial
respiration and glycolysis profiles of the HBOT-treated and
non-treated groups were compared by taking the oxygen

consumption rate (OCR) and extracellular acidification rate
(ECAR) standard graphs (Figs. 1 and 2) as a reference.

Mitochondrial respiration (OCR) of HK-2 cells under ±
HBOT conditions was evaluated using XF Cell Mito Stress
Kit (Agilent SeaHorse). The sensor of the analyzer
approached as close as 2 ul above the cells and detected
changes in the oxygen concentration of the cells in real time.

Mitochondrial respiration, the oxygen consumption rate,
was measured after the injections of oligomycin, FCCP, rote-
none, and antimycin A through individual ports into the
microwells. The injections provided information on the base-
line oxygen consumption (respiratory capacity), ATP-linked
and non-ATP-linked oxygen consumption, respiration capac-
ity, and non-mitochondrial respiration.

Following the first injection, oligomycin inhibited ATP
synthase (complex V) (increased pH gradient) and conse-
quently lowered the OCR. The second injection of the mito-
chondrial uncoupler protein FCCP collapsed the pH gradient
and increased the OCR. Following the final injection, rote-
none and antimycin A blocked electron transport occurring
from complex I and III to ubiquinone, respectively. It resulted
in the inhibition of mitochondrial respiration. Thus, oxygen
consumption via ETC was inhibited. The remaining OCR
measurements after the rotenone/antimycin A injection repre-
sented only the non-mitochondrial oxygen consumption and
respiration.

Glycolysis stress test

ECAR, glycolytic flux, represents the rate of extracellular
proton production in real time. The first injection of glucose
is added to the wells. The cells convert the supplied source of
glucose into pyruvate through glycolysis which results in the
production of ATP, NAD+, H2O, and protons. The increase in
the proton (H+) concentration causes an increase in the ECAR

Fig. 2 XFp glycolysis stress test modulators of glycolysis. The target of
action of all compounds (glucose, oligomycin, 2-DG) injected into the
reagent ports and measuring glycolysis, glycolytic capacity, glycolytic

reserve, and non-glycolytic acidification. (Images used with permission
from Agilent SeaHorse Technologies, Inc.)
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levels. Secondly, oligomycin is injected to limit the mitochon-
drial respiration, thus shifting energy metabolism to glycoly-
sis, leading to a steep increase in ECAR. Finally, the injection
of a glucose analog, 2-deoxy-glucose (2-DG), targets glucose
hexokinase due to its high affinity. The competitive binding of
2-DG to glucose hexokinase results in inhibition of glycolysis
which drops ECAR levels. It also suggests that it is the process
of glycolysis which regulates ECAR.

Results

Early (day 0) and late (day 1) metabolic responses of HK-2
cells to hyperbaric oxygen therapy (HBOT = experimental
group) were analyzed with SeaHorse extracellular flux tech-
nology and compared with the response of the control group.

The first and second HBOT were performed on day 0 and
1, respectively. HK-2 cells were exposed to hyperbaric oxy-
gen on both days for 2 h. Measurements were made immedi-
ately. Both day 0 and 1 HBOT groups displayed a reduced
mitochondrial activity and energy metabolism indicated by
lower reads of OCR compared with the non-treated control
as shown in Fig. 3 a and b. All of the graphs shown in
Figs. 3, 4, 5, 6, and 7 were created within the SeaHorse in-
strument using Agilent Cell Analysis software. HBOT leads
to higher levels of ROS production by the mitochondria;
therefore, cells may decrease ROS accumulation by reducing
their mitochondrial activity to alleviate the oxidative stress as
a protective response.

Glycolysis was evaluated using the extracellular acidifica-
tion rate (ECAR) generated by HK-2 cells upon glucose injec-
tion. Figure 4 a and b show the ECARmeasurements done after
the first and second HBOT. The HBOT group indicated an
increased ECAR relative to control values between day 0 and 1.

To compensate for the drop in ATP production and reduced
mitochondrial respiration shown in Fig. 4 a and b, HBOT-
treated cells shift energy metabolism toward glycolysis as
seen in Fig. 5 a and b. Note that the standard deviations of
the control and HBOT data overlap almost completely so the

small difference in ECAR is not statistically significant on day
0. Day 1 in Fig. 4b represents HBOT-treated cells starting to
undergo a recovery phase to produce energy. Glycolytic re-
duction in day 1 of the HBOT group might be an opportunity
to synthesize more glycolytic enzymes and to expand glyco-
lytic capacity to meet bioenergetics demands.

Glycolytic activity of the HBOT group is supported by in-
creased non-mitochondrial respiration which provides the
source of NAD+. We also observed an almost twofold increase
in the non-mitochondrial oxygen consumption of the HBOT
group between day 0 and 1 as seen in Fig. 6 a and b. Control
groups on day 0 and day 1 displayed a stable non-mitochondrial
respiratory activity (12 pmol/min on day 0 and day 1).

Figure 6c from an independent experiment confirmed the
significant ability of the HBOT group to perform non-
mitochondrial respiration. HBOT may therefore stimulate cells
to perform higher transplasma membrane electron transport
(tPMET). tPMET activity may allow cells to maintain energy
levels and redox homeostasis by reducing oxidative stress in
order to regulate biological functions including cell metabo-
lism, growth, and death (Prata et al. 2010; Stuart et al. 2018).

The basal respiration includes the respiration that drives the
production of ATP, which can be determined by oligomycin
injection, and the respiration that is linked with the processes
of proton leakage. The basal respiration excludes the non-
mitochondrial respiration rate. Higher levels of mitochondrial
oxygen consumption were observed in the control condition
compared with HBOT under basal conditions (Fig. 7 a and b).
HBOT caused mitochondrial respiration to be stabilized:
25 pmol/min on day 0 and 1.

Discussion

Cellular energy metabolism under the stress of type 2
diabetes mellitus

Type 2 diabetes mellitus leads to cellular stress and tissue
damage due to accumulation of ROS that triggers increased

Fig. 3 a OCR in day 0 of HBOT. b OCR in day 1 of HBOT
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glycolysis to meet increased cellular energy requirements.
This stress/damage can ultimately result in kidney failure. A
healthy kidney primarily uses oxidative phosphorylation to
oxidize glucose to CO2 and H2O in the process of generating
ATP. However, in the diabetic kidney, glycolysis dominates in
a similar chronic trend to the Warburg effect seen in cancer
(Wittig and Coy 2008). This is possibly the result of poor
circulation/O2 delivery. The shift toward glycolysis is noted
as one of the driving factors of diabetic kidney disease along
with mitochondrial dysfunction. The diabetic kidney profiles
also indicate lower mitochondrial mass, due to mitophagy,
which results in lower electron transport chain (ETC) cycle
metabolites and mitochondrial activity. One of the possible
explanations for the metabolic shift toward the glycolysis seen
in type 2 diabetes is that the glucose is metabolized faster via
aerobic glycolysis compared with that of oxidative phosphor-
ylation within the mitochondria (Zhang et al. 2018). Studies
have also revealed that the alterations in cellular oxidative
stress can control the metabolic shift toward glycolysis in
the hepatoma cells. This shift indicates an increased cellular
ROS microenvironment associated with a higher rate of gly-
colysis, whereas reduced levels of ROS are associated with
the inhibition of glycolysis (Shi et al. 2009). ROS signaling
may trigger a similar change in cellular metabolism as a result
of a controlled application of HBOT but without the chronic
damage caused by type 2 diabetes.

HSF1-deficient mouse hepatocytes and HK-2 cells
compared

Carles Canto (Cantó 2017) wrote a very useful summary for
another important paper by Qiao and coworkers in the Mivechi
laboratory (Qiao et al. 2017) that extends our knowledge of
HSF1 as a central regulator between hepatic bioenergetics and
protein homeostasis. The key new finding is that HSF1 binds to
the Nampt promoter as well as the PSR promoter. This gene
encodes nicotinamide phosphoribosyltransferase (Nampt), the
critical enzyme in the NAD+ salvage pathway from nicotin-
amide. The link to mitochondria is that NAD+ is a co-
substrate for SIRT1 and SIRT3, deacetylases that play a major
role in maintaining functional mitochondria. HSF1 deficiency
leads to a reduction of the number of mitochondria and oxida-
tive capacity in mouse hepatocytes via this HSF1-Nampt-
NAD + -SIRT axis. Qiao and colleagues used the same type
of flux analyzer (Seahorse Bioscience) that we used which fa-
cilitated the comparison of mitochondrial complex activities
and respiration capacity measured by OCR. The pattern of the
OCR data for wild-type hepatocytes is remarkably similar to
untreated HK-2 cells in our study, whereas the changes in hsf1-/
- hepatocytes were relatively very similar to the HBOT-treated
HK-2 cells on day 1, indicating reduced mitochondrial respira-
tory capacity. The ECAR was slightly higher in hsf1-/- hepato-
cytes, whereas ECAR was relatively much higher in day 1

Fig. 5 a Glycolytic activity in day 0 of HBOT. b Glycolytic activity in day 1 of HBOT

Fig. 4 a ECAR in day 0 of HBOT. b ECAR in day 1 of HBOT
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HBOT-treated HK-2 cells, indicating a much greater shift to
glycolytic metabolism. We interpreted these changes as consis-
tent with cells entering a cytoprotected state in response to
HBOT. Interestingly, Qiao et al. found the HSF1-deficient cells
had decreased ROS levels in their cytoplasm and mitochondria.
They speculated that the changes in mitochondrial dynamics in
hsf1-/- mice represented an adaptive or compensatory response

to the lower levels of NAD+ and ATP. After normalizing to
mitochondrial protein or DNA levels, they suggested that de-
creases in numbers of mitochondria per cell were the more
likely explanation for impaired respiration. So, what about the
overall cellular response? Perhaps their most surprising conclu-
sion is that the loss of HSF1 actually increases cellular fitness
and maintains the viability of cells by stimulating what they

Fig. 6 aNon-mitochondrial respiration in day 0 of HBOT. bNon-mitochondrial respiration in day 1 of HBOT. cNon-mitochondrial respiration on day 0
in an independent experiment

Fig. 7 a Basal mitochondrial respiration in day 0 of HBOT. b Basal mitochondrial respiration in day 1 of HBOT
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term “an adaptive compensatory response” to compensate for
the diminished levels of NAD+ and ATP. They ascribe this
change to the attenuation of nutrient-regulated anabolic metab-
olism in the liver.

In our gene expression studies, it is clear that both HSF1
and Nrf2 transcription factors are active in HBOT-treated vas-
cular endothelial cells and that these cells acquire protection
from oxidative stress. In our study, HBOTalso downregulated
ribosomal protein S6 kinase (S6K) in the mammalian target of
rapamycin complex 1 (mTORC1) pathway which would at-
tenuate nutrient-regulated anabolic metabolism. It is possible
that Nrf2-regulated gene products are primarily responsible
for the changes in energetics in these cells and that HSF1-
regulated gene products provided a counterbalance that
matches anabolic metabolism with available energy. Support
for this idea comes from a report from the Lindquist laboratory
describing the outcome of a high-throughput screen for small
molecules that inhibit activation of HSF1 (Santagata et al.
2013). The strongest inhibitor was rocaglamide A, an inhibitor
of translation initiation. They reported that RHT, an analog of
rocaglamide A, increased thioredoxin-interacting protein
(TXNIP) at both the protein and RNA levels as well as re-
duced glucose uptake and lactate production. In effect,
rocaglates alter tumor energy metabolism, and HSF1 activa-
tion is required to support the anabolic malignant state that
encompasses the Warburg effect which is essentially a meta-
bolic state of many cancers marked by increased lactic acid
production due to elevated aerobic glycolysis and consequent-
ly acidification of the culture medium. The target of RHT
which is TXNIP is a key negative regulator of glucose uptake
and thus cellular energy status. In cancer cells, lower levels of
TXNIP facilitate the Warburg effect. In effect, cancer cells
have co-opted cytoprotection and adapted it for their own
benefit. Interestingly, a broad range of prokaryotic and eu-
karyotic cells use aerobic glycolysis during periods of rapid
cell proliferation. It has been proposed that the major function
of aerobic glycolysis is to produce elevated levels of interme-
diates of the glycolytic pathway needed to support the high
levels of biosynthesis needed to produce new cells (Lunt and
Vander Heiden 2011). Following this reasoning, cancer cells
are co-opting a normal change in metabolic state that virtually
all cells use to proliferate rapidly. As part of a cellular stress
response, to oxidative stress, for example, the switch to aero-
bic glycolysis would allow stressed cells to rapidly replace
damaged macromolecules and also produce ATP while low-
ering the production of ROS in mitochondria.

Transplasma membrane electron transport:
an underappreciated partner in stress response
caloristasis

tPMETsystems are found in all mammalian cells examined so
far. During a redox-coupled reaction, these systems reduce

extracellular electron acceptors while oxidizing cytoplasmic
electron donors. Two classes of systems described by Lane
and Lawen (2009) can be distinguished mechanistically. The
original enzyme-mediated tPMET systems in mammalian
cells can be separated into two subclasses, one NADPH de-
pendent and the other NADH dependent. The second system
also transfers cytoplasmic reducing equivalents to the extra-
cellular space but without the use of plasma membrane oxi-
doreductases. Lane and Lawen distinguish these two systems
in terms of electron transfer at two different levels, enzyme-
mediated tPMET and by transmembrane metabolite shuttling/
cycling. The shuttle system is the more specialized one since
the fate of the reducing equivalents once they are in the extra-
cellular space depends on the specific redox couple.

According to Lane and Lawen, the tPMET concept dates
back to 1924 when the observation was published that cell-
impermeant redox dyes can be reduced by tissue slices
(Voegtlin et al. 1924). It has been clearly established that
tPMET is a crucial part of cellular bioenergetics and that reg-
ulation of tPMET is linked to aging and pathologies of
humans. Of particular interest to our research and discussion
here are the links to diabetic nephropathy (Matteucci and
Giampietro 2000) and glycolytic cancer progression (Herst
and Berridge 2007). In the stress response literature, tPMET
typically has been considered briefly or not at all. A notable
exception is a review article by Plácido Navas and colleagues
(Navas et al. 2007). They describe this system as the plasma
membrane redox system so their paper could be missed in a
keyword search using tPMET. It is a particularly relevant pa-
per for us because it points to the tPMET system as crucial to
cellular life by preventing membrane damage and regulating
apoptotic signaling at the plasma membrane. As such, we
consider this system to be part of cellular defense against
oxidative and proteotoxic stress, or cytoprotection as we term
it. The second reason to focus on the Navas review is that it
employs coenzyme Q or ubiquinone (CoQ) as the vehicle the
authors use to describe the importance of the tPMET systems
in aging and stress responses. They make the bold statement
that CoQ is the only lipid-based antioxidant synthesized by all
mammalian cells. Also important to our present discussion,
CoQ links mitochondria to the plasma membrane. The final
reactions of CoQ biosynthesis occur in the mitochondria of
yeast and mammalian cells, and some of the CoQ produced is
trafficked through the cellular endomembrane system to the
plasma membrane (Villalba et al. 1995).

Based on our SeaHorse experiments discussed herein, we
hypothesized that HBOT may stimulate cells to substantially
increase tPMET activity, thus allowing cells to maintain ener-
gy levels (caloristasis) and redox homeostasis by reducing
oxidative stress. Navas and coauthors make three points in
their paper that taken together support our hypothesis. First,
reducing mitochondrial function using ethidium bromide in-
creases CoQ levels in plasma membranes and stimulates
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tPMET (Gómez-Díaz et al. 1997). Second, re-oxidation of
cytosolic NADH is increased which aids to maintain the
NAD+/NADH ratio involved in protecting the genome among
other crucial roles. In our experiments, the reduction in mito-
chondrial oxidation viewed as a cell stress response, a benefi-
cial and purposeful cellular change as opposed to ethidium
bromide treatment, would be expected to trigger the same
response caused by this inhibitor. Finally, increased accumu-
lation of CoQ/CoQ reductases in the plasma membrane could
be cytoprotective against ROS by neutralizing them at the cell
surface even before they enter the cell. We further showed that

cells treated with HBOTswitch to aerobic glycolysis and as in
the case of a number of cancer cell types, this may involve
increased tPMET. The higher level of cytoplasmic NAD+
produced by this increase is needed to sustain elevated aerobic
glycolysis that produces reducing equivalents by reducing
NAD+ to NADH during the sixth step of glycolysis in a
coupled redox reaction carried out by glyceraldehyde phos-
phate dehydrogenase, reviewed in Xiao et al. (2018). The
increase in plasma membrane CoQ is likely provided short
term by intracellular reservoirs located in the mitochondria
and longer term by increased gene expression of CoQ biosyn-
thetic enzymes. Navas et al. also noted that CoQ levels de-
creased with age and in elderly non-insulin-dependent diabe-
tes mellitus patients, suggesting that the tPMET system is
compromised under these conditions. Interestingly, caloric re-
striction induces the tPMET system and reduces levels of ox-
idative stress in aged membranes in several mammalian ex-
perimental models for extending life span (see Navas et al. for
additional references).

Concluding remarks

Three different experimental approaches have converged to
implicate HBOT in changes in mitochondrial dynamics that
may facilitate the acquisition of cytoprotection. Over the past
7 years of research into the mechanisms of HBOT, we have
uncovered three substantial links between HBOT and

Fig. 8 Renal protective roles of
HBOT on the cellular and tissue
levels. Effects elucidated through
the metabolomic analysis are
shown in red. (Taken from
Harrison et al. 2018, with
permission from the copyright
owner of the Cell Stress Society
International)

Table 1 Molecular chaperones associated with mitochondria are
induced by HBOT

Immediately after HBOT

Gene symbol Gene ID HBOT 0/control 0

DNAJB1 3337 1.83

HSPA1B 3304 1.81

HSPA1A 3303 1.73

HSPH1 10808 1.49

HSPA2 3306 1.34

DNAJA4 55466 1.32

24-h after HBOT

Gene symbol Gene ID HBOT 24/control 24

DNAJC11 55735 2.04

HSPA14 51182 1.96

HSPE1 3336 1.96

HSPH2 3308 1.92

HSPH1 10808 1.82

HSPC3 3326 1.72

DNAJC7 7266 1.59

DNAJC17 55192 1.54

DNAJC3 5611 1.54

DNAJC5 80331 1.47

DNAJC19 131118 1.45

HSPD1 3329 1.45

HSPB1 3315 0.84

Table 2 Summary of HBOT-linked changes in the mitochondrial
respiration

Immediately after HBOT (day 0) Post-HBOT recovery (24 h)

Majority injured by
protein damage

DNAJC proteins involved in
Mt protein (important induced)

Small fold increases Mt matrix chaperonins induced
(HSPE1, HSPD1)

No induction of HSPA6 indicates
minor protein damage
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mitochondria. First, in our most recent study, a metabolomic
approach was applied to the analysis of urine from diabetic
patients receiving HBOT for treatment of diabetic foot ulcers
(Harrison et al. 2018). The preliminary data show that HBOT
reduces biomarkers of renal injury, oxidant stress, and mito-
chondrial dysfunction. These data suggest that HBOT could
be an effective treatment for diabetic kidney disease as well as
diabetic foot ulcers (Fig. 8 of Harrison et al. 2018). A number
of small organic acids increased in concentration in the urine
from diabetic patients receiving HBOT. These included
glutarate, 3-methylglutarate/2-methylglutarate, and 3-
hydroxybutyrate, all known products of mitochondrial protein
and fatty acid catabolism. The increase in these small organic
acids in patient urine after HBOT relative to untreated control
urine is consistent with improved mitochondrial function.
Second, the results of a human genome-wide microarray anal-
ysis of gene expression in HMEC-1 cells exposed to HBOT
(Godman et al. 2010a) included molecular chaperones and
chaperonins associated with mitochondria (Table 1). These
were detected 24 h after HBOT and included induced
DNAJC proteins involved in mitochondrial protein import
and induced mitochondrial matrix chaperonins (HSPE1 and
HSPD1). And third, in the present study, HBOT reduced mi-
tochondrial respiration (oxidative phosphorylation) in HK-2
cells during both the initial response phase and the recovery
phase of energy production (Table 2). The door is now open
for future studies to test detailed hypotheses about the roles of
DNAJC and other mitochondrial co-chaperones/molecular
chaperones, changes in mitochondrial energy metabolism,
and regulatory links between mitochondria and the
proteostasis/caloristasis networks.
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