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1 | INTRODUCTION
1.1 | Hyperosmolarity, inflammation, and
cancer

The hyperosmotic status is physiological in the kidney
but elsewhere the pathological consequences of hyperos-
molarity may have been overlooked. Hyperosmolarity
has been reported in several inflammatory diseases. These
include Crohn's disease and ulcerative colitis,2 as well as
the inflammatory bowel disease (IBD) of the newborn and
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Hyperosmotic conditions are associated to several pathological states. In this article,
we evaluate the consequence of hyperosmotic medium on cellular energy metabo-
lism. We demonstrate that exposure of cells to hyperosmotic conditions immediately
reduces the mitochondrial oxidative phosphorylation rate. This causes an increase
in glycolysis, which represses further respiration. This is known as the Warburg or
Crabtree effect. In addition to aerobic glycolysis, we observed two other cellular
responses that would help to preserve cellular ATP level and viability: A reduction
in the cellular ATP turnover rate and a partial mitochondrial uncoupling which is
expected to enhance ATP production by Krebs cycle. The latter is likely to constitute
another metabolic adaptation to compensate for deficient oxidative phosphorylation

that, importantly, is not dependent on glucose.
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neonatal necrotizing enterocolitis® or inflammatory pleu-
ral effusion.* The increase in the capillary permeability
is an early step of the inflammation process that causes
protein extravasation and their subsequent hydrolysis
into osmotically active amino acids and peptides. This is
aggravated by cell death and additional hydrolysis of mac-
romolecules. Hence, the extracellular medium becomes
hypertonic at the inflammatory site. Finally, hyperos-
molarity has also been measured in tumors””’ where it is
thought to prevent the delivery on target of antineoplastic
drugs.8

Abbreviations: BCA, bicinchoninic acid; CCCP, carbonyl cyanide m-chlorophenyl hydrazine an uncoupler of mitochondrial respiration; DMEM,

Dulbecco's modified Eagle medium; ETS, electron transfer system: estimation of the maximal activity of mitochondrial redox complexes (I-IV) as obtained
by measurement of oxygen consumption rate in the presence of optimal concentration of uncoupler; LDH, lactate dehydrogenase; OCR, oxygen consump-
tion rate; OxPhos, mitochondrial oxidative phosphorylation (action of mitochondrial complexes I-V); PPR, proton production rate.
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1.2 | Cellular bioenergetics

At the level of the whole organism, the energy needs of
mammals are ultimately met by oxidative metabolism, which
includes CO, release and mitochondrial oxygen (O,) con-
sumption coupled to ATP production. However, at the cel-
lular level, lactic fermentation might become an important
contributor for ATP production. This lactic fermentation is
the conversion of one molecule of glucose into two mole-
cules of lactate (final product) with formation of two ATP
and no oxygen consumption. The term “glycolysis” will be
used here as opposed to the terms respiration or oxidative
phosphorylation (OxPhos). At this point, it is important to
remember that in the absence of ATP regeneration the cellu-
lar ATP concentration would be exhausted within dozens of
seconds and ATP depletion will result in cell death. Hence,
when minutes/hours of cellular life are to be considered (this
study), the ATP consumption rate and the ATP production
rate are matched and modifications in these fluxes reflect
either a change in cellular ATP turnover rate and/or differ-
ences in the relative contributions of respiration and glyco-
lysis. Manipulation of substrates in the extracellular medium
and addition of mitochondrial poisons or uncouplers allow
the evaluation of which steps are involved.” The balance
between respiration and glycolysis and their crosstalk is a
long-standing issue in metabolic studies and two fields of re-
search illustrate its importance: cancer, since the formulation
of “Warburg hypothesis”,g’lo'14
present study aims to evaluate the consequences of hyper-
osmotic stress on cellular energy metabolism and bioener-
getics. Our results demonstrate that modifications of cellular
energy metabolism are detectable almost immediately after
an increase in osmolarity. This response is shared between
different cell types and different osmolytes and can be ob-
served at either 450 or 600 mOsm/L.

and inflammation.">!” The

2 | MATERIALS AND METHODS

2.1 | Reagents and equipment

Mannitol (M4125), glucose (G6152), galactose (G5388), oli-
gomycin (04876), antimycin A (A8674), carbonyl cyanide
m-chlorophenyl hydrazone (CCCP C2759), KCN (60178),
rotenone (R8875), ADP (A4386), ATP (A7699), succinic
acid (S5049), glutamic acid (G1626), malic acid (M7397),
digitonine (D5628), glacial acetic acid (A-6283), and poly-
ethylene glycol 400 (P-3265) were obtained from Sigma-
Aldrich (St Louis MO-USA), ethanol 96% (CARLO ERBA
Val de Reuil-France), sodium pyruvate 100 mM from GIBCO
Life Technologies (Carlsbad CA-USA), NAD (free acid,
grade I, ref. 10127965001), and lactate dehydrogenase (ref.
10127230001) from Roche (Mannheim-Germany). Seahorse

XF Assay Medium (102365-100) was obtained from Agilent
(Santa Clara CA-USA).

Quantitation of extracellular fluxes (oxygen consump-
tion, acid release) used the “Seahorse” extracellular flux
analyzer XF96 (Seahorse Bioscience, North Billerica MA-
USA). High-resolution respirometry was performed with the
oxygraph O2k (Oroboros Instruments, Innsbruck-Austria).
Measurements in 96-well plates and absorbance readings
used a microtiter plate reader spectrophotometer (TECAN
Infinite 200M, Minnedorf-Switzerland).

2.2 | Cell culture

All cultures were incubated at 37°C in a humidified in-
cubator with 5% CO,. CHO cells were cultured in F-12
Nutrient Mix (1X) GlutaMax (HAM) supplemented with
10% (v/v) inactivated fetal bovine serum (FBS), 50 U/mL
penicillin, and 50 pg/mL streptomycin (all from GIBCO,
Life Technologies). This study used CHO-K1 and a subclone
(CHO-CO3) obtained after transfection with pcDNA3 empty
vector and selection for geneticin resistance (Lagoutte 2010)
with passage number 8-17. Other cell lines were cultured in
Dulbecco's modified Eagle's medium high-glucose (DMEM,
Life Technologies Carlsbad CA-USA) supplemented with
10% (v/v) inactivated fetal bovine serum (FBS), 50 U/mL
penicillin, and 50 pg/mL streptomycin. The human neu-
roblastoma cell line SH-SY5Y was obtained from ATCC
(American Type Culture Collection, Manassas VA-USA)
batch number 63990073 and used from passage 8§ to 12. The
subclone HT-29 Glc —/+ selected for growth and differen-
tiation in the absence of glucose18 was used with passage
from 44 to 48. Human embryonic Kidney HEK-293 culture
was obtained from another team in the same institute (pas-
sage number 9-12). The morphology of these different cell
lines was checked during the growing procedure and re-
mained well in line with the pictures available from ATCC.
Moreover, different respiratory rates appear as a further dis-
tinctive trait of different cell lines (see results).

2.3 | Measurement of oxygen consumption

For measurement in the oxygraph O2k, the cells were har-
vested using trypsin and resuspended in their respective
growing medium. The density of the cellular suspension was
estimated from optical density at 600 nm using a calibration
curve established for the different cell lines between cell
counting (cytometry) and optical density. Two ml of a sus-
pension of cells (1-2 X 10° cells/mL) was placed in each of
the two chambers of the oxygraph, and allowed to equilibrate
for 5 minutes before closure of the chambers to start respira-
tion rate measurement. After recording of the basal rate of
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oxygen consumption, the chambers were opened and osmotic
stress was triggered by adding solid mannitol to one of the
chambers to increase osmolarity with minimal disturbance in
final volume/composition. Cells were challenged with two
different final concentrations of mannitol: 150 or 300 mM
(450 or 600 mOsm/L final osmolarity).

Inhibitors and uncouplers were used to provide infor-
mation on the mechanisms underlying cellular oxygen con-
sumption. The extent of oxygen consumption explained by
mitochondrial oxidative phosphorylation (ATP production)
was deduced from the inhibition of oxygen consumption
rate (OCR) caused by oligomycin (1 uM final), an inhibitor
of the mitochondrial complex V (FoF1 ATP synthase). An
optimal concentration (0.5-7 uM) of the uncoupler, CCCP,
increased OCR to a maximal value thought to represent the
maximal possible recruitment of mitochondrial respiratory
enzymes. Finally, the addition of the complex III inhibitor
(antimycin 4.5 uM final) abolished oxygen consumption due
to mitochondrial respiratory chain and the remaining oxygen
consumption represents other (non-mitochondrial) oxygen
consumption processes.

The difference (oligomycin-OCR minus antimycin-OCR)
represents the activity of the mitochondrial respiratory chain
that is explained by processes other than ATP turnover rate,
namely proton leakage across inner membrane and, therefore,
the term “Leak” is used. The difference between the maximal
OCR in the presence of CCCP and antimycin-OCR indicates
the maximal activity for the mitochondrial electron transfer
system (ETS). Actually, this ETS rate reflects the maximal
rate for the metabolic pathway starting with substrate entry,
followed by oxidation into CO,, and ending by electron trans-
fer and oxygen consumption at the level of mitochondrial re-
spiratory chain (mitochondrial respiratory complexes I-IV).
The OCR was expressed with regard to the number of cells in
pmol O,/(second X million cells).

2.4 | Extracellular flux measurements

CHO cells were inoculated at 30 000 cells per well in XF96-
plate in normal medium (F12) for 8 hours to attach. Before
running the experiment, the growth medium was replaced
with warmed DMEM XF medium (HCO;-free modified
DMEM, Seahorse Bioscience with pH set to 7.4) which
contained: (i) glucose (10 mM glucose, 1 mM pyruvate),
(i) glucose free (1 mM pyruvate), or (iii) galactose (10 mM
galactose, 1 mM pyruvate) and incubated for 30-60 minutes
at 37°C in air. HT29 cells were inoculated at 30 000 cells
per well in XF96-plate in normal medium (DMEM high
glucose) for 12 hours to attach. Before running the experi-
ment, the growth medium was removed replaced by warmed
DMEM XF medium (HCO;-free modified DMEM, Seahorse
Bioscience with pH set to 7.4) which contained: (i) glucose
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(25 mM glucose, | mM pyruvate) or (ii) glucose free (1 mM
pyruvate). Hyperosmotic stress was triggered by injecting
a mannitol solution in DMEM XF assay medium (700 mM
mannitol, hence 1000 mOsm/L), two injection ports loaded
with 45 pLL of mannitol solution were used successively to
reach a final osmolarity close to 600 mOsmol/L (actually
574). Control wells were injected with the same volume of
DMEM medium. To follow modifications of cellular bioen-
ergetics with time after the osmotic challenge, several cycles
of measurement (mix 4 minutes, measurement 3 minutes)
were performed with increasing (3, 13, and 23 minutes) time
delay between them. Usually 12 wells were utilized for each
single group (same metabolic and osmotic conditions).

2.5 | Mitochondrial preparation

Rat liver mitochondria were obtained from male 5-week-
old-SPF Wistar rats (Janvier Labs 53940 Le Genest St Isle
France). Animals were sacrificed following national and local
guidelines (Authorization number B75-14-02) and 3-4 g of
liver tissue were homogenized in the mitochondrial prepara-
tion buffer (300 mM sucrose, 5 mM tris base, 1 mM EGTA,
pH 7.4). Mitochondria were prepared by differential centrif-
ugation. The final mitochondrial pellet was resuspended in
the same buffer (50-100 mg protein/ml final concentration).
Protein concentration was obtained by the BCA method with
bovine serum albumin (BSA) as a standard. For measurement
of oxygen consumption, mitochondria were resuspended in
mitochondrial respiration buffer (KCl 100 mM, Sucrose
40 mM, TES 10 mM, MgCl, + 6H,0 5 mM, EGTA | mM,
BSA 0.4%, K-Pi 20 mM) at 0.5 mg protein/ml final; measure-
ments were made at 25°C. In this medium, the sucrose could
be replaced by glucose. Mitochondrial respiration was initi-
ated by addition of the substrates glutamate/malate (5 mM
final concentration), then ADP (1.25 mM final concentration)
was added to stimulate respiration and evaluate the respira-
tory control ratio (RCR); (oxygen consumption in presence
of substrate and ADP)/(oxygen consumption in absence of
ADP, or in the presence of oligomycin). The RCR for a fresh
preparation should be between 15 and 20; the preparation
was discarded if the RCR fell below 10. Because of this high
RCR, these mitochondrial preparations retain a viable cou-
pling state when stored overnight at 0°C (5 < RCR < 15) and
could be used the following day. Hypertonic conditions were
obtained by doubling the concentration of the respiration
buffer to maintain the composition of the respiring medium.
Alternatively, similar to cell studies, hypertonic conditions
were obtained by addition of 300 mM mannitol to the 1X mi-
tochondrial respiration buffer. Experiments were paired with
one chamber of the oxygraph O2k used as the reference “iso-
tonic control” to which the same other additions (substrate,
ADP, poisons) were made.
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2.6 | Cytotoxicity

CHO cell viability was assessed colorimetrically by the neu-
tral red uptake method"? using neutral red stock solution
4 mg/mL and neutral red destaining solution (50% ethanol
96%, 49% deionized water, 1% glacial acetic acid). The up-
take of neutral red depends on the cell's capacity to maintain
pH gradients, through the production of ATP. CHO cells were
inoculated at 5000 cells per well in 96 microplate in normal
medium (F12) and left for 12 hours (37°C 5% CO,) to attach.
Then growth medium was replaced by warmed DMEM XF
medium (HCOj;-free modified DMEM, Seahorse Bioscience
with pH set to 7.4) in “glucose” (10 mM glucose, 1 mM pyru-
vate) or “glucose free” (1 mM pyruvate) conditions. Cells
were exposed to 600 mOsm (mannitol) or 300 mOsm/L (con-
trol) for 2, 4, 6, and 8 hours at 37°C in room air, the medium
was removed and 100 pL of neutral red (diluted 1:100 in cell
culture medium) was added to each well followed by 4 hours
of incubation. The neutral red medium was removed and the
cells were washed two times with 150 uL PBS and 150 pL of
neutral red destaining solution was added. The microplates
were shaken gently for 30 minutes in room temperature and
the absorbance was read at 540 nm.

2.7 | Data treatment and statistical analysis
Data were analyzed with GraphPad Prism 7.04 (GraphPad
Software La Jolla CA 92037 USA) or Microsoft Excel
(Microsoft Corporation Redmond 98052 WA USA). Unless
specified, the non-parametric test (Mann-Whitney) was used
to assess statistical significance with P < .05, of at least
three independent experiments; data are shown as mean
values + SD.

3 | RESULTS
3.1 | Hyperosmotic conditions impact on
cellular oxygen consumption

When respiring CHO cells were subject to an osmotic shock
(abrupt increase in osmotic pressure), oxygen consumption
rate (OCR) decreased within few minutes to a new lower
value (Figure 1A). This inhibition persisted for hours when
the medium osmolarity was doubled (Figure 1 black dots/
histograms). A milder osmotic challenge (50% increase in
osmolarity to 450 mOsm/L) caused the same initial oxygen
consumption decrease but it appeared at least partially revers-
ible with time (Figure 1 grey dots/histograms). This depres-
sion of cellular OCR after osmotic shock was verified with
three other cell lines (compare “basal” versus “basal before”
in Figure 2). Moreover, a similar effect was found with two
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FIGURE 1 Oxygen consumption rates of CHO cells in

hyperosmotic conditions. A, Representative experiments with CHO
cells (1-2 x 10° cells/mL in 2 ml of medium with 10 mM glucose),
X-axis: time (minutes), the arrow indicates the time of mannitol
dissolution in one of the two chambers of the O2k oxygraph,

grey dots: 150 mM (450 mOsm/L final) and black dots 300 mM
(600 mOsm/L final). The other chamber is used to record oxygen
consumption rate of the isotonic control. The Y-axis is the cellular
oxygen consumption rate (OCR) expressed as the ratio (in %) with
the control for each time point (every 2 seconds). The sharp decrease
immediately after mannitol addition was coincident with a peak in
the activity of the Peltier element maintaining the temperature of the
measurement chambers. It is likely to reflect the compensation for a
transient period of heat consumption caused by mannitol dissolution
expected to impact transiently on temperature hence cellular oxygen
consumption. The interruptions in the graph reflect re-oxygenation
steps with opening and closure of the chambers generating extreme
negative OCRs not shown here for the sake of clarity. B, Mean
values for cellular oxygen consumption rate expressed in pmoles
O,/(second X 10° cells) in the short term after mannitol addition
(<60 minutes) and in the mid-term (80-140 minutes): control isotonic
condition 300 mOsm/L (white), 450 mOsm/L (150 mM mannitol)
grey, 600 mOsm/L (300 mM mannitol) black. Figures on bars refer
to the number of independent experiments, when the differences
reached statistical significance this is indicated with **P < .01 and
FHEEP < .0001
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other osmolytes: polyethylene glycol and sodium chloride
(Supplemental Figure S1).

Cellular oxygen consumption is to a large extent explained
by mitochondrial respiration, which can be investigated fur-
ther with the help of molecules that impact on specific steps
of the mitochondrial oxidative phosphorylation process
(Supplemental Figure S2). When the OCR was expressed in
absolute values (pmol O,/(second X million cells)), different

EASEB our——

values were obtained with the different cell lines (Figure 2,
Supplemental Figure S3). However, when expressed with ref-
erence to an internal reference rate (the basal rate before the
osmotic challenge in the same experiment), the relative re-
sponses of the different cell lines were similar and errors bars
were greatly reduced (Supplemental Figure S3). Computation
of these different rates allowed a quantitative analysis of the
different processes explaining the basal cellular OCR. A part

OCR: pmol 02 / (second x 108 cells)
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is caused by non-mitochondrial oxygen consumption for
which the OCR observed in presence of antimycin provided
a direct estimation. This non-mitochondrial OCR was always
low and not different between isotonic and hypertonic con-
ditions (Figure 2). Mitochondrial basal oxygen consumption
(Mitoch. basal) reflects the sum of oxidative phosphoryla-
tion (OxPhos) and energy loss (Leak). Finally, the maximal
possible activity of the mitochondrial electron transfer sys-
tem (ETS) could be estimated from the maximal CCCP rate.
The relative effect of hyperosmolarity differed significantly
for these different processes (Figure 3). The most dramatic
change was a severe decrease in OxPhos to about 30% of iso-
tonic control. In contrast, the leak appeared either unchanged

OCR ratio ( Hypertonic / Isotonic )

0.25 0.5 1 2
L I‘ L J
. SH-SY5Y
Mitoch. 9
basal [HEk293
O
*§*§* CHO no Glucose #
&& |
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HT29 28
OxPhos i
ok ok it
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&& ]
Ht SH-SY5Y L, -
§
Leak HEK293 &&
q #
*;';* CHO no Glucose
&& |
#i SH-SY5Y
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ETS

U
CHO no Glucose  ##
w i

J

FIGURE 3 Relative impact of hyperosmolarity. Original data are
those shown in Figure 2. The different rates basal mitochondria OCR
(Mitoch. Basal), oxidative phosphorylation (OxPhos), mitochondrial
leak (Mitoch. Leak), and maximal electron transfer system activity
(ETS) were determined from the cellular OCR rates (see Material and
Methods section) and the ratio between hyperosmotic and isosmotic
values is shown here (mean + SD). When the differences reached
statistical significance, this is indicated for all values in presence

of glucose n = 18 (¥***P < .001) and for HT29 n = 6 (§§P < .01)

and CHOn =6 (& P < .05, && P < .01). The symbols (#) refer to
statistical significance (#P < .05, ##P < .01) for the difference in
presence/absence of glucose (CHO cells only), when on the “CHO no
glucose” bar the comparison refer to the black bar just above

or increased (ratio equal or higher than 1). The consequence
is that OxPhos accounted for 70% of the basal OCR in iso-
tonic conditions and only 30% of the basal OCR observed
under hypertonic conditions (Supplemental Figure S4). The
ETS rate was affected as well, but to a lesser extent than the
OxPhos (Figure 3). Notably, with CHO cells, in absence of
glucose the ETS was not affected by hypertonic conditions
(ratio equals 1 in Figure 3). The preservation of the ETS rate
for the cell suspension ruled out cellular disruption caused
by addition and dissolution of mannitol, which would dilute
metabolic intermediates, enzymes, and redox cofactors and
was then expected to impact largely on the ETS rate.

A possible explanation would be a direct impact of hy-
perosmotic conditions on mitochondrial bioenergetics. To
examine this hypothesis, we evaluated the impact of a hyper-
tonic respiration medium on the respiration of isolated liver
mitochondria (Figure 4). We could not record any adverse
effect of the hypertonic medium (Figure 4A,B). In the exper-
iment shown, the effect of the hyperosmotic medium on mi-
tochondrial volume could be seen by the difference in optical
density of the mitochondrial suspension (Figure 4A lines and
right scale). A difference with experiments made with cells
was the presence of saturating amounts of substrate and ADP
(state 3) that ensured the fastest possible ADP phosphory-
lation rate with oxygen consumption close enough to max-
imal uncoupled rate (CCCP, Figure 4C). Consequently, the
calculated oxygen consumption rates for ATP production and
ETS were similar. The higher hyperosmotic CCCP (ETS) rate
was statistically significant (Figure 4C,D). This measurement
was made late in the experiment and the difference is likely
the result of better preservation of mitochondrial function in
hypertonic buffer (Guedouari & Bouillaud unpublished re-
sults). This is supported by the continuous decrease in stimu-
lated rates for isotonic control (grey trace in Figure 4A). The
small increase observed after addition of oligomycin (state
4) reached significance when the Leak rate was calculated
(Figure 4D).

3.2 | OxPhos and glycolysis contribution to
cellular bioenergetics

The contribution of mitochondrial respiration and of gly-
colysis to cellular ATP turnover could be evaluated simul-
taneously with the extracellular flux analyzer (Seahorse).
Moreover, since the cells are attached, the experiment can
be followed over the long term. As described above, experi-
ments included the measurement of basal cellular OCR and
extracellular acidification rate before hypertonic conditions
were imposed. OCR and acidification rate were then followed
over 6 hours for isotonic control and hyperosmotic chal-
lenged cells in media with or without glucose (Figure SA-D).
To improve comparison of respiratory and glycolytic fluxes,
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FIGURE 4 Isolated rat liver mitochondria. A, Representative experiment: dots represent the oxygen consumption rate (left scale) and lines
the optical density (right scale) of the mitochondrial suspension at 590 nm obtained by adaptation of fluorescent module to report absorbance of
the light of the diodes illuminating the Oxygraph chambers (C. Ransy and F. Bouillaud unpublished). Black symbols/line represent hypertonic
conditions (600 mOsm/L) and grey isotonic control (300 mOsm/L). B, Ratio of hypertonic OCR/isotonic OCR: data from all experiments with
isolated mitochondria in respiration media with sucrose or glucose (see M & M section). Hyperosmolar conditions were obtained either by the use
of the medium concentrated two times (2X) with sucrose (2XS: mean value of three experiments) or Glucose (2XG); or 1X media plus mannitol
1XS + Mann or 1XG + Mann. The legend shows the different symbols that refer to the successive conditions for mitochondrial respiration as
visible in part A. C, Mean values for OCR expressed in pmol O,/(second X mg protein) of rat liver mitochondria under conditions as shown in A:
“State 3” (phosphorylation state in the presence of substrate and 1.25 mM ADP); “State 4 after addition of oligomycin; maximal uncoupled rate
(CCCP) and non-mitochondrial oxygen consumption (inhibition by cyanide KCN). Empty bars isotonic mitochondrial buffers, black bars two times
hypertonic buffers (see legend to part B). D, Interpretation of these rates similarly as with cells when the difference reached statistical significance
this is indicated with *P < .05
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the acidification rate was converted into proton production
rate (PPR) in pmol H" per minute and per well (Figure 5C,D)
and the units were fully consistent with those of OCR ex-
pressed in pmol O, per minute and per well (Figure 5A,B).
To provide a picture closer to their contribution to cellular
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tween lactate release or oxygen consumption and ATP pro-
duction was considered. In glycolysis, one molecule of
glucose releases two molecules of lactate (two protons) and
generates two ATP. Hence, PPR approximates the ATP
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FIGURE 5 Oxygen consumption rate (OCR) and proton production rate (PPR). A-D, Seahorse measurements with CHO cells with OCR
in red (A, B) and PPR in green (C, D) the X-axis is time in minutes, isotonic conditions are empty symbols and hypertonic filled symbols. In each
experiment, one half of the wells were subject to osmotic shock (injection of mannitol solution) and other were treated as control (injection of
solvent). The time of mannitol addition is indicated (unless it would overlap with symbols/legend) and a vertical dotted line separates the values
obtained before (isotonic and hypertonic are superposed) and after it. The errors bars refer to the standard deviation of OCR or PPR values for
the independent “Seahorse experiments” (number of experiments is given in E, F). Each value from a single experiment was the average of 24/12
replicates (Seahorse plate wells). Because the actual cell number in the well/under the Seahorse probe could not be accurately determined at the
time of measurement the Y scale was converted to present values as the percentage of a reference rate (the mean value of the rates before the
osmotic shock in presence of glucose). E, F, Histograms representation with units closer to OCR or PPR relative contribution to the ATP turnover:
one lactate (PPR unit) equals one ATP and one O, (OCR unit) equals 5 ATP. For these calculations, the values of OCR or PPR in Seahorse units:
pmoles (O, or H*)/(minute x well) were used and resulted in ATP turnover rates in pmoles ATP/(minute x well). Inaccuracy with regard to cell
number (see above) means that they are to be considered as “arbitrary units.” A vertical dotted line separates the values obtained before and after
mannitol addition. The color code is consistent with above. Mean values are shown in the short term: 10-60 minutes after mannitol addition or for
the long term: mean value over the whole period of time of (10 minutes-6 hours after mannitol addition). Standard deviation represents therefore

both variability between experiments and kinetic effect. Legend below the figure: OX: oxidative phosphorylation (5 X OCR); Gly: Glycolytic

(PPR); Iso: Isotonic; Hyper: Hypertonic (600 mOsm). When the difference reached statistical significance this is indicated with **P < .01,

*##%P < .001, the number of independent experiments is shown above

turnover rate generated by glycolysis. A classical value for
the ATP/O ratio for mitochondrial oxidative phosphorylation
is 2.5. If dioxygen (O,) is considered for OCR, then the ATP/
O, ratio would be 5. Hence, PPR was compared to five times
OCR (Figure SE,F).

Repression of cellular respiration (OCR) in the presence of
glucose was observed and persisted for hours (Figure 5A,E).
In addition, we observed an abrupt, but transient, increase in
the extracellular acidification rate (Figure 5C,E). Glucose and
lactate measurements were attempted in a kinetic experiment
with cells in suspension (Supplemental Figure S5). Although
rates measurements were not attempted, the values for glu-
cose and lactate concentrations were consistent with higher
glucose uptake and lactate release under hyperosmotic condi-
tions. In the absence of glucose, PPR decreased uniformly to
about 25% of the glucose value (Compare Figure 5D,F with
5C,E) and OCR was preserved under hyperosmotic condi-
tions (Figure 5B,F). The same results were obtained when
glucose was replaced by galactose (Supplemental Figure S6).
When HT29 cells were studied following the same protocol,
qualitatively similar conclusions were reached (Supplemental
Figure S7). At the end of these experiments, a significant
number of dead cells were observed in wells subjected to hy-
pertonic conditions. We therefore evaluated cellular viability
over time with the neutral red procedure (Figure 6). This con-
firmed that the hypertonic conditions are deleterious for cel-
lular survival. Interestingly, we observed better preservation
of cell viability in absence of glucose (Figure 6B) than in its
presence (Figure 6A).

A specific experiment was designed to show, in the short
term, how hyperosmotic conditions and glucose contribute to
the repression of OCR (Figure 7). In isotonic conditions, the
addition of glucose had a modest effect on cellular respiration
(Figure 7A). The procedure for mannitol addition first required
opening the chamber which re-oxygenated the medium that

led, within seconds, to negative OCR values, and second, dis-
solution of mannitol which was expected to impact tempera-
ture and oxygen solubility. However, after several minutes, a
new steady state of oxygen consumption rate was observed,
with a slightly lower value than that recorded before mannitol
addition (See also Supplemental Figures S2 and S5). This de-
crease was consistent with the first data points after mannitol
addition in the Seahorse (Figure 5B), although two different
modes of mannitol addition were used (see Methods section).
Subsequently, the addition of glucose caused an immediate
further decrease in OCR of much larger amplitude than the
same glucose addition in isotonic conditions. For a better
comparison, the overlay is shown (Supplemental Figure S8).
This decrease appeared proportional to the glucose load in
the physiological range (Figure 7B).

3.3 | Decreased cellular ATP turnover rates

The “ATP turnover rates” (Figure 5 and Supplemental
Figures S6, S7) are overestimated because the calculation
(5 x OCR) was based on the assumption that 100% of OCR
is convertible into ATP rate. This is inexact because of the
contribution of the leak to the basal OCR. Similarly, the PPR
rate would to a certain extent reveal other processes than
lactate release. The use of different inhibitors could be used
to determine these ATP turnover fluxes during Seahorse ex-
periments.20 However, this would have interrupted the long-
term follow-up of cellular respiration under hyperosmotic
stress, as shown here (Figure 5, Supplemental Figures S6,
S7). We therefore propose a calculation based on data pre-
sented here. For the glycolytic ATP turnover, we subtracted
the PPR obtained in absence of glucose (values in Figure 5C
minus values in Figure 5D). For the OxPhos ATP, we used
the short-term experiments (Figure 2) to estimate the fraction
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FIGURE 6 Cellular viability. The neutral red cellular uptake
was measured after incubation for period of times ranging from zero
to eight hours (X-axis) in isotonic (empty circles) or hypertonic (black
dots) medium in the presence (A) or absence of glucose (B). The
cellular viability was expressed relative to the value for neutral red
uptake at time zero in the same medium as the 100% reference. In one
experiment, each value is the average from 12 readings (12 wells).
The values shown here are the mean values + min-max for the two
independent experiments

of basal OCR that was actually dedicated to oxidative phos-
phorylation, which was determined with CHO cells in pres-
ence/absence of glucose (Supplemental Figure 4). This value
was then used to correct the theoretical yield of oxidative
phosphorylation when NADH or FADH?2 coenzymes are re-
oxidized by the mitochondrial respiratory chain®' and the re-
sulting ATP/O, ratio of the complete oxidative pathway was
calculated with the assumption that only one type of substrate
(glucose or acetyl-CoA) was fully oxidized (Supplemental
Figure S10). The OCR was multiplied by this ATP/O, ratio
to estimate the ATP turnover rate associated to the oxida-
tive pathway. The calculation for total cellular ATP turnover
rates in CHO cells is shown with and without these correc-
tions (Figure 8). The hypertonic conditions, independently of
the presence/absence of glucose, significantly degraded the

Time (seconds)

FIGURE 7 Repression of OCR by mannitol and glucose

in the short term. X-axis time in second, Y-axis OCR in pmol O,/
(second x 10° cells), A and B paired experiments in the O2k with a
same suspension of CHO cells in a DMEM medium without glucose,
“Close”: closure of chambers to initiate rates measurement values
and the rise to a stable value (>30) representing basal cellular OCR is
not shown. Glucose is added simultaneously in each chamber at two
different final concentrations: 2.5 mM (grey) or 10 mM (blue/red).
A, Additions of glucose in isotonic medium. B, Hypertonic conditions
(600 mOsm) with mannitol added first (300 mM same procedure

as in Figure 1A) followed by glucose additions. The time needed to
restore a new stable oxygen consumption rate after mannitol addition
(see legend of Figure 1) could be evaluated with greater accuracy in
this graph. A direct comparison (overlay) of the blue and red trace is
provided (Supplemental Figure S8)

contribution of OxPhos to cellular ATP turnover. This could
not be explained by cell death in the short term (<2 hours) of
the experiments. Moreover, Figure 6 suggests that cellular
ATP turnover rate and survival were dissociated during this
period. The nearly normal basal OCR observed in absence
of glucose over approximately 2 hours after osmotic shock
(Figure 5B) is, therefore, thought to obscure considerable
disruption of cellular bioenergetics (Figure 3, Supplemental
Figure S2).
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FIGURE 8 Cellular ATP turnover in CHO cells. The
Glycolytic ATP (green) and OxPhos ATP (red) turnover rates are
summed to evaluate the total cellular ATP turnover rate, this value

is indicated above. Empty bars refer to isotonic control and filled

bars to hypertonic conditions. A, Uncorrected values, there are the
sums of rates as shown in Figure SE,F. B, Corrected values, the non-
glycolytic acidification rate is considered: glycolytic ATP turnover
rate = (PPR — PPR no glucose). For the respiratory ATP turnover, the
metabolic pathway and the percentage of OCR actually explained by
OxPhos (Supplemental Figure S4) are considered to calculate the ATP/
O, ratio to be applied to each situation (Supplemental Figure 10), then
respiratory ATP turnover rate = OCR x ATP/O,

4 | DISCUSSION
4.1 | Hyperosmolarity impacts
mitochondrial oxidative phosphorylation

Cellular ATP consumption is compensated by continuous
ATP regeneration, which results from the joint action of
glycolysis and respiration. Respiration could be considered
as two steps: (i) oxidation (release of CO, and oxygen con-
sumption) that releases energy and (ii) use of this energy,

FASEB 0 ——

which feeds both oxidative phosphorylation and an inevita-
ble energy loss (leak). Hence, cellular ATP demand stimu-
lates oxidation above the leak value. Similarly, uncoupler
(CCCP) stimulates oxygen consumption to a maximal value
(ETS). This ETS is a maximal oxidation rate that places an
absolute limitation to the possible increase in ATP regen-
eration rate. The use of oligomycin allows evaluating both
Leak and OxPhos (for more details, see materials and meth-
ods section). The OxPhos rate was shown to be the most af-
fected step (Figure 3, Supplemental Figure S4). As the leak
was unaffected or increased, the impact on the basal cellular
oxygen consumption rate was less (Figure 3, Supplemental
Figure S2).

The lowering of ETS indicated an impact on the oxidation
step. However, this is unlikely to explain all the effects of
hyperosmolarity on cellular respiration. First, this decrease
in ETS is dependent on the presence of glucose while the
impact of hyperosmolarity on the OxPhos is similar in either
the presence or absence of glucose (Figure 3). Moreover, if
the maximal oxidation rate constitutes the limiting factor, one
would expect the ETS to be roughly equal to basal; while
both appeared similarly affected (Figure 3), the ETS re-
mained always higher than the basal (Figure 2, Supplemental
Figure S3). In our schematic description of cellular bioen-
ergetics presented above, the two other targets for hyperos-
molarity could be either the cellular ATP consumption rate
or the OxPhos itself. If the cellular ATP consumption rate
would be the target, the recruitment of ATP producing path-
ways other than OxPhos would not be expected. In contrast,
impact on OxPhos would result in imbalance between ATP
need and ATP regeneration. This ought to be compensated
for by other ATP generating pathways and/or to negatively
impact cellular viability, two consequences observed in our
study. Therefore, osmolarity is likely to target OxPhos in first
instance. However, this could not be reproduced/confirmed
by the mere exposure of isolated mitochondria to hypertonic
conditions (Figure 4).

4.2 | Bioenergetic adaptative strategies
under hyperosmotic conditions

The detrimental effect of hypertonic condition on respira-
tion induces cellular responses. If glucose is available, it
could produce a large increase in glycolytic rate with lac-
tate release (Figures 5, 8, Supplemental Figures S5, S7).
However, strategies alternative to lactic fermentation are
to be considered to explain cell survival for hours in ab-
sence of glucose (Figures 5, 6). Mitochondrial oxidation of
substrates releases ATP via two different enzymatic activi-
ties: the mitochondrial complex V of the OxPhos pathway
(the target of the inhibitor oligomycin) and the oxidation of
Acetyl-CoA into CO, by the Krebs cycle, which includes
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a step of substrate linked phosphorylation. The distinction
between the two is usually ignored because both are ulti-
mately dependent on the re-oxidation of NADH produced
by the Krebs cycle at the level of the mitochondrial respira-
tory chain. However, in the context of impaired OxPhos,
the role of the leak should be considered. Increasing the
leak would promote NADH re-oxidation and, hence, would
accelerate the substrate-linked phosphorylation step. This
process would cause complete oxidation of glucose (CO,
release), uncoupled mitochondrial respiration, and would
release four ATP per glucose; twice as much as the glucose
to lactate pathway. More importantly, this phosphoryla-
tion step could take place with any substrate susceptible to
be engaged in the Krebs cycle, such as acetyl CoA (hence
fatty acid oxidation) or amino acids (notably glutamine).
Therefore, the greatest increase in leak observed in the
absence of glucose (Figure 3) could be interpreted as the
mitochondrial adaptive response to enhance this ATP pro-
duction process independent from OxPhos and glucose.

The calculation of the ATP turnover rate under hy-
perosmotic conditions in the absence of glucose showed
a reduction to half of its value under isotonic conditions
(Figure 8). A decrease in cellular ATP turnover in critical
situations during which cell survival becomes dependent on
a drastic reduction of ATP use with re-orientation to vital
functions is well documented.?>** Given the poor yield of
non-OxPhos pathways of ATP production, it constitutes
by far the most effective adaptive strategy to compensate
for a decrease in OxPhos. Therefore, while hypometabo-
lism seems unlikely to represent the primary event caused
by hyperosmotic conditions it ought to be induced for cell
survival. We summarize the remodeling of cellular energy
metabolism shown here in presence/absence of glucose in
Figure 9. For the sake of simplicity, the effect of hyperos-
motic conditions is assumed to be the reduced activity of
mitochondrial complex V revealed by use of oligomycin in
this study. It must be emphasized here that this observation
does not prove that complex V is the target of hyperosmotic
conditions. Therefore, the pathways by which hyperosmo-
larity causes decrease in OxPhos and reduces ATP turnover
rate remain to be explored.

4.3 | Hyperosmolarity enhances the
Warburg/Crabtree effect

The present study showed that hyperosmotic conditions
greatly aggravated the deleterious effect of glucose on the
basal respiratory rate (Figures 3, 5, and 7). This effect is
known as the “Warburg” or “Crabtree” effect depending
on the system considered (mammalian cells or yeast). This
inhibition of respiration by glucose in the short term has

been well studied in yeast (Crabtree effect),25 although the
molecular mechanisms are still under debate but exclude
time-consuming processes such as changes in gene/protein
expression. The proposed explanations are either a direct
competition between glycolysis and respiration for com-
mon metabolic intermediates (ADP, Phosphate) or the in-
hibition of respiration by intracellular messengers.*® There
are several candidates such as calcium?’ and/or interme-
diates of glycolysis (notably fructose 1-6 biphosphate),
which have been shown to inhibit mitochondrial respira-
tion at the level of complexes III and IV.”® This would bet-
ter fit with our results than competition for ADP or Pi as
the effect is still present when the oxidation rate is inde-
pendent from ADP phosphorylation (ETS rate Figures 2,
3, Supplemental Figure S2). These mediators could be con-
sidered as diffusible molecules and therefore the permea-
bilization of cells would lead to their dilution in a much
larger volume. Consequently, when the inhibition had been
primed with glucose, it was expected to disappear after
permeabilization. Initial experiments failed to confirm this
(Supplemental Figure S9). Other explanations might be
pertinent for the mechanisms underlying the Crabtree ef-
fect but they are beyond the scope of this study and were
not investigated further. In conclusion, a two-step model
could be proposed (Figure 9B). First, hyperosmolarity im-
pairs OxPhos. The increased recourse to glycolysis is at the
origin of the second hit: the Warburg/Crabtree effect. This
takes place within a time frame of, at most, few minutes
and possibly seconds (Figures 5, 7, Supplemental Figures
S2, S5, 87, S9).

The balance (competition) between glycolysis and respi-
ration is a long debated issue pertinent to cancer and inflam-
mation (see introduction). This is usually considered within
a time scale compatible with long-term changes implying,
for example, modifications of gene expression and rewiring
of metabolism toward a cellular program such as cellular
proliferation in the case of cancer.''**?* One of the earliest
event of the inflammatory reaction is the vascular response
that takes place within few minutes™* and is expected to in-
crease osmotic pressure at the inflammatory site. Therefore,
this study raises the issue that to some extent the metabolic
shift toward glycolysis associated with inflammation may re-
sult from this fast metabolic response to hyperosmotic con-
ditions. This effect could be exerted on incoming immune
cells independently of (or potentiating) the action of specific
inflammation mediators.

Beside the determination of the exact mechanism by
which hyperosmolarity triggers the changes observed here,
two other issues deserve consideration: (i) could the phe-
nomenon observed here constitute a priming event for a re-
modeling of cellular metabolism that would persist over time
and even if conditions return to normal? (ii) is this metabolic
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FIGURE 9 Cellular ATP production circuits. The schemes A, B refer to a situation in which glucose would be the sole substrate. ATP is
produced by two pathways: glycolysis that produces two ATP per glucose and releases two lactates or complete oxidation by which glucose is
converted into the intermediate Acetyl-CoA (ACoA) whose oxidation into CO, release one ATP (two ACoA and ATP per glucose oxidized).

This is accompanied by reduction of coenzymes (figured as NAD/NADH only for the sake of simplicity), their re-oxidation by the mitochondrial
respiratory chain redox complexes (I-IV) generates a proton gradient (H") across the mitochondrial inner membrane. Use of this proton gradient is
shared between ATP production by mitochondrial complex V and leak. The values of 2.7 and 1.6 for the number of ATP formed from NADH or
FADH2, respectively,21 lead to a value of 30.2 of OxPhos ATP per glucose (shown here as 30). This theoretical value corresponds to a situation

in which 100% of coenzyme re-oxidation contributes to ATP formation. This is inexact because of the leak and of non-mitochondrial coenzymes
re-oxidation. The determination of the fraction of the cellular OCR dedicated to ATP formation (bold values in Supplemental Figure S4) is used to
estimate more realistic values for the OxPhos ATP. A, Isotonic conditions, the theoretical value of 30 ATP/glucose for the OxPhos is lowered to 21.
B, C, Hyperosmotic conditions, for the sake of simplicity the effect of hyperosmolarity is figured as the inhibition of complex V although there is
no proof for such a direct action (see text). B, In the presence of glucose, the decreased activity of complex V would cause glycolytic compensation
(curved arrow 1) and the increased glycolytic rate results in the Crabtree effect with inhibition of mitochondrial redox complexes (curved arrow 2).
C, In the absence of glucose, the oxidation of two molecules of acetyl-CoA is considered. The reduced activity of complex V has the supplementary
consequence to impair the oxidation of acetyl-CoA because it is dependent on the re-oxidation of coenzymes. Increase in Leak restores OCR and
re-oxidation of coenzymes, hence increases the contribution of acetyl-CoA oxidation to ATP production
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response specific to hyperosmotic conditions or does it re-
flect the earliest response to a wide range of cellular stress?
Answers to these two questions may alter our understanding
of the metabolic conversion of cells such as observed in in-
flammation and cancer.
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