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Objective Strokes represent as one of the leading 
causes of death and disability in the USA, however, there 
is no optimal treatment to reduce the occurrence or 
improve prognosis. Preconditioning of tissues triggers 
ischemic tolerance, a physiological state that may involve 
a metabolic switch (i.e. from glycolysis to oxidative 
phosphorylation or OxPhos) to preserve tissue viability 
under an ischemic insult. Here, we hypothesized that 
metabolic switching of energy source from glucose to 
galactose in cultured mesenchymal stem cells (MSCs) 
stands as an effective OxPhos-enhancing strategy.

Methods MSCs were grown under ambient condition 
(normal MSCs) or metabolic switching paradigm (switched 
MSCs) and then assayed for oxygen consumption rates 
(OCR) and extracellular acidification rate (ECAR) using the 
Seahorse technology to assess mitochondrial respiration.

Results Normal MSCs showed a lower OCR/ECAR 
ratio than switched MSCs at baseline (P < 0.0001), 
signifying that there were greater levels of OxPhos 
compared to glycolysis in switched MSCs. By modulating 
the mitochondrial metabolism with oligomycin (time 
points 4–6), carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (7–9), and rotenone and antimycin (time 
points 10–12), switched MSCs greater reliance on OxPhos 
was further elucidated (time points 5–12; P < 0.0001; time 
point 4; P < 0.001).

Conclusion The metabolic switch from glycolytic to 
oxidative metabolism amplifies the OxPhos potential of 
MSCs, which may allow these cells to afford more robust 
therapeutic effects against neurological disorders that 
benefit from ischemic tolerance. NeuroReport 33: 635–640 
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Introduction
Stroke occurrences and mortality rates in the USA have 
declined in the past 30 years, but it remains a leading 
cause of long-term disability [1]. It is estimated that by 
2030, around 3.4 million more people aged 18 years or 
older will experience a stroke [2]. Thrombolytic ther-
apy, such as intravenous recombinant tissue plasminogen 
activator (tPA), has shown improved cognitive symptoms 
but must be administered within four and a half hours 
of the stroke [3]. Additionally, tPA is accompanied by an 
increased risk of intracerebral hemorrhage [4]. Ischemia-
mediated cell death may be exacerbated by excitotoxicity, 
oxidative stress, free radical accumulation, mitochondrial 
dysfunction, impaired neurogenesis, angiogenesis, vascu-
logenesis and inflammation [5].

One potential form of therapy for stroke as a preemptive 
measure focuses on enhancing mitochondrial function. 

Preconditioning, exposing tissues to periods of ischemia 
for multiple, brief periods, can decrease the normal 
energy demand of the cell so that it may adapt to the 
state of oxygen and glucose deprivation (OGD) inherent 
in stroke. Cardiac studies have preconditioning that can 
drastically reduce the myocardial infarct size and irrevers-
ible injury caused by sustained or legitimate ischemia [6]. 
After preconditioning, rates of anaerobic glycolysis were 
decreased, ATP was preserved, and the cardiac insult 
remained focal rather than widespread [6]. In addition 
to the cardiac models of preconditioning, hypoxia has 
been shown to precondition neuronal progenitors [7]. 
By culturing human embryonic stem cell-derived neural 
progenitors in 0.1% oxygen, the cells were able to pro-
mote differentiation and survival to increase graft success 
[7]. Given that these neuronal stem cells can withstand 
hypoxic treatments, such preconditioned cells may be a 
good stem cell donor for transplantation in stroke.

Unfortunately, there is a heightened clinical risk of harm-
ing the patient when exposed to hypoxic preconditioning. 
Finding a noninvasive metabolic switching strategy may 
present as a well-tolerated and innovative approach to 
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achieve preconditioning. By changing the energy source, 
the cell can be trained to utilize alternate fuel pathways 
and essentially induce mitochondria to survive in condi-
tions with lower energy availability. In glucose-prevalent 
conditions, cells rely more heavily on glycolysis [8]. In 
OGD-like conditions, the cells cannot afford to deplete 
carbohydrate sources in glycolysis because it does not 
produce a large quantity of ATP. Thus, metabolism will 
be redirected to oxidative phosphorylation (OxPhos) [9].

A gap in knowledge exists about the efficacy and mecha-
nism of enhancing OxPhos as a viable therapy for stroke. 
Thus, in the present study, we assessed the in-vitro 
mitochondrial modifications in cultured mesenchymal 
stem cells (MSCs) subjected to metabolic switching by 
altering the carbohydrate source from glucose to galac-
tose, because cells grown in galactose media become 
more dependent on OxPhos and less on glycolysis [10]. 
Within the mitochondria, the Krebs cycle serves as a key 
step in OxPhos by transferring energy from the mole-
cules produced by glycolysis to electron carriers, which 
are subsequently utilized in the electron transport chain 
to generate ATP. Most organisms use glucose for glycol-
ysis and OxPhos to make maximum amounts of ATP. In 
contrast, galactose metabolism requires additional ATP 
to enter the glycolytic pathway and produces no net 
ATP in glycolysis [11]. Thus, it is possible this energetic 
compromise forces galactose-grown cells to rely heavily 
on OxPhos for energy that triggers ischemic tolerance. 
In humans, the galactose-based diet mimics a ketogenic 
diet [12], as a ketogenic diet minimizes glucose available 
for metabolism and ultimately shifts cells into oxidative 
metabolism [13]. The use of a ketogenic diet to modulate 
mitochondrial function has been successful in intractable 
epilepsy, inherited metabolic diseases and cancer [13]. 
In this study, we probed the underlying mechanisms of 
metabolic switching to gain insights on the therapeutic 
potential of mitochondria-based treatments in ischemic 
stroke.

Using the Agilent Seahorse extracellular flux (XF) Mito 
Stress Kit [14], we measured the oxygen consumption 
rate/extracellular acidification rate (OCR/ECAR) ratio. 
The OCR measures OxPhos, whereas the ECAR meas-
ures glycolysis. Thus, a higher ratio signifies greater oxida-
tive metabolism [15]. This ratio is particularly important, 
as fine-tuning the homeostatic balance between these 
two energy metabolic pathways can impact angiogen-
esis and other cellular processes [16]. In this study, we 
hypothesized that metabolic switching could enhance 
the rate of OxPhos in MSCs, ultimately increasing the 
OCR/ECAR ratio and enhancing these cells’ therapeutic 
protection against stroke.

Methods
First, we cultured MSCs either under normal ambi-
ent cell culture condition (normal MSCs) or under the 

metabolic switching paradigm (switched MSCs). We 
assayed these two groups of MSCs for OCR and ECAR 
to reveal potential differences in their mitochondrial res-
piration and glycolysis. All investigators were blinded to 
the treatment conditions. Assignment of MSCs to either 
ambient or metabolic switching was conducted randomly.

Mesenchymal stem cells cultures
Human umbilical cords (hUC; n = 03) were purchased 
from Zen-Bio and they were obtained after mothers’ 
informed consent, immediately after full-term births 
with normal vaginal delivery. The isolation of MSCs from 
the perivascular region of hUC was performed as previ-
ously described [13]. An enzymatic method was chosen 
for the isolation of MSCs to increase the cell harvest 
yield around the vessels. Briefly, the hUCs were washed 
in 1× PBS to remove bloodstains and then rinsed in warm 
Hanks’ Balanced Salt Solution (HBSS) (Gibco) supple-
mented by 2× antibiotics/antimycotics (Gibco). Next, 
the hUC was cut into pieces of about 5–6 cm in length 
and then carefully sectioned longitudinally to expose the 
blood vessels. For the isolation of MSCs, the blood ves-
sels were isolated using forceps and scalpel and placed 
in 40 ml of HBSS (Gibco) supplemented with 100 U/ml 
Type I Collagenase (Sigma, St Louis, Missouri, USA) and 
0.01 U/ml Hyaluronidase (Stemcell Technologies) in a 
50 ml Falcon tube and left to digest in for 4 h at 37 °C. 
After the digestion was completed, all the vessels were 
removed from the suspension using forceps. The sus-
pension, containing the cells, was centrifuged at 285 g 
for 10 min. Subsequently, the supernatant was discarded 
and the cellular pellet was treated with 50  ml of 0.8% 
ammonium chloride (Stemcell Technologies, Vancouver, 
Canada) and incubated at room temperature for 5 min 
to lyse the erythrocytes. Thereafter, the tube was cen-
trifuged for 10 min at 285 g and the supernatant was dis-
carded. The cells, obtained from the perivascular region 
of each hUC, were counted and plated in one noncoated 
T-75 tissue culture flask with a complete medium and 
put it into a 5% CO

2
 incubator at 37 °C. We achieved con-

fluence of MSCs at around day 14 in vitro, then we either 
continued the ambient cell culture condition or initiated 
the metabolic switching paradigm. The latter cell culture 
condition involved switching glucose (10  mM; 3 days) 
with galactose (10 mM; 3 days) in the media, which were 
alternately performed twice before processing the cells 
for the Seahorse mitochondrial respiration and glycolytic 
assay.

Mitochondrial respiration and glycolytic assay
To determine cellular OCR, the Seahorse extracellular flux 
analyzer XFe96 (102416; Agilent, Santa Clara, California, 
USA) was used in combination with sequential injec-
tion of various compounds. ECAR is measured simulta-
neously by quantifying lactate production as a measure 
of glycolysis [17]. OCR and ECAR measurements were 
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performed following the manufacturer’s protocol. On 
the day of experiments, MSCs were detached from cell 
culture plates and seeded to a Seahorse 96-well plate 
(101085–004; Agilent) at 5.0 × 104 cells/well. Briefly, the 
Seahorse 96-well plate was centrifuged in a swing bucket 
rotator with slow acceleration (4 on a scale of 9) to a max 
speed of 450 rpm with 0 brake. Then, the plate orienta-
tion was reversed and centrifuged again to the max speed 
of 650 rpm with 0 brake. To determine OCR, the Seahorse 
extracellular flux analyzer XFe96 (102416; Agilent) was 
used in combination with sequential injection of various 
compounds [1 μmol/L oligomycin, 1 μmol/L carbonyl 
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), 
0.5 μmol/L Rotenone and Antimycin A] following the 
manufacturer’s protocol.

Extracellular flux analysis of cellular metabolic 
characteristics
20 000 cells per well were plated in an XF24-well plate 
(Seahorse Bioscience, North Billerica, Massachusetts, 
USA). MSCs were then incubated for 45 min at 37 °C at 
ambient CO

2
 in HCO3-free Dulbecco’s Modified Eagle 

Medium (pH 7.4) containing 4  mM glutamine, 1  mM 
pyruvate and 10 mM glucose or 10 mM galactose. OCRs 
were determined in situ using a Seahorse Extracellular 
Flux Analyzer. Baseline oxygen consumption rate was 
measured 3 times for 4 min each separated by a 2 min 
wait and a 2 min mix. Following the measurement of 
basal respiration, oligomycin (600 ng/ml) (Sigma–Aldrich, 
Oakville, Ontario, Canada) was injected into each well, 
followed by three cycles of 2 min mix, 2 min wait and 
4 min measurement to measure state 4 (nonphosphoryl-
ating) respiration. Then, FCCP (1 mM) (Sigma–Aldrich) 
was injected into each well, followed by three cycles of 
2 min mix, 2 min wait and 2.5 min measurement to meas-
ure maximal respiration. Finally, antimycin A (4  mM) 
(Sigma–Aldrich) was injected into each well, followed 
by three cycles of 2 min mix, 2 min wait and 3 min meas-
urement to measure extramitochondrial O

2
 consumption. 

The cells were then collected for the determination of 
protein content (Bradford assay). The data are presented 
as mitochondrial OCR (basal, oligomycin or FCCP OCR 
are reported following the subtraction of OCR in the 
presence of antimycin) and expressed per mg of total 
cellular protein. Finally, for the normalization, Hoechst 
33342 solution was added in port D. Data were obtained 
using Wave software.

Statistical analysis
The data were evaluated using analysis of variance fol-
lowed by post hoc Bonferroni tests. Statistical significance 
was preset at P < 0.05. Data are presented as mean ± SD.

Results
To measure the basal amount of OxPhos compared 
to glycolysis in switched MSCs and normal MSCs, the 

OCR/ECAR ratios at the first three timepoints of the 
mitochondrial respiration assay were analyzed (Figs.  1, 
2) [14,18]. These three timepoints are of utmost clini-
cal relevance, given that intrinsic MSCs preconditioned 
with metabolic switching would be in a basal energetic 
state. switched MSCs exhibited a significantly higher 
OCR/ECAR (P < 0.0001) at all three of these points com-
pared to normal MSCs. Thus, metabolic switching effec-
tively shifted mitochondrial metabolism from glycolysis 
towards OxPhos and greater energy production.

Once oligomycin was added, the ATP synthase protein 
was inhibited [14,18]. A cell line with a greater reliance 
on OxPhos would be impacted more by the addition of 
this inhibitor. This was reflected in our findings, as the 
OCR/ECAR ratio of the switched MSCs was signifi-
cantly more decreased after oligomycin addition (time 
points 4–6) (time point 4 P < 0.001; time points 5 and 6 
P < 0.0001) than that in the normal MSCs (Fig. 1). The 
addition of oligomycin further strengthened the argu-
ment that switched MSCs favored OxPhos more than 
normal MSCs.

In a similar fashion, FCCP uncoupled the proton gradi-
ent from ATP synthesis. When measuring OCR, uncou-
pling allowed for the measurement of spare respiratory 
capacity (SRC). SRC refers to the cell’s ability to respond 
to stressful situations and upregulate energy produc-
tion [14,18]. The time points 7–9 showed that normal 
MSCs displayed a significantly greater OCR/ECAR than 
switched MSCs (P < 0.0001) after FCCP addition (Fig. 1) 
suggesting a greater SRC in normal MSCs than switched 
MSCs. These observations support the notion that the 
switched MSCs already harbored superior energy pro-
duction at the basal period, as shown by time points 1–3.

Lastly, rotenone and antimycin A were injected into 
the assay to determine nonmitochondrial respiration. 
Rotenone inhibited complex I and antimycin A inhibited 
complex III, ultimately halting OxPhos [14,18]. Normal 
MSCs showed significantly greater OCR/ECAR after this 
third injection, measured at time points 10–12, compared 
to switched MSCs (P < 0.0001) (Fig.  1). These findings 
further lend support to switched MSCs’ greater reliance 
on OxPhos compared to normal MSCs, thus switched 
MSCs had less of a need for extraneous energy sources. 
Normal MSCs performed more glycolysis, a nonmito-
chondrial energy production process, also explaining the 
greater OCR/ECAR ratio.

Ultimately, the OCR/ECAR ratios observed in our mito-
chondrial stress assay suggest that metabolic switching of 
switched MSCs generated ‘super’ mitochondria capable 
of greater OCR compared to normal MSCs.

Discussion
This study exemplifies the modulation of MSCs’ metab-
olism from a glycolytic to an oxidative state. While OCR 
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and ECAR can be analyzed individually to measure 
OxPhos and glycolysis levels, the ratio of these two fac-
tors is important to understand the cells’ overall meta-
bolic balance and functionality [16,19]. Using the Agilent 
Seahorse XF Mito Stress Kit [14], we demonstrated an 
increase in the OCR/ECAR ratio in switched MSCs com-
pared to normal MSCs at baseline. By inhibiting ATP syn-
thase with oligomycin, we showed that switched MSCs 
relied heavily on OxPhos for energy production than 
normal MSCs. Uncoupling the mitochondrial proton gra-
dient from energy production, we illustrated that normal 
MSCs mounted a greater SRC under stressful conditions 
or increased energy demand. While we expected switched 
MSCs to be more efficient and more adaptable to stress 
via increased energy production, it is likely that these cells 
already harbored an elevated basal OCR/ECAR thereby 
lessening the need for SRC. Lastly, we observed that nor-
mal MSCs exhibited a higher OCR/ECAR after shutting 
down mitochondrial respiration, supporting that normal 
MSCs performed more glycolysis than switched MSCs. 
These findings support the use of metabolic switching 
to precondition MSCs as a prelude to cell transplantation 
in ischemic stroke. Furthermore, it advances the con-
cept of enhancing OxPhos as a mechanism for mitigating 
ischemic stroke damage. The use of MSCs represents a 
model system for testing metabolic switching as a thera-
peutic approach to enhance the survival of stem cells, as 
well as intrinsic cells of the neurovascular unit within the 
stroke penumbra. Enhancing ATP production and reduc-
ing reactive oxidative species (ROS) may be induced 
pharmacologically via mitochondrial inhibitors [5] and 
antioxidant drugs [6] or physiologically through hypo-
thermia [8] and exercise [20]. Stand-alone or combination 
treatments that replicate metabolic switching outcomes of 

efficient mitochondrial ATP production and ROS reduc-
tion pose as potent stroke therapeutics.

Although the OCR/ECAR ratio is commonly used to 
diagnose the Warburg effect in cancer cells [19,21], this 
study uniquely proposes adjusting the cells’ OCR/ECAR 
ratio as a treatment for stroke. Ultimately, this study may 
be relevant to caloric restriction to rewire neurons and 
precondition them to be more resilient to ischemia. This 
diet-modulated mechanism of preconditioning could 
be incredibly beneficial for individuals at a high risk of 
stroke, for example, a patient with pre- or postsurgical 
complications, fever, leukocytosis, hypertension, hyper-
coagulability or cardiac comorbidities [22]. Cognizant 
that stroke is an age-related disorder and mitochondrial 
functions deteriorate during aging, the incorporation of 
aging as a co-morbidity factor of a stroke may further 
define the role of metabolic switching in mitochondrial 
function [23,24]. Further research must be conducted to 
determine the optimal shifting paradigm to precondition 
MSCs. Additionally, when applied clinically, ideal diet 
conditions must be established to properly nourish the 
patient while also adjusting their cellular metabolism.

The present results highlight metabolic switching as a 
potential stroke treatment. In parallel, the use of MSCs in 
general offers yet another potential treatment, in particu-
lar, MSCs stand as potent donor stem cells for transplan-
tation therapy in stroke [5,25]. However, generating more 
efficient mitochondria in MSCs before transplantation 
remains an unexplored adjunct therapy. Mitochondrial 
damage has been deemed a principal cause of ischemic 
cell death [26], with mitochondrial transfer from astro-
cytes to ischemic cells ameliorating stroke deficits [27]. 
MSCs possess the capacity to differentiate into multiple 

Fig. 1

OCR/ECAR Ratio. Line chart shows the oxygen consumption rate (OCR) to extracellular acidification rate (ECAR) ratio changes in rate mode 
comparing MSCs grown under ambient cell culture condition (red) and MSCs exposed to metabolic switching condition (blue). MSCs, extracellu-
lar acidification rate.
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mesodermal lineages, which may exert therapeutic effects 
as immunoregulatory or trophic regulators following 
stroke. Because MSCs are not neurons, we acknowledge 
the limitation that MSCs may not fully recapitulate neu-
ronal metabolism. Moreover, recognizing the complex 
response of multiple cell types within the neurovascular 
unit to stroke and the development of ischemic toler-
ance, further research is needed to translate our findings 
of metabolic switching in MSCs to the central nervous 
system setting. Nevertheless, the present study reveals 

that metabolic switching represents a robust approach in 
harnessing healthy mitochondria in MSCs. The amplified 
OCR/ECAR ratio in switched MSCs elevated the cells’ 
oxidative metabolism, which may represent a promising 
therapeutic strategy for stroke.

Conclusion
Metabolic switching creates MSCs that harbor healthier 
and more efficient mitochondria amplifying their func-
tional properties as transplantable stem cells in stroke. 

Fig. 2

Bioenergetic profiles. (a) Bar chart demonstrates the OCR rates (darker shade) and ECAR rates (lighter shade) at time point 0, basal metabolism, 
for 6 cultures of normal MSCs (left) and switched MSCs (right). (b) Scatter plot shows average OCR on the y-axis vs. ECAR on the x-axis of 6 cul-
tures of normal MSCs (right) and switched MSCs (left). Points closer to the x-axis and further from the y-axis favor glycolysis, while points further 
from the x-axis and closer to the y-axis favor oxidative phosphorylation. ECAR, extracellular acidification rate; MSCs, extracellular acidification rate; 
OCR, oxygen consumption rat.
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The increased OxPhos, as evidenced by the increased 
OCR/ECAR ratio, supports the use of metabolic switch-
ing for potent induction of ischemic tolerance.
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