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Introduction

Abstract. Reduced nicotinamide adenine dinucleotide (NADH) fluorescence lifetime has been broadly used as
a metabolic indicator for stem cell imaging. However, the direct relationship between NADH fluorescence lifetime
and metabolic pathway and activity remains to be clarified. In this study, we measured the NADH fluorescence
lifetime of human mesenchymal stem cells (hMSCs) as well as the metabolic indictors, such as adenosine tri-
phosphate (ATP) level, oxygen consumption, and lactate release, up to 4 weeks under normal osteogenic differ-
entiation and oxidative phosphorylation-attenuated/inhibited differentiation by oligomycin A (OA) treatment.
NADH fluorescence lifetime was positively correlated with oxygen consumption and ATP level during energy
transformation from glycolysis to oxidative phosphorylation. Under OA treatment, oxidative phosphorylation
was attenuated/inhibited (i.e., oxygen consumption remained the same as controls or lower), cells showed
attenuated differentiation under glycolysis, and NADH fluorescence lifetime change was not detected.
Increased expression of the overall complex proteins was observed in addition to Complex |. We suggested
special caution needs to be exercised while interpreting NADH fluorescence lifetime signal in terms of stem
cell differentiation. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction
of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.20.1.017004]

Keywords: human mesenchymal stem cell differentiation; NADH fluorescence lifetime; metabolism; mitochondrial function; oxygen
consumption; adenosine triphosphate level.
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the dielectric properties of stem cells® or chemical analysis by

Stem cells can differentiate into diverse specialized cell types
and self-renew to produce additional stem cells that possess
potential in regenerative medicine and tissue engineering. For
such applications, stem cells can be proliferated indefinitely
and subsequently become progenies of different cellular
types. In such cases, the ability to identify stem cell varieties,
proliferation efficiency, and differentiation potential is of
immense importance. In the past decade, progress has been
made to improve the verification of stem cells by specific sur-
face markers' or gene expression patterns.” In these techniques,
either the physical destruction or labeling with fluorescence
dyes render these approaches inapplicable in the clinical setting.
Therefore, the development of label-free, noninvasive tech-
niques in the characterization of stem cells is becoming increas-
ingly more popular. Specifically, label-free techniques based on
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Raman spectroscopy™ have been developed to identify stem
cells from their differentiated progenies.

Recently, numerous studies focus on the metabolic state or
metabolic pathway of stem cell as means of indicating their dif-
ferentiation potentials.® Embryonic stem cells have been found
to remain in anaerobic or glycolytic metabolism when they are
in the undifferentiated state, and it was found that an upregula-
tion of mitochondrial function is essential for their successful
differentiation.”® In addition, it was reported that in human mes-
enchymal stem cells (hMSCs), oxidative phosphorylation domi-
nated energy production after osteogenic differentiation,”!° but
chondrogenic induction in hMSCs resulted in a shift toward
a predominantly glycolytic metabolism.'” These findings indi-
cated that the metabolic or mitochondrial function shift can be
an applicable biomarker for the determination of stem cell
differentiation capabilities.

Reduced nicotinamide adenine dinucleotide (NADH), an
intrinsic fluorophore which has an excitation peak and fluores-
cence peak at about 340 and 450 nm, respectively, is a key coen-
zyme involved in numerous biochemical reactions and serves as
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the main electron carrier in oxidative phosphorylation. As in
earlier pioneering work using NADH fluorescence for metabolic
imaging, the relative amounts of reduced and oxidized NADH
can be used to monitor metabolic change and mitochondrial
function.!! Typically, the detection of NADH fluorescence
intensity is combined with the detection of the intrinsic fluo-
rophore flavin adenine dinucleotide (FAD). The ratio of FAD
to NADH, specified as the redox ratio, has been used as an
indicator for yielding more reliable information of cellular
metabolism than NADH or FAD alone.'? Using this non-
invasive ratiometric technique, the increase in mitochondrial
function of hMSCs after osteogenic induction was revealed
by the increase in redox ratio, i.e., decrease in NADH fluores-
cence and/or increase in FAD fluorescence.'*!* On the other
hand, fluorescence lifetime is another imaging approach and
it is different from fluorescence intensity methodology in
that it is concentration independent. Furthermore, lifetime
imaging is sensitive to the microenvironment; therefore, it
can provide an insight into molecular dynamics of endogenous
fluorophores.'® Fluorescence lifetime measurement of NADH
revealed that multiple states of NADH depended on the
enzyme to which it is bound. Typically, NADH is known to
exhibit a short or long fluorescence lifetime component
depending whether it is in a free or protein-bound form.
Protein-bound NADH is characterized by a complex multiex-
ponential lifetime decay that has been attributed to its binding
to different enzymes, such as malate dehydrogenase and lactate
dehydrogenase.'® Therefore, changes to NADH fluorescence
lifetime are considered to be due to changes in enzymatic bind-
ing. Several studies have shown the ratio of free-to-bound
NADH is related to the amount of energy production through
the manipulation of various metabolic inhibitors.'”! Recently,
NADH fluorescence lifetime has been used to discriminate
undifferentiated stem cells and their differentiated progenies
that are likely attributed to metabolic change during differen-
tiation.?>2° However, the correlation between NADH lifetime
and metabolic change from undifferentiated stem cells to
differentiated progenies are not demonstrated. A basic under-
standing in developing the methodology of monitoring metabo-
lism through detecting intrinsic biomarker NADH fluorescence
lifetime is essential.

In this study, we measured NADH fluorescence lifetime,
expression of respiratory enzymes, and mitochondrial functions
of hMSCs after osteogenic differentiation up to 4 weeks to
investigate their correlations. We further investigate if the cor-
relation holds under reduced/inhibited mitochondrial metabo-
lism by treating the cells with a mitochondrial respiration
inhibitor oligomycin A (OA), which acts to lower adenosine
triphosphate (ATP) production, and decrease oxygen con-
sumption, resulting in mitochondrial metabolic inhibition.
The mitochondrial complex protein expression from Complex
I-V was studied to further understand the possible origin of
NADH fluorescence lifetime as an intrinsic biomarker for
metabolic states.

2 Material and Methods

2.1 Culture and Osteogenic Differentiation of
Human Mesenchymal Stem Cells

hMSCs isolated from the bone marrow aspirates of healthy
donor were cultured in MesenPro medium consisting of 2%
fetal bovine serum.?’ (Gibco BRL, Invitrogen, Grand Island,
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New York.) Osteogenic differentiation of hMSCs was per-
formed as previously reported.”?” The procedure to obtain
hMSCs is approved by Institutional Review Board of Taipei
Veteran General Hospital and informed consent of the donors
was obtained as previously reported.”> In briefly, hMSCs
were first seeded at a density of 4000 cells/cm?. Next,
osteogenic induction was carried out at ~50% confluency of
cultured hMSCs in osteogenic induction medium [serum-free
IMDM, 0.1 uM dexamethasone, 0.2 mM ascorbic acid, 10 mM
p-glycerol phosphate (Sigma-Aldrich, St. Louis, Missouri),
and 100units/ml penicillin and 100mg/ml streptomycin].
The induction medium was changed twice a week until the
cells were harvested. In part of the experiments, cells were
treated with 1ug/ml OA in the induction medium at the
beginning of osteogenic induction to attenuate/inhibit oxida-
tive metabolic activity. We carefully chose the dose of OA
based on our previous study’ so that the cell survival rate
remained the same as that of the controls but ATP decreased
during differentiation.

2.2 NADH Fluorescence Lifetime Image

NADH fluorescence lifetime images of hMSCs were obtained as
previously reported.”>**?’ In the beginning, hMSCs were
seeded onto a 24-mm diameter glass coverslip (Paul
Marienfeld GmbH & Co., Lauda- Konigshofen, Germany)
and osteogenesis was induced as previously described. Prior
to fluorescence lifetime imaging, the coverslip was washed
twice using PBS and then transferred into an imaging chamber
and 1-ml aliquot of 5 mM 4-(2- hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES) buffer (5 mM KCI, 140 mM NaCl,
2 mM CaCl,, 1 mM MgCl,, 10 mM glucose, pH 7.4) was
added to maintain physiological state and avoid light absorption
of the culture medium. hMSCs were imaged with a two-photon
laser scanning microscope and with a 60X /NA 1.45
PlanApochromat oil objective lens (Olympus Corp., Tokyo,
Japan). NADH fluorescence was excited at 740 nm by
a Verdi pumped modelocked femtosecond Ti:sapphire laser
(Coherent, Inc., Santa Clara, California) at 76 MHz and the
emitted fluorescent light was detected at 447 4+ 30 nm, with
the NADH fluorescence peaks detected by a bandpass filter
(Semrock Inc., Rochester, New York). Fluorescence photons
were detected by a photon-counting photomultiplier H7422P-
40 (Hamamatsu Photonics K.K., Hamamatsu, Japan). All
the images were taken at 256 X 256 pixels resolution with an
acquisition time of 900 s. Cells were incubated at 37°C and
5% CO, during the image acquisition.

Time-resolved detection was conducted by the time-corre-
lated single-photon counting SPC-830 board (Becker & Hickl
GmbH, Berlin, Germany). Data were analyzed with the com-
mercially available SPC Image v2.8 software (Becker &
Hickl GmbH, Berlin, Germany) via a convolution of a two com-
ponent exponential decay function, F(¢) = a;e™"/™' + a,e™'/*
and the instrument response function (IRF), and then were fitted
to the actual data to extract lifetime parameters 7|, 7,, a;, a,, and
T,,- T,y is the mean lifetime defined as (a7, + a,7,)/(a; + a5).
IRF was measured using a second-harmonic—generated signal
from a periodically poled lithium niobate crystal as a standard
procedure. The full width at half maximum of our IRF is
~300 ps, which is similar to other published results.'**" In addi-
tion, the value of NADH lifetime was calculated over the entire
image. The field-of-view of each image is 100 X 100 pm, which
covered about one to two stem cells. The sample size per time
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point is five to eight independent samples, meaning five to eight
cell culture dishes. We took two to three images from different
sites per dish.

2.3 Alkaline Phosphatase Staining and
Activity Assay

For alkaline phosphatase (ALP) staining, cells grown in 35 mm
dishes were fixed with 4% paraformaldehyde and then permea-
bilized with 0.1% Triton-X 100. Intracellular ALP was revealed
by staining 5-bromo-4-chloro-3-indolyl phosphate/nitroblue
tetrazolium (Sigma-Aldrich). The assay of ALP activity used
is similar to that previously reported.” Cells grown in 48-well
plates were disintegrated with 0.05% sodium dodecyl sulfate
(SDS) and then incubated in assay solution containing 8 mM
4-nitrophenyl phosphate and 2 mM MgCl, in 2-amino-2-1-
propanol for 1 h. The reaction was inhibited by the addition
of 0.02 N NaOH and the release of 4-nitrophenol was mea-
sured by an ELISA reader (Thermo Scientific, Waltham,
Massachusetts) at 405 nm. Cell content was measured by a
standard called alamarBlue assay. The results are presented
as the normalized absorbance at 405 nm to cell content.

2.4 Measurement of Oxygen Consumption Rate

The oxygen consumption rate (OCR) was measured by 782
Oxygen Meter (MitocellMT200A, Strathelvin Instrument,
Motherwell, United Kingdom) as previously reported.?*3! An
aliquot of 4 x 10° cells was re-suspended in 330ul of assay
buffer (125 mM sucrose, 65 mM KCl, 2 mM MgCl,,
20 mM phosphate buffer, pH 7.2), and the cell suspension
was transferred into the respiration chamber at 37°C with a
water circulation system. An aliquot of 0.0004% digitonin
was added to permeablilize the outer membrane of mitochon-
dria. The substrate-supported OCR was measured after 17 mM
glutamate and 17 mM malate were injected into the chamber
for the requirement of the oxygen molecule. After recording
the substrate-supported OCR, 1.5 mM adenosine diphosphate
(ADP) was injected to measure the ADP-stimulated OCR,
which assesses the efficiency of ATP synthesis and the integrity
of mitochondrial respiratory chain.?’

2.5 Measurement of Intracellular Adenosine
Triphosphate Level

The intercellular ATP level was measured by the bioluminescent
somatic cell ATP assay kit (Sigma-Aldrich). Cells were col-
lected at different time points and an aliquot of 50 ul of viable
cell suspension was mixed with 150 ul of somatic cell releasing
buffer to release the intercellular ATP. Half of the mixture (i.e.,
100 ul) was then transferred into a black OptiPlate-96F 96-well
plate containing 100 pl) of ATP assay mix in each well. The
luminescence intensity was measured using the Victor2 1420
Multilabel Counter (PerkinElmer, Waltham, Massachusetts).
The reported luminescence intensity was normalized to the
cell number.

2.6 Measurement of Lactate Release Rate

The lactate production rate was measured by a Lactate Reagent
kit (Trinity Biotech PLC, Bray, Ireland). Cells in 6-well plates
were replenished with fresh medium and incubated for 8 h. An
aliquot of 10 ul of medium was then transferred to a 96-well
plate to mix with the Lactate Reagent, and absorbance at
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540 nm was measured by an ELISA reader (Thermo Scientific).
The lactate release rate was calculated as the absorbance normal-
ized to the total cell number and then divided by the incubation
time (h).

2.7 Western Blot Analysis

An aliquot of 25 to 30 ug of proteins was separated on a 10%
SDS polyacrylamide electrophoresis gel and transferred onto a
polyvinylidene difluoride membrane (Amersham Biosciences).
Nonspecific bindings were blocked by 5% skim milk in Tris-
buffered saline Tween 20 buffer (50 mM Tris-HCI, 150 mM
NaCl, 0.1% Tween 20, pH 7.4), and the membrane was blotted
indicating the anti-Complex I[-V subunit primary antibodies,
which were all purchased from Molecular Probe (Invitrogen).
After incubation with a horseradish peroxidase-conjugated sec-
ondary antibody, the protein intensity was determined by an
enhanced chemilluminescence reagent (PerkinElmer Life and
Analytical Sciences, Boston).

3 Results

3.1 Osteogenic Differentiation of hMSCs Without
and With Oligomycin A Treatment

We measured the ALP activity, a widely used differentiation bio-
marker during osteogenesis, in normal osteogenic differentiation
as controls and with 1ug/ml OA treatment to determine their
osteogenic differentiation. After osteogenic induction, the mor-
phology of hMSCs gradually became flattened and polygonal,
and there was an increase in ALP activity staining [Fig. 1(A)].
Under OA treatment, we found that OA-treated hMSCs had
weaker ALP staining at the same time point as compared
with untreated controls [Fig. 1(A)]. We further measured
ALP activity by spectrophotometric assay and found that the
ALP activity under OA treatment increased slowly to show it
started differentiation at week 2 with less activity as compared
to normal osteogenic induction which started differentiation at
week 1 [Fig. 1(B)]. These results confirmed that OA treatment
inhibited osteogenic differentiation.

3.2 NADH Fluorescence Lifetime of hMSCs
Increased During Normal Osteogenic Induction,
but did not Increase With OA Treatment

We have reported that NADH lifetime increased gradually dur-
ing osteogenic differentiation for up to 3 weeks.”> To confirm
this result, we repeated the experiment using hMSCs from a
different donor. Figure 2(A) shows NADH fluorescence lifetime
images of undifferentiated and differentiated hMSCs at 4 days
and 1 to 4 weeks. Each pixel represents the mean lifetime (z,,)
and was color-coded between 500 (red) and 2000 (blue) ps.
Similar to our previous study, the NADH fluorescence lifetime
of hMSCs exhibited a shift from shorter (yellow) to longer life-
time (green to blue) during osteogenic differentiation [Fig. 2
(Aa—Af)]. Figure 2(Ag—Ak) shows NADH fluorescence lifetime
image of differentiated hMSCs from 4 days to 4 weeks under
OA treatment. No significant lifetime change was observed.
We acquired at least five different images of mean lifetime
from five different cultural dishes at each time point and plotted
the average result in Fig. 2(B). The NADH fluorescence lifetime
of normal hMSCs increased gradually from 975.6 + 33.7 ps to
reach a peak value of 1179.7 & 104.9 ps at week 3. The NADH
fluorescence lifetime significantly increased (p <0.05) at
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Fig. 1 (A) Alkaline phosphatase (ALP) stain of undifferentiated hMSCs (a) and differentiated hMSCs at
3 weeks without (ost3w_N) (b) or with OA treatment (ost3w_OA) (c). Note that the cell morphology
became flattened and polygonal shapes after osteogenic induction. Scale bar is 100 um. (B) ALP
activity of hMSCs during osteogenic differentiation at 4 days (ost4d), 1 week (ost1w), 2 weeks (ost2w),
3 weeks (ost3w), and 4 weeks (ost4w). Black bars represent normal osteogenic induction and white
bars represent osteogenic induction with OA treatment. Each data point was calculated based on
data of 4 samples. Symbols * indicate that the value is significantly different (p-value <0.05, Student’s
t-test) as compared with undifferentiated hMSCs (hMSC).

week 1. The NADH fluorescence lifetime of differentiated
hMSCs with OA treatment did not show any difference from
that of undifferentiated hMSCs.

3.3 ATP Level and Oxygen Consumption Increased
and Lactate Release Rate Decreased During
Normal Osteogenic Differentiation of hMSCs

Because osteogenic differentiation of hMSCs is associated with
metabolic change,”*’ our observed NADH fluorescence lifetime
increase is likely linked to this metabolic change during osteo-
genic differentiation. We measured cellular ATP level, oxygen
consumption, and lactate release rate with or without OA
treatment. Figure 3(a) shows that the cellular ATP level of
hMSCs increased from 95.1 4 18.1 nmole/10* cells gradually
to a peak value of 147.1 & 19.5 nmole/10* cells after differen-
tiation for 3 weeks. The ATP level of differentiated hMSCs
under OA treatment did not change, and even decreased to
65.1 £ 12.7 nmole/10* cells at 4 weeks after differentiation.
The increasing trend in oxygen consumption of normal-
differentiated hMSCs is similar to that of the ATP level
[Fig. 3(b)]. The highest value of oxygen consumption is 2.40 +
0.29 nmole/ min /10° cells at 3 weeks after differentiation,
which is ~2-fold increase as compared with undifferentiated
hMSCs (1.24 + 0.23 nmole/ min /10° cells). Under OA treat-
ment, the value of oxygen consumption did not change
compared to the value of undifferentiated hMSCs and signifi-
cantly decreased to <1 nmole/ min /10° cells at weeks 1 and
4 after differentiation. Lactate release [Fig. 3(c)], an index of
anaerobic glycolysis, was found to drop significantly in the
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beginning of normal osteogenic differentiation and then gradu-
ally increased afterward. The lactate release rate increased to
about 90 pmole/h/103 cells after 2 weeks of differentiation
but was still significantly lower than the value of undifferenti-
ated hMSCs (129.5 £ 15.8 pmole/h/10% cells). Under OA
treatment, the lactate release rate was higher than that under nor-
mal osteogeneic differentiation at all-time points from day 4 to
week 4. At weeks 2 to 4, the lactate release rate was the same as
that of undifferentiated hMSCs. The above results similar to
those reported previously,” indicated that the metabolic change
of hMSCs is from glycolysis to more effective oxidative phos-
phorylation during normal osteogenic differentiation. However,
under the inhibition of OA, the metabolic transformation from
glycolysis to oxidative phosphorylation is not clear during
osteogenic differentiation because both ATP and oxygen con-
sumption did not pick up and lactate release was not efficiently
inhibited.

3.4 NADH Fluorescence Lifetime Correlated with
Oxygen Consumption and ATP Level

Figure 4 plotted the relations of NADH fluorescence lifetime
versus ATP level [Fig. 4(a)] and versus oxygen consumption
[Fig. 4(b)] for normal osteogenic differentiation of hMSCs
(solid squares). It shows that the NADH fluorescence lifetime
correlated well with the ATP level and oxygen consumption
(R* = 0.83 and 0.91, respectively) suggesting that the NADH
fluorescence lifetime is a reliable biomarker to reflect mitochon-
drial function during normal osteogenic differentiation. We also
plotted the data points under OA treatment in the same figures
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Fig.2 (A) Two-photon fluorescence lifetime images of undifferentiated (hMSC) (a) and osteogenic differ-
entiated hMSCs at 4 days (ost4d) (b), 1 week (ost1w) (c), 2 weeks (ost2w) (d), 3 weeks (ost3w) (e) and 4
weeks (ostdw) (f) after osteogenic induction. Osteogenic differentiated hMSCs with oligomycine A (OA)
are shown from (g) to (k) at the same time points as those without OA. (B) The averaged results of NADH
fluorescence lifetime were calculated from multiple images taken from different samples. Each data point
was calculated based on data of at least five independent experiments. Symbols * indicate that the values
are significantly different (p-value <0.05, Student’s t-test) as compared with undifferentiated hMSCs.
Black bars represent normal osteogenic induction and white bars represent osteogenic induction

with OA treatment.

(open squares). The NADH fluorescence lifetime remained at
the minimal range regardless the change of ATP and oxygen
consumption. Some of these changes are toward to lower values
as compared to undifferentiated hMSCs.

3.5 Expression of Respiratory Enzyme Complex
Proteins Increased During Osteogenic
Differentiation

Increased expression of respiration enzyme complex proteins was
reported to correspond to increased oxidative phosphorylation.”*’
These complex proteins are responsible for a series of electron
transport reactions in producing ATPs. NADH was known to
strongly associate with respiration enzyme Complex 1.%?
The free/bound NADH ratio was suggested to dominate the
change of NADH fluorescence lifetime.3"* Therefore, our
observed increase in fluorescence NADH lifetime during osteo-
genic differentiation of hMSCs was possibly attributed to
NADH interacting with respiration enzymes complex proteins,
particularly Complex 1. We analyzed the expression levels of
protein subunits of respiratory enzyme Complex I-V by
Western blot analysis as shown in Fig. 5. We found a significant
increase (~2-folds) in the protein levels of core I subunit of
Complex IIT and a subunit of Complex V after osteogenic induc-
tion for 3 weeks. In addition, a slight increase (~1.5-folds) in
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the expression levels of NADH-ubiquinone-oxidoreductase sub-
unit 6 of Complex I and cytochrome oxidase subunit 5 of
Complex IV was also noted. The statistical result of complex
proteins expression was listed in the bottom table of Fig. 5.
Additionally, their association significance (p-value) with NADH
fluorescence lifetime was listed in Table 1.

4 Discussion

One property of some stem cell differentiations is the switching
from anaerobic glycolysis to the more effective oxidative phos-
porylation, corresponding to an increase in aerobic metabolism.
Previously, we have reported that the NADH lifetime increased
gradually during osteogenic differentiation.”? A similar trend in
NADH lifetime increase and free/bound NADH ratio decrease
were also reported in adipogenic and neural differentiation.?>
These studies indicated that NADH fluorescence lifetime may
reflect metabolic change to detect the differentiation potential
of stem cells. However, the direct relationship between NADH
fluorescence lifetime and metabolic status during differentiation
remains to be clarified. In this study, we used hMSCs to inves-
tigate NADH fluorescence lifetime and mitochondrial functions
during osteogenic differentiation for up to 4 weeks. Similar to
our previous study, the NADH fluorescence lifetime of hMSCs
increased during osteogenic differentiation (Fig. 2). In the meas-
urement of mitochondrial functions, ATP level and oxygen
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Fig. 3 Measurements of adenosine triphosphate (ATP) content (a),
oxygen consumption (b), and lactate release (c) of undifferentiated
hMSCs (hMSC) and differentiated hMSCs at 4 days (ost4d),
1 week (ost1w), 2 weeks (ost2w), 3 weeks (ost3w), and 4 weeks
(ost4w). Black bars represent normal osteogenic induction and
white bars represent osteogenic induction with OA treatment.
Symbols * indicates that the values are significantly different (p-
value <0.05, Student’s t-test) as compared with undifferentiated
hMSCs.

consumption increased and lactate release rate decreased signifi-
cantly and then gradually recovered toward a control level after
normal osteogenic differentiation (Fig. 3). NADH fluorescence
lifetime was found to directly correlate to oxygen consumption
(Fig. 4) but not lactate, which decreased and then increased
[Fig. 3(c)], suggesting that NADH fluorescence lifetime is
related to oxidative phosphorylation or aerobic metabolic activ-
ity, but not glycolysis or anaerobic metabolism.

We also compared the association between free (i.e., 7y),
bound NADH lifetime (i.e., 7,), or free-to-bound NADH
ratio (i.e., a;/a, ratio) and oxygen consumption because
these lifetime parameters were reported to reflect changes dur-
ing metabolic perturbation.'®° Our results show that 7, is asso-
ciated with oxygen consumption (R? = 0.81, p = 0.03) but not
7, R>=0.16, p =0.62) nor a,/a, (R*> =0.08, p = 0.88).
However, under OA treatment, 7; values (~450 to 500 ps)
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Fig. 4 The correlation plots of NADH fluorescence lifetime with ATP
level (a) and with oxygen consumption (b) at different time points.
Black solid squares and open squares represent normal differentia-
tion and differentiation with OA treatment, respectively. The correla-
tion curve and R? values were calculated for normal differentiation
group (black solid squares) only.

did not remain the same as that of the controls (i.e., ~400 to
450 ps). 7, did not correlate with oxygen consumption but
the correlation is significant (p = 0.03) when OA treated
cells are included. One possible explanation is that our z; con-
taminated some bound NADH due to the limitation of our cur-
rent two component analysis used. Vishwasrao et al.>* used a
4-component method and resolved a free NADH value of about
155 ps, and 3 bound NADH values of 599, 2154, and 6040 ps
under normoxia condition. Our reported z; is ~400 to 500 ps
which likely included both free and bound NADH with shorter
lifetimes (i.e., ~600 ps). Thus we only reported the mean
NADH fluorescence lifetime in this study. Further studies with
improved analytical methods are required to understand the
relationship of free/bound NADH and oxygen consumption.
We attenuated/inhibited the oxidative metabolic activity of
hMSCs during osteogenic differentiation by OA treatment.
We found that mitochondrial function of hMSCs was signifi-
cantly inhibited by OA treatment but that neither ATP nor
oxygen consumption increased (but decreased) during 4-week
osteogenic differentiation (Fig. 3). No significant change of
the NADH lifetime was observed even though ALP activity
showed cell differentiation activity at weeks 2, 3, and 4
(Fig. 1). Previous studies have found that MSCs were able to
adapt their metabolism depending upon the availability of
nutrients for the variable environment in vivo.*>*® Hsu et al.”’
reported that the osteoblasts under hypoxia failed to activate
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Fig. 5 The expression level of respiratory enzyme complex proteins.
The lower panel table is the statistical results by measuring the
expression from at least three independent experiments and the
value is the normalized expression to the value of hMSC. Symbol
* indicates that the expression level of respiratory enzyme is signifi-
cantly higher than that of the hMSCs.

mitochondrial respiration and relied extensively on glycolysis
for energy supply. Similar to the hypoxia condition, the
hMSCs adapted to OA treatment such that more lactate was
released, indicating that differentiated cells partly remained in
glycolysis under OA treatment. Since NADH fluorescence
lifetime is considered to be the index of mitochondrial metabo-
lism (i.e., oxidative phosphorylation) because the NADH
fluorescence signal is mainly from mitochondria,”’” a lack of
significant change of the NADH fluorescence lifetime in
OA-treated cells agrees with reports that NADH fluorescence
lifetime is associated with oxidative phosphorylation not
glycolysis.

The results of respiration enzymes showed that the overall
expression of most of the respiration enzymes increased as a
function of differentiation of time (Fig. 5). Although studies
by Blinova et al.>* suggested that the NADH associated
with Complex I significantly contributes to the overall mito-
chondrial NADH fluorescence intensity, the association between
the sum expression of 5 complex proteins, not Complex I, and
7, is significant (R?> = 0.92, p = 0.01) as shown in Table 1.
Complex III is marginally associated with 7; (R*> = 0.83,
p = 0.05). 7, and a, /a, ratio showed no significant association
with any complex protein expression or the sum expression of
five complex proteins. As mentioned above, the association
between NADH fluorescence lifetime parameter 7; and the
sum expression of five complex proteins is possibly attributed
to some bound-NADH with a shorter lifetime (~600 ps). More
studies are required to verify this. Nonetheless, we cannot
exclude the possibility of other proteins bound to NADH during
hMSC differentiation.

Understanding the relationship of NADH fluorescence life-
time and metabolic pathway and activity is essential for mon-
itoring the metabolism by measuring the NADH fluorescence
lifetime. In this study, we found a positive correlation for
NADH fluorescence lifetime and aerobic metabolic state in
osteogenic differentiation of hMSCs. However, NADH fluores-
cence lifetime is not sensitive to glycolysis activity in OA-
treated stem cells. These results demonstrated that NADH
fluorescence lifetime is a reliable and noninvasive indicator
for detecting stem cell aerobic metabolic activity (i.e., oxidative
phosphorylation) to predict their differentiation potential when
the differentiation pathway is transforming from glycolysis to
oxidative phosphorylation.
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Table1 The association between the parameters of NADH lifetime (z,, 71, 72, @;/a2) and Complex |-V expression after osteogenic differentiation
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Sum of 5 complex
Complex | Complex I Complex llI Complex IV Complex V proteins
Tm R? = 0.57 (0.28) R? =0.00 (1.00) R? = 0.65 (0.20) R? = 0.58 (0.27) R? = 0.34 (0.56) R? = 0.60 (0.25)
7 R? =0.14 (0.81) R? =0.12 (0.84) R? = 0.83 (0.05) R? =0.32 (0.58) R? =0.78 (0.08) R? =0.92 (0.01)2
75 R? = 0.03 (0.96) R? = 0.00 (1.00) R? = 0.30 (0.6) R? = 0.23 (0.70) R? =0.37 (0.52) R? = 0.42 (0.46)
a,/ap ratio R? =0.79 (0.08) R? =0.36 (0.53) R? =0.10 (0.87) R? = 0.35 (0.55) R? = 0.00 (1.00) R? = 0.03 (0.96)
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