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The nutritional requirements of stem cells have not been determined; in particular, the amino acid metabolism of
stem cells is largely unknown. In this study, we investigated the amino acid metabolism of human mesenchymal
stem cells (hMSCs), with focus on two questions: Which amino acids are consumed and/or secreted by hMSCs
and at what rates? To answer these questions, hMSCs were cultured on tissue culture plastic and in a bioreactor,
and their amino acid profile was analyzed. The results showed that the kinetics of hMSCs growth and amino
acid metabolism were significantly higher for hMSCs in tissue culture plastic than in the bioreactor. Despite
differences in culture conditions, 8 essential and 6 nonessential amino acids were consumed by hMSCs in both
tissue culture plastic and bioreactor cultures. Glutamine was the most consumed amino acid with significantly
higher rates than for any other amino acid. The metabolism of nonessential amino acids by hMSCs deviated
significantly from that of other cell lines. The secretion of alanine, glycine, glutamate, and ornithine by hMSCs
showed that there is a strong overflow metabolism that can be due to the high concentrations of amino acids
provided in the medium. In addition, the data showed that there is a metabolic pattern for proliferating hMSCs,
which can contribute to the design of medium without animal serum for stem cells. Further, this study shows
how to implement amino acid rates and metabolic principles in three-dimensional stem cell biology.

Introduction differentiate into multiple cell lineages and form bone, car-
tilage, muscle, fat, ligament, and tendon tissues."* 17 As es-
sential building blocks of nature, amino acids could provide

IN THIS STUDY, the amino acid metabolism of adult stem
information necessary to achieve optimal (e.g., serum free)

cells was explored. The study of amino acid metabolism

has contributed to successfully place mammalian cell cul-
tures at the service of biotechnology and medicine."? More
specific knowledge on amino acid metabolism has promoted
robust cell cultures® and design of serum-free media, which,
in practice, have made possible the routine production of
vaccines and antibodies.*® Amino acids owe their relevance
and importance to the fact that they are fundamental factors
in nutrition as building blocks for biomass components such
as, DNA, RNA, and proteins.7

The understanding of amino acid metabolism has impor-
tant implications for harnessing the therapeutic potential of
stem cells. However, little is known about how stem cells use
resources such as amino acids® and other extracellular com-
pounds.” Stem cells from the bone marrow are used in gene,
cell, and tissue ’cherapiesw"13 because of their potential to

and robust (e.g., reproducible) stem cell cultures and phe-
notypes in three dimensions (3D).

Due to the dynamic nature of amino acid metabolism, it
has been necessary to develop analytical tools, such as algo-
rithms'® and metabolic libraries,* to cope with the complex-
ity. Not surprisingly, studies have indicated that when one
cell type is compared with another, they differ in their amino
acid metabolism.*"* More importantly, it has become evident
that amino acid metabolism reflects the internal equilibrium
between using resources for energy generation and building
blocks. For example, restricting the amino acid consumption
leads to less overflow metabolism and higher product yields.
Thus, changes in culture conditions, such as concentrations or
reactor configurations, significantly upset the balance and the
production or consumption of amino acids.*>*"
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Through amino acid metabolism, metabolic pathways are
analyzed and defined by components, rates, and time con-
stants. For stem cells, the challenges are still numerous to be
able to qualitatively and quantitatively characterize all in-
tracellular and extracellular components due to the sheer
complexity of the pathways®>?! that can result in prolifera-
tion, differentiation, and 3D biology. In this study, we are
making the effort to organize this complexity with the help
of physical laws. First, the law of conservation of mass can be
applied to determine the kinetics of amino acid transport as
has been shown earlier.**?>?3 Second, the kinetics of amino
acid metabolism are connected to the transport of amino
acids by diffusion to determine molecular gradients in 3D.
As a consequence, the benefit is that the kinetics reveal how
the micro-environment of human mesenchymal stem cells
(hMSCs) is shaped in time.

So far, stem cell proliferation has been the primal focus of
many studies in tissue culture plastic®*® and in bioreac-
tors,”” Y because stem cell expansion in vitro is necessary due
to their low numbers in biopsies.’’ In this study, we ana-
lyzed amino acid metabolism during stem cell proliferation
in tissue culture plastic and a stirred vessel bioreactor.’* In
each one of those conditions, we cultured hMSCs to quan-
titatively and qualitatively elucidate which amino acids are
consumed and/or secreted. We hypothesized that essential
amino acids would be consumed by hMSCs, but nonessential
amino acids could be either consumed or secreted. By de-
termining the amino acid metabolism by hMSCs, we intend
to reveal quantities necessary to support 3D stem cell biology
and tissue regeneration.

Materials and Methods
Isolation and cryopreservation of hMSCs

Isolation and cryopreservation of hMSCs were performed
as previously described.®® After informed consent and ap-
proval by the medical ethics committee, we obtained hMSCs
from the acetabulum of five human donors who were un-
dergoing total hip replacement surgery. Gender and donor
age were as follows—Donor 1: female, 81 years. Donor 2:
male, 65 years. Donor 3: female, 76 years. Donor 4: female, 68
years. Donor 5: female, 38 years. The human MSC popula-
tion was isolated from the aspirates via adhesion selection.
Cells were cultured up to passage 1 and cryopreserved. Ex-
periments were performed according to protocols previously
described for tissue culture plastic (Static)*> or for micro-
carriers in a stirred vessel bioreactor (Dynamic).30 Culture
medium was prepared according to static or dynamic con-
ditions as follows:

Static. The minimal essential medium (xMEM) prolifer-
ation medium (GIBCO) contained, 10% fetal bovine serum of
a selected batch (fetal bovine serum [FBS] 1ot:4SB0010; Bio-
whittaker), 1ng/mL basic fibroblast growth factor (bFGF,
Instruchemie), penicillin G (100 Units/mL, Invitrogen),
0.2mM l-ascorbic-acid-2-phosphate (Sigma), streptomycin
(100 pg/mL, Invitrogen), and 2mM Il-glutamine (Sigma).

Dynamic. Culture medium used consisted of a-MEM
(Invitrogen) supplemented with 15% FBS (FBS, Cambrex),
100U/mL penicillin, 100pg/mL streptomycin, 2mM L-
glutamine (Invitrogen), 0.2 mM L-ascorbic acid-2-phosphate,
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1ng/mL bFGF (AbD Serotec), and 10 nM dexamethasone
(Sigma).

Proliferation

Static. Cells from donors 1 to 3 were cultured. Pro-
liferation of hMSCs was performed on tissue culture plastic
(T-Flasks) in a standard incubator with controlled tempera-
ture (37°C) and humidified atmosphere with 5% CO,.
Cryopreserved hMSCs were thawed, counted, and plated
(passage 2) at 100 cells/cm?” in «MEM proliferation media in
tissue culture flasks (T-flasks). aMEM proliferation medium
was not refreshed to maintain a batch culture configuration.
Every day, three replicates were sacrificed to obtain cell
numbers and the conditioned medium.

Dynamic. Cells from donors 4 and 5 were cultured.
Proliferation of human mesenchymal stem cells (hMSCs)
was performed in 1-liter round-bottomed stirred vessel bio-
reactors (Applikon Biotechnology BV) on Cytodex type 1
microcarriers (GE Healthcare) at a density of 20 cm?/mL
4.5g/ 1).30 During cultivation, the following conditions were
regulated with an ez-Control (Applikon Biotechnology):

® Temperature controlled at 37°C.

¢ Agitation speed controlled at 50 rpm during seeding and
at 60-70 rpm during expansion using a marine impeller.

* pH regulated at 7.3 using 0.25M NaOH and CO, gas.

* Dissolved oxygen concentration controlled at 4% O,
saturation by adjusting the oxygen fraction (using N»
and/or air gasses) blown over the surface of the cul-
tures.

The hMSCs were seeded on the microcarriers at 3000
cells/cm® in 400mL proliferation medium without FBS.*
The suspension was stirred at 50rpm for 4h. After the
seeding period, the medium was refreshed for 50%, and FBS
was added to obtain a final concentration of 15% FBS. Dur-
ing 7 days of cell expansion, the culture was stirred at
70rpm. Daily samples were taken for cell analysis and me-
dium analysis. Since the medium level decreased over time
due to sampling, the stirring rate was decreased stepwise to
60 rpm to maintain a homogeneous microcarrier suspension
with comparable shear forces. Two separate experiments
were performed (1=2) for each of the donors cultured in the
bioreactor system.

Cell numbers

Static. To harvest cells, the T-flasks were washed with
PBS (Sigma), and hMSCs were enzymatically detached from
T-flasks with 0.25% trypsin/EDTA. From the cell suspension,
200 ul was diluted in 10mL of Isoton II diluent (Beckman
Coulter), and three drops of Zap-OGlobin II lytic reagent
(Beckman Coulter) were added. The solutions were incubated
for 30 min to maximize the effect of the lytic reagent; subse-
quently, the nuclei of cells were counted in a particle count
and size analyzer (Z2, Beckman Coulter). The size range of
counted nuclei was set to between 6 and 10.5 pm according to
the 95% confidence interval of hMSCs nuclei size.

Dynamic. Sampling of microcarriers was performed
during the bioreactor runs. From these samples, viable cell
numbers were measured using the CellTiter-Glo assay
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(Promega), which is based on metabolic activity of the cell. To
visualize the cell load and cell distribution on the micro-
carriers, cells were stained with 1% 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) solution (Merck).

Metabolites and volume

Glucose and lactate were measured in a Vitros DT60 II
chemistry system (Ortho-Clinical Diagnostics). Daily mea-
surements were performed for every donor from indepen-
dent medium samples in both static and dynamic cultures.

Static. The medium evaporated at a rate of 2.1 10=°1/h
(£1.9%1077, n=3) in incubators at 37°C with 60% relative
humidity.

Dynamic. Daily, 10-20 mL microcarrier-cell and medium
samples were aseptically taken from the cell cultures in the
stirred vessels. This resulted in the working volume chang-
ing from 400 to 300 mL during culture.

Amino acid analysis

Free amino acid concentrations in the medium samples
were determined by high performance liquid chromatogra-
phy and performed by Ansynth Service B.V. (Roosendaal).

Static. From each donor, three T-flasks were sacrificed to
obtain medium samples every day. Medium samples were
filtered (0.2 um pore size, Millipore, The Netherlands). Each
amino acid measurement is representative of mixing me-
dium samples from three T-flasks. Immediately afterward,
vials were stored at —80°C.

Dynamic. Medium samples from each bioreactor were
filtered and stored at —80°C.

Estimation of degradation kinetics

Degradation experiments included medium incubated
without cells in static and dynamic culture. Metabolites and
amino acids were measured in the medium samples with
their respective methods. First-order degradation kinetics
were assumed during analysis. Amino acids with significant
degradation are shown as Supplementary Table S2; Supple-
mentary data available online at www.liebertonline.com/tea.

Statistical analysis

Each data point of cell numbers, glucose, and lactate con-
centrations was obtained from three replicates (three T-Flasks/
Donor for three donors) or two parallel runs (two stirring
vessels for two donors). Error bars in graphs with experimental
data represent the standard deviation of measurements.

Analysis of growth and metabolism kinetics was performed
and evaluated on the basis of 95% confidence intervals with
the growth and kinetics model found next. Standard error of
estimates (SEEs) was calculated to determine the quality of the
kinetic model fit to experimental measurements.

Growth and metabolism kinetics model description

To determine amino acid metabolism by hMSCs in static
and dynamic culture, the mass balances of the variables
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measured were defined and analyzed through the differen-
tial equations described next:

dd_‘t/ = - Kev/ (1)
where the differential equation reflects the change of me-
dium volume (V) in time during batch culture. For static
experiments, the volume is changing in time due to water
evaporation; thus, K., [1/h] is the evaporation rate constant
of medium, which for the conditions tested was equal to
2.1x107° [I/h]. For dynamic experiments, the vessel is a
closed system, where the volume is maintained constant and
does not change in time.

d(ccells ) V)
Deells " 7)o Copie - V,
dt n Cc 1ls (2)
where W=, — Uy

Equation 2 describes the change of viable cells in time,
where C,.s [cells/1] is the viable cell number, p [h™1 is the
apparent specific growth rate, i, [h~'] is the specific growth
rate of viable cells, and p; [h™'] is the death rate of viable
cells. 1, and p; cannot be estimated as independent variables,
and, therefore, 1 was estimated and used to predict viable
cell numbers.

d(Cp - V)

dt =qm - Ccells V- kdm . Cm -V (3)

Equation 3 presents the change of amino acids, glucose, and
lactate in time, where C,,, [nM] represents the concentration of
m, the subscript m refers to metabolites or amino acids, and g,
[mMoles/cell/h] refers to the specific consumption/produc-
tion rate. g, is constant and is negative for consumed mole-
cules and positive for produced molecules, and kg, [hfl]
represents the first-order spontaneous degradation constant.

Parameter estimation

The metabolite concentrations depend on both produc-
tion/consumption and degradation. By using the kinetics
model equations 1 through 3, the contributions of con-
sumption/production and degradation to the metabolite
concentrations can be separated.

The ordinary differential equations 1 through 3 were
solved with a standard differential equation solver in Matlab
(ode45 in version 7.0.4 release 2007a; Mathworks) on a
windows-based system. The initial values for solving the
differential equations were set to the experimentally deter-
mined average seeding densities and amounts of molecules
in fresh «MEM proliferation medium from five samples.

Growth and metabolism kinetics parameters were ob-
tained by nonlinear least squares regression that minimizes
the sum of the quadratic error over an experiment (Matlab
function nlinfit). The 95% confidence intervals for the pa-
rameters were calculated (Matlab function nlparci).

Computational fluid dynamics

Two cylinders were representative of the 3D environment.
The outer cylinder represented the medium volume, whereas
the inner cylinder represented the volume, where hMSCs
proliferate (Fig. 7). For the simulations, the parameters
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calculated from the bioreactor cultures, such as glutamine
consumption rates and initial concentrations, were assumed,
because bioreactor cultures are considered 3D cell culture
platforms and are more representative of other 3D environ-
ments. Further, consumption rates of metabolites may be
variable, instead of constant, due to environmental parame-
ters, such as oxygen availability. However, a constant con-
sumption rate for glutamine was a reasonable assumption, as
changes in oxygen availability have not been reported to
significantly change metabolite consumption rates.”” To ob-
tain the glutamine gradients for the hMSCs volume, equa-
tions 4 and 5 were solved:

oC

— =D V2. 4
o vVo.C, 4)
where C is the concentration of glutamine (mol/ m?), t is the
time (s), D is the diffusion constant of glutamine (m”/s), and
V is the del operator.

D-V-C= —(R+ky), ®)

where R is the glutamine consumed by the total hMSCs
population in the hMSCs volume (5mm diameterx1mm
height), and kg, is the spontaneous degradation of glutamine.

An initial concentration of glutamine (C0=2 mmol/I) was
obtained from the average bulk concentration of glutamine
at the beginning of culture. Glutamine diffusion constant (D)
was 2.2x107¢ ecm?/s.** Glutamine spontaneous degradation
(ksg) was estimated to be 3x107° [h™"] (Table S2).

To obtain R, glutamine consumption (g,) [pmoles/cell/h]
was multiplied by 2.5x 107 cells/L, the cell concentration on
day 0 in dynamic culture. It was assumed that hMSCs were
homogeneously organized in the 3D space.

Walls in different conditions were considered rigid and
impermeable. No-slip boundary conditions were applied to
surfaces.

Computational fluid dynamics models of the fluid flow in
culture conditions were set up and solved in the MEMS
module (microfluidics—flow with species transport-In-
crompressible-Navier Stokes) in Comsol Multiphysics ver-
sion 4 software (Comsol).

Results

To determine the amino acid metabolism of hMSCs
without biasing the results for one culture system, hMSCs
were cultured in static and dynamic platforms. All data are
presented as a comparison between static and dynamic cul-
ture, with the purpose of ultimately determining transport
rates across the stem cell membrane. Further, all data was
collected and analyzed for the lag and logarithmic phases of
hMSCs culture as defined by the viable cell numbers.

Growth and kinetics

To be able to unfold consumption and production rates of
amino acids for a cell, viable cell numbers were obtained for
each condition (Fig. 1) and analyzed with growth model
equations 1 and 2. Viable cell numbers in dynamic cultures
(Fig. 1B) were significantly higher than in static cultures (Fig.
1A), which is mainly due to the higher starting cell concen-
tration in the bioreactors. The duration of the logarithmic
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FIG. 1. Viable cell numbers and growth model fit for the
exponential phase of hMSCs in two culture systems. (A)
Static culture: Tissue culture plastic (B) Dynamic: Stirred
vessel bioreactor. hMSCs have a longer exponential phase in
static than in dynamic culture. Data are represented as
means of three measurements + standard deviations. For the
growth models, the SEE was calculated. hMSCs, human
mesenchymal stem cells; SEEs, standard error of estimates.

phase in hMSCs cultures were described as the time needed
to reach the highest number of viable cells that was mea-
sured. These were determined to be 192 h for static and 120 h
for dynamic cultures. According to the SEE, the estimation of
viable cell numbers was more accurate in static (Fig. 1A) than
in dynamic cultures (Fig. 1B).

From the growth model equations 1 and 2, the specific
growth rate was estimated for every donor under every
condition (Supplementary Table S1). Specific growth rates
were significantly higher for hMSCs in static cultures
(1.86+£0.01x 1072 [h™ '], mean value of n=3 donors) than in
dynamic cultures (1.25+0.06x 1072 [h™!], mean value of
n=2 donors).

Glucose and lactate

Glucose and lactate concentrations were obtained for ev-
ery condition to assess the hMSCs. Glucose was consumed,
and lactate was produced by hMSCs as reflected by the g,
and g, with negative and positive signs, respectively (Sup-
plementary Table S1). Notably, the glucose and lactate
consumption and production rates, respectively, were com-
parable in static and dynamic cultures. Further, the Yi,c/ic,
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which expresses the level of glycolysis, showed higher var-
iability in static cultures (1.2-3), where the measurement
accuracy is lower due to the larger differences in concen-
tration at the end and the start of the experiment. On the
other hand, hMSCs donors in dynamic culture showed
smaller variability in the glycolysis level (1.9-2.2) (Supple-
mentary information, Table S1). Lastly, the initial concen-
tration of glucose was 7.5mM in dynamic cultures and
4.5mM in static cultures. The initial concentration of lactate
was 1.7 mM in both static and dynamic cultures.

Amino acid metabolism

Essential amino acids for vertebrates are defined as those
that cannot be synthesized from any other ingredients of the
diet”: Histidine, isoleucine, leucine, lysine, methionine, phe-
nylalanine, tryptophan, threonine, and valine. Nonessential
amino acids are as defined by Alberts (2008)”: Alanine, ar-
ginine, asparagine, Aspartate, cysteine, glutamate, gluta-
mine, glycine, ornithine, proline, serine, and tyrosine. Amino
acid data were obtained from all donors and analyzed
through equations 1 to 3.

Are essential amino acids necessary to human MSCs?

Essential amino acids were expected to be consumed by
hMSCs in both static and dynamic cultures and are pre-
sented as follows; Histidine (Fig. 2A), isoleucine (Fig. 2B),
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FIG. 2. Essential amino acids are consumed by hMSCs in

both culture systems. (A) Histidine. (B) Isoleucine. Experi-
mental concentrations, kinetics model, and SEE are shown.
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FIG. 3. Essential amino acids are consumed by hMSCs in
both culture systems. (A) Leucine. (B) Lysine. Experimental
concentrations, kinetics model, and SEE are shown.

leucine (Fig. 3A), lysine (Fig. 3B), methionine (Fig. 4A),
phenylalanine (Fig. 4B), threonine (Fig. 5A), and valine (Fig.
5B) (Tryptophan—mnot measured). As measured and esti-
mated in these figures, essential amino acids were consumed
based on the model as expected beforehand. Further, the
dynamic cultures were fitted more accurately as judged from
the lower SEE values.

Are nonessential amino acids unnecessary
to human MSCs?

Nonessential amino acids can be produced and/or con-
sumed. The metabolism of these amino acids by hMSCs re-
vealed that: (1) Alanine (Supplementary Fig. S1A), glutamate
(Supplementary Fig. S3B), glycine (Supplementary Fig. S4B),
and ornithine (Supplementary Fig. SSA) were produced by
hMSCs in both static and dynamic hMSCs cultures. (2) hMSCs
consumed arginine (Supplementary Fig. S1B), asparagine (Fig-
ure S2A), aspartate (Supplementary Fig. S2B), glutamine (Sup-
plementary Fig. S4A), serine (Supplementary Fig. S6A), and
tyrosine (Supplementary Fig. S6B) in both static and dynamic
cultures. (3) Cysteine (Supplementary Fig. S3A) and proline
(Supplementary Fig. S5B) were produced by hMSCs in static
culture and consumed by hMSCs in dynamic culture. According
to SEE values, the kinetic model fits were more accurate for data
in dynamic than static cultures, except for glutamate.

Arginine, asparagine, aspartate, glutamine, and ornithine
showed significant spontaneous degradation in static and
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FIG. 4. Essential amino acids are consumed by hMSCs in
both culture systems. (A) Methionine. (B) Phenylalanine.
Experimental concentrations, kinetics model, and SEE are
shown.

dynamic cultures (Supplementary Table S2). Thus, the ki-
netic model fit for each of these amino acids was corrected
for their degradation through degradation constants.

How much transport of amino acids
in a human MSC is there?

The amount of transport for each amino acid was obtained
through the growth and kinetic models (Equations 1 to 3).
The mean metabolic rates are presented in Figure 6 for static
and dynamic cultures. Amino acids left of the zero were
consumed, and right of the zero were secreted out of hMSCs,
the standard deviations reflect the donor variation for
hMSCs metabolism in each condition. Figure 6 displays that
(1) mean metabolic rates are higher for amino acids in static
than in dynamic culture. This difference was statistically
significant for alanine, arginine, asparagine, cysteine, gluta-
mate, glutamine, glycine, ornithine, proline, serine, and va-
line. (2) The most consumed amino acid by hMSCs was
glutamine. (3) Standard deviations of metabolic rates were
higher in static cultures than in dynamic cultures.

Three-dimensional biology of stem cells:
molecular gradients

The amino acid rates have important applications in the
study of stem cell biology in 3D. With the specific con-
sumption rates for stem cells, the gradients in 3D structures
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FIG. 5. Essential amino acids are consumed by hMSCs in
both culture systems. (A) Threonine. (B) Valine. Experi-
mental concentrations, kinetics model, and SEE are shown.

can be depicted. To show this, the specific glutamine con-
sumption rate 5.6 x 10" [femtomol/cell /h] (Fig. 6) in dynamic
culture, the most consumed amino acid, was introduced into
equation 5. Figure 7 shows the gradients in space and time in
a 1 mm heightx5mm diameter cylinder, which is the inner
cylinder where hMSCs are homogeneously distributed. The
outer cylinder represents the volume of medium. Figure 7A
represents the 3D graphical distribution of glutamine gra-
dients at t=1000s in the hMSCs and medium 3D cylinders.
Figure 7B displays the graphical representation of glutamine
concentration at t=1 day with glutamine being more abun-
dant on the medium volume (outer) than in the hMSCs
volume (inner). Figure 7C-D reveal the glutamine concen-
trations and their change in time and space across the height
(Fig. 7C) and length (Fig. 7D) of the hMSCs cylinder. In a
time lapse of 1 day, glutamine concentrations vary by 2%
across the height and length of the hMSCs volume. The same
cell number was implemented in the calculations for both
time lapses, because the cell numbers would not significantly
change during the first 24h, where only glutamine con-
sumption accounts for concentration changes; However, af-
ter 1 day, as the cell numbers exponentially increase, the
glutamine concentration decreases faster.

Discussion

To unravel the amino acids required by hMSCs, the di-
rection and amount of amino acid transport through the
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plasma membrane were considered. First, the numbers of
viable cells were analyzed. Specific growth rates, glucose,
and lactate metabolic rates in static and dynamic cultures
were consistent with values found in literature,?%233%35
where average values are 2x10~% h™'; 0.5 picomoles glu-
cose/cell/h and 1 picomoles lactate/cell hour, respectively.
Our results were consistent with previous reports that spe-
cific growth rates are significantly lower in dynamic than in
static culture of hMSCs.** This is possibly because shear
stress®® can have a significant effect on proliferation through
the formation of turbulent flow.3”*® In addition, micro-carrier
and tissue culture plastic also present important surface dif-
ferences® that account for different specific growth rates
between static and dynamic cultures. Further, glycolysis
levels (Yiac/ac) Were maintained and were comparable to
previous reports of static™®** and dynamic® cultures,
where glycolysis and proliferation data suggest that the
Warburg effect’’ is the rule rather than the exception in
hMSCs metabolism.

In our study, there were significant differences between
static and dynamic culture with regard to shear stress, cell-

Femtomoles/cell/h

attachment material, seeding density, and donor variation.
Either one of these factors could have an effect on hMSCs
proliferatior1.23"36’39 Further, the standard deviations in the
data reflect the variability associated with hMSCs in static
culture that can be explained by three factors. First, lower cell
numbers in static cultures induce smaller changes of con-
centrations than higher cell numbers in dynamic cultures.
Second, the differences lie in samples that are taken from
different culture flasks, whereas in dynamic cultures, a ho-
mogenous representative sample can be taken. Lastly, envi-
ronmental and operational conditions are not as closely
monitored and controlled as in dynamic cultures.?® In other
cell types, whenever the bioreactor configuration is changed,
the transport of amino acids changes direction.*'* Despite
these differences, the number of amino acids that have sim-
ilar kinetics in both static and dynamic culture is remarkable.
Our results indicated that hMSCs consumed arginine, as-
paragine, aspartate, glutamine, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, serine, threonine, tyro-
sine, and valine in both static and dynamic cultures. This
metabolic pattern is different from nonstem cells, particularly
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FIG. 7. Glutamine concentration changes in time and space, with gradients in 3D structures. Inner cylinder (1 mm
height x5 mm diameter) is representative of hMSCs in a tissue-size volume, whereas outer cylinder represents the sur-
rounding medium. The calculated glutamine consumption rate was used to simulate the highly consumed glutamine in time
and space. (A) Cross section of a Comsol model of the glutamine gradients after 1000s. (B) Cross section of a Comsol model of
the glutamine gradients after 1 day. (C) Concentration gradients across the height of the hMSCs cylinder. (D) Concentration
gradients across the length of the hMSCs cylinder. Black dot indicates the center of the cylinder.

in the nonessential amino acids. For example, in cell lines
such as HEK-293 and CHO (4), asparagine can be secreted
and alanine, glutamate, and glycine are consumed, which is
the opposite from the pattern observed here for these amino
acids. In addition, under various reactor configurations and
media compositions, the Vero*' and MDCK** cell lines con-
sume glycine, whereas hMSCs do not. These differences
emphasize that metabolic principles cannot be generalized or
extrapolated to hMSCs. Instead, metabolic principles, ex-
perimentally and theoretically explored in hMSCs, can shed
light on processes such as the production of extracellular
matrix, which is crucial to hMSCs proliferation and differ-
entiation.

The metabolic pattern described here was obtained from
the concentration data and mean metabolic rates, which are
proposed to be representative of the basic nutritional re-
quirement for hMSCs in culture. The practical implications of
this statement are that the amino acids that enter the cell
(Consumed) are required for hMSCs proliferation in both
tissue culture plastic, stirring vessels and perhaps other
culture configurations. Despite the fact that standard devia-
tions in metabolic rates suggest that some of the amino acids
on this list may be consumed and/or produced during the
logarithmic phase by hMSCs, it is unlikely that the amino
acids showing large standard deviations will be produced in

static culture, because essential amino acids should never be
produced, whereas nonessential amino acids can be pro-
duced or consumed.

With regard to amino acid metabolism in the cell, it is
possible that isoleucine, leucine, serine, and valine are con-
verted to derivates of the Krebs cycle, because these have
been shown to be indirect to the generation of energy, and
directly associated with protein biosynthesis.** In addition,
arginine and histidine could be converted to glutamate for
energy generation. Leucine,** methionine,* and threonine*
have also been shown to be vital for cell and tissue devel-
opment, where the amount of consumption could depend on
the differentiation lineage that hMSCs follow. Consequently,
consumption of these 14 amino acids by hMSCs could be
essential not only for hMSCs proliferation but also in dif-
ferentiation.

Amino acids transport through the plasma membrane is a
balance, which is highly dependent on concentrations.*” It is
important to note that no amino acid was depleted during
the static or dynamic culture period, which means that
amino acid concentrations are unnecessarily high in the
prepared medium. This is particularly evident in the group
of amino acids that were produced (secreted) by hMSCs,
where kinetic rates were significantly higher in static culture
for alanine, glutamate, glycine, and ornithine. In literature,
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alanine secretion has been known to occur when there is
excess of carbon sources in culture media.*® Further, argi-
nine, histidine, proline, and glutamine are converted into
glutamate before being fed into the TCA cycle.” In addi-
tion, glycine is a by-product of serine metabolism; thus,
glycine secreted in hMSCs cultures could be the result of
serine consumption.*’ Lastly, ornithine is not present in the
basic medium; thus, its production may be due to the fact
that it is the in-between product from arginine to gluta-
mate.*” The production of amino acids is important for
hMSCs medium design, because it signals excessive con-
centrations of carbon and energy sources, thus leading to
pathway overflow. Consequently, alanine, glutamate, and
glycine addition to the proliferating medium of hMSCs
may be unnecessary.

Cysteine and proline showed transport across the plasma
membrane dependent on culture conditions where they were
both produced by hMSCs in static culture and consumed by
hMSCs in dynamic culture. Considering the attachment
surface® and shear stress® differences in static and dynamic
cultures, these amino acids could indicate the activation of
mechanosensitive pathways.”

Amino acid rates are important to stem cell biology both
intracellularly and extracellularly. Intracellularly, amino acid
rates can yield useful understanding of mass and energy
management as has been successfully shown in nonstem
cells. #4142 Extracellularly, metabolic rates have been useful
in showing the gradients across 3D cartilage constructs and
experimentally exploring the effects of gradients on cartilage
biology.51 As shown in this study, numbers such as the
specific glutamine consumption rate can be used to identify
the expected molecular gradients in time and space. The
cylindrical shape depicted here is representative of an in vitro
3D environment, which shows that amino acids can quickly
change concentration for hMSCs found inside a 3D structure.
The size of the bone marrow” suggests that there can be
many biological effects on hMSCs biology directly caused by
molecular gradients. The amino acid metabolic rates re-
ported here can provide a better understanding on how the
amino acids support the 3D environment in vitro and in vivo,
where cell culture parameters such as culture volume and
medium composition can be tailored according to amino acid
metabolism, nutrient depletion, and other basic stem cell
needs instead of being defined by standard and broader cell
culture methods. Similarly, from building blocks, such as
amino acids, the theoretical and experimental analysis of
these and other extracellular components can increase our
understanding of hMSCs 3D organization, proliferation,
migration, and differentiation.

In this study, it is shown that there are amino acids which
are consistently consumed by hMSCs despite differences in
culture conditions. The culture conditions affect the rates
themselves rather than the direction of transport, as consis-
tently revealed by hMSCs consumption of: arginine, aspar-
agine, aspartate, glutamine, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, serine, threonine, tyro-
sine, and valine. Consequently, these amino acids indicate
the minimal nutritional requirement by hMSCs in various
culture configurations. However, the rates are not high en-
ough to deplete amino acids and thereby limit growth. In
addition the amino acids produced (alanine, glutamate,
glycine, and ornithine) could be omitted, because these im-
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ply a high degree of mass overflow in amino acid metabo-
lism, which can increase the amount of toxic species (e.g.,
Through oxidation) and wear of the molecular machinery of
hMSCs. In the scheme of amino acid metabolism, a realistic
illustration of molecular gradients in 3D can be obtained to
develop, control, and optimize culture systems specific for
stem cells. This offers a unique insight into the intracellular
and extracellular mass and energy dynamics of human MSCs
and musculoskeletal tissues.
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