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a  b  s  t  r  a  c  t

Pluripotent  stem  cells  have  generated  a  great  deal of excitement  concerning  their use  for  clinical  therapy
and regenerative  medicine.  Similar  to other mammalian  cells,  the growth  of  these  cells is  dependent  on
various  culture  conditions.  The  presence  of  lactic  acid  as a metabolic  by-product  has  been  reported  to be
detrimental  for mammalian  cells in most  cases.  However,  the  use  of  lactate  as  a source  of  energy  has  also
been  reported  for  certain  cell  types.  The  current  study  was  carried  out  to examine  the  effect  of  media
lactate  concentration  and  extracellular  pH  change,  two important  parameters  that  occur  due  to  lactic
acid  production,  on  mouse  pluripotent  stem  cells,  both  embryonic  and  induced  pluripotent  stem  cells.
We  examined  both  feeder  dependent  and  feeder  independent  embryonic  stem  cell  lines  for  a  compre-
H
D expansion

hensive  observation.  It was  noted  that  increase  or decrease  in  pH affected  cell  proliferation,  viability  and
pluripotency  of all  three  cell  lines.  The  effect  of  lactate  was  less  obvious.  Supplementation  with  lactate
decreased  cell  proliferation  and cell  number.  However,  from  the data  obtained,  we  hypothesize  that  the
surviving  cells  were  able  to adapt  to the change  in environment  and  utilize  lactate  as  an  energy  source.
There  was  no  significant  effect  of lactate  on  the  pluripotency  of  the  cells.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Pluripotent stem cells have the unique properties of extensive
eplication in an undifferentiated state while retaining the ability
o differentiate into derivatives of all three germ layers on receiving
ppropriate stimuli. By virtue of these properties, pluripotent stem
ells have been deemed to be of immense importance in the fields of
issue engineering, regenerative medicine, drug discovery, disease

odelling, etc. The field of stem cell biology has undergone enor-
ous advancements over the past few years with extensive studies
eing carried out for the various intrinsic and extrinsic parameters
nvolved. Biocompatible materials have been used to replace the
eeder cells as attachment matrices [1–5]. Various growth factors,

∗ Corresponding author at: South Australian Research and Development Institute,
osedale, South Australia, Australia.

E-mail address: paul.verma@sa.gov.au (P. Verma).
1 Current Prometheus, Skeletal Biology and Engineering Research Group,

rometheus, KU Leuven, Belgium.

ttp://dx.doi.org/10.1016/j.bej.2016.11.005
369-703X/© 2016 Elsevier B.V. All rights reserved.
mouse embryonic fibroblast (MEF) conditioned media and spe-
cialised media have been used for the expansion and pluripotency
maintenance of the cells [6–11]. Efforts have also been made to
scale up pluripotent stem cell (PSC) cultures using different types
of bioreactors with or without the use of 3 dimensional constructs
[12–18]. The effects of various culture parameters like metabolites,
pH, dissolved oxygen, etc., have also been studied [19–21].

Lactic acid, a by-product of glucose metabolism, has been
reported to be one of the potential growth inhibitors for mam-
malian cells as early as 1958 [22]. It is known to have significant
effect on growth, proliferation, metabolism, antibody production
and even differentiation of various mammalian cell lines. The detri-
mental effect of lactic acid accumulation can be due to the presence
of lactate ions or the accompanying change in pH and osmotic pres-
sure. To date, various studies have shown the effect of all three

on different cells. It is well established that the influence of lac-
tic acid on different cell lines is diverse and is dependent on their
tolerance level as well as their response to the resultant change
in culture conditions. Addition of sodium lactate externally to the

dx.doi.org/10.1016/j.bej.2016.11.005
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2016.11.005&domain=pdf
mailto:paul.verma@sa.gov.au
dx.doi.org/10.1016/j.bej.2016.11.005
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ulture system with various cell lines showed that baby hamster
idney (BHK) cells have a higher lactate tolerance when compared
o Hybridoma cell lines [23]. Studies have also demonstrated that
part from inhibiting cell proliferation, addition of sodium lactate
r lactic acid also inhibited glucose metabolism (mainly due to

ncreased accumulation of NADH), decreased lactate production
nd also in certain cases it increased the production of byprod-
cts like antibodies Erythropoietin and recombinant proteins in
ifferent cell lines [24–27].

In recent years, stem cells have also been subjected to sim-
lar studies. It was observed that proliferation of hematopoietic
tem cells ceased at a lactic acid concentration higher than 20 mM
28] while mesenchymal stem cells could tolerate a lactate con-
entration of no more than 10 mM [29]. Patel et al., also showed
hat hematopoietic stem cells are more sensitive to changes in
H rather than a change in the accumulated lactate concentra-
ion. However, Chen et al., showed that mesenchymal stem cell
xpansion is affected by both pH change and lactate accumula-
ion. They also showed that increasing pH or lactate concentration
ignificantly depressed osteogenic differentiation but promoted
dipogenic differentiation of mesenchymal stem cells. Similar to
his, it was reported that addition of exogenous lactic acid induced
hondrogenic differentiation of dermal fibroblasts [30].

Studies have also been carried out to investigate the effect of
actate on mouse embryonic stem cells (mESC), although there are
ontradictions in the available data. As a part of their study of
mbryonic stem cell expansion in 3D matrix, Ouyang et al. [31],
howed that mESC are extremely sensitive to the presence of lactic
cid in media. They inferred that the growth of mESC was inhib-
ted above a lactate concentration of 16 mM and that high lactic
cid concentration affected the pluripotency of the cells. The data
ublished by Chaudhry, Bowen and Piret [19], however, contra-
ict this. This group showed that neither growth rate nor embryoid
ody formation potential of mESC were affected by increasing the

nitial media lactate concentration up to a value of 40 mM [19].
n another brief communication, Martinez-Outschoorn et al., [32]
howed that 10 mM sodium salt of L-Lactate boosted feeder depen-
ent ESC growth by increasing the cell colony size as well as
olony numbers. Recently it has also been reported that growth
nd metabolism of human embryonic stem cells (hESC) are also
ffected by external addition of lactate to the medium. Chen et al.
howed that sodium lactate concentration above 1 g/L resulted in
ower cell density of hESC, along with a loss in expression level of
he pluripotency marker Tra 1-60 [33]. They also reported that lac-
ate supplementation beyond 2 g/L decreased lactate production by
he cells themselves.

By contrast, studies regarding the effect of pH on mammalian
ells highlight two things. In most cases, a change in pH was
etrimental to cell growth. It was reported that pH change was
etrimental to cell growth and embryoid body formation capa-
ility of mouse ESC [19]. Increasing or decreasing the culture pH
odulated differentiation of various stem cells [34,35]. However,

etailed studies of its effects on pluripotent stem cells have not
een carried until now, especially on induced pluripotent stem
ells.

Here, we attempt to study the effect of the addition of exoge-
ous sodium lactate, not only on cell growth and on pluripotency of
PSC, but also recorded its effect on cell proliferation and metabolic

ctivity. Additionally, we  studied the effect of pH change on pro-
iferation, cellular metabolic activity and pluripotency of mouse
luripotent stem cells. We  have tried to generalise the effects by

ncluding not only feeder free ESC but also studying the effect of

odium lactate and pH individually on feeder dependent mESC and
ouse induced Pluripotent Stem Cells (iPSC).
ing Journal 118 (2017) 25–33

2. Materials and methods

2.1. Mouse pluripotent stem cell culture

Feeder independent mESC (Oct4B2) were generated in the lab on
a D3 embryonic stem cell (ESC) background and were transfected
with an Oct4GFP constructs. They were maintained on 0.1% gelatin
coated tissue culture dishes in ES media containing DMEM,  15%
fetal bovine serum, 1X Glutamax, 1X non-essential amino acid, 1X
Pen/Strep Solution, 0.1 mM 2- mercaptoethanol and 1000 U/ml LIF
(Leukemia Inhibiting Factor) solution (Merck-Millipore, Billerica,
MA). The feeder dependent mouse ESC and iPSC were also gener-
ated previously in the lab [36]. They were maintained on mitomycin
C inactivated feeder cells. Cells were incubated in a humidified
incubator at 37 ◦C with 5% CO2. Unless otherwise mentioned,
all materials were purchased from Invitrogen (Life Technologies,
Carlsbad, CA). All three cell lines have enhanced GFP (Green Flu-
orescent Protein) transgene under the control of the regulatory
elements of the promoter of the pluripotency gene Oct4.

2.2. Effect of sodium lactate on mouse pluripotent stem cells

Cells were seeded in 96 well plates at a seeding density of 1000
cells/well. Media containing various concentrations of sodium L-
lactate (SIGMA) in the range of 0–4 mg/ml was added to the cells.
After 3 days, assays were carried out to measure cell proliferation,
cell metabolism and pluripotency. A sodium lactate concentration
of 0 mg/ml  was considered as the control.

2.3. Effect of pH on mouse pluripotent stem cells

DMEM without sodium bicarbonate was  used for the mainte-
nance medium. The desired media pH of the media was obtained
by adjusting the concentration of sodium bicarbonate [19,37]. This
was based on the equilibrium bicarbonate concentration ([HCO−

3],
mM) at 37 ◦C, which depends on the medium pH and the partial
pressure of CO2 (pCO2, mmHg) in the gas phase according to

log
[
HCO−

3

]
= pH + log [pCO2] − 7.543. (1)

Cells were seeded in 48 well plate at a seeding density of 2500
cells/well. Media adjusted to different pH values within the range
of 6.0–8.5 were added to the cells, cultured for 3 days followed by
assays to measure cell proliferation, metabolic activity and pluripo-
tency. Cells cultured in basic ESC media were used as control.

2.4. Cell proliferation assay

18–24 h prior to termination of the experiment, an appropriate
volume of BrdU (Bromodeoxyuridine) stock solution was added to
the cells to achieve a final BrdU concentration of 10 �M.  At the end
of the experiment, cells were trypsinized and replated onto clear
bottom 96 well Optilux plates. The cells were allowed to attach for
6–8 h followed by fixation using 4% paraformaldehyde and stained
with anti BrdU- FITC (Fluorescein isothiocyanate) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) as per optimized protocol.
Briefly, the fixed cells were treated with 0.1% Triton X for perme-
abilization. They were then incubated with 1M HCL for 30–45 min
at 37 ◦C for DNA denaturation and then neutralized by washing 3
times with borate buffer (pH = 8.5) followed by 30 min blocking
using 2% BSA solution. The cells were then incubated overnight with

anti BrdU – FITC secondary antibody at 4 ◦C followed by Hoechst
staining. Fluorescence intensity was  quantified using Array Scan
High Content Screening instrument (Thermo Scientific, Waltham,
MA).
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Fig. 1. Influence of sodium lactate concentration on cell count and proliferation
of  feeder free ESC. (a) Fold change in cell number (mean ± SEM for n = 4 indepen-
dent experiments), (b) Fold change in average BrdU fluorescence intensity/cell as a
P. Gupta et al. / Biochemical En

A manual cell count using trypan blue solution was  carried out
or the feeder independent ESC.

.5. Cellular metabolic assay

Metabolic activity of the cells was measured using Cell Titer Glo
uminescent assay (Promega, Madison, WI). The luminescent sig-
al generated by this assay was directly proportional to the ATP
ontent, giving a measurement of the mitochondrial activity. The
ssay was conducted according to the manufacturer’s instructions.
riefly, the cells were equilibrated to room temperature for 10 min
nd a volume of Cell Titer Glo equal to the volume of cell cul-
ure medium was added. The contents were mixed for 2–5 min  to
nduce cell lysis and the signal was allowed to stabilise at room
emperature. The solution was then transferred to an Optilux plate
nd luminescent signal was measured on FLUOstar Optima (BMG
abtech, Australia).

.6. Cell pluripotency measurement

Immunostaining for Stage Specific Embryonic Antigen 1 (SSEA
) was carried out as a measurement for cell pluripotency. At the
nd of day 3, the cells were trypsinized and replated on to Optilux
lates. They were allowed to attach for 6–8 h followed by fixation
sing 4% paraformaldehyde. This was followed by 30 min block-

ng using 2% BSA (Bovine Serum Albumin). Overnight incubation
as done with mouse IgM anti SSEA 1 antibody (Merck – Millipore)

t 4 ◦C. After washing, the cells were incubated with anti mouse
 IgM rhodamine (Chemicon International, Merck – Millipore) for
 h followed by 30 min  incubation with 1 �g/ml Hoechst solution.
he fluorescence intensity was measured using Array Scan High
ontent Screening instrument.

The GFP expression of the Oct4 – GFP transgene was  also mea-
ured to get an estimation of Oct4 specific pluripotency.

.7. Lactate concentration measurement using HPLC

Lactate concentration in spent media was measured using HPLC
High Performance Liquid Chromatography). Spent media from the
ulture were collected, centrifuged to remove debris and analysed
sing HPLC 1100 (Agilent Technologies). A C18 XBD column was
sed. The buffers used were 0.1%TFA (Trifluoroacetic acid) and 80%
cetonitrile with 0.08%TFA at a flow rate of 0.15 ml/min at 25 ◦C.
etection was done using a UV detector at 210 nm.

.8. Statistical analysis

All quantitative results were expressed as mean ± SEM. Two
ay  Anova followed by Dunnet’s multiple comparison test was

erformed using Graph Pad Prism, version 6.00 for Windows
GraphPad Software, La Jolla California USA, www.graphpad.com)
n order to find statistical significance of the data. Statistical signif-
cance analysis was carried out by comparing the experimental set
ps with control set-ups. In the case of the lactate effect, a sodium
actate concentration of 0 mg/ml  was considered to be the con-
rol set up, while for the effect of change in pH, the normal ES cell

aintenance medium was considered to be the control. Differences
mong data were considered to be statistically significant if p < 0.05.
measurement of cell proliferation (mean ± SEM for n = 3 independent experiments).

3. Results

3.1. Effect of exogenous sodium lactate addition on pluripotent
stem cells

3.1.1. Cell count and cell proliferation
The main aim of this experiment was  to determine if increasing

lactate concentration in the media had any effect on the cell growth
and proliferation of mouse pluripotent stem cells in the absence
of any change in media pH. For this purpose, sodium lactate was
added to the culture media at various concentrations and viable
cell number was  counted using trypan blue (for feeder free ESC
only) while cell proliferation was measured using BrdU incorpora-
tion assay. The result for trypan blue cell count was represented as
fold change with respect to day 0 for different lactate concentration,
while for the BrdU assay they were presented as fold change with
respect to the control concentration (0 mg/ml). As seen in Fig. 1a,

total viable cell number for feeder free ESC decreased with increase
in sodium lactate concentration. The decrease was not significant
up to a sodium lactate concentration of 1 mg/ml  but, thereafter, the

http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com
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ig. 2. Effect of sodium lactate on cell proliferation of feeder dependent ES and
PSC  measured by fold change in BrdU fluorescence intensity/cell. Data represent

ean ± SEM for n = 3 independent experiments.

iable cell count continued to decrease significantly with increasing
odium lactate concentration.

BrdU incorporation assay also supported the above data. Fig. 1b
hows the fold change in average BrdU-FITC fluorescence inten-
ity/cell. Although not significant at the lower concentrations, cell
roliferation showed a decreasing trend with increasing sodium

actate concentration. The decrease became significant once the
oncentration reached a value of 2.5 mg/ml.

Fig. 2 shows that cell proliferation for feeder dependent ES and
PSC followed a trend similar to that of the feeder independent ESC.
he decrease in cell proliferation for the ESC was not statistically
ignificant across the entire range of sodium lactate. For iPSC, the
ecrease in cell proliferation became significant from a sodium lac-
ate concentration of 3.5 mg/ml. Comparison of Figs. 1b and 2 shows

 significant decrease in cell proliferation for feeder independent
ESC at a lower concentration of sodium lactate compared with

eeder dependent mESC and miPC. It is possible that the presence
f feeder cells acts as a protection for the cells.

.1.2. Cellular metabolic activity
Metabolic activity of the cells was estimated by measuring the

uminescent signal of Cell Titer Glo assay. As mentioned previously,
he results were denoted as fold change with respect to the control
oncentration (0 mg/ml). Usually the cellular metabolic activity is

 direct measurement of cell viability and proliferation and shows
 similar trend. Interestingly, in this case it was observed that the
etabolic activity assay showed almost uniform values across the

ntire range of tested sodium lactate concentration for all three cell
ines (Fig. 3).

This scenario was possible if the metabolic activity of the viable
ells increased corresponding to an increase in sodium lactate con-
entration in the medium. Therefore, we hypothesized that the cells
ere able to alter their metabolic pathway to use the externally

dded lactate as a source of energy along with glucose, thus increas-
ng their metabolic activity and resulting in these contrasting data.

.1.3. Lactate concentration estimation by HPLC

Based on the cell proliferation and cellular metabolic activity

ata, we hypothesized that the cells may  be utilizing exogenously
dded lactate as a source of energy along with, or in place of, glu-
ose. In order to test our hypothesis to some extent, HPLC of the
Fig. 3. Fold change in cellular metabolic activity of (a) feeder free ESC, (b) feeder
dependent ES and iPSC measured by Cell Titer Glo assay. Data represent mean ± SEM
of  n = 3 independent experiments.

spent media was  carried out to estimate the lactate concentration.
It was expected that if the hypothesis were to be supported, HPLC
analysis would show a decrease in concentration of lactate in the
spent media with externally added lactate over time.

Fig. 4 shows the result for HPLC analysis of spent media to
assess the change in lactate concentration. The fold change was
measured with respect to the initial lactate concentrations in each
case. As expected, when there was no external addition of sodium
lactate, lactate concentration of the spent media increased with
time confirming the fact that lactate is indeed produced by the
cells. However, we  observed that when external sodium lactate
was added to the culture, the lactate concentration proceeded to
decrease with time. The decrease was significant at and above con-
centrations of 2 mg/ml  and 1 mg/ml  for feeder independent and
feeder dependent cell lines, respectively. These data support to
some extent our hypothesis of lactate consumption by the pluripo-
tent cells although further analysis is indeed required.

3.1.4. Cell pluripotency
Apart from immunostaining of the surface marker SSEA 1,

pluripotency was also estimated by measuring the fluorescence
intensity of the GFP reporter gene controlled by Oct4 promoter.

Average fluorescence intensity/cell was measured and the results
were shown as fold change with respect to the control concen-
tration (0 mg/ml). For feeder independent ESC, although there is
a slight decrease in the SSEA 1 intensity with increasing lactate
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Fig. 4. Fold change in measurement of lactate concentration in spent media from
(a)  feeder free ESC, (b) feeder dependent ESC and (c) feeder dependent iPSC by HPLC.
Data represent mean ± SEM of n = 3 independent experiments.
ing Journal 118 (2017) 25–33 29

(Fig. 5a), there is no significant change in pluripotency with increas-
ing sodium lactate concentration. There was also no measurable
change in the GFP intensity (Fig. 5b).

Similarly, Oct4-GFP fluorescence intensity and SSEA 1 immunos-
taining fluorescence intensity/cell were also measured for feeder
dependent cell lines. As observed in Fig. 5(c,d), although there was
variation in the fluorescence intensity fold change for both Oct4-
GFP and SSEA 1 immunostaining, there was no specific trend or sig-
nificant change in cell pluripotency with increasing sodium lactate
concentration.

3.2. Effect of pH on mouse pluripotent stem cells

Change in extracellular culture media pH was found to have
significant effect on cell proliferation, cellular metabolism and cell
pluripotency of mouse pluripotent stem cells. All data are repre-
sented as fold change compared with regular ESC media.

3.2.1. Cell proliferation
Both acidic and alkaline media pH affected the proliferation of

mouse pluripotent stem cells irrespective of the absence or pres-
ence of feeder layer. As seen in Fig. 6, cell proliferation decreased
significantly if the pH decreased or increased beyond 7-7.5. The
feeder independent cells seem to require a more precise control of
pH, since it showed a significant decrease in proliferation even at a
pH of 7.0.

3.2.2. Cellular metabolic activity
The cellular metabolic activity (Fig. 7) for the pluripotent stem

cells was  reduced with both decrease or increase in pH and followed
a trend similar to cell proliferation. The decline was significant for
all three cell lines.

3.2.3. Cell pluripotency
Unlike the effect of lactate concentration, change in media pH

significantly affected the cell pluripotency (Fig. 8). Decrease in
pluripotency for the feeder free ESC was significant due to media
acidity in comparison to alkalinity of media. However, pluripotency
of the feeder dependent cells was equally affected by increase or
decrease in media pH; in particular, the iPSC looked to be especially
sensitive.

4. Discussion

Lactic acid has been reported to be one of the major waste prod-
ucts in mammalian cell culture, produced predominantly during
glycolysis. The influence of lactic acid on cells can be explained
mainly by change in pH or effect of lactate ions. To date, a number
of papers have reported the detrimental effects of both pH change
and lactate ion accumulation on mammalian cells. However, very
few studies are available that elucidate the effect of lactate on
pluripotent stem cells. In addition, the current literature has vari-
ous discrepancies within. In this paper, we have reported the effect
of exogenously added lactate on cell proliferation, pluripotency and
cellular metabolic activity on three different mouse pluripotent
stem cell lines to have a more general trend.

No significant change in pluripotency of mouse pluripotent
cells was  observed on addition of exogenous sodium lactate. These
data support previously published literature on mouse ESC, which
demonstrates that the presence of lactate does not affect pluripo-
tency of mouse ESC [32]. On the other hand, similar to Ouyang
et al.’s observation, total cell number for feeder free mouse ESC

decreased with increase in lactate concentration [31]. Chen et al.
have reported similar findings for human ESC too, wherein they
observed a decrease in cell number as well as pluripotency of
human ESC on supplementation of medium with sodium lactate
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ig. 5. Effect of sodium lactate concentration on pluripotency. (a,c) Fold change
ntensity/cell. (a,b) feeder free cells, (c,d) feeder dependent cells. Data represent me

33]. The difference regarding the effect of sodium lactate on
luripotency between our observation and Chen et al.’s data can
e attributed to the fact that human cells are known to be more
ensitive than mouse cells to a change in growth environment. The
ecrease in cell number became significant from a sodium lactate
oncentration of 1.5 mg/ml  and the significance of the change in cell
umber increased with increasing lactate concentration. Extend-

ng the scope of our work beyond this, we observed that the cell
roliferation rate for feeder free mouse ESC also decreased with

ncreasing sodium lactate concentration and became significant
nce the sodium lactate concentration reached 2.5 mg/ml. Experi-
entation with feeder dependent mouse ES and iPSC to determine

he effect of lactate on their proliferation rate showed a similar
ecreasing trend in cell proliferation rate. The decrease in cell pro-

iferation for iPSC showed statistical significance only when the
odium lactate concentration reached a value of 3.5 mg/ml. It is
ntirely possible that the feeder cells were in some way responsible
or protecting the cells from the detrimental effect of lactate.

In most cases, the cellular metabolic activity is proportional to

ell proliferation and cell number. However, we observed that there
as no measurable change in the cellular metabolic activity for any

f the cell lines. These data were in contrast to the cell prolifera-
ion results. Based on the cell proliferation and cellular metabolic
EA 1 fluorescence intensity/cell (b,d) Fold change in Oct4 promoter driven GFP
EM for n = 3 independent experiments.

activity data, we hypothesized that either addition of sodium lac-
tate to the medium decreased lactate production by the cells
themselves or the cells may  have been able to utilize exogenously
added lactate as a source of energy along with glucose.

In order to support our hypothesis to some extent, we carried out
HPLC analysis of the spent media from cell culture with sodium lac-
tate concentration between 1 and 4 mg/ml. We  found that, when no
additional sodium lactate was  added to the media, the lactate con-
centration increased over time, suggesting that lactate was  being
produced by the cells as a metabolic by product. However, when
sodium lactate was added to the culture, we observed a decrease
in the fold change in measured lactate concentration over time.
Similar observations were made by Chen et al. on hESC wherein
they reported a decrease in lactate production by the cells upon
supplementation of the media with sodium lactate [33]. Further
studies are, however, required to elucidate fully this interesting
phenomenon and to understand if the externally added sodium
lactate is merely quenching the production of lactate by the cells
or if they are using it as an energy source.
Although relatively less studied, alteration of cell metabolism
due to externally added lactate and utilization of lactate as a pre-
ferred energy source have been reported earlier for a number of cell
lines. Recombinant CHO cells have been shown to have increased
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Fig. 7. Effect of pH on cellular metabolic activity of mouse pluripotent stem cells
(a) Feeder free ESC, (b) feeder dependent ES and iPSC. Data represent mean ± SEM
ig. 6. Effect of pH on cell proliferation of mouse pluripotent stem cells (a) Feeder
ree  ESC, (b) feeder dependent ES and iPSC. Data represent mean ± SEM of n = 3
ndependent experiments.

rythropoietin production on addition of exogenous sodium lac-
ate, although there was a decrease in specific cell growth and
lucose consumption [26]. The group suggested that the high con-
entration of sodium lactate led to oxidation of lactate to pyruvate
t a high rate by the LDH (lactate dehydrogenase) enzyme. This
esulted in an accumulation of NADH and high concentration of
yruvate. The energy thus generated, however, was used for amino
cid and protein synthesis. Zagari et al., [38] have also carried
ut studies on lactate metabolism by CHO cells. They reported
hat consumption of lactate by the CHO cells was  associated with
n increased mitochondrial activity and oxygen consumption. The
ame group also identified the malate – aspartate shuttle as a key
actor in lactate consumption by CHO cells [39]. The use of lactate
s a preferred source of energy has also been reported for germ
ells along with the ability of lactate to inhibit germ cell apoptosis
40–42].

Interestingly, a positive effect of lactate on mouse ESC has also
een reported. It was shown that media enriched with lactate

ncrease colony number and size for feeder dependent ESC [32].

hey suggested that lactate was converted to Acetyl CoA, which
an be used either in mitochondrial metabolism or in increasing
ene expression via histone acetylation. Our HPLC data that show
ecrease in lactate concentration are consistent with these data.
of  n = 3 independent experiments.

Findings on the effect of change in extracellular pH on mouse
pluripotent stem cells were congruent to the available literature.
Cell proliferation, cellular metabolic activity as well as pluripotency
of the mouse pluripotent stem cells were significantly decreased
with any change in the media pH towards acidity or alkalinity.

To conclude, we have shown here the effect of exogenously
added lactate and change in media pH on mouse pluripotent stem
cell culture. Pluripotent stem cells are extremely sensitive to any
change in media pH, which affects the cells’ growth, viability, pro-
liferation and pluripotency. We  have also shown that although
pluripotency is not affected, cell proliferation is negatively affected
by increase in lactate concentration. Further studies are also needed
to fully understand the effect of these interesting parameters. Eg, it
is possible that addition sodium lactate to the media and/or change
in media pH, changes the intracellular pH of the cells, which in turn
can have interesting effects on cell behaviour. Effect of osmolality
is also an important factor and needs to be studied. Long term stud-
ies for these parameters would also add interesting information in
this area. In conclusion, these studies suggest that careful consider-

ation of media pH and media composition is of utmost importance
for proper growth and maintenance of pluripotent stem cells.
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