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Abstract: Background: Acidosis affects the function of osteoblasts including mineral metabolism. The aim of this
study was to investigate the changes of proliferation and differentiation in human bone marrow mesenchymal
stem cells (hBMMSCs) induced by simulated respiratory acidosis and the mechanisms underlying it. Materials
and methods: A simulated model of hBMMSCs were performing with respiratory acidosis. Protein expression was
measured by western blotting. Cell proliferation was measured with MTT assay, and the cell cycle was analyzed by
flow cytometry. The cytotoxicity rate was measured using lactate dehydrogenase-Cytotoxicity Assay Kit. Expression
levels of runx2, alkaline phosphatase, and type | collagen mRNA were measured by RT-gPCR. Results: Levels of
alkaline phosphatase mRNA expression in acidosis medium raised up were less than alkaline phosphatase mRNA
in negative controls. Compared to negative controls, exposure to acidic medium suppressed alkaline phosphatase
enzyme activity. The toxicity of acid on hBMMSCs was tested for up to 24 h in culture. Comparing with negative con-
trols, acidosis did not result in any significant toxicity to the cells; however, cell proliferation significantly declined.
The increase of runx2 messenger RNA (mRNA) expression levels in acidosis was higher than the levels observed in
negative controls. Corresponding to runx2, the levels type | collagen mRNA in acidosis appeared to be greater than
levels observed in negative controls. Similar to the mRNA, the increase in collagen deposit after normalization by
protein concentration was observed in cells cultivated in acidic environment. Conclusion: The results revealed that
the adverse effect of acidosis on bone formation was largely due to the impairment of bone matrix mineralization.
Acidosis had diverse impact on osteoblastic genes and altered the differentiation of osteoblast, as well as attenu-
ated the function of osteoblast.
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Introduction [2-4]. Although the abnormal bone remodeling
may mainly result from an alteration in mineral

The pH of blood is important for us to our body. balance [5], the direct influence of metabolic

The acid-base balance in the body plays marked
roles on cellular functions, including the activity
of enzymes in bone-related cells, the activity of
transcription factors and the structure of other
proteins involved in bone metabolism, because
of the strict influence of the proton concentra-
tions in tissue fluid on the structure and func-
tion of proteins [1]. Previous reports on bone
histology in patients with distal renal tubular
acidosis revealed reduction in osteoblast num-
ber, and suppression of bone formation due to
varying extent of impact in bone matrix mineral-
ization, when compared to healthy subjects

acidosis on bone cells may also deserve atten-
tion. Even though numerous studies have
reported the effect of metabolic acidosis on
bone metabolism, the underlying mechanisms
are not clearly understood.

Stem cell have been widely studied in therapeu-
tic potential to regenerate injured tissue. Bone
marrow mesenchymal stem cells (BMMSCs)
have the ability to self-renew and can be isolat-
ed from bone marrow and cultured under induc-
ing conditions that promote their in vitro differ-
entiate into multifunctional cell including os-
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Table 1. Primer and probe sequences

Gene Primers (5'-3") Probe (5-3")

18S rRNA Forward =~ CGGCTACCACATCCAAGGAA TGCTGGCACCAGACTTGCCCTC
Reverse ~ GCTGGAATTACCGCGGCT

Runx2 Forward  GCCTTCAAGGTGGTAGCCC CCACAGTCCCATCTGGTACCTCTCCG

Reverse =~ CGTTACCCGCCATGACAGTA
Type | collagen Forward = CAGCCGCTTCACCTACAGC

CCGGTGTGACTCGTGCAGCCATC

Reverse  TTTTGTATTCAATCACTGTCTTGCC

Alk Phos Forward  GACCCTTGACCCCCACAAT
Reverse  GCTCGTACTGCATGTCCCCT

TGGACTACCTACCTATTGGGTCTCTTCGAGCCA

teoblasts, chondrocytes, adipocytes and other
mesodermal cell types [6]. When required, o0s-
teoblasts produced active substances for bone
remodeling and repair can originate from mes-
enchymal stem cells (MSCs) in the bone mar-
row [7]. Therefore, the adjustments of BMSCs
function contribute to replacement of osteo-
blasts in bone turnover and fracture healing
throughout life, and maintain bone homeosta-
sis. In view of their physiological functions in
regulating bone remodeling, the investigation
of BMMSCs responding to microenvironmental
changes has generated considerable interest.

Previous studies with a variety of stem cells
appear that acidosis can reversely influence
the function of protein and lipid and then affect
stem cells proliferation and differentiation [8].
Although numerous studies have revealed aci-
dosis has a direct effect on osteoblasts and
possibly interferes with osteoblast differentia-
tion using hydrochloric acid or ammonium chlo-
ride to induce metabolic acidosis, the influenc-
es of respiratory acidosis on BMMSCs function
and the possible mechanisms underlying it
need to be explored. The current study was
designed to investigate whether the prolifera-
tion and osteogenic potential could be changed
as a result of simulated respiratory acidosis in
BMSCs and further to explore the molecular
mechanisms underlying it.

Materials and methods

The study protocol was approved by ethical
committee on Research Involving Human
Subjects at Affiliated Hospital of Wei Fang
Medical University.

Cell culture

Primary human bone marrow mesenchymal
stem cells (hnBMMSCs) were obtained from the
Type Culture Collection of the Chinese Academy
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of Sciences (Shanghai, China), and cultured in
Dulbecco’s modified Eagle’'s medium (Gibco
BRL, Shanghai, China) containing 10% fetal
bovine serum (FBS), 100 units/mL penicillin
and 100 mg/mL streptomycin at 37°C in 5%
CO,. We discarded the detached cells every 4
day. These hBMMSCs were trypsinized and
passaged at 90% confluence for the next
expansion. Acidosis (7.1 + 0.02) was induced
by incubating cells under pressure in 10% CO,
after 16 h as an actual measurement (n=12).
Some of the measurements involved in this
characterization included confirmation of abili-
ty to undergo adipogenesis and osteogenesis,
expression of CD105 and absence of CD45
and CD34 expression.

Studies of osteoblastic gene expression by
quantitative real-time reverse transcription-
PCR

Total RNA extraction was performed using
TRIzol reagent and reverse transcribed to cDNA
using a first-strand cDNA synthesis kit accord-
ing to the manufacturer’'s instructions. The
MRNA expressions of osteoblastic gene, includ-
ing runx-2, type | collagen, and alkaline phos-
phatase gene, were determined using quanti-
tative real-time reverse transcription-PCR (RT-
gPCR) described by Disthabanchong et al. [5].
Multiplexed PCR reaction was conducted with
both target and reference genes (18S ribosom-
al RNA (rRNA)) synthesised by Shanghai Jima
Biotechnology Co., Ltd. (Shanghai, China) in
the same reaction. Each sample was analysed
in triplicate. The probe for 18S rRNA fluores-
cently labelled with VIC™ and TAMRA, and the
probes for gene of interest were labelled with
6-carboxyfluorescein TAMRA. The nucleotide
sequences of primer and probe are listed in
Table 1. PCR conditions and analysis were
consistent with previously published methods
[9].
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Figure 1. Flow cytometry analysis. Flow cytometry of bone marrow mononuclear cells before plating for (A) CD34,

CD105, and (B) CD45, CD105.

Western blot analysis

Western blotting was performed using stan-
dard procedures. Runx2 protein were mea-
sured, and B-actin was used as an internal con-
trol. Briefly, adherent cells lysed with cold cell
lysis buffer and Protease Inhibitor Cocktail
shared in 1:10 ratio followed by vigorous pipet-
ting and centrifugation. Protein (10-20 mg) was
heated for 5 min at 95°C in sample loading buf-
fer and run on a 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE)
gel and transfer onto nitrocellulose membrane.
After blocking with 5% non-fat dry milk, the
membrane was probed with following primary
antibodies. Membranes were washed and then
secondary antibody (1: 2,000) was incubated
for 2 h at room temperature and rinsed in TBS-T
wash buffer 3 times for 10 min each. Developed
films were digitised by scanning, and the opti-
cal densities were analysed with the image
software.

Alkaline phosphatase enzyme activity assay
and quantification of collagen concentration

Alkaline phosphatase enzyme activity was
determined using a DEVD-AMC (Sigma A1086)
kit with standard procedure provided by
Fillmore et al. [10]. The experiments. The stain-
ing and quantification of collagen concentra-
tion were performed in 25-mm2 tissue culture
dishes, as described previously [11]. Cell layers
were fixed for 1 h in Bouin’s fixative followed by
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addition of Sirius red F3BA solution (0.1% in
saturated picric acid). After 1-h staining, cell
layers were washed in running tap water and
again in 0.01 NHCI to remove the non-bound
dye. For quantification of collagen content, the
dye was dissolved in 0.1 N NaOH. The absor-
bance was determined at 550 nm. The amount
of collagen was normalized by the protein con-
centration using Bradford Reagent. Assays
were performed in duplicate.

Cell proliferation and cytotoxicity analysis

Cell viability was measured using a standard
MTT assay protocol, as described previously
[12]. Cells were seeded into 96-well plates at a
density of 3x10° cells/well and placed in an
incubator until the cells grew to confluence.
Subsequently, 0.5 mg/ml MTT (Invitrogen
M6494) was added to incubate at 37°C for 2 h.
The absorbance value of each well was mea-
sured at 550 nm. Cytotoxicity was assessed
with lactate dehydrogenase-Cytotoxicity Assay
Kit (Biovision, CO, USA) according to the manu-
facturer’s instruction. A standard protocol was
introduced by Bushinsky et al. [13]. Adherent
cells were incubated in the assay medium con-
taining 1% fetal bovine serum with and without
increasing concentration of CO, for up to 24 h.
Cells incubated with 1% Triton X-100 were
added as positive control. Absorbance of lac-
tate dehydrogenase activity released from
damaged cells was recorded at 490 nm with
reference wavelength of 550 nm. Assays were
performed in duplicate.

Int J Clin Exp Med 2016;9(12):23182-23189
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Figure 2. The effect of acidosis on the expression of alkaline phosphatase gene. A: Real-time PCR was used to de-
tect the alkaline phosphatase mMRNA expression level. B: Time course of the effect of acidosis on the expression of

alkaline phosphatase enzyme activity.
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Figure 3. Cell cytotoxicity and proliferation assay. A: Cell cytotoxicity as evaluated by lactate dehydrogenase-cytotox-
icity assay. B: Cell proliferation by a standard MTT assay.

Statistical analysis

Values are displayed as mean + standard error
of the mean (SEM). Student t-test was per-
formed using Graphpad Prism software to de-
termine statistical significance. Results shown
in figures are from combined experiments.
Number of experimental replicates is indicated
in figure legends. Difference is considered sta-
tistically significant if P < 0.05.

Results
Effect of acidosis on mineralization

To explore whether simulated respiratory acido-
sis impaired bone matrix mineralization, alka-
line phosphatase enzyme which is necessary
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for mineralization was detected (Figure 1) [8,
14]. Although alkaline phosphatase mRNA
expression levels in both two mediums were
increased, the levels in acidosis medium raised
up were less than alkaline phosphatase mRNA
in negative controls. Evidently, respiratory aci-
dosis suppressed alkaline phosphatase mRNA
expression (Figure 2A). Alkaline phosphatase
enzyme activity was also examined. As shown
in Figure 2B, compared to negative controls,
exposure to acidic medium suppressed alka-
line phosphatase enzyme activity.

Analysis of cell proliferation and cytotoxicity
Flow cytometry of hBMMSCs revealed the pre-

dominant hematopoietic cells (CD34r°) and

Int J Clin Exp Med 2016;9(12):23182-23189
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Figure 4. The effect of acidosis on the expression of runx2 gene. A: Real-time PCR was used to detect the runx2
mRNA expression level. B: Western blotting was used to detect the runx2 protein expression level in each group. C:

The effect of acidosis on the expression of runx2 protein.

the fewer MSCs (CD45"¢ CD34"¢ CD105P°)
[15]. During expansion, hBMMSCs adhered to
the culture plate, whereas hematopoietic cells
detached and were eventually eliminated. The
toxicity of acid on hBMMSCs was tested for up
to 24 h in culture. Comparing with negative
controls, acidosis did not result in any signifi-
cant toxicity to the cells (Figure 3A); however,
cell proliferation significantly declined (Figure
3B).

Effect of acidosis on related gene expression

The effect of respiratory acidosis on the expres-
sion of osteoblast transcription factor-runx2,
which is necessary for osteoblast commitment
[16], was subsequently examined. Cells were
harvested at 5-day interval for further examina-
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tion by RT-gPCR and Western blot analyses.
The increase of runx2 mRNA and protein
expression levels in acidosis was higher than
those levels observed in negative controls
(Figure 4A-C). Consequently, we examined the
expression of type | collagen, the most abun-
dant bone matrix protein produced by osteo-
blasts as well as a target gene for runx2 [14].
Corresponding to runx2, the levels type | colla-
gen mRNA in acidosis appeared to be greater
than levels observed in negative controls
(Figure 5A). The quantification method has
been shown to be sensitive and specific for col-
lagen deposited on cultured osteoblasts [11].
Similar to the mRNA, the increase in collagen
deposit after normalization by protein concen-
tration was observed in cells cultivated in acid-
ic environment (Figure 5B).

Int J Clin Exp Med 2016;9(12):23182-23189
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Figure 5. The effect of acidosis on the expression of type | collagen gene. A: Real-time PCR was used to detect the
type | collagen mRNA expression level. B: The effect of acidosis on the expression of type | collagen.

Discussion

In this study, we demonstrated that simulated
respiratory acidosis could inhibit the prolifera-
tion of hBMMSCs in vitro and play impaired
roles on bone matrix mineralization due to
reduction in alkaline phosphatase enzyme
activity. And acidosis might downregulate the
expressions of osteoblastic genes. However,
there was no significant difference in cytotoxic-
ity between acidic hBMMSCs and the negative
controls.

In current study of respiratory acidosis, the
expression of related osteoblastic genes and
proteins was found to be altered during differ-
ent stages of osteoblast differentiation. We ini-
tially examined the expression of a known
essential transcription factor--runx2. Previous
studies demonstrated that homozygous muta-
tion of runx2 completely suppressed bone for-
mation with arrest of osteoblast differentiation
[16, 17]. Our report demonstrated that the
expression of runx2 was increased under the
effect of acidosis. Moreover, similar to that of
runx2, the measurement of the most abundant
bone matrix protein--type | collagen appeared
to be an increased expression. Expression of
type | collagen is improved during this early
stage of osteoblast differentiation accompany-
ing that of runx2 [8]. Therefore, the increased
expression of runx2 and collagen could pro-
mote osteoblast differentiation in the early
period. It could be explained that the increase
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in runx2’s transcript as well as the parallel
expressions of runx2 and collagen was due to
type | collagen being one the target genes of
runx2 [18]. According to the study of Tullberg-
Reinert et al. [19], although uprelagutation of
runx2 in mice heightened osteoblast differen-
tiation during the early period, these animals
were osteopenic as a result of less mature phe-
notype in their osteoblasts suggesting that
overexpression of runx2 may play adverse roles
in the later stage of osteoblast differentiation.

Metabolic acidosis actuates a net calcium ef-
flux from bone and influences the function of
osteoblasts and osteoclasts in vivo. Frick et al.
reported that chronic metabolic acidosis could
downregulate bone matrix protein levels includ-
ing matrix Gla protein and osteopontin [20].
And it could vary osteoblast differentiation from
hBMMSCs [5]. These studies in vitro presented
that chronic metabolic acidosis directly inhibit-
ed osteoblast function and altered osteoblast
differentiation from hBMMSCs through diverse
effects on osteoblastic genes and proteins in
vitro [B]. Furthermore, Frick et al. showed the
inhibitory influence of acute metabolic acidosis
on the induction of osteoblastic egr-1 and type
I collagen in mouse calvarial cells [21]. Acidosis
is also reported to potentiate osteoclast sur-
vival to activate bone resorption viaupregula-
tion of osteopontin, promoting cell survival
through integrin binding, augmentation of adhe-
sion and spreading via activation of pyk-2, Cbl-b
and src activation [22]. These findings suggest-

Int J Clin Exp Med 2016;9(12):23182-23189
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ed that the changes of external pH had a ma-
rked effect on the expression of certain genes
which is important for bone formation or osteo-
blast differentiation.

The acid-base balance is a basic factor for the
body. Acidosis is deeply involved in a variety of
diseases and pathological conditions, promot-
ing bone resorption and impeding bone forma-
tion. It therefore could be a candidate for inter-
vention in the treatment of diseases. Although
our data demonstrated that hBMMSCs exposed
to acidic stress can increase the elevation of
runx2 and type | collagen induced by low pH
and thus affect differentiation for hBMMSCs,
further experiments involving a more precise
understanding of bone physiology and patholo-
gy of bone-related diseases are needed.

In this current study, our results revealed that
the adverse effect of acidosis on bone forma-
tion was largely due to the impairment of bone
matrix mineralization. Acidosis had diverse
impact on osteoblastic genes and altered the
differentiation of osteoblast, as well as attenu-
ated the function of osteoblast. Our findings
might serve as a suitable in vitro model to study
underlying mechanisms involved low bone
mass diseases.
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