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Hyaluronan preserves the proliferation and differentiation potentials
of long-term cultured murine adipose-derived stromal cells
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Abstract

For long-term culture, murine adipose-derived stromal cells (mADSCs) at latter passages demonstrated a marked decline in prolif-
erative activity, exhibited senescent morphology and reduced differentiation potentials, particularly osteogenesis. To extend the lifespan
of mADSCs, two culture conditions containing hyaluronan (HA) was compared in our study, one as a culture medium supplement
(SHA), and the other where HA was pre-coated on culture surface (CHA). mADSCs cultivated with SHA exhibited a prolonged lifespan,
reduced cellular senescence, and enhanced osteogenic potential compared to regular culture condition (control). Upon CHA treatment,
mADSCs tended to form cell aggregates with gradual growth profiles, while their differentiation activities remained similar to SHA
groups. After transferring mADSCs from CHA to control surface, they were shown to have an extended lifespan and an increase of
osteogenic potential. Our results suggested that HA can be useful for preserving the proliferation and differentiation potentials of
long-term cultured mADSCs.
� 2007 Elsevier Inc. All rights reserved.
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The murine adipose-derived stromal cells (mADSCs)
have differentiation capacity toward a variety of lineages
[1–3]. For in vitro cultures, mADSCs exhibit a finite prolif-
erative capacity and acquire senescent morphology rapidly
in our preliminary study. It is possible that the murine cells
are highly sensitive to environmental stresses, such as those
induced by frequent subcultivation [4,5] or the hyperoxic
condition in vitro [6]. This may result in impaired differen-
tiation capability similar to subcultured mesenchymal stem
cells reported [7].

For extending the lifespan of mADSCs, hyaluronan
(HA) may be applied since it has been reported to influence
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the adhesion, migration, proliferation [8,9], and the cell fate
determination of mesenchymal cells [10] as well as the
developmental capacity of embryos in vitro [11]. The
enhancement of osteogenic potential of rat osteoblasts by
an initial administration of HA during first plating was
suggested [12]. Other findings also suggested that HA can
stimulate the proliferation of primary porcine bone mar-
row stromal cells during early passage [13]. Given the var-
ious functions of HA, little was known about the effects of
long-term exposure of HA on the propagation and differen-
tiation of adult stem cells. Thus, we aimed to assess the
effects of HA on the feasibility of in vitro expansion and
the preservation of differentiation capacity of long-term
cultured mADSCs by comparing the culture of mADSCs
on a HA pre-coated microenvironment with that of HA
presented in medium where the regular culture surface
serves as a control.
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Materials and methods

Isolation and culture of mADSCs. mADSCs were isolated as previously
described [2]. Male FVB/N mice were housed and cared under standard
conditions according to institutional guidelines for animal regulation at
the National Cheng Kung University. Briefly, the inguinal fat pads from
FVB/N mice were harvested and washed with phosphate buffered saline
(GibcoBRL, Grand Island, USA). They were then finely minced and
digested with 0.1% collagenase (Worthington, Lakewood, USA) at 37 �C
for 45 min. An equal volume of Dulbecco’s modified Eagle’s medium
(DMEM, GibcoBRL) containing 10% fetal bovine serum (FBS, Biological
Industries, Israel) was added and the resulting solution was filtered
through a 100-lm mesh, followed by centrifugation at 250g for 10 min.
The pellet was collected and resuspended in 160 mM NH4Cl (Sigma,
USA) to lyse the red blood cells and spun at 250g for 10 min. The cell
pellet was collected and resuspended in conventional culture medium of
DMEM–10% FBS containing 1% antibiotic/antimycotic solution or in
addition of indicated HA-containing medium. The cell suspensions were
then plated at 1 · 104 cells/cm2 on regular culture surface or on HA pre-
coated surface and incubated at 37 �C with 5% CO2.

mADSCs cultured in regular and HA-containing culture conditions.

mADSCs cultured with DMEM–10% FBS on regular culture surface were
used as the control. Two kinds of HA-containing culture system were
applied: (A) SHA where mADSCs were cultivated with DMEM–10% FBS
containing HA (Mw = 720 kDa, Pentapharm, Basel, Switzerland) at con-
centration of 0.2 mg/mL (SHA0.2) or 0.05 mg/mL (SHA0.05) on regular
culture surface; (B) CHA where mADSCs were cultivated with DMEM–
10% FBS on HA pre-coated surfaces containing 5 lg/cm2 (CHA5) or
20 lg/cm2 (CHA20) of HA. Serial passages of mADSCs cultured in
control, SHA, and CHA were carried out when cells reach confluence.
mADSCs were trypsinized, centrifuged and resuspended in appropriate
culture medium, i.e., DMEM–10% FBS for control and CHA groups;
DMEM–10% FBS–SHA for SHA groups. The cells were then plated at
1 · 104 cells/cm2 in each group. The increase of population doubling
(DPD) was calculated according to the formula of DPD = log(Nf/N0)/log2,
where Nf is the final number of cells at subconfluence, and N0 is the initial
number of plated cells.

Transfer culture. mADSCs initially cultured on CHA20 for 3 and 5
passages were subcultured into regular culture surface. The term
‘‘CHA_P3/C’’ and ‘‘CHA_P5/C’’ denotes the transfer and subculture of
mADSCs from CHA20 at P3 and at P5, respectively, to regular culture
surface. ‘‘P3+X’’ denotes that mADSCs were cultured on CHA20 for
three passages and then cultured on regular culture surface for ‘‘X’’ pas-
sages. DPD was calculated as above.

5-Bromo-2-deoxyuridine (BrdU) incorporation assay. BrdU incorpo-
ration assay was performed in control, SHA0.05, SHA0.2, CHA5, and
CHA20 groups for passage numbers of 1, 3, and 5. After plating for 12 h,
mADSCs were incubated with medium containing 10 lM BrdU (Sigma)
for 24 h. The mADSCs were then washed twice with phosphate buffered
saline (PBS; Sigma) and once with 70% ethanol, hydrolyzed in 1 M ice-
cold HCl for 10 min, followed by 2 M HCl at room temperature for
another 10 min, and incubated with anti-BrdU antibody (BD Pharmingen)
for 1 h at room temperature. After incubation with horseradish peroxi-
dase-conjugated IgG1 (BETHÝL Laboratories, USA) at room tempera-
ture for 30 min, 3-amino-9-ethylcarbazole (Zymed, USA) was used as a
substrate. Hematoxylin was used to counterstain the non-mitotic cells. The
percentage of BrdU-incorporated cells was assessed by counting BrdU-
positive nuclei versus total nuclei in 10 different microscopic fields for each
triplicate sample.

Senescence-associated b-galactosidase (SA-b-gal) activity. The detec-
tion of SA-b-gal activity was performed according to previous published
method [14]. Briefly, mADSCs cultured in each condition for 1, 3, and 5
passages were fixed by 4% paraformaldehyde and then incubated with
staining solution of 1 mg/mL 5-bromo-4-chloroindol-3-yl b-D-galactopy-
ranoside (X-Gal; Sigma) in 40 mM citric acid–sodium phosphate buffer
(pH 6.0) containing 5 mM potassium ferrocyanide, 5 mM potassium fer-
ricyanide, 150 mM NaCl, and 2 mM MgCl2 for 16 h until a visible green
color was present around the nuclei. The cells were then counterstained
with hematoxylin. The percentage of senescent cells was assessed by
counting SA-b-gal positive nuclei versus total nuclei in 10 different
microscopic fields for each triplicate sample.

Differentiation. Adipogenic and osteogenic inductions of mADSCs
were carried out according to the procedures reported by Zuk et al. (2001)
with minor modifications [15]. For differentiation, mADSCs at each pas-
sage, and under SHA and CHA treatment were initially plated at 104/cm2

and cultured for 3 days prior to induction. For adipogenic induction,
mADSCs were cultured in DMEM–10% FBS supplemented with indo-
methacin, dexamethasone, methyl-isobutylxanthine, and insulin for 7
days, followed by maturation medium of DMEM–10% FBS and 10 lg/
mL insulin for another 7 days. Adipogenesis was assessed by oil red O
staining. For osteogenic differentiation, mADSCs were cultured in
DMEM–10% FBS, b-glycerophosphate, dexamethasone, and ascorbic
acid-2-phosphate for at least 2 weeks. Alkaline phosphatase activity and
matrix calcification were examined at day 7 and 14, respectively. Alkaline
phosphatase activity was detected by incubating the live cells with staining
solution (1% naphthol AS-BI phosphate and 1 mg/mL fast red TR salts)
at 37 �C for 20 min. For matrix calcification, cells were fixed prior to
vonKossa staining. For quantifying the degree of osteogenesis, the cells
were stained with silver nitrate only, and the calcium deposition regions
from 10 microscopic fields were assessed and calculated by Sigma Scan
Pro (SPSS Inc.) for each triplicate sample.

RT-PCR analysis. Total RNA from the groups of control, SHA0.2,
CHA20, and CHA20/C at various passages of P1, P3, P5, and P7 was
extracted with TRI� reagent (Sigma), and the cDNA was synthesized with
reverse transcriptase (RT) system (Promega, Madison, USA) according to
the manufacturer’s protocol. Primer pairs of p16INK4a: 5 0-GCAGCATGG
AGTCCGCTG CAGACA-3 0 (sense) and 5 0-CGGATTTAGCTCTGCT
CTTGGGAT-3 0 (antisense) [16], and glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH): 5 0-ACCACAGTCCATG CCATCAC-3 0 (sense) and
5 0-TCCACCACCCTGTTGCT GTA-3 0 (antisense) [17] were synthesized.
The amount of each template was adjusted to give PCR signal at the
exponential phase. Amplified PCR products were electrophoresed on a 2%
agarose gel and visualized with ethidium bromide.

Statistical analysis. Student’s t test was used to calculate the p values.
Results

Morphological change and impaired differentiation potential

through subcultivation

In primary cultures, mADSCs seeded on regular culture
surface (we termed ‘‘control’’ hereafter) exhibited a spindle,
fibroblastic morphology and initially proliferated at a high
growth rate. As subcultivation proceeded, a progressive
decrease in growth rate of mADSCs was soon observed at
around the 4th passage (P4) in our preliminary study. In this
state, the cells became larger and flatter in morphology
resembling the reported senescent fibroblasts and were
stained positive for the activity of SA-b-gal at pH 6.0, indi-
cating that the cells had undergone cellular senescence
(Fig. 1A). We further investigated the multilineage potentials
of mADSCs in these different passages. The mADSCs from
the first passage (P1) and the fifth passage (P5) were incu-
bated with osteogenic or adipogenic induction medium for
14 days (Fig. 1A). Upon osteogenic induction, the mADSCs
from P1 showed much more matrix calcification (vonKossa
stain) than those from P5. In the case of adipogenic induc-
tion, most of the cells from P1 were stained positive for oil
red O, while only few cells from P5 were stained positive.



Fig. 1. (A) Morphology and differentiation potentials of mADSCs on regular culture surface (control). mADSCs were harvested and subcultured as
described in Materials and methods. Cell morphology, staining of SA-b-gal activity as well as osteogenic and adipogenic differentiation potentials of
mADSCs were examined at the first passage (P1) and the fifth passage (P5), respectively. Osteogenic and adipogenic induction at P1 and P5 were carried
out for 14 days, and von Kossa staining was applied to assess the degree of matrix calcification while oil red O staining was used to examine the adipogenic
potentials. Bar = 100 lm. (B) Morphology of mADSCs upon HA treatment. mADSCs were harvested and cultured under two different HA-containing
conditions (SHA and CHA, respectively) for one and five passages (P1 and P5, respectively). Arrows, mADSCs formed aggregate on CHA surface.
Bar = 100 lm. (C) Proliferative lifespan of mADSCs cultured on control surface, with SHA (0.05 and 0.2 mg/mL) and CHA (5 and 20 lg/cm2),
respectively. The drawing represents the cumulative population doublings with time where each dot represents one passage. Three independent
experiments were performed in control group, while two independent experiments were performed in each of SHA0.05, SHA0.2, CHA5, and CHA20
groups. Arrows, the passage number (P3 and P5) where a transfer culture from CHA20 to regular culture surface was carried out. *p < 0.05 (SHA0.05) and
**p < 0.01 (SHA0.2) versus control at P5.
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Altered proliferative behaviors of mADSCs in response to

HA

Administration of HA in different ways (SHA and
CHA) for culturing mADSCs exhibited altered prolifera-
tive behaviors. The mADSCs cultured on CHA tended to
form cell aggregates even through latter passages (P5),
whereas mADSCs cultured with SHA spread well on the
culture surface (Fig. 1B). Interestingly, fewer cells at P5
were found morphologically senescent in both SHA and
CHA groups in comparison to the control group
(Fig. 1A). The proliferative lifespans of mADSCs in each
condition were compared in Fig. 1C. The growth rate of
mADSCs cultured with SHA0.05 and SHA0.2 were signif-
icantly higher (p < 0.05 and p < 0.01, respectively, at P5)
than that of control group. However, the differences
between SHA0.05 and SHA0.2 group were insignificant.
Upon culturing on CHA, mADSCs exhibited a much more
gradual growth profile and almost no increase in cell num-
bers at each passage after P5. In addition, the proliferative
lifespan seemed to be shorter with increasing amount of
CHA (CHA20 versus CHA5).

BrdU incorporation for 24 h was carried out at P1, P3,
and P5, and the percentages of BrdU-incorporating cells
were calculated (Fig. 2A). In each group, more cells incor-
porated BrdU were found at early passage (P1) than at lat-
ter passage (P5). At each passage, even at P5, the
percentage of BrdU-incorporating cells were significantly
higher in SHA groups (p < 0.05). Surprisingly, the amounts
of BrdU-incorporating mADSCs in CHA groups at each



Fig. 2. Proliferative activities and cellular senescence of mADSCs cultured in various conditions. The mADSCs were cultured on control surface,
SHA0.05, SHA0.2, CHA5, and CHA20 for 1, 3, and 5 passages (P1, P3, and P5). At each passage, cells were subjected to BrdU-incorporation assay, and
detection of senescence-associated b-galactosidase (SA-b-gal) activity and p16INK4a mRNA expression level. (A) For BrdU-incorporation, cells at about
25% confluence were incubated with 10 lM BrdU for 24 h before fixation and stained for both BrdU-incorporating cells and non-proliferative cells. The
percentages of BrdU-incorporating cells were calculated ad described in Materials and methods. Data presented were average ± SD, n = 3. (B) At each
passage, the percentages of SA-b-gal positive cells were stained and calculated as described in Materials and methods. Data presented were average ± SD,
n = 3. (C) The total RNA of the mADSCs from indicated conditions was extracted and subjected to RT-PCR analysis for the expressions of p16INK4a and
G3PDH. In (A,B), *p < 0.05 and **p < 0.01 versus control group of P3, and #p < 0.05 and ##p < 0.01 versus control group of P5.
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passage were shown to be significantly higher than that of
the control group (p < 0.01). The differences between SHA
and CHA groups were insignificant.

Reduced senescence of mADSCs by HA

In addition to the assay of proliferative activity, the
senescence of mADSCs in each group was further inves-
tigated by staining for the SA-b-gal activity along with
the progression of serial passages, and the percentages
of senescent cells were counted as shown in Fig. 2B. In
the control group, indeed, the percentage of senescent
cells increased with increasing passage numbers and the
phenomenon was most profound, i.e., 0% at P1 and
58.5 ± 10.7% at P5. On the contrary, significantly fewer
mADSCs were found senescent in the SHA and CHA
groups at P5 (p < 0.01), suggesting that a suppression
of senescence was done by administration of HA either
through coating on the plate or as a medium
supplement.

Several anti-proliferative responses including the build-
up of senescent program have been showed to be mediated
by p16INK4a [18,19], a cyclin-dependent kinase inhibitor
(CDKI), which induces cell arrest in G1 phase of the cell
cycle. We then carried out RT-PCR analysis to examine
p16INK4a mRNA levels in mADSCs (Fig. 2C). The expres-
sion of p16INK4a gene was absent at P1, and increased
along with passage number in the control group. mADSCs
of SHA0.2 group were shown to express significantly lower
level of p16INK4a in comparison to the control group. Slight
increases in p16INK4a transcript were observed in the
CHA20 group in comparison to the SHA0.2 group.
Prolongation of lifespan after preculturing on CHA

Above results revealed that mADSCs cultured on CHA
had a slower progression in population doublings with a
higher BrdU-incorporating capability. Thus, to further elu-
cidate the effects of CHA, mADSCs initially cultured on
CHA20 for three and five passages (indicated by arrows
in Fig. 1C) were then transferred to regular culture surface
and subcultured for passages. The morphology of mADS-
Cs after transferring remained fibroblastic for at least 5
passages (P3+5), with some cells being larger and flatter
at P3+7 (data not shown). A higher DPD was observed
in CHA_P3/C groups, while the cells failed to proliferate
in CHA_P5/C groups (Fig. 3). The lifespan of mADSCs
in CHA_P3/C groups was shown to extend to 6–10 pas-
sages (Fig. 3, up and down arrows).

Preservation of osteogenic potential after pre-conditioning

with HA

As subcultivation was performed or senescence devel-
oped, mADSCs lost their differentiation capability progres-
sively (Fig. 1A). From above, a retardation of senescent
program seemed to be accomplished by HA treatment,
the mADSCs undergone various HA treatments for 1
and 5 passages were subjected to osteogenic induction.
During differentiation at P5, mADSCs of both SHA and
CHA groups deposited sufficient amounts of calcium visi-
ble in black after silver nitrate staining on day 7 post-
induction (Fig. 4A). The silver nitrate stain-positive regions
were quantified on day 14 as shown in Fig. 4B, where the
degree of osteogenic differentiation of mADSCs was found



Fig. 3. Proliferative lifespan of mADSCs in response to the transfer
culture from CHA20 to control surface. The mADSCs were initially
cultured on CHA20 for 3 and 5 passages, and then transferred to control
surface for subsequent cultures. The cumulative population doublings of
mADSCs after transferring to control surface were calculated and plotted
versus time with each dot representative of one passage. Three indepen-
dent experiments were carried out in CHA_P3/C while two were carried
out in CHA_P5/C. In one experiment, the lifespan of the mADSCs
extended to 10 passages, i.e., 36 days (arrow down), while the other one
extended to only about 6 passages, i.e., 18 days (arrow up).

Fig. 4. Osteogenic potentials of mADSCs from control, SHA0.05,
SHA0.2, CHA5, CHA20 as well as CHA_P3/C. (A) The mADSCs
cultured on control, SHA0.2, and CHA20 for 5 passages and the mADSCs
derived from CHA_P3/C at 7th passages (P3+7) were incubated with
osteogenic induction medium for 14 days. The cells were then fixed and the
extent of matrix calcification was examined by silver nitrate staining where
the calcium deposition region is shown in black. (B) The extent of
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to be preserved or even significantly enhanced upon both
SHA and CHA treatments at either P1 or P5 (p < 0.01 at
least). In addition, the osteogenic potential of transferred
mADSCs which was pre-incubated with CHA20
(CHA_P3/C) was also enhanced even at P3+7 (Fig. 4A
and B). From the results, mADSCs pre-conditioned by
SHA, CHA as well as by transfer culture of CHA_P3/C
demonstrated a preservation of osteogenic potential at lat-
ter passages (P5) and the differences between HA pre-con-
ditioned groups and control group were shown to be
significant (p < 0.01 at least).
osteogenesis was quantified by scanning the AgNO3 positive area as
described in Materials and methods. Data presented were average ± SD,
n = 3. *p < 0.01 and **p < 0.001 versus control group of P1, and #p < 0.01
and ##p < 0.001 versus control group of P5.
Discussion

HA is crucial in regulating a variety of cellular responses
and it is considered to be a predominant ECM component
in bone marrow which forms the niche for hematopoietic
stem cells [20], suggesting that HA might be effective in
promoting proliferation of stem cells and maintaining them
in an undifferentiated state. The current study showed that
mADSCs underwent senescence rapidly in regular culture
conditions. However, the supply of HA into the medium
(SHA) can increase the growth rates of mADSCs at early
passages and contributed to the extension of their lifespan
with a marked reduction of cellular senescence during sub-
cultivation, indicating that HA seems to be effective in
maintaining mADSCs at a proliferative state and delaying
the development of senescent program.

We also investigated the effects of CHA on mADSCs
and observed the formation of cell aggregates with a much
more gradual growth profile during entire culture period
(Fig. 2). At latter passages, such aggregation limited the
propagation of cells and the contact inhibition of cells
resulted in a slight increase of p16INK4a expression which
agreed with what has been reported [18]. However, more
than half of cells were shown to be BrdU-positive with min-
ute amounts of cells being senescent. Thus, transferring
cultures (CHA_P3/C and CHA_P5/C) were carried out,
and CHA_P3/C demonstrated a further prolongation of
cultural lifespan, while CHA_P5/C failed to prolong the
lifespan, suggesting that pre-incubated with CHA for few
passages (e.g., within 3 passages) may act to preserve the
proliferative potentials of mADSCs.

In addition, upon the treatment of SHA and CHA, as
well as the transfer culture, the osteogenic potential of
mADSCs was preserved or even enhanced in comparison
to control as shown in Fig. 4B, indicating that HA may
act to keep mADSCs in an undifferentiated state prior to
induction. Besides, the decrease of osteogenic potential
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with the increase of passage number in control group cor-
related well with the extent of cellular senescence, and the
preservation of osteogenic potential by HA treatment
may be a consequence of suppression of cellular
senescence.

In this study, SHA was shown not only to promote the
cell proliferation but preserve the osteogenic potential of
mADSCs. Strikingly, pre-incubation with CHA for few
passages would be more effective in prolonging the lifespan
of mADSCs than SHA. Although the mechanism of HA in
promoting proliferation and preserving the osteogenic
potential of mADSCs need to be further investigated, the
introduction of HA in a culture system may be useful for
expanding adult stem cells in vitro without loss of their rep-
licative and differentiation capacity.
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