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Dexamethasone (Dex) is commonly used for osteoarthritis (OA) with excellent anti-inflammatory and
analgesic effect. However, Dex also has many side effects following repeated use over prolonged periods
mainly through increasing apoptosis and inhibiting proliferation. Lactoferrin (LF) exerts significantly ana-
bolic effect on many cells and little is known about its effect on OA chondrocytes. Therefore, the aim of

KeyWOfd?-‘ this study is to investigate whether LF can inhibit Dex-induced OA chondrocytes apoptosis and explore its

Bactofem}{l possible molecular mechanism involved in. MTT assay was used to determine the optimal concentration
examethasone of Dex and recombinant human LF (rhLF) on chondrocytes at different time and dose points. Chondro-

Osteoarthritis . . . . .

Chondrocyte cytes were then stimulated with Dex in the absence or presence of optimal concentration of rhLF. Cell

Apoptosis proliferation and viability were evaluated using MTT and LIVE/DEAD assay, respectively. Cell apoptosis

was evaluated by multi-parameter apoptosis assay kit using both confocal microscopy and flow cytom-
etry, respectively. The expression of extracellular signal-regulated kinase (ERK), FAS, FASL, and Caspase-3
(CASP3) at the mRNA and protein levels were examined by real-time polymerase chain reaction (PCR)
and immunocytochemistry, respectively. The optimal concentration of Dex (25 pg/ml) and rhLF
(200 pg/ml) were chosen for the following experiments. rhLF significantly reversed the detrimental effect
of Dex on chondrocytes proliferation, viability, and apoptosis. In addition, rhLF significantly prevented
Dex-induced down-regulation of ERK and up-regulation of FAS, FASL, and CASP3. These findings demon-
strated that rhLF acts as an anabolic effect on chondrocytes through significantly reversing Dex-induced
chondrocytes apoptosis. This study may contribute to further investigating the clinical application of LF
on OA.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Osteoarthritis (OA) is an age-related idiopathic disease and has
been one of the most common causes of disability in older adults,
especially in the population aged over 65 years. Loss of articular
cartilage is the major cause of joint dysfunction and disability
where chondrocyte apoptosis and proteoglycan depletion are
anatomically presented [1]. It is characterized by damage to the
extracellular matrix and articular cartilage. In addition, several
pro-inflammatory cytokines, such as nitric oxide, tumor necrosis
factor, interleukin-1B, and prostaglandin E2 are excessively
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released. These have been reported to be correlated with the
severity of OA and are involved in the progression of the disorder.
Inhibition of inflammatory cytokines is especially important to
prevent progression of cartilage degeneration at an early stage of
OA. Early treatments for OA include oral anti-inflammatory,
intra-articular injection of corticosteroids [2,3] or hyaluronic acid
[4,5], however, these treatments are mainly for pain relief rather
enhancing cartilage regeneration.

Corticosteroids such as glucocorticoids (GCs) are frequently
used as powerful anti-inflammatory drugs with analgesic effects
in OA, rheumatoid arthritis, and juvenile arthritis. Dex is a widely
used GC in clinical treatment, however, at high doses or following
repeated use over prolonged periods of time, side effects emerged.
It is worthwhile to point out that corticosteroids induce apoptosis
in many cell types [6-8]. GC treatment resulted in reduced cell pro-
liferation and viability and induced apoptosis of lymphocytes,
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Table 1
Sequence of primers for the quantitative Real-time PCR experiments.
Gene Sense Sequence 5'—3’ Size
(bp)
ERK1/2 Forward ACACATGCTTTGGGTCCTTC 883
Reverse AGGAACAGCTCACAGCCCTA
FASL Forward ~ CAGCTCTTCCACCTGCAGAAGG 185
Reverse AGATTCCTCAAAATTGATCAGAGAGAG
FAS Forward  ATCCGAGCTCTGAGGAGGCGGGTTCATGAAA 205
Reverse GGAGGTTCTAGATTCAGGGTCATCCTG
Caspase 3 Forward CATGGCCTGTCAGAAAATAC 176
Reverse TAACCCGAGTAAGAATGTGC
GAPDH Forward CATCCTGCGTCTGGACCT 480
Reverse CATCCTGCGTCTGGACCT

eosinophils and bone, and cartilage on the growth plate [9-12].
Similarly, in vivo and in vitro studies have shown GCs increase
apoptosis and inhibit proliferation of resting or proliferative chon-
drocytes in articular cartilage [11]. Chondrocyte apoptosis plays an
important role in interfering with cartilage metabolism and may
lead to rapid knee arthropathy. Chondrocyte death will also result
in poor cartilage matrix turnover because chondrocytes are the
only source of matrix synthesis in articular cartilage [13]. Treat-
ments, which can reverse the side effects of corticosteroid therapy,
will be invaluable for clinical application.

Lactoferrin (LF) is an 80 kDa iron-binding glycoprotein that be-
longs to the transferrin family. It is a multifunctional factor with
significant antimicrobial, anti-oxidation, antitumor, and immuno-
modulatory activities. Recently, LF has been reported to be an ana-
bolic reagent to osteoblasts [14,15], neurons [16,17], cartilage [15],
and fibroblasts [18]. It acts as an anabolic reagent mainly through
its powerful proliferative and anti-apoptotic actions, which exceed
those of other established anabolic factors including transforming
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growth factor (TGF)-B, parathyroid hormone (PTH), amylin, and
insulin [15,19].

The effect of LF on chondrocyte proliferation and differentiation
has been little documented. LF is believed to promote chondrocyte
proliferation through the LRP1 and ERK pathways and cartilage dif-
ferentiation through Sox9 and SMAD 2/2 [20]. It has also been
shown that LF up-regulates MAPK, MMP1, and MMP3, and inhibits
Aggrecan expression [21].

To date, however, LF has not been tested in OA and little is
known about its effect on cartilage and chondrocytes in OA. It
was hypothesized that LF as an anabolic reagent has the potential
to not only promote proliferation but also reverse apoptosis of
HACs. This hypothesis was assessed by studying the effect of LF
on chondrocyte apoptosis and proliferation following Dex-induced
apoptosis in vitro. HACs isolated from OA patients were used for
this study. The results show that LF significantly inhibits Dex-in-
duced chondrocyte apoptosis and promotes proliferation and via-
bility of chondrocytes from OA cartilage, and that the effects are
regulated by sustained activation of ERK-1/2 and down-regulation
of FASL, FAS, and Caspase-3 (CASP3).

2. Materials and methods
2.1. Reagents

Dexamethasone (Dex) and recombinant human lactoferrin
(rhLF) were purchased from Sigma-Aldrich (Gillingham, UK). Dex
(500 pg/ml) was dissolved in ethanol and rhLF powder (1 mg/ml)
was dissolved in phosphate-buffered saline (PBS). Primary antibod-
ies including total ERK-1/2, phosphorylated-ERK1/2 (p-ERK1/2),
FASL, FAS, Caspase-3 (CASP3), cleaved-Caspase-3 (cleaved-CASP3),
and Northern Lights™ secondary antibody were purchased from
R&D Systems Ltd (Abingdon, UK).
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Fig. 1. Effect of Dex and rhLF on HACs activity. The optimal concentration of Dex (A) and rhLF (B) was selected for subsequent experiments as described in the Section 2. (C)
Cell proliferation was quantified by MTT assay, and (D) Chondrocytes viability was measured by LIVE/DEAD staining in chondrocytes cultured with Dex alone (25 g/ml) and/
or rhLF (200 g/ml). The results represent the mean * SD of three independent experiments, each yielding similar results (*P < 0.05, **P < 0.01 compared to the control group,

#P < 0.05 compared to Dex alone group).
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Fig. 2. Effect of rhLF on Dex-induced HACs apoptosis. (A) HACs were treated with Dex alone with or without rhLF for 48 h and the apoptosis was detected with triple staining
with multi-parameter apoptosis assay as described in the Section 2. (B) The fluorescence intensity of TMRE was quantified by INCELL 2000 software. (C) The apoptosis was
analyzed by flow cytometry, and (D) apoptotic rate of HACs was quantified. The results represent the mean * SD of three independent experiments, each yielding similar
results (*P < 0.05, **P < 0.01 compared to the control group, *P < 0.05 compared to Dex25 group). (Magnification: 20x ). Scale bar = 25 pum (a-1).

2.2. Cell culture

Following full ethical approval from the local research ethics
committee (LREC), Eight OA cartilage specimens were collected
from patients (61 £ 4 years) undergoing total knee joint replace-
ment surgery at Morriston Hospital, Swansea. HACs were isolated
from undamaged femoral condyle and intercondylar fossa of the
knee joint as described previously [22]. Human OA articular carti-
lage was maintained in DMEM/F12 with 10% FBS. Cell viability was
assessed by trypan blue dye exclusion. Chondrocytes between pas-
sages 1 and 3 were used for analysis. Chondrocytes characteriza-
tion was performed by morphology, Alcian blue staining and
reverse transcriptase-PCR to check the gene expression of collagen
IL.

2.3. Optimizing dosage of rhLF and Dex

HACs were cultured in either DMEM/F12 with 10% FBS contain-
ing Dex at 0, 0.125, 1.25, 12.5, and 25 pg/ml; or DMEM/F12 with 1%

FBS containing rhLF at 0, 12.5, 25, 50, 100, and 200 pg/ml for 24
and 48 h. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) assay was then used to select the optimal concen-
tration of Dex and rhLF for treating HACs. The optical absorbance
of this colored solution was quantified at 570 nm by a microplate
reader (BMG LABTECH, Bucks, UK). The optimal concentration of
Dex (25 pg/ml; Dex25) and rhLF (200 pg/ml; rhLF200) and
DEMF12 supplemented with 1% FBS were chosen for the following
experiments.

2.4. Cell proliferation and viability essays

HACs were treated with Dex25 and rhLF200 in DMEMF12 sup-
plemented with 1% FBS. After 48 h of treatment, cell proliferation
was assessed by MTT assay, the OD values correspond to the num-
ber of viable cells. In addition, cell viability was assessed by LIVE/
DEAD assay. Cells were stained using a LIVE/DEAD stain kit (Life
Technologies, Paisley, UK). This kit contains two fluorescent dyes,
calcein-AM to stain living cells green and ethidium homodimer-1
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Fig. 3. The effect of rhLF on Dex-induced HAC ERK (A), FASL (B), FAS (C), and CAPS 3 (D) gene expressions. qPCR was performed to detect mRNA levels of target genes. Results
are presented as relative changes normalized to GAPDH. The results represent the mean * SD of three independent experiments, each yielding similar results (*P < 0.05,

**P < 0.01 compared to the control group, P < 0.05 compared to Dex25 group).

(Ethd-1) to stain damaged or dead cells red. After staining, samples
were observed by an epifluorescent microscope (Carl Zeiss,
Oberkochen, Germany). For each well, at least five different ran-
dom fields were examined, and a minimum of 1000 cells were
counted to determine the fraction of calcein-AM positive cells vs.
Ethd-1 positive cells.

2.5. Multi-parameter apoptosis assay

Cells were cultured in 96-well black plates at 5 x 10> cells/well
and treated with Dex25 and/or rhLF200 for 48 h. HACs apoptosis
was assessed by the multi-parameter apoptosis assay kit (Biosci-
ence, Cambridge, UK) according to the manufacturer’s instruction.
This kit employs FITC-conjugated Annexin V as a probe for phos-
phatidylserine on the outer membrane of apoptotic cells, TMRE
as a probe for mitochondrial membrane potential, and Hoechst
dye to demonstrate nuclear morphology. The staining was per-
formed and resultant fluorescent stained cells were observed by
confocal scanning microscopy (Carl Zeiss, UK).

2.6. Flow cytometry analysis

The apoptotic rate was evaluated using Annexin V-FITC apopto-
sis detection kit (Bioscience, UK). Briefly, the chondrocytes suspen-
sion were mixed with Annexin V-FITC and 7-AAD and incubated
for 15 min at room temperature. Samples were analyzed by a BD
flow cytometry machine (Becton Dickinson, UK) to identify apop-
totic (Annexin V-positive) and necrotic cells (7-AAD-positive).

2.7. Content of mitochondria membrane potential

The lysate of chondrocytes was centrifuged at 12,000 rpm for
10 min at 4 °C, then resuspended and incubated with 50 nM of
TMRE (Bioscience, UK) for 20 min at 37 °C. The mixture was

stained at room temperature in the dark for 30 min and cells were
evaluated by confocal microscopy (excitation wavelength 488 nm,
emission wavelength 510 nm). Fluorescence intensity was quanti-
fied with the INCELL 2000 software.

2.8. RNA isolation and quantitative real-time RT-PCR (qPCR)

Total cellular RNA was extracted using AllPrep Mini Kit (QIA-
GEN, West Sussex, UK) according to the manufacturer’s instruction.
1 pg RNA was converted to cDNA in 20 pl reactions using high-
capacity cDNA reverse transcription kit (Applied Biosystems,
Warrington, UK). For PCR, 2 pl of cDNA was mixed with SYBR green
mastermix and relevant primers, and PCR was performed using an
iCycler (Bio-Rad, Hertfordshire, UK). The real-time PCR conditions
were as follows: 95 °C for 10 min followed by 40 cycles of 95 °C
for 0.15 min, 58 °C for 1 min, and 72 °C for 1 min. The primers
used were shown in Table 1. To compare mRNA expression lev-
els, the relative expression of each gene was normalized to
GAPDH.

2.9. Immunocytochemical staining and confocal microscope

Cells were seeded into 96 well black plates and treated with
Dex25 or rhLF200 or both for 48 h. After being washed twice in
cold PBS, cells were fixed in 4% paraformaldehyde for 20 min at
room temperature, permeabilized by washing three times with
0.1% (v/v) Triton X-100, and immunostained with the antibodies
overnight at 4 °C. The cells were washed three times with PBS
and incubated with a Northern Lights™ antibody (R&D, Abingdon,
UK) in the dark at room temperature for 1 h. Cells were washed
twice with PBS and incubated with DAPI (Life Technologies,
Paisley, UK) at a dilution of 1:1000 of 1 mg/ml for 1 min. The
images were visualized and imaged by a laser confocal scanning
microscope.
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Fig. 4. Effect of hLF on the gene expressions of p-ERK, ERK, FASL, FAS, and cleaved-Caspase 3 (cleaved-Casp3) in Dex induced HACs apoptosis. (A) Micrographs of
immunocytochemistry and confocal microscopy illustrate the effect of rhLF on Dex-induced protein expressions. (B-E) The relative protein expression of p-ERK, ERK, FASL,
FAS, and cleaved-Caspase 3 were quantified by INCELL 2000 software. The results represent the mean + SD of three independent experiments, each yielding similar results
(*P < 0.05, **P < 0.01 compared to the control group, P < 0.05 compared to Dex25 group). (Magnification:40x ). Scale bar = 50 um (a-t).

2.10. Statistics

SPSS 11.5 software was applied for data analysis. Data were
presented as the means+SD of three separate experiments.
Significant differences among the mean values of multiple groups
were evaluated by one-way analysis of variance (ANOVA) and
Student-Newman-Keuls g-test. A value of P < 0.05 was considered
as being significant.

3. Results
3.1. The optimal concentration of Dex and rhLF

We performed MTT assay to select the optimal concentrations
of Dex and rhLF fro subsequent experiment. As shown in Fig. 1A,
Dex suppressed HAC proliferation in DMEM/F12 with 10% FBS in
a dose dependent manner (24 h, P<0.01; 48 h, P<0.0001) and
the inhibitory effect in 48 h group was more pronounced than that
in 24 h group at each concentration. The effects of Dex were most
pronounced at the dose of 25 png/ml. By contrast, Fig. 1B shows that

the rhLF stimulated HACs proliferation in DMEM/F12 with 1% FBS
in a dose dependent manner (24 h, P< 0.05; 48 h, P <0.0001) and
the proliferative effect was more pronounced in 48 h group at each
concentration, and the effects were most pronounced at the dose of
200 pg/ml. Based on these tests, Dex at 25 pg/ml and rhLF at
200 pg/ml were selected as the optimal concentrations for further
experiments.

3.2. Effect of rhLF on proliferation and viability of HACs

In order to explore the effect of rhLF on HAC proliferation and
viability, the effect of Dex25 or rhLF200 or both was assessed using
both cell proliferation and viability assays. As expected, Dex25 sig-
nificantly inhibited HAC proliferation and viability, whereas
rhLF200 significantly reversed the inhibitory effect of Dex25 on
HACs proliferation and viability (Fig. 1C,D). The viability of cells
treated with both Dex25 and rhLF200 was increased to 83% in com-
parison to 68% (Fig. 1D, P < 0.01) in Dex25 alone treated cells. These
data indicated that rhLF200 can actually reverse the inhibitory
affects of Dex on proliferation and viability of HACs.
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3.3. Effect of hLF on Dex-induced HACs apoptosis

To further study the effect of rhLF on HAC apoptosis induced by
Dex, a multi-parameter apoptosis assay was used to visualize and
quantify HAC apoptosis (Fig. 2A,B). For confocal microscopy analy-
sis, cell nuclei were stained blue by Hoechst (Fig. 2A-a, -d, -g, and -j)
and apoptotic cells were stained as Annexin V-positive cells
(green)?, as indicated by arrows in Fig. 2A-f, and -i. Dex25 treatment
resulted in highest Annexin V (Fig. 2A-f) staining. This effect was
partially rescued by rhLF200 treatment (Fig. 2A-i and -1).

These effects were further confirmed by flow cytometric analy-
sis (Fig. 2B). The ratio of apoptotic HACs was dropped from 36% in
Dex25 treatment to 10% in Dex25 and rhLF200 treatment (Fig. 2D,
P<0.01). Using highly fluorescent cationic lipophilic dye TMRE,
which can reflect the change of mitochondria membrane potential
(indicated by white arrows in Fig. 2A-b, -e, -h and -k), we could
show that the mitochondrial membrane potential was significantly
impaired by Dex and restored significantly by rhLF200 (Fig. 2C,
P<0.01).

3.4. Effect of rhLF on mRNA and protein expression levels of ERK, FAS,
FASL, and CASP3

To understand the potential mechanism of rhLF in reversing
Dex affects on HAC proliferation and apoptosis, cell proliferative,
(ERK, Fig. 3A) and apoptotic (FAS, FASL, and CAPS3, Fig. 3B, C,
and D, respectively) signals were assessed using real-time PCR.
The results showed that rhLF prevented Dex25-induced down-
regulation of total ERK1/2 (Fig. 3A) in HACs, and significantly
reduced apoptotic gene expression of FAS, FASL, and CAPS3, shown
in Fig. 3B, C, and D.

We then sought to examine LF regulation of proliferative (ERK
and p-ERK) and apoptotic gene (FASL, FAS, and Cleaved-CAPS3)
expression by immunocytochemistry in protein level. As HACs
were cultured in 1% FBS, Dex25 completely inhibited both p-ERK
(Fig. 4A-b,4B) and ERK (Fig. 4B-f, 4B) expressions and up-regulated
expressions of FASL (Fig. 4A-j, 4C), FAS (Fig. 4A-n, 4D) and Cleaved-
CAPS3 (Fig. 4A-r, 4E), but these effects were partially reversed by
rhLF200 (Fig. 4A-Kk, -o, and -s, 4B-E).

4. Discussion

Reduced proliferation of cartilage progenitor cells and loss of
chondrocytes through apoptosis has not only been an important
sign of pathological processes of OA [1], but also a measure of
the side effects caused by high dose steroids designed to treat this
condition [7]. Anabolic reagents, which can enhance proliferation
and prevent HAC apoptosis are highly desired for OA treatment,
however, to date there is no approved treatment on the pharma-
ceutical market with dual effects on HACs.

LF is currently used mainly as an anti-infectious or anti-inflam-
matory reagent. Its anabolic effects on human skeletal tissue were
not identified until 2004 by Cornish and her colleagues [14,15,23].
This current study proves the use of LF as an anabolic reagent for
HACs, in which LF not only enhances HAC proliferation, but also
inhibits HAC apoptosis induced by Dex.

HACs isolated from OA donors were used in this study. A clinical
glucocorticoid Dex, widely used to induce experimental cellular
apoptotic response, was chosen to induce HAC apoptosis. This
study revealed that Dex significantly suppressed HAC proliferation
and induced HAC death, an effect that was more pronounced when
culture medium was switched from supplementary 10% to 1% FBS.

2 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.

In the elderly population, not only is the proliferation stage re-
duced but also cellular responses to serum growth factors are de-
creased [24]. Therefore the in vitro model used in this study is
highly reliable and relevant to clinical conditions.

Dex at a concentration of 25 pg/ml resulted in the highest cell
death of HACs and was therefore chosen as the optimal dose for this
study. This dose is consistent with the reports on Dex-induced cell
death in both cartilage and other cell types [10]. The most reported
concentration of LF used as an anabolic reagent was 100 pg/ml,
which significantly increased cell growth and inhibition of
apoptosis of osteoblasts [15,25]. Bovine LF was used in most of
these reports. The rhLF used in this study to test the anabolic effect
was extracted from recombinant rice, which is not as potent as bo-
vine LF. In our pilot study, it required 200 pg/ml rhLF to match the
effect of 100 pig/ml bovine LF (data not shown).

The effect of rhLF on Dex-induced suppression of proliferation
and induction of apoptosis of HACs is very consistent throughout
this study. LF enhanced HAC proliferation and viability, and
inhibited HACs death. These results are demonstrated by MTT, cell
viability assay, and FACS analysis and confirmed by qPCR
expression of cell proliferative (ERK) and apoptotic (FAS, FASL,
and Caspase 3) signaling. The qPCR results are further validated
by immunocytochemistry.

ERK signaling molecule promotes cell proliferation by transmit-
ting a variety of extracellular signals [26]. It has been shown previ-
ously that Dex suppresses cell proliferation by inhibiting the
phosphorylation of ERK [27] whereas LF induces cell proliferation
by increasing the phosphorylation of ERK [28]. In our study, Dex
and LF not only affected HAC proliferation but also altered the
expression of ERK, indicating that these two compounds regulate
cell proliferation via altering the ERK signaling cascade. Further-
more, rhLF reversed Dex-induced suppression of chondrocyte pro-
liferation by increasing the expression p-ERK1/2. It is not yet clear
how LF reverses Dex-induced inhibition of expression p-ERK.

FAS-mediated death receptor pathway plays a crucial role in
Dex-induced cell apoptosis, therefore, we examined whether rhLF
prevented Dex-induced chondrocyte apoptosis by modulating
FAS-mediated signal molecule expression. Real-time PCR analysis
showed that Dex significantly induced mRNA expression of apop-
totic genes (FASL and FAS) and rhLF prevented the expression of
these factors in HACs. Caspase plays an essential role in most types
of apoptosis, including Dex-induced apoptosis. We found that Cas-
pase 3 was activated in Dex-induced apoptosis and that rhLF pre-
vented the activation of this executive Caspase. These results
were confirmed and extended at the protein level by
immunocytochemistry.

Our study demonstrated that LF is an effective anabolic reagent
for HACs through enhancing HAC proliferation and inhibiting HAC
apoptosis induced by Dex. The further molecular mechanism needs
to be investigated. Anyway, this study will be useful for evaluating
the potential of LF for clinical application on OA.
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