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Abstract

Background: Hydrostatic pressure (HP) is a significant factor in the function of many tissues, including cartilage, knee
meniscus, temporomandibular joint disc, intervertebral disc, bone, bladder, and vasculature. Though studies have been
performed in assessing the role of HP in tissue biochemistry, to the best of our knowledge, no studies have demonstrated
enhanced mechanical properties from HP application in any tissue.

Methodology/Principal Findings: The objective of this study was to determine the effects of hydrostatic pressure (HP), with
and without growth factors, on the biomechanical and biochemical properties of engineered articular cartilage constructs,
using a two-phased approach. In phase I, a 363 full-factorial design of HP magnitude (1, 5, 10 MPa) and frequency (0, 0.1,
1 Hz) was used, and the best two treatments were selected for use in phase II. Static HP at 5 MPa and 10 MPa resulted in
significant 95% and 96% increases, respectively, in aggregate modulus (HA), with corresponding increases in GAG content.
These regimens also resulted in significant 101% and 92% increases in Young’s modulus (EY), with corresponding increases
in collagen content. Phase II employed a 363 full-factorial design of HP (no HP, 5 MPa static, 10 MPa static) and growth
factor application (no GF, BMP-2+IGF-I, TGF-b1). The combination of 10 MPa static HP and TGF-b1 treatment had an additive
effect on both HA and EY, as well as a synergistic effect on collagen content. This group demonstrated a 164% increase in HA,
a 231% increase in EY, an 85% increase in GAG/wet weight (WW), and a 173% increase in collagen/WW, relative to
control.

Conclusions/Significance: To our knowledge, this is the first study to demonstrate increases in the biomechanical
properties of tissue from pure HP application, using a cartilage model. Furthermore, it is the only study to demonstrate
additive or synergistic effects between HP and growth factors on tissue functional properties. These findings are exciting as
coupling HP stimulation with growth factor application has allowed for the formation of tissue engineered constructs with
biomechanical and biochemical properties spanning native tissue values.
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Introduction

Hydrostatic pressure plays an important role in the mechan-

oregulation of several tissues; including cartilage [1–8], knee

meniscus [9], temporomandibular joint disc [10,11], intervertebral

disc [11–13], bone [14], bladder [15], and vasculature [16]. In

these studies, HP generally led to increased extracellular matrix

(ECM) production. HP application appears particularly promising

as a strategy in cartilage tissue engineering, as cartilage

degeneration remains a tremendous problem [17]. Following

injury, cartilage has a poor ability to self-repair due to its

avascularity, and current clinical treatments for articular cartilage

injuries result in the formation of mechanically inferior fibrocar-

tilage [18]. Therefore, cartilage regeneration with tissue engineer-

ing strategies appears to be a promising approach. A scaffoldless

approach to tissue engineering, the self-assembly process, has been

developed and utilized by our group to produce engineered

constructs with biochemical and biomechanical properties ap-

proaching native tissue values [3,19,20].

Cartilage is typically exposed to pressures in the physiologic

range of 3–18 MPa [21–23], and tissue engineering efforts have

generally focused on these physiologic pressures. Prior studies

have shown complex effects from HP application, demonstrating

both inhibition and enhancement of ECM protein production

and gene expression depending on the selected HP regimen and

culture system. For example, several pioneering studies by Smith

et al. [4,24–27] on monolayers have demonstrated enhanced

protein production and gene expression when applying inter-

mittent hydrostatic pressure at 10 MPa, 1 Hz to both normal

human adult articular chondrocytes as well as to osteoarthritic

chondrocytes. However, they found detrimental effects on

collagen II mRNA production when applying 10 MPa static

(0 Hz) HP to adult articular chondrocytes in monolayer [25].

On the other hand, Mizuno et al. [5] applied 2.8 MPa static

HP to 3-D bovine chondrocyte seeded collagen sponges and

found an increase in GAG production. Similarly, Toyoda et al.

[8,28] observed significantly increased GAG production, aggre-

can mRNA, and type II collagen mRNA expression when
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applying 5 MPa static HP to bovine articular chondrocyte

seeded agarose gels.

Several prior studies have also demonstrated the benefits of

growth factors, including BMP-2, IGF-I, and TGF-b1, on

construct functional properties [29–31]. In recent work (under

review, Osteoarthritis and Cartilage), we have demonstrated the

benefits of combined BMP-2 and IGF-I treatment on construct

compressive properties and GAG production, as well as the benefit

of TGF-b1 treatment on construct compressive and tensile

properties, with corresponding enhancement of GAG and collagen

production. Furthermore, previous work has demonstrated the

benefits of combining growth factor application with direct

compression mechanical stimulation on construct [32] and explant

[33] functional properties.

Though several studies have been performed in assessing the

role of HP in tissue biochemistry, to the best of our knowledge, no

studies have demonstrated enhanced biomechanical properties

from HP application in any tissue. Furthermore, studies that

systematically assess the effects of multiple HP magnitudes and

frequencies on construct functional properties are lacking.

Additionally, there is a dearth of studies demonstrating synergistic

effects on tissue functionality from combining hydrostatic pressure

and growth factors.

Using a scaffoldless cartilage tissue engineering model [19,20],

this study sought to test the hypotheses that 1) a short-term

application of static HP during construct development will have

the greatest enhancement of construct biochemical and biome-

chanical properties, and that 2) there will be additive or synergistic

effects when combining growth factors and HP stimulation. These

hypotheses were assessed and supported using a two-phased

approach. In phase I, a 363 full-factorial design of HP magnitude

(1, 5, and 10 MPa) and frequency (0, 0.1, and 1 Hz) was used, and

the best two treatments were selected for use in phase II. Phase II

employed a 363 full-factorial design of HP (no HP, 5 MPa static,

10 MPa static) and growth factor application (no GF, BMP-

2+IGF-I, TGF-b1) for a total of nine treatment groups.

Materials And Methods

Chondrocyte Isolation and Seeding
Cartilage from the distal femur of wk-old male calves was

obtained [32,34,35] (Research 87, Boston, MA) and digested with

collagenase type 2 (Worthington, Lakewood, NJ) for 24 hrs, as

described in detail previously [20]. A polysulfone die consisting of

5 mm dia.610 mm long cylindrical prongs that fit into 6 wells of a

48-well plate was used to construct each agarose mold, as

described in detail previously [20]. The culture medium is a

chemically defined medium that has been described previously

[20]. To each agarose well, 5.56106 cells were added in 100 ml of

culture medium; t = 0 was defined as 24 hrs after seeding.

Phase I: HP Magnitude and Frequency Selection
At t = 10 days, self-assembled constructs (n = 6/group) were

removed from confinement in 5 mm dia. agarose wells and

exposed to HP for 1 h/day, for 5 days. The study employed a 363

full-factorial design of magnitude (1, 5, 10 MPa) and frequency (0,

0.1, 1 Hz), for a total of 9 treatment groups. The constructs were

then placed in individual agarose-coated wells of 48-well culture

plates for the remainder of the study. A control (CC) consisted of

constructs removed from confinement in 5 mm dia. agarose wells

at 10 days, and cultured in individual wells of 48-well culture

plates coated with 2% agarose for the remainder of the study. Per

construct, 500 ml of medium was changed daily, and all constructs

were assessed at t = 4 wks.

Phase II: Combination of HP and Growth Factors
This study employed a 363 full-factorial design of HP (no HP,

5 MPa static, 10 MPa static) and growth factor application (no

GF, BMP-2+IGF-I, TGF-b1) for a total of nine treatment groups.

The hydrostatic pressure regimens were selected in phase I (please

see results), while the growth factor treatments were selected from

a prior study by our group (under review, Osteoarthritis and

Cartilage). The HP regimens were applied as in phase I, for 1 hr/

day, from t = 10–14 days. The specific growth factor treatments

were TGF-b1 (30 ng/ml) continuously from t = 0–14 days, or a

combined treatment of BMP-2 (10 ng/ml) continuously from

t = 10–14 days and IGF-I (10 ng/ml) from t = 0–7 days and

t = 14–21 days. All growth factors were obtained from Peprotech

Inc. (Rocky Hill, NJ), and applied in the culture medium. As in

phase I, constructs were removed from confinement at t = 10 days,

and cultured in individual wells for the remainder of the study. Per

construct, 500 ml of medium was changed daily, and all constructs

were assessed at t = 4 wks.

Specimen Pressurization
The procedure used has been described previously [3]. Briefly,

constructs were placed into heat sealable bags (Kapak/Ampak

Flexibles, Cincinnati, OH) with 35 ml medium, and the bags were

heat-sealed without any bubbles inside. The chamber was

maintained at 37u C during pressurization. Briefly, from t = 10–

14 days, the constructs were pressurized at a specific regimen for

1 hr. Following HP application, the pouches were opened with

autoclaved instruments and the samples were returned to

individual agarose coated wells.

Histology and Immunohistochemistry
Samples were frozen and sectioned at 14 mm. Safranin-O and

fast green staining were used to examine GAG distribution

[36,37]. Picrosirius red was used for qualitative examination of

collagen content. A von Kossa stain was used to examine

mineralization. IHC was used to determine the presence of

collagen types I and II, as described previously [20].

Quantitative Biochemistry
Samples were frozen overnight and lyophilized for 72 hrs,

followed by re-suspension in 0.8 mL of 0.05 M acetic acid with

0.5 M NaCl and 0.1 mL of a 10 mg/mL pepsin solution (Sigma)

at 4uC for 72 hrs. Next, 0.1 mL of 106TBS was added along with

0.1 mL pancreatic elastase and mixed at 4uC overnight. From this

digest, total DNA content was measured by PicogreenH Cell

Proliferation Assay Kit (Molecular Probes, Eugene, OR). Total

sulfated GAG was quantified using the Blyscan Glycosaminogly-

can Assay kit (Biocolor) [38,39]. Total collagen content was

assessed by a chloramine-T hydroxyproline assay [40].

Mechanical Testing
To obtain salient compressive properties, samples were

evaluated under conditions of creep indentation [41], which has

been described in detail previously [20]. The aggregate modulus

(HA), permeability, and Poisson’s ratio of the samples were then

determined using the linear biphasic theory [42]. To obtain

construct tensile properties, uniaxial tests were run on a materials

testing system (Instron Model 5565, Canton, MA) with a 50 N

load cell, as described previously [43]. Stress-strain curves were

created from the load-displacement curve and the cross-sectional

area of each sample, and Young’s modulus (EY) was calculated

from the linear region of each stress-strain curve. Construct

thickness was measured using digital calipers.

HP and Growth Factors
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Statistical Analysis
Biochemical and biomechanical assessments were performed on

all constructs (n = 6 or 7). In each phase, a single factor ANOVA

was used to analyze the samples, and a Fisher LSD post hoc test

was used when warranted. Significance was defined as p,0.05.

Additionally, in phase II, the interaction term of a two factor

ANOVA was used to test for synergism, as described previously

[44], with significance defined as p,0.05.

Results

Gross Appearance and Histology
All constructs reached a diameter of approximately 6 mm at

t = 4 wks (Fig. 1a). In phase I, there were no differences in wet

weight (WW) or thickness among the treatment groups, as

demonstrated in Table 1. However, as shown in Table 2, in

phase II, there was a decrease in construct WW and thickness in

all groups treated with TGF-b1.

In both studies, positive staining for collagen (Fig. 1b) and GAG

(Fig. 1e) was observed throughout the construct thickness.

Additionally, based on IHC, collagen II was expressed throughout

each construct (Fig. 1c), with no collagen I production (Fig. 1f).

Finally, in phase II, there was no mineralization or chondrocyte

hypertrophy observed with BMP-2+IGF-I treatment.

Quantitative Biochemistry
In phase I, all values of cells/construct, GAG/WW, and

collagen/WW are found in Table 1. There were no differences in

cells/construct among the different treatment groups. Several

treatments resulted in significant increases in GAG/WW, but the

greatest increases in GAG/WW were observed with the 5 MPa

static, 10 MPa static, and 10 MPa, 1 Hz regimens (Fig. 2c), with

GAG/WW values of 8.160.6, 8.160.4, and 9.160.8%, respec-

tively. However, only 5 MPa static and 10 MPa static HP

application significantly increased collagen/WW (Fig. 2d), with

values of 9.462.5 and 10.861.9%, respectively.

In phase II, all values of cells/construct, GAG/WW, and

collagen/WW are found in Table 2. There were no differences in

cells/construct among the different treatment groups. All treat-

ments exhibited a significant increase in GAG/WW (Fig. 3c);

additionally, there was an adjunctive effect between 10 MPa static

HP and TGF-b1, as their combination resulted in a greater GAG/

WW, of 9.660.4%, than either treatment alone. Treatment with

either HP regimen or with TGF-b1 significantly increased the

collagen/WW (Fig. 2d). Furthermore, combined treatment with

10 MPa static HP and TGF-b1 led to a synergistic increase in

collagen/WW to 15.362.9%; the increase in collagen/WW was

statistically greater than the sum of either treatment alone.

Mechanical Evaluation
In phase I, all values of HA and EY are found in Table 1. The 1,

5, and 10 MPa static HP groups, as well as the 10 MPa, 1 Hz

group all demonstrated a significant increase in HA relative to the

control group (Fig. 2a), with values of 268645, 269644, 270646,

and 287682 kPa, respectively. However, only the 5 MPa static

HP group exhibited significant increases in EY to 11966271 kPa

(Fig. 2b); a similar increase in EY to 11446281 kPa was observed

for the 10 MPa static HP group.

In phase II, all values of HA and EY are found in Table 2. All

treatments exhibited a significant increase in HA (Fig. 3a), with the

10 MPa+TGF-b1 treatment group displaying the greatest in-

crease, to 248637 kPa. This increase indicated an additive effect

between 10 MPa static HP and TGF-b1, as the effect of their

combined use on HA was equal to the sum of the effects of either

treatment alone. Treatment with either HP regimen alone or with

TGF-b1 significantly increased the EY; furthermore, combined

treatment of 10 MPa static HP and TGF-b1 led to an additive

increase in EY to 20486266 kPa (Fig. 3b).

Figure 1. Histological and immunohistochemical images representative of all self-assembled constructs (10x original
magnification). (a) Gross morphology. (b) Picrosirius red stained sections. (c) Collagen II IHC sections. (d) Gross morphology profile. (e) Safranin-
O/fast green stained sections. (f) Collagen I IHC sections.
doi:10.1371/journal.pone.0002341.g001
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Discussion

This study employed a 2-phased approach to choose an optimal

HP loading regimen, as well as to determine the effects of

combined growth factor and HP application. To the best of our

knowledge, this study is the first to 1) demonstrate increases in the

biomechanical properties of tissue from pure HP application, using

a cartilage model, 2) demonstrate additive or synergistic effects

between HP and growth factors on tissue functional properties,

and 3) systematically assess the effects of varying physiologic

magnitudes and frequencies of HP on tissue functional properties.

In phase I, 5 MPa and 10 MPa static HP were the only

regimens that increased both HA and EY with parallel increases in

GAG and collagen content. These results support our hypothesis,

as static hydrostatic pressure was found to have the greatest effect

on construct biochemical and biomechanical properties. Since

5 MPa and 10 MPa static HP were the only regimens to

significantly increase the compressive and tensile stiffness as well

as GAG/WW and collagen/WW, these two regimens were

selected for use in phase II.

In phase II, the combination of 10 MPa static HP and TGF-b1

treatment had significant effects on construct biomechanical and

biochemical properties, thus supporting the hypothesis that

combined HP and growth factor treatment would have additive

and synergistic effects on construct functional properties. The

combined treatment of 10 MPa static HP and TGF-b1 had an

additive effect on both HA and EY, as the increases in compressive

and tensile stiffness for the combined treatment were equal to the

sum of the effects of the two individual treatments. Additionally,

the combined treatment exhibited a synergistic increase in

collagen/WW, as the effect of the combined treatment was

statistically greater than the sum of the effects of each individual

treatment. Excitingly, the collagen/WW of this group, at 15.3%,

spanned reported values for native articular cartilage [45].

However, although 5 MPa and 10 MPa static HP have similar

effects on construct properties when applied alone, 5 MPa static

HP did not exhibit the same additive and synergistic effects when

combined with TGF-b1 treatment. This result suggests that there

are different cellular responses to varying HP magnitudes; for

example, it can be speculated that increasing HP from 5 MPa to

10 MPa in the presence of TGF-b1 may activate additional

intracellular pathways that lead to enhanced production of ECM

proteins and increased biomechanical properties. Interestingly, a

similar effect has been observed previously in work on chondro-

genic differentiation of human mesenchymal stem cells (MSCs)

[46]. It was found that collagen II mRNA expression of MSCs

Table 1. Phase I construct properties.

Group WW (mg) Thickness (mm) HA (kPa) EY (kPa) GAG/WW (%) Col./WW (%)
Total Cells
(6106)

Control 17.161.7 0.7060.07 138630 5966185 6.260.3 7.161.8 4.760.9

1 MPa, 0 Hz 17.161.2 0.6560.05 268645 7396252 6.760.5 7.162.3 5.360.5

1 MPa, 0.1 Hz 17.261.8 0.6960.08 180633 5086176 7.260.5 8.461.4 5.360.4

1 MPa, 1 Hz 17.761.0 0.7860.09 1966104 8716221 6.060.6 8.261.2 4.961.3

5 MPa, 0 Hz 15.262.8 0.6760.08 269644 11966271 8.160.6 9.462.5 4.460.6

5 MPa, 0.1 Hz 17.461.5 0.7060.06 210684 8376148 6.960.4 6.760.6 4.860.5

5 MPa, 1 Hz 16.161.2 0.6760.14 181694 7086103 6.261.6 6.561.0 4.560.5

10 MPa, 0 Hz 14.462.2 0.6760.05 270646 11446281 8.160.4 10.861.9 4.360.3

10 MPa, 0.1 Hz 16.662.8 0.6760.06 208642 9586154 7.460.5 6.162.2 4.960.5

10 MPa, 1 Hz 16.963.5 0.6460.05 287682 9356221 9.160.8 6.061.7 4.260.4

Col., total collagen
doi:10.1371/journal.pone.0002341.t001

Table 2. Phase II construct properties.

Group WW (mg) Thickness (mm) HA (kPa) EY (kPa) GAG/WW (%) Col./WW (%)
Total Cells
(6106)

No HP, No GF 32.160.7 0.9860.09 94624 619673 5.260.5 5.661.5 5.060.5

No HP, BMP-2+IGF-I 33.061.8 1.0960.11 160629 596670 6.961.3 5.461.4 5.161.5

No HP, TGF-b1 16.261.1 0.6960.06 176638 14606182 7.360.3 9.262.0 5.064.5

5 MPa, No GF 29.061.7 1.0160.15 173687 14246465 7.860.6 7.560.5 5.760.3

5 MPa, BMP-2+IGF-I 32.062.5 1.0360.14 165637 8626293 7.460.8 5.860.4 5.260.5

5 MPa, TGF-b1 15.461.0 0.6560.06 189646 15456235 8.160.2 12.662.4 5.160.4

10 MPa, No GF 27.860.8 0.9460.13 161619 12686404 8.560.6 7.861.5 5.660.4

10 MPa, BMP-2+IGF-I 31.461.3 1.0660.09 187645 7766260 7.560.4 5.661.2 5.660.1

10 MPa, TGF-b1 14.860.4 0.6960.08 248637 20486266 9.660.4 15.362.9 5.560.4

Col., total collagen
doi:10.1371/journal.pone.0002341.t002
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cultured with TGF-b3 responded maximally to 10 MPa HP

application.

It is also interesting to note that combining BMP-2+IGF-I

treatment with either of the HP treatments did not lead to further

enhancement of construct properties, and actually negated the

beneficial effects of HP alone on construct properties. It has

previously been shown that HP modulates the level of TGF-b
mRNA [47]. Additionally, combined treatment with TGF-b1 and

IGF-I has detrimental effects on GAG and collagen content shown

by Blunk et al. [29] and our own work (under review, Osteoarthritis

and Cartilage). Based on these prior studies, one can speculate that

HP application may lead to the production of TGF-b1, which,

when combined with the effects of exogenously applied IGF-I may

have detrimental effects, as seen previously, although it is possible

that enhanced TGF-b1 mRNA expression may not correspond to

increased TGF-b1 production due to the extensive post-transcrip-

tional and post-translational regulation of TGF-b1, as reviewed

previously [48]. In future studies, it would be exciting to elucidate

the pathways involved in HP signal transduction, and how they

coincide with the growth factor signal transduction cascades. Since

the exact pathways for HP signal transduction have not been

elucidated, we can only speculate that the pathways leading to

increased matrix synthesis are either further enhanced, when

combining HP and TGF-b1, or perhaps inhibited, when combining

HP and the BMP-2+IGF-I combination.

By demonstrating the beneficial effects of static HP over cyclic

HP application on construct biomechanical and biochemical

properties, this study contradicts several prior studies that have

shown positive effects from cyclic HP [4,7,24–27]. Though when

comparing these studies, it is important to note that HP was

applied to chondrocytes in monolayer rather than 3-D constructs.

Furthermore, these studies utilized adult or osteoarthritic chon-

drocytes which behave substantially differently than the immature

bovine chondrocytes used in this study [49]. On the other hand,

the results of this study agree with the conclusions of several other

studies that applied static HP to 3-D constructs and found

beneficial effects on construct biochemical properties [5,8,28].

When assessing the effects of combined HP and growth factor

treatment on cartilage properties, the results presented here agree

with prior studies that have combined these treatments as

differentiation agents for mesenchymal stem cells [46,50]. For

example, Miyanishi et al. [46] found that combined HP

application with TGF-b3 increased SOX9, collagen II, and

aggrecan mRNA levels 1.9, 3.3, and 1.6-fold, respectively, more

than treatment with TGF-b3 alone. It is also known that another

form of mechanical stimulation, namely direct compression,

exhibits synergistic effects when combined with growth factor

treatment on articular cartilage constructs [32] and explants [33].

Specifically, Mauck et al. [32] found that combined treatment with

dynamic compression and TGF-b1 resulted in a 277% increase in

Figure 2. Biomechanical and biochemical properties of self-assembled constructs in phase I, normalized to control values. HP
application at 5 or 10 MPa, 0 Hz, resulted in a significantly higher (a) aggregate modulus, (b) Young’s modulus, (c) GAG/WW and (d) collagen/WW
than control. Columns and error bars represent means and standard deviations. Groups denoted by different letters are significantly different
(p,0.05).
doi:10.1371/journal.pone.0002341.g002
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equilibrium aggregate modulus, while Bonassar et al. [33]

observed a 290% increase in proteoglycan synthesis with

combined dynamic compression and IGF-I treatment.

Physiologic HP does not deform cartilage [51]; therefore, the

enhanced construct biomechanical properties observed in this

study must be accounted for by other mechanisms. As reviewed

elsewhere [52], on the microscopic level, HP can compress void

spaces within and around proteins on the cell surface. At a certain

pressure, the compression of void spaces becomes great enough

that the protein can achieve a lower energy state by changing its

conformation. Cell surface ion channels may serve as ‘‘pressure

sensors,’’ altering their conformations and thus changing the

intracellular ion concentrations depending on the applied

pressure. For example, Hall [1] found that in chondrocytes, the

activity of the Na/K pump was suppressed substantially with

10 MPa static HP application for 10 min, while the Na/K/2Cl

transporter was more sensitive to HP application. Also, Browning

et al. [53] observed activation of the Na/H pump in bovine

articular chondrocytes with HP application at approximately

10 MPa. Additionally, Mizuno [54] found that HP increases

intracellular calcium through the activation of stretch-activated

channels. Since protein synthesis is affected by intracellular ion

concentrations [55], it is envisioned that different ion channel

responses to varying HP magnitudes alters the intracellular ion

flux and stimulates signal transduction cascades for upregulation of

ECM-specific genes, enhanced ECM protein production, and

increased biomechanical properties as observed in this study.

Growth factors may serve as an adjunctive method for stimulating

similar downstream pathways, thus leading to additive and

synergistic effects, as observed in this study.

The beneficial effects of HP on tissue biochemical properties are

not confined merely to cartilage, and it is possible that the

approach of this study, namely combining optimized HP and

growth factor treatments, may be applicable to several other

tissues. For example, Stover et al. [15] found that applying cyclic

HP to bladder smooth muscle cells resulted in a proliferative

response suggestive of tissue remodeling. Also, Reza and Nicoll

[12] observed increased production of collagen II in intervertebral

disc cells from the outer annulus exposed to 5 MPa HP.

Additionally, Almarza and Athanasiou [10] demonstrated in-

creased collagen I gene expression and protein production when

applying 10 MPa static HP to temporomandibular joint disc cells.

Finally, Suzuki et al. [9] applied 4 MPa static HP to knee meniscal

cells, and found a significant increase in collagen I mRNA and a

significant decrease in matrix metalloproteinase -1, and -13.

Although none of these studies assessed the effects of HP on

biomechanical properties, it can be speculated that coupling these

HP regimens with the application of exogenous bioactive agents

specific to these tissues, may also result in additive and synergistic

effects on the functional properties.

Multiple studies have assessed the effects of both static and

intermittent HP regimens on gene expression and protein

Figure 3. Biomechanical and biochemical properties of self-assembled constructs in phase II, normalized to control values. (a)
aggregate modulus, (b) Young’s modulus, (c) GAG/WW and (d) collagen/WW. Combined treatment with 10 MPa static HP and TGF-b1 led to additive
increases in aggregate modulus and Young’s modulus, and a synergistic increase in collagen/WW. Columns and error bars represent means and
standard deviations. Groups denoted by different letters are significantly different (p,0.05).
doi:10.1371/journal.pone.0002341.g003

HP and Growth Factors
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production. This study, which investigated the effects of multiple

HP magnitudes and frequencies on construct functional proper-

ties, demonstrated enhanced biomechanical and biochemical

tissue properties. Additionally, it systematically assessed the effects

of combining HP and growth factors on construct functional

properties, and indicated synergistic and additive effects. Future

studies should determine the effects of temporal HP application

during construct development, as well as examine the immediate

and long-term effects of HP application on construct properties.

Author Contributions

Conceived and designed the experiments: KA BE. Performed the

experiments: BE. Analyzed the data: KA BE. Wrote the paper: KA BE.

References

1. Hall AC (1999) Differential effects of hydrostatic pressure on cation transport

pathways of isolated articular chondrocytes. J Cell Physiol 178: 197–204.

2. Hall AC, Urban JP, Gehl KA (1991) The effects of hydrostatic pressure on

matrix synthesis in articular cartilage. J Orthop Res 9: 1–10.

3. Hu JC, Athanasiou KA (2006) The effects of intermittent hydrostatic pressure on

self-assembled articular cartilage constructs. Tissue Eng 12: 1337–1344.

4. Ikenoue T, Trindade MC, Lee MS, Lin EY, Schurman DJ, et al. (2003)

Mechanoregulation of human articular chondrocyte aggrecan and type II
collagen expression by intermittent hydrostatic pressure in vitro. J Orthop Res

21: 110–116.

5. Mizuno S, Tateishi T, Ushida T, Glowacki J (2002) Hydrostatic fluid pressure

enhances matrix synthesis and accumulation by bovine chondrocytes in three-
dimensional culture. J Cell Physiol 193: 319–327.

6. Parkkinen JJ, Ikonen J, Lammi MJ, Laakkonen J, Tammi M, et al. (1993) Effects
of cyclic hydrostatic pressure on proteoglycan synthesis in cultured chondrocytes

and articular cartilage explants. Arch Biochem Biophys 300: 458–465.

7. Smith RL, Carter DR, Schurman DJ (2004) Pressure and shear differentially

alter human articular chondrocyte metabolism: a review. Clin Orthop Relat

Res: S89–95.

8. Toyoda T, Seedhom BB, Yao JQ, Kirkham J, Brookes S, et al. (2003)

Hydrostatic pressure modulates proteoglycan metabolism in chondrocytes
seeded in agarose. Arthritis Rheum 48: 2865–2872.

9. Suzuki T, Toyoda T, Suzuki H, Hisamori N, Matsumoto H, et al. (2006)
Hydrostatic pressure modulates mRNA expressions for matrix proteins in

human meniscal cells. Biorheology 43: 611–622.

10. Almarza AJ, Athanasiou KA (2006) Effects of hydrostatic pressure on TMJ disc

cells. Tissue Eng 12: 1285–1294.

11. Kasra M, Merryman WD, Loveless KN, Goel VK, Martin JD, et al. (2006)

Frequency response of pig intervertebral disc cells subjected to dynamic
hydrostatic pressure. J Orthop Res 24: 1967–1973.

12. Reza AT, Nicoll SB (2008) Hydrostatic pressure differentially regulates outer
and inner annulus fibrosus cell matrix production in 3D scaffolds. Ann Biomed

Eng 36: 204–213.

13. Wuertz K, Urban JP, Klasen J, Ignatius A, Wilke HJ, et al. (2007) Influence of

extracellular osmolarity and mechanical stimulation on gene expression of
intervertebral disc cells. J Orthop Res 25: 1513–1522.

14. Nowlan NC, Murphy P, Prendergast PJ (2008) A dynamic pattern of mechanical
stimulation promotes ossification in avian embryonic long bones. J Biomech 41:

249–258.

15. Stover J, Nagatomi J (2007) Cyclic pressure stimulates DNA synthesis through

the PI3K/Akt signaling pathway in rat bladder smooth muscle cells. Ann

Biomed Eng 35: 1585–1594.

16. Muller-Marschhausen K, Waschke J, Drenckhahn D (2008) Physiological

hydrostatic pressure protects endothelial monolayer integrity. Am J Physiol Cell
Physiol 294: C324–332.

17. Benson V, Marano MA (1998) Current estimates from the National Health
Interview Survey, 1995. Vital Health Stat 10: 1–428.

18. Buckwalter JA (1998) Articular cartilage: injuries and potential for healing.
J Orthop Sports Phys Ther 28: 192–202.

19. Hu JC, Athanasiou KA (2006) A self-assembling process in articular cartilage
tissue engineering. Tissue Eng 12: 969–979.

20. Elder BD, Athanasiou KA (2008) Effects of confinement on the mechanical
properties of self-assembled articular cartilage constructs in the direction

orthogonal to the confinement surface. J Orthop Res 26: 238–246.

21. Afoke NY, Byers PD, Hutton WC (1987) Contact pressures in the human hip

joint. J Bone Joint Surg Br 69: 536–541.

22. Hodge WA, Carlson KL, Fijan RS, Burgess RG, Riley PO, et al. (1989) Contact

pressures from an instrumented hip endoprosthesis. J Bone Joint Surg Am 71:
1378–1386.

23. Huberti HH, Hayes WC (1984) Patellofemoral contact pressures. The influence
of q-angle and tendofemoral contact. J Bone Joint Surg Am 66: 715–724.

24. Smith RL, Lin J, Trindade MC, Shida J, Kajiyama G, et al. (2000) Time-
dependent effects of intermittent hydrostatic pressure on articular chondrocyte

type II collagen and aggrecan mRNA expression. J Rehabil Res Dev 37:
153–161.

25. Smith RL, Rusk SF, Ellison BE, Wessells P, Tsuchiya K, et al. (1996) In vitro
stimulation of articular chondrocyte mRNA and extracellular matrix synthesis

by hydrostatic pressure. J Orthop Res 14: 53–60.

26. Lee MS, Ikenoue T, Trindade MC, Wong N, Goodman SB, et al. (2003)

Protective effects of intermittent hydrostatic pressure on osteoarthritic chondro-

cytes activated by bacterial endotoxin in vitro. J Orthop Res 21: 117–122.

27. Lee MS, Trindade MC, Ikenoue T, Schurman DJ, Goodman SB, et al. (2003)

Intermittent hydrostatic pressure inhibits shear stress-induced nitric oxide release
in human osteoarthritic chondrocytes in vitro. J Rheumatol 30: 326–328.

28. Toyoda T, Seedhom BB, Kirkham J, Bonass WA (2003) Upregulation of

aggrecan and type II collagen mRNA expression in bovine chondrocytes by the
application of hydrostatic pressure. Biorheology 40: 79–85.

29. Blunk T, Sieminski AL, Gooch KJ, Courter DL, Hollander AP, et al. (2002)
Differential effects of growth factors on tissue-engineered cartilage. Tissue Eng 8:

73–84.

30. Gooch KJ, Blunk T, Courter DL, Sieminski AL, Vunjak-Novakovic G, et al.

(2002) Bone morphogenetic proteins-2, -12, and -13 modulate in vitro

development of engineered cartilage. Tissue Eng 8: 591–601.

31. Darling EM, Athanasiou KA (2005) Growth factor impact on articular cartilage

subpopulations. Cell Tissue Res 322: 463–473.

32. Mauck RL, Nicoll SB, Seyhan SL, Ateshian GA, Hung CT (2003) Synergistic

action of growth factors and dynamic loading for articular cartilage tissue

engineering. Tissue Eng 9: 597–611.

33. Bonassar LJ, Grodzinsky AJ, Frank EH, Davila SG, Bhaktav NR, et al. (2001)

The effect of dynamic compression on the response of articular cartilage to
insulin-like growth factor-I. J Orthop Res 19: 11–17.

34. Khalafi A, Schmid TM, Neu C, Reddi AH (2007) Increased accumulation of

superficial zone protein (SZP) in articular cartilage in response to bone
morphogenetic protein-7 and growth factors. J Orthop Res 25: 293–303.

35. Saini S, Wick TM (2004) Effect of low oxygen tension on tissue-engineered
cartilage construct development in the concentric cylinder bioreactor. Tissue

Eng 10: 825–832.

36. Shimizu M, Minakuchi K, Kaji S, Koga J (1997) Chondrocyte migration to

fibronectin, type I collagen, and type II collagen. Cell Struct Funct 22: 309–315.

37. Rosenberg L (1971) Chemical basis for the histological use of safranin O in the
study of articular cartilage. J Bone Joint Surg Am. pp 69–82.

38. Brown AN, Kim BS, Alsberg E, Mooney DJ (2000) Combining chondrocytes
and smooth muscle cells to engineer hybrid soft tissue constructs. Tissue Eng 6:

297–305.

39. Pietila K, Kantomaa T, Pirttiniemi P, Poikela A (1999) Comparison of amounts
and properties of collagen and proteoglycans in condylar, costal and nasal

cartilages. Cells Tissues Organs 164: 30–36.

40. Woessner JF Jr (1961) The determination of hydroxyproline in tissue and protein

samples containing small proportions of this imino acid. Arch Biochem Biophys

93: 440–447.

41. Athanasiou KA, Agarwal A, Dzida FJ (1994) Comparative study of the intrinsic

mechanical properties of the human acetabular and femoral head cartilage.
J Orthop Res 12: 340–349.

42. Mow VC, Kuei SC, Lai WM, Armstrong CG (1980) Biphasic creep and stress
relaxation of articular cartilage in compression: Theory and experiments.

J Biomech Eng 102: 73–84.

43. Aufderheide AC, Athanasiou KA (2007) Assessment of a bovine co-culture,
scaffold-free method for growing meniscus-shaped constructs. Tissue Eng 13:

2195–2205.

44. Slinker BK (1998) The statistics of synergism. J Mol Cell Cardiol 30: 723–731.

45. Buckwalter JA, Hunziker EB, Rosenberg LC, Coutts R, Adams M, et al. (1979)

Articular Cartilage: Composition and Structure. Woo SL, Buckwalter JA, eds.
Park Ridge: American Academy of Orthopedic Surgeons. pp 405–425.

46. Miyanishi K, Trindade MC, Lindsey DP, Beaupre GS, Carter DR, et al. (2006)
Effects of hydrostatic pressure and transforming growth factor-beta 3 on adult

human mesenchymal stem cell chondrogenesis in vitro. Tissue Eng 12:

1419–1428.

47. Takahashi K, Kubo T, Kobayashi K, Imanishi J, Takigawa M, et al. (1997)

Hydrostatic pressure influences mRNA expression of transforming growth
factor-beta 1 and heat shock protein 70 in chondrocyte-like cell line. J Orthop

Res 15: 150–158.

48. Govinden R, Bhoola KD (2003) Genealogy, expression, and cellular function of

transforming growth factor-beta. Pharmacol Ther 98: 257–265.

49. Takemitsu Y (1961) The effect of age upon sulfate-S35 fixation of chondroitin
sulfate in cartilage and bone of the normal white rats and S35-autoradiographic

study of these tissues. Kyushu J Med Sci. pp 251–281.

50. Miyanishi K, Trindade MC, Lindsey DP, Beaupre GS, Carter DR, et al. (2006)

Dose- and time-dependent effects of cyclic hydrostatic pressure on transforming

growth factor-beta3-induced chondrogenesis by adult human mesenchymal stem
cells in vitro. Tissue Eng 12: 2253–2262.

51. Bachrach NM, Mow VC, Guilak F (1998) Incompressibility of the solid matrix of
articular cartilage under high hydrostatic pressures. J Biomech 31: 445–451.

HP and Growth Factors

PLoS ONE | www.plosone.org 7 June 2008 | Volume 3 | Issue 6 | e2341



52. Kornblatt JA, Kornblatt MJ (2002) The effects of osmotic and hydrostatic

pressures on macromolecular systems. Biochim Biophys Acta 1595: 30–47.
53. Browning JA, Walker RE, Hall AC, Wilkins RJ (1999) Modulation of Na+6H+

exchange by hydrostatic pressure in isolated bovine articular chondrocytes. Acta

Physiol Scand 166: 39–45.

54. Mizuno S (2005) A novel method for assessing effects of hydrostatic fluid

pressure on intracellular calcium: a study with bovine articular chondrocytes.
Am J Physiol Cell Physiol 288: C329–337.

55. Horowitz SB, Lau YT (1988) A function that relates protein synthetic rates to

potassium activity in vivo. J Cell Physiol 135: 425–434.

HP and Growth Factors

PLoS ONE | www.plosone.org 8 June 2008 | Volume 3 | Issue 6 | e2341


