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Abstract

Background

Inflammatory cytokines enhanced the progress of the pathogenesis of osteoarthritis, how-

ever the mechanisms remain unclear. The objective is to determine aquaporins (AQPs) in

the pathogenesis of osteoarthritis.

Methods and findings

Primary rat articular chondrocytes were treated with IL-1β to mimic the early stage of osteo-

arthritis in vitro. Early osteoarthritis animal model was established by intra-articular injection

of 4% papain. Micro- or ultra-structure histopathologic changes, cell viability, apoptosis cells

and cell membrane permeability, locations and expressions of AQP1 and AQP3 and matrix

were detected in the cartilage or in the chondrocytes of knee. IL-1β could reduce the chon-

drocytes viability, increase the apoptosis cells, and also impair the cell membrane and

organelles. IL-1β significantly induced the up-regulation of AQP1 and AQP3 in the chondro-

cytes. In the chondrocytes, AQPs were mainly clustered in both membrane and perinuclear

region of cytoplasm, while higher AQPs were detected in the superficial and middle layers of

the cartilage. With the up-regulation of AQPs, the cartilage matrix was considerably

decreased in both the chondrocytes and in the osteoarthritis cartilage. In the early osteoar-

thritis rat model, serum and synovial fluid confirmed that higher IL-1β could increase the

expressions of AQPs, and decrease the cartilage matrix in both the chondrocytes and the

cartilage.

Conclusions

Inflammatory cytokine IL-1β via up-regulation of AQPs caused the abnormal metabolism of

water transport and loss of the cartilage matrix in the chondrocytes, and ultimately
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exacerbated the pathogenesis of early osteoarthritis. Therefore, AQPs may be a candidate

therapeutic target for prevention and treatment of osteoarthritis.

Introduction

Osteoarthritis (OA) is a degenerative joint disease that mainly involves cartilage injury.[1, 2]

Water, consisting of over 70% of the total cartilage weight, is divided into bound water and

free water. The bound water plays a vital role in shock absorption, load transmission and sta-

bility. Free water nourishes and lubricates the articular cartilage jointly with the synovial fluid.

[3, 4] Therefore, the total water content in cartilage, or the alterations in the proportion of

bound water and free water has great influence on OA.

Aquaporins (AQPs), a family consisted of more than ten different membrane protein chan-

nels, play a critical role in controlling the water content of cells. [5] Recent research suggested

that the high AQP1 mRNA was detected in the cartilage in the OA rat model, [6] or in the

chondrocytes from osteoarthritis knee menisci. [7] Similar high levels of AQP3 mRNA and

protein were found in different parts of OA cartilage, [8] whose early stage is characterized by

swelling with increased water content. [9] Thus, AQP1 and AQP3 may act as additional candi-

dates for cartilage damage in OA. [10, 11]

Chondrocytes apoptosis is part of the important mechanisms of articular cartilage degener-

ation in OA pathogenesis.[2, 12] Proinflammatory cytokines as IL-1β and tumor necrosis fac-

tor α (TNF-α), via triggering apoptosis of chondrocytes, played a key role in the pathogenesis

of osteoarthritis articular, [13, 14, 15] which in turn increased the inflammatory mediators.

[16] In addition, these cytokines could activate a variety of extracellular matrix degrading

enzymes, inhibiting collagen II and proteoglycan synthesis, which resulted in alterations in

cartilage matrix components and the damage of cartilage structure and functions. [17, 18]

However, it has not been determined whether these inflammatory factors via AQPs participate

in the pathogenesis of OA.

We hypothesized that inflammatory cytokines, via AQPs altering the water content in the

cartilage matrix, participated in the pathogenesis of OA. In this study, we established the cell

and OA animal model, the pathological changes, the expressions of AQPs, and water content

in chondrocytes and articular cartilage were detected, trying to elucidate the role of AQPs in

the pathogenesis of OA.

Materials and methods

Isolation, culture and identification of chondrocytes

Rat articular chondrocytes were isolated as before, [19] and cultured under standard condi-

tions (5% CO2, 95% air) in sterile Dulbecco’s modified Eagle medium supplemented with 10%

fetal bovine serum. The second generation cells were identified and confirmed with type II col-

lagen by immunocytochemistry. Images of chondrocytes were captured by phase-contrast

microscope (Olympus, Japan).

Chondrocytes MTT assay

The cells were seeded in 96-well plates (100μl/well) with the density of 5×104cells/ml. After

incubation for 24h, the cells were incubated with or without IL-1β (10ng/ml) respectively for

24h to mimic OA cell model. [20, 21] Then, the cells were incubated with 1 mg/ml 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide (MTT, Sigma, USA) for 4h. The
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supernatant was replaced by 150ul dimethylsulfoxide (DMSO) for 10 min then measured at

570 nm absorbance (Exl 800, Biotek Instruments, USA).

Quantitative determination of apoptosis cells

After treatment with IL-1β, the rate of apoptosis cells was determined by flow cytometric anal-

ysis using a fluorescence-activated cell sorting (FACS Caliber, Becton-Dickinson, USA) and

the Annexin V/Pi apoptosis dection kit (San Jose, USA).

Cell membrane permeability tracing

After pre-fixed in 3% glutaraldehyde -1% Lanthanum nitrate -0.1mol/L sodium dimethylarse-

nate (pH7.4) for 48h, the cells were fixed with 1% osmium in 0.1mol/L sodium dimethylarse-

nate for 2h and dehydrated in ethanol solutions and acetone, followed by embedding in Epon

618. The samples were sectioned to 90nm without staining. The ultrathin sections were

observed and images were captured under TEM (H 7650, HITACHI, Japan) at 80KV.

Proteoglycan content evaluations

Toluidine blue staining was used to assess the content of proteoglycan in chondrocytes. Firstly,

the slips were washed twice with PBS, fixed for 0.5 h in 4% paraformaldehyde at 4˚C followed

by staining with 0.1% Toluidine blue for 20min in RT. Then the slides were washed twice with

PBS and observed and photographed under the microscope (MDL, Leica, Germany). Semi-

quantitative analysis was conducted by medical image analysis system (Motic Med 6.0, China).

AQPs and collagen II semi-quantitative analysis

The treated cells were fixed in 4% paraformaldehyde at 4˚C for 0.5 h followed by treating with

0.1% Triton in PBS for 10min, blocking with 5% normal goat serum and 10% bovine serum

albumin. Then the cells were incubated with antibody (AQP1, 1:200 dilution; AQP3, 1:300

dilution, Collagen II 1:200 dilution) overnight at 4˚C. The cells were incubated with secondary

goat anti-rabbit antibody for 2h RT and reacted with DAB for 10min before treated with

hematoxylin for 2 min. The images of slides were captured and semi-quantitative analysis was

performed using Image Pro-Plus 6.0 (Media cybernetics, Inc.)

AQPs immunofluorescence location

Immunolcytochemistry as described before, the cell slides were incubated with the primary

antibody (AQP1, 1:50 dilution; AQP3, 1:100 dilution) or the secondary goat anti-rabbit fluo-

rescently labeled antibody for 2h RT, respectively. After washing with PBS, the immunofluo-

rescences as the location of AQPs proteins were observed under a laser scanning confocal

microscope (LSM 710, Zeiss, Germany).

Establishment of early OA animal model and preparation of samples

A total of 16 Sprague-Dawley rats, weighing 200±10g, (Male, 6 weeks old, from Shanghai

SLAC Laboratory Animal Co., Ltd.) were randomly divided equally into OA and control

groups, and habituated to the laboratory environment for at least 7 days before experimenta-

tion. On the day of the experiment, the rats were anaesthetized with chloralhydrate (0.4 g/kg)

i.p. After being anesthetized, the rats skin overlying the left knees was shaved and a 2 cm longi-

tudinal skin incision exposing the knee,0.2ml papain solution was injected intra-articularly in

the left knee joint to induce early OA model, continuing 3 times and 3 days interval in each as

before, [22] another 8 rats served as the control group.
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All rats were maintained under identical conditions which included temperature of 24˚C,

60% relative humidity, and food and water ad libitum. Synovial fluid samples were obtained

from rat joints as described before.[23] Two needles joined together were inserted into the

knee joint of anaesthetised rats and connected to a perfusion pump (Watson-Marlow Fluid

Technology Group, model: 101U). Sterile saline was infused and withdrawn at 100 μl min-1

until a 250 μl sample was collected.Synovial fluid samples, rapidly cooled and stored at -45 ˚C

until analysis, were obtained from rat joints After animals sacrificed, the left knee joint samples

were obtained for further examination.

The histopathological changes scored 3–10 assessed by Mankin’s grading system were

regarded the successful OA model. The care and use of the animals in the present study were

approved and formally abided by the Animal Care and Use Committee of Fujian University of

Traditional Chinese Medicine.

Determination of AQPs and collagen II by immunohistochemistry

The sections were kept in sodium citrate solution for antigen retrieval. After that, the sections

were incubated for 10 min in 0.3% H2O2, followed by blocking in non-specific antibody binding

by PBS containing 10% goat serum. The sections were incubated with a rabbit polyclonal anti-

body AQP1 (1:600 dilution) or AQP3 (1:400 dilution) or Collagen II (1:500 dilution) overnight

at 4˚C, respectively. After washing 3 times for 5 min each in PBS, the sections were incubated

with horseradish peroxidase labeled polymer conjugated to a goat anti-rabbit immunoglobulins

for 20 min at RT. DAB chromogen were utilized to visualize antibody labeling. Sections were

counterstained with hematoxylin. Then images were captured and semi-quantitative analysis

was performed using medical image analysis system (Motic Med 6.0, China).

AQPs analysis by laser scanning confocal microscopy

The sections were blocked with 10% goat serum in PBS for 1h, followed by labeling with an anti-

body (AQP1, 1:200; AQP3, 1:40) overnight at 4˚C. All sections were incubated with an Alexa

FluorTM 488 (dilution 1:600) for 2h at RT, and then incubated with 4’,6-Diamidino-2-phenylin-

dole (DAPI) for 5min and washed with PBS. After mounted in anti-quenching mounting

medium, the sections were observed and photographed under LSCM (LSM 710, Zeiss, Germany).

Inflammatory factors detection by radioimmunoassay

IL-1β in serum and synovial fluid were measured by radioimmunoassay according to the pro-

cedures in the kit (125I-IL-1β, North Biotechnology research institute, China).

Statistical analysis

All data were represented as mean ± standard deviation and analyzed by using the SPSS 20.0.

Differences between two groups were determined using the Student’s t-test or non-parametric

Mann-Whitney. Pearson’s or Spearman correlation analysis was used to evaluate the associa-

tion between the inflammatory cytokines of IL-1β, the cartilage matrix of proteoglycan and

collagen II and AQPs Mankin score.

Results

Cell viability, apoptosis and membrane permeability

The cell viability in the IL-1β-treated group was significantly lower than that in the control

group (Fig 1A, P<0.01). The rate of apoptosis cells was noticeably higher in IL-1β-treated

group than that of the control group (Fig 1B, P<0.01).
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The control group showed that the cells had clearly mitochondrial crest and rich rough

endoplasmic reticulum (Fig 1C), and tracer lanthanum ions attached outside the cell mem-

brane, which failed to enter the cells (Fig 1D and 1E). By contrast, the IL-1β-treated group

showed the more pyknotic mitochondria, cell cavities with swollen, vacuolated endoplasmic

reticulum, and the tracer lanthanum ions appeared in the organelles or lysosomes (Fig 1F).

The cells showed the degenerated cytoplasm with scattered tracer lanthanum ions (Fig 1G and

1H). These results showed that IL-1β could reduce the cells viability, enhance the apoptosis

cells, and impair the cell membrane and organelles.

Determination of matrix content in chondrocytes

As showed in Fig 2A, the proteoglycan, the parts colored the blue-violet, was decreased in the

IL-1β-treated group compared to the control group as indicated by the OD value (0.163 ±
0.013 vs. 0.489 ± 0.014, P<0.01, Fig 2B). The results suggested that the reduced proteoglycan

would account for the reduction of proteoglycan-bound water in the IL-1β-induced chondro-

cytes. The fact that the water content distribution was similar to the proteoglycan contents, the

loss of proteoglycan would lead to the decreased capability of water reserve in the IL-1β-

induced chondrocytes.

Fig 1. (A) The cell viability in the model group was significantly lower compared with the control group. (B) The

apoptosis cells were much higher in model group than those in the control group (n = 3 per group,
��

P< 0.01: the

control group vs. the model group). (C) The normal chondrocytes had abundant mitochondria and rough

endoplasmic reticulum. The enlargement version showed that lanthanum ions precipitated outside the cell membrane

(arrows, D and E). (F) The model group showed that IL-1β-induced chondrocytes had vacuolization and

mitochondrial pyknosis, the tracer lanthanum ions appeared in the organelles or lysosomes. The enlargement version

showed that lanthanum ions scattered in organelle and cytoplasm (arrows, G and H). (N) Nucleus, (Mi) mitochondria,

(RER) rough endoplasmic reticulum, (Ly) lysosome, (G) lanthanum ions (arrows), mitochondria dissolved (rectangle),

vacuolized endoplasmic reticulum (4).

https://doi.org/10.1371/journal.pone.0220846.g001
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Similar reduction of collagen II was found in immunocytochemistry experiments, the IL-

1β-treated group showed the collagen II OD value (0.158 ± 0.006) was much lower than that in

the control group (0.433 ± 0.043) (Fig 2C, P<0.01).

Localization and quantitative analysis of AQPs in chondrocytes

As showed in Fig 3A, both AQP1 and AQP3 in the IL-1β-treated group were significantly

higher than these in the control group, as indicated by protein OD value (P< 0.01, Fig 3B and

3C). In line with the AQPs protein expressions, the cells in the IL-1β-treated group exhibited

the cytoplasmic edema with irregular nuclear shape (Fig 3A). These results indicated that IL-

1β-induced higher expressions of AQP1 and AQP3 could increase the content of water in the

chondrocytes.

Similar higher expressions of AQP1 and AQP3, as indicated by the green color in Fig 3D,

were discovered in the IL-1β-treated group under the laser scanning confocal microscopy. In

the IL-1β-treated group, both AQP1 and AQP3 were more pronounced in the cell membrane,

cytoplasm or perinuclear, and the cells showed irregular cytomembrane, swelling cytoplasm

and nucleus. Comparatively, little reactants were scattered in the cell membrane and cyto-

plasm, and cytomembrane, cytoplasm and nucleus showed regularly in the control group. No

reactants of AQP1 and AQP3 were detected in the negative control.

Histological changes of cartilage and matrix

As showed in Fig 4A, the normal cartilage had a smooth surface with pleomorphic chondro-

cytes. The cells, with a spindle shape, were arranged densely with the long axis paralleled to the

cartilage surface. In the middle layer, the chondrocytes were regular in shape with an oval

nucleus; no aggregation of chondrocytes in the deep layer was detected. By contrast, the model

group showed the cartilage surface damaged, and the chondrocytes in the middle layer clus-

tered disorderly. According to Mankin score, the model group was the same as the early stage

of OA (Fig 4B).

The control group exhibited the normal toluidine blue staining and collagen II staining,

however, these staining results were significantly decreased in the model group (P<0.01, Fig

4A, 4C and 4D). These results suggested that the lost proteoglycan and collagen II were similar

to the degeneration of early OA cartilage.

Fig 2. (A) The representative images of toluidine blue staining and collagen II immunohistochemical staining in

chondrocytes, showing the proteoglycan or collagen II in the model group were significantly lower compared with the

control group(B and C) as indicated by the semi-quantitative analysis (n = 3 per group.
��

P< 0.01: the control group

vs. the model group).

https://doi.org/10.1371/journal.pone.0220846.g002
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Localization and quantitative analysis of AQPs in cartilage

In the cartilage, AQP1 was significantly higher on the surface, while AQP3 was mainly in the

middle layer in the model group (Fig 5A), and the OD value of AQP1 and AQP3 in the model

group was significantly higher than the control group (P<0.01, Fig 5B and 5C).

Similar higher levels and distributions of AQPs were detected again by immunofluorescent

assay. As showed in the model group (Fig 5D), AQP1 was pronounced on the surface, while

AQP3 was augmented in the middle layer, which was consistent with the results of immuno-

histochemistry. No expressions of AQP1 and AQP3 were detected in the negative control.

IL-1β triggered the up-regulation of AQPs

To further investigate the mechanisms of OA, the levels of IL-1β in the joint synovial fluid and

AQPs in the joint cartilage were detected, as well as their correlations between the cartilage

matrix were analyzed in the OA rat model group (Fig 6). As showed in Fig 6A, IL-1β in syno-

vial fluid was significantly increased in the OA rat model group compared with that in the con-

trol group. Higher levels of IL-1β in synovial fluid were positively correlated with the levels of

AQP1 (Fig 6B, R2 = 0.6706, P<0.01) and AQP3 (Fig 6C, R2 = 0.7166, P<0.001). The content of

Fig 3. (A) AQP1 and AQP3 in the model group were significantly higher than those in the control group as indicated

by semi-quantitative analysis (B and C). (D) The control group showed AQP1 and AQP3 (color green) evenly

distributed in the cell membrane and cytoplasm, by contrast, AQP1 and AQP3 in the model group were increased in

the plasma membrane and perinuclear cytoplasm or strongly expressed in the whole cell. The cell nuclei were stained

with DAPI (colore blue), and the cytoskeleton were stained with rhodamine phalloidin (colore red). No expressions of

AQPs were detected in the negative control group (n = 3 per group.
��

P< 0.01 control group vs. model group).

https://doi.org/10.1371/journal.pone.0220846.g003
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AQP3 (or AQP1, but not shown) was negatively correlated with the cartilage matrix of proteo-

glycan (Fig 6D) and collagen II (Fig 6E) as indicated by the cartilage pathological Mankin’s

score (Fig 6F).

To further confirm that IL-1β triggered the up-regulation of AQPs, we injected IL-1β into

the normal rat knee joints to observe the expressions of AQPs in the synovial fluid. Redness

and swelling of joints, as well as similar high expressions of AQP1 and AQP3 in the synovial

fluid were observed in the IL-1β-injected rat knee joints (results not shown).These data indi-

cated that IL-1β via the up-regulation of AQP1 and AQP3, which reduced the cartilage matrix

and accelerated progress of OA in the rat knee joints.

Discussion

In our present study, we found that inflammatory cytokine IL-1β, via up-regulation of AQP1

and AQP3, promoted the abnormal water metabolism in the chondrocytes and resulted in the

increase of free water and bound water (fluid) in the tissues that surround the joints. On the

other hand, the massive loss of proteoglycans from the articular cartilage, in turn, led to an

increase loss of bound water molecules and chondrocyte apoptosis, and ultimately accelerated

the pathogenesis of OA.

Over 70% of the total tissue weight in the cartilage matrix consists of water [24], and the

osteoarthritis cartilage in early-stage of OA is characterized by joint swelling with increased

water content. Therefore, the abnormal water transport in the cartilage matrix and the meta-

bolic water across the membranes of chondrocytes are involved in the pathological conditions

of cartilage. [25, 26] As our experiment indicated, inflammatory cytokine IL-1β contributed to

the pathogenesis of OA, this had to be conformity with the numerous research reports before.

[27,28] However, anti-inflammatory therapy (nonsteroidal anti-inflammatory drugs, NSAIDs)

clinically failed to control the pathogenesis of OA process, [29–33] as NSAIDs mainly inhibit

cyclooxygenase to impair the production of prostaglandins, which are important mediators of

both the pain and the inflammatory response. From our current experiments data indicated,

AQPs may be as a potential target in the treatment of OA.

Fig 4. (A) HE stained showed a complete structure in normal cartilage, however, the model group showed the

cartilage surface damaged with chondrocytes proliferated; Toluidine blue staining and collagen II showed a modest

decrease in the model group compared with those in the control group, as indicated by the semi-quantitative analysis

B, C and D (n = 12 per group,
��

P< 0.01: the control group vs. the model group).

https://doi.org/10.1371/journal.pone.0220846.g004
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Aquaporins, as the integral membrane proteins, mainly serve as channels for the transfer of

water across the membrane. So far, more than 10 isoforms have been discovered and expressed

differentially in many types of cells and tissues. Our experiments found that AQP1 and AQP3

Fig 5. (A) The expressions of AQP1 and AQP2 in model group were higher than those in the control group as shown

by the semi-quantitative analysis (B and C). Similar higher expressions and locations of AQPs were detected again by

immunofluorescent assay (D, color green, the cell nuclei were stained with blue). Negative control was detected no

expressions of AQPs (the control group vs. the model group
��

P< 0.01, n = 12 per group).

https://doi.org/10.1371/journal.pone.0220846.g005

Fig 6. (A) IL-1β in the synovial fluid was significantly higher in the model group than that in the control group

(
��

p<0.01). Higher IL-1β was observed and correlated with AQP1 or AQP3 in the joint synovial fluid (B and C). The

content of AQP3 (or AQP1, but not shown) was negatively correlated with cartilage matrix of proteoglycan (D) and

collagen II (E) as indicated by the cartilage pathological Mankin’s score (F).

https://doi.org/10.1371/journal.pone.0220846.g006
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were mainly expressed in articular chondrocytes and up-regulated in the OA cartilage, which

implicated in water- reserve and water balance disorders. The up-regulation of AQP1 and

AQP3 accelerated the movement of water, which led to the joint swelling, increasing the ten-

sion within the collagen network.

In the early stage of OA, the joint swelling mechanism provided the extracellular matrix

with the ability to resist tension and shear forces, thereby giving cartilage its ability to resist

compression under a static or a dynamic mechanical load.[34] However, with the progression

of OA, osteoarthritis cartilage showed extensive loss of proteoglycan, and its capability of

water-reserve decreased. Early research found that AQP1 in human articular chondrocytes,

synoviocytes and synovial microvessels was highly up-regulated in RA. AQP1 or other AQPs

family members were involved in the movement of extracellular matrix and metabolic water

across the membranes of chondrocytes and synoviocytes for the purposes of chondrocyte vol-

ume regulation and synovial homeostasis. [34]

On the other hand, high AQP1 and AQP3 mediated the acceleration of water transport

could influence the ionic and osmotic conditions in cartilage, which in turn altered cell mor-

phology and affected the viscoelastic mechanical properties of these cells, ultimately, affected

the cells’ growth and metabolism. Recent research found that the up-regulated AQP1 in syno-

vium and cartilage of rheumatoid arthritis patients was involved in joint swelling and synovial

inflammation. Inhibition of AQP1 by acetazolamide showed a powerful therapeutic effect on

rheumatoid arthritis. And this effect was via inhibiting NF-κB activation, suggesting AQP1

might be of potential target in rheumatoid arthritis treatment [35]. Besides, up-regulation of

AQP1 and AQP3 were strongly correlated with chondrocyte apoptosis, part of the reasons that

the abnormal water transport and the ionic and osmotic changes could alter the cellular envi-

ronment and cell homeostasis. Also the upper-regulation of AQP1 could activate the activity

of caspase-3 and result in chondrocytes apoptosis, which ultimately accelerated the develop-

ment of osteoarthritis.[36] Early studies showed that the permeability of cell membrane medi-

ated by AQPs can control the rate of apoptosis.[34]

Our experiments showed that AQP1 and AQP3 were more expressed in the cell membrane,

cytoplasm or perinuclear (Fig 3D), or mainly in the proliferative zone and the upper mid-zone

chondrocytes in the cartilage at the early stage of OA (Figs 4 and 5). Early research showed the

expression of AQP3 (but not AQP1) was highly up-regulated with the progressing of the OA,

and mainly located in the proliferative zone and the upper mid-zone chondrocytes throughout

OA, [37] which was in line with our data. Status of AQPs distributions influenced the perme-

ability of membrane organelles. [35] Higher expressions and different distributions of AQPs in

the OA cartilage proved their involvement in the pathogenesis of OA, as articular chondro-

cytes are responsible for synthesizing and maintaining the extracellular matrix of the articular

cartilage. [38]

In conclusion, inflammatory cytokines, via up-regulation of AQPs, accelerated the water

metabolism and altered the ionic and osmotic conditions in the chondrocytes and resulted in

the increase of free water and bound water in the tissues that surround the joints. Up-regula-

tion of AQPs could cause the massive loss of proteoglycans from the articular cartilage, which

exacerbated the loss of bound water molecules in chondrocytes. Therefore, AQPs may be a

candidate therapeutic target for prevention and treatment of osteoarthritis.
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