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Article

Introduction

Osteoarthritis (OA) is a disabling disease that develops 
because of a misbalance in the synthesis and breakdown of 
the cartilage matrix, which is performed by articular chon-
drocytes1,2 and is a key factor in maintaining the character-
istics of cartilage, in response to a mechanical load, thus 
leading to a dysfunctional tissue, inflammation, pain, and 
the functional impairment of joints.3,4 OA has a growing 
prevalence all over the world and represents a burden on 
health services.5,6

Osteoarthritis is associated with obesity,7,8 and this condi-
tion worsens the clinical course of OA.5,9 Furthermore, sev-
eral adipokines have been related to OA. Obesity is associated 
with an increase in leptin and resistin levels, a decrease in 
adiponectin levels and an increase in pro-inflammatory cyto-
kines, such as interleukin-1β (IL1β) and tumor necrosis 
factor-α (TNFα).10,11 The interplay of these hormones is an 
important issue in understanding the pathophysiological 

process of obesity and metabolic syndrome12,13 and all the 
other diseases associated with these conditions, such as OA.14 
For instance, pro-inflammatory cytokines have been clearly 
associated with OA pathophysiology because these cytokines 
activate matrix metalloproteases (MMPs), induce the pro-
duction of free oxygen species and prostaglandins and reduce 
the expression of collagen type II and aggrecan genes.15 
Specifically, IL1β has been found in osteoarthritic synovial 
fluid and IL1α may produce impairments in the homeostasis 
of intracellular calcium and pH in chondrocytes.16,17

Moreover, insulin increases collagen type II synthesis in 
human healthy and osteoarthritic chondrocytes,18 but does 
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Abstract
Objective: To evaluate the effects of adipokines and insulin on intracellular calcium concentration ([Ca2+]

i
) and pH (pH

i
) 

in human articular chondrocytes from healthy (CHC) and osteoarthritic cartilage (COC). Design: pH
i
 and [Ca2+]

i
 were 

measured using BCECF and Fura-2 fluorometric probes in CHC and COC under control conditions and following a 
hypotonic shock. The effects of interleukin-1β (IL1β), tumor necrosis factor-α (TNFα), insulin, leptin, resistin, and 
adiponectin were assessed. Results: pH

i
 was lower in COC than in CHC. Only IL1β β decreased pH

i
 in both cell types; 

all the agents enhanced pH
i
 recovery following an ammonium prepulse in CHC, effect that was attenuated by Na+–H+ 

exchanger inhibitors, but they had no effect in COC. Hypotonic shock (HTS) caused a pH
i
 increase, which was significantly 

smaller in COC. All the hormones attenuated this response and the effect of IL1β was greater. The basal [Ca2+]
i
 was 

similar in COC and CHC; IL1β, TNFα, and insulin increased the [Ca2+]
i
, but leptin, resistin, and adiponectin did not. These 

effects were greater in COC. This [Ca2+]
i
 increase was dependent on extracellular Ca2+ and attenuated by Na+–Ca2+ 

exchanger inhibitors. HTS caused a [Ca2+]
i
 increase, which was inhibited by transient receptor potential vanilloid blockers 

and attenuated by all the hormones tested with the exception of adiponectin. Conclusions: These findings may help explain 
the association between obesity and osteoarthritis, in which these hormones are altered. The responses of CHC and COC 
are different, which suggests that a modification of pH and Ca2+ homeostasis is part of the osteoarthritis pathophysiology.
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not change aggrecan expression; insulin also enhances 
GLUT1 expression, particularly in normal chondrocytes.19 
In cartilage explants, insulin stimulates proteoglycan syn-
thesis; inhibits aggrecanase, prostaglandin and nitric oxide 
production; and overcomes the inflammatory effects of 
IL1β.

Adipokines also play a role in the pathophysiology of 
OA.20,21 A number of studies have found a relationship 
between increased plasma and articular levels of some adi-
pokines and OA.22 The cause of the increase of these adipo-
kines in synovial fluid is not clear, although the increase 
could be attributable to various factors, such as greater 
synovial membrane permeability, the production of inflam-
matory agents by synoviocytes and the synthesis of adipo-
kines by the infrapatellar fat pad, in the case of knee OA.

Leptin can be produced by chondrocytes and synovio-
cytes and can also act in these same cells.23,24 At low doses, 
leptin induces the growth and proliferation of chondrocytes 
and extracellular matrix synthesis. At high doses, such as 
those found in obesity, leptin is proinflammatory, activates 
MMPs, induces the production of free oxygen species and 
alters chondrocyte metabolism, thereby inducing extracel-
lular matrix catabolism.25 Adiponectin also promotes matrix 
catabolism and has been correlated with the severity of knee 
OA and aggrecan degradation.26 Intriguingly, in almost all 
tissues, adiponectin is anti-inflammatory and protective, 
even in cartilage27; there are some studies describing an 
inhibitory effect of adiponectin on MMPs and pro-inflam-
matory cytokines. Resistin has inflammatory effects in car-
tilage; induces the expression of other pro-inflammatory 
cytokines, MMPs, and free oxygen radicals; and promotes 
matrix catabolism.28 This hormone has also been associated 
with a more severe OA. IL1β, a pro-inflammatory cytokine 
that is also released from adipocytes in obesity and is 
increased in the synovial fluid of osteoarthritic joints, pro-
duces an increase in intracellular calcium in chondrocytes, 
alters intracellular pH in these cells and may modify chon-
drocyte homeostasis in osteoarthritic cartilage.29

However, the effects of other adipokines on the ionic 
homeostasis of chondrocytes have not been explored 
although intracellular composition may regulate the extra-
cellular matrix metabolism.30 This study aims to evaluate 
the effects of a number of adipokines on [Ca2+]

i
 and pH

i
, 

and the pathways involved in those effects, in articular 
chondrocytes because these specific factors may regulate 
matrix turnover and are determining in the chondrocyte 
homeostasis.30-32 The effects of these agents on the response 
to a hypo-osmotic challenge were also evaluated, given that 
chondrocytes are subjected to fluctuations in extracellular 
osmolarity during joint movement, which result from the 
fluid flux following changes in mechanical load.33 
Furthermore, changes in [Ca2+]

i
 and pH

i
 can be produced in 

response to these osmotic challenges, as shown in bovine34-36 
and equine37 chondrocytes.

Method

Cartilage and Isolation of Chondrocytes

This study was carried out in accordance with The Code of 
Ethics of the World Medical Association (Declaration of 
Helsinki) for experiments involving humans and was 
approved by the Bioethics Committee of the Universidad 
Tecnológica de Pereira. Cells were isolated from knee or 
hip load-bearing cartilage obtained from patients who were 
undergoing joint replacement surgery because of OA and 
who signed an informed consent form, regardless of gender 
or age. The diagnosis of severe OA was made by the ortho-
pedic surgeon via arthroscopy and was confirmed by the 
joint’s macroscopic appearance during surgery; only the 
severely affected areas were sampled. The healthy cartilage 
was obtained from patients without macroscopic signs of 
degeneration who were subjected to surgery because of 
trauma, and the cartilage was extracted without any damage 
to the donor.

Cells were isolated using a method modified from the 
optimized low-temperature protocol described by Hidvegi 
et al.38 Briefly, the cells were isolated by trypsin prediges-
tion (0.5% in HEPES-buffered saline [HBS] for 15 min-
utes at 37°C) followed by digestion with a mixture of type 
I and type II collagenase (2000 U/mL each in HBS for 20 
hours at 27°C); after the filtration of the isolation solution, 
the cells were resuspended in fresh 300 mOsm/L 
Dulbecco’s modified Eagle’s medium (DMEM) prior to 
resuspension in the experimental media. Previous studies 
have demonstrated that there are no functional alterations 
in human and bovine chondrocytes following the diges-
tion protocol.17,35,38-41 All the experiments were performed 
on freshly isolated cells.

Media and Chemicals

All the chemicals and solutions were obtained from Sigma-
Aldrich (St Louis, MO), unless otherwise stated. The carti-
lage slices and isolated chondrocytes were incubated in 
DMEM and supplemented with glutamine (2 mmol/L) and 
antibiotics (100 µmol/L penicillin and 100 µmol/L strepto-
mycin; Life Technologies, Grand Island, NY).

The HBS solution contained (in mmol/L) 145 NaCl, 5 
KCl, 2 CaCl

2
, 15 HEPES, and 10 glucose with the pH 

adjusted to 7.4 at 25°C using 1 M NaOH. The Ca2+-free 
solution lacked CaCl

2
, and EGTA (1 mmol/L) was added. 

For the Na+-free solution, NaCl was replaced with 
NMDG-Cl at the same concentration. Hypotonic shock 
(HTS), 290 to 145 mOsm/L, was induced by a 50% dilution 
of the solution with distilled water, which was abruptly 
added to the cell suspension.

Stock solutions of insulin (172 mmol/L), TNFα (2 µg/
mL), IL1β (0.1 mg/mL), and adiponectin (0.5 mg/mL) were 
dissolved in phosphate-buffered saline solution (PBS). 



Sánchez and López-Zapata 47

Resistin (0.5 mg/mL) was dissolved in a 25 mM Tris and 25 
mM NaCl solution with a pH of 7.5, and leptin (1 mg/mL) 
was dissolved in a 15 mmol/L HCl and 7.5 mmol/L NaOH 
solution with a pH of 8.0. All the solutions were aliquoted 
and stored at −20°C.

Measurement of Intracellular pH

The pH was measured according to a method previously 
described using the pH-sensitive fluorescent dye BCECF.42 
Briefly, the isolated chondrocytes were preacidified with an 
ammonium prepulse (20 mmol/L NH

4
Cl in HBS, 15 min-

utes), to evaluate the pH
i
 recovery, as described by Tattersall 

et al.,17 the cells were then suspended in HBS and loaded by 
incubation with BCECF-AM (10 µmol/L for 20 minutes at 
37°C) before the fluorescence emission was recorded for 
300 seconds at 37°C with magnetic stirring (FP-6500 spec-
trophotometer, Jasco, Tokyo, Japan). The dye was alter-
nately excited at 490 and 439 nm, and the fluorescence 
emission was measured at 535 nm. The 490/439 nm signal 
ratio was calibrated previously using the nigericin/high K+ 
method described by Thomas et al.,43 before each experi-
ment with a new set of samples. The pH

i
 recovery was mea-

sured in cells that had been pre-incubated for 1 hour with all 
the hormones tested.

The acid equivalent fluxes (J
H
, mM/min) were calcu-

lated for the first 300 seconds of recovery using the follow-
ing equation:

 J pH t iH i= ∆ ∆/ ( ),β

where βi corresponds to the buffering power, which is 
−43.3pHi + 377 for pH

i
 values between 6.4 and 7.2 for this 

type of cell as described by Browning et al.44

To test the effects of the main inhibitors of the pathways 
involved in H+ transport, the cells were resuspended in a 
Na+-free solution or in HBS supplemented with Na+–H+ 
exchanger (NHE) inhibitors, HOE694 (10 µmol/L, specific 
for NHE1) or amiloride (1 mmol/L, a nonspecific dose) or 
with the H+-ATPase inhibitors NBD-Cl (chloro-7-nitro-
benz-2-oxa-1,3-diazole; 100 µmol/L) or bafilomycin A1 
(200 nmol/L). In all cases, chondrocytes were loaded with 
BCEC-F before being exposed to drugs.

Measurement of Intracellular Calcium 
Concentration ([Ca2+]

i
)

The previously isolated cells were loaded with Fura-2 (5 
µmol/L) by incubation in HBS for 30 minutes at 20°C fol-
lowed by 15 minutes at 37°C.45 The cell suspension was 
then centrifuged, and the cells were resuspended in the 
appropriate experimental medium before being transferred 
to a cuvette. Fluorometer measurements were recorded for 
300 seconds at 37°C with magnetic stirring (FP-6500 

spectrophotometer, Jasco, Tokyo, Japan). The dye was 
alternately excited at 380 and 340 nm, and the fluorescence 
emission was measured at 510 nm. The 380/340 nm signal 
ratio was calibrated before every experiment using the 
Grynkiewicz et al. method.46 Briefly, the fluorescence ratio 
was measured in HBS lacking CaCl

2
 and supplemented 

with EGTA (1 mmol/L) and also in a 2 mmol/L Ca2+ solu-
tion of HBS supplemented with ionomycin (300 nmol/L), a 
concentration of Ca2+ at which Fura-2 is saturated. Maximal 
and minimal ratios (Rmax and Rmin) were obtained under 
these 2 conditions, and the [Ca2+]

i
 values were derived 

using the following equation:

[ ] ([ ] / [ ])( / ),min maxCa K R R R R Sf Sbi d
2

2 2
+ = − −

where K
d
 is the dissociation constant for Fura-2 (224 

nmol/L), R is the experimentally measured ratio, Sf
2
 is the 

fluorescence measured at 380 nm under the Ca2+-free con-
dition, and Sb2 is the fluorescence measured at 380 nm with 
saturating Ca2+ (2 mmol/L).

The [Ca2+]
i
 was measured in cells preincubated for 1 

hour with all the hormones tested. In all cases chondrocytes 
were loaded with Fura-2 before being exposed to these 
agents.

Statistics

The results are presented as the mean ± standard error of the 
mean, where n is the number of isolation batches. Each iso-
lation batch represents the cells from the cartilage obtained 
from one patient´s joint. Statistically significant differences 
were determined using a 2-way analysis of variance test. 
The Bonferroni method was employed as a post hoc test.

Results

Effects on pH
i
 in CHC

The effects of a number of adipokines and insulin on pH
i
 

were recorded over a 300-second period in basal condi-
tions and after an acidifying ammonium prepulse in 
BCECF-loaded human chondrocytes from healthy carti-
lage (CHC) treated with IL1β (10 ng/mL), TNFα (10 ng/
mL), insulin (100 µmol/L), leptin (100 ng/mL), resistin 
(10 ng/mL), and adiponectin (100 ng/mL). The doses were 
those in the range used in several previous studies that 
explored the cellular effects of these agents.47-51 In all 
cases, BCECF loading was performed prior to the incuba-
tion with these agents. The basal pH

i
 was 6.74 ± 0.21 (n = 

18). IL1β, but not TNFα, insulin, leptin, resisti,n or adipo-
nectin, caused a significant decrease in pH

i
 before the 

ammonium prepulse (Fig. 1A), but all of the factors caused 
a significant increase in the pH

i
 recovery after the ammo-

nium prepulse compared to the control (Fig. 1B); this 
effect was inhibited by the NHE inhibitor amiloride (1 
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mmol/L) and was dependent on the presence of extracel-
lular Na+ (Fig. 1C). However, the effect on pH

i
 recovery 

was not affected by NBD-Cl− (100 µmo/L), a H+-ATPase 
inhibitor or Zn2+ (100 µmo/L), a voltage-activated H+ 
channel inhibitor (data not shown). When the J

H
 was com-

pared, the effect of IL1β was significantly greater than 
those of all the other hormones (Fig. 1C).

Effects on pH
i
 in COC

When the experiments were repeated with the chondrocytes 
from osteoarthritic cartilage (COC), the effects were signifi-
cantly different; the basal pH

i
 was lower, 6.37 ± 0.24 (n = 

10), and the effects of the hormones had the same trend 
described for CHC (Fig. 1A). The pH

i
 recovery after an 

Figure 1. (A) Comparison between the pH
i
 of human articular chondrocytes from healthy (CHC) and osteoarthritic cartilage (COC) 

on treatment with a number of hormones, as indicated. * and ** denote significant differences from the respective control for both 
types of cells. In all cases, there were significant differences between CHC and COC pHi. (B) Representative recordings of the pH

i
 

recovery following an ammonium prepulse under control conditions and in a CHC under ILβ1 treatment in 140 mM extracellular 
Na+ and in Na+-free extracellular solution (0 Na). (C) Comparison between the mean maximal acid equivalent fluxes (JH) following an 
ammonium prepulse with the different agents tested in CHC, in mmol/L extracellular Na+ (control), in Na+-free extracellular solution 
(0 Na) and under treatment with amiloride. * denotes significant differences from the effect of all the other agents. In all cases, there 
were significant differences between JH under the effect of amiloride and Na+-free extracellular solution from the respective control. 
(D) Comparison between the mean maximal acid equivalent fluxes following an ammonium prepulse with the different agents tested 
in COC in the same conditions as C. In all cases, there were significant differences between JH under the effect of amiloride and Na+-
free extracellular solution from the control. n = 8 unless indicated otherwise.
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ammonium prepulse in these cells was attenuated (2.936 ± 
0.059 mmol/L/min in CHC, n = 14 and 1.618 ± 0.173 
mmol/L/min in COC, n = 8, P < 0.05) and the tested agents 
failed to affect it; this effect was also amiloride-sensitive 
and dependent on extracellular Na+ (Fig. 1D) and was not 
affected by NBD-Cl− (data not shown).

Effects on pH
i
 Response to HTS in CHC

As demonstrated before in bovine chondrocytes,35 an HTS 
caused a pH

i
 increase in both CHC and COC, but the effect 

on the later was significantly smaller (Fig. 2A and B). This 
increase was sensitive to amiloride and dependent on extra-
cellular Na+, but the pH

i
 increase did not respond to treat-

ment with NBD-Cl or Zn2+ (Figure 2B). Furthermore, all 
the hormones tested caused an attenuation of this response; 
however, the effect of IL1β was significantly greater than 
that of all the other factors (Fig. 2C).

Effects on [Ca2+]
i
 in CHC

The effects of the same hormones at the same concentra-
tions on [Ca2+]

i
 were also evaluated over periods of 300 sec-

onds in Fura-2-loaded CHC. In all cases, Fura-2 loading 
was performed prior the incubation with these agents. The 
control [Ca2+]

i
 was 96.5 ± 17.2 (n = 20). Leptin, resistin, 

and adiponectin failed to affect basal [Ca2+]
i
. However, 

IL1β, TNFα, and insulin significantly increased [Ca2+]
i
 after 

a 1-hour preincubation (Fig. 3A). To establish the origin of 
this rise in [Ca2+]

i
, the chondrocytes were treated with thap-

sigargin (1 µmol/L, 30-minute preincubation in Ca2+-free 
HBS) prior to the hormone treatment to deplete intracellular 
stores or were resuspended in Ca2+-free extracellular solu-
tion. There was a significant attenuation of the increase fol-
lowing treatment with each hormone in Ca2+-free 
extracellular solution, but thapsigargin treatment had no 
effect (Fig. 3B). Furthermore, this rise was not affected by 
nifedipin (1 mmol/L), a L-type voltage-activated Ca2+ chan-
nels inhibitor (LVACC); ruthenium red (10 µmol/L), a non-
specific TRPV channels inhibitor; Gd3+ (10 µmol/L), a 
stretch-activated channels (SAC) inhibitor, or HC-067047 
(100 nmol/L), a specific TRPV4 channel inhibitor, but it 
was significantly attenuated by KBR7943 (50 µmol/L), a 
specific Na+–Ca2+ exchanger (NCX) inhibitor, in all cases 
(Fig. 3D).

Effects on [Ca2+]
i
 in COC

In COC, the basal [Ca2+]
i
 was not significantly different 

from CHC, but the effects of the hormones on this parame-
ter were different. The IL1β-, TNFα-, and insulin-induced 
[Ca2+]

i
 increases were greater than those in CHC (Fig. 3A); 

these effects were dependent on extracellular Ca2+, were not 
affected by thapsigargin treatment (Fig. 3C) and were 
inhibited by KBR7943 but not by the other inhibitors  

Figure 2. (A) Representative recordings of the pHi in human 
articular chondrocytes from healthy (CHC) and osteoarthritic 
cartilage (COC) following a hypotonic shock (HTS), indicated 
by the arrow. (B) Comparison between the mean maximal acid 
equivalent fluxes following HTS under treatment with a number 
of pharmacological agents, as indicated, in both types of cells. * 
denotes significant differences from CHC. ** denotes significant 
differences from the respective control. (C) Comparison 
between the mean maximal acid equivalent fluxes following HTS 
in cells treated with different hormones as indicated. * denotes 
significant differences from the effect of all the other hormones. 
n = 8 unless indicated otherwise.



50 Cartilage 6(1)

Figure 3. (A) Comparison between [Ca2+]
i
 in human articular chondrocyte fromhealthy (CHC) and osteoarthritic cartilage (COC) 

under control conditions and with treatment with a number of hormones. (B) Comparison between the mean percentage increase in 
[Ca2+]

i
 in CHC treated with thapsigargin or in Ca2+-free extracellular solution (0 Ca) and under treatment with the agents that had an 

effect on [Ca2+]
i
. (C) Comparison between the mean percentage increase in [Ca2+]

i
 in COC treated with thapsigargin or in Ca2+- free 

extracellular solution (0 Ca) and under treatment with the agents that had an effect on [Ca2+]
i
. Note that the ranges and scales are 

maintained to allow a comparison to B. (D) Comparison between the mean percentage increase in [Ca2+]
i
 in CHC under treatment 

with a number of inhibitors, as indicated, and under treatment with the same agents as in B and C. (E) Comparison between the 
mean percentage increase in [Ca2+]

i
 in COC under treatment with a number of inhibitors, as indicated, and under treatment with the 

same agents as in B and C. Note that the ranges and scales are maintained to allow a comparison with D. n = 8 in all cases.
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(Fig. 3E). As in CHC, leptin, resistin, and adiponectin had 
no effect on the basal [Ca2+]

i
 of these cells.

Effects on [Ca2+]
i
 Response to HTS in CHC

Similar to bovine chondrocytes,34 an HTS caused a [Ca2+]
i
 

increase in CHC (Fig. 4A); this effect was inhibited by 
ruthenium red and HC-067047, but was not affected by 
Gd3+, nifedipin, or KBR7943 (Fig. 4B), which indicates a 
role for TRPV4 channels in this response but not for SAC, 
VACC, or NCX. Furthermore, all the hormones tested, with 
the exception of adiponectin, attenuated the HTS-induced 
rise in [Ca2+]

i
, although the effects of leptin and resistin 

were to a lesser extent (Fig. 4C). In COC, the response was 
smaller compared with CHC (Fig. 4A) and all the hormones 
tested with the exception of adiponectin, inhibited the 
response, which was also inhibited by ruthenium red, Gd3+ 
and HC-067047, but were not affected by nifedipin or 
KBR7943 as in COC (Fig. 4B and C).

Discussion

The present study explored the effects of a number of adipo-
kines and insulin on pH

i
 and [Ca2+]

i
 in human articular 

chondrocytes from both healthy and osteoarthritic cartilage. 
The present study demonstrated that IL1β affected the basal 
pH

i
, in contrast to TNFα, insulin, leptin, resistin, and adipo-

nectin. However, all these agents did affect the pH
i
 recovery 

after an ammonium prepulse, which indicates that these 
hormones play a role in the regulation of this parameter. 
Because the effect in all cases was attenuated by amiloride 
and was dependent on extracellular Na+, these effects can 
be attributed to an action on NHE, which has been shown to 
be one of the most significant regulators of pH

i
 in chondro-

cytes and other cells.52 Furthermore, Tattersall et al.17 dem-
onstrated that IL1β modulates NHE, thereby affecting the 
pH

i
 recovery in bovine chondrocytes, and that this effect 

occurs after an acute exposure, findings that are in agree-
ment with this study. However, there are no studies regard-
ing the effects of other adipokines or insulin on pH

i
 in 

chondrocytes or other cells. Whether the effects of these 
agents on NHE are direct or through other intracellular 
mechanisms must be addressed by further research. All 
these hormones have receptors in chondrocytes19,28,53,54 and 
have been related to the inflammatory process in which OA 
cartilage is immersed.15 Chondrocyte pH

i
 is a key factor in 

the regulation of cartilage matrix synthesis as demonstrated 
by a number of studies.31 It is worthwhile noting that the 
impairment of matrix metabolism is one of the most impor-
tant determinants of the development and severity of OA.3

Hypotonic shock produced an increase in the pH
i
 of 

human articular chondrocytes, which is in agreement with 
the findings in bovine articular chondrocytes.35 This effect 
is mediated by the activation of NHE, as suggested by the 

inhibition by amiloride and the dependence on extracellular 
Na+. In contrast to bovine chondrocytes, in which voltage-
activated H+ channels seems to be responsible, 35 in human 
articular chondrocytes, Zn2+, a H+-channel inhibitor, failed 
to affect the pH

i
 increase.

Furthermore, when the effects of the tested agents on the 
HTS-induced pH

i
 increase were explored, all of the agents 

attenuated the HTS-induced effect, with the action of IL1β 
being significantly greater than the others.

The pH
i
 of chondrocytes from osteoarthritic cartilage 

was significantly lower than that of chondrocytes from 
healthy cartilage. This intracellular acidification may help 
to explain the impairment of matrix metabolism that is 
observed in osteoarthritic cartilage55 and could reflect the 
alteration of the mechanisms that regulate the pH

i
 as a con-

sequence of the pathophysiological process of OA. 
Furthermore, the response of chondrocytes isolated from 
osteoarthritic cartilage to insulin and cytokines was signifi-
cantly different. These differential responses in CHC and 
COC could reflect alterations in chondrocyte homeostasis 
as a result of OA pathophysiological process; in other 
words, chondrocytes living in osteoarthritic cartilage 
behave in a different way when compared with chondro-
cytes living in healthy cartilage.3 Articular chondrocytes 
alkalinize in response to HTS35 and that response may be a 
part of the adaptation to the osmotic challenges that these 
cells have to face physiologically; according to this study 
this response is impaired in COC. Given that pH

i
 regulates 

matrix metabolism,56 alterations in chondrocyte pH
i
 adap-

tive response can alter matrix composition, leading to a dys-
functional cartilage and thus OA. According with the 
present study, the effects on pH

i
 are mediated by NHE; this 

transporter may be regulated by a number of agents and its 
function can affect significantly pH

i
, particularly in articu-

lar chondrocytes.39,57 The way in which NHE is affected in 
OA needs to be determined at a molecular or functional 
level by further studies.

IL1β, TNFα, and insulin increased the basal [Ca2+]
i
, but 

leptin, resistin, and adiponectin had no effect on this param-
eter; this effect, dependent only on extracellular calcium, is 
mediated by the activation of NCX as suggested by the 
pharmacological profile of the [Ca2+]

i
 effect, which is in 

agreement with our findings in bovine articular chondro-
cytes.58 However, all of these agents, except for adiponec-
tin, inhibited the HTS-induced [Ca2+]

i
 increase, which is 

mediated by TRPV4 channels as indicated by the effects of 
specific inhibitors of this osmosensitive cation channel; the 
effects of these inhibitors on the HTS-induced [Ca2+]

i
 

increase occurred similarly to what was observed in bovine 
articular chondrocytes.34 The fact that adiponectin had no 
affects whatsoever on the basal [Ca2+]

i
 or the HTS-induced 

[Ca2+]
i
 increase cannot be easily explained because this adi-

pokine also has pro-inflammatory effects on osteoarthritic 
joints. Again, whether these actions were a consequence of 
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a direct effect of these hormones on the transporter or 
whether they occurred secondary to the activation of other 
mediators requires investigation.

The [Ca2+]
i
 response of the chondrocytes from osteoar-

thritic cartilage was different from the chondrocytes from 
healthy cartilage. Although the basal [Ca2+]

i
 was similar in 

both types of cells and the implied transporters are similar, 
IL1β, TNFα, and insulin induced a smaller [Ca2+]

i
 increase 

and a HTS produced a larger [Ca2+]
i
 increase in CHC than in 

COC. Furthermore, all the hormones tested, with the excep-
tion of adiponectin, attenuated this hypotonicity-induced 
[Ca2+]

i
 increase in both types of cells, but the effect was 

more pronounced in COC. This is another example of a 

dissimilar response in COC in comparison with CHC, which 
may help understand the role of Ca2+ homeostasis alterations 
in OA pathophysiology. NCX, the transporter involved in 
the [Ca2+]

i
 increase induced by adipokines, and TRPV4, the 

pathway that was responsible for [Ca2+]
i
 increase in response 

to a hypotonic challenge, may be regulated by a number of 
factors,59-62 which may be altered in the development of OA 
and could lead to an impaired function of this channel in 
COC; since these 2 transporters can affect [Ca2+]

i
, which in 

turn regulates matrix synthesis, a deleterious effect on carti-
lage function will result. However, further studies need to be 
conducted in order to clarify the role of NCX and TRPV4 in 
the OA pathophysiological process.

Figure 4. (A) Representative recordings of [Ca2+]
i
 in human articular chondrocytes from healthy (CHC) and osteoarthritic cartilage 

(COC) under control conditions and following a hypotonic shock (HTS), indicated by the arrow. (B) Comparison between the 
mean percentage increase in [Ca2+]

i
 in steady-state conditions and following HTS indicated by the arrow, and under treatment with a 

number of inhibitors as indicated, in both type of cells. (C) Comparison between mean percentage increase in [Ca2+]
i
 in both type of 

cells following HTS and under treatment with a number of hormones, as indicated. n = 10 in all cases.



Sánchez and López-Zapata 53

In sum, all of these findings indicate that the responses of 
cells isolated from the cartilage of a patient with OA are dif-
ferent from those of cells from a healthy tissue, which sug-
gests that an alteration of pH and [Ca2+] homeostasis is part 
of the pathophysiological process of OA. These factors can 
affect matrix synthesis because intracellular ionic composi-
tion is a matrix modulator. Furthermore, the effects of adipo-
kines and insulin revealed in the present study demonstrate 
that these hormones affect pH and [Ca2+] homeostasis, 
which may explain the association between obesity and OA 
at a cellular level; however, the mechanisms by which these 
agents modulate pH

i
 and [Ca2+]

i
 requires further research.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: This 
work was supported by Colciencias, Bogotá, Colombia.

References

 1. Aigner T, Kurz B, Fukui N, Sandell L. Roles of chondrocytes 
in the pathogenesis of osteoarthritis. Curr Opin Rheumatol. 
2002;14:578-84.

 2. Aigner T, Soder S, Gebhard PM, McAlinden A, Haag J. 
Mechanisms of disease: role of chondrocytes in the pathogen-
esis of osteoarthritis—structure, chaos and senescence. Nat 
Clin Pract Rheumatol. 2007;3:391-9.

 3. Martel-Pelletier J, Boileau C, Pelletier JP, Roughley PJ. 
Cartilage in normal and osteoarthritis conditions. Best Pract 
Res Clin Rheumatol. 2008;22:351-84.

 4. Mandelbaum B, Waddell D. Etiology and pathophysiology of 
osteoarthritis. Orthopedics. 2005;28(2 Suppl):s207-14.

 5. Garstang SV, Stitik TP. Osteoarthritis: epidemiology, risk 
factors, and pathophysiology. Am J Phys Med Rehabil. 
2006;85(11 Suppl):S2-11.

 6. Litwic A, Edwards MH, Dennison EM, Cooper C. 
Epidemiology and burden of osteoarthritis. Br Med Bull. 
2013;105:185-99.

 7. Eaton CB. Obesity as a risk factor for osteoarthritis: mechani-
cal versus metabolic. Med Health R I. 2004;87:201-4.

 8. Issa RI, Griffin TM. Pathobiology of obesity and osteoarthri-
tis: integrating biomechanics and inflammation. Pathobiol 
Aging Age Relat Dis. 2012;2.

 9. Grotle M, Hagen KB, Natvig B, Dahl FA, Kvien TK. Obesity 
and osteoarthritis in knee, hip and/or hand: an epidemiologi-
cal study in the general population with 10 years follow-up. 
BMC Musculoskelet Disord. 2008;9:132.

 10. Galic S, Oakhill JS, Steinberg GR. Adipose tissue as an endo-
crine organ. Mol Cell Endocrinol. 2010;316:129-39.

 11. Dandona P, Aljada A, Bandyopadhyay A. Inflammation: the 
link between insulin resistance, obesity and diabetes. Trends 
Immunol. 2004;25:4-7.

 12. Duvnjak L, Duvnjak M. The metabolic syndrome—an ongo-
ing story. J Physiol Pharmacol. 2009;60(Suppl 7):19-24.

 13. Yoshimura N, Muraki S, Oka H, Tanaka S, Kawaguchi H, 
Nakamura K, et al. Accumulation of metabolic risk fac-
tors such as overweight, hypertension, dyslipidaemia, and 
impaired glucose tolerance raises the risk of occurrence and 
progression of knee osteoarthritis: a 3-year follow-up of the 
ROAD study. Osteoarthritis Cartilage. 2012;20:1217-26.

 14. Zhuo Q, Yang W, Chen J, Wang Y. Metabolic syndrome 
meets osteoarthritis. Nat Rev Rheumatol. 2012;8:729-37.

 15. Fernandes JC, Martel-Pelletier J, Pelletier JP. The role of 
cytokines in osteoarthritis pathophysiology. Biorheology. 
2002;39:237-46.

 16. Fan Z, Soder S, Oehler S, Fundel K, Aigner T. Activation of 
interleukin-1 signaling cascades in normal and osteoarthritic 
articular cartilage. Am J Pathol. 2007;171:938-946.

 17. Tattersall AL, Browning JA, Wilkins RJ. Modulation of H+ 
transport mechanisms by interleukin-1 in isolated bovine artic-
ular chondrocytes. Cell Physiol Biochem. 2005;16:43-50.

 18. Claassen H, Schluter M, Schunke M, Kurz B. Influence of 
17β-estradiol and insulin on type II collagen and protein syn-
thesis of articular chondrocytes. Bone. 2006;39:310-7.

 19. Rosa SC, Rufino AT, Judas F, Tenreiro C, Lopes MC, Mendes 
AF. Expression and function of the insulin receptor in normal 
and osteoarthritic human chondrocytes: modulation of ana-
bolic gene expression, glucose transport and GLUT-1 content 
by insulin. Osteoarthritis Cartilage. 2011;19:719-27.

 20. de Boer TN, van Spil WE, Huisman AM, Polak AA, Bijlsma 
JW, Lafeber FP, et al. Serum adipokines in osteoarthri-
tis; comparison with controls and relationship with local 
parameters of synovial inflammation and cartilage damage. 
Osteoarthritis Cartilage. 2012;20:846-53.

 21. Scotece M, Conde J, Gómez R, López V, Lago F, Gómez-Reino 
JJ, et al. Beyond fat mass: exploring the role of adipokines in 
rheumatic diseases. ScientificWorldJournal. 2011;11:1932-47.

 22. Gandhi R, Takahashi M, Smith H, Rizek R, Mahomed NN. 
The synovial fluid adiponectin-leptin ratio predicts pain with 
knee osteoarthritis. Clin Rheumatol. 2010;29:1223-8.

 23. Gualillo O. Further evidence for leptin involvement in carti-
lage homeostases. Osteoarthritis Cartilage. 2007;15:857-60.

 24. Simopoulou T, Malizos KN, Iliopoulos D, Stefanou N, 
Papatheodorou L, Ioannou M, et al. Differential expres-
sion of leptin and leptin’s receptor isoform (Ob-Rb) mRNA 
between advanced and minimally affected osteoarthritic carti-
lage; effect on cartilage metabolism. Osteoarthritis Cartilage. 
2007;15:872-83.

 25. Bao JP, Chen WP, Feng J, Hu PF, Shi ZL, Wu LD. Leptin 
plays a catabolic role on articular cartilage. Mol Biol Rep. 
2010;37:3265-72.

 26. Lago R, Gomez R, Otero M, Lago F, Gallego R, Dieguez C,  
et al. A new player in cartilage homeostasis: adiponectin induces 
nitric oxide synthase type II and pro-inflammatory cytokines in 
chondrocytes. Osteoarthritis Cartilage. 2008;16:1101-9.

 27. Chen T-H, Chen L, Hsieh M-S, Chang C-P, Chou D-T, Tsai 
S-H. Evidence for a protective role for adiponectin in osteoar-
thritis. Biochim Biophys Acta. 2006;1762:711-8.

 28. Zhang Z, Xing X, Hensley G, Chang LW, Liao W, Abu-Amer 
Y, et al. Resistin induces expression of proinflammatory 
cytokines and chemokines in human articular chondrocytes 



54 Cartilage 6(1)

via transcription and messenger RNA stabilization. Arthritis 
Rheum. 2010;62:1993-2003.

 29. Afif H, Benderdour M, Mfuna-Endam L, Martel-Pelletier J, 
Pelletier JP, Duval N, et al. Peroxisome proliferator-activated 
receptor gamma1 expression is diminished in human osteo-
arthritic cartilage and is downregulated by interleukin-1β in 
articular chondrocytes. Arthritis Res Ther. 2007;9:R31.

 30. Urban JP, Hall AC, Gehl KA. Regulation of matrix synthesis 
rates by the ionic and osmotic environment of articular chon-
drocytes. J Cell Physiol. 1993;154:262-70.

 31. Wilkins RJ, Hall AC. Control of matrix synthesis in isolated 
bovine chondrocytes by extracellular and intracellular pH. J 
Cell Physiol. 1995;164:474-81.

 32. Alford AI, Yellowley CE, Jacobs CR, Donahue HJ. Increases 
in cytosolic calcium, but not fluid flow, affect aggrecan 
mRNA levels in articular chondrocytes. J Cell Biochem. 
2003;90:938-44.

 33. Wilkins RJ, Browning JA, Ellory JC. Surviving in a matrix: 
membrane transport in articular chondrocytes. J Membr Biol. 
2000;177:95-108.

 34. Sanchez JC, Danks TA, Wilkins RJ. Mechanisms involved 
in the increase in intracellular calcium following hypotonic 
shock in bovine articular chondrocytes. Gen Physiol Biophys. 
2003;22:487-500.

 35. Sanchez JC, Wilkins RJ. Effects of hypotonic shock on intra-
cellular pH in bovine articular chondrocytes. Comp Biochem 
Physiol A Mol Integr Physiol. 2003;135:575-83.

 36. Sanchez JC, Wilkins RJ. Changes in intracellular calcium 
concentration in response to hypertonicity in bovine articular 
chondrocytes. Comp Biochem Physiol A Mol Integr Physiol. 
2004;137:173-82.

 37. Wilkins RJ, Fairfax TP, Davies ME, Muzyamba MC, Gibson 
JS. Homeostasis of intracellular Ca2+ in equine chondrocytes: 
response to hypotonic shock. Equine Vet J. 2003;35:439-43.

 38. Hidvegi NC, Sales KM, Izadi D, Ong J, Kellam P, Eastwood 
D, et al. A low temperature method of isolating normal human 
articular chondrocytes. Osteoarthritis Cartilage. 2006;14:89-93.

 39. Browning JA, Wilkins RJ. Mechanisms contributing to intra-
cellular pH homeostasis in an immortalised human chondro-
cyte cell line. Comp Biochem Physiol A Mol Integr Physiol. 
2004;137:409-18.

 40. Sanchez JC, Lopez-Zapata DF. The role of BKCa channels 
on hyperpolarization mediated by hyperosmolarity in human 
articular chondrocytes. Gen Physiol Biophys. 2011;30:20-7.

 41. Wilkins RJ, Browning JA, Urban JP. Chondrocyte regulation 
by mechanical load. Biorheology. 2000;37:67-74.

 42. Wilkins RJ, Hall AC. Measurement of intracellular pH 
in isolated bovine articular chondrocytes. Exp Physiol. 
1992;77:521-4.

 43. Thomas JA, Buchsbaum RN, Zimniak A, Racker E. 
Intracellular pH measurements in Ehrlich ascites tumor cells 
utilizing spectroscopic probes generated in situ. Biochemistry. 
1979;18:2210-8.

 44. Browning JA, Walker RE, Hall AC, Wilkins RJ. Modulation of 
Na+ × H+ exchange by hydrostatic pressure in isolated bovine 
articular chondrocytes. Acta Physiol Scand. 1999;166:39-45.

 45. Negulescu PA, Machen TE. Intracellular ion activities and 
membrane transport in parietal cells measured with fluores-
cent dyes. Methods Enzymol. 1990;192:38-81.

 46. Grynkiewicz G, Poenie M, Tsien RY. A new generation of 
Ca2+ indicators with greatly improved fluorescence proper-
ties. J Biol Chem. 1985;260:3440-50.

 47. Lago R, Gomez R, Otero M, Lago F, Gallego R, Dieguez 
C, et al. A new player in cartilage homeostasis: adiponec-
tin induces nitric oxide synthase type II and pro-inflamma-
tory cytokines in chondrocytes. Osteoarthritis Cartilage. 
2008;16:1101-9.

 48. Manduteanu I, Dragomir E, Calin M, Pirvulescu M, Gan AM, 
Stan D, et al. Resistin up-regulates fractalkine expression in 
human endothelial cells: lack of additive effect with TNF-
alpha. Biochem Biophys Res Commun. 2009;381:96-101.

 49. Pallu S, Francin PJ, Guillaume C, Gegout-Pottie P, Netter 
P, Mainard D, et al. Obesity affects the chondrocyte respon-
siveness to leptin in patients with osteoarthritis. Arthritis Res 
Ther. 2010;12:R112.

 50. Pritchard S, Guilak F. Effects of interleukin-1 on calcium 
signaling and the increase of filamentous actin in isolated 
and in situ articular chondrocytes. Arthritis Rheum. 2006;54: 
2164-74.

 51. Wang Y, Li de L, Zhang XB, Duan YH, Wu ZH, Hao DS,  
et al. Increase of TNFα-stimulated osteoarthritic chondro-
cytes apoptosis and decrease of matrix metalloproteinases 9 
by NF-κB inhibition. Biomed Environ Sci. 2013;26:277-83.

 52. Tattersall A, Meredith D, Furla P, Shen MR, Ellory C, Wilkins 
R. Molecular and functional identification of the Na(+)/H(+) 
exchange isoforms NHE1 and NHE3 in isolated bovine artic-
ular chondrocytes. Cell Physiol Biochem. 2003;13:215-22.

 53. Roman-Blas JA, Stokes DG, Jimenez SA. Modulation of 
TGF-β signaling by proinflammatory cytokines in articular 
chondrocytes. Osteoarthritis Cartilage. 2007;15:1367-77.

 54. Simopoulou T, Malizos KN, Iliopoulos D, Stefanou N, 
Papatheodorou L, Ioannou M, et al. Differential expres-
sion of leptin and leptin’s receptor isoform (Ob-Rb) mRNA 
between advanced and minimally affected osteoarthritic carti-
lage; effect on cartilage metabolism. Osteoarthritis Cartilage. 
2007;15:872-83.

 55. Iannone F, Lapadula G. The pathophysiology of osteoarthri-
tis. Aging Clin Exp Res. 2003;15:364-72.

 56. Wu MH, Urban JP, Cui ZF, Cui Z, Xu X. Effect of extracel-
lular pH on matrix synthesis by chondrocytes in 3D agarose 
gel. Biotechnol Prog. 2007;23:430-4.

 57. Milner PI, Smith HC, Robinson R, Wilkins RJ, Gibson JS. 
Growth factor regulation of intracellular pH homeostasis 
under hypoxic conditions in isolated equine articular chon-
drocytes. J Orthop Res. 2013;31:197-203.

 58. Sanchez JC, Powell T, Staines HM, Wilkins RJ. 
Electrophysiological demonstration of Na+/Ca2+ exchange in 
bovine articular chondrocytes. Biorheology. 2006;43:83-94.

 59. Blaustein MP, Lederer WJ. Sodium/calcium exchange: its 
physiological implications. Physiol Rev. 1999;79:763-854.

 60. Philipson KD, Nicoll DA, Ottolia M, Quednau BD, Reuter H, 
John S, et al. The Na+/Ca2+ exchange molecule: an overview. 
Ann N Y Acad Sci. 2002;976:1-10.

 61. Nilius B, Vriens J, Prenen J, Droogmans G, Voets T. TRPV4 
calcium entry channel: a paradigm for gating diversity. Am J 
Physiol Cell Physiol. 2004;286:C195-205.

 62. Plant TD, Strotmann R. Trpv4. Handb Exp Pharmacol. 
2007;(179):189-205.


