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ABSTRACT: Monocyte chemoattractant protein-1 (MCP-1) overproduction from inflamed adipose tissue is a major contributor to obesity-related
metabolic syndromes. 3T3-L1 embryonic fibroblasts were cultured and differentiated into adipocytes using an established protocol. Adipocytes
were treated with lipopolysaccharide (LPS) to induce inflammation and thus MCP-1 release. At the same time, varying concentrations of
chondroitin sulfate (CS) were added in a physiologically relevant range (10-200 ug/mL) to determine its impact on MCP-1 release. Chondroitin
sulfate, a natural glycosaminoglycan of connective tissue including the cartilage extracellular matrix, was chosen on the basis of our previous
studies demonstrating its anti-inflammatory effect on macrophages. Because the main action of MCP-1 is to induce monocyte migration,
cultured THP-1 monocytes were used to test whether CS at the highest physiologically relevant concentration could inhibit cell migration
induced by human recombinant MCP-1. Chondroitin sulfate (100-200 ug/mL) inhibited MCP-1 release from inflamed adipocytes in a dose-
dependent manner (P <.01, 95% confidence interval [Cl]: -5.89 to —3.858 at 100pg/mL and P <.001, 95% ClI: -6.028 to —3.996 at 200 ug/mL)
but had no effect on MCP-1-driven chemotaxis of THP-1 monocytes. In summary, CS could be expected to reduce macrophage infiltration into
adipose tissue by reduction in adipocyte expression and release of MCP-1 and as such might reduce adipose tissue inflammation in response
to pro-inflammatory stimuli such as LPS, now increasingly recognized to be relevant in vivo.
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Introduction

Monocyte chemoattractant protein-1 (MCP-1) is one of the
key factors in the initiation of inflammation by inducing the
migration of monocytes to inflammatory lesions via its chemo-
tactic effect.! Once attracted to the lesion, monocytes differen-
tiate into activated macrophages, which are the source of many
inflammatory cytokines. Monocyte chemoattractant protein-1
is well known to play a critical role in the pathogenesis of type
2 diabetes and metabolic syndrome in association with abdom-
inal obesity through the recruitment of monocytes by the
increased expression of MCP-1 from adipocytes.? Cullberg
recently demonstrated that lipopolysaccharide (LPS) is a
potent stimulator of MCP-1 expression in the 3T3-L1 adipo-
cyte cell line.3 One of the key stimuli for the upregulation of
MCP-1 is the binding of activated nuclear factor kB (NF-«xB)
to the MCP-1 gene promoter in multiple cell types including
THP-1 macrophages.*> Monocyte chemoattractant protein-1
may also play a role in nonalcoholic fatty liver disease and non-
alcoholic steatohepatitis by its action on macrophages.t
Chondroitin sulfate (CS), a natural glycosaminoglycan of the
cartilage extracellular matrix, has clinical benefit in sympto-
matic osteoarthritis but has never been tested in adipose tissue.

Chondroitin sulfate exerts an anti-inflammatory activity and
has positive effects on osteoarthritic chondrocytes, synovio-
cytes, and subchondral bone osteoblasts.” In addition, we have
recently published that CS can attenuate the monosodium
urate crystal-mediated THP-1 macrophage inflammatory
response reflected by reduced release of pro-inflammatory
cytokines interleukin 1f and tumor necrosis factor oo (TNF-
a).10 We have also recently determined that the CS inhibitory
effect is not acting at the inflammasome, but upstream, most
likely by inhibiting activation of NF-kB,'! as it has been
described for other cell types.’> We sought to determine
whether CS had an inhibitory effect on MCP-1 release from
LPS-stimulated adipocytes and/or blocked MCP-1-induced

chemotaxis of inflammatory cells.

Methods
313-L1 adipocyte experiments

3T3-L1 mouse embryonic fibroblasts were obtained from
ATCC (Manassas, VA, USA) and were grown to confluence in
5% CO, on COSTAR 24-well plates (Corning, Kennebunk,
ME, USA) with a basal media of Dulbecco’s Modified Eagle’s
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medium-high glucose containing 10% fetal bovine serum and
1% penicillin/streptomycin  (media and supplements from
Thermo Fisher, Waltham, MA, USA). Cells were induced to
differentiate into adipocytes by the method of Zebisch et al.13
Briefly, at 2days after confluence (day 1), the following were
added to the basal media: 0.5mM 3-isobutyl-1-methylxan-
thine, 1pg/mL insulin, 0.25pM dexamethasone (Sigma-
Aldrich, St Louis, MO, USA),and 2 pM rosiglitazone (Cayman
Chemical, Ann Arbor, MI, USA). After 48 hours (day 3), the
media were changed to fresh basal media containing 1 pg/mL
insulin. After a further 48 hours (day 5), media were changed
back to fresh basal media and cells grown for 7 days under these
conditions with new media every 2 days. On day 12, cells were
washed with phosphate-buffered saline (PBS) and media were
changed to serum-free Opti-MEM (Thermo Fisher) without
and with varying physiologically relevant!>!* concentrations
(10-200 pg/mL) of high-quality and purity, pharmaceutical-
grade CS from bovine origin (provided by Bioibérica). After 24
hours (day 13), media were replaced with serum-free Opti-
MEM along with the previously mentioned concentrations of
CS, without and with 1pg/mL LPS (Enzo Life Sciences,
Farmingdale, NY, USA). After a further 24 hours (day 14), cell
viability was measured for each well using PrestoBlue Cell
Viability Reagent (Thermo Fisher) and media were tested for
MCP-1 by enzyme-linked immunosorbent assay (ELISA)
(R&D Systems, Minneapolis, MN, USA). Chondroitin sul-
fate at the highest concentration used for the experiments
(200 pg/mL) was tested against the kit standard to check for
assay interference. All experiments were run a single time with
each treatment group run in triplicate.

THP-1 monocyte experiments

The THP-1 human monocytic cell line was obtained from
ATCC and was grown at 5% CO, in RPMI 1640 with HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and sup-
plemented with glucose, pyruvate, 2-mercaptoethanol, 10%
fetal bovine serum, and penicillin/streptomycin as recom-
mended by ATCC (media and supplements from Thermo
Fisher). Cells were washed in PBS and the media changed to
serum-free Opti-MEM supplemented with 0.5% bovine serum
albumin (Sigma-Aldrich). After 24hours, cells were resus-
pended at a density of 1.25x10%cells/mL in the same media,
with and without 200ug/mL CS. Monocyte chemotaxis in
response to 24-hour exposure to varying concentrations (0,
3.125-100ng/mL) of recombinant human MCP-1 (R&D
Systems) was tested using the CytoSelect 96-well Cell Migration
Assay (Cell Biolabs, San Diego, CA, USA). All experiments were
run a single time with each treatment group run in triplicate.

Statistical analysis

After normalization for cell viability, cell culture results were
expressed as fold change from the media-only negative control
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Figure 1. Chondroitin sulfate (CS) reduces MCP-1 release from
adipocytes stimulated by LPS. 3T3-L1 cells were differentiated into
adipocytes and then stimulated with pg/mL of LPS. CS in physiologically
relevant doses (100-200 pg/mL) produced a dose-dependent reduction in
MCP-1 release from these cells. Mean MCP-1 (unadjusted for cell viability)
was 8.4ng/mL for control and 39.0ng/mL for cells treated only with LPS.
Bars represent mean+SD. n=3 for each treatment group. LPS indicates
lipopolysaccharides; MCP-1, monocyte chemoattractant protein-1.

(no CS,no LPS). One-way analysis of variance with Bonferroni
post hoc test and post hoc linear trend was performed on cell
culture results. Unpaired ¢ test was used to assess the effect of
LPS on cell viability, and paired # test was used to determine
whether CS interfered the MCP-1 ELISA. GraphPad Prism
software (La Jolla, CA, USA) was used for all analyses.

Results

Lipopolysaccharide (1pg/mL) caused a significant rise in
MCP-1 release (P<.0001, 95% confidence interval [CI]:
3.911-5.069) from 3T3-L1 adipocytes. Chondroitin sulfate in
physiologically achievable concentrations (100-200pg/mL)
produced a dose-dependent reduction (P<.01, 95% CI: -5.89
to -3.858 at 100 pg/mL and P<.001,95% CI: -6.028 to -3.996
at 200 pg/mL) of MCP-1 release from 3T3-L1 adipocytes in
response to LPS (Figure 1). Cell viability between control and
LPS-only groups was unaffected (P=.30, 95% CI: -2333 to
5843) by this dose of LPS (Figure 2). Chondroitin sulfate
showed no interference with the MCP-1 ELISA (P=.78,95%
CI: -5.127 to 4.030), producing a standard curve spiked with
200 pg/mL of CS that was identical to an unspiked standard
curve (Figure 3). Recombinant MCP-1 (25-100 ng/mL) caused
a dose-dependent increase (P<.001, 95% CI: 0.1896-0.5949 at
25ng/mL and P<.0001,95% CI: 2.786-3.192 at 100 ng/mL) in
cell migration of THP-1 monocytes. Chondroitin sulfate at the
highest test concentration (200 pg/mL) had no effect on MCP-
1-mediated THP-1 migration (Figure 4).

Discussion
It is well established that the binding of activated NF-«xB to
the MCP-1 gene promoter is a key step in the upregulation of
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MCP-1 gene expression.*’ The activation of NF-kB can occur
through many receptors including the interleukin-1 receptor,
the TNF receptor, and toll-like receptors, such as TLR4, which
LPS activate. Although it is still unclear exactly where CS is
acting to inhibit NF-kB, whether on its activation!! or on the
nuclear translocation of the activated form,!? the inhibition by
CS at either point would be expected to reduce the production
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Figure 2. Viability of 3T3-L1 adipocytes was unaffected (P=.30, 95% CI:
—-2333 to 5843) by the dose of LPS (1 pg/mL) used for experiments. LPS
indicates lipopolysaccharides; Cl, confidence interval.

of MCP-1. The effects of CS on gene expression, at the RNA
level and the protein level, have been extensively studied in cells
and tissues associated with osteoarthritis, including chondro-
cytes, synovial fibroblasts, and synovial membrane.’>1
Although CS has been found effective in reducing the produc-
tion of various inflammatory proteins in these studies, no study
has looked at the effect of CS in adipocytes.

Conclusions

Our data demonstrate that CS inhibits the release of MCP-1
from 3T3-L1 adipocytes that have been stimulated with LPS
but has no effect on the chemotactic action of MCP-1 on
THP-1 monocytes. It has recently been demonstrated that CS
can inhibit the release of MCP-1 from human coronary artery
endothelial cells inflamed by TNF-a,; in this model system,
CS also inhibited the migration of THP-1 monocytes toward
the inflamed HCAECs.'® Our data strongly suggest that it is
the inhibition of MCP-1 release by CS that underlies this
effect and not a direct inhibition of the chemotactic action of
MCP-1 by CS. Although it is unclear whether CS might
accumulate sufficiently in adipose tissue in vivo to have an
effect,!” given the in vivo relevance of LPS?° and importance
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Figure 3. Chondroitin sulfate (CS) showed no interference with the monocyte chemoattractant protein-1 enzyme-linked immunosorbent assay (P=.78,
95% Cl: =5.127 to 4.030) producing a standard curve spiked with 200 pg/mL of CS that was identical to an unspiked standard curve. Group 1 (red): kit

standard. Group 2 (green): kit standard+200pug/mL CS.
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Figure 4. Chondroitin sulfate (CS) has no effect on MCP-1-induced chemotaxis. MCP-1—-induced (3.125-100 ng/mL) cell migration of THP-1 monocytes in
both the presence and absence of CS. Hatch-marked bars=200ug/mL CS. Bars represent mean+SD. n=3 for each treatment group. MCP-1 indicates

monocyte chemoattractant protein-1.

of MCP-1 overproduction in obesity-related metabolic syn-
dromes, inhibiting the release of MCP-1 from adipocytes by
CS, and thus blocking the recruitment of macrophages to adi-
pose tissue, could provide a new treatment opportunity for
these syndromes. Because CS is so well tolerated and readily
accessible, it might provide a safe and clinically effective treat-
ment for reducing inflammation in obesity-related syndromes.
Although the more relevant end product of transcription, ie,
the translated protein, was studied here, gene expression stud-
ies might be a useful future avenue of research. This in vitro
work establishes the rationale for evaluation of MCP-1 mod-
ulation in future in vivo studies of CS.
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