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Abstract

In vitro cartilage explant culture has been used to assess nutraceuticals on cartilage re-
sponses to inflammatory stimuli. However, applying extracts of nutraceuticals directly to
cartilage explants does not account for effects of digestion and hepatic biotransformation,
or selective exclusion of product metabolites from joint fluid by the synovial membrane.
The current study produced a simulated biological extract of a common nutraceutical (glu-
cosamine; Gsim) by exposing it to a simulated upper gastrointestinal tract digestion, hepatic
biotransformation by liver microsomes, and purification to a molecular weight cut-off of
50 kDa. This extract was then used to condition cartilage explants cultured for 120 h in the
presence or absence of an inflammatory stimulus (lipopolysaccharide). Media samples were
analyzed for prostaglandin E2 (PGE2), glycosaminoglycan (GAG), and nitric oxide (NO).
Tissue was digested and analyzed for GAG content and stained for viability. Conditioning
of explants with Gsim significantly reduced media GAG in stimulated and unstimulated
explants and reduced nitric oxide production in unstimulated explants. These data provide
evidence for the value of glucosamine in protecting cartilage from deterioration following
an inflammatory challenge, and the model improves applicability of these in vitro data to
the in vivo setting.
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1. Introduction
Glucosamine-based nutraceutical (GBN) supplements have gained widespread trac-

tion in an equine population increasingly plagued by articular diseases such as osteoarthri-
tis [1]. These supplements occupy an important disease-modifying role in managing chronic
articular diseases, owing in large part to the absence of a pharmaceutical cure for these
conditions, and the relative ease by which consumers can obtain these products. While the
availability of GBN supplements for horses is ubiquitous, scientific evidence for their safety
and/or efficacy remains less so. This results, in part, from the unbalanced cost–benefit ratio
to manufacturers of equine GBN supplements, for which expensive research guarantees
neither intellectual property nor its associated market share protection. Research that
is conducted on these types of products tends, therefore, to focus on financially frugal
in vitro models [2–11]. These models can offer a cost-effective option to manufacturers
motivated to use objective research data to support a knowledge-based marketing strategy
and can be useful to characterize direct effects of equine GBN supplements on cartilage
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tissue. The well-known limitations of all in vitro models notwithstanding, in vitro test-
ing of equine GBN supplements additionally suffers from an inability to account for the
effects of nutraceutical digestion, hepatic biotransformation, and passive diffusion of post-
hepatic metabolites through the synovial membrane on the response of cartilage tissue to
external stimuli.

Cartilage explant is a well-established in vitro model of cartilage homeostasis, which
has been used to evaluate cartilage response to inflammatory stimuli under varying condi-
tions. There are more than a dozen studies evaluating glucosamine in cartilage explants,
typically under catabolic stress from exogenous stimuli [including lipopolysaccharide
(LPS) and interleukin 1β (IL-1), amongst others] [2–20]. Glucosamine doses used in these
experiments range from 10 µg/mL up to 25 mg/mL, with the higher associated with
cytotoxicity [3,5] and the lowest with reduced IL-1-induced cartilage degradation [2]. If
these concentrations can be compared to that in total body water (approximately 330 L for
an average 500 kg horse; [21]), the lowest and highest in vitro doses estimate oral doses of
3.3 g and the supraphysiological dose of 2.72 kg, respectively. The main biological effects
of glucosamine in cartilage explant include protection of extracellular matrix structure
under pharmaceutical [12] and chemical stress [2,4,5,13,14,16], modulated formation of
inflammatory compounds [15,16], and alteration of genes responsible for coordinating
biological response to inflammation [6,7,16,17]. However, it is not known to what extent
the processes of digestion, absorption, and hepatic biotransformation would influence
these outcomes.

We have previously adapted the cartilage explant model to include simulated digestion
and hepatic biotransformation steps and have applied this methodology to evaluate the
response of cartilage explants to inflammatory stimuli in the presence of polyunsaturated
oils [18] and biological active plants [19,20]. The purpose of the current study was to extract
glucosamine using simulated digestion and hepatic biotransformation and to quantity
effects of this extract on cartilage explant responses to an inflammatory challenge.

2. Materials and Methods
All chemical reagents and materials were purchased from Sigma Aldrich (Mississauga,

ON, Canada) unless specified otherwise.

2.1. Nutraceutical

Powdered glucosamine sulfate K2Cl (shellfish source) was provided by Platinum
Performance (Buelton, CA, USA). Based on the manufacturers’ recommended daily dose,
an initial dose of 8.3 g/day of glucosamine was tested. To assess the dose response of
glucosamine, we also tested the product at 3 and 5 times the manufacturer recommended
dose (approximately equivalent to doses of 25 and 41.5 g/day, respectively).

2.2. Simulated Biological Extract

Based on the initial dose of 8.3 g/day, a simulated biological extract of glucosamine
(Gsim) was created by adding 0.093 g of glucosamine to 17.5 mL of simulated gastric
fluid (containing 37 mM NaCl, 0.03 M HCl, and 3.2 mg/mL pepsin) and shaken at 37 ◦C
for 2 h. At 2 h, acidity was neutralized by adding 575 µL of 4.4M NaOH (pH = 6.0)
and 18.25 mL of simulated intestinal fluid (containing 20 mg/mL pancreatin, 30 mM
K2HPO4, and 160 mM NaH2PO4; pH adjusted to 7.4) to the mixture, which was then
returned to the shaker at 37 ◦C for an additional 2 h. The resulting mixture was cen-
trifuged two times at 6000× g for 20 min at 4 ◦C with the supernatant poured off after
each spin. The supernatant was allowed to return to room temperature for approximately
30 min then 200 µL of rat liver microsomes (male) were added to reach a final concen-
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tration of 0.03 mg/mL [8] followed by NADPH (10 mg/mL in 0.01 M NaOH) [18–20].
The resulting mixture was shaken at 37 ◦C for an additional 30 min then centrifuged at
6000× g for 20 min at 4 ◦C. The supernatant was then returned to room temperature
and passed through a 0.22 µm filter and fractioned using a size-exclusion ultrafiltration
centrifuge unit (50 kDa; Amicon Ultra). A blank digest (i.e., no product included) was
prepared simultaneously using identical methodology. The resulting 50 kDa fractions of
Gsim were created such that a 10 µL aliquot placed into 1 mL of culture media contained
sufficient extract to mimic the initial targeted dose [9]. Final conditioning concentrations in
explant wells were 0 (B), 25.1 (T1), 75.3 (T3), and 125.5 µg/mL (T5).

2.3. Explant Culture

Explants were prepared and maintained as previously described [18–20]. Briefly,
articular cartilage from 9 pigs was aseptically harvested from the intercarpal joints using
a 4 mm biopsy tool and acclimatized in basal tissue culture media (TCM; comprising
DMEM—low glucose supplemented with amino acids, sodium selenite, manganese sulfate,
NaHCO3, and ascorbic acid) for 72 h in 24-well tissue culture plates (2 explants per well) at
37 ◦C with 7% CO2. Three additional cartilage explants were harvested at the beginning of
the experiment, stored in sterile filtered phosphate-buffered saline, and frozen at −20 ◦C
for baseline tissue glycosaminoglycan (GAG) analysis. Media (1000 µL) was removed and
refreshed from each well every 24 h. After the first 24 h, Gsim was added to fresh TCM
every 24 h at doses corresponding to 0, 1, 3, and 5 times the initial dose. After 72 h of
culture, half of each of the explant wells were stimulated with lipopolysaccharide (LPS;
10 µg/mL) for the final 48 h. For the final 48 h, media samples were collected prior to
LPS stimulation (0 h), and then at 24 and 48 h after LPS stimulation and stored at −20 ◦C
until analysis. At the end of the experiment one explant per well was stained to determine
cell viability (see below) and one explant was placed in sterile filtered phosphate-buffered
saline and frozen at −20 ◦C for subsequent analysis of tissue GAG.

2.4. Sample Analyses

Tissue culture media samples were analyzed for biomarkers with importance in carti-
lage inflammation (PGE2 and nitric oxide) and structure (GAG release in media and GAG
retained in tissue) and assessment of chondrocyte viability (differential live/dead staining).
All assay plates were read on a Victor 3 1420 Microplate Reader (Perkin Elmer, Woodbridge,
ON, Canada) and concentrations of all biomarkers were determined as follows.

2.5. Cell Viability

Viability of cells within cartilage explants was determined using a modified Calcein-
AM (C-AM)/Ethidium homodimer-1 (EthD-1) cytotoxicity assay kit (Molecular Probes)
modified for use in cartilage explants [18,20]. Calcein-AM and EthD-1 were mixed in sterile
distilled water at concentrations of 4 and 8 µM, respectively. Explants were placed one per
well into a sterile 96-well microtiter plate and incubated in 200 µL of the C-AM/EthD-1
solution for 40 min at room temperature. The microplate reader was set to scan each well,
beginning at the bottom, using 10 horizontal steps at each of 3 vertical displacements
set 0.1 mm apart. C-AM and EthD-1 fluorescence in explants were obtained with using
excitation/emission filters of 485/530 nm and 530/685 nm, respectively. Viability was
determined by the following equation: C-AM/C-AM + EthD-1

2.6. Nitric Oxide

Nitrite (NO2-), a stable oxidation product of nitric oxide (NO), was analyzed by the
Griess reaction [1]. Undiluted TCM samples were added to 96 well plates. Sulfanilamide
(0.01 g/mL) and N-(1)-Napthylethylene diamine hydrochloride (1 mg/mL) dissolved in
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phosphoric acid (0.085 g/L) was added to all wells, and absorbance was read within 5 min
at 530 nm. Sample absorbance was compared to a sodium nitrite standard. A best-fit linear
standard curve was developed for each plate (R2 ≥ 0.99), and these equations were used to
calculate nitrite concentrations for samples from each plate.

2.7. PGE2

Tissue culture media samples were analyzed for PGE2 using a commercially available
ELISA kit (Arbour Assays; cat #K051-H5; Cedarland Labs, Mississauga, ON, Canada).
Plates were read at absorbance of 450 nm. A best-fit 3rd order polynomial standard curve
was developed for each plate (R2 ≥ 0.99), and these equations were used to calculate PGE2

concentrations for samples from each plate.

2.8. Media Glycosaminoglycan

Tissue culture media GAG concentration was determined using a 1,9-Dimethyl Methy-
lene Blue (1,9-DMB) spectrophotometric assay [18–20]. Samples were added to 96-well
plates at 50% dilution and serially diluted 1:2 up to a final dilution of 1:64. Guanidine
hydrochloride (275 mg/mL) was added to each well followed immediately by addition of
150 µL DMB reagent. Absorbance was measured at 530 nm. Sample absorbance was com-
pared to that of a bovine chondroitin sulfate standard (Sigma, Oakville, ON, Canada). A
best-fit linear standard curve was developed for each plate (R2 ≥ 0.99), and these equations
were used to calculate GAG concentrations for samples on each plate.

2.9. Tissue Glycosaminoglycan

Explants harvested at baseline and after 120 h of culture were digested in papain
prior to analysis by 1,9-DMB. Cartilage explants were dried and weighed, and then each
disk was cut into 6–8 pieces and placed in microcentrifuge tubes. In each microcentrifuge
tube, 600 µL of working digestion solution was added containing 2.6 mg/mL ammonium
acetate, 0.38 mg/mL Na2EDTA·2H2O, 0.31 mg/mL DL-Dithiothreitol, and 40 µg/mL
papain (STEMCELL Technologies Canada Inc., Vancouver, BC, Canada). Samples were
placed in a shaking water bath for 72 h at 65 ◦C and checked every 24 h. After 72 h of
digestion, samples were frozen at −20 ◦C until further analysis of tissue GAG.

Tissue GAG concentration was determined using the same methods as media GAG
concentrations except tissue GAG concentrations were corrected based on a dilution factor
of 30 and as µg/mg of cartilage tissue.

2.10. Glycosaminoglycan Retention Index

A Glycosaminoglycan Retention Index (GRI) was calculated for each animal using the
following equation:

GRI = Tissue GAG − (∑media GAG for final 48 h of culture)

Values < 1 indicate net loss, and values > 1 indicate net retention.

2.11. Statistical Analyses

Data were analyzed using a two-way repeated-measures ANOVA (with respect to time
and treatment) to determine the effect of Gsim on each outcome measure. A Student t-test
was used to determine the effect of treatments on cell viability. When a significant F-ratio
was obtained, the Holm–Sidak post hoc test was used to identify differences between
treatments. Data are presented as mean ± SEM unless otherwise indicated. Any treatments
stimulated with LPS are designed with + (i.e., B+, T1+, T3+, and T5+). Significance was
accepted when p < 0.05.
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3. Results
3.1. Cell Viability

There was no significant effect of LPS stimulation or Gsim on cell viability in explants
at any dose (Figure 1).

Figure 1. Proportion of live cells within explants conditioned with Gsim (T1: 25.1 µg/mL; T3:
75.3 µg/mL; T5: 125.5 µg/mL) and an unconditioned control (B) in the presence (+) or absence
of lipopolysaccharide (LPS; 10 µg/mL). Data represent the final 48 h of a 120 h culture duration.
LPS-stimulated explants received LPS for the final 48 h.

3.2. Nitric Oxide

Conditioning of unstimulated explants with Gsim-T3 (75.3 µg/mL) significantly re-
duced media NO at 48 h (Figure 2a). There was no effect of Gsim on NO in stimulated
explants (Figure 2b).

 
(a)  (b) 

Figure 2. Nitric oxide production from explants conditioned with Gsim (T1: 25.1 µg/mL; T3:
75.3 µg/mL; T5: 125.5 µg/mL) and an unconditioned control (B) in the: (a) absence of; or
(b) presence of (+) lipopolysaccharide (LPS; 10 µg/mL). Data represent the final 48 h of a 120 h
culture duration. LPS-stimulated explants received LPS for the final 48 h. Lower case letters denote
significant difference between groups at a single time point; * denotes significant change from baseline
within a single treatment, p < 0.05).

3.3. PGE2

Conditioning of explants with Gsim had no significant effect on PGE2 from unstimu-
lated (Figure 3a) or stimulated (Figure 3b) explants. There were no effects of time or LPS
stimulation in any groups.
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(a)  (b) 

Figure 3. Prostaglandin-E2 production by explants conditioned with Gsim (T1: 25.1 µg/mL; T3:
75.3 µg/mL; T5: 125.5 µg/mL) and an unconditioned control (B) in the: (a) absence of; or (b) presence
of (+) lipopolysaccharide (LPS; 10 µg/mL). Data represent the final 48 h of a 120 h culture duration.
LPS-stimulated explants received LPS for the final 48 h.

3.4. Media Glycosaminoglycan

Conditioning of unstimulated explants with Gsim-T3 (75.3 µg/mL) and Gsim-T5
(125.5 µg/mL) significantly reduced media GAG at 24 h and 48 h (Figure 4a). Condi-
tioning of stimulated explants with Gsim-T5 (125.5 µg/mL) significantly reduced media
GAG at 48 h (Figure 4b).

 
(a)  (b) 

Figure 4. Glycosaminoglycan release from explants conditioned with Gsim (T1: 25.1 µg/mL;
T3: 75.3 µg/mL; T5: 125.5 µg/mL) and an unconditioned control (B) in the: (a) absence of; or
(b) presence of (+) lipopolysaccharide (LPS; 10 µg/mL). Data represent the final 48 h of a 120 h
culture duration. LPS-stimulated explants received LPS for the final 48 h. Lower case letters denote
significant difference between groups at a single time point; * denotes significant change from baseline
within a single treatment, p < 0.05).

3.5. Tissue Glycosaminoglycan

There were no significant effects of time or Gsim treatment on tissue GAG (Figure 5).
However, it is noteworthy that a dose–response pattern of Gsim was observed for increased
retention of tissue GAG in unstimulated explants.
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Figure 5. Glycosaminoglycan retention by explants conditioned with Gsim (T1: 25.1 µg/mL; T3: 75.3
µg/mL; T5: 125.5 µg/mL) and an unconditioned control (B) in the absence (black bars) or presence
(gray bars) of lipopolysaccharide (LPS; 10 µg/mL). Baseline explants were collected prior to 120 h of
culture, and all other explants were collected at the end of the 120 h culture duration.

3.6. Glycosaminoglycan Rention Index

Mean GRI was above 1.0 for all groups, indicating that explants from all animals had
a net increase in GAG retention regardless of treatment (Figure 6). The highest and lowest
GRI was Gsim-T3 (2.31 ± 0.42) and Gsim-T3+ (1.04 ± 0.42), respectively, and the difference
between these two groups was significant (p = 0.04). There were no other differences in
GRI between any other groups.

Figure 6. Glycosaminoglycan Retention Index [Tissue GAG / (∑media GAG of final 48 h of culture)]
by explants conditioned with Gsim (T1: 25.1 µg/mL; T3: 75.3 µg/mL; T5: 125.5 µg/mL) and an
unconditioned control (B) in the absence or presence (+) of lipopolysaccharide (LPS; 10 µg/mL).
Letters denote significantly different means (p < 0.05).

4. Discussion
The purpose of the current study was to extract glucosamine using simulated digestion

and hepatic biotransformation, and to quantify the effects of this extract on cartilage explant
responses to an inflammatory challenge. The main findings were that conditioning explants
with Gsim-T3 (75.3 µg/mL) and Gsim-T5 (125.5 µg/mL) resulted in a decrease in media
GAG, both in the presence and absence of LPS. Furthermore, the Gsim-T3 dose resulted in
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a significant increase in GRI compared with the same dose under LPS stimulation. There
was no effect of Gsim at any dose on PGE2 or NO.

The model described herein represents a significant improvement over conventional
explant models, primarily through the incorporation of simulated digestion and hepatic bio-
transformation steps. This model has been used to evaluate polyunsaturated fatty acids [18]
and bioactive plants [19,20], but this is the first time this model has been used to evaluate
glucosamine. This is of particular interest because unlike the former test articles, there is an
abundance of research on effects of glucosamine in cartilage explant without our modifica-
tions, allowing for extrapolations about the role of digestion/hepatic biotransformation
on bioactivity of the material. A key difference between the results reported herein and
those previously reported for glucosamine [6,7,15–17] is the lack of effect of glucosamine on
inflammatory biomarkers. We observed no effect of Gsim on PGE2 or NO, which is in direct
contrast with others who report a reduction in IL-1-induced PGE2 and/or NO in explants
conditioned with 2 mg/mL [2] or 5 µg/mL [16,22] glucosamine. This difference may arise
from differing glucosamine doses, or from the use of interleukin 1β as the inflammatory
stimulus [2] but may also reflect an effect of digestion/biotransformation/ultrafiltration on
bioactivity of glucosamine that was accounted for, at least in part, by our model. However
the previously reported effect of glucosamine on glycosaminoglycan dynamics was pre-
served in this model, and we contribute further evidence for the ability of this supplement
to protect cartilage structure in the face of an inflammatory challenge. The inhibitory
effect on LPS-induced GAG loss from explants was observed at Gsim-T3 (75.3) and Gsim-T5
(125.5 µg/mL), which is approximately equivalent to 25 and 42 g (respectively) for a 500 kg
horse (bioavailability notwithstanding). The Gsim-T3 treatment was also associated with
a significant increase in GAG retention in unstimulated explant tissue compared with
the same dose in LPS-stimulated explants. The process of explantation exposes cartilage
tissue to physical trauma, from which it progressively recovers over the transplantation
period [23]. Introduction of LPS into the system interrupts this recovery process and pro-
duces a model of injury, while the unstimulated explants continue to recover and produce
a model of ‘recovery’. That glucosamine (Gsim-T3 and Gsim-T5) markedly reduced GAG
loss into media in unstimulated explants, and explants exposed to Gsim-T3 had the highest
tissue GAG, is evidence that this dose of glucosamine reduced loss of GAG from cartilage
during recovery from injury. And while the difference between Gsim-T5+ and Gsim-T5 did
not reach statistical significance, it is plausible that this may have resulted from the higher
dose stimulating more LPS-mediated proteoglycan synthesis in stimulated explants, as has
been reported by others [13], which may have reduced the difference in GAG retention
between stimulated and unstimulated cartilage explants.

Like our observations of GAG and GAG retention, conditioning of explants with Gsim-
T3 also produced a significant decrease in nitric oxide produced by unstimulated explants,
but not by LPS-stimulated explants, providing further evidence for the role of glucosamine
in cartilage recovery from injury. While nitric oxide at high levels can induce cartilage break-
down during inflammation, low levels can promote cartilage development, demonstrating
its dualistic role in cartilage homeostasis [24]. Therefore, interest in therapeutic nitric oxide-
donating agents for the treatment of joint diseases like osteoarthritis has increased, but
mechanisms of action in the joint remain unclear [25,26]. Glucosamine has been shown to
reduce nitric oxide production via inhibition of nitric oxide synthase which likely explains
its role in promoting cartilage retention [27]. Others report significant inhibitory effects of
glucosamine on nitric oxide release by both unstimulated and stimulated explants [28], but
this may have resulted from use of interleukin-1 as a stimulus instead of LPS, and/or from
the use of a much higher dose (25 mg/mL) of glucosamine than was used in the current
study. It is possible also that the digestion/biotransformation/ultrafiltration processing
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that glucosamine underwent in the current study also contributed to the differences in
responses in the current study compared with earlier studies. Future research should
investigate this question through a tandem comparison of Gsim and glucosamine extracted
without digestion/biotransformation/ultrafiltration in cartilage explants. Alternatively,
a comparison of intravenous, intramuscular and/or intra-articular glucosamine effects
on nitric oxide in vivo with those obtained by dose-matched oral glucosamine could also
provide insight into this question. Intravenous administration of a product containing
glucosamine, hyaluronan and chondroitin sulfate resulted in significant worsening of
horses in which osteoarthritis had been induced [29], with marginal differences when the
chondroitin sulfate was replaced with pentosan sulfate [30]. However, it is unclear to what
degree the glucosamine alone contributed to these results. There are in vivo studies which
describe a very low bioavailability of glucosamine in horses (approximately 6%) [31,32], but
to the authors’ knowledge there are no publications which describe physiological effects of
pure glucosamine administered i.v., i.m. or intra-articular in horses, either as a treatment
or preventive for cartilage injury. Additionally, the mechanistic action of how digestion
and biotransformation impact the bioactivity of glucosamine remains unclear. One study
suggests that due to the poor bioavailability of glucosamine in humans, more of it remains
available for microbes in the colon which led to an observed shift in the gut microbiome
when fed with chondroitin sulfate [33]. As the digestion/biotransformation/ultrafiltration
steps used herein did not account for lower gastrointestinal tract digestion, we were unable
to determine if this could have impacted our results. Future studies in this area will provide
important insight into the ability of our model to account, at least in part, for the dietary
nature of glucosamine supplements.

Our study did not generate evidence for a post-hepatic effect of glucosamine on PGE2,
a key compound in pain signaling, either in the recovery model or the injury model. While
this conflicts with in vitro data [34–37], it is consistent with a large scale in vivo trial in
osteoarthritic humans which reports little to no effect of dietary glucosamine on pain [38],
poor evidence for any effect on pain in a meta-analysis [39], and a consensus statement
by the American College of Rheumatology/Arthritis Foundation which does not support
the use of glucosamine to manage pain of arthritis [40]. These types of studies do not
exist for horses, but future research in this area may contribute more information to the
effects of digestion/biotransformation/ultrafiltration on bioactivity of glucosamine and
allow more insight into the in vivo relevance of our data. Limitations of our study are that
while the simulated digestion protocol accounts for upper gastrointestinal tract digestion,
hepatic biotransformation, and ultrafiltration to account for the applicable particle-size
to enter the joint space, this method does not account for lower gastrointestinal tract
digestion and microbial metabolism. Additionally, this protocol in conjunction with the
cartilage explant model, assumes total and complete dispersion of the nutraceutical into
total body water and into the joint space, which may not be the case in an in vivo setting.
Regardless, refinement of the in vitro cartilage explant model can provide financially frugal
opportunities to explore the safety and efficacy of nutraceuticals in horses prior to their
application in vivo.

5. Conclusions
Data from this study provide evidence for the usefulness of glucosamine to preserve

cartilage structure during recovery from injury, through reduced GAG loss, higher GRI, and
lower NO production. The model described herein improves upon conventional cartilage
explant methodologies by incorporating simulated digestion, hepatic biotransformation,
and ultrafiltration steps and may present an opportunity to better predict the effects of these
biological processes on the bioactivity of glucosamine-based nutraceuticals. Additionally,
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this model provides the opportunity to reduce the financial risk of conducting expensive
in vivo trials, thereby increasing our plane of knowledge on the impact these nutraceuticals
may have on cartilage health in horses.
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