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Abstract

Objectives: Glucosamine and chondroitin supplements have been associated with reduced inflammation, as
measured by C-reactive protein (CRP). It is unclear if associations vary by formulation (glucosamine alone vs.
glucosamine+chondroitin), form (glucosamine hydrochloride vs. glucosamine sulfate), or dose.

Design, Subjects, Setting, Location: The authors evaluated these questions using cross-sectional data col-
lected between 1999 and 2010 on 21,917 US adults, surveyed as part of the National Health and Nutrition
Examination Survey (NHANES).

Exposures: Glucosamine and chondroitin use was assessed during an in-home interview; exposures include
supplement formulation, form, and dose.

Outcome/Analysis: CRP was measured using blood collected at interview. Survey-weighted linear regression
was used to evaluate the multivariable-adjusted association between exposures and log-transformed CRP.

Results: In early years (1999–2004), use of glucosamine (ratio = 0.87; 95% confidence interval [CI] = 0.79–
0.96) and chondroitin (ratio = 0.83; 95% CI = 0.72–0.95) was associated with reduced CRP. However, associ-
ations significantly varied by calendar time ( p-interaction = 0.04 and p-interaction = 0.01, respectively), with
associations nonsignificant in later years (ratio = 1.09; 95% CI = 0.94–1.28 and ratio = 1.16; 95% CI = 0.99–1.35,
respectively). Consequently, all analyses have been stratified by calendar time. Associations did not signifi-
cantly differ by formulation in either set of years; however, significant associations were observed for com-
bined use of glucosamine+chondroitin (ratioearly = 0.82; 95% CI = 0.72–0.95; ratiolate = 1.16; 1.00–1.35), but not
glucosamine alone. Associations also did not significantly differ by supplement form. Even so, a signifi-
cant inverse association was observed only for glucosamine sulfate in the early years (ratio = 0.78; 95% CI =
0.64–0.95); no significant association was observed for glucosamine hydrochloride. No significant trends were
observed by dose.

Conclusions: Although a significant inverse association was observed for glucosamine and chondroitin
and CRP in early years, this association did not hold in later years. This pattern held for combined use of
glucosamine+chondroitin as well as glucosamine sulfate, although associations did not significantly vary by
supplement form, formulation, or dose. Further study is needed to better understand these associations in the
context of calendar time.
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Introduction

Often taken for osteoarthritis, glucosamine and
chondroitin are commonly used nonvitamin nonmineral

supplements.1,2 Although the effectiveness of these supple-
ments for joint pain and function remains controversial,3–9 a
growing body of evidence suggests that glucosamine and
chondroitin have anti-inflammatory properties.10–32 In vitro
models have shown that glucosamine and chondroitin inhibit
the activity of nuclear factor kappa B (NFkB), a transcrip-
tion factor central to the inflammatory cascade, in a dose-
dependent manner; specifically, research suggests that these
supplements act to inhibit the degradation of NFkB inhibitory
subunit, IkB, blocking NFkB from translocating to the nu-
cleus.10,11,33 Supporting research from animal studies has
demonstrated that administration of glucosamine/chondroitin
reduces inflammatory markers downstream of NFkB.21–26

Several studies have evaluated whether the anti-inflammatory
effect extends to humans.29–31,34,35 Two prior observational
studies suggest glucosamine/chondroitin to be associated
with reduced concentration of C-reactive protein (CRP), a
nonspecific marker of systemic inflammation.29,30 These
results are consistent with those from a small double-
blinded randomized placebo-controlled crossover trial in
which the intervention was 1500 mg of glucosamine hy-
drochloride +1200 mg of chondroitin sulfate, administered
over a 28-day period.31 A proteomics analysis from this
randomized controlled trial further revealed that the path-
way most different between the intervention and placebo
was the ‘‘cytokine activity’’ pathway ( p = 2.6 · 10–16), sup-
porting the hypothesis that glucosamine/chondroitin may re-
duce inflammation.

Further, in a trial of 53 osteoarthritic patients, 1500 mg of
glucosamine hydrochloride +675 mg of chondroitin signifi-
cantly reduced concentration of inflammatory marker,
prostaglandin E2.34 However, in a trial of 51 patients with
rheumatoid arthritis, 1500 mg of glucosamine hydrochloride
did not reduce CRP.35 The intervention was glucosamine
alone (rather than glucosamine+chondroitin) and study
participants were able to continue taking their normal drugs.
It is unclear if the lack of association is due to the choice of
supplement formulation (glucosamine alone), form (glu-
cosamine hydrochloride), study design (e.g., rheumatoid
arthritis patients often take strong anti-inflammatories, and
continued use of these drugs would likely conceal differ-
ences between groups), or other factors.

Despite a growing body of evidence to suggest that use of
glucosamine/chondroitin is associated with reduced in-
flammation, it is unclear what characteristics of exposure
may be driving the observed association. Research has also
demonstrated an inverse association with risk of colorectal
cancer and lung cancer36–40; as inflammation is thought to
play a role in the development of these cancers,41–46 this
may offer a plausible biologic mechanism by which these
supplements may reduce risk. Better understanding the
characteristics of exposure associated with inflammation
is critical to moving this body of research forward. The
authors, therefore, evaluated the association between glu-

cosamine and chondroitin use in relation to CRP, by sup-
plement form, formulation, and dose in the National Health
and Nutrition Examination Survey (NHANES).

Methods

Study population

NHANES is a nationally representative cross-sectional
survey of persons living in the United States.47 This analysis
used data from cycles for which relevant data were avail-
able (1999–2000 to 2009–2010). Information was collected
during an in-home interview, with further data collection,
physical examination, and blood collection performed at
Mobile Examination Centers.

This analysis includes persons ‡25 years of age who
completed both the in-home interview and blood collection
(n = 26,253); pregnant women were excluded (n = 1398). The
authors further excluded high CRP outliers (top 2% of age-
gender-body mass index [BMI] groups) to exclude acutely ill
persons (n = 542), as well as those with unreliable diet data
(as determined by NHANES; n = 870), those missing infor-
mation on supplement use (n = 67), and those missing cov-
ariates (n = 1459), resulting in a final n = 21,917.

Exposure

The NHANES interview includes a series of questions
related to use of dietary supplements, from which supple-
ment form, formulation, and dose was assessed.48 Partici-
pants indicating use of supplements in the 30 days prior
were asked to show the interviewer the bottles of each
supplement used. When containers were not seen, partici-
pants were asked to recall each product taken. This infor-
mation was linked to a supplement database, which includes
detailed information on ingredients and dose.

Use (yes vs. no) of glucosamine and chondroitin was
defined as use in the 30 days prior. The authors used this
information to determine whether a person used glucos-
amine (yes vs. no) and chondroitin (yes vs. no), and further
examined associations for supplement formulation (catego-
rized as use of both glucosamine+chondroitin, glucosamine
alone, or neither, with neither as the reference).

A separate analysis, restricted to users, was conducted to
calculate a p-value for the difference between glucos-
amine+chondroitin versus glucosamine alone. Use of chon-
droitin alone cannot be studied, given the very small number of
people taking chondroitin in the absence of glucosamine.
Consequently, the association for chondroitin (yes vs. no) is
essentially the same as glucosamine+chondroitin. However, the
authors have maintained the presentation of overall chondroitin
use so as to facilitate ease of comparison with prior studies
before evaluating associations by formulation, form, and dose.

In analyses of supplement form, use of glucosamine was
defined as glucosamine sulfate or glucosamine hydrochlo-
ride. The authors excluded persons for whom supplement
form was not known (n = 155) and those who reported use of
glucosamine sulfate and glucosamine hydrochloride (n = 25).
Again, a three-level categorical exposure was used, with no
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use as the reference group. In a separate model limited to
glucosamine users, the authors compared users of glucos-
amine sulfate with users of glucosamine hydrochloride to
assess the statistical significance of glucosamine form.

For dose, the authors used information on the mg of
glucosamine/chondroitin contained per pill and the number
of pills taken per day to get the average mg/day consumed,
with users categorized as follows: glucosamine (<800 mg/day,
800 to <1200 mg/day, 1200+ mg/day), chondroitin (<500 mg/
day, 500 to <1000 mg/day, 1000+ mg/day). These analyses
were limited to users. In exploratory analyses of duration,
categories defined as follows: glucosamine (£1 year, >1 to
£4 years, >4 years), chondroitin (£1 year, >1 to £3 years, >3
years), with the p-trend calculated among users for whom
this information was available.

Outcome

CRP, an acute-phase protein synthesized as a result of
inflammation, was assessed at the time of interview. CRP
has been associated with both risk of CRC in meta-analyses
of prospective studies49 and has been associated with use of
glucosamine/chondroitin in prior studies.29,30 In NHANES,
serum high-sensitivity CRP (hsCRP) was measured using
latex-enhanced nephelometry.50

Statistical analysis

To normalize the right-skewed distribution of hsCRP, values
were log-transformed using the natural logarithm. Linear re-
gression was used to model the association between exposure
and log-transformed hsCRP. Minimally adjusted models include
gender and age; fully adjusted models additionally include
race/ethnicity, education, smoking, BMI, physical activity,
prescription nonsteroidal anti-inflammatory drug (NSAID) use,
any prescription steroid use, vitamin E use, alcohol intake, coffee
intake, fiber intake, saturated fat intake, dietary omega-3 intake,
omega-3 supplement use, dietary omega-6 intake, statin use,
cancer, diabetes, heart disease, arthritis, and survey cycle. De-
tailed covariate information is provided in table footnotes.

Given that information on use of any aspirin or nonaspirin
NSAID use was only available for a subset of cycles (1999–
2004), the authors conducted a sensitivity analysis restricted
to these cycles and found that their inclusion did not
meaningfully change effect estimates; therefore, these var-
iables have not been included in the final models.

Results are presented as the exponentiated beta-coefficients,
representing the ratio of geometric mean hsCRP concen-
trations among persons in the category of interest to those in
the reference category.30 As NHANES is a stratified com-
plex multistage probability-based survey that oversamples
certain population subgroups, all participants have been
assigned analytic weights to account for unequal sampling
probability and nonresponse.

All analyses are stratified by time (early years: 1999–
2004 and later years: 2005–2010), given significant effect
modification by calendar time. To further shed light on as-
sociations and understand variation by time, the authors
have explored interaction of glucosamine+chondroitin use
and CRP by the following factors: age, gender, BMI, health
status, and physical activity.

Data were collected by the National Center for Health
Statistics. As de-identified data are publicly available for

download,47 the Memorial Sloan Kettering Institutional
Review Board determined that this did not constitute human
subjects research. Analyses were conducted using Stata 15
(StataCorp, College Station, TX).

Results

As shown in Table 1, glucosamine+chondroitin users are
more likely than nonusers to be older, non-Hispanic white,
and highly educated. These patterns do not vary over cal-
endar time. Distributions of additional variables are shown
in Supplementary Table S1. Most distributions were com-
parable by time, with some exceptions. For example, in the
early years (1999–2004), glucosamine+chondroitin users
and nonusers were comparable with regard to health sta-
tus, with 18% of glucosamine+chondroitin users reporting
poor/fair health status, as compared with 17.3% of non-
users. However, in later years (2005–2010), glucosamine+
chondroitin users were less likely to report fair/poor health
status than nonusers (10.1% vs. 17.9%, respectively). A
similar pattern was observed for diabetes.

The association between glucosamine and CRP varied
by calendar time ( p-interaction = 0.04), with a statistically sig-
nificant inverse association between glucosamine and CRP in
early years (ratio = 0.87; 95% confidence interval [CI] = 0.79–
0.96), and no association in later years (ratio = 1.09; 95%
CI = 0.94–1.28) (Table 2). A comparable pattern was observed
for chondroitin ( p-interaction = 0.01), again with a significant
inverse association in early years (ratio = 0.83; 95% CI = 0.72–
0.95) and a nonsignificant positive association in later years
(ratio = 1.16; 95% CI = 0.99–1.35).

When examined by supplement formulation, the authors
observed a significant inverse association for use of glu-
cosamine+chondroitin as compared with use of neither in
early years (ratio = 0.82; 95% CI = 0.72–0.95); no associa-
tion was observed for use of glucosamine alone (ratio =
0.96; 95% CI = 0.80–1.14); however, the difference between
combined use and use of glucosamine alone did not reach
statistical significance ( p-value = 0.12). Conversely, a positive
association was observed for combined use of glucosamine+
chondroitin in the later years (ratio = 1.16; 95% CI = 1.00–
1.35), again with no association observed for glucosamine
alone (ratio = 0.95; 95% CI = 0.74–1.22). Again, the direct
comparison of glucosamine+chondroitin as compared with
glucosamine alone in later years was not statistically sig-
nificant ( p-value = 0.08). The interaction across years was
significant ( p-interaction = 0.03).

In early years, there was a statistically significant inverse
association for glucosamine sulfate and CRP (ratio = 0.78;
95% CI = 0.64–0.95) and a nonsignificant inverse associa-
tion was observed between glucosamine hydrochloride and
CRP (ratio = 0.86; 95% CI = 0.72–1.05); the difference by
supplement form was not significant ( p-value = 0.21). No
significant associations were observed by supplement form
in later years ( p-value = 0.38). A p-interaction = 0.05 was
observed for the interaction between supplement form and
calendar time.

When examining associations by dose, no statistically
significant associations were observed in early years or in
later years, nor did the association significantly vary by
time. Furthermore, no significant associations were observed
in exploratory analyses of duration in early or later years.
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No significant interaction was observed between glucos-
amine+chondroitin and age, gender, BMI, health status, or
physical activity within either time period (Supplementary
Tables S2 and S3).

Discussion

In this nationally representative survey, the authors observed
no clear overall pattern of association between glucosamine and
chondroitin and CRP, by supplement formulation, form, and
dose—in large part, due to unexpected strong effect modifica-
tion by time. Specifically, they observed a significant inverse
association for glucosamine/chondroitin in early years, and an
unexpected null association in later years.

Although the geometric mean of CRP did not significantly
differ when directly comparing users of glucosamine+chon-
droitin to users of glucosamine alone, it should be noted that
as compared with nonuse significant associations were ob-
served for use of glucosamine+chondroitin (inverse associa-
tion with CRP in early years, positive association in later
years), whereas no significant associations were observed for
use of glucosamine alone. Associations with CRP did not
significantly differ when directly comparing supplements by
form (glucosamine sulfate vs. hydrochloride), although a
significant inverse association was only observed for glucos-
amine sulfate in the early years. No significant trends were
observed by dose, nor in exploratory analyses of duration.

In this study, the authors observed an inverse association
between use of glucosamine and CRP in the early years,
with a null association in later years. A comparable pattern
of association was observed for chondroitin use. Although
the inverse association in early years aligned with expec-
tation and the prior literature,29–31,34 it is unclear why the
association changed over time.

It is conceivable that this pattern may be driven by changing
characteristics of exposure over time. In this study, the authors
have evaluated patterns by supplement formulation, form, and
dose, but it is possible that there are other unmeasured charac-
teristics of exposure, such as supplement quality, which have
changed over time. It is also possible the factors associated with
use have changed over time in a way not captured by covariate
adjustment, resulting in the observed pattern of association. For
example, if there is an unmeasured healthy behavior more
strongly associated with use in the early years, such a variable
could potentially explain the pattern of results if also associated
with CRP. However, the authors have carefully adjusted for
many healthy behaviors, and it is hard to imagine a variable that
could explain this pattern of results.

It is also possible that there may be an effect modifier that
changed in prevalence over time, which could explain ob-
served pattern of association; however, there was no evi-
dence of effect modification for the factors examined.
Although this pattern of results does raise the potential of
bias or chance, it should be noted that the prior literature
does largely support an inverse association with inflamma-
tion, including two small trials (which should not be subject
to concerns of residual confounding).29–31,34,35

When evaluating whether the association varied by sup-
plement formulation, the authors observed no significant
difference in the geometric mean CRP for users of glucos-
amine+chondroitin as compared with users of glucosamine
alone. This held in both early and later years. However, it

should be noted that the significant associations were only
observed for glucosamine+chondroitin (inverse in early
years, positive in later years), with no significant associa-
tions observed for glucosamine alone. Approximately 70%
of glucosamine in the U.S. population is taken in conjunc-
tion with chondroitin and nearly all chondroitin is taken
with glucosamine (a reflection of the supplement products
available on the market). Thus, the sample size is smaller for
glucosamine alone and the authors cannot rule out modest
effect estimates pertaining to use of glucosamine alone.

However, this pattern in the early years is consistent with
what has been observed elsewhere: in exploratory analyses
conducted in studies of inflammation, oxidative stress, and
CRC, the association has been consistently stronger for
glucosamine+chondroitin than for glucosamine alone.29,36,37,51

These analyses suggest that the biologic effect may be dri-
ven by chondroitin or the combination of glucosamine+
chondroitin, rather than glucosamine alone; however, prior
exploratory analyses of glucosamine alone were quite un-
derpowered, with wide CIs limiting the interpretation of
the null association for glucosamine alone.

Even so, it is unclear why the association for
glucosamine/chondroitin would change direction over time. It
is possible that this pattern reflects some change in the glucos-
amine+chondroitin supplements available (or the chondroitin
component). It is also possible that the association between
glucosamine+chondroitin and CRP could be differentially
confounded in early and late years. Further research in a large
study will be needed to better understand this question, prefer-
ably one with recent data to reflect current patterns of use.

Associations also did not significantly differ by supplement
form (glucosamine sulfate vs. hydrochloride). However, the
significant inverse association in the early years was only
observed for glucosamine sulfate, with no significant associ-
ation observed for glucosamine hydrochloride. Although trials
have largely used glucosamine hydrochloride as the experi-
mental agent,3,31,34,35 glucosamine sulfate accounts for *30%
of use in the population, and it was unknown if the association
with inflammation differs by supplement form. In this study,
there is some suggestion that the early inverse association is
reflected by glucosamine sulfate, although a nonsignificant
inverse association was also observed for glucosamine hy-
drochloride in the early years.

Although prior studies have not directly compared glu-
cosamine hydrochloride and sulfate, prior trials of inflam-
mation have used glucosamine hydrochloride and have
observed significant reductions in inflammation, unlike this
study. No significant associations were observed in later
years. Again, an explanation for why this pattern was ob-
served over time remains unclear. It is possible that there is
a change to the quality of supplements over time or some
other change to an unmeasured characteristic of these sup-
plements or their users. Although the authors have been
extensive with covariates included, it is possible that there is
an unknown/unmeasured factor differentially confounding
results over time, given changes in prevalence and/or changes
in the strength of association with either the exposure or
outcome. The impact of chance also cannot be ruled out.

The authors also evaluated whether the relationship be-
tween glucosamine/chondroitin and CRP strengthened with
increasing dose. Evidence of a ‘‘dose–response’’ relation-
ship would lend credibility to a true biologic effect, while
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also informing the dose needed to observe an association
with inflammation. In this study, no such significant trend
was observed, raising a question about whether the inverse
association in early years might reflect bias or chance, rather
than a true causal association. A similar pattern was ob-
served in exploratory analyses of duration. Given the lack
of prior study on these specific questions, they should be
evaluated in a contemporary large study.

This study leverages rich data on supplement use in a
large nationally representative population of U.S. adults.
NHANES has extensive covariate data, enabling a well-
controlled analysis. This is the first study to evaluate whe-
ther the association between glucosamine and chondroitin
and inflammation varies by supplement form and dose, and
offers a large sample size to evaluate whether the associa-
tion varies by supplement formulation—a question only
previously evaluated in small exploratory analyses.

Given strong effect modification by time, all results had
to be stratified by time, cutting power to evaluate associa-
tions of interest, also precluding defining exposure by reg-
ular use, so as to not further reduce power. However, most
glucosamine/chondroitin users take the supplements regu-
larly.2 In exploratory analyses, duration was assessed for the
particular supplement used, and may not reflect total dura-
tion of use of a given ingredient; thus, these duration-
specific analyses should be interpreted as exploratory. Al-
though supplement use was assessed in the prior 30 days
(reflecting exposure before CRP measurement), it is always
possible that use in this period may not reflect use in the
etiologically relevant timeframe. Finally, although the au-
thors have taken extensive effort in covariate adjustment, it
is conceivable that there is some residual confounding, and
if the degree of confounding varies over time, this could
give rise to the unexpected change in association over time.

In conclusion, in this nationally representative study, the
authors observed no clear pattern of association between
glucosamine and chondroitin use and CRP, largely due to
the unexpected variation over calendar time. Although in-
verse associations in early years support prior study, null
and/or positive associations in later years suggest that fur-
ther research is needed to better understand why these
associations changed over time, and if they reflect a true
change in exposure, bias, or chance.
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