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Abstract

Background and Aims: Glucosamine sulphate (GS) can be used as background therapy in people
affected by knee osteoarthritis (OA). Knowledge regarding the efficacy and safety of GS is of
importance since its use worldwide is increasing. Therefore, the present study aimed to map
and grade the diverse health outcomes associated with GS using an umbrella review approach.
Methods: Medline, Cinahl and Embase databases were searched until 1 April 2020. An
umbrella review of systematic reviews and meta-analyses of randomized controlled trials
(RCTs) was carried out. The evidence from the RCTs was graded using the Grading of
Recommendations Assessment, Development and Evaluation (GRADE]) tool.

Results: From 140 articles returned, 11 systematic reviews, for a total of 21 outcomes (37
RCTs; 3949 participants; almost all using 1500 mg/day), were included. No systematic reviews/
meta-analyses of observational studies were included. Regarding the findings of the meta-
analyses, 9/17 outcomes were statistically significant, indicating that GS is more effective than
placebo. A high certainty of evidence, as assessed by GRADE, supported the use of GS (versus
placebo) in improving the Lequesne Index, joint space width change, joint space width change
after 3years of follow up, joint space narrowing and OA progression. No difference in terms of
adverse effects was found between GS and placebo. In systematic reviews, GS was associated
with a better glucose profile and a better physical function performance than placebo.
Conclusion: GS, when used as a prescription drug (i.e. crystalline glucosamine sulphate)

at 1500 mg daily dosage, can positively affect the cartilage structure, reduce pain, improve
function and glucose metabolism in people with knee OA, without having a greater incidence

of adverse effects than placebo.
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Introduction

Osteoarthritis (OA) is among the most common
diseases in older people, defined here as those
greater than or equal to 65years. This condition
is traditionally characterized by joint pain and
stiffness, with relevant consequences on func-
tional decline/disability and finally loss in quality
of life.1:2 In this regard, knee OA is the most com-
mon localisation within the symptomatic forms of
OA, affecting more than approximately 250 mil-
lion people worldwide, with symptomatic forms
occurring in 10% of men and 13% of women
aged 60years or older.>*

Currently, there is no definitive treatment for
knee OA. The current therapeutic approach com-
bines nonpharmacological and pharmacological
strategies that aim to improve function, decrease
pain and, if possible, improve structural aspects,
with limited adverse events.’ In this regard, symp-
tomatic slow-acting drugs for OA [such as chon-
droitin sulphate, glucosamine sulphate (GS),
hyaluronic acid and diacerein]® are an important
background therapy for people affected by knee
OA.™9 In this class of medications, however, dif-
ferent drugs exist exhibiting different pharmaco-
logical profiles.
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Glucosamine is a natural compound, present in dif-
ferent preparations. Briefly, glucosamine hydro-
chloride is used as nutraceutical or over-the-counter
(OTCQC) products.19 In contrast, GS is obtained only
by a proprietary semi-synthetic route and stabilisa-
tion process.!® GS is used only as a prescription
drug product, prescription crystalline glucosamine
sulphate (pCGS).1° However, multiple formula-
tions of GS are available,!! both as prescription-
grade and OTC products, with the latter having
small/varying amounts of glucosamine.!? Moreover,
GS is not available as a prescription-grade product
in all countries. Importantly, there is extensive and
increasing literature supporting the idea that only
pCGS is able to deliver consistently high glucosa-
mine bioavailability and plasma concentration in
humans.!3!4 In these experimental studies, the
measurement of glucosamine concentration in
patients affected by knee OA was also made as a
plasma peak (7.17uM) and as a site of action con-
centration (synovial fluid) equal to 4.34uM.!*
Plasma and synovial pCGS concentrations are
highly correlated and both are in 10uM range, a
cut-off that seems important for some actions of
pCGS, such as an anti-inflammatory effect!> that
finally results in clinical efficacy.>-16-22

In addition to the use of GS for people affected
with knee OA, GS may be an appropriate treat-
ment for other conditions. For example, GS is
used in hip OA?3:24 or in other forms of OA.25-27
Moreover, the difference in efficacy and adverse
effects incidence by prescription and OTC doses
is still unclear.

The aim of the present work was to evaluate,
through an umbrella review, the strength and
credibility of the evidence derived from system-
atic reviews and meta-analyses of observational
and/or intervention studies, that is, randomised
controlled trials (RCTs), and obtain a general
summary of their importance relative to health
outcomes and adverse effects, in order to inform
policies on the use of GS in humans.

Methods

This work followed a preplanned protocol
(PROSPERO link: CRD42020179570). The
Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA)2% recommenda-
tions and specific guidelines regarding how to
conduct an umbrella review?® were followed for
the reporting of this study.

Data sources and searches

An umbrella review was carried out,? systemati-
cally searching the Medline, Cinahl and Embase
databases from inception until 1 April 2020, using
the terms ‘systematic reviews/meta-analyses’ and
‘glucosamine’, as free vocabulary words and/or
controlled terms specific to each database, on a
central platform hosted at Anglia Ruskin University.
Reference lists of eligible articles and reviews in this
field were also searched, including systematic
reviews and meta-analyses under process.

Eligibility and selection criteria

We included systematic reviews, with or without
formal meta-analysis of RCTs, in which at least
one group used GS and one placebo reporting on
health outcomes, both in terms of efficacy and
safety. Only subjects taking GS only (not in com-
bination with other medications) versus those not
taking GS, independently from the length of
treatment (i.e. no requirement that RCTs should
be of a certain length was a priori set), were
included. We included systematic reviews (with
or without formal meta-analysis) that evaluated
observational studies with longitudinal (prospec-
tive or retrospective) designs. We excluded stud-
ies comparing GS with another similar medication
(e.g. chondroitin sulphate) or when GS was used
together with another active medication (e.g.
chondroitin sulphate).

Two reviewers (NV, JD) independently screened
title/abstracts and full texts for eligibility, and
when a consensus was not reached a third reviewer
(SM) was consulted.

Data extraction

The following information was extracted: PMID/
DOI, first author’s name, year of publication,
study design (cohort, case control, RCT), number
of included studies in each systematic review, the
specific population under investigation (i.e. gen-
eral population, subjects with OA and its location,
etc.), the dosage of GS, the health outcome(s), the
median follow-up period (in months), and for
RCTs the risk of bias in included studies, accord-
ing to the Cochrane review indications (high,
unclear, low).3! If an article presented separate
meta-analyses on more than one reported out-
come, each one was assessed separately. Duplicated
data from same papers were eliminated including
only the largest sample size of the RCTs.
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Next, the RCT-specific estimated estimates for
any adverse effects or negative outcome for both
systematic reviews and meta-analyses outcomes
[risk ratio, odds ratio (OR), hazard ratio, incident
risk ratio, standardized mean differences (SMDs),
mean differences (MDs)], along with their 95%
confidence intervals (CIs), were extracted.

Outcomes

Any efficacy/effectiveness outcome, adverse
events or adverse effects potentially associated
with GS use was included.

Risk of bias assessment

The methodological quality of each included sys-
tematic review was assessed using the Assessment of
Multiple Systematic Reviews (AMSTAR) 2 tool
(available at https://amstar.ca/Amstar-2.php), which
is a recent update of AMSTAR,32 by two independ-
ent investigators (JD, NV). The AMSTAR 2 ranks
the quality of a systematic review from critically low
to high according to 16 predefined items.

Data synthesis and analysis

For each meta-analysis, we re-estimated the sum-
mary effect size and its 95% CIs under the
assumption of a random-effects model. If the re-
calculated effect size differed from the published
effect size (e.g. in case of the use of a fixed-effects
model instead of a random-effects model), we
keep the re-calculated estimations. After the data
extraction, we re-calculated the overall summary
effect size, double checking with the original pub-
lished ones. We also estimated the prediction
intervals (PIs), which further accounts for
between-study effects and estimates the certainty
of the association if a new study addresses that
same association.33-35 Between-study inconsist-
ency was estimated with the I?2 metric, with values
>50% indicative of high heterogeneity and >75%
very large heterogeneity.3¢ We calculated the evi-
dence of small-study effects (i.e. whether small
studies inflated effect sizes) using the regression
asymmetry test?” with a p value < 0.10.38 We con-
sidered the effect size of the largest RCT included
for each outcome, determining if it was statisti-
cally significant (p value <0.05) or not.

All statistical analyses were conducted in Stata
Statistical Software, version 14.0 (StataCorp.,
College Station, TX, USA).

Grading the evidence

Evidence from meta-analyses of RCTs was
assessed in terms of the significance of the sum-
mary effect, using a p value <0.05 as the thresh-
old for statistical significance. When the p value
for the random-effects model was < 0.05, we
evaluated the evidence using the Grading of
Recommendations, Assessment, Development
and Evaluation (GRADE) assessment.?* Full
details regarding the GRADE assessment are
reported in Supplemental Table 1. We also
reported 95% PIs (excluding the null or not), the
presence of large heterogeneity (I2>50%), small-
study effects (p<<0.10) if the largest RCT in
terms of participants, and excess significance
(p>0.10) as possible indicators of quality of the
available evidence.

Sensitivity analyses

For outcomes of observational studies having a
class I/IT evidence, it was planned to conduct
sensitivity analyses including only cohort studies.
Moreover, for the outcomes of RCTs, it was
planned to stratify analyses for risk of bias of the
RCTs included using the original data if possible
or evaluating the risk of bias using the Cochrane
tool for risk of bias if not available in the original
meta-analysis. Finally, it was planned to stratify
the analyses of RCTs by prescription and not
prescription doses. However, no observational
studies were included and only prescription doses
(i.e. >750mg/day)%® were used. Only for one
outcome (pain in OA) was it possible to run a
sensitivity analysis, removing the RCTs at high
risk of bias.

Results

Literature review

The initial search yielded 180 articles. After
removing the duplicates, study selection com-
menced and 140 papers were evaluated, with 47
assessed as full text. As shown in the PRISMA
flowchart (Figure 1), 11 articles were finally inclu
ded,?1-41-50 that is, 3 systematic reviews without
meta-analysis, 1 network meta-analysis reporting
narrative data on GS and 7 meta-analyses, for a
total of 21 independent outcomes, as fully
reported in Table 1. No systematic review or
meta-analysis regarding observational studies was
included, that is, no observational studies met the
inclusion/exclusion criteria.
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g Full-text articles
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Protocol (n=1)
Wrong design (n=1)

Studies included in the
umbrella review
(n=11)

Figure 1. PRISMA flowchart for study selection.

GS, glucosamine sulphate; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-analyses.

Descriptive findings of the articles included

Table 1 summarises key descriptive findings
regarding the 11 articles included. Overall, 37
independent RCTs for a total of 3949 partici-
pants (1987 randomised to GS and 1962 to pla-
cebo), mainly affected by knee OA with a
Kellgren and Lawrence grade of 2 (definite
osteophytes and possible narrowing of joint
space) or 3 (moderate multiple osteophytes,
definite narrowing of joint space, some sclerosis
and possible deformity of bony ends) were
included. For each article included, the mean
number of RCTs included was 4 (range: 2-21)
for a median of 414 participants (range: 18—
2228). The median follow-up period was 3
months (range: 1.5-36). Almost all RCTs
(30/37), used the dosage of 1500 mg daily.

Main findings of the meta-analyses

Among the 17 outcomes included in the meta-
analyses, 9 were statistically significant (p < 0.05).
Overall, high heterogeneity (I2>50%) was pre-
sent in 8/17 outcomes, small-study effect was pre-
sent in only 1 outcome (i.e. the use of GS on pain
in people affected by OA). The largest RCT in
terms of participants was statistically significant
in 11/17 outcomes, as reported in Supplemental
Table 2. Finally, no outcome included in the
analysis had a 95% PI excluding the null value.

Table 2 shows the findings of the statistically sig-
nificant outcomes using the GRADE approach,
ranked by the level of evidence. A high certainty
of evidence, as assessed by GRADE, supported
the use of GS (versus placebo) in improving the
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Table 2. Summary of the findings according to the GRADE tool for randomized controlled trials.

Outcomes Anticipated absolute effects (95% Cl) Relative effect  Number of Certainty of the
(95% Cl) participants evidence (GRADE)
(studies)
Risk with  Risk with GS
placebo
Lequesne Index - SMD 0.363 SD higher (0.202 - 454 (3 RCTs) OPDP HIGH
higher to 0.524 higher])
JSW (at 3years) = SMD 0.432 SD higher (0.235 - 414 (2 RCTs) ©ODd HIGH
higher to 0.628 higher])
JS narrowing - SMD 0.41 SD higher (0.21 - 414 (2 RCTs) ©ODd HIGH
higher to 0.6 higher])
OA progression - - OR0.382 414 (2 RCTs) SOD® HIGH
(0.216-0.677)
JSW - SMD 0.25 SD higher (0.12 - 414 (2 RCTs) OPDD HIGH
higher to 0.38 higher])
WOMAC (total - MD 3.903 lower (7.418 lower to - 621 (6 RCTs) DD MODERATEP
score) 0.658 lower)
Pain VAS - MD 9.507 lower (17.128 lowerto - 538 (5 RCTs) &OOQO VERY LOWeab
1.797 lower)
Pain - SMD 0.646 SD lower (0.91 lower - 1772 (21 RCTs)  &@OOO VERY
to 0.382 lower) LOWa.d.e
Mobility - SMD 0.501 SD higher (0.091 - 100 (2 RCTs]) d&OOQO VERY LOWa<

higher to 0.912 higher]

2>30% of the RCTs included reporting high risk of bias.
b/2 between 50% and 75%.
cSample size, in each arm, fewer than 100 participants.

4/2>75%.

eEgger’s test (p value) <0.05.
Cl, confidence interval; GRADE, Grading of Recommendations, Assessment, Development and Evaluation; GS, glucose sulphate; JS, joint space;
JSW, joint space width; MD, mean difference; OA, osteoarthritis; OR, odds ratio; RCT, randomised controlled trial; SD, standard deviation; SMD,
standardised mean difference; VAS, visual analogue scale; WOMAC, Western Ontario and McMaster Universities Arthritis Index.

Lequesne Index (3 RCTs; 454 participants;
SMD=0.363; 95% CI: 0.202-0.524), the joint
space width change (2 RCTs; 414 participants;
SMD=0.250; 95% CI: 0.120-0.380), the joint
space width change after 3years of follow up (2
RCTs; 414 participants; SMD =0.432; 95% CI:
0.235-0.628), joint space narrowing (2 RCTs;
414 participants; SMD =0.410; 95% CI: 0.210—
0.600), and, finally, OA progression (2 RCTs;
414 participants; OR=0.382; 95% CI. 0.216—
0.677) (Table 2). A moderate certainty of evi-
dence supported the use of GS in improving the
Western Ontario and McMaster Universities
Arthritis Index (WOMACQC) (total score) (6 RCTs;
621 participants; MD=-3.903; 95% CI: -7.418
to —0.658), whilst a very low certainty of evidence
supported the use of GS in ameliorating pain (21

RCTs; 1772 participants; SMD =-0.646; 95%
CI: —0.910 to —0.382) (including when the visual
analogue scale was used; 5 RCTs; 538 partici-
pants; MD =-9.507; 95% CI: -17.128 to —1.797)
and mobility (2 RCTs; 100 participants;
SMD=0.501; 95% CI: 0.09-0.912).

A sensitivity analysis was carried out for the out-
come pain. A total of 10 RCTs at high risk of bias
were removed, the re-calculated SMD was —0.298
(11 RCTs; n=1493; 95% CI: —-0.546; —0.05);
however, no differences in terms of heterogeneity
(I?=87%) or prediction intervals (—0.84 to 0.28)
was observed.

Of importance, as shown in Supplemental Table 2,
no significant differences in terms of adverse events
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No significant difference between placebo

and GS

59

29

30

Pain

TMJ OA

Systematic
review

Melo et al.48

No significant difference between placebo
and GS for pain and physical function

250

125

125

Pain

Systematic Spine OA

review

Sodha

et al.4

GS, glucosamine sulphate; KOA, knee osteoarthritis; OA, osteoarthritis; RCT, randomised controlled trial; TMJ OA, temporomandibular joint osteoarthritis.

between GS and placebo were observed (5 RCTs;
632 participants; OR=1.236; 95% CI: 0.623-
2.454; p=0.54).

Findings from the narrative systematic reviews

As shown in Table 3, of the four outcomes included
in the systematic reviews without meta-analysis,
GS was associated with a better glucose profile*?
and a better physical function performance com-
pared with placebo.#® On the contrary, when peo-
ple suffering from spine or temporomandibular
joint OA were included no significant effect of GS
on physical function or pain was observed.4448

Quality assessment

The assessment of the risk of bias in the meta-
analyses included is fully reported in Supplemental
Table 3. Four systematic reviews/meta-analyses
were adjudicated as having high (i.e. one noncriti-
cal weakness) confidence of the results found,
whilst, for the others, one was low (i.e. one criti-
cal flaw with or without noncritical weaknesses)
and six were critically low (i.e. having more than
one critical flaw with or without noncritical
weaknesses).

Discussion

In this umbrella review, including 11 systematic
reviews comprising 37 RCTs, the current research
regarding GS and health outcomes in humans is
reported. Overall, the findings suggest that GS is a
safe product and, when used as prescription drug
at 1500 mg/daily dosage, is able to positively mod-
ify the cartilage structure, reduce pain and improve
function in people with knee OA, without having a
greater incidence of adverse effects than placebo.
The efficacy of GS was supported by different
degrees of certainty of evidence, according to the
GRADE evaluation, similar to that made in the
2019 European Society for Clinical and Economic
Aspects of Osteoporosis, Osteoarthritis and
Musculoskeletal Diseases (ESCEO) updated algo-
rithm, which supports the use of prescription GS
as background therapy for knee OA.53 Altogether,
our findings suggest that GS might provide clinical
benefits at 1500 mg/daily; we should differentiate
the formulation of GS that is essential for maximis-
ing the clinical benefit, patient adherence and sat-
isfaction with treatment.!®

GS is widely used, particularly in older people, for
the treatment of knee OA and its global use is
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https://journals.sagepub.com/home/tab

Therapeutic Advances in Musculoskeletal Disease 12

increasing overall.5%55 The present umbrella review
supports the assumption that, when compared
with placebo, GS is able to delay the joint space
narrowing, finally resulting in a minor OA progres-
sion. This analysis showed that in two RCTs,16:17
those randomised to GS had a 62% reduction in
OA progression compared with those randomised
to placebo. This evidence is supported by a high
certainty of evidence, meaning that the role of
potential biases is limited. These effects may be
explained through several mechanisms. First, GS
is able to reduce inflammatory parameters, in par-
ticular IL-1.56 In this regard, GS, if it reaches
appropriate doses in blood and cartilage cells, can
positively interfere with the IL-1 intracellular sig-
nalling pathway and gene expression.>® However,
the dose-dependent effect of GS on IL-1B-induced
gene expression of stromelysin-1 (MMP-3) and
aggrecanase-2 (ADAMTS5) in human chondro-
cytes is optimised at clinically relevant concentra-
tions (~10uM) that can be obtained only at
pharmacological doses of GS.57 Through this
mechanism, GS is able to reduce the degradation
of cartilage, therefore improving the cartilage
structure of the knee.

However, GS is able, according to this umbrella
review, to improve clinical outcomes commonly
affected in knee OA. In particular, it was found
that GS is able to improve the Lequesne Index,>8 a
tool that evaluates several aspects compromised in
OA, including activities of daily living, pain and
physical function. In this sense, this umbrella
review indicates that GS is able to reduce pain and
disability, however, this evidence is supported by a
lower certainty of evidence according to GRADE.
Traditionally, Cohen defined an effect size of 0.20
as small, 0.50 as moderate and 0.80 or greater as
large.>® Given this, the effect of GS, compared
with placebo, is ranked between small and moder-
ate. However, as already discussed in other rele-
vant papers,’!! these effects are almost doubled
those of paracetamol,® a common medication
used for knee OA pain-relief treatment. Moreover,
other medications commonly used for the treat-
ment of knee OA have a similar effect as observed
for GS, as indicated in the recent network meta-
analysis of Gregori ez al. in which GS and celecoxib
were the only long-term OA treatments associated
with pain reduction [effect size (ES)=0.29 and
ES=0.18, respectively].46

Another important aspect of this umbrella review
is the potential association between GS and favour-
able glucose profile. Glucosamine, in fact, is an

amino sugar, therefore, one might claim that this
medication can lead to hyperglycaemia, insulin
resistance and finally to diabetes by overactivating
the hexosamine pathway.®! In this sense, however,
a large RCT comprising 407 overweight and obese
women, followed up for 2.5years, reported that
there was no significant effect of a 2.5-year GS
intervention on mean glycosylated haemoglobin
level.%2 Present data, although limited by the narra-
tive nature of the review, confirmed that GS is safe
from a metabolic point of view, being in agreement
with a large longitudinal study using the UK
Biobank showing that the use of GS in OA is asso-
ciated with a lower incidence of diabetes, over
8years of follow up.%3 In the same database, it is
reported that GS can lead to a reduction in cardio-
vascular disease®* and all-cause and specific-cause
mortality.> Further studies are encouraged in
order to confirm these promising findings, since in
the UK Biobank the data are reported for different
glucosamine preparations and not specifically for
GS. Regarding the mechanisms of action that can
justify these epidemiological findings, we can argue
that GS may interfere with some pro-inflammatory
pathways such as nuclear factor kappa-B, mitogen-
activated protein kinase and phosphatidyl-inositol-
3-kinase-dependent pathways%%:67 that are usually
involved in the pathogenesis of diabetes.58

Finally, our umbrella review is, in our opinion,
important since GS use was associated with a
similar incidence in adverse effects, compared
with placebo, suggesting that its use is safe. One
pivotal meta-analysis regarding this topic and
included in this umbrella review, in fact, reports
that the use of pCGS is not associated with a
higher incidence of total and specific gastrointes-
tinal, skin and subcutaneous tissue, renal and uri-
nary adverse events when compared with
placebo.>0 The topic of safety for medications is
clinically relevant, particularly in older people, in
which knee OA is widely diffused. It is known
that the median age of knee OA detection is
55years and typically people with this condition
live about 30 years with the disease.®® Therefore,
to have medications with a good safety profile is
of importance, but still debated in geriatric medi-
cine since older people often use a high number
of medications (polypharmacy) that may have
unwanted interactions.

Findings from the present review should be inter-
preted in light of its limitations. First, the use of
already established tools for quality assessment of
evidence, which indirectly rely on the data

journals.sagepub.com/home/tab


https://journals.sagepub.com/home/tab

N Veronese, J Demurtas et al.

reported in the selected articles, can cumulatively
bring some biases. In order to overcome these
potential biases we used low heterogeneity in the
GRADE assessment as one of the criteria for high
certainty of level. However, I? estimates can also
carry substantial uncertainty in terms of clinical
parameters. Second, meta-analyses might have
important limitations”® and their results depend
on the choice of estimate from each primary study
and its representation in the meta-analysis. In this
regard, an umbrella review is totally dependent
on the quality of the systematic reviews/meta-
analyses performed and mainly the ‘exhaustive’
character of these systematic reviews/meta-
analyses; for example, if the search strategies were
not exhaustive, some important studies may have
been missed. Moreover, it is also possible that
some recent RCTs have not been included in this
work. Third, the meta-analyses included in this
umbrella review reported data on a median of
four RCTs, independently from the follow-up
duration. This work should encourage further
intervention research on GS, particularly in forms
of OA other than knee OA. At the same time, this
work has some important strengths, including the
fact that, differently from previously published lit-
erature, only GS (and not other forms of glucosa-
mine) was included and the safety profile of GS in
humans is confirmed. Finally, we were not able to
analyse the economic aspects of GS, since no sys-
tematic review has been published, which is
indeed of great clinical importance.%7172

In conclusion, the present umbrella review sug-
gests that prescription GS, when used at 1500 mg/
daily dosage, can positively affect the cartilage
structure and improve the pain and function in
people with knee OA, without having a greater
incidence of adverse effects than placebo, indicat-
ing a possible role in older people. Moreover,
some promising results indicated that GS is asso-
ciated with a better glucose profile than placebo.
Opverall, these findings encourage further research
regarding GS and other forms of OA not affecting
the knee.
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