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BACKGROUND: Glucosamine is a widely used supplement for treating osteoarthritis and joint pain. New evidence suggests a
potential association between glucosamine and type 2 diabetes, inflammation and cardiometabolic risk. We aimed to prospectively
evaluate the association of habitual glucosamine use with risk of diabetic microvascular complications based on data from the
large-scale nationwide prospective UK Biobank cohort study.
METHODS: This analysis included 21,171 participants with type 2 diabetes who were free of microvascular complications from the
UK Biobank. Incidence of diabetic microvascular complications was ascertained via electronic health records. The Cox proportional
hazards model was used to assess the relationship between glucosamine use and the risk of diabetic microvascular complications.
Subgroup analyses and sensitivity analyses were performed to explore the potential effect modifications and the robustness of the
main findings.
RESULTS: At baseline, 14.5% of the participants reported habitual use of glucosamine supplements. During a median follow-up of
12.3 years, 4399 people developed diabetic microvascular complications, including 2084 cases of incident diabetic nephropathy,
2401 incident diabetic retinopathy, and 831 incident diabetic neuropathy. Glucosamine use was significantly associated with lower
risks of composite microvascular complications (hazard ratio (HR) 0.89, 95% CI: 0.81 to 0.97) and diabetic nephropathy (HR 0.87, 95%
CI: 0.76 to 0.98) in fully adjusted models. However, there was no significant inverse association between glucosamine use and the
risk of diabetic retinopathy (HR 0.94, 95% CI: 0.83 to 1.06) or diabetic neuropathy (HR 0.88, 95% CI: 0.71 to 1.08).
CONCLUSIONS: Habitual use of glucosamine supplement was significantly associated with lower risks of composite microvascular
complications and diabetic nephropathy but not retinopathy or neuropathy in individuals with type 2 diabetes.
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INTRODUCTION
Type 2 diabetes (T2D) mellitus is a complex metabolic disorder with
multiple metabolic and homeostatic disturbances that occur during
the course of the disease and persist over time. About 537 million
adults worldwide have diabetes, the majority of whom have T2D,
and this number is projected to increase to 783 million by 2045 [1].
Diabetic microvascular complications, including diabetic nephro-
pathy, diabetic retinopathy, and diabetic neuropathy, lead to
increased mortality, renal failure, blindness and overall reduced
quality of life in people with diabetes mellitus [2]. Therefore, it is
crucial to identify cost-effective strategies to prevent and slow the
progression of microvascular complications in diabetic patients.
Glucosamine is a commonly used supplement for relieving

osteoarthritis and joint pain [3]. About 20% of adults in the United
States and Australia consume it daily [4, 5]. Although the efficacy
of glucosamine for osteoarthritis and joint pain remains debated,

several recent epidemiological studies have shown that glucosa-
mine reduces the risk of a number of diseases, such as
cardiovascular disease, type 2 diabetes and lung cancer [5–7]. A
3-year clinical trial of 212 participants showed a slight glucose-
lowering effect in glucosamine users [8], and studies have shown a
protective effect of glycaemia control on diabetic microvascular
complications [9, 10]. In addition, previous studies have suggested
that glucosamine may affect the inflammatory state [11–13],
which has also been linked to the risk of microvascular
complications in T2D [10]. However, the relationship between
habitual glucosamine uses and microvascular complications in
patients with T2D remains unclear.
To fill these knowledge gaps, in the current study we aimed to

prospectively evaluate the association of habitual glucosamine
use with risk of microvascular complications in individuals with
T2D from the UK Biobank.
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METHODS
Study Population
The UK Biobank is a national health resource in the United Kingdom aimed
at enhancing the prevention, diagnosis, and treatment of various illnesses
and promoting public health [14, 15]. Between 2006 and 2010, the UK
Biobank enrolled approximately 500,000 participants aged 40–69 from
across the country. All participants provided informed consent, and the
study was approved by the North West–Haydock Research Ethics
Committee (16/NW/0274).
Individuals with T2D were identified using the Eastwood algorithm [16]

and/or from measured HbA1c ≥ 48mmol/mol (6.5%). The Eastwood
algorithm combines hospital inpatient records, self-reported medical
history, and medication, which is a reliable measurement with 96%
accuracy. After excluding participants with prevalent diabetic microvas-
cular complications (n= 2,985), reduced kidney function (estimated
glomerular filtration rate [eGFR] <60mL/min/1.73m2 [n= 1545]), or CVD
(n= 4,573) at baseline, who had withdrawn from the UK Biobank (n= 57),
or had incomplete data on the use of glucosamine (n= 399). Finally,
21,171 individuals with T2D were included in the present analysis (Fig. 1).

Exposure Assessment
Participants attended one of 22 assessment centers across the UK where
they completed a touch screen questionnaire. One of the questions asked
“Do you regularly take any of the following?”, and participants could
choose their response from a list of supplements, including glucosamine.
Based on this data, we defined glucosamine use as 0= no and 1= yes.
Individual baseline characteristics were identified from self-report and

electronic hospital records. Variables of interest included age, sex, race,
smoking status, drinking status, body mass index (BMI), physical activity,
dietary intakes (fruit, vegetables, fish, processed meat and red meat),
personal medical condition (including arthritis, hypertension and high
cholesterol), use of aspirin and non-aspirin NSAIDs, supplementation of
nutrients (vitamins, minerals and other dietary supplementation, including
fish oil, zinc, calcium, iron and selenium), duration of T2D, measured HbA1c

and drugs to treat high cholesterol, hypertension, and diabetes.
A healthy diet was defined based on the following criteria: total fruit and

vegetable intake >4.5 pieces or servings/week, total fish intake >2 times/
week, and processed meat intake ≤2 times per week and red meat intake
<5 times per week. Meeting at least two of these criteria was considered
indicative of a healthy diet [17].
According to global recommendations on physical activity for health

[18], we categorized participants into two groups based on total moderate
physical activity minutes each week (one vigorous physical activity minute
equals two moderate physical activity minutes): <150 or ≥150min/week.
Hypertension was defined as a self-reported history of hypertension,
systolic blood pressure of 140mm Hg or higher, diastolic blood pressure of
90mm Hg or higher, or taking antihypertensive drugs [19, 20].

Ascertainment of outcomes
The primary outcome of interest was overall incident diabetic micro-
vascular complications, a composite indicator of the first occurrence of

diabetic nephropathy, diabetic retinopathy, and/or diabetic neuropathy.
Secondary outcomes included the incidence of three diabetic micro-
vascular complications subtypes (diabetic nephropathy, diabetic retino-
pathy, and diabetic neuropathy). Cases of nephropathy, retinopathy, and
neuropathy were identified from hospital inpatient records coded
according to the ICD-10 (Supplementary Table 1).

Statistical Analysis
The differences in baseline characteristics between individuals with and
without glucosamine use were examined using the Student t-test for
continuous variables and the χ² test for categorical variables. We compared
event rates in participants who did and did not use glucosamine by using
Cox proportional hazards models to calculate hazard ratios and 95%
confidence intervals. The proportional hazards assumption was tested
using Schoenfeld residuals. We adjusted for several potential confounders:
age, sex, and race (white European, mixed, South Asian, black, others);
body mass index; smoking status (never, former, current); drinking status
(never, former, current); physical activity (<150 or ≥150min/week);
hypertension (yes or no), high cholesterol (yes or no), and arthritis (yes
or no); aspirin use (yes or no), and non-aspirin non-steroidal anti-
inflammatory drug use (yes or no); healthy diet (yes or no); vitamin
supplement use (yes or no); and mineral and other dietary supplement use
(yes or no; fish oil, zinc, calcium, iron, selenium); diabetes duration;
measured HbA1c; use of diabetes medication (none, only oral medication,
only insulin, or insulin and oral medication). To reduce the potential for
inferential bias [21], we addressed missing values through multiple
imputation with chained equations, resulting in five imputed datasets.
The imputation methods were predictive mean matching (PMM) for
numeric data, logistic regression (LogReg) for binary data, polytomous
regression (PolyReg) for unordered categorical data (factor > 2 levels) and
proportional odds model (Polr) for ordered categorical data (factor > 2
levels). We checked for convergence of our imputations with trace plots
(Supplementary Fig. 1). The percentage of missing values are present in
Supplementary Table 2.
We conducted a stratified analysis to assess potential modification

effects by the following factors: sex (male or female), age (<55 or ≥55),
body mass index (18.5-25.0, 25.0-29.9, or ≥30.0), smoking status (never,
former, or current), drinking status (never, former, or current), physical
activity (<150 or ≥150min/week), diabetes duration (<5 or ≥5 years), HbA1c

(<53 or ≥53mmol/mol). We evaluated potential effect modification by
modeling the cross-product term of the stratifying variable with
glucosamine use.
We performed several sensitivity analyses. First, given that participants

taking glucosamine were also more likely to use other supplements, we
conducted a sensitivity analysis excluding participants who used any other
supplements. Second, to reduce the impact of reverse causation, we
conducted an analysis excluding participants who developed diabetic
microvascular complications within one year of follow-up. Third, to assess
the potential mediation by inflammation and lipids, we additionally
adjusted for C-reactive protein (CRP) levels (continues, milligrams per liter)
and lipid profiles, including HDL, LDL, and triglycerides (TG) (all continuous,

Participants with type 2 diabetes according to the 
Eastwood algorithm and/or from measured HbA1c 
≥48 mmol/mol (n=30,730)

Participants enrolled in the UK Biobank (n=502,422)

1. With pre-existing microvascular 
complication at baseline (n=2985)

2. Estimated glomerular filtration rate 
less than 60 mL/min/1.73m² at 
baseline (n=1545)

3. With existing cardiovascular 
disease or participants who 
refused to follow up (n=4630)

4. No information on glucosamine 
use (n=399)

Participants included in the final analysis 
(n=21,171)

Fig. 1 Flow chart of participant enrolment.
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millimoles per liter). We used R V.4.2.0 (R Development Core Team, Vienna,
Austria) for all statistical analyses, and p < 0.05 (two-sided) were considered
significant.

RESULTS
Table 1 shows baseline characteristics of the study participants
according to the use of glucosamine. Overall, 14.5% of the study
population reported glucosamine use at baseline. Compared with
non-users, glucosamine users were older, more likely to be
women, more physically active, not current smokers, had a healthy

diet, and had a higher prevalence of arthritis. Glucosamine users
also tended to take more non-aspirin non-steroidal anti-
inflammatory drugs, vitamins, minerals, and other dietary supple-
ments than non-users. They were also more prone to have a
shorter duration of diabetes, lower HbA1c levels, less likely to use
diabetes medication at baseline.
Table 2 shows the associations between glucosamine use and

incident diabetic microvascular complications. During a median of
12.3 years of follow-up, 4,399 people developed diabetic
microvascular complications, including 2,084 cases of incident
diabetic nephropathy, 2,401 incident diabetic retinopathy, and

Table 1. Baseline characteristics of UK biobank participants with type 2 diabetes by glucosamine use.

Characteristics Overall Glucosamine non-user Glucosamine user P value

(n= 21171) (n= 18092) (n= 3079)

Mean (SD) age (years) 58.6 (7.5) 58.2 (7.6) 60.7 (6.3) <0.001

Female 9144 (43.2) 7577 (41.9) 1567 (50.9) <0.001

Race: <0.001

White European 18552 (87.6) 15787 (87.2) 2765 (89.8)

Mixed 1132 (5.4) 1021 (5.6) 111 (3.6)

South Asian 804 (3.8) 967 (3.9) 107 (3.5)

Black 293 (1.4) 250 (1.4) 43 (1.4)

Others 390 (1.8) 337 (1.9) 53 (1.7)

Mean (SD) body mass index 31.2 (5.9) 31.2 (5.9) 31.4 (5.6) 0.279

Physical activity (min/week): <0.001

<150 5524 (26.1) 4868 (26.9) 656 (21.3)

≥150 15647 (73.9) 13224 (73.1) 2423 (78.7)

Smoking status: <0.001

Current 2375 (11.2) 2154 (11.9) 221 (7.2)

Former 8518 (40.2) 7106 (39.3) 1412 (45.8)

Never 10278 (48.6) 8832 (48.8) 1446 (47.0)

Drinking status <0.001

Current 18008 (85.1) 15289 (84.5) 2719 (88.3)

Former 1327 (6.3) 1177 (6.5) 150 (4.9)

Never 1836 (8.6) 1626 (9.0) 210 (6.8)

Healthy diet 17431 (82.3) 14770 (81.6) 2661 (86.4) <0.001

Disease history

Hypertension 16617 (78.8) 14183 (78.4) 2434 (79.1) 0.425

High cholesterol 13832 (65.3) 11789 (65.2) 2043 (66.4) 0.206

Arthritis 2503 (11.8) 1830 (10.1) 673 (21.9) <0.001

Drug use:

Aspirin 8010 (37.8) 6805 (37.6) 1205 (39.1) 0.112

Non-aspirin NSAID 2940 (13.9) 2343 (13.0) 597 (19.4) <0.001

Supplement use:

Vitamins 6081 (28.7) 4411 (24.4) 1670 (54.2) <0.001

Minerals and other dietary supplements 7220 (34.1) 5155 (28.5) 2065 (67.1) <0.001

Diabetes medication use: <0.001

None 9129 (43.1) 7684 (42.5) 1445 (46.9)

Only oral medication 9026 (42.6) 7786 (43.0) 1240 (40.3)

Only insulin 1564 (7.4) 1349 (7.5) 215 (7.0)

Insulin and oral medication 1452 (6.9) 1273 (7.0) 179 (5.8)

Mean (SD) HbA1c (mmol/mol) 52.6 (14.7) 52.9 (15.0) 51.2 (12.6) <0.001

Mean (SD) diabetes duration (years) 6.4 (9.3) 6.5 (9.4) 6.0 (8.7) 0.004

Values are numbers (%) unless stated otherwise.
NSAID, non- steroidal anti- inflammatory drug; HbA1c, glycated hemoglobin A1c.
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831 incident diabetic neuropathy. In the multivariable adjusted
analyses, the hazard ratios associated with glucosamine use were
0.89 (95% CI: 0.81, 0.97) for composite diabetic microvascular
complications; and 0.87 (95% CI: 0.76, 0.98) for diabetic nephro-
pathy, but there was no significant inverse association between
glucosamine use and risk of diabetic retinopathy 0.94 (95% CI:
0.83, 1.06) or diabetic neuropathy 0.88 (95% CI: 0.71, 1.08).
In stratified analyses, the association between glucosamine

supplement use and incident diabetic microvascular complica-
tions was not significantly modified by any of the subgroup
factors (Supplementary Figs. 2–5). In our sensitivity analyses, the
associations between glucosamine use and diabetic microvascular

complications remained stable: first, when we excluded partici-
pants who used any other supplements (Supplementary Table 3);
second, when we excluded participants who developed diabetic
microvascular complications within one year of follow-up
(Supplementary Table 4); and third, after further adjustment for
CRP and lipid profiles (Supplementary Table 5).

DISCUSSION
In this large prospective study, habitual glucosamine use was
associated with a 11% lower risk of composite microvascular
complications and a 13% lower risk of diabetic nephropathy.
These associations were independent of other potential con-
founders, such as sociodemographic factors, lifestyle behaviors,
health status, drug use and other supplements use. Results from
sensitivity analyses further supported the robustness of the main
findings.
To the best of our knowledge, this is the first prospective cohort

study to explore the association between glucosamine use and
the risk of diabetic microvascular complications. It is notable that
previous studies have indicated that short-term, high-dose
glucosamine administration can negatively impact glucose
tolerance and insulin sensitivity, causing endothelial dysfunction
in both animals and humans [22–28]. However, several clinical
trials have found that long-term administration of glucosamine at
oral dose levels does not adversely affect glucose metabolism and
endothelial function in both healthy individuals and diabetics
[29–32]. In contrast, a long-term controlled trial involving 212
arthritis patients reported a mild glucose-lowering effect after a
3-year glucosamine intervention [8]. In another prospective cohort
study, glucosamine administration was found to reduce the risk of
developing type 2 diabetes [7], and a meta-analysis of clinical trials
reported similar results [33]. Consistent with these findings, our
current study observed a slight association between habitual
glucosamine use and lower baseline blood glucose levels. The
inconsistency between animal and human results may partly stem
from the substantially higher glucosamine doses used in animal
research (100-200 times higher) compared to typical oral doses in
humans [33].
There are several potential mechanisms that may explain the

observed protective effect of glucosamine use on diabetic
microvascular complications. First, glucosamine use may influence
inflammation by inhibiting the translocation of the transcription
factor NF-κB into the nucleus [12, 34], with the activation of its
p65 subunit considered a key factor in the development of
diabetic complications [10, 35, 36]. In experimental studies, NF-κB
inhibitors have shown nephroprotective effects in both diabetic
and nondiabetic nephropathy models [37, 38]. Additionally,
findings from the National Health and Nutrition Examination
Survey (NHANES) indicate that regular glucosamine use is
associated with significantly reduced levels of C-reactive protein,
a marker indicating systemic inflammation [39]. Clinical studies
also reveal that individuals with type 2 diabetes exhibit elevated
levels of circulating inflammatory markers, which seem to predict
the onset and progression of diabetic complications [10]. In
addition, Moreover, glucosamine’s antioxidant and free radical
scavenging effects are well-documented [40–43]. At a concentra-
tion of 0.8 mg/ml, glucosamine demonstrated scavenging activity
of 84% against superoxide radicals and 55% against hydroxyl
radicals [43]. Superoxide, generated due to mitochondrial
dysfunction in diabetes, is thought to play a significant role in
the development of diabetic complications [44]; Thus, the
antioxidant capabilities of glucosamine may partly elucidate its
potential protective mechanism against diabetic microvascular
complications. Furthermore, an earlier animal study indicated that
glucosamine imitates the effects of a low-carbohydrate diet by
decreasing glycolysis and enhancing amino acid catabolism in
mice [45]. Low-carbohydrate diets have been linked to improved

Table 2. Association of glucosamine supplement use with risk of
microvascular complications among individuals with type 2 diabetes.

Glucosamine
non-user

Glucosamine
user

Composite microvascular complications

Events, n (%) 3766 (20.8) 633 (20.5)

Incidence rate per
1000 person-years
(95% CI)

18.5 (17.9, 19.1) 18.0 (16.6, 19.4)

Model 1 (HR, 95% CI) 1 (Reference) 0.88 (0.80, 0.95)

Model 2 (HR, 95% CI) 1 (Reference) 0.86 (0.78, 0.94)

Model 3 (HR, 95% CI) 1 (Reference) 0.89 (0.81, 0.97)

Diabetic nephropathy

Events, n (%) 1778 (9.8) 306 (9.9)

Incidence rate per
1,000 person-years
(95% CI)

8.3 (7.9, 8.7) 8.3 (7.4, 9.2)

Model 1 (HR, 95% CI) 1 (Reference) 0.86 (0.76, 0.97)

Model 2 (HR, 95% CI) 1 (Reference) 0.85 (0.74, 0.96)

Model 3 (HR, 95% CI) 1 (Reference) 0.87 (0.76, 0.98)

Diabetic retinopathy

Events, n (%) 2057 (11.4) 344 (11.2)

Incidence rate per
1,000 person-years
(95% CI)

9.8 (9.4, 10.2) 9.5 (8.5, 10.5)

Model 1 (HR, 95% CI) 1 (Reference) 0.91 (0.81, 1.02)

Model 2 (HR, 95% CI) 1 (Reference) 0.91 (0.81, 1.03)

Model 3 (HR, 95% CI) 1 (Reference) 0.94 (0.83, 1.06)

Diabetic neuropathy

Events, n (%) 720 (4.0) 111 (3.6)

Incidence rate per
1,000 person-years
(95% CI)

3.3 (3.1, 3.5) 2.9 (2.4, 3.4)

Model 1 (HR, 95% CI) 1 (Reference) 0.87 (0.71, 1.06)

Model 2 (HR, 95% CI) 1 (Reference) 0.83 (0.67, 1.02)

Model 3 (HR, 95% CI) 1 (Reference) 0.88 (0.71, 1.08)

HR hazard ratio, CI confidence interval.
Model 1: age (continuous, years), sex (male, female), and race (white
European, mixed, South Asian, black, others).
Model 2: Model1 + body mass index (continuous), smoking status (never,
former or current), drinking status (never, former or current), physical
activity (<150 or ≥150min/week), hypertension (yes or no), high
cholesterol (yes or no), arthritis (yes or no), aspirin use (yes or no), non-
aspirin non-steroidal anti-inflammatory drug use (yes or no), vitamin
supplement use (yes or no), mineral and other dietary supplement use (yes
or no), and healthy diet (yes or no).
Model 3: (main model): Model2 + diabetes duration (continuous, years),
HbA1c (continuous, mmol/mol), and use of diabetes medication (none,
only oral medication, only insulin, or insulin and oral medication).
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metabolic profiles in patients with type 2 diabetes [46, 47]. While
other mechanisms may also play a role, further prospective studies
and intervention trials are essential to clarify the potential benefits
of glucosamine in preventing microvascular complications in type
2 diabetes.
Our study indicates that glucosamine use may help prevent

nephropathy, although its effects on retinopathy and neuropathy
appear less pronounced. This can be explained by inherent
differences in the etiology of each microvascular complication that
may influence the range of mechanisms potentially targeted by
glucosamine. For instance, hyperglycemia plays a primary role in the
onset of diabetic retinopathy [48–50], while nephropathy risk is
influenced by hyperglycemia in combination with other metabolic
factors such as obesity, insulin resistance, inflammation, dyslipidemia,
and hypertension [51]. Glucosamine has been shown to improve
several of these metabolic risk factors [12, 34, 39], which may explain
the more substantial risk reduction observed for kidney disease. The
absence of a statistically significant association between glucosamine
use and neuropathy may be result from the small number of
participants who developed neuropathy.
The main strengths of this study are its use of prospective

cohort data with a substantial sample size, the extensive
information available on covariates, and the robust, consistent
results across multiple sensitivity analyses. However, there are
some limitations in our study. First, the UK Biobank did not collect
comprehensive information regarding glucosamine use, such as
dose and duration of use [14]. And differences in nutrient intake
doses can produce very different or even conflicting results.
Therefore, further studies are needed to investigate this associa-
tion. Second, the UK Biobank did not collect data on the side
effects associated with glucosamine use. Nonetheless, glucosa-
mine is considered one of the safest supplements for osteoar-
thritis, with only minimal side effects reported, including rare
allergic reactions, diarrhea, constipation, nausea, and heartburn
[3]. While some earlier studies suggested that glucosamine might
impair glucose tolerance in those at high risk for diabetes [52, 53],
clinical trials have demonstrated that glucosamine does not affect
glucose metabolism or lipid profiles at any oral dose in either
healthy individuals or diabetes patients [29, 30]. Third, in an
observational study, distinguishing the impact of a healthy
lifestyle from the habitual use of supplements can be challenging.
In this context, regular glucosamine use may serve as an indicator
of a healthier lifestyle among participants. Consequently, we
cannot rule out the possibility that the observed inverse
associations may be influenced by healthy lifestyle factors among
those using glucosamine, despite our thorough adjustments for
potential confounders, including obesity, physical activity, smok-
ing, and diet, in the analyses. In addition, microvascular
complications were diagnosed based on cumulative hospital
records and linkage to national death registries using ICD codes.
Consequently, any misclassification of patients with these
complications could dilute the study results, potentially under-
estimating the true strength of the association. Furthermore, due
to the observational study design, residual or unknown con-
founders could not be excluded, although we endeavored to
adjust for potential confounders. Finally, the UK Biobank study is
known to have a selection bias toward healthy volunteers with
healthy lifestyles and lower rates of diabetes [14]; therefore, the
findings may not be generalizable to other populations. Future
research could strengthen these findings through randomized
controlled trials to better assess the associations in more diverse
and representative cohorts.
In this large prospective study of patients with type 2 diabetes,

we found that habitual use of glucosamine, a commonly used
supplement for the treatment of osteoarthritis and joint pain, was
associated with lower risks of composite microvascular complica-
tions and diabetic nephropathy in patients with type 2 diabetes.
These findings suggest that glucosamine could be considered as

part of a comprehensive management strategy for patients with
type 2 diabetes. Integrating glucosamine into patient care may
help reduce the risk of microvascular complications, thereby
improving overall health outcomes. However, further research is
needed to explore the biological mechanisms underlying these
associations and to establish causality through randomized
controlled trials. Additionally, examining the long-term effects of
glucosamine in diverse populations will provide a robust evidence
base for clinical guidelines and public health policies aimed at
managing diabetes and its complications effectively.

DATA AVAILABILITY
The UK Biobank genotype and phenotype data is available on application to the UK
Biobank project (ID: 76875) at http://www.ukbiobank.ac.uk.
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