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Abstract

Glucosamine (G), often combined with chondroitin sulfate (CS), is a popular natural supplement used widely to treat osteo-
arthritis. However, use of glucosamine has been linked to development of insulin resistance. To assess the association between
glucosamine and insulin resistance more closely, we challenged two rat strains highly sensitive to sugar-induced insulin resist-
ance – Sprague-Dawley (SD) and Spontaneously Hypertensive (SHR) rats. Since elevations of systolic blood pressure (SBP)
have been found to be an early and highly sensitive sign of insulin resistance in these two rat strains, we used this parameter
as our primary endpoint. Four groups of both rat strains received either no agent (control), G, CS, or a combination of both for
9 weeks. The intake of each agent was calculated to be approximately 3–7 times comparable to human dose. Throughout the
study, SBP of both strains consuming the two ingredients alone and in combination were not elevated. Rather, they were sig-
nificantly lower than control, contrary to what is found in glucose-induced insulin resistance in rats. Over the study period,
body weights of the four groups of SD and SHR did not vary significantly. Furthermore, no consistent trends in circulating
glucose concentrations were found among the four different groups in the two strains after oral challenge with glucose. Fi-
nally, no significant histological differences were found in hearts, kidneys, and livers among the various groups of SHR and
SD. From the above result, we conclude that glucosamine and chondroitin sulfate given alone or together do not produce in-
sulin resistance or other related perturbations in two rat strains highly sensitive to sugar-induced insulin resistance. (Mol Cell
Biochem 225: 85–91, 2001)
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Introduction

The public has recently recognized the therapeutic potential
of two natural products for treating osteoarthritis – gluco-
samine (G) and chondroitin sulfate (CS) [1, 2]. Numerous
studies, many double-blinded and placebo-controlled, sup-
port the benefit of these agents [3–11], as does a recent meta-
analysis [12]. Unfortunately, other reports suggest that use

of supplemental G may contribute to insulin resistance in
those prone to develop this condition, and may even cause
diabetes mellitus [13, 14]. That G has the potential to inter-
fere with glucose/insulin metabolism has long been recog-
nized through both in vitro and in vivo findings [15–22]. The
ability of elevated circulating glucose concentrations to cause
insulin resistance has been linked to excess flux through the
hexosamine biosynthetic pathway [16]. The hexosamine
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pathway normally accounts for approximately 2% of total
cellular glucose flux [17], but an increased flux has been
postulated to blunt insulin-stimulated glucose uptake and
glycogen synthesis. It also down-regulates glucose transport-
ers in sensitive tissues, and augments synthesis of fatty ac-
ids and triglycerides [22].

While it is generally recognized that G infusions in high
loads can produce insulin resistance in normoglycemic rats
[19], a question arises whether resistance could occur follow-
ing oral ingestion in a dose-range relevant to therapeutic dose.
As a first approximation, we assessed the association between
oral G intake and diabetes by examining selected markers
of insulin sensitivity in two rat strains highly responsive to
sugar-induced insulin resistance, namely Spontaneously Hy-
pertensive (SHR) and Sprague-Dawley (SD) rats. We also
examined these same effects for CS, which is commonly
added to G for the management of osteoarthritis [1, 2].

Materials and methods

The protocol for the entire study was approved by the Ani-
mal Welfare Board at Georgetown University, USA. Thirty-
two male Spontaneously Hypertensive Rats (SHR) and 32
male Sprague-Dawley (SD) rats, weighing 200–300 g were
obtained from Harlan, Indianapolis, IN, USA. Rats from each
strain were grouped according to the dietary regimen received
(Table 1). Eight SD and SHR were given either baseline diet
(BD), BD + G.HCl (supplied by Rexall/Sundown, Boca
Raton, FL, USA) 0.5% w/w, or BD + CS (supplied by Rexall/
Sundown, Boca Raton, FL, USA) 0.4% w/w, or BD + the
combination of both natural substances at the same concen-
trations for 9 weeks. Approximately 9 weeks (or 2 months)
exposure is necessary to bring about insulin resistance in rats,

and accordingly, this time period was selected in this study
to assess the effect of G and/or CS. A concentration of 0.5%
w/w of G roughly calculates to 10–20 times the human dose
of 1500 mg/day for a 70 kg human. This calculation is based
upon the weight of the rat and their average food consump-
tion. However, one study suggests that the dose also should
be adjusted to the metabolic characteristics of the rat [23],
which would bring the rat dose comparable to the human dose
in the range of 3–7 times. This calculation would hold true
for CS (0.4% w/w) which has an average recommended daily
dose for humans 80% that of G, 1200 mg/day. Body weight
(BW) and SBP were measured weekly. At the end of the study,
bloods were drawn prior to sacrifice, and after sacrifice tis-
sues were obtained for histological examination. Specific
procedures were performed as follows:

Systolic Blood Pressure (SBP)

SBP was estimated by tail plethysmography in unanesthetized
rats after warming [24]. Readings were taken 0.5–1 min apart.
To be accepted, SBP measurements had to be stable for at
least three consecutive readings.

Blood chemistries

Blood was drawn from the heart of anesthetized rats prior to
termination of study. Rats were sacrificed following carbon
dioxide euthanization. Chemical analyses were performed by
routine laboratory procedures. Serum alanine aminotrans-
ferase(ALT), aspartate aminotransferase (AST) and blood
urea nitrogen (BUN) were measured using SIGMA Diag-
nositic Kits 51-UV, 52-UV and 67-UV, respectively. ALT is
a biomarker of hepatotoxicity, while BUN is a biomarker of
kidney injury. Damage or disease to the heart, liver, skeletal
muscle, kidney and erythrocytes tissue such as myocardial
infarction, viral hepatitis, liver necrosis, cirrhosis and mus-
cular dystrophy may result in raised serum levels of AST.

Histology

Tissues were collected after euthanasia, and histological ev-
aluation was performed by a commercial laboratory (Ex-
perimental Pathology Laboratories, Inc., Herndon, VA, USA)
on specimens preserved in 10% formalin. Hematoxylin and
eosin stained sections were prepared and examined micro-
scopically on the kidneys, livers, and hearts of all rats by one
of the authors (KAF). The examiner was blinded as to the
group source from which the tissue was derived. The code
was not broken until the last results were recorded.

Table 1. Composition of the basic diet

Ingredients % by weight % of calories

Starch and/or sucrose 57.00 52.1
Vegetable oil 16.44 36.0
Casein 13.00 11.9
Mineral mix, AIN 76A 4.00
Vitamin mix, AIN 76A 1.20
Cholesterol 1.10
NaCl 0.50
Choline bitartrate 0.50
dl-Methionine 0.20
Sodium cholate 0.02
Ethoxyquin 0.04
Cellulose 6.00*

The basic diet for the control group is shown. *In the second through fourth
diets, glucosamine 0.5% w/w, chondroitin sulfate 0.4% w/w, or the combi-
nation at the same concentrations replaced that portion of cellulose.
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Statistical analyses

Results are presented as mean ± S.E.M. The majority of statis-
tics were performed by one way analysis of variance (ANOVA)
using repeated measures. SBP and BW were examined by
two-way analyses of variance (one factor being diet and the
second factor being time of examination). Where a signifi-
cant effect of diet was detected by ANOVA (p < 0.05), the
Dunnett’s t-test was used to establish which differences be-
tween means reached statistical significance (p < 0.05) [25].

Results

Body weights

Throughout the 9 weeks of study, the body weights among the
four dietary groups of SD and the smaller SHR did not vary
significantly. At the initiation of study, average body weights
of each group within strains were virtually the same. Nine
weeks later, the differences in final body weights ± S.E.M. were
not statistically significant: SD control = 518 ± 6.9 g, G = 524
± 9.9 g, CS = 539 ± 8.7 g, and combination = 526 ± 12.8 g;
SHR control = 385 ± 5.5 g, G = 385 ± 8.8 g, CS = 370 ± 8.5 g,
and combination = 365 ± 10.1 g. (Figs 1 and 2).

Systolic Blood Pressure (SBP)

By the fourth week in SD and the third week in SHR animals,
the SBP of the rats consuming the two ingredients and the

combination were significantly lower than control. In SD, but
not SHR, the combination tended to have a greater lowering
effect on SBP than the individual components. In SHR, the
SBP lowering effect of the natural products tended to become
less at the 9 week reading (Figs 3 and 4).

Blood chemistries of SD and SHR among groups at end of
9 weeks

In SD, there were no relevant trends in the blood chemistries
among the four groups. Although the BUN was significantly

Fig. 1. Weight gain of Sprague-Dawley rats (SD) over the course of study.
Mean ± S.E.M. are shown.

Fig. 2. Weight gain of Spontaneously Hypertensive rats (SHR) over the
course of study. Mean ± S.E.M. are shown.

Fig. 3. SBP of Sprague-Dawley rats (SD) over the course of study. Mean
± S.E.M. are shown.
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lower in the control group compared to the other three groups,
the circulating creatinine levels were not, suggesting that
enhanced urea production played more of a role than renal
perturbations in the differences. It is not clear why the tri-
glycerides in the CS group tended to be lower than those of
the rats in the G and combination groups, nor why the HDL
levels were higher in the combination group compared to the
control and CS groups.

In SHR, none of the blood chemistries showed statistically
significant differences among groups. There was a tendency
to have a higher triglyceride level among the CS group in
contrast to the finding in the SD where the CS group showed
the lowest value (Table 2).

Glucose challenge

There were no statistically significant differences in glucose
values after glucose challenge in either the SD or SHR after
9 weeks on the four regimens (Table 3).

Histopathological examinations

No significant differences in pathological observations were
seen among the various groups of SHR and SD when exam-
ining hearts, kidneys, and livers. The majority of SHR had
cardiomyopathy characterized by clusters of mononuclear
cells with vacuolated cytoplasm. Fewer SD had cardiomy-
opathy although typical lesions of cardiomyopathy were
observed in at least one SD rat from every group, even the
control group. The SD rats, including the control group, had
more animals with background renal changes such as tubu-
lar casts and tubular regeneration, typical of chronic progres-
sive nephropathy, than most of the SHR. On the other hand,
SHR had more background mononuclear cell infiltrates within
the renal parenchyma or around the renal pelvis than SD rats.
All livers of SD and SHR exhibited mild to moderately se-
vere hepatocyte cytoplasmic vacuolization with a predomi-
nately portal distribution.

Discussion

For chronic osteoarthritis, much publicity surrounds the ther-
apeutic benefits of oral supplementation with G alone or
combined with CS [1, 2, 26–28]. Unlike many other natural
supplements purported to have therapeutic benefits, the ba-
sis for their use derives from many good clinical trials [3–

Table 2. Blood chemistries at the end of 9 weeks in rats

Group ALT AST BUN CRE CHOL TRIGLYC HDL
units/L units/L mg/dl mg/dl mg/dl mg/dl mg/dl

Sprague-Dawley Rats

Control 36 ± 6.6 150 ± 42 6.6 ± 0.5 0.5 ± 0.03 89 ± 9.4 120 ± 36 21 ± 1.9
Glucosamine 44 ± 7.3 136 ± 36 8.3 ± 0.5 0.6 ± 0.04 109 ± 18.4 190 ± 69 25 ± 2.9
Chon SO4 52 ± 10.0 150 ± 26 8.0 ± 0.5 0.7 ± 0.04 102 ± 9.6 85 ± 9.9 22 ± 1.6
Combination 84 ± 25.4 322 ± 122 8.6 ± 0.3 0.6 ± 0.03 126 ± 19 205 ± 53 28 ± 2.7
ANOVA p > 0.14 > 0.22 < 0.03 > 0.07 > 0.10 < 0.04 < 0.05

Spontaneously Hypertensive Rats

Control 95.3 ± 21.6 324 ± 70.6 15.0 ± 3.1 0.47 ± 0.07 61.5 ± 5.1 112.3 ± 10.7 20.6 ± 1.2
Glucosamine 132 ± 43.9 305 ± 86 17.3 ± 1.9 0.40 ± 0.04 74.3 ± 9.0 156.3 ± 33.2 20.0 ± 1.1
Chon SO4 107 ± 25.1 265 ± 37 18.3 ± 3.5 0.43 ± 0.07 64.6 ± 7.0 217.3 ± 55.6 23.3 ± 1.6
Combination 132 ± 55.2 394 ± 101 16.0 ± 2.9 0.40 ± 0.07 66.7 ± 5.2 163 ± 52.3 22.6 ± 1.4
ANOVA > 0.86 > 0.68 > 0.82 > 0.83 > 0.35 > 0.07 > 0.30

Mean ± S.E.M. are shown for 7–8 rats. Differences Below data on SD rats indicate which rows show statistical significant from each other by the Dunnett’s
t-test. CRE – creatinine; CHOL – cholesterol; TRIGLY – triglycerides.

Fig. 4. SBP of Spontaneously Hypertensive rats (SHR) over the course of
study. Mean ± S.E.M. are shown.
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12]. Their acceptance for therapy is becoming more common-
place based upon their potential to improve collagen metabo-
lism and lack of severe gastrointestinal side effects possessed
by many pharmaceutical analgesics used to relieve the pain
of osteoarthritis. Because of their widespread use, it is im-
portant to examine any significant potential for adverse
events, which could arise from the use of G and CS as thera-
peutic tools. One such possible adverse event associated with
their use, at least with G, is the development of insulin re-
sistance and even type two diabetes mellitus [13, 14].

Insulin resistance, which often occurs in the hyperglycemic
state (glucose toxicity), has been attributed to excess flux
of glucose break down products through the hexosamine
biosynthetic pathway [15–22]. Although infusions of G into
rats can induce insulin resistance [19], it is not known whether
the oral intake of a reasonable amount of G, nearly equiva-
lent to that recommended for the arthritic conditions, can also
do so [29–31].

We initiated our examination of this question by assess-
ing the influences of the oral ingestion of G hydrochloride
and CS on insulin sensitivity in two strains of rats, normo-
tensive Sprague Dawley (SD) and hypertensive Spontane-
ously Hypertensive Rats (SHR). These rats were chosen,
because they show a strong proclivity to develop significant
insulin resistance when challenged with oral sugars such as
sucrose and fructose [29–31]. This phenomenon even occurs

when these strains are given sucrose in amounts similar to
human intake [32]. Accordingly, if oral sugar ingestion pro-
duces this effect via stimulation of the hexosamine pathway,
then what will the oral ingestion of G do? Based on the me-
tabolism of rats and their body weight, we challenged the rats
with a calculated dose that would be comparable to a human
dose 3–7 times that recommended. As a first approximation,
we believed this to be a reasonable challenge.

Over the 9 weeks of assessment, the two rat strains, when
fed with the natural ingredients, did not lose weight, which
we interpret as an excellent sign for lack of overall toxicity.
At the initiation of the study, basic differences in blood chem-
istries existed between the normotensive SD and the hyper-
tensive SHR. Comparing data from the SHR to the SD in the
control groups at the end of the nine week study, circulating
glucose and cholesterol were significantly lower, while cir-
culating ALT, AST and BUN were significantly higher (Ta-
ble 4).

Examining more specifically for the insulin resistant state,
SHR and SD did not show increases in systolic blood pres-
sure (SBP) following ingestion of these natural substances
alone and in combination. In our hands, elevations of SBP
have been the earliest and most consistent sign of insulin
resistance in rats [33, 34]. Significant elevations in SBP oc-
cur long before changes in glucose/insulin and lipid param-
eters [34], and take place within days of sugar challenge

Table 3. Glucose tolerance test – Glucose (mg/dl)

Group Base 30 min 60 min 120 min 240 min

Sprague-Dawley Rats

Control 85.6 ± 3.2 113.8 ± 7.5 111.4 ± 7.7 124.2 ± 19.5 128.2 ± 16.5
Glucosamine 93.4 ± 7.3 145.8 ± 32.8 129.0 ± 16.0 104.8 ± 8.2 137.8 ± 16.1
Chondroitin 85.6 ± 8.0 109.2 ± 5.4 122.4 ± 8.0 126.2 ± 9.2 137.8 ± 6.9
Combination 83.0 ± 3.3 110.2 ± 11.5 114.8 ± 14.2 108.6 ± 4.9 102.8 ± 6.1
ANOVA p < 0.48 < 0.49 < 0.74 < 0.47 < 0.17

Spontaneously Hypertensive Rats

Control 64.6 ± 2.7 122.4 ± 13.9 100.6 ± 11.5 107.0 ± 15.9 110.2 ± 12.7
Glucosamine 59.2 ± 1.5 107.0 ± 17.3 91.0 ± 6.9 126.2 ± 7.9 126.3 ± 5.9
Chondroitin 61.8 ± 3.7 135.2 ± 31.6 143.0 ± 29.6 149.8 ± 26.2 152.4 ± 26.4
Combination 62.5 ± 2.3 150.7 ± 41.4 102.1 ±  8.8  94.3 ± 11.6 120.8 ± 28.0
ANOVA p < 0.44 < 0.51 < 0.21 < 0.14 < 0.32

Mean ± S.E.M. of 5 rats.

Table 4. Comparison of baseline blood chemistries of controls between SD and SHR

Rat Glucose Insulin ALT AST BUN CRE CHOL TRYGLYC HDL
mg/dl ng/ml unit/L units/L mg/dl mg/dl mg/dl mg/dl mg/dl

SD 85.6 ± 3.2 0.19 ± .06 36 ± 7 150 ± 42 6.6 ± 0.5 0.5 ± 0.03 89 ± 9 120 ± 36 21 ± 2
SHR 64.6 ± 2.7 0.24 ± .06 95 ± 22 324 ± 71 15.0 ± 3.1 0.5 ± 0.1 62 ± 5 112 ± 11 21 ± 1
p < 0.001 > 0.2 < 0.02 < 0.05 < 0.01 > 0.3 < 0.02 > 0.9 > 0.9

Mean ± S.E.M. are shown for 5–8 rats. Statistically significant differences between SD and SHR for glucose, ALT, AST, BUN, and cholesterol.
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depending on the breadth of challenge [29]. Important to
our hypothesis, these ‘sugar-induced’ SBP elevations can
be overcome by the concomitant administration of chromium
[35–37]. The only generally recognized influence of chro-
mium supplementation is to overcome insulin resistance [38–
42]. G and/or CS did not increase SBP which would have
been characteristic of sugar-induced insulin resistance. In
fact, the two natural ingredients significantly lowered the SBP
during their usage. It is not clear why this lowering occurred,
and we are not aware of any similar reported effect in humans.

Examination of blood chemistries and histology also failed
to indicate the development of insulin resistance or pathol-
ogy consistent with this condition. Considering the four dif-
fering dietary groups, neither SD nor SHR showed any
consistent trends in blood chemistries. Also, there were no
statistically significant differences compared to controls in
circulating glucose values after glucose challenge in either
SD or SHR after nine weeks on the three test regimens. Fi-
nally, no significant histological differences were found in
hearts, kidneys, and livers among the various groups of SHR
and SD.

To summarize, the lack of an elevation in SBP and con-
sistent effects on circulating glucose and insulin levels among
the groups of the two rat strains by oral ingestion of G and
CS suggest little effect on insulin sensitivity by these two
natural substances when given orally at doses reasonable for
therapy. Further, the lack of consistent effects on the other
blood chemical parameters and the organ histology suggest
no overall toxicity as well, at least under the conditions of
the experiment. Therefore, we could not implicate either
agent given alone or together in the development of insulin
resistance or other toxicities in two rat strains highly sensi-
tive to the glucose-induction of insulin resistance.
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