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Abstract

Insulin resistance is a major contributor to macro- and microvascular complications, particularly in the presence of the metabolic
syndrome, and is also associated with polycystic ovary syndrome. Impaired nitric oxide metabolism and endothelial function are important
components of the vascular disease. Increasing the bioavailability of arginine, the precursor of nitric oxide, thus potentially offers
protection against end-stage disease. We have recently demonstrated that dietary supplementation with a novel silicate inositol arginine
complex reduces vasculopathy and glomerular sclerosis in the insulin-resistant JCR:LA-cp rat. The objective of this study was to address
the absorption of, and the underlying metabolic alterations caused by, the arginine silicate inositol complex and arginine HCl (as a
reference agent) in obese insulin-resistant male and female JCR:LA-cp rats. Male and female rats were treated with the preparations at
1.0 mg/(kg d) (expressed as arginine HCl) from 8 to 12 and 12 to 18 weeks of age, respectively. Obese female, but not male, rats treated
with the arginine silicate inositol complex showed a reduced rate of weight gain without concomitant reduction in food intake. Plasma
silicon levels were raised very significantly in arginine silicate–treated rats, consistent with significant absorption of the complex. In male
rats, arginine levels were elevated by treatment with arginine silicate only; and female rats responded to both preparations. Plasma
concentrations of oxides of nitrogen in rats treated with the silicate complex showed a dimorphism, decreasing in male and increasing in
female rats. Fasting insulin levels were elevated in male rats treated with the arginine silicate complex, whereas fasting and postprandial
insulin levels were decreased in female rats. Furthermore, female, but not male, rats treated with either of the arginine preparations showed
significant reductions in cholesterol, triglyceride, and phospholipid concentrations. We conclude that the arginine silicate inositol complex
is absorbed efficiently, raising plasma arginine levels, and is more biologically effective than the free amino acid hydrochloride. This has
different beneficial metabolic effects in both sexes of an animal model of insulin resistance and cardiovascular disease, consistent with
reduction in end-stage disease.
© 2007 Elsevier Inc. All rights reserved.
1. Introduction

The metabolic syndrome is a major and increasingly
common cause of cardiovascular morbidity and mortality
worldwide. A crucial feature of this disorder is the
development of insulin resistance and consequent hyper-
insulinemia [1,2]. The hyperinsulinemia seems to be a major
determinant of the vasculopathy, atherosclerosis, and
ischemic cardiovascular disease that are strongly associated
with the metabolic syndrome [3,4]. In addition, there is
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increasing evidence that insulin resistance is etiologically
associated with other macro- and microvascular-related
diseases including polycystic ovary syndrome [5,6]. Clearly,
reduction in insulin resistance, and therefore prevention of
hyperinsulinemia, offers the prospect of important reduction
in macro- and microvascular diseases and remains an
attractive interventional approach. In addition to pharmaco-
logical approaches, effective treatments may include changes
in diet, food intake, and physical activity. However, these
have proven difficult to implement clinically, especially in
situations where the metabolic, vascular-related syndromes
are well established.

Vascular dysfunction and damage have been shown to be
associated with impaired endothelial nitric oxide (NO)
metabolism and function [4,7,8]. Nitric oxide is synthesized,
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in various cells, through the action of nitric oxide synthase
(NOS) on the amino acid arginine, with the endothelial
isoform eNOS playing a critical role [7]. Increasing the
availability of the NO precursor arginine thus offers potential
enhancement of vascular function and protection against
end-stage disease processes. To date, the clinical efficacy of
dietary arginine supplementation, in both humans and animal
models of cardiovascular disease, has been limited [9].
Although the reasons for this remain debatable, a contribut-
ing factor may be use of poorly absorbed formulations with
consequent low bioavailability of arginine. Alternative
explanations could involve antagonism of eNOS by asym-
metric dimethyl arginine or depressed levels of the NOS
cofactor tetrahydrobiopterin [10,11].

Consistent with this hypothesis, we have recently
demonstrated that a novel arginine silicate inositol complex
(arginine silicate) is able to normalize the hypercontractile
response of the aorta and coronary arteries in a model of
obesity and insulin resistance, the JCR:LA-cp rat [12]. This
unique strain spontaneously develops the range of the
dysfunction and pathophysiology associated with the meta-
bolic syndrome in humans [13]. The novel arginine silicate
complex improved aortic and coronary artery function and
significantly reduced glomerulosclerosis associated with the
obese insulin-resistant phenotype. We hypothesize that
treatment with exogenous arginine, in an efficiently absorbed
form, improves vascular function and reduces nephropathy
and cardiovascular disease, via metabolic mechanism(s)
independent of insulin concentration. The arginine silicate
preparation has physicochemical properties that increase the
rate of absorption of arginine across the intestinal tract,
compared with arginine HCl, and has been shown to be
nontoxic in several ex vivo test systems [14-16].

Recent studies have shown that the male cp/cp rat at
12 weeks of age, when insulin levels are very high, has
increased urinary albumin excretion and significant glomer-
ular sclerosis [12]. Whereas the male cp/cp rats have more or
less normal testosterone levels and testicular function, the
cp/cp female rats, even at an early age, have polycystic
ovaries and are functionally sterile [13]. Obese female rats
also have elevated levels of testosterone and reduced levels
of estrogen [17]. The female rats have lower plasma insulin
levels, higher triglyceride levels, milder vascular disease,
and lower incidence of ischemic myocardial lesions [18,19].
As in humans, these differences between male and female
rats dictate that the sexes be used separately to look at
different aspects of the metabolic syndrome.

We have investigated the metabolic effects of the arginine
silicate inositol complex that has been shown to be
biologically effective against micro- and macrovascular
disease in the cp/cp rat. The present study assessed the
efficiency of absorption and the efficacy of the arginine
silicate inositol complex in improving the metabolic status of
obese insulin-resistant male and female JCR:LA-cp rats
using arginine HCl as a reference preparation in addition to
nontreated control animals.
2. Methods

2.1. Animals and treatment

Male and female rats of the JCR:LA-cp strain were
raised and housed in our established breeding colony at the
University of Alberta, as described previously [20]. Rats
homozygous for the autosomal recessive cp gene (cp/cp)
are obese, whereas lean rats (+/?) are a 2:1 mix of
heterozygotes (cp/+) and homozygote normals (+/+). Rats
that are cp/cp spontaneously develop obesity, hyperlipide-
mia, profound insulin resistance, glomerular sclerosis, and
atherosclerosis with enhanced vascular contractility and
reduced vascular relaxation [21-25]. Animals that are
heterozygous (cp/+) or homozygous normal (+/+) are
indistinguishable, lean, and metabolically normal. The
care of the animals and the experimental procedures were
in conformity with the guidelines of the Canadian Council
on Animal Care and subject to prior institutional review
and approval.

At 7 weeks of age, the animals were conditioned to a
sham tail-bleeding procedure and randomized to 1 of 2
treatment diets or control diet. Treatment diets were
supplemented with either arginine HCl at a dose of 1 mg/
(kg d) or arginine silicate inositol complex at a dose of 1.81
mg/(kg d) (giving a supplement of arginine of 4.75 mmol/
[kg d]) and were provided to the male rats from 8 to 12 weeks
of age. The female rats were subject to an identical regimen,
but entered into the experimental protocol at 11 weeks of age
and were treated from 12 to 18 weeks. This reflects an
equivalent period, subsequent to onset of insulin resistance,
to that of male cp/cp rats, which develop an earlier and more
severe insulin resistance and hyperinsulinemia. Rats were
weighed and their food consumption was measured twice a
week during the intervention period. Arginine preparations
were incorporated into powdered feed (Rodent Diet 5001;
PMI Nutrition International, Brentwood, MO), and the
concentration was adjusted weekly so as to maintain the
desired dose of each agent on a gram per kilogram body
weight basis [26]. Control groups, cp/cp and +/?, were given
feed that was prepared using the same protocol with the
exception of the incorporation of arginine.

2.2. Insulin and glucose metabolism

The metabolism of insulin and glucose in the cp/cp rat is
abnormally responsive to stress or disturbance, and blood
samples are routinely collected from conscious rats under a
specific protocol during the dark (active) phase of their
diurnal cycle to reduce variability. Meal tolerance tests were
performed at 12 weeks of age in the male rats and 18 weeks
of age in the female rats, following a standardized protocol
[21], but with only 3 blood samples taken.

2.3. Materials

The arginine silicate inositol complex was supplied by
Nutrition 21, Purchase, NY. This material, on assay,



Fig. 1. Body weight and food intake of male JCR:LA-cp rats treated with
arginine silicate inositol complex and arginine HCl. Data are mean ± SEM;
8 animals in each group. There were no significant differences in body
weight or food intake between the cp/cp groups.
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contained 45.8% arginine, 31% inositol, and 8.6% silicon.
Reagents and chemicals, including arginine hydrochloride
(≥98% by thin-layer chromatography assay), were obtained
from Sigma Chemical (Oakville, Ontario).

2.4. Analytical methods

Plasma glucose was measured by the use of a rapid
glucose oxidase technique (Beckman Instruments, Brea,
CA). Insulin was assayed by a double antibody radio-
immunoassay technique (Kabi Pharmacia, Uppsala, Sweden)
and rat insulin standards. Plasma arginine concentrations
were measured using a Beckman 6300 Amino Acid
Analyzer. Plasma total lipid profile was performed using
the gas chromatographic technique of Kuksis et al [27].
Plasma silicon concentrations were determined using
electrothermal atomic absorption spectrometry [28]. Nitrite/
nitrate (NOx) concentrations were determined using the
method of Greene et al [29], which is based on the Griess
reaction that reduces nitrate to nitrite using a copper/
cadmium catalyst.

2.5. Statistical analysis

Results are expressed as mean ± SEM and were analyzed
using SigmaStat (Jandel Scientific, San Rafael, CA) and
plotted using SigmaPlot (SPSS, Chicago, IL). Data were
compared using 1-way analysis of variance, followed by
multiple comparison tests or, for body weight data, by 2-way
analysis of variance. A value of P b .05 was taken as being
statistically significant.

3. Results

3.1. Food intake and body weight

Fig. 1 shows the food intake and body weights of male
rats from 8 to 12 weeks of age. The cp/cp male rats
consumed 35 to 40 g of food per day compared with about
22 g per day for the +/? rats. There was no difference in
food intake between any of the cp/cp groups, control, and
those supplemented with arginine HCl or arginine silicate
complex (P N .05). Body weights of +/? rats were
significantly less than those of the cp/cp rats from the
entry into the experimental protocol to the end. The body
weight of the cp/cp rats, of all groups, was essentially
identical; and there was no significant effect of either of
the arginine preparations on body weight of the cp/cp
male rats.

Food intake and body weights of the female rats are
shown in Fig. 2. As observed in the cp/cp male rats, there
was no significant difference in food intake of the control
and arginine-treated cp/cp female rats. Similarly, although
all groups of cp/cp rats had virtually identical initial body
weights, arginine silicate–treated cp/cp female rats had a
significantly lower rate of weight gain (P b .001). In contrast,
female rats treated with arginine HCl did not differ in body
weight from the cp/cp control group.
3.2. Plasma silicon concentrations

Plasma silicon concentrations (Fig. 3) were measured in
the rats at the end of the treatment periods as an index of the
efficacy of absorption of the arginine silicate inositol
complex. The arginine silicate–treated rats of both sexes
had markedly higher plasma silicon concentrations than the
untreated controls or the arginine HCl–treated rats. The +/?
rats (both male and female) had lower silicon concentrations
than the cp/cp control animals (P b .001). The apparently
lower silicon concentrations of the cp/cp female rats
compared with the male rats were not significant (P = .057).

3.3. Plasma arginine concentrations

The plasma concentrations of free arginine are also shown
in Fig. 3. Female cp/cp rats had lower arginine levels than
the male cp/cp rats (P b .05). The concentrations of arginine
were significantly higher in the rats treated with arginine
silicate, in both male and female groups, compared with
those in the cp/cp control rats (P b .05). There were smaller
increases in the plasma arginine levels in rats treated with
arginine HCl that were significant only in the female animals
(P b .01).

3.4. Plasma NOx concentrations

The plasma NOx concentration provides an index of the
total metabolic flux of NO and is shown in Fig. 4. The +/?
female rats had lower NOx concentrations than the +/? male



Fig. 3. Plasma silicon and free arginine concentrations in JCR:LA-cp rats
treated with arginine silicate inositol complex and arginine HCl. Data are
mean ± SEM; 8 animals in each group. *P b .05, **P b .01, ***P b .001 vs
cp/cp control group; †P b .05 vs male cp/cp control group.

Fig. 4. Plasma NOx concentrations in JCR:LA-cp rats treated with
arginine silicate inositol complex and arginine HCl. Data are mean ±
SEM; 8 animals in each group. *P b .05 vs cp/cp control group; †P b .05 vs
cp/cp male group.

Fig. 2. Body weight and food intake of female JCR:LA-cp rats treated with
arginine silicate inositol complex and arginine HCl. Data are mean ± SEM;
8 animals in each group. There were no significant differences in food intake
between the cp/cp groups. The arginine silicate–treated cp/cp group showed
a significantly lower rate of body weight gain than the cp/cp control group
(P b .001).
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as well as the cp/cp female rats. The apparently lower NOx

levels of the cp/cp female rats compared with those of the
cp/cp male rats were not significant (P = .066). Male cp/cp
rats treated with arginine silicate showed significantly lower
levels of NOx than the cp/cp controls, whereas NOx levels in
arginine HCl–treated rats were not different. In contrast,
female rats treated with arginine silicate had significantly
higher NOx levels; and again, arginine HCl–treated rats were
not different from controls.

3.5. Plasma insulin and glucose concentrations

Fasting plasma insulin concentrations in male cp/cp rats
(0 minute in the meal tolerance test) were markedly higher
than those of the +/? controls (Fig. 5). Interestingly, in the
fasting state, male cp/cp rats treated with the arginine silicate
complex, but not arginine HCl, had elevated plasma insulin
levels (P b .05). However, the postprandial insulin levels of
the arginine-treated male rats (at both 30 and 60 minutes)
were not significantly different from the cp/cp controls.
Arginine HCl–treated male rats showed significantly higher
glucose levels than both the cp/cp controls and arginine
silicate–treated male rats at the 60-minute time point.

Female cp/cp rats characteristically have moderately
elevated insulin concentrations (both fasting and postpran-
dial) compared with +/? female rats, but significantly lower
than those of the cp/cpmale rats, reflecting a less severe state
of insulin resistance (Fig. 6). Unexpectedly, treatment of cp/
cp female rats with both arginine HCl and arginine silicate
resulted in a significant reduction in fasting insulin levels
(Fig. 6). In addition, at both 30 and 60 minutes after the meal
tolerance test, female cp/cp rats treated with arginine silicate



Fig. 6. Plasma insulin and glucose concentrations in 18-week-old female
JCR:LA-cp rats during the meal tolerance test. Data are mean ± SEM;
8 animals in each group. *P b .05, **P b .01, ***P b .001 vs cp/cp
control group.

Fig. 5. Plasma insulin and glucose concentrations in 12-week-old male JCR:
LA-cp rats during the meal tolerance test. Data are mean ± SEM; 8 animals
in each group. * P b .05, **P b .01, ***P b .001 vs cp/cp control group.
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had substantially lower insulin levels (P b .05 and P b .01,
respectively) compared with cp/cp control female rats.
Consistent with this, the 30-minute postprandial glucose
concentration in female rats treated with both arginine
preparations was significantly reduced compared with that in
cp/cp female controls, an effect that was no longer evident by
60 minutes.

3.6. Whole serum lipid concentrations

Table 1 shows the condensed results of the total lipid
profile. Lipid concentrations were substantially lower overall
in the +/? rats of both sexes (Table 1). Male cp/cp rats treated
with arginine HCl showed a modest reduction in phospho-
lipid and triglyceride concentrations (P b .05), an effect not
seen in the arginine silicate–treated rats. The apparent
reduction in cholesterol concentrations was not significant
(P = .064 or greater). Female cp/cp rats had significantly
elevated levels of unesterified cholesterol, phospholipids,
and, particularly, triglycerides compared with the +/?
controls, reflecting their greater very low-density lipoprotein
(VLDL) hypertriglyceridemia. Female rats treated with
either of the arginine preparations showed significantly
lower levels of unesterified cholesterol, phospholipids, and
triglycerides. Curiously, the female cp/cp rats treated with
the arginine silicate complex were the only group to
demonstrate an increase in cholesterol ester concentration
(P b .05).
4. Discussion

The rationale of this study was that dietary supplementa-
tion with arginine could enhance the NO metabolism in
individuals with the obesity/insulin resistance syndrome and
thereby ameliorate the associated vascular dysfunction.
Indeed, we have recently reported that treatment of cp/cp
male rats with the arginine silicate inositol complex does
significantly reduce the vascular dysfunction and severity of
glomerular sclerosis [12]. We hypothesized that the arginine
silicate inositol complex is more readily absorbed and
therefore potentially more effective than the reference
preparation, arginine HCl. The data are consistent with
greater absorption and bioavailability of arginine from the
silicate inositol complex, particularly in the female rats, and
consistent with the hypothesis that the beneficial macro- and
microvascular effects previously reported [12] are due to
enhanced NO metabolism.



Table 1
Whole serum lipid concentrations in JCR:LA-cp rats treated with arginine

Cholesterol Cholesteryl esters Total cholesterol Phospholipids Triglycerides

Male rats
+/? control 0.447 ± 0.013 1.04 ± 0.056 1.49 ± 0.058 0.79 ± 0.033 0.13 ± 0.022
cp/cp control 0.835 ± 0.043 1.86 ± 0.095 2.69 ± 0.136 2.41 ± 0.108 3.14 ± 0.344
cp/cp arginine silicate–treated 0.874 ± 0.022 1.84 ± 0.059 2.71 ± 0.079 2.30 ± 0.104 2.75 ± 0.276
cp/cp arginine HCl-treated 0.727 ± 0.046 1.60 ± 0.091 2.33 ± 0.136 1.97 ± 0.109 ⁎ 2.28 ± 0.160 ⁎

Female rats
+/? control 0.576 ± 0.015 1.46 ± 0.041 2.03 ± 0.052 1.10 ± 0.044 0.16 ± 0.026
cp/cp control 1.20 ± 0.069 1.74 ± 0.068 2.94 ± 0.060 3.56 ± 0.207 8.02 ± 0.576
cp/cp arginine silicate–treated 0.661 ± 0.043 ⁎⁎⁎ 2.00 ± 0.062 ⁎ 2.66 ± 0.083 ⁎ 2.56 ± 0.147 ⁎⁎⁎ 5.20 ± 0.473 ⁎⁎

cp/cp arginine HCl-treated 0.620 ± 0.062 ⁎⁎⁎ 1.82 ± 0.080 2.43 ± 0.113 ⁎⁎⁎ 2.44 ± 0.213 ⁎⁎ 4.88 ± 0.740 ⁎⁎

Values are millimoles per liter; mean ± SEM, 10 rats in each group. Male rats were treated from 8 to 13 weeks of age and female rats from 12 to 19 weeks of age.
Statistical differences are as indicated between groups. No statistical tests were made between +/? and cp/cp control groups as these are highly different.

⁎ P b .05 vs cp/cp control.
⁎⁎ P b .005 vs cp/cp control.
⁎⁎⁎ P b .001 vs cp/cp control.
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The physiological/metabolic role of silicon has not been
widely studied. However, it is actively excreted in rats and
may be an essential trace element [30]. There is evidence that
silicon plays a significant role in both bone formation and
immune function, with an interaction with arginine intake
[31,32]. The cp/cp rats of both sexes had higher plasma
silicon concentrations than the +/? rats, which we suggest is a
consequence of the greater food intake of the obese
hyperphagic animals. The plasma levels (2.0- and 1.37-
fold higher in male and female cp/cp rats, respectively) are
close to the food intakes relative to the +/? rats (1.65- and
1.38-fold higher). Our results show that the arginine silicate
inositol complex is readily and directly absorbed in vivo, as
indicated by the marked elevation of plasma silicon levels
and the increased plasma arginine levels in the arginine
silicate–treated rats. Mean plasma levels of arginine were
lower in both male and female groups of rats treated with
arginine HCl than in those treated with the arginine silicate,
although the differences did not reach statistical significance.
However, this consistent change, taken together with our
previous finding of significant improvement in coronary
artery relaxant function and reduction in glomerular sclerosis
in the arginine silicate–treated rats, is suggestive of enhanced
absorption and bioavailability of the silicate complex.

Similarly, only rats treated with arginine silicate showed
significant changes in plasma NOx levels, consistent with
increased bioavailability of arginine and enhanced NO
metabolism and the micro- and macrovascular effects
previously reported. The opposite changes in NOx levels
observed in arginine-treated male and female cp/cp rats are
apparently paradoxical. In male cp/cp rats, we speculate that
the increased availability of arginine improved endothelial
function and regulation of vascular contractility and thus
reduced the overall net endothelial NO output required. This
is consistent with the significant improvement in the more
seriously impaired aortic vascular function of the male cp/cp
rat [12]. Conversely, the rise in NOx in the female rats
implies a greater generation of NO from arginine in the
presence of increased arginine availability, without a
corresponding NO down-regulation. This paradox may
reflect the very different status of the vascular system in
male and female rats, with less marked vascular dysfunction
in the cp/cp female rats [33] because of slower progression
of the insulin resistance and more modest hyperinsulinemia
compared with the cp/cp male rats [34]. The cp/cp female
rats may also have differing responses to an increase in
freely available arginine because of the altered activity of
NOS, particularly of the eNOS isoform. It has been
suggested by others that the limited efficacy of dietary
arginine is due to the inhibitory action of asymmetric
dimethyl arginine on eNOS or the inadequate intracellular
concentrations of the cofactor tetrahydrobiopterin [10,11].
We have previously reported that impaired relaxation of the
coronary vasculature of the male cp/cp rat is normalized by
exogenous tetrahydrobiopterin [35], which suggests that
inadequate tetrahydrobiopterin availability plays a role in
the vascular dysfunction of the cp/cp male rat; and this can
be compensated by increased arginine availability.

Arginine is a powerful insulin secretagogue, especially in
the cp/cp rat [36]; and the increase in fasting insulin levels
seen in the highly hyperinsulinemic male rats (Fig. 5) is most
probably due to arginine-mediated insulin release. The
absence of a greater insulin response to the meal tolerance
test in the arginine-treated male cp/cp rats may simply reflect
the already very high postprandial insulin output, making
further insulin release impossible. In contrast, cp/cp female
rats are less hyperinsulinemic and showed substantial
reductions in insulin levels, both fasting and postprandial,
and thus evidence of increased insulin sensitivity. These
results suggest that arginine treatment may be more
efficacious during early stages of, or in the presence of
moderate rather than severe, insulin resistance.

Rats continue to gain weight throughout adult life,
reaching an asymptotic weight in late middle age. It is
noteworthy that whereas there was no weight reduction in
male cp/cp rats, arginine silicate–treated female cp/cp rats
showed a substantial reduction in the rate of weight gain and
thus final body weight without any change in food intake.
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There are numerous reports documenting that weight loss per
se can improve insulin sensitivity. However, there is a paucity
of understanding of whether improvements in insulin sensit-
ivity (through arginine supplementation) can in turn induce
weight loss, or at least reduce weight gain, as seen in this
study. We know that female JCR:LA-cp rats have depressed
levels of circulating estrogen as well as increased concentra-
tions of testosterone [13,17]. We speculate that striking
improvements to fasting and postprandial insulin in arginine-
treated cp/cp female rats may indirectly elicit benefits to the
hormonal axis and in turn cause a secondary modulation of
weight gain. Concentrations of the adipocyte-derived peptide
hormones leptin and adiponectin were not measured in this
study and may prove to be useful in ongoing investigations.

There was a varied response of lipid parameters of cp/cp
rats to arginine treatment, which may be explained (at least in
part) by the large variance of values, particularly in
triglyceride concentrations, that is characteristic of the cp/
cp rat. Male cp/cp rats treated with arginine HCl, but not
with arginine silicate, showed a significant reduction in
triglyceride and phospholipid concentrations, consistent with
a reduction in the hepatic hypersecretion of VLDL of the cp/
cp rat [23,24]. One of the reviewers of this article has
helpfully suggested that the absence of a significant
reduction in VLDL secretion in the arginine silicate–treated
male rats may be due to heterogeneity of the animals and that
groups of 10 were thus underpowered. This is possible; but
in the case of the triglyceride values, both the mean and
variance were very little different between the cp/cp control
and arginine silicate–treated groups, and there were no
individual animals in the groups that could be considered
outliers. In cp/cp female rats (which are inherently more
overtly hypertriglyceridemic than cp/cp male rats), we
observed a significant decrease in unesterified cholesterol,
phospholipid, and triglyceride concentrations in those treated
with both arginine preparations, indicative of a major
reduction in VLDL production [37]. Moreover, we speculate
that the small rise in cholesterol esters in the arginine
silicate–treated female rats may also reflect a change in
lipoprotein particle composition and shift to greater density
and smaller-sized fractions (eg, to high-density lipoprotein).
These changes may be expected to have favorable effects on
cardiovascular disease risk and progression [38,39].

In summary, the present study, together with our previous
report on vascular effects, demonstrates that a novel arginine
silicate inositol complex raises circulating concentrations of
arginine in a unique animal model of the metabolic syndrome
and is more efficacious than arginine HCl. However, despite
the comparable increase in arginine bioavailability in male
and female JCR:LA-cp rats, we observed a sexual dimorph-
ism in the metabolic response, suggesting that the potential
beneficial effects of arginine supplementation may be related
to hormonal status. Notably, treatment with arginine silicate
was accompanied by striking beneficial effects in the female
JCR:LA-cp rat, including improvements to insulin sensitiv-
ity, weight gain, and plasma lipids. This in turn may have
implications for better understanding of sex-related insulin-
resistance processes such as polycystic ovary syndrome. The
marked improvement in end-stage micro- and macrovascular
disease in the arginine silicate–treated cp/cp male rat
reported earlier [12] occurred without improvement in
insulin sensitivity, as we now report in the female rat. This
suggests that enhanced NO metabolism has independent
protective effects on the vascular system, probably at the
level of the endothelium, that protect against the damaging
effects of hyperinsulinemia. Our results indicate that the
physiological and pathophysiological roles of arginine and
silicon are complex and that adequate understanding will
require significant further study. Collectively, the findings
provide grounds for optimism that dietary supplementation
with appropriate preparations of arginine may alleviate the
metabolic profile typically associated with insulin resistance
and associated metabolic syndrome(s).

Acknowledgments

This work was supported financially by Nutrition 21,
Purchase, NY, and the National Sciences and Engineering
Research Council of Canada, Discovery Program (RGPIN
312056-05). Kristina MacNaughton and Sharon Sokolic
provided excellent technical assistance. SD Proctor was
supported by National Health and Medical Research Council
of Australia grant 229030.

This work was presented, in part, at the 2004 Arterio-
sclerosis, Thrombosis, and Vascular Biology Scientific
Meeting in San Francisco, CA.

References

[1] Steiner G. Hyperinsulinemia and hypertriglyceridemia. J Int Med
1994;736(Suppl):23-6.

[2] Després J-P, Lamarche B, Mauriège P, Cantin B, Dagenais GR,
Moorjani S, et al. Hyperinsulinemia as an independent risk factor for
ischemic heart disease. N Engl J Med 1996;334:952-7.

[3] Uusitupa MI, Niskanen LK, Siitonen O, Voutilainen E, Pyorala K.
5-year incidence of atherosclerotic vascular disease in relation to
general risk factors, insulin level, and abnormalities in lipoprotein
composition in non–insulin-dependent diabetic and nondiabetic
subjects. Circulation 1990;82:27-36.

[4] O'Brien SF, Russell JC. Insulin resistance and vascular wall function:
lessons from animal models (review). Endocrinol Metab 1997;4:
155-62.

[5] Franks S, McCarthy MI, Hardy K. Development of polycystic ovary
syndrome: involvement of genetic and environmental factors. Int J
Androl 2006;29:278-85.

[6] Essah PA, Nestler JE. The metabolic syndrome in polycystic ovary
syndrome. J Endocrinol Invest 2006;29:270-80.

[7] Radomski MW, Salas E. Nitric oxide—biological mediator, modulator
and factor of injury: its role in the pathogenesis of atherosclerosis.
Atherosclerosis 1995;118:S69-S80.

[8] Russell JC, McKendrick JD, Dubé GP, Dolphin PJ, Radomski MW.
Effects of LY117018 and the estrogen analogue, 17α-ethinylestradiol,
on vascular reactivity, platelet aggregation, and lipid metabolism in the
insulin-resistant JCR:LA-cp rat: role of nitric oxide. J Cardiovasc
Pharmacol 2001;37:119-28.

[9] Loscalzo J. L-Arginine and atherothrombosis. J Nutr 2004;134:
2798S-800S.



1325S.D. Proctor et al. / Metabolism Clinical and Experimental 56 (2007) 1318–1325
[10] Gornik HL, Creager MA. Arginine and endothelial and vascular health.
J Nutr 2004;134:2880S-7S.

[11] Bayliss C. Session III: arginine and pathophysiology I—discussion
summary. J Nutr 2004;134:2818S-9S.

[12] Proctor SD, Kelly SE, Russell JC. A novel complex of arginine-silicate
improves micro- and macrovascular function and inhibits glomerular
sclerosis in insulin-resistant JCR:LA-cp rats. Diabetologia 2005;48:
1925-32.

[13] Russell JC, Kelly SE, Proctor SD. The JCR:LA-cp rat: animal model of
the metabolic syndrome exhibiting micro- and macro-vascular disease.
In: Shafrir E, editor. Animal models of diabetes. Boca Raton (Fla):
CRC Press; 2007. p. 157-80.

[14] O'Brien SF, Russell JC, Davidge ST. Vascular wall dysfunction in
JCR:LA-cp rats: effects of age and insulin resistance. Am J Physiol
1999;277:C987-93.

[15] Juturu V, Komorowski JR, Gudi R. Orally administered arginine
silicate inositol complex is not clastogenic in Chinese hamster ovary
cells. FASEB J 2004;18:A 869 [Abstract].

[16] Komorowski JR, Juturu V, Gudi R. Arginine silicate inositol complex
is not toxic in mouse micronucleus assay. FASEB J 2004;18:A 869
[Abstract].

[17] Russell JC, Amy RM, Graham S, Dolphin PJ. Effect of castration on
hyperlipidemic, insulin resistant JCR:LA-corpulent rats. Atherosclero-
sis 1993;100:113-22.

[18] Russell JC, Amy RM. Early atherosclerotic lesions in a susceptible rat
model: the LA/N-corpulent rat. Atherosclerosis 1986;60:119-29.

[19] Juturu V, Komorowski JR, Roa KS. Arginine silicate inositol complex
does not induce mutation in the AMES bacterial reverse mutation test.
FASEB J 2004;18:A 869 [Abstract].

[20] Russell JC, Amy RM, Graham SE, Dolphin PJ, Wood GO, Bar-Tana J.
Inhibition of atherosclerosis and myocardial lesions in the JCR:LA-cp
rat by β,β′-tetramethylhexadecanedioic acid [MEDICA 16]. Arter-
ioscler Thromb Vasc Biol 1995;15:918-23.

[21] Russell JC, Graham SE, Dolphin PJ. Glucose tolerance and insulin
resistance in the JCR:LA-cp rat: effect of miglitol (Bay m1099).
Metabolism 1999;48:701-6.

[22] Russell JC, Bar-Tana J, Shillabeer G, Lau DCW, Richardson M,
Wenzel LM, et al. Development of insulin resistance in the JCR:LA-cp
rat: role of triacylglycerols and effects of MEDICA 16. Diabetes 1998;
47:770-8.

[23] Vance JE, Russell JC. Hypersecretion of VLDL, but not HDL, by
hepatocytes from the JCR:LA-corpulent rat. J Lipid Res 1990;31:
1491-501.

[24] ElamMB,Wilcox HG, Cagen LM, Deng X, Raghow R, Kumar P, et al.
Increased hepatic VLDL secretion, lipogenesis, and SREBP-1
expression in the corpulent JCR:LA-cp rat. J Lipid Res 2001;42:
2039-48.
[25] Russell JC, Graham SE, Richardson M. Cardiovascular disease in the
JCR:LA-cp rat. Mol Cell Biochem 1998;188:113-26.

[26] Russell JC, Ravel D, Pégorier J-P, Delrat P, Jochemsen R, O'Brien SF,
et al. Beneficial insulin-sensitizing and vascular effects of S15261 in
the insulin-resistant JCR:LA-cp rat. J Pharmacol Exp Ther 2000;295:
753-60.

[27] Kuksis A, Myher JJ, Geher K, Hoffman AG, Breckenridge WC, Jones
GJ, et al. Comparative determination of plasma cholesterol and
triacylglycerol levels by automated gas-liquid chromatographic and
autoanalyzer methods. J Chromatogr 1978;146:393-412.

[28] Leung FY, Edmond P. Determination of silicon in serum and tissue by
electrothermal atomic absorption spectrometry. Clin Biochem 1997;
30:399-403.

[29] Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS,
Tannenbaum SR. Analysis of nitrate, nitrite, and 15N nitrate in
biological fluids. Anal Biochem 1982;126:131-8.

[30] Adler AJ, Etzion Z, Berlyne GE. Uptake, distribution, and excretion of
31 silicon in normal rats. Am J Physiol 1986;251:E670-3.

[31] Seaborn CD, Nielson FH. Dietary silicon and arginine affect mineral
element composition of rat femur and vertebra. Biol Trace Elem Res
2002;89:239-50.

[32] Seaborn CD, Briske-Anderson M, Nielson FH. An interaction between
dietary silicon and arginine affects immune function indicated by con-
A–induced DNA synthesis of rat splenic T-lymphocytes. Biol Trace
Elem Res 2002;87:133-42.

[33] O’Brien SF, Russell JC, Dolphin PJ, Davidge ST. Vascular wall
function in insulin-resistant JCR:LA-cp rats: role of male and female
sex. J Cardiovasc Pharmacol 2000;36:176-81.

[34] Russell JC, Amy RM, Manickavel V, Ahuja SK, Rajotte RV. Insulin
resistance and impaired glucose tolerance in the atherosclerosis prone
LA/N-corpulent rat. Arteriosclerosis 1987;7:620-6.

[35] Brunner F, Wölkert G, Russell JC, Wascher T. Vascular dysfunction
and myocardial contractility in the JCR:LA-corpulent rat. Cardiovasc
Res 2000;36:150-8.

[36] Pederson RA, Campos RV, Buchan AMJ, Chisholm CB, Russell JC,
Brown JC. Comparison of the enteroinsular axis in two strains of obese
rats: the fatty Zucker and the JCR:LA-corpulent. Int J Obes 1991;15:
461-70.

[37] Russell JC, Koeslag DG, Amy RM, Dolphin PJ. Plasma lipid secretion
and clearance in the hyperlipidemic JCR:LA-corpulent rat. Arterio-
sclerosis 1989;9:869-76.

[38] Richardson M, Schmidt AM, Graham SE, Achen B, DeReske M,
Russell JC. Vasculopathy and insulin resistance in the JCR:LA-cp rat.
Atherosclerosis 1998;138:135-46.

[39] Russell JC, Kelly SE, Schäfer S. Vasopeptidase inhibition improves
insulin sensitivity and endothelial function in the JCR:LA-cp rat.
J Cardiovasc Pharmacol 2004;44:258-65.


	Metabolic effects of a novel silicate inositol complex of the nitric oxide precursor arginine i.....
	Introduction
	Methods
	Animals and treatment
	Insulin and glucose metabolism
	Materials
	Analytical methods
	Statistical analysis

	Results
	Food intake and body weight
	Plasma silicon concentrations
	Plasma arginine concentrations
	Plasma NOx concentrations
	Plasma insulin and glucose concentrations
	Whole serum lipid concentrations

	Discussion
	Acknowledgments
	References


