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Endothelial dysfunction (ED) is an early feature of cardiovascular
risk and diabetes. Hyperglycemia and hyperlipidemia are causative
factors. Excessive endothelial mitochondrial superoxide (ROS) pro-
duction with hyperglycemia and hyperlipidemia is a key mecha-
nism. Inositol components of an insulin inositol glycan mediator,
D-chiro-inositol (DCI) and 3-O-methyl DCI (pinitol), decrease hyper-
glycemia and hyperlipidemia. We tested whether these, myo-
inositol and dibutyryl DCI (db-DCI), would prevent or reverse ED in
diabetic rats and rabbits. Oral inositols reduced hyperglycemia and
hypertriglyceridemia with different potencies and prevented ED in
rat aortic rings and mesenteric beds. Inositols added in vitro to five
diabetic tissues reversed ED. Relaxation by Ach, NO, and electrical
field stimulation was potentiated by inositols in vitro in rabbit
penile corpus cavernosa. Inositols in vitro restored impaired con-
traction by the eNOS inhibitor L-NAME and increased NO effec-
tiveness. DCI and db-DCI decreased elevated ROS in endothelial
cells in high glucose and db-DCI reduced PKC activation, hex-
osamine pathway activity, and advanced glycation end products to
basal levels. Xanthine�xanthine oxidase generated superoxide
was reduced by superoxide dismutase or inositols, with db-DCI
efficacious in a mechanism requiring chelated Fe3�. Histochemical
examination of rat aortic rings for protein SNO demonstrated a
decrease in diabetic rings with restoration by inositols. In sum-
mary, inositols prevented and reversed ED in rat and rabbit vessels,
reduced elevated ROS in endothelial cells, potentiated nitrergic or
vasculo-myogenic relaxations, and preserved NO signaling. These
effects are related to their metabolic actions, direct superoxide
scavenging, and enhancing and protecting NO signaling. Of the
inositols tested, db-DCI was most effective.

D-chiro-inositol � diabetes � NO � insulin � mimetic

Inositol phosphoglycans (IPGs) are potentially important putative
intracellular mediators of insulin action (1, 2). Separate classes

have been identified (3), one containing D-chiro-inositol (DCI) and
galactosamine (4) and a second containing myo-inositol (myo-INS)
and glucosamine (1–5). Generated rapidly from lipid and�or pro-
tein precursors in response to insulin, they have insulin-like effects
in vitro and in vivo (1, 2, 4, 6, 7). Myo-INS phospho-glycans have
been prepared by enzymatic cleavage of protein precursors and
chemically synthesized (7–9). They have dose-dependent insulin-
like effects on isolated adipocytes, cardiomyocytes, and diaphragms
including increased glucose transport (7–9). One DCI containing
IPG has been isolated from liver, and its structure has been
determined and chemically synthesized (10). It is active in vivo;
lowering elevated blood glucose when administered intravenously
to diabetic rats (10–12). In vitro, it enhances insulin to stimulate
[14C]glucose incorporation into glycogen in H4IIE hepatoma cells
(10). It activates pyruvate dehydrogenase (PDH) phosphatase (10),
phosphoprotein phosphatase PP2C directly (13), and PP1 indirectly

(4, 14). Both PDH and glycogen synthase are activated in vivo by
insulin via dephosphorylation (15, 16).

To assess the physiological significance of chiro-inositol glycans,
the contents of the rarer chiro-inositol and the more common
myo-INS were measured in urine and tissues of diabetic subjects
and compared with controls. In human urine (17), monkey urine
(18), genetic G�K type 2 diabetic rat urine (19), G�K rat muscle,
liver, and kidney (20), and human type 2 diabetic muscle (21), the
level of chiro-inositol is decreased and myo-INS content increased
compared to controls. The decrease in urinary chiro-inositol in
humans (22) and monkeys (18) was inversely correlated to the
degree of insulin resistance. Administration of DCI to streptozo-
tocin type 2 diabetic rats (23), monkeys (24), and humans (25, 26)
effectively decreased hyperglycemia and hypertriglyceridemia
(HTG). It was also effective in human polycystic ovarian syndrome,
where insulin resistance is an underlying factor, in restoring ovu-
lation and metabolic balance (27).

Diabetes is associated with vascular disease. A much higher risk
of myocardial infarction, stroke, and limb amputation (28) is related
to endothelial dysfunction (ED) (29, 30). Hyperglycemia and
hyperlipidemia are risk factors for ED and can induce ED in vitro
and in vivo (29, 31). An underlying mechanism is the enhanced
generation of endothelial mitochondrial superoxide (ROS) (29,
32–35). Pathophysiological mechanisms for hyperglycemia-induced
ED via generation of ROS involve: (i) protein kinase C activation,
(ii) increased generation of advanced glycation end products, (iii)
increased glucose flux through the aldose reductase pathway, (iv)
increased activity of glutamine:fructose-6-phosphate amidotrans-
ferase leading to insulin resistance, and (v) activation of NF�B
leading to nuclear transcription of cytokines and inflammatory
mediators. Additional factors include decreased NO production
(35) and effectiveness (36).

We tested the hypothesis that inositol components of inositol
glycan putative insulin mediators and one synthetic derivative,
dibutyryl DCI (db-DCI), could prevent or reverse ED. Inositols
were metabolically effective chronically in vivo reducing hypergly-
cemia and HTG and preventing ED. Furthermore, inositols were
also effective acutely when administered in vitro to diabetic tissues
to reverse ED. Inositols reduced ROS dose dependently in endo-
thelial cells incubated in high glucose and scavenged superoxide in
an in vitro xanthine�xanthine oxidase system. Furthermore, they
enhanced NO action and protected NO signaling. Separate mech-

Conflict of interest statement: No conflicts declared.

Abbreviations: IPG, inositol phosphoglycan; DCI, D-chiro-inositol; HTG, hypertriglyceride-
mia; ED, endothelial dysfunction; me-DCI, 3-O-methyl DCI; db-DCI, dibutyryl DCI; RbCC,
rabbit penile corpus cavernosa; EFS, electrical field stimulation; NBT, nitroblue tetrazolium;
SOD, superoxide dismutase; SNO, S-nitrosothiol.

¶To whom correspondence should be addressed. E-mail: jlarner@allomed.com.

© 2005 by The National Academy of Sciences of the USA

218–223 � PNAS � January 3, 2006 � vol. 103 � no. 1 www.pnas.org�cgi�doi�10.1073�pnas.0509779103



anisms underlying the beneficial chronic and acute effects are
proposed.

Results
Orally administered inositols significantly decreased plasma glu-
cose in alloxan-diabetic rats after 4 weeks. Percentage decreases
were 8.8 � 1.4% (Myo-INS NS vs. vehicle); 28.7 � 3.1% DCI; (P �
0.05 vs. diabetes plus vehicle); 26.7 � 2.5% 3-O-methyl DCI
(me-DCI) (P � 0.05 vs. diabetes plus vehicle) and 31.1 � 3.7%
db-DCI; (P � 0.05 vs. diabetes plus vehicle). A slight increase of
11 � 2.6% was observed in the diabetic group treated with saline.
(Table 1, which is published as supporting information on the PNAS
web site). All four inositols effected more pronounced decreases in
plasma triglycerides compared to the diabetic saline-treated rats.
HTG values decreased by 60.9 � 5.8%, 51.7 � 4.7%, 49.7 � 4.3%,
and 48.1 � 5.1% (P � 0.01 vs. internal control; with me-DCI alone,
the decrease did not achieve statistical significance compared to
diabetic controls; Table 1) in diabetic animals gavaged with Myo-
INS, DCI, me-DCI, db-DCI, respectively. In controls, a moderate
decrease of 19 � 4.7% was observed. Thus, inositols acted chron-
ically to restore metabolic balance.

Endothelial-dependent relaxation induced by acetylcholine was
strongly impaired in aortic rings and vascular mesenteric beds of
4-week alloxan-diabetic rats. Maximal relaxant response to acetyl-
choline in aortic rings from saline gavaged diabetic rats was 43.7 �
7.6% with a PD2 of 7.2 (range, 6.8–7.6) compared to 88.3 � 3.5%
relaxation in rings from normoglycemic rats with a PD2 value of 7.5
(range, 7.4–7.6) (Fig. 1A). Chronic oral administration of inositols
(20 mg�kg per 12 h; orally) for 4 weeks prevented ED observed in
the untreated diabetic rats. The relaxant response induced by
acetylcholine in aortas of inositol-treated diabetic rats was 38.7 �

4.5% (Myo-INS), 54.7 � 3.6% (DCI), 60.6 � 3.6% (me-DCI), and
64.3 � 4.9% (db-DCI) (P � 0.05, compared to saline-treated
controls).

Similarly, endothelium-dependent vasorelaxant response with
acetylcholine in the vascular mesenteric bed was impaired in tissues
from diabetic rats. Maximal decrease in perfusion pressure of the
arteriolar mesenteric bed of normoglycemic rats was 96.9 � 2.7%
(PD2 � 5.4; range, 5.2–5.8) vs. 32.1 � 4.3% (PD2 � 6.7; range,
6.3–7.1) in beds from 4-week alloxan-diabetic rats (Fig. 1B). Beds
from alloxan-diabetic rats treated with inositols had higher maximal
decreases in perfusion pressure to acetylcholine than control hy-
perglycemic rats treated with saline. Maximal relaxant response to
ACh in mesenteric beds from inositol-treated diabetic rats was
54.4 � 3.2% (Myo-INS), 58.7 � 6.0% (DCI), 55.4 � 3.2 (me-DCI),
and 68.8 � 3.3% (db-DCI) (P � 0.05 vs. diabetes plus vehicle) (Fig.
1B). Interestingly, maximal relaxant response and sensitivity of
aortic rings to the endothelium-independent agonist sodium nitro-
prusside was not affected in any of the groups (Table 2, which is
published as supporting information on the PNAS web site),
indicating that the endothelium, not the smooth muscle, was
defective.

To determine whether inositols could have a direct action on ED,
we tested their acute ‘‘curative’’ effect on diabetic tissues from
diabetic rats administered saline. The maximal relaxant response to
Ach attained in aortic rings from euglycemic rats was 94.4 � 4.6%
compared to 43.6 � 2.5% in aortic rings from diabetic rats treated
with and incubated with saline (Fig. 1C). After 1-h incubation with
1 �M inositols, the maximal response was increased to 50.4 � 3.6%
(Myo-INS), 52.7 � 3.6% (DCI), 58.8 � 3.1% (me-DCI), and 67.4 �
5.4% (db-DCI) (P � 0.05 vs. vehicle) (Fig. 1C). The same response
pattern was observed in the arteriolar mesenteric bed acute incu-

Fig. 1. Effects of 1-month oral treatment with 20 mg�kg per 12 h myo-INS, DCI, 3-O-methyl DCI (me-DCI), or db-DCI in endothelium-dependent responses with
acetylcholine (Ach) inaortic rings (A)orarteriolarmesentericbed(B)ofalloxan-diabetic rats (Diab).Responseswerecomparedwitheithereuglycemic (Eugly)ordiabetic
rats treated with saline (vehicle). (C and D) The effect of 1 h in vitro incubation with 1 �M inositols in 4-week saline treated diabetic rats. (C) Aortic rings. (D) Mesenteric
arteriolar beds. Note the improvement in ED with both chronic (A and B) and acute (C and D) inositol treatment. Data are expressed as mean � SEM of seven animals.

*, P � 0.05 inositol treated vs. Diab plus vehicle; #, P � 0.05 inositol treated vs. Eugly plus vehicle; ANOVA followed by Tukey–Kramer.
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bations (Fig. 1D). Maximal decrease in perfusion pressure induced
by Ach in tissues obtained from euglycemic rats was 95.1 � 2.9%
compared to 48.3 � 5.7% in diabetic beds (Fig. 1D). When beds
were perfused with inositols, the maximal response was increased
to 50.3 � 5.6% (Myo-INS), 60.2 � 4.9% (DCI), 68.8 � 4.7%
(me-DCI), and 70.7 � 4.6% (db-DCI) (Fig. 1D). The decrease in
perfusion pressure induced by endothelial-independent vasodilator
sodium nitroprusside added to aortic rings and mesenteric beds was
no different between treated and untreated groups (Table 3, which
is published as supporting information on the PNAS web site).

Acute experiments were performed in tissues from diabetic
rabbits to test whether inositols would restore ED in another
species. Endothelial relaxation in aortic rings from diabetic rabbits
was also blunted as measured by the maximal response to Ach. In
diabetic rings it was 41.3 � 2.5% compared to 97.9 � 1.3% (P �
0.005) in rings from euglycemic nondiabetics (Fig. 6A, which is
published as supporting information on the PNAS web site).
Incubation of aortic rings for 1 h with 1 �M inositols increased the
endothelial response to 53.3 � 5.6% (Myo-INS), 56.8 � 3.4%
(DCI), 63.5 � 5.4% (me-DCI), and 85.4 � 4.3% (db-DCI) (Fig.
6A). Similar acute ‘‘curative’’ results were demonstrated in the
kidney vascular bed where the maximal endothelium-dependent
response was restored from 22.9 � 3.6% in diabetic kidneys to
36.7 � 3.1% (Myo-INS), 42.7 � 4.9% (DCI), 51.3 � 4.6% (me-
DCI), and 58.3 � 5.9% (db-DCI) (Fig. 6B). The maximal response
induced by Ach in kidneys isolated from euglycemic rabbits was
63.6 � 4.9%. In contrast, the pattern of response to sodium
nitroprusside was unchanged in the tissues of any group (Fig. 7 A
and B, which is published as supporting information on the PNAS
web site).

Relaxation of rabbit penile corpus cavernosa (RbCC) to 1 �M
Ach was blunted in alloxan-diabetic rabbits (27.8 � 3.8%) com-
pared to the response from euglycemic rabbits (87 � 8.0%) (P �
0.05). Incubation of RbCC from diabetic rabbits with inositols (1
�M for 1 h) restored the relaxant response to Ach to 33.3 � 3.4%
(Myo-INS), 37.6 � 3.2% (DCI), 41.3 � 5.4% (me-DCI), and 57.1 �
4.4% (db-DCI) (Fig. 2A). The relaxant response to exogenous NO
was also impaired in diabetic RbCC. RbCC from diabetic animals
had a maximal relaxant response to 30 �M NO of 46.5 � 3.4%
compared to 84.6 � 5.7% from euglycemic RbCC. Prior incubation
of tissues with inositols restored this relaxation to 49.8 � 6.3%
(Myo-INS), 59.6 � 3.4 (DCI), 61.3 � 6.4% (me-DCI), and 68.5 �
4.2% (db-DCI) (Fig. 2A). Nitrergic relaxation with transmural
electrical field stimulation (EFS) was also impaired in RbCC from
diabetic animals. Maximal relaxation to EFS was 89.6 � 6.8% in
euglycemic tissues compared to 37 � 4.0% (P � 0.05; n � 7) in
diabetic RbCC. Incubation with Myo-INS, DCI, me-DCI and
db-DCI reversed the nitrergic response to 38.7 � 4.3%, 42.5 �
3.6%, 51.7 � 4.4%, and 65.3 � 3.7%, respectively (Fig. 2B).

These studies (Figs. 1, 2, and 6) strongly indicate that the inositols
act on the endothelial cells to reverse defective endothelial function
in diabetes. Diabetic smooth muscle responds normally to chemi-
cally generated NO (Fig. 7 A and B and Tables 2 and 3, which are
published as supporting information on the PNAS web site).
Because endothelial ROS is a key underlying mechanism in diabetic
complications including ED, we next examined the direct action of
the inositols to reduce elevated ROS generated in the presence of
high glucose in endothelial cells, an established protocol.

DCI and db-DCI (Fig. 3), added in the concentration range of
1–10 �M, reduced elevated ROS generated in the presence of high
glucose (30 mM; Fig. 3) with db-DCI more effective than DCI.
Baseline ROS production at 5 mM glucose concentration was
52.4 � 1.8 nmol�ml and, in a high glucose medium (30 mM),
increased to 121.5 � 3.4 nmol�ml. DCI (10 �M) reduced ROS
production to 58.2 � 1.3 nmol�ml (P � 0.001 vs. 30 mM glucose
alone), and db-DCI at the same concentration reduced ROS
production to 54.5 � 1.8 nmol�ml (P � 0.001 vs. 30 mM glucose
alone). These data clearly demonstrate that inositols reduced the

concentration of ROS within endothelial cells either through
reduced generation via glycolytic metabolism or by increased
scavenging.

We examined three sequelae of increased ROS in endothelial
cells incubated in high glucose in the absence and presence of 20
�M db-DCI. Addition of db-DCI completely blocked the increased
PKC activity seen in the presence of high glucose. Similarly, db-DCI
addition completely blocked increased hexosamine accumulation
and db-DCI completely blocked the generation of advanced gly-
cation products (see Fig. 8, which is published as supporting
information on the PNAS web site).

To investigate whether inositols might act directly as antioxi-
dants, we tested their action on a ROS, superoxide, generated in
vitro. As shown in Fig. 4, all four inositols showed dose-dependent
decreases in the rate of reduction of nitroblue tetrazolium (NBT)
induced by superoxide, generated by oxidizing xanthine with xan-
thine oxidase. The rate of reduction was unchanged in saline
controls (not shown), whereas superoxide dismutase (SOD) (1
unit�ml) also effectively reduced the rate (not shown). Therefore,
inositols themselves are effective scavengers of superoxide gener-
ated in vitro.

To investigate the mechanism of the inositol’s superoxide scav-
enging action, we tested the possible role of Fe3�, based on the
known antioxidant action of phytate, myo-INS hexaphosphate
(Fe3�)4 chelate. Addition of the iron chelator desferrioxamine
completely reversed the effect of db-DCI (see Fig. 9, which is

Fig. 2. Effects of in vitro incubation for 1 h in 1 �M myo-INS, DCI, 3-O-methyl
DCI (me-DCI), or db-DCI in relaxation induced by 1 �M acetylcholine (ACh),
1–30 �M NO (A) or nitrergic relaxation induced by transmural electrical field
stimulation (B) in strips of RbCC. Responses were compared with responses
attained in tissues from euglycemic (Eugly) or diabetic rabbits (Diab) treated
isovolumetrically with vehicle. Note the improvement in ED with acute inositol
treatment enhancing NO action (A) and electrical field stimulation action (B).
Data are expressed as mean � SEM of seven animals. *, P � 0.05 inositol
treated vs. Diab plus vehicle; #, P � 0.05 inositol treated vs. Eugly plus vehicle;
ANOVA followed by Tukey–Kramer.
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published as supporting information on the PNAS web site).
Furthermore, the addition of excess Fe3� partially restored the
effect of db-DCI. This finding clearly demonstrates that db-DCI
acts as a superoxide scavenger by a mechanism similar to phytate
requiring the presence of Fe3�.

Superoxide reacts rapidly with NO and thus by scavenging
superoxide inositols may increase the bioavailability of NO. To
assess the effects of inositols on in vivo generated NO by eNOS, the
increase in tone was measured after the addition of 100 �M
L-NAME to phenylephrine precontracted aortic rings from diabetic
rats. Maximal increase in tonus induced by L-NAME was 67.3 �
4.9% in euglycemic rings compared to 8.6 � 3.8% (P � 0.05) from
diabetic rings (Fig. 5). Acute incubation with inositols (1 �M for 1 h)
restored this L-NAME-induced increase in tonus to 14 � 2.7%
(Myo-INS), 23.5 � 6.4% (DCI), 26.3 � 5.6% (me-DCI), and 43.5 �
6.4% (db-DCI) (Fig. 5) demonstrating enhanced eNOS activity in
response to inositols.

Similarly, vasodilatation induced by exogenous NO was blunted
in diabetic rat aortic rings, but restored in inositol and SOD acutely

treated tissues (Fig. 10, which is published as supporting informa-
tion on the PNAS web site). All inositols increased the bioavail-
ability of NO dose dependently to enhance NO induced relaxation,
with db-DCI and me-DCI being most effective.

The formation of protein S-nitrosothiol (SNO) within both the
endothelial surface and the smooth muscle has been shown to be
associated with NO-mediated vasorelaxation. We assessed protein
SNO formation in aortic rings from diabetic hyperglycemic, eugly-
cemic, and diabetic rats gavaged with myo-INS and db-DCI for 4
weeks by immunohistochemistry (Fig. 11, which is published as
supporting information on the PNAS web site). Protein SNO
staining was reduced in untreated diabetic rings compared to
euglycemic controls. Chronic treatment with Myo-INS and db-DCI
clearly enhanced protein SNO staining over that seen in diabetic
animals. Nonparametric scoring of the endothelial protein SNO
revealed a significant increase in staining within the inositol-treated
animals over the hyperglycemic diabetics (hyperglycemic 1, n � 4;
euglycemic 2.5, n � 6; db-DCI 3, n � 5, Myo-INS 4, n � 5).
Interestingly, staining in normal and treated tissues extended into
subendothelial sites as well as endothelial as has been previously
seen in mouse vessel rings. In summary, inositols chronically
metabolically prevented ED, acutely reversed ED in diabetic tis-
sues, acutely reduced ROS and sequelae in endothelial cells, acutely
scavenged superoxide in vitro, acutely enhanced eNOS and NO
action in diabetic tissues, and chronically maintained NO signaling.

Discussion
Decreased endothelial-dependent relaxation, a common assay for
ED in aortic rings (37–39) and mesenteric microvessels (40, 41),
indicates that both conductance and resistance vessels are affected.
In the diabetic mesentery the vascular tree undergoes hypertrophy
preceded by attenuated endothelial dependent relaxation (42, 43).
Oxygen radicals contribute to enhanced basal vascular tone, tubu-
loglomerular feedback, monocyte�macrophage infiltration and im-
paired endothelium-dependent relaxation in diabetic kidney (38,
39). SOD reverses the impaired activity of nitric oxide in renal
arterioles (44). Clearly, superoxide is responsible, at least in part, for
endothelial dysfunction in the renal vasculature (45, 46). Also
related to ED are blunted neurogenic (nitrergic) and endothelium-
dependent relaxant responses in diabetic men with erectile dys-
function (47), also observed in alloxan-diabetic rabbits (48).

Aortic rings, arteriolar mesenteric beds, vascular kidney beds,
and penile corpora cavernosa from both rats and rabbits demon-
strated impaired relaxations to acetylcholine in a 4-week alloxan
induced diabetes model. There was significant improvement in
relaxation with chronic and�or acute inositol administration.

Fig. 3. Suppression by DCI and db-DCI of ROS in bovine aortic endothelial
cells incubated in the presence of 30 mM glucose. Note the increased effect of
3,4-dibutyryl DCI (db-DCI) over DCI (DCI). Data are expressed as mean � SEM
of six experiments. *, P � 0.001 vs. 30 mM glucose (hg) alone; **, P � 0.01 vs.
30 mM glucose alone; #, P � 0.05 vs. 5 �M DCI plus 30 mM glucose; ANOVA
followed by Tukey–Kramer. lg, 5 mM glucose.

Fig. 4. Effect of inositols on the NBT reduction rate induced by superoxide
generated in a xanthine�xanthine oxidase (XA�XO) system compared with
isovolumetric addition of vehicle. Note the increased effect of dibutyryl DCI
(db-DCI). Data are expressed as mean � SEM (n � 12). *, P � 0.05 inositols vs.
vehicle; #, P � 0.05 db-DCI vs. other inositols; ANOVA followed by Tukey–
Kramer.

Fig. 5. Effects of incubation of 1 �M inositols for 1 h to increase tonus induced
by 100 �M L-NAME in diabetic rat aortic rings. Note the acute effect of inositols
to enhance eNOS activity. #, P � 0.05 vs. euglycemic (Eugly); *#, P � 0.05 vs.
diabetic control (C) and euglycemic (Eugly); ANOVA followed by Bonferroni.
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Separate mechanisms are proposed to explain the chronic met-
abolic and the acute ROS scavenging effects. DCI and me-DCI
have already been shown to have insulin-like metabolic effects in
diabetic animals, primates, and humans, decreasing hyperglycemia
and hyperlipidemia (1, 11, 12, 23, 24, 27). Clearly, the inositols were
active in correcting hyperglycemia and HTG, key components
known to induce ED in normal and diabetic tissues. Our hypothesis
is that they act metabolically by first being incorporated into
precursor IPG phospholipids and�or proteins, then subsequently
cleaved into biologically active IPGs. Insulin-like actions of both
biologically derived (1–3, 5–7) and chemically synthesized Myo-INS
and me-DCI containing IPGs have been clearly documented (9,
10). Most recently, we have demonstrated the mechanism of action
of a novel galactosamine pinitol pseudodisaccharide to activate
PP2C (49).

Beneficial effects in response to low concentrations of Ach
suggests that the inositols enhanced tissue sensitivity to Ach.
Relaxation by sodium nitroprusside, an endothelium-independent
agonist, was not affected by diabetes or by inositol treatment. Thus,
(i) the cGMP pathway itself is not impaired by diabetes, but the
endothelium is possibly compromised as a source of NO, (ii) the
effect of the inositols is likely not myogenic, and (iii) improvement
of endothelial function is probably due to an effect of the inositols
(direct or indirect) on the defective endothelial cells.

Potential mechanisms by which the inositols might act acutely to
reverse endothelial based ED include decreasing ROS and enhanc-
ing endothelial NOS and NO bioactivity. Oxidative damage has
been demonstrated to play a pivotal role in the development of
diabetic complications (50–52). A causal relationship between
oxidative stress and endothelial dysfunction in diabetes is supported
by the decreased expression of SOD in aortas of diabetic animals
(53) and by the demonstration that increased expression of SOD
restores ED in diabetic vessels (54). Tempol, an SOD mimetic,
ameliorates the endothelium-dependent response to ACh in renal
afferent arterioles of diabetic rabbits (55, 56).

We next demonstrated that DCI and db-DCI dose-dependently
reduced ROS to basal, with db-DCI more effective than DCI in
endothelial cells incubated in high glucose.

Furthermore, Db-DCI restored to normal three sequelae of
increased ROS, namely increased PKC, increased hexosamine
pathway activity, and increased advanced glycation end products.

Inositols added to superoxide generated in an in vitro xanthine�
xanthine oxidase system eliminated dose-dependently ROS. Again,
db-DCI was more effective than the other three. Clearly inositols
act here as well as on endothelial cells as superoxide scavengers.

It is well recognized that phytate, as an Fe3� chelate, is a powerful
antioxidant. Studies have shown that phytate (Fe3�)4 blocks �OH
formation by virtue of its lack of an available water coordination site
and by its ability to accelerate O2

�-mediated Fe2� depletion while
inhibiting the Fenton reaction (57, 58).

Myo-INS was recently suggested as a free radical scavenger (59).
Although no effect to reduce �OH was observed in a xanthine�
xanthine oxidase system where phytate clearly was effective, myo-
INS did protect intact closed circular DNA from strand breaks
suggesting an antioxidant effect.

Studies with added desferrioxamine, an Fe chelator, demonstrate
that it effectively blocked the action of db-DCI and that added Fe3�

in turn reversed the effect of desferrioxamine. The mechanism of
action of the free inositol db-DCI is thus similar to action of phytate
because both require the presence of Fe3� for their antioxidant
action. The detailed mechanism will require further investigation.

Superoxide reacts chemically with NO to produce peroxynitrite,
a powerful oxidant (60). NO and eNOS are known to be impaired
in ED and in diabetes (35, 36, 44). The eNOS inhibitor L-NAME
acts to induce contraction. The improvement in the impaired eNOS
and NO system was shown by the inositol addition enhanced
contraction in the presence of L-NAME and the enhanced relax-
ation in the presence of NO.

To investigate inositols protecting NO signaling systems, we
examined protein-SNO-stained rat aortic rings from controls, dia-
betics administered saline, and diabetics administered inositols.
The abundant staining seen in the endothelium of control rings was
markedly reduced in the untreated diabetic rings. Gavaged inositols
resulted in enhanced staining seen in the rings from the treated
animals with staining essentially restored to normal. Of interest,
subendothelial staining seen in the control was also seen in the
treated with subendothelial staining as previously noted (61). Thus,
inositols act chronically to preserve NO signaling by maintaining
protein SNO.

Recently, three cellular transporters for myo-INS have been
identified, two Na� coupled, SMIT1 and SMIT2, and one proton-
coupled, HMIT (62). Furthermore, SMIT2 has been shown to
transport DCI (63).

The present studies demonstrate that inositols, particularly DCI
derivatives such as db-DCI, deserve consideration as therapeutic
agents for preventing and treating metabolic syndrome, ED, and
erectile dysfunction by virtue of both their chronic metabolic, acute
ROS scavenging, and NO protective beneficial effects.

Furthermore, in connection with a possible therapeutic applica-
tion, we have demonstrated a decrease in chiro-inositol in muscle,
hemodialysate, and urine of type 2 diabetics (17, 21).

Materials and Methods
Animals. Diabetic rats and rabbits were prepared as detailed in
Supporting Text, which is published as supporting information on
the PNAS web site (64). Diabetic rats were gavaged with saline or
inositols for 4 weeks, and tissues were removed and tested for ED.
Diabetic tissues from the saline-gavaged animals were used for the
‘‘acute’’ treatment protocols.

Drugs and Chemicals. Acetylcholine and sodium nitroprusside were
from Merck; sodium nitrate and indomethacin were from Sigma.
Inositols were from Allomed Pharmaceuticals and Sigma.

Blood Sampling and Biochemical Assays. Venous blood was obtained
by infraorbital plexus puncture. Plasma triglycerides and total
cholesterol were measured by standard enzymatic methods with
commercial kits.

Blood Pressure Measurements. The right carotid artery was cannu-
lated, and systemic blood pressure was recorded via a pressure
transducer and polygraph.

Tissue Preparation. Diabetic rat and rabbit aortic thoracic rings, rat
arteriolar mesenteric beds, rabbit renal vascular beds, and rabbit
penile corpus cavernosum were prepared surgically under anesthe-
sia and perfused by standard procedures.

Concentration dose–response curves were performed to vasodi-
lators, i.e., acetylcholine or sodium nitroprusside. Experiments
were performed in the presence of indomethacin (10�5 M) to avoid
interference of cyclooxygenase products.

To test the acute effect of inositol administration, concentration
dose–response curves to both endothelium-dependent and -inde-
pendent agonists were performed in the absence and presence of
inositols (1 �M for 1 h).

For rabbit RbCC, transmural EFS was performed. Stimuli
were studied in the absence and presence of 1 �M inositols.

Endothelial Cell ROS Production. Bovine aortic endothelial cells
were cultured in normal glucose and high glucose for 4–6 h. ROS
was determined fluorometrically by using the probe CM-
H2DCFDDA (34, 35).

PKC Activity. Assay was performed by using the Protein Kinase C
Assay System (Invitrogen).
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Hexosamine Pathway Activity. Hexosamine pathway activity was
determined by measuring UDP-GlcNAc concentration (65).

Advanced Glycation End Products. Methylglyoxal-derived imidizole
advanced glycation end products were detected with monoclonal
Ab 1H7G5 at 1:10,000 dilution (66, 67).

Protein SNO. Aortic rings were fixed, embedded in paraffin,
sectioned, and stained for SNO (61, 68).

NO-Potentiation and NBT Reduction Test. NO-induced (1 �M)
relaxation was evaluated in diabetic rat aortic rings. Superoxide

anions (O2
�) were generated by xanthine (1 mM) oxidized by

xanthine oxidase (10 milliunits�ml). Rate of NBT reduction by
superoxide anion was determined spectrophotometrically.

Statistical Analysis. Biochemical parameters were analyzed by
two-tailed paired Student’s t test and considered significantly
different if the probability of the occurrence of the null hypoth-
esis was �5%.

We thank Dr. David L. Brautigan for review of and comments on the
manuscript.
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