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Abstract 

We examined glucose metabolism following I1-imidazoline (I15��DQG� 2-adrenergic 

UHFHSWRU�� 2AR) activation in an animal model of metabolic syndrome X. Fasted spontaneously 

hypertensive obese rats (SHROB) were given the I15� 2AR agonists moxonidine and 

ULOPHQLGLQH�RU�WKH� 2AR agonist guanabenz. Because of the dual specificity of moxonidine, its 

actions were split into adrenergic and non-adrenergic components by using selective 

DQWDJRQLVWV��UDXZROVFLQH�� 2AR) efaroxan (I15� 2AR) or AGN192403 (I1R). Hyperglycemia 

induced by moxonidine, rilmenidine and guanabenz resulted from inhibition of insulin secretion. 

Similar responses were observed following oral dosing and in lean SHR littermates. Glucagon 

was reduced by the I1R agonists (moxonidine: 32±5%; rilmenidine: 24±7%) but elevated by 

guanabenz (71±32%). The hyperglycemic and hypoinsulinemic responses to moxonidine were 

blocked by rauwolscine. In contrast, rauwolscine potentiated the reduction in glucagon 

(39±6%). AGN193402 blocked the glucagon response without affecting hyperglycemia and 

hypoinsulinemia. Efaroxan blocked all responses to moxonidine. When SHROB rats were 

treated with moxonidine 15 min before an oral glucose tolerance test, the glucose area under 

WKH�FXUYH��$8&��ZDV�LQFUHDVHG��$QWDJRQL]LQJ�WKH� 2AR component of moxonidine’s action with 

rauwolscine improved glucose AUC three fold  and facilitated the insulin secretory response 

and reduced glucagon secretion. Testing fasting glucose and insulin during three weeks of oral 

moxonidine revealed early hyperglycemia which later faded, and a progressive drop in fasting 

insulin. The acute hyperglycemia and hypoinsulinemia elicited by moxonidine and rilmenidine 

ZDV�PHGLDWHG�E\� 2AR, whereas I1R may reduce glucagon and increase insulin, particularly 

after a glucose load.  
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Centrally acting antihypertensive agents structurally related to clonidine interact not only with 

2-DGUHQHUJLF�UHFHSWRUV�� 2AR) but also with imidazoline binding sites characterized as I1-

imidazoline receptors (I1R) (Ernsberger et al., 1990;Buccafusco et al., 1995). Second 

generation central antihypertensives with reduced sedative side effects, such as moxonidine 

and rilmenidine, show a modest selectivity for I15�RYHU� 2AR (Ernsberger et al., 1993). The 

UHODWLYH�UROHV�RI� 2AR versus I1R in the antihypertensive actions of various agents in this class 

remains controversial (Szabo, 2002). Nonetheless, mutant mice lacking vasodepressor 

UHVSRQVHV�WR� 2AR respond identically to wild-type mice to central administration of 

moxonidine (Tolentino-Silva et al., 2000). Recent studies have shown that moxonidine and 

rilmenidine have actions other than centrally mediated antihypertensive effects.  

Chronic administration of I1R agonists can reduce insulin resistance and improve 

glucose disposal rates in humans (Reid, 2001) and animals (Rosen et al., 1997;Henriksen et 

al., 1997;Ernsberger et al., 1999a). However, since all clinically used I1R agonists activate both 

I15�DQG� 2AR it is not known which receptor is responsible for these beneficial therapeutic 

effects. 

In contrast to these chronic effects, acute administration of imidazoline agents induces 

hyperglycemia and impairs glucose tolerance in humans as a result of decreased plasma 

insulin levels (Metz et al., 1978;Barbieri et al., 1980) and in rats (Rosen et al., 1997;Bock and 

Van Zwieten, 1971;Ditullio et al., 1984). The fall in insulin secretion is believed to be due to the 

DFXWH�DFWLYDWLRQ�RI� -FHOO� 2AR leading to decreases in cytosolic cAMP levels and inhibition of 

insulin secretion. However, a possible contribution of imidazoline receptors to the inhibition of 

insulin secretion by imidazolines has never been directly tested. 

In vitro studies with imidazoline agonists have indicated a potential insulin secreting 

effect. This was first described for the imidazoline phentolamine, which was found to increase 

LQVXOLQ�VHFUHWLRQ�LQGHSHQGHQWO\�RI� 2AR blockade (Schulz and Hasselblatt, 1988;Schulz and 
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Hasselblatt, 1989c). They further noted that the imidazoline clonidine inhibited insulin release 

ZKHQ�JLYHQ�DORQH��DV�D�UHVXOW�RI�LWV� 2AR agonist action, but elicited insulin release though a 

non-adrenergic meFKDQLVP�IROORZLQJ� 2AR blockade. More recent studies have identified 

selective imidazoline agents that stimulate insulin release form the pancreas while lacking 

adrenergic actions (Efanova et al., 1998;Efanov et al., 2001). The mixed agent moxonidine 

IDFLOLWDWHG�JOXFRVH�LQGXFHG�LQVXOLQ�VHFUHWLRQ�LQ�LVRODWHG�UDW� -cells in a dose dependent manner 

(Rosen et al., 1997). In HIT-T15 cells, clonidine stimulated glucose induced insulin secretion 

only when cells were pre-treated with pertussis toxin to block 2AR mediated responses 

(Hirose et al., 1997). In contrast, others have reported that moxonidine had no effect on insulin 

VHFUHWLRQ�LQ�LVRODWHG�UDW� -cells (Morgan et al., 1995). 

Chronic imidazoline treatment improves glucose metabolism while acute treatment 

impairs glucose homeostasis in both humans and rodents. Thus, chronic and acute effects of 

imidazolines appear to be opposite. ,QKLELWLRQ�RI�LQVXOLQ�VHFUHWLRQ�LQGXFHG�E\� 2AR activation 

has been documented for 30 years (Bock and Van Zwieten, 1971). Less information regarding 

WKH�HIIHFWV�RI� 2AR activation on plasma glucagon levels is available. However, the general 

FRQVHQVXV�LV�WKDW�ERWK�DFXWH�LQ�YLWUR�DQG�LQ�YLYR�� 2AR activation seems to stimulate glucagon 

secretion (Gotoh et al., 1988;Saito et al., 1992;Hirose et al., 1992). The influence of acute I1R 

activation by imidazoline agents on glucagon levels in vivo has not been reported. 

Metabolic syndrome X is a cluster of metabolic diseases including insulin resistance, 

glucose intolerance, obesity, hypertension, and hyperlipidemia (Reaven, 1993). Metabolic 

syndrome X frequently precedes type II diabetes and is a strong predictor of cardiovascular 

disease, yet specific pharmacotherapy has not been established. The obese spontaneously 

hypertensive rat (SHROB; Koletsky rat) is a unique animal model with genetic obesity 

superimposed on a background of genetic hypertension. The obesity mutation is a recessive 

trait, designated fak, which is a nonsense mutation of leptin receptor gene resulting in a 
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premature stop codon in the leptin receptor extracellular domain. The SHROB rat lacks 

expression of any of the isoforms of the leptin receptor. SHROB shows marked elevations in 

fasting insulin, glucagon, triglycerides and total cholesterol together with obesity, glucose 

intolerance and hypertension, while maintaining normoglycemia. Thus, the SHROB is a 

leading animal model of metabolic Syndrome X (Ernsberger et al., 1999b;Velliquette et al., 

2002). 

The aim of this study was to examine the role of I15�DQG� 2AR in the control of glucose 

metabolism in a rodent model of metabolic syndrome X. In addition, we wanted to examine the 

effectiveness of I1R agonists monotherapy in the treatment of metabolic syndrome X. We 

hypothesized that the in vivo hyperglycemia response of I1R agonists was from the activation 

RI�SDQFUHDWLF� 2AR, while pancreatic I1R activation inhibits glucagon secretion and stimulates 

insulin secretion leading to improved glucose homeostasis.
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Materials and Methods 

Animals 

Adult male and female obese spontaneously hypertensive rat (SHROB) and lean SHR 

litter,ates aged between 16 and 24 weeks were housed individually and were provided food 

(Teklad 8664) and water ad libitum. SHROB (fak/fak) were bred in a closed colony from 

brother-sister mating of heterozygous carriers (Fak/fak), since obese animals or either sex 

cannot reproduce (Ernsberger et al., 1999b). Animals were on a 12:12-h light-dark cycle (lights 

on from 7:00 to 19:00) and were maintained at a constant temperature of 21ºC. These 

procedures were carried out with the approval of the Case Western Reserve University Animal 

Care and Use Committee. 

Acute Drug Treatment  

Moxonidine was provided by Solvay Pharmaceuticals (Hannover, Germany). 

Rilmenidine, guanabenz, efaroxan, rauwolscine and AGN192403 were obtained from Sigma-

Aldrich (St. Louis, MO).  All drugs were dissolved in 20% DMSO and then diluted with 0.9% 

saline (final DMSO concentration <5%). Initial doses for moxonidine, rilmenidine, guanabenz, 

efaroxan and rauwolscine were 0.5, 2.5, 0.3, 0.6 and 7.5 mg/kg, respectively. Initial doses for 

moxonidine, rilmenidine and guanabenz were set based on equal hypotensive effects in SHR 

as determined by telemetry (Ernsberger and Rao, 2000). In a few experiments, drugs were 

given orally by gavage to both SHROB and SHR (moxonidine: 2 and 8 mg/kg, and clonidine: 

0.8 mg/kg). Dose response studies were examined in SHROB for moxonidine (0.5, 1.0, 2.0 

and 4.0 mg/kg) and guanabenz (0.03, 0.1, 0.3 and 1.0 mg/kg). All drugs were administered 

after an 18h overnight fast. Tail blood was taken at baseline and 1, 2 and 4h after ip injection, 

and at 2, 4 , 8 and 12h after oral gavage. In blocking experiments, antagonists were mixed 

together with agonists and administered as one bolus. 
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To test whether acute I1R activation modulated glucose tolerance, we injected SHROB 

with moxonidine (0.5 mg/kg), moxonidine + rauwolscine (0.5+7.5mg/kg) or saline followed by a 

glucose challenge. Animals were fasted for 18h and then administered drugs ip. An oral 

glucose tolerance test (OGTT) was performed 15min postinjection.  

Chronic Drug treatment 

To test progressive changes in glucose and insulin during the course of chronic 

treatment, 8 SHROB and 8 SHR were given moxonidine orally by adding it to powdered rat 

chow prior to pelleting (0.2 mg/kg of chow for SHROB and 0.13 mg/kg of chow for SHR). 

Moxonidine free base was dissolved in 0.1% citric acid at 1 mg/ml to ensure even mixing. At 

day 20 of drug treatment, SHROB consumed 18.9 ± 1.4 g chow and had a body weight of 492 

± 15 g. Thus, the ingested dose of moxonidine was 8.0 ± 0.4 mg/kg/d. SHR consumed 16.2 ± 

1.1 g chow and had a body weight of 223 ± 3 g. Thus, the ingested dose of moxonidine was 

9.4 ± 0.6 mg/kg/d. Food was removed each day at 12 pm and a single tail blood sample (0.2 

mL) was taken at 4 pm prior to reintroduction of food. Blood glucose and plasma insulin were 

determined as described below. 

Oral Glucose Tolerance Test (OGTT)   

As previously described (Ernsberger et al., 1999a), rats were given by oral gavage a 

50% glucose solution at a dose of 6g/kg body weight.  Blood (0.2 ml) was obtained from the 

tail vein of conscious animals at baseline and 30, 60, 120, 240 and 360 min after the glucose 

load. Plasma glucose, insulin, C-peptide and glucagon were determined at each time point. 

Biochemical Measurements 

Glucose in whole blood or plasma was determined by colorimetric glucose oxidase 

assay (whole blood: One-Touch; Lifescan, Milpitas, CA; plasma: Sigma; enzymatic glucose kit, 

St. Louis, MO). The remaining sample was chilled on ice, centrifuged for 20 min at 5000g at 

4ºC, and the plasma frozen at –70ºC until assayed for glucose, insulin, C-peptide, and 
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glucagon. Insulin, C-peptide and glucagon radioimmunoassay kits were used with rat insulin, 

C-peptide and glucagon standards and antibodies directed against rat insulin, C-peptide and 

glucagon, respectively (Linco, St Charles, MO). Assays were conducted in duplicate. Intra-

assay coefficient of variation was 0.8% for glucose, 1.1% for glucagon, 2.9% for C-peptide and 

3.7% for insulin. The inter-assay variation was 2.3% for glucose, 7.2% for glucagon and 6.2% 

for both C-peptide and insulin. 

Statistical Methods 

Results are presented as means ± standard error of the mean.  Comparisons between 

groups were made using one- or two-way analysis of variance (ANOVA) or analysis of 

variance with repeated measures (REMANOVA) using Prism (Graph Pad Software, San 

Diego, CA) with post-hoc analyses by Neuman-Keuls test. 
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Results 

Acute metabolic response to 2AR and I1R agonists in SHROB  

The selective I1R agonists moxonidine (0.5mg/kg) and rilmenidine (2.5mg/kg) both 

induced hyperglycemia after acute ip administration (Figure 1A). Hyperglycemia was mirrored 

by a significant reduction in plasma insulin (Figure 1B). Plasma C-peptide levels, an index of 

insulin secretion, also fell (Figure 1C). These data imply that moxonidine and rilmenidine 

induced hyperglycemia primarily by reducing insulin secretion. In addition, plasma glucagon 

concentrations were significantly reduced after acute ip moxonidine and rilmenidine (Figure 

1D), an effect that would tend to blunt the hyperglycemic response. The effects of moxonidine 

were more short-lived than those rilmenidine, consistent with the one-hour half life of 

moxonidine in the rat (He et al., 2000). 

Increasing doses of moxonidine over an 8-fold range elicited similar hyperglycemic 

effects, with the main effect of increasing doses to flatten the timecourse of the response 

(Figure 2A, dose X time interaction: p<0.0001). A dose dependent reduction in plasma insulin 

concentration was observed (Figure 2B). A significant dose-time interaction was observed in 

plasma insulin concentration (p<0.0001), implying greater duration of action at higher doses. 

Plasma insulin concentration significantly overshot the baseline at 4h for the two lower doses 

of moxonidine, which was not achieved at the two higher doses. A biphasic dose response 

relationship for plasma glucagon concentrations was observed (Figure 2C), wherein the lowest 

dose of moxonidine (0.5 mg/kg) reduced plasma glucagon concentration, while higher doses 

had the opposite effect. This pattern of responses raised the possibility that the I1R may be 

responsible for the reduction of plasma glucagon at low doses, response, wKHUHDV� 2AR 

mediate the increases at higher doses, since I1R effects are likely to dominate at low doses of 

moxonidine (I1R Ki �Q0��ZKLOH� 2$5�HIIHFWV�PD\�EHFRPH�RYHUZKHOPLQJ�DW�KLJKHU�GRVHV�� 2AR 

Ki=75nM) (Ernsberger et al., 1993).  
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:H�QH[W�FRPSDUHG�WKH�HIIHFWV�RI�PR[RQLGLQH�ZLWK�WKRVH�RI�JXDQDEHQ]��D�SRWHQW� 2AR 

agonist (Ki=7nM) with low affinity for I1R (Ki>1,000nM) (Ernsberger et al., 1993). Guanabenz 

elicited a dose dependent increase in blood glucose concentration (Figure 3A). The 

hyperglycemia induced by guanabenz was mirrored by a dose dependent reduction in plasma 

insulin levels (Figure 3B). The reduction in plasma insulin concentration resulted from an 

inhibition of insulin secretion, since plasma C-peptide concentrations were decreased in 

parallel (data not shown). In contrast to moxonidine, an overshoot above baseline at the later 

timepoints was not detected. A significant dose dependent increase in plasma glucagon 

concentrations was observed after acute ip guanabenz (Figure 3C). These results with a 

UHODWLYHO\�VSHFLILF� 2AR agonist suggest that hyperglycemia, reductions in insulin secretion and 

LQFUHDVHV�LQ�JOXFDJRQ�VHFUHWLRQ�DUH�PHGLDWHG�WKURXJK�WKH� 2AR. 

To determine whether these responses to imidazoline and non-LPLGD]ROLQH� 2AR 

agonists were specific for the ip route of administration, moxonidine and the nonselective I1R 

anG� 2AR agonist clonidine were given orally by gavage. Because the oral bioavailability of 

moxonidine in the rat is only 5% (He et al., 2000), 2 and 8 mg/kg doses were administered. 

Clonidine was given at 0.8 mg/kg because previous studies have shown that moxonidine has 

approximately one-tenth the antihypertensive potency of clonidine when given to SHR (Armah 

et al., 1988). Oral moxonidine markedly increased plasma glucose and decreased insulin, with 

a prolonged timecourse extending up to 12h (Figure 4). Clonidine elicited nearly identical 

effects at one-WHQWK�WKH�PR[RQLGLQH�GRVH��7KXV��RUDO�GRVLQJ�ZLWK� 2AR agonists is capable of 

inducing significant hyperglycemia. 

Acute metabolic response to� 2AR and I1R agonists in SHR 

To determine whether these responses to imidazoline and non-LPLGD]ROLQH� 2AR 

agonists were specific for the insulin resistant SHROB animal, the experiments with orally 

administered agents were repeated in lean SHR littermates. As shown in Figure 5, the rise in 
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blood glucose showed a reduced overall amplitude, but was highly significant. Plasma insulin 

is by necessity plotted on a different scale for SHR than for SHROB. Insulin fell to nearly 

undetectable levels after either moxonidine or clonidine. The time course of the glucose and 

insulin responses were similar in SHR and SHROB, suggesting comparable pharmacokinetics. 

In both genotypes, not all groups had returned to baseline by 12h post injection. Because 

responses to oral and ip routes were similar, and because larger responses were observed in 

SHROB rats, further investigations were carried out with ip administration to SHROB. 

Effects of selective receptor blockade 

Selective antagonists were used to further test the receptor mechanisms responsible for 

the acute effects of ip moxonidine in SHROB��7KH�VHOHFWLYH� 2AR antagonist rauwolscine (7.5 

mg/kg), the mixed I15�DQG� 2AR antagonist efaroxan (0.6 mg/kg) or the selective I1R 

antagonist AGN 192403 (10 mg/kg) (Munk et al., 1996;Schafer et al., 2002) were given with 

moxonidine (0.5mg/kg). Co-administration of moxonidine with either of the antagonists active 

at 2AR completely abolished the hyperglycemic effect of moxonidine alone (Figure 6A; 

p<0.0001 versus moxonidine only and p > 0.10 versus saline). Reductions in plasma insulin 

were also blocked by both rauwolscine and efaroxan (Figure 6B). In fact, the addition of 

rauwolscine seemed to unmask an insulin secretory response induced by moxonidine, which is 

suggested by a significant increase in plasma insulin and C-peptide without a change in 

glycemia. In contrast, the selective I1R antagonist AGN 192403 had no effect on glucose or 

insulin levels at 1h or 2h relative to rats treated with moxonidine alone, but did increase 

glucose and decrease insulin at 4h. In other words, AGN 192403 selectively inhibited the 

overshoot in plasma insulin levels observed at 4h for moxonidine alone or moxonidine with 

VHOHFWLYH� 2AR blockade, resulting in higher 4h glucose levels. These results imply that the 

2AR is responsible for moxonidine’s acute hyperglycemic response by suppressing insulin 

secretion. 
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In contrast to the results for insulin, only the mixed I15�DQG� 2AR antagonist efaroxan 

blocked the reduction in plasma glucagon concentration induced by acute ip moxonidine 

WUHDWPHQW��)LJXUH��&���6HOHFWLYH�EORFNDGH�RI� 2AR with rauwolscine actually potentiated 

moxonidine’s effect on�SODVPD�JOXFDJRQ��7KLV�IXUWKHU�UXOHV�RXW�D�UROH�IRU� 2AR in the inhibition 

of glucagon secretion and implicates I1R. Furthermore, selective blockade of I1R with AGN 

192403 uncovered a stimulatory effect of moxonidine on glucagon levels, presumably 

mediated�E\�XQRSSRVHG�DFWLYDWLRQ�RI� 2AR. 

6RPH�VWXGLHV��EXW�QRW�RWKHUV��KDYH�UHSRUWHG�WKDW� 2AR antagonists can increase insulin 

secretion (Struthers et al., 1985;Hsu et al., 1987;Schulz and Hasselblatt, 1988). Efaroxan is an 

insulin seretagogue in vitro, allegedly via an agonist action at putative I3-imidazoline receptors 

(Chan et al., 2001), but very high concentrations (10 to 100 µM) are required to elicit insulin 

secretion. Therefore, we tested the effects of rauwolscine and efaroxan when administered 

alone. As shown in Figure 7, neither agent had any effect on glucose, insulin or glucagon 

FRQFHQWUDWLRQV��*LYHQ�WKDW�WKH�GRVHV�XVHG�DUH�VXIILFLHQW�WR�LQGXFH�FRPSOHWH�EORFNDGH�RI� 2AR, 

WKHVH�UHVXOWV�LPSO\�WKDW� 2AR do not tonically participate in the regulation of glucose 

homeostasis in the basal state in the SHROB model. 

Effects on glucose tolerance 

To examine the role of I15�DQG� 2AR in nutrient induced changes in insulin secretion 

and glucose homeostasis in vivo, we preformed an OGTT after acute ip administration of 

selective I15�DQG� 2AR agents. Acute ip moxonidine (0.5 mg/kg) significantly worsened the 

glucose response during an OGTT compared to saline treated controls (Figure 8). Plasma 

glucose AUC was significantly elevated after acute ip moxonidine compared to saline (Figure 

8B). Similar effects on plasma glucose responses were observed after 0.1 mg/kg guanabenz 

(data not shown).�,Q�FRQWUDVW��DQWDJRQL]LQJ�WKH� 2AR component of moxonidine with 

rauwolscine (7.5 mg/kg) significantly improved the glucose response during the OGTT (Figure 
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8). This resulted in a significantly reduced plasma glucose AUC for the group treated with 

moxonidine plus rauwolscine versus saline treated controls. This improved glucose response 

was entirely due to a lower glucose AUC beyond 60min after the glucose load, since 0-60min 

plasma glucose AUC was identical for moxonidine plus rauwolscine and saline (5.6±0.7 and 

5.4±0.8 g/ml*min, respectively). In contrast, guanabenz plus rauwolscine was not different from 

saline (data not shown). These results suggest that WKH� 2AR component worsens and the I1R 

component of moxonidine improves the glucose response during an OGTT in an animal model 

of impaired glucose tolerance. 

The impairment in glucose tolerance observed after acute ip moxonidine was due to 

near complete inhibition of the insulin response during the first 60min post glucose load (Figure 

9), which resulted in a negative plasma insulin AUC (-228±81 ng/ml*min). The improved 

glucose response after acute moxonidine plus rauwolscine was mirrored by an increased 

plasma insulin response (Figure 9). The enhanced plasma insulin response was reflected in an 

increased plasma insulin AUC compared to saline treated (Figure 9B). Similar to the effect on 

the plasma glucose response, the enhancement of insulin secretion was only observed 60min 

post glucose load and beyond (7300±1200 vs. 2300±1400 ng/ml*min; p<0.01).  

The changes in the plasma insulin response during the OGTT were generally mirrored 

by changes in plasma C-peptide concentrations (Figure 10), suggesting that the changes in 

plasma insulin concentrations were due to secretion. Total plasma C-peptide AUC was not 

significantly different between moxonidine and saline. Antagonizing the 2AR component of 

moxonidine with rauwolscine significantly improved total plasma C-peptide AUC relative to 

both moxonidine alone and saline (Figure 10B). Similar to the plasma insulin AUC, 

moxonidine’s 0-60min plasma C-peptide response was markedly different from the 60-360min 

response (-������DQG��������Q0PLQ��UHVSHFWLYHO\���$QWDJRQL]LQJ�WKH� 2AR component of 

moxonidine with rauwolscine completely reversed the early inhibition of plasma C-peptide 
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induced by moxonidine (AUC:-45±16 vs. +73±5.3 nM*min; p<0.001). In addition, the early 

insulin secretion response (0-��PLQ��ZDV�LQFUHDVHG�E\�PR[RQLGLQH�ZKHQ�WKH� 2AR component 

was blocked with rauwolscine (plasma C-peptide AUC: 73±5.3 vs. 28±15 nM*min for the saline 

treated group; p<0.05). Moreover, the plasma C-peptide AUC with moxonidine plus 

rauwolscine was elevated during the late phase (60-360min) of the OGTT compared to saline 

treated controls (897±123 vs. 563±28 nM*min; p<0.05). These results suggest that 

PR[RQLGLQH¶V� 2AR component inhibits and the I1R component stimulates insulin secretory 

activity during an OGTT.  

In agreement with previous results (Velliquette et al. 2002), plasma glucagon showed a 

paradoxical rise in response to a glucose load in the SHROB model. As shown in Figure 11, 

the rise in plasma glucagon immunoreactivity during an OGTT was attenuated after acute 

moxonidine treatment relative to animals receiving only saline prior to the glucose load. When 

WKH� 2AR component of moxonidine’s action was blocked with rauwolscine, plasma glucagon 

AUC was significantly reduced compared to both moxonidine alone and saline (Figure 11B). 

These results suggest that moxonidine’s action to reduce plasma glucagon though an I1R 

mediated action can be observed during a glucose load as well as under fasting conditions. 

Time course of hyperglycemic and hypoinsulinemic effects during chronic treatment 

Because the acute and chronic effects of moxonidine on plasma glucose are in opposite 

directions, we characterized the timecourse of glucose and insulin concentrations during 

chronic oral treatment of SHROB and SHR with 8 mg/kg/d moxonidine (Figure 12). Relative to 

baseline (Day 0), the first day of oral moxonidine treatment increased blood glucose and 

decreased plasma insulin. This effect was observed even though the rats had no food, and 

thus no drug, for 4h prior to sampling. This finding is consistent with the prolonged 

hyperglycemic and insulinopenic response to oral moxonidine (see Figures 4 and 5). After 

reaching a peak on day 3 in SHROB and day 5 in SHR, fasting blood glucose fell progressively 
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until by day 12 it was no longer differed from baseline in either SHROB or SHR (P > 0.05, 

Newman-Keuls test and REMANOVA). In contrast, fasting insulin levels fell to nearly one-third 

of starting levels and remained reduced through the 20d of treatment in SHROB, but showed 

little change in SHR. Thus, in SHROB by the third week of treatment fasting normoglycemia 

was maintained with one-third the amount of circulating insulin, implying increased insulin 

sensitivity. In both SHROB and SHR, the hypoglycemic and hypoinsulinemic effects of 

moxonidine appear to show complete tachyphylaxis with chronic treatment. 
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Discussion 

In the present study, we examined the impact of agents active on I15�DQG� 2AR on 

glucose homeostasis in an animal model of metabolic syndrome X. Currently available 

imidazoline agents activate both I15�DQG� 2AR, thus it is important to separate responses 

mediated by these receptors. Acute administration of the selective I1R agonists moxonidine 

and rilmenidine induced hyperglycemia by reducing insulin secretion, as indicated by falls in 

both plasma insulin and C-SHSWLGH��7KH�UHGXFHG�LQVXOLQ�VHFUHWLRQ�ZDV�PHGLDWHG�E\� 2AR 

activation and not the I15��DV�LQGLFDWHG�E\�VLPLODU�UHVSRQVHV�WR�WKH�VSHFLILF� 2AR agonist 

guanabenz and by the ability of the non-LPLGD]ROLQH� 2AR antagonist rauwolscine to block the 

effects. The beneficial reduction in plasma glucagon was mediated by the I1R since the 

responses were neither reproduced by guanabenz nor blocked by the addition of rauwolscine, 

but were blocked by efaroxan, a mixed I15�DQG� 2AR antagonist, or by the selective I1R 

antagonist AGN 192403. 

Rilmenidine, the first selective I1R agonist to be used clinically, improves glucose 

tolerance and insulin resistance in patients with metabolic syndrome X (Reid, 2001). A double-

blind comparison trial of rilmenidine against a calcium channel blocker showed that only 

rilmenidine improved glucose tolerance (De Luca et al., 2000). Furthermore, as reviewed in the 

Introduction, recent studies in humans and animals have shown that moxonidine and 

rilmenidine have therapeutic potential in insulin resistance and diabetes as well as in 

hypertension. Some previous studies have used a 90d treatment period (Ernsberger et al., 

1996;Ernsberger et al., 1999a), while another group showed that 21d of treatment was 

sufficient to improve insulin resistance in the Zucker rat model (Henriksen et al., 1997). The 

present study confirms that this treatment period is sufficient to reduce fasting insulin levels 

required to maintain normoglycemia. 
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We hypothesized that the apparent paradox of acute hyperglycemia verses chronic 

hypoglycemia could be explained by the dual activity of imidazoline agents. Acutely, peripheral 

2AR activation would predominate leading to inhibition of insulin secretion and stimulation of 

JOXFDJRQ�VHFUHWLRQ��&KURQLFDOO\�� 2AR may be partially desensitized and I1R activation 

becomes manifest leading to improved glucose homeostasis. The transition from early 

hyperglycemic response to later improvements in glucose homeostasis is illustrated in Figure 

12 when moxonidine was administered orally to SHROB and SHR. In SHROB, elevated blood 

glucose and reduced plasma insulin concentrations were observed for the first 12d, followed 

by normalization of blood glucose with maintenance of reduced plasma insulin concentrations. 

The hyperglycemic response faded over time in SHR as well. 

Acute I1R�DQG� 2AR activation interact with nutrient regulated insulin and glucagon 

VHFUHWLRQ�LQ�YLWUR�DQG�LQ�YLYR��3DQFUHDWLF� 2AR activation is known to inhibit insulin secretion in 

the fasted and fed condition in vivo and in isolated pancreatic islets in vitro (Ditullio et al., 

1984)��,Q�WKH�SUHVHQW�VWXG\�� 2AR activation induced profound hyperglycemia, far in excess of 

that elicited by a large glucose load. This was observed not only the hyperinsulinemic SHROB, 

but also in lean SHR littermates. Both ip and oral routes of administration elicited 

K\SHUJO\FHPLD��7KHVH�GDWD�VXJJHVW�SRVVLEOH�DGYHUVH�HIIHFWV�RI� 2AR agonists in type diabetics 

and others with compromised insulin function.  

In cRQWUDVW�WR�WKH�LQKLELWRU\�HIIHFWV�RI� 2AR activation, activation of an I1R (or a related 

imidazoline site (Morgan et al., 1995)) may facilitate insulin release. Clonidine (an I1R and 

2AR agonist) in the presence of the non-LPLGD]ROLQH�LUUHYHUVLEOH� 2AR antagonist 

benextramine increased insulin secretion in mice pancreatic islets compared to control (Schulz 

and Hasselblatt, 1989b). Similar effects on insulin secretion have been reported for 

phentolamine (an I15�DJRQLVW�DQG� 2AR antagonist) and antazoline (an I15�DQG�D�ZHDN� 2AR 

agonist) in vitro (Schulz and Hasselblatt, 1989a). In agreement with these in vitro findings, we 
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REVHUYHG�WKDW�DFXWH� 2AR activation impairs glucose induced insulin secretion, yet acute I1R 

activation potentiates glucose induced insulin secretion in vivo. 

7KH�SRWHQWLDO�XVH�RI� 2AR antagonists to enhance insulin release has been debated 

(Hsu et al., 1987;Schulz and Hasselblatt, 1989c). In agreement with the lack of effect of either 

rauwolscine or efaroxan in the present study, most inveVWLJDWRUV�KDYH�IRXQG�OLWWOH�HIIHFW�RI� 2AR 

antagonists on insulin levels in vivo in humans and animals. Efaroxan has reported to increase 

insulin secretion from isolated pancreatic islets, although relatively high concentrations of 10 to 

100 µM are required for this effect (Morgan et al., 1995)��7KLV�DFWLRQ�LV�LQGHSHQGHQW�RI� 2AR 

and is thought to be mediated through an agonist effect at an imidazoline receptor subtype. 

Because efaroxan is an antagonist at I1R, it has been proposed that efaroxan acts via a novel 

I3R. However, it is not clear if this proposed I3R mechanism applies in vivo except at high 

doses (Mourtada et al., 1997a;Mayer and Taberner, 2002) In the present study, a dose of 0.6 

PJ�NJ�ZDV�VXIILFLHQW�WR�EORFN�ERWK� 2AR and I1R yet had no effect on glucose, insulin, C-

SHSWLGH�RU�JOXFDJRQ�ZKHQ�JLYHQ�DORQH��7KHVH�GDWD�LPSO\�WKDW� 2AR of the pancreatic islets are 

not tonically active in restraining insulin secretion under resting conditions.  

Glucagon is the primary counter-regulatory hormone to insulin, and its levels rise during 

fasting and fall during the post-prandial period. In metabolic diseases such as diabetes and 

metabolic syndrome X, fasting and post-prandial plasma glucagon concentrations are elevated 

and a paradoxical post prandial rise in glucagon may be observed (Shah et al., 

2000;Velliquette et al., 2002)��7KH�LPSDFW�RI� 2AR activation on glucagon secretion is 

controversial, with some authors reporting increases, others decreases and yet others no 

UHVSRQVH��+RZHYHU��SUHYLRXV�LQ�YLYR�VWXGLHV�KDYH�QRW�WHVWHG�VSHFLILF� 2AR agonists but rather 

tested imidazolines or catecholamines which activate multiple receptor types (Gotoh et al., 

1988;Saito et al., 1992). Saito et al. (1992) reported that the increase in glucagon levels 

elicited by clonidine was mediateG�E\� 2AR, since it was completely blocked by yohimbine. We 
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KDYH�VKRZQ�WKDW�WKH�UHODWLYHO\�VSHFLILF� 2AR agonist guanabenz elevated plasma glucagon, 

DQG�WKDW�WKLV�HIIHFW�RI�JXDQDEHQ]�DQG�RWKHU� 2AR agonists can be blocked with rauwolscine. 

7KXV�� 2AR agonists given in relatively low doses in vivo have significant effects on circulating 

levels of glucagon. The increased glucagon in combination with decreased insulin can account 

for the observed hyperglycemic response. 

The effects of imidazoline agents on glucagon levels in vivo has not been studied 

previously. One in vitro study showed that the I1R agonists phentolamine and antazoline both 

reduced arginine-induced glucagon secretion (Mourtada et al., 1997b). We found that low 

doses of moxonidine reduced and higher doses elevated plasma glucagon. This biphasic 

response is consistent with the selectivity of moxonidine for the I1R (Ki �Q0��UHODWLYH�WR� 2AR 

(Ki=75nM), which suggest that inhibitory effects of low doses may be mediated by I1R and the 

VWLPXODWRU\�HIIHFW�RI�KLJK�GRVHV�PD\�EH�PHGLDWHG�E\� 2AR. In support of this hypothesis, we 

REVHUYHG�WKDW�EORFNDGH�RI� 2AR potentiated the inhibitory action of moxonidine on glucagon 

levels, whereas the I1R blocker AGN 192403 inverted the inhibitory response into a stimulatory 

one. Moreover, glucagon secretion evoked by a glucose load was inhibited by moxonidine and 

WKLV�HIIHFW�ZDV�DOVR�SRWHQWLDWHG�E\� 2AR blockade. 

Previous studies of functional responses mediated by I1R have focused on falls in blood 

pressure and ocular pressure mediated by sympathoinhibition (Szabo, 2002). A major 

OLPLWDWLRQ�RI�WKHVH�VWXGLHV�LV�WKDW� 2AR mediate identical sympathoinhibitory responses, thereby 

making separation of I15�DQG� 2AR mediated actions difficult. In the present study, we found 

opposite effects of these two receptors on spontaneous and glucose evoked glucagon 

VHFUHWLRQ��)XUWKHUPRUH�� 2AR mediated a profound inhibition of insulin secretion whereas I1R 

PHGLDWHG�D�VPDOO�LQFUHDVH�LQ�LQVXOLQ�VHFUHWLRQ�IROORZLQJ�FRPSOHWH�EORFNDGH�RI� 2AR. The 

stimulatory action of I1R activation was most clearly noted following glucose load (Figure 9). 

Thus, in contrast to their similar actions on blood and ocular pressure, I15�DQG� 2AR mediate 
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distinct and even opposing actions on glucose homeostasis. This is similar to the opposing 

actions of these two receptors on carotid body electrophysiological responses to hypoxia 

(Ernsberger et al., 1998). 

There are several limitations to this study. Since testing was done in vivo, multiple target 

organs might be involved in the observed effects. For example, we cannot rule out a 

contribution from circulatory effects, including direct vasoconstriction mediated by� 2AR and 

V\PSDWKRLQKLELWLRQ�PHGLDWHG�E\�ERWK� 2AR and I1R. Where possible, doses of each agent were 

matched for relative antihypertensive actions based on prior studies (Ernsberger and Rao, 

2000). A further limitation is the lack of entirely specific agonists or antagonists at I1R that do 

noW�DOVR�DIIHFW� 2AR. This was addressed by the use of both agonists and antagonists that act 

RQ� 2AR but not I1R. The use of an animal model with a genetic deletion of the I1R might be a 

preferred approach, given the recent cloning this signaling protein (Piletz et al., 2000). 

However, the I1R protein is an intracellular signaling protein with multiple functions in cell 

migration and forms a signaling complex with insulin receptor substrate 4 (Sano et al., 2002). 

Genetic deletion of I1R might produce multiple effects unrelated to the response to imidazoline 

drugs.  

This study suggests that I1R agonists, in addition to their role in central control of blood 

pressure, can improve glucose homeostasis by reducing glucagon levels and attenuating 

insulin resistance. The effectiveness of these agents would be improved by the co-

DGPLQLVWUDWLRQ�RI� 2AR antagonists, or by the development of a new generation of I1R agonists 

ODFNLQJ� 2AR activity. Such agents might be particularly useful to improve glucose tolerance 

complicated by hypertension, as in metabolic syndrome X. 
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FIGURE LEGENDS 

Figure 1. The effects of acute ip moxonidine and rilmenidine on blood glucose (A), 

plasma insulin (B), C-peptide (C), and glucagon (D) in SHROB. After an 18h fast, 6 to 8 rats 

were injected ip with either 0.5 mg/kg moxonidine or 2.5 mg/kg rilmenidine. Tail blood (0.2 ml) 

was collected at baseline and 1,2, and 4h after injection. Both moxonidine and rilmenidine 

induced hyperglycemia while reducing plasma insulin and C-peptide. Plasma glucagon was 

also decreased. 

Figure 2. Dose response relationship for the effects of ip moxonidine on blood glucose 

(A), plasma insulin (B) and glucagon (C) in SHROB (N = 6-8 per dose). Procedure was the 

same as for Figure 1. Moxonidine induced dose and time-dependent hyperglycemia and fall in 

plasma insulin which was significant at all doses tested. Moxonidine had a biphasic effect on 

plasma glucagon. The low dose of moxonidine reduced plasma glucagon whereas higher 

doses elevated plasma glucagon concentrations (significant effects of dose and time and their 

interaction; P<0.0005; two-way ANOVA). 

Figure 3. Dose response relationship for the effects of ip guanabenz on blood glucose 

(A), plasma insulin (B) and glucagon (C) in SHROB (N = 6-8 per dose). Procedure was the 

same as for Figures 1 and 2. Guanabenz induced hyperglycemia and a fall in plasma insulin in 

a dose and time dependent manner. Guanabenz significantly elevated plasma glucagon 

concentrations.  

Figure 4. The effect in SHROB of oral moxonidine or clonidine on blood glucose (A), 

and plasma insulin (B). After an 18h fast, 8 SHROB were given by oral gavage either 2 or 8 

mg/kg moxonidine or 0.8 mg/kg clonidine. Tail blood (0.2 ml) was collected at baseline and at 

each timepoint. Both moxonidine and clonidine induced hyperglycemia while reducing plasma 

insulin). The effect persisted throughout the 12h observation period. Administration of vehicle 

(0.1% citric acid) had no effect on glucose or insulin (latter not shown). 
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Figure 5. The effect in SHR of oral moxonidine or clonidine on blood glucose (A), and 

plasma insulin (B). After an 18h fast, 8 SHR were given agents by oral gavage as described for 

Figure 4. eBoth moxonidine and clonidine induced hyperglycemia while reducing plasma 

insulin. Administration of vehicle (0.1% citric acid) had no effect on glucose or insulin (latter not 

shown). 

Figure 6. The effect of acute ip moxonidine alone, or with the addition of either 

rauwolscine or efaroxan on blood glucose (A), plasma insulin (B), and glucagon (C) in SHROB 

(N = 6-8 per dose). Moxonidine (0.5 mg/kg) alone or with antagonists, rauwolscine (7.5 mg/kg), 

efaroxan (0.6 mg/kg) or AGN 192403 (10 mg/kg) were given together as a mixture. The 

addition of either rauwolscine or efaroxan blocked the hyperglycemic response to moxonidine 

(effect of antagonist, P<0.0001; Two-way ANOVA). Similarly, either rauwolscine or efaroxan, 

but not AGN 192403, blocked the reduction in plasma insulin concentration induced by 

moxonidine. In fact, rauwolscine seemed to unmask an insulin secretory response at later 

timepoints (P < 0.05, Newman-Keuls test). Efaroxan and AGN 192403 blocked the reduction in 

plasma glucagon induced by moxonidine, whereas in contrast rauwolscine actually potentiated 

the reduction in plasma glucagon (both P<0.01; two-way ANOVA) 

Figure 7. The effects of α2AR antagonists alone on blood glucose (A), plasma insulin 

(B), and glucagon (C) in SHROB (N = 6). Rauwolscine (7.5 mg/kg) and efaroxan (0.6 mg/kg) 

had no effects when given alone. 

Figure 8. The effect of acute moxonidine pretreatment with and without rauwolscine on 

oral glucose tolerance. The OGTT was conducted on 18-h fasted rats, 15 min after the acute ip 

administration of 0.5 mg/kg moxonidine. Rats were administered by oral gavage a 50% 

glucose solution at a dose of 6g/kg body weight. Blood (0.2 ml) was obtained from the tail vein 

of unrestrained, conscious animals at baseline and 30, 60, 120, 240 and 360 min after the 

glucose load. Acute ip moxonidine (0.5 mg/kg) significantly worsened the glucose response 
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during an OGTT comSDUHG�WR�VDOLQH�WUHDWHG��,Q�FRQWUDVW��DQWDJRQL]LQJ�WKH� 2AR component of 

moxonidine’s action  with rauwolscine (7.5 mg/kg) significantly improved the glucose response 

during the OGTT relative to saline treated controls (all comparisons P<0.0001; Two-way 

ANOVA. 

Figure 9. The effect of acute moxonidine pretreatment with and without rauwolscine on 

the plasma insulin response to an oral glucose load. The OGTT was conducted as described 

for Figure 5. Acute ip moxonidine (0.5 mg/kg) significantly inhibited the insulin response to a 

glucose load compared to saline treated controls��,Q�FRQWUDVW��DQWDJRQL]LQJ�WKH� 2AR 

component of moxonidine with rauwolscine (7.5 mg/kg) reversed the inhibition and significantly 

enhanced the insulin response relative to saline treated controls (all comparisons p<0.0001; 

Two-way ANOVA. 

Figure 10. The effect of acute moxonidine pretreatment with and without rauwolscine 

on the plasma C-peptide response to an oral glucose load. The OGTT was conducted as 

described for Figure 5. The effects of moxonidine with and without rauwolscine on C-peptide 

levels paralleled the effects on insulin shown in Figure 6, implying that the changes in insulin 

level closely reflect changes in secretion rather than turnover or clearance. 

Figure 11. The effect of acute moxonidine pretreatment with and without rauwolscine 

on the plasma insulin response to an oral glucose load. The OGTT was conducted as 

described for Figure 5. Glucagon showed a paradoxical rise in response to a glucose load in 

6+52%�WUHDWHG�ZLWK�PR[RQLGLQH������PJ�NJ��RU�ZLWK�VDOLQH��,Q�FRQWUDVW��DQWDJRQL]LQJ�WKH� 2AR 

component of moxonidine’s action with rauwolscine (7.5 mg/kg) significantly attenuated the 

glucagon response during the OGTT.  

Figure 12. Progressive effect of chronic oral moxonidine on fasting glucose and insulin in 

SHROB (A) and SHR (B). Animals were treated with moxonidine at a dose of 8mg/kg/d added 

to their food. Food was withdrawn at 12pm and a tail blood sample taken at 4pm prior to 
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reintroduction of food. Blood glucose was increased during the first week (P < 0.05 Newman-

Keuls following REMANOVA) but not by the third week. In SHROB, plasma insulin was 

consistently reduced throughout the study period  (P < 0.05 Newman-Keuls following 

REMANOVA). 
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