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In order to determine the effects of increasing insulin resistance on endothelin-1 (ET-1) levels, Zucker lean and fatty rats were
studied at basal and during a complete nutrient meal tolerance test (MTT) at 7, 12, and 15 weeks of age. The fatty rats were
mildly hyperglycemic, severely hyperinsulinemic and glucose-intolerant at all ages versus lean animals and this progressed
with age within groups, as previously published. Basal ET-1 levels, at 7 weeks, were significantly increased in fatty versus lean
rats (3.2 = 0.5 v 2.0 = 0.3 pg/mL, respectively; P < .05); however, we did not observe any significant basal difference at 12 or
15 weeks. At 7 weeks, ET-1 levels between fatty and lean rats were not different during the MTT (15 minutes: 2.9 + 0.4 v2.7 +
0.7; 120 minutes: 6.5 + 0.8 v 6.6 = 0.5 pg/mL, fatty v lean, respectively). At 12 weeks, though there was no difference in basal
levels, fatty rats had higher ET-1 levels during the MTT compared to lean animals (15 minutes: 6.9 = 1.4 v 1.8 = 0.4; 120
minutes: 9.4 + 1.7 v3.2 + 0.5 pg/mL, respectively; P < .01). At 15 weeks, ET-1 levels during the MTT receded to levels similar
to those observed at 7 weeks, which were significantly higher in fatty versus lean rats 15 minutes following the challenge
(3.4 £ 0.4 v2.4 = 0.2 pg/mL, respectively; P < .05). In conclusion, ET-1 levels in the Zucker fatty rat: (1) were increased in the
early stages of the progression of insulin resistance at 7 weeks, but were unchanged under basal conditions with age
thereafter, and (2) were increased under nutrient challenge conditions with advanced insulin resistance up to 12 weeks, and
were still significantly but to a lesser degree increased at 15 weeks of age. The explanation for these results and their
relationship to the observed insulin resistance is unclear and will require further investigation.

© 2003 Elsevier Inc. All rights reserved.

HE GENETICALLY OBESE Zucker fatty ratfé/fa) is a however, showed the opposite effect, ie, endothelin stimulates
commonly used model of insulin resistance characterizedylucose uptake and GLUT4 translocation in 3T3-L1 adipo-
by mild hyperglycemia, abnormal oral glucose tolerance, hy-cytes!?.20 Possible explanations for this discrepancy are the
perinsulinemia, and insulin resistance of the liver, skeletaldifferences in the time of exposure to ET-+Z hoursv 30
muscle, and fat tissués® A mutation of the leptin receptor minutes}é-18.20and/or the type of cells used (rat isolated adi-
gene is responsible for the diseased state in this animgbocytesv 3T3-L1)16-18.19-20|n fact, it has also been observed
model45 that longer exposure to ET-1 (6 to 24 hours) leads to the
Endothelin (ET) is an autacoid discovered from the super-desensitization of the insulin signaling pathway and decreases
natant of porcine aortic endothelial celldt is still the most  glucose uptake in 3T3-L1 adipocyt&s.
potent vasoconstrictor peptide kno#im addition to endothe- From these results the role of ET-1 in the pathogenesis of
lin’s well-known effects on the cardiovascular systeéris insulin resistance and/or diabetes remains unclear. The purpose
peptide could be involved in pathologies such as insulin resisof the current investigation was to characterize the effects of
tance and diabetes and their complicati®fs. age, the progression of insulin resistance, and the stimulus of a
Increased circulating ET-1 levels have been reported duringuutrient challenge, on plasma ET-1 levels, in a commonly used
a euglycemic-hyperinsulinemic clamp in lean non—insulin-de-model of insulin resistance, the Zucker fatty rat in vivo.
pendent diabetes mellitus (NIDDM) méhas well as in obese
patients with the metabolic syndrorfewhen compared to
normal subjects. Although basal ET-1 levels were shown to be
similar, it has been reported that plasma ET-1 and insulinAnimals Used
levels, following a glucose load, were significantly higher in  Animals were treated in conformity with the Abbott Laboratories
non-obese nondiabetic essential hypertensive subjects conmstitutional animal care and use committee (IACUC) guidelines.
pared to normotensive subjeé&Consistent with these obser- Eighteen to twenty 6- to 7-week-old genetically obese Zucker fatty
Vations’ it has been demonstrated that hypertng|ycer|dem|éfa/fa) rats and 18 to 20 lean rats obtained from Harlan (Madison, W|)
and/or hyperinsulinemia are potent inducers of ET-1 release if'ere used for the experiments described below. Rats were housed in
humans with syndrome X, with insulinoma, as well as in
normal subject$3 On the contrary, Gregersen et al demon-
strated in vitro that ET-1 stimulates insulin secretion by direct From the Global Pharmaceutical Research and Development Divi-
action on mice isolated islets of Langerh&ah3he same group sion, Metabolic Disease Research, Abbott Laboratories, Abbott Park,
showed that ET-1 has also an insulinotropic effect in rat pandL.
creatic alpha cells, secondary to the stimulation of glucagon Submitted August 16, 2002; accepted February 8, 2003.
releases It appears that, as damaged endothelium is a conse- Supported by a post-doctoral Fellowship from the University-Indus-
quence of insulin resistance and/or diabéfelsakage from Uy Partnership program of the Canadian Institutes of Health Research
damaged blood vessels would increase ET-1 release. Increas&%HR) and Abl_aott Laboratories. )
ET-1 levels would, in turn, increase glucagon secretion from Address reprint requests to Bradiey A Zinker, PhD, Department
! ! ) . R47M, Bldg AP13A, 2nd Floor, Abbott Laboratories, 100 Abbott Park
the pancreas and, subsequently, insulin release. Rd, Abbott Park, 1L 60064-3500.
Recently, several studies have demonstrated that combined ¢ 2003 Elsevier Inc. Al rights reserved.
use of insulin and ET-1 causes decreased insulin-stimulated 0026-0495/03/5207-0010$30.00/0
glucose uptake in rat adipocytes in vié®18Two other studies, doi: 10.1016/S0026-0495(03)00098-2
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standard animal cages (4 per cage) on a 12-hour light/12-hour dark
cycle and given free access to water and rat chow (Teklad rodent diet
8640, Harlan). They were acclimatized for 1 week before any study
was started. This longitudinal study was repeated 2 times with 9 or 10
Zucker fatty and 9 or 10 lean rats of the same age and from the same
vendor. Since the results were not statistically different between each
study, results from both studies were pooled and, therefore, there were
18 to 20 animals per group.

Meal Tolerance Test-Complete Nutrient Challenge

A meal tolerance test (MTT) was performed in conscious 7- to
8-week old rats following an overnight fast (at ~8 Am) as previously
described by our group.22 The MTT consisted of a complete nutrient
challenge (Ensure Plus, Abbott Laboratories, Ross Products Division,
Columbus, OH) and was administered by oral gavage at adose of 1.2 g
carbohydrate/kg body weight. Blood samples were obtained following
the challenge for determination of plasma glucose and insulin (~50-uL
samples) (0, 15, 30, 60, and 120 minutes) and ET-1 (~500-uL sam-
ples) (0, 15, and 120 minutes) levels. The same rats were used to
perform the subsequent MTTs and determine glucose, insulin, and
ET-1 levels at 12 and 15 weeks of age.

Glucose and Insulin Determinations

Plasma glucose was determined immediately from fresh samples
with the Medisense Precision G blood glucose testing system (Medi-
sense Products, Abbott Laboratories, Bedford, MA). Plasma insulin
was measured by a rat insulin enzyme-linked immunosorbent assay
(ELISA) kit (Alpco Diagnostics, Winham, NH). Rat insulin standard
was used. The coefficient of variation (C.V.) (interassay) was approx-
imately 4%.

Incremental area under the plasma glucose or insulin response curves
(AUC) was calculated according to Wolever and Jenkins.23

ET-1 Measurement

Plasma ET-1 levels were determined with the QuantiGlo human
ET-1 chemiluminescent immunoassay (R & D Systems, Minnegpolis,
MN). The first incubation step was performed at 4°C, overnight,
instead of 1.5 hours a room temperature, in order to improve the
sensitivity of the assay. In addition, dilutions of 0.8, 4, and 20 pg/mL
were included into the standard curve to widen the range of concen-
trations.

Satistical Analysis

Results are given as mean = SEM for the indicated number of rats.
A 1-way analysis of variance (ANOVA) with repeated measures fol-
lowed by a Tukey-Kramer multiple comparisons test was used. P
values = .05 (2-tailed) were considered significant.

RESULTS

Body weight increased with age in both Zucker lean and
fatty (fa/fa) rats as anticipated. In addition, body weights were
significantly higher in Zucker fatty rats compared to lean ani-
mals, at all ages (data not shown).

Overnight fasted plasma glucose levels (0 minutes) were
significantly higher, at all ages, in Zucker fatty rats compared to
their lean counterparts, as anticipated (Fig 1A and B) (n = 18
to 20 per group, P < .01). At 7 weeks, glucose levels pesked
15 minutes following the onset of the MTT in both lean and
fatty animals (Fig 1 A and B). However, these levels peaked 60
minutes following the onset of the MTT, at 12 and 15 weeks
(Fig 1A and B). Zucker fatty rats were significantly glucose
intolerant, in response to the MTT, compared to the lean
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Fig 1. Plasma glucose levels before and following a MTT in Zucker
lean (A) and fatty rats (B) at 7, 12, and 15 weeks of age. Each symbol
with a bar represents the mean + SEM of 18 to 20 animals per group.
**P < 01 v7 weeks; *P < .05, 12 v 15 weeks; P < .01, 12 v 15 weeks.

animals, at 12 and 15 weeks but not at 7 weeks (Fig 1A and B).
However, there was no further progression of glucose intoler-
ance between 12 and 15 weeks of age for the fatty animals (Fig
1B). This is also illustrated by the incremental glucose AUC
(P < .01, 7 v 12 weeks, not significantly different, 12 v 15
weeks). It should be noted that the incremental glucose AUC
for the fatty animals is dlightly, athough significantly, lower
compared to lean animals at 7 weeks. However, the peak
glucose values were significantly higher in the fatty rats at 7
weeks (181.8 + 8.5 v 150.8 = 58 mg/dL; P < .01, Zucker
fatty v lean rats, respectively).

Overnight fasted plasma insulin levels were significantly
higher, at all ages, in fatty rats compared to their lean litter-
mates, as expected in this model (Fig 2A and B). In addition,
the fatty animals became more hyperinsulinemic with age as
illustrated by the overnight fasted (basal) levels (P < .01) (Fig
2B). Nevertheless, there was no further progression of the
hyperinsulinemiain the fatty animals between 12 and 15 weeks
(Fig 2B). Insulin levels peaked 15 minutes following the meal
challenge, at all ages, and were significantly higher in fatty
compared to lean rats (P < .01)(Fig 2A and B). Findly, the
incremental insulin AUC significantly increased with age in
both lean and fatty animals (Fig 3B). Incremental insulin AUC
values were aso significantly elevated, at al ages, in fatty
animals compared to their lean littermates (P < .01) (Fig 3B).

Alhough basal ET-1 levels, at 7 weeks, were minimally but
significantly increased in fatty v lean rats (P < .05) (Fig 4A),
they were not significantly different between the 2 groups at 12
and 15 weeks (P = .08). Plasma ET-1 levels were significantly
higher at 12 weeks in fatty animals compared to their lean
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Fig 2. Plasma insulin levels before and following a MTT in Zucker
lean (A) and fatty rats (B) at 7, 12, and 15 weeks of age. Each symbol
with a bar represents the mean = SEM of 18 to 20 animals per group.
**P < .01, v 7 weeks; ¥P < .05, 12 v 15 weeks.

counterparts, 15 and 120 minutes following the MTT (P < .01)
(Fig 4B). Thisrepresents a4-fold and a 3-fold increasein ET-1
levels at 15 and 120 minutes, respectively. It is also noteworthy
that ET-1 levels in fatty rats were significantly higher at 12
weeks compared to 7 or 15 weeks, 15 and 120 minutes follow-
ing the challenge (P < .01) (Fig 4A through C). Findly, at 15
weeks of age, plasma ET-1 levels receded back to similar levels
observed at 7 weeks. However, these levels were still signifi-
cantly higher in Zucker fatty rats compared to their lean coun-
terparts 15 minutes following the MTT (P < .05) (Fig 4C).

DISCUSSION

In this study, we monitored plasma ET-1 levels in glucose
intolerant, hyperinsulinemic, insulin-resistant rats during an
8-week growth period (from 7 to 15 weeks of age) and under
nutrient-challenged conditions. To our knowledge, this is the
first investigation describing the effects of age, the progression
of insulin resistance, and the effects of a complete nutrient
challenge, on plasma ET-1 levelsin the commonly used model
of insulin resistance, the Zucker fatty rat. In addition, lean
littermates were studied for comparison purposes.

In agreement with previous investigations,-3 we observed
that Zucker fatty rats were mildly hyperglycemic after an
overnight fast and significantly glucose-intolerant compared to
their lean counterparts. In addition, fatty animals became pro-
gressively more glucose-intolerant with age, as anticipated.t-3

Our glucose excursion results are also in accordance with
previously published work conducted in the same animal
model, but using an oral glucose tolerance test (OGTT) instead
of aMTT.1 We chose a complete nutrient MTT compared to
the commonly used OGTT to characterize the metabolic re-
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sponses and ET-1 levels, since we have previously demon-
strated that a MTT stimulates a greater combination of glucose
and insulin elevationsin comparison with an OGTT in the same
animal model.22 It should be mentioned that even though the
glucose AUC in the Zucker fatty rat at 7 weeks was signifi-
cantly lower compared to itslean counterparts, the baseline and
peak glucose responses were significantly higher in the fatty
rats compared to their lean littermates. This suggests the ex-
pected development of glucose intolerance in this model.

The Zucker fatty rats were hyperinsulinemic, at al ages,
compared to their lean littermates, as anticipated.1-3 In addition,
the insulin resistance progressed with age and was significantly
increased in fatty animals compared to their lean littermates, as
illustrated by the baseline and peak insulin responses as well as
by the incremental insulin AUC. We also detected a significant
rise in the insulin AUC with age in the lean littermates, indi-
cating a progression of insulin resistance in these rats as well.
However, thiswas not to the same extent asthat observed in the
fatty animals.

We observed a significant increase in basal ET-1 levels, at 7
weeks of age, in fatty rats compared to their lean counterparts.
However, we did not detect any significant difference at 12 and
15 weeks. The physiological meaningfulness of this result is
not clear. Nevertheless, our observations on basal ET-1 levels
are in agreement with a previous investigation showing no
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Fig 3. (A) Glucose and (B) insulin AUC in Zucker lean and fatty rats
at 7, 12, and 15 weeks of age. Each column with a bar represents the
mean * SEM of 18 to 20 animals per group. **P < .01 v 7 weeks;
#p < 01,12 v 15 weeks; TP < .05, lean vfatty; **P < .01, lean v fatty
(respective to age).
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Fig 4. Plasma ET-1 levels before, 15 minutes, or 120 minutes
following a MTT in (A) 7-week-old, (B) 12-week-old, or (C) 15-week-
old Zucker lean and fatty rats. Each symbol with a bar represents the
mean = SEM of 18 to 20 animals per group. *P < .05 and **P < .01,
lean v fatty.

significant difference in ET-1 levels between Zucker lean and
fatty rats at 12 and 40 weeks of age.2* The effects of a nutrient
or glucose challenge, as well as possible differencesin younger
lean and fatty rats, were not investigated in this earlier study.24
Our results are aso consistent with human studies reporting
elevated ET-1 levelsin people with diabetes under euglycemic-
hyperinsulinemic conditions,’© nondiabetic hypertensive indi-
viduals under glucose load conditions,*2 and subjects with
metabolic syndrome,*t compared to control individuals.
Plasma ET-1 levels, at al ages, increased in both lean and
fatty rats during the meal challenge. In addition, plasma ET-1
levels were significantly increased in Zucker fatty rats com-
pared to their lean littermates, 15 and 120 minutes following a
meal challenge, at 12 weeks of age but not at 7 weeks. This
result at 12 weeks is consistent with the acute human study
reported by Ferri et al.12 Although these investigators did not
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monitor their subjects over time (age), they observed signifi-
cantly increased plasma glucose, insulin, and ET-1 levels fol-
lowing a glucose load in nondiabetic essential hypertensive
compared to normotensive subjects.’2 It is noteworthy that
basal glucose, insulin, and ET-1 levels were similar in both
groups of human subjects. Interestingly, an acute human study
aso reported elevated ET-1 levels in type 2 diabetic patients
compared to nondiabetic controls, 60 and 120 minutes during a
euglycemic-hyperinsulinemic clamp.1© These levels were no
longer elevated 150 minutes following the clamp.10

One possible explanation for the ET-1 results observed at 12
weeks during the meal challenge is that the meal challenge
itself increases insulin release from the pancreas, which then
lead to the more pronounced ET-1 elevation. Since it has been
demonstrated that insulin is a potent inducer of ET-1 release,13
the increased insulin release following the MTT in the Zucker
fatty rat could have triggered the greater increase in ET-1
secretion in comparison to its lean counterpart. However, the
reported results3do not explain the lack of difference in basal
ET-1 levels observed between fatty and lean animals at 12 and
15 weeks of age.

Finally, with advancing age, we observed that ET-1 levels
during the MTT at 15 weeks receded back to similar levels
observed at 7 weeks. However, plasma ET-1 levels, following
the meal challenge, were still significantly higher at 15 minutes
in the fatty animals compared to their lean littermates, although
not as dramatically as at 12 weeks. One possible explanation
for this observation could be an increased degradation rate of
ET-1 with age. A more plausible explanation, however, would
be that with increasing hyperinsulinemia and the progression of
insulin resistance, the animals loose their capacity to stimulate
ET-1 secretion or present an attenuated ET-1 production with
age. This is supported by the decreased preproET-1 (ET-1
precursor) MRNA levels reported in isolated aorta from Zucker
fatty rats compared to their lean littermates.24 Furthermore, it
could be that there are some adaptative mechanisms that occur
with increased age that have thus far not been determined.

In conclusion, the present results describe the progression of
insulin resistance in relation to plasma ET-1 levels under basal
and nutrient-challenged conditions in the Zucker fatty rat in
comparison to their lean counterparts. ET-1 levelsin the Zucker
fatty rat: (1) were increased in the early stages of the progres-
sion of insulin resistance at 7 weeks of age, but were unchanged
under basal conditions with age thereafter, and (2) were in-
creased under nutrient challenge conditions with advanced in-
sulin resistance up to 12 weeks of age, and were till signifi-
cantly but to a lesser degree increased at 15 weeks.
Furthermore, the reduction in the rise in ET-1 levels with age,
at 15 weeks, during a complete nutrient challenge may provide
insights into the pathogenesis of insulin resistance that could
a so be investigated. The mechanismsinvolved, the full impact,
and the exact role of ET-1 in insulin resistance will require
further investigation.
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