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ABSTRACT

It has been previously demonstrated that the hepatic parasympathetic nerves have
a permissive role regulating the ability of insulin to release a hepatic bulin sensitizing

substance (HISS) fiom the Iiver m e et al. 1993; Xie and Lautt 1995a, 1995b). This thesis
work demonstrates the involvement of other permissive factors in the release of HISS

from the liver in response to insulin in health and a pathological condition in rats.
Furtl~ermore,the glucose disposal effect of insulin and insulin-like growth factor-1 (IGF1) were compared in health and a pathological condition.

To measure insulin sensitivity, we have developed a new rapid insulin sensitivity
test (RIST). The RIST is a reproducible test and requires a bolus infùsion of insulin (50
mU/kg) over 5 minutes. The amount of glucose infüsed during the RIST to maintain
euglycemia is referred to as the RIST index.
The release of HISS was shown to be dependent on the production of nitric oxide
(NO) and prostaglandins (PGs) in the liver. Intraportal, but not intravenous,
administration of a NO synthase (NOS) antagonist and a cyclooxygenase antagonist
produced significant HISS-dependent insulin resistance (HDIR). Administration of a NO
donor after NOS antagonism or hepatic parasympathetic denervation reversed HDIR and
restored insulin sensitivity.
IGF-1 (200 pgkg) had a similar glucose disposal effect to insulin (50 mU/kg) but

its effect did not involve the release of HISS fiom the liver.

In an experimental modei of fetal alcohol exposure (FAE), male rats were
prenatally exposed to ethanol through the matemal water supply containhg O%, 5%,

IO%, 15% and 20% ethanol and female rats were prenatdly exposed to O%, 15% and
20% ethanol. FAE caused a dose-dependent increase in HDIR in both males and females
in young adulthood. However, FAE did not affect the IGF-1 sensitivity.

In conclusion, the permissive role of the hepatic parasympathetic nerves to the
action of insulin to release HISS h m the liver is through NO and PGs production in the
liver. The glucose disposal effect of IGF-1 does not involve the release of HISS from the

liver. FAE causes dose-dependent HDIR in young adulthood but does not alter the
glucose disposa1 effect of IGF-1.

Chapter 1
Introduction
1.1 Background

The research team in which 1 undertook my studies has previously demonstrated a
series of studies consistent with the hypothesis that insulin causes release of a hepatic
insulin sensitizing substance (HiSS) fiom the liver (Fig 1). The release of HISS is also
dependent on the permissive role of the hepatic parasympathetic nerves. After its release

fkom the liver, HISS enters the blood and enhances glucose uptake at the skeletal muscle.
In the absence of HISS immediate anci severe insulin resistance occurs.

1.1.1 Involvement of the hepatic parasympathetic nerves in glucose regulation
1.1.1.1 Hepatic parasympathetic interruption

Xie et al. (1993) have shown that surgical denervation of the hepatic anterior
plexus results in insuiin resistance, which is not M e r worsened by denervation of the
posterior nerve plexus or bilateral vagotomy. The surgical denervation of the anterior
plexus eliminates parasympathetic nerves as well as some sympathetic and afferent
nerves. The presence of parasympathetic nerves in this nerve bundle is shown by the
rapid decrease in hepatic glucose output produced by electrical stimulation after
elhination of the sympathetic nerve effects by administration of both a- and

P-

adrenergic antagonists (Gardeman. and Jungennann 1986) or pretreatment with 6hydroxydopamine to destroy the sympathetic nerve terminais (Lautt and Wong 1978).
Intrapoaal administration of atropine, a nonselective muscarhic antagonist,
resulted in insulin resistance of a similar magnitude to that produced by surgical

sympathetic
newes

Figure 1. The HISS hypothesis: Foliowing a meal, insulin is released from the pancreas
and the rise in insulin concentration in the portal blood causes the release of a hepatic

insulin sensitizing substance (HISS) fiom the liver. The hepatic parasympathetic nerve
nerves, by releasing acetylcholine which acts on the muscarinic receptors in the liver,

play a permissive role in allowing insuiin to trigger HISS release. HISS stimulates
glucose uptake in the skeletal muscle either by a synergic reaction with insulin or by an
additive effect to that of insulin.

denervation of the Liver m e and Lautt 1995a, 1996~).The response to denervation was

not M e r potentiated by atropine nor was the response to atropine M e r potentiated by
surgically denervating the liver. Thus, the hepatic denervation and intraportai atropine
produced a similar degree of insulin resistance and the effects were not additive. The
observation that, in the absence of functional hepatic parasympathetic nerves, atropine
produces no additionai effects suggested that the effects were produced through the same
mechanism.
Intraportal administration of atropine produced a dose-related inhibition of insulin
effect, reaching a maximal inhibition of insuiin action at 4 p o V k g (3 mgkg) in cats
(Xie and Lautt 1995a). A similar degree of insulin resistance was achieved with 100
nmoVkg of the Mi muscarinic selective antagonist, pireruepine, and with 1.O ponoVkg of
the M2muscarinic antagonist, methoctramine. The data suggest that the response may be

mediated by the Mi muscarinic receptor subtype m e and Lautt 199Sb).

I .1.1.2 Parasympathetic-dependeni and -independent response
To measure insuiin sensitivity, our group has developed a new rapid insulin
sensitivity test (RIST, explained in detail in the section on the RIST) (Xie et al. 1996;
Lautt et al. 1998). The RIST index is the arnount of glucose infused during the test to

maintain baseline eugiycemia. The magnitude of the change in RIST index after surgical
denervation or atropine administration depended on the control RIST index. A high RIST
index in the control response showed a large decrease in response fotlowing denervation
or atropine O(ie and Lautt 19946). Thus, the animds showing the greatest insulin
sensitivity showed the greatest dependence on hepatic parasympathetic nerves.

Conversely, a s m d control RIST index resulted in minor or insignifïcant insuiin
resistance after denervation or atropine administration. This relationship was indicated
by the linear regression of the control response plotted against the reduction in glucose
required d e r denervation or atropine administration O(ie and Lautt 19966). The intercept

on the x-axis divided the insului response into two parts, the hepatic parasympathetic
nerve-independent effect and the hepatic parasympathetic nerve-dependent effect. The
interpretation was that one component of insulin response is independent of the hepatic
parasympathetic nerves and is quantitated by the amount of glucose required to be
infused to maintain euglycemia after denervation or atropine. b u l i n effectiveness
greater than this level appeared to be dependent on the hepatic parasyrnpathetic nerve
function. Thus, the difference between a control RIST and the RIST index after surgical
hepatic denervation or atropine is used to determine the hepatic parasyrnpathetic
component of insulin action (Xie and Lautt 1995a, 1996a).

1.1.1.3 Sire of insulin resistance

To locate the site of insulin resistance, the arteriovenous glucose gradients were
measured across the b e r , hind limbs, and splanchnic organs in control state and after
hepatic parasympathetic denervation or atropine administration m e and Lautt 1996a).

The intestines showed no response to insulin either before or after induction of insulin
resistance. Similarly, the hepatic response to insuiin was not significantly changed after
induction of insulin resistance. However, the glucose uptake across the hind limbs was
impaired by interruption of the hepatic parasyrnpathetic reflex (Xie and Lautt 1996a).
This suggests that, although the liver is the target organ for induction of the insulin

resistance, the resistance mcurs in peripheral tissues. Glucose uptake in response to
insulin is largely dependent upon uptake in skin, bone, and skeletal muscle (Hom et al.
1984) but the skeletal muscle is believed to be the main tissue responsible for insulininduced glucose uptake in humans and rodents (Curtis-Prior et al. 1969; Baron et al.
1988). At this time we cannot conclude which specific tissues are involved, but the large
muscle mass of the hind limbs has led us to tentatively conclude that skeletal muscle is at
least one of the tissues that is regulated by release of an, as yet, unidentified hepatic

hormone, tentatively referred to as the hepatic insulin sensitizing substance (KiSS).

1.1.1.4 Restoring insulin sensitiviîy

Administration of intraporta!, but not intravenous, acetylchoiine (Ach, 2.5
pg/kg/min) completely restored insulin sensitivity to normal after hepatic denervation

(Xie and Lautt 19966). The fact that the intraportal, but not the intravenous, dose of Ach
restored insulin sensitivity suggests that the liver is the target organ. In addition, this is
evidence that the hepatic parasympathetic-skeletai muscle connection that controls

insulin sensitivity is hormonal and not neural. If the connection between the skeletal
muscle and the liver was neural, then this connection was abolished after the denervation

of the liver producing insuiin resistance, and intraportal Ach infusion could have not
reversed insulin resistance by a parasympathetic pathway since these nerves had k e n cut.
Intraportal Ach administration 15-30 min prior to insulin infùsion was without
notable effect on arterial glucose levels but the response to insulin was restored O(ie and
Lautt 1996b). Thus, insulin is requked for the release of HISS fiom the liver and
providing Ach to the liver without the presence of insulin does not release HISS. We

propose that the hepatic parasympathetic nerves, by providing the background
parasympathetic tone to the liver, play a permissive role in allowing insulin to trigger
HISS release fiom the liver. Therefore, if the nerve tone is high, insulin causes greater

HISS release.
Ach administration to an animal with intact parasympathetic nerves did not
increase insulin sensitivity m e r than the control response, suggesting that full insulin
activation of the release of HISS occurs with the intact parasympathetic tone ( X e and
Lautt 1996b).

1.1.1.5 HISS-dependentand -independent insulin action
Following hepatic parasympathetic denervation or atropine administration the
parasympathetic tone was inhibiteci and, therefore, the release of HISS ceased leading to
HISS-dependent insulin resistance (HDIR). Thus, the difference between the control

RIST index and the RIST index after interference with the hepatic parasympathetic
nerves reflects the component of insulin action that is dependent on HISS (Lautt 1999).
The HISS-independent component of insulin action is the RIST index rernaining d e r
blockade of HISS release. Intraportal Ach administration restored the parasympatheticdependent tone and thus, the release of HISS and completely restored HISS-dependent
insulin action.

1.2 The overall objectives and hypotheses
The overall objective of this work is to M e r investigate the regulation of the
release of HTSS Çom the liver in health and in a diseased state. In the next chapters of
this thesis 1 will examine different hypotheses, described belowv, to investigate the
regulation of HISS release fiom the Iiver as assessed fiom the pharmacodynamie actions
of HISS quantitated using the RIST.

The hypotheses tested are: (1) the hepatic parasympathetic-dependent release of
HISS requires nitnc oxide (NO) production in the Liver (2) inhibition of prostaglandins
(PGs) synthesis in the liver causes insulin resistance; (3) the hepatic parasympathetic-

dependent release of HISS is not affected by the insulin-Like growth factor-1 (IGF-1); (4)
fetal alcohol exposure (FAE) leads to HDIR in adulthood.
The objectives are: (1) to demonstrate that NO production in the liver is essential
for release of HISS h m the liver; (2) to reverse the insulin resistance caused by hepatic

NO inhibition by means of a NO donor; (3) to demonstrate that HISS production and
release is also dependent on PGs production in the liver; (4) to demonstrate that IGF-1
does not trigger the release of HISS; (5) to demonstrate that insulin resistance in FAE is
caused by interruption of the release of HISS fiom the liver.

1.3 Measurements of insulin seasitivity

Many tests have been developed to measure insulin sensitivity in vivo, the most
widely used are: the insulin tolerance test, the oral glucose tolerance test, the muiimai
mode1 with the intravenous glucose tolerance test, and the euglycemic hyperinsulinemic
clamp. Our laboratory has also developed a rapid insulin sensitivity test (RIST) to
measure insuiin sensitivity in vivo.

1.3.1 The Insulin-tolerance test (IIT)

One of the first methods developed to evaiuate insulin sensitivity in vivo was the

ITT, which is based on the measurement of the rate of decay of plasma glucose Ievel after

a bolus injection of regular insuiin (0.1 U/kg body weight). On plotting plasma glucose
concentrations measured every 5 min fiom 10 to 40 min after the intravenous insulin
injection on a semilogarithmic scale, a reasonably linear decline is obsewed in most
cases. The dope of this line (km ) is used to determine insulin sensitivity. A blunted
decline in the plasma glucose concentration was demonstrated in insuiin-resistant
subjects (Mord et al. 1971) and a significant improvement of krrr was shown aftet a
one-year hypocaloric diet in obese subjects (Beck-Nielson et al.1979). We have also
shown that d e r denemation of the iiver in cats, the hypoglycernic response to 100

mU/kg of insulin was significantly reduced in both the early (0-30 min) rate of decline
and the total hypoglycernic response (Xie et al. 1993). The inhibition of the control

response after denervation using ITT was of a similar magnitude to that produced using a
rapid insulin sensitivity test (RIST, described below) index (Xie et al. 1996).

The ITT assumes that the glucose system is a single cornpartment, from which
insulin accelerates the net disappearance of the substrate both by promoting its uptake
into target tissues and by shutting off endogenous production (Ferrannini and Mari 1998).
By assuming a glucose distribution volume (usually, 200-250 mVkg) a clearance rate c m
be calculated by measuring the Merence between the artenal and venous glucose
concentrations and the flow rate. The km index or the glucose clearance is found to be
correlated to clamp-derived estimates of insulin sensitivity (Bonora et al. 1989). The km

value is dependent on the tirne interval over which it is calculated because glucose
disappearance is not a mono-exponential but rather a multi-exponential process
(Ferrannini and Pilo 1979). Also, the plasma insulin levels achieved with the bolus used
in this test are pharmacological (faflgingfrom 150 nmoVl soon after injection to 15 nmoM
towards the end).
The principal problem with this test is hypoglycemia, which can cause
neurological and cardiovascular side effects. Also, hypoglycemic counterregulatory
hormonal responses (epinephrine, glucagon, cortisol, and growth hormone) will
antagonize insulin action, therefore contaminating the insulin sensitivity estirnate (Tritos
and Mantzoros 1997). However, since hypoglycemia reaches its nadir by 20 min and

counterreglulatory hormone reiease occurs after that time, the method using the rate of
decline in the first 15 min is usefùi.

1.3.2 The oral glucose tolerance test (OGTT)
In the 1930s, Himsworth introduced the first standard approach to measuring
insulin sensitivity in vivo (Himsworth 1936). Two OGTTs were performed: the first with,

and the second without, a concomitant intravenous insuiin injection. h u l i n sensitivity

was expressed as the ratio of the areas under the respective glucose tolerance curves. By
using this technique it was shown type 1 diabetic subjects are more sensitive to
exogenous insulin than type 2 diabetic patients.
The OGTT is now the most commonly used method to evaluate whole body
glucose tolerance in vivo. M e r an ovemight fast, subjects ingest 75 g of D-glucose.
BIood samples are then taken at 30 min intervals for 120 min for measurements of

plasma glucose and insulin concentrations. The insulin is released after ingestion of
glucose and the plasma glucose and insulin levels are used to assess the adequacy of
insulin secretion. Inappropriate elevated plasma insuiin levels with a nomal or elevated
plasma glucose level during the OGTT has been accepted as evidence for insulin
resistance (Reaven et al. 1983). Fasting insulin Ievels above 50-70 pU/ml or peak (postOGTT) insulin levels above 350 pU/ml suggest severe insulin resistance, in contrast to

the fasting serum insulin levels below 20 pU/ml or peak (post-OGTT) insulin levels
below 150 p U / d obsemed in normal subjects (Tritos and Mantzoros 1997).
During the OGTT, a closed-loop relationship exists between the

P cells of the

pancreas and the insulin-sensitive tissues (Bergman et ai. 1985). Changes in insulin
secretion are reflected in the blood glucose concentration; conversely, variation in
glucose production or utilization cause a rapid

P ceil secretory compensation. In this

closed loop, glucose utilization, production and insulin secretion are al1 variables. It is
because of this closed loop relationship that it is possible only under limited conditions to
interpret OGTT results to infer the physiologie status of the P cells or the extrapancreatic
tissues (Bergman et al. 1985). Aiterations in insulin secretion andlor clearance c m alter

insulin concentrations in the absence of any change in insulin action. The OGTf is
unable to ve-

the contributions of insulin-dependent and -independent glucose

utilization and B ce11 responsiveness.
Another problem with OGTT is the absorption of the glucose Ioad fiom the gut.
The peak value of glucose level is inauenced in part by gastric emptying time and the

absorption rate in the intestine.

1.3.3 The intravenous glucose tolerance test (IVCTT) with the minimal modeling

In this test a bolus of glucose (300 mgkg) is injected intravenously to stimulate
endogenous insulin secretiorr. Blood samples are then collected at intervals over 3 h, for
estimation of plasma insulin and glucose levels. The IVGTT has advantages over OGTT

in that glucose absorption is no longer a significant variable and gut factors are not
involved.
At its earliest stage, before the insulin assay had become available, insulin
sensitivity was judged fiom the slope of the decay curve of plasma glucose concentration
(plotted on a semilogarithmic graph paper) measured after an intravenous glucose
injection in minutes (the glucose disappearance constant or K w m ) (Lundback 1962).

However, this test could not determine whether a difference in glucose disappearance rate
was due to a difference in insulin sensitivity or in glucose-induced insulin response. The

minimal model, proposed by Bergman et al. (Bergman et al. 1979), is a development of
the IVGTT and it accounts for both insulin and glucose concentrations during NGTT by

using a simplified matemathical representation of the glucose-insulin relationship.

The model describes the glucose disappearance cuve with two differential
equations @ergman et al. 1985). One equation represents glucose kinetics independent of
the incrernental insuiin effect, thus assumïng a single-compartrnent model for glucose

distribution. The other equation represents the insuiin effect, which is assumed to take
place in a compartment remote fiom plasma (the effect compartment). The insulinsensitivity index of the minimal model represents the link between insulin levels in the
effect compartment and glucose disappearance fkom the glucose compartment. The
fractional disappearance rate (min-') fiom the glucose cornpartment is assumed to be the
linear function (SG+SIZ),where Z is the increment over the basal value of insulin
concentration in the eEect compartment, Si (rnidpmoV1) is the insulin-sensitivity index
and So (min-') is the glucose effectiveness (Bergman et al. 1985). By using the measured
insulin concentration as the input to the model, insulin sensitivity and glucose
effectiveness are estimated by least-squares fitting of the IVGTT glucose concentration
profile throughout the test.
A limitation of the minimal model analysis of the IVGTT is that it requires a

detectable rise in the insulin concentrations. As a result, the minimal model analysis of
the IVGTT cannot be used for insulin-deficient or insulin-resistant subjects, because no
effect of insulin on glucose disappearance rate is seen. In this situation, administration of

exogenous insulin is necessary (Finegood et al. 1990) for an insulin response. However,
even when there is a normal pancreatic function, IVGTT alone may not provide an
adequate insulin response and an intravenous bolus of tolbutamide (to stimulate
endogenous glucose secretion) or insulin is used to give a second peak, a greater overail
insulin response and greater precision in the estimation of insulin sensitivity. Both insulin

and tolbutamide are administered 20 min after the injection of the glucose. Also,

administration of a high dose of glucose (500 mgkg) without tolbutamide has been
shown to be more precise and simple (Swan et al. 1994).
There are several disadvaatages with this test. First, the experiment itself is not
very simple: blood is sampled fiequently (22 times in the original protocol) for long
penods of time (3 h) and hypoglycemia might occur late into the test and cause counterregdatory reactions. Second, giving an injection of exogenous insulin d e r the glucose
bolus improves the estimation of SIbut modifies late-phase endogenous insulin secretion.

Third, by using exogenous insulin and or tolbutamide the ability to measure

P ceil

responsiveness to glucose is lost. Fourth, the model is unabie to differentiate between the
insulin-independent and odependent mechanisms of glucose clearance to hepatic and
peripheral components. Clearly, the measure of insulin sensitivity Sr will reflect insulin

action at both these sites, and isotopic determination is necessary to discriminate the two
effects (Cobelli et al. 1986; Avogaro et al. 1989; Caumo et al. 1991). Finally, some of the
assumptions about the body glucose system are not physiological (Groop et al. 1993). For
example, the minimal model assumes that glucose kinetics is mono-cornpartmental, and
that insulin action takes place in a "remote" cornpartment (Bergman et al. 1979). The

former assumption is clearly false (Cobelli et ai. 1986); the latter is true for the peripheral
tissue but does not accurately describe the effect of insulin on the liver (Groop et al.
1993).

1.3.4 The euglycemic hyperinsuiinemic clamp technique

The euglycernic hyperinsulinemic clamp methodology, the gold standard in the
assessment of insuiin sensitivity, was first introduced by Andres et al.in 1966. The clamp

has been extensively studied and developed by DeFronzo et al. since the publication of
their famous paper in 1979.

Ln this technique, after an overnight fast, exogenous insulin is administered as a
prime followed by a constant infusion at a rate designed to maintain a pre-set
hyperinsulinemic plateau (usually raising plasma insulin levels to either 100 or 1000

pU/rnl); the plasma glucose concentration is clamped at the normal (5 mmoV1,
euglycemic) or at the previously measured basal glucose level by means of an exogenous
uifusion of glucose. When a steady-state is presumably achieved (in at least 120 min), the
exogenous glucose infusion rate (M) is assurned to equal the amount of glucose disposed
of by peripheral tissues. Thus M is considered an indicator of insulin action at the
periphery, mainly the skeletal muscle @el Prato et al. 1986, DeFronzo et al. 1979). Even
though in strict terms the glucose u?fiision rate never reaches a steady-state, its average
value during the final 40-60 min of the study is used as an insulin sensitivity index.
Usually the duration of the test is 2-3 h. The endogenous glucose release (mainly hepatic)
is assumed to be suppressed, by exogenous insulin infusion, afler 30-50min of the insulin

infusion. However, in most clamp studies somatostatin is adrninistered to suppress
endogenous insulin and glucagon secretions.
Arterial blood is used for glucose measurements. In human studies, arterialized
venous blood is drained to measure glucose concentrations at 5-10 min intervals during

the test. This is commoniy accomplished by retrograde cannuiation of the wrist of the
hand vein while heating the hand at 60-70 OC.

There are many disadvantages with this test. F k t , the conditions created with the
clamp are non-physiological because insulin is infbsed at a constant rate for 2-3 h. Also,

prolonged hyperinsulinemia may

induce rate-limiting metabolic enzymes and

downregulate insulin receptors and receptor affinity (NuttaIl et ai. 1972; Insel et ai.
1980). Second, at the end of a clamp study, especially with a high insulin dose, the

subject's plasma glucose level must be monitored for some tirne because the
hypoglycemic effect extends beyond the return of pIasma insuiin level to its baseline
value. Third, it is assumed that a steady-state is reached during the clamp, however, it has
been shown that a steady-state glucose level cannot be maintained at a constant glucose

infusion rate using constant insulin infision (Deberne et al. 1981; Bergman et al. 1985).
Also, It has been demonstrated that glucose utilization during the prolonged euglycemic
clamp was significantly increased over time (Deberne et al. 198 1), thus, the clamp cannot

be used more than once in the same subject on the same day. However, insulin sensitivity
does not change over tirne using the RIST (see the section on the RIST) as demonstrated
by tirne controls conducted in rats and cats (Fig 4, Xie et al. 1996; Lautt et al. 1998).

Finally, although similar results were obtained in two successive studies separated by 3-4
weeks (DeFronzo et al. 1979), significantly different values of glucose clearance rate
were observed when two euglycemic clamp tests were performed on two separate days in
the same subject (Greenfield et al. 1981).

1.3.5 The rapid insulin sensitivity test (RIST)

The RIST is a highly reproducible and very sensitive index of insulin action and it

was first described by our laboratory in 1996 @ïe et al. 1996). Minor modifications and
m e r technical aspects of the RIST have been recentiy developed, and a standard
operating procedure has been descnbed (Lautt et al. 1998). The RIST quantifies the
insulin effectiveness of a bolus amount of insulin, rather than a continuous infusion of
insulin, as used in the classical euglycemic clamp technique (DeFronzo et al. 1979). The

RIST index is the amount of glucose needed to maintain euglycemia following
administration of a pulse (5 min infusion) of insuiin. The RIST is, therefore, a transient
euglycemic clamp. The RIST was the primary tool used in the thesis work. The surgical
procedures and the RIST methodology are explained in detail below for future references.

1.3.5.1 Animal preparution
Sprague-Dawley rats were fed standard labotatory rat food and subjected to
controlled lighting (Lights on 0600-1800) for at least 3 days. Al1 experiments began at
0900. The rats were anesthetized with an intraperitoneal injection of sodium pentobarbital

(65 mgkg, Somnotol, MTC Pharmaceuticals, Mississauga, Ont.). The temperature was
maintained at 37.5 f 0.5 O C by means of a temperature controlled surgical table and a
lamp over the table. The body temperature was monitored with a rectal probe

themorneter (HI8857, Hama Instruments or Fisher Scientific). The rats were heparinized
with 100 Wkg heparin.

1.3.5.2 Surgical procedrrres

The artenal-venous loop as shown in Fig 2 was primed with a heparin-saline
solution (200 W/ml). The silicone sleeve on the venous side of the loop was clamped.
The right femoral artery was cannulated with the arterial side of the loop. The silicone

sleeve on the arterial side of the Ioop was clarnped, and the venous side was opened. The
nght femoral vein was cannulated with the venous side of the arterial-venous loop. The

clamp on the arterial side was opened, allowing blood to flow through the loop. Arterial

blood continuously flows through the loop to the venous side. Artenal blood samples
were taken f?om the arterial side of the loop via puncture of the silicone sleeve. Insulin
and other pharmacological agents (except glucose) were administered intravenously by
punchuing the sleeve on the venous side of the loop. Artenal blood pressure was
monitored via the arterial-venous loop by clamping the silicon sleeve on the venous side
of the loop. One of the advantages of using this loop is that blood samples can be taken

directly fiom a moving strearn of blood with no need to wash or flush sampling catheters.

To maintain anesthesia throughout the experiment, the left jugular vein was cannulated
with a catheter (polyethylene tubing, PE-50) with a continuous infusion of pentobarbital

solution (1.0 mVlOOg of body weighth, 1.08 mg/ml). Another catheter (polyethylene
tubing, PE-501,preloaded with a D-glucose-saline solution (1 00 m g h l ) , was inserted
(with a 23 gauge needle at the delivery end) into a silicone sleeve of the anesthetic

catheter. The D-glucose catheter was comected to a continuously variable infusion pump
(Harvard Apparatus). Spontaneous respiration was allowed through a tracheal tube
(polyethylene tubing, PE-205 or PE-240, based on the size of the animal). For any
intraportal dnig administration, d e r the laparotomy, the portal vein was cannulated with

Figure 2. The arterial-venous loop. The loop shunts blood fiom the femoral artery to the
femoral vein and allows multiple rapid arterial sampling and intravenous cimg and fluid

administration by needle puncture into the silicone sleeve. Brief occlusion of the venous

outflow allows for monitoring arterial pressure.

a 24G ( O P T I V A ~Johnson
~,
& Johnson Medical hc.) intravenous catheter.

1.3.5.3 The RIST rnerhodology

M e r surgical preparations, the animals were allowed to stabilize for at least 30
min. prior to the first arterial glucose sampling. Artend blood samples were then taken
every 5 min form the arterial side of the loop, and glucose concentrations were
irnmediately analyzed by the oxidase method with a glucose analyzer (mode1 27, Yellow
Springs Instruments) until three successive stable glucose concentrations were obtained.

The mean of these three concentrations is referred to as the basal glucose level. After the
basal glucose level was determined insulin was infused intravenoudy at a dose of 50

mU/kg over a 5 min period (in 0.5 ml saline at 0.1 drnin). To avoid hypoglycemia, the
glucose infiision (5 mg/kg/min) was started 1 min after insulin infusion. On the basis of
the arterial glucose concentrations measured at 2-min intervals, the infusion rate of the

glucose purnp was adjusted to maintain euglycemia. The amount of glucose infused over
30 min after insulin administration represents the magnitude of insulin sensitivity and is
referred to as the RIST index. The time line for RIST is shown in Fig 3.

The RIST has shown to be a reproducible test (Xie et al. 1996; Lautt et al. 1998).
In four rats, four coasecutive RISTs (Fig. 4) were carried out with a restablization period
between each test assessed by samples taken at 5 min intervais until three stable
consecutive basal glucose levels were detennined (Lautt et al. 1998). The RIST showed
no tendency for change with time and the mean coefficient of variance was 8.8

+ 1.5%.

The time between RISTs was usually 30-45 min with al1 four tests king completed

-

Esbbïiih Basal Arterial
Glucose Level

-

VARIABLE GLUCOSE INFUSION
MAiNTAlNS EUGLYCEMC
ARTERlAL LEVEL

Figure 3. The RIST time line. Three stable arterial glucose levels taken at 5 min intervals

establish the euglycemic baseline. Insulin is intravenously infused over 5 min with
glucose infusion and the first arterial glucose sample commencing afler 1 min of insulin

infusion. A variable glucose infusion is adjusted to maintain euglycemia based on the
arterial sarnples taken at 2 min intervals throughout the test period (30 min). The RIST

index is the total amount of glucose infiised during the test period of 30 min.

Figure 4. Four consecutive RISTs (50 mU/kg) in the same animal. Values are means k

SE. n=4, NS.

within 4-5 h. Basal glucose levels (mg%) stabilized between tests and were 112.2 t 5.8,
115.5 f 11.8, 122.4 f 9.0, and 120.1

+ 11-4 (not significantly different) prior to each test.

The RIST indices (mgkg) did not significantly change over tirne and were 234.5 t 5.0,

+ 17.0, and 220.9 k 10.5. The blood pressure was stable throughout
and between each test (98.8 t 10.9, 93.8 + 12.3, 90.0 + 15.3, 93.3 t 19.5 mmHg,

228.3 f 21.4, 248.1

respectively).
Similx time controls were also conducted in cats (Xie et al.1996). In five cats five
consecutive RISTs were carried out with a mean coefficient of variance of 3.0

+ 0.5%.

Artenal levels of glucose, glucagon, insulin, and catecholamines were not different

between the RISTs and the level of elevation of insulin was the same during a RIST in
the normal state and after blockade of the parasympathetic reflex O(ie and Lautt 1995~).

The ability to produce multiple tests in the sarne animal in the same day with stable
response offers clear advantages over the euglycemic clamp methodologies that utilize
prolonged infusion of insulin.

Chapter 2

HISS release is dependent on the hepatic production of nitric oxide
2.1 Introduction
It was previously demonstrated that insulin-mediated release of HlSS fiom the
liver is dependent upon the permissive role of the hepatic parasympathetic nerves
(chapterl, Xie and Lautt 1996ayb).Suice many cholinergie effects are mediated through
nitric oxide (NO) (Yamamoto et al. 1998), we tested the hypothesis that this
parasympathetic-dependent control of HISS release is aiso mediated through NO
production in the liver.

2.1. I Synthesis andfunetion

NO a free radical gas, is synthesized by the enzyme, nitric oxide synthase (NOS),
through incorporation of molecular oxygeo into L-arginine. NOS requires cofactors such

as calcium, cahodulin, tet~ahydrobiopterin~NADPH, FAD, FMN, and heme for
synthesis of NO (Andrews and Mayer 1999). NO acts as an intracellular messenger
molecule regulating vascular tone

(Vallance and Collier 1994), platelet activation

(Andrews and Mayer 1999), and immune and infiammatory responses (Moilanen and

Vapaatalo 1995) and acts as a neurotransmitter in the brain and in the penphery in nonadrenergic non-cholinergie (NANC) (Sanders and Ward 1992; Vallance and Collier
1994; Moilanen and Vapaatalo 1995) nerves and also in some parasympathetic (Iadecola
et al. 1993; Keast 1992; Sheng et al. 1992; Vizzard et al. 1993) and sympathetic nerves
(Aderson et al. 1995; Li et al. 1995b). NO is also synthesized in high amounts by

activated macrophages and acts as a cytotoxic molecule to kill bacteria, viruses, and

protozoa as well as tumor celis (Moilanen and Vapaatalo 1995).
To evaluate the involvement of NO in the parasympathetic-dependent release of

MSS, we used two NOS antagonists, N-nitro-L-arginine methyl ester (L-NAME) and Nrnonoethyl-L-arginine (L-NMMA). L-Arginine, the substrate for NOS, was administered
to reverse the insulin resistance produced by L-NAME 3- Morpholinosydnonimine (SIN1), a NO donor, was idused to reverse the insulin resistance produced by L-NMMA or

parasympathectomy of the liver. Insulinsensitivity was measured by using the

2.2 Materials and Methods

Male Sprague-Dawley rats were fed ad-libitum with standard laboratory rat food.
Animal prepmtion, surgical procedures, and the RIST methodology are explained in

dctail in chapter 1.

RIST in control and afier L-NAME ut doses 2-5 mgkg and 5-0 mgkg
intravenously. M e r the control RIST was performed, L-NAME, at a dose 2.5 mgkg

(n=12) or 5.0 rng/kg (n=17), was infùsed hravenously over 5 min. A stable basai arterial
glucose concentration was determined, and a RIST was perfonned, Afier 30 min of
restablization, basal artenal glucose concentrations were determined, and a second post
L-NAME RIST was repeated to measure the duration of action of each dose.

RIST in conb-02, afier intravenous or infraportal L-NAME infision, und ajier
aîropine. The RIST index was determined before and after L-NAME (1.0 mgkg) was

infûsed either intravenously (n=5) or intraportally (n=5) over 5 min. Atropine (3.0
mgkg) was infùsed intraportally over 5 min, and the RIST was repeated.

RLST in control and a t e r L-NUU4 infùsion (in-3). M e r the control RIST was
perfonned, L-NMMA (0.73 mgkg) was infused htraportally over 5 min. M e r the
second RIST, the animal was allowed to restabilize for 30 min. Basal arterial glucose
concentrations were determined, and another post-L-NMMA RIST was repeated to
measure the duration of the action of the dose.

RXST in control, after surgical denervation, and afrer L-NMMA infusion (n=3).
M e r the control RIST was perfonned, the nerve bundles around the common hepatic

artery were cut, the animal was allowed to stabilize, and the RIST was repeated. LNMMA (0.73 mgkg) was intravenously infused, and the RIST was performed.

RIST in conh-OZ, a#er L-NAME and aBer L-arginine infision (n=6). After a
control RIST was performed, L-NAME (5 mgkg) was infused intravenously over 5 min.
After the second RIST,

L-arec (50 mgkg) was infused intraportally, and the RIST

was repeated.

RIST in control and afier L - m i n e infision (n=3). M e r a control RIST was
performed, L-arginine (50 mgkg) was infused intraportally, and insulin sensitivity kvas
rneasured by the RIST.

RIST in contml, a@er L-NMUA, and afier intraportal or intravenous SN-]
infuion. After the control RIST was performed, L-NMMA (0.73 rnglkg) was infbsed

intraportally over 5 min. M e r the second RIST, SIN-1 (5.0 mgkg) was Uifused either

intraportally (n=5) or intravenously (n=4) over 2 min. Insulin sensitivity was measured
by the RIST.

RIST in conirol, @a

L - N m , and after intraportal S . - 1 infusion (n=5). M e r

the control RIST was performed, L-NMMA (0.73 mgkg) was intraportally infused over
5 min. After the second RIST, SIN-1 (10.0 mgkg) was Uifused intraportally over 2 min

a d the RIST was repeated.
RIST in c o n ~ o lafrr
,
surgical denervation, and after intraportul SN-2 infusion
(n=6). Afier the control RIST was performed, the nerve bundles around the common

hepatic artery were cut and the animal was allowed to stabilize. After the second RIST,
SIN- 1 (10.0 mglkg) was infused intraportally over 2 min, and the RIST was repeated.

RIST in control, afier atropine, and afier iniraportal SIN-2 infùsion M e r the
control RIST was performed, atropine (3.0 mgkg) was infiised intraportally over 5 min.
Afier the second RIST, SIN-1 (5.0 mgkg, n=2 or 10.0 mgkg, n=6) was infused
intraportally over 2 min and the RIST was repeated.
RlST in conirol and a#er iniraportal (n=l) or inîravenaus (n=I) SIN-I infusion.

After a control RIST was performed, SN-1 was infused either intraportally or
intravenously over 2 min,and insulin sensitivity was measured by the RIST.

Dmgs. L-NAME, L-NMMA, L-arginine, atropine, and D-glucose were
purchased fiom Sigma Chernical (St. Louis, MO). SIN-1 was purchased fiom Alexis (San
Diego, CA). The human insulin was obtained fkom Eli Liily (Indianapolis, IN). Al1 the
chemicals were dissolved in saline.
Data analysis. Data were analyzed using repeated-measures analysis of variance
followed by Tukey-Krarner multiple cornparison test in each group or, when applicable,
paired and unpaired Student's i-tests. The analyzed data were expressed as means f SE
throughout. Some results were analyzed using linear regression analysis. Differences
were accepted as statistically significant at P<0.05.Animals were treated according to the
guidelines of the Canadian Council on Animal Care, and al1 protocols were approved by
an ethics cornmittee on animal care at the University of Manitoba.

2.3 Results
The index used to express insulin sensitivity is the total amount of glucose
(mgkg) infused over 30 min after insulin (50 mU/kg) administration in order to maintain

euglycemia at the baseline level and is referred to as the RIST index.

RIST afier inîravenous L-NAME intsion. The control RIST index was 178.5

+

16.5 mgkg. L-NAME at dose 2.5 mgkg (n=12) significantly reduced the RIST index to
78.1

+ 9.8 mgkg and caused a 56.2 f 6.3 % inhibition of the control response. However

after 2 h when the RIST was repeated again, the amount of glucose required to maintain

the euglycemia was 168.4

+ 38.7 mgkg which was not significantiy difTerent fiom the

control RIST (Fig. 5). The blood pressure increased after L-NAME infiision fiom 107.6
I4.7

+

mmHg to 133-4 5.3 mmI-Ig, but after 2 h it decreased to 1lO.4.1+10.7mmHg. The

basal glucose was similar before each RIST (1 11.8 f 4.2 mg/ml, 90.4 -t 5.0 mg/ml, 1 10.3

+ 3.0 mg/rnl, respectively). In another set of animais (n=17), L-NAM. at dose 5.0 mgkg
significantly reduced the control RIST index (226.9 + 15.3 mgkg) to 93.7 + 8.7 mgkg
and caused a 55.3 I 5.3% inhibition of the controI response. Two hours after
administration, the RIST index was 75.8

+_

16.0 mgkg with 66.5 t- 7.5% inhibition of the

control response (Fig. 5). After L-NAME Ilifusion, the blood pressure increased from
107.6

+ 4.3

mmHg to 123.5 i 6.0 mmHg and stayed at the same level, 120.0 f 7.5

nunHg, after 2 h. The basal glucose was similar before each RIST (1 17.9 f 3.3 mg/ml,

107.4 + 3.4 mg/ml, 115.6 i 5.3 mg/ml, respectively). Thus both 2.5 mgkg and 5.0 mgkg
L - N k W produce similar insulin resistance but the duration of action is less than 2 h
with the low dose but was maintained for at least 2 h for the high dose.

The change fiom control after L-NAME administration at 2.5 mgkg (n=12) and
5.0 mglkg (n=17), was plotted against the control RIST index (mgkg) (Fig. 15, top). The
regression line has an x-intercept of 79.5 and a slope of 0.94 k 0.1 1. This relationship is
interpreted to quantitate the HISS-dependent and HISS-independent components of
insuIin action. Rats showing the geatest response to insulin show the greatest HISSdependent component of insulin action.

RIST afrr inhavenous verses Ntnaportd L-NAME. The control RIST index (n=5)
of 224.1 t 23.5 mgkg was not significantly reduced (177.9

+ 21.2

mgkg) &er

intravenous infusion of L-NAME (1.O mgkg). However, the intraportai administration of
atropine, a non-selective muscarinic antagonist, markedly reduced the RIST index to 95.3

I 14.6 mgkg and caused a 56.0 f 8.7% inhibition of the control RIST (Fig. 6). The blood
pressure was constant throughout the experiment (96.0 1 4 . 5 mmHg in control, 100.0

+

11.5 mmHg after L-NAME and 93.0 t 8.6 mmHg afler atropine). in the second set of

+ 16.4 mgkg) was significantly reduced by
intraportal L-NAME (1.0 mgkg) administration (1 05.8 + 10.8 mgkg), causing a 54.9 +

animals (n=5), the control RIST index (238.8

5.2% inhibition of the control response. However, administration of intraportal atropine

caused a further significant reduction in RIST index (78.5

+ 14.2 mgkg) (Fig. 6). The

blood pressure increased from 99.0 t 1.1 mmHg to 114.0 f 4.5 m d g after L-NAME,
but it decreased to 104 f8.0 mmHg after atropine, consistent with data from the 2.5
mgkg dose, showing effects wearing offby the t h e of the second (atropine) test. Thus,

intraportal but not intravenous L-NAME at the 1.0 mgkg dose caused significant insulin

resistance.

RIST afer L N -

(n=3). Administration of intraportal L-NMMA (0.73 mgkg)

significaatly reduced the RIST index fiom 236.8 t 37.6 mgkg to 123.1
(45.6

+ 8.9 mgkg

+ 12.1% inhibition of the control RIST) (Fig. 8). The blood pressure was constant

throughout the experiment (96.7 f 4.1 mmHg in control, 93.3 t 14.3 mmHg &er L-

NMMA before the RIST, and 90.0

+ 9.4 mmHg before the final RIST). After 2 h, RIST

was repeated again and the amount of glucose required to maintain the euglycemia was

76.1 f 14.8 mgkg (65.1 i 13.0% inhibition of the control EUST). Thus, intraportal L-

NMMA produces insulin resistance that is rnaintained for 2 h.
Administration of equimolar dose of L-NMMA (0.73 mgkg, n=15, polled fiom
other experiments) to L-NAME (1.0 mglkg) produced a simiIar degree of inhibition of
the control RIST (50.0 f 3.4%) @ig. 7). Thus, both L-NMMA and L-NAME cause
insuIin resistance by blockade of NOS in the liver.
RIST afrer denervation and L-NMMA (n=3). Surgicai denervation of the hepatic
anterior plexus significantly reduced the RIST index from 228.3 k 13-8 mgkg to 86.0 t
7.4 mgkg and produced 62.0

+ 4.8% inhibition (Fig. 9). riifusion of intraportal L-NMMA

(0.73 mgkg) did not cause a M e r significant reduction in EUST index (80.8 f 10.5

m g f w-

The change fiom control RIST index after intraportal atropine (n=6) or hepatic
denervation (n=10) plotted against control RIST index (mgkg) (Fig. 15, bottom) shows a
x-intercept of 88.0 and a slope of 1.0 f 0.1. Insulin's action has a parasympatheticdependent and a parasympathetic-independent component, and the higher the RIST index
the more the response is inhibited by atropine or hepatic parasympathetic denervation.

MST afier L-NAME and L-arginine (in=@ After L-NAME (5.0 mgkg) infusion,
the RIST index was signincantly reduced fiom 237.0
and a 55.4

+ 26.1 mgkg to 99.0 t 12.2 mg/kg,

+ 8.8% inhibition of control RIST was produced. L-arginine (50 mgkg ipv)

administration did not reverse the inhibition by L-NAME (53-8 t 7.1 %) (Fig. 1O).

RTST d e r L-arginine. After the control RIST, administration of intravenous Larginine (50 mgkg, n=5) significantly inhibited the control response by 48.8 k 8.2% (Fig.
1O).

RIST afier L - N ' and iniraportal or Nllrm>enous SIN-I. Intraportal infusion of
L-NMMA (0.73 mgkg, n=4) significantly reduced the RIST index from 218.4
mgkg to 88.4

+ 6.6

+ 21.6 mgkg (59.6 f 9.7% inhibition of the control RIST). htravenous

administration of SIN-1 (5.0 mgkg) did not reverse inhibition caused by L-NMMA (59.0
_+

7.2% inhibition ) (Fig. 11). In the second set of animals (n=5), the control RIST index

was 236.9 5 20.0 mgkg. Intraportai infusion of L-NMMA (0.73 mgkg) caused

significant insulin resistance, and reduced the RIST index to 129.7 I14.3 mgkg and
caused 54.5 k 2.0% inhibition (Fig. 11). Intraportal SIN-1 (5.0 mgkg) partially revened
the inhibition caused by L-NMMA (24.0

+ 11.6%). Thus, NO production in the liver c m

partially reverse insulin resistance caused by NOS antagonismRlST a8er L - N m and intraportd SALI (n=j). Intraportal infusion of LNMMA (0.73 mgkg) significantly reduced the RiST index fiom 22 1-34 t 30.9 mgkg to
99.3

+ 20.9 mgkg (55.5 f 7.0% inhibition of the control RIST). Intraportal SIN- 1 (10.0

mgkg) completely reversed the inhibition caused by L-NMMA (0.6 & 5.8%) (Fig 12).

Thus, higher NO production in the liver can completely reverse insulin resistance caused
by NOS antagonism.

RIST a$er denervation and infiaportal SN-I (n=6), Surgical denervation of the
hepatic anterior plexus significantiy reduced the RIST index f?om 208.3 t 15.0 mgkg to

87.7 f 10.3 mgkg (56-4

+ 6.7%

inhibition of the control RIST). Intraportal SIN-1 (10.0

mgkg) completely reversed the inhibition caused by denervation (3.8 if 10.4/%) (Fig L3).

Thus, NO production in the liver can reverse insulin resistance caused by surgical
denervation of the h e r .

RIST afrr atropine und inh-aportal Sm-].Administration of btraportal atropine
(3.0 mgkg) significantly reduced the RIST index from 265.9 k 32.8 mg/kg to 1 1 1.7 f

51.4 mgikg (58.9

+ 14.3%

inhibition of the control RIST, n=2) in one group of rats and

from 259.6 k 3 1.6 mgkg to 89.8 k 11.0 mgkg (63.1

+ 6.2%

inhibition of the controi

RIST, n=6) in another group of rats. However, intraportal administration of SIN4 at
either 5.0 (n=2) or 10.0 (n=6) mgkg did not reverse the inhibition caused by atropine
(47.4 k 1.9%, 60.2

+ 5.2%, respectively) (Fig

14). Thus, NO production in the liver

cannot reverse insulin resistance caused by muscarinic receptor blockade.
RlST afer intraportal (n=l) or Nttravenous (n=l) SN-1. Intraportal (231.5
mgkg before and 243.9 mgkg after SIN-1)or intravenous (250.3 mgkg before 267.0
mgkg after SIN-1)administration of SIN4 did not significantly change the RIST index

(not shown). Thus, full parasympathetic-dependent activation of NO production occurs in
response to insulin.
HISS dynamic curves. The average glucose infusion rate (rnflglniin) at 0.1 min

intervals throughout the test were plotted in the control RIST and d e r HISS blockade
with either intraportal L-NMMA (0.73 mgkg, n=23, pooled) administration, surgical

denervation of the liver (n=10, pooled), or intravenous atropine (3.0 mg/kg, n=8, pooled)

administration (Fig. 16, lefi graphs). The average pst-maneuver RIST curve was
subtracted fiom the average control RIST cuve in each group (Fig. 16, right graphs).
The difference between the two curves provided a dynamic c w e that is attributed to
HISS action. HTSS action started at 3-4 min after onset of insulin administration and
continued until the end of the RIST.

The RIST curves after administration of SIN- 1 (10.0 mgkg, ipv) following the L-

NMMA infusion or surgical denervation of the liver were also plotted to examine
dynamics of HISS release after reversal of insuiin resistance by SIN-1 (Figs. 17,18).

Providing NO to the liver restored HISS release.

2.4 Discussion

Previous studies (chapterl, Xie and Lautt 1995a, l996a,b) are consistent with the
hypothesis that the animals respond to insulin by the hepatic parasympathetic-dependent
release of HISS fiom the liver that enhances glucose uptake at the skeletal muscle.
Surgical or pharmacological ablation of the hepatic parasympathetic nerves leads to
HISS-dependent insulin resistance (HDIR). htraportal, but not intravenous, Ach is
capable of reversing the HDIR caused by denervation. This chapter demonstrates that the
hepatic parasympathetic-dependent control of insulin action is mediated through hepatic
NO production and that hepatic NOS antagonism and hepatic denervation produce HDIR
that is reversible by providuig NO to the Liver using a NO donor. The hepatic

parasympathetic-dependent release of HISS is concluded to be NO-mediated. Insulin
sensitivity was measured by using the RIST (descnbed in detail in chapter 1).

2.41 Nitric oxide synthase inhibition*

Administration of L-NAME, a NOS antagonist, intravenously at 2.5 mgkg and
5.0 mgkg caused significant and similar degrees of insulin resistance. However, the

effect of the low dose of L-NAME wore off within 1 h whereas the high dose effect
lasted for more than 2 h (Fig. 5).

To confirm the site of action of L-NAME, intraportal infusion of a L-NAME dose
(1.0 mgkg) was compared with intravenous infusion of the same dose. The intraportal,

but not intravenous, dose caused significant insulin resistance. The observation that L-

NAME caused more insulin resistance when adrninistered intraportally (Fig. 6) shows
that the site of action of L-NAME is the liver.

mm L-NAME i.v.
2 Hrs. POST

Figure 5. Lefr: RIST index (mgkg) before and after intravenous L-NAME 2.5 mgkg

administration and 2 h post L-NAME. Values are means I SE; n=12. *P<0.001,**

P~0.01.Right: RIST index (mgkg) in control, after intravenous L-NAME 5.0 mgkg
administration, and 2 h post L-NAME. Values are means

+ SE; n=17. *P<O.OOl. Insuiin

resistance produced by the Iow dose wore off by 2 h but was well maintained by the

higher dose.

**
-

I
L-NAME i-p.v,

0
CONTROL
CilEl L-NAME 1.O mglkg
A T R O P I N E 3.0 rnglkg

L-NA= i-v.

Figure 6. RIST index in control, after intraportal (n=5) or intravenous (n=5) L-NAME
(1.0 mgkg) administration, and after iniraportai atropine (3.0 mgkg) administration.

Values are means f SE. *P<O.001,
intraportal but not intravenous route.

** P<0.05.Insulin resistance was produced by the

It had been suggested that L-NAME is both a NOS inhibitor and a muscarinic
receptor antagonist (Buxton et al. 1993)- To confïrm that the insulin resisbnce we
observed was a resdt of NOS antagonism and not muscarinic blockade, we used L-

NMMA, another NOS antagonist that lacks antimuscarinic effect. L-NAME and L-

NMMA have the same potency in vitro (Rees et al. 1990). We used an equimolar dose of
L-NMMA (0.73 mgkg) to the dose of 1.0 m g k g L-NAME. Both L-NAME and LNMMA produced insulin resistance to a similar degree (Fig. 7). Thus, insulin resistance
produced by intraportal infusion of L-NAME appears to be only through inhibition of
hepatic NOS. The insulin resistance caused by L-NMMA lasted for more than 2 h (Fig.

8), which was a duration of blockade longer than that achieved by 2.5 m g k g L-NAME.
The data do not support the idea that L-NAME has a signtficant additionai antimuscarinic
effect in vivo, thus, indicating that both L-NAME and L-NMMA are suitable tools for the

present study.
Reports fiom other investigators (Baron et al. 1995) suggest that inhibition of

NOS by L-NMMA causes a reduction in skeletal muscle perfusion, and this has been
suggested as the mecbanism of insulin resistance. In our experiments, intraportai LNMMA (0.73 mgkg) did not result in hypertension (arterial pressure of 90 t 3.8 mmHg

in control and 84.3 t 4.6 rnmHg after L-NMMA); however significant insulin resistance
occurred (Fig. 7). Oral administration of L-NAME caused hypertension but not insulin
resistance (Swislocki et ai. 1995), suggesting that insulin resistance is not a result of
vascular effects but of a fündamentai metabolic disorder. Surgical hepatic denervation
significantly reduced insulin sensitivity, and subsequent NOS inhibition with L-NMMA
did not cause additional insulin resistance (Fig. 9). If the NOS antagonist effect was
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0
COrnOL
ann L-NAME 1.O rnglkg
L-NMMA 0.73 rng/kg

,

Figure 7. RIST index in control, &er intraportai L-NAME (1.0 mgkg, n=5) or L-

NMMA (0-73 m g k g , n=15) administration. Values are means f SE. *P<0.05.L-NAME
and L-NMMA both produced insulin resistance through inhibition of NOS in the liver.

nCONlROL
DL-NMMA 0.73 rnglkg
2 Hrs. Post

Figure 8. RIST index in control, after uitraportal L-NMMA (0.73 mgkg) administration,
and 2 h post L-NMMA. Values are means & SE; n=3. *P<0.05,** P<0.01. Insulin

resistance was still maintained after 2 h.

O Control
EEEQ Denervation
II L-NMMA 0.73mglkg i.p.v.

Figure 9. RIST index in control, after hepatic parasympathetic denewation, and afler
intraportai L-NMMA (0.73 mgkg) administration. Values are means f SE; n=3.

*P<O.OOl. Insulin resistance produced by denervation was not made worse by addition of
NOS antagonism.

secondary to direct peripheral effects, it should have k e n additive to the eEects of liver
denervation. This observation suggests that hepatic parasympathetic interruption by
surgery or NOS inhibition in the liver caused insulin resistance by interruption of the
same pathway.
We, therefore, suggest that insulin resistance caused by NOS antagonism is not a
result of reduction in skeletal muscle perfùsion but rather is caused by blockade of the
parasympathetic-dependent release of HISS.

2 - 4 2 Vasodilatory effect of insulin

It has been proposed that insulin-mediated vasodilation, through NO release by
the endothelium (Vdance and Coilier 1994; Steinberg et al. 1994; Scherrer et al. 1994;

Chen et al. 1996; Cardillo et al. 1999), increases glucose uptake in skeletal muscle (Baron
and Brechtel 1993; Pitre et ai. 1996). Moreover, it has been suggested that the insulinmediated increases in skeletal muscle blood flow are impaired in obesity (Lassko et al.
1990), type 2 diabetes (Lassko et al. 1992), and hypertension (Baron et al. 1993, 1995,
and 1996) and that this defect may contnbute to insulin resistance in these disease
conditions. However, others have s h o w that insulin-mediated vasodilation, and
vasodilation per se, is not a primary deteminant of muscle glucose uptake (Scherrer et

al. 1994; Mijare and Jensen 1995; Raitakari et al. 1996; Utriainen et al. 1996,1997; Natali
et al. 1998). Scherrer et al. (1994) have shown that L-NMMA, wheo infüsed into one

a m , reduces forearm blood flow and increases blood pressure, but does not alter the
whole-body glucose uptake. Natali et al. (1998) demonstrated that increasing foreblood flow with sodium nitroprusside in obese hypertensive patients does not improve

insulin sensitivity of forearm tissues. Mijares et al. (1995) concluded that after a mixed
meal, skeletal muscle blood flow does not increase enough for blood flow to be a major

contributor to glucose uptake. It has also k e n shown (Utriainen et al. 1997) that in type 2
diabetics cellular glucose uptake is impaired despite normal insuiin effects on muscle
blood flow, flow dispersion, and redirection of blood flow to glucose using-areas. The
effect of insulin on blood flow is controversial. Some investigators report increased blood

flow only at high physiological @eFronzo et al. 1985; Mandarini et al. 1996; Bonadonna
et al. 1996) or supraphysiological insulin concentrations (Pitre et al. 1996). Also,
increases in blood flow are only seen after infùsing insulin for long periods of t h e
(Laasko et al. 1990; Baron et al- 1991; Yki-Jarvinen and Utriainen 1998). Baron has
reported a 2-fold increase in leg blood flow in lean-insulin sensitive subjects d e r 4 h of
hyperinsulinemia (Baron 1996).
Most investigators (Baron et al. 1995; Pitre et al. 1996) use the hyperinsulinemic
euglycemic clamp technique (explained in detail in chapter 1) to measure insulin
sensitivity. In this technique, insuiin is infused at a constant rate for 2-3 hrs before steady
state conditions are achieved. It is possible that uifusion of insulin for long periods of
time and at high concentrations results in vasodilation and increased blood flow.

However, the insulin used in our experiments, given over 5 minutes, is short acting and
the RIST is completed by 35 min. Baron et al. (1995) report that during the

hyperinsulinemic euglycemic technique there is a fall in mean artenal pressure caused by
the vasodilatory effect of insulin. In our experiments there is no significant change in

blood pressure during insuiin administration. Furthemore, if NOS antagonism produced
insulin resistance secondary to direct blockade of dilatory responses to insuiin in skeletal

muscle, the intravenous dose should have produced a greater effect than the intraportal
dose, the opposite of our fuidiags (Fig. 6). Similarly, the ability of intraportal but not
intravenous NO donor to reverse L-NMMA-induced insulin resistance indicates that the
drugs are acting through the liver (Fig.11). Furthemore, if NOS antagonism produced
insulin resistance secondary to blocking vascular responses to insulin in skeletal muscle,
the insulin resistance caused by hepatic denervation should have been made worse by the

addition of this peripheral effect. Insulin resistance produced by denervation was not
affected by addition of a NOS antagonist (Fig. 9). Thus, in our testing conditions the data
are consistent with insulio resistance following NOS antagonism being secondary to a
hepatic, rather than peripheral, effect.

2.4.3 Reversa2 of insulin resistance

L-Arginine did not produce the anticipated reversal of insuiin resistance
produced by L-NAME, but rather L-argide, by itself, caused insulin resistance (48.8 t
8.2%) (Fig. 10). Also, L-arginine does not reverse the inhibitory effects of L-NAME on

the somato-vesical (bladder) parasympathetic inhibitory reflex (Momson et al. L 996). LNAME not only blocks NOS but also blocks arginine uptake across the hepatocyte

plasma membrane (houe et al. 1993b), thus, reducing substrate available for the NOS. Larginine is metabolized by NOS to NO, and by arginase to urea and L-ornithine (Cook et
al. 1994). Since the iiver bas a very high arginase activity, it is possible that most Larginine administered is converted to L-ornithine by the liver, although L-arginine can

reverse the vascular effects of L-NAME in the Liver (Macedo and Lautt 1996). L-arginine
also causes release of growth hormone (Cyber 1994; Nakaki and Kato 1994) and
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Figure 10. Le$: RIST index in control, after ictravenous L-NAME (5.0 mgkg), and after

+ SE; n=6. *P<0.00 1.
Right: RIST index before and after intraportai L-arginine infusion. Values are means +
intraportal L-arginine (50 mgkg) administration. Values are means

SE; n=15. *P<O.OS. L-Arginine did not reverse insulin resistance caused by NOS
antagonism but rather produced insulin resistance when administered alone.

glucagon (Rocha et ai. 1972); both hormones reduce insulin sensitivity. This may explain
why we couid not reverse insulin resistance caused by L-NAME with L-arginine and why
L-arginine caused insuiin resistance (Fig. 10).
Reduction in blood flow to the nerves in diabetes Ieads to neuropathy O(ihara and

Low 1995; Stevens 1995; Cameron et al. 1995, 1996; Omawari et ai. 1996) and has been
suggested to result fiom a decrease in NO production in the vasculature (Cameron et al.
1995; Kihara and Low 1995). Administration of L-NAME in normal rats decreased nerve

blood flow that was reversed by L-arginine (Kihara and Low 1995; Omawari et al. 1996).

L-NAME dso caused basal vasoconstriction in the intestine that was reversible by Larginine (Macedo and Lautt 1996)These observations show that L-arginine is capable of
reversing the effect of L-NAME in the vasculature. This suggests that acute insulin
resistance caused by L-NAME is not secondary to effects on perfusion of hepatic nerves
or peripheral blood vessels since it was not reversed with L-arginine. Further studies are
required to test this interpretation.
As an alternative to using L-arginine to reverse the effect of NOS blockade, the
NO donor, SIN-1, was used. SIN4 spontaneously releases NO (Feelisch and Noack
1987; Bassenge 1994), thus, it does not utilize the NOS. Administration of intraportal,

but not intravenous, SIN-1 (5.0 mg/kg) partiaily reversed the insulin resistance caused by

L-NMMA (Fig. 12). However, administration of a higher dose of SIN-1 (10.0 mgkg) to
the liver completely reversed the insulin resistance caused by L-NMMA (Fig. 12). This
indicates that insulin resistance produced d e r inhibition of NOS in the b e r can be
reversed by providing NO in the liver. Also, administration of intraportai SIN4 &er

i
Control
I
I
L-NMMA 0.73 rngfkg i.p.v.
EXSI SIN4 5.0 mg/kg

Figure 11. Le#: RIST index in control, after intraportal L-NMMA (0.73 mgkg) and after
intraportal SIN4 (5.0 mgkg) administration. Values are means f SE; n=5. *P<0.001,

**P<O.OS. Right: RIST index in control, afker intraportal L-NMMA (0.73 mgkg), and
after intravenous SIN-1 (5.0 mgkg) administration. Values are means f SE; n=4.

*P<0.001.The NO donor reversed insulin resistance induced by NOS antagonism oniy
when adminiçtered directly to the liver via the portal vein.

iControl
L-NMMA 0.73 rng/kg i.p.v.
ESSlSIN4 10.0 mg/kg i.p.v.

Figure 12. RIST index in control, after intraportal L-NMMA (0.73 mgkg) and d e r
intrapoaal SIN-1 (1 0.0 mgkg) administration. Values are means r SE; n=5. *Pc0.05.
Insulin resistance produced by NOS antagonisrn was completely reversed by providing
higher amount of NO to the liver.

denervation of the liver completely restored insuiin sensitivity (Fig. 13). Thus, NO
production in the liver is confïrmed to be essential for insuiin sensitivity.
It is possible that insulin also directly stimulates the production of NO in liver,
since SIN4 reversed the insulin resistance after the hepatic parasympathetic nerves were
cut. However, administration of SIN4 (either 5.0 or 10.0 mgkg) did not reverse the
insulin resistance produced by atropine (Fig. 14). Atropine is a non-selective muscarinic
antagonist, it is likely that atropine also blocks another possible regulator (e-g. prandial

state) in the release of HISS (see chapter 3) that does not involve the NO.
Administration of SIN4 (5.0 mg/kg) intraportal or intravenously without any
pnor interventions did not affect insulin sensitivity, suggesting that full parasyrnpatheticdependent activation of NO production occurs in response to the bolus of insulin.
Reversa1 of denervation-induced insulin resistance by SIN-1 is additionai
evidence that the parasympathetic tone involves a hormonal pathway. If there was a
neural connection between the liver and skeletal muscle that was controllhg insulin
sensitivity, then this connection had been severed in order to produce the insulin
resistance. Administration of SIN4 into the portal vein cannot restore the response by a
parasympathetic-dependent pathway since the nerves have been cut. Thus, the hepatic

parasympathetic nerves and the hepatic NO production provide the background tone to
the liver and have a permissive role to the action of insulin to release HISS fiom the liver.
Administration of SIN-1 (10.0 mgkg, ipv) 30-45 min before insulin infusion did
not effect the arterial glucose levels but restored insuiin sensitivity after denemation.

Thus, insulin is required for the release of HISS from the liver and providing NO to the
liver without any insulin administration does not reverse insulin resistance.

0
Control
EM3 Denervation
tSSY SIN-1 10.0 mglkg i.p.v.

Figure 13. RIST index in control, d e r hepatic parasympathetic denervation, and afier
intraportal SIN4 (10.0 mgkg) administration. Values are means t SE; n=6. *P<0.001.
Providing NO to the denervated Iiver completely restored insulin sensitivity.

i
Control
A t r o p i n e 3.0 mg /kg i.p.v.
=SIN-1
10 mg/kg i.p.v.

Figure 14. The FUST index in control, &er intraportal atropine (3.0 mgkg), and d e r

intraportal SIN- 1 (1 0.0 mgkg) administration. Values are means

+ SE; n=6. *P<0.001.

Providing NO after muscarinic blockade does not restored insulin sensitivity.

2.4 1 HISS-dependent and -independent effect

The RIST index in control responses and the reduction in control RIST index after
atropine or denervation was examined by h e a r regression as previously reported m e
and Lautt, 1996b). The rats showing the highest control RIST index had the greatest
reduction in response after atropine or denervation, and rats showing the lowest control

RIST index had the smallest decrease in control RIST index (Fig 15, bottom). The
decrease in the RIST after denervation or atropine represents the HISS-dependent
component of insdin action. This shows a parasympathetic-dependent component (to the
right of the x-intercept) and a parasympathetic-independent component (the x-intercept)

of insulin action. A sirnilar relationship is observed after L-NAME administration. After
L-NAME, the rats showing high control RIST indexes had large decreases in the RIST

index, and the rats showing small control RIST indexes had small decreases in the RIST
index @ig 15, top). This suggests a hepatic NO-dependent component and a NOindependent component involved in insulin action. The regression analysis is not
significantly different in slope or intercept using the combined atropine and denervation
data compared to the NOS blockade data. It appears that there is a parasympatheticdependent and -independent and also a NO-dependent and -independent component
involved in insulin responsiveness; we propose that both, the NO and the
parasympathetic nerve-dependent, components act through the same pathway. This
pathway is suggested to consist of a hepatic parasympathetic tone, acting through

muscarinic receptors, resulting in production of NO in the liver, Ieading to release of the
putative hormone, HISS, that enhances glucose uptake at the skeletal. Interruption of this
NO-mediated pathway inhibits HISS release fiom the liver and HDIR follows.
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Figure 15. Top: linear regression of RIST index (mgkg) in control against reduced RIST
index (mgkg) after 2.5 mgkg (n=12) and 5.0 mgkg (n=17) intravenous L-NAME
administration. The dope is 0.94 f 0.1 1; intercept on x-axis is 79.5 (mgkg); ?=0.75

(P=0.0001).Bonom: linear regression of RIST index (mgkg) in control against reduced
RIST index (mg/kg) after hepatic parasympathetic denervation (n=10) and intraportal
atropine administration (n-4). The slope is 1.O

+ 0.1; intercept on x-axis is 88.0 (mgkg);

2=0.86 (P=0.0001). The y-axis represents the ciifference in RIST index between control

and after NOS blockade or parasympathetic blockade and is interpreted as the HISSdependent component of insulin action. The HISS-independent component of insulin
action is determined either fiom the intercept on the x-axis or the RIST index afler NOS
or nerve blockade.

2.4.5 Dynamics of HISS action

Although the chernical identiîy of HISS is unknown, the dynarnics of HISS action
c m be described by examination of the shape of the RIST curve. For this purpose RIST
curves in control and after intraportal L-NMMA (0.73 mgkg) administration, surgical
denervation of the liver, or intravenous atropine (3.0 mgkg,) administration were used.

Al1 these interventions produced HDIR by interruption of HISS release fiom the liver
(above). The control RIST curves were sipnificantly inhibited after L-NMMA, surgical
denervation of the liver, and atropine (Fig. 16, Iefi graphs). The difference between the
two curves provided a dynamic curve that is attributed to HlSS action and, thus,

represented the HISS-dependent action of insulin (Fig 16, righr graphs). HISS release
appeared to begin after 3-4 min fkom the onset of insulin action and to continue for about
9 min after the direct effect of insulin was no longer seen. This may suggest that HISS

has an additive, rather than a synergistic, insulin-like action. CaIculated fiom the decline
in HISS action from the peak level, the half-life of HISS action is about 9 min.

The HISS release inhibited by L-NMMA or denervation were completely restored
after administration of SIN-1 (Fig, 17, 18, top). The HISS curves calculated fiom the
difference between the control RIST curve and the RIST curve afker L-NMMA or
denervation were similar to the HISS curves calculated fiom the difference between L-

NMMA or denervation RIST curve and SIN-1 RIST curve (Fig. 17, 18, bottom).
This indicates that inhibition of NO in the liver or surgical denervation of the liver
interrupted the release of HISS from the liver and produced HDIR without any effect on
the HISS-independent component of insulin action. However, providing NO to the liver
restored the release of HISS fiom the liver and reversed HDIR.
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Figure 16. A plot of the average glucose infusion rate (mgkghin) as determined at 0.1
min intervals. Le@. Control RISTs (solid line) and the RIST after HISS blockade (broken
line) with intraportal L-NMMA (n=23, pooled), surgical denervation of the liver (n=10,

pooled), and intravenous atropine (n=8,pooled). Right. The HISS-dependent component
of insulin action that was calculated fiom the difference between the control curve and

the cwve after blockade of HISS. HISS action started at 3-4 min after the onset of insulin

administration and continued until the end of the RIST.
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Figure 17. Top. The average glucose infiision rate (mg/kg/min) during the control

RIST, the RIST after intraportal L-NMMA and the RIST after intraportal SIN-1 (n=5).
Bottom. The HISS-dependent component of insulin action which was caiculated fkom the

difference between the control curve and the cuve after L-NMMA (solid line) and the
difference between the c u v e after L-NMMA and the cuve after SIN4 (broken line).
HISS reIease was elixninated by L-NMMA but it was restored to sirnilar levels after SIN1 infusion.

Figure 18
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Figure 18. Top. The average glucose infusion rate (mg/kg/min) during the control

RIST, the RIST after surgical denervation of the liver and the RïST &er iniraportal SIN1 (n=7). Bottom. The HISS-dependent component of insulin action which was caiculated

fiom the difference between the control curve and the curve after denervation (solid line)
and the difference between the curve after denervation and the curve after SIN4 moken

line). The release of HISS was eliminated by surgical denervation of the liver but it was
restored to similar levels after SIN-1 idusion.

2-46Isoforms of NOS involved in the release of HISS

Three NOS isofonns have been characterized. The constitutive neural (KINOS)
and endothelial (eNOS) isoforms are regulated by intracellular calcium. The nNOS is

expressed in the brain and in penpheral neurons and the eNOS is expressed in endothelial
cells, p iatelets, and the heart (endocardium and myocardiurn) (Vallance and Collier
1995). The inducible (NOS) isoform is calcium-independent and it is expressed only
after activation of cells by products of infection, including bacterial endotoxins or
exotoxins, or cytokines. The N O S is expressed in most types of vascular cells, including
endothelial cells, smooth muscle, cardiac myocytes, gut, immune cells and macrophage
(Vallance and Collier 1995). Al1 three isoforms of NOS are found in the liver (Knowles
et ai. 1990; Curran et al. 1990; Geller et al. 1993; Esteban et al. 1997; Clemens 1998).
The NOS is expressed by most cells of the liver (Clemens 1999). NO synthesis
by iNOS is delayed for the several hours required for synthesis of NOS. Once the

induction has occurred, N O S produces large amounts of NO for prolonged periods

(Moilanen and Vapaatalo 1995). However, HISS is released within minutes of insulin
infusion and it does not require to be released for long penods of tirne. Also iNOS is
virtually absent in the normal liver but markedly increased in response to inflammation
and a variety of oxidative stresses (Clemens 1999), thus, it is unlikely that iNOS is

involved in the release of HISS.

On the other hand, eNOS produces small amounts of NO rapidly and transiently
(seconds) in response to agonists such as Ach or bradykinin (Moilanen and Vapaataio
1995). It has also been shown that mice with targeted disruption of the gene encoding the

eNOS have marked metabolic insulin resistance (Satori and Scherrer 1999). Thus, it is

possible that eNOS is involved in the parasympathetic-dependent release of HISS fiom
the liver.

Another possibility for NO involvement in the release of the HISS fiom the liver
is that NO acts as a neurotransrnitter of the hepatic parasympathetic tone. nNOS has k e n
identified in parasympathetic neurons, many of them cholinergie, innervating cerebral
vessels, the penis, airways, the uterus, the bladder, and the tongue (ladecola et al. 1993;
Keast 1992; Sheng et ai. 1992; Vizzard et al. 1993). These nerves are believed to serve a
vasodilator function, releasing NO among other vasodilator neurotransmitters. nNOS has
been shown to be present in the nerve fibers in both supply vessels of the hepatic hilus,
the interlobular portai vein and the interlobular hepatic artery, although thicker bundles of

nitrergic fibers were found dong the interlobular hepatic artery (Esteban et al. 1997). In
addition, a rich plexus of nerve fibers containing nNOS was detected around the wali and
in the muscular layer of the interiobular hepatic artery. These nitrergic fibers are
suggested to be involve in the control of the global liver blood flow. NO is also released
as a CO-trammitterwith Ach in sudomotor and in vasodilator neurons (Anderson et ai.
1995). Thus, it is possible that NO is CO-released with Ach by the parasympathetic

nerves. Administration of either Ach or SIN4 after parasympathetic denervation of the
h e r restored insulin sensitivity, thus, either of the two neurotransmitters is required to

trigger the parasyrnpathetic release of HISS. The involvement of central nitrergic
neuronal pathways has been recently suggested in maintaining the glucose homeostasis
(Shankar et al. 1998). Inhibition of NOS @ossibly nNOS) in the brain caused peripheral
insulin resistance, hyperglycemia, defective insulin secretion, and hypertension in rats.
Thus, it is possible that production of NO in the brain, activates the parasympathetic

nerves and these m e s , with the rise of insuiin in portal blood, cause the release of KiSS
fiom the liver. It is also conceivable that both the parasympathetic and the nitrergic
neurons in the brain, and these neurons project fiom the brain to the liver and modulate
the release of HISS.

At this point we do not know which isoform of NOS is involved in the hepatic

parasympathetic-dependent release of HISS fiom the liver, however, we can speculate
that the constitutive forms of NOS, either eNOS or nNOS, are more likely to be involved.

2.1.7 NO as a second messenger

NO mainly acts as a second messenger stirnulating the soluble guanylate cyclase
(sGC) thus increasuig cGMP which in tum modulates a variety of biological functions. It

has been also shown that SIN-1, via release of NO, inhibits platelet aggregation and
relaxes vascular smooth muscle by activation of sGC and increases in intracellular cGMP
(Nishikawa et ai. 1982; Gerzer et al. 1988; Noack and Feelisch 1989; Bassenge and

Mulsch 1989). Although we have no direct evidence, we can speculate that NO causes

HTSS release by activation of sGC and increase in cGMP in the liver. Further
experiments are required to test this hypothesis.

In conclusion, there is a strong relationship between inhibition of NOS in the liver
and insulin resistance. Inhibition of NO production in the liver produced HDIR with no

effect on the HISS-independent component of insulin action. Providing NO to the liver
reversed this HDIR by restoring the HISS-dependent component of insdin action. Thus,

we propose that inhibition of the NOS in the liver intempts the hepatic parasympathetic-

dependent HISS reiease and, because HISS is needed to sensitize the skeletai muscle
response to insulin, HDIR occurs.

Chapter 3
Hepatic parasympathetic interruption causes insulin, but not IGF-1,

resistance
3.1 Introduction

Insulin-likegrowth factor-1 (IGF-1) is a single chain polypeptide characterized by
hi@ structural homology with insulin (Sara and Hall 1990). IGF-1 has many insuiin-like
activities including production of hypoglycemia by the enhancement of glucose uptake in
skeletal muscle (Guler et al. 1987; Jacob et al. 1989; Borg and Sherwin 1995). We have
demonstrated in chapter 1 that the action of insulin to increase glucose uptake at the
skeletal muscle is mediated through the hepatic parasympathetic-dependent release of
HISS. The release of HISS in response to insulin occws in the immediate post-prandial

state and decreases progressively with the duration of fasting (Macedo et al. 1998). The
involvement of the hepatic parasympathetic nerves in glucose uptake stimulated by IGF-1
is unknown. Liver disease results in insulin but not IGF-1 resistance (Petersen et al.

1997), and spontaneously diabetic rats become insulin but not IGF-1 resistant (Jacob et
al. 1991). Based on these observations we hypothesize that the hepatic parasympathetic
reflex is triggered by insulin but not by IGF-1. Accordingly insulin, but not IGF-1, action
should be inhibited by atropine, liver denervation, and fasting.

3.1.1 Synthesis andfuncrion

IGF-1 has 48% amino acid sequence homology to prohsdin, the A and B
domains have 60-70% homology,but there is no homology with the C domain (Simpson

et al. 1998). In contrast to insulin, IGF-1 has many sites of production. Although the liver

is the major source of circulating IGF-1 (Schwander et al. 1983; Giacca et al. 1990; Borg
and Shenvin 1995; Simpson et al. 1W8), it is also locally produced in smaller quantity in
many other tissues of the body such as the bone, the adipose tissue, the kidney, the
muscle (Matthews et al. 1986; Roberts et al. 1987; Daughaday and Rotwein 1989). S e m
concentrations of IGF-1 in man are regulated by growth hormone, insulin, age, and
nutritional state (Simpson et ai. 1998). Growth hormone and insulin are the main
regulaton of hepatic IGF-1 production (Schwander et ai. 1983). Infusion of IGF-1
suppresses circulating insulin and glucagon levels, inhibits hepatic glucose output,
increases glucose uptake, and decreases circdating fkee fatty acids and amino acids
(Bach 1999). The hypoglycemic action of IGF- 1 is only about 6% of that of insuiin on a
molar basis (Guler et al, 1987; Boulware et al. 1994), however, it circulates at about 1O00
times the concentration of insulin in plasma, being highly protein bond. IGF-1 exerts its
physiological actions in two ways: as a classical endocrine hormone and dso as an autoparacrine factor.

3.1.2 Receptors

There are two major IGF receptors on cells: the type 1 and type II. The type 1
receptor is stnicturally and functionally very similar to the insulin receptor and it is
present on virtually al1 ce11 types (Massague and Czech 1982). Large numbers are present

in muscle (Florini 1987), with fewer in the human liver (Caro et al. 1988). Its postreceptor signaling mechanisms are also similar to the iosulin receptors. IGF-1 can bind to

the insulin receptor, but with only 1-5% affùiity cornpared to insulin (Guler et al. 1987).
The affinity of insulin for binding to the IGF type I receptor is 540% of that of IGF-1.

The type II receptor is stmcturaily identicid to the mannose-6-phosphate receptor and has

no structural homology to the type 1 or the insuiin receptor (Morgan et al. 1987). Under
normal physiological conditions it is thought that IGF-1 acts through the type 1 receptor.
However, under high concentrations of IGF-1, there is likely to be cross-activation with
the insulin receptor- Some of the insulin-like effects of IGF-1 are mediated by a cross-

reaction of the IGF-1 with insulin receptors (Froesch et al. 1996). Hybrid IGF-llinsulin

receptors have been well-documented and sequenced, but their role is unclear (Soos and
Siddle 1989). Almost al1 known in vitro and in vivo effects of IGF- 1 so far described are
mediated through the type 1 receptors. IGF-1 appears more potent at stimulating glucose
uptake by muscle and less effective at inhibithg glucose production by liver and fiee
fatty acid production by adipocytes compared to insulin (Zapf et al. 1978; Jacob et al.

1989). It has been suggested that it acts through its own receptors in muscle but mediates

its effects via the insulin receptor in adipocytes (Zapf et al. 1981).

3.1.3 Bindingprofeins

Bio-availability of IGF-1 is determined by its binding proteins (IGFBPs). To
date, six binding proteins have been fdly characterized and sequenced (Rechler and

Brown 1992; Oh et al. 1996), although recent evidence suggests that there may, in fact,
be as many as ten binding proteins (Simpson et al. 1998). The IGFBPs bind IGF-1 with
high afinity, forming complexes that prevent the IGF-I fkom binding to the IGF-1

receptor (Clemmons 1997), although it has been shown that some IGFBPs also potentiate
IGF's action (Rechler and Clemmons 1998). Most of the IGFBPs are relatively stable in
serurn, showing minimal changes in response to physiological perturbation. The

exception is IGFBP-1,the circuiating concentration of which is innuenced by nutritional
status. Its production is suppressed by glucose ingestion (Busby et al. 1988; Yeoh and

Baxter 1988), or intravenous infusion (Snyder and Clemmons 1990), and increased in
response to fasting (Busby et al. 1988; Yeoh and Baxter 1988; Hall et al. 1988; Snyder
and Clemmons 1990) and in type 2 diabetes (Brismar et ai. 1988; Suikkari et al. 1988).
Serum IGFBP-1 levels are reduced in the immediate postprandial period and it has been

shown that its production is suppressed by insulin. IGFBP-1 is inversely related to the
insulin levels (Cottedl et al.1989) and has a diurnal variation with the highest levels
being overnight when insulin levels are Iowest (Holly et al. 1988). IGFBP-1 may inhibit

or sometimes also enhance the activity of IGF-1 (Froesch et al. 1996). Acute
administration of IGFBP-1 in rodents can increase blood glucose (Lewitt et al. 1992) and
transgenic rnice overexpressing IGFBP- 1 develop hyperglycemia (Rajkumar et al. 1995).
The majority of IGF-1 (-85%) is bound in a 150 kDa complex with IGFBP-3 and
an acid labile subunit (ALS) that is synthesized in the liver (Baxter and Martin 1989).
This large molecule is unable to pass through vesse1 waiis, so acts as an htravascular

reservoir of inactive IGF-1. Most r e m h g circulating IGF-1s are bound to other
IGFBPs (50 kDa complexes) , and less than 1% of the IGF-1 in circulation is fiee (the

biologically active form) (Bach 1999). The low molecular weight IGFBPs found in the
bloodstream c m cross endothelid barriers and transport IGF-1 fkom the circulation to
peripheral tissue. Thus, in addition to their potential role as a storage reservoir for IGF-1,
the IGFBPs may fiinction to deliver IGF-1 to their cell-sdace receptors. Non-

phosphorylated IGFBP-1, proteolytic Eragments of IGFBP-3, and IGFBP-5, which bind
IGF-1 with low afEnity, potentiate the actions of IGF-I in vitro (Rechler and

Clemmonsl998). This is believed to be mediated through enhanced delivery of ligand to
receptor. The haif-life of IGF-1 in the complex with IGFBP-3 and ALS is 12-15 h

compared with 20 min for IGF- 1 bound to IGFBP-1, -2, -3 and with 1O- 12 min for fiee

IGF- I (Bach and Rechler 1995).

To test the hypothesis that the IGF-1 action is not thtough the release of HISS
fiom the liver, we used the RIST to measure IGF-1, and insulin, sensitivity. DEerent

doses of IGF-1 were compared to the standard dose of insulin (50 mukg) used in our
laboratory. Insulin and IGF-1 sensitivities were rneasured after the interruption of the
parasympathetic release of HISS either by surgical denervation of the liver or by atropine
or after 16 h of fasting.

3.2 Materials and methods
Male Sprague-Dawley rats (274.8

+ 6.7 g) were fasted ovemight (8 h) and were

fed standard laboratory rat food for 2 h before the start of any surgical procedures.
Animal preparation, surgical procedures, and the RIST methodology are explained in
detail in chapter 1.

IGF-I sensitiviiy Test To measure IGF-1 sensitivity the EüST approach was used

as described in chapter 1, however, instead of insulin the IGF-1 was infüsed over 5 min.
Afier the control RIST with insulin was performed, the rats were allowed to stabilize for
at least 15 min. The basal arterial glucose levels were detennined and the RIST was

repeated, however, instead of insiilin, IGF-1 at doses 25 pg/kg (n=4), 100 p g k g (n=4),
and 200 &kg

(n=10) was administered over 5 min to measure IGF-1 sensitivity. In some

rats, afier at least 15 min of stabilization, the basal arterial glucose Level was determined
and a second RIST with insulin and IGF-1 was repeated.

RlST in control with insulin and IGF-I and a#er SAJ-I (n=2) or Ach @=2)
infirsion. Afier a control RIST with insulin, the RIST was repeated again with IGF-1.
Afier at least 15 min of stabilization, either SIN4 (10.0 mgkg) or Ach (2.5 pg/kg/min)
was infilsed intraportally. A stable basal arterial glucose level was established and the

RIST was repeated with insulin.
RIST in control and afrer atropine infision (n=5). m e r the control RIST with

insulin, atropine (1.0 mgkg) was iafused intravenously over 5 min. mer the stable
arterial glucose level was detennùied, the RIST was performed using insulin. The rats
were allowed to stabilize for at least 15 min and the RIST was repeatcd with IGF-1.

rUST with IGF-I in conîrol and afer atropine (n=3) or SIN-I (n=2). The control
RIST was performed with IGF-1. Atropine (1.0 mgkg, iv) or SIN-I (5.0 mgkg, ipv) was
infused over 5 min. M e r stabilization the RIST was repeated agah with IGF- 1.

RIST in control and a$er stirgrgrcuI
denervation (n=5).After the control RIST with
insulin, the nerve bundles around the cornmon hepatic artery were cut and the animal was
allowed to stabilize and the RIST was repeated. M e r the rats were allowed to stabilize,
another RIST was performed using IGF- 1.
RIST in control and a$er atropine in Id hr fasted rats (n=5). After the rats were

fasted for 6 h and then fed for 2 h, they were fasted again for 16 h. This was done to
ensure that the rats were not fasted for longer than 16 hr. M e r the rats were fasted for 16
hr, the control RIST was performed with insulin. Atropine (1.0 mgkg) was infbsed

intravenously over 5 min. A stable basal artenal glucose was established and the RIST
was repeated. Afier stabilization the IGF-1 sensitivity was measured using the RIST.

Drugs. The human insulin was purchased fkom Eli Lilly & Company
(Indianapolis, IN). rhIGF-1 was donated by Genentech Inc. (San Francisco, CA).
Atropine, Ach, and D-glucose were purchased fiom Sigma Chernical (St. Louis, MO).
SIN-1 was purchased fiom Alexis (San Diego, CA). Al1 the chernicals were dissolved in
saline.

Data analysis. Data were analyzed using repeated-measures analysis of variance
fo110wed by Tukey-Kramer multiple cornparison test in each group or, when applicable,
paired and unpaired Student's t tests. The analyzed data were expressed as means

+ SE

throughout. Differences were accepted as statistically significant at P<0.05. Animais
were treated according to the guidelines of the Canadian Council on Animal Care, and al1

protocols were approved by an ethics committee on animal care at the University of

Manitoba.

3.3 Results

The index used to express insulin, or IGF-1, sensitivity is the total amount of

glucose (mgkg) infused after insuiin or IGF-1 administration in order to maintain
euglycemia at the basehe level and is referred to as the RIST index. The RlST is
completed d e r 30 min for the standard dose of insulin (50 mUikg) or IGF-1 dose of up
to 200 p g k g . There was no statisticaily significant difference in arteriai pressure
throughout the experiments between the groups.

RIST with insulin und with diflerent doses of IGF-1. In the first set of rats (n=4),
the RIST index with insulin was 239.4

+ 14.6 mgkg before and 71.O 11: 17.0 mgkg d e r

the RIST with IGF-1 (Fig 19, top lefi). IGF-1 at dose 25 pgkg had a significantly lower

+ 19.3 mgkg) than the £kt RIST with insulin. The blood pressure was
constant throughout the experiment (100.0 + 6.2 mmHg, 101.3 + 7.6 mmHg, and 90.0 f
RIST index (66.6

4.7 rnmHg, respectively). In the second set of rats (n=4), the RIST index with insulin was

235.6 t 20.6 mgkg before and 94.3 127.3 mgkg after the RIST with IGF-1 (Fig 19, top
ri&).

IGF-1 at dose 100 & k g had a RIST index of 184.7 t 41.2 mgkg. The blood

pressure was constant throughout the experiment (84.3 -t 4.3 mmHg, 94.5

+ 7.1 mmHg,

and 8 1.7 t 8.2 mmHg, respectively). In the third set (n=10), the RIST index with insulin

was 255.3 t 16.5 mgkg and of 250.3

+ 18.5 mgkg with

IGF-1 at dose 200 pg/kg (Fig.

20, top). The average glucose infusion rat (mg/kg!rnin) as determined at 0.1 min intervals
was plotted after both insulin and IGF-1 infusions (Fig. 20, bozrom). In the RIST with

insulin, the glucose infusion rate showed a sharp increase and reach a plateau fiom about

11-16 min, and then rapidly decreased to a stable level around 35 min after the start of the
test. In the RIST with IGF-1, the glucose infiision rate also showed a sharp increase and

reach a peak at about 16 min, and then rapidly decreased to a stable level around 33 min.

In six of the rats a second RIST with insulin was repeated after IGF-1 infimion and the

RIST index was 114.6 t 35.1 mg/kg. In the sarne rats a second RIST with IGF-1 was

+ 19.9 mgkg (Fig 19, bottom Zeft). The blood
pressure was constant throughout the experiment (87.5 + 2.7 mmHg, 86.7 f 3.4 m g ,
and 81.7 f 2.7 mmHg) but decreased to 70-8 + 3.3 mmHg by the time the second IGF-1
repeated and the RIST index was 226.3

RIST was performed. Thus, IGF-1 at any dose administered caused insulin resistance.
Dose 200 pgkg of IGF-1 was selected as the standard dose for the remainder of the

experirnents.

RIST in control wirh insulin and IGF-I and aftr SIN4 (n=2) or Ach (n=2)
infùsion In one group of rats, the uitraportal administration of SN-1 (10.0 mgkg)

following the IGF-1 RIST did not reverse the insulin resistance caused by IGF-1 (194.1 t
0.2 mgkg before and 122.6 t 30.6 mgkg after the IGF-1 RIST). In another group of rats,

the intraportal administration of Ach (2.5 pg/kg/rnin) following the IGF-1 RIST did not
reverse the insulin resistance caused by IGF-1 (252.2

+ 41.4 mgikg before and 92.5 +

32.4 mgkg after IGF-1 RIST). Thus, either SIN-1 or Ach cannot reverse the inhibitory

effects of IGF-1 on insulin-mediated glucose uptake.
RIST in control and a$er atropine infusion (n=5).After intravenous atropine (1 .O
mgkg) infusion, the control RIST index with insulin was significantly reduced fiom

292.1

+ 39.6 mgkg to 114.5 f 17.5 mgkg, and a 58.1 f 5.9% inhibition of the control

RIST was produced. However, the RlST index was not inhibited by atropine when IGF-1
was used (256.7 f 30.1 mgkg) (Fig. 21, top). The blood pressure was stable (83.6

+ 3.7,

8 1 -0t 4.1, and 76.0 f 4.1 mmHg, respectively) throughout the experiment. Thus atropine

infusion caused insulin, but not IGF-1, resistance.

RIST wirh IGF-1 in conirol and after atropine (n=3). After the conîrol RIST wiîh
IGF-1 (256.1 I23.5 mgkg) administration of intravenous atropine (1 .O mgkg) did not
affèct IGF-1 sensitivity (258.2

+ 38.2 m@g)

(Fig. 21, bottom).

RIST in control and afier surgicaZ denenaiion (n=S). Surgical denervation of the
liver significantly reduced the control RIST index with insulin fiom 230.7

+ 7.6 mgkg to

+ 10.8% inhibition of the

control RIST.

106.0 i 27.7 mgkg, and produced a 54.8

However, the RIST index was not reduced when the FUST was repeated with IGF-1
(256.3

+

10.6 mg/kg) (Fig. 22). The blood pressure was constant throughout the

experiment (88.0

+ 5.5, 95.0 f 5.6, and 89.0 + 7.6 d

g , respectively). Thus surgical

denervation of the liver produces insulin, but not IGF-1, resistance.
RIST in control and afier atropine in 16 hr fasted rats (n=5). There was no

significant difference between basal arterial glucose levels in al1 fed groups (108.7

+ 2.4

mg/dl, n=27) and in the 16 h fasted group (109.5 k 3.5 mg/dl). M e r 16 h of fasting the

RIST index using insulin was 104.1

_t

18.7 mgkg. Atropine administration did not

significantly reduce the RIST index (78.9 f 14.1 mgkg). The RlST index was
significantly higher when IGF-I sensitivity was measured (225.9

+ 95.0 mg/kg) (Fig. 23).

The response to IGF-1 was not significantly different in fed and fasted rats. The blood
pressure was stable (90.0 f 13.1, 90.0 f 14.3, and 93.6 -t 12.3 m g , respectively)
throughout the experiment. Therefore, a 16 hr fast causes insulin, but not IGF-1,
resistance.

RIST with IGF-1 in control and aftr SLN-1 (n=2). Mer the control RIST with
IGF- 1 (2 13.2 t 34.8 mgkg) administration of intrapoaal SIN-1 (5.0 mgkg) did not affect
IGF- 1 sensitivity (214.4 t 36.8 mgkg) (not shown).

3.4 Discussion

We have confïrmed previous observations that IGF-1 and insulin have sirnilar
glucose disposa1 effects (Guler et al. 1987; Jacob et al. 1989; Giacca et al. 1990; Borg
and Sherwin 1995; Simpson et al. 1998). However, it appears that these two hormones

act through different mechanisms. Insulin action is mediated through the permissive role

of the hepatic parasympathetic-dependent release of HISS fiom the liver (chapter 1).

HISS enhances glucose uptake at the skeletal muscle (chapter 1). Based on our current
results, the efTect of IGF-1 to induce glucose uptake does not involve the
parasympathetic-dependent release of HISS.
Technical considerations. The RIST (descnbed in detail in chapter 1) was used to

rneasure insulin sensitivity. The IGF-I sensitivity was also measured using the RIST,
however, instead of insulin a bolus of IGF-1 was used. The utility of the RIST method
was shown for quantification of IGF-1 action.

HISS release in response to insuiin is blocked by surgical denervation of the liver
and muscarinic antagonists (chapters 1, 2). Fasting decreased the HISS-dependent

component of insulin action but did not affect the HISS-independent component @ostatropine or denervation) (Macedo et al. 1998). The present study used three methods to
reduce HISS release to detennine that insulin action but not IGF-1 action was mediated to
a large extent (50-60%) by HISS.

Different doses of IGF-1 were examined to detect a dose that had a simikir effect
to 50 mU/kg of insulin (standard dose of insulin used in al1 our experiments) (Fig. 19,

bottom right). The dose of 200 pgkg of IGF-1 showed the most similarity in glucose
uptake to o u standard dose of insulin (50 mukg) and it was used as the standard IGF-1

Figure 19
0
lnsulin
0
lnsulin
EZi IGF-1 100 Wkg
300,

Figure 19. Top le#. The RIST index with insulin and with dose 25 &kg
Values are means

of IGF-1.

+ SE; n=4. *P<0.001. Top right. The RIST index with insulin and with

dose 100 pgkg of IGF-1. Values are means

index with insdin and with dose 200 &kg

+ SE;n=4. *P<0.05.Bottom le$-

The RIST

of IGF-1. Values are means & SE; n=6.

*P<0.05.The response to insulin was inhibited afler administration of any dose of IGF1. Bottorn righf.The RIST index (mgkg) in response to 25 (n=4), 100 (n=4), 200 (n=10)

pg/kg of IGF-1. Values are means k SE. The RIST index used for testing insulin action is

also useful for assessing IGF-1 action as demonstrated by the ability to show doseresponse relations with a 30 min test period.

dose in the rest of the experiments (Fig. 20). However, IGF- 1 appears to inhibit insulin's

action, since the RIST with insulùi was sigoificantly reduced &er IGF-1 infusion even
with the lowest dose of IGF-1 used (25 pg/kg) (Fig. 19). As the result we decided to
perform al1 of the RISTs with insulin before the infusion of IGF-1. At this point we do

not know the mechanism by which IGF-1 causes insulin resistance, but we can specuiate
that IGF-1 may bind to the insulin receptors and antagonize the insulin binding to its
receptor at the skeletal muscle or at the liver and prevent HISS release. It has been also
shown that IGFBP-7 has low aff?nity for IGF-1 but binds insulin with very high affinity

(Yamanaka et al. 1997). IGFBP-7 blocks insulin binding to its receptors and therefore
inhibiting the earliest steps in insulin action (Yamanaka et al. 1997). It is possible that
after administration of exogenous IGF-1, the production of IGFBPs increase and when

insulin is infused its action is inhibited by binding to the IGFBP-7. It is also possible that
IGF-1 causes insulin resistance by disruption of HTSS release from liver. However,
administration of intraportal Ach and SIN4 did not reverse the inhibitory effects of IGF1 on insulin's action. Considering that denervation-induced (chapter 2), but not IGF-1-

induced, insulin resistance was reversed by Ach and SIN-1 administration, we suggest
that IGF-1 does not cause insulin resistance through inhibition of either Ach release or

NO production.

Administration of intraportal SIN-1 (5.O mgkg), without any other interventions,
did not significantly change the IGF-1 RIST index. Thus, providing NO to the liver does
not affect IGF-1 sensitivity.
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Figure 20. Top. The RIST index with insulin (50 mU/kg) and with IGF-1 (200 &kg).
Values are means

+ SE; n=10. P>0.05. Bottom. A plot of the average glucose infùsion

rate (mg/kg/min) as determined at 0.1 min intervals during the same RISTs on top with

insuiin (solid line) and IGF-1 (broken line). Insulin and IGF-1, at these doses, have
similar RIST indexes and similar dynamic curves.

3.8.1 Parasympathetic reflex inhibition

Interruption of the parasympathetic-dependent release of HISS, by either atropine
administration (Fig. 21, top) or surgical denervation of the liver (Fig. 22), resulted in
severe and immediate insulin resistance. The stimulation of glucose uptake was decreased
by 58.1

+ 5.9% after atropine and 54.8 f 10.8% after hepatic denervation. However, the

glucose uptake response to IGF-1 was not affected by the disruption of this
parasympathetic tone (Fig. 21, 22). Thus, IGF-1 acts through a different mechanism,
independent of HISS release, to increase glucose uptake.

3 . 4 2 Effecr offasting on insulin and IGF-I action

We have previously reported that HISS release is aiso dependent upon the
prandial state of the animal (Macedo et al. 1998). After feeding, the HISS release in
response to insulin leads to an increase in glucose uptake by the insulin sensitive tissues.

However, in the fasted state HISS is not released in response to insulin, thus the
hypoglycernic action of insulin is very low. We suggest that this regdatory system
controls nutrition partitioning so that when food is being absorbed, glucose is selectively
stored as giycogen in the skeletal muscle. In the fasted state, the response to insulin is
severely blunted. The HISS-dependent component of insulin action c m be quantitated by
the decrease in RIST index after atropine, denervation, or hepatic nitric oxide synthase

inhibition (chapters 1, 2). The response seen afler blockade of HISS release is due to the
direct action of insulin, independent of HISS. Fasting reduces the HISS-dependent, but
not the HISS-independent cornponent of insulin action. Sixteen hours of fastïng in rats
produced a reduced insulin response and M e r atropine administration did not

RAPlD IGF-1 SENSITIVITY
TEST INDEX (mglkg)

RIST INDEX (mglkg)

Figure 21. Top. The RIST index with insuiin in control and with insulin and IGF-I d e r
intravenous atropine (1 .O mgkg) administration. Values are means f SE; &.

*P<0.01.

Atropine causes insulin, but not IGF-1, resistance. Bottom. The RIST index with IGF-I
before and d e r intravenous atropine (1 -0 mglkg) administration. Values are means

+ SE;

n=3. P>05 Blockade of parasympathetic nerves does not affect the hypoglycemic action
of IGF- 1.

Ol INSULIN 50 mU1kg
iiNSULIN 50 mWkg
IGF-1 200 pg/kg

CûNTROL POST OeBZVATlON

Figure 22. The RIST index with insulin in control and with insulin and IGF-1 afier
parasympathetic denervation of the liver. Values are means & SE; n=5.

*P<0.001.

Hepatic parasympathetic denervation results in insulin, but not IGF-1, resistance.

0INSULIN 50 mU/kg
INSULIN 50 mU/kg
IGF-1 200 ps/kg

Figure 23. The RIST index with insulin in control and with insulin and IGF-1 after
intravenous atropine (1 .O mgkg) administration in 16 hou. fasted rats. Values are means
$r

SE; n=5.

*P<O.Ol. HISS release, assessed fiom the difference in insulin action

between control and pst-atropine RIST index, was insignificant after the 16 h fast. 16

hours of fasting results in insulin, but not IGF- 1, resistance.

significantly inhibit the response to insulin (Fig. 23). Thus, the HISS-dependent
component of the insulin response was insignincant after a 16 h fast. However, the IGF-I
response was not aEected after fastllig, indicating that the hypoglycemic effect of IGF-1

was not regulated by the prandial state and contiming that IGF-1 action was not
dependant on the parasympathetic-induced release of HISS.
IGFBP-1 has an inhibitory effect on the action of IGF-1 and it bas been shown to

increase during fasting (Busby et al. 1988; Yeoh and Baxter 1988; Hall et al. 1988;
Snyder and Clernmons 1990). However, the IGF-1 RIST indexes after feeding (266.8 f
26.6 mgkg) or fasting (225.9

+ 35.0 mgkg) were not significantly different. Thus, the

increase in IGFBP-1 after fasting did not inhibit the IGF-lysaction in these experiments.
Also, it has been shown that intravenous administration of glucose suppresses IGFBP-1

levels (Snyder and Clemmons 1990) and since we have already infused glucose during
the first RIST with insulin, then at the thne of the RIST with IGF-1 the plasma levels of

IGFBP-1 would be anticipated to be already suppressed. Thus, IGFBP-1 was unlikely to
have an effect on glucose uptake during the RIST with IGF-1.

In conclusion, insulin and IGF-1 have similar effects on glucose disposal as
assessed by the RIST and their dynamic cuves (Fig 20). However, insulin acts by
mediating the release of HISS from the liver. HISS sensitizes the skeletal muscle
response to insulin and accounts for 50-60% of insulin action. Stimulation of glucose
uptake by IGF-1 does not depend upon HISS action. Type 2 diabetics and people with
chronic liver disease are highly insulin resistant (Proietto et al. 1980; Iversen et al. 1984;

Simpson et al. 1998) and it has been shown that IGF-1 improves glycemic control in both

disease conditions (Jacob et al. 1991;Rossetti et al. 1991;Zenobi et ai. 1992; Moses et ai.
1996; Simpson et al. 1998) which are associated with insulin but not IGF- 1 resistance.

We have proposed that insulin resistance produced in type 2 diabetes and chronic Iiver
disease is caused by a hepatic parasympathetic neuropathy leading to cessation of HISS
release fiom the liver (Lautt 1999). Since the glucose disposal effect of IGF-1 does not
involve the hepatic parasympathetic nerves, IGF-1 sensitivity in these conditions is not
affected. However, the ability of IGF-1 to cause insulin resistance in our setting raises
concern about the possibility of the s m e response occurring in the clinical situation. This

concern may be somewhat modified by the fact that only those who aiready have severe

insulin resistance would be considered to receive IGF- 1.

Chapter 4
Blockade of hepatic cyclooxygenase causes insulin resistance
4.1 Introduction

We have demonstrated in chapter 2 that the permissive role of the hepatic
parasympathetic-dependent release of HISS involves the production of nitric oxide (NO)
in the liver. In many physiological and pathological events NO and Prostaglandins (PGs)
are CO-releasedandor NO action is mediated through production of PGs (below). In

addition, indomethach, a cyclooxygenase inhibitor, has been shown to produce insulin
resistance (Syvalahti 1974; Kilbom and Wennmalm 1976; Cavagnini et al. 1977;
Widstrom 1977; Dietze et al. 1978; Chen and Robertson 1979; Wasner et al. 1994). Thus,
we hypothesized that the release of HISS fioom the liver is also mediated through the

hepatic production of PGs.

4.1. I Syilthesis

PGs are among the most potent naturally occurring autacoids and are recognized
as critically important cell regdatory substances. Prostaglandin H synthase (PGHS) is a

bifimctional glycoprotein which catalyzes the biosynthesis of PGH2, a precursor for
prostaglandins (PGEza, PGFza, and PGDz), prostacyclin (PGI2), and thromboxane

A2

(Wu 1995). PGHS contains two enzymic activities: 1) cyclooxygenase (COX) which

adds two molecules of oxygen to arachidonic acid to form PGG2 and, 2) peroxidase
which reduces PGG2 to PGHî (Smith and Mamett 1990). Both enzymic activities require
heme. Two isoforms of COX have k e n identified; one is constitutively expressed (COX-

l), whereas the other is induced (COX-2) during an inflammatory insult (DeWitt 1991;
Seibert and Masferre 1994). COX-1 is present in almost ail cells and tissues and is

involved in the regdation of physiological functions (Smith 1989; Vane 1994). COX-2
is expressed primarily in macrophages, endothelial cells, fibroblasts, and smooth muscle
cells after stimulation with endotoxk, certain cytokines, or mitogens ( Maier et ai. 1990;
Xie et al. 1992; Lee et al. 1992; Wu 1995). COX is inhibited by non-steroidal antiinflammatory drugs such as aspirin and indomethacin (Ferreira and Vane 1974),
however, they are more potent inhibitors of COX-1 than COX-2 (Meade et al. 1993;
Mitchell et al. 1993). On the other hand, glucocoaicoids inhibit the induction of COX-2
without afTecting the activity of COX-1 (Fu et al. 1990; Masferrer et al. 1990, 1992).

4.1.2 Functions

The biologically active metabolites produced by PGHS play important roles in a
wide variety of physiological and pathological functions. For exarnple, PGIz produced by
vascular endothelial and smooth muscle cells strongly inhibits platelet aggregation and
relaxes smooth muscle (Vane et al. 1990; Hecker et al. 1995). These actions of PG12 are
through activation of adenylate cyclase leading to increased intracellular CAMP levels

which eventually causes a decrease in the free intracellular calcium levels (Hardman
1984; Vane et al.1990; Hecker et al. 1995). Other physiological roles of PGs include

increase in body temperature, induction of sleep, inhibition of release of norepinephrine,
and stimulation of secretion of some hormones (e.g., growth hormone, thyroid-

stimulating hormone, follicle-stimulating hormone, luteininzing hormone, and prolactin)
(Hecker et al. 1995). PGs can have opposite effects depending on the PG produced and

on the target tissue and organ. For example, in contrast to vasodilatory effects of PGk in
vasculature, PGF2a and TX&

cause vasoconstriction, especialiy in veins (Hecker et al.

1995). In addition, longitudinal smooth musctes of the gastrointestinal tract are
contracted by PGE2 and PGF2a, while circular muscle is contracted by PG12 and PGF2a
but relaxed by PGE2 (Hecker et ai. 1995). PGs have been shown to be released and to

participate in the inflammatory response (Wu 1995; Hecker et al. 1995). In experirnental
acute and chronic inflammation animal models, enhanced COX-2 expression parallels the
degree of tissue inflammation. COX-2 in the inflammatory tissues can be induced in a

number of ce11 types such as fibroblast, endothelid cells, and chondrocytes by

inflammatory cytokines and growth factors (Maier et aI. 1990; Xie et ai. 1992; Lee et al.
1992; Wu 1995). However, macrophages are the only principal class of the immune
system that c m synthesis dl PGs (Hecker et aI.1995). PGE2 and PG12 affect T ce11

proliferation. They inhibit T ce11 clonal expression by inhibithg IL4 and -2 and class Ki
antigen expression on macrophages or other antigen presenting cells (Hecker et al. 1995).

PGE2 inhibits both antigen-dnven and mitogen-induced B lymphocyte proliferation and
differentiation to plasma cells, resulting in inhibition of immunoglobulin M (IgM)
synthesis (Hecker et al. 1995).

4.1.3 Involvement of NO

It has been suggested that NO regulates both physiological and pathological
events through direct activation of COX leading to an increase in production of PGs
(Salvemini et al. 1993, 1995, 1996; Davidge et al. 1995; Di Rosa et al. 1996; Janabi et al.
1996; Maccarrone et al. 1997; Failli et al. 1998). The COX is believed to be a target for

NO because it contains an bon-heme center at its active site (De Groot et al. 1975;

Greenwald et al. 1980; Kalyanaranman et al- 1982; Davidge et al. 1995) and the vast
majonty of effects of NO are a consequence of its interaction with Von or iron-containing
enzymes. For example, the ability of NO to inhibit platelet aggregation and to reiax
prosthetic group of
vascular smooth muscle is the result of NO binding to the heme-~e~'
the soluble guanylate cyclase leading to its stimulation and subsequent increase in the

levels of cGMP (Mellion et al. 1981; Ignarro 1991). In the sarne manner, NO interacts
with hemoglobin (Kanner et al. 1992) or can exert its cytotoxic effects by interacting with

iron-sulfur centers in the key enzymes of the respiratory cycle and DNA synthesis
(Nathan 1992), thus raising the possibility that NO modulates the activity of COX. NOS
and COX-2 are not normally expressed but they are hduced following appropriate

stimulation with pro-inflanmatory agents such as E. coli lipopolysaccnde (LPS) (Fu et
al. 1990; Masferrer et al. 1990, 1992; Moncada et al. 1991). Inhibition of NO production
in LPS-induced macrophages in viîro and in vivo has been shown to result in an

attenuation of PGs release (Saivemini et al. 1993, 1995). This stimulatory action of NO
on the COX pathway has been codhned in other ce11 systems including hypothalamic

slices (Rettori et al. 1992), smooth muscle cells (houe et al. 19934, islet cells (Corbett et
ai. 1993), endothelial cells (Davidge et al. 1995) the microcirculation of rat (Koller et al.

1993), and in rat pemised kidney (Salvemini et al. 1994).

In several physiological and pathological conditions, NO and PGs have been
shown to work synergistically. For example, NO and PG12 act synergistically via cGMP
and CAMPpathway , respectively, to inhibit platelet activation and aggregation and relax

vascular tone thus maintaining blood fluidity and normal vascular tone (Radomski et al.

1987; Gryglewski et al. 1989; Maurice and Haslam 1990; Kaley and KoUer 1995; KoIIer
and Huang, 1995; SaIvemini et al. 1993,1996). Moreover, LPS and many inflarmnatory

cytokines have been found to induce both N O S and COX-2 in sevsrai cell types. The coexpression N O S and COX-2, induced by LPS, TNF-a, IFN-y, and IL-lf3, has been
documented in macrophages (Sthuer and Marletta 1987; Drapier et al. 1988; Gaillard et
aI. 1992; Riese et al. 1994; Arias-Negrete et al. 1995), endothelial cells (Radomski et al.

1990; Kilboum and Belloni 1990; Akarasereenont et al. 1995), vascular smooth muscle

cells (houe et al. 1993a), rat mesangial cells (Tetsuka et al. 1994), and rat islets (Corbett
et al. 1993). In addition, it has been also shown that NO and PGs function synergistically
after LPS insult to maintain hepatocellular integrity (Harbrecht et al. 1994).

4.1.4 Involvement in glucose homeostasis

The invoivernent of PGs in glucose regulation has been well documented. In vivo
snidies using PG uifusions or PG synthesis inhibitors have generally suppoaed a
hyperglycemic effect of E-series PGs (Bergstrorn et al. 1966; Sacca et al. 1974; Miller et

al. l983), resulting fiom increased hepatic glucose output. in contrast, in vitro studies
demonstrate no effects (Levine 1974; Sweat and Yamashita 1978; Sweat et al. 1983) or
inhibition (Wheeler and Epand 1975; Levine and Schwartzel 1980; Brass et al. 1984;
Brass and Gamty 1985) by PGE of hepatic glucose production. These discrepancies c m

be explaineci by recognizing that in vivo PGE can alter circulating hormone levels, such
as inhibition of insulin secretion (Robertson and Chen 1977; Hedqvist 1977; Luyckx and

LeFebvre 1978) or stimulation of glucagon secretion (Pek et al. L 975), and/or stimulation
of the sympathetic nervous system (Miller et ai. 1985).

Administration of PGE2 in humans has k e n shown to inhibit glucose-stimulated
insulin release and to impair glucose tolerance as a result of insulin resistance mobertson
et al. 1974; Robertson and Chen 1977; Konturek et al. 1978; Newman and Brodows

1982). It has been suggested that the insulin resistance effect of PGE2 is mediated
through activation of the adrenergic system, since plasma levels of both epinephrine and

norepinephrine significantly increased during PGEz infùsion (Newman and Brodows
1982). Contrary to these studies, in viiro administration of PGE2 was shown to enhance
insulin-mediated glucose transport in adipocytes (Vaughan 1967). On the other hand,
PGEi has been shown to stimulate peripheral glucose uptake in the rat in vivo (Sacca et

ai. 1974). In addition, Iloprost, a chemically stable derivative of PG12, has been shown to
improve insulin action and non-oxidative glucose metabolism in healthy subjects
(National Diabetes Data Group 1979) and in hypertensive patients, despite a similar
skeletal muscle blood flow to controls (Paolisso et al. 1995).Thus, PGs appear to be
involved in glucose homeostasis but the significance and regulatory roles remain unclear.
It has been well documented that indomethacin causes marked insuiin resistance

(Syvalahti 1974; Kilbom and Wennmalm 1976; Cavagnini et al. 1977; Dietze et ai.
1978). Dietze et al. (1978) have shown that indomethacin administration significantly

decreases insulin's action to increase glucose uptake at the skeletal muscle. They

suggested that this action of indomethacin can be explained if PGs increased the
sensitivity of muscle to the effects of insulin (Dietze et al. 1978).
Acetylsalicylic acid (ASA), another COX inhibitor, has also been shown to
produce insulin resistance in healthy (Giugliano et al. 1982; Newman and Brodows 1983;
Bratusch-Marrain et al. 1985) and type 2 diabetic patients (Bratuch-Marrain et al. 1985).

ASA causes a rise of basal insulin (Robertson and Chen 1977; Giugliano et ai. 1982) and

glucose-stimulated insulin concentrations in normal subjects (Field et al. 1967; Micossi et
al. 1978; Robertson and Chen 1977; Chen and Robertson 1979; Newman and Brodows
1983) and in type 2 diabetic patients Field et al. 1967; Micossi et al. 1978, Vierhapper et
al. 1983). It has been suggested that ASA-induced hyperinsulinemia is a result of reduced
clearance of insulin since there is a lack of associated change in plasmz C-peptide levels
(Giugliano et al. 1982). Several studies have demonstrated that salicylate or ASA lowers
plasma glucose concentrations in normal subjects (Field et al. 1967; Micossi et al. 1978;
Giugliano et al. 1978) and in type 2 diabetic patients (Field et al. 1967; Micossi et ai.
1978). This can be explained by the fact that ASA increases insulin levels leading to
reduction in the hepatic glucose production (Giugliano et al. 1982), thus, reducing the
plasma glucose levels.

To evaluate the involvement of PGs in the hepatic release of HISS, we used
indomethacin to inhibit PGs synthesis. The intravenous and the intraportal infusion of the
sarne dose of indomethacin were compared to detennine the location of PGs inhibition
leading to insulin resistance. Ach and 3- Morpholinosydnonimine (SIN-1), a NO donor,
were administered to reverse the insulin resistance produced by indomethacin.

4.2 Materials and methods

Male Sprague-Dawley rats (278.3 & 5.4 g) were fasted overnight (8 h) and were

fed standard laboratory rat food for 2 h before the start of any surgical procedures.
Animal preparation, surgical procedures, and the RIST methodology are explained in

detail in chapter 1.

RIST in conh.ol and afier indomethucin infusion (n= 15). After the control RIST
was performed, indomethacin (8.0 mgkg) was intraportally infiised over 2 min. The rats

were then allowed to stabilize for 30 min. A stable basal arterial glucose concentration
was established and another RIST was performed. Some of the rats (n=3) were allowed to
stabilize for another 30 min, and after determination of basal arterial glucose
concentration a second post-indomethacin RIST was repeated to measure the duration of
action of the drug.

RIST in control, afier intrmenous or intraportul indomethacin infirsion, and u$er
airopine. After the control RIST, indomethacin

(4.0 mgkg) was infûsed either

intravenously (n=6) or intraportally (n=@ over 2 min. nie animals were then allowed to
stabilize for at least 30 min and another RIST was performed. Atropine (3 .O mgkg) was
infbsed intraportally over 5 min in both groups, and the RIST was repeated.
RlST in control, u$er indomethacin. after intruportul Ach infusion, and afrer

airopine (n=4). After the control RIST, indomethacin (8.0 mgkg) was intraportally
infiised over 2 min. The animals were then allowed to stabilize for at least 30 min. M e r
the second RIST, Ach (2.5 mg/kg/min) was infbsed intraportally and the RIST was

repeated. Atropine (3.0 mg@ was then administered intravenously and a fourth RIST
was performed.

RIsr in control, afier indornethacin, and afier intraportal SIN-I inficsion (n=S).
After the control RIST was perfomed, indornethacin (8.0 mgkg) was intraportally
infiised over 2 min- The animals were then allowed to stabilize for at least 30 min. After
the second RIST, SIN-1 (10.0 mgkg) was infused intraportaily over 2 min and the RIST

was repeated.
Drugs. Atropine, Ach, D-glucose, and indomethacin were purchased from Sigma

Chemicals (St. Louis, MO). SIN- I was purchased fiom Alexis (San Diego, CA). The
human insulin was obtained fiom Eli Lilly (Indianapolis, iN). Al1 the chemicals, except
indornethacin, were dissolved in saiine. Indomethacin was dissolved in 5% sodium
bicarbonate (Fisher Scientific, Fair Lawn,NJ).

Data analysis. Data were analyzed using repeated-measures analysiz of variance
followed by Tukey-krarner multiple cornparison test in each group, or when applicable,
paired Student's t-tests. The analyzed data were expressed as mean

+ SE. Difference

were accepted as statistically significant at P< 0.05. Animals were treated according to
the guidelines of the Canadian Council on Animal Care, and al1 protocols were approved
by an ethics cornmittee on animal care at the University of Manitoba.

4.3 Results

The index used to express insulin sensitivity is the total amount of glucose

(mgkg) infused over 30 min d e r insulin (50 mukg) administration in order to maintain
euglycemia at the baseline level and is referred to as the RIST index.

RIST a#er

indomethacin infusion (n=IS). Administration of indomethacin

significantly reduced the control RIST index fiom 241.1 f 11.3 mgkg to 110.2

+ 10.3

mgkg and caused a 54.5 f 3.5% inhibition of the control response (Fig. 24). The blood

pressure was 104.8 t 2.8 mmHg before the control RIST, but it was significantly reduced
to 89.6 6 6.6 mmHg after the indomethacin administration. The basal glucose
concentration (122.5 f 1.7 mgldl) was significantly reduced from the control after
indomethacin administration (97.9 t 4.9 mg/dl). Two hours afier indomethacin
administration the RIST was repeated again in three of the rats and the EUST index was
97.8

+ 29.1 mg/kg with 48.9 + 16.9% inhibition of the control response (Fig. 25). Thus,

intraportal administration of indomethacin (8.0 mgkg) produced insulin resistance that
was maintained for at least 2 h.

RIST in control, after intrmtenous or inrraportal indomethacin infùson, and afier
atropine. The control RIST index (n=6) of 200.2

+ 10.9 mg/kg was not significantly

reduced (162.1 f 18.1 mgkg) after intravenous indomethacin (4.0 mgkg) administration.

However, administration of intravenous atropine (3 .O mgkg), a non-selective muscarinic
antagonist, markedly reduced the RIST index to 81.0 i 4.5 mgkg and caused a 58.8 I
2.6% inhibition of the control RIST (Fig. 26). The blood pressure was 104.7

before the control RIST, but it was significantly reduced to 75.0
indomethacin administration and it remained low at 74.2

+ 8.3 mmHg

+ 3.7 mmHg after

+ 3.8 mmHg d e r atropine

administration. The basal glucose concentrations before each RIST were not significantly
different (1 14.2 f 5.5 m m before the control RIST, 105.2 f 7.2 mg/dl before the
indomethacin RIST, and 108.1 t 2.4 mg/dl before the atropine RIST). In the second set

+ 12.2 mgkg) was significantly reduced
by intraportal infùsion of the same dose of indomethaçin (RIST index = 82.2 + 11.8
mgkg), causing a 64.3 + 5.1% inhibition of the control response. Administration of
of animals (n=6), the control RIST index (227.4

intravenous atropine (3.0 mgkg) did not cause a M e r significant reduction in RIST
index (50.1

+ 7.7 mgkg) (Fig. 26). The blood pressure was 97.2 + 6.7 mmHg before the

control RIST and 79.0 2 5.8 mmHg after indomethacin but it was significantly reduced to
74.2

+ 3.8 mmHg after atropine administration. The basal glucose concentrations was

124.4 &- 5.1 mg/dl before the control RIST but it was significantly reduced to 106.6

mg/dl and to 107.4

$:

+ 4.4

4.0 mg/d after indomethacin and atropine administrations,

respectively. Thus, intraportal but not intravenous indomethacin at the 4.0 m g k g dose
produced significant insulin resistance.
RIST uper indomethacin, afier intraportal Ach, and afier intravenous atropine
hfusion (n =4). Administration of intraportal of indomethacin (8-0mgkg) significantly

reduced the RIST index fiom 246.5 f 3 1.2 mgkg to 87.4 2 11.9 mg/kg and caused a 64.0
f 4.4% inhibition of the control response. Intraportal administration of Ach (2.5

m g k g h i n ) did not reverse the inhibition caused by indomethacin (RIST index = 85.8

+

14.3 mgkg) (Fig. 27). Administration of intravenous atropine (3.0 mgkg) did not

produced fiirther significant insuiin resistance (RIST index= 95.1 f 14.6 mg/kg). Thus,

Ach production in the liver cannot reverse the insulin resistance produced by COX
inhibition.

RIST afer indomefhacin and afier inîraporfal SIN-1 infuson (n=S). Inîraportal
infusion of indomethacin (8.0 mgkg) significantly reduced the RIST index from 257.1

+

9.8 mgkg to 142.4 k 102 mgkg and caused a 44.5 k 3.9% inhibition of the control
response. intraportal administration of SIN-1 (10.0 mgkg) did not reverse the inhibition

caused by indomethacin (RIST index = 131.6 c 32.9 mgkg) (Fig. 28). Thus NO
production in the b e r cannot reverse the insuiin resistance produced by COX inhibition.

1.4 Discussion

In chapter 2 we demonstrated that the permissive role of the hepatic
parasympathetic-dependent release of HISS was mediated through the production of NO
in the liver. Since many physiological and pathological actions of NO are mediated
through PGs andor NO and PGs are CO-released,we hypothesized that the hepatic release
of HISS is also mediated through PGs production in the liver. The RIST (described in

detail in chapter 1) was used to measure insulin sensitivity in al1 experiments.

4.4. I COX inhibition

Adminisiration of intraportal indomethach (8.0 mgkg), a COX inhibitor,
produced significant insuiin resistance that was maintained for more than 2 h (Figs. 24,
25).

To confum the site of action of indomethacin, intraportal infusion of a
submaximal indomethach dose (4.0 mgkg) was compared with intravenous &ion

of

the same dose. The intraportal, but not intravenous, dose caused significant insulin

resistance (Fig. 26). Atropine, a non-selective muscarinic receptor antagonist, has been
shown to produce HISS-dependent insulin resistance while leaving the HISS-independent

component of insulin action unchanged (Xie and Lautt 1995a, chapter 2). Administration
of atropine (3.0 mgkg, iv) after intrapoaal indomethacin (4.0 mgkg) did not produce

M e r significant insulin resistance (Fig. 26). Thus, COX inhibition with intraportal
indomethacin administration completely blocked the KISS release fiom the liver,
resulting in insuiin resistance. However, administration of atropine afier intravenous
indomethacin administration of the

same dose produced

significant

insulin

0Control
lndornethacin 8.0 mglkg i.p.v.

Figure 24. The RIST index in control and afler intraportal indomethacin (8.0 mgkg)

administration. Values are means
insulin resistance.

+ SE; n=15. *P<O.OOO 1. COX inhibition produced
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Figure 25. The RIST index in control, after intraportal indomethach (8.0 mgkg)

administratim, and 2 h pst-indomethach. Values are means

+ SE; n=3. *P<0.05.The

insulin resistance produced by indomethach lasted for more than 2h.

Figure 26. The RIST index in control, after intraportal (n=6) or intravenous (n=6)

indomethacin (8.0 mgkg), and f i e r intravenous atropine (3 .O mgkg) administration.
Values are means k SE. *P<0.001.Insulin resistance was produced by the intraportal but
not the intravenous route.

resistance (Fig. 26). This suggests that administration of intravenous indomethacin did
not effectively inhibit the release of HISS fiom the Iiver. Thus, the fact that indomethacin
produced signif~cantHISS-dependent insulin resistance when administered intraportally,
but not intravenously, demonstrates that the site of action of indomethacin is the liver.

It has been shown that indomethacin increases the release of insulin fiom the
pancreatic

B cells when the cells are stimulated with glucose (Wasner et al.

1994). In

addition, plasma insulin levels rose to signifïcantiy higher levels during glucose tolerance
tests in subjects treated with indomethacin compared to controls (Wasner et al. 1994).

Although we did not measure the insulin concentration before and after indomethacin, we
can assume that the plasma concentration of insulin may have increased, since the basal

glucose concentration was significantly reduced after indomethacin (4.0 and 8.0 mgkg,
ipv) administration. However, the basal glucose concentration did not significantly
change before and after administration of the intravenous lower dose of indomethacin
(4.0 m g k g ) . The indomethacin-stimulated insuiin release does not seem to &ect the
insulin resistance produced by indomethacin, because the lower dose of intraportal
indomethacin produced the same degree of insulin resistance compared to the higher dose
(Figs. 24,26).

4 . 4 2 Reversal of insulin resistance

Ach (2.5 pg/kg/min, ipv) and SIN-1 (10.0 mgkg, ipv) administration did not

reverse the insulin resistance produced by indomethacin (Figs. 27, 28). Ach and SIN4 at
these doses have been shown to reverse insulin resistance produced by denervation of the
liver and intraportal L-NMMA administration (chapters 1, 2). But, afker hepatic COX
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Figure 27. The RIST index in control, d e r indomethacin (8.0 mgkg, ipv), after Ach (2.5
pg/kg/min, ipv), and after atropine (3.0 mgkg, iv) administration. Values are means k
SE; n=4. *P<0.001. Ach did not reverse insulin resistance produced by COX inhibition.
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Figure 28. The RIST index in control, after indomethacin (8.0 mgkg, ipv), and after
SIN-1 (10.0 mgkg, ipv) administration. Values are mems f SE; n=5. *P<0.01.Providing
NO to the liver d e r COX antagonism did not restore insulin sensitivity.

blockade, providing a muscarinic agonist or NO to the liver did not restore insulia
sensitivity. We can speculate that PGs synthesis occurs afler activation of muscarinic
receptors by Ach and aIso after NO production because Ach and SIN4 did not reverse
the insuiin resistance produced by indomethacin. If PGs were produced before either

muscarinic receptor activation or NO production, then Ach or SIN-1 should have restored
insulin sensitivity.
Administration of atropine (3.0 mgkg, iv) after Ach did not produce M e r
significant insulin resistance (Fig. 27), thus, indomethacin (8.0 mgkg, ipv) produced full
blockade of HISS release.

4.4.3 Isoform of COX involved

At this point we do not know which hepatic isoform of COX is involved in the
release of HiSS f?om the liver, because indomethacin inhibits both isoforms of the
enzyme. However, we can speculate that possibly the hepatic COX-1 is involved, since it
is present in almost al1 cells and it is involved in the regdation of physiological fùnctions
(Smith 1989; Vane 1994). h contrast, COX-2 is expressed primarily in cells of the
immune system and it is induced after stimulation with endotoxins, certain cytokines, or
mitogens (Maier et al. 1990; Xie et al. 1992; Lee et al. 1992; Wu 1995).

In conclusion, there is a strong relation between inhibition of COX in the liver
and insulin resistance. Inhibition of COX in the liver intemipts the hepatic

parasympathetic-dependent release of HISS and results in HDIR with no effect on the
KISS-independent component of insulin action.

Cbapter 5
Fetal ethanol exposure causes HDIR in adulthood
5.1 Introduction

There is an epidemically high incidence of fetal alcohol syndrome PAS) (Abel
1995) and type 2 diabetes (Zimmet et al. 1997) in socioeconomic disadvantaged

populations around the world. FAS can result in polyneuropathies (Hannigan 1996),
endocrine dyshctions (Weinberg 1993), and iasulin resistance (Casteils et al. 1981). We
have demonstrated that insulin action to increase glucose uptake at the skeletal muscle is

mediated by the permissive rote of the hepatic parasympathetic release of HISS fiom the
liver (chapter 1, Xie and Laun 1996a,b). Interruption of the hepatic parasympathetic-

dependent release of HISS resulted in HDIR (chapters 1-4). Based on these observations
we hypothesized that FAS can lead to type 2 diabetes @IR)

secondary to hepatic

parasympathetic neuropathy.
The effects of drinkllig alcohol during pregnancy on children of alcoholic mothers
was first reported in 1968 by Lemoine and his colleagues (Lemoine et al. 1968). They

reported a retrospective analysis of 127 chiidren boni to alcoholic parents and described
four cornmon characteristics: distinctive facial features, growth retardation, hi&

fiequency of malformations, and psychomotor disturbances. However, this observation
received little medical and scientific attention. In 1973 a description of a cornmon pattern
of birth defects observed in eight children born to alcoholic mothers was published (Jones
and Smith 1973). Another report fiom the same group labeled the unique cluster of

symptoms, FAS (Jones et al. 1973). The patterns of birth defects were nearly identicai to
that reported by Lemoine (1968).

Fetal alcohol exposure is now associated with a wide variety of effects ranging
fiom fetal or neonatal death and FAS at one extreme, and to partial FAS and more
devastating defects at the other, such as behavioral disorders in the absence of physical

anomalies (Abel 1985). The diagnosis of FAS, which has changed little since 1978,
consists of pre- andlor postnatai growth retardation, morphological anomalies, and central
nervous system (CNS) dysfunction (Rosett 1980; Streissguth 1986; Day and Richardson
1991). FAS is now recognized as a leading non-genetic cause of mental retardation
(Jones and Smith 1973; Abel and Sokol 1986) and other serious physical and cognitive
anomalies (Abel and Hannigan 1995). Prenatal alcohol exposure may also give rise to
other alcohol-related birth defects including spontaneous abortion, heightened stress
reactivis, decreased immune fùnction, attention problems, hearing impairment, delayed
development, altered play behavior, and a wide variety of other anomalies (Abel and
Hannigan 1995).
The incidence of FAS in the western wodd, based on 29 prospective
epidemioiogical studies, is reported to be 1.02 cases per 1000 live births (Abel 1995).

The estimated incidence of FAS among women who drink "heavily" (consumption of 5
or more drinks per occasion, an average of 2 or more drinks per day, or a clinical
diagnosis) is about 4.3% of al1 live births (Abel 1995). Thus, not al1 children prenataly
exposed to high concentrations of alcohol develop FAS. This low rate of occurrence

among hi& risk groups suggests that "FAS is not an equai oppomuiity birth defect"

(Abel 1995). There seems to be other factors in addition to alcohol consumption during
pregnancy that can affect the expression of FAS (Abel and Hannigan 1995). Abel and

Hannigan (1995) have proposed two categorical types of factors involved in the

development of FAS: permissive and provocative. The permissive factors are behavioral,
social, or environmental characteristics such as alcohol consumption patterns, smoking,
low socioeconomic status, and culture that c m produce certain biological conditions that

enhance the chance for development of FAS. The provocative factors are the biological
conditions such as high blood alcohol Ievels and decreased antioxidant status resulting
from permissive factors, which create the intemal environment responsible for the
increased fetal vulnerability to alcohol at the cellular level.

5.1.I Blood alcohol level
Both the amount and the pattern of alcohol consumption are important in the
development of FAS. The more alcohol consumed, and the more quicMy it is consumed,
the higher the blood alcohol level. The higher the blood alcohol level, the more likely it is
that a fetus can be afFected by the alcohol. A very high level of alcohol consumption
during a single drinking occasion, such as bingeing, results in higher peak blood alcohol
levels than sustained alcohol when similar total amounts of alcohol are consumed (Abel
and Hannigan 1995). It has been suggested that it is the number of drinks per occasion

and the high peak blood alcohol level, rather than a relatively constant lower blood

alcohol level, that is a major risk factor for alcohol related birth defects (Pierce and West
l986a,b; Bonthius et al. 1988; Sarnpson et al. 1989; Streissguth et al. 1989, 1994). For

example, it was s h o w that a critical factor in alcohol-induced CNS damage in rats
exposed during a developmental penod equivalent to the third trimester brain growth
spurt in human, is the peak blood alcohol level, rather than total daily amount of alcohol

consumption (Pierce and West 1986a.6; Bonthius et al. 1988). In addition, a recent

analysis of seven major medical research studies involving over 130,000 pregnancies
suggested that c o n s d g 2 to14 drinks per week does not increase the risk of FAS or
malformations (Polygenis et al. 1998).

5-1.2 Nutrition

The mothers involved in ail cases of FAS reported in the Literature (Abel and
Sokol 1986, 1991 ; Hannigan et al. 1992; Abel 1995) were mahourished, refiected by low
pre-pregnancy weight or poor matemal weight gain during pregnancy. Heavy alcoliol
consumption itself can cause both primary and secondary malnutrition (Abel and
Hannigan 1995). Primary malnutrition occurs because alcohol has a high energy content
(providing 7.1 kcal/g) and replaces other energy sources in diet (Weinberg 1984). For
example, an alcoholic could consume one third to one half of her daily energy
requirements as alcohol (Weinberg 1984), and thus have a significantly less demand for
food to fülfill her caloric needs. Weinberg referred to calories in alcohol as "empty"
calories because they are not associated with vitamins, minerais, proteins or other
essential nutrients (1984). The htake of these "empty" calories can result in nutrient
deficiencies which is especially critical for pregnant and lactating females whose
nutritional needs are even greater (Weinberg 1984). Thus, alcohol can reduce nutrient
availability for both mother and fetus. Secondary malnutrition occurs as a result of
alcohol-related gastrointestinal dyshction such as inhibition of nutrient absorption fiom
the gut, inhibition of placental transport of nutrients essential to the fetal growth and

metabolic activity, and impairment of energy-dependent mechanisms in nutrient
utilization (Henderson et al. 1980, 1982; Fisher et al. 1981, 1983; Fisher 1988).

In addition, nutrient delivery to the fetus is also reduced because alcohol impairs
placental blood flow (Mukherjee and Hodgen 1982; Altura et al. 1983; Yang et al. 1986;
Savoy-Moore et al. 1989; Falconer 1990) which can also lead to hypoxia in the fetus. It

has been shown that hypoxia causes an increase in the rate of anaerobic breakdown of
glucose to pymvic and lactic acids within the brain cells (Pratt 1980). D u ~ pregnancy,
g
an excess of lactic acid could cause a lactic acidosis in the fetus, and thus increase the

risk of osmotic damage to the fetal brain in any hypoxic episode sufTered by the mother
(Weinberg 1984). Furthermore, decreased blood flow to the fetus by alcohol or matemal
hypoglycemia (caused by penod of heavy drinking) could reduce transport of glucose to
the fetus which could affect brain development (Pratt 1980).

5.1.3 Metabolie and mitogenic changes in FAS

Whether FAS results fkom the direct action of ethanol in utero or from nutritional
deprivation is not clear. It has k e n showed that ethanol can interfere with the matemal
transfer of nutrients such as amino acids (above, Lin 1981). Furthermore, because
ethanol can cross the placenta fieely ( K a b a n and Wollam 1981), it may produce
metabolic changes in the fetus. Severai investigators have shown that ethanol impairs
protein synthesis in the fetus and neonates (Jarlstedt and Hamberger 1972; Schreiber et
al. 1972; Morland and Bessesen 1977; Rawat 1979). Decreased protein synthesis has

been considered a major factor in growth retardation associated with FAS (Henderson et
al. 198 1). In addition, it has k e n suggested that ethanol suppresses the rate of ce11

division in embryonic tissue resulting in fewer celldembryo for a given t h e of gestation
(Pemington et al. 1981). Other studies have demonstrated that ethanol exposure will

decrease the DNA synthesis of the developing embryonic ceils (Guerri et al. 1990;
Adickes et al. 1993; Weston et al. 1994). Litter survival and fetal body weight has been
shown to decrease as a result of in utero exposure to ethanol (Singh and Snyder 1982,

Singh et ai. 1984).
Fetal glucose levels have been demonstrated to be a signincant factor in normal
embryonic growth (Shibley and Peaaington 1997). The rate of transfer of glucose across

the placenta increases during embryonic growth spurts (Rosso 1975). Prolonged matemal
hypoglycemia induced in rats has been shown to result in intrauterine growth retardation
(Gruppuso et al. 198 1; Nitzan 198 1) with a concomitant decrease in embryonic glucose
levels. Thus, the limitation of fetal glucose appears to be a cause of intrauterine growth
retardation. Chronic alcoholic mothers suffer £rom undernutrition and therefore would be
expected to experience impaired glucose levels which in turn c m lower fetal glucose
levels. However, Singh et al. (1986) have shown that in utero exposure to ethano1 in rats
resulted in significantly lower blood glucose levels in the fetuses but not in the mother.

This suggests that ethanol may have a direct effect on glucose uptake in fetal tissue. The
effect of ethanol may intensify the decreased fetal gIucose levels caused by ethanolinduced matemal undernutrition. Several studies have reported that matemal ethanol
exposure inhibits the uptake of glucose by fetal tissue (Tanaka et al. 1982; Singh et al.,
1989, 1992; Pennington et al. 1995). Furthemore, it has been suggested that in utero
exposure to ethanol results in a resistance of the embryonic tissue to the action of insulin

and therefore disrupts the molecular pathway for the growth of the embryo (Sandstrom et
ai. 1993).

5.1.4 Mechanisms
Abel and Hannigan (1995) have suggested that the cause of birth defects and FAS

arises fiom a combination of alcohol-hduced fetal hypoxia and alcohol-induced fkee
radical formation.
5.I.I.l Hypoxia. Hypoxia is the most common cause of al1 cellular damage
(Cotran et al. 1989). Hypoxia has been implicated in the pathogenesis of FAS (Abel and

Hannigan 1995). Umbilical blood flow is linearly related to oxygen delivery to the fetus
(Itskovitz et al. 1983) and ischemia of umbilical vessels can occur even at relatively low
blood alcohol levels (e-g. 10 mg/dl) (Altura et al. 1983). Low levels of alcohol exposure
constrict human umbilical cord arteries (Savoy-Moore et al. 1989). Very high blood
alcohol levels, e.g. bingeing, c m disrupt or completely collapse umbilical cord arteries

(Mukherjee and Hodgen 1982; Yang et al. 1986). In addition, the oxygen content of
bIood delivered to the fetus can also be reduced by alcohol because considerable oxygen

is removed during the hepatic metabolism of alcohol by the mother (israel et al. 1977;

Thurrnan et al. 1984; Lieber 1991). The standard markers for hypoxia such as blood
lactate concentrations and/or the lactate-pynrvate ratio are both elevated by prenatal
alcohol exposure (Peeters et al. 1979; Sheldon et ai. 1979; Morin and Weiss 1992).
5.1.4.2 Free-radical oxidative sfress.

The problems associated wi th alcohol

related birth defects and FAS may also arise fiom excess generation of short-lived
reactive oxygenated fiee radicals (De Groot and Littauer 1989; Bondy 1992; Dargel
1992; Nordmann et al. 1992). These molecules are highly unstable and reactive, they

become more stable by either removing an electron nom or donating their unpaired
electrons to other molecules. In the course of normal metabolism in cells fiee radicals are

constantly produced (Forman and Boveris 1982) and they are normaüy scavenged by the
endogenous antioxidative enzymes (De Groot and Littauer 1989; Bondy 1992; Dargel

1992; Nordmann et al. 1992). Increased production of reactive oxygen radicals or
decreased levels of endogenous cellular defense protection, as the result of alcohol
ingestion, can alter the balance of fiee radicals and the antioxidant system and could be
the cause of cellular darnage (Harris 1990; Reyes et al. 1993). Any alteration in favor of
the former causes oxidative stress (Nordmann et al. 1992). Fetal cells have lower levels

of fiee radical scavengers and antioxidants and, thus, may be more sensitive to oxidative

stress (Davis et aI. 1990).

In viîro studies have s h o w that neural crest cells, which do not have superoxide
dismutase (an endogenous antioxidant), are particularly sensitive to alcohol exposure

@avis et al. 1990). This sensitivity could account for both the facial and visceral
malformations associated with FAS, because craniofacial and visceral structures derive
from neural crest cells @avis et al. 1990).

5.1.5 CNS defects in FAS

FAS Ieads to CNS anomalies which may manifest as leaming and memory
deficits, lowered IQ, attention deficit, mental retardation and in some cases, microcephaly
(Mitchell et al. 1998). It has been s h o w that ethanol exposure during embryogenesis can

resuIt in changes in fetal cerebral metabolism (Abel and Hannigan 1995; Abel 1996). For
example, reduction in fetal rat cerebral uptake of glucose and oxygen has been s h o w to
be a result of maternai ethanol exposure (Abel 1996). Significant reductions in cerebral

metabolism, caused by ischemia, have also been shown in the fetal lamb after matemal

infusion of ethano1 (Richardson et al. 1985). These alterations in cerebral metabolism c m
contribute to disruptions of CNS structure and fùnction in FAS. In addition, Balduini et

ai. (1994) have shown that administration of ethanol to developing rats during the brain
growth spurt selectively decreases muscarinic receptor-induced proliferation of glial ceils

that may lead to microencephaly.

5-1.6 Insulin sensitiviw in FAS
Hwnan and animals studies have descnbed many endocrine and metabolic
systems that are affected by prenatal ethanol exposure (Thadani 1981; Anderson 1982;
Ludena et al. 1983; Schweistal and Gingerich 1985). in the sheep, acute ethanol exposure
in the mother enhances the insulin response to glucose load in the fetus (Castro et al-

1981). It has been shown that chronic ethanol exposure in the rat during pregnancy

produces a high insulin response to glucose load in newborns up to three days after birth
(Villarroya and Mampel 1985) and in 30 days and 90 days old adult rats (Lopez-Tejero et

aI. 1989). In addition, Castells et al. (1981) have shown an enhanced insulin pancreatic
response and a peripheral insulin resistance in FAS children. In these FAS children
fasting TSH, T4, T3, FSH, and LH were al1 normal. Their plasma levels of prolactin and
cortisol were also normal before and after stimulation with chiorpromazine and insulininduced hypoglycemia, respectively. Thus, insulin sensitivity appears to be reduced in
offspring of alcohol fed mothers.

To test our hypothesis that FAS leads to type 2 diabetes and HDIR, we used a
range of doses of alcohol(5%, 1O%, 15%, and 20%) proovied through the drinking water

to rats prior to and throughout the pregnancy and to the time of weaning. M e r weaning,

the offspring received no m e r exposure to alcohol. Insulin sensitivity was evaluated

using the RIST (described in detail in chapter 1) in both male and female pups when they
were young adults. Atropine, a muscarinic receptor antagonist, was administered to
detemiine the HISS-dependent and the HISS-independent component of insulin action.

We have shown in chapter 3 that insuiin and IGF-1 have similar effects on
glucose disposal as assessed by the RIST. Insulin acts through the hepatic

parasympathetic-dependent release of HISS fiom the Liver. HISS enhances glucose
uptake at the skeletal muscle and accounts for 50-60% of insulin action. However,

stimulation of glucose uptake by IGF-1 does not depend upon HISS action (chapter 3).

We hypothesized that FAS causes hepatic parasympathetic neuropathy that results in
insulin resistance, but not IGF-1, resistance. To test this hypothesis we performed the

RIST using IGF-1 (200 pg/kg) in some of the males in the O%, 5%, and 15% ethanol
groups.

5.2 Material and methods

Administration of ethanol
Femaie Sprague-Dawley rats (219.5

+ g) underwent a training period to accustom

them to the taste of ethanol in the water. The dams were divided into five groups: 0% (no
ethanol in the drùiking water), 5%, IO%, 15%, and 20% ethanol in the drinking water.
Water and food (standard laboratory rat food) intake were monitored for 4 days pnor to
introduction of ethanol 5% v/v as the sole source of liquid intake. Food and water
consumption were monitored throughout the entire period of ethanol administration.
M e r 2 days or until food and water consumption returned to normal levels or stabilized,

ethanol content was increased to 10% in the second group of rats. The same procedure
was followed for administration of concentrations of 15% and 20% ethanol in the third
and fourth groups. When food and water consumptions were stabilized, the male rat was
introduced to the female and the date of conception was noted. Control (0%) dams were
treated in the same manner but ethanol was not included in the drinking water.

At birth, the litter composition, mortality, and birth weights were determined. To
rninirnize nutritional deficiencies, al1 Litters were culled to twelve and the pups were
nursed by the dam. The nursing dam continued to receive ethanol through the drinking

water and as the pups became mobile, the water bottle was raised to a level to prevent the
pups fiom reaching the water. The dam was sacrificed at the time of weaning and the
pups were raised in a normal manner until the tirne of testing for insulin sensitivity at age
of 43-75 days.

Insulin sensitivity was measured in al1 the male pups of al1 the groups, however,
it was only measured in the female pups of the O%, 15% and 20% ethanol groups.

Determinotion of insuiin sensitiviiy. The rats were fasted ovemight (8 h) and were

fed standard laboratory rat food for 2 h before the start of any surgical procedures.
Animal preparation, surgical procedrires, and the RIST methodology are explained in
detail in chapter 1.

RlST in control und aper atropine. A control RIST was performed on the adult
male rats of the 0% (n=28), 5% (n=10), 10% (n=6), 15% (n=27), and 20% (n=18) ethanol
groups, and on the adult female rats of the 0% (n=12), 15% (n=6), and 20% (n=4) ethanol
groups. Afier the control RIST, atropine (3.0 mgkg) was intravenously administered over
5 min. Basal glucose concentration was determined and another RIST was performed.

Determination of IGF-l sensitiviiy. in some of the male rats tiom the 0% (n=4),
5% (n=6), and 15% (n=7) ethanol groups IGF-1 sensitivity was measured using the RIST
with IGF-I (200 pg/kg) as described in chapter 4. The IGF-1 sensitivity was measured

either afier the control RIST with insulin or after the control RIST w-ith insulin and

atropine administration. We have shown in chapter 4 that atropine administration does
not affect IGF- 1 sensitivity.

Determinaiion of the basai insulin concentrations. Basal insulin concentrations
were determined in some of the male rats in the 0% (n=15), 15% (n=8), and 20% (n=6)
ethanol groups. Artenal blood samples (50 pl) were taken after the rats were stabilized

£tom the surgical preparations and before the control RIST was preformed. The blood
samples were analyzed for insulin concentrations by a rat insulin ELISA kit.

Drugs. The human iosulin was purchased fkom Eli Lilly & Company
(Indianapolis, IN). The 95% ethanol, atropine and D-glucose were purchased fiom Sigma
Chemical (St. Louis, MO). rhIGF-l was donated by Genentech Inc. (San Francisco, CA).

Ail the chemicais were dissolved in saline. The rat insuiin ELISA kit was purchased fiom

Aipco (W'idham, NH).
Data analZysis. Data were analyzed using repeated-mesures analysis of variance

followed by Tukey-Kramer multiple cornparison test in each group or, when applicable,
paired and unpaired Student's t tests. Some resdts were analyzed using linear regression
analysis. The anaiyzed data were expressed as means t SE throughout. DiEerences were

accepted as statistically significant at Pc0.05. Animals were treated according to the
guidelines of the Canadian Council on Animal Care, and al1 protocols were approved by

an ethics committee on animal care at the University of Manitoba.

5.3 Results

5-3.1 Dams

The dams had similar body weights in the 0% (n=l l), 5% (n=3), 10% (n=3), 15%
(n= i 1), and 20% (n=5) ethanol groups before the breeding (28 1.4 k 1OS, 3 16.7 k 29.4,

+ 18.7, 265.6 t 16.0, and 269.6 f 18.8 g, respectively) and just before giving birth
(417.9 f 12.2,441.3 f 33.7,327.5 I38.9,380.3 + 16.0, and 380.5 + 25.1 g, respectively).
242.8

However, the pre-weaning body weights of the dams in the 15% and the 20% ethanol
groups (259.6

+ 11.7 and 236.6 f 18.2 g, respectively, P<O.OO 1) were significantly lower

than the body weight of the dams in the 0% and the 5% ethanol group (344.3 f 6.9 and
36 1.3 f 14.8 g, respectively).

The average fluid consumption significdy increased during gestation in the 0%

+ 1.1 to 39.3 + 1.6 ml, P<0.001) and 5% (fiom 36.3 I1.7 to 50.7 + 1.0 ml,
P<0.001) dams but not in the 10% (fiom 22.7 + 3.1 to 27.5 f 1.0 ml), 15% (fiom 24.6 +
2.0 to 26.3 I1.4 ml), and 20% (fiom 3 1.O f 3.2 to 30.9 + 4.5 ml) dams. In addition, after
(fiom 29.6

giving birth to the time of weaning the dams' fluid intake significantly increased in the
0% (71.8 1 4 . 3 ml, P<O.OOl) group but not in the 5% (64.7 f 8.9 ml), 10% (39.8 i 0.7

ml), 15% (3 1.6

+ 1.7 ml), and 20% (29.8 + 1.9 ml) groups.

53.2 Litrer dernographics

There was no significant difference between the mean number of pups delivered
by the dams in any of the groups (13.6 f 1.2 pups in the O%, 15.0

+ 1.2 pups in the 5%,

12.3 t 0.8 pups in the IO%, 13.2 k 0.6 pups in the 15%, and 12.0 f 2.2 pups in the 20%).

+ 8.2, 102.5 k 4.7, 102.2 + 6.1, and 75.4 I
21.1 g, respectively) and the mean pup weights (8.1 f 0.4, 7.7 + 0.7, 8.3 f 0.4, 8.1 t 0.5,
The mean litter weights (107.4 t 8.2, 114.0

and 6.9 f 0.7 g, respectively) were simiiar in a l i groups.
The ethanol showed a dose-dependent increase in mortality in the pups before
weaning. The pup mortality rate before weaning was 0.67% for the 0% (1 in 149 pups),
4.4% for the 5% (2 in 45 pups), 0% for the 10% (O in 37 pups), 6.2% for the 15% (9 in
145 pups), and 11.7% for the 20% (7 in 60 pups) ethanol group. The number of days to
wean was similar in the 0% (20.2 f 0.5 days), 5% (17.7

days), and 15% (19.6

+ 0.6

+ 0.4 days), 10% (19.3 + 0.4

days) ethanol groups. However, it took the 20% pups

significantly longer to wean (24.3 f 1.0 days) compared to the other groups (P<0.01).

5.3.3 Males
The male pups fiom the 0% (n=28), 5% (n=10), 10% (n=6), 15% (n=27), and
2W (n=18) ethanol groups were taken for experiments at age 43 to 75 days old. There

was no significant difference in age between the 0% (57.8
days), 10% (54.0 f 0.9 days), and 15% (59.3
20% group (62.0

+ 1.7 days), 5% (52-0 f 0.8

+ 1.9 days) ethanol groups, however, the

+ 1.6 days) was significantly oider than the 5% group (P<O.05). The

body weights in the pups fiom the 0% (332.3

+ 13.5 g), 5% (279.7 k 12.2 g), 10% (262.3

-t- 7.1 g), and 15% (297.7 f 13.2 g) ethanol groups were similar, however, the 20%

ethanol group (263.0 +. 6.2 g) was simiificantly lighter in weight than the 0% group
(P<O.01). There were no significant difTerences in the mean arterial pressures (97.9 k 3.3,

+ 5.2, 94.2 I5.2, 98.7 + 3.1, and 104.0 f 3.7 mmHg, respectively), or the basal
glucose concentrations (120.5 + 2.6, 129.7 f 7.2, 116.7 + 5.0, 116.7 k 2.7, and 118.0 f
98.5

3.0 mg/dl, respectively), between the groups. Basal insulin levels were analyzed in the

some of the males of the 0% (n=15), 15% (n=8), and 20% (n=6) ethanol groups and there
was no significant difference in the insulin levels between the three groups (6.2

+ 1.8,4.0

+ 1.1, and 18.6 + 13.4 q g /ml, respectively). There was also no correlation between the
basal glucose and the basal insulin levels in the same three groups.

The index used to express insulin, or IGF-1, sensitivity is the total amount of
glucose (mgkg) infused over 30-35 min after insulin (50 mukg), or IGF-1 (200 pg/kg),
administration in order to maintain euglycemia at the baseline level and is referred to as
the RIST index.
Confrol RISTs. There were no significant differences between the control RIST

indexes in the O%, 5% and 10% ethanol groups (189.7

+ 5.5, 152.0 f 17.8, and 157.7 I

14.7 mglkg, respectively) however, there were significant ciifferences between the control

RIST indexes of the 0% and 15% (136.9 I8.3 mgkg, P<0.001) ethanol groups and the
0% and the 20% (142.0

+ 11.4 mgkg, PC0.0 1) ethanol groups (Fig. 29). There were no

significant differences between the control RIST indexes of any other groups. Thus, in
utero exposure to 15% and 20%, but not 5% and IO%, ethanol produced significant

insulin resistance in male addt rats.
There was no correlation between the control RIST indexes and the ages, the body
weights, the mean arterial pressures, the basal glucose concentrations, and the
glucose/insulin ratios of the O%, 15%, and the 20% ethanol groups (the groups that
showed significant differences in RIST indexes). However, there was a correlation
between the control RIST index, the basai insulin (dope= 2.17 t 0.85), and

insuldglucose ratio (slope=30 1.6 & 108.0) in the 0% but not in the 15% and the 20%
ethanol groups. Thus, the higher the basal insulin concentrations the higher the control

RIST index in the normal nonsthanol exposed rats.
RISTs after atropine. M e r administration of atropine (3.0 mgkg, iv) the control
RIST index was signincantly reduced to 82.1 f 3.9 mgkg (P<0.001) in the OYO(56.0 t
2.4% inhibition), 72.8 t 12.5 mgkg (P<0.00 1) in the 5% (51.6 I 5.8% inhibition), 79.1 k

14.5 mgkg (P<O.OS) in the 10% (47.0 t 10.6% inhibition), 82.5

in the 15% (37.5

+ 7.6 mgkg (P<0.00 1)

+ 4.9% inhibition), and 83.O t 10.6 mgkg (P<0.00 1) in the 20% (40.0 k

6.2% inhibition) ethanol groups (Fig. 29). The males in the 15% and 20% ethanol groups
were insuiin resistant, some portion of the HISS-dependent insulin action was still intact.

RIST in control with insulin and with IGF-I. There was no significant ciifference
between the control RIST index with insulin (50 rnU/kg) of the 0% (n=10) and 5% (n=6)
ethanol groups (235.0 f 19.0 and 152.2

+ 23.6 mgkg, respectively), but there was a

significant différence between the control RIST index with insulin of the 0% and the 15%
(1 27.3 f 6.4 mgkg, n=7, P10.05) ethanol groups (Fig. 3 1). The IGF- 1 (200 pg/kg) RIST

index was sirnilar between the groups (254.1
in the 5%, and 255.9

+ 19.8 mgkg in the O%, 252.6 f 28.6 mgkg

+ 22.6 mgkg in the 20% ethanol groups). The IGF- 1 RIST indexes

of al1 the groups were compared to IGF-1 (200 &kg)

RIST index (266.8 k 26.2 mgkg)

in the chapter 4 and there were no significant differences between them. The RIST
indexes with insulin and with IGF-1 were similar in the 0% ethanol group. But, there was

a significant difference between the RIST index with insulin and the RIST index with
IGF-1 in the 5% (Pc0.05) and 15% (P<0.01) ethanol groups (Figure 31). Thus, in utero
exposure to 15% ethanol causes insulin, but not IGF- 1, resistance in aduit rats.

5 - 3 4Fernales

The female pups fiom the 0% (n=12), 15% (n=6), and 20% (n=4) ethanol groups
were taken for experiments at age 54 to 91 days old. There were no significant
differences in age (74.2 i 2.4, 67.7 f 5.8, and 81.O
weights (233 -8

+ 1.9 days, respectively) and in body

+ 11.3,24 1.O + 14.2, and 233.3 t 4.1 g, respectively) between the groups.

The mean arterial pressures (84.4 f 3.0, 78.3

+ 5.6, and 87.8 f 6.7 mmHg, respectively)

and the basal glucose concentrations (103.4 +i 1.5, 102.3 k 6.5, and 111.5 f 4.3 mg/dl,

respectively) were also sirnilar between the groups.

Control RISTs- The control RIST indexes in the 15% (134.1

+ 16.1 mgkg,

P<O.05) and the 20% (98.7 f 9.7 mgkg, Pc0.0 1) ethanol groups were significantiy lower
than the RIST index in the 0% (220.9

+ 27.6 mgkg) ethanol group (Fig. 3 1). However,

the control RIST indexes of the 15% and the 20% group were not signincantly different

fkom each other. Thus, in utero exposure to 15% and 20% ethanol produced significant
insulin resistance in female adult rats.
There was no correlation between the control RIST indexes and the ages, the body
weights, the mean arterial pressures, and the basal glucose concentrations in any of the
groups.

The control RISTs of the males and females were compared. The 0% males had
significantly lower RIST indexes than the 0% femaies (189.7 f 5.5 mglkg in males and
220.0 k 27.6 mg/kg in females, P<0.001). The 15% males and fernales had similar RIST
indexes, but the 20% females had significantly lower RIST indexes than 20% males
(P<0.001). Thus, the prenatal exposure to 20% ethanol produced a more severe insulin

resistance in the females.

RISTs afrer atropine. After administration of atropine (3.0 mgkg, iv) the control
RIST index was significantly reduced to 77.7 t 9.5 rng/kg (P<0.001)in the 0% (59.3

+

7.2% inhibition) ethanol group. However, atropine did not significantly reduce the

control RIST index in the 15% (82.9 f 14.5 mgkg, 32.5 i 14.3% inhibition) and the

20% (83.8

+ 20.5 mgkg, 7.0 f 33.8%

inhibition) ethanol groups (Fig. 30). Thus, the

HISS-dependent insulin action was essentidly eliminated in the females as a result of
prenatal exposure to 15% and 20%ethanol.

5.4 Discussion

Based on high prevalence of FAS (Abel 1995) and type 2 diabetes (Zimmet et al.
1997) in socioeconomic disadvantage groups and the fact that in both diseases there is

high incidence of polyneuropathies, we hypothesized that FAS leads to hepatic
parasympathetic neuropathy that may result in type 2 diabetes (HDIR). To test our

hypothesis insulin sensitivity was measured in prenataly ethanol exposed pups using the

RIST (described in detail in chapter 1).

Technical considerations. DiBerent concentrations of ethanol (5%, IO%, 15%,
20%) were provided in the dams' drinking water. The dams were on the ethanol before

breeding, throughout pregnancy and until the pups were weaned. Male pups fkom ail
ethanol exposed dams and the female pups fkom the 15% and 20% ethanol exposed dams

were tested for insulin sensitivity when they were young adults. Since we could not
observe any facial or other visual deformities associated with FAS in any of the pups we
refer to their condition fiom here on as fetai dcohol exposure (FAE)and not FAS.

5.4.1 litsulin sensitiviîy in FAE

Control RIST indexes were compared in al1 ethanol exposed male and female
pups. There were no significant differences between the control RIST indexes of the O%,
Y%, and 10% ethanol groups in the males. However, prenatal exposure to 15% and 20%

ethanol produced significant insulin resistance in both male and female pups and the
effects of prenatal exposure to ethanol appears to be dose related (Figs. 29,30).

OControl

Atropine

Figure 29. The RIST index in control and after intravenous atropine (3.0 mgkg)

administration in the males of ail groups. Values are means f SE. Parasympathetic
inhibition caused signifîcant insuiin resistance in al1 groups. Insert. The HISS-dependent
component of the insulin action in al1 groups. Values are means + SE. Prenatal exposure
to ethanol produced significant dose-dependent insulin resistance through inhibition of
the HTSS-dependent component of insulin action, although considerable amount of the

HTSS-dependent component was still intact.

Atropine

Figure 30. The RIST index in control and after intravenous atropine (3.0 mgkg)

administration in the females of al1 groups. Values are means t SE. Parasympathetic
inhibition caused significant insulin resistance in the O%, but not in the 15% and 20%,

ethanol group. Insert. The HISS-dependent component of the insulin action in ail groups.
Values are means

+ SE. Prenatal exposure to 15% and 20% ethanol produced signifïcant

insulin resistance through inhibition of the HISS-dependent cornponent of insulin action
with no effect on the MSS-independent component.

The control RlST indexes of the males and the females were compared in each
group. The 0% females were significantly more sensitive to insulin compared to the 0%
males but the 15% females and males showed similar insulin sensitivity- However, the

20% ethanol exposed females were significantly more insulin resistant than the 20%

ethanol exposed males. Thus, the prenatal exposure to 20% ethano1 had a greater effect in
the females than in the males.

54.2 Parasympathetic inhibition

It has been shown in other chapters that atropine blocks the HISS-dependent
component of insulin action. Administration of intravenous atropine (3.0 mgkg)
produced signifïcant HDIR in al1 of the prenataly ethanol exposed male groups (Fig. 29).
From the total insulin action in the male groups the HISS-dependent component of
insulin action blocked by atropine accounted for 56.0

+ 2.4% of the O%, 51.6 + 5.8% of

the 5%, 47.0 k 10.6% of the IO%, 37.5 k 4.9% of the 15%, and 40.0 f 6.2% of the 20%

ethanol group (Fig. 29, insert). This indicates that even though prenatal exposure to 15%
and 20% ethanol produced insulin resistance in male pups, there was still some portion of
the hepatic parasympathetic tone intact that was M e r blocked by atropine.

Administration of the same dose of atropine in the 0% group in females also
produced HDIR, however, atropine did not produce significant additional HDIR in the

15% and 20% ethauol exposed femdes (Fig. 30). From the total insulin action in the
female groups the HISS-dependent component of insulin action blocked by atropine
accounted for 59.3

+ 7.2% in the 0% group but only 32.5 t 14.3% in the 15% and 7.0 +

33-8% in the 20% female groups (Fig. 30, insert). This indicates that prenatal exposure to

15% and 20% ethanol significantly blocked the HISS-dependent component of the
insulin action in both males and females but the males retained a higher HISS-dependent
insulin action than did the females.
The RIST indexes after atropine administrations were sirnilar in al1 male and
female ethanol exposed groups. This indicates that the HISS-independent component of
insulin action was similar in d l groups. Since the control RIST indexes of both the male

and female 15% and 20% ethaaol groups were significantly lower than the 0% groups but
the post-atropine response was similar, the insuiin resistance produced by FAE was
entirely accounted for by reduction in the HISS-dependent component of the insulin
action while the HISS-independent component (post-atropine) was not altered.

5 - 4 3 Nutritional factors

FAS (or FAE) has been associated with malnutrition of the mother (Abel and

Sokol 1986, 1991; Hannigan et al. 1992). Weinberg (1984) indicated that alcohol
consumption may alter metabolism, transport, utilization, activation, and storage of
almost every essential nutrient. Furthermore, chronic alcohol consumption decreases
blood flow to the placenta and reduces placental glucose transport to the fetus as well as
producing reduced glucose absorption fiom the intestine of the dam. Thus, some of the
toxic effects of FAE may have been through nutritional interference.

Al1 the dams' weights just before giving birth were sllnilar in al1 groups.
However, after giving birth and up to the tirne of weanùig the 15% and the 20% dams
were undemourished according to their small increase in body weight during that time. In
addition, the average fluid consumption was not significantly increased during gestation

in the IO%, lS%, and the 20% ethanol groups. Furthemore, after giving birth to the time

of weaning, the fluid intake was almost doubled in the 0% dams but it was not
significantly increased in the 5%, IO%, 15%, and 20% dams. This indicates that during
gestation the IO%, 15%, and 20% dams and, during nursing the 5%, 10%, 1S%, and 20%
dams, were dehydrated. The undemourishment and dehydration of the dams during
gestation or nursing could have had severe effects on their pups. The 5% and 10%

ethanol exposed pups did not exhibit any significant reduction in insulin sensitivity but
the 15% and the 20% ethanol exposed pups were insulin resistant Others (Singh and

Snyder 1982) have shown that pair-fed control dams (0% ethanol) were underweight but

their pups were not affected by the undemourishment of their mother. However, the
ethanol-exposed dams in their study were underweight and their pups were severely
affected by FAS. In addition, there is the possibility that malnutrition and dehydration
secondary to ethanol consumption could have enhanced the severity of the FAE defects.
It has been shown that fetal exposure to ethanol c m result in decreased litter size,

survival, and weight (Singh and Snyder 1982), however, in our study there was no
significant difference between litter size and pups weight in any of the groups. The
ethanol showed a dose-dependent increase in mortaiity in the pups from birth to weaning.
It appears that the pups that were afZected the most by the FAE died before they were
tested for insulin sensitivity. It is possible that the pups that had the highest degree of
hepatic parasympathetic neuropathy and insulin resistance did not survive, thus the

degree of insulin resistance by FAE may have been more severe.
The FAE in our study clearly caused insulin resistance secondary to impairment

of the hepatic parasympathetic release of HiSS in response to insulin. Whether this

neuropathy was caused sotely by the toxic effects of ethanol or whether malnutrition and
dehydration secondary to ethanol ingestion bad additive roles, cannot be detennined at
thls point.

Our study does not determine when the hepatic parasympathetic neuropathy
leading to insulin resistance occurs in FAE. Alterations in glucose metabolism have k e n
shown in fetuses (Tanka et ai. 1982) and neonates (Singh et al. 1986), and oral glucose
tolerance tests showed elevated glucose and insulin levels at day 30 but normal insulin
levels at day 90 indicating that insulin responsiveness was reduced at both tirne points
(Lopez-Tejero et al. 1989). The observation that abnormalities are seen in the fetuses, the
neonates and in adult offspring that were nursed by dams not exposed to alcohol strongly
suggests that the damage occurred in utero (Lopez-Tejero et al. 1989). The human fetus is
more sensitive to FAS in the third trimester during which the rapid burst of brain growth
occurs (Balduhi et al. 1994). Since our animals were exposed to ethanol through the
entire gestation and nursing period we cannot comment on the period of susceptibility to

FAE.

5.4.4IGF-I sensitiviîy
In chapter 3 we demonstrated that insulin and IGF-1 have similar effects on
glucose disposa1 as assessed by the RIST. However, it was determined that insulin, but
not IGF-1, action was through the hepatic parasympathetic dependent release of HISS
fiom the liver (chapter 3). Based on these observations we hypothesized that FAE causes
hepatic parasympathetic neuropathy that results in insulin resistance, but not IGF-1,

resistance.
IGF-1 sensitivity was tested using the RIST in some of the males in the O%, 5%,

and 15% ethanol groups. The OYo group showed similar insuiin and IGF-1 sensitivity

(Fig. 3 1). However, prenatal exposure to 15% ethanol resdted in insulin, but not EF-1,
resistance (Fig. 31). The insulin sensitivity in the 5% group was not significantly
different fiom the 0% group, their IGF-1 sensitivity was significantly higher. Thus, in
utero exposwe to 15% ethanol results in insulin, but not IGF-1, resiststnçe. IGF-1
sensitivity was not affected by FAE since it does not involve the release of HISS from the
Iiver. Cornparison of insulin and IGF-1 responses was a sensitive index of insulin
resistance as the insulin action of the 5% group was significantly reduced compared to
the paired IGF-1 response but not when compared with the unpaired 0% insulin response.

In conclusion, prenatal exposure to ethanol produced insulin resistance through
inhibition of the HISS-dependent component of insulin action. The MSS-independent
component of insulin action was not aEected by FAE. The high prevalence of FAS and
type 2 diabetes in the world may be in part explained by the fact that prenatal exposure to

ethanol inhibited the hepatic parasympathetic-dependent release of HISS from the liver
Ieading to HDIR.

OControl with insulin

E Z Z l Control with IGF-1

Figure 31. Insulin and IGF-1 RIST indexes in the O%, 5%, and 15% prenatal ethanol

exposed males. Values are means t SE. Prenatal exposute to 15% ethanol produced

insulin, but not IGF- 1, resistance.

Chapter 6

Conclusions and Speculations
6.1 Conclusions

It has been previously shown that insulin causes the release of a hepatic insulin
sensitizing substance (HISS) fiom the liver. The hepatic parasympathetic nerves were
shown to play a permissive role in allowing insulin to trigger HISS release and, thus, they
are essential in the release of MSS (Xie et al. 1993; Xie and Lautt 1995a, 1996a). The
release of HISS was blocked by denervation of the hepatic anterior plexus (chapter 2), by
pharmacological antagonism of muscarinic receptors by atropine (chapter 2),
pharmacological antagonism of nitric oxide synthase (NOS) by L-NAME and L-NMMA
(chapter 2), and pharmacological antagonism of cyclooxygenase (COX) by indomethacin
(chapter 4). These resdts confïrmed the importance of the permissive role of the hepatic
parasympathetic nerves in the release of HISS and demonstrated

that the hepatic

parasympathetic-dependent release of HISS is through the production of NO and
prostaglandins (PGs) in the liver. Since all these interventions

produced insulin

resistance by bIocking the release of HISS fiom the liver, the portion of the response that
was blocked is called the HISS-dependent component and the portion of the response that

was not blocked is called the HISS-independent component of insulin action. The insulin
resistance produced after blockade of HISS release is referred to as HISS-dependent
insulin resistance (HDIR).

6.1.I Measaremeni of insulin sensitivity

To measure insulin sensitivity, we have developed a new rapid insulin sensitivity
test (RIST, chapter 1) (Xie et al. 1996; Lautt et al. 1998). m e r establishment o f the

baseline euglycemia, a bolus of insulin (50 mU/kg) is infused over five minutes and
euglycemia is maintained during the test by a variable glucose infusion purnp. The RIST
index is the amount of glucose iafused during the test, in response to insulin, to maintain
baseline euglycemia. The RIST has been shown to be comparable to the insulin tolerance
test but not to the euglycemic hyperinsulinemic clamp technique (the gold standard). The
euglycemic hyperinsulinemic clamp has several disadvantages which are explained in
chapter 1 but the main problems with this test include the non-physiological nature of the
test, since the insulin is infùsed at a constant rate for 2-3 h, and also it has k e n
demonstrated that glucose utilization during the prolonged euglycernic clamp was
significantiy increased over time (Deberne et ai. 198 l), thus, the clamp cannot be used

more than once in the same subject on the same day. However, insulin sensitivity does
not change over tirne using the RIST (chapter 1).

6.1.2 Site of acrion

Measurement of the artenovenous glucose gradients across the liver, hind limbs,
and splanchnic organs in control state and after hepatic parasympathetic denervation or

atropine administration showed impairment of the glucose uptake only across the hind
limbs (Xie and Lautt 1996a). This led us to believe that the skeletd muscle of the hind
limbs is at l e s t one of the tissues that are regulated by HISS.

6-1-3Involvernent of NO

The release of HISS fiom the liver was shown to be also dependent on the
production of NO in the liver (chapter 2). Inhibition of NO in the b e r with L-NAME, a
NOS antagonist, significantly decreased insulin sensitivity and produced HDiR that was
not further inhibited by atropine administration. However, the intravenous administration
of the same dose of L-NAME did not significantly decrease insulin sensitivity, but M e r
administration of atropine produced significant HDIR. Thus, NO inhibition in the liver,
and not the periphery, completely blocked the release of HISS fiom the iiver and
produced significant HDIR. Intraportal, but not intravenous, administration of a NO
donor (SIN-1) partiaily reversed the HDIR after NO inhibition with L-NMMA, another

NOS antagonist. Intraportal administration of higher dose of SIN- 1 completely restored
insulin sensitivity after L-NMMA and denervation of the liver. Thus, NO production in
the liver, and not the periphery, is important for the parasympathetic-dependent release of

HISS fkom the liver.
We do not know the chernical identity of KiSS, however, an analysis of the shape

of the glucose infusion curve during the RIST, compared before and after atropine,
denervation and L-NMMA, reveals the HISS-dependent component with an onset of
action 3-5 minutes d e r the onset of insulin action and the HISS-dependent component
that continues for approximately 9 minutes d e r the HISS-independent component of

insulin action has tenninated. This analysis revealed the hormonal nature of M S S
(chapter 2).

6.1.4 Involvement of PGs

PGs production in the Liver was shown to be also required for the release of HISS
fkom the liver (chapter 4). Intraportal, but not intravenous, administration of
indomethacin, a COX inhibitor, produced signiflcant insulin resistance that was not
further worsened by atropine suggesting that PGs are also involved in the release of HiSS
fkom the liver. However, the HDlR produced by indomethacin was not reversed by either
Ach or SIN4 suggesting that PGs may be released d e r Ach and NO productions.

6.1.5 Involvement of the pmndid state
The HISS release is dso dependent upon the prandial state of the animal (Macedo
et al. 1998). After feeding, the HISS release in response to insuiin leads to an increase in

glucose uptake by the insulin sensitive tissues. However, in the fasted state MSS is not
released in response to insulin, thus the hypoglycemic action of insulin is very low.
Fasting reduces the HISS-dependent, but not the MSS-independent component of insulin
action. Sixteen hours of fasting in rats produced a reduced insulin response and M e r

atropine administration did not significantly inhibit the response to insulin. Thus, there

appears to be a feeding signal that controls the hepatic parasympathetic-dependent release
of HISS and the amount of WSS release, depending on the prandial state, controls insulin

sensitivity.

6.1.6Involvernent of IGF-1

IGF- 1 (200 pg/kg) had a similar glucose disposal effect to insulin (50 mukg)
(chapter 3). However, inhibition of the hepatic parasympathetic reflex by denervation,

atropine administration, or fgsting produced signifïcant insulin resistance, but not IGF-1
resistance. This suggests that the hepatic parasympathetic pathway is not involved in the
glucose disposal action of IGF-1 and IGF-1 acts through a different pathway.

6.1.7 HlSS release infetal alcohol exposure

The hepatic parasympathetic-dependent release of HISS was evaluated in an
experimental mode1 of fetal alcohol exposure (FAE) (chapter 5). AduIt male offspring of
dams that were exposed to different amounts of ethanol (O%, 5%, IO%, 15%, and 20%)
during pregnancy and throughout nursing were tested for insulin sensitivity. The O%, 5%
and 10% male group had sirnilar insdin sensitivity. However, insulin sensitivity was
significantly reduced in the 15% and 20% male groups but it was M e r worsened by

atropine administration. The effects of ethanol on insulin sensitivity seemed to be doserelated and to be more severe with the higher doses. IGF-1 sensitivity was tested in some
of the males in the OYO, 5%, and 15% ethanol groups. Prenatai exposure to different

amounts of ethanol did not affect the IGF-1 sensitivity. Adult female offspring of dams
that were exposed to O%, 15%, and 20% ethanol during pregaancy and nursing were also

tested. Insulin sensitivity was significantly reduced in the 15% and 20% female group in
a dose-related manner, compared to the 0% group, and it was M e r worsened by

atropine administration. Thus, prenatai exposure to 15% and 20% ethanol produced

KDIR in both male and female offspring without afTecting the HISS-independent
component of insulin action.

At this point the chernical identity of the HISS is not known to us but based on

our experiments, we know that it is required to increase glucose uptake at the skeletai
muscle. We do not know how the HISS is actually fiuictioning at the skeletal muscle
level. On the next pages 1 have described the cellular insulin action on glucose uptake
from the receptor activation to glucose transporter mechanism and 1 have also specuiated
on where or how HISS can interact with this pathway.

6.2 Speculations

6.2.1 Insulin receptor

Al1 of the pleiotropic cellular responses to insulin, including increase in glucose
uptake, are mediated by the insulin receptor. The insulin receptor is a large
heterotetramenc transmembrane glycoprotein that is expressed in nearly al1 rnammalian
tissues, although the number of receptors varies, with the highest concentration king
found on insulin's major target sites: the adipose tissue and the Iiver (Khan et al. 1981).
The skeletal muscle, which is the main tissue responsible for insulin-induced glucose
uptake in humans and rodents (Curtis-Pnor et al. 1969; Baron et al. 1988) has a relatively
lower concentration of insulin receptors (Cheatham and Kahn 1995). Thus, we can
speculate that since skeletal muscle has a lower concentration of insulin receptors
compared to the liver and the adipose tissue but the highest glucose uptake effect then
there may be other factors or components involved in its glucose disposa1 action (e-g.
HISS).

The insuiin receptor is composed of two a-subunits and two B-subunits covalently
linked through disulfide bonds to f o m azBrheterotetramer (Cheatham and Kahn 1995).

The a-subunit is located entirely at the extracellular face of plasma membrane and
contains the insulin-binding site (Yip et al. 1978; Jacobs et al. 1979). The P-subunit is a
transmernbrane peptide and contains an insulin-regulated tyrosine kinase domain in its
intracellular site (Kasuga et al. 1982; Rosen 1987). Tyrosine kinases catalyze the
transport of phosphate fiom ATP to hydroxyl groups of tyrosine residues on intracellular
proteins, thus regulating their activity and function (Handberg 1995). M e r insulin
binding to the a-subunit, the P-subunit undergoes autophosphorylation on tyrosine

residues in the intracellular juwtamembrane domain (Ullrich et al. 1985), the regulatory
region within the tyrosine kinase domain, and the carboxyl-terminus (Kahn and Folli
1993; White and Kahn 1994; Lee and Pilch 1994). The autophosphorylation of the
tyrosine residues in the regulatory region enhances the activity of the receptor tyrosine
kinase 10 to 20-fold, leading to greatly increased tyrosine phosphorylation of intracellular

proteins, such as insulin-receptor substrate- 1 (IRS- 1) (White et al. 1988). The
intracellular juxtamembrane domain has also been s h o w to be involved in tyrosine
phosphorylation of IRS-I (Yonezawa et al. 1994). The carboxyl-terminus has been
shown not to be essential for signaiing to glucose transport, but it may be important for
activation of other intracellular signals (Holman and Kasuga 1997).

HISS might facilitate binding of insulin to the a-subunit of the receptor or it
might be involved in transmitting a signal fiom the a-subunit, after its stimulation by

insulin, to the P-subunit of the receptor. HISS might also stirnulate autophosphorylation
of tyrosine residues on the P-subunit of the insulin receptor and in this manner increase
the action of insulin.

6.2.3 1RS-I

IRS- 1 tyrosine

residues

are phosphorylated in response to

tyrosine

phosphorylation of insulin receptor. cDNA cloning has shown that IRS-1 contains 22
potential tyrosine phosphorylation sites that serve as specific recognition sites for cellular
substrates containing src-homology 2 (SH2) domains (Sunet al. 1991;Keller et al. 1993).

SH2 domains are present in many intracellular signaling molecules, and bind to specific
phosphotyrosine motifs, thus aiiowing protein-protein interaction within the ce11
(Cheatham and Kahn 1995). IRS-1 also has a specific site (pleckstrin homology domain)

that is important for IRS-1 association with the insulin receptor (Yenush et al. 1996).

6.2.3 PI 3-kinase

Specific phosphorylated tyrosines in IRS-1 bind strongly to the SHî domain of
the a-p85 subunit of phosphatidylinositol (PI) 3-kinase (Holman and Kasuga 1997). The
association of PI 3-kinase and IRS-1 appears to activate the enzyme (Backer et al. 1992).
PI 3-kinase is a heterodirneric enzyme composed of a regulatory subunit @85) and a
catalytic subunit @110) (Cheatham and kahn 1995). The p85 subunit contains two SH2
domains and a SH3 domain. PI 3-kinase catalyses the phosphorylation of PI, P1-4phosphate (PI-4-P), and PM,S-diphosphate (PI-4,s-Pz)
on the D-3 position of the inositol
ring to produce PI-3-P, PI-3,4-Pz, and PI-3,4,5-triphosphate (PI-3,4,5-P3), respectively

(Whitman et ai. 1988; Escobedo et al. 1991; Skolnik et al. 1991;Otsu et al. 1991;Cantley

et al. 1991).
M e r PI 3-kinase activation, the glucose transporter 4 (GLUT 4) is translocated
fiom an intracellular pool to the plasma membrane. Inhibition of insulin-stimulated PI 3-

kinase blocks both glucose uptake and GLUT 4 translocation (Cheatham et al. 1994;
Okada et al. 1994). Although not al1 the intracelldar events have been identified, the PI
3-kinase activation has been suggested to enhance exocytosis of the GLUT 4 by

increasing the budding of GLUT 4 from an intraccllular located tubulo-vesicular system
or facilitate the movement or docking of vesicles with plasma membrane (Holman and

Kasuga 1997).
The HISS might be involved in any of the intracellular events, fiom PI 3-kinase
activation to GLUT4 translocation and fusion with the plasma membrane and thus
facilitate the action of insulin in glucose uptake.

PIP3 is thought to be the physiologically important product of PI 3-kinase
(Holrnan and Kasuga 1997). The PIP3 may interact with downstream signaling molecules
and thus transmit the PI 3-kinase-dependent signaling processes. There is evidence that

PIP3 c m interact with protein kinase B (PKB)and protein kinase C (PKC) isoforms
(Nakanishi et al. 1993; Toker et al. 1994). Translocation of PI 3-kinaseand some of the

PKC isofoms to the plasma membrane has been shown in response to insulin (Yamada et
al. 1995). The involvement of PKC has been implicated in the glucose transport, although

there are still speculations of its importance. Direct stimulation of PKC with phorbal

-

esters causes 2-3 fold elevations in both GLUT 4 and GLUT 1 at the ce11 surface

(Holman et al. 1990; Gibbs et al. 1991) while insulin produces 10-20 fold elevation of
GLUT 4. Other signalhg molecules implicated in the GLUT 4 translocation downstream
to PI 3-kinase activation are PKB (Kohn et al. 1996), G-proteins (Vannucci et al. 1992;
Cormont et al. 1993; Clarke et al. 1994; Uphues et al. 1994; Li et al. 1995a; Moxham and
Malbon 1996), and 1,2-diacylglycerol (Standaert et al. 1988; Farese et al. 1993). Thus,

the HISS may be involved in the stimulation of many or any of these intraceilular
molecules and facilitate the translocation of GLUT 4 to the plasma membrane.
As mentioned above not all the intracellular events concerning GLUT 4
translocation have k e n identified but the link between PI 3-kinase activation and other
intracellular molecules involved in translocation have been suggested. Further
experiments are required to identa the specific molecules and steps involved.

6.2.5 Glucose fiamporters

One of the most important roles of insulin is the rapid stimulation of glucose
transport across muscle and adipose cells plasma membrane. Glucose uptake into tissues
is accomplished by the facilitative glucose transporters, Five different facilitative glucose
transporters have been identified and cloned and are referred to as GLUT 1-5 (Bell et al.
1990). GLUT 1 is present in placenta, brain, kidney, and colon and is present in lower
amounts in adipose and muscle. In the skeletai muscle GLUT 1 is believed to be
responsible for the basal glucose uptake (Handberg 1995). GLUT 2 is found mainly in
liver and pancreatic fbcells. GLUT 3 is present in brain, placenta, and kidney. GLUT 5 is
present predorninantly in the small intestine. GLUT 4 is the only glucose transporter that
has been show to be regulated by insulin and is found in insulin-sensitive tissues, which

include skeletal and cardiac muscle and adipose tissue (Birnbaum 1992). In the absence
of insulin, almost al1 of GLUT 4 is found in an intracellular pool (Cheatham and Kahn

1995). In response to insulin, a rapid translocation of the intracellular GLUT 4 to the
plasma membrane occurs which results in a 20 to 30-fold increase in the rate of glucose
uptake (Cushman and Wardzala 1980; Birnbaum 1992). However, the amount of

transiocated GLUT 4 (-10-foid increase) does not account for the 20 to 30-fold increase
in glucose uptake suggesting that other mechanisms may be involved in glucose uptake.

Ilius, HISS may be involved in e h c i n g glucose uptake by GLUT 4.

6.2.6 Intracellular trafficking of GLUTI

There is an intracellular pool of GLUT 4-containing vesicles within the insuiin
sensitive cells. These vesicles also contain other associated accessory proteins such as
secretory carrier membrane proteins (SC AMPs), Vesicule-associated membrane proteins
(VAMPS), a Rab4 protein, and potentially small GTP-binding proteins which appear to

be invoIved in the translocation process (Holman and Kasuga 1997). The SCAMPs and
VAMPS are widely distributed among different celi types and are associated with a

general mechanism of secretion and endocytosis (Cain et al. 1992; Laurie et a1.1993).
After treatment with insulin, both SCAMPs and VAMPs colocalize with GLUT 4 fiom

the intracellular pool to the ce11 periphery and

- 40% of the VAMPs (similar to GLUT 4)

fuse with the plasma membrane (Holman and Kasuga 1997). Only a very minor portion

of the SCAMPs become associated with the plasma membrane; they appear to remain
closely associated with either secretory or endocytic vesicles (Holman and Kasuga 1997).

Fusion of the GLUT 4 vesicles with the plasma membrane translocates the GLUT 4 from
an intracellular location to the ce11 surface, an event that is necessary for glucose

transport to the cell. Other molecules such as GTP-binding proteins have also k e n shown
to be involved in GLUT 4 vesicles tr&cking.

These proteins participate in vesicular

trafficking through secretory and endocytotic pathways (Chardin 1991). M e r temination

of the glucose uptake through GLUT 4, the GLUT 4 containing vesicles are recycled
back to the intracellular pool (Cheatham and Kahn 1995).

Using a bis-manose photolabel in kinetic studies has suggested that insulin's main
effect on GLUT 4 traficking is to stimulate, by 8-10 fold, the exocytosis limb of the
recycling pathway and some inhibition (30-50%) of endocytosis (Czech and Buxton
1993; Yang and Holman 1993; Yang et al. 1996). The involvement of insulin in GLUT4
traficking is mediated through the activation of PI 3-kinase (Holrnan and Kasuga 1997).
The mechanism of PI 3-kinase actions in GLUT 4 translocation is unclear at present but

PI 3-kinase is required for GLUT 4 exocytosis fiom a subcellular cornpartment. PI 3kinase rnay be involved with the budding and fission of GLUT 4 vesicles fiom an
intracellular tubulo-vesicular system or with the füsion of the vesicle with the plasma

membrane (Hohan and Kasuga 1997). The HlSS rnay be involved in one or al1 steps of

PI 3-kinase activation to GLUT 4 exocytosis.

At this point we do not know how the HTSS fùnctions at the skeletal muscle to
increase glucose uptake. HISS rnay fbnction independently from insulin and its effects
may be additive to that of insulin or it rnay function in synergy with insulin. HISS rnay
have its own unique receptors and enter the skeletal muscle ce11 and interact with the

insulin intracellular pathway. HISS rnay be involved in one or many of the insulin

pathways from insulin binding to the a-subunit of the insulin receptor to PI 3-kinase
activation and GLUT 4 translocation and exocytosis. Future experiments are required to
discover the site, or sites, of interaction of HISS with the insulin intracellular pathway.

6.3 Future directions
The fuhue direction of this work will be to determine the chemical identity of
HISS. It is important to identiQ the chemical nature of the M S S because its mechanism
of release and action c m be M e r investigated. For this purpose, first the rnost sensitive
organ (probably the skeletal muscle) to the action of HISS will be identified using
radioactive glucose, then that organ will be used to develop a bio-assay to isolate the

HISS. Another direction for this work will be to identify different muscarhic receptor
agonists to stimulate the release of HISS fiom the liver. This is important in the
development of new pharmacological agents for the treatment of type 2 diabetes.
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