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Abstract

AIM: To explore the influence of hepatic glucose production
on acute insulin resistance induced by a lipid infusion in awake
rats.

METHODS: A hyperinsulinaemic-euglycaemic clamp was
established in awake chronically catheterized rats. Two groups
of rats were studied either with a 4-h intraarterial infusion of
lipid/heparin or saline. Insulin-mediated peripheral and hepatic
glucose metabolism was assessed by hyperinsulinaemic-
euglycaemic clamp combined with [3-*H]-glucose infusion.

RESULTS: During hyperinsulinaemic-euglycaemic clamp,
there was a significant increase in plasma free fatty acid
(FFA, from 741.9+50.6 to 2346.4+238.5 pmol/L, P<0.01) in
lipid-infused group. The glucose infusion rates (GIR) in the
lipid infusion rats, compared to control rats, were significantly
reduced (200-240 min average: lipid infusion; 12.6+£1.5 vs
control; 34.0+£1.6 mg/kg.min, P<0.01), declining to - 35%
of the corresponding control values during the last time of
the clamp (240 min: lipid infusion; 12.0+1.9 vs control;
34.7+1.7 mg/kg-min, £<0.0001). At the end of clamp study,
the hepatic glucose production (HGP) in control rats was
significantly suppressed (88%) from 19.0+4.5 (basal) to
2.3£0.9 mg/kg.min (P<0.01). The suppressive effect of
insulin on HGP was significantly blunted in the lipid-infused
rats (200-240 min: from 18.7+3.0 to 23.2+£3.1 mg/kg-min
(P<0.05). The rate of glucose disappearance (GRd) was a
slight decrease in the lipid-infused rats compared with controls
during the clamp.

CONCLUSION: These data suggest that lipid infusion could
induces suppression of hepatic glucose production, impairs
the abilities of insulin to suppress lipolysis and mediate glucose
utilization in peripheral tissue. Therefore, we conclude that
lipid-infusion induces an acute insulin resistance in vivo.
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INTRODUCTION

Insulin resistance playsaprimary rolein the devel opment of type
2 diabetes and is a feature of other disorders including obesity,
dydlipidemias, hypertension, and cardiovascul ar disease¥. The
mechanism underlying the occurrence of insulin resistanceis
unknown but may berelated to aterationsin lipid metabolismi2.
More than 30 years ago, Randle and colleagues demonstrated
that free fatty acids (FFA) competed with glucose for substrate
oxidationinisolated rat heart and digphragm muscle preparations
and speculated that increased fat oxidation might causeinsulin
resi stance associ ated with diabetes and obesity®4. Subsequently,
some studies have emphasized that, while an increase in
circulating FFA during insulin clamp studies could promptly
decrease the rate of carbohydrate oxidation, defective glucose
uptake which could be detected 3-4 h after lipid infusion in
humans®®. Roden and Dresner have revealed that lipid/heparin
infusions could increase plasma FFA levels, inhibit whole-body
glucosedisposal during hyper- and euglycemic-hyperinsulinemia
and insulin-dependent glucose uptake by human forearm
tissuesin vivo, and also found that acute elevations in plasma
fatty acidsin humans resulted in decreased glucose transport
activity, asreflected by decreased concentrations of intracellular
glucose 6-phosphate and glucosel”d. Thus, it is possible that
chronic elevation of endogenous FFAS contributes to insulin
resistance in many pathophysiologic conditions in humans.
Acute elevations in plasma FFA levels during atriglyceride
emulsion infusion have also been shown to impaire insulin-
mediated glucose uptake and to inhibit hepatic glucose
production (HGP) in rats.

Inthecurrent study, we used atriglyceride and cholesterolester
emulsion infusion in combination with hyperinsulinemic-
euglycemic clamps to assess theimpact of elevated FFA levels
on HPG and overall insulin action.

MATERIALS AND METHODS

Preparation of animals

A total of 24 Male Sprague-Dawley rats weighing 250-300 g
were housed in individual cages and subjected to an
environmentally controlled room with a12-h light/dark cycle,
where they had free access to standard rat chow and water.
Fiveto 7 d before the in vivo study, rats were anesthetized with
an intraperitoneal injection of pentobarbital (50 mg/kg body
mass). A silastic catheter (1.D. = 0.02in) wasinserted into the
right internal jugular vein and extended to the level of theright
atrium. The catheter for carotid artery was constructed with a
short (25 mm) segment of polyethylene tubing (PE-10),
connected to a10-cm length of PE-50 by hegtingin aflame. The
smaller end was advanced through the left carotid artery until
its tip reached the aortic arch. The free ends of the catheters
were attached to the long segments of steel tubing and tunneled
subcutaneously around the side to the back of the neck where
they were exteriorized through a skin incision and then securely
anchored to the skin by a standard wounded clip. At the end of
the procedure, catheters were flushed with 300 pL isotonic
saline containing heparin (20 U/mL) and ampicillin (5 mg/mL)
and then filled with aviscous solution of heparin (300 U) and
800 g/L polyvinylpyrollidone (PVP-10, Fisher, NJ) to prevent
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refluxing of blood into the catheter lumen.

In vivo clamp studies

Animals were allowed at least five days to recover from the
effects of surgery. All studies were conducted in the morning
following a 12 to 14-h overnight fast. Throughout the study,
the rats were allowed to move freely within the confines of a
cage. One hour before clamping the venous and arteria lines
were filled with a9 g/L NaCl solution containing 10 IU/mL
heparin. Three double lumen swivels, allowing separate fluid
infusions, were connected to three peristaltic pumps. Onearterial
line was used for the infusion of a 250 g/L glucose solution at
avariable rate and the other line was used for infusion of a
mixture of (3-*H)-glucose (Amersham Inc, USA), insulin and
150 mL/L lipid emulsion/heparin (20 U/mL). The venous blood
sampling tube allowed frequent sampling and repletion of blood
loss by means of fresh whole blood obtained from littermates.

At the start of euglycaemic clamp, continuous infusions of
isotonic saline (control group, n = 12) and lipid emulsion with
heparin (lipid group, n = 12) were maintained for 4 h at arate
1.5mL/h during prolonged euglycemic-hyperinsulinemic clamp
studies. Att =60 min, abolus (6 uCi) and continuous infusion
(0.2 pCi/min) of (3-*H) glucose were initiated and continued
throughout 3 h study. At t = 120 min, continuous infusions of
insulin (4.8 mU/kg-min) and 250 g/L glucose were maintai ned
for 2h, 250 g/L glucosewasadjusted every 5-10 min, maintaining
basal plasma glucose concentrations (-5 mmol/L) during the
insulin clamp studies. Att =0, 120, 200, 220, 230 and 240 min,
blood samples were collected for determination of plasma
glucose, insulin, free fatty acid (FFA) and specific activity of
tritiated glucose.

A separate set of 240 min lasting control clamp experiments
without lipid infusion were performed to investigate the self-
amplifying effect of long-term clamping on insulin-mediated
glucose metabolism, since was glucose metabolism was not
constant during a240 min study!®. The experimental procedure
wasidentical to thelipid infusion clamps.

Analytical procedures

Plasmainsulin was measured by radioimmunoassay (RIA) using
rat insulin as standard (Linco Research, Inc. MO). Inter- and
intra-assay variations of theinsulin assay were 5.8% and 6.5%,
respectively. Enzymatic colorimetric kitswere used to determine
plasma concentration of FFA ( Wako Chemicals, Inc. VA). The
inter- and intra-assay variationswere 3.6% and 4.2%, respectively,
during measurement of plasma FFA. Plasmafor [3-*H]-glucose
radioactivity (150 pL) was deproteinized by barium hydroxide-
zinc sulphate, the supernatant was evaporated to dryness at
60 C to eliminate tritiated water and counted for 10 minin a
beta scintillation counter.

Calculations

Therate of exogenousinfused glucoseto maintain euglycaemia
during the steady-state period (from t = 180-240 min) was used
for the assessment of insulin action. All calculationswere carried
out in this period when the total amount of glucose taken up by
al tissues of the body was equal to the input of glucose into
the body. During this steady-state, when the rate of glucose
appearance (GRa) was equd to therate of glucose disappearance
(GRJd), the glucose turnover rate, which equaled to GRa and
GRd in mg/min, was ca culated by dividing the [3-*H]-glucose
infusion rate (dpm/mg) by the steady-state value of glucose
specific activity (dpm/mg). Under these conditions, the glucose
turnover rate was equal to the sum of the rates of exogenous
infused glucose and of hepatic glucose production (HGP). From
this equation the rate of HGP was calculated. Since urinary
glucose losswas not present, peripheral glucose uptake (PGU)
wastaken as glucose turnover rate which equal ed to exogenous

glucose infusion rate plusrate of HGP.

Statistical analysis

Data were presented with mean+SD. Comparisons between
groupswere made by the two-tailed Student’ st test. All statistical
analyses were performed using SPSS.

RESULTS

General characteristics of animals

There were no differences in the mean body mass between
control and lipid-infusion rats. Basic plasma concentrations of
glucose, insulin, and free fatty acids (FFA) were similar in the
two groups (Table 1).

Table 1 General characteristics of control and lipid-infusion
rats (n = 12, mean=SE)

Group Control Lipid-infusion
Body mass (g) 279+19 286+17
Fasting blood glucose (mmol/L) 5.2+0.1 5.1+0.2
Fasting plasma insulin (mU/L)  30.3x2.4 27.9%2.2
Fasting free fatty acids (umol/L) 672.5+92.2 741.9+50.6

Effects of surgery

As expected, following surgery catheterized animals lost
sgnificant weight during theinitial 24-h period, averaged 18+3g.
Following this catabolic stage they appeared well and normally
active. Food intake was qualitatively normal, and average daily
weight gain (-5g) closely resembled that of normal littermates
that did not undergo surgery.
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Figure 1 Time course of glucose infusion rate during hyperin-
sulinemic euglycemic clamping.
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Figure 2 Steady-state hepatic glucose production, glucose dis-
appearance rate, glucose infusion rate during hyperinsulinaemic-
euglycaemic clamp studies in control and lipid-infused rats.
®P<0.01, vs control.

Insulin clamp studies
A lipidinfusion of 4 h at arate of 1 mL/h was used to examine
the effect on plasmainsulin, FFA, periphera glucose uptake
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Table 2 Plasma parameters and glucose turnover data in control and lipid-infusion rats during euglycemic hyperinsulinemic

claming (mean+SE)

Clamping time (min)

Group Basal
120 200 220 230 240
Glucose (mmol/L)
Control (n = 12) 5.2+0.1 5.3+0.1 5.0+£0.2 5.240.1 5.2+0.2 5.4+0.2
Lipid (n = 12) 5.1+0.2 5.3+0.2 5.2+0.2 5.3+0.2 5.5+0.2 5.5+0.2
FFA (umol/L)
Control (n = 12) 672.5+92.2 642.3+104.8 240.6+20.9 221.3+27.4 201.8+29.8 183.1+21.4
Lipid (n = 12) 741.9450.6 2807.2+348.8 3086.9+495.2° 2518.8+416.7% 2241.2+431.0°  2346.4+238.5%
Insulin (mU/L)
Control (n = 12) 30.3+2.4 34.7+6.4 89.5+7.9 90.7+£7.4 88.3+5.9 101.3+6.3
Lipid (n = 12) 27.9+2.2 31.4+3.3 84.246.7 93.3+8.9 103.5+16.3 104.5+14.8
GIR (mg/kg: min)
Controls (n=12) 0 32.8+1.7 34.4+1.6 34.4+1.6 34.7+1.7
Lipid (n = 12) 12.741.3° 12.9+1.6° 12.9+1.8° 12.0+£1.9°
GRd (mg/kg-min)
Controls (n = 12) 19.0+4.5 43.1+6.1¢ 40.1+6.7¢ 35.5+6.8¢ 33.2+3.2¢
Lipid (n = 12) 18.7+3.0 36.3+3.1¢ 38.3+4.4¢ 32.4+4.5¢ 35.1+3.9¢
HGP (mg/kg-min)
Controls (n = 12) 19.0+4.5 14.2+4.9° 10.2+4.4¢ 3.1+1.9¢ 2.3+0.9¢
Lipid (n = 12) 18.7+3.0 23.4+4.3% 25.3+3.7% 21.5+3.5° 23.2+3.1M

FFA: free fatty acids. GIR: glucose infusion rate. GRd: glucose disappearance rate. HGP: hepatic glucose production. ®P<0.05;
®P<0.01 vs control; °P<0.05; 9P<0.01 vs Basal. The basal values of HGP were determined at 120 min.

and hepatic glucose production. During the euglycemic-
hyperinsulinemic clamps blood glucose concentrations remained
constant compared to the basal levels and were not different
between control and lipid infusion studies. Plasma insulin
concentrationsincreased similarly to-100 mU/L in both studies
(Table 2). The coefficients of variation in plasma glucose and
insulinlevelswere 4.8 and 7.6 % , respectively, inal studies. In
the control study the plasma concentration of FFAs dropped
by -65% oncethe euglycemic clamp was started, but it increased
approximately fourfold (from 741.9+50.6t02346.4+238.5umoal/L,
P<0.01) within 120 min of hyperinsulinemic clampinthelipid -
infused group (Table 2). Thetime course of the glucoseinfusion
rate (GIR) during insulinclampisshowninFigure 1. The GIRin
lipid infusion rats, compared to control rats, was significantly
reduced (200-240 min average: lipid infusion; 12.6+1.5 vs
control; 34.0+1.6 mg/kg-min, P<0.01, Table 2 and Figure 2),
declining to -35% of the corresponding control values during
thelast time of the clamp (240 min: lipid infusion; 12.0+1.9vs
control; 34.7+1.7 mg/kg-min, P<0.0001, Figure 1). After al4-h
fast there was no significant difference in HGP between the
two groups(19.0+4.5vs18.7+3.0 mg/kg-minin control andlipid-
infused rats, respectively). At the end of hyperinsulinemic-
euglycemic clamp study, the HGPin control ratswas significantly
suppressed (88%) from 19.0+4.5 (basal) to 2.3+0.9 mg/kg-min
(P<0.01, Table 2). The suppressive effect of insulin on HGP
wassignificantly bluntedin lipid-infused rats (180-240 min: lipid
infusion; from 18.7+3.0to 23.2+3.1 mg/kg-min P<0.05, Table 2).
Thetime courses of HGP for controlsand lipid-infused rats are
shown in Table 2. During the clamp, the GRd was significant
increased compared with basal values. Although the GRd had
no significant difference between the two groups, therewas a
slight decrease in lipid-infused rats compared with controls
(Table 2). Figure 2 shows the average values of HGP, GRd and
GIR during the clamp in control and lipid-infused rats.

DISCUSSION

Obesity isassociated with insulin resistance and hyperinsulinemia,
two important cardiovascular risk factors. What remains

uncertain is how obesity produces insulin resistance and
hyperinsulinemia. It has recently become clear, however, that
FFA plays a pivotal rolein this process. Although there are a
number of studies on this subject, the precise mechanisms of FFA
effect on insulin action are not completely understood. In the
present study we examined the effect of a4-h lipid infusion on
invivo insulin action in conscious rats, by the hyperinsulinaemic-
euglycaemic clamp technique, in combination with acontinuous
infusion of [3-*H]-glucose. This method is considered to be the
most suitable for the measurement of in vivo insulin. In our
hyperinsulinemic clamping, insulin infusion increased plasma
insulin levels to an approximate three-fold over basal insulin
level, whereas blood glucose was clamped at approximately
5.3mmoal/L inthecontrol and lipid infusion groups. PlasmaFFA
concentrations were suppressed by approximately -65% during
clampsin the control group. But in lipid infusion rats, the FFA
levels had arapid increase more than 3.8-fold over basal levels
and the increase was maintained to the end of hyperinsulinemic
clamp, suggesting that lipid infusion impaired the antilipolytic
action of insulin and promoted the release of fatty acids from
adipocytes or infused lipid. It is widely known that elevated
FFA levels could exert a deleterious effect on insulin’s overall
actions, and this has been demonstrated in both animals and
humang*?. The mechanisms underlying FFA-induced insulin
resistance are not very clear, but elevated plasmalevels of FFA
produced at least two distinct biochemical defects: inhibition
of insulin stimulated glucose transport and/or phosphorylation,
and inhibition of muscle glycogen systhase activity!3.

Inthe attempt to better our understanding of the pathophysiology
of lipid-induced insulin resistance, we examined the effect of
lipid infusions on HGP. We found that HGP was suppressed by
-88% in the controls during hyperinsulinaemic-euglycaemic
clamp, suggesting the impact of insulin on the suppression of
endogenous glucose production. However, HGP was not
significantly suppressed in lipid-infused rats. Thus, lipid
infusion elevated the levels of circulating FFA and elevated
FFA levelsinterfered with insulin’s ability to inhibit hepatic
glucose production. The increased hepatic glucose production
in response to lipid infusion suggested that an experimental
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elevation of circulating FFA levels could lead to hepatic insulin
resistance. On the other hand, during insulin clamp glucose
infusionrates (GIR), compared to control rats, weresignificantly
reduced to -35% of the corresponding control values during
the last time of the clamp. At clamping steady state, peripheral
glucose uptake was equa to the sum of the rates of exogenous
infused glucose (GIR) and hepatic glucose production (HGP).
If HGP was completely suppressed, peripheral glucose uptake
would equal to GIR (in controls). But, HGPwas not significantly
suppressed in lipid-infused rats, so periphera glucose uptake
wasequal to GRa, which equaled to HGP plusGIR. Totd glucose
uptake is the sum of glucose removal by insulin-dependent as
well as insulin-independent tissues. In the present study we
found therewasadight decreasein GRain lipid infusion groups,
athough thedatadid not reach statistical significance. Nonetheless,
the trend is obvious since the brain and splanchnic tissues use
glucose in an insulin-independent manner, roughly 750 g/L of
total glucose utilization is considered to be insulin-independent
in fasting condition. Thus, this might indicate that 4 h of lipid
infusioninduced apartial defect ininsulin-stimulated peripheral
glucose uptake, consistent with previous in vivo studies by
Kim et al.™. Considering the absence of HGP-suppressing effect
of insulin under lipid infusion condition, we concluded that an
experimental elevation of circulating FFA levelsby lipid/heparin
infusions could lead to peripheral and hepatic insulin resistance.
The mechanism of lipid-induced insulin resistance remains
poorly understood and may involve different IRS-1-associated
P13-kinase activation'™®, and the activity of IkB kinase-$3 (Ikk-B,
aknown serine kinasg)*4¢l,

In summary, the current studies showed that infusion of
lipid emulsions with heparin to acutely raise plasmafatty acid
concentrations could impaire the ability of insulin to stimulate
overall body glucose disposal and also interfered with insulin’s
ability to inhibit hepatic glucose production. Thus, we propose
that a sustained increase in circulating FFA causes a hepatic
insulin resistance, and may lead to a partial defect in insulin-
stimulated peripheral glucose uptake, which can be attributed
to lipotoxic effect on insulin action.
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