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consequences of hepatic denervation

Hermann J. Kisslera,b,T, Jqrgen Hauffena, René Henniga, Heike Geppa, Paul O. Schwillea
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Abstract

The liver plays a central role in glucose and lipid homeostasis. Because liver transplantation severs the hepatic nerves which influence

this function, we hypothesized that insulin resistance and hyperlipidemia develop after liver transplantation, thus increasing the

atherosclerotic risk. Therefore, we studied inbred rats 8 months after orthotopic liver transplantation (Tx, n = 39) or laparotomy (sham,

n = 37) by either oral glucose tolerance test (Tx, n = 13; sham, n = 8), meal tolerance test (Tx, n = 9; sham, n = 13), or euglycemic

hyperinsulinemic clamp with tritiated glucose infusion (Tx, n = 17; sham, n = 16). We found that liver transplantation significantly

increased basal hepatic glucose production (HGP) in the clamp study by 20% (37.3 F 2.2 vs 31.0 F 2.1 lmol kg-1d min-1, P b .05) and

fasting plasma low-density lipoprotein (LDL) cholesterol by 36% (0.79 F 0.06 vs 0.58 F 0.05 mmol/L, P b .05). However, it did not

affect HGP, total glucose uptake, metabolic clearance rate of insulin, and suppression of plasma nonesterified fatty acids, which were all

normal in response to rising plasma insulin concentrations in the dose-response clamp studies. The oral glucose tolerance test and meal

tolerance test also showed normal glucose and nonesterified fatty acids homeostasis with adequate pancreatic insulin secretion and hepatic

insulin clearance after liver transplantation. The only consequences of liver transplantation are increased basal HGP and plasma LDL

cholesterol, which may be caused by persistent vagal denervation of the liver. Although insulin resistance is absent, elevated plasma LDL

cholesterol increases the atherosclerotic risk.

D 2005 Elsevier Inc. All rights reserved.
1. Introduction

The liver plays an important role in glucose and lipid

homeostasis, in which efferent and afferent nerves influence

the hepatic regulation of glucose and cholesterol [1,2].

Efferent sympathetic and parasympathetic nerves have been

shown to control endogenous hepatic glucose production

(HGP) [3] and cholesterol biosynthesis [4,5]. As the hepatic

parasympathetic nerves also modulate hepatic insulin

extraction [6], pancreatic insulin secretion [6], and insulin

sensitivity of skeletal muscle [7], they determine the blood

levels and effects of insulin. Thus, by influencing circulating

glucose, cholesterol, and insulin levels as well as peripheral

insulin sensitivity, hepatic nerves constitute a powerful

regulator of glucose and lipid metabolism. This gets lost
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after liver transplantation which results in persisting intrinsic

hepatic denervation [8,9].

Although impaired glucose metabolism and hyperlipid-

emia have been well documented after liver transplantation,

they are mainly attributed to the immunosuppressive

treatment [10]. Thus, only a few studies qualify for inter-

preting the effect of hepatic denervation on glucose and

lipid metabolism. Severe postprandial hyperglycemia of

liver-transplanted versus kidney-transplanted patients has

been reported, which was attributed to insulinopenia

resulting from increased insulin clearance secondary to

hepatic denervation [11]. Increased hepatic insulin clear-

ance was also confirmed after liver transplantation of

patients with chronic liver disease in several other studies

[12-14]. However, only minor other metabolic changes

have been reported. These comprised increased h-cell
secretion [13-15], decreased fasting HGP despite hyper-

glucagonemia, as well as defective counter-regulation

during hypoglycemia [12]. However, h-cell hypersecretion
and elevated hepatic insulin clearance could have also been
xperimental 54 (2005) 881–890
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caused by persistence of hemodynamic abnormalities of

chronic liver disease. This has been suggested, because the

kinetic behavior of C-peptide, which is an indirect measure

of prehepatic insulin clearance, was normal in the

frequently sampled intravenous glucose tolerance test after

liver transplantation of patients with acute liver failure [16].

Insulin-dependent glucose metabolism has been found to be

essentially normal as evidenced by insulin-clamp studies

showing normal inhibition of endogenous glucose produc-

tion and normal peripheral glucose disposal [12,15,17] and

by studies with the frequently sampled intravenous glucose

tolerance test documenting normal insulin sensitivity

[13,14,16]. The finding of seemingly normal insulin

sensitivity after clinical liver transplantation is at odds with

the observation in animal studies, in which complete and

vagal hepatic denervations result in insulin resistance by

disrupting a neurogenic insulin-sensitizing mechanism

[18-23]. As the latter data strongly suggest that the

cholinergic liver nerves are mandatory for full insulin

sensitivity, a defect may have been missed in clinical

studies. This could have simply been caused by persisting

metabolic alterations of the liver disease and immunosup-

pressive and other medications. However, it could have

also been caused by the tests applied, because the dose-

response characteristics for the effects of insulin on HGP

and total glucose uptake have not been determined [24].

Although it is not yet definitely clarified how severe

hepatic denervation affects metabolism after liver trans-

plantation, it has been proven that insulin resistance is a

major risk factor for atherosclerosis development and that

hyperlipidemia increases cardiovascular morbidity and

mortality after liver transplantation [25,26]. The present

study was therefore designed to investigate the long-term

consequences of hepatic denervation on glucose and lipid

metabolism after liver transplantation to establish whether

insulin resistance and hyperlipidemia develop, which

would increase the atherosclerotic risk. Use of an inbred

rat model made it possible to establish the sole effect of

graft denervation on glucose and lipid metabolism in-

dependently of immunosuppression and liver disease.

Liver-transplanted and sham-operated groups were studied

8 months after surgery. Oral glucose tolerance test

(OGTT) and meal tolerance test (MTT) served to assess

insulin response to oral glucose and to normal diet

challenge. Insulin dose-response clamp studies were used

to establish for the first time to the best of our knowledge

the dose-response characteristics for insulin action on total

glucose uptake.
2. Materials and methods

The animal studies described in this work complied with

the current German law on the protection of animals, and all

were approved by the Governmental Animal Care and

Use Committees.
2.1. Experimental groups

Highly inbred male Wistar-Lewis rats (Charles River

Breeding Laboratories, Sulzfeld, Germany), 12 weeks old

on entry into the study, were used. They were housed in an

environmentally controlled room with a 12-hour light/dark

cycle and had free access to tap water and standard rat food

(1320, pelleted rat maintenance diet, Altromin, Lage,

Germany). The rats were randomly assigned to 1 of 2

groups: orthotopically liver-transplanted rats (Tx , n = 39)

and laparotomized rats (sham, n = 37).

2.2. Orthotopic liver transplantation

Using ether anesthesia, the liver was transplanted

according to the technique described by Engemann [27].

In short, the liver was harvested from an age-matched donor

rat together with a segment of the inferior vena cava, portal

vein, common bile duct, and aorta including the celiac and

hepatic artery. After removal of the recipient’s liver, the

graft was transplanted orthotopically by anastomosing in an

end-to-end fashion suprahepatic inferior vena cava, portal

vein, and infrahepatic inferior vena cava, in that order. The

graft aorta was then anastomosed to the recipient’s infrarenal

aorta in an end-to-side fashion. Finally, the bile duct was

joined with a stent (Vasofix Braunqle, 1.0 mm/20 G; Braun,

Melsungen, Germany).

2.3. Implantation of indwelling catheters

Eight months after the first operation, the rats were again

anesthetized with ether, and indwelling catheters were

inserted so that the animals could be studied in the awake

unstressed state [28]. Rats later on subjected to OGTT or

MTT received indwelling silastic catheters (Thomafluid-

Silikon-Hochtemperatur-Chemieschlauch High Flexible,

0.5 -mm inner diameter � 0.9-mm outer diameter and

1.0-mm inner diameter� 1.4-mm outer diameter for vascular

and oral insertion, respectively) in the left carotid artery, left

jugular vein, and in the mouth [29]; in those rats subjected

to undergo the euglycemic hyperinsulinemic clamp study,

silastic catheters were implanted in the left carotid artery and

both jugular veins.

2.4. Oral glucose tolerance test

One week after insertion of the catheters, when the rats

returned to a normal body weight gain, the first OGTT was

done in 8 animals of the sham and 13 animals of the Tx

group as previously described [29]. Briefly, at 8 pm, after

12 hours of food deprivation, glucose 2 g/kg body weight

was infused as 50% solution via the intraoral catheter over

1.5 minute by pump (model 5003; Precidor Infors, Basel,

Switzerland). Blood samples were obtained from the left

carotid catheter at 30 and 10 minutes before the start of the

glucose infusion (0 minute) and after 30, 60, 90, 120, 150,

and 180 minutes. One week later, when animals had fully

recovered, the test was repeated to determine glucose,

nonesterified fatty acids (NEFA), insulin, C-peptide, and



Table 1

Triglycerides, total cholesterol, and cholesterol lipoprotein concentrations

in fasting plasma of sham-operated (Sham) or orthotopically liver-

transplanted (Tx) rats

Sham (n = 35) Tx (n = 35)

Triglycerides (mmol/L) 0.92 F 0.06 0.84 F 0.07

Total cholesterol (mmol/L) 2.35 F 0.06 2.39 F 0.05

HDL cholesterol (mmol/L) 1.40 F 0.07 1.25 F 0.06

LDL cholesterol (mmol/L) 0.58 F 0.05 0.79 F 0.06T
LDL cholesterol/HDL cholesterol 0.47 F 0.04 0.77 F 0.10T
Total cholesterol/HDL cholesterol 1.75 F 0.05 2.04 F 0.10

Data are means F SEM.

T P b .05 vs sham.
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fasting glucagon concentrations in the pooled plasma of the

same rat.

2.5. Meal tolerance test

One week after catheter insertion, 13 rats of the sham and

9 rats of the Tx group were deprived of food during daytime

and received 3 g of the standard rat diet (1320, powdered rat

maintenance diet, Altromin) per kilogram of body weight as

60% solution via the intraoral catheter over 30 minutes

using the Precidor pump. Blood samples were taken at the

same time points and for the same variables as in the OGTT.

The test was repeated after 1 week to measure variables in

the pooled plasma of the same rat.

2.6. Euglycemic clamp study

Insulin-mediated whole body glucose uptake was mea-

sured 1 week after catheter placement in the evening after

12 hours of food deprivation using the euglycemic clamp in

combination with tritiated glucose infusion, as previously

described [30]. Briefly, 60 minutes before starting the insulin

clamp, a primed (111 kBq) continuous (3.7 kBq/min)

infusion of tritiated glucose (Amersham Buchler, Braunsch-

weig, Germany; specific activity 488 GBq/mmol, high-

performance liquid chromatography-purified approximately

99.2%) was started and continued throughout the study. At

time 0, a continuous infusion of porcine insulin (Insulin S;

Hoechst, Frankfurt am Main, Germany) was administered at

time 0 to 130 minutes. The insulin infusion rate varied over a

10-fold range (14, 22, 29, 86, and 129 pmol kg-1d min-1) to

increase the plasma insulin concentration to approximately

574, 718, 1292, 5023, and 10763 pmol/L in the respective

clamp studies. Avariable infusion of 25% glucose was started

at time 0 and adjusted to clamp the plasma glucose

concentration at 5.8 mmol/L. Plasma samples for the

determination of tritiated glucose specific activity were

obtained from the arterial catheter at 5- to 10-minute intervals

from �30 to 0 minutes and at 10-minute intervals after

starting the insulin infusion. Arterial plasma samples for

measurement of insulin, C-peptide, andNEFA concentrations

were taken at�10,�5, 110, 120, and 130 minutes during the

study. As in the OGTTandMTT, after removal of the plasma,

the packed blood cells were resuspended in heparinized

saline, and the equivalent volume reinfused after each blood

sampling to prevent blood volume depletion and anemia.

Initial and final hematocrit values were similar in all studies

(data not shown). Studies were repeated at 7-day intervals as

established by Smith et al [28]. No radioactivity was detected

in plasma samples from restudied rats before the start of the

repeat clamp study. Sixteen sham and 17 Tx rats were used in

32 studies, respectively, in which a steady state was reached

during the insulin infusion, and in 3 and 5 studies in which

glucose specific activity only attained a steady state in the

basal state. Hereby, 2 sham and 5 Tx rats were studied once,

9 sham and 5 Tx rats twice, 5 sham and 6 Tx rats thrice, and

1 Tx rat 4 times.
2.7. Collection of blood and tissue samples

Nine months after liver transplantation or sham operation,

food was withheld for 12 hours overnight, and the animals

were laparotomized under ether anesthesia and exsangui-

nated from the infrarenal aorta. Blood samples were collected

into prechilled tubes containing either no additive or 2.5 mg

EDTA and 500 U Trasylol (aprotinin; Bayer, Leverkusen,

Germany) per 1 mL of blood to obtain serum and plasma. The

liver was quickly removed, immediately frozen in liquid

nitrogen, and stored at �808C, whereas serum and plasma

were stored at �308C.

2.8. Analytical procedures

The plasma glucose level was measured using the glucose

oxidase method (Glucose Analyzer 2; Beckman Instruments,

Munich, Germany). Established laboratory methods were

used for the determination of total bilirubin and trans-

aminases in serum, total cholesterol, high-density lipoprotein

(HDL) cholesterol, triglycerides, and NEFA in plasma.

Plasma immunoreactive insulin was measured by radioim-

munoassay (radioimmunoassay kit, Linco Research Inc, St

Charles, Mo), using an antibody cross-reacting equally with

rat and porcine insulin. Radioimmunoassays were also used

to determine plasma C-peptide and glucagon [31,32]. Plasma

tritiated glucose radioactivity was measured in duplicate on

the supernatants of barium hydroxide–zinc sulfate precip-

itates (Somogyi procedure) of plasma samples after evapo-

ration to dryness to eliminate 3H2O. Two separate aliquots of

the tracer infusate underwent the Somogyi procedure and

were counted together with the plasma samples for 1 minute

in a liquid scintillation spectrophotometer. After thawing at

48C, tissue specimens were taken periportally at random from

one of the liver lobes in 6 Tx and 6 sham rats. Then, samples

were immersed in ice-cold 6 mol/L perchloric acid and

homogenized. After incubation and centrifugation (20000g)

for 15 minutes at 48C, respectively, the supernatant was

stored at �808C after mixture with sodium phosphate buffer

(0.5 mol/L, pH 6.5) until determination of the norepinephrine

content by high-performance liquid chromatography [33].

2.9. Calculations and statistics

Low-density lipoprotein (LDL) cholesterol was calcu-

lated as follows: LDL cholesterol (mmol/L) = plasma
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total cholesterol � (plasma triglyceride/2.2) � plasma

HDL cholesterol.

For plasma glucose, NEFA, insulin, and C-peptide, the

incremental area under the respective curves achieved in the

period from 0 to 180 minutes during OGTT and MTT was

assessed by the trapezoidal method. The hepatic insulin

clearance was calculated from the molar ratio of the
Fig. 1. Arterial plasma levels of glucose, NEFA, insulin, and C-peptide in 13 orth

(OGTT), and in 9 Tx and 13 sham rats after 3g/kg standard rat diet (MTT) (Tx,
integrated responses of C-peptide and insulin. The ratio of

the integrated incremental response of insulin and of

glucose was taken as insulinogenic index.

Data for total body glucose uptake and suppression of

HGP represent the mean values during the last 20 minutes

(110- to 130-minute period) of the euglycemic clamp

studies when tritiated glucose specific activity had reached
otopically liver-transplanted (Tx) and 8 sham rats after 2 g/kg oral glucose

!; sham, n). Data are means F SEM; *P b .05, Tx versus sham.



Table 2

Data of OGTT and MTT

Sham (n = 8 and 13

in OGTT and

MTT, respectively)

Tx (n = 13 and 9

in OGTT and

MTT, respectively)

Body weight (g)

OGTT 485 F 4 496 F 4

MTT 458 F 5 450 F 6

Glucose (mmol/L per min)

OGTT 332 F 19 311 F 16

MTT 167 F 14 125 F 11T
NEFA (mmol/L per min)

OGTT �32 F 3 �27 F 2

MTT �15 F 2 �15 F 3

Insulin (nmol/L per min)

OGTT 210 F 18 249 F 29

MTT 52 F 7 37 F 6

C-peptide (nmol/L per min)

OGTT 139 F 14 115 F 8

MTT 68 F 5 46 F 5T
Hepatic insulin clearance

OGTT 0.7 F 0.1 0.5 F 0.1

MTT 0.6 F 0.9 1.0 F 0.4

Insulinogenic index (pmol/mmol)

OGTT 651 F 58 822 F 89

MTT 350 F 52 319 F 77

Data are means F SEM.

T P b .05 vs sham.
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a steady-state plateau. During this steady state, when the

rate of glucose appearance is equal to the rate of glucose

disappearance, the total body glucose uptake was calculated

by dividing the tritiated glucose infusion rate by the steady-

state value of glucose specific activity. Under these

conditions, total body glucose uptake is equal to the sum

of the rates of exogenous glucose infusion and HGP. From
Table 3

Body weight, specific activity of glucose, glucose, NEFA, insulin, C-peptide in p

Group Insul

0 (Basal) 14 22

Sham

n 16 5

BW (g) 461 F 10 481 F 11 46

Glucose (mmol/L) 5.9 F 0.1 5.9 F 0.1 6.

SA (cpm/mmol) 59.7 F 8.0 38.0 F 2.2 29.

NEFA (lmol/L) 894 F 55 730 F 60 48

Insulin (pmol/L) 205 F 26 658 F 103 79

C-peptide (pmol/L) 311 F 26 8 F 3

HGP (lmol kg-1d min-1) 31.0 F 2.1 18.6 F 8.1 25.

Tx

n 17 6

BW (g) 462 F 7 451 F 13 46

Glucose (mmol/L) 5.8 F 0.1 5.8 F 0.2 5.

SA (cpm/mmol) 62.1 F 6.7 42.2 F 3.7 35.

NEFA (lmol/L) 854 F 47 457 F 102 56

Insulin (pmol/L) 206 F 20 582 F 86 87

C-peptide (pmol/L) 284 F 28 11 F 4

HGP (lmol kg-1d min -1) 37.3 F 2.2T 18.1 F 8.5 29.

Data are means F SEM; n Indicates, number of rats; BW, body weight; glucose, st

steady-state NEFA; insulin, steady-state plasma insulin; C-peptide, steady-state p

T P b .05 vs sham.
this equation, the rate of HGP can be calculated. In the

basal state, HGP was determined by dividing the tritiated

glucose infusion rate by the steady-state plateau of glucose

specific activity achieved during the last 10 minutes of the

basal period. The validity of the measurement of HGP by

tritiated glucose infusion and the reproducibility of the

euglycemic clamp studies in the rat have been shown

previously [28,34]. The metabolic clearance rate (MCR) of

insulin measured by the constant infusion technique was

calculated by dividing the infusion rate of insulin by the

mean steady-state insulin concentration [35]. This calcula-

tion is based on the assumption that endogenous insulin

production is suppressed during insulin infusion, as

evidenced by a decrease of C-peptide to values near the

detection limit.

All values were represented as arithmetic means F SEM;

the pooled mean data for each animal were used in the basal

state of the clamp studies. The significance (P b .05) of

group differences was examined using the Student t test or

the Mann-Whitney rank sum test for unpaired observations,

as appropriate.
3. Results

3.1. Body weight, and liver function and innervation

The body weight of liver-transplanted and sham rats was

comparable preoperatively (313F 3 g in Tx vs 320F 4 g in

sham) and 9 months after surgery at the end of the study

period (506 F 11 g in Tx vs 498 F 7 g in sham). Therefore,

they gained weight similarly (194 F 9 g in Tx vs 183 F 8 g

in sham). During the OGTT, MTT, and clamp study, both

groups also had similar body weights (Tables 2 and 3).
lasma, and HGP during the euglycemic clamp studies

in infusion rate (pmol kg-1d min-1)

29 86 129

6 7 7 7

2 F 11 485 F 12 450 F 30 465 F 14

0 F 0.2 6.0 F 0.2 5.7 F 0.1 5.8 F 0.1

2 F 3.5 23.1 F 4.5 – –

7 F 34 473 F 69 317 F 48 295 F 29

7 F 172 1292 F 167 4626 F 571 11247 F 729

3 F 0 3 F 0 5 F 1 5 F 1

8 F 9.1 8.9 F 10.5 – –

5 5 7 10

8 F 12 457 F 19 473 F 12 468 F 12

8 F 0.1 6.0 F 0.1 6.0 F 0.1 5.6 F 0.2

5 F 1.1 30.7 F 3.8 – –

5 F 48 367 F 96 245 F 45 268 F 27

1 F 63 1304 F 139 5977 F 616 11237 F 993

6 F 2 4 F 0 5 F 1 6 F 2

3 F 11.7 3.9 F 8.3 – –

eady-state plasma glucose; SA, steady-state glucose specific activity; NEFA,

lasma C-peptide.
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Liver function was normal after transplantation as

evidenced by unchanged serum levels of aspartate amino-

transferase (25.9 F 1.0 U/L in Tx vs 31.1 F 2.0 U/L in

sham), alanine transferase (11.9 F 0.5 U/L in Tx vs 13.5 F
0.6 U/L in sham), and total bilirubin (1.1 F 0.1 lmol/L in

Tx vs 1.1 F 0.1 lmol/L in sham). The significantly

decreased norepinephrine content of the liver (2 F 1 ng

per 100 mg in Tx vs 14 F 2 ng per 100 mg in sham; P b

.01, n = 6, respectively) indicated persisting sympathetic

denervation 9 months after transplantation.
Fig. 2. Plasma glucose and exogenous glucose infusion rate in 17 orthotopically li

clamp. Data are means F SEM. Insulin infusion rates are indicated.
3.2. Fasting plasma lipids

See Table 1. Plasma triglycerides were similar in Tx and

sham rats. Although total cholesterol and HDL cholesterol

were similar in both groups, LDL cholesterol was signifi-

cantly increased by 36% in Tx versus sham rats. Conse-

quently, the ratio of LDL and HDL cholesterol was

significantly higher in Tx versus sham rats, and the ratio

of total cholesterol and HDL cholesterol showed the same

trend, however, without reaching statistical significance.
ver-transplanted (Tx) and 16 sham rats during euglycemic hyperinsulinemic



Fig. 3. Dose-response relationships in the steady state of the euglycemic

clamp studies between plasma insulin concentration and glucose infusion

rate, between plasma insulin concentration and total glucose uptake, and

between insulin infusion rate and MCR of insulin in orthotopically liver-

transplanted (Tx, !) and sham-operated (sham, n) rats. Data are means F
SEM; *P b .05, Tx vs sham.
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3.3. Oral glucose tolerance test

In the basal state and after oral glucose, both groups had

similar arterial plasma glucose, NEFA, insulin, and C-

peptide concentrations (Fig. 1). Fasting plasma glucagon

levels were also similar in Tx and sham group (43 F 5 vs

53 F 6 ng/L). Consequently, transplantation preserved all

integrated responses, the hepatic insulin clearance, and the

insulinogenic index (Table 2).

3.4. Meal tolerance test

Despite preserved basal arterial plasma glucose and NEFA

levels, basal plasma insulin and C-peptide levels were sig-

nificantly lower in Tx versus sham rats (Fig. 1). It has to be

noted that this difference in basal levels only occurred in this

test. After meal ingestion, Tx rats had also lower plasma

insulin and C-peptide levels (Fig. 1). However, the normal

insulinogenic index of Tx rats indicates adequate insulin

release. This was correctly adjusted to the significantly lower

integrated incremental response (IIR) of glucose, resulting

from an earlier decline of the arterial plasma glucose levels in

Tx versus sham rats (Table 2, Fig. 1). Consequently, the IIR of

C-peptide was significantly lower after transplantation, and

the IIR of insulin tended to be lower because the hepatic in-

sulin clearance of Tx rats remained unchanged (Table 2). It

has to be noted, however, that the hepatic insulin clearance

had a very large SEM. Taken together, the results of the MTT

indicate that the glucose tolerance remained normal after liver

transplantation, although it is intriguing that the insulino-

genic index went different directions in the MTT and OGTT.

3.5. Euglycemic hyperinsulinemic clamp study

Basal and steady-state arterial plasma glucose, its

specific activity, insulin, and C-peptide concentrations were

similar in both groups (Table 3). The coefficients of

variation for steady-state plasma glucose and insulin were

6%F 1% and 33%F 3%, respectively. The MCR of insulin

was unchanged after transplantation (Fig. 3). Plasma NEFA

levels were comparable in the basal state and declined

similarly after hyperinsulinemia in sham and Tx rats. After a

12-hour fast, the basal HGP was elevated by 20% in Tx

versus sham rats, whereas the HGP was similarly sup-

pressed in both groups during the insulin infusions (Table 3).

As the calculation of HGP rendered negative values in the 2

higher insulin infusion studies, HGP was thought to bottom

out at an insulin infusion rate of 86 pmol kg-1dmin-1.

Therefore, these values were not given (Table 3), and the

glucose infusion rate was assumed to adequately represent

the total glucose uptake in the 2 higher insulin infusion

studies at 86 and 129 pmol kg-1dmin-1 (Fig. 3). In the basal

state, HGP equals total glucose uptake, which thus was also

elevated in the Tx versus sham rats (Fig. 3). The mean

glucose infusion rate reached a plateau 110 to 130 minutes

after the start of the insulin infusion (Fig. 2). Tx and sham

rats had similar glucose infusion rates during steady state

(final 20 minutes of the clamp) at the respective clamp levels
(Fig. 3). This is in accordance with the similar total glucose

uptake in both groups after hyperinsulinemia (Fig. 3). The

total glucose uptake rose to 68.1 F 10.0, 82.0 F 9.9, 92.2F
5.4, 124.5 F 4.3, and 132.6 F 7.1 lmol kg-1dmin-1 in Tx ,

and to 58.5 F 2.3, 94.4 F 10.5, 82.8 F 8.8, 125.5 F 12.5,

and 119.4 F 6.6 lmol kg-1d min-1 in sham rats at a steady-

state plasma insulin concentration of approximately 574,

718, 1292, 5023, and 10763 pmol/L. The maximal rate of
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total glucose uptake (133 lmol kg-1d min-1 in Tx vs 137

lmol kg-1dmin-1 in sham) and the half-maximally effective

plasma insulin concentration for total glucose uptake (533

pmol/L in Tx vs 701 pmol/L in sham), which were

calculated from averaged group values, were comparable

in Tx and sham rats. This suggests that insulin resistance

was absent after liver transplantation.
4. Discussion

The question addressed in the present study in inbred rats

was whether and how the graft denervation affects long-

term glucose and lipid metabolism after liver transplanta-

tion, that is, whether insulin resistance and hyperlipidemia

develop and increase the atherosclerotic risk. The only

derangements found in our studies after transplantation are a

20% increase of HGP in the euglycemic hyperinsulinemic

clamp study and a 36% increase of the fasting plasma LDL

cholesterol level. Thus, our findings indicate that in the

present work, liver transplantation prevents insulin resis-

tance but causes hyperlipidemia by elevating plasma LDL

cholesterol levels, which alone would be sufficient to

increase the atherosclerotic risk.

The increased basal HGP and plasma LDL cholesterol

after liver transplantation in our study could at least partially

be explained by persisting denervation of the liver. Hereby,

the loss of the inhibitory effect of the parasympathetic

nervous system on basal HGP outweighed the loss of the

promoting effect of the sympathetic nervous system. This is

supported by studies, reporting that hepatic vagotomy

increased basal HGP in rats, whereas parasympathetic

activation by electrical stimulation of the hepatic nerve

reduced HGP in cats with chemically sympathectomized

livers [36,37]. Although hepatic denervation up-regulates

HGP in the basal state, it spares the response of HGP to

hyperinsulinemia. This is evidenced by our findings in the

clamp studies that rising plasma insulin levels normally

suppressed HGP after liver transplantation. These results are

in line with the correct regulation of HGP by hyper-

insulinemia, reported after hepatic vagotomy in rats and

after clinical liver transplantation [12,17,36]. Our finding of

increased plasma LDL cholesterol in the presence of only

marginally higher total plasma cholesterol after liver

transplantation is similar to that reported after vagotomy

of diabetic rats [4]. The only discrete derangement of the

cholesterol metabolism after liver transplantation may be

caused by the fact that rats are normally not cholesterole-

mia-prone. Thus, the rat is not a particularly good model for

cholesterol metabolism. However, the disrupted hepatic

vagus nerve seems at least partially responsible for the

increased LDL cholesterol after liver transplantation.

Although the increased basal HGP and plasma LDL

cholesterol and the decreased norepinephrine content of the

liver confirm hepatic denervation after transplantation,

insulin resistance did not develop in our study in contrast

to reports from animal models of hepatic denervation
[18-23]. Insulin resistance was attributed in those studies

to interruption of a neurogenic insulin-sensitizing mecha-

nism. Using the rapid insulin sensitivity test, which is a

rapidly sampled euglycemic clamp in response to a pulse of

insulin, Lautt [7] was the first to suggest that postprandial

insulin initiates a hepatic parasympathetic- and nitric oxide–

mediated reflex resulting in the release of a hormone from

the liver, termed hepatic insulin-sensitizing substance

(HISS), which stimulates insulin-mediated glucose uptake

in skeletal muscle. Although the hyperinsulinemic euglyce-

mic clamp studies of Porszasz et al [23] failed to

demonstrate that a parasympathetic reflex was involved in

the HISS mechanism, they confirmed its sensitivity to nitric

oxide and identified HISS as somatostatin, released from

capsaicin-sensitive sensory fibers in the anterior hepatic

plexus. Thus, HISS action can readily be detected in rats

with the hyperinsulinemic euglycemic clamp, which is the

gold standard of measuring insulin sensitivity [38].

Therefore, we used this method in conjunction with

tritiated glucose infusion to determine the dose-response

relationship between plasma insulin and total body glucose

uptake. This parameter is a better index of tissue sensitivity

to insulin than the exogenous glucose infusion rate used by

Porszasz et al [23], because it takes into account the rate of

endogenous glucose production by the liver which is quite

significant in the rat and may be impaired in insulin-resistant

states. As we have demonstrated that the suppression of

HGP was similar in response to rising insulin levels in the

Tx and sham groups, the glucose infusion rate can also be

used as insulin sensitivity index in our study. The glucose

infusion rate can thus be compared between our second

lower dose clamp study (22 pmol kg-1dmin-1) and the higher

dose clamp of Porszasz et al (97 pmol kg-1dmin-1) because

both studies had a plasma insulin plateau of approximately

718 pmol/L in common [23]. Despite the difference in body

weight, fasting time, and anesthesia, our sham and their

control group [23] had similar glucose infusion rates (68.6

vs 72.2 pmol kg-1dmin-1). On the contrary, the glucose

infusion rate was only insignificantly decreased by approx-

imately 14% after liver transplantation in our study, whereas

it was significantly lowered by approximately 40% after

chronic denervation of the anterior hepatic plexus in the

study of Porszasz et al [23]. This suggests that insulin

resistance was absent after liver transplantation in our study.

That insulin action was in fact normal after liver transplan-

tation in our study is corroborated by the similar findings of

the complete dose-response curves for the effects of insulin

on glucose uptake in Tx and sham rats. The unchanged

maximal rate of insulin-mediated glucose uptake hereby

indicates normal insulin responsiveness after liver trans-

plantation, as the also preserved half-maximally effective

insulin concentration for glucose uptake also indicates

normal insulin sensitivity. That insulin sensitivity remains

normal is in line with reports after clinical liver transplan-

tation [12,15,17]. However, these studies evaluated insulin

action at only 1 or 2 insulin doses in the physiological
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concentration range of insulin [12,15,17], whereas our study

determined the complete dose-response characteristics for

the effects of insulin on glucose uptake. Furthermore, our

findings of comparable glucose tolerance of Tx and sham

rats in the OGTT and MTT confirm that liver transplantation

actually preserves normal insulin action on glucose metab-

olism also under physiological conditions of food intake.

Although insulin resistance is generally defined as

impaired action of insulin on glucose uptake, it is almost

always linked to changes in lipid metabolism. Circulating

NEFA released from adipose tissue are usually elevated in

insulin resistance and have been suggested to aggravate this

state by inhibiting glucose uptake, glycogen synthesis, and

glucose oxidation and by increasing HGP [39]. Normal

plasma NEFA concentrations after liver transplantation in

our OGTT, MTT, and clamp studies thus indicate normal

insulin action on lipid metabolism. Furthermore, the NEFA

flux to the liver influences hepatic insulin clearance and

thus controls circulating insulin levels [40]. This at least

partially explains why hepatic insulin clearance, given either

as molar ratio of the integrated responses in the OGTT and

MTT or as clearance rate in the clamp studies, remained

unchanged after liver transplantation in our study. It also

confirms the finding that insulin clearance was unaffected by

liver transplantation in patients without chronic liver disease

[16]. Other alterations in lipid metabolism commonly

associated with insulin resistance, that is, elevated plasma

triglyceride and decreased plasma HDL cholesterol levels

[41], were absent in our Tx animals. Thus, the isolated

increase in plasma LDL cholesterol after transplantation in

our study is rather an indicator of denervation than of

impaired insulin action.

In conclusion, the present study shows that liver

transplantation increases basal HGP and fasting LDL

cholesterol concentration but avoids insulin resistance.

Although the consequences of the elevated basal HGP seem

negligible, the elevated LDL cholesterol concentration

increases the atherosclerotic risk after liver transplantation.
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