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Abstract Glucose metabolism is adversely affected in
patients following major surgery. Patients may develop
hyperglycemia due to a combination of surgical stress and
postoperative insulin resistance. A randomized trial was
conducted to elucidate the effect of preoperative supple-
mentation with carbohydrates and branched-chain amino
acids on postoperative insulin resistance in patients
undergoing hepatic resection. A total of 26 patients
undergoing a hepatectomy for the treatment of a hepatic
neoplasm were randomly assigned to receive a preopera-
tive supplement of carbohydrate and branched-chain amino
acid-enriched nutrient mixture or not. The postoperative
blood glucose level and the total insulin requirement for
normoglycemic control during the 16 h following hepatic
resection were determined using the artificial pancreas
STG-22. Postoperative insulin requirements for normo-
glycemic control in the group with preoperative nutritional
support was significantly lower than that in the control
group (P = 0.039). There was no incidence of hypogly-
cemia (<40 mg/dL) observed in patients, including those
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with diabetes mellitus, when the STG-22 was used to
control blood glucose levels. STG-22 is a safe and reliable
tool to control postoperative glucose metabolism and
evaluate insulin resistance. The preoperative oral admin-
istration of carbohydrate and branched-chain amino acid-
enriched nutrient is of clinical benefit and reduces
postoperative insulin resistance in patients undergoing
hepatic resection.
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Introduction

Strict control of blood glucose levels in patients following
major surgery reduces both morbidity and mortality
(Van den Berghe et al. 2001, 2003). In addition, adverse
effects on glucose metabolism are prevented in patients
undergoing a hepatectomy and in whom liver function is
inevitably compromised by providing perioperative nutri-
tional support (Fan et al. 1994). Postoperative parenteral
nutrition with intensive insulin therapy is, therefore, pro-
vided for patients while they are in a surgical intensive care
unit (ICU). However, it is difficult to strictly control blood
glucose levels, and thus postoperative hyperglycemia is
commonly seen in critically ill patients (Cely et al. 2004;
McCowen et al. 2001), even in those without glucose
intolerance (Capes et al. 2000). Surgical stress is a major
causative factor of hyperglycemia (Huo et al. 2003), as is
disruption in liver metabolism and in the immune system,
resulting in impaired recovery of patients (Little et al.
2002). Hypoglycemia is often also encountered in patients
following high-risk surgery (Van den Berghe et al. 2001,
2003), since there is no reliable technique for avoiding this
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condition during intensive insulin therapy (Brunkhorst
et al. 2008).

Hyperglycemia can also result from insulin resistance, a
central feature of postoperative metabolism, as glucose
uptake by skeletal muscle, adipose tissue and liver is inhib-
ited (Svanfeldt et al. 2008). Insulin resistance after major
surgery has been well documented and its development is
related to the magnitude of surgery (Thorell et al. 1993).
Insulin infusion support to maintain normal glucose levels
reduces morbidities and mortality rates in critically ill
patients. Since postoperative glucose metabolic disturbance
further worsens because of insulin resistance, the preopera-
tive improvement of whole-body insulin resistance should be
required. Interestingly, preoperative oral administration of
carbohydrate reduces postoperative insulin resistance in
patients with colorectal resection (Svanfeldt et al. 2008).
Furthermore, a short-term infusion of amino acids following
colorectal surgery appeared to reduce insulin resistance,
since endogenous glucose production and glucose clearance
were decreased (Donatelli et al. 2006). However, it is
uncertain whether preoperative supplementation of carbo-
hydrate and branched-chain amino acids (BCAA) improves
postoperative insulin resistance. To address this question, a
randomized clinical trial was performed in which patients
received a supplement of carbohydrate and BCAA prior to
undergoing a hepatectomy. An artificial pancreas was then
used to precisely quantify the exogenous insulin that was
required to maintain normoglycemic status in postoperative
patients at a surgical ICU.

Fig. 1 Recruitment for
randomized trial

Methods
Patients

The present study employed 26 patients who underwent
elective liver resection for the treatment of hepatocellular
carcinoma or adenocarcinoma (Fig. 1). Patient exclusion
criteria were body weight loss greater than 10% during the
6 months prior to surgery, the presence of distant metas-
tases, or seriously impaired function of vital organs due to
respiratory, renal or heart disease. The patients were
informed of the purpose and details of the study, and
written consent was obtained from them prior to enroll-
ment. The study was approved by the local ethics com-
mittee at the Kochi Medical School and carried out in
accordance with the Helsinki Declaration. All studies were
performed at the Kochi Medical School between April
2007 and December 2007.

Laboratory investigations and operative parameters

A complete physical examination was undertaken and the
clinical history obtained from all patients. Laboratory tests
included the measurement of serum levels of albumin, total
bilirubin, total cholesterol, and alanine and aspartate ami-
notransferases, as well as peripheral blood cell counts,
prothrombin time and the retention of indocyanine green at
15 min (ICG15). Infectious status with hepatitis B and C
viruses (HBV and HCV) were examined in all patients by
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g;la)\:ﬁelter}s)rz(f)iﬁ:taiz:tz clinical Parameters éEEI 21g;())up Sloitr(l)g )group P value

Profile

Age (years) 68.2 £ 5.7 63.5 £ 11.0 0.191

Gender: male (%) 9 (69.2) 8 (61.5) 0.802

Etiology of hepatic disease 0.920

HBYV and/or HCV (%) 8 (61.5) 7 (53.8)

Alcoholic (%) 3(23.1) 3(23.1)

Other (%) 2 (15.4) 3(23.1)

Child-Pugh class 0.619

Class A (%) 10 (76.9) 11 (84.6)

Class B (%) 3(23.1) 2 (15.4)

Laboratory data

Total bilirubin (0.3-1.1 mg/dL) 0.6 £04 0.8 £0.3 0.138

Albumin (3.8-5.1 g/dL) 37+£0.5 39+03 0.331

Cholinesterase (200—440 unit/L) 234 4+ 53 241 £ 75 0.792

Aspartate aminotransferase (5—40 U/L) 25+9 30 £ 14 0.284

Aspartate aminotransferase (10-35 U/L) 28+ 5 37 + 18 0.127

Thrombocyte count (14.5-34 x 10*uL) 18.0 £ 5.5 195+ 7.8 0.605

Prothrombin time (%) 85.6 £ 219 87.8 £ 15.6 0.779

ICG 15 (%) 13.0 £5.8 143 £ 8.2 0.663

Diabetic status

Body mass index (kg/m?) 225 +28 223 +£3.6 0.883

» ) Previous medication for diabetes (%) 3(23.1) 4 (30.8) 0.658

hHei‘;i}t‘iespé“tv‘friV;é“GS’ gcﬂ‘:e Hemoglobin Alc (4.3-5.8%) 50407 55407 0.252
retention of indocyanine green Fasting insulin (pmol/L) 58 £39 72 £37 0.398
at 15 min, HOMA-IR insulin Fasting blood glucose (70-110 mg/dL) 103 £ 11 121 + 38 0.121
resistance using the homeostasis HOMA-IR 1.50 & 1.03 225 + 1.68 0.210

model assessment

testing for HBV antigen and HCV antibodies. Positive test
results were confirmed by PCR analysis for the presence of
viral nucleic acid in sera.

The patients’ clinical history of glucose metabolism,
including medication for the treatment of diabetes,
the monitoring of hemoglobin Alc levels in plasma and the
determination of insulin resistance, was evaluated using
the homeostatic model assessment (HOMA-IR). These
results were compared with measurements of insulin sensi-
tivity in both diabetic and non-diabetic subjects using a
hyperinsulinemic normoglycemic clamp (Emoto et al.
1999; Bonora et al. 2000). Operation-related parameters
and pathological findings of the liver were also evaluated.

Supplementation with carbohydrate and branched-chain
amino acid-enriched nutrient mixture

The present study used carbohydrate and BCAA-enriched
soft-powder nutrient mixture (Aminolevan EN, Otsuka
Pharmaceutical, Tokyo) for preoperative supplementation.
Supplementation with Aminolevan EN (100 g per day)
started at 2 weeks prior to surgery with careful monitoring of

compliance. A 100 g dose of Aminolevan EN contains
13.0 g of free amino acids, 13.0 g of gelatin hydrolysate,
1.0 g of casein, 62.1 g of carbohydrate, 7.0 g of lipid, gly-
cyrrhizin and other components, yielding 420 kcal. The
patients were subdivided into two groups. One group was
administered Aminolevan EN (AEN group; n = 13), while
the other group was given no additional dietary supple-
mentation (control group; n = 13). The patients in the AEN
group were given 50 g of Aminolevan EN orally twice a day
during the day and in the late evening. These patients were
also educated by a dietician to adjust their total caloric
energy intake by subtracting the equivalence of 420 kcal of
food from their standard meals per day. Thus, the total caloric
energy intake per day during the study period was assumed to
be equal between the two groups.

Evaluation of insulin resistance by artificial pancreas
STG-22

Following surgery, all patients were given parenteral

nutrition. The total caloric requirement was calculated
according to the Harris—Benedict equation (Harris and
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Table 2 Operation-related
parameters and pathological
findings of the liver

* Based on the histological
findings from the resected
specimens

Characteristics AEN group Control group P value
(n=13) (n=13)

Operative procedure

Major hepatic resection (%) 7 (53.8) 5 (38.5) 0.694

Minor hepatic resection (%) 6 (46.2) 8 (61.5)

Operative time (min) 331 £ 117 291 £ 49 0.263

Estimated blood loss volume (mL) 1252 £+ 1205 669 + 575 0.129

Underlying liver diseases®

Chronic hepatitis (%) 3 4 0.658

Liver cirrhosis (%) 10 9

Histological type of liver tumor

Hepatocellular carcinoma (%) 8 (61.5) 7 (53.8) NS

Adenocarcinoma (%) 5 (38.5) 6 (46.2)

NS not significant

Benedict 1918). To evaluate the insulin requirement, an
artificial pancreas with a closed loop system, STG-22
(Nikkiso, Tokyo, Japan), was employed. In this system,
blood is sampled continuously from a peripheral vein at
a rate of 2 mL/h and the glucose concentration moni-
tored. The STG-22 has previously been validated and is
a reliable device for measuring the blood glucose con-
centration (Yamashita et al. 2008). It maintains blood
glucose levels at a target zone by regular, automatic
infusion of insulin or glucose into the blood circulation
(Hanazaki et al. 2001; Okabayashi et al. 2008). In this
study, the target blood glucose level was set between 80
and 110 mg/dL, and the requirements for insulin to
maintain this glucose level for 16 h following hepatic
resection was quantified using the artificial pancreas
STG-22 within the ICU (Van den Berghe et al. 2001).
The incidence of hypoglycemia (blood glucose level
<40 mg/dL) was also assessed.

Statistical analysis

Continuous variables are given as mean =+ standard devi-
ation, and dichotomous variables are given as a number
with percentage. Continuous variables were analyzed using
the Student’s r test (two-tailed). Dichotomous variables
were analyzed by the 7> test (two-tailed) or Fisher’s exact
test (two-tailed). All statistical analyses were performed
using SPSS® (Chicago, Illinois, USA) and P < 0.05 was
considered to be significant.

Results
Preoperative clinical parameters of patients
The preoperative clinical parameters of the 26 patients

enrolled in the study are shown in Table 1. There were no
significant differences in patient characteristics between
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the two groups (Table 1). There was also no difference in
the laboratory data, including nutritional parameters, liver
function, fasting insulin concentration, fasting blood glu-
cose level and HOMA-IR between the two groups. The
presence of a previous medical history for diabetes mellitus
(DM) was equally distributed between the two groups.
All patients underwent a hepatectomy consisting of
curative resection of hepatic tissue for the removal of a
tumor. Twelve patients underwent a bisegmentectomy or a
more extended hepatectomy (major hepatic resection) and
13 patients underwent a segmentectomy (minor hepatic
resection). There was no significant predisposition to these
operative procedures in the two groups (Table 2). The
operation time and estimated blood loss volume did not
differ significantly between the two groups. The final diag-
noses of the liver tumor in the AEN group were hepatocel-
lular carcinoma in eight patients and adenocarcinoma in five
patients, and in the control group hepatocellular carcinoma
in seven patients and adenocarcinoma in six patients. Fur-
thermore, there were no significant differences in the path-
ological findings following examination of the background
liver of the resected specimens between the two groups.

Side effects of Aminolevan EN and operative mortality

The Aminolevan EN supplement was well tolerated in all
patients. Although dextrin was included in the supplement,
blood glucose levels were stable during the preoperative
study period in all patients, including those with DM. The
postoperative clinical course was monitored in all patients
until February 2008, and there were no differences observed
in the all-cause mortality rate. Operative mortality at 30 days
following hepatic resection was 0% in both groups.

Postoperative blood glucose levels

Figure 2 shows the postoperative blood glucose levels in
patients in the two study groups for 16 h following surgery.
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Fig. 2 Postoperative blood glucose levels monitored by using the
STG-22 closed-loop system in the control (broken line) and AEN
groups (solid line) (n = 13 in each)

The artificial pancreas STG-22 gradually decreased the
blood glucose levels in patients from both groups to
the target zone (80—110 mg/dL). During the study period,
the blood glucose levels in patients in the AEN group
tended to be lower than those in patients in the control
group (Fig. 1), although this observation was not of sta-
tistical significance. No patient in either group showed a
hypoglycemic event.

Total insulin requirement after hepatic resection

The total caloric intake of patients did not significantly
differ between the AEN group and the control group
(1,700 = 178 and 1,651 £ 301 calories/person per day,
respectively). Figure 3 shows the total insulin requirement
of patients during glucose clamping, using the artificial
pancreas STG-22, for 16 h following surgery. The average
total insulin requirement for all patients was 114 IU (range:
22-370 IU). However, a significant difference (P = 0.039)
in insulin requirement was observed between the control
group (150 £ 103 IU, range: 51-370 IU, n = 13) and the
AEN group (78 + 51 IU, range: 22-230 IU, n = 13).

Discussion

The present study shows that oral supplementation with
Aminolevan EN for 2 weeks prior to surgery significantly
reduces the postoperative insulin requirement for normo-
glycemic control in patients with a hepatectomy. Espe-
cially, HCV infection causes insulin resistance. Because
increased insulin resistance is a risk factor for the devel-
opment of hepatocellular carcinoma and reduced long-term
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Fig. 3 Significant differences in total insulin usage during 16 h
following hepatic resection between the control and AEN groups
(P =0.039)

survival, insulin resistance should be a therapeutic target in
patients with HCV infection. HCV should be divided from
HBYV, and the limitations of this study include the associ-
ated errors and biases inherent in a small study design.
Large randomized control trials are recommended to fur-
ther evaluate the benefit of branched-amino acids-rich
nutrient support on the survival of patients after hepatic
surgery for HCC. Since Aminolevan EN is rich in carbo-
hydrates and BCAA as major energy sources, the findings
observed in this study strongly indicate that preoperative
administration of one or both of these two nutritional
components reduces insulin resistance.

Studies on the effect of preoperative oral intake of
carbohydrate by patients with colorectal resection on glu-
cose and protein kinetics using the hyperinsulinemic nor-
moglycemic clamping method have previously provided
evidence that preoperative supplementation of carbohy-
drate reduces postoperative insulin resistance (Svanfeldt
et al. 2005). It was observed that postoperative insulin-
stimulated endogenous glucose release was significantly
higher in patients with preoperative oral administration of a
low dose of carbohydrates (25 mg/day) than in patients
with preoperative oral administration of a high dose of
carbohydrates (125 mg/day) (19 ). Preoperative oral car-
bohydrate treatment enhances glucose disposal in periph-
eral tissue and increases the glucose oxidation rate,
resulting in the attenuation of insulin resistance (Soop et al.
2001).

Aside from carbohydrate, the other main component of
Aminolevan EN, BCAA may also play an important role in
improving postoperative insulin resistance. In experimental
studies using rodents, BCAA induced glucose uptake in
skeletal muscle, adipocytes and hepatocytes. In a rat model
of liver cirrhosis induced by CCly, leucine and isoleucine
promoted glucose uptake in the skeletal muscle (Nishitani
et al. 2005). This effect might occur as a result of upreg-
ulation of the glucose transporters 4 and 1 (GLUT4 and
GLUTI) and also by rapamycin-dependent activation of
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glucose synthase in skeletal muscle. In a recent human
study (Kawaguchi et al.2007), oral supplementation of
BCAA for 4 and 6 weeks reduced HOMA-IR in two cases
with HCV-related liver disease. However, there have been
no studies evaluating the effect of BCAA on insulin
resistance in patients with major surgery.

Previous studies of postoperative insulin resistance
employed the hyperinsulinemic normoglycemic clamping
method (Donaldson et al. 2006). Although this method is
reliable for the assessment of insulin resistance, it is
technically troublesome. In addition, there is a risk of
hypoglycemia, since a nonphysiological hyperinsulinemic
condition is necessarily produced. In the artificial pan-
creas STG-22, the energy supplementation level is fixed
and the insulin infusion rate is varied according to blood
glucose concentration. Blood glucose levels were gradu-
ally, rather than rapidly, reduced to the ideal glucose level
(80-110 mg/dL), avoiding unnecessary disturbances in
metabolic homeostasis, such as hypoglycemia, in post-
operative patients. STG-22 allows the physiological res-
toration of blood glucose homeostasis and is therefore a
safer method for controlling insulin resistance. Notably,
the postoperative blood glucose level was reasonably well
controlled even in patients with DM. The postoperative
insulin requirement of patients following hepatectomy
was monitored using the artificial pancreas STG-22. In
this study, it is evidenced that the amount of insulin in the
AEN group required to maintain tight glycemic control
after hepatic surgery was significantly lower than that in
the control group. Namely, insulin plays a vital role not
only in blood glucose control, but also as an anti-
inflammatory and anti-oxidant agent. However, postoper-
ative high-dose insulin therapy was a significant factor
contributing to hepatocellular carcinoma recurrence after
treatment (Komura et al. 2007). Our clinical findings
suggested that preoperative oral supplementation with
carbohydrate and branched-chain amino acid-enriched
nutrient was of clinical benefit in the reduction of post-
operative total insulin usage after liver resection and
might be a chance to review the perioperative manage-
ment for patients with liver neoplasm.

In summary, preoperative oral administration of carbo-
hydrate and BCAA-enriched nutrient might help to
improve postoperative insulin resistance in patients with
chronic liver disease who are undergoing hepatic resection.
Furthermore, STG-22 is a safe and reliable tool to control
postoperative glucose metabolism and evaluate insulin
resistance.
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