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Objectives: Perioperative nutritional management is essential for early recovery after liver surgery. The aim of
this study was to assess changes in amino acid levels in serum and urine after hepatectomy.

Methods: Serum samples were collected from 16 patients with hepatocellular carcinoma before and 1, 3, and
14 d after hepatectomy (SO, S1, S3, and S14, respectively). Spot urine samples were collected before and 3 d
after the hepatectomy (U0 and U3). Metabolites in the serum and urine were analyzed.

Results: Compared with SO, insulin levels significantly increased in the S1 and S3 samples. Valine levels signif-
icantly decreased in S1 and S14, and leucine levels significantly decreased in S14. Phenylalanine levels signif-
icantly increased in S1 and S3, and tyrosine levels significantly increased in S1. The Fischer ratio (branched-
chain/aromatic amino acids) significantly decreased in S1 and S3. In multiple regression analysis, changes in
serum taurine levels were related to the white blood cell count in S1 and S3, and inversely related to alanine
aminotransferase levels in S14. Changes in serum glutamine levels were negatively related to C-reactive pro-
tein levels in S3. Serum glutamine levels decreased in S3 and S14, and tended to increase in U3, suggesting a
deficiency of glutamate resulting from the invasive surgical procedure.

Conclusions: These findings highlight the usefulness of metabolome analysis for characterizing perioperative
patterns after liver resection. The observed amino acid pattern, including the reduction in Fischer ratio,

underscores the need for specialized nutritional support.

© 2018 Elsevier Inc. All rights reserved.

Introduction

Advances in surgical and anesthetic techniques have resulted in
extensive hepatic resection becoming a useful treatment modality
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for patients with hepatocellular carcinoma (HCC) [1]. Most patients
with HCC have underlying liver cirrhosis, and the hepatic resection
is performed under rather severe conditions. Despite the advances
in surgical techniques and perioperative management, hepatic
resection remains associated with a high incidence of complica-
tions [2]. To reduce morbidity, it is important to gain a full under-
standing of each patient’s condition and to plan the perioperative
management in detail.

The liver plays a central role in nutritional metabolism, and pro-
tein-energy malnutrition is common in patients with liver disease
due to their abnormal energy metabolism [3]. The metabolic condi-
tions in liver cirrhosis after a normal overnight fast are similar to
those resulting from prolonged starvation in healthy individuals.
When a patient with liver cirrhosis fasts, the rate of glucose
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oxidation decreases and the rate of fat oxidation increases. As a
result of the abnormal energy metabolism of these patients, their
non-protein respiratory quotient (npRQ) is reduced after an over-
night fast; when severe, this can result in protein-energy malnutri-
tion. Protein-energy malnutrition and reduced npRQ are closely
correlated to the prognosis in patients with liver cirrhosis [4,5],
who are recommended to consume frequent meals and a late even-
ing snack to compensate for their abnormal energy metabolism
[6,7]. In more severe cases, such as patients with HCC undergoing
liver resection, the metabolism is severely disrupted by both the
background liver disease and the reduction in liver volume due to
the operative procedure. These patients require careful manage-
ment with regard to their energy metabolism.

The postoperative period after hepatic resection is character-
ized by a catabolic state, often with glucose and electrolyte
imbalances, as the body attempts to meet the high demand of
the regenerating liver [8]. Nutritional support during this critical
period is of paramount importance to enable adequate hepatic
regeneration and postoperative recovery. Much attention has
been paid to patients’ tolerance of early oral feeding and immu-
nonutrition in the preoperative period. Immune-enhancing
nutrients include -3 fatty acids, glutamine (GIn), arginine
(Arg), and nucleic acids, with the administration of Arg and Gln
reported to promote liver regeneration [9,10]. Administering
branched-chain amino acids (BCAAs) to surgical patients as post-
operative nutritional support promotes rapid improvement of
albumin levels [11]. A previous article described the practice of
administering parenteral nutrition of dextrose and amino acids
(AAs; consisting of 35%—50% BCAAs) to patients from the first
postoperative day (POD) after liver resection to moderate the
catabolic drive and provide support for liver regeneration [12].
Nevertheless, parenteral nutrition for liver resection patients
remains a poorly defined field. Additionally, few studies have
examined the relationship between the administration of
nutrients to this patient group and perioperative outcomes or
detailed changes in metabolites during the perioperative period.

Advances in analytical chemistry and computational pro-
cesses have led to the recent development of metabolomics
[13], enabling the measurement in a single drop of blood of
metabolites that could not previously be identified. Similar to
phenotyping in postgenomic research, metabolomics is an ana-
lytical method used both to detect diseases and as a research
biomarker [14,15]. It makes possible the detailed evaluation of
perioperative variations in metabolites in the living body. In
this study, we used metabolomics methods to evaluate changes
in metabolites in HCC patients after liver resection, and to
examine their blood biochemical data.

Table 1
Clinical profiles of the hepatectomy patients

Materials and methods
Participants

Sixteen patients with HCC from the Tokushima University Hospital were
enrolled; their clinical and laboratory data are shown in Table 1. All were classified
as Child—Pugh grade A at entry. They had the following disease etiologies: hepati-
tis B virus (n=7), hepatitis C virus (n=3), alcoholic liver disease (n=2), hepatitis
C virus plus alcoholic liver disease (n=1), and non-B, non-C hepatitis (n=3). All
patients underwent liver resection: three patients underwent segmental resection,
five had resection of one liver segment, and eight had lobectomy. All of the
patients had a normal clinical course, with no complications. Informed consent
was obtained from all patients. Study design was approved by the Ethical Commit-
tee of Tokushima University Hospital.

AAs were not administered perioperatively. Glucose (10%) was administered
according to the following routine: POD 0, 2000 mL; POD 1, 1500 mL; and POD 2,
1000 mL starting with a soft meal. On POD 3, the peripheral feeding was stopped
and the energy intake of the patients’ meals was gradually increased. The patients’
body weight and body mass index were measured with a PC-320 body composi-
tion meter (Tanita Corp., Tokyo, Japan) under fasting conditions.

Laboratory examination

The following blood biochemical parameters were measured before surgery, after
surgery on the same day, and on POD 1, 3, and 14: white blood cells (WBC), C-reactive
protein (CRP), platelets (PLT), aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), total bilirubin (T-Bil), total protein (TP), albumin (Alb), total cholesterol,
triacylglycerol, immunoreactive insulin, ammonia, interleukin (IL)-6, tumor necrosis
factor-a;, indocyanine green retention rate at 15 min, cholinesterase, 8-hydroxy-2’-
deoxyguanosine, protein induced by vitamin K absence or antagonist II, alpha-feto-
protein, type IV collagen (IV collagen), and hyaluronic acid. Blood samples also were
obtained to determine non-esterified fatty acids and blood sugar concentrations
immediately after the indirect calorimetric measurements. Urinary 3-methylhistidine
(3-MH) was measured before surgery, after surgery on the same day, and on POD 3.

Indirect calorimetry

Resting energy expenditure (REE) and the npRQ were measured by indirect
calorimetry before and on POD 14 using an AE-300 S respiratory gas analyzer
(Minato Medical Science Corp., Ltd., Osaka, Japan). Patients were instructed to
avoid eating or drinking anything except non-energy water or tea from 1900 the
day before the measurements. Urinary urea nitrogen was measured using 24-h
urine samples. After overnight fasting, the indirect calorimetric measurements
were made at 0730. Oxygen consumption and carbon dioxide production rates
were measured for 15 min, with the average values from the final 10 min used in
the analysis. REE and npRQ were calculated from the measured oxygen consump-
tion, rates of carbon dioxide production, and urinary urea nitrogen. Patients’ basal
energy expenditures were estimated from the Harris—Benedict equation, and the
ratio of REE to the basal energy expenditure was expressed as the %REE.

Sample collection and metabolite measurement

All blood samples were drawn after a 12-h fast, and urine samples were col-
lected on the same day. The serum was obtained by centrifugation of the blood
samples at 3000g at 4°C for 10 min. The samples were divided into aliquots and
stored at —80°C until extraction of metabolites.

Hepatocellular carcinoma patients (N =16)

Age (y) 67 +2
Male/Female 13 /3
BW (kg) 559 2 27)
BMI (kg/m?) 22.2 +0.6
Etiology
HBV 7
HCV 3
Alcoholic 2
HCV +alcoholic 1
Non-B/Non-C 3
Child—Pugh A/B 16 /0

ICGR15 (%) 11.2 +0.2

ChE (1U/I) 245 +21

8-OH-dG (ng/mL) 5.1 +0.8

PIVKA-II (mAU/mL) 18937 + 16596

AFP (ng/mL) 10257 + 9550

IV collagen (ng/mL) 198 +23 3
Hyaluronic acid (ng/mL) 133 +52

AFP, a-fetoprotein; Alb, albumin; BMI, body mass index; BW, body weight; ChE, cholinesterase; HBV, hepatitis B virus; HCV, hepatitis C virus; ICGR15, indocyanine green
retention rate at 15 min; non-B/non-C, non-B, non-C hepatitis; 8-OH-dG, 8-hydroxy-2'-deoxyguanosine; PIVKA-II, protein induced by vitamin K absence or antagonist-2.

Values are mean + SEM



112 D. Kajiura et al. / Nutrition 58 (2019) 110—119

Table 2

Serum profiles of hepatocellular carcinoma patients before (S0) and 1, 3, and 14 d after hepatectomy (S1, S3, and S14)

Hepatocellular carcinoma patients

S0 s1 s3 s14
WBC (/L) 4819 + 342 12831 + 823" 8594 + 778" 6731 + 405
CRP (mg/mL) 0.26 + 0.19 223 + 0.29* 5.87 + 1.06° 147 + 0.32
PLT (x 10%/pL) 17.7 + 13 14.0 + Bl 11.6 + 42" 234 + 2"
AST (1U/I) 52 + 10 542 + 66" 165 + 12° 44 + 12
ALT (IU/I) 51 + 8 493 + 81" 315 + 48 58 + 14
T-Bil (mg/dL) 08 + 0.1 1.0 + 0.1 16 + 02* 09 + 0.1
TP (g/dL) 74 + 02 54 + 0.1" 5.7 + 02* 6.7 + 0.1
Alb (g/dL) 38 + 0.1 27 + 0.1 238 + 0.1* 32 + 0.1*
T-CHO (mg/dL) 171 + 11 120 + 9" 112 + 8 125 + 8"
TG (mg/dL) 117 + 14 28 + 3 49 + 4 77 + 7
BS (mg/dL) 103 + 4 198 + 14 141 + 6" 115 + 9
IRI (uU/mL) 76 + 08 238 + 8.8 27.1 + 42 19.7 + 72

NH; (ug/dL) 432 + 32 832 + 63" 53.1 + 44 40.1 + 3.1
1L-6 (pg/mL) 36 + 14 2274 + 164.7* 387 + 75* -

TNF-o (pg/mL) 1.6 + 02 74 + 59 35 + 14° -

NEFA (Eq/l) 512 + 61 - - 607 + 69

npRQ 0.90 + 0.01 - - 0.86 + 0.02*

REE (kcal) 1171 + 53 - - 1153 + 53

%REE (%) 983 + 34 - - 992 + 35

Alb, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BS, blood sugar; CRP, C-reactive protein; IL-6, interleukin- 6; IRI, immunoreactive insulin;
NEFA, non-esterified fatty acids; NH3, ammonia; npRQ, non-protein respiratory quotient; REE, resting energy expenditure; PLT, platelets; T-Bil, total bilirubin; T-CHO, total
cholesterol; TNF-c, tumor necrosis factor-a; TG, triacylglycerol; TP, total protein; WBC, white blood cells. Values are means & SEM.

*P < 0.05 compared with preoperative value

The metabolites in the fasting serum and urine samples were analyzed by
mass spectrometry-based metabolome profiling using capillary electrophoresis
time-of-flight mass spectrometry (CE-TOFMS) and capillary electrophoresis tan-
dem mass spectrometry (CE-MS/MS). To minimize the effects of metabolic changes
in the serum, the metabolites were extracted from the serum within 6 h of collec-
tion; the extraction method has been described in detail elsewhere [16]. The CE-
TOFMS and CE-MS/MS analyses of the cationic and anionic metabolites were per-
formed as described previously [17,18], and the raw data were processed with our
proprietary software (MasterHands) [17,19]. We decided a priori to measure abso-
lute concentrations of 555 metabolites (274 cations, 241 anions, and 40 peptides)
that could be expected to be stably observed in most human serum and urine sam-
ples, and that had matched standards.

Statistical analysis

The results are expressed as mean & SEM. Statistical analysis was performed
using Prism 6.07 for Windows (GraphPad Software Inc.). P < 0.05 was considered
to indicate statistically significant differences. Values after surgery were com-
pared with the preprocedural values using the Wilcoxon matched-pairs signed-
rank test and the Friedman test with Dunn's test. Heat maps of metabolite levels
were generated using hierarchical clustering based on Pearson correlation coeffi-
cients, using the MultiExperiment Viewer software (Institute for Genomic
Research; [20].

Regression analysis was performed using SPSS for Windows, version 16.0
(SPSS Inc., Chicago, IL, USA). Multiple regression analysis was used to identify clini-
cal variables that were significantly associated with AAs and taurine (Tau) levels
preoperatively and on PODs 1, 3, and 14, including WBC, CRP, AST, ALT, PLT, TP,
Alb, and T-Bil as the possible predictive variables. Multivariate analysis comprised
the stepwise selection of multiple linear regression models. To visualize the post-
operative metabolic changes in comparison with the preoperative condition, the
data were exported and analyzed by principal components analysis (PCA) using
SIMCA-P software 12.0.1 (Umetrics AB, Umea, Sweden) after centering the means
and scaling to unit variance.

Results
Blood biochemistry

Laboratory findings before and after hepatectomy are shown in
Tables 1 and 2. Levels of inflammation markers (WBC, CRP, IL-6,
and tumor necrosis factor-a) significantly increased and serum
albumin levels significantly decreased after liver resection. Most
laboratory findings were significantly higher or lower (Friedman
test) on PODs 1 and 3 in the serum compared with baseline, with a
return to near baseline levels on POD 14.

Multivariate analysis: Correlations between changes in serum AAs and
Tau levels and laboratory parameters

Correlations between changes from baseline (i.e., preoperative
day 0) in AA and Tau levels and laboratory parameters were inves-
tigated using stepwise multiple regression analysis (Table 3). Step-
wise multivariate regression models found that changes in serum
levels of GIn correlated negatively with changes in CRP, and
changes in serum levels of Tau correlated positively with changes
in WBC and negatively with changes in ALT (Table 3).

Metabolic profiling of the samples

The PCA showed a trend toward intergroup separation on the
score plot (Fig. 1). The results showed that the posthepatectomy
serum samples from PODs 1 and 3, but not POD 14, were separated
from the prehepatectomy sample (day 0). Considering variations in
metabolomics, these changes are further visualized on heat maps,
as are results of hierarchical cluster analysis (Fig. 2), providing an
intuitive visualization of the metabolic remodeling on PODs 1, 3,
and 14 for serum and POD 3 for urine compared with the baseline
levels (day O for both serum and urine). Both PCA and hierarchical
cluster analysis showed a clear separation between day 0 and
PODs 1 and 3 for serum and between day 0 and POD 3 for urine,
indicating that metabolic changes occurred perioperatively in the
patients who underwent hepatectomy.

The analyses of serum levels showed that valine (Val) signifi-
cantly decreased on PODs 1 and 14 and leucine (Leu) significantly
decreased on POD 14, whereas phenylalanine significantly
increased on PODs 1 and 3 and tyrosine significantly increased on
POD 1. Thus, the serum Fischer ratio (i.e., BCAA/aromatic AAs) as an
integrated parameter significantly decreased on PODs 1 and
3 (Fig. 3A). Serum levels of Tau significantly increased on PODs 1, 3,
and 14, and urine levels of Tau and 3-MH decreased on POD
3 (Figs. 3B,C).

We investigated the 20 metabolites that showed the greatest
relative postoperative increases or decreases from baseline in the
serum or urine (Fig. 4). Many of the metabolites showed greater
relative changes in urine than in serum from baseline. The
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Table 3
Multivariate analysis of parameters correlating with the changes from baseline (A) in serum levels of amino acids and taurine, measured 1, 3, and 14 d after surgery in 16
hepatocellular carcinoma patients

Dependent Independent Regression Standardized regression P-value
variable variable coefficient coefficient
S1 - - - -
S3 AAla AWBC 0.004 0.584 0.018
S14 - - - -
S1 - - - -
S3 AArg AALT —-0.056 -0.592 0.016
S14 AAST -0.221 -0.572 0.021
S1 - - - -
S3 AAsn AALT —-0.029 —-0.503 0.047
S14 - - - -
S1 - - - -
S3 ACys — — — —
S14 APLT 20.219 —0.608 0.012
S1 - - - -
S3 AGIn ACRP —7.742 —-0.502 0.048
S14 - - - -
AT-Bil, —165.831, —-0.576,
0.005,
S1 AWBC, 0.016, 0.719,
0.002, 0.015
AGlu APLT -13.397 -5.111
S3 ACRP -10.097 —-0.549 0.028
S14 - - - -
S1 - - - -
S3 AGly - - - -
S14 AWBC 0.006 0.514 0.041
S1 - - - -
S3 AHis - - - -
S14 AAIb —18.996 -0.512 0.043
S1 - - - -
S3 Alle ACRP —4.161 —-0.534 0.033
S14 - - - -
S1 - - - -
S3 Aleu AALT —-0.200 —-0.530 0.035
S14 - - - -
S1 - - - -
S3 ALys AALT —0.051 —-0.601 0.014
S14 - - - -
S1 AWBC 0.008 0.638 0.008
S3 AMet AALT -0.077 —-0.539 0.035
S14 - - - -
S1 - - - -
S3 APhe - - - -
S14 - - - -
S1 - - - -
ACRP, —4.045, -0.497,
S3 APro 0.027, 0.045
AALT —0.085 —0.444
S14 - - - -
S1 - - - -
S3 ASer AALT —-0.153 -0.574 0.02
S14 APLT 5.103 0.554 0.026
AT-Bil, 52.335, 3.706, 0.003,
S1
AWBC —-0.002 -2.175 0.049
AThr
S3 - - - -
S14 - - - -
S1 - - - -
ATP, 27.854, 0.593, 0.007,
S3 ATrp
AALT —0.065 —0.408 0.045
S14 AAST —-0.397 —-0.628 0.009
S1 - - - -
ACRP, -0.790,
S3 ATyr —12.335,48.394 0.002, 0.043
S14 - - - -
S1 - - - -
S3 AVal ATP 69.268 0.618 0.011
S14 - - - -

(continued)
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Table 3 (Continued)
Dependent Independent Regression Standardized regression P-value
variable variable coefficient coefficient
S1 AWBC 0.008 0.536 0.032
S3 ATau AWBC 0.02 0.775 0.001
S14 AALT —0.081 —-0.516 0.043

Ala, Alanine; Alb, albumin; ALT, alanine aminotransferase; Arg, arginine; Asn,

asparagine; AST, aspartate aminotransferase; CRP, C-reactive protein; Cys, cysteine; Gln, gluta-

mine; Glu, glutamate; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; PLT, platelets; Pro, proline; Ser, serine; T-Bil,

total bilirubin; Tau, taurine; Thr, threonine; TP, total protein; Trp, tryptophan; Tyr, tyrosine; Val, valine; WBC, white blood cells
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Fig. 1. Principal component analysis (PCA) of metabolomics data reveals clustering of data into separate cohort. PCA score plot generated from metabolites measured with
samples. Scores plots from PCA classifying serum and urine sample with control group (black triangle), POD1 group (red triangle), POD3 (blue and orange triangle), POD14

group (green triangle). POD, postoperative day.

metabolites in the serum returned to their baseline values on POD
14. Hypoxanthine showed the greatest relative change in serum in
the early postoperative period (PODs 1 and 3), and o-hydroxybuty-
rate appeared in the urine. Serum 3-hydroxybutyrate was included
on PODs 1 and 3 in decreased metabolites and on POD 14 in
increased metabolites.

A map of the tricarboxylic acid cycle was constructed from the
measured serum metabolites (Fig. 5). Citrate, cis-aconitate, isoci-
trate, 2-oxoglutarate, succinate, fumarate, and malate were
observed. Cis-aconitate and isocitrate significantly increased and
2-oxoglutarate significantly decreased on POD 14.

Discussion

Appropriate management of the patient's nutritional metabo-
lism is essential during the perioperative period [20]. In this study
of patients undergoing hepatectomy, many metabolites in the
serum and urine increased at the early postoperative stage,
whereas serum BCAA concentrations decreased on POD 1. Urinary
Val and Leu concentrations increased on POD 3, which was thought
to be due to enhanced muscle breakdown. Concentrations of aro-
matic AAs (phenylalanine and tyrosine) in the serum and urine
tended to increase on PODs 1 and 3, with the serum Fischer ratio
showing a decrease on POD 1 or 3. T-Bil levels increased

postoperatively and returned to baseline levels on POD 14. Alb lev-
els, indicating protein synthesis in the liver (and acute phase
response), had not recovered by POD 14, and CRP did not increase.

A decrease in Alb may be one of the causes of postoperative
ascites. In previous studies, survival was significantly greater in
patients without postoperative ascites than in those with the con-
dition [21]. The administration of BCAAs has been shown to
increase Alb synthesis in rat hepatocytes via the mechanistic target
of rapamycin signaling pathway [22], and to promote rapid
improvement of Alb levels in HCC patients with liver cirrhosis after
hepatectomy [11].

BCAAs promote protein synthesis [11] and improve insulin
resistance [23]. AAs in the BCAA amino group are changed into
glycogenic amino acids, such as alanine and Gln, via the glucosealanine
cycle [24]; BCAAs are therefore involved in gluconeogenesis and
become sources of energy [25]. Insulin sensitivity is reduced by the
postoperative increase in hormones such as cortisol, catecholamine,
and glucagon. Insulin by oral glucose tolerance test infusion results in a
decrease of AAs in the blood [26]. Our results showed that the concen-
tration of BCAAs decreased on PODs 1 and 3. We believe this decrease
was a result of the BCAAs being transported into the tissues by insulin,
and assume that the Fischer ratio decreased postoperatively as a result
of BCAAs being used as the energy source in skeletal muscles [27] and
ammonia detoxification. Therefore, we conclude that administration of
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BCAAs could be beneficial for the outcomes for patients with abnormal
metabolism after liver resection.

Multivariate analyses were conducted to examine associa-
tions between changes in AA and Tau levels and changes in the
eight variables (WBC, CRP, AST, ALT, PLT, TP, Alb, and T-Bil)
included in the biochemical analysis of the serum samples. On
POD 3, levels of GIn and Tau were independently associated with
the degree of inflammation. Postoperative catabolism of skeletal
muscle has a pivotal role in regulating the availability of Gln and
Tau, due to the high content of these AAs in muscle cells [28].
GlIn levels tended to decrease in S3 compared with SO and were
inversely related with CRP. Gln is highly consumed by several
tissues in the postoperative state for various purposes; in partic-
ular, Gln utilization has been linked to functional activities of
cells of the immune system. BCAA are precursors for glutamate
(and GIn), and a key function of the BCAA in the skeletal muscle
is to provide the nitrogen needed to maintain muscle pools of
glutamate, alanine, and GIn [29]. On the other hand, Tau levels

were significantly higher in S3 than in SO and directly related to
WBC count, whereas urinary excretion in U3 decreased: Indeed
in WBC, large amounts of Tau are needed intracellularly because
of its antioxidant activity [30]; however, the mechanism cannot
be explained based on the present data.

It has been found that, in the acute phase of a hyperglycemic
state under the influence of surgery known as surgical diabetes. In
the present study, the levels of 3-MH in urine significantly
increased on POD 3. 3-MH, a constitutive AA of myosin and actin (a
muscle fiber protein), is known to be a muscle proteolysis marker
and is used to determine the efficacy of nutritional management
[31,32]. 3-MH isolated by muscle fiber proteolysis is not used for
protein synthesis and is excreted in the urine [33]; thus, a change
in 3-MH concentration reflects metabolic turnover of the muscle
fiber protein, providing a good index of internal protein metabo-
lism [33]. The catabolism of muscle protein is enhanced under
severe conditions, such as starvation, burns, and sepsis, resulting in
the increased excretion of 3-MH in the urine [34—-37].
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Fig. 3. (A) Changes in metabolite levels in serum 0, 1, 3, and 14 d and in urine 0 and 3 d after liver resection. (B) Changes in metabolite levels in serum 0, 1, 3, and 14 d and in
urine 0 and 3 d after liver resection. (C) Changes in metabolite levels in urine 0 and 3 d after liver resection. *Significant difference from preoperative value (P < 0.05; Wil-
coxon matched-pairs signed-rank test). 3-MH, 3-Methylhistidine; AAA, aromatic amino acids; Ala, alanine; Arg, arginine; BCAA, branched-chain amino acids; Gln, glutamine;

Glu, glutamate; His, histidine; Ile, isoleucine; Leu, leucine; Tau, taurine; Tyr, tyrosine; Val, valine.
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. Metabolite

Benkeg UP FC DOWN FC
1 Hypoxanthine 4.74 Trimethylamine N-oxide 0.31

2 Pyruvate 2.62 3-Indoxyl sulfate 0.43

3 5-Oxoproline 2.57 3-Hydroxybutyrate 0.47

4 Lactate 247 Cysteine-glutathione disulphide -Divalent 0.47

S1 5 Azelate 2.41 3-Methylhistidine 0.56
6 Asp 2.10 Proline betaine 0.58

7 2-Oxoglutarate 2.10 g-Glu-Glu 0.59

8 Cysteine S-sulfate 2.04 Arg 0.64

9 N1-Acetylspermidine 1.95 g-Glu-Ornithine 0.66

10 Sebacate 1.92 2-Hydroxyisobutyrate 0.66

1 Hypoxanthine 11.50 Proline betaine 0.27

2 3-Phenyllactate 341 3-Hydroxybutyrate 0.47

3 Phe-Phe 3.02 N.N-Dimethylglycine 0.49

4 Azelate 2.51 3-Methylhistidine 0.50

5 5-Oxoproline 2.46 3-Indoxyl sulfate 0.54

S3 6 Lactate 2.37 Glycerophosphate 0.58
7 Asp 235 Urate 0.61

8 Glucuronate 222 Cysteine-glutathione disulphide -Divalent 0.66

9 2-Oxoglutarate 221 N-Acetyl-beta-alanine 0.66

10 Sebacate 1.92 g-Glu-Ornithine 0.67

1 3-Hydroxybutyrate 1.81 Glycerophosphorylcholine 0.58

2 Cytidine 1.50 3-Indoxyl sulfate 0.60

3 Pipecolate 1.50 Glycerophosphate 0.64

4 N-epsilon-Acetyllysine 1.45 N6.N6.N6-Trimethyllysine 0.73
s14 5 5-Hydroxylysine 1.45 Guanidinoacetate 0.76
6 Hydroxyproline 1.39 Trp 0.80

7 3-Phenyllactate 1.38 Thr 0.80

8 3-Aminoisobutyrate 1.35 His 0.80

9 Proline betaine 1.34 2-Hydroxyglutarate 0.81

10 Taurine 1.31 4-Methyl-2-oxopentanoate 0.81

1 Mucate 9.36 Quinate 0.10

2 2-Hydroxyhippurate 5.22 Trigonelline 0.11

3 Citrulline 3.64 Hippurate 0.32

4 Lys 3.59 Piperidine 0.32
w3 5 Cysteine S-sulfate 3.59 Guanidinoacetate 0.34
6 Cystine 3.08 2-Oxoglutarate 0.35

7 Pro 2.92 Glycerophosphate 0.38

8 p-Hydroxyphenylacetate 2.76 3-Methylhistidine 0.43

9 trans-Aconitate 2.46 N.N-Dimethylglycine 0.45

10 Lactate 2.25 Creatine 0.50

Fig. 4. FC >1 indicate higher levels of serum or urinary metabolites relative to preoperative levels (SO, U0), whereas fold-change (FC) <1.0 indicate lower levels. Arg, arginine;
Asp, asparagine; FC, fold-change; g-Glu-Glu, gamma-glutamylglutamate; His, histidine; Lys, lysine; Pro, proline; Thr, threonine; Trp, tryptophan.

We previously reported that npRQ was recovered by POD 14 in
young liver transplant donors (<40 y of age) but had not improved
in patients with HCC or in older donors (>40 y of age) [38]. After
liver resection, npRQ is influenced by decreased glycogen accumu-
lation due to existing metabolic abnormalities. The present results
showed that npRQ decreased and non-esterified fatty acids
increased on POD 14 compared with baseline. In the present study,
HCC patients showed catabolic state until POD 14.

Characteristic movements of upstream metabolites of 2-oxoglu-
tarate were observed. The present results showed that cis-aconi-
tate and isocitrate significantly increased and 2-oxoglutarate
significantly decreased on POD 14. This may be explained by acti-
vation of the tricarboxylic acid cycle metabolism, requiring ATP for
liver regeneration [39], with some of the metabolite in tissue
appearing to have leaked into the blood.

By using an artificial pancreas system, it has been shown that
perioperative glycemic control in patients undergoing surgery is
beneficial to reduce postoperative infections [40]. Actually, in a
randomized study in patients undergoing hepatic resection, the
control of postoperative glucose levels using insulin therapy con-
tributed to a reduction in the incidence of surgical site infections
[41]. Previous studies have indicated the importance of administer-
ing a highly concentrated, BCAA-rich AA preparation during the
perioperative period [42]. Adequate and timely nutrition care to
compensate for reduced levels of AAs such as BCAAs in the periop-
erative period has been shown also to contribute in maintaining
postoperative glycemic control, besides modulating the acute
phase response and reducing muscle proteolysis: Okabayashi
found that preoperative oral administration of carbohydrate and
BCAA reduces postoperative insulin resistance in patients
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Fig. 5. Schematic overview of altered serum metabolites in glucose utilization and TCA cycle changes in after surgery compared to before. Significant test were used Wilcoxon
matched-pairs signed-rank test. It represents POD 1, 3 and 14 after liver resection from the left. The metabolites are shown in color: Red represents significantly increased
metabolites, blue represents significantly decreased metabolites and black represents no significant difference metabolites, respectively. CoA, coenzyme-A; POD, postopera-

tive day; TCA, tricarboxylic acid.

undergoing hepatic resection [43]. The results of the present study
may be useful for addressing an excess or deficiency of metabolites
because the greatest changes in the various serum and urinary
metabolites were observed on different PODs.

However, a limitation of the study was that the study period
was not long enough to observe metabolite levels returning to
baseline levels. Furthermore a wider study should be performed to
allow comparisons with other types of patients.

This study provides an example of the potential benefits of
metabolomics when applied to the characterization of patients
undergoing liver resection for HCC. The suitability of the method
was verified in this study by reproducing the changes in plasma AA
pattern known to occur in postoperative liver dysfunction in this
type of patient and that may have nutritional implications. The
analysis of additional specific aspects will be the objective of fur-
ther studies that include a larger number of patients. In the future,
perioperative nutrition care should be determined according to
disease type.
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