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Surnmmary Energy malnutrition worsens survival in patients with liver cirrhosis, and is
currently defined as non-protein respiratory quotient (npRQ) <().85, as measured by indi-
rect calorimetry. However, measurement of this npRQ is limited because of the high cost of
indirect calorimetry. Therefore, we sought an alternative marker that can be used in the
routine clinical setting. Forty-four inpatients with cirrhosis were recruited in this study. The
last meal was served at 18:00 h on the previous day, and indirect calorimetry was per-
formed between 07:00 and 09:00 h while the patients were still in bed. Fasting blood sam-
ples were collected in the early morning on the day of the test. Anthropometry was
performed by an expert dietician. The correlations among npR(), Child-Pugh score of disease
severity. laboratory parameters, %AC (arm circumference), %TSF (triceps skinfold thick-
ness). and %AMC (arm muscle circumference) were studied using simple linear regression
analysis. ROC (Receviver operating characteristic) analysis was used to identily the cut-off
values that would best predict npRQ=0.85. npRQ correlated significantly with %AC
(r2=0.204, p=0.0021) and %AMC (r2=0.178. p=0.0043) but not with %TSF. npRQ was
not significantly correlated with other laboratory or anthropometric measurements. The
cut-off value for %AC that showed the largest AUC (area under the curve) by ROC analysis
was 95, while that for %AMC was 92. Multiple regression analysis yielded an equation;
npRQ=0.0019X(%AC) —0.0134 X (Child-Pugh score)+0.7791. Patient stratification by
hAC=95 or by regression equation-based npRQ=0.83. but not by %AMC=92, produced
significant difference in survival curves. %AC and regression equation could represent npRQ
to some extent as parameters of energy nutrition in cirrhosis.

Key Words indirect calorimetry, protein-energy malnutrition, non-protein respiratory
quotient, arm circumference, arm muscle circumference

Protein-energy malnutrition (PEM) is common in
patients with liver cirrhosis (1, 2), and leads to poor
prognosis in this cohort (3-53). Indirect calorimetry is
an established method to diagnose energy malnutrition
(6) as it gives substrate oxidation rates and non-protein
respiratory guotient (npRQ) as uselul markers to esti-
mate energy metabolism. In particular, npRQ<().83.
obtained in patients with liver cirrhosis after overnight
bed-rest and fasting. predicted significantly lower sur-
vival than in patients with higher scores (3). Such
patients with energy malnutrition are good candidates
to receive nutrition support as recommended in US.
European. and Japanese guidelines (7-9). However,
measurement of npRQ is limited in daily practice
because of the high cost of indirect calorimetry. Thus. it
is important to find an alternative marker to npR(Q that
can be used in the routine clinical setting. We con-
ducted the present study to investigate which anthropo-

*To whom correspondence should be addressed.
E-mail: mshiraki-gif@umin.ac.jp
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metric or biochemical parameters could best represent
npRQ in cirrhosis.

PATIENTS AND METHODS

Patients. Forty-lour inpatients with cirrhosis were
enrolled in this study. Cirrhosis was diagnosed [rom
clinical and laboratory profiles and by histologic exami-
nation ol liver biopsy specimens. The clinical and bio-
chemical characteristics of the subjects are shown in
Table 1. The etiology of cirrhosis was hepatitis B virus
in one patient. hepatitis C virus in 33, alcohol in six,
and others in four. The Child-Pugh classitication (10)
was used fo assess the severity of cirrhosis: 16 patients
were grade A, 19 were grade B, and 9 were grade C.
Patients receiving treatment with interferon or antivi-
rals and patients fasting for over a day within 2 wk
before calorimetry were excluded.

Indirect calorimetry.  Indirect calorimetry was per-
formed using a Deltatrac Metabolic Monitor (Datax
Division Inst. Corp., Helsinki. Finland) in a similar man-
ner to that explained in our previous report (11). Before
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Table 2.

TERAKURA Y et al.

Correlation coefficients among non-protein respiratory quotient and other variables.’

Non-protein

Child-Pugh %HArm

respiratory quotient score circumference
Child-Pugh score 0.201
((.0023)
Y%Arm circumlerence 0.204 0.121
(0.0021) (0.0205)
YhArm muscle circumference 0.178 0.041 0.703
{0,004 3) (<0.0001)

(0.1873)

"'Data are presented as r? (p-value).

calorimetry. all subjects ate a full standard hospital diet
ol habitual Japancse dietary composition providing a
total energy intake of 33 keal/kg/d. Energy composition
was 14% protein (1.3 g/kg/d), 20% fat (0.6 g/kg/d),
and 66% carbohydrate (6.4 g/kg/d). Three meals were
served at 08:00, 12:00, and 18:00 h. The subjects’
compliance with the diet was confirmed by the ward
dictician. Written informed consent was obtained from
all patients before participation in this study.

Parameters measured by indirect calorimetry were
oxygen consumption per minute (V0,) and carbon diox-
ide production per minute (Vcoz). Total urinary excre-
tion of nitrogen (UN) was measured as described previ-
ously (3). Resting energy expenditure (REE), npRQ. and
substrate oxidation rates of carbohydrate (%CHQ). fat
("%FAT), and protein (%PRO) were then estimated using
the following equations (11, 12).

REE (kcal/d)=5.50V0:+1.76Vc0,—1.99UN
npRO=(1.44VC0:—4.890UN)/(1.44V0>—6.04UN)
CHO (g/24 h)=3.926V0:+4.189Vc0,— 2.539UN
FAT (g/24 h)=2.432V0,+2.432Vco,—1.943UN
PRO (g/24 h)=6.250UN

WCHO=4.18CHO/REEX 100
YEFAT=9.46FAT/REEX 100
WPRO=4.32PRO/REEX 100

Measurements were performed between 07:00 and
09:00 h while the patienls were still in bed. The last
meal was served at 18:00 h on the previous day. Basal
metabolic rate (BMR) was calculated by the formula of
Harris and Benedict (1 3).

Anthroponmetry. We mcasured height and body
weight, and calculated body mass index (BMI). Anthro-
pometry including measurements ol arm circumfer-
ence (AC) and triceps skinfold thickness (TSF}. and esti-
mated arm muscular circumference (AMC) was carried
out using standard American Society lor Parenteral
and Enteral Nutrition procedures by an expert dietician.
AC, TSI and AMC were expressed as percentages of
normal values according to Japanese anthropomelry
reference data (JARD) 2001 (14}, which provides gen-
der- and age-adjusted anthropometric values from a
total ol 5,492 healthy subjects (2.7 38 males and 2,754
females) ranging from 18 to 85 y old.

Biochemistry.  Fasting blood samples were collected
from antecubital veins in the early morning on the day
of the test, and were analyzed for serum levels of total
bilirubin. albumin. alanine aminotransferase, frec fatty
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Fig. 1. Correlations between non-protein respiratory

quotient (npRQ) and %arm circumference (%AC) 2=
0.204, p=0.0021) or %arm muscle circumterence
("AMC) (*=0.178. p=0.0043). Dotted lines indicate
the 90% conlidence range of the regression line,

acid, and branched-chain amino acid and tyrosine ratio
(BTR). Prothrombin time was also assessed.

Statistical analyses.  Values were  expressed as
median and range. Comparisons of measured values
among Child-Pugh grade A, grade B, and grade C were
performed using one-way analysis of variance
(ANOVA). Comparisons ol gender, etiology. hepatocellu-
lar carcinoma, and supplementation with branched-
chain amino acids (BCAA) among Child-Pugh grades
were performed using coutingency table analysis. The
correlations among npRQ. Child-Pugh score, laboratory
parameters, %AC. %TSE and %AMC were evaluated by
Spearman’s correlation coeflicient. ROC (Receviver
operating characteristic) analysis was used to identily
the cut-off values that would best predict npRQ=0.85.
Multiple regression analysis was also performed to draw
equations to estimate npR(Q). Survival curves were con-
structed by the Kaplan-Meier method, and the statisti-
cal difference between curves was evaluated by log-
rank test. All analyses were performed using JMP 8.0
(SAS Institute. Cary. NC. USA) and p<0.05 was consid-
ered statistically significant.

RESULTS

%AC and %'TSF of patients with cirrhosis lell in paral-
lel with increasing grade of disease severity as defined
by the Child-Pugh classilication (p<<0.05) (Table 1).
suggesting the presence of PEM in these subjects. npRQ
also correlated signiticantly with increasing Child-Pugh
grade (p<<0.05) (Table 1). In addition, free fatty acid
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Table 3. Sensitivity, specificity. positive predictive value. negative predictive value and accuracy to predict npRQ by patient
stratification with %AC=93. %AMC=92, or regression equation-based npRQ=0.85.

%WAC=93 %AMC=92 Regression equation-based npRQ=0.85

Sensitivity 53.3% (35.0-65.4)* 33.3% (35.7-62.6)* 66.7% (46.3-82.2)*
Specilicity 89.7% (8(.2-95.9) 93.1% (84.0-97.9)* 75.9% (65.4-83.9)*

Positive predictive value
Negative predictive value

Accuracy

72.7% (47.8-89.2)"
78.8% (70.5-84.3)*

80.0% (53.5-94.0)*
79.4%171.6-83.5)*
79.5% (67.5-85.9)*

77.3% (64.8-85.5)*

58.8% (41.0-72.5)*
81.3% (70.3-90.1)*
72.7%{59.0-83.3)*

*95%, confidence interval.

Table +.

Clinical and biochemical proliles ol patients with %arm circumlerence below or above 95.!

%Arm circumference<95

Y%Arm circumference=95

(n=11) (n=33) P
Age (y) 65 (32-76) 66 (38-83) 0.7361
Gender (M/F) 714 21/12 0).8681
Height (¢m) 157 (143-172) 160 (143-173) 0.2297
Weight (kg) 52 (39-67) 62 (47-87) 0.0014
Body mass index (kg/m?) 211 (16.0-25.2) 24.2 (18.4-30.5) 0.0041
Etiology (HBV/HCV/alcohol/other) (/8/2/1 1/25/4/3 0.2201
Hepatocelluler carcinoma (+/-) 5/6 22/11 0.1292
Child’s classification score 8.3(6-11) 7.7 (5-12) 0.3397
Non-protein respiratory quotient 0.82 (0.70-0.92) 0.88 (0.75-0.99) 0.0084
Resting energy expenditure (keal/d) [.081 (918-1.420) 1.262(910-2.103) 0.0400
Basal metabolic rate (keal/d) 1.123{875-1.349) 1.277 (990-1,762) 0.0078%
Albumin (g/dL) 2.9¢2.0-3.35) 3.1 (2.2—4.4) 0.4199
Total bilirubin (mg/dL) 1.3¢(0.4-3.5) 1.8 (0.7-6.6) 0.3101
Alanine aminotranslerase {[U/L) 34 (8-69) 71 (1 1-449) 0.1473
Prothrombin time (%) 73(538-94) 69 (37-100) 0.4399
Free fatty acid (uliq/L 698 (329-1.010) 649 (200-1.291) 0.6613
Branched-chain amino acid and tyrosine ratio 3,13 (1.09-4.96) 3.1310.88-6.34) 0.9912
YaArm circumlerence 82.9(72.5-93.3) 105.3(95.1-125.1) <{).0001
Y% Triceps skinlold thickness 76.4(33.3-110.0 109.1 (33.3-185.7) 0.0125

Y%Arm muscle circumlerence

"Data are presented as number ol patients or median {range).

83.2(71.6-96.4)

105.4(91.2-119.35) <0.0001

*Compared between %AC<93 and %HACZ95 by one-way ANOVA or, for gender. etiology, and hepatocelluler carcinoma, by

conlingency table analysis.

levels increased in parallel with increasing Child-Pugh
grade (Table 1). BTR tended to be lower in advanced
disease, but this correlation did not reach statistical sig-
nificance.

Correlation cocfticients among demographic, clinical.
laboratory. anthropometric and calorimetric parame-
ters were calculated, and those of significanse with
npRQ are presented in Table 2. npRQ correlated signifi-
cantly with %AC {r=0.204. p=0.0021) and %AMC
(1?=0.178. p=0.0043) (Table 2. Fig. 1) but not with
%TSE npRQ did not correlate significantly with other
measurements except Child-Pugh score (Table 2). The
cut-off value ol %AC for npRQ=0.85 that showed the
largest area under the curve (AUC=0.74) was 95 by
ROC analysis. The cut-off value of %AMC was 92 with
AUC of 0.72. Multiple regression analysis yielded an
equation:

npRO=0.0019 X (%HAC)—0.01 34 X(Child-Pugh
score)+0.7791 (p overall=0.046)

Sensitivity, specilicity. positive predictive value, nega-

.

tive predictive value, and accuracy to predict npRQ<
.85 by patient stratification with %AC=95. %AMC=
92, or regression cquation-based npRQ=0.85 are
shown in Table 3. There was no significant difference in
these statistical indices among 3 cut-off values (Table
3).

We then stratified the patients into subgroups with
cut-off of %AC=95 (Table 4}, WAMC=92 (Table 3), or
regression equation-based npRQ=0.85 (Table 6). and
compared their clinical and biochemical characteristics
(Tables 4. 5 and 6) and also the survival outcome (Fig.
2).

Stratilication by %AC or %AMC showed that patients
with %AC<9Y35 or %BAMC<Y2 had signilicantly lower
body weight and BMI than those with values above
these thresholds, while height was similar between sub-
groups (Tables 4 and 5). Serum albumin level did not
difter significantly between subgroups (Tables 4 and 3).
Patient stratification by regression equation-based
npRQ=10.85 showed that a larger number of patients
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Table 5. Clinical and biochemical profiles of patients with %arm muscle circumference below or above 92.!

TERAKURA Y et al.

Y%Arm muscle

Y%Arm muscle

circumference<<92 circumference=92 p?
(n=10) (n=34)
Age (y) 65(52-76) 66 (38-83) 0.7516
Gender (M/F) 8/2 20/14 0.2211
Height (¢cm) 159 (146-172} 159(143-173) 0.9427
Weight (kg) 53 (39-67) 61 (47-87) 0.0228
Body mass index (kg/m?) 21.0(16.0-25.2) 24.1 (18.4-30.3) 0.0047
Etiology (HBV/HCV/alcohol/other) 0/8/2/0 1/235/4/4 0.8631
Hepatocelluler carcinoma (+/—} 4/6 23/11 0.1199
Child’s classification score 8.2({6~11) 7.3(5-12) 0.4368
Non-protein respiratory quotient 0.81 (0.70-0.92) 0.88 (0.75-0.99) 0.0040
Resting energy expenditure (kcal/d) 1.153 (918-1.660) 1.237 (910-2,103) 0.3575
Basal metabolic rate (kcal/d) 1.156 (875-1.378) 1.2621(990-1.762) 0.0831
Albumin (g/dL) 3.0(2.0-3.5) 3.1 (2.2-4.4) (.8476
Total bilirubin (mg/dL) 1.42 (0.4-3.3) 1.7 (0.6-6.6) 0.5272
Alanine aminotransferase ([U/L) 43 (17-106) 68 (8-449) 0.3397
Prothrombin time (%) 71(58-83) 70 (37-100) 0.8468
Free fatty acid {uEq/L) 648 (329-1,010) 664 (200-1.291) 0.8907

Branched-chain amino acid and tyrosine ratio
%Arm circumference

Y%triceps skinfold thickness

Y%Arm muscle circumference

3.05(1.09-4.91)
84.7 (72.5-101.2)
85.2 (46.0-137.5)
83.8(71.6-91.2)

3.15(0.88-6.34)

104.1(81.7-125.1)
105.6(33.3-185.7)
105.2 {92.6-119.5)

0.8690
<0.0001
0.1404
<0.0001

! Data are presented as number of patients or median (range).
> Compared between %AMC<92 and %AMC=92 by one-way ANOVA or, for gender. etiology. and hepatocelluler carci-

noma, by contingency table analysis,

Table 6. Clinical and biochemical profiles of patients with regression equation-based npRQ below or above (0.85.)

Regression equation-based

Regression equation-based

- npRQ<0.85 npRO=0.85 p
(=17} (n=27)
Age (y) 65(38-82) 66 (56-83) (.6693
Gender (M/F) 11/6 17/10 0.9068
Height (cm) 158 (143-173) 160 {145-170) 0.3840
Weight (kg) 57 (39-87) 61 (47-74) 0.1363
Body mass index (kg/m?) 22.5(16.0-30.5) 23.9(19.7-29.1) 0.1561
Etiology {(HBV/HCV/alcohol/other) 0/12/4/1 1/21/2/3 0.5411
Hepatocelluler carcinoma (+/—) 6/11 21/6 (.0040
Child’s classilication score 9.4 (7-12) 6.9 (5-9) <0.0001
Non-protein respiratory quotient (not calculated) 0.83 (0.70-0.96) 0.89 (0.77-0.99) 0.0082
Resting energy expenditure (kcal/d) 1.203 (910-2,103) 1.227 (918-1.664) 0.7691
Basal metabolic rate (kcal/d) 1.203(910-1.762) 1.261 {996-1.540) 0.2751
Albumin (g/dL) 2.9(2.0-3.5) 3.2(2.4-4.4) 0.0287
Total bilirubin (mg/dL) 2.2(0.6-6.6) 1.210.4-3.4) 0.0037
Alanine aminotransflerase (IU/L) 58 (8-449) 65(22-248) 0.7758
Prothrombin time (%} 65 (37-94) 74 (46-100) 0.04653
Free faity acid (uEq/L) 753(329-1,291) 592 (200-1.072) 0.0936
Branched-chain amino acid and tyrosine ratio 2.74 (0.88-4.90) 3.43(1.98-6.34) 0.1446
Y%Arm circumference 90.7 (72.5-106.9) 1054 (92.4~123.1) <().0001
%Triceps skinfold thickness 81.3(33.3-168.4) 113.3(53.6~-183.7) 0.0056
%Arm muscle circumfierence 95.0(71.6-111.1) 103.7 (87.1-119.5) 0.0103

" Data are presented as number of patients or median (range).

2 Compared between regression-based npRQ<0.85 and regression equation-based npRQ=0.835 by one-way ANOVA or. for
gender, etiology. and hepatocelluler carcinoma. by contingency table analysis.
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Fig. 2.
or regression equation-based npRQ (*)=0.85 {(p=0.0002).

with hepatocellular carcinoma belonged to the group of
this npRQ=0.85 (p<0.0040) (Table 6). Other siginifi-
cant differences were observed in the parameters that
related with equation variables, i.e. %AC and Child-
Pugh score.

Kaplan-Meier estimation of survival outcome showed
a highly significant difference between subgroups cre-
ated with cut-off of %AC=95 (p=0.0436) or regression
equation-based npRQ=0.85 (p=0.0002). but not of
%WAMC=92 (p=0.0842) (Fig. 2).

DISCUSSION

The liver plays a central role in systemic fuel and
energy metabolism. Hence PEM is common in patients
with severe liver diseases including cirrhosis (1. 2). [n
recent years, several studies have demonstrated the
association between PEM and poor event-free survival
in cirrhosis { 3-5. 15. 16). Hence, PEM is important as a
therapeutic target in these patients.

In general. REE and npRQ are the main factors con-
sidered when evaluating energy metabolism by indirect
calorimetry. However, previous studies could not reach
agreement on whether REE is a useful indicator of PEM
{16=20). On the other hand, npRQ<0.85. obtained in
patients with cirrhosis after overnight bed-rest and fast-
ing, predicted a significantly lower survival rate than in
those with scores of at least 0.85 (35). Thus. in contrast
to REE, npRQ is a good measure of PEM and reflects
patient outcome { 5); however, measurement of npRQ is
limited in daily clinical practice because of the high cost
of indirect calorimetry. Therefore, it is important to
determine an alternative marker to npRQ that can be
used in the routine clinical setting. To the best of our
knowledge. the literature contains no studies of such
candidate markers. :

In this study. we first revealed that %AC<95 and
% AMC<92 represent npRQ<<0.85 by ROC analysis. In
addition, multiple-stepwise regression analysis yielded
an equation to obtain npRQ by a combination of Child-
Pugh score and %AC. These 3 _cut-offs showed similar
statistical power to predict npRQ<0.85 as shown in
Table 3. However. the most important aim to produce
significant difference in survival estimates was achieved
only by %AC cut-off and regression equation-based
npRQ (Fig. 2). Hence. we recommend using these 2
indices in clinical application. Furthermore, AMC is a

6 12 18 24 30 36

%BAMC

6 12 lé 2‘4 Sb 3‘;6

(mo) (mo)

Regression equation-
based npRQ

Survival curves of patients with cirrhosis stratified by cut-offs of %AC=93 (p=0.0436), %AMC=92 (p=0.0842),

so-called “soft number”derived from a directly mea-
sured “hard number”AC. Similarly, Child-Pugh score is
also a soft number composed of multiple parameters
including total bilirubin and albumin, neither of which
remained in this study following multiple regression
analysis. Taken together. we recommend using “%AC
first as a single as well as solid substitute for npRQ.
being followed next by the regression equation.

It has been reported that supplementation with
BCAA improves prognosis. quality of life, and also nutri-
ent metabolism measured by indirect calorimetry in
patients with liver cirrhosis (11. 15. 21-23). In this
study. 36% of the patients actually took BCAA (Table 1).
However. the presense or absence of BCAA supplemen-
tation was not shown to be significant by multivariate
analysis, presumably because a high population of
patients received BCAA. Similarly, there was no effect
by hepatocellular carcinoma on npRQ by multivariate
analysis, because of the high incidence of complication
with hepatocellular carcinoma in this study (Table 1).

It is well accepted that increased fat oxidation and
decreased glucose oxidation contribute to reduce npRQ
in patients with liver cirrhosis (5, 17-19). Decrease in
glucose oxidation in cirrhosis is explained by the lower
production rate of glucose from glycogen (24), decrease
in peripheral glucose use (24), and decrease in hepatic
glycogen stores (23). [n the present study. npRQ corre-
lated significantly with %AC and %AMC. AC and AMC
reflect the systemic skeletal muscle mass. and systemic
muscle is the main peripheral tissue using glucose.
Hence decreased muscle mass indicates the onset and
progression of malnutrition in patients with cirrhosis
(26).

Increased fat oxidation suggests pronounced lipolysis
or a loss of substantial amounts of body fat mass. How-
ever, the exact mechanism to explain increased fat oxi-
dation is not clear. [n this regard. we recently elucidated
that circulating tumor necrosis factor (TNF) a level is
elevated in cirrhosis. and correlates significantly with
fat oxidation (25).

Energy metabolism and nutritional status can report-
edly be estimated by anthropometric measures. such as
AMC and TSF (27). These are the most reliable bedside
techniques to assess nutrition status in patients with
cirrhosis (28, 29). In addition. intracbserver and inter-
observer errors in anthropometry can be minimized- by
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standardizing measurement methods (27). AMC and
TSF are measured in the upper extremities and thus
give reasonably accurate estimates of nutrition status
even in patients with decompensated cirrhosis. because
fluid retention or edema accumulates in the lower
extremities (27).

Alberino et al. reported that 37% of patients with cir-
rhosis had severe or moderate protein malnutrition as
determined by AMC below the 10th percentile, and that
15% had severe energy malnutrition as determined by
TSF below the 5th percentile (27). Moreover. such mal-
nourished cirrhotics had a lower survival rate (27).
These data were also interesting in that the prognostic
power of AMC was higher than that of TSF (27). In
addition, several other nutrition pararmeters, such as
creatinine-height index and hand-grip strength, have
been reported as good outcome markers in patients
with alcoholic hepatitis (30). Since those parameters
also indicate muscle mass, decrease in skeletal muscle
seems more important than decrease in fat mass in
patients with cirrhosis. npRQ. which is another inde-
pendent predictor of prognosis of patients with cirrhosis
as described earlier (5). correlated significantly with
%AMC but not with %TSF in the present study. This
observation further supports the importance of muscle
mass as a nutritional parameter. We believe that the
results for AC largely reflect those of AMC.

npRQ<0.85 is a precisely defined value at which the
substrate oxidation rate changes from glucose-domi-
nant to fat-dominant, as can be understood from the
calculation equation. npRQ<0.85 predicted signifi-
cantly lower survival rate in cirrhotic patients than in
those with higher scores (5). Thus, such patients with
energy malnutrition are good candidates to receive
nutrition support as recommended in several guidelines
(7-9). It was reported that. alter overnight fasting.
patients with cirrhosis demonstrate a marked decrease
in glucose oxidation, with enhanced fat and protein
catabolism similar to that observed in healthy subjects
alter 2 to 3 d of starvation (31). In order to avoid such
nocturnal starvation. a late evening snack (LES) is rec-
ommended as one of the most useful nutrition interven-
tions (7-9. 32). It would be reasonable to start such
snacks at npRQ<0.85. or from the present results. at
"%AC<95 or regression equation-based npRQ<0).85 as
substitute measures of calorimetric npRQ<0.85. This
%AC value also corresponds approximately to the lower
25th percentile of AC among patients with cirrhosis. as
can be seen in Fig. 1. The clinical significance of this
percentile cut-off point agrees well with previous
reports (27).

An interesting observation in the present study is
that the patients with %AC<95 or with %AMC<92
showed significantly lower body weight and BMI when
compared with those with higher scores, while their
height was similar. Furthermore. serum albumin level
was also similar between the subgroups. Thus.
%HAC<935 and %AMC<92 appear to indicate only the
presence of energy malnutrition. independently of pro-
tein nutritional status. Furthermore, stratification by

%AC produced a highly significant difference in the sur-
vival rate of patients with cirrhotics, as clearly shown in
Fig. 2. Thus, the thresholds of %AC as proposed in this
study could substitute for npRQ=0.85 as prognostic
indices in cirrhosis.

There are several study limitations in this study. The
first is low sensitivity and its wide confidence interval of
3 cut-offs as given in Table 3. A small number of
patients might be most responsible for this problem.
Additional studies in a larger cohort and, moreover. a
confirmation study in another cohort are essential to
address this concern.

The other concern is how to standardize the anthro-
pometric measurement. For this aim. we used JARD
2001, because this is the only currently available refer-
ence with a relatively recent and large-scale Japanese
population. The limitation of JARD 2001 is the lack of
height- or BMI-adjusted reference, and for this task
another population-based survey is required to prepare
such reference data. A totally different approach is to
use raw anthropometric values. This is effective in a sin-
gle cohort study but if the study aim exists in applica-
tion of data to another cohort. as the case of the present
study. confirmation of the patient homogeneity among
cohorts is essential and would be a difficult practice.

In conclusion. %AC and regression equation-based
npRQ could represent calorimetry-measured npRQ to
some extent as parameters of energy nutrition in liver
cirrhosis.
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Transferrin receptor 2 (TfR2), a homologue of the classical transferrin
receptor 1 (TfR1), is found in two isoforms, a and R. Like TfR1, TfR2« is a
type II membrane protein, but the 5 form lacks transmembrane portions
and therefore is likely to be an intracellular protein. To investigate the
functional properties of TfR2a, we expressed the protein with FLAG
tagging in transferrin-receptor-deficient Chinese hamster ovary cells. The
association constant for the binding of diferric transferrin (Tf) to TfR2« is
5.6x10° M !, which is about 50 times lower than that for the binding of Tf to
TfR1, with correspondingly reduced rates of iron uptake. Evidence for Tf
internalization and recycling via TfR2«a without degradation, as in the TfR1
pathway, was also found. The interaction of TfR2a with Tf was further
investigated using atomic force microscopy, a powerful tool used for
investigating the interaction between a ligand and its receptor at the single-
molecule level on the living cell surface. Dynamic force microscopy reveals
a difference in the interactions of Tf with TfR2«a and TfR1, with Tf~TfR1
unbinding characterized by two energy barriers, while only one is present
for Tf-TfR2. We speculate that this difference may reflect Tf binding to
TfR2a by a single lobe, whereas two lobes of Tf participate in binding to
TfR1. The difference in the binding properties of Tf to TfR1 and TfR2a may
help account for the different physiological roles of the two receptors.

© 2010 Published by Elsevier Ltd.

Keywords: iron metabolism; transferrin; transferrin receptor 2; atomic force
microscopy; functional assay
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Iron is essential for all living organisms and is
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required for numerous metabolic processes. In
vertebrates, and at least in some invertebrates
with circulatory systems, almost all circulating
iron is carried by diferric transferrin (Tf) to provide
iron for cellular needs. The initial event in the
cellular uptake of iron is the binding of Tf to
transferrin receptor 1 (TfR1)' on the plasma
membrane of cells, followed by endocytosis of the
Tf-TfR1 complex. HFE*—the “protein” that, when
mutated, is responsible for hereditary hemochro-
matosis—has been shown to combine with TfR1

0022-2836/$ - see front matter © 2010 Published by Elsevier Ltd. — 315 —
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Interaction between Transferrin and Transferrin Receptor 2

and to reduce its affinity for Tf,’° but the
physiological functions of HFE are still not fully
understood. In the acidified Tf-bearing endosome,
iron is released from Tf and carried into the cytosol
by divalent metal transporter 1.77% After the release
of its iron, Tf, still bound to the receptor in the
acidified endosome, is recycled to the cell mem-
brane and released from TfR1 at the cell surface
where iron-free Tf is not bound by the receptor at
pH 7.4. Most cells other than hepatocytes have been
thought to depend chiefly or exclusively on the
TfR1 cycle for securing iron from Tf.'*""?

A second transferrin receptor, transferrin receptor
2 (TfR2), was cloned and identified as a new
member of the transferrin receptor class."® TfR2
has two isoforms: TfR2a and TfR2B. TfR2a is
thought to be a type II membrane protein like
classical TfR1.'"* TfR2p is probably an intracellular
protein because its amino acid sequence lacks
transmembrane portions. Although its affinity for
Tf is less than that for TfR1, TfR2a binds Tf and
therefore may participate in cellular iron uptake,
while the physiological function of TfR2p is un-
known. Mutations of the TfR2 gene reduce hepcidin
expression, resulting in iron overload and indicating
that TfR2 may function primarily as a regulator of
hepcidin production. However, the precise mechan-
isms of TfR2«a involvement in cellular iron metab-
olism have not been elucidated, largely due to lack
of information about the properties of the TfR2a
protein. We therefore aimed to characterize the
interactions of TfR2a with Tf by functional assays
and atomic force microscopy (AFM), a powerful tool
for investigating the interaction between a ligand
and its receptor at the single-molecule level on a
living cell surface."

Results

Total protein contents

TfR1-deficient Chinese hamster ovary (CHO)
TRVb cells were transfected with a TfR2a expression
vector or mock vector, with no detectable change in
cell morphology observed in culture wells by light
microscopy. The total protein contents were 113+
20 pg/cell (n=10) for wild-type TRVD cells, 127+
19 pg/cell (n=10) for TRVDb-TfR2a cells, and 120+
15 pg/cell (n=10) for TRVb mock cells. Thus,
transfection of TRVb cells with the TfR2a expression
vector did not cause any remarkable change in
cellular protein concentration.

Expression of TfR2a and its binding to Tf

Transfection of TRVb cells with the TfR2«a
expression vector resulted in much higher Tf
binding at 4 °C compared to wild-type TRVb cells
or the mock-transfected clone (Fig. 1). Tf binding to
TRVb cells and TRVb mock cells showed a
nonsaturable, almost linear, behavior characteristic
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Fig. 1. Tf binding to TRVDb (@), TRVb-TfR2« (4), and
TRVb mock cells (l) at 4 °C. Cells were incubated with
['®1]Tf at 4 °C for 1 h, washed to remove unbound Tf, and
then solubilized for counting. TRVb-TfR2a cells showed a
saturable binding curve, with an association constant of
5.6x10° M~ ' and 2.8x10* binding sites/cell. The exper-
iment was performed in triplicate.

of nonspecific binding. In contrast, expressed cell
surface Tf binding sites in TRVb-TfR2a cells
saturated at 2.8x10* Tf molecules/cell, with the
association constant K, calculated to be
56x10° M "', Since TRVb-TfR2a cells and TRVb
mock cells were maintained at 30 pg/ml puromycin,
but TRVb cells were maintained without puromy-
cin, TRVb mock cells were used as controls for
further studies. ‘

Cell-associated Tf at 37 °C

Total cell-associated Tf at 37 °C increased as a
function of Tf concentration in TRVb-TfR2a cells
(Supplementary Fig. 1). The cell-associated Tf of
TRVb mock cells, however, also increased as a
function of Tf concentration, even though cell-
associated Tf was less than that seen in TRVb-
TfR2a cells. To determine whether transfection was
responsible for this increase in cell-associated Tf in
mock cells, we measured cell-associated Tf in wild-
type TRVD cells at 37 °C. There was no remarkable
difference between wild-type TRVb and TRVb mock
cells, indicating that transfection itself did not cause
the Tf association in mock cells (data not shown).
Since TRVD cells lack detectable TfR1, this associa-
tion with Tf must be receptor-independent. The
difference between cell-associated Tf in TRVb-T{R2a
cells and cell-associated Tf in TRVb mock cells as a
function of Tf concentration—presumably due to Tf
bound to TfR2a and Tf internalized via TfR2« in the
former, but not in the latter—approached a constant
value.
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