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a  b  s  t  r  a  c  t

There  is  large  interindividual  variability  in serum  teicoplanin  (TEIC)  concentrations  after  administration
of  a loading  dose,  and  the  factors  that influence  the  pharmacokinetics  of  TEIC  are  disputed.  The  aim
of  this  study  was  to clarify  changes  in  the  pharmacokinetics  of  TEIC  that  occur  in  patients  with  hyper-
glycaemia  as well  as  the  impact  of  albumin  glycosylation  on  the pharmacokinetics  of  TEIC. This  study
consisted  of  retrospective  and  prospective  investigations.  The  pharmacokinetic  parameters  of  TEIC  were
retrospectively  compared  between  patients  receiving  TEIC  treatment.  Ninety-four  patients  were  divided
into  four  groups  according  to their  serum  albumin  and  blood  glucose  concentrations  [(i) hyperglycaemic
hypoalbuminaemia  (albumin  <  3.0  g/dL)  (n = 16);  (ii)  non-hyperglycaemic  hypoalbuminaemia  (n  = 29);
(iii)  hyperglycaemic  normoalbuminaemia  (albumin  ≥ 3.0  g/dL)  (n =  9);  and  (iv)  non-hyperglycaemic  nor-
moalbuminaemia  (n = 40)].  In addition,  the concentration  of  glycosylated  albumin  was  prospectively
determined  in  28  patients.  At  12  h after administration  of  a loading  dose,  patients  with  hyperglycaemic
hypoalbuminaemia  displayed  significantly  lower  serum  TEIC  concentrations  (P <  0.05)  and  higher  TEIC

CrossMark
volume  of  distribution  (Vd) (P <  0.05)  than  the other  three  groups,  whereas  TEIC  clearance  did  not  differ
significantly  among  the  groups.  In  addition,  the percentage  of glycosylated  albumin  was significantly
correlated  with  the  association  constant  (Ka)  of TEIC  for albumin  (r = 0.53,  P =  0.004)  and  the Vd (r =  0.41,
P  = 0.031).  These  results  suggest  that  hyperglycaemic  hypoalbuminaemia  lowers  the  serum  TEIC  concen-
tration,  which  is  attributable  to the  decreased  Ka and  increased  Vd of  TEIC  by  albumin  glycosylation.

©  2015  Elsevier  B.V.  and  the  International  Society  of  Chemotherapy.  All rights  reserved.
. Introduction

Teicoplanin (TEIC) is an effective treatment for infections caused
y Gram-positive bacteria, including meticillin-resistant Staphylo-
occus aureus (MRSA) [1]. According to Harding et al. [2], the mean
rough concentration of TEIC is correlated with the clinical outcome
f patients with S. aureus septicaemia. It has also been reported that
dministration of inappropriate initial therapies for MRSA infec-
ion is associated with higher in-hospital mortality [3,4]. Therefore,
hen TEIC is used it is important to promptly achieve an effective

erum concentration of the drug. However, there is large interindi-
idual variability in serum TEIC concentrations after administration

f a loading dose [5,6], and the factors that influence the pharma-
okinetics of TEIC have not been fully elucidated.

∗ Corresponding author. Tel.: +81 59 231 5081; fax: +81 59 232 1201.
E-mail  address: okudam@clin.medic.mie-u.ac.jp (M.  Okuda).

ttp://dx.doi.org/10.1016/j.ijantimicag.2015.03.010
924-8579/© 2015 Elsevier B.V. and the International Society of Chemotherapy. All rights
TEIC binds strongly to serum proteins (mainly albumin), and the
free fraction of the drug accounts for 6–12% of its total serum con-
centration in normal subjects [7]. However, it has been reported
that the free fraction of TEIC is increased in patients with serum
albumin levels of <3.0 g/dL [8]. Moreover, patients with hypoal-
buminaemia were demonstrated to have lower serum trough
concentrations of TEIC than healthy volunteers [7]. Thus, it is con-
sidered that an increased unbound TEIC fraction results in a greater
volume of distribution (Vd) or increased clearance (CL) of the drug,
which can lead to a reduced serum concentration of TEIC [7].
In a previous population pharmacokinetic (PPK) study involving
Japanese patients with systemic MRSA infections, Ogawa et al.
[9] reported that the serum albumin concentration was a signif-
icant covariate for the peripheral Vd of TEIC. On the other hand,
Nakayama et al. [10] indicated that the serum albumin concentra-

tion had no significant influence on the final PPK model. Therefore,
the impact of albumin on the pharmacokinetics of TEIC is disputed.

Glycosylation of albumin occurs via a non-enzymatic pro-
cess involving Schiff base formation and Amadori rearrangement

 reserved.
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o a ketoamine derivative, and the proportion of albumin that
s glycosylated increases with the blood glucose concentration
11,12]. Glycosylation of albumin modifies its physical and biolog-
cal properties and decreases its ability to bind to albumin-binding
rugs (e.g. sulphonylureas, warfarin, phenytoin, valproic acid,
elfinavir, etc.) [13–15]. Furthermore, a rat model of diabetes mel-

itus was found to exhibit a significantly lower area under the
oncentration–time curve (AUC) value for nelfinavir than control
ats [15]. However, it remains unclear whether binding of TEIC to
lbumin is affected by glycosylation.

To the best of our knowledge, changes in TEIC pharmacokinetics
n patients with hyperglycaemia are yet to be investigated. Such an
nvestigation could help to better describe interindividual variabil-
ty in TEIC pharmacokinetics. The aim of this study was to clarify the
hanges in the pharmacokinetics of TEIC that occur in patients with
yperglycaemia as well as the impact of albumin glycosylation on
EIC pharmacokinetics.

. Materials and methods

.1. Patients

This study consisted of retrospective and prospective compo-
ents. The retrospective study included 130 patients and ran from
arch 2005 to March 2010 at Mie  University Hospital (Tsu, Mie,

apan). Patients were enrolled if they fulfilled the following inclu-
ion criteria: (i) their serum TEIC and albumin concentrations were
easured on the same day; and (ii) their fasting blood glucose level
as measured daily or every other day within a week before admin-

stration of TEIC. Patients were excluded if they were ≤15 years
ld, were receiving renal replacement therapy, had missing data
r were using albumin-containing products. The prospective study
nvolved another 41 patients who were administered TEIC and was
onducted from April 2010 to October 2010 at Mie  University Hos-
ital. Patients were enrolled if their serum TEIC concentration was
easured. Exclusion criteria were same as for the retrospective

tudy. Demographic data were obtained by reviewing electronic
edical records from the patients with TEIC administration. All

atients received an initial loading dose (200 mg  or 400 mg  every
2 h or every 24 h on Days 1 and 2), and the serum TEIC concen-
ration was determined between Day 3 and Day 7. This study was
onducted in accordance with the Declaration of Helsinki and its
mendments and was approved by the Ethics Committee of Mie
niversity Graduate School of Medicine and Faculty of Medicine.

.2. Serum samples

In each study, serum samples were separated from whole blood
y centrifugation at 1700 × g for 10 min  using serum separation
ubes, and the total TEIC concentration was determined immedi-
tely. The rest of the serum sample was stored at −20 ◦C until it was
sed to determine the concentrations of glycosylated albumin and
nbound TEIC.

.3. Assay method

Total serum TEIC concentrations were determined using a fluo-
escence polarisation immunoassay, the INNOFLUOR® Teicoplanin
ssay System (Seradyn, Indianapolis, IL), and the TDx FLx® system

Abbott Laboratories, Chicago, IL). Unbound TEIC was  separated by
ltrafiltration using a YM-30 Centrifree® device (Nihon Millipore
K, Tokyo, Japan). Certain parameters of the TDx FLx system were

hanged to allow a lower concentration range to be used during
uantification of the serum concentration of unbound TEIC accord-

ng to a modified version of the method devised by Yano et al. [8].
he accuracy, linearity and precision of this method were evaluated
timicrobial Agents 46 (2015) 164–168 165

[expressed as the percentage coefficient of variation (%CV)]. Cali-
bration curves were constructed for each TEIC fraction using five
samples with concentrations of 0.25, 0.5, 1.0, 2.5 and 5.0 �g/mL.
The intraday and interday precision and accuracy of the assay were
assessed by analysing nine control samples with concentrations of
0.25, 0.5 and 1.0 �g/mL (n = 3 each) on the same day and examin-
ing the mean values obtained for these samples over 5 days. Each
sample was  prepared by adding TEIC to albumin-free serum. The
albumin-free serum was  separated from pooled serum by ultrafil-
tration using a YM-30 Centrifree® device (L-CONSERA I EX; Nissui
Pharmaceutical, Tokyo, Japan). The concentration of glycosylated
albumin was  determined by an enzymatic method using a Lucica®

GA-L Kit (Asahi Kasei Pharma Corp., Tokyo, Japan).

2.4. Comparison of teicoplanin pharmacokinetics between
patients with and without hypoalbuminaemia and
hyperglycaemia

Patients were categorised into two groups based on their serum
albumin concentration, i.e. hypoalbuminaemia (albumin < 3.0 g/dL)
and normoalbuminaemia (albumin ≥ 3.0 g/dL). The two  groups
were then further divided into two subgroups based on the
patient’s blood glucose level, i.e. hyperglycaemic patients and non-
hyperglycaemic patients. Hyperglycaemic patients were defined as
those who satisfied either of the following inclusion criteria: (i) a
fasting blood glucose level of >126 mg/dL persistently during 8 days
before TEIC therapy; or (ii) patients who were receiving total par-
enteral nutrition and exhibited blood glucose levels of >126 mg/dL
throughout the day.

For the above four groups, the pharmacokinetic (PK) parame-
ters of TEIC were calculated based on each patient’s demographics.
The serum trough TEIC concentration at 12 h after administration
of the loading dose was also predicted. In addition, the patients’
demographic and PK parameters were compared among the four
groups.

2.5. Impact on glycosylated albumin on teicoplanin
pharmacokinetics

The proportion of glycosylated albumin was obtained by
dividing the glycosylated albumin concentration by the albumin
concentration for each patient in the prospective study. The rela-
tionships between the percentage of glycosylated albumin and each
PK parameter [association constant (Ka) of TEIC for albumin, Vd
and CL] were analysed. The albumin molecule has been reported
to have a single binding site for TEIC [16]. Therefore, the Ka of TEIC
for albumin is defined by the following equation:

Ka = b

f (P − b)

b = t − f

where b, f and t refer to the molar concentrations of bound, free and
total TEIC, respectively, and P is the total molar concentration of
albumin. The molecular weights of albumin and TEIC were defined
as 67 000 Da and 1700 Da, respectively.

2.6. Pharmacokinetic and statistical analyses

The PK parameters and serum concentrations of TEIC at 12 h
after the loading dose were predicted using a Bayesian method by

inputting the patients’ information (age, sex, weight, serum cre-
atinine and measured serum TEIC concentration) and each dose
regimen into the TDM Supporting Software for TEIC v.2.1 (Astel-
las Pharma, Tokyo, Japan) [10]. Statistical analyses were performed
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Table 1
Demographic characteristics of 94 patients in the retrospective study.

Characteristic Hypoalbuminaemia Normoalbuminaemia

Hyperglycaemic
(n = 16)

Non-hyperglycaemic
(n = 29)

Hyperglycaemic
(n = 9)

Non-hyperglycaemic
(n = 40)

Sex (male/female) (n) 11/5 18/11 6/3 15/25
Age  (years) 68 (59–77) 64 (19–92) 62 (18–74) 62 (19–81)
Body  weight (kg) 56 (37–72) 50 (34–85) 64 (35–80) 50 (33–72)
Serum albumin (g/dL) 2.4* (1.9–2.7) 2.5* (1.8–2.9) 3.2 (3.0–3.7) 3.4 (3.0–4.2)
Serum  creatinine (mg/dL) 0.55 (0.34–2.30) 0.61 (0.30–1.90) 0.67 (0.30–0.77) 0.60 (0.35–2.06)
Creatinine clearance (mL/min)a 88.7 (26.5–126.8) 66.7 (26.2–263.6) 112.3 (73.8–142.1) 87.0 (20.0–195.2)
Loading  dose of TEIC (mg)b 1200 (600–1600) 1200 (600–1600) 1200 (600–1600) 800 (400–1600)
Loading dose of TEIC relative to body weight (mg/kg) 18.5 (10.3–33.5) 21.4 (9.4–35.4) 16.3 (10.3–29.1) 17.5 (7.0–36.4)
Measured TEIC concentration (�g/mL) 8.1 (2.4–19.0) 11.3 (3.1–20.9) 10.5 (2.4–17.8) 10.3 (3.8–30.7)

TEIC, teicoplanin. Data are the median (range) unless otherwise stated.
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a Creatinine clearance was calculated using the Cockcroft–Gault equation.
b The loading dose was  defined as the total dose administered during the first 2 d
* P < 0.001 with Bonferroni correction among four groups.

sing GraphPad Prism v.4.03 (GraphPad Software Inc., San Diego,
A) and JMP® v.7.0.1 (SAS Institute, Cary, NC). Fisher’s exact test
nd the Mann–Whitney U-test combined with Bonferroni multiple
omparisons test were used for comparisons among several groups.
pearman’s rank correlation coefficient was used to determine the
elationships between the percentage of glycosylated albumin and
he Ka of TEIC for albumin, Vd and CL. Significance was established
t a P-value of <0.05.

. Results

.1. Patients

According to the inclusion and exclusion criteria, 94 of 130
atients were enrolled in the retrospective study. As shown

n Table 1, patients were classified into the following four
roups: (i) hyperglycaemic hypoalbuminaemia (n = 16); (ii) non-
yperglycaemic hypoalbuminaemia (n = 29); (iii) hyperglycaemic
ormoalbuminaemia (n = 9); and (iv) non-hyperglycaemic nor-
oalbuminaemia (n = 40). In addition, 28 of 41 patients were
nrolled in the prospective study by the exclusion criteria. The
atients’ demographics, including their PK parameters, are shown

n Table 2.

able 2
emographic characteristics and pharmacokinetic parameters of 28 patients
nrolled in the prospective study.

Characteristic Median (range)

Sex (male/female) (n) 21/7
Age (years) 63.5 (16–81)
Body weight (kg) 60.0 (40.0–90.0)
Serum albumin (g/dL) 2.9 (2.0–4.9)
Serum creatinine (mg/dL) 0.7 (0.4–4.1)
Creatinine clearance (mL/min)a 102.0 (25.3–228.0)
Glycosylated albumin (%) 34.0 (16.0–65.5)
Loading dose of TEIC (mg)b 1600 (600–1600)
Loading dose relative to body weight (mg/kg) 26.3 (6.7–38.8)
Total concentration of serum TEIC (�g/mL) 10.9 (2.1–23.6)
Free concentration of serum TEIC (�g/mL) 1.8 (0.5–3.5)
Albumin binding rate of TEIC (%) 83.6 (72.7–92.1)
Association constant of TEIC for albumin (×104/M)  1.3 (0.7–2.1)
CL (L/h) 0.67 (0.35–1.35)
Vd (L) 90.6 (30.0–137.5)
Vd relative to body weight (L/kg) 1.4 (0.5–3.3)

EIC, teicoplanin; CL, drug clearance; Vd , volume of distribution. Data are the median
range) unless otherwise stated.

a Creatinine clearance was calculated using the Cockcroft–Gault equation.
b The loading dose was  defined as the total dose administered during the first 2

ays of treatment.
f treatment.

3.2. Validation of the assay used to assess the unbound fraction of
teicoplanin

The correlation coefficient of the calibration curve was 0.997.
The accuracy of the assay at TEIC concentrations of 0.5, 1.0 and
2.5 �g/mL ranged from 92% to 112%. In the intraday and inter-
day assays, the %CV of the three test samples were <6% and <4%,
respectively.

3.3. Comparison of teicoplanin pharmacokinetics between
patients with and without hypoalbuminaemia and
hyperglycaemia

In the retrospective study, none of the demographic parameters
exhibited significant differences among the four groups (Table 1).
However, at 12 h after administration of the loading dose, patients
with hyperglycaemic hypoalbuminaemia displayed significantly
lower serum TEIC concentrations than the other three groups
(P < 0.05; Fig. 1A). Moreover, this group also demonstrated sig-
nificantly higher Vd values than the other three groups (P < 0.05;
Fig. 1B), whereas CL did not differ significantly among the four
groups (Fig. 1C).

3.4. Impact of glycosylated albumin on teicoplanin
pharmacokinetics

In the prospective study, significant correlations were detected
between the percentage of glycosylated albumin and the Ka of TEIC
for albumin (r = 0.53, P = 0.0040; Fig. 2A) or Vd (r = 0.41, P = 0.031;
Fig. 2B). No significant correlation was  detected between the
percentage of glycosylated albumin and CL (r = 0.00070, P = 0.89;
Fig. 2C).

4. Discussion

To the best of our knowledge, this study is the first demonstra-
tion that patients with hyperglycaemic hypoalbuminaemia display
lower serum total TEIC concentrations and decreased TEIC associ-
ation constants for albumin. These findings might help to increase
our understanding of interindividual variability in the pharmaco-
kinetics of TEIC.

The findings of the present study suggest that reductions in
the TEIC Ka for albumin and increases in Vd are correlated with

glycosylation of albumin. It is known that albumin has two main
drug binding sites, Sudlow site I and Sudlow site II [17]. The
main glycosylation sites of human serum albumin are located
in the vicinity of the drug binding sites, and glycosylation of
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ig. 1. Comparison between teicoplanin (TEIC) pharmacokinetics in hyperglycaem
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sing  Bonferroni correction).

lbumin reduces the binding capacity of drug binding sites I
warfarin, phenytoin) and II (valproic acid) [13]. Furthermore, in
iabetic rats the AUC of total nelfinavir, which binds strongly to
lbumin, was significantly decreased following intravenous admin-
stration of the drug (control, 1.75 ± 0.08 �g h/mL vs. diabetic,
.36 ± 0.17 �g h/mL), although the AUC of the unbound fraction
as increased. Therefore, the albumin binding rate and the Vd

f nelfinavir appear to be changed by glycosylation of albumin
15]. Likewise, the results of the current study can be explained
y the hypothesis that the conformational changes in the albu-
in molecule induced by glycosylation decrease its TEIC binding

apacity, resulting in an increase in Vd.
In the prospective study, it was demonstrated that the propor-

ion of glycosylated albumin was positively correlated with Vd, but
ot CL (Fig. 2). However, most drugs that are mainly excreted in
rine display increased renal clearance when the free fraction of
he drug is increased [18]. This contradiction might be explained
s follows: (i) TEIC distributes highly to the skeletal muscle, peri-
ardium, myocardium and so on [7], although the renal clearance
f TEIC is relatively low (renal clearance 12.1 mL/min) [19]. There-
ore, we speculated that TEIC clearance might be unaffected by the
lycosylation of albumin, even though the free fraction increased.
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ii) Hyperglycaemia-induced metabolic and haemodynamic path-
ays, such as the activation of protein kinase C, acceleration of

he polyol pathway, and oxidative stress, cause damage to the
idneys [20]. Indeed, in the present study a negative correlation
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was  detected between creatinine clearance and the proportion of
glycosylated albumin, although it was  not statistically significant
(data not shown; Spearman’s rank correlation coefficient = −0.31,
P = 0.11). On the other hand, a positive correlation was observed
between creatinine clearance and CL (data not shown; Spearman’s
rank correlation coefficient = 0.51, P < 0.001). Therefore, it was  spec-
ulated that the influence of glycosylated albumin on CL might have
been offset by the reduction in creatinine clearance caused by
hyperglycaemia.

Our finding that the TEIC Ka for albumin is affected by glycosyla-
tion might provide useful information not only for determining the
optimal dosing regimen for patients with hyperglycaemia but also
for identifying factors that influence the pharmacokinetics of TEIC.
However, the present study had some limitations that need to be
considered. First, clinical outcomes were not evaluated because this
study focused on changes in the pharmacokinetics of TEIC induced
by a hyperglycaemic state. In addition, it was difficult to exclude the
potential effects of other unknown cofounders in the retrospective
study.

In the antimicrobial treatment of MRSA infections, it is impor-
tant to achieve a sufficient serum concentration of the administered
drug as early as possible [4]. It was reported that hypoalbu-

minaemia was  an independent risk factor (odds ratio = 0.34) for
global mortality from severe sepsis or septic shock [21]. Further-
more, Laupland et al. [22] found that diabetes was an important
risk factor (risk ratio = 14.7) for MRSA bacteraemia. In the present
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tudy, we found that patients with hyperglycaemic hypoalbu-
inaemia had lower serum TEIC concentrations after a loading

ose than patients with non-hyperglycaemic hypoalbuminaemia,
yperglycaemic normoalbuminaemia and non-hyperglycaemic
ormoalbuminaemia. However, in the hyperglycaemic hypoalbu-
inaemia patients, the serum trough concentration 12 h after

 loading dose exceeded 10 �g/mL when the loading dose was
1600 mg  (data not shown). Therefore, TEIC regimens with a high
oading dose might be required for patients with hyperglycaemic
ypoalbuminaemia to avoid low serum TEIC concentrations.

In conclusion, patients with hyperglycaemic hypoalbu-
inaemia exhibit lower serum TEIC concentrations following

dministration of a loading dose. In addition, it was suggested
hat glycosylated albumin decreases the association constant
f TEIC for albumin. A PPK study that includes glycosylation of
lbumin as a parameter is needed to identify the impact of albumin
lycosylation on the pharmacokinetics of TEIC.
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