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Abstract
Background and Objective This paper describes two studies, which aimed to compare the safety and plasma antithrombin 
activity of recombinant human antithrombin gamma (rhAT-gamma) with plasma-derived antithrombin (pAT) 60 IU/kg, and 
to establish bioequivalence by adjusting the rhAT-gamma dose to that at which plasma antithrombin activity equaled that 
for pAT 60 IU/kg, based on results of the first study.
Methods Healthy adult men aged 20–45 years received once-daily doses of rhAT-gamma or pAT intravenously for 3 days 
(first study: 60 IU/kg of each; second study: 72 IU/kg of rhAT-gamma and 60 IU/kg of pAT). Maximum plasma antithrombin 
activity after three doses (Cmax,day3) and area under the plasma antithrombin activity-time curve after the third dose (AUC 
48–t) were analyzed. Safety was also assessed.
Results In the first study, we compared AUCs to 121 h (when the lower limit of quantification was first observed). Mean 
Cmax,day3 was 1.67 IU/mL in the rhAT-gamma group and 1.77 IU/mL in the pAT group; mean AUC 48–121 was 58.44 and 71.94 
IU·h/mL, respectively. Thus, we set the dose of rhAT-gamma in the second study to 72 IU/kg. As a result, ratios of Cmax,day3 
and AUC 48–t in the rhAT-gamma vs. the pAT group were 105.7% (90% confidence interval 100.3, 111.3) and 100.5% (90% 
confidence interval 91.5, 110.4), respectively. Adverse events were more frequent in the rhAT-gamma group.
Conclusions As 90% confidence intervals for Cmax,day3 and AUC 48–t ratios for rhAT-gamma:pAT were within the acceptability 
range for bioequivalence, rhAT-gamma (72 IU/kg) and pAT (60 IU/kg) are considered bioequivalent.
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1 Introduction

The coagulation and fibrinolytic systems work in a careful 
balance to keep blood flowing smoothly without thrombus 
formation or bleeding. The coagulation system is activated 
in response to a break in a blood vessel. A cascade of reac-
tions coagulates the blood to stem the flow through the 
break, and the fibrinolytic system quickly dissolves clots to 
re-establish smooth blood flow again. The two systems are 

carefully coordinated: if either system malfunctions, this can 
result in thrombosis or excessive bleeding.

Antithrombin (AT) is a major coagulation inhibitor 
mainly synthesized in the liver [1]. This 58-kDa glycopro-
tein is a serine protease inhibitor that binds and inactivates 
thrombin and other coagulation factors, including factors 
IX, X, XI, and XII [2–4]. Antithrombin activity is enhanced 
1000-fold by heparin [5]. Antithrombin is located primar-
ily in the blood and extravascular areas, including epithe-
lial cells [6]. The AT concentration in blood from healthy 
adults is approximately 15–27 mg/dL, and the AT half-life 
is approximately 65 h [7].

Antithrombin deficiency can be inherited or acquired [8, 
9]. Congenital AT deficiency, which affects 1 in 2000 to 1 
in 5000 people, typically presents with recurrent thrombo-
sis from a young age [9]. Inherited AT deficiency is often 
caused by point mutations, deletions, or insertions in the 
AT gene SERPINC1 [10]. Acquired AT deficiency can 
result from reduced production or increased degradation of 
AT and is often associated with liver cirrhosis, nephrotic 
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Key Points 

In healthy adult men aged 20–45 years, once-daily 
intravenous doses of recombinant human antithrombin 
gamma (rhAT-gamma) (72 IU/kg) or plasma-derived 
antithrombin (60 IU/kg) over 3 days demonstrated bio-
equivalence.

Treatment with once-daily rhAT-gamma for 3 days did 
not pose any safety concerns.

As a result, intravenous rhAT-gamma 600 IU and 
1800 IU formulations have been approved in Japan for 
the treatment of thrombophilia caused by congenital 
antithrombin deficiency and disseminated intravascular 
coagulation.

structure of human AT produced recombinantly in mam-
malian cells from the original mature complex-type lacking 
a core fucose to the immature high-mannose type. Chinese 
hamster ovary cell lines deficient in α-1, 6-fucosyltrans-
ferase, and N-acetylglucosaminyltransferase-1 [17] were 
employed to generate homogeneous recombinant human 
ATs fully lacking a core fucose with complex (rhAT-Com) 
and high-mannose-type (rhAT-Man) oligosaccharides, 
respectively. Therefore, this rhAT-gamma preparation has 
similar pharmacokinetics and biological activities to native 
AT.

We report two randomized, parallel-group, phase I studies 
in healthy adult men given the AT products for 3 days. The 
studies were designed to evaluate the safety and pharma-
cokinetics of rhAT-gamma 60–72 IU/kg, and to compare the 
bioavailability and establish bioequivalence between rhAT-
gamma and a pAT product (60 IU/kg).

2  Methods

2.1  Ethical Considerations

Protocols were approved by the Institutional Review Board 
at Osaka Pharmacology Clinical Research Hospital (Osaka, 
Japan). All subjects provided voluntary written informed 
consent before any study-specific procedures. This study 
was conducted at Osaka Pharmacology Clinical Research 
Hospital, in accordance with the ethical principles of the 
Declaration of Helsinki.

2.2  Subjects

Healthy adult men aged 20–45 years with body mass index 
of 18.5–25.0 kg/m2 at screening were enrolled. Subjects 
were excluded if they had a disease that required treatment, 
an allergy to the investigational drugs, a history of throm-
bosis or abnormal bleeding, a history of gastrointestinal 
hemorrhage, drug or alcohol dependence, a positive test for 
infectious disease, or a history of drug use within 4 weeks 
of study start. Subjects were also excluded if they had been 
previously treated with rhAT-gamma or had received another 
investigational drug within 4 months of study start. In addi-
tion, subjects were not eligible if, in the previous 3 months, 
they had been hospitalized, undergone surgery, or donated 
more than 200 mL of blood.

2.3  Study Design and Treatments

The first study was conducted to evaluate the plasma AT 
activity of rhAT-gamma and pAT (60  IU/kg). Twenty 
subjects were randomized (1:1) according to a randomly 
assigned allocation list. Either 60 IU/kg of rhAT-gamma 

syndrome, disseminated intravascular coagulation, or throm-
botic diseases.

Plasma-derived AT (pAT) products have been approved 
for the treatment of thrombogenic tendency attributed to 
congenital AT deficiency or disseminated intravascular 
coagulation with decreased AT [11]. Although existing 
pAT products are manufactured with safety measures to pre-
vent the transmission of infectious diseases, these products 
may still contain an unknown infectious agent. Therefore, 
a recombinant human AT product could provide the same 
clinical benefits as the plasma-derived products, but with-
out the risk of infection derived from human blood [12]. 
Furthermore, a recombinant form can be stably synthesized 
without relying on a supply of human plasma.

Human recombinant antithrombin alfa (rhAT-alfa) 
 [ATryn®; rEVO Biologics, Framingham, MA, USA] is a 
transgenic AT preparation purified from the milk of goats 
genetically engineered to produce human AT [13]. In 2008, 
the European Union approved rhAT-alfa for the prevention 
of venous thromboembolism during surgery for patients 
with congenital AT deficiency. In 2009, the USA approved 
rhAT-alfa for the prevention of thromboembolic events in 
patients with congenital AT deficiency during periopera-
tive and perinatal periods [14]. The sugar chain structure 
of rhAT-alfa differs significantly from native AT [13]. Fur-
thermore, rhAT-alfa is quickly cleared from the blood and 
must be administered continuously by intravenous injection 
for 24 h [14].

A new recombinant form of AT gamma (rhAT-gamma) 
has been produced in Chinese hamster ovary cells to 
overcome the limitations associated with rhAT-alfa and 
pAT. This product is the first AT preparation with a simi-
lar sugar chain structure to native human AT [15]. Using 
 POTELLIGENT® technology (BioWa, Inc., Princeton, NJ, 
USA) [16], we focused on changing the oligosaccharide 
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or 60 IU/kg of pAT  (Neuart® I.V.; Japan Blood Products 
Organization, Tokyo, Japan) was administered by intra-
venous drip over 1 h. The individual dose was calculated 
using subject bodyweight the day before administration. The 
volume of drug solution given to each subject was set at 
200 mL. Subjects received once-daily doses for 3 days.

The second study was designed to establish bioequiva-
lence of plasma AT activity between rhAT-gamma and pAT; 
the rhAT-gamma dose was reset to 72 IU/kg because our 
analyses in the first study showed that rhAT-gamma (72 IU/
kg) and pAT (60 IU/kg) had similar plasma AT activity. 
Forty-two subjects were randomized (1:1) according to a 
randomly assigned allocation list in the second study. Sub-
jects in both studies were kept in the clinical unit for 10 days, 
and returned for follow-up examinations 3, 7, and 14 weeks 
after study treatment (unpublished data on file; Kyowa Kirin 
Co, Ltd, Tokyo, Japan).

Importantly, the elimination half-lives of rhAT-gamma 
and pAT are extremely long (~ 60 h and ~ 50 h, respectively), 
such that it would have been very difficult to conduct a 
crossover study [18]. A randomized parallel-group design, 
with specific reference to bioequivalence test guidelines for 
generic drugs, was therefore employed.

The rationale for a 3-day treatment phase with rhAT-
gamma was based on the results of a phase I, single-dose 
(60 IU/kg) study in healthy adult male individuals, in which 
the mean peak plasma AT concentration (Cmax 1.08 IU/
mL) occurred 1.13 h after starting administration, and data 
were calculated for up to 49 h after starting administration. 
However, considering the transition of plasma AT activity, 
and the lower limit of quantification after single doses of 
rhAT-gamma 60 and 120 IU/kg, the area under the plasma 
concentration–time curve (AUC) ratio of AUC 0–t/AUC 0–∞ 
for plasma AT activity after a single dose of rhAT-gamma 
60 IU/kg was estimated to be about 65%. This was con-
sidered inadequate for accurate comparison of pharmacoki-
netics. Therefore, we simulated plasma AT activity after 
rhAT-gamma 60 IU/kg administered once a day for 3 days; 
the simulation was based on data for plasma AT activity 
obtained in an earlier phase I study (unpublished data on 
file; Kyowa Kirin Co, Ltd). The ratio of AUC 48–t/AUC 48–∞ 
for plasma AT activity (with t as time when the lower limit 
of quantification was evident after 3 doses) was estimated 
to be about 75%, which is close to the recommended value 
of 80% in Japanese bioequivalence guidelines [19]; thus, 
rhAT-gamma 60 IU/kg administered once a day for 3 days 
was compared with single-dose administration. Clinically, 
the study pAT preparation is administered for 2–5 days; thus, 
the administration period was set as 3 days, considering the 
burden on subjects.

The study was conducted according to CONSORT guide-
lines. However, as a preliminary trial, the study was not reg-
istered with a clinical trial registry.

2.4  Pharmacokinetic and Bioequivalence Analyses

Plasma AT activity, plasma AT antigen concentration, and 
anti-Xa activity were analyzed: plasma AT activity by a 
chromogenic synthetic method using a validated test kit 
(at a centralized laboratory: SRL Medisearch Inc., Tokyo, 
Japan), which provides a measure of precision; and plasma 
AT antigen and anti-Xa activity were assessed by general 
test methods at the centralized laboratory. In the first study, 
blood samples for these analyses were obtained on days 1 
and 2, immediately before administration of the investiga-
tional drug, and at 1, 4, and 10 h after administration of the 
investigational drug. On day 3, blood samples were obtained 
immediately before administration of the investigational 
drug, and at 1, 4, 10, 25, 49, and 73 h after administration. 
In the second study, blood samples were obtained on days 
1 and 2, immediately before administration of the investi-
gational drug, and at 1, 4, and 10 h after administration. 
On day 3, blood samples were obtained immediately before 
administration of the investigational drug, and at 1, 4, 10, 25, 
49, 73, 97, 121, 145, and 169 h after administration. From 
day 4 to day 10, samples were obtained daily. Blood samples 
were also obtained at the first follow-up visit (3 weeks after 
initial administration of the investigational drug). In both 
studies, the primary endpoints were peak plasma concentra-
tion after the third dose (Cmax,day3) and AUC 48–t, calculated 
from plasma AT activity during the study period. Thus, AUC 
48–t was the area under the plasma AT activity time curve 
from 48 h after the first dose until the last time point at 
which plasma AT activity could be detected using the linear 
trapezoidal method. The pharmacokinetic parameters meas-
ured after three doses were used so that the AUC could be 
sufficiently evaluated. Importantly, the dose of rhAT-gamma 
showing bioequivalence with pAT (60 IU/kg) in the first 
study was then examined in the second study based on first-
study ratios for Cmax,day3 and AUC 48–t. As t for rhAT-gamma 
activity was 121 h, and that for pAT activity was 168 h, AUC 
from 48 to 121 h after initial administration (AUC 48–121) was 
calculated using the linear trapezoidal method in all subjects.

Secondary endpoints included plasma AT activity; AT 
antigen concentration; anti-Xa activity; and additional phar-
macokinetic parameters calculated from plasma AT activ-
ity, plasma antigen concentrations, and plasma anti-Xa. For 
these parameters, we used the value obtained by subtracting 
the pre-administration value from the value obtained after 
administration of the investigational drug, as the resulting 
value was considered to be derived from the effect of the 
administered investigational drug and endogenous AT.

2.5  Safety

The safety of rhAT-gamma was assessed in both stud-
ies. Hematology, blood biochemistry, urinalysis, 
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coagulation-fibrinolysis test values, bodyweight, blood 
pressure, pulse rate, and body temperature were assessed 
at screening, the day before investigational drug adminis-
tration, during the 3-day administration period, and at the 
first follow-up visit. Blood pressure, pulse rate, and body 
temperature were also assessed daily from day 4 onwards. 
Subjects were also assessed by 12-lead electrocardiography 
and funduscopy at screening, day 10, and the first follow-
up visit. All adverse events (AEs) were coded with Lowest 
Level Terms of the Japanese version of the International 
Conference on Harmonization Medical Dictionary for Regu-
latory Activities Version 12.1 in the first study, and Version 
13.1 in the second study.

2.6  Statistical Methods

Assuming that there was no difference between rhAT-
gamma and pAT, the 90% confidence interval (CI) for the 
difference in mean log-transformed Cmax and AUC 0–t fell 
between log(0.80) and log(1.25), with a probability of ≥ 90% 
and a sample size of eight subjects per group. In the first 
study, Cmax,day3 and AUC 48–t were used as indices. Thus, 
considering a possible increase in variance, the sample size 
was set at ten subjects per group.

Sample size for the second study was based on mean and 
variance of the log-transformed Cmax,day3 and AUC 48–t of 
rhAT-gamma obtained from the first study and the estimated 
Cmax,day3 and AUC 48–t of rhAT-gamma administered at a 1.2-
fold dose of the pAT dose. It was estimated that a sample size 
of 42 subjects (21 subjects per group) would allow for a prob-
ability ≥ 80% and that the 90% CI for the difference in mean 
log-transformed Cmax,day3 and AUC 48–t would fall within the 
bioequivalence criteria (80–125%) [19]. The regulatory cri-
teria for bioequivalence states that blood sampling should be 
continued until AUC 0–t is over 80% of AUC 0–∞ (normally 
more than three times the elimination half-life after tmax) [19].

In the first study, the primary endpoints were Cmax,day3, 
and AUC 48–t, which were calculated from plasma AT activ-
ity (with pre-dose adjustment) at the time of administration 
of rhAT-gamma or pAT. Secondary endpoints were Cmax,day1, 
Cmax,day2, tmax,day3, AUC 0–t, AUC 0–∞, elimination half-life 
(t1/2), mean residence time (MRT), and the elimination rate 
constant (kel), which were calculated from plasma AT activ-
ity (with pre-dose adjustment) at the time of administration 
of rhAT-gamma or pAT. Values for Cmax,day3 (antithrombin) and 
AUC 48–t (antithrombin) were calculated from plasma AT-antigen 
concentrations (with pre-dose adjustment). Plasma AT activ-
ity, AT antigen concentration, and plasma anti-Xa activity 
(with pre-dose adjustment) were at the time of administra-
tion of rhAT-gamma or pAT.

In the second study, the primary endpoints were Cmax,day3 
and AUC 48–t, which were calculated from plasma AT activ-
ity at the time of administration of rhAT-gamma or pAT. 

Secondary endpoints were incremental recovery, Cmax,day1, 
Cmax,day2, tmax,day3, AUC 0–t, AUC 0–∞, t1/2, MRT, and kel, 
which were calculated from plasma AT activity at the 
time of administration of rhAT-gamma or pAT. Values 
for Cmax,day3 (antithrombin) and AUC 48–t (antithrombin) were cal-
culated from plasma AT antigen concentration. Values for 
Cmax,day3 (anti-Xa) and AUC 48–t (anti-Xa) were calculated from 
plasma anti-Xa activity. Plasma AT activity, AT antigen con-
centration, and anti-Xa activity were at the time of adminis-
tration of rhAT-gamma or pAT.

Categorical data were summarized with frequency and 
percentage, and continuous data were summarized with 
descriptive statistics, including the number of subjects, mean, 
standard deviation (SD), minimum, median, and maximum. 
Pharmacokinetic parameters were analyzed by an analysis of 
variance (ANOVA) with treatment group as a factor. Param-
eters, except for time to Cmax,day3 (tmax,day3), were analyzed 
after log transformation. Based on the guidelines for bio-
equivalence studies of generic drugs, we used 90% CIs for 
the evaluation of bioequivalence. The null hypothesis was 
that mean values in the two groups were equivalent. In addi-
tion, a 90% CI for the between-group difference in the mean 
log-transformed value for each parameter was calculated. If 
the 90% CIs for differences in mean log-transformed Cmax,day3 
and AUC 48–t values were between log(0.80) and log(1.25), 
the two treatments were considered bioequivalent [19].

Adverse events were tabulated for each treatment group. 
 SAS® version 9.1.3 (SAS Inc.; Cary, NC, USA) was used 
for statistical analyses, and  Phoenix®  WinNonlin® versions 
5.2.1 and 6.1 (Certara Inc., Princeton, NJ, USA) were used 
for calculation of pharmacokinetic parameters.

3  Results

3.1  Subjects

Subject baseline demographics are summarized in Table 1. 
All baseline demographic and clinical characteristics were 
similar in both subject groups in each of the studies.

3.2  Pharmacokinetics and Bioequivalence

In the first study, plasma AT activity after the third dose 
(48 h after the first dose) remained lower in the rhAT-gamma 
than pAT group (Fig. 1; Table 2). Arithmetic mean Cmax,day3 
of plasma AT activity, a primary endpoint, was 1.67 in the 
rhAT-gamma group and 1.77 IU/mL in the pAT group, with 
no statistically significant difference (p = 0.268). Arithmetic 
mean AUC 48–t, another primary endpoint, was 58.44 IU·h/
mL in the rhAT-gamma group and 91.44 IU·h/mL in the 
pAT group, a difference that was statistically significant 
(p < 0.001), supporting the increase in dose of rhAT-gamma 
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Table 1  Baseline demographic and clinical characteristics of subjects

Values shown are arithmetic means
BMI body mass index, pAT plasma antithrombin, rhAT-gamma recombinant human antithrombin-gamma, SD standard deviation

Characteristics First study Second study

rhAT-gamma 
60 IU/kg
(n = 10)

pAT 
60 IU/kg
(n = 10)

rhAT-gamma 
72 IU/kg
(n = 21)

pAT 
60 IU/kg
(n = 21)

Age, years (mean ± SD) 21.6 ± 1.3 22.1 ± 1.7 24.6 ± 4.7 24.3 ± 3.9
Height, cm (mean ± SD) 170.9 ± 4.8 173.5 ± 5.6 168.0 ± 3.7 168.7 ± 5.1
Bodyweight, kg (mean ± SD) 59.1 ± 6.9 64.3 ± 4.5 55.6 ± 2.3 55.4 ± 2.5
BMI, kg/m2 (mean ± SD) 20.2 ± 1.7 21.4 ± 1.6 19.7 ± 0.7 19.5 ± 0.7
Past history, comorbidities, n (%) 2 (20) 1 (10) 7 (33.3) 9 (42.9)

Fig. 1  Time course of plasma 
antithrombin (AT) activity 
[linear plot; mean ± standard 
deviation (SD)] in subjects 
treated with three daily doses of 
60 IU/kg of recombinant human 
antithrombin gamma (rhAT-
gamma) (n = 10) or 60 IU/kg of 
plasma-derived antithrombin 
(pAT) (n = 10)
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Table 2  Primary endpoints (Cmax,day3, AUC 48–t) in all treatment groups

AT antithrombin, AUC 48–t area under the curve up to the time (t) when a decrease in the plasma AT activity below the lower limit of quantifica-
tion was first observed after the third dose (48 h after the first dose), CI confidence interval, Cmax,day3 maximum serum concentration after the 
third dose, pAT plasma-derived antithrombin, rhAT-gamma recombinant human antithrombin gamma, SD standard deviation
a rhAT-gamma − pAT
b Calculated by inverse transformation of difference (geometric means)
c Analysis of variance in a model with administration group as the fixed effect
d AUC is not directly dose proportional for rhAT-gamma. When AT activity is less than the lower limit of quantification, it is described as zero, 
but it is not actually zero. Thus, AUC 0–t for rhAT-gamma in the first study is thought to be underestimated

Pharmacokinetic 
parameter

Treatment group n Mean ± SD Geometric 
mean

Differencea Ratiob P  valuec

Estimate (90% CI) Estimate (90% CI)

First 
study

Cmax,day3 (IU/mL) rhAT-gamma 10 1.67 ± 0.31 1.64 − 0.0332
(− 0.0835, 0.0172)

92.7
(82.5, 104.0)

0.268
pAT 10 1.77 ± 0.16 1.77

AUC 48–t (IU·h/mL)d rhAT-gamma 10 58.44 ± 11.72 57.46 − 0.1995
(− 0.2520, − 0.1471)

63.2
(56.0, 71.3)

< 0.001
pAT 10 91.44 ± 9.58 90.97

AUC 48–121 (IU·h/mL) rhAT-gamma 10 58.44 ± 11.72 57.46 − 0.0965
(− 0.1454, − 0.476)

80.1
(71.5, 89.6)

0.003
pAT 10 71.94 ± 5.29 71.76

Second 
study

Cmax,day3 (IU/mL) rhAT-gamma 21 2.08 ± 0.17 2.08 0.0239
(0.0014, 0.0463)

105.7
(100.3, 111.3)

0.081
pAT 20 1.98 ± 0.23 1.97

AUC 48–t (IU·h/mL)d rhAT-gamma 21 98.71 ± 13.94 97.65 0.0023
(− 0.0385, 0.0430)

100.5
(91.5, 110.4)

0.926
pAT 20 98.99 ± 19.82 97.15
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in the second study. Ratios of plasma AT activity Cmax,day3 
and AUC 48–t in the rhAT-gamma vs. pAT groups, estimated 
from differences in log-transformed mean values between 
these groups were 92.6% (90% CI 82.5, 104.0) and 63.2% 
(90% CI 56.0, 71.3), respectively.

We adopted AUC 48–121, not AUC 48–t, to determine the 
dose to be used in the second study, because t was very dif-
ferent between rhAT-gamma and pAT, and the lower limit 
of quantification was first observed among subjects at 121 h. 
Mean AUC 48–121 was 58.44 in the rhAT-gamma group and 
71.94 IU·h/mL in the pAT group. AUC 48–121 for pAT was 
1.2-fold higher than that for rhAT-gamma, and was expected 
to result in comparable Cmax,day3 and AUC 48–t. Therefore, 
the dose of rhAT-gamma for the second study was set to 
72 IU/kg.

In the second study, the time course of plasma AT activ-
ity was similar for the two products (Fig. 2). Arithmetic 
mean Cmax,day3 of plasma AT activity was 2.08 in the rhAT-
gamma group and 1.98 IU/mL in the pAT group (p = 0.081) 
(Table  2). Arithmetic mean AUC 48–t was 98.71 in the 
rhAT-gamma group and 98.99 IU·h/mL in the pAT group. 
Ratios of plasma AT activity Cmax,day3 and AUC 48–t in the 
rhAT-gamma vs. pAT group, calculated from differences in 
log-transformed mean values between these groups, were 
105.7% (90% CI 100.3, 111.3) and 100.5% (90% CI 91.5, 
110.4), respectively. Thus, bioequivalence of rhAT-gamma 
at 72 IU/kg and pAT at 60 IU/kg was confirmed.

The incremental recovery (ratio of Cmax to dose) was 
1.69 ± 0.17%/IU/kg (mean ± SD) in the rhAT-gamma group 
and 1.84 ± 0.20%/IU/kg in the pAT group (Table 3). For 
other parameters, in the rhAT-gamma and pAT groups, 
Cmax,day1 (mean ± SD) was 1.21 ± 0.12 and 1.10 ± 0.12 IU/
mL, respectively, and the ratio of plasma AT activity 
Cmax,day1 in the rhAT-gamma vs. pAT group was 110.0% 
(90% CI 104.2, 116.1); t1/2 after the third dose was 
81.82 ± 50.07 and 58.02 ± 18.52 h, respectively; MRT was 
128.10 ± 53.96 and 102.40 ± 21.00 h, respectively; and kel 
was 0.0101 ± 0.0032 and 0.0130 ± 0.0038 L/h, respectively 

(Table 3). An ANOVA with the treatment group as a factor 
revealed significant differences for Cmax,day1, t1/2, MRT, and 
kel (p < 0.05) (Table 3).

In the first study, mean ± SD Cmax,day3 for plasma AT anti-
gen was 48.4 ± 6.7 mg/dL in the rhAT-gamma group and 
47.5 ± 5.4 mg/dL in the pAT group. Mean ± SD AUC 48–t for 
plasma AT antigen in these groups was 2216 ± 199 mg·h/dL 
and 2662 ± 149 mg·h/dL, respectively (Fig. 3).

In the second study, mean ± SD Cmax,day3 for plasma AT 
antigen was 63.3 ± 4.6 mg/dL in the rhAT-gamma group 
and 55.0 ± 5.4 mg/dL in the pAT group, while mean ± SD 
AUC 48–t for plasma AT antigen was 3234 ± 341 mg·h/dL and 
3161 ± 438 mg·h/dL, respectively (Fig. 4). Thus, in the first 
study, levels of plasma AT antigen were lower in the rhAT-
gamma than pAT group, whereas in the second study there 
was no obvious difference between groups.

In the first study, mean ± SD Cmax,day3 for anti-Xa activity 
was 178 ± 14% in the rhAT-gamma group and 178 ± 14% 
in the pAT group, while mean ± SD AUC 48–121 for anti-Xa 
activity was 6736 ± 770%·h and 10,280 ± 1060%·h, respec-
tively (Fig. 5). In the second study, mean ± SD Cmax,day3 
for anti-Xa activity was 215 ± 20% in the rhAT-gamma 
group and 203 ± 20% in the pAT group, while mean ± SD 
AUC 48–t for anti-Xa activity was 11,940 ± 1000%·h and 
11,600 ± 1280%·h, respectively (Fig. 6). Thus, in the first 
study, anti-Xa activity was lower in the rhAT-gamma than 
pAT group, whereas in the second study there was no obvi-
ous difference in anti-Xa activity between groups.

3.3  Safety

In the first study, AEs occurred in two (20%) of the ten 
subjects in the rhAT-gamma group [Electronic Supple-
mentary Material (ESM)]. These events were alanine ami-
notransferase increased, aspartate aminotransferase (AST) 
increased, and eosinophil percentage increased in one sub-
ject (10%); and erythema in the other subject (10%). All AEs 
were mild. Adverse drug reactions (ADRs) occurred in one 

Fig. 2  Time course of plasma 
antithrombin (AT) activity 
[linear plot; mean ± standard 
deviation (SD)] in subjects 
treated with three daily doses of 
72 IU/kg of recombinant human 
antithrombin gamma (rhAT-
gamma) (n = 21) or 60 IU/kg of 
plasma-derived antithrombin 
(pAT) (n = 21)
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(10%) of the ten subjects in the rhAT-gamma group. These 
ADRs were alanine aminotransferase increased and AST 
increased. Both events were mild in severity and resolved 
without intervention.

In the second study, AEs occurred in 13 (61.9%) of the 
21 subjects in the 72 IU/kg rhAT-gamma group, and in four 
(19.0%) of the 21 subjects in the pAT group (ESM). Adverse 
events that occurred in more than one subject in the 72 IU/kg 

rhAT-gamma group were C-reactive protein (CRP) increased 
in three subjects (14.3%), and pericoronitis, activated partial 
thromboplastin time prolonged, AST increased, and head-
ache in two subjects (9.5%) each. The CRP elevation was 
linked to pericoronitis in one case; however, no instance of 
CRP elevation was linked with elevated hepatic enzyme lev-
els. No AEs were observed in more than one subject in the 
pAT group. Pericoronitis was rated as moderate in severity, 

Table 3  Secondary endpoints (pharmacokinetic parameters after the third dose) in the second study

AUC 0–t area under the plasma concentration–time curve, AUC 0–∞ area under the curve from time 0 extrapolated to infinite time, CI confidence 
interval, Cmax,day1 maximum concentration after the first dose, Cmax,day2 maximum concentration after the second dose, kel elimination rate con-
stant, MRT mean resonance time, NA not available, pAT plasma-derived AT, rhAT-gamma recombinant human antithrombin gamma, SD stand-
ard deviation, t1/2 half-life, tmax,day3 time to the maximum concentration after the third dose
a Calculated by inverse transformation of difference (geometric means)
b Analysis of variance in a model with administration group as the fixed effect

Pharmacokinetic parameter Treatment group n Mean ± SD Geometric mean Ratioa P-valueb

Estimate (90% CI)

Incremental recovery (%/IU/kg) rhAT-gamma 21 1.69 ± 0.17 1.68 NA NA
pAT 21 1.84 ± 0.20 1.83

tmax,day3 (h) rhAT-gamma 21 1.00 ± 0.00 1.00 NA 0.068
pAT 20 1.45 ± 1.10 1.23

Cmax,day1 (IU/mL) rhAT-gamma 21 1.21 ± 0.12 1.21 110.0 (104.2, 116.1) < 0.001
pAT 21 1.10 ± 0.12 1.10

Cmax,day2 (IU/mL) rhAT-gamma 21 1.68 ± 0.15 1.67 103.0 (97.8, 108.5) 0.338
pAT 20 1.63 ± 0.16 1.62

AUC 0–t (IU·h/mL) rhAT-gamma 21 142.86 ± 16.21 141.88 98.9 (91.7, 106.6) 0.801
pAT 20 145.25 ± 23.37 143.49

AUC 0–∞ (IU·h/mL) rhAT-gamma 18 188.27 ± 34.71 185.68 106.8 (96.7, 117.9) 0.270
pAT 18 176.75 ± 33.63 173.86

t1/2 (h) rhAT-gamma 18 81.82 ± 50.07 73.47 132.4 (107.5, 163.0) < 0.05
pAT 18 58.02 ± 18.52 55.50

MRT (h) rhAT-gamma 18 128.10 ± 53.96 121.33 120.7 (104.4, 139.6) < 0.05
pAT 18 102.40 ± 21.00 100.50

kel (L/h) rhAT-gamma 18 0.0101 ± 0.0032 0.0094 75.5 (61.3, 93.1) < 0.05
pAT 18 0.0130 ± 0.0038 0.0125

Fig. 3  Time course of plasma 
antithrombin (AT) antigen 
concentration [linear plot; 
mean ± standard deviation 
(SD)] in subjects treated with 
three daily doses of 60 IU/kg of 
recombinant human antithrom-
bin gamma (rhAT-gamma) 
(n = 10) or 60 IU/kg of plasma-
derived antithrombin (pAT) 
(n = 10)
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and all other AEs were rated as mild. Adverse drug reac-
tions occurred in five subjects (23.8%) in the rhAT-gamma 
group and no subjects in the pAT group. The ADRs were 
activated partial thromboplastin time prolonged in two 
subjects (9.5%), and alanine aminotransferase increased, 
CRP increased, and rash in one subject (4.8%) each. Pro-
longed activated partial thromboplastin time appeared to 

be associated with the blood collection technique, speci-
men storage method, reagents, and measuring equipment 
in the two affected subjects. However, because the changes 
occurred after study product administration, a causal rela-
tionship to the investigational drug could not be ruled out 
completely. All ADRs were mild in severity.

Fig. 4  Time course of plasma 
antithrombin (AT) antigen 
concentration [linear plot; 
mean ± standard deviation 
(SD)] in subjects treated with 
three daily doses of 72 IU/kg of 
recombinant human antithrom-
bin gamma (rhAT-gamma) 
(n = 21) or 60 IU/kg of plasma-
derived antithrombin (pAT) 
(n = 21)
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Fig. 5  Time course of plasma 
anti-Xa activity [linear plot; 
mean ± standard deviation 
(SD)] in subjects treated with 
three daily doses of 60 IU/kg of 
recombinant human antithrom-
bin gamma (rhAT-gamma) 
(n = 10) or 60 IU/kg of plasma-
derived antithrombin (pAT) 
(n = 10)
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Fig. 6  Time course of plasma 
anti-Xa activity [linear plot; 
mean ± standard deviation 
(SD)] in subjects treated with 
three daily doses of 72 IU/kg of 
recombinant human antithrom-
bin gamma (rhAT-gamma) 
(n = 21) or 60 IU/kg of plasma-
derived antithrombin (pAT) 
(n = 21)
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4  Discussion

The biological activity of rhAT-alfa produced from the milk 
of transgenic goats is quite different from that of pAT owing 
to its unusual oligosaccharide structures. Plasma-derived 
antithrombin does not contain fucose, whereas rhAT-alfa 
contains fucose. The predominant oligosaccharide structure 
in rhAT-alfa is of the monosialylated and core-fucosylated 
biantennary complex type. Additionally, rhAT-alfa contains 
oligomannose- and hybrid-type oligosaccharides at Asn155. 
Recombinant human antithrombin alfa has four times the 
heparin-binding ability of pAT, but its half-life is one ninth 
that for pAT [15]. Given its short half-life, a continuous 24-h 
intravenous infusion is required [20, 21].

Recombinant human antithrombin gamma is a new form 
of recombinant AT that has a similar sugar chain structure to 
native human AT. Recombinant human antithrombin gamma 
was developed using  POTELLIGENT® technology [16, 17], 
which relies on a host Chinese hamster ovary cell line that 
produces fucose-free recombinant proteins. Because of its 
structural similarity to human AT, rhAT-gamma has pharma-
cokinetic and biological activities similar to those of native 
AT.

In the first study, comparing rhAT-gamma (60 IU/kg) and 
pAT (60 IU/kg), we found that the plasma AT activity of 
rhAT-gamma was lower than that of pAT and that plasma 
AT activity was quantifiable for ~ 50% longer in the pAT 
group. This small reduction in rhAT-gamma activity may 
be attributable to slight differences in sugar chain structure, 
such as slightly smaller sialic acid content per AT gamma 
protein than per pAT protein [22]. These results demon-
strated that an rhAT-gamma dose 1.2-fold higher than a pAT 
dose is expected to be equivalent to pAT. Therefore, 72 IU/
kg was considered appropriate as the rhAT-gamma dose in 
the second study.

The second study showed that rhAT-gamma 72 IU/kg 
is bioequivalent to pAT 60 IU/kg. Values for Cmax,day3 and 
AUC 48–t were very similar in the 72 IU/kg rhAT-gamma and 
60 IU/kg pAT groups. Although the ANOVA revealed sig-
nificant differences (p < 0.05) in MRT and t1/2, these differ-
ences may be attributed to two subjects in the rhAT-gamma 
group having much longer t1/2 and MRT than other sub-
jects in that group, and this may have skewed mean values 
upwards. The ANOVA also showed a significant difference 
between groups (p < 0.05) in Cmax,day1; however, the ratio 
between groups for Cmax,day1 (rhAT-gamma:pAT; 110%) was 
very similar to that for Cmax,day3 (105.7%). Thus, the statisti-
cally significant differences in these reference parameters 
are not considered clinically significant.

Levels of plasma AT antigen were lower in the rhAT-
gamma group than the pAT group in the first study, but 
there was no obvious difference between groups in the 

second study. The reason for this is unknown, although it 
does seem that pAT contains more plasma AT antigen than 
rhAT-gamma.

Anti-Xa activity was also lower in the rhAT-gamma 
group than the pAT group in the first study, but again there 
was no obvious difference between groups in the second 
study. Anti-Xa activity is thought to be correlated with 
plasma AT activity.

Safety analyses indicated that once-daily rhAT-gamma 
for 3 days did not pose any safety concerns. At a dose of 
rhAT-gamma 60 IU/kg, AEs were all mild, and the rate of 
AEs was the same as in the control group (pAT 60 IU/kg). 
The incidences of AEs and ADRs were both higher in the 
72 IU/kg rhAT-gamma group. Eight of the 13 AEs in this 
group occurred after hospital discharge, and several were 
likely caused by unrelated events such as dental procedures 
and alcohol intake. All ADRs were mild in severity.

The findings of these studies should be considered in light 
of several limitations. The main limitations were the small 
sample size and lack of generalizability to other populations 
because the sample comprised healthy adult Japanese men 
aged 20–45 years. Another limitation is that the investiga-
tional drug dose was repeated for only 3 days to measure 
AUC. However, this differs from treatment duration for 
patients in actual clinical practice.

5  Conclusions

Overall, the present data support rhAT-gamma as a safe 
alternative to pAT products. Based on these data, the rhAT-
gamma intravenous formulation of 600 IU  (ACOALAN® 
injection 600) was approved in 2015, and the rhAT-gamma 
intravenous formulation of 1800 IU  (ACOALAN® injec-
tion 1800) was approved in 2017, by the Ministry of Health, 
Labour and Welfare in Japan. These formulations are cur-
rently being used for the treatment of thrombophilia caused 
by congenital AT deficiency and disseminated intravascular 
coagulation.
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