Sasuli of al. » Mitropenis and the SRD3A2 Gene

vitro biochemical studies have shown that R227Q reduces the
maximum velocity of enzyme reaction (V,,,,) to approxi-
mately 3.2% of normal activity (12), indicating that R227Q is
a hypomorph:c mutation retaining a low residual enzymatic
activity; 2) missense mutations with less than 0.4% of normal
activity usually cause ambiguous or femnale external genita-
Ha, whereas those with 3~15% of enzymatic activity usually
permit masculinization of the external genitalia (3, 24, 25); 3)
R227Q) mutation has previously been identified in a homozy-
gous status in two Vietnamese brothers only (7, 11), one with
micropenis alone and the other with micropenis and hypo-
spadias, and has not been found in patients with ambiguous
or female genitalia; 4) TE therapy resulted in subnormal
responses in cases 1-3; and 5) a heterozygous R227Q muta-
tion has been identified in two of 100 Japanese control males
{this study) and in five Chinese males after examining 543
normal males of various ethnic origins (12). These findings
imply that R227Q may be refatively frequent in Asian pop-
ulations and that the low residual cnzyme activity, although
it is insufficient for normal male genital development, has
permitted a considerable degree of masculinization includ-
ing micropents phenotype as well as subnormal response to
TE therapy.

Genital findings of cases 1-3 with SRD5A2 mutations are
noteworthy in two points, First, case 3 had mild micropenis

—2.4 sp. This implies that even patients with mild micro-
penis above -2.5 sp may have Sa-reductase-2 deficiency. In
this regard, because case 3 was homozygous for both R227Q
with residual enzyme activity and V allele with high enzvme
activity, this may have served to prevent the development of
severe micropenis. Second, micropenis was more severe in
case 2 than in case 1, and cryptorchidism was observed in
case 3. Because R227Q and G34R retain approximately 3.2%
and approximately 1.2% of enzymatic activity, respectively
(8, 12}, and Y26X is predicted to lose both the ligand (T} and
the cofactor (nicotinamide adenine dinucleotide phosphate)
binding domains (4, 9), the results of mutations, together
with those of the V831 polymorphism, suggest that the de-
gree of genital development is not simply dependent on the
Sa-reductase-2 activity. Indeed, genital development s con-
sidered to be subject to multiple genetic and environmental
factors such as the AR-mediated signal transduction activity
and intrauterine T concentration. In this regard, itis un!1§<e|v
that cryptorchidism in case 3 is due to his voung age, because
spontaneous descent is rare after 3 yr of age (26), and his
testicular descent occurred after treatment.

Furthermore, several matters appear to be worth pointing
out for the diagnostic and therapeutic findings of cases 1-3.
First, the hCG stimulated T/5«DHT ratio was unequivocally
elevated in cases 1-3. This suggests that Sa-reductase-2 de-
ficiency can be diagnosed by standard endocrine studies,
even in boys with micropenis only phenotype. Secend, case
3 showed low T response in the hCG test and slightly high
FSH response in the GnRH test, as has occasionally been
described in Sa-reductase-2 deficiency (11, 27). Although this
would be ascribed to secondary testicular dysfunction re-
sulting from cryptorchidism (11, 27), such endocrine data
may lead to misdiagnosis of defective testicular steroido-
genesis unless the hCG stimulated T/5«DHT ratio is exam-
ined. Third, urinary steroid hormone profile analysis re-
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vealed markedly elevated ratios of 58 to 5a metabolites, as
has been reported previously (28, 29). Although this would
primarily be due to defective Sa-reductase-2 activity in the
liver, which would mainly catalyze adrenal rather than tes-
ticular steroid hormones (6, 10, 30}, urinary steroid hormone
profile analysis is a highly sensitive and noninvasive test
and, therefore, appears to be more advantageous than serum
androgen measurement for the dizgnosis of Sa-reductase-2
deficiency. In addition, it can often identify heterozygotes
{this study and Ref. 31}. Lastly, TE therapy with a standard
dosage showed a subnonnal effect, and 3«DHT gel treatment
caused sufficient penile growth. This is consistent with im-
paired achvity of Sa-reductase-2 that converts exogenous as
well as endogenous T into 5aDHT, and it implies that early
diagnosis of Sa-reductase-2 deficiency enables application of
appropriate therapy with 5eDHT gel and prevention of ad-
verse effects such as skeletal maturation of TE therapy.

The VBIL polymorphism was similar in both allele and
genotype frequencies between patients with micropenis and
control males. This suggests that V89L polymorphism, al-
though it has been shown to reduce the enzyme activity by
approximately 30% (12, 13), had no discernible effect on the
development of micropenis in the patients examined here. It
remains possible, however, that VB9L polymorphism con-
stitutes one of susceptibility factors for the development of
androgen-related disorders, so that it may be detected as a
positive modifier for micropenis in other patient popula-
tions. Indeed, on the basis of an inverse relationship between
CAG repeat length at exon 1 and transactivation function or
expression level of the AR gene (32, 33), a large number of
studies have been performed to examine CAG repeatlengths
in patients with androgen-related disorders such as under-
masculinization and azoospermia, showing botl: positive
and negative results for the association between expansion of
CAG repeat lengths and predisposition to such disorders (15,
34-36).

In summary, the present study suggests that hypomorphic
mutations of the SRD5A2 gene can cause micropenis phe-
notype in Japanese patients, with R227Q mutation being
most prevalent, and that VBIL polymorphism is unlikely to
raise the susceptibility to the development of micropenis.
Further studies will permit better clarification of the rele-
vance of the SRD5A? gene to the development of micropenis.
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TESTOSTERONE ENANTHATE THERAPY IS EFFECTIVE AND

INDEPENDENT OF SRD5A2 AND AR GENE POLYMORPHISMS IN BOYS

WITH MICROPENIS

TOMOHIRO ISHII, GORO SASAKI, TOMONOBU HASEGAWA, SEIJI SATO, NOBUTAKE MATSUO

axn TSUTOMU OGATA*

From the Department of Pedictrics, Keio University School of Medicine, and Department of Endocrinology and Metabolism, National
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ABSTRACT

Purpose: We report penile length (PL) responses to testosterone enanthate (TE) therapy for
micropenis, and the relevance of the V89L polvmorphism of SRD5A2 encoding the Sc-reductase
type 2 and CAG repeat length polymorphism of AR encoding the androgen receptor.

Materials and Methods: A total of 53 Japanese boys with micropenis (less than —2.0 SD) 0 to
13 years old who had no SRD5A2 or AR mutation were examined. TE was given at a dosage of
25 mg intramuscularly, and PL was measured at least 4 weeks afler the injection. The 2
polymorphisms were determined by direct sequencing.

Results: PLs became —2.0 SD or greater in all the boys after TE therapy (1 injection in 4 boys,
2in28,3in19and 4in 2). with a signiﬁcant increase in the medians of PLs (from 2.5 to 3.5 cm,
p <0.0001) and SD score, (from —2.6 to —0.7, p <0.0001). The increment in actual PL at the first
injection ranged from 0, 2 to 1.5 em {median 0 6) and was independent of age {r = 0.22, p = 0.12})
and body surface area (r = 0.11, p = 0.43), while that in PL SD score at the first 1n3ect1on ranged
from 0.3t02.5(1.0) and was mversely correlated with age (r = —0.33, p = 0.02) and body surface
area (r = —0.37, p = 0.008). The actual PL increment at the first injection was also unrelated to
initial PL ¢r = —0.03, p = 0.81). The median of actual PL increments at the first injection was
similar among boys with V/V, V/L and L/L genotypes of SRD5A2 (0.6 cm in 18, 0.7 cm in 30 and
0.5 cn in 5, respectively, p = 0.77}, and between boys with and without long CAG repeats {26 or
greater) of AR (0.65 ¢m in 6 and 0.6 cm in 47, respectively, p = 0.77). In addition, there was no
significant correlation between actual PL increment at the first injection and CAG repeat length
tr = 0.06,p = 0.67.

Conclusions: Our results suggest that administration of 25 mg TE is effective for micropenis in
prepubertal boys with no SRD5SA2 or AR mutation, with variable but significant PL increments,
and that the penile responsiveness to TE therapy is independent of the V89L and the CAG repeat
length polymorphisms.
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Testosterone (T) therapy has been advocated for micrope-
nis in infancy to childhood.'-2 T is usually given intramuscu-
larly in doses of 25 to 50 mg, although it can be given by daily
topical application.-5 Injectinn therapy may be repeated z
few times at roughly 4-week intervals until sufficient penile
length (PL) has been achieved.

Exogenous as well as endogenous T is converted into 5a-
dihydrotestosterone by 5a-reductase type 2 in the external
genitalia, and subsequently 5¢DHT binds to androgen recep-
tor (AR) much more effectively than T, leading to penile
growth.¢ Thus, the Be-reductase type 2 activity and the AR
function have a crucial role in the PL response to T therapy.
In this context the Sa-reductase type 2 gene {(SRDBA2) on
2p23 carries a V891 polymorphism (Val to Leu substitution
at the 8%th codon) at exon 1, which has been shown to
decrease Sa-reductase type 2 activity by approximately 30%,
and previous studies have suggested that this polymorphism
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may decrease the occurrence of androgen dependent prostale
cancer.™# Similarly, the AR gene on Xqll te 12 harbors a
CAG repeat length polymorphism at exon 1, which has been
found to be inversely eorrelated with transactivation function
of the AR gene, and previous studies have revealed that
expanded CAG repeat lengths are frequently associated with
infertility and under-masculinization as well as decreased
prostate growth after T therapy in hypogonadal men #-12
Therefore, it is possible that the 2 polymorphisms are also
relevant to the effect of T therapy for micropenis.

To our knowledge there has been no report documenting the
effects of T therapy in a large number of boys with micropenis,
nor has the relationship been analyzed between the PL incre-
ment and the V8IL or the CAG repeat length polymorphism.
Thus, we systemically studied the PL responses and the rele-
vance of the 2 polymorphisms to T therapy.

SUBJECTS AND METHODS

Subjects. This study consisted of 53 Japanese boys 0 to 13
vears old (median 7) who received T therapy because of
micropenis. All of the boys satisfied the selection criteria of
stretched PL less than ~2.0 SD as compared with the age
matched Japanese PL standards, lack of hypospadias. ab-
scnce of recognizable extragenital anomalies, 46, XY karyo-
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TaBLE 1. Effects of intramuscular testosterone enanthate therapy in boys with micropenis

Penile Length (81) score!

Age 1yrs) BSA (m® TE Dosage Penile Length (cm) .
{mg) Before After p Value* Refore After p Vilue*
Total (53 pts):
Mean = SE 65505 094220045 59023 2680006 3.7¢=0.08 -2.714 > 0.08 -0.72 + 0.09
Median i 0.96 50 2.5 a5 <0.0001 -26 -0.7 <0.0001
Range 0-13 0.37-1.59 25-100 1.5-3.0 2.7-5.0 —4.6--2.1 -2.0-0.5
Group 1 (24 pts):
Mean = SE 73208 1001 *0.069 531 =35 277 £0.06 397T=x012 -2.23 = 0.02 —0.56 > 0.09
Median ] 107 50 3.0 4.0 <{.0001 -22 -6 <0.0001
Range 0-13 0.37-1,52 25~75 2.2-3.0 2.8-5.0 -2,5--2.1 -1.3-05
Group 2 (29 pts):
Mean = SE 5908 0.B93 = 0.050 63.8 2.9 226008 348007 -3.18 2 0.10 -0.91 2013
Median 0.90 &0 25 3.5 =:0.0001 -2.9 -10 =0.0001
Range 0-11 0.36-1.59 50--100 1.5-3.0 2.7-4.3 —4.6~2.6 -2.0-0.5
p Value? 0.15 0.19 0.04 0.0001 0.001 =0.0001 .05

* Before vs after thevapy.
1 Difference between groups 1 and 2.

type and no demonstrable SRD5A2 or AR gene mutation. 1#-15
Sinee —2.5 8D and — 2.0 8D have been used as the lower limit
of normal PLs, the boys were divided into 2 groups—group 1
consisted of 24 boys with borderline micropenis from - 2.1 to
—2.5 8D, and group 2 consisted of 29 boys with definite
micropenis less than —-2.5 SD.-2 Cryptorchidism was
present in 3 boys in group 1 (2 bilateral and 1 unilateral) and
in 2 boys in group 2 (1 bilateral and 1 unilateral), and the
testis was palpable in the inguinal region in all 5. Basal
serum gonadotropin and T values were within age and pu-
bertal tempo matched Japanese reference data in most boys,
except for low follicle-stimulating hormone levels in a 9-year-
old boy in group 1 ¢0.2 mIU/ml) and in a 7-year-old boy in
group 2 (less than 0.2 mIU/ml).!6 However, more detailed
endocrine studies were not performed, so that possible un-
derlying endocrine disorders such as gonadotropin deficiency
remained unidentified in the 53 boys. In each boy SD score
(SDS) for PL and body surface area (BSA) were obtained.

Testosterone therapy. T was injected intramuscularly as
testosterone enanthate (TE) at a dosage of 25 mg. PL was
measured at least 4 weeks after the injection. The adminis-
tration of TE was repeated up to 4 times, depending on the
PL response and the request of the patients and/or parents.

Polymorphism analysis of the SRD5A2 end AR genes. After
informed consent was obtained the V89L polymorphisin of
the SRD3A2 gene and the CAG repeat length polymorphism
of the AR gene were examined by direct sequencing, using
the leukocyte genomic DNA of each boy. The methods have
been reported previously.14.15

Stafistical analysis. After the normality of variables was
excluded by the chi-square test the statistical significance of
the median was examined by the Mann-Whitney U test for 2
independent groups, by the Kruskal-Wallis test for 3 inde-
pendent groups, by the Wilcoxon rank sum test for 2 paired
groups and by the Friedman test for 3 paired groups. The
statistical significance of the correlation coefficient was ana-
lyzed by the Spearman rank test. A p value of less than 0.05
was considered significant.

RESULTS

Testosterone therapy. The PLs became —2.0 SD or greater
in all of the boys (after 1 injection in 4 boys, 2 injections in 13
and 3 injections in 7 of group 1, and after 2 injections in 12
boys and 4 injections in 2 of group 2. In addition, biochemical
studies performed roughly 1 month after final TE injection
showed no abnormal findings such as increased serum he-
patic enzymes, and bone age assessment approximately 1
year after final TE injection revealed no accelerated advance-
ment of skeletal maturation.

The overall results are summarized in table 1. Age and
BSA were similar between groups 1 and 2, and TE dosage
was significantly higher in group 2 than in group 1. PL and

PL SDS medians were significantly inereased in groups 1 and
2 combined, and in each group separately. although they
were still significantly shorter in group 2 than in group 1
after therapy. The increment in actual PL at the first injee-
tion of TE ranged from 0.2 to 1.5 em, and was independent of
age and BSA, whereas that in PL SDS at the first injection of
TE ranged from 0.3 to 2.5, and was inversely correlated with
age and BSA (fig. 1).

PL responses at the first, second and third injections of TE
are summarized in table 2. In groups 1 and 2 combined and
in group 2 separately the median of PL increments was
significantly decreased at the second injection compared to
the first, and was similar between the second and third
injections. There was no significant difference in the median
of PL increments between the first, second and third injee-
tions in group 1. In groups 1 and 2 the mediar of PL incre-
ments was similar at each injection, especially at the first
injection. Consistent with this finding, no correlation was
observed between actual PL before therapy and actual PL
increment at the first injection of TE (fig. 2). Furthermore,
the median of PL increments was significantly decreased at
the second injection compared to the first in boys treated
with 2 or 3 injections, whereas it was similar between the
second and third injections in boys treated with 3 injections.
The median of PL increments at the first injection was higher
in boys receiving 2 injections than in those receiving 3, as was
that of PL increments at the second injection.

Increment of aciua] PL {am)

Incremens of actual PL (cm)
at the first injection of TE

4! the first injestion of TE

20

1

0122 (P=0.12) a1 (P2043)
151 ° 151 ©
1.0 ‘e s g oo [ 1.04 « % e awo? o
L] c b4 3 .. 8 [ .O 0..-% .
0.5 1 ! 3ocood oy 0.5 * ami0r eege
e c 3¢ T o oM L s o
0 T [/} T - T —
0 5 10 15 0 0.5 1.0 15 20
Age (1) BSA (m)
Increment of PL-SDS Increment of PL-SDS
at the firstinjection of TE at the first injection of TE
30 30
L r=0.33 (P=0.016) . re.037 (P=0.007)
2.0 ¢ e ’
" e . . °
—~— e
"I H._. f g
1.0 4 * 3 T
P e L] o
. o g o
o ° L
[ T [i] r T T
5 m 5 0 03 10 15 20
Age {ym) BSA (m}

Fi1c. 1. Relationship of penile length (PL) response at first injee-

tion of testosterone enanthate (TE) to age and body surface area

{BSA). Closed circles indicate definite micropenis less than ~2.5 SD.

ggen circles represent borderline micropenis —2.1 to —2.5 SD. SDS,
score.
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TarLE 2. Penile length increment at first, sceond and third injections of tesfosterone enanthate

321

Total Group 1 Group 2 Valpue’ 2 Injections 3 Injections Valpue+
First injection:
Mean = SE 0.64 = 0.04 065 =007 0.63 *0.05 074 = 0.05 0.51 = 0.06
Medinn 0.6 0.6 0.6 0.96 0.7 0.5 0.009
Range 0.2-1.5 0.2-1.5 0.2-1.1 — 0.2-1.0
No. pts 53 24 29 28 1%
Secand injection:
Meun = SE 043 +0.04 0.50 = 0.07 935 =003 050 =0.05 0.33 004
Median 0.4 0.50 0.4 0.26 0.5 0.3 0.006
Range 0.1-1.5 0.1-1.5 0.1-0.7 0.1-1.5 0.1-0.8
Nu. pts 49 20 29 28 19
Third injection:
Mcan = 8E 0.36 * 0.08 0.46 * 0.12 031 = 0.07 0.38 * 0.06
Median 0.3 0.4 0.3 0.33 0.3
Range 0.6-11 0.1-1.1 0.0-0.7 0.0-1.1
No. pts 21 7 14 19
p Value:
Between injections 1 and 2 0.0002 0.08 0.0007 0.0006 0.02
Between injections 2 and 3 0.23 0.61 0.30 0.52
Among injections 1, 2 and 3§ <0.0001 0.14 0.0004 0.07
* Difference between groups 1 and 2.
t Twao vs 3 injeclions.
Increment of actual PL {cm) Increment of actual PL (cm)
at the first injection of TE at the first injection of TE
20 2.0
r=-0.03 (P=0.81) r=0.06 (P=0.67)
1.5 o 1.5 0
1.0 7 . ¢ ° o 1.07 : .': . ¢
. _ B w o0l
051 E e e 051 oupgh el
® ¢, 2% o oo 00 ce .
0 T 1 T T 0 y !
10 15 20 25 30 35 10 20 30 40
CAG repeat length
PL before therapy (cm) P &

F1a. 2. Relationship between actual penile length (PL) increment
at first injection of testosterone enanthate (TE) and PL before ther-
apy. Closed circles indicate definite micropenis less than —2.5 SD.
Open circles represent borderline micropenis —2.1 to —2.5 SD.

Relevance of the SRD5A2 and AR gene polymorphisms. The
effects of the polymorphisms on the PL responses to TE
therapy are summarized in table 3. The median of PL incre-
ments at the first injection of TE was independent of the
V891 genotype and of the presence or absence of relatively
Jong CAG repeats (26 or greater). Furthermore, there was no
significant correlation between CAG repeat length and ac-
tual PL increment at the first injection of TE (fig. 3). In
addition, actual PL increment at the first injection of TE was
0.8 cm in 1 boy with the association of 1/L genotype and CAG
repeat length of 26, and ranged from 0.2 to 1.5 ecm (median
0.55, mean = SE 0.62 = 0.07) in 18 boys with the combina-
tion of V/V genotype and CAG repeat length of 25 or less.

Fic. 3. Relationship between actual penile length (PL) increment
at first injection of testosterone enanthate (TE) and CAG repeat
length of AR gene. Closed circles indicate definite micropenis less
than 512)5 SD. Open circles represent borderline micropenis —2.1 to
—-2.5 .

DISCUSSION

This study indicates that systemic T administration is an
effective therapeutic method for micropenis in boys with no
demonstrable SRD5A2 or AR mutation. The PLs were in-
creased 2.0 SD or greater in all 53 boys afler 1 to 4 injec-
tions. Although such beneficial effects of parenteral T ther-
apy have been degeribed in the literature, the previous
reports are based on the data for a relatively small number of
boys with micropenis. ie 4 boys reported on by Guthrie et al,3
14 reported on by Burstein et al* and 13 reported on by
Chalapathi et al.5 Thus, our results provide compelling evi-
dence for the application of parenteral T therapy for micro-
penis in infancy to childhood.

TapLE 3. Effects of SRDSA2 and AR polvmorphisms on penile length increment at first injection of testosterone enanthate

SRDSAZ VBIL Genotype

No. AR CAG Repeats

Vv viL )N p Value 25 or Less G:ig:;r p Value
Mecan = SE 0.62 * 0.7 0.66 = 0.05 0.56 =0.15 0.64 = 0.04 0.60 = 0.13
Median 0.6 8.7 0.5 0.77 0.6 0.65 0.77
Runge 0.2-15 0.2-1.1 (0.2-1.0 0.2-1.5 0.2-1.0
No. pts 18 30 5 47 [
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The same dosage of 25 mg TE was applied in all boys, with
no dosage adjustment for age or BSA. This simple and con-
venient method appears to be clinically acceptable because it
virtually resulted in the normalization of PLs in all of the
boys, Furthermore, since the relative TE dosage (TE dosage
per body size) should be decreased with age and BSA, this
may explain why the increment in the actual PL was inde-
pendent of age and BSA, whereas that in PL SDS was in-
versely correlated with ape and BSA. In this regard the lack
of correlation between actual PL increment and age or BSA is
noteworthy because it implies that the actual PL increment
can serve as an indicator for TE therapy in all boys irrespec-
tive of age or BSA (thus, inerements in actual PL rather than
PL SDS were primarily analyzed in this study).

Although the TE therapy was effective in all boys, the
extent of PL increments was variable, with the actwal PL

increments at the first TE injection ranging from 0.2 to 1.5

cm. This finding would primarily be due to the heterogeneity
of micropenis in this study, Although a demonstrable
SRD5A2 and AR mutation was excluded in the 53 boys,
micropenis can still be caused by multiple factors that can be
classified into 2 major categories—defective endogenous T
production due to primary or secondary testicular dysfunc-
tion, such as impaired testis formation or gonadotropin defi-
ciency, and impaired responses of external genitalia to T,
such as defective post-AR signal transduction and impaired
anlage formation of external genitalia. Therefore, it is in-
ferred that penile response to TE therapy is good for micro-
penis primarily resulting from defective endogenous T pro-
duction and poor for micropenis primarily caused by
impaired response of external genitalia to T, although the
severity of the underlying factors for micropenis would also
be involved in the variation of PL responses. Furthermore,
this notion would explain why the PL increments were sim-
ilar between groups 1 and 2 and were unrelated to the initial
PLs before therapy, because the PL respense would primarily
depend on the major cause of micrapenis. ie defective endog-
enous T preduetion or impaired responses of external geni-
talia to T.

Several matters are noteworthy with respect to TE ther-
apy. First, the cffect of TE therapy was as a whole decreased
at the second injection compared to the first injection, and
remained similar between the second and the third injec-
tions. The decreased PL response at the second injection
implies that the responsiveness to TE therapy was attenu-
ated after the stimulation at the first injection, although it is
unknown why the responsiveness remained similar between
the second and third injections (thus, PL increments at the
first injection were primarily examined in this study).

Also noteworthy is the fact that the PL increments at the
first and second injections were larger in bovs receiving 2
injections than in those receiving 3. This finding suggests
that the TE dosage required for sufficient PL increase de-
pends not only on PLs before therapy, which is indicated by
the larger amount of TE used in group 2 than in group 1, but
also on the penile responsiveness to TE therapy, which is
considered to be good for micropenis due to defective endog-
enous T production and poor for micropenis resulting from
impaired responses of external genitalia to T.

In addition, the minimum PL increment was 0.2 cm at the
first injection. Since similar PL responses (0.1, 0.2 and 0.25
em/25 mg TE) have been observed in 3 previously reported
Japanese patients with SRDSAZ mutations, this finding may
sugpest that partial Su-redurtase type 2 deficiency, and prob-
ably partial androgen resistance as well, should be examined
in boys with poor PL responses.d Indeced, the 3 boys re-
sponded well to 5e-dihydrotestosterone gel applied after the
diagnosis of ba-reductase tvpe 2 deficiency was established. !4

Finally, the maximum PL increment was 1.5 ¢m at the first
injection. This finding implies that an injection of 25 mmg TE

MICROPENIS AND TESTOSTERONE THERAPY

would not cause unfavorably large PL responses exceeding
the normal range.

The PL increment was irrelevant to the V89L polymor-
phism in the SRD5AZ2 gene and to the CAG repeat length
polymorphism in the AR gene. This finding suggests that the
2 polymorphisms, although associated with funetional alter-
ation, are uniikely tu influence penile responsiveness to TE
therapy.”.® This outcome is consistent with our previous find-
ing that the development of micropenis is independent of the
2 polymorphisms in Japanese bovs, including the 53 boys
examined in this study, because the effect of endogenous and
exogenous T is mediated by Sa-reductase type 2 activity and
AR function.' 15 However, previous studies have shown pos-
itive and negative results for the association between the 2
polymorphisms and predisposition to various androgen re-
lated disorders such as under-masculinization, azoospermia
and prostate cancer.5 10-11,14,.15,17-20 Thyg it is possible that
the 2 polvmorphisms may actually constitute minor modify-
ing factors for responsiveness to TE therapy, and that they
may be detected as positive modifying factors in other patient
populations with micropenis.

CONCLUSIONS

This study indicates that administration of 25 mg TE is an
effective therapeutic methed for micropenis in prepubertal
bovs with no SRD5A2 or AR mutatien, and can be applied
irrespective of age, BSA or initial PL. Furthermore, the re-
sults imply that the PL response to TE therapy is indepen-
dent of the VB3L and CAG repeat length polymorphisms.
However, it is noteworthy that the underlying causes for
micropenis have not been elucidated in these 53 patients,
although SRD5A2 and AR mutations have been excluded.
Thus, further studies are necessary to determine the PL
responses in specific disorders such as gonadotropin defi-
ciency.
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Population Pharmacokinetics of an Angiotensin II Receptor Antagonist,
Telmisartan, in Healthy Volunteers and Hypertensive Patients

Shinji Tarami!, Akiko SarasHINAY, Norio YamMamura®), Takashi Icarasu1"
and Yusuke TANIGAWARAZ

WDepartment of Drug Metabolism and Pharmacokinetics, Kawanishi Pharma Research Institute,
Nippon Boehringer Ingelheim Co., Ltd., Kawanishi, Japan
DDepartment of Hospital Pharmacy, School of Medicine, Keio University, Tokyo, Japan

Summary: Objective: To describe the factors affecting pharmacokinetics of telmisartan, an angiotensin
Il receptor antagonist, a population pharmacokinetic {PPK) model has been developed based upon the
data collected from healthy volunteers and hypertensive patients.

Methods: A total of 1566 plasma samples were collected from 20 healthy volunteers and 129 hyperten-
sive patients, together with the demographic background. The data were analyzed by the NONMEM
program using two-compartment model with first-order absorption. The robustness of the obtained PPK
model was validated by the bootstrapping resampling method.

Results: The oral clearance (CL/F) was found to be associated with age, dose and alcohol consump-
tion, but neither related to serum creatinine nor smoking history. The volume of distribution for the
central compartment was related to age and dose, and the volume of distribution for the peripheral
compartment was related to body weight and gender. The absorption rate constant (Ka) and the absorp-
tion lag time were described as function of dose. The CL/F decreased with advanced age. The CL/F
decreased and Ka increased with higher dose, reflecting the super-proportional increase in the plasma
levels of telmisartan. The AUC and C,.,, values predicted by the present PPK model were well consis-
tent with the observed values. The means of parameter estimates obtained with 200 bootstrap replicates
were within 95-111% of the final parameter estimates from the original data set.

Conclusion: A PPK model for telmisartan developed here well described the individual variability and
exposure, and robustness of the mode] has been validated by the bootstrapping method.

Key words: telmisartan; population pharmacokinetics; modeling; covariate; NONMEM; mode! validation

Introduction

Telmisartan is a nonpeptide angiotensin II receptor
antagonist,"® and is used for the treatment of hyperten-
sion.>¥ Because of its long elimination half-life, tel-
misartan shows sustained anti-hypertensive effect over
the 24-hour dosing interval by once-daily dosing.®
Telmisartan is a lipophilic compound and extensively
distributes to tissues. Telmisartan is highly bound to
plasma proteins (99.59)” mainly albumin, and also
bound to «al-acid glycoprotein, p-globulin and
lipoproteins.® Telmisartan is metabolized to an inactive
acylglucuronide conjugate, which is account for ap-
proximately 10% of the circulating drugs following a
single 40 mg dose.® Biliary-faecal excretion is the prima-

ry elimination route of telmisartan and its metabolite,
Following a single oral or intravenous dose of 40 mg
['*C] telmisartan to normal volunteers, more than 989%
of total radioactivity was recovered in the faeces and
< 1% of radioactivity was recovered in urine.®
Telmisartan shows a large interindividual variability
in plasma concentration profile.¥ The absolute
bioavailability at 40 mg dose was 42% in fasting volun-
teers® and it was reduced when administered after food
intake, The absolute bioavailability was increased to
97.2% in patients with hepatic impairment, and the C,,,
and AUC,.. in hepatic impairment patients were
approximately 3-fold greater than those in healthy
subjects.” The Cna and AUC showed dose-proportion-
ality after intravenous administration of 10 to 120 mg
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Table 1. Sources of plasma telmisartan concentration data used in the present population analysis
Study P Dose Number of Number of Average number of  Ref.
Number Study Objective (mg) subjects measurements measurements No.
1 Pharmacokinetic study in hypertensive patients 20, 40, 80 90 784 8.7 /subject 10
2 Pharmacokinetics and pharmacodynamics in 40, 80 20 298 14.9 11
hypertensive patients
3 Pharmacokinetics and pharmacodynamics in
hypertensive patients with renal dvsfunction 40 19 263 13.8 12
4 Effect of food on bioavailability in healthy
male volunteers 40 20 221 11.1 13
Total 149 1566

dose,” whereas C,.x increased disproportionally with
dose after oral administration for both single and
multiple dosing,® which indicates the saturable first-
pass metabolism.

Recently, population pharmacokinetic (PPK) analysis
has been applied to new drug development for a variety
of drugs.? The PPK analysis is helpful to identify
factors that affect the pharmacokinetics of a drug, or to
explain variability in a target population.” To date,
however, there is no report on the PPK of telmisartan
although this drug is widely used as an antihypertensive
agent, In the present article, we have developed a PPK
model for telmisartan by analyzing the pooled data
obtained in the course of clinical trials in Japan. Since
telmisartan shows a large individual variability in phar-
macokinetics, it is useful to develop a PPK model by
integrating the currently available information for this
agent. The obtained PPK model explains several factors
that can cause the inter-individual variability in phar-
macokinetics, and the model is capable to describe and
predict the plasma concentration-time profiles for
patients with various backgrounds.

Methods

Subjects and studies: A total of 1566 plasma con-
centration data were collected from 149 subjects (20
healthy subjects, 129 hypertensive patients) participated
in four clinical trials conducted in Japan (Table 1),'%'*
Figure 1 shows the plasma concentration-time data of
telmisartan used for the present population phar-
macokinetic analysis.

The study 1 was performed to collect the pharmacoki-
netic data for the population analysis in hypertensive
patients.!® Ninety hypertensive patients were ad-
ministered a single oral dose of 20, 40 or 80 mg of
telmisartan after breakfast. Ten blood samples were
drawnt from the vein of each patient, immediately
before dosing and 1, 2, 3, 4, 6, 8, 10, 12 and 24 hours
after administration. The study 2 obtained the phar-
macokinetic data after multiple oral dosing in hyperten-
sive patients.’? Twenty essential hypertensive patients
were given 40 or 80 mg telmisartan once daily for 14

days. The study 3 was a pharmacokineric study
performed in 19 hypertensive patients with renal
dysfunction (Serum creatinine: 1.5 to 4.0 mg/100 mL)
to evaluaté the influence of renal impairment on the
pharmacokinetics of telmisartan.'’ A dose of 40 mg was
orally given once daily for 7 days. The study 4 investi-
gated the effect of food.'? Twenty healthy male subjects
received 40 mg of telmisartan orally as a single dose.
The 221 plasma concentrations obtained in the fed
condition were included in the data set, because our
purpose was to obtain the PPK model in 2 standard
clinical situation and because the other three studies
were all conducted in the fed condition.

Assay of felmisartan concentrations: Plasma con-
centrations of telmisartan were determined by a validat-
ed reverse-phase high-performance liguid chromato-
graphic method using a column-switching technique.
All plasma samples collected in the four clinical studies
were analyzed by the same procedure at the Department
of Drug Metabolism and Pharmacokinetics, Kawanishi
Pharma Research Institute, Nippon Boehringer Ingel-
heim Co., Ltd. In brief, telmisartan was extracted and
concentrated on an enrichment column (LiChroprep
RP-8, 20 x 4.0 mm, 25~ 40 ym) using water containing
400 L. /L piperidine. Then, the extract was chro-
matographically separated on a reversed-phase column
(BDS-Hypersil, 125 x 4.0 mm, 5 um) using a mixture of
acetonitrile-water-piperidine (235:800:0.16 [vol/vol/
vol]) as the mobile phase. Quantification was made
based on the peak height ratio of telmisartam to the
internal  standard, 4’-[[4-methyl-6-(1-methyl-2-ben-
zimidazolyl)-2-butyl-1-benzimidazolyllmethyl]-2-
biphenyl carboxylic acid, detected by a fluorescence
detector (excitation 300 nm, emission 385 nm). The
lower limit of quantitation of the present assay was
0.5ng/mL. Intra- and inter-day variation of assay
precision was less than 59 and the average bias was
within §%.

Demographic background of the subject population:
Demographic background for the population par-
ticipating in the present PPK analysis is summarized in
Table 2. A total of 149 subjects (20 healthy volunteers
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Fig. 1. Plasma concentration-time profiles of telmisartan following a single or multiple doses. The detail of each study is described in Table 1.

and 129 hypertensive patients) were enrolled in the
study. A total of 1566 drug concentration measurements
were pooled and used for computation. The study popu-
lation comprised 107 males and 42 females. The age
ranged from 20 to 77 years old, body weight from 30.5
to 118.3 kg, and serum creatinine from 0.59 to 4.10 mg/
100 mL, The subjects received 20, 40 or 80 mg telmisar-
tan by single or once daily multiple dosing after meal.

Non-compartmental analysis: Before developing a
PPK model, individual AUC values were calculated by a
non-compartmental analysis with linear trapezoid rule
(WinNonlin® professional software version 3.1).

Model development: The PPK modeling was per-
formed using the NONMEM program (double preci-
sion, version V, level 1.0) with its library subroutines
ADVAN4 and TRANS4.'"" A two-compartment open
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Table 2. Description of the population participating in the present study

Total number of subjects 149
Number of healthy volunteers 20
Number of hypertensive patients 129
Gender: Male 167
Female 42
Dose: 20 mg 3
40 mg 78
80 mg 40
Alcohol consumption: Non-drinker 57
Drinker 92
Smoking history: Non-smoker 63
Ex-smoker 19
Smoker 67
Food condition: Fasting condition 0
Non-fasting condition 149
Renal function: Normal (Scr; =1.5mg/100mL) 128
Moderate impairment (SCr: 1.5-3.0mg/100 mL) 10
Severe impairment (SCr: 3.0-4.0 mg /100 mL) : 11
Hepatic function: Glutamic-oxaloacetic transaminase < 60U 145
Glutamic-oxaloacetic transaminase > 60U 4
Age (year) 50.5+16.0% [20-77)"
Weight (kg) 63.9x13.0 [30.5-118.3]
Serum creatinine (SCr, mg/100 mL} 1.22+0.74 [0.59-4.10]
Glutamic-oxaloacetic transaminase (L) 225129 [5-97)

a) Mean £ 8.D. b) Minimum-maximum values.

model with first-order absorption was used as a structur-
al model. The basic pharmacokinetic parameters were
oral clearance (CL/F, L /hr), volume of distribution for
the central compartment (V, /F, L), inter-compartmen-
tal clearance (Q/F, L/hr), volume of distribution for
the peripheral compartment (V,/F, L), first-order ab-
sorption rate constant (Ka, hr™') and absorption lag
time (ALAG, hr). The first-order estimation (FO)
method was used.

The inter-individual variability for basic pharmacoki-
netic parameters was modeled by the log normal distri-
bution, as described for CL/F as an example.

CL /F;= TVCL-exp (fjcrir)

where #;ci/r is @ random variable that represents the
difference between individual clearance of the j-th in-
dividual (CL/F;) and the population mean value
(TVCL). The random variable scr is normally dis-
tributed with an expectation of zero and a variance of
W%L/F-

Residual variability was similarly modeled by the log
normal distribution as follows:

Cij= Chrea,ij €3p (€15)

where Cj; is the i-th observed plasma concentration of
telmisartan for the j-th individual, Ci.qy; is the concen-
tration predicted by the population pharmacokinetic
model, and g; is a randomly distributed variable with
mean of zero and variance of &°.

The minimum value of the NONMEM objective func-
tion (MOF) was used as a statistic to choose suitable
models during the model-building process. Since the
difference in MOF between one model and the other
approximates a yx*® distribution with freedom of the
number of parameter difference, a difference in MOF of
3.84 for 1 degree of freedom (p < 0.05) was considered
statistically significant in the model-building process.

Covariate model: Starting from a simple two-com-
partment model, a variety of covariates that could
influence the pharmacokinetics of telmisartan were
stepwise added to the basic model (forward selection
method). Statistical significance for incorporation of
each covariate was judged based upon the MOF,
Covariates considered for inclusion in the model were
subject demographic factors (body weight, age, gender),
laboratory tests (renal dysfunction), telmisartan dose,
smoking history and alcohol consumption. Once a full
model was developed which incorporated all possible
covariates, each covariate was in turn examined by
removing one by one to confirm the statistical sig-
nificance (backward selection) using more stringent
criterion of MOF with 6.63 (p<0.01). The final PPK
model was reached by remaining the .significant
covariates.

Model validation: Bootstrap resampling method
was used to evaluate the stability and robustness of the
final PPK model." The final PPK model was fitted
repeatedly to the 200 additional bootstrap datasets. The
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means of parameter estimates calculated from the 200
bootstrap replications were compared with the final
parameter estimates obtained from the original dataset.
Each pharmacokinetic parameter was logarithmically
transformed to calculate 95% symmetric confidence
intervals.

Results

Model development: A two-compartment open
moedel with first-order absorption was used as a basic
structural model, and additional PX parameter such as
absorption lag time, random variables for inter-individ-
ual variability and covariates were added stepwise to
develop the population model for telmisartan phar-
macokinetics. The absorption lag time (ALAG) was
necessary in the model because its incorporation sig-
nificantly improved the mode! fitting (AMOF = 184.19,
p<0.001). Random variables on the inter-individual
variability were needed for the parameters CL/F, V, /F,
Q/F and V;/F, but not for Ka and ALAG.

Starting from a simple structural model, a variety of
covariates that are likely to influence the pharmacoki-
netics of telmisartan were added one by one and tested
for its statistical significance (forward selection
method). The body weight was used as a size factor and
incorporated into the parameters CL/F, V,/F and V,/
F. For CL/F, further covariates such as age, gender,
dose, serum creatinine, alcohol consumption and smok-
ing history were tested.

For continuous variables, the covariate modeling was
described according to a power function as described by
the following example.

CL/F=TVCL-SCr%

where SCr is the serum creatinine and fsc. is the in-
fluence factor to be estimated. TVCL reveals a typical
value of clearance, which describes the CL/F value
where SCr has no effect. If 8¢, is significantly different
from zerog, it is leaded that SCr is associated with CL/F.
For categorical variables, covariates were modeled as
follows.

CL/F=TVCL-GENDER

where the variable GENDER takes 1 for female and a
parameter # for male. If 8 is significantly different from
unity, there exists some gender difference in CL /F.
Among the examined covariates, age, dose, alcohol
consumption and smoking history were found to be
associated with the CL/F. The renal function was not
picked up as a possible factor affecting CL/F. The
influence of hepatic dysfunction was not examined
because the number of hepatic impairment subjects was
50 small (Table 2). On the other hand, age showed a
significant influence on CL/F (AMOF=23.582). Age
was also suggested to be a factor for the V, /F and V, /F,

Telmisartan dose was important factor for CL/F, V, /F,
Ka and ALAG since this factor significantly improved
the model fitting. There observed a gender difference in
V. /F. By the above forward selection step, the follow-
ing full PPK model was suggested, which was described
by age, dose (DAMT), alcohol consumption (ETOH},
smoking history (SMOK), gender and body weight
(WTKG).

CL/F=6,- WTKG" - AGE% - DAMT?® - ETOH -
SMOK -exp (nceir)

Vi /F=0, WIKG-AGE"- DAMT%-exp (nv,ir)

Q/F=8;exp (noir)
Vy[F=8, WTKG®% GENDER- AGE " exp (nv,/r)

KA=0s-DAMT®
ALAG=6;,-DAMT®

where ETOH = 6., for drinker, 1 otherwise,

SMOK = 8,; for ex-smoker, 8,, for smoker, 1 other-

wise,

GENDER = 8,5 for male, 1 for female.

Model refinement was then made by the backward
selection, in which statistically insignificant covariates
were removed from the above full model (Table 3).
Remaining only statistically significant factors (p < (.01}
Ieaded to the final PPK model. Through this process,
the covariates body weight and smoking history on CL/
F, body weight on V, /F, and age on V, /F were removed
from the model. Therefore, the refined final PPK model
is described as follows,

CL/F=8,"AGE®-DAMT®-ETOH exp (fcrir)
V,[F=0, AGE®% DAMT% exp (nv,/r)
Q/F=8-exp (ng:r)

V2 /F=6, WIKG®%-GENDER - exp (fy.ir)

KA =6 DAMTS

ALAG=68;"DAMT"

where ETOH = 8,; for drinker, 1 otherwise.

GENDER =8,; for male, I for female.

The PPK parameter estimates for the final model are
summarized in Table 4. Figure 2 represents the com-
parison of individual Cn. values observed and calculat-
ed by the final PPK model. Figure 2 also shows the com-
parison of AUC’s computed by non-compartmental
trapezoidal rule and calculated by the final PPK model.
Both plots show a good agreement, indicating the
present PPK model is capable for describing the ob-
served concentrations even though those showed a large
individual variability. Figure 3 and Table 5 represent
how each covariate affects the plasma concentration
profile and pharmacokinetic parameters of telmisartan.
As described, age and dose could be an important factor
for individual variability.
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Table 3. Hypothesis testing for possible factors affecting pharmacokinetics of tefmisartan

6 Factor Paramerer Estimarted value Hypothesized value AMOF P value
8, Dose Ka 0.964 0 62.145 p<0.0}
[N Weight CL/F 0.0932 0 0.614 N.S.

8, Weight V,/F -0.820 0 12.111 p<0.01
Bio Age CL/F -0.243 0 11.435 p<0.01
8, Dose CL/F -0.320 0 23.222 p<0.01
[ Alcohol consumption CL/F 1.18 1 10.143 p<0.0!
[: Smoking history (for ex-smoker) CL/F 1.03 1 0.125 N.S.

;R Smoking history {for smoker) CL/F 1.14 1 5.733 N.S.

Bs Age v, /F -1.03 0 63.861 p<0.01
B Dose V,/F —0.641 0 45,852 p<0.01
‘M Dose Absorption lag time 0.873 0 42,024 p<0.01
Bix Gender (for male) V,/F 1.31 1 7.968 p<90.0l
By Age V,/F —0.269 4] 4.200 N.5.

CL/F=8,-WTKG* AGE" DAMT®-ETOH -SMOK -&xp (ncrte), Vi IF=0; WTKG-AGE®s- DAMT™ - exp (n,,/)
Q/F=0y-exp (ngi}, VofF=08, WTKG® - GENDER - AGE®**-exp (f1y,;5), Ka=05 DAMT®, ALAG=8,-DAMT®
where ETOH =0, for drinker, 1 otherwise. SMOK =40,, for ex-smoker, 8,, for smoker, 1 otherwise, GENDER =@, for male, 1 for female,

Table 4. Final estimates for population pharmacokinetic parameters
of telmisartan

Population mean parameters

CL/F=701- AGE "™ . DAMT %3 (1,22)5T4

ETOH: drinker =1, non-drinker=0
V,/F=281000- AGE ™. DAMT =06
Q/F=79.7
V,/F=13600- WTKG ~"7%.(1.42)0ENPER

GENDER: male=1, female=0

Ka=0.00661-DAMT' "
ALAG=0.0166:-DAMT"**

Interindividual variability (CV9%)
werir=189%
wy, [F=119%
woir=88.3%
Wy, [F= 86.89%;

Residual variability (CVY%)
c=57.4%

Model validation: The final PPK model was fitted
repeatedly to the 200 additional bootstrap re-sampled
datasets. All 200 estimation steps were completed
successfully and the results are summarized in Table 6.
The geometric mean of 200 parameter estimates were, in
most cases, within # 10% difference from the final PPK
parameters obtained with the original data set.

Discussion

The PPK model! of telmisartan in healthy volunteers
and hypertensive patients has been developed based
upon the pooled pharmacokinetic data obtained in the
four pre-marketing clinical trials conducted in Japan.

The CL/F was found to be associated with age, dose
and alcohol consumption, but not related to serum
creatinine, gender or smoking history. As the total
urinary excretion of telmisartan is extremely low,® it is
reasonable that CL/F was not affected by renal func-
tion, This finding was also consistent with the result of a
separate clinical study in subjects with mild to moderate
renal dysfunction.'® On the other hand, considering
that telmisartan is mainly excreted via bile,*'™® jt will
be important to examine the effect of hepatic impair-
ment on telmisartan pharmacokinetics. A particular
clinical study was performed in Germany in subjects
with hepatic impairment. C.. and AUC were increased
in hepatic impairment subjects compared with healthy
volunteers after oral administration of 20 mg or 120 mg
of telmisartan. The pharmacokinetic profile of telmisar-
tan in the subjects with hepatic impairment was charac-
terized by rapid absorption and a slow terminal elimina-
tion phase.” Since the number of patients with hepatic
impairment was only four in the present dataset and this
number was thought insufficient for the analysis, the
effect of hepatic impairment could not be examined in
this analysis.

The volume of distribution for the central compart-
ment was related to age and dose, and the volume of
distribution for the peripheral compartment was related
to body weight and gender, The CL/F decreased with
advancing age. A typical AUC value in 70-year-oid
subject was 1.36-fold greater than that in 30-year-old
subject. The AUC in non-drinkers was on average 1.22-
fold greater than that in drinkers, The absorption rate
constant (Ka) and the absorption lag time were de-
scribed as a function of dose.

The CL/F and Ka tend to decrease and increase,
respectively, with increasing dose. This reflects the
super-proportional increase in the plasma levels of
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Fig. 2. Comparisons of individual exposure to tetmisartan (A: Cp.y,
B: AUC) observed or calculated by non-compartment method versus
predicted by the Bayesian estimation based upon the final population
pharmacokinetic model.

The solid line represents the unit ling,

telmisartan as previously reported.**¥ The AUC for
80 mg dose was 6.45-fold greater than that for 20 mg
dose. We also tried a nonlinear pharmacokinetic model,
which has a Michaelis-Menten type formula in the
absorption phase. But due to the complexity of the
model, the computation did not reach the convergence.
Although the present PPK model might be a pragmatic

expedient from a theoretical viewpoint, this simpler
model possesses the advantage of easy clinical applica-
tions for describing the factors causing the inter-individ-
ual variability or further exposure-response analysis.

As for the estimation step of NONMEM, FO method
was used in the present analysis to minimize the caleula-
tion time. However, first-order conditional estimation
(FOCE) method might be also usefu! for the estimation.

In the previous clinical studies, a large individual
variability in pharmacokinetic profile of telmisartan was
observed.*'” The large CV(%) values of interindividual
variability in the basic model without any covariates
reflect this characteristic. After the inclusion of selected
covariates as fixed effects in the model, all of interin-
dividual variability and intraindividual variability in the
final PPK model were smaller than those in the starting
basic model. This indicates that the final PPK model
describes the population profile and factors affecting the
pharmacokinetics of this agent. However, the CV (%)
of interindividual variability especially for CL/F and V,
JE were stil] large, suggesting to require further popula-
tion PK analysis to find out the causes of the variability.
The biotransformation of telmisartan consists exclusive-
ly of a phase II reaction, that is, conjugation to
glucuronic acid by UDP-glucuronosyltransferases,
vielding an acylglucuronide of the compound, but no
phase I oxidative metabolites have been identified. ' It
was reported that there are polymorphisms in UDP-
glucuronosyltransferase genes.” At this moment, there
is no available information whether the genetic varia-
tion of UDP-glucuronosyltransferases is associated with
different activity for conjugation reaction of telmisar-
tan, but it is possible that such genetic variation contrib-
utes to the large individual variability in the metabolism
of telmisartan. In addition, it was reported that the C
and AUC increased more than proportionally with
respect to the dose>* and it is considered that the su-
per-proportional increase of exposure is a consequence
of saturable intestinal first-pass metabolism and high-
affinity but litnited-capacity uptake of telmisartan by the
liver.? These complex features might be another factor
causing large individual variability in telmisartan phar-
macokinetics.

As shown in Fig. 2A, the values of Cg, predicted by
the present PPK model were well consistent with the
observed values. Furthermore, the values of AUC
predicted by this PPK model were in good agreement
with the values determined by the non-compartmental
analysis, at a range of 2 orders (Fig. 2B). These results
indicated that the present PPK model is capable of
describing and predicting the individual exposure to
telmisartan taking into account various patient back-
grounds. Thus, this PPK model will be useful to further
exposure-response analysis for antihypertensive effect of
telmisartan.
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Fig. 3. Typical plasma concentration—time profiles of telmisartan a1 steady state, simulated for various patient subgroups. (A) 30 versus 70
years old, (B) male versus female, (C) drinker versus non-drinker, (D) 20, 40 or 80 mg dose.

Table 5. Influences of covariates on pharmacokinetic parameters of telmisartan

Covariates Estimated parameters Calculated exposures
Modet Gender Weight  Age Drinker Dose CL/F V,/F Q/F V,/F Ka Absorption Crax Crrougn AUC, 5
No. (kg}  (vear) (mg) (L/hry (LY (L/bhr) (L) (hr') lagtime (hr) (ng/ml) (ng/mL) (ng-hr/mL)
! Male 60 50 Yes 40 59 192 80 396 0.33 0.40 63 13 680
2 Female 60 50 Yes 40 59 192 80 702 0.33 0.40 62 12 680
3 Male 80 50 Yes 40 59 192 80 809  0.33 0.40 62 13 680
4 Male 60 30 Yes 40 71 367 80 9%  0.33 0.40 47 11 566
5 Male 60 70 Yes 40 52 125 80 996  0.33 0.40 75 15 768
6 Male 60 50 No 40 48 192 80 996  0.33 0.40 70 18 830
7 Male 60 50 Yes 20 75 297 80 996  0.18 0.22 18 6 268
8 Male 60 50 Yes 80 46 124 80 956 0.69 0.73 230 35 1728

* The underline represents the covariate changed from model No. 1.

The reliability and robustness of the final PPK model
was validated by the bootstrap resampling method
{Table 6). The means of parameter estimates for 200
bootstrap replicates of datasets were almost within 10%
difference from the final PPK parameters obtained from

the original dataset, Furthermore, all 200 trials of com-
putation completed successfully. These results indicate
the stability of the final model and the reliability of the
parameter estimates.

In conclusion, a PPK model for telmisartan has been
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Table 6. Summary of the bootstrap validation on the present popu-
jation pharmacokinetic modei and parameters for telmisartan
Final Results of 200 bootstrap  Bootsirap
estimates simulation mean/
of the final
model : 959 CI estimate
parameters GE;T;I:UC ratio
(lower, upper) (%)
CL/F 58.8 59.3 (36.3, 96.9) 100.8
v,/F 192.0 202.8 (125.0, 318.8) 105.6
Q/F 79.7 82.8 {60.1, 114.2) 103.9
V,/F 996 1060 (703, 1597) 106.4
Ka ¢.330 0.337 (0.256, 0.444) 102.2
Absorption 4 4oy 0.408  (0.345, 0.484)  101.2
lag time
oL 1.56 3.75 (1.08,13.0)  105.2
whv 1.42 1.35 (0.798, 2.28) 95.1
wzo,‘p 0.779 0.75 (0.302, 1.85) 96.1
Wy 0.753 0.84 (0.200, 3.51) 111.4
o 0.329 0.322 {0.140, 0.742) 97.9
PK parameters were simulated under following condition: 60 kg, 50

vears old, male drinker, 40 mg dose.

developed based upon the data obtained in the pre-
marketing clinical trials. Several covariates such as age,
gender, body weight, dose and alcohol consumption
have been found to be factors that affect the individual
variability in pharmacokinetics of telmisartan, The
present PPK model well described the individual ex-
posure 1o telmisartan, and the model has been validated
for reliability and robustness.
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Relationship between Pharmacokinetic Parameters and Occurrence of Adverse

Events in Clinical Trials Performed in Europe and United States for an
Angiotensin II Receptor Antagonist, Telmisartan

Shinji Tatami!, Akiko SarasHINa!, Norio Yamamura!, Takashi Icarasur’
and Yusuke TANIGAWARA?

\Department of Drug Metabolism and Pharmacokinetics, Kawanishi Pharma Research Institute,
Nippon Boehringer Ingelheim Co., Ltd., Kawanishi, Japan :
Department of Hospital Pharmacy, School of Medicine, Keio University, Tokyo, Japan

Summary: The objective of this study was to clarify the relationship between the pharmacokinetic
parameters of telmisartan and the occurrence of adverse events. In order to perform this study, a total of
1500 adverse events was collected from the eight clinical trials performed in Europe and the United
States and the pharmacokinetic parameters {C,. and AUC) were calculated with the parameters
obtained from the population pharmacokinetic model which we have built. Using these data, the phar-
macokinetic parameters (C..x and AUC} were compared between subjects with or without the occur-
rence of adverse events. The Mann-Whitney test was performed to analyze ten adverse events selected
based on the order of frequency. For eight of these ten adverse events, no significant between-group
difference was observed in any pharmacokinetic parameter. For two adverse events, pain and sinusitis,
the pharmacokinetic parameters, C.,x and AUC, were greater in subjects with adverse events as
compared with those without adverse events, but the intersubject variability of pharmacokinetic
parameters was large and there were many subjects in whom Cp and AUC were high without any
adverse event. These results suggest that there is no clear relationship between pharmacokinetic
parameters of telmisartan and the occurrence of adverse events.

Key words: pharmacokinétic parameter; adverse event; angiotensin II receptor antagonist; telmisartan;

relationship

Introduction

Telmisartan is a nonpeptide angiotensin II receptor
antagonist,"® which is used for the treatment of
hypertension.>* In order to clarify the pharmacokinetic
feature of telmisartan, we have already built and
reported a population pharmacokinetic (PPK) model
for telmisartan in healthy volunteers and hypertensive
patients.*® The obtained PPK model revealed several
factors that could cause the large inter-individual
variability in the pharmacckinetics of telmisartan. The
PPK analysis also revealed that plasma concentrations
of telmisartan obtained from Japanese clinical trials
were lower than those obtained from the clinical trials
performed in Eurcpe and the United States.® The
main cause of the difference was concluded to be the
difference of food condition, that is, telmisartan was

administered orally after food intake in the Japanese
studies and before food intake in the other countries’
studies. It has already been reported that angiotensin
receptor blockers including telmisartan, are well
tolerated and have a low incidence of adverse events.”™®
In order to evaluate whether the safety of telmisartan
would be affected by the above-mentioned variability of
pharmacokinetics, we investigated the relationship
between pharmacokinetic parameters of telmisartan and
occurrence of adverse events.

Methods

Data were collected from 1194 subjects enrolled in
8 clinical trials performed in Europe and the United
States. The details of these trials are summarized in
Table 1. Trial No. 4 was performed in elderly hyperten-
sive patients at the dose of 20, 40 or 80 mg for 26
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Table 1. Summary of trial design

Trial No. Subjects Dosage and administration Period Number of analyzed patients
I Milfi to moderate hypertensive 40, 80, 120 mg 4 weeks 117
Patients Orally once a day
2 Mll.d to moderate hypertensive 20, 40, 80, 120, 160 mg 4 weeks 220
Patients Orally once a day
3 Ml]fﬂ to moderate hypertensive 40, 80, 120, 160 mg 12 weeks 278
Patients Orally once a day
4 Elderly patients wnl:l mild to 20, 40, 80 mg 26 weeks 94
moderate hypertension Orally once a day
5 Mild to moderate hypertensive 40, 80 mg
\ . . 12 weeks ]
patients with moderate renal failore  Orally once a day
6 Mal.d to moderate hypertensive 40, 80, 160 mg 5360 weeks 158
Patients Orally once a day
7 Patients wiFh stable tfhrumc . 10, 20, 40, 80 mg 12 wesks 106
symptomatic congestive heart failure  Orally once a day
8 Healthy volunteers 160mg 1 week 12

Orally once a day

weeks.” The trial in hypertensive patients with renal
failure (creatinine clearance: 20 to 70 mL/min) was
performed at the dose of 40 or 80 mg for 12 weeks (Trial
No. 5).'% Stable chronic symptomatic congestive heart
failure patients were given the dose of 10, 20, 40 or
80 mg for 12 weeks (Trial No. 7). A drug-drug interac-
tion study between telmisartan and hydrochlorothiazide
(HCTZ), Trial No. 8,'® was included in this analysis.
Healthy subjects were administered 160 mg of telmisar-
tan for a week in this trial. Four other studies (Trial
No. 1,% 2,9 3'® and 6'*) were performed in hypertensive
patients. Hypertensive patients received 20, 40, 80, 120
or 160 mg of telmisartan for 4 —~60 weeks, Administra-
tions of telmisartan in these 8 trials were performed
before food intake. Placebo control group was inciuded
in Trial No. 1, 2 and 3. Trial No. 4, 5, 6 and 7 were
performed with active control group (enalapril or
lisinopril). The adverse events that occurred in the 8
trials were collected and listed in the order of frequency
of their occurrence. Adverse events that oceurred in the
same subject at different dosages were counted separate-
ly. Though there were two distinct periods for each
subject, with or without co-administration of HCTZ, in
the drug-drug interaction study (Trial No. 8), the same
adverse event occurring in the different periods in one
subject was counted only once.

We have already built and reported a PPK model for
telmisartan using plasma concentration data from trials
in Japan, Europe and the United States.® Here, the
European and United States plasma concentration data
from 8 trials (Trial No. 1 to 8) were used to build the
PPK model. From this PPK model, individual Bayesian
estimates of pharmacokinetic parameters for each

patient were obtained using the POSTHOC option in
the NONMEM program (ver V, double precision, level
1.0)."" With these parameters, the individual phar-
macokinetic parameters (Cma.x and AUC) at the steady
state were calculated. The relationship between these
calculated pharmacokinetic parameters and the occur-
rence of ten adverse events based on the order of their
frequency was investigated. The relationship between
these calculated pharmacokinetic parameters and the
occurrence of serious adverse events was also investigat-
ed. A ‘‘serious’’ adverse event was defined as any fatal
or immediately life-threatening clinical experience, any
permanently or severely disabling event, an event that
required or prolonged inpatient hospitalization, a
congenital anomaly, cancer, or overdose. In addition,
the relationship between the Cpy values obtained from
the observed plasma concentration profiles (observed
Cna) and the occurrence of the most frequent event,
headache, was investigated.

A non-parametric test {Mann-Whitney test) was used
to evaluate the significance of differences between
groups. Data analysis was performed using SYSTAT®
(version 7.0; SPSS Science, Chicago, IL) computer
software. The criterion of statistical significance for all
analyses was a=0.05,

Results

The adverse events were collected from a total of 1500
cases, 1194 subjects, in 8 clinical trials.

A total of 1515 adverse events (233 kinds) were
observed. Table 2 shows the ranking of the top 10
adverse events. The most frequent adverse event was
headache and it occurred in 146 subjects. The results of
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Mann-Whitney tests are summarized in Table 3 and the
box plots of pharmacokinetic parameters (Cn. and
AUC) of the subjects with or without the occurrence of
adverse events are shown in Fig. 1. No significant
between-group differences were observed in eight out of
ten adverse events. Concerning two events, pain and
sinusitis, significant differences were observed in Cha..
and AUC. For these two adverse events, although the
Cmax @and AUC were greater in the subjects with the
occurrence of adverse events compared with those
without such occurrence, the intersubject variability was

Table 2. Ranking of adverse events

Ranking Event Number of subjects
| Headache 146
2 Upper respiratory tract infection 136
3 Pain 87
4 Dizziness 69
5 Back pain 51
[3 Sinusius . 47
7 Coughing 45
8 Fatigue 41
9 Influenza-like symptoms 37

10 Diarrhoea 35
Table 3.

large and more than 10% subjects without event
occurrence showed higher exposure than the upper
quartile for the respective event-occurred groups.

In six of the clinical trials included in this study, only
a few sparse plasma samplings were performed, so the
observed Cn,, values were obtained from the results of
two trials (Trial No. 1 and 8) in which continuous
plasma samplings were performed. The result of Mann-
Whitney tests of the analysis using the observed Crax
value and box plot are shown in Table 4 and Fig. 2. No
significant between-group difference was observed.

In addition, comparison between the groups with
serious adverse events and without serious adverse
events was performed. [All reported Serious adverse
events in the § trials are listed in Table 5. ] As shown in
Table 6 and Fig. 3, no significant between-group differ-
ence was observed in any pharmacokinetic parameter.

Discussion

The adverse events were collected from a total of 1500
cases from 8 clinical trials in which all subjects received
telmisartan orally over 1week. It was reported that
steady-state plasma concentrations were achieved after
approximately 7 days of administration,*'® so plasma

Occurrence of adverse events and estimated PK parameters in the steady state (C,., and AUC)

Conax (ng/mL)

AUC tng-hr/mL)

Adverse event

no yes p value® no yes p value®
744 £ 909 732+959 4287+ 4585 3939+ 3761
headache (1354) (146) 0.515 (1354) (146) 0.493
upper respiratory 728+ 887 895+ 1140 0.207 4181 4377 4981 + 5670 0.135
tract infection (1354) (136) ’ (1364) (136) :
. 730+913 951*£905 4230+ 4563 4629* £3518
pain (1413) (87) 0.011 (1413) 87 0.033
. 728 £ 895 1050+ 1206 42364523 4621 £4331
dizziness (1431) 69) 0.111 (1431) (69) 0.556
. TA2+912 749+ 964 4255 +4538 4218:£3795
back pain (1449) 1) 0.865 (1449) b 0.616
- 729 £900 178 +£1217 4204 + 4492 5783% + 4957
sinusitis (1453) “n 0.010 (1453) @7 0.005
, 7422917 754+ 8§29 4248 4530 4434 + 3995
coughing (1455) 45 0.778 (1455) “5) 0.788
. 7351900 1008 + 1304 4228 £ 4475 51455714
fatigue (1459) @1) 0.505 (1459) @n 0.416
influenza-like 7421917 770+ 814 0.569 4226 % 4461 53436234 0.258
symptoms (1463) (37 ) (1463) (37) .
. 744 £ 918 8L T52 4262 £ 4548 1896 £ 2701 '
diarrhoea (1465) (3%) 0.930 (1465) (35) 0.716

a) Mann-Whitney test

* p<0.05 .

The numbers represent mean+3S.D,

The numbers in parentheses represent numbers of subjects.
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