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patients susceptible to or diagnosed with cancer overex-
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DOSAGES FOR TREATMENT WITH ANTI-
ERBB2 ANTIBODIES

RELATED APPLICATIONS

This application is a non-provisional application filed
under 37 CFR 1.53(b)(1), claiming priority under 35 USC
119(e) to provisional application No. 60/151,018, filed Aug.
27, 1999 and No. 60/213,822, filed Jun. 23, 2000, the
contents of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention concerns the treatment of disorders
characterized by the overexpression of ErbB2 or disorders
expressing epidermal growth factor receptor (EGFR), com-
prising administering to a human or animal presenting the
disorders a therapeutically effective amount of an antibody
that binds ErbB2. More specifically, the invention concerns
the treatment of human patients susceptible to or diagnosed
with cancer overexpressing ErbB2 or expressing EGER,
where the treatment is with an anti-ErbB2 antibody admin-
istered by front loading the dose of antibody during treat-
ment by intravenous and/or subcutaneous administration.
The invention optionally includes treatment of cancer in a
human patient with a combination of an anti-ErbB2 antibody
and a chemotherapeutic agent, such as, but not limited to, a
taxoid. The taxoid may be, but is not limited to paclitaxel or
docetaxel. The invention further includes treatment of can-
cer in a human patient with a combination of anti-ErbB2
antibody and a chemotherapeutic agent, such as, but not
limited to, an anthracycline derivative. Optionally, treatment
with a combination of anti-ErbB2 and an anthracycline
derivative includes treatment with an effective amount of a
cardioprotectant. The present invention further concerns
infrequent dosing of anti-ErbB2 antibodies.

BACKGROUND OF THE INVENTION

Proto-oncogenes that encode growth factors and growth
factor receptors have been identified to play important roles
in the pathogenesis of various human malignancies, includ-
ing breast cancer. It has been found that the human ErbB2
gene (erbB2, also known as her2, or c-erbB-2), which
encodes a 185-kd transmembrane glycoprotein receptor
(p1857FR2) related to the epidermal growth factor receptor
(EGFR), is overexpressed in about 25% to 30% of human
breast cancer (Slamon et al., Science 235:177-182 [1987];
Slamon et al., Science 244:707-712 [1989]).

Several lines of evidence support a direct role for ErtbB2
in the pathogenesis and clinical aggressiveness of ErbB2-
overexpressing tumors. The introduction of ErbB2 into
non-neoplastic cells has been shown to cause their malignant
transformation (Hudziak et al., Proc. Natl. Acad. Sci. USA
84:7159-7163 [1987]; DiFiore et al., Science 237:78-182
[1987]). Transgenic mice that express HER2 were found to
develop mammary tumors (Guy et al., Proc. Natl. Acad. Sci.
USA 89:10578-10582 [1992]).

Antibodies directed against human erbB2 protein prod-
ucts and proteins encoded by the rat equivalent of the erbB2
gene (neu) have been described. Drebin et al., Cell
41:695-706 (1985) refer to an IgG2a monoclonal antibody
which is directed against the rat neu gene product. This
antibody called 7.16.4 causes down-modulation of cell sur-
face p185 expression on B104-1-1 cells (NIH-3T3 cells
transfected with the neu proto-oncogene) a inhibits colony
formation of these cells. In Drebin et al. PNAS (USA)
83:9129-9133 (1986), the 7.16.4 antibody was shown to
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inhibit the tumorigenic growth of neu-transformed NIH-3T3
cells as well as rat neuroblastoma cells (from which the neu
oncogene was initially isolated) implanted into nude mice.
Drebin et al. in Oncogene 2:387-394 (1988) discuss the
production of a panel of antibodies against the rat neu gene
product. All of the antibodies were found to exert a cyto-
static effect on the growth of neu-transformed cells sus-
pended in soft agar. Antibodies of the IgM, IgG2a and IgG2b
isotypes were able to mediate significant in vitro lysis of
neu-transformed cells in the presence of complement,
whereas none of the antibodies were able to mediate high
levels of antibody-dependent cellular cytotoxicity (ADCC)
of the neu-transformed cells. Drebin et al. Oncogene
2:273-277 (1988) report that mixtures of antibodies reactive
with two distinct regions on the p185 molecule result in
synergistic anti-tumor effects on neu-transformed NIH-3T3
cells implanted into nude mice. Biological effects of anti-neu
antibodies are reviewed in Myers et al., Meth. Enzym.
198:277-290 (1991). See also W094/22478 published Oct.
13, 1994.

Hudziak et al., Mol. Cell. Biol. 9(3):1165-1172 (1989)
describe the generation of a panel of anti-ErbB2 antibodies
which were characterized using the human breast tumor cell
line SKBR3. Relative cell proliferation of the SKBR3 cells
following exposure to the antibodies was determined by
crystal violet staining of the monolayers after 72 hours.
Using this assay, maximum inhibition was obtained with the
antibody called 4D5 which inhibited cellular proliferation by
56%. Other antibodies in the panel,including 7C2 and 7F3,
reduced cellular proliferation to a lesser extent in this assay.
Hudziak et al. conclude that the effect of the 4D5 antibody
on SKBR3 cells was cytostatic rather than cytotoxic, since
SKBR3 cells resumed growth at a nearly normal rate fol-
lowing removal of the antibody from the medium. The
antibody 4D5 was further found to sensitize p 185
-overexpressing breast tumor cell lines to the cytotoxic
effects of TNF-a.. See also W0O89/06692 published Jul. 27,
1989. The anti-ErbB2 antibodies discussed in Hudziak et al.
are further characterized in Fendly et al. Cancer Research
50:1550-1558 (1990); Kotts et al. In Vitro 26(3):59A
(1990); Sarup et al. Growth Regulation 1:72-82 (1991);
Shepard et al. J. Clin. Immunol. 11(3):117-127 (1991);
Kumar et al. Mol. Cell. Biol. 11(2):979-986 (1991); Lewis
et al. Cancer Immunol. Immunother. 37:255-263 (1993);
Pietras et al. Oncogene 9:1829-1838 (1994); Vitetta et al.
Cancer Research 54:5301-5309 (1994); Sliwkowski et al. J.
Biol. Chem. 269(20): 14661-14665 (1994); Scott et al. J.
Biol. Chem. 266:14300-5 (1991); and D’souza et al. Proc.
Natl. Acad. Sci.91:7202-7206 (1994).

Tagliabue et al. Int. J. Cancer 47:933-937 (1991) describe
two antibodies which were selected for their reactivity on
the lung adenocarcinoma cell line (Calu-3) which overex-
presses ErbB2. One of the antibodies, called MGR3, was
found to internalize, induce phosphorylation of ErbB2, and
inhibit tumor cell growth in vitro.

McKenzie et al. Oncogene 4:543-548 (1989) generated a
panel of anti-ErbB2 antibodies with varying epitope
specificities, including the antibody designated TA1. This
TA1 antibody was found to induce accelerated endocytosis
of ErbB2 (see Maier et al. Cancer Res. 51:5361-5369
[1991]). Bacus et al. Molecular Carcinogenesis 3:350-362
(1990) reported that the TA1 antibody induced maturation of
the breast cancer cell lines AU-565 (which overexpresses the
erbB2 gene) and MCF-7 (which does not). Inhibition of
growth and acquisition of a mature phenotype in these cells
was found to be associated with reduced levels of ErbB2
receptor at the cell surface and transient increased levels in
the cytoplasm.

GNE-HER_000657464



Case 1:18-cv-00924-CFC Document 328-1 Filed 07/25/19 Page 5 of 70 PagelD #: 25741

US 6,627,196 Bl

5

administered is sufficient to maintain the target trough serum
concentration such that the interval between administration
cycles is at least one week. Preferably the trough serum
concentration does not exceed 2500 pg/ml and does not fall
below 0.01 ug/ml during treatment. The front loading drug
treatment method of the invention has the advantage of
increased efficacy by reaching a target serum drug concen-
tration early in treatment. The subcutaneous delivery of
maintenance doses according to the invention has the advan-
tage of being convenient for the patient and health care
professionals, reducing time and costs for drug treatment.
Preferably, the initial dose (or the last dose within an initial
dose series) is separated in time from the first subsequent
dose by 4 weeks or less, preferably 3 weeks or less, more
preferably 3 weeks or less, most preferably 1 week or less.

In an embodiment of the invention, the initial dose of
anti-ErbB2 is 6 mg/kg, 8 mg/kg, or 12 mg/kg delivered by
intravenous or subcutaneous administration, such as intra-
venous infusion or subcutaneous bolus injection. The sub-
sequent maintenance doses are 2 mg/kg delivered once per
week by intravenous infusion, intravenous bolus injection,
subcutaneous infusion, or subcutaneous bolus injection. The
choice of delivery method for the initial and maintenance
doses is made according to the ability of the animal or
human patient to tolerate introduction of the antibody into
the body. Where the antibody is well-tolerated, the time of
infusion may be reduced. The choice of delivery method as
disclosed for this embodiment applies to all drug delivery
regimens contemplated according to the invention.

In another embodiment, the invention includes an initial
dose of 12 mg/kg anti-ErbB2 antibody, followed by subse-
quent maintenance doses of 6 mg/kg once per 3 weeks.

In still another embodiment, the invention includes an
initial dose of 8 mg/kg anti-ErbB2 antibody, followed by 6
mg/kg once per 3 weeks.

In yet another embodiment, the invention includes an
initial dose of 8 mg/kg anti-ErbB2 antibody, followed by
subsequent maintenance doses of8 mg/kg once per week or
8 mg/kg once every 2 to 3 weeks.

In another embodiment, the invention includes initial
doses of at least 1 mg/kg, preferably 4 mg/kg, anti-ErbB2
antibody on each of days 1, 2 and 3, followed by subsequent
maintenance doses of 6 mg/kg once per 3 weeks.

In another embodiment, the invention includes an initial
dose of 4 mg/kg anti-ErbB2 antibody, followed by subse-
quent maintenance doses of 2 mg/kg twice per week,
wherein the maintenance doses are separated by 3 days.

In still another embodiment, the invention includes a
cycle of dosing in which delivery of anti-ErbB2 antibody is
2-3 times per week for 3 weeks. In one embodiment of the
invention, each dose is approximately 25 mg/kg or less for
a human patient, preferably approximately 10 mg/kg or less.
This 3 week cycle is preferably repeated as necessary to
achieve suppression of disease symptoms.

In another embodiment, the invention includes a cycle of
dosing in which delivery of anti-ErbB2 antibody is daily for
5 days. According to the invention, the cycle is preferably
repeated as necessary to achieve suppression of disease
symptoms.

The disorder preferably is a benign or malignant tumor
characterized by the overexpression of the ErbB2 receptor,
e.g. a cancer, such as, breast cancer, squamous cell cancer,
small-cell lung cancer, non-small cell lung cancer, gas-
trointestinal cancer, pancreatic cancer, glioblastoma, cervi-
cal cancer, ovarian cancer, liver cancer, bladder cancer,
hepatoma, colon cancer, colorectal cancer, endometrial
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carcinoma, salivary gland carcinoma, kidney cancer, liver
cancer, prostate cancer, vulval cancer, thyroid cancer,
hepatic carcinoma and various types of head and neck
cancer. The method of the invention may further comprise
administration of a chemotherapeutic agent other than an
anthracycline, e.g. doxorubicin or epirubicin. The chemo-
therapeutic agent preferably is a taxoid, such as TAXOL®
(paclitaxel) or a TAXOL® derivative.

Preferred anti-ErbB2 antibodies bind the extracellular
domain of the ErbB2 receptor, and preferably bind o the
epitope 4D5 or 3H4 within the ErbB2 extracellular domain
sequence. More preferably, the antibody is the antibody
4D5, most preferably in a humanized form. Other preferred
ErbB2-binding antibodies include, but are not limited to,
antibodies 7C2, 7F3, and 2C4, preferably in a humanized
form.

The method of the present invention is particularly suit-
able for the treatment of breast or ovarian cancer, charac-
terized by the overexpression of the ErbB2 receptor.

The present application also provides a method of therapy
involving infrequent dosing of an anti-ErbB2 antibody. In
particular, the invention provides a method for the treatment
of cancer (e.g. cancer characterized by overexpression of the
ErbB2 receptor) in a human patient comprising administer-
ing to the patient a first dose of an anti-ErbB2 antibody
followed by at least one subsequent dose of the antibody,
wherein the first dose and subsequent dose are separated
from each other in time by at least about two weeks (e.g.
from about two weeks to about two months), and optionally
at least about three weeks (e.g. from about three weeks to
about six weeks). For instance, the antibody may be admin-
istered about every three weeks, about two to about 20 times,
e.g. about six times. The first dose and subsequent dose may
each be from about 2 mg/kg to about 16 mg/kg; e.g. from
about 4 mg/kg to about 12 mg/kg; and optionally from about
6 mg/kg to about 12 mg/kg. Generally, two or more subse-
quent doses (e.g. from about two to about ten subsequent
doses) of the antibody are administered to the patient, and
those subsequent doses are preferably separated from each
other in time by at least about two weeks (e.g. from about
two weeks to about two months), and optionally at least
about three weeks (e.g. from about three weeks to about six
weeks). The two or more subsequent doses may each be
from about 2 mg/kg to about 16 mg/kg; or from about 4
mg/kg to about 12 mg/kg; or from about 6 mg/kg to about
12 mg/kg. The invention additionally provides an article of
manufacture, comprising a container, a composition within
the container comprising an anti-ErbB2 antibody, and a
package insert containing instructions to administer the
antibody according to such methods.

The presently described dosing protocols may be applied
to other anti-ErbB antibodies such as anti-epidermal growth
factor receptor (EGFR), anti-ErbB3 and anti-ErbB4 anti-
bodies. Thus, the invention provides a method for the
treatment of cancer in a human patient, comprising admin-
istering an effective amount of an anti-ErbB antibody to the
human patient, the method comprising administering to the
patient an initial dose of at least approximately 5 mg/kg of
the anti-ErbB antibody; and administering to the patient a
plurality of subsequent doses of the antibody in an amount
that is approximately the same or less than the initial dose.
Alternatively, or additionally, the invention pertains to a
method for the treatment of cancer in a human patient
comprising administering to the patient a first dose of an
anti-ErbB antibody followed by at least one subsequent dose
of the antibody, wherein the first dose and subsequent dose
are separated from each other in time by at least about two
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intravenous administration as a bolus or by continuous
infusion over a period of time, by intramuscular,
intraperitoneal, intracerobrospinal, subcutaneous, intra-
articular, intrasynovial, intrathecal, oral, topical, or inhala-
tion routes. Intravenous or subcutaneous administration of
the antibody is preferred.

The treatment of the present invention involves the
administration of an anti-ErbB2 antibody to an animal or
human patient, followed at intervals by subsequent doses of
equal or smaller doses such that a target serum concentration
is achieved and maintained during treatment. Preferably,
maintenance doses are delivered by bolus delivery, prefer-
ably by subcutaneous bolus administration, making treat-
ment convenient and cost-effective for the patient and health
care professionals.

Where combined administration of a chemotherapeutic
agent (other than an antracycline) is desired, the combined
administration includes coadministration, using separate for-
mulations or a single pharmaceutical formulation, and con-
secutive administration in either order, wherein preferably
there is a time period while both (or all) active agents
simultaneously exert their biological activities. Preparation
and dosing schedules for such chemotherapeutic agents may
be used according to manufacturers’ instructions or as
determined empirically by the skilled practitioner. Prepara-
tion and dosing schedules for such chemotherapy are also
described in Chemotherapy Service Ed., M. C. Perry, Wil-
liams & Wilkins, Baltimore, Md. (1992). The chemothera-
peutic agent may precede, or follow administration of the
antibody or may be given simultaneously therewith. The
antibody may be combined with an anti-estrogen compound
such as tamoxifen or an anti-progesterone such as onapris-
tone (see, EP 616 812) in dosages known for such mol-
ecules.

It may be desirable to also administer antibodies against
other tumor associated antigens, such as antibodies which
bind to the EGFR, ErbB3, ErbB4, or vascular endothelial
growth factor (VEGF). Alternatively, or additionally, two or
more anti-ErbB2 antibodies may be co-administered to the
patient. Sometimes, it may be beneficial to also administer
one or more cytokines to the patient. The ErbB2 antibody
may be co-administered with a growth inhibitory agent. For
example, the growth inhibitory agent may be administered
first, followed by the ErbB2 antibody. However, simulta-
neous administration, or administration of the ErbB2 anti-
body first is also contemplated. Suitable dosages for the
growth inhibitory agent are those presently used and may be
lowered due to the combined action (synergy) of the growth
inhibitory agent and anti-ErbB2 antibody.

In addition to the above therapeutic regimens, the patient
may be subjected to surgical removal of cancer cells and/
or-radiation therapy.

For the prevention or treatment of disease, the appropriate
dosage of anti-ErbB2 antibody will depend on the type of
disease to be treated, as defined above, the severity and
course of the disease, whether the antibody is administered
for preventive or therapeutic purposes, previous therapy, the
patient’s clinical history and response to the antibody, and
the discretion of the attending physician. The antibody is
suitably administered to the patient at one time or over a
series of treatments. Where the treatment involves a series of
treatments, the initial dose or initial doses are followed at
daily or weekly intervals by maintenance doses. Each main-
tenance dose provides the same or a smaller amount of
antibody compared to the amount of antibody administered
in the initial dose or doses.

Depending on the type and severity of the disease, about
1 pg/kg to 15 mg/kg (e.g. 0.1-20 mg/ke) of antibody is an
initial candidate dosage for administration to the patient,
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whether, for example, by one or more separate
administrations, or by continuous infusion. A typical daily
dosage might range from about 1 ug/kg to 100 mg/kg or
more, depending on the factors mentioned above. For
repeated administrations over several days or longer,
depending on the condition, the treatment is sustained until
a desired suppression of disease symptoms occurs. The
progress of this therapy is easily monitored by conventional
techniques and assays.

According to the invention, dosage regimens may include
an initial dose of anti-ErbB2 of 6 mg/kg, 8 mg/kg, or 12
mg/kg delivered by intravenous or subcutaneous infusion,
followed by subsequent weekly maintenance doses of 2
mg/kg by intravenous infusion, intravenous bolus injection,
subcutaneous infusion, or subcutaneous bolus injection.
Where the antibody is well-tolerated by the patient, the time
of infusion may be reduced.

Alternatively, the invention includes an initial dose of 12
mg/kg anti-ErbB2 antibody, followed by subsequent main-
tenance doses of 6 mg/kg once per 3 weeks.

Another dosage regimen involves an initial dose of 8
mg/kg anti-ErbB2 antibody, followed by 6 mg/kg once per
3 weeks.

Still another dosage regimen involves an initial dose of 8
mg/kg anti-ErbB2 antibody, followed by subsequent main-
tenance doses of 8 mg/kg once per week or 8 mg/kg once
every 2 to 3 weeks.

As an alternative regimen, initial doses of 4 mg/kg
anti-ErbB2 antibody may be administered on each of days 1,
2 and 3, followed by subsequent maintenance doses of 6
mg/kg once per 3 weeks.

An additional regimen involves an initial dose of 4 mg/kg
anti-ErbB2 antibody, followed by subsequent maintenance
doses of 2 mg/kg twice per week, wherein the maintenance
doses are separated by 3 days.

Alternatively, the invention may include a cycle of dosing
in which delivery of anti-ErbB2 antibody is 2-3 times per
week for 3 weeks. The 3 week cycle is preferably repeated
as necessary to achieve suppression of disease symptoms.

The invention further includes a cyclic dosage regimen in
which delivery of anti-ErbB2 antibody is daily for 5 days.
According to the invention, the cycle is preferably repeated
as necessary to achieve suppression of disease symptoms.
Further information about suitable dosages is provided in the
Examples below.

VI. Articles of Manufacture

In another embodiment of the invention, an article of
manufacture containing materials useful for the treatment of
the disorders described above is provided. The article of
manufacture comprises a container, a label and a package
insert. Suitable containers include, for example, bottles,
vials, syringes, etc. The containers may be formed from a
variety of materials such as glass or plastic. The container
holds a composition which is effective for treating the
condition and may have a sterile access port (for example,
the container may be an intravenous solution bag or a vial
having a stopper pierceable by a hypodermic injection
needle). At least one active agent in the composition is an
anti-ErbB2 antibody. The label on, or associated with, the
container indicates that the composition is used for treating
the condition of choice. The article of manufacture may
further comprise a second container comprising a
pharmaceutically-acceptable buffer, such as phosphate-
buffered saline, Ringer’s solution and dextrose solution. It
may further include other materials desirable from a com-
mercial and user standpoint, including other buffers,
diluents, filters, needles, and syringes. In addition, the article
of manufacture may comprise a package inserts with instruc-
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intravenously, over a 90-minute period. Beginning on day 7,
patients received weekly administration of 2 mg/kg antibody
(i.v.) over a 90-minute period.

Chemotherapy

The patients received one of two chemotherapy regimens
for a minimum of six cycles, provided their disease was not
progressing: a) cyclophosphamide and doxorubicin or epi-
rubicin (AC), if patients have not received anthracycline
therapy in the adjuvant setting, or b) paclitaxel (T,
TAXOL®), if patients have reccived any anthracycline
therapy in the adjuvant setting. The initial dose of the
HERCEPTIN® anti-ErbB2 antibody preceded the first cycle
of either chemotherapy regimen by 24 hours. Subsequent
doses of the antibody were given immediately before che-
motherapy administration, if the initial dose of the antibody
was well tolerated. If the first dose of the antibody was not
well tolerated, subsequent infusions continued to precede
chemotherapy administration by 24 hours. Patients were
permitted to continue receiving chemotherapy beyond six
cycles if, in the opinion of the treating physician, they were
continuing to receive treatment benefit.

Cyclophosphamide (600 mg/m®) was given either by iv
push over a minimum period of 3 minutes or by infusion
over a maximum period of 2 hours.

Doxorubicin (60 mg/m?) or epirubicin (75 mg/m?>) were
given either by slow iv push over a minimum period of 3-5
minutes or by infusion over a maximum period of 2 hours,
according to institutional protocol.

Paciltaxel (TAXOL®) was given at a dose of 175 mg/m?
over 3 hours by intravenous administration. All patients
receiving paclitaxel were premedicated with dexamethasone

(or its equivalent) 20 mgx2, administered orally 12 and 6

hours prior to paclitaxel; diphenhydramine (or its
equivalent) 50 mg, iv, administered 30 minutes prior to
paclitaxel, and dimetidine (or another H, blocker) 300 mg,
iv, administered 30 minutes prior to paclitaxel.

Response Criteria
Progressive Disease

Objective evidence of an increase of 25% or more in any
measurable lesion. Progressive disease also includes those
instances when new lesions have appeared. For bone lesions,
progression is defined as a 25% increase in objective mea-
surement by plain film, CT, MRI; symptomatic new lesions
not due to fracture; or requirement for palliative radio-
therapy.

Complete Response

Disappearance of all radiographically and/or visually
apparent tumor for a minimum of 4 weeks. Skin and chest
wall complete responses had to be confirmed by biopsy.
Partial Response

A reduction of at least 50% in the sum of the products of
the perpendicular diameters of all measurable lesions for a
minimum period of 4 weeks. No new lesions may have
appeared, nor may any lesions have progressed in size.
Minor Response

A reduction of 25% to 49% in the sum of the products of
the perpendicular diameters of all measurable lesions. No
new lesions may have appeared, nor may any lesions have
progressed in size.

Stable Disease

No change of greater than 25% in the size of measurable
lesions. No lesions may have appeared.

Time to disease progression (TTP) was calculated from
the beginning of therapy to progression. Confidence limits
for response rates were calculated using the exact method
for a single proportion. (Fleiss, J L, Statistical Methods for
Rates and Proportions (ed.2), New York, N.Y., Wiley, 1981,
pp 13-17).

Results

At a median follow-up of 10.5 months, assessments of

time to disease progression (TTP in months) and response
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rates (RR) showed a significant augmentation of the che-
motherapeutic effect by HERCEPTIN® anti-ErbB2

antibody, without increase in overall severe adverse events
(AE):

TABLE 1
HERCEPTIN ® Anti-ErbB2 Antibody Efficacy
Enrolled TTP (months) RR (%) AE (%)
CRx 234 55 36.2 66
CRx + 14 235 8.6% 62.00** 69
AC 145 6.5 421 ral
AC+H 146 9.0 64.9 68
T 89 4.2 25.0 59
T+H 89 £ | 57.3 70

*p < 0.001 by log-rank test; ** p < 0.01 by X? test; CRx: chemotherapy;
AC: anthracycline/cyclophosphamide treatment; H: HERCEPTIN ® anti-
ErbB2 antibody; T: TAXOL ®

A syndrome of myocardial dysfunction similar to that
observed with anthracyclines was reported more commonly
with a combined treatment of AC+H (18% Grade %) than
with AC alone (3%), T (0%), or T+H (2%).

These data indicate that the combination of anti-ErbB2
antibody treatment with chemotherapy markedly increases
the clinical benefit, as assessed by response rates and the
evaluation of disease progression. However, due to the
increased cardiac side-effects of doxorubicin or epirubicin,
the combined use of anthracyclines with anti-ErbB2 anti-
body therapy is contraindicated. The results, taking into
account risk and benefit, favor treatment with HERCEP-
TIN® anti-ErbB2 antibody and paclitaxel (TAXOL®)
where a combined treatment regimen is desired.

Example 2

Pharmacokinetic and Pharmacodynamic Properties
of Anti-ErbB2 Antibody (HERCEPTIN®)

HERCEPTIN® anti-ErbB2 antibody was administered by
intravenous, infusion to human patients selected according
to the criteria provided in Example 1. An initial dose of 4
mg/kg HERCEPTIN® anti-ErbB2 antibody was delivered
by intravenous infusion, followed by subsequent i.v. infu-
sions of 2 mg/kg HERCEPTIN® anti-ErbB2 antibody
weekly for several weeks. Two hundred thirteen patients
began this treatment regimen and serum drug concentration
was obtained beyond 8 weeks for fewer than 90 patients as
selective discontinuation of patients with rapidly progress-
ing disease occurred. Of the 213 patients who began
treatment, serum trough concentration data were available
for 80 patients at Week 12, for 77 patients at Week 16, for
44 patients at Week 20, for 51 patients at Week 24, for 25
patients at Week 28, for 23 patients at Week 32, and for 37
patients at Week 36.

HERCEPTIN® anti-ErbB2 Antibody ‘Trough Serum Con-
centrations for Weeks 0-36

The HERCEPTIN® anti-ErbB2 antibody trough serum
concentrations (ug/ml, mean+SE) from Week 2 through
Week 36 are plotted in FIG. 3 (dark circles). The number of
patients was fairly constant because data from patients
discontinued from the program due to rapidly progressing
disease were excluded from this analysis. Trough serum
concentrations tended to increase through Week 12 and
tended to plateau after that time.

HERCEPTIN® anti-ErbB2 Antibody Trough and Peak
Serum Concentrations for Weeks 1-8

Some HERCEPTIN® anti-ErbB2 antibody serum con-
centration data were available for 212 of the original 213
patients. Trough and peak serum concentration data reflect-
ing the first HERCEPTIN® anti-ErbB2 antibody infusion

GNE-HER_000657482
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were available for 195 of the 212 patients. For the seventh
infusion, trough serum concentration data were available for
137/212 patients and peak serum concentration data were
available for 114/212 patients. Table 2 presents a summary
of statistics from trough and peak serum concentrations for
the first 8 weeks of treatment. Peak samples were drawn
shortly after the end of HERCEPTIN® anti-ErbB2 antibody
administration; trough samples were drawn prior to the
subsequent dose (i.e., 1 week later). Serum concentrations of
HERCEPTIN® anti-ErbB2 antibody were determined as
disclosed herein.

TABLE 2

HERCEPTIN ® Anti-EtbB2 Antibody Trough and Peak Serum

Concentrations for the First 8 Weeks of Treatment (ug/ml

Dose
Number n Mean SD Minimum  Maximum

Peak 1 195 100.3 352 30.7 274.6
Trough 195 250 12.7 0.16 60.7
Peak 2 190 743 31.3 20.8 3079
Trough 167 304 16.0 02 74.4
Peak 3 167 758 26.8 16.1 194.8
Trough 179 337 178 02 98.2
Peak 4 175 80.2 26.9 222 167

Trough ik 386 20.1 02 89.4
Peak 5 128 85.9 292 278 185.8
Trough 141 421 24.8 0.2 148.7
Peak 6 137 872 322 289 218.1
Trough 115 432 24.0 0.2 1099
Peak T 114 89.7 325 16.3 187.8
Trough 137 48.8 24.9 02 105.2
Peak 8 133 95.6 359 114 295.6

The data in Table 2 suggest that there was an increase in
trough serum concentration over time. Of the many patients
studied, there were 18 patients for whom the trough con-
centrations did not exceed 20 ug/ml from Week 2 through
Week 8. A HERCEPTIN® anti-ErbB2 antibody trough
serum concentration of 20 yg/ml was nominally targeted for
these studies based on prior pharmacologic studies in ani-
mals and exploratory analyses in clinical trials.

Patient response status was evaluated relative to serum
concentration of HERCEPTIN® anti-ErbB2 antibody. For
this purpose, mean serum concentration (an average of
troughs and peaks) was calculated for various times and
patient response status (where the patient response status
was determined by an independent Response Evaluation
Committee). The increase in serum concentration between
Weeks 2 and 8 appeared to be greater in responders than in
nonresponders, suggesting that there is a relationship
between response status and HERCEPTIN® anti-ErbB2
antibody serum concentration. A statistical analysis (analysis
of variance) of trough serum concentration values at Week
2 and an average of Weeks 7 and 8 in relation to response
status indicated a highly significant relationship between
response status and average trough of Weeks 7 and 8
(p<0.001). The results indicated that there was a significant
difference between the trough serum concentration (average
troughs of Weeks 7 and 8) in the responders and nonre-
sponders: trough concentrations were 60220 ug/ml in the
responders versus 44+25 ug/ml in the nonresponders
(mean+SD). HER2 overexpression level and type of meta-
static sites were associated with significant differences in
trough serum concentrations. At Week 2, patients with 2+
HER?2 overexpression had significantly higher trough serum
concentrations (n=40, mean=28.8 ug/ml, SD=10.4) com-
pared with patients with 3+ HER2 overexpression (n=155,
mean=24.1 ug/ml, SD=13.1). This difference in the average
trough serum concentrations for Weeks 7 and 8 was no
longer statistically significant. Further, at Week 2, patients
with superficial disease had significantly higher trough
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serum concentrations (n=12, mean 34.1 ug/ml, SD=12.0)
compared with patients with visceral disease (n=183, mean=
24.4 ug/ml, SD=12.6). This difference in the average trough
serum concentrations for Weeks 7 and 8 was significant.
These data indicate that the rise in trough serum concentra-
tions between Weeks 2 and 7/8 occurs for human patients
with various disease profiles.

In a subsequent, similarly designed study, human breast
cancer patients were treated with a loading dose of 8 mg/kg
followed by maintenance doses of 4 mg/kg weekly. The
results of this preliminary human study indicated that an
8mg/kg load:4 mg/kg weekly maintenance regimen was
efficacious in reducing tumor volume in the patients.

The data disclosed in this Example indicate that front
loading of antibody, such that a target serum concentration
is reached more quickly, may be associated with improved
outcomes.

Example 3

I.V. Bolus Delivery and Subcutaneous Infusion of
HERCEPTIN® Anti-ErbB2 Antibody Effectively
Decrease Tumor Volume in the Mouse

The efficacy of infusion or bolus delivery of humanized
anti-ErbB2 antibody (HERCEPTIN®, see Example 1 for
preparation), either by intravenous injection or subcutaneous
injection, was examined. The purpose of the study was to
ask whether subcutaneous delivery was feasible and whether
the convenient subcutaneous bolus delivery was useful in
treating metastatic breast cancer in animals inoculated with
a cell line that overexpresses the HER2 gene. The results,
detailed below, show that i.v. and s.c. infusion and bolus
delivery are [easible treatment methodologies.

A study in a nude mouse xenograft model, which incor-
porates a human breast cancer cell line that naturally over-
expresses the HER2 gene (BT-474M1, derived from BT-474
cells, ATCC Accession number HTB-20), comparing tumor
volume as a function of i.v. bolus versus s.c. infusion was
performed as follows. In the first study athymic nude nu nu
7-9 week old female mice were obtained from Taconic Inc
(Germantown, N.Y.). To initiate tumor development, each
mouse was inoculated subcutaneously with 3x10° BT474M
1 cells suspended in Matrigel™. When tumor nodules
reached a volume of approximately 100 mm?>, animals were
randomized to 4 treatment groups. The groups were treated
according to Table 3.

TABLE 3

Animal Groups and Doses for Comparison of LV. Bolus and
S.C. Infusion

Target
Group, Serum Loading
Dose, Conc. Route of Dose Maintenance
Antibody pg/ml  Administration  (mg/kg) Dose
1-Control, 20 IV LD and 2.20 0.250 mg/ml
rhuMAb E25 SC infusion (infusate)
2-Low Dose SC 1 IV LD and 0.313 0.050 mg/ml
rhuMAb HER2 SC infusion (infusate)
3-High Dose SC 20 IV LD and 6.25 1.00 mg/ml
rhuMAb HER2 SC infusion (infugate)
4-IV Multi-Dose 20 IVLD and MD  4.00 2 mg/kg/week
rhuMAb HER2 (trough) (IV bolus)

Serum Conc. = concentration in serum.

LD = loading dose.

MD = maintenance dose.

Infusate concentration was calculated to achieve targeted serum concentra-
tion using Alzet ® osmotic minipumps (Alza Corp., Palo Alto, CA).

Animals were exposed to estrogen by subcutaneous sus-
tained release estrogen pellet 9 days before the start of

GNE-HER_000657483
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TABLE 7

Efficacy of HERCEPTIN ® Anti-ErbB2 Antibody Measured as a
Change in Tumor Volume Comparing Intravenous Bolus and
Subcutaneous Bolus Delivery, Mean (SD)

Tumor
Tumor Tumor Tumor Day 6-Day 31* Growth
Treatment Vol. Vol. Vol. Area Under Rate on
Group Day 6, Day 28 Day 31, Curve Tumor Log
(Delivery, MD) mm®  mm® mm? Vol, mm*  (TM + 1)
1-IV Control 321 1530 1630 13600 0.0660
(190)  (1040) (1170) (7230) (0.0200)
2-1V Herceptin 297 175 151 4690 -0.0505
1 mg/kg (130) (215) (188) (1400) (0.142)
3-IV Herceptin 269 75.7 73.6 3510 -0.0608
2 mg/kg (129) (924) (84.5) (1220) (0.110)
4-IV Herceptin 272 253 25.8 2880 -0.0810
4 mg/kg 117 (759) (712.9) (1230) (0.0859)
5-SC Herceptin 268 76.2 90.4 3230 -0.0304
2 mg/kg (117 (98.8)  (105) (1440) (0.104)

N = 10 for each data point.

TM = tumor measurement.

IV = intravenous.

SC = subcutaneous.

MD = maintenance dose.

Tumor Vol. = tumor volume, mm?>,

*Day 17 excluded due to measurement error.

Tumor growth rate calculated on Day 21-Day 31 Log(TM + 1). Area
under the curve is the area beneath a plot of tumor volume versus time.

FIGS. 4A and 4B are graphical plots of changes in tumor
volume over time, some of which data is found in Table 7.
FIG. 4A is a linear plot of tumor volume versus time. FIG.
4B is a semilogarithmic plot of the same data, allowing the
test points be viewed more clearly. The data in Table 7 and
FIGS. 4A and 4B indicate that, although a dose-related
response was not observed between HERCEPTIN-treated
groups, dosing by subcutaneous bolus was as effective as
intravenous bolus dosing and achieved similar trough serum
concentrations.

Example 5

Regimens for Intravenous and Subcutaneous
Delivery of Anti-ErbB2 Antibody

According to the invention, methods of anti-ErbB2 anti-
body (e.g., HERCEPTIN®) delivery comprise greater front
loading of the drug to achieve a target serum concentration
in approximately 4 weeks or less, preferably 3 weeks or less,
more preferably 2 weeks or less, and most preferably 1 week
or less, including one day or less. According to the
invention, this initial dosing is followed by dosing that
maintains the target serum concentration by subsequent
doses of equal or smaller amount. An advantage of the
methods of the invention is that the maintenance dosing may
be less frequent and/or delivered by subcutaneous injection,
making the treatment regimens of the invention convenient
and cost-effective for the patient and medical professionals
administering the antibody. In addition, a subcutaneous
maintenance dose regimen may be interrupted by intrave-
nous dosing (such as infusion) when the patient’s chemo-
therapy requires delivery of other drugs by intravenous
injection.

To test the following dosage regimens, human subjects are
selected according to the criteria disclosed in Example 1,
above. The number of initial doses is one or more doses
sufficient to achieve an efficacious target serum concentra-
tion in approximately 4 weeks or less, preferably 3 weeks or
less, more preferably 2 weeks or less, and most preferably 1
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week or less, including 1 day or less. The number of
maintenance doses may be one or more doses sufficient to
achieve suppression of disease symptoms, such as a
decrease in tumor volume. The maintenance doses are equal
to or smaller than the initial dose or doses, consistent with
an object of the invention of administering HERCEPTIN®
anti-ErbB2 antibody by regimens providing greater front
loading. The specific drug delivery regimens disclosed
herein are representative of the invention and are not meant
to be limiting.

In one trial, an initial dose of 6 mg/kg, 8 mg/kg, or 12
mg/kg of HERCEPTIN® anti-ErbB2 antibody is delivered
to human patients by intravenous or subcutaneous injection.
Initial doses (loading doses) are delivered by intravenous
infusion or bolus injection or preferably subcutaneous bolus
injection. Preferably a target trough serum concentration of
HERCEPTIN® anti-ErbB2 antibody of approximately
10-20 ug/ml is achieved.(averaged for all patients in the
treatment group) and maintained by subsequent doses of
anti-ErbB2 antibody that are equal to or smaller than the
initial dose. In one method, a target trough serum concen-
tration is achieved and maintained by once-per-week deliv-
eries of 2 mg/kg HERCEPTIN® anti-ErbB2 antibody by
intravenous or subcutaneous injection for at least eight
weeks. Alternatively, for this or any dosage regimen dis-
closed herein, subcutaneous continuous infusion by subcu-
taneous pump is used to delivery subsequent maintenance
doses.

In another method, an initial (front loading) dose of 8
mg/kg HERCEPTIN® anti-ErbB2 antibody is delivered by
intravenous injection (infusion or bolus injection) or by
subcutaneous bolus injection. This is followed by intrave-
nous bolus injections, intravenous infusion, subcutaneous
infusion, or subcutaneous bolus injection of 6 mg/kg at
3-week intervals to maintain a trough serum concentration
of approximately 10-20 ug/ml, averaged for an entire treat-
ment group.

In another method, an initial (front loading) dose of 12
mg/kg HERCEPTIN® anti-ErbB2 antibody is delivered by
intravenous injection (infusion or bolus injection) or by
subcutaneous bolus injection. This is followed by intrave-
nous bolus injections, intravenous infusion, subcutaneous
infusion, or subcutaneous bolus injection of 6 mg/kg at
3-week intervals to maintain a trough serum concentration
of approximately 10-20 ug/ml.

In yet another method, an initial (front loading) dose of 8
mg/kg HERCEPTIN® anti-ErbB2 antibody is delivered by
intravenous infusion or bolus injection, or preferably by
subcutaneous bolus injection or infusion.

This is followed by administration of 8 mg/kg per week
or 8 mg/kg per 2-3 weeks to maintain a trough serum
concentration of HERCEPTIN® anti-ErbB2 antibody of
approximately 10-20 pg/ml. Maintenance doses are deliv-
ered by intravenous infusion or bolus injection, or preferably
by subcutaneous infusion or bolus injection.

In another method, the front loading initial dose is a series
of intravenous or subcutaneous injections, for example, one
on each of days 1, 2, and 3 of at least 1 mg/kg for each
injection (where the amount of anti-ErbB2 antibody deliv-
ered by the sum of initial injections is more than 4 mg/kg),
followed by maintenance doses of 6 mg/kg once each 3
week interval to maintain a target trough serum concentra-
tion (for example, approximately 10-20 ug/ml) of HER-
CEPTIN® anti-ErbB2 antibody. The maintenance doses are
delivered by intravenous infusion or bolus injection or by
subcutaneous infusion or subcutaneous bolus injection.

GNE-HER_000657485
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DOSE AND TIME DEPENDENCIES

OBJECTIVES

The reader will be oble to
1. List ot least 10 sources of dose [or time} dependence in drug obsorption, distibution, and
elimination.
2. Recognize dose- ot tmer) dependent kinetics from either plasma or utine daota showing
such behoviot
3. Grophically depict the kinetic behovior of a drug when the situation and the cause of a
dose [or lime) dependence are given
4. On anclyzing data in which o dose (or lime) dependence occurs, identify which pharme-
cokinetic porameters are affected, and assign probable couses o the abservation
. Remonsirole the kinetic consequences ol stsady state of o change in the rate of input, Vim
or Km, of o drug showing soturable MichoelisMenten metabolism,
6. Define soturable firstposs melabalism, describe how it can occur, and discuss its kinalic
consequences

197

An epileptic patient who has not responded to phenytoin after 2 weeks on 300 mg/day is
observed to have a plasma concentration of 4 mg/L. Twenty days after the daily dose has
heen inereased ta 500 mg, the patient develops signs of toxicity, nystagmus, and ataxia; the
plasta concentration of phenytoin is now 36 mg/L. Why should only a 67% increase in
duily dose give rise to a ninefold increase in plasma concentration? The answer lies in the
dose-dependent kinetic behavior of this drug,

Normally, plasma (or blood) concentration, unbound concentration, and amount of drug
and its metabolites excreted in urine at any given time all increase in direct proportion to
dose. when drug is administered in either a single dose or in multiple doses. Therefore,
on correcting such observations for the dose administered, the values should superimpose
atall times, This is referred 1o as the principle of superposition. When superposition occurs,
the pharmacokinetics of a drug is said to be dose-independent, or linear.

There are many reasons why the principle of superposition may not hold. Among them
are the administration of a drug by different routes, in different dosage forms, or by dif-
ferent methods (holus or infusion). These are examples of dependencies on dosage form
and route of administration. They are not the subject of this chapter. Other reasons for
lack of superposition include changes in pharmacokinetic parameters themselves with size
of dose administered or dosing rate, when all other factors are held constant. The phar-
macokineties of such drigs ave said to be dose-dependent. When there is a lack of super-
position on administering a drug on separate occasions or a lack of predictubilily fol]mﬁng
repeated or continuous dosing, based on single-dose data, the drug is said to show time-
dependent kineties. Such behaviors are sources of variability in drug response. Although
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relatively uncommon, they occur frequently enough in drug therapy to warrant special
consideration, In drug overdose, they are more the rule than the exception.

This chapter deals with identification and consequences of dose-dependent and time-
dependent kineties. The major intent is to establish a general awareness of this topic.

EVIDENCE

Five pharmacokinetic parameters (F ka, V. CLy. and CL;)) basically define and summarize
the time-course of a drug in the body. Usually, none of these parameters systematically
changes with dose in the same individual. But in dose-dependent kinetics, any one or a
combination of these parameters appears to change with administration of different doses.
The parameters change during continuous or repeated administration when kinetics show
time dependence.

Both dose-dependent and time-dependent kinetic behaviors defy easy quantitative de-
seription and prediction. The first step in evaluating this behavior is to identify its oecur-
rence. Subsequent steps involve determining the parameters affected and the l:kl;'l\ mech-
anism(s) of the nonlinearity, There are many potential causes of dose and time
dependencies. Table 22-1 lists examples of representative causes together with the phar-
macokinetic parameters affected. Let us now consider examples of drugs for which there
is evidence of nonlinear behavior in absorption or disposition. For many of these examples,
therapeutic implications and means of accommodating or circumventing the problems are
given.

ABSORPTION

Dose or time dependencies in drug absorption may be reflected by a change in either
bioavailability or rate-time profile of absorption. These dependencies most often arise from
three sources following oral administration. First are solubility and dissolution limitations
in the release of drug from a dosage form in the gastrointestinal tract. Second is saturability

Table 22-1. Representative Causes of Dose- (or Time-) Depeondent Kinetics
and Selected

Drug Examples
EXAMPE PARAMETER AFFECTEDY
(| Castoinmesimal Absorot
A Sc'rurf}b!e frm:.pofr i gur wall Amaxicillin F i3
B. Drug comparatively inscluble Griseohubvin F l
e Somr-:ble gut wall or hepatic metabolism on hirst pass Nicardipine F T
N Diskitx
A Sorurr.:b'e plasma prolein binding MNaoproxen V. fu T
B QK)TUI'OHQ nssue binding Vi by "
| h g r w MO
A Acms_- sectenon |sawrablel Penicillin G Cla d
B Actve recbsorption (sarable) Ascorbic ocid Cly T
C. Decrease in utine pH Salicylic acid Cl; L
0. Sarable plasma prowin binding Disopyramide Clp T
E. MNephrotoxicity* Aminoglycosides Clp i
F. Increase in utine Hlow® line Cly T
A Caopacitylimited kinetics, colactor limitation, elc Phenytoin Cly 4
B Enzyme induction” Carbomozepine Cly T
C  Hepatotoxicity® Acelaminophen Cl, 4
D. Sowrable plosma protein binding Prednisolone Cly T
E. Dacreased hepatic blood flow Propranclol Cly d
F Inhibition by metabolie® lidecaine ., 1
Thnecton ol change T ncrogse § decreswe on nclooting dow

imaroperdont ar wal 2y donecepordon
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in a transport mechanism for passage across the gastrointestinal membranes, Last is satur-
ability in metabolism during a drug’s first pass throngh the gut wall and the liver.

Solubility

Dissolution can be the cause of dose dependency in bioavailability for drugs with low
aqueous solubility, when given orally in relatively large doses. With a fixed transit time
through the gastmmtostlna] tract, the amount of drug absorbed is mlllk(-l\ to increase in
proportion to the dose administered. An example is griseofulvin (Fig. 22-1). For this spar-
ingly soluble drug (solubility is 10 mg/L), bioavailability decreases as lht' dose is increased
from 250 to 500 mg,

Saturable Active Transport

For a few drugs, absorption from the gastrointestinal tract occurs by a capacity-limited
transport mechanism. An example is that of amoxicillin, a polar f-lactam antibiotic, This
drug is absorbed by a peptide transport mechanism in the small intestine. This conclusion
is supported by the observation that bicavailability decreases with increased dose, but the
peak time changes little (Fig. 22-2). The decrease in bioavailability is explained by the
capacity-limited nature of the transport process. The lack of a major change in the peak
time is a consequence of the limited region in the small intestine from which absorption
can oceur, The dose size does not influence the time between ingestion and movement
past the site of transport.

Saturable First-Pass Metabolism

Nicardipine, a dihydropyridine calcium-channel blocker, exhibits dose dependence in its
oral bioavailability (Table 22-2) because of saturability in its metabolism on first pass

Fig. 22-1. Plasma concentration, K
normalized to dose, as a function of
time following the oral administra-
tion of two tablets (upper curve O}
and four tablets (lower colored
curve, @) of ultramicronized gris-
eotulvin (125 mgttablet) (1 myl, =
28 uM). (Adapted from data in Bar-
rett. W.E., and Bianchine. | R.: The
bicavailability of  ultramicronized
griseofulvin (GRIS-PEG®) tablets in
man. Corr. Ther. Res,, 18:501-309,
1975.)

2 1 Two Tablets

(10-3L)

& Four Tablets\\

(Plasma Griseofulvin Concentration)/Dose

Hours
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Fig. 22-2. Mean amoxicillin plasma
concentrations after single oral doses of
375 (@), 750 (@), 1500 (WD, and 3000
(M) mg The concentrations are nor-
mnalized to those expected for 1 375-mng
dose (C = C (observed) x 375
Daseimg)). Note the decrease in the
C, .. and AUC values, and the similarity
in ., on increasing the dose. The ob-
servations are r-.xphi:ml |:)' oral bio-
availability decreasing with dose with
little or no change in peak time. (1 mg/1,
= 2.7 uM). (Data from Sjovall, J.. Gun-
nar, A, and Westerlund, D.: Dose-de-

prmh'ul uhsnrptkm of amaxicillin and
bacampicillin, Clin. Phanmacol. Ther.,
38:241-250, 1955, Interpretation from
Reigner, B.G., Couet, W.R., Guedes,
J.-P.. Fourtillan, ].-B., and Tozer, TN
Saturable rate of cefatrizine absorption
after orul administration to humans. |.
Pharmacokinet. Biopharm., 18:17-34,
14980,

(Normalized to the 375 mg dose)

Plasma Amoxicillin Concentration (mg/L)

Table 22-3. Saturable First-Pass Metabolism of Nicardipine Observed at Steady
State Following Oral Doses of 10 to 40 mg Every 8 he”

DOSE () BCAVALABILITY 8]
10 1914)F
20 2215)
30 28(5]
40 3810)

Toom bren Wogren, | G bing. TL Miosezeok, ) Frwedmon D Wi A Huang B Messey. 1] and Bos, R R Singhe introvencan dose and weady
wake ool done phamacolmetcs of mictrdipsne in healthy wbmos Blopham Dg Digen 8 133-148 1987
"Moo e SE of data o & subrecs

through the liver. The data in the table were acquired during an 8-hr dosing interval at
steady state (3 days into regimen), An i.v. radiolabeled tracer dose (0.885 mg) was given
cnn(.urrenth with the 30-||1g dose to determine oral bioay .nlalﬂllh

Saturable first- -pass metabolism occurs for a number of orally administered drugs that
are highly extracted by the liver or intestinal tissues. Additional t-xdmples are listed in Table
22-3. For several of these drugs, dose dependence in oral bioavailability is observed without
an apparent change in elimination half-life. This behavior can be understood by realizing
that the concentration of drug reaching the liver during absorption can be much higher
than that after absorption is over. Consider, for example, the following conditions: Distri-
bution is instantaneous; all drug reaches the liver intact; input of drug from the gastroin-
testinal tract is first-order with a ka of 0.05 min-1 (14-min half-life); oral bioavailability at
low doses is 0.1; volume of distribution is 250 L; total hepatic blood flow, Q,,, is 1.35
mL/min; and absorption is faster than elimination,

Table 22-3. Examples of m First-Pass Metabolism
in the Liver or Gut Wall After ".grd of Therapeutic Doses
Alprenclol Methoxysalen Propranolol

S5-Fluerouracil MNicardipine Salicylamide
Hydralazine Propoxyphene Verapamil
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The initial rate of inpul into the portal vein, ka - Dose, is also the initial rate of entry of
drug into the liver, Qy; - €0 Consequently, after a 100-mg dose,

ka - Dose
Coinal = ——OH— = 3.7 mg/L 1

Ll

The concentration in the blood entering the liver after absorption is finished would have
d ||'|iixi|||l||n \"ll]“(' uf

c F - Dose

rm‘.l.nt v

= 0.04 mg/L 2

The actual value of C, ., should be less because some drug is eliminated during the ab-
sorption phase. As can be seen, the contribution of absorbed drug to the concentration
entering the liver during first pass is much greater than that recycled from the rest of the
body. Indeed, the ratio of C,,,. to C, ., is

C.'mrio! ko v
aETa v

max

= 92 3

Thus, the larger the value of ka or V or the smaller the value of F at low (nonsaturating)
doses, the greater is the ratio C,,,,,/C,.... and the more likely there is to be a separation in
the degree of saturation of metabolism during absorption and elimination phases. All the
drugs listed in Table 22-3 show saturable first- pass metabolism and have pharmacokinetic
parameters that favor a high value of C,,,./C, ...

SATURABILITY OF PLASMA PROTEIN AND TISSUE BINDING

A limited number of binding sites exist on plasma proteins. Recall from Table 104 that
the plasma concentration of albumin is usually 43 /L or 600 pM (molecular weight =
67,000 g/mole). At one binding site per albumin molecule, there is then a limiting concen-
tration of 600 uM for the bound drug. For a,-acid glycoprotein, the limitation occurs at
about 15 pM. a much lower concentration. The sites to which drugs bind in the tissues
may be similarly limited. Consequently, the volume of distribution depends on drug con-
centration, a concentration-dependent behavior. Changes in binding tend to become ap-
preciable when more than 20% of the available sites are occupied. This number, corre-
sponding to 120 uM for one binding site on albumin, is arbitrary but nseful for predicting
the likelihood of concentration-dependent binding. For a drug with a molecular weight of
250, 120 pM corresponds to a concentration of 30 mg/L.

For drugs that show saturable binding to plasma proteins, the volume of distribution is
expected to increase with plasma concentration, except when the volume of distribution is
small (less than 0.2 L/kg, see Chap. 10, Distribution). Conversely. for drugs that show
saturability in binding to tissues, the volume of distribution decreases as plasma concen-
tration is increased. Because of the potential dependence on the fraction unbound in
plasma and the dependence of half-life on both clearance and volume of distribution, dose
dependence in distribution may be difficult to identify and quantify, unless plasma protein
binding is measured. Consider the example of naproxen.

The AUC of naproxen following single doses fails to increase linearly with dose when
doses above those maximally recommended (500 mg) are given (Fig. 22-3). Without any
other information, this nonlinear observation might be explained by either a decrease in
bivavailability or an increase in clearance, in that
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The increase in clearance may be due to induction of metabolism or saturable binding to
plasma proteins. As naproxen is a drug of low clearance (Dose/AUC calenlated from data
in Fig. 22-3A varies from 0.3 to 1.3 L/hr), the peak concentrations observed at doses of |
to 4 g (Fig. 22-3B) provide information to distinguish between these possibilities. If one
approximates a concentration of 110 mg/L when most of a 1000-mg dose is in the body, a
value of V/F of approximately 9 L can be estimated. This small volume suggests strong
binding to plasma proteins. The maximum concentrations obtained are in the region where
nonlinear binding is expected for naproxen, a weak acid that binds to albumin. With a
molecular weight of 230 g/mole, 100 and 200 mg/L. correspond to concentrations of 430
and 870 uM, values approsimating that (600 pM) of serum albumin. This is the condition
in which fu is expected to increase with higher doses. Thus, with minimal information, a
probable source of nonlinearity, saturable binding to plasma albumin, can be deduced.

The therapeutic consequence of decreased binding to plasma proteins at higher daily
doses of a drug of low extraction ratio differs dramatically from that of drug-induced in-
creased enzyme activity (autoinduction). When binding decreases (fu increases), the
steady-state total pl.mn.t concentration is not increased much on doubling the rate of ad-
ministration. The steady-state unbound concentration, however, doubles as a consequence
of no change in unbound clearance. The intensities of toxic and therapentic responses are
expected to increase accordingly. In contrast, an increase in enzyme activity would affect
both unbound and total concentrations proportionally. Thus, if autoinduction occurs, only
a minor increase in response would be expected at higher rates of administration,

The expected change in the time-course of a drug in plasma when plasma protein bind-
ing exhibits nonlinear behavior is complex. Changes occur in both volume of distribution
(Chap. 10) and clearance (Chap. 11). The magnitude of the changes depends on both the
volume of distribution and the extraction ratio of the drug. Furthermore, because volume

A B
3000 - 250 1
g ] gg 200 -
f_gzooow 35
= x = 150 1
2 100 -
£ 1000 - 53
g | gs 50
0 LJ T T T 1 0 T T T 1
0 1 2 3 4 0 1 2 3 4
Oral Dose (g) Oral Dose (g)

Fig. 22-3. The AUC of naproxen inereases with the size of a single oral dose but not m direct proportion: the
AUC appears to approach a limiting vidue (A1 Nonlinearity ts also observed in the peuk concentration (B). These
observations are consistent with either a decrease in F or an increase in CL with decreasing dose. As explained
in the text, saturable binding to plasma allmmin is mast probably responsible (1 mg/L = 4.3 pM). (Modified From
Runkel, Ko, Chaplin, M.D., Sevelins, B, Ortega. E., and Segre., E.. Pharmacokinetics of naprosen overdoses. Clin,
Pharmacol. Ther., 20,268-277, 1976)
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of distribution changes with amount in body. the decline of the plasma concentration does
not reflect. in direct proportion, the disappearance of drug from the body. The slope of
the semilogarithmic decline in the concentration-time curve is then not a gnnd measure of
the fractional rate of elimination. The qualitative effect of saturable binding to plasma
proteins for a drug with a small volume of distribution is demonstrated by the decreasing
slope of the unbound cefonicid concentration with time on a semilogarithmic plot (Fig,
22-4) after a single 30-mg/kg iv. dose. The difference between the decline of the total and
unbound concentrations (Fig. 22-4A) is explained by the decrease in the fraction unbound
with time (Fig. 22-4B). The apparent one-compartmental nature of the total concentration
decline is explained by virtually all drug in the body being bound to albumin.

The ACE inhibitor trandolaprilat. formed following oral administration of trandolapril,
shows nonlinear plasma and tissue protein binding, as do other agents in this pharmacologic
class. Evidence of nonlinearity in trandolaprilat kinetics is provided in Fig. 22-5. Both AUC
(Fig. 22-5A) and plasma concentration (Fig. 22-5B), particularly during the terminal phase.
Fuil to increase in direct proportion to the oral dose of trandolapril, over the eightfold range
(0.5 to 4.0 mg) studied. Also, contrary to the expectation of linear kinetics, dosing daily,
which is relatively frequent compared to the long terminal half-life, does not lead to ex-
tensive accumulation (Fig 22-5C), Thus, when a 2-mg dose of trandolapril is administered
orally for 10 days, the accumulation ratio of trandolaprilat (AUC_/AUC,, , . Eq. 25, Chap.
7) s only 149, Direct evidence of concentration-dependent p!asma protein binding of
lramlulaprlhl is shown in Fig. 22-5D and Table 10-4. It should be noted that the range
of concentrations, 0.5 to 5 ug/L., over which the fraction unbound changes threefold, covers
most of the phsma trandiloprilat concentrations obtained following the oral doses of tran-
dolapril (Fig. 22-5B, C).

The observations above can be rationalized as follows. The extremely low plasma con-
centration at which saturable binding occurs suggests a binding protein of much lower
concentration than albumin or a,-acid glycoprotein (see Table 10-4). The body of evidence

A B
1000 0.20
= 100 ®
%é E 0.15
= . -]
Eg 10 1 = 010
s g
3 3 1 * 005
0.1 - - . 0 4 v v .
0 4 B 12 0 4 8 12
Hours Hours

Fig. 224, A, Mean total (H) and unbound () plasma cefonictd concentrations with time in sis volunteers after
a single i v dose of 30 mg/kg given over 5 min. Note the much more rapid decline of the unbound concentration
during the first 2 hr. B. The differeace between the declines of the two cunves in A is explained by s rapid decrease
in the fraction unbound with time. As a consequence of the limited capacity of serum albumin to bind cefoncid,
the high total concentrations st early times tend to approach the capacity for binding (1 mg/L. = 184 uM).
| Redrown from Dudley, MUN., Shyy, W-C, Nightingale, CH., and Quintiliani, B.: Effect of saturable serum
protein hinding on the pharmacokineties of unbound cofonicid 0 humans. Antimicrob. Agents Chemother
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points to ACE itself being responsible. This high-affinity, low-capacity enzyme resides in
both plasma and the endothelial linings of the vasculature, the latter site being interpreted
as tissue binding when viewed from plasma data, Trandolaprilat, a relatively polar molecule,
is restricted in its distribution mainly to extracellular spaces and is cleared systemically,
mostly by renal excretion. Renal excretion is primarily via glomerular filtration, so that renal
clearance shows concentration dependence associated with saturable protein binding. At
high concentrations of trandolaprilat, which saturate ACE, renal clearance is high and
elimination rapid. As the plasma concentration falls, the fraction bound to plasma and tissue
ACE increases, thereby diminishing the unbound pool and lowering renal clearance. The
net effect is a much slower elimination of material from the body. Thus, the biphasic decline
of plasma trandolaprilat, seen in the semiloganithmic plots (Fig. 22-5B) is due to concen-
tration-dependent protein binding and not distribution kinetics. Notice, that had only one
dose of drug been administered, one could not have readilv distingnished between con-
centration-dependent binding and distribution kinetics as the cause of the apparent biex-
ponential decline of the plusma data Finally, the lack of appreciable accumulation on
multiple dosing arises because after each dose, most of the systemically available trando-
laprilat is eliminated before reaching the terminal phase. Thus, nonlinear binding to the
active site, ACE, appears to explain virtually all of trandolaprilat’s odd kinetic behavior.

A AUC aftar Single Doses 8 Sangle Dose
Dose (mg)

—_— ‘_u
—o— 20

g B

——— 05

Trandotapeiat AUC , o, (g-hiiL)
32
Pasmg Trandotapsiat
Concenraton (ugl)

40
o ot 4 .
0 1 2 . 4 0 M L] n E ]
Trandolapell Dass (mg) Hours
G Mutiphe Doses D Plasma Protein Binding
10 n2

Puasma Trandokapriat
Concentration (gl |
Unboynd
g2 A

01 4 1]
0 e 48 n 9% (/] 5 L TOE T T - ]
Hours Pasma Trangolapsitat
Concentration {ugl)
Fig. 22-5. Trandolaprilat, the active metabolite of trandolapril, exhibits nonlinear kinetic behavior. A, The AUC (0
1096 hr) of the metabalite does not increase in direet proportion to the dose of trandolaprl over the dose range of 0.5
to4 mg. B, A semilogurithmic plot of mean plasma trandolsprlat concontrations after aral doses of 0.5, 1.0, 2.0, and
4.0 mg shows nonlinearity in that the curves are not equally spaced by a factor of 2in the vertical direction for each of
the successive doses. The lack of proportionality with dose is particularly svident at later times. C, Administration of
2.0 mg of trandolupril daily for 10 days fails 1o produce the degree of accumulation of trandolaprilat, as viewed from
the concentration-time profile within a dosing interval at steady state (24 hr that is predicted based on the Jong ter-
minal decline in plasma concentration observed following a sm;d: 2.0-myg dose (see B). 12, Binding of trandolaprilat
to plasmia proteins shows nonlinearity in that the fraction anbound inereased with increasing concentration. (1 mg/1,
= 2.4 uM). (Data in A and B from Lenfant, B, Mouren, M., Brvee, T, De Lanture, 1., and Stravch, G.: Trandoli-
pril: Pharmacokinetics of single oral doses in male healthy volunteers, |, Cardiovase. Pharmacol.. in press, 1994; Data
in € from Amor. P, Wade, A, Engfelt, P Mouren M., Slqmiwwh‘j.l’_. Sultan, E., Bryce, T, and Lenfant, B: Phar-
macokinetics and pharmacodynamics of trandolapril after repeated administration. |, Cardiovase. Phannacol . in
press. 1994 Datuin D from B, Lenfant. personal communication )
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CONCENTRATION-DEPENDENT RENAL EXCRETION

Renal clearance can vary with plasma concentration. Both filtration and reabsorption are
usually passive processes, the rates of which are directly related to plnsnm concentration,
In contrast, active secretion and active reabsorption are saturable processes with maximum
capacities. This is shown in Fig. 22-6, for active secretion. The rate of tubular secretion
increases in direct proportion to the plasma concentration until the transport approaches
an upper limit often called the T™ value. Consequently, clearance by secretion decreases
as plasma concentration increases, This is observed for the antimicrobial agent dicloxacillin
(Fig. 22-7). On increasing the dose from 1 to 2 g the renal clearance, assessed by
Ae JAUC, is reduced. Extrarenal clearance is unaffected. With an fu of 0.04, the unbound
renal clearance is about 2600 mL/min following the 1-g dose. This value greatly exceeds
the usual glomerular filtration rate of 120 mL/min, indicating that this drug is extensively
secreted into the tubular lumen (see Chap. 11, Elimination). At these doses. secretion
shows concentration dependence and, as a consequence, the AUC increases dispropor-
tionately with dose. The body exposure to the drug and the half-life are disproportionately
increased, considerations for the therapeutic use of large doses.

Secretion never occurs alone; filtration is always a component, and passive reabsorption
may or may not be. Figure 22-6 also demonstrates how the rate of excretion of a drug that
undergoes filtration and secretion, such as penicillin, always increases with plasma concen-
tration. Even though the rate of secretion approaches an upper limit the rate of filtration
continues to increase directly with unbound plasma concentration.

Fig. 22-6. The rate of renal secretion has a limiting \"\0“
vilue, the maximum transport rate (Ty), whereas the S
rute of filtration increases in direct proportion to the
phunm concentrution of & drug. lfu!lu'qul-nl]'\-] the: rate
of exeretion of w drug that is both fltered and secreted, T

but not reabsorbed, increases with its plasma concen- o
tration. The increase, however, is not in direct propor-
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Fig. 22-7. Renal clearance of dicloxacillin, as 150 4
measured by Ae JAUC, is decreased following
a 2¢ iy, dose relative to that observed after a
1-g i.v. dose. The extrarenal clearance is not af-
fected by dose. Saturable secretion of drg into
the renal tubule explains the deerease in renal
clearunce. Mean = SD (bars) (1 mg/l. = 2.1
uM ) (Data from Naufu, E.H,. and Mattie, H.:
Dicloxacillin and elovacillin: Pharmacokinetics
in healthy and hemodialysis subjects. Clin,
Pharmacol, Ther., 20:95-108, 1976.)
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Renal clearance is the rate of drug excretion divided by its plasma concentration. A drug
that is only filtered, and is not bound in plasma, has the same renal clearance at all con-
centrations, as shown schematically in curve A of Fig. 22-8, Curve B depicts the events
that ocenr for a drag that is actively secreted. In the region of plasma concentrations well
below those required to approach saturation, renal clearance is highest and is relatively
insensitive to changes in drug concentration. The therapeutic concentrations of most ac-
tively seereted drugs lie within this region. At higher plasma concentrations, renal clearance
decreases: the lower limiting value is that contributed by both filtration and passive reab-
sorption.

The renal clearances of ascorbic acid, disopyramide, and the protein superoxide dis-
mutase all increase with increasing concentrations, but for different reasons. Ascorbic acid
(vitamin C) is normally conserved in the body by active reabsorption from the renal tubule.
When the plasma concentration is excessive, the capacity of the reabsorption mechanisin
is exceeded, and the vitamin appears in large amounts in the urine (Fig. 22-9). The con-
sequence of nonlinear excretion following oral administration of vitamin C is illustrated by
the data in Table 22—, Although statistically significant, note that the plasma concentration
does not increase much even when megadoses are given. Another nonlinear mechanism
also contributes to this obsenvation. The bioavailability of the vitamin decreases with in-
ereasing dose (not shown) because it is absorbed in the intestine by a saturable process.
The combined effect of saturable gastrointestinal absorption and renal tubular reabsorption
is that only a relatively small change in the steady-state plasma concentration oceurs, even
when the tl.ul\ oral dose is increased greatly.

Rather than saturable re absorption, nonlinear binding to a,-acid glycoprotein causes
renal clearance (based on total concentration) (delsnp_\’ramlde to be greater at earlier times
after a 1.5-mg/kg i.v. dose (Fig. 22-10A). Unbound renal clearance, on the other hand,
shows no evidence of nonlinearity (Fig. 22-10B), The greater total clearance coincides with
a higher total concentration and a lower binding ( fu 15:; earlier times.

The nonlinearity in renal clearance of the experimental protein drug superoxide dis-
mutase is related to renal metabolism (Fig. 22-11). This protein, protective against cell
injury that is due to oxvgen-derived free radicals or superoxides, is filtered and then partially

2 2
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Plasma Drug Concentration Plasma Drug Concentration

Fig. 22-8. RKelutionships between cither rate of excretion ton left) or renal clearanee (on dght and plasiia
concentration depend on whether the drig undergoes filtetion only tcunve A, Bltration and secretion (eune B)
or filtvation and active reabsorption wonnve C1 The drug s either not bound (o plismia proteins, or fu does ot
'."h-.mq,:n- mn the: concentration b shim,
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Fig. 22-9. A, The renal clearance of ascorbie peid relative 1o that of inulin inereases dramatically at plasma
concentrations well above the values of 4 to 153 mg/L tvpical for normal dietary comditions, The increase occnrs
at higher ascorbic aeid plasma concentrations becanse the rate of filtration exceeds the capacity of the faclitated
transport mechanism to reabsorh the vitamin from the tubular lomen. At high concentrations, the renal dearance
of ascorbic acid approaches that of inulin, a componnd that is only filtered. The high concentrations were produced
following i.v. injections of 1500 to 6000 mg of ascorbic acid (1 mg/l. = 57 pM). (Adapted from Ralli, E.P.,
Friedman. G.).. and Bubin. 511, The mechanism of the excretion of vitaniin C by the human kidney. | Clin,
lwest,, I7-763-T70, 1940,) B, 1n the plasma concentration runge resulting from daily oral doses of 30 to 150 mg,
renal dearance of ascorbic acid ranges from negligible to 4 to 5 wil/min (3w 6% of the (-\rmclc-d inulin clearance )
in 22- to 45-yeur-old male subjects while on diets essentially free of vitwmin €. Each ovmbol (@, B represents
a group of subjects studied 0 one expedment with different intakes of sseorbie weid per day. (Adapted from
Kallner, A Hurtmunn, 12, and Hormig, 1. Steady-state tumover and body pool of ascorbie scid in man, Am. .
Clin. Nutr., 32:5330-539, 14979.)

Table 22-4. Steady-State Trough Plasma Ascorbic Acid Concentrations in Healthy
Advlts Taking Various Doses of the Vitamin Twice Daily for 3 to 4 Weeks”
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metabolized in the renal tubular cells. At higher plasma concentrations, metabolism of the
filtered drig becomes saturable with a resultant increase in renal elearance, an observation
commonly reported for other proteins of comparable size. Note that the apparent upper
limit of renal dearance (40 mL/min/70 kg) is less than the glomerular filtration rate, a
probable wmqum-nm of filtration of this protein being incomplete because of its large
molecular size (MW, = 32,000 g/mole). Although no specific cut-off in molecular weight
can be given, hltralmn of proteins above 30,000 g/mole falls off rapidly with increasing
molecular size. Above 70,000 g/mole, onlv a small fraction is filtered except in glomerular
disease (See Chap, 11, Elimination, p. 178).

HOSPIRA EX. 1022 Vol. 3
Page 118



Case 1:18-cv-00924-CFC Document 328-1 Filed 07/25/19 Page 23 of 70 PagelD #: 25759

CHAPTER 22 DOSE AND TWE DEPENDERCIES 405
A B

80 - T 240 -
= £
= _‘ > é
E60°, 5 190 1
E . 5
2 40 - 5o S 120 -
g 20 - § 60 -

8 .o,
0 =F ¥ 1 g D ™ s a2 T - s
0 200 400 600 0 200 400 600
Minutes Minutes

Fig. 22-10. A, The renal clearance of disopyramide in an individual subject shows changes with time after a
single 1.5-my/ky iv. dose, B, Unbound renal dearance, on the other hund, does not appear to clunge over the
corresponding time period. The initial plasma concentrations were in the range of 2 to 4 mg/L. These total
concentrations are expected to produce nonlinear binding to a,-scid gheoprotein. the protein to which this drug
primarily binds in plasma (see Chap, 10, Distribution) (1 mg/L = 2.9 yM). (Madified from Glacomini, KM,
Swezev, S.E., Turmer-Tamivasu, K., and Blaschke, T.F . The effect of saturable binding to plasma proteins on the
pharmacokinetic properties of disopyvramide. |. Pharmucokinet. Biopharm., 1:1-14, 1952.)

06 1 ° Fig. 22-11. Mean renal clearance of re-
combinant human 'mpr'n‘nult' chismntase in-
- creases at higher plasima concentrations af-
ter an iy dose of 45 mg/kg in cight subjects.
ay . The experimental drag is filtered in the glo-
§ 204 4 menihis and partially metabolized by tubu-
= § lar cells. At higher plasma concentrations,
3 = the rate of iltration exceeds the ability of the
9 "'E' . tubular cells 1o absorh und metabolize the
85 drig (1 mg/L. = 0,031 uM). {Modifed from
§ ‘E, 0.2 - Tsao. C., Greene, P Odlind. B and Brater,
D.CL Pharmacokinetics of recombinant hy-
man superoside dismutase in healthy vol-
- unteers, Clin, Pharmacol, Ther., 50:713-

720, 1991.)
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Renal clearance may also show concentration dependence when the dmg (1) pro-
duces changes in pH and its tubular reabsorption is pH-dependent, e.g.. salievlate: (2) is
a diuretic and renal passive clearance is flow-dependent, e.g., theophylline: or (3) causes
nephrotoxicity, e.g.. an aminoglycoside. The mechanisms of the last two drugs are also
time-dependent. Theophylline produces diuresis soon after its administration, but this ef-
fect, and consequently its renal clearance, decrease with time. The nephrotoxic effect of
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aminoglycosides, on the other hand, tk'\-'('lups with dose and duration of exposure to the
drug,

CAPACITY-LIMITED METABOLISM

Perhaps the most dramatic dose-dependent kinetic mechanism is that of capacity-limited
metabolism, a characteristic typical of enzymatic reactions. Recall from Chap. 11 (Eq. 11)
that

. Vi - Cu
Rate of metabaolism = m 5

for a drug showing saturable Michaelis-Menten kinetics. Also, recall that in this case

Unbound metabolic clearance = - 6
Km + Cu

The social and therapeutic consequences of Michaelis-Menten kinetics are now explored
with two examples, alcohol and phenytoin.

Akohol

At doses usually consumed, the metabolism of alcohol is capacity-limited. Although me-
tabolized h_\' both aleohol dt-h_\'t]n)g(*nast- and qimhmmt‘ P450-2E1, the elimination ki-
netics of alcobol has been approximated by a Michaelis-Menten model of a single enzyme.
This simplified kinetic model is subsequently presented.

The maxitnum rate of metabolism, Vin, and the Michaelis constant, Km. are approxi-
mately 10 g/hr and 100 mg/L, respectively. The pharmacologic effects of alcohol, which
does not bind to plasma proteins, become apparent when the plasma concentration is about
200 mg/L.. concentrations above 5000 mg/L are potentially lethal. Thus, the concentration
range in which alcohol exerts its pharmacologic effects is well above its Km.

Table 22-5 shows the calculated rate of metabolism and clearance of alcohol as a fune-
tion of the concentration at the metabolic site. Note that rate of metabolism of aleohol is
essentially constant, zero-order, and close to Vi throughout the range of concentrations
associated with activity. Accordingly, clearance decreases at high concentrations. At low
concentrations, the intrinsic clearance (Vim/Km) approaches 100 L/hr or 1.6 L/min, a value

Table 22-5. WM“WHH‘M.IM

as a Function of the Conceniration at the Metabolic Site
COMCTTTRATION RATE OF
AT 18 METABNISAN CIEARARNCEY
g\ k) B i
7000 99 14
5000 28 20
3000 97 32
1000 g1 =
SO0 83 17
200 6.7 33
100 50 50
50 33 &7
10 oQl Q1

Vo o memrgrive = e & | Vo= 3/ Km o» '::_.—._; i

T wipwre = = = o
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in excess of hepatic blood flow. Thus, at very low concentrations, the extraction ratio is
sufficiently high so that the rate of metabolism is partially limited by hepatic perfusion.
Under these conditions oral bioavailability is expected to be reduced.

The consequences of zero-order elimination can be dramatic. The usual-size drink. 45
mL, of 40% vA whiskey contains about 18 mL, or 14 g, of alcohol. Drinking this quantity
of alcohol each hour exceeds the (‘limiualing tﬂlpﬂ&‘it}' of the lmd_\'. Cnus('qm'nlly. alcohol
accumulates until ultimately either coma or death intervenes.

Alcohol distributes evenly throughout total body water; its volume of distribution is
therefore 42 L. Accordingly. approximately 200 g of alcohol are needed in the body to
achieve a concentration, about 5000 mg/L., that can produce coma or, oceasionally, death.
But, since the rate of ingestion, 14 g/hr. exceeds the rate of metabolism, 10 g/hr, by only
4 g/hr, this rate of drinking must be maintained for at least 2 days (a total of 48 drinks) to
accumulate 200 g of aleohol. This degree of acerual can occur within 5 hr (20 drinks) when
four drinks are consumed every hour, because this rate of ingestion, 56 ghr. exceeds the
maximum metabolic capacity b\ 46 ghr.

If the rate of ingestion is reduced to one-half drink (or 7 whr). then, with respect to the
effect of alcohol, one can drink with virtual impunity as now shown. By definition, of steady
state, rate of elimination matches rate of administration (or input), R .

R, = Vm - Cu“ 5
Km + Cu,,
or on rearrangement
Km- R
- 2
Cu,, Vm - R, 5

Using the previously given values for Km and Vi and an R, value of 7 g/hr. the plateau
concentration of alcohol is 230 mg/L, which produced only a marginal effect.

Reflect on the caleulations above. Chronically nnhlhlng one-half a drink of whiskey per
hour produces little or no effect, but taking one drink per hour becomes lethal. There can
be no standard dosage regimen to maintain the effects of alcohol. Maintenance of effect
requires titration of dosage to the effect itself.

The consequence of capacity-limited metabolism on the time-course of a drug in the
bod\' when mput rate is changed is also demonstrated with alcohol. When alcohol is ad-
numslcre(] 10 min after ingesting water, light cream, or a glucose solution (80 /240 mL.),
the plasma concentration-time profiles differ profoundly (Fig. 22-12). Compared to water,
administration of light eream and 33% glucose, foods that delay gastric emptying, lower
both AUC and peak concentration and increase time to reach the peak, These obsenvations
can be explained by the nearly zero-order metabolisin of alcohol. To emphasize the point,
assume that both elimination and input are strictly zero-order, as shown in Fig. 22-13.
Decreasing the input rate, for a given total dose administered. lowers AUC and peak con-
centration as well as increases the peak time. Clearly, oral bioavailability in the presence
of zero-order elimination and variable input rates cannot be assessed by conventional area
ratio methods.

Phenytoin

Therapeutic problems encountered with capacity-limited metabolism are classically ex-
emplified by phenytoin. Typical Vin and Km values of this drug are 500 mg/day and 0.4
mg/L., although the values vary widely. The value of Km is usually expressed in terms of
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Plasma Alcohol Concentration (mg/L)

Hours

Fig. 22-12. A decrease fo the absorption rate of aleohol, produced by slowing, gastric emptying, causes peak
conerntrations and AUC to decrease and time to reach the peak to inerease. The effect differs from that expected
of first-order kineties by the obsenved decrease in AUC. This observation is explained by a comstant rate of
elimination at almost all concentrations, as illnsteated schematically in Fig 22-13. Aleohol, 45 ml of 95% ethanol
in 105 il of orange juice. was administered 10 min after 240 mL of tap water (@) 240 ml of light eream (¢ 5
or 240 ml. of 2 353% glucose solutiom (I (1 mg/L. = 22.0 pM ). {Redrawn from data of Sedman. A.J.. Wilkinson,
PR Sakmar, B, Weidler, D)., and Wagner, ].G.: Food effects on absorption and metabolism of alcobol, Re-
printed by permission, from Journal of Studies on Alcohol, Vol. 37, pp. 11971214, 1976, Copyright by Journal
of Studies on Alcohol, Ine., Rutgers Center of Alcohol Studies, New Brunswick, N] O8O0 )

Fig. 22-13. As a consequence of zero-order
elimination. the plisma concentrations at the end
of a 5-g dose of a drug by bolus injection (A) and
constant-rate infusions of 1- (B), 2- (C), and 3- (D)
b dhurations are quite different from those expected
with first-onder kinetics. The amount in the body at
the end of each inlusion is the difference between
dose and amount lost rlurillg the infusion p!'riml
Consequently. the concentration at the end of cach
of the infusions is the same as that expected at that
time follosving the (v, bolus dose. Note that the
slisver the mput rate, the smudler s AUC and the
loweer is peak concentration. The time to peuk is, of
course, inereased. Furthermore, of the dose had
been infused over & 5-hr penod. e, at 10 ghr,
ontput would hive matched input and there would
Tave been no AUC in this hypothetical example 0

—

. |

2 8 &

g

Plasma Drug Concentration (mg/L)
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total, rather than unbound, concentration. Since fu is typically 0.1, the apparent Kin for
total concentration, Km', is equal to 4 mg/L.,

Plateau. Perhaps the most striking consequence of the kineties of this drug is the
relationship observed between steady-state plasma concentration and rate of administra-
tion, as shown in Fig. 22-14. A greatly disproportionate increase in concentration is ob-
served in, and above, the therapeutic concentration range, 10 to 20 mg/l., As a result, the
difference between the daily dose giving ineffective therapentic concentrations, less than
10 mg/L., and that producing potentially toxic concentrations, above 20 mg/L., is narrow.

The observed increase in concentration can be explained by rearrangement of Eq. 8.

The consequences of Michaelis-Menten metabolism result when cither the desired steady-
state unbound concentration is above Km (Km' for total concentration) or the rte of
administration required to achieve these concentrations approaches Vin.

Because of its kinetics, only small changes in phenytoin input caused, for example, by a
change in salt form (acid and sodiom salt are used) or in bioavailability can produce rela-
tively large changes in the steady-state concentration. To illustrate this point, consider a
male patient with Kim’ and Vm values of 3 mg/L and 425 nyy/day, respectively, and who
has an average steady-state concentration of 12 mg/L when taking 200 mg orally every 12
hr. On switching from his current dosage form (bioavailability = 0.85) to one with a
bioavailability of 0.95. it is seen. by setting B, = F - D/t in Eq. 9, that the average steady-
state concentration is expected to increase to 25 mg/L. Thus, a minor change in bioav: ail-
ability (0.85 to 0.95) causes a major change (12 to 25) in the steady-state concentration
when the dosing rate approaches the Vi value.

Time to Plateau. Because of capacity-limited metabolism. the time to reach steady
state varies with the rate of administration. Figure 22-15 shows the approach to platean
during each of four dosing rates, which increase by small increments from 300 to 425
mg/day, in a patient with typical Vi and Km'® values. Note that the time to reach 90% ol
plateau increases progressively with the rate of administration. These disproportionate
changes in the steady-state concentration and the time required to reach them are major
problems in upllmall\ dosing phenytoin and interpreting its concentrations. Even though

Fig. 22-14.  The stesdy-state plasma concentra-
Hon inereases tlispn qw.ﬂwumll_v with rate of adwin
istration (given twice daily) of phenyvtoin, o drig
that s virtmally eliminated by o single metabolic
pathwary and that exhibits typical Michaelis: Menten
enzyme kineties, The estimnated Vim, the maximug
rute of metabolisi, and Km’, the total plasoa con-
centration at which the rate is half of the maximum
teolors] line ). are shown, All the diuts wore ab-
taime'dd in the same individual whose Kin' and Vi
vitlues are considerably higher than the typical ones
of 4 mg/Land T mgAkg/day. (1 wg/l. = 4.0 pM.)
(Adupted Trom Martin, E., Tozer, TN Shetner
LB, and Riegelman, 5 The dinical pharnucoki-
neties of |||n-u_\hun. | Pharmacokinet Hiuphunu :
5:579-596, 1977, Reproduced with permission of
Plenwm Publishing Corp.)
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Fig. 22-15. Following administru- Rate of Plateau
tion 1y infusion s simulated) of Administration Concentration
phermytoin at constant rates of 300, _ 257 (mg!daY)

350, 400, and 425 mg/day, the 2 =
plasnia cancentration approaches & 20 425

steachy-state vadies of 6, 9.3, 16, amd g “ t

227 mg/L, respeetively (colored 2

lines). Not only Em' the steady-state 8 — 154 400 .
concentrations u.h,\pmpurhmm!rl} c S r

Inercased, but so s the thne required .E‘ -3 350

to upproach the platean. The arrows S ~ 10 1 - —
indicate the time required to rewch £ 1 300

9% of the platean value. The fol- g 5 4 —
lowing parwmeter vilues were used: E r

Km'. 4 /L Vin, 500 mg/day, V., 50 g

L mg/l = 4.0 pM), (Reproduced 0 e

by permission of publisher, Redraws )y b ’ i W=,

from Winter, M E awnd Tozer, TN | 0 5 10 15 20 25 - -
Phenstoim, Chap. 25, v Applied Days

Pharmacokinetics: Principles of
Therapeutic Drug Monitoring, 3nd
edition, edited by WE Evans, 11
Schentag, and W |, Jusko, publishesd
by Applicd Therapeutics. Inc.. Spo-
kune, Washington, 1992,

Fig. 22-16. On decreasing the daily dose from
350 to 200 mg/day. the plasina phenvtoin concen-
tration (obtained dailv just before the morming
dose ) dectines sdowly towand a new steady state
Note that u 20% reduction in the daily dose leads
to u 30% decrease in the comeentration at ull‘illl}
stute (the concentrution stabilized after Day 23) (1
/L= 40 ML (Redrsn from Theodore, W.HL
Qu, 2P Tsay, |-, Pitlick. W., and Porter, ).
Phienytoin: The paeudosteady -stute plwumm'nun
Clin. Pharmacol. Ther, 35:822-525, 1984, Hepro-
ducedd with Permission of GV Moy, )
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the approach to plateau is usually somewhat quicker on reducing doses than on increasing
thewm, it can still take a long time, as shown in Fig, 22-16.

Becanse clearance, and hence half-life, are functions of the plasma concentration, the
meanings of these parameters are lost when capacity-limited metabolism occurs. For this
reason, these parameters should not be used for predicting or summarizing the kinetics of
drugs showing this kind of behavior. The parameters of choice are those of the appropriate
nonlinear model (Km and Vin for Michaelis-Menten kinetics and V).

Alterations in Metabolism, Another therapeutically important facet of the kineties of
phenytoin is altered metabolism brought about by other drugs and disease states. Either
K" or Vin ¢an be altered, but the effect on plasma concentration is different. From Eq.
9 it can be seen that the phenytoin concentration at steady state is directly proportional to
Km', Thus, a condition such as competitive inhibition of metabolism, which affects the
Km' value, produces corresponding changes in the steady-state phenytoin concentration.
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For example, when cimetidine inhibits phenytoin metabolism, thereby increasing Km'” from
4 to 6 mg/L, the steady-state unbound and total phenytoin concentrations are expected to
increase by 50% as well.

In contrast, either an increase in Vi, bronght about by enzyme induction. or a decrease
in Vi, caused by the presence of hepatic cirrhosis, is cxpﬂled to produce a disproportional
change in the 'ilt'ddv-stat(' phenytoin concentration. This is seen by taking the ratio of the
two different concentrations, Cu,, , and Cu_ , (Eq. 9), that result from the unaltered. Vin,,
and altered, Vin,, values, respectively.

Cu».? = le = Ro

C"u.l - sz == IRr:.v 19

For example. when R, = 300 mg/day. Vin, = 500 mg/day. and Vi, = 400 mg/day. the
unbound concentration at steady state is doubled, Cu, ,/Cu_ , = 2. If Vi, is 600 mg/day.
the ratio is 0.67. Thus, a 20% decrease in Vin doubles the steadv-state concentration:
whereas a 20% increase in Vi reduces the steady-state concentration by 33%. Note that
a Vm of 300 mg/day results in a concentration approaching infinity, and that with a Vi
below 300 mg/day, steady state can never be achieved. The input rate would then always
exceed Vi, and Eqs. 5 to 10 would not be applicable.

Alcohol and phenytoin represent extreme cases in that almost all the elimination of each
drug oceurs by a single saturable pathway. More commonly, a drug is metabolized by several
pathways, and only one or two of them approaches saturation. Then, saturation has less
effect on total clearance. The extent of the effect depends on fm, the fraction of drug
eliminated by the saturable pathway at low drug concentrations, Only if fire is 0.5, or greater,
under nonsaturating conditions is total clearance materially affected by saturation of the
pathway. Examples of drugs in this category include pmpmnulul the uphvllnw and salicylic
acid,

TIME-DEPENDENT DISPOSITION

The study of changes in response to drag administration or kinetics with time of diay, month,
or year is an area called chronopharmacology. The pharmacokinetic component is time-
dependent kinetics or chronopharmacokinetics. Carbamazepine shows time dependence in
its disposition (Chap. 23, p. 430). The decrease in its peak concentration on repetitive oral
administration indicates that either oral bioavailability decreases or clearance increases with
time. The latter has been shown to explain the obsenvation caused by carbamazepine in-
ducing its own metabolism. This autoinduction is also dose- and concentration-dependent,
a property common to many time-dependent processes.

Autoinduction has a number of therapeutic consequences. It affects the time to achieve
steady state and limits one’s ability to use information from a single dose to predict kinetics
after rt’-pe.ncd doses or continuous administration. Furthermore, it may be associated with
the induction of metabolism (same enzymatic pathway) of coadministe red drugs, producing
a dmg interaction.

Although enzyme induction is perhaps the most common cause of time-dependent ki-
netics, there are many other reasons for this behavior. For example, diurnal variations in
renal function, urine pll. n,«at'ir.l gl'uﬂpmh"in concentration, gastrointestinal ph.\ﬁiulng\'
(food and drink), and cardiac output all occur. Chronic effects of a drug on its own renal
and hepatic elimination have also been seen, as previously mentioned.

Aminoglycosides can produce renal toxicity with chronic administration. Because these
antibiotics are prilmlrily eliminated h}' renal excretion, a (|iminis|1ing renal function with
time may cause greater drug acenmulation and therefore more toxicity. There is clearly a
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need to monitor therapy and to limit the duration of therapy, especially in patients who
already have compromised renal function.

An example of diurnal changes in drug absorption and disposition is shown in Fig. 22-17.
Median data are shown (because of skewed distribution of values) for eight subjects who
received an oral 80-mg dose of verapamil at various times during the day. Note that ad-
ministration in the evening pnx]uu:s a lower peak drug concentration .mtl. as such, may
produce less effect than does administration in the morning.

Food is a major cause of diumnal variations. Gastric emptying is slowed or delayed by
food (see Fig. 9-7), often resulting in a decrease in the peak concentration and an increase
in the time of its occurrence following a single dose.

NONLINEAR METABOLITE FORMATION OR ELIMINATION

Nonlinear formation or elimination of a metabolite is of therapeutic interest when it ac-
counts for some or all of either the therapeutic response., or toxicity, or both. The conse-
quences of such nonlinearities depend on the cause and the site of occurrence. At the end
of Chap. 21, the ratio of AUC values for metabolite and drug was explored as a means of
evaluating changes in drug metabolism from one occasion to another. The ratios can also
be used to assess sources of dose dependence.

Table 22-6 lists kinetic changes expected for a drug that forms two sequential metab-
olites following a single i.v. dose. Using the principles given in Chap. 21, the consequences
of capacity-limited metabolism at each of the sites in the metabolic scheme can be assessed.
For a compound with nonlinear metabolism, AUC increases with respect to the dose ad-
ministered; the AUC of the product of the nonlinear pathway decreases with respect to
the AUC of its precursor, If the site of nonlinearity involves the first of three consecutive
steps, the ratio of areas of the last two products remains constant, though both areas may
be decreased with respect to the dose given.

Fig. 22-17. Median plasma vera- 60 1
pamnil concentration-time profiles for
vight subjects, each given a single
50-mg tablet of drug at the following
times: 4:00 Az (4): 5:00 A (O);
noon (1) 4:00 pm. (A); 5:00 P
(@), and midnight (D). Food was
withheld 2 hr before to 2 hir after
drug administration, as food is
known to affect verapamil absorp-
tion. To minimize a delay in esoph-
ageal transit. subjects took the tab-
lets while standing and remained so
for 15 min. The kinetics of the drug
appears to change with the time of
administration during the day, Fac-
tors other than food and posture may
be responsible, e.g. changes in be- 0
patic blood Row (verapamil has a

high hepatic extraction ratio), en- 0 2 4 6 8
Zymie uctivity, or protein binding (1 Hours after DOSiﬂg

mgl = 22 M. (From Hla. KK,

Latham, AN., and Henry, LA In-

fluence of time of administration on

verapamil pharmacokineties. Clin,

Pharmacol. Ther., 51.366-370,

1992.)

Plasma Verapamil
Concentration (pg/L)
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The general tendencies for changes in steady-state concentrations following chronic
dosing are the same as those for AUC after a slnglt' dose. Here, however, the compound
(drug or metabolite) with capacity-limited metabolism may not reach steady state if it is
formed at a rate that exceeds its V.

Dose-dependence is expected in the degree of autoinduction for drugs that undergo
this behavior. Such is observed with carbamazepine. As shown in Fig, 22-18A, the steady-
state concentration of carbamazepine fails to increase in direct proportion to daily dose
(C,, .. /(Drx) decreases). Furthermore, the ratio of the steady-state concentrations of the
metabolite carbamazepine-10,11-epoxide and carhmna.wpme increase with dose (Fig
22-18B). These results demonstrate nonlinearity in the formation of the metabolite, The
directions of the changes suggest that formation clearance of the epoxide is increased.

RECOGNITION OF NONLINEARITIES

Nonlinearities are often apparent in graphic and tabular presentations of data. The inter-
pretation of such kinetic behavior often requires a methodical analysis of the information.
This analysis may be accomplished using the following steps:

1. Compare the observation to that expected for linear kinetics.

2. Identify the kinetic parameter(s) that appear(s) to be altered and the direction of the
change.

3. Determine the primary pharmacokinetic parameter(s) CLy,, CLg. V. ka. and F that
appear to be affected. Also evaluate if fu is altered.

4. Consider the mechanism(s) consistent with the changes observed.

Urinary Recovery

Nonlinearitics are often first identified from recove r\ nf{h'ng and metabolites in urine
This is the e for salievlio aeid. as shown in Table 22-7

Analysis

Step 1. Dose dependence in salieylic acid is apparent from changes in the fraction of a
single oral dose recovered as unchanged drug and as the metabolites, salicyluric acid and
glucuronide conjugates. With linear kinetics, the fraction of each compound recovered
remains the same regardless of dose.

Table 22-6. Consequences of Capacity-Limited Processes in the Sequential
Metabolism of a Drug Given in a Single Dose

NGBk ALC AUCm, ‘“J‘E ml
DXOSE ALIC ALICIm |
| D= M =M = s’ s o
2 DM M= e i “—
{
I DM =My — - 1
4
4 DM M = = - T
1
5 DM M = Te < e
U

%3 | o no changs T incraose L decracss on ingragung e dose
Fay coper ity limand meiabolam of Mchoniafenten hoe
The aftncted patwoy o the mae oie of elmination o norsatsatiog dosss Otheewise. e chonge 1 svpected
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Fig. 22-18. A, The steady-state
concentration of carbamazepine fails
to increase in direct proportion to
the daily dose, evidence of nonlinear
kinetics, B, The ratio of the concen-
trations of the metabolite, carbama-
zepine-10,1 L -eposide, and carbama-
zepine increase with dosing rate.
These observations indicate that ei-
ther the clearance of formation in-
creases or the clearance of elimina-
tion of the l‘puiidi’ decreases at
higher dosing rates. The former, a
consequence of (kte«.‘—d('lx-mlt-ul an-
toinduction of metabolite formation,
is the explanation. Each point in both
graphﬁ is the mean of data from 77
patients. (Carbamazepine: 1 mg/L
= 4.2 pM; carbamazepine 10.11-
epoxide: | mg/l = 4.0 uM.)
1Adaplml from Kudriakova, T.B.,
Sirotsa LA, Rozova, G, and Gor-
kov. VAL Autoinduction and steady-
state l‘ﬂlann;lu kinetios of carbama-
wpine and its major metabalites, Br
J. Clin. Pharmacol., 33:611-615,
1992.)
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Table 22-7. Urinary Recovery of Salicylic Acid and iis Metabolites as a Percent
of a Single Oral Dose”
SALCYL PHEROUC
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Steps 2 to 4. The increased percent recovered as unchanged drug on increasing dose
could be explained by an increased bioavailability, an increased renal clearance, or a ca-
pacity limitation in its metabolism. This is seen from the relationships Ae../Dose = fe « F
and fe = CLg/(CLy + CLyy). Without further information, these possibilities cannot be
distinguished. The decreased recovery of the major metabolite, salicyluric acid, and the
nearly complete total recovery (as dmg and metabolites) at all of the doses suggest that
increased bioavailability may not be the explanation (see Chap. 21). Increased bioavailability
would increase metabolite recovery as well, which was not the case.

Concentration-Time Profile

Fignre 22-19 is a semilogasithmic plot of plasma salicvlic acid concentration with time after
asingle 3-g oral dose.

Analysis

Step 1. The slope of the decline is greater at low than at high concentrations, When
linear kinetics operates, there is either no change in slope or a greater slope at early times
while distribution is occurring (Chap. 19, Distribution Kinetics).

Step 2. The half-life shortens as time passes or as concentration declines.

Step 3. It appears that either CL increases or V' decreases with time or with falling
coneentration.

Step 4. From the dose and maximum concentration (around 200 mg/L.) and the conclu-
sion based on urinary data (and independent i.v. data) that salicylic acid is totally absorbed
after oral administration, the volume of distribution is estimated to be about 15 L. Being
so small, V is unlikely to decrease much with either time or decreasing concentration, An
increase in CL with time or at lower concentrations would occur if elimination of salicylic
acid is capacity-limited. The data in Table 22-7 indicate that salicylic acid is extensively

Fig. 22-19. Semilogarithmic plot of
. the plasma concentration of salicvlic acid

in a subject following a single oral dose
e of 3 g of sodivm salicylate (1 mg/l. =

\ 7.2 pM). (Adapted from data in Salassa,

L8
’
/

R M., Bollman, J.L.. and Dry, T J.: The
. effect of pars-aminobenzoic acid on the
A metabolism and exeretion of salicvlate. ).

\ Lab. Clin. Med., 33:1393-1401, 1945.)
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converted to several metabolites, However, the pronounced increase in fraction excreted
as unchanged salicylic acid with increasing dose (Table 22-7) implies that saturability of a
major metabolic pathway is likely at the 3-g dose level.

Protein Binding Data

The incorporation of binding data further clarifies the nature of nonlinearities present, as
shown in Fig. 22-20.
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Fig. 22-20. A, The clearmce of unbound drug (@, colored line), determined under steadv-state conditions. and
the fraction unbound in plasma (O) vary inversely with each other as the salicvlic acid concentration is increased.
The corresponding total plasma concentrations are superimposed on the linear seale of the wnbonnd dnig con-
centration (1 mg/l. = 7.2 uM). (Bedrawn from Furst, D.E., Tozer, T.N., and Melmon, K.1: Salicylate clearance:
The result of protein binding and metabolism, Clin. Pharmacol. Ther,, 26:3%0-3%3, 1979. Reproduced with per-
mission of C.V. Maoshy.) B, The total dlearance of salicylic acid. determined under steady-state conditians, remains
essentially constant within the ringe of therapentic concentrations; a fortuitous conseguence of the essentially
equivalent and opposing effects of saturable plasina protein binding and saturable metabolism (1 mg/l, = 7.2
uM).
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Analysis

Step 1. As observed in Fig. 22-20A, fu increases with increasing concentration in the
antirheumatic therapentic range. 100 to 300 mg/L. indicating nonlinearity of salicvlic acid
binding to plasma proteins. Nonlinearity in CLu is also uncovered. As shown in Fig, 22—
20B, salicylic acid has a low clearance even at low concentrations. As such, CLu should
remain constant if elimination processes are unaffected by the concentration (dose) of
salicylic acid.

Steps 2-3. The parameters affected are identified in this case, fu and CLu,

Step 4. The mechanisms involved appear to be saturable binding to plasma proteins and
some form of capacity-limited elimination. From the additional information in Table 22—
7 and Fig, 2219, the capacity limitation must lie with metabolism.

Interestingly. total clearance is relatively constant throughout the therapentic range of
salicylic acid (Cu between 10 and 60 mg/L). This is a consequence of the opposing ten-
dencies of the two forms of nonlinearity. Clearance decreases with concentration because
of capacity-limited metabolism. Saturable binding, on the other hand, tends to increase
clearance at higher concentrations, CL = fu - CLu. The deerease in unbound clearance,
the consequence of saturability in two major metabolic pathways of salicylic acid (formation
of salieyluric acid and salicyl phenolic glhucuronide) leads to a disproportionate increase in
unbound concentration with increasing dosing rate (Fig. 22-21). Further information on
the specific nonlinear metabolic pathways requires isolating the metabolic pathways. This
has been accomplished by comparing the rates of urinary excretion of each metabolite to
the amount of salicylic acid in the body, a procedure analogous to the determination of
renal clearance. The method is applicable if the rate of exeretion of metabolite equals its
rate of formation, as is the case for salieylic acid after a single dose and for all drugs under
steady-state conditions,

Fig. 22-21. The steady-state unbound concen-
tration of salicylic acid in plasma (mean = SD) in-
creases disproportionately with the dosing rate of
! aspirin. Aspirin is completely converted to the
measured metabolite, salicylic acid. The dispropor-
tionate increase reflects the saturability of two of
salicylic acid's major pathways of climination. for-
mation of salicyl phenolic glucuronide and salicy-
luric acid (1 mg/L = 7.2 uM). (Redrawn from
Tozer, TN, Tang-Liu, D.D.-5., and Riegelman, S.:
Linear vs. nonlinear kineties. In Topics in Phar-
muaceutical Sciences. Edited by 1. Brelmer and P.
Speiser. New York, Elsevier, 1981, pp. 3-17)
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THERAPEUTIC CONSEQUENCES

The therapeutic consequences of dose-dependent kinetics are perhaps best considered
under steady-state conditions. Here, dose dependence in rate-time profile of absorption is
of little or no consequence unless bioavailability (extent) is also altered. Alterations in
bioavailability are important in that unbound concentration and amount in the body at
steady state may change disproportionately on changing dose. Conditions that cause dose
dependence in bioavailability may also produce increased variability in this parameter at
the same dose. For emmple' consider two drugs, a dissolution rate-limited one, such as
griseofulvin, and one that is highly extracted on passing across the gastrointestinal mem-
branes or through the liver, such as alprenolol. Changes in gastric emptying and in other
physiologic factors can produce large variations in the bioavailability of these drugs. The
effect of rapid gastric emptying may be a decrease in bioavailability of griseofulvin becanse
of less time for mixing and dissolution but an increase in bioavailability of alprenolol because
of saturability in intestinal and hepatic metabolism.

Clinically, the most dramatic source of dose dependence is capacity-limited metabolism
Only small changes in bioavailability may produce large changes in the steady-state con-
centration. Under these conditions. careful titration of an individual patient’s dosage re-
quirement is needed, especially if the drug has a narrow therapeutic index. Moreover, this
source of dose-dependence also produces large interpatient variability in steady-state con-
centration, as observed for phenytoin in Fig. 1-5,

Time-dependent kinetics is perhaps best typified by autoinduction, Another cause is
decreased renal function on continued administration of a nephrotoxic drug. If the drug is
primarily renally eliminated. the therapeutic consequence of the latter cause is clear and
opposite to that of anteinduction.

In general, if two drugs are equivalent in all respects except for one showing either a
dose- or time-dependent kinetic behavior, then the one showing linear kinetics is the drug
of choice.

STUDY PROBLEMS

(Answers to Study Problems are in Appendix II.)

1. Circle the number(s) of the one or more correct answers to each of the following
multiple-choice questions. Briefly discuss those answers that may be ambiguous (sit-
uations in which the statement may be true or false).

a. Capacity-limited metabolism of a drug is associat ed with:

. A less than proportional increase in the steady-state plasma concentration on

increasing the total daily dose.

2. An apparent half-life that is longer at low than at high concentrations.

3. A decrease in the rate of metabolism as the amount of dmg in the body is in-
creased.

4. All of the above.

5. None of the above.

b. A mean steady-state plasma concentration obtained after 30 doses that is much
higher than that predicted from the value of clearance obtained after a single dose
suggests that;

1. Induction has oceurred.

2. The volume of distribution has decreased.

3. A metabolite may be acting as an inhibitor of drug elimination.
4. None of the above.

—
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= e (3:186)

and Vpax cannot be separated from K. This may also be appreciated from Figure
3.51. Vuux/Kiy 18 the slope of the linear portion of the curve at concentrations less
than K.

In order to estimate Vipax and Ky, accurately we need to measure plasma
concentrations that cover the majority of the curvature. To estimate K, accurately
and separated from the Vyax estimation, one needs concentration information from
K., and below. That may be done by fitting the kinetic model simultaneously
(including the Michaelis-Menten like elimination rate) to both high-dose and low-
dose plasma concentration-time data. Viyax and Ky may then be estimated separately
with a sufficient amount of accuracy and precision and relatively low correlation.

For a one-compartment system following iv dosing with Michaelis-Menten
elimination the area-under-the-curve can then be estimated as

Vimax (8 co

AUC = —1%= Ky + > (3:187)

where CU is the concentration at t = 0. Capacity limited kinetics may be summarized
in Figure 3.52.

Concentration/Dose

Figure 3.52 Dose-normalized concentration

€ versus dose for a linear system (A), capacity
; ﬁ . limnited elimination {B) and parallel linear and
—— capacity limited system (C). System D s a
pseudo-second order system, System C is

exemplified by salicylic acid and system D by
e.g., albumin.

The half-life is a function of plasma concentration for the nonlinear system. It is
not the time required to eliminate one-half of the drug in the body, but is rather an
instantaneous value of the time required to eliminate half of the drug present, if the
fractional rate of elimination were to continue at that value (Tozer and Winter

[1992]).
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V.
tip = In(2) st;;' (K + O) (3:204)

Since clearance and half-life are first-order pharmacokinetic parameters, the most
useful parameters for a nonlinear system are Vax, K and V. The authors pointed
out that in the case of phenytoin, the importance of further research of the time
dependency, stability, of Vmax, K and V. One would expect enzyme induction to
increase Vax but to have no effect on K;,. One would expect Ky, based on the
unbound concentration, to be relatively constant, because it depends on the property
of the enzyme. For a comprehensive review on nonlinear (phenytoin) pharmaco-
kinetics see Tozer and Winter (1992). More information on how to derive initial
parameter estimates of Ky, and V4 for the one- and two compartment models are
presented in the applications section on nonlinear (capacity limited) kinetics (Section
PK20). '

S e
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IN THE UNITED STATES DISTRICT COURT
FOR THE DISTRICT OF DELAWARE

AMGEN INC.; AMGEN MANUFACTURING, )
LIMITED; and AMGEN USA INC. )
) C.A.No.: 14-1317-SLR
Plaintiffs, ) (CONSOLIDATED)
)
V. )
B o
SANOFI; SANOFI-AVENTIS U.S. LLC; )
AVENTISUB LLC, f/d/b/a AVENTIS )
)
)
)
)

PHARMACEUTICALS INC., and REGENERON
PHARMACEUTICALS, INC.,

PUBLIC VERSION

Defendants.

PLAINTIFFS’ OPENING BRIEF IN SUPPORT OF
MOTION FOR PERMANENT INJUNCTIVE RELIEF
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1. Defendants Pursued Praluent® Despite Knowledge of the
Infringement Risk and Then Launched At-Risk During the Pendency
of This Litigation

Defendants were aware of the potential infringement risk when they chose to pursue
Praluent® and should not now be permitted to avoid an injunction by relying on the harms
suffered when this business decision did not pan out in their favor."

As early as February 2009, Defendants knew of Amgen’s published patent application
and immediately identified multiple risks. Hr’g Tr. 187:18-188:7 (Papadopoulos designations).
First, the PCT included the full specification of the patents-in-suit as well as both broad and
specific claims that would have covered Defendants’ REGN727, which Defendants knew and
understood. See PTX 3888 at -232 (see claims 1, 7, 8, 9); see Hr’g Tr. 378:10-15 (Stahl cross).
Second, by June 2009, Defendants had identified the risk of a “patent issue” if the “binding
epitopes” between REGN727 and Amgen’s antibodies were “similar.” Hr’g Tr. 191:7-22
(Papadopoulos designations); PTX 3965. Defendants then confirmed that was the case when
they discovered overlap in the epitopes between REGN727 and Amgen’s antibodies. Hr’g Tr.
188:22-25, 192:20-194:2 (Papadopoulos designations); PTX 3972 at -755; PTX 3957; see also
Hr’g Tr. 376:19-378:15 (Stahl cross); PTX 3880.

Defendants then performed x-ray crystallography studies for the express purpose of

assessing whether Praluent® bound to the PCSK9 residues identified in Amgen’s patent

'9 At the hearing, Defendants suggested that Amgen was re-arguing willfulness in support of its
injunction position. Hr’g Tr. 38:20-24 (Maslowski opening). Not so. The Court need not reach
issues of intent or objective or subjective reasonableness or belief. What the uncontested
evidence showed was that Defendants took a calculated business risk, despite Amgen’s patents,
to press forward with their investment and, ultimately the launch of Praluent®. It does not matter
whether they took that risk with a good faith belief that Amgen’s patents were not valid. What
matters is that they took the risk knowing that Amgen was seeking patent protection and that
Amgen’s patents might well be found to be valid and, in that event, Defendants’ infringing
product might be staring at an injunction. See Acumed, 551 F.3d at 1330.
16
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application, which itself suggests that Defendants understood which residues would be important
from a patent perspective, even without issued claims. Hr’g Tr. 199:12-203:9 (Engel
designations); PTX 6077 at -792, PTX 6131 at -522-23; Hr’g Tr. 378:16-21 (Stahl direct). In
fact, Dr. Engel’s study of the PCSK9 residues at the PCSK9/LDLR interface as set forth in
Amgen’s patent application (see PTX 6131 at -522-23, “projection of binding residues onto
PCSK9 sequence: REGN727 . . ., Amgen 31H4, 21B12 and LDLR-EGFa as described in patent
WO 2009/02655841” (emphasis added)), are the same exact set of residues that became claim 1
of the 165 patent, which come directly from Example 28 in the patent. In sum, each experiment
performed by Defendants demonstrates that they understood all along the risk that patent claims
would issue directed to the PCSK9 residues at the LDLR interface and/or to which 21B12 and
31H4 bound. Notwithstanding Defendants’ knowledge of Amgen’s pending patent portfolio, as
well as their own experimental evidence of infringement, Defendants elected to continue their
investment in Praluent®. See, e.g., Hr’g Tr. 342:20-343:8, 357:9-12 (Edelberg cross); PTX 4051
at -878.

Thus, Defendants’ suggestion at the hearing that they should not be held accountable for
their choices because Amgen’s published patent applications might never have issued or might
have issued with different claims should not be credited. Indeed, one of the very purposes
behind enacting the legislation that mandates publication of patent applications is to provide
notice to potential infringers. See Hr’g Before the Subcomm. on Cts. and Intellectual Property,
104th Cong. 36 (1995) (statement of Bruce Lehman, Asst. Sec. of Commerce and Comm’r of

Patents and Trademarks, Patent and Trademark Office, U.S. Dept. of Commerce).!!

11 Available at: https://archive.org/details/patentslegislatiOQunit.
17
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Even if the Court were to countenance Defendants’ hubris in moving forward in the face
of Amgen’s patent application, Defendants’ actions after this lawsuit was filed in October 2014
are telling. Defendants intentionally accelerated their infringement by exercising a priority
review voucher to speed up the FDA approval process and their commercial launch by four
months. Hr’g Tr. 61:2-13 (Bradway direct); Hr'g Tr. 174:1-13, 175:16-176:13 (Broadhurst
direct); PTX 4530, PTX 4758. Defendants chose to launch Praluent® at-risk despite the fact that
the Court discussed, and then implemented, an accelerated trial date in lieu of preliminary
injunction proceedings. See Compl., D.. 1; Tr. of Feb. 24, 2015 Rule 16 Scheduling Conference
12:14-24, 16:25-17:4; Scheduling Order, D.I. 49. Upon the lauﬁch of Praluent®, Defendants
knowingly exacerbated the harm to Amgen by “flooding” the market with free goods and by
adopting highly aggressive negotiation tactics to secure exclusive agreements with various
insurers, including one of the largest insurance companies in the country. JTX 195 at -758; Hr'g
Tr. 315:7-15; 316:3-20 (Terifay cross); Hr'g Tr. 166:20-169:19 (Broadhurst direct); Hr’g Tr.
226:16-227:6 (Berndt direct); Hr’g Tr. 285:8-287:12 (Carey cross); JTX 266 at -954. The logical
inference drawn from Defendants’ actions is that they chose to develop at-risk and launch at-risk
— in order to argue that Praluent” should not be enjoined. Defendants are now asking the Court
to reward them for their risky business decisions and their infringement. But such a reward
would undermine the very purpose of obtaining a patent.

Courts have held that where infringers launched at-risk, any damage caused by this at-
risk activity weighs against the infringer in the balance of the hardships analysis. See, e.g.,
Merial Ltd. v. Cipla Ltd., 681 F.3d 1283, 1306 (Fed. Cir. 2012); see also Robert Bosch LLC v.
Pylon Mfg. Corp., 659 F.3d 1142, 1156 (Fed. Cir. 2011) (requiring a patentee to compete against

its own patented invention places a substantial hardship on the patentee, weighing in favor of the

18
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entry of an injunction); Sanofi-Synthelabo v. Apotex, Inc., 470 F.3d 1368, 1383 (Fed. Cir. 2006)
(affirming grant of preliminary injunction where generic drug manufacturer launched at-risk,
stating that the balance of the hardships weighs in favor of the patentee where the infringer’s
hardships “were the result of its own calculated risk to launch its product pre-judgment”). The
harms Defendants allege they will suffer simply do not outweigh the incalculable and irreparable
harms inflicted upon Amgen due to Defendants’ at-risk conduct.

2. Regeneron’s Costs to Develop the Infringing Product Do Not Weigh in

Defendants’ Favor When Balancing the Hardships Because Those
Costs Are Mitigated by Defendants’ Collaboration Agreement

At the injunction hearing, Defendants signaled that they will claim harm because they
spent time and money developing Praluent® and because Regeneron is a small biotech company.
See, e.g., Hr'g Tr. 481:3-6 (Oster direct). The decision to invest at-risk in development of
Praluent® is addressed above. To the extent Defendants rely upon Regeneron being a “small”
company, that argument fails. First, “[a] party cannot escape an injunction simply because it is
smaller than the patentee or because its primary product is an infringing one.” Robert Bosch,
659 F.3d at 1156; see also Merial Ltd., 681 F.3d at 1306 (affirming entry of permanent
injunction even where it would have a “crippling effect” on the infringer’s business). Second,
contrary to Defendants’ assertion, Regeneron is by no means a small business and undoubtedly
will continue due to its success as a pharmaceutical company, specifically with its Eylea®
product, a self-proclaimed “best in class™ drug for the treatment of macular degeneration, as well
as other diseases of the eye. Trial Tr. 344:19-345:7 (Schleifer direct).

Third, if Praluent® is enjoined, Regeneron is shielded from significant harm due to its
Collaboration Agreement with Sanofi. JTX 089 at §§ 9.1-9.12, Schedules 2 and 3; JTX 369 at

§§ 4.1-4.10; Hr’g Tr. 237:22-238:22 (Berndt direct); Hr’g Tr. 312:10-18 (Terifay cross) (Sanofi
19
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