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Determining the pharmacokinetics (PKs) of drug candidates is essential for understanding their biological fate. The ability to
obtain human PK information early in the drug development process can help determine if future development is warranted.
Microdosing was developed to assess human PKs, at ultra-low doses, early in the drug development process. Microdosing has
also been used in animals to confirm PK linearity across subpharmacological and pharmacological dose ranges. The current
study assessed the PKs of a novel antimicrobial preclinical drug candidate (GP-4) in rats as a step toward human microdosing
studies. Dose proportionality was determined at 3 proposed therapeutic doses (3, 10, and 30 mg/kg of body weight), and PK lin-
earity between a microdose and a pharmacological dose was assessed in Sprague-Dawley rats. Plasma PKs over the 3 pharmaco-
logical doses were proportional. Over the 10-fold dose range, the maximum concentration in plasma and area under the curve
(AUC) increased 9.5- and 15.8-fold, respectively. PKs from rats dosed with a 14C-labeled microdose versus a 14C-labeled pharma-
cological dose displayed dose linearity. In the animals receiving a microdose and the therapeutically dosed animals, the AUCs
from time zero to infinity were 2.6 ng · h/ml and 1,336 ng · h/ml, respectively, and the terminal half-lives were 5.6 h and 1.4 h,
respectively. When the AUC values were normalized to a dose of 1.0 mg/kg, the AUC values were 277.5 ng · h/ml for the micro-
dose and 418.2 ng · h/ml for the pharmacological dose. This 1.5-fold difference in AUC following a 300-fold difference in dose is
considered linear across the dose range. On the basis of the results, the PKs from the microdosed animals were considered to be
predictive of the PKs from the therapeutically dosed animals.

The development of new drugs is a long and costly process,
often taking more than 10 years and over $1 billion to get one

drug to market (1). The huge cost of new drugs is a consequence of
the high failure rate of potential candidates prior to approval. One
of the factors contributing to the high attrition rate during devel-
opment is poor pharmacokinetics (PKs). Poor PK parameters are
responsible for up to 40% of drug candidates failing to make it past
the first studies in humans (2, 3). The ability to predict complete
biodistribution profiles, which include PKs, tissue distribution,
and route of elimination, early in the drug development process
would provide critical data for decisions about the continued de-
velopment of a drug lead. These data are also useful for the opti-
mization of dosage regimes, potentiation of therapeutic efficacy,
tailoring of drug delivery systems, and evaluation of safety. Early
evaluation of these factors in humans would determine if further
development is warranted before the initiation of costlier clinical
trials.

Microdosing is a technique used to assess a compound’s in vivo
biological fate through the administration of subpharmacological
doses of a 14C-labeled drug candidate that produce virtually no
adverse effects. Microdosing is used to downselect among multi-
ple new chemical entities, to obtain preliminary human pharma-
cokinetic information for investigational new drugs early in the
development process, and to confirm in vitro or in silico metabolic
pathways in vivo (4–7). It should be noted that microdosing pro-
vides no data on the efficacy or safety of the drug candidate. Mi-
crodosing studies have the potential to reduce the attrition rate of
drugs because inadequate PK properties can be identified earlier
in the development process, saving time and money (8).

The linearity of the PKs across the range from the microdose to

the therapeutic dose is one of the fundamental concerns with mi-
crodosing studies. Although it is not comprehensive, there is a
growing body of evidence showing that the PK parameters of sev-
eral drugs are linear over a 50- to 1,000-fold dose range (8, 9). In a
seminal human study, Lappin et al. showed that the pharmacoki-
netics of 3 prescription drugs were essentially linear (within a fac-
tor of 2) across a range of microdoses and therapeutic doses (10).
Sandhu et al. used microdosing to examine whether a preclinical
drug candidate (7-deaza-2=-C-methyladenosine) displayed linear
kinetics across a subpharmacological and a pharmacological dose
range in an animal model before the initiation of human micro-
dose study. The results showed that the PK properties were linear
over a 50-fold dose range (11).

The success of microdosing is dependent on the availability of
ultrasensitive analytical methods that are able to measure drug
concentrations in the low-picogram to femtogram range (6). Ac-
celerator mass spectrometry (AMS) is one of only a few current
techniques ideally suited for this application due to its extreme
sensitivity and selectivity. AMS is a technique for counting rare,
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long-lived isotopes independently of radioactive decay by measur-
ing the ratio of the mass of the radioisotope of interest relative to
that of a stable isotope of the element (12). AMS can be used to
trace the fate of any molecule in in vitro systems or whole organ-
isms if it is labeled with an isotope appropriate for AMS analysis.
Because most biological materials contain carbon, the majority of
AMS studies use 14C as the radiotracer. AMS can detect and quan-
tify a 14C-labeled compound in a biological matrix with 1% to 3%
precision at levels ranging from approximately 10 pmol 14C to 1
amol (1 � 10�18) 14C in samples containing as little as 250 �g of
total carbon (12–14). More recently, methods that allow even
greater sensitivity using samples as small as a few micrograms have
been developed (15, 16).

The sensitivity of AMS measurement gives this technique a
number of major advantages over other methods for the detection
of isotopes. Importantly, because of the extreme sensitivity, PK
studies have the ability to determine kinetics and metabolism us-
ing ultralow doses of the chemical and radioactivity so as not to
perturb the natural biological state. In addition, the collection of
detailed pharmacokinetic data requires frequent sampling, which
is made possible with AMS detection, by virtue of the small sample
sizes needed for analysis. AMS has been the method of choice for
microdosing studies because the dose required for determining
PK parameters is so low that there is little or no concern for drug
efficacy or toxic effects.

The objective of the current study was to determine whether
the pharmacokinetics of a novel GyrB/ParE inhibitor preclinical
drug candidate (GP-4) displayed linear kinetics across a micro-
dose and pharmacological dose range in rats. This study served as
a first step toward initiating a human microdose study and as a
preliminary investigation of the feasibility of using the rat as a
model. The GyrB/ParE inhibitors are a novel class of antibacterial
agents, the pyrimidoindoles, which inhibit two bacterial targets:
the ATP-binding domains of bacterial DNA gyrase (GyrB) and
topoisomerase IV (ParE). The pyrimidoindoles were designed to
be highly potent against both enzymes with broad-spectrum an-
tibacterial activity and excellent selectivity against other mamma-
lian enzymes that utilize ATP (17).

The PK parameters for GP-4 were assessed over a 300-fold dose
range by administering to rats a microdose or a pharmacological
dose of 14C-labeled GP-4. Following drug administration, blood
was collected at specified time points for up to 24 h. The GP-4
concentration in plasma was determined by quantifying the
amount of 14C radiolabel in the samples by AMS or liquid chro-
matography-tandem mass spectrometry (LC/MS/MS). The values
of the PK parameters obtained after administration of both the
microdose and the pharmacological dose were determined and
compared. The results showed that the PK properties of GP-4 for
the animals given a microdose were similar to those for the ani-
mals given a pharmacological dose, indicating linearity across the
300-fold dose range. Moreover, these results demonstrate the util-
ity of AMS in providing exceptional sensitivity for conducting
microdose studies.

MATERIALS AND METHODS
Chemicals and reagents. 14C-radiolabeled GP-4 (specific activity, 50
mCi/mmol) and unlabeled GP-4 were provided by Cubist Pharmaceuti-
cals (San Diego, CA). Chemical purity and radiopurity were assessed by
high-pressure liquid chromatography (HPLC), and the unlabeled and
radiolabeled compounds were determined to be �99% pure. Captisol was

obtained from Ligand Pharmaceuticals, Inc. (La Jolla, CA), and verapamil
and methanesulfonic acid were purchased from Sigma-Aldrich Inc. (St.
Louis, MO). All other reagents were of analytical grade or better.

Animals. Animal experiments were conducted at the Lawrence Liver-
more National Laboratory (LLNL) AAALAC-accredited animal care fa-
cility. The protocols for the animal experiments were reviewed and ap-
proved by the LLNL Institutional Animal Care and Use Committee prior
to the initiation of any study. Six- to 8-week-old male Sprague-Dawley
rats (weight, 250 to 300 g) with a surgically implanted jugular vein cath-
eter were obtained from Harlan Laboratories (Livermore, CA). Animals
were housed individually in polystyrene cages containing hardwood bed-
ding and kept on a 12-h light/12-h dark cycle in a ventilated room main-
tained at 24°C. Animals were provided food (standard lab chow) and
water ad libitum.

Dose proportionality. To establish dose proportionality at the pro-
posed therapeutic dose levels prior to initiation of the microdose study,
rats (n � 3) were administered a single intravenous (i.v.) bolus dose of 3,
10, or 30 mg/kg GP-4 formulated in 20% Captisol in 0.05 M methane
sulfonic acid, pH 3.5. Following dose administration, whole-blood sam-
ples (approximately 0.3 ml) were collected from each animal via the jug-
ular vein at 0, 0.08, 0.25, 0.5, 1, 2, 4, 8, and 24 h postdose and placed into
Microtainer tubes coated with lithium heparin (Becton Dickinson, Frank-
lin Lakes, NJ), and the tubes were placed on ice. Plasma was separated
from the whole blood by centrifugation (10,000 � g for 2 min) within 1 h
of collection, the volume was recorded, and the plasma was stored at
�20°C until analysis by LC/MS/MS.

LC/MS/MS analysis. Each plasma sample together with an internal
standard (50 ng/ml verapamil in acetonitrile-water [1:1]) was directly
injected into a Shimadzu LC-20AD HPLC system (Shimadzu, Columbia,
MA) coupled to an AB SCIEX API 3200Q Otrap triple-quadrupole mass
spectrometer with a TurboIonSpray interface (AB SCIEX, Framingham,
MA). Samples were chromatographed using a Gemini-NX 3-�m C18 col-
umn (50 by 3 mm; Phenomenex, Torrance, CA) operating at a flow rate of
0.6 ml/min initially using a solvent of 85% solvent A (12.5 mM ammo-
nium formate, pH 4) for 1 min. This was followed by a linear gradient up
to 95% solvent B (0.1% formic acid in acetonitrile) at 3.2 min and a hold
at 95% solvent B until 3.8 min and then reequilibration to 85% solvent A
over 1.2 min. Quantitation was by multiple reaction monitoring (transi-
tions of m/z ratios of 435 to 418 for GP-4 and 455 to 165 for verapamil).

Microdose versus therapeutic dose pharmacokinetics. To evaluate
the pharmacokinetics of GP-4 in rodents at a microdose and a pharma-
cological dose, rats (n � 3) were administered a single intravenous dose of
0.01 mg/kg of body weight or 3.0 mg/kg 14C-labeled GP-4 (specific activ-
ities, 353 �Ci/mmol and 1.26 �Ci/mmol, respectively) formulated in 20%
Captisol in 0.05 M methanesulfonic acid, pH 3.5. The use of one micro-
dose concentration and one therapeutic concentration for this study is in
accordance with the characteristics of previous microdosing studies as
well as with the guidelines set forth by the U.S. Food and Drug Adminis-
tration (FDA) for microdosing studies (5, 7, 18, 19). Following dose ad-
ministration, whole-blood samples (approximately 0.3 ml) were collected
from each animal via the jugular vein at 0, 0.08, 0.25, 0.5, 1, 2, 4, 8, and 24
h postdose and placed into Microtainer tubes coated with lithium heparin
(Becton Dickinson, Franklin Lakes, NJ), and the tubes were placed on ice.
Plasma was separated from the whole blood by centrifugation (10,000 � g
for 2 min) within 1 h of collection, the volume was recorded, and the
plasma was stored at �20°C until analysis by AMS.

AMS analysis. Preparation of the samples for radiocarbon analysis by
AMS requires conversion of the samples to graphite. This procedure has
been described previously (20). All the samples and reagents were handled
carefully to avoid radiocarbon cross-contamination, including using dis-
posable materials for any item that might come into contact with the
samples. A 30-�l aliquot of each plasma sample was pipetted into a 6- by
55-mm quartz tube using aerosol-resistant tips. All samples were subse-
quently dried under vacuum centrifugation. The dried samples were then
converted to graphite by a two-step process using published methods
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(14). Briefly, the dried samples were oxidized to CO2 by heating at
900°C for 4 h in the presence of copper oxide. The CO2 was then
cryogenically transferred to a septum-sealed vial under vacuum and
reduced to filamentous graphite in the presence of cobalt, titanium
hydride, and zinc powder.

The total radiocarbon content in the plasma was quantified by AMS as
described previously (14, 21, 22). The 14C/12C ratios from the graphitized
samples obtained by AMS were converted to ng GP-4 per ml of plasma
after subtraction of the background carbon contributed from the sample
and correction for the specific activity of the 14C-labeled GP-4 dosing
material and the carbon content of the sample (12). The precision of the
AMS measurements is based on the standard deviation of a number of
measurements for equivalent samples and is a nominal 3%. Accuracy is
determined by normalization to well-defined standards and with high-
accuracy counting measurements and is �1% (12).

Pharmacokinetics and statistics. The pharmacokinetic parameters of
GP-4 were calculated by noncompartmental analysis using either Win-
Nonlin Professional software, version 5.2.1 (Pharsight Corp. Mountain
View, CA), or PK Solutions software (Summit Research Services, Mon-
trose, CO) using a two-stage approach by taking the plasma concentration
data from each rat, fitting them independently, and then estimating the
means � standard errors (SEs). The half-life (t1/2) and initial GP-4 con-
centration (the maximum concentration observed in plasma [Cmax])
were determined by observations from the concentration-versus-time
data. The area under the curve (AUC) was calculated for the intervals
from time zero to time t (AUC0 –t), where t is the time of the last measur-
able concentration (24 h), and time zero to infinity (AUC0 –	), using the
linear trapezoidal method. The volume of distribution (V) was deter-
mined on the basis of the AUC determination and reflects the V during the
elimination phase. The clearance (CL) calculation is based on the AUC0 –	

and assumes 100% bioavailability. Additionally, to estimate the absorp-
tion and disposition rate constants, a two-compartment open model was
fit to the plasma concentration-time profile. Estimated parameters in-
cluded the rate of GP-4 absorption to the peripheral compartment from

the central compartment (k12), the rate of GP-4 transfer from the periph-
eral compartment to the central compartment (k21), and the elimination
rate constant (k10). Values are expressed as the mean � SE (n � 3), unless
otherwise noted. Dose linearity and dose proportionality were assessed
using the power regression model on log-transformed data for AUC0 –	,
Cmax, and t1/2 (8). Correlation coefficients (R values), coefficients of de-
termination (R2 values), and 95% confidence limits were determined
from the power regression analysis. Results were considered linear and
dose proportional when R2 was �1, and lower confidence limits were
�0.8 and upper confidence limits were �1.25 (23).

RESULTS
Dose proportionality study. Since GP-4 is an experimental drug
lead, it was important to first establish dose proportionality at the
proposed therapeutic doses before initiation of the microdose
study. The PK parameters of GP-4 were evaluated over a 10-fold
dose range that was designed to capture the potential therapeutic
doses. The mean plasma concentrations of GP-4 following single
intravenous bolus administrations of 3, 10, or 30 mg/kg of GP-4 to
male rats are illustrated in Fig. 1. The calculated mean pharmaco-
kinetic parameters are presented in Table 1.

Following intravenous administration of GP-4, plasma sam-
ples were collected at 0, 0.08, 0.25, 0.5, 1, 2, 4, 8, and 24 h. The
maximum observed plasma concentrations (Cmaxs) of GP-4 were
attained at the first sampling time point (i.e., 5 min postdose),
with mean values ranging from 1,430 to 13,600 ng/ml across the 3
different doses. The mean apparent terminal half-life ranged from
4.4 to 7.9 h. Across the 3 doses studied, the total clearance (CL) of
GP-4 from plasma ranged from 42.1 to 68.0 ml/min/kg, and the
apparent volume of distribution (V) ranged from 26,600 to 30,400
ml/kg, suggesting rapid and extensive distribution beyond the
plasma compartment.

The mean Cmax and AUC0 –t values of GP-4 and the relative
increase in parameter values between adjacent and overall doses
are summarized in Table 2. Following an increase in dose from 3
to 10 mg/kg (3.33-fold), the increases in mean Cmax (5.11-fold)
and AUC0 –t (4.83-fold) values were slightly greater than expected
for a linear dose-response. However, following an increase in dose

FIG 1 Mean � SE (n � 3) plasma concentration-time profiles of GP-4 fol-
lowing single intravenous administrations of 3 (�), 10 (�), or 30 (}) mg/kg
GP-4 to male Sprague-Dawley rats.

TABLE 1 PK parameters of GP-4 following a single i.v. administration of 3, 10, or 30 mg/kg GP-4 to male Sprague-Dawley ratsa

Dose
(mg/kg) Cmax (ng/ml)

Terminal
t1/2 (h)

AUC0–t

(ng · h/ml)
AUC0–	

(ng · h/ml) CL (ml/min/kg) V (ml/kg)

3 1,430 � 315 4.4 � 1.4 722 � 66.4 751 � 77.4 68.0 � 6.7 26,600 � 9,295
10 7,310 � 762 7.7 � 1.2 3,490 � 72.4 3,660 � 99.3 45.6 � 1.3 30,400 � 4,768
30 13,600 � 3,227 7.9 � 0.7 11,400 � 1,645 12,500 � 1,813 42.1 � 7.0 29,600 � 7,736
a Data are expressed as the means of 3 independent determinations � standard errors.

TABLE 2 Dose-exposure relationship of GP-4 following a single i.v.
administration of 3, 10, or 30 mg/kg GP-4 to male Sprague-Dawley rats

Dose
(mg/kg)

Fold increase
in dose

Cmax

(ng/ml)

Fold
increase
in Cmax

AUC0–t

(ng · h/ml)
Fold increase
in AUC0–t

3 1,430 722
10 3.33 7,310 5.11 3,490 4.83
30 3.00 13,600 1.86 11,400 3.27

Overall 10.0 9.51 15.8
DPFa 0.951 1.58
a DPF, dose proportionality factor (fold increase in parameter/fold increase in dose).
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from 10 to 30 mg/kg (3-fold), the increase in mean Cmax (1.86-
fold) was slightly lower than dose proportional, although the in-
crease in AUC0 –t (3.27-fold) was approximately dose propor-
tional. Furthermore, a test of dose proportionality using the
power regression model (8) revealed R2 values for AUC0 –	 and
Cmax of 0.9968 and 0.9493, respectively, indicating dose propor-
tionality across the dose range. Overall, for an increase in dose
from 3 to 30 mg/kg (10-fold), the increases in mean Cmax (9.51-
fold) and AUC0 –t (15.8-fold) values were within a factor of 2 and
considered dose proportional.

Pharmacokinetic linearity study: microdose versus pharma-
cological dose. A major goal of this study was to determine the
effect of dose on PK parameters for GP-4 in rats prior to conduct-
ing a microdose study in humans. Following the FDA guidelines
for microdosing studies (19), male Sprague-Dawley rats received a
single bolus i.v. administration of 14C-labeled GP-4 at either a
microdose (0.01 mg/kg) or a pharmacological dose (3 mg/kg), and
plasma was collected at the time points designated above. AMS
was used to quantify the plasma concentration of 14C-labeled
GP-4 by quantifying the 14C equivalents at each time point. The
GP-4 plasma concentration at 24 h at both doses is represented by
only one animal, due to complications during sampling and loss
during sample combustion for AMS analysis. Therefore, following
GP-4 quantification, the pharmacokinetics at both dose concen-
trations were calculated using the data collected from 0 to 8 h by
noncompartmental analysis and compared.

The mean plasma concentrations of GP-4 (based on total ra-
dioactivity) following administration of single intravenous doses
of 0.01 or 3.0 mg/kg of 14C-labeled GP-4 to male rats are illustrated
in Fig. 2. Calculated mean pharmacokinetic parameters are pre-
sented in Table 3.

The observed Cmaxs of GP-4 were attained at the first sampling
time point (i.e., 5 min postdose). The mean distribution half-life
for both compound concentrations was 0.26 h, whereas the ap-
parent mean terminal half-lives were 5.6 h and 1.4 h for the 0.01-
mg/kg dose and the 3-mg/kg dose, respectively. The total clear-
ance (CL) of 14C-labeled GP-4 from plasma was 1.6-fold higher in
the animals that received the 0.01-mg/kg dose (CL � 69.7 ml/min/
kg) than those that received the 3.0-mg/kg dose (CL � 42.05 ml/
min/kg). The values for the apparent volume of distribution (V)
were 25,745 ml/kg and 4,012 ml/kg in the microdosed and phar-
macologically dosed animals, respectively, suggesting rapid and
extensive distribution beyond the plasma compartment, with a
higher rate from the microdosed animals being found. Applying a
2-compartment open model, the rates of GP-4 absorption to the
peripheral compartment from the central compartment (k12 val-
ues) were 1.66 h�1 and 2.08 h�1 for the microdose and therapeutic
dose, respectively. The k21 rate constants (rate of GP-4 transfer
from the peripheral compartment to the central compartment)
for the microdose and therapeutic dose were 0.5 h�1 and 0.22 h�1,
respectively, and the elimination rate constants (k10 values) were
0.70 h�1 and 0.71 h�1, respectively (data not shown). The higher
k12 values than k21 and k10 values for both doses reinforce the
conclusion that the majority of GP-4 is rapidly eliminated from
the plasma and distributed to tissues and/or eliminated at both
dose levels.

Power regression analysis of AUC0 –	 and Cmax across the en-
tire dose range (0.01 to 30 mg/kg) revealed a linear relationship
between exposure versus dose, with coefficients of determination
(R2 values) of 0.989 and 0.981 for AUC and Cmax, respectively

FIG 2 (A) Mean plasma concentration-time curve � SE (n � 3) of GP-4
following single intravenous administration of 0.01 (�) or 3.0 (�) mg/kg
14C-labeled GP-4 to male Sprague-Dawley rats. (B) Data shown in panel A
normalized to a 1-mg/kg dose. *, the data point at 24 h is derived from data for
one rat due to loss of a sample.

TABLE 3 PK parameters of GP-4 following a single i.v. administration of 0.01 or 3.0 mg/kg 14C-labeled GP-4 to male Sprague-Dawley ratsa

Dose
(mg/kg)

Cmax

(ng/ml)
Terminal
t1/2 (h)

AUC0–t

(ng · h/ml)
AUC0–	

(ng · hr/ml) CL (ml/min/kg) V (ml/kg)

0.01 2.4 � 0.12 5.6 � 3.4 1.9 � 0.55 2.6 � 0.54 69.7 � 17.0 25,745 � 13,381
3.0 2,125 � 874 1.4 � 0.67 1,297 � 301 1,336 � 336 42.05 � 9.4 4,012 � 973
a Data are expressed as the means of 3 independent determinations � standard errors.
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(Fig. 3; Table 4). The dose proportionality test of t1/2 determined
that this parameter was dose independent.

Power regression analysis was also done on the GP-4 plasma
concentration from the microdose and that from the pharmaco-
logical dose and revealed a linear relationship between the two
doses with an R2 value of 0.9187 and a correlation coefficient (R)
of 0.9585, indicating a strong association between the two doses
(Fig. 4).

When the mean Cmaxs were dose normalized to 1.0 mg/kg, they
were 243 ng/ml and 709 ng/ml for the 0.01-mg/kg and 3-mg/kg
doses, respectively (Fig. 2B). This is a 2.9-fold difference across the

300-fold difference dose range. When the mean AUC0 –	 values of
14C-labeled GP-4 were dose normalized to 1.0 mg/kg, they were
277.5 ng · h/ml for the 0.01-mg/kg dose and 418.2 for the 3.0-
mg/kg dose, which equates to a 1.5-fold difference between the
two doses. Overall, for an increase in dose from 0.01 to 3.0 mg/kg
(300-fold), the increases in mean AUC0 –	 and Cmax values were
within factors of 2 and 3, respectively.

DISCUSSION

Microdosing is becoming a widely accepted way for estimating
human pharmacokinetics at therapeutic dose levels for preclinical
drug candidates and has been endorsed by the U.S. Food and Drug
Administration and the European Medicines Agency (19–24). Mi-
crodosing studies can provide an early determination of the phar-
macokinetic properties of a drug candidate, eliminating com-
pounds with poor PK properties and allowing compounds with
favorable PKs to proceed for further clinical evaluation. Estimat-
ing human PKs can greatly reduce the attrition rate of new drugs
during the later stages of development, saving time and reducing
costs. Key to the use of microdose studies is establishing a corre-
lation between the PKs at the microdose and the pharmacological
dose. Although the published data are limited, studies that have
compared data obtained with the microdose and the therapeutic
dose have shown that the microdose data are predictive of the
therapeutic dose in more than 80% of the cases (6, 8, 11, 25, 26).
One approach for establishing dose linearity is to validate the ap-
proach in an animal model prior to initiating a human microdos-
ing study (8, 11).

In the present study, the rat was used as a model to determine
the PKs of the tricyclic GyrB/ParE inhibitor drug candidate GP-4
at microdose and pharmacological dose levels, as a prelude to a
human microdosing study. This is the first reported study to assess
the PK parameters of this class of drug candidate. The results
showed that the plasma PKs were proportional across 3 proposed
therapeutic dose levels, indicating linear kinetics over the pharma-
cological dose range. A test of dose proportionality using the
power regression model confirmed linearity across the dose range.
It was important to establish dose proportionality across the ther-
apeutic dose range before the initiation of the microdose study
because if linearity did not exist at the higher therapeutic doses, it
would be extremely difficult to establish a linear relationship be-

FIG 3 Test of dose linearity using power regression analysis for AUC0 –	 (A)
and Cmax (B) of GP-4 for a dose range of 0.01 to 30 mg/kg.

TABLE 4 Dose proportionality test using power regression model for
GP-4a

Parameter R2 R Slope

95% confidence
limit

ImplicationLower Upper

AUC0–	 0.989 0.994 1.06 0.99 1.12 Linear
Cmax 0.981 0.991 1.10 1.01 1.19 Linear
t1/2 0.066 0.2 0.07 �0.086 0.227 Dose independent
a The dose range tested was 0.01 to 30 mg/kg.

FIG 4 Power regression analysis of the mean (n � 3) log microdose plasma
concentration of GP-4 versus the mean (n � 3) log therapeutic dose plasma
concentration of GP-4 (R2 � 0.9187, R � 0.9585).

Microdosing To Evaluate PKs of a Novel Antimicrobial

November 2014 Volume 58 Number 11 aac.asm.org 6481

http://aac.asm.org


tween the microdose and therapeutic dose from the microdose
study. Fortunately, this was not the case and the therapeutic dose
range proved to be linear, as measured by AUC power regression
analysis. Additionally, the levels of unchanged GP-4 after admin-
istration of a 3-mg/kg i.v. dose measured by LC/MS/MS were sim-
ilar to those of the total 14C content of 14C-labeled GP-4 at the
same dose measured by AMS, suggesting little or no metabolism/
breakdown of GP-4 at these dose levels in vivo.

Taking advantage of the increased sensitivity of AMS com-
pared to that of LC/MS/MS, PK parameters from animals admin-
istered a microdose (0.01 mg/kg) of GP-4 were quantified by
AMS. For a direct comparison, AMS was also used to quantify PK
parameters at a 3.0-mg/kg pharmacological dose over a 24-h ex-
posure period. The lack of replicate data points at the 24-h collec-
tion time (due to complications during sampling and loss during
sample combustion for AMS analysis) was unfortunate; however,
because greater than 99% of the GP-4 dose was cleared from the
plasma within the first 8 h after exposure, data from the 24-h
collection point do not have a significant impact on the overall
results and conclusions. On the basis of the results, the PKs in the
rat are linear across a 300-fold dose range (R2 � 0.989). Both the
microdosed and pharmacologically dosed groups exhibited a
multicompartment PK profile, initially showing a rapid decline in
plasma concentration postdose, followed by a slower terminal
phase. Both dose groups exhibited a large apparent volume of
distribution, suggesting rapid and extensive distribution beyond
the plasma compartment. For an increase in dose from 0.01 to 3.0
mg/kg (300-fold), the increases in mean AUC0 –	 (1.5-fold) and
Cmax (2.9-fold) values when they were dose normalized were
within factors of 2 and 3, respectively. The observed variation in
response could be due to the different measurement techniques
(LC/MS/MS versus AMS) and/or animal-to-animal variation,
given the small sample size. The possibility that the 14C label on
the compound altered the PK profile also cannot be discounted;
however, this is unlikely. Nonetheless, a difference in PK param-
eters within a factor of 2 has been regarded as an acceptable level of
variation for a greater than 100-fold difference in dose to be con-
sidered dose linear (8, 10). Given the rapid distribution observed,
estimates of the Cmax, which was the concentration measured at
the earliest (5 min) collection time from an i.v. bolus administra-
tion, were expected to be quite variable, and the Cmax-to-dose
linearity analysis likely reflects this. Therefore, a more pragmatic
measure of dose linearity comes from analysis of the AUC0 –	-to-
dose linearity analysis. When dose linearity was tested using power
regression analysis, exposures measured by the use of both AUC
and Cmax over the entire dose range of 0.01 to 30 mg/kg (by com-
bining exposure data from both the therapeutic and microdose
studies) were considered linear over the 300-fold dose range (Fig.
3; Table 4). The terminal half-life was determined to be dose in-
dependent, which is similar to what has been observed in other
studies comparing PK parameters over a wide dose range (8).
These results provide further confirmation of pharmacokinetic
linearity over 4 orders of magnitude. In addition, the observed
linearity of the GP-4 plasma concentration between the micro-
dose and the therapeutic dose reinforces the concept of dose pro-
portionality across a wide concentration range. This observed lin-
earity in the rodent model provides assurance that a microdose
study in humans can be predictive of the kinetics at a higher ther-
apeutic dose level.

This study provides further evidence that the PK parameters of

many drug classes, when administered at 0.01% of the intended
therapeutic dose, are linear functions of the administered dose
and thus can be used to estimate the PK parameters at a therapeu-
tic dose.
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