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Abstract
Obesity is associated with poorer outcome from many cancers, including leukemia. One possible
contributor to this could be suboptimal chemotherapy dosing in obese patients. We have previously
found that vincristine (VCR) is less effective in obese compared to non-obese mice with leukemia,
despite weight-based dosing. In the present study, we administered 3H-VCR to obese and control
mice to determine whether obesity would cause suboptimal VCR exposure. Blood VCR
concentrations were fitted with a 3-compartment model using pharmacokinetic analysis (two-stage
PK) in 3 subsets of VCR concentrations vs. time method. Tissue and blood VCR concentrations were
also analyzed using non-compartmental modeling. Blood VCR concentrations showed a
triexponential decay and tended to be slightly higher in the obese mice at all time-points. However,
the t½β and t½γ were shorter in the obese mice (9.7 vs. 44.5 minutes and 60.3 vs. 85.6 hours,
respectively), resulting in a lower AUC0→∞ (13,099 vs. 15,384 ng/ml*hr). Had the dose of VCR
been “capped”, as is done in clinical practice, the AUC0→∞ would have been 36% lower in the obese
mice than the controls. Tissue disposition of VCR revealed a biexponential decay from spleen, liver,
and adipose. Interestingly, VCR slowly accumulated in the bone marrow of control mice, but had a
slow decay from the marrow in the obese mice. Thus, obesity alters VCR PK, causing a lower overall
exposure in circulation and bone marrow. Given the high prevalence of obesity, additional PK studies
should be performed in obese subjects to optimize chemotherapy dosing regimens.
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1. Introduction
There is growing evidence that obesity is associated with increased mortality from cancer,
including leukemia [1–4]. Increased leukemia mortality may be attributed in part to an increase
in incidence in obese individuals [5,6]. However, patients who are obese at the time they are
diagnosed with acute lymphoblastic leukemia or acute myeloid leukemia have significantly
higher mortality than their normal weight counterparts [7–9]. There are a myriad of possible
explanations for this, including delayed diagnosis, more aggressive cancer, poor compliance,
and impaired immunity. It is also conceivable that dosing practices of chemotherapies, such
as a priori dose reduction and dose capping may contribute to suboptimal levels in obese
patients [10–12]. Obesity is a complex state associated not only with an increase in total body
size, but also increased fat distribution, relative decrease in lean body mass [13], and altered
cardiac [14], liver [15], and renal function [16,17]. Despite the importance of accurate
chemotherapy dosing, and the increasing prevalence of obesity, few pharmacokinetic studies
have been performed to elucidate the clinical impacts of obesity on chemotherapeutic agents
pharmacokinetics and ultimate long term survival [18].

Vincristine (VCR), a potent antimicrotubule agent, is a seminal drug in the treatment of
multiple cancers, including hematological malignancies, in children and adults [19,20]. The
sensitivity of leukemia cells to VCR has been demonstrated to correlate with event-free survival
[21,22]. We recently reported that obese mice transplanted with syngeneic leukemia cells
exhibited impaired survival after VCR treatment when compared to control mice [23]. In that
study, we had dosed VCR in proportion to body weight, and thus effectively matched the blood
and tissue VCR concentrations in the obese and control mice. However, clinical dosing of VCR
in pediatric cancer patients is proportional to body surface area, and is generally “capped” at
1 square meter. Thus, an obese 18 year old generally receives approximately the same total
VCR dose as an average 8–9 year old.

Recently, there have been many studies examining the pharmacokinetics of VCR in young
children and adolescent ALL patients [24–27]. Some of these attempted to link the observed
differences in the variable response (outcomes) post-combination regimens to VCR exposure.
Based on detailed PK analyses, one study concluded that there is no pharmacokinetic rationale
to “limit” the dose in adolescent ALL patients [25]. Although it is clear that variability in
expression and polymorphisms of the CYP3A isoforms of the P450 metabolic complex system
could account for some of the variability observed in VCR PK [28–30], it is likely that other
factors, such as obesity and concomitantly administered medications, may also play a role in
VCR exposure in patients.

Given that obese patients with leukemia and other cancers have poorer outcomes, and receive
less VCR per kg body weight than lean patients, the present study was designed to elucidate
whether diet-induced obesity alters the blood and tissue pharmacokinetics of VCR in mice.

2. Methods
2.1. Mouse Model

C57Bl/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME). Male mice were
weaned at 4 weeks of age and fed a high fat diet (60% of calories from fat, Research Diets
D12492, New Brunswick, NJ) or a control diet (10% of calories from fat, D12450), and used
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for experiments at 17 weeks of age. All animal experiments were approved by the Childrens
Hospital Los Angeles Institutional Animal Care and Use Committee, and performed in
accordance with the U.S. Public Health Service Policy on Humane Care and Use of Laboratory
Animals.

2.2 VCR Pharmacokinetics Experiment
Twenty obese and 21 control mice received tail-vein injections of tritiated vincristine ([3H]
VCR) proportional to body weight (specific activity 75 μCi/mg; dose 0.5 mg/kg, American
Radiolabeled Chemicals, Inc., St. Louis, MO). The VCR was synthesized by tritium gas
catalyzed exchange, and therefore the molecule was uniformly labeled in random positions.
Blood samples were collected from a subset of animals (n=8 per group) from the submandibular
venous plexus at t=5 minutes using GoldenRod lancets (Medipoint, Inc., Mineola, NY) into
EDTA coated tubes. Mice were sacrificed in groups of 3 to 5 at t=0.25, 0.5, 1, 3, 8, and 24
hours post-injection.

2.3 VCR Measurements
Whole blood and tissue specimens were rapidly removed, and then solubilized using Solvable
(Perkin Elmer, Waltham, MA). The brown fat depot was removed from the intrascapular space
and identified by its tan color. Whole blood, spleen, and liver were decolorized using 30%
H2O2. Samples were then read on a scintillation counter (TriCarb 2100TR, Perkin Elmer) using
ReadySafe (Beckman Coulter, Inc., Fullerton, CA). Recovery was determined by spiking
tissues (blood, spleen, and liver) from an un-injected mouse with a known quantity of 3H-
vincristine and processing in parallel with experimental samples.

Additional plasma samples from the 24 hour time-point were used to validate the tritium assay
by comparing the concentration using an LC/MS assay [31]. The evaporated samples from
cellular extracts or media were then reconstituted in 50 μL of running buffer consisting of 45%
methanol and 55% of 0.1% formic acid (v/v). The entire solution was vortexed for 1 minute
and then centrifuged at 13,000 rpm at 4°C for 10 minutes. Afterward, the clarified supernatant
was transferred into an injection vial, where 25 μL of the sample were injected into an Agilent
1100 HPLC system linked onto an API 3000 (Applied Biosystems, Foster City, CA). The
analytes were separated using a C18 ACE column with the following dimensions 50 × 3.0 mm.
The analytes were eluted using mobile phase consisting of 45% methanol and 55% of 0.1%
formic acid (v/v), where the flow rate was set at 350 cc/min. The amount of VCR was
determined using API 3000, where the m/z to transition ion was monitored 413.6→392.4 and
406.5→272.0 for vincristine and vinblastine, respectively. Using this method, we have
previously measured VCR with the lowest level of quantification of 0.02 nM. The standard
curve for the assay had an r2 = 0.998.

2.4 Pharmacokinetic (PK) -analytical modeling
Total blood VCR levels were analyzed by the two-stage PK populations method using
NONLIN software [32]. The data were fit to a 3-compartment open pharmacokinetic model.
Specifically, the equation used for the VCR concentration-time fit in blood is shown in equation
1:

1

Compartmental modeling was also used to accommodate tissue VCR concentrations. It was
apparent that the tissues tested achieved immediate equilibrium, i.e. within 15 minutes. The
only exception was the bone marrow. Hence, the equation describing the fate of VCR after the
first 15 minutes in spleen, liver, fat, and brown fat is:
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2

For bone marrow, the VCR concentration showed an initial accumulation phase in both groups,
but a slower decay in the obese mice, and a slow accumulation in the lean mice. Thus, the
equations describing bone marrow concentrations were:

3a

3b

Initial estimates from this compartmental model were then used to derive a non-compartmental
analysis using customized subroutines based on the methods previously described [32,33].
Using these methods, blood VCR clearance was estimated by the equation:

4

The apparent volume of the central compartment of distribution (Vdc) and apparent volume
of distribution at steady-state (Vdss) were respectively calculated by the following equations:

5

6

Finally, a limited physiological pharmacokinetic model was derived from the blood and tissue
compartmental modeling parameters.

The averages per time-point VCR concentrations were analyzed by a NONMEM 3-
compartment open model subroutine. The solutions were super-imposable to the 2-stage
compartmental method described above, thus validating our solution. Moreover, randomly
assigned animal time-points were assigned as individual observations of VCR
pharmacokinetics. These multiple sets of PK profiles were attempted to be analyzed by
NONMEM; however, due to the high variance in this group of mice, the program did not
converge.

2.5 Calculations
Tissue specific activity (SA) was calculated from the raw cpm data divided by the counter
efficiency, and our determined processing recovery. Tissue SA was divided by stock solution
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SA to derive tissue VCR concentrations. Blood and tissue VCR levels at each timepoint were
compared between groups with t-tests. Percentage of the injected dose was log-transformed
prior to comparison by t-test due to non-normal distribution. All the data are expressed as mean
±S.D.

3. Results
Mice raised on the high fat diet were significantly heavier than control mice (40.3±1.6 vs. 29.8
±1.8 g, p<0.0001), and since VCR was dosed proportional to body weight, obese mice received
~28% more VCR per injection than controls. The VCR injections were well tolerated by all
animals, as determined by observation of behavior. At all time-points, blood vincristine
concentrations were higher in the obese mice than the controls and followed a tri-phasic decay
(Figure 1). Tissue levels of VCR were comparable between obese and nonobese mice in spleen,
liver, brown fat, and bone marrow, while they tended to be slightly higher in the white adipose
depots in the obese mice (Figure 1). By 3 hours after the injection, 0.10±0.01% of the injected
VCR could be accounted for in the white adipose tissue of the control mice, while 0.39±0.14%
was in the white adipose tissue of obese mice (p=0.025, Figure 2). This proportion remained
relatively constant in the control mice, while it tended to increase in the obese mice, so that at
24 hours, 0.08±0.03% of the injected dose could be accounted for in the white adipose tissue
of the non-obese mice, compared to 0.66±0.43% of the dose in the obese mice (p=0.062).

3.1 Compartmental Model
No samples were excluded from the analysis. The final pharmacokinetic model was a linear,
three-compartment-open model that described the VCR kinetics in blood, with the tissues
achieving rapid equilibrium (15 min) except for the marrow in the lean group of mice. From
this, a linear, two-compartment model was used that described the VCR in tissues (spleen,
liver, fat, brown fat and marrow, Fig. 3). These analyses showed that a triexponential PK model
fitted our blood data better than a biexponential in both groups of mice with VCR
concentrations over time (F-test). The estimates of the PK parameters are summarized in Tables
1 and 2. The fitted peak blood VCR concentration was much higher in the obese than the non-
obese mice. However, all three half-lives describing the decay were shorter in the obese vs.
the non-obese mice. These differences resulted in an ~17% higher AUC0–24 in obese mice,
while the projected total exposure (AUC0–∞) was ~15% lower in the obese mice. These AUC
changes occurred despite the significantly higher total dose of VCR administered to the obese
mice.

The only difference in VCR kinetics from the tissues in the two groups is that in the non-obese
mice, the VCR accumulated in a classical Michaelis-Menten kinetics uptake in the bone
marrow environment for the duration of the experimental measurements, as if the drug was
binding to a protein pool, without any apparent elimination (Figure 3). In contrast, in the obese
mice, VCR accumulated in the bone marrow well up to the 8 hours (second distribution phase)
but then it was eliminated with an apparent mono-exponential decay either via the classical
route or directly in the central compartment (Figure 3, dotted arrow).

3.2. Noncompartmental PK analyses Model
Using initial estimates derived from the compartmental model, we derived a noncompartmental
analysis using previously described subroutines. The VDSS was slightly lower in the obese
mice (3.16 vs. 3.81 ml/g), though they were similar when expressed per mouse rather than per
gram (114 vs. 127 ml/mouse), signifying possibly a higher body storage of VCR in the obese
mice. However, the total body clearance (CLT) was slightly higher in the obese mice than the
lean (0.038 vs. 0.033 ml/hr). These results corroborate the fitted higher peak blood VCR
concentration and lower AUC0–∞ in the obese mice from the compartmental model.
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3.3 LC/MS results
The VCR concentrations measured by LC-MS on the 24 hour plasma samples showed no
difference between obese and control mice (69±10 vs. 70±10 ng/mL, p=n.s.) These values were
~70% of the values obtained from the tritium reading, likely reflecting tritium signal from VCR
metabolites, differences between plasma and whole blood, and different methodologies.

Discussion
Detailed PK evaluations have demonstrated the high variability of VCR PK between
individuals [26]. Despite this variability, there is some evidence that VCR kinetics is related
to treatment outcome for diseases such as standard-risk ALL [24]. In the present study, we
have investigated the effect of diet-induced obesity in mice on the pharmacokinetics of a single
intravenous bolus of 3H-VCR. The blood VCR profiles in both groups of mice were best fit
by a tri-exponential decay, with a fast redistribution phase (t½,α = 3–4 minutes), during which
the VCR is presumably moving from the blood to other tissue compartments, and two slower
decays. This is similar to blood and plasma profiles observed in other studies, where vincristine
levels have been generally described as either bi- or tri-exponential curves in rodents [34–
36], dogs [34], and humans [25,26,37–40]. These profiles were used to derive a linear 3-
compartment open model.

Using these models, we found that obese mice exhibited smaller volumes of distribution (per
gram body weight), along with shorter terminal half-lives of elimination. The shorter half-lives
may have been due to more rapid metabolism, or may reflect more extensive distribution to a
remote compartment, such as adipose tissue. Although CYP 3A4 activity, which is primarily
responsible for VCR metabolism, was not quantified in this study, severe obesity induced by
leptin knockout in the same mouse strain had no effect on CYP 3A4 expression or protein level
[41]. In any case, the shorter half-lives were associated with lower overall exposure
(AUC0→∞) to VCR. To the extent that the anti-leukemic activity of VCR depends on the length
of time it remains over some therapeutic threshold concentration [42], this increase in clearance
(CLT) could impair the effectiveness of this drug, especially after multiple doses in patients.

Chemotherapy dosing in pediatric patients is generally based on body surface area, but
extensive pharmacokinetic and pharmacodynamic studies in obesity have not been performed,
and thus the optimal dosing regimens in these patients have not been delineated. In fact, some
chemotherapeutic drugs, such as VCR, are lipophilic, and thus may accumulate in adipose
tissue, which is more abundant in overweight patients. Since body weight and particularly fat
mass are disproportionately increased relative to surface area in obese patients, chemotherapy
concentrations may be suboptimal in these patients. Furthermore, VCR dosing is generally
“capped” to avoid neurotoxicity. With this cap of 2 mg per dose, an obese adolescent will
receive the same dose of VCR as a child of 1 m2, or an average 8 year old. Therefore, it is
possible that current dosing practices will lead to lower tumor exposure to VCR and other
chemotherapies in older, heavier children. A recent study concluded that in adolescent ALL
patients there is no pharmacokinetic rationale to “limit” the dose [25]. If there is significant
distribution of these drugs in adipose tissue, this could further exacerbate the problem.

The risks of under- or over-dosing obese patients with chemotherapeutic agents has been
highlighted by multiple case reports and studies in the literature (reviewed in [12]). However,
there is little consensus as to the optimal dosing strategies to use in obese patients. Part of the
difficulty comes from the inherent variability observed in the PK of chemotherapeutic drugs
[12]. In addition, limited understanding of the relationships between the pharmacokinetic/
pharmacodynamics and efficacies of chemotherapies make these decisions more arbitrary. The
limited data that do exist suggest that adjustment of actual body weight or capping of
chemotherapy doses may be detrimental to outcomes [10–12]; however, prospective PK studies
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in obese patients are yet to be performed. In the present study, we attempted to further expand
our understanding of the PK of VCR in obesity—not only in the blood, but also its disposition
and elimination kinetics from important metabolic organs and leukemia microenvironments
(e.g. spleen, bone marrow, etc.). Our findings may provide further evidence for rational design
of clinical studies to evaluate the PK of VCR in obese patients.

The clinical importance of VCR PK was demonstrated in an elegant manner by Lönnerholm
et al., who analyzed the PK of the first dose of VCR in children with newly diagnosed leukemia
[24]. These authors found that standard risk leukemia patients with a VCR AUC less than the
median had a relative risk of relapse of 5.8 compared to those with an AUC greater than the
median. Although the subjects in these studies were mostly not obese (Lönnerholm, personal
communication), these data suggest that if obesity was to decrease VCR exposure, this could
contribute to a poorer prognosis in these patients. Indeed, since VCR clearance does not change
with VCR dose [38], we can estimate that if the obese mice had been dosed with the same total
amount of VCR as the non-obese mice, (i.e. if we had “capped” their doses), their AUC0–24
and AUC0–∞ would have been 13% and 36% lower than the non-obese mice, respectively.

One weakness in the present study is that we were unable to evaluate protein bound vs. free
VCR. It is possible that albumin and protein levels could have been altered in the obese mice,
though it has been shown that mice made obese by a moderately high fat diet (45% of calories
from fat) have similar rates of albumin synthesis as control mice [43]. Also, though albumin
has a clear effect on VCR action in vitro [44], the clinical relevance of protein binding
alterations in protein binding of drugs in vivo is questionable [45].

The measurement of VCR using tritium activity may include VCR metabolites along with the
parent compound. Thus, any differences in metabolism between the groups (or in different
tissues) could increase the errors introduced by the model assumption that tritium signal reflects
VCR concentration. However, our LC/MS measure on the 24 hour sample confirms that the
tritium signal in the blood was primarily from the parent drug, and any errors introduced by
including the metabolites would not likely be very different between the two groups of mice.
Also, some VCR metabolites might maintain their antitumor activity, perhaps allowing this
“grouping”.

Another limitation of this study is the short sampling schedule, which ended at 24 hours. This
was done for logistical reasons along with the high cost of this obese mouse model. Since the
terminal half-lives were considerably longer than 24 hours, this sampling may have led to errors
in the estimation of the terminal half-life, and therefore of the AUC0–∞ and TCL. However,
even modest errors in this parameter would not change our primary conclusion that obesity
can decrease VCR exposure after an intravenous dose in obese mice, particularly if this dose
is adjusted or capped.

A major strength of this study is that we used multiple PK modeling methods to derive and
validate robust final PK model parameters for VCR in the obese and non-obese mice. In
addition, VCR concentration was also analyzed in relevant tissues, which confirmed that tissue
VCR distribution was well-matched when the drug was administered proportionally to body
weight. These tissue VCR concentrations allowed us to derive a limited physiological model,
and to evaluate tissue VCR kinetics, which may be important for interpreting future PK studies
in lean and obese patients.

In summary, in the present study despite its limitations, we have developed an appropriate
compartmental PK model for VCR, accommodating many mammalian tissues, using a limited
physiological model (Figure 3). In addition, these PK estimations have been validated using
non-compartmental analyses. Using this 3-compartment open PK model, we demonstrated that
current dosing practices with VCR, particularly “capping”, are likely to lead to under-dosing
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of this important anticancer drug, and decreased VCR exposure in obese patients. However,
definitive studies in obese and lean human subjects will be necessary to test for this effect. This
first step will facilitate the use of novel study designs in obese and non-obese oncology patients,
utilizing limited/sparse PK drug sampling strategies, along with the development of a validated
limited-pharmacokinetic physiological model for this drug. Given the increasing prevalence
of obesity world-wide, as well as evidence that obesity increases cancer incidence and mortality
[1], investigating how to optimally treat obese cancer patients is of paramount importance.
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HPLC high-pressure liquid chromatography
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Figure 1.
Blood and tissue VCR levels. VCR concentrations in obese (black circles, solid line) and non-
obese (open circles, dashed line) mice. VCR concentration is expressed in ng/mL for blood,
and ng/gram of wet tissue for all other tissues. (This figure was previously published as a
supplementary figure in Behan et al., reference [22])
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Figure 2.
Percentage of the injected VCR dose that could be accounted for in the fat pads. Obese (black
circles, solid line) and non-obese (open circles, dashed line) mice.
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Figure 3.
Limited physiological PK model of VCR in blood and tissues of lean and obese mice. Dashed
arrow illustrates elimination of VCR from the bone marrow of obese mice, which was not
apparent in the non-obese mice.
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Table 1

Non-compartmental analysis results for VCR in blood

Non-obese Obese

Dose (μg/mouse) 14.7±0.8 19.7±2.2

Peak VCR (ng/mL) 2,101 6,331

t½,α (min) 4.0 3.5

t½,β (min) 44.5 9.7

t½,γ (hrs) 85.6 60.3

AUC0–24 (ng/mL * hr) 2,846 3,329

AUC0–∞ (ng/mL * hr) 15,384 13,099

VDC (ml/g) 0.238 0.079

VDSS (ml/g) 3.81 3.16
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Table 2

Non-compartmental analysis results for VCR in tissues

Non-obese Obese

t½,β (min) t½,γ (hrs) t½,β (min) t½,γ (hrs)

Spleen 25.4 43.9 11.9 49.5

Liver 36.7 22.1 23.7 30.5

Bone Marrow 36.2 22.6 a 50.7 27.5

Brown Adipose 6.7 18.3 12.4 12.7

White Adipose 16.2 39.2 6.0 56.8

a
the terminal half-life of VCR in the bone marrow of non-obese mice represents an accumulation—all other half-lives are decay

Pharmacol Res. Author manuscript; available in PMC 2011 May 1.


