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Background and objectives: Patients with primary focal segmental glomerulosclerosis (FSGS) who are resistant to standard
therapy are at high risk for progressive chronic kidney disease. Prevention of renal fibrosis represents a promising strategy
to slow or halt kidney function decline. This paper presents the results of a Phase I clinical trial of rosiglitazone, a
thiazolidinedione, that exerts antifibrotic effects in animal models of FSGS. The primary goal was assessment of safety,
tolerability, and pharmacokinetics (PK) of rosiglitazone.

Design, setting, participants, & measurements; Eleven patients, including eight boys/men and three girls/women, with mean
age 15 � 6 yr and estimated GFR 131 � 62 ml/min/1.73 m2, received rosiglitazone, 3 mg/m2/d for 16 wk. PK was assessed twice,
after the initial dose and after attaining steady state, in a General Clinical Research Center.

Results: There were no serious adverse events or cardiovascular complications. Rosiglitazone was well tolerated by all
patients, as judged by the Treatment Satisfaction Questionnaire for Medication. The PK studies indicated that the area under
the curve was decreased by 40 to 50% and oral clearance of rosiglitazone was increased by 250 to 300% in patients with resistant
FSGS compared with healthy controls and patients with nonproteinuric stage 2 chronic kidney disease.

Conclusions: Rosiglitazone therapy was safe and well tolerated. PK assessment of potential novel therapies for resistant
FSGS is necessary to define appropriate dosing regimens. There is rationale to evaluate the efficacy of rosiglitazone as an
antifibrotic agent for resistant FSGS in Phase II/III clinical trials.
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R osiglitazone is an oral peroxisome proliferator-acti-
vated receptor-� agonist that increases insulin sensi-
tivity. It is used as a hypoglycemic agent in patients

with type 2 diabetes mellitus. The thiazolidinedione class of
drugs also has direct effects on kidney structure and function.
Administration of rosiglitazone (5 mg/kg for 20 d) to pregnant
diabetic rats leads to inhibition of mesangial cell proliferation,
downregulation of apoptosis, and reduced responsiveness to
angiotensin II (1). Pioglitazone, another peroxisome prolifera-
tor-activated receptor-� agonist, exerts antifibrotic effects at 10
�M in renal tubular cells exposed to high glucose (2) and
reduces extracellular matrix production at 1 to 3 �M after

incubation with LDL (3). In puromycin aminonucleoside ne-
phropathy, there is a decrease in podocyte injury, glomerulo-
sclerosis, infiltrating glomerular macrophages, and plasmino-
gen activator inhibitor-1 mRNA expression after treatment with
pioglitazone, 10 mg/kg/d for 6 to 12 wk (4). In patients with
diabetic nephropathy, short-term treatment with rosiglitazone
reduces albuminuria by up to 42% (5–7). Rosiglitazone has an
antiproteinuric effect in patients with other forms of chronic
glomerulonephritis (8).

Despite the potential benefits of rosiglitazone treatment in
primary and secondary glomerular disorders, there are no data
to guide dosage recommendations in these diseases. This short-
coming is relevant because several factors might lead to altered
pharmacokinetics (PK) under these circumstances. First, rosigli-
tazone is highly protein bound (approximately 99%) (9). Hy-
poalbuminemia as part of the nephrotic syndrome may in-
crease the amount of unbound drug available for conversion to
the primary metabolite N-desmethylrosiglitazone, which has
minimal activity. Alternatively, hypoalbuminemia may in-
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crease the availability of unbound, biologically active drug and
enhance efficacy or side effects (hypoglycemia, edema). Second,
the kidneys generally do not eliminate protein-bound drugs,
but this has not been rigorously assessed in proteinuric indi-
viduals. Third, alterations in extracellular fluid volume status
in nephrotic syndrome could change the volume of distribution
of rosiglitazone, and an expanded extracellular fluid volume
could result in increased tissue distribution. Fourth, alterations
in metabolism have been documented for several enzymes in
patients with kidney disease (10–12). Because rosiglitazone is
metabolized to N-desmethylrosiglitazone for elimination via
the kidneys, decreased metabolism may enhance exposure to
pharmacologically active drug. Finally, the effect of nephrotic
syndrome on bioavailability of drugs has not been systemati-
cally studied. Alterations in one or more of these factors could
significantly alter PK of rosiglitazone, necessitating adjust-
ments in dosage to achieve plasma levels that maximize safety
and efficacy in patients with proteinuric glomerular disease.

The primary purpose of the first portion of the Novel Ther-
apies for Resistant Focal Segmental Glomerulosclerosis (FSGS)
(FONT) study was to evaluate safety, tolerability, and PK char-
acteristics of pharmacologic agents that hold promise as novel
antifibrotic therapies for the treatment of FSGS. The first two
agents selected for testing were rosiglitazone and adalimumab.
In this report, we summarize the Phase I evaluation of rosigli-
tazone in patients with resistant primary FSGS. Secondary ob-
jectives were to determine the effects of clinical parameters
(urinary protein excretion, serum albumin, GFR, and demo-
graphical variables [age, pubertal status, body surface area
(BSA)] on rosiglitazone PK.

Materials and Methods
Patients

Patients, 2 to 41 yr of age, with biopsy-confirmed primary FSGS and
calculated GFR � 40 ml/min/1.73 m2, were eligible to participate in the
FONT study. They were resistant to a standard course of glucocorti-
coids and had either been treated unsuccessfully with mycophenolate
mofetil, azathioprine, cyclosporine, or tacrolimus in the past or failed to
respond to 6 mo of therapy (cyclosporine or the combination of dexa-
methasone and mycophenolate mofetil) in the FSGS clinical trial. The
institutional review board at each site approved the protocol and
patient (and/or parent/guardian) consent was obtained before enroll-
ment.

Participants were off all immunosuppressive medications for at least
4 wk before enrollment. Therapy with angiotensin converting enzyme
inhibitors and/or angiotensin receptor blocker drugs was permitted,
provided dosages were maintained for the duration of the study.
Patients were then assigned to receive either rosiglitazone or adali-
mumab. This report summarizes the results in the patients who were
given rosiglitazone.

The total rosiglitazone dose was 3 mg/m2/day given orally twice a
day, every 12 h, with a maximum daily dosage of 8 mg, in accord with
prior reports and to prevent hypoglycemia. Rosiglitazone was given for
16 wk and patients were evaluated at week 1, 2, 4, 8, 12, and 16. The
following clinical and laboratory data were measured at each assess-
ment and at the time of both PK studies: vital signs, height, weight,
edema, serum creatinine, estimated GFR (eGFR; Cockroft–Gault equa-
tion if �18 yr and Schwartz formula for �18 yr), urinary protein:
creatinine ratio (UP:Cr) in a first morning specimen, serum albumin,

and blood glucose. Ten out of the 11 patients enrolled in the trial
completed the 4-mo treatment period and laboratory evaluation.

All adverse effects were tabulated and patient satisfaction with ther-
apy was assessed at the completion of the study using the Treatment
Satisfaction Questionnaire for Medications (TSQM) instrument (13).

PK Study
Patients underwent a comprehensive PK assessment twice during the

16-wk treatment period. The initial PK evaluation was conducted with
the first dose of rosiglitazone and the second (steady-state) PK evalu-
ation was conducted after patients had received rosiglitazone for 16 wk.

Patients were admitted to the General Clinical Research Center
(GCRC) for a 48-h PK analysis. Patients were fasting at the start of each
PK study and then fed a standard diet throughout the procedure. After
obtaining a baseline blood sample, patients took their morning oral
dose of rosiglitazone. This was the only dose administered during the
initial (single dose) PK study. Rosiglitazone was given twice daily,
every 12 h, during the steady-state PK study. Additional EDTA-anti-
coagulated plasma samples were obtained at 0.5, 1, 2, 4, 6, 8, 12, 18, 30,
and 42 h. A total of 27.5 ml of blood was drawn during each PK study.
Urine was collected from 0 to 2, 2 to 12, 12 to 24, 24 to 36, and 36 to 48 h
for measurement of protein excretion. Blood samples were immediately
centrifuged for 10 min at 4°C, and plasma was transferred to plastic
tubes and stored at �80 °C.

Plasma was processed by protein precipitation with acetonitrile.
Samples were assayed by HPLC-MS/MS (PRA International–Early De-
velopment Services, Zuidlaren, Netherlands), using an ammonium ac-
etate buffer (10 mM, pH 2.5): methanol (65:35, vol/vol) at a flow rate of
0.2 ml/min, with pioglitazone as the internal standard. For MS/MS,
turbo ion spray (45°C) in positive ion mode was used. Rosiglitazone
and N-desmethylrosiglitazone concentrations were reported in ng/ml.
The lower limit of quantification was 1.0 ng/ml, and the assay was
linear in the validation range of 1.0 to 1000 ng/ml for both compounds.

PK Analyses
Noncompartmental PK analysis of rosiglitazone and N-desmethyl-

rosiglitazone was conducted using WinNonlin v.4.1 (Pharsight, Moun-
tain View, California) using linear up-log down for area under the
curve (AUC) determination. The following parameters were analyzed:
concentration maximum (Cmax), time to maximum concentration
(Tmax), area under the plasma concentration time curve from zero to
infinity (AUC0 to �), area under the plasma concentration time curve
from 0 to 12 h (AUC0 to 12), oral clearance (Cl/F), oral volume of
distribution (Vz/F), mean residence time (MRT), and half-life (T1/2).
Cmax parameters were adjusted to a dose of 2 mg. AUC data were
adjusted to a 2 mg dose and 70 kg weight. Cl/F data were scaled to a
weight of 70 kg and then raised to a power of 0.75 to minimize
differences related to body size (14).

Statistical Methods
Data are presented as mean � SD. Descriptive analyses for PK

parameters, demographic variables, and laboratories include mean, SD,
and median as appropriate. Differences between groups were assessed
with an ANOVA followed by paired comparisons using a t test with a
Bonferroni correction. Spearman correlations were determined for key
clinical characteristics (serum albumin, UP:Cr, GFR, glucose, age, BSA)
versus each PK parameter of interest (AUC, Cl/F, Vz/F, T1/2, MRT).
The correlations and resultant P values from the univariant assessments
were analyzed for possible inclusion into a multiple regression model
for prediction of AUC0 to � and AUC0 to 12 of rosiglitazone. Data that did
not follow a normal distribution were transformed before testing in the
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models. Model building for analysis of determinants of rosiglitazone
AUC consisted of multiple regression analysis with backward elimina-
tion of one clinical variable at a time, with selection of the variable
based on level of contribution to the model. The final model was
selected based on significance of each clinical variable as a predictor of
the rosiglitazone AUC in the model as well as the overall R2.

Results
Patients

Eleven patients with biopsy-confirmed resistant FSGS partic-
ipated in the Phase I trial and underwent PK studies for ros-
iglitazone and N-desmethylrosiglitazone. Patients were 15.4 �

6.2 yr (range: 4 to 28 yr), 45% were prepubertal, 27% female,
64% nonwhite, and BSA was 1.6 � 0.5 m2 (Table 1). Concomi-
tant medications included hepatic hydroxymethyl glutaryl–
CoA reductase inhibitors (64%), angiotensin converting en-
zyme inhibitors/angiotensin receptor blocking drugs (100%),
and diuretics (55%).

Key laboratory results at baseline were: serum creatinine
0.9 � 0.6 mg/dl, UP:Cr 5.5 � 2.6, GFRe 131 � 62 ml/min/
1.73m2, serum albumin 2.3 � 1.0 g/dl, and serum glucose 84 �

26 mg/dl. At 16 wk, serum creatinine was 1.2 � 0.7 mg/dl,
UP:Cr 7.2 � 4.5, GFRe 117 � 67 ml/min/1.73m2, serum albu-
min 2.2 � 1.0 g/dl, and serum glucose 76 � 11 mg/dl (Figure
1, a through d). None of these changes were significant. Among
the ten patients who completed the treatment period, two had
at least a 40% reduction in proteinuria.

Safety
Adverse events were generally mild (Table 2). Six patients

contributed a total of 12 events, with three events (hives, penile
swelling, dizziness) deemed possibly related to rosiglitazone

therapy. The child who experienced hives discontinued rosigli-
tazone after 6 wk and was withdrawn from the study after 8
wk. Other adverse effects that were not coded as drug-related
included muscle cramps, headaches, diarrhea, gastroenteritis,
cellulitis, transient acute renal failure with hyperkalemia, and a
viral illness.

No changes in weight, blood pressure, glucose concentration
(Figure 1d), liver function tests, or hematocrit were docu-
mented (Table 3). In particular, plasma glucose concentration
and body weight demonstrated 8 � 25 mg/dl reduction and
3.3 � 4.1 kg increase, respectively, after 16 wk of therapy. One
patient had a rise in serum glucose concentration but the base-
line and final levels were less than 126 mg/dl. Four patients
experienced �10% increase in weight, of whom one had a
concomitant decline in hematocrit. Patients who achieved a
dose normalized AUC that was similar to healthy subjects
exhibited a reduction in blood glucose of 38 � 21 mg/dl and an
increase in body weight of 5.6 � 4.2 kg, whereas patients who
obtained a lower AUC showed an increase of blood glucose of
1 � 21 mg/dl and weight of 3.1 � 4.4 kg.

Tolerability
Patient tolerance of rosiglitazone was assessed by the TSQM,

which provides data in four domains (maximal score of 100 in
each category). The mean scores were: effectiveness 65, side
effects 97, convenience 76, and global satisfaction 65. These data
show acceptable tolerability of rosiglitazone in patients with
FSGS.

PK Findings
PK data were available for ten patients at each evaluation

(i.e., initial dose and steady state). The initial dose sample set

Table 1. Patient baseline demographics

ID Age (yr) Pubertal
Statusa Genderb Racec Weight (kg) Height (cm)

UP/Cd

ratio
(mg/mg)

Creatinine
(mg/dl)

eGFRd

(ml/min/1.73m2)

001 20 Post M A 54 163 4.3 1.4 71
002 16 Pre M H 52 144 4.5 0.4 167
003 17 Post F A 48 160 8.1 0.5 176
004 16 Post M A 94 172 6.3 0.9 133
005 18 Post M W 67 172 4.6 1.1 110
006 4 Pre M W 15 97 9.2 0.2 265
007 9 Pre M W 28 127 2.0 0.7 100
008 16 Post F W 55 167 4.2 0.6 153
009 10 Pre F A 32 134 6.9 0.5 147
010 15 Pre M M 54 149 8.7 2.0 52
011 28 Post M A 123 193 1.4 2.1 63
Mean

� SD
15.4 � 6.2 Post:

54%
M: 72%
F: 27%

A: 45%
W: 36%

56.5 � 30.3 152.5 � 26.4 5.5 � 2.6 0.9 � 0.6 131 � 62

Pre:
45%

H: 9%
M: 9%

aPubertal status: Pre � prepubertal, Post � postpubertal.
bGender: M � Male, F � Female.
cRace: W � Caucasian–non-Hispanic, A � African-American, M � multiracial, H � Hispanic.
dUP/C, urine protein/creatinine ratio; eGFR, estimated GFR.
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was incomplete in one patient and the steady-state PK study
was not performed in the child withdrawn because of a possi-
ble allergic reaction.

The rosiglitazone dose at the initial PK evaluation was 2.6 �

0.8 mg and the steady-state daily dose was 5.4 � 1.2 mg. A
concentration versus time profile for single-dose rosiglitazone
and N-desmethylrosiglitazone is presented in Figure 2.

The main rosiglitazone PK parameters for the patients with
FSGS and published data from healthy, normal individuals and
patients with stage 2 and stage 4/5 chronic kidney disease
(CKD) (15) are provided in Table 4. To eliminate differences
secondary to body weight and rosiglitazone dose, the AUC0 to �

data for the FONT patients was adjusted to 70 kg body weight
and a rosiglitazone dose of 2 mg. Cl/F values in the FSGS
patients were also adjusted by a scaling method to 70 kg that
used a power of 0.75 to eliminate differences secondary to body
size (14). The published results for Cl/F and AUC0 to � values
could not be adjusted to a 70 kg weight without access to the
raw data. However, mean weight in the report by Chapelsky

et al. (15) was approximately 75 kg, similar to the normaliza-
tion weight used in this study. Initial dose and steady-state
PK parameters from the FONT patients were compared and
were found to be similar. The single dose PK parameters
Tmax, Cmax (dose-corrected) and Vz/F in the FSGS group
were comparable to data for healthy controls and all stages
of CKD. Review of the T1⁄2 results demonstrated that one
patient was an outlier with a T1⁄2 of 11 h and this contributed
to a mean of 3.4 � 2.8 h. When this value was removed, the
T1⁄2 was 2.6 � 0.7 h, compared with 4.1 h reported by others
(15).

Differences between the four groups were noted for single
dose AUC0 to � and Cl/F. Cl/F was enhanced in the FSGS
patients, with resultant and predictable decreases in AUC0 to �

compared with healthy subjects and stage 2 CKD patients.
Direct statistical comparison was done between the FSGS pa-
tients and those with stage 2 CKD because they had compara-
ble lower limit values of GFR. The Cl/F was increased approx-
imately threefold (P � 0.05), whereas AUC0 to � in FSGS

Figure 1. Graphic illustration of the baseline and 16-wk values for each specific laboratory test. Each data point represents an
individual patient who participated in the Novel Therapies for Resistant Focal Segmental Glomerulosclerosis (FSGS) (FONT)
study. The mean � SD values at baseline and 16 wk, respectively, for each figure are: (a) GFR 131 � 62 and 117 � 67
ml/min/1.7m2; (b) urinary protein:creatinine ratio (UP:Cr) 5.5 � 2.6 and 7.2 � 4.5, based on the ten patients who completed the
16-wk treatment period; (c) albumin 2.3 � 1.0 and 2.2 � 1.1 g/dl); and (d) glucose 84 � 26 and 76 � 11 mg/dl.
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Table 2. Adverse eventsa

Patient
ID Gender Adverse Event Level of

Severity
Possibility of
Being Caused

by Drug

History of
Similar
Event

Action Taken Resolution
Cause of

Study
Exit?

002 Male Muscle cramps Mild Unlikely No None Spontaneously
resolved, drug
not stopped

N

Headache Mild Unlikely Yes None Spontaneously
resolved, drug
not stopped,
reappears

N

Diarrhea Mild Unlikely Yes None Spontaneously
resolved, drug
not stopped

N

Diarrhea Mild Unlikely Yes None Spontaneously
resolved, drug
not stopped

N

Gastroenteritis Moderate No Yes Study drug
stopped for
4 wk.

Resolved with
ceftriaxone and
hydrocortisone,
drug resumed

N

Cellulitis–leg Moderate Unlikely No Rosiglitazone
held until
antibiotic
stopped.

Resolved with
antibiotics

N

004 Male Muscle cramps Mild No Unknown None Spontaneously
resolved, drug
not stopped

N

005 Male Dizziness Mild Possibly Yes None Spontaneously
resolved

N

006 Male Penile swelling Mild Possibly No Study drug held Resolved
spontaneously.
Held drug for
3 days

N

Hives Mild Possibly No Study drug
stopped at
6 wk

Hives resolved
with benadryl,
drug not
resumed

Y

010 Male ARF high-K
med,
noncompliantb

Severe No Yes Psych evaluation
for med
noncompliance

Resumed meds.
Psych
evaluation.
Creatinine
before event:
1.8, creatinine
after event: 1.6

N

011 Male Viral illness Moderate Unlikely Yes Rosiglitazone
and lisinopril
held until
vomiting
subsided

Resolved in 48 h N

aFive patients—001, 003, 007, 008, and 009—did not have adverse effects.
bARF, acute renal failure.
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patients was approximately 50% lower (P � 0.01). The data
from patients with stages 4/5 CKD indicate that the alterations
in rosiglitazone PK in the FSGS patients were not a conse-
quence of a low GFR per se.

In a preliminary attempt to evaluate AUC in relationship to
clinical response in the FONT patient cohort, the group was
divided into those with a “therapeutic” AUC (500 to 900 ng�h/
ml), defined as the expected AUC values in normal patients,
versus those who had AUC values less than a therapeutic AUC.
Patients in the therapeutic range had changes in GFR (23 � 25
ml/min/1.73 m2) and UP:Cr (�0.035 � 0.33) that were favor-
able, whereas those with lower AUC values had less favorable
changes in clinical parameters (GFR �36 � 56 ml/min/1.73m2

and UP:Cr 2.2 � 4.1). Toxicity was not enhanced in the thera-
peutic group, suggesting that increased unbound concentra-
tions were not present; however, this was not directly evalu-
ated.

N-desmethylrosiglitazone is the primary metabolite of ros-
iglitazone and has 1/100th the potency of the parent drug (16).
Whereas rosiglitazone is not appreciably eliminated in the
urine as unchanged drug, N-desmethylrosiglitazone is elimi-
nated mainly in the urine (64%) (9) by an unspecified mecha-
nism (filtration versus tubular secretion). Cmax (dose-adjusted)
of 63.4 � 41 ng/ml was reached at 2.3 � 1.3 h. The AUC0 to 12

at steady state was 443 � 300 ng � h/ml. The plasma AUC ratio
of N-desmethylrosiglitazone to rosiglitazone was 1.5 � 0.3 in
the FONT patients. This suggests a greater contribution of the
metabolite to systemic concentrations secondary to increased
access of rosiglitazone to metabolism and enhanced Cl/F. All
subjects had ratios of between 1.2 and 1.7 except for two sub-
jects (002 and 004) who exhibited ratios of approximately 1.0.

Correlations between Clinical Variables and PK Parameters
Each clinical variable of interest (UP:Cr, GFR, albumin, glu-

cose, age, and BSA) was plotted against the key PK variables
(Cl/F, AUC, MRT, and Vz/F) and assessed by univariate anal-
ysis to evaluate the likelihood of predicting PK responses. In
developing a multiple regression model, the main focus was onT
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Figure 2. A representative single-dose plasma concentration
versus time curve for rosiglitazone and N-desmethylrosiglita-
zone.
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AUC because it reflects overall exposure to rosiglitazone and is
related inversely to Cl/F. Because dose linearity has been es-
tablished between 1.0 and 1000 ng/ml, if attainment of AUCs
that have been reported for non-nephrotic patients is the goal
for FSGS patients, a proportional dosage adjustment would be
reasonable as long as the concentrations were maintained
within the linear range. As shown in Table 4, non-nephrotic
patients who were dose normalized to receive a 2 mg dose of
rosiglitazone demonstrated AUC0 to � values in the range of 500
to 1000 ng � hr/ml, whereas the FONT patients had dose-nor-
malized AUC0 to � values in the range of 120 to 500 ng � hr/ml.
Prediction of single-dose AUC0 to � and steady-state AUC0 to 12

were evaluated in the tested models. A limit of two variables
per model was permitted secondary to the small number of
subjects. Serum albumin had the most significant effect on
predicting both AUC variables and remained highly significant
in all models evaluated. GFR also was an important variable in
predicting AUC0 to � of rosiglitazone in both the single-dose
and steady-state models. UP:Cr, pubertal status, age, and BSA
did not predict either of the regression models. BSA may have
been partially accounted for by adjustments to a 2-mg dose and
a 70-kg weight. Multicolinearity was not relevant in either final
model. The final models were defined by:

single-dose AUC: AUC0 to � � 156.99 � 150.16 (albumin) �

1.14 (GFR)

R2 � 95.53%, P � 0.0001 (components of model: albumin, P �

0.0001; GFR, P � 0.0018)
steady-state AUC: log AUC0 to 12 � 2.310 � 0.2262 (albu-

min) � 0.0039 (GFR)
R2 � 73.52%, P � 0.0096 (components of model: albumin, P �

0.0034; GFR, P � 0.0188)

Discussion
In this Phase I trial, we demonstrate that rosiglitazone was

generally safe and well tolerated in patients with nephrotic
syndrome due to primary FSGS that was resistant to treatment
with steroids and other immunosuppressive agents. Because of
the inherent limitations of Phase I trials, we are reluctant to
make any unsubstantiated assertions about efficacy to reduce
proteinuria or act as a renoprotective agent. There were signif-
icant alterations in the PK of rosiglitazone, a highly protein-
bound drug, in this patient cohort. In particular, increases in
Cl/F and reductions in AUC were demonstrated compared
with healthy subjects and those with all stages of CKD (15).
Patients in the FONT study had normal renal function, except
for three who were classified as stage 2 (n � 2) and stage 3 (n �

1) CKD at the baseline evaluation. Furthermore, because ros-
iglitazone is only eliminated via the kidneys after metabolism
to N-desmethylrosiglitazone and does not undergo enterohe-
patic recycling, one would predict a minimal effect of GFR on

Table 4. Rosiglitazone pharmacokinetics (PK) parametersa

Parameter FSGS
(n � 11)

Healthy Subjects
(n � 12) (15)

CKD Stage 2
(n � 15) (15)

CKD Stage 4/5
(n � 12) (15)

Single-dose
Tmax (h) 1.8 � 0.9 2.0 (1.0 to 6.0) 2.0 (1.0 to 4.0) 2.0 (1.5 to 4.0)
Cmax (ng/ml) 112 � 88b 115 � 22b 114 � 27b 90 � 26b

Lambda (h�1) 0.26 � 0.1 NR NR NR
T1/2 (h) 2.6 � 0.7 4.1 � 1.1 4.5 � 1.9 4.1 � 1.0
MRT (h) 5.1 � 1.4 NR NR NR
AUC0 to � (ng � hr/ml) 341 � 210c,e 710 � 195b 782 � 310b 572 � 147b

Vz/F (L) 24 � 19 20 � 3 19.3 � 4.1 26 � 7
Cl/F (ml/min) 159 � 170df 51 � 17 48.0 � 16 62 � 18

Steady-state
Tmax (h) 1.1 � 0.5
Cmax (ng/ml) 100 � 58b

Lambda (h�1) 0.27 � 0.05
T1/2 (h) 2.7 � 0.9
MRT (h) 4.6 � 2.7
AUC0 to 12 (ng � hr/ml) 301 � 216ce

Vz/F (L) 31 � 31
Cl/F (ml/min) 149 � 78dg

aData shown as mean � SD. Lambda, decay constant; MRT, mean residence time; AUC, area under curve; Vz/F, apparent
volume of distribution; Cl/F, apparent volume of distribution.

bDose-corrected to 2 mg.
cDose-corrected to 2 mg and weight corrected to 70 kg.
dWeight-corrected to 70 kg.
eP � 0.01 versus healthy subjects and stage 2 CKD.
fP � 0.05 versus healthy subjects and stage 2 CKD.
gP � 0.001 versus healthy subjects and stage 2 CKD.
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rosiglitazone clearance with regular dosing. This was not the
case in the AUC regression models for single dose or steady
state. GFR was an important contributor to AUC0 to � and
AUC0 to 12. In patients with diminished GFR, decreased hepatic
metabolism secondary to CKD itself (17) or the effect of CKD on
the accumulation of endogenous substrates (18,19), may result
in an increased AUC of rosiglitazone. In subjects with both
decreased albumin and decreased GFR, the AUC lowering
effect of hypoalbuminemia may be balanced by an increased
AUC effect of a reduced GFR. Limitations in the PK studies
were lack of measurements of urinary loss of protein-bound
drug, degree of protein binding, and bioavailability.

Reduction in serum albumin was the predominant factor
responsible for altering rosiglitazone PK characteristics in re-
sistant FSGS. This suggests an effect of increasing unbound
fraction on the measured clearance of a low-extraction-ratio
drug. Univariate and multivariate assessments of the relation-
ship between serum albumin and AUC support the notion that
serum albumin is a primary variable responsible for altering
total drug exposure (AUC) after the initial single dose as well as
multiple doses of rosiglitazone. The UP:Cr was only signifi-
cantly predictive in univariate analyses. Attainment of a ther-
apeutic AUC after single dose and multiple doses was pre-
dicted by a positive relationship with serum albumin and a
negative relationship with GFR.

The two patients in the therapeutic AUC group had relatively
preserved serum albumin levels. They differed with regard to
age (28 and 9 yr) and GFR (older patient had a lower GFR at
follow-up, 61 ml/min/1.73m2 versus 141 ml/min/1.73m2 in the
child). Rosiglitazone is primarily metabolized by CYP450 2C8.
A dual amino acid modification in CYP450 2C8 (Arg139Lys and
Lys399Arg), the *3 variant, results in higher in vivo metabolic
capacity for rosiglitazone (20). One patient, who had consider-
ably lower AUC values than the other patients in the nonthera-
peutic AUC group, could be heterozygous or homozygous for
the *3 allele of CYP 450 2C8. Further studies are needed to
clarify the effects of genotype and proteinuria on the PK of
rosiglitazone in patients with glomerulopathies.

Although the cardiovascular safety of rosiglitazone is the
subject of considerable debate in adults (21,22), the drug was
well tolerated in this small, mostly pediatric (8 of 11) patient
group. No cardiovascular side effects were reported. One pa-
tient discontinued therapy secondary to a presumed allergic
reaction. Half of the adverse effects occurred in one patient who
had the lowest AUC value, suggesting that side effects are not
directly related to drug concentration. Four of the 10 patients
who completed the treatment period had at least a 10% increase
in body weight. This may complicate management of patients
with refractory nephrotic syndrome and edema. However, ad-
dition of a thiazide diuretic may alleviate rosiglitazone-induced
fluid retention and weight gain (23). The scores on the TSQM
were comparable to other marketed drugs that are used in
practice. On the basis of the safety and tolerability profile of
rosiglitazone in our cohort of resistant FSGS patients, thiazo-
lidinediones may be a viable treatment option. However, the
duration of treatment was only 16 wk. Long-term follow-up is
required to verify the overall safety of thiazolidinedione ther-

apy and the cardiovascular risk before it is introduced as an
adjunctive antifibrotic and renoprotective therapy in patients
with glomerular diseases such as FSGS.

Data from animal models of glomerulosclerosis suggest that
pioglitazone and rosiglitazone at concentrations of 1 to 10 �M
reduce expression of profibrotic molecules as well as pathologic
measures of sclerosis. (1–4) Only one patient in the FONT
study, who had the highest therapeutic AUC and favorable
changes in clinical parameters, achieved this plasma concentra-
tion. This suggests that total concentration may be more im-
portant than unbound concentration to achieve benefit in FSGS.
It is plausible that because of the profound effect of reductions
in serum albumin concentration on AUC and Cl/F, many of
our patients were underdosed. The lack of relation of AUC to
adverse effects in the FONT patients suggests that altered un-
bound concentrations are not a concern because unbound con-
centrations are readily metabolized to N-desmethylrosiglita-
zone. The increased metabolite-to-rosiglitazone ratio supports
this contention. To detect a clinical benefit of rosiglitazone in
FSGS will require pre-emptive dosage modifications (on the
basis of serum albumin and GFR) to achieve the therapeutic
AUC in longer-term evaluations powered to detect changes in
clinical parameters. On the basis of multiple regression models,
we anticipate that raising the daily rosiglitazone dose to 4
mg/m2 in Phase II/III studies will increase the AUC and ther-
apeutic efficacy without compromising patient safety or toler-
ability. Any altered dosing scheme will need to be applied with
caution and monitoring of side effects.

Steady-state AUC values that are predicted from the patient’s
serum albumin concentration and GFR could be used for dos-
age modifications on the basis of dose linearity. This may be
necessitated by changes in clinical parameters to maintain effi-
cacy and prevent adverse events. Routine use of our model will
require validation with more subjects, more diverse groups of
patients, and prospective assessment of dosing and achieved
AUC. Assessment of free drug fraction and predicted unbound
concentrations (Cmax and AUC) would provide the information
to assess the relevance of altered albumin on “pharmacologi-
cally active” drug. In light of the limited therapeutic options
available for diseases such as FSGS, assessment of the effects of
clinical features that may reduce efficacy is crucial to avoid
mislabeling novel therapies as ineffective and abandoning po-
tentially useful drugs.

Conclusions
Rosiglitazone was safe and well tolerated in children and

young adults with resistant FSGS. The drug displays an altered
PK profile—reduced AUC and increased Cl/F—compared
with healthy controls and patients with nonproteinuric CKD.
Changes in serum albumin and GFR were the main factors
accounting for the differences in rosiglitazone PK. Modified
dosing schemes for highly protein-bound drugs secondary to
reductions in serum, albumin, and nephrotic-range proteinuria,
and altered may be required when novel therapies are used in
patients with glomerular diseases such as primary FSGS.
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