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Background: Patients receiving the multikinase inhibitor sorafenib for locally recurrent or metastatic, pro-
gressive, differentiated thyroid carcinoma (DTC) refractory to radioactive iodine often receive concomitant
levothyroxine for thyrotropin (TSH) suppression. In the Phase 3 DTC trial (DECISION), sorafenib exposure
was approximately twofold higher than that observed in other cancers. This study assessed sorafenib phar-
macokinetics without and with concomitant levothyroxine to examine whether a levothyroxine interaction or
levothyroxine-induced subclinical thyrotoxicosis results in increased sorafenib exposure in patients with DTC.
Methods: This was an open-label, two-period sequential treatment study in healthy male subjects. In period 1,
day 1, subjects received a single oral dose of sorafenib 400 mg, followed by a minimal 10-day washout. In
period 2, day 1, levothyroxine 300 lg was administered orally once daily (q.d.) for 14 days. After 10 days, a
single oral concomitant dose of sorafenib 400 mg was given. Blood samples for sorafenib pharmacokinetic
analyses were obtained pre-dose and at time points up to 96 hours after sorafenib dosing. Samples for thyroid
tests were collected before and after levothyroxine dosing.
Results: Twenty-five subjects completed the study and were evaluable for pharmacokinetic analysis. Le-
vothyroxine 300 lg q.d. was well tolerated and induced subclinical thyrotoxicosis, producing full suppression of
TSH (M – SD = 0.032 – 0.027 mIU/L) and increased free thyroxine (from 0.94 – 0.09 to 1.77 – 0.33 ng/dL) and
free triiodothyronine (from 2.87 – 0.28 to 4.24 – 0.66 pg/mL) levels by day 11 of period 2. The geometric mean
(%CV) sorafenib maximum concentration (Cmax) without and with levothyroxine was 2.09 (68.1) and 1.78
(63.9) mg/L, respectively, with a corresponding geometric mean area under the curve of 68.1 (68.2) and 64.3
(66.3) mg$h/L. Median (range) time to Cmax was 4.00 (2.98–16.0) and 4.02 (1.98–36.0) hours, respectively.
Mean (%CV) half-life was 24.0 (25.3) and 25.7 (21.0) hours. All study drug-related adverse events were mild
and included headache and fatigue for sorafenib, and headache, increased alanine aminotransferase and glu-
tamate dehydrogenase, fatigue, and nervousness for levothyroxine.
Conclusions: Levothyroxine 300 lg q.d. for 14 days was well tolerated, induced subclinical thyrotoxicosis, and
did not affect sorafenib pharmacokinetics. The findings suggest that concomitant use of levothyroxine with
sorafenib is not likely responsible for the previously reported increase in sorafenib exposure in patients with
DTC. However, the possible effects of long-term levothyroxine dosing were not assessed.
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Introduction

The incidence of thyroid cancer is increasing at a
faster rate than any other cancer in the United States

(1). The number of new cases has increased over the last 10
years at a rate of approximately 5% per year (2). In 2015,
thyroid cancer accounted for approximately 4% of all new
U.S. cancer cases, making it the eighth most common
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cancer, with an estimated 62,450 new cases and 1950
deaths (2).

Histologic types of thyroid cancer include papillary (PTC;
approximately 80% of all thyroid cancers), follicular (FTC;
including conventional and oncocytic types; approximately
15%), poorly differentiated (<5%), anaplastic (1–2%) (3),
and medullary (3–4%) thyroid cancer (4). PTC and FTC are
referred to as differentiated thyroid cancers (DTCs) (5). Al-
though the majority of DTCs can be treated with surgery and
radioactive iodine (RAI) therapy, a clinically significant
proportion will ultimately develop into RAI-refractory DTC.

Sorafenib is a multikinase inhibitor that targets tumor
cell proliferation and angiogenesis through inhibition of a
number of kinases, such as vascular endothelial growth factor
receptor-1, -2, and -3; platelet-derived growth factor re-
ceptors; oncogenes rearranged during transfection (RET; in-
cluding RET/PTC rearrangements); cKIT; and RAF family
members (including BRAFV600E) (6–8). Sorafenib is indi-
cated for the treatment of locally recurrent or metastatic
progressive DTC refractory to RAI treatment (9,10). In the
pivotal Phase 3 DECISION study, sorafenib was shown to
improve progression-free survival significantly compared to
placebo in patients with locally advanced or metastatic pro-
gressive RAI-refractory DTC (11,12). Population pharma-
cokinetic analysis showed that the mean steady-state
exposure (area under the plasma concentration vs. time curve
from 0 to 12 hours) of sorafenib in patients with DTC was
approximately twofold higher when compared to patients
with nonthyroid tumors in other sorafenib trials (DTC,
95.7 mg$h/L; hepatocellular carcinoma [HCC], 48.9 mg$h/L;
and renal cell carcinoma [RCC], 41.1 mg$h/L) (13).

The underlying reason for the increased sorafenib expo-
sure is currently unknown. However, one hypothesis is that it
could potentially be related to the concomitant use of le-
vothyroxine in the DTC patient population, which is not
commonly used in the HCC or RCC populations. Levothy-
roxine is a synthetic thyroid hormone that suppresses thyro-
tropin (TSH) when administered at supraphysiologic doses
(10,14), and TSH suppression is recommended in patients
who have aggressive tumors to prevent the growth of thyroid
follicular epithelial cells (10,14). Levothyroxine was ad-
ministered to patients with DTC in the DECISION study, but
only to a small proportion of patients in the nonthyroid cancer
clinical studies.

Levothyroxine has a wide drug–drug interaction spectrum,
including inhibition of cytochrome P450 (CYP) 3A4 and
UGT enzymes (UDP-glucuronosyltransferases), and it has
been reported to increase the exposure of numerous drugs,
including other tyrosine kinase inhibitors (15). Potential ev-
idence of the effect of levothyroxine on CYP3A enzyme or
UGT transporter activities in humans was demonstrated by
Zhao et al. (16). Levothyroxine was shown to inhibit UGT1A1-
catalyzed 4-MU glucuronidation strongly in a dose-dependent
manner, most likely by competitive inhibition. In addition,
pharmacokinetic data reported by Takahashi et al. suggested
that the thyroid hormone triiodothyronine (T3) co-administered
with midazolam, a CYP3A substrate, significantly inhibited
CYP3A enzyme activity and altered midazolam metabolism
(17). Because sorafenib is metabolized by CYP3A4, this
seemed like a plausible mechanism for a potential interaction,
although a study in healthy volunteers failed to show any effect
of co-administration of the strong CYP3A4 inhibitor ketoco-

nazole on sorafenib pharmacokinetics (18). An alternate hy-
pothesis was that the levothyroxine-induced thyrotoxicosis
may influence sorafenib exposure.

The current study was conducted to determine whether
levothyroxine is responsible for the increase in sorafenib
exposure in patients with DTC by evaluating any potential
pharmacokinetic and pharmacodynamic drug–drug interac-
tions between sorafenib and levothyroxine in healthy male
subjects. The study was conducted in healthy volunteers
because a patient study would have required withholding of
clinically indicated levothyroxine treatment after surgical
resection.

Materials and Methods

Subjects

Subjects included in the study were healthy men aged 18–
45 years with a body mass index (BMI) of 18.5–30.0 kg/m2,
body weight ‡65 kg, and normal thyroid function, as indi-
cated by thyroid examination, including total and free T3,
total and free thyroxine (T4), TSH, anti-TSH receptor anti-
body, antithyroperoxidase antibody, antithyroglobulin anti-
body, and thyroid ultrasound.

Subjects were excluded who had a history of clinically
significant metabolic, renal, hepatic, or central nervous sys-
tem disorders, such as seizure, psychosis, and sleep disorders;
a history of cardiovascular diseases, such as arrhythmia,
hypertension, and ischemia; known or suspected cardiovas-
cular disease, such as potential risk of atrioventricular block
and arrhythmia; a history of ongoing thyroid disease; or if
they had received iodine-containing contrast medium within
two months before first study drug administration (9).

Study design

This was an open-label, nonrandomized, sequential-
treatment, Phase 1 study (NCT02332031). Subjects were
screened within 28 days before administration of the first
study drug. The study was performed in two sequential
periods. A schematic of the study design is illustrated in
Figure 1. In period 1, subjects received a single oral dose of
sorafenib 400 mg on day 1. In period 2, levothyroxine
300 lg was administered orally once daily (q.d.) on days
1–14. A second single oral dose of sorafenib 400 mg was
co-administered with levothyroxine 300 lg on day 11 of
period 2 after a washout period of ‡17 days.

The protocol was reviewed and approved by the Ethik-
kommission des Landes Berlin (Ethics Committee of the
State of Berlin) before the start of the study, and the study was
conducted in accordance with the ethical principles of the
Declaration of Helsinki and the International Conference on
Harmonization guideline E6: Good Clinical Practice. All
subjects provided written informed consent.

Outcomes and assessments

The primary objective of the study was to assess the effect
of concomitant administration of levothyroxine on the
pharmacokinetics of sorafenib. The secondary objective was
to assess the safety of sorafenib administered without and
with levothyroxine.
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Pharmacodynamic analysis

Blood samples for determination of TSH and total and free
T3 and T4 were obtained at the following time points: at
screening, before sorafenib dosing in period 1, and after le-
vothyroxine dosing in period 2 (Fig. 1).

Pharmacokinetic analysis

Blood samples for pharmacokinetic analysis of sorafenib
and its metabolite M-2 were collected at pre-dose and 1, 2, 3,
4, 6, 8, 12, 16, 24, 36, 48, 72, and 96 hours after adminis-
tration of sorafenib in periods 1 and 2. All pharmacokinetic
parameters were calculated by the noncompartmental ap-
proach using the pharmacokinetic software WinNonlin� v5.3
(Certara, Princeton, NJ) in conjunction with the Automation
Extension (WinAE v2.90; Bayer Pharma AG, Berlin, Ger-
many). The main pharmacokinetic parameter calculated in
this study was area under the plasma concentration versus
time curve (AUC) from time 0 to infinity (AUC0–inf) after a
single dose of sorafenib. Additionally, the following phar-
macokinetic parameters were calculated for sorafenib: AUC
from time 0 to the last data point greater than the lower limit
of quantification (LLOQ; AUC0–tlast), maximum observed
drug concentration in plasma after a single dose administra-
tion (Cmax), half-life associated with the terminal slope (t½),
time to reach Cmax (tmax), and AUC from time 0 to 96 hours
(AUC0–96). For sorafenib metabolite M-2, the following
pharmacokinetic parameters were calculated: Cmax, AUC0–tlast,
AUC0-inf, tmax, and t½.

Sorafenib and its metabolite M-2 were analyzed using
reverse-phase liquid chromatography followed by tandem
mass spectrometric detection. The method validation and
analysis of the study samples were performed in compliance
with the U.S. Food and Drug Administration Guidance on
Bioanalytical Method Validation (2001) (19) and the Euro-
pean Medicines Agency Guideline on Bioanalytical Method
Validation (2011) (20).

The calibration range for sorafenib was from 10.19
(LLOQ) to 10,386.08 lg/L (upper limit of quantification
[ULOQ]). Mean inter-assay accuracy of back-calculated
concentrations (except LLOQ) in calibrators ranged between
98.1% and 101.8%, and precision was £9.0%. Accuracy
and precision at the lowest calibrator (LLOQ) were equal
to 100.3% and 8.7%, respectively. Quality control samples
in the concentration range from 30 to 7219 lg/L were

determined with an accuracy of 96.2–100.1% and a precision
of 5.4–9.2%.

The calibration range for metabolite M-2 was from 10.19
(LLOQ) to 2596.08 lg/L (ULOQ). Mean inter-assay accu-
racy of back-calculated concentrations (except LLOQ) in
calibrators ranged between 98.1% and 104.7%, and precision
was £6.6%. Accuracy and precision at the lowest calibrator
(LLOQ) were equal to 99.9% and 7.9%, respectively. Quality
control samples in the concentration range 30–1991 lg/L
were determined with an accuracy of 100.2–102.2% and a
precision of 4.1–6.4%.

Safety analysis

Safety assessments included adverse events (AEs), clinical
laboratory tests (clinical chemistry, hematology, clotting
status, thyroid tests, virology, alcohol breath test, and uri-
nalysis), physical examination, 12-lead electrocardiogram,
and measurement of vital signs.

The incidence of treatment-emergent AEs (TEAEs) and
drug-related AEs were summarized by treatment using the
Medical Dictionary for Regulatory Activities (MedDRA)
terms. AEs were considered to be treatment emergent if they
had started or worsened after the first application of the study
medication and for up to 30 days after the end of treatment
with the study medication.

Statistical analyses

The safety set was defined as all subjects who received at
least one dose of either study medication (sorafenib or le-
vothyroxine). The pharmacokinetic analysis set (used for
evaluation of the effect of levothyroxine on the pharmaco-
kinetics of sorafenib) was defined as subjects with valid
pharmacokinetic profiles of sorafenib in both period 1 (sor-
afenib alone) and period 2 (sorafenib plus levothyroxine).
The pharmacodynamic population was defined as all subjects
with valid baseline and at least one valid post baseline thyroid
function data point (TSH and total and free T3 and T4).
Approximately 25 eligible subjects were planned to enter
treatment, with the expectation of approximately 20 evalu-
able subjects.

Statistical evaluation was performed using the software
package SAS v9.2 (SAS Institute, Inc., Cary, NC). Quanti-
tative pharmacodynamic and laboratory safety data were
described by summary statistics (arithmetic mean, SD,

D1S D2 D3 D4 D5 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15

Period 1

Sorafenib (400 mg)Sorafenib (400 mg)

T4, T3, and TSH Tests

Sorafenib
Sample Collection

Sorafenib
Sample Collection

Safety
Follow-up

Period 2

Levothyroxine Treatment
(300 µg x 14 days)

FIG. 1. Study design. S, screening; D, day; T3, triiodothyronine; T4, thyroxine; TSH, thyrotropin.
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median, minimum, and maximum). Summary statistics were
provided for both the original data and the change versus
baseline whenever appropriate. For pharmacodynamic vari-
ables, the baseline of pharmacodynamic parameters was de-
fined as the last pre-dose measurements performed before the
first administration of sorafenib in period 2. Qualitative data,
such as AE data, were summarized by frequency.

The plasma concentration versus time profiles of sorafenib
and M-2 were summarized separately by treatment. The
geometric mean and coefficient of variation were calculated
for the concentrations at each of the sampling time points.
Means at any time were calculated only if at least two-thirds
of the individual data were measured and were above the
LLOQ. For the calculation of the mean value, a data point
below the LLOQ was substituted by one half of this limit.

Pharmacokinetic parameters (tmax and tlast excluded) and
metabolite ratios were summarized by treatment using the
aforementioned statistics. tmax was described using mini-
mum, maximum, and median as well as frequency counts.
The pharmacokinetic parameters related to AUC0-inf and
Cmax of sorafenib and M-2 were analyzed assuming log-
normally distributed data using analysis of variance (ANOVA)
with treatment as a fixed effect and subject as a random
effect. Point estimates (least squares [LS] means), 90%
confidence intervals (CIs), and 95% prediction intervals for
the ratio sorafenib plus levothyroxine (period 2)/sorafenib
alone (period 1) were calculated on a logarithmic scale us-
ing the intra-individual standard deviation of the ANOVA
and transformed back to original scale. Standard safety and
clinical laboratory tests were summarized using MedDRA
terms.

Results

Subject disposition and characteristics

Overall, 51 subjects were enrolled in the study and un-
derwent screening at a single site in Germany. Twenty-two
subjects did not fulfill inclusion/exclusion criteria, and four
subjects withdrew from the study by consent before initiation
of treatment. Thus, 25 subjects entered treatment and com-
pleted the study. Of those, one subject did not receive the last
dose of levothyroxine but provided all pharmacokinetic
samples and completed all visits. All 25 subjects who re-
ceived study medication were evaluable for safety, pharma-
codynamic, and pharmacokinetic analysis sets.

All 25 male subjects were white, with a mean (range) age
of 37.3 (26–45) years, mean (SD) weight of 84.9 (11.7) kg,
height of 182 (7.51) cm, and BMI of 25.5 (2.51) kg/m2. All
subjects had normal thyroid function at baseline and were
negative for hepatitis B surface antigen, hepatitis C virus
antibodies, and HIV-1 and -2 antibodies.

Pharmacodynamic analysis

Thyroid tests confirmed that T4, T3, and TSH levels were
within reference ranges for all 25 subjects at screening,
through period 1, and before levothyroxine administration on
day 1 of period 2 (Fig. 2).

Following the daily administration of levothyroxine
300 lg, free T4 and T3 levels gradually increased, whereas
total T4 and T3 had a tendency to increase but remained
within the reference ranges, although distributed around the

upper normal limits (Fig. 2A and B). Arithmetic mean (SD)
values of free T3 and T4 were 4.24 (0.66) pg/mL and 1.77
(0.33) ng/dL, respectively, by day 11 of period 2 (i.e., after
10 days of levothyroxine 300 lg administration). Free T3 and
T4 reached peak values by day 15 of period 2, with an
arithmetic mean (SD) of 4.83 (1.04) pg/mL and 1.91 (0.30)
ng/dL, respectively. Free T3 and T4 levels returned to normal
levels for all 25 subjects when assessed at the follow-up visit
(Fig. 2A and B).

Corresponding to the increase in free T4 and T3, oral doses
of levothyroxine 300 lg q.d. for 14 days successfully induced
subclinical thyrotoxicosis, resulting in a steady decrease in
TSH (Fig. 2C). By day 11 of period 2, the day when sorafenib
was co-administered with levothyroxine, the mean (SD) TSH
level had attained full suppression of 0.032 (0.027) mIU/L
(about 0.09-fold the lower limit of normal), with the lowest
mean (SD) level observed on the last day of levothyroxine
dosing (0.020 [0.013] mIU/L). After the last dose of le-
vothyroxine was given, all TSH values returned to normal
levels when assessed at the safety follow-up visit (Fig. 2C).

Although levothyroxine treatment induced subclinical
biochemical thyrotoxicosis, no clinically relevant signs of
hyperthyroidism, such as alterations in heart rate and blood
pressure, were observed. Mean (SD) changes from baseline in
heart rate in period 2 ranged from -5.8 (10.8) bpm to 5.5
(10.0) bpm. Mean (SD) changes from baseline in systolic
blood pressure and diastolic blood pressure ranged from
-5.0 (9.4) mmHg to 0.5 (9.0) mmHg and -1.6 (7.6) mmHg
to 2.4 (6.2) mmHg, respectively. No clinically signifi-
cant changes were observed before or after administration
of levothyroxine, regardless of free T4 and T3 levels on
respective days.

Pharmacokinetic analysis

Pharmacokinetic parameters are summarized by treatment
for sorafenib in Table 1 and Figure 3 and for metabolite M-2
in Table 2 and Figure 4. The pharmacokinetic parameters of
sorafenib and its major metabolite M-2 (generated by
CYP3A4) were unaffected by co-administration of le-
vothyroxine. Sorafenib pharmacokinetic profiles exhibited
multiple peaks (consistent with the known pharmacokinetic
profile relevant to enterohepatic circulation of sorafenib), and
in some subjects, the second peak was higher than the first
peak, resulting in high interindividual variability of tmax.
Similarly, the plasma concentration versus time profiles of
metabolite M-2 also exhibited multiple peaks.

A pairwise comparison of the individual values for sor-
afenib AUC0–tlast following administration of sorafenib alone
versus sorafenib plus levothyroxine demonstrated that for the
majority of subjects, exposure was slightly lower when le-
vothyroxine and sorafenib were co-administered (period 2)
compared to sorafenib alone (period 1). The maximum de-
crease in exposure observed for an individual subject was
approximately 50%. Although a few subjects showed an in-
crease in sorafenib exposure in period 2, no subject was
considered to be an outlier because all measured exposures
were consistent with historic data for a sorafenib 400 mg
single dose in healthy volunteers (data on file; Bayer
HealthCare Pharmaceuticals) (21).

Similarly, a pairwise comparison of the individual values
for AUC0–tlast of metabolite M-2 for sorafenib alone
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versus co-administration of levothyroxine with sorafenib
demonstrated that a majority of subjects had slightly lower
metabolite M-2 exposure when sorafenib was co-
administered with levothyroxine. A few subjects also had
increased metabolite M-2 exposure in period 2, with maxi-
mum effects similar to those observed for sorafenib alone.

For selected pharmacokinetic parameters, point estimates
(LS means) and 90% CIs for the ratio of sorafenib plus le-

vothyroxine (period 2) to sorafenib alone (period 1) were
calculated to evaluate the effect of hyperthyroidism and le-
vothyroxine co-administration on the pharmacokinetics of
sorafenib (Table 3). Point estimates for AUC0–inf, AUC0–tlast,
AUC0–96, and Cmax of sorafenib ratios comparing period 2
(sorafenib plus levothyroxine) to period 1 (sorafenib alone)
were between 0.85 and 0.94. Respective point estimates for
AUC0–inf, AUC0–tlast, and Cmax of metabolite M-2 ratios were

Table 1. Pharmacokinetic Parameters of Sorafenib in Plasma Following Single Oral Administration

of 400 mg of Sorafenib Alone (Day 1) and with 300 lg of Levothyroxine (Day 11)

Meangeo/CV% (range)

Parameter Sorafenib (n = 25) Sorafenib + levothyroxine (n = 25)

AUC0–inf, mg$h/L 68.1/68.2 (19.3–239) 64.3/66.3 (19.6–295)
AUC0–tlast, mg$h/L 62.8/68.3 (17.6–228) 58.5/67.1 (16.8–261)
AUC0–96, mg$h/L 62.8/68.3 (17.6–227) 58.5/67.1 (16.8–262)
Cmax, mg/L 2.09/68.1 (0.568–6.99) 1.78/63.9 (0.589–6.04)
tmax, ha 4.00 (2.98–16.0) 4.02 (1.98–36.0)
t½, h 24.0/25.3 (16.2–43.2) 25.7/21.0 (17.6–43.0)

aMedian (range).
AUC0–inf, area under the concentration versus time curve from time zero to infinity after single (first) dose; AUC0–96, area under the

plasma concentration versus time curve from time 0 to 96 hours; AUC0–tlast, AUC from time 0 to the last data point greater than the lower
limit of quantification; Cmax, maximum observed drug concentration in measured matrix after single dose administration; CV, coefficient of
variation; meangeo, geometric mean; t½, half-life associated with the terminal slope; tmax, time to reach Cmax.
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between 0.82 and 0.85. The 90% CIs for the ratios of all
parameters of sorafenib and metabolite M-2 included unity,
indicating that exposure and Cmax of sorafenib and its me-
tabolite M-2 were not influenced by the multiple-dosing
regimen of levothyroxine. Consequently, these results dem-
onstrate the absence of a significant effect of levothyroxine
on the pharmacokinetics and exposure of sorafenib or its
metabolite M-2.

Safety

A single oral dose of sorafenib 400 mg administered alone
or in combination with levothyroxine 300 lg was generally
well tolerated. Overall, 96.0% (n = 24) of subjects (period 1,
52% [n = 13]; period 2, 88% [n = 22]) who had received
treatment experienced ‡1 TEAE. The most frequently re-
ported TEAEs were headache (48%: one subject in period 1

Table 2. Pharmacokinetic Parameters of Metabolite M-2 in Plasma Following Single Oral

Administration of 400 mg of Sorafenib Alone (Day 1) and with 300 mg of Levothyroxine (Day 11)

Meangeo/CV% (range)

Parameter Sorafenib (n = 25) Sorafenib + levothyroxine (n = 25)

AUC0–inf, mg$h/L 16.3/69.3 (4.10–55.4)a 12.8/87.2 (4.31–84.3)b

AUC0–tlast, mg$h/L 11.2/127 (1.23–52.2) 9.47/137 (6.76–74.7)
Cmax, mg/L 0.427/111 (0.0491–1.49) 0.348/110 (0.0556–1.75)
tmax, hc 4.00 (2.98–16.0) 4.00 (1.98–16.0)
t½, h 25.5/29.3 (14.2–43.0)a 25.6/21.7 (16.6–40.9)b

In case of two identical Cmax values, the first tmax was used.
an = 22 for sorafenib.
bn = 23 for sorafenib + levothyroxine.
cMedian (range).
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and 12 subjects in period 2), fatigue (32.0%: three subjects
and six subjects, respectively), and increased blood creatine
kinase (24%: three subjects and four subjects, respectively).
Most AEs were mild (88.0%; n = 22) or moderate (24.0%;
n = 5) in intensity. No TEAEs were considered to be severe.

Sorafenib-related TEAEs were reported in 28% (n = 7) of
subjects in period 1 and in 40% (n = 10) of subjects in period 2
(56% overall for periods 1 and 2; n = 14). Levothyroxine-
related TEAEs were experienced by 72.0% (n = 18) of sub-
jects in period 2; subjects were not exposed to levothyroxine
in period 1. There were no deaths, serious AEs, or discon-
tinuations due to AEs in subjects treated with sorafenib
and/or levothyroxine.

The most commonly reported sorafenib-related TEAEs
were headache (28%), fatigue (16%), and increased amy-
lase (8%) and lipase (8%). The most commonly reported
levothyroxine-related TEAEs were headache (32%), increased
alanine aminotransferase (ALT; 16%), fatigue (12%), in-
creased glutamate dehydrogenase (GLDH; 12%), and ner-
vousness (12%).

No clinically significant changes in laboratory values due
to treatment were observed. Laboratory values that were
more than twice the upper limit of normal included C-
reactive protein (n = 2), aspartate aminotransferase (n = 1),
ALT (n = 2), GLDH (n = 3), creatine phosphokinase (n = 6),
and triglycerides (n = 1). However, these elevations were not
considered to be of medical concern. Sorafenib, levothyr-
oxine, and the co-administration of both agents did not in-
fluence the overall pattern of vital signs, including heart rate
and blood pressure, over time. There were no clinically sig-
nificant changes in electrocardiogram parameters due to
study medications.

Discussion

This study investigated the effect of levothyroxine-
induced subclinical thyrotoxicosis on the pharmacokinetics
of sorafenib. In healthy male subjects with normal thyroid
function, levothyroxine 300 lg q.d. for 14 days successfully
induced subclinical thyrotoxicosis, as indicated by full sup-
pression of TSH and an accompanying elevation in free T3
and T4 levels, albeit total T3 and T4 still within the reference
range. A trend toward increasing levels of T3 and T4 over
time was observed, corresponding with levothyroxine daily
dosing. A full normalization was achieved after stopping
levothyroxine. Importantly, co-administration of levothyr-
oxine with sorafenib had no influence on the pharmacoki-

netics of sorafenib and its metabolite M-2. In addition, no
new safety concerns emerged; sorafenib administered with-
out and with levothyroxine was generally well tolerated.

The current analysis was conducted to explore the possible
mechanism for the increased sorafenib exposure in patients
with DTC compared to HCC and RCC (13). The majority of
patients in the pivotal Phase 3 DTC study had received le-
vothyroxine, whereas only a few patients in the prior HCC or
RCC studies had been co-administered this agent. Thus, it
was hypothesized that levothyroxine’s known wide drug in-
teraction spectrum, CYP3A4 inhibition, and capacity to in-
crease the exposure of numerous drugs, including some
tyrosine kinase inhibitors (15), might be responsible for the
increased sorafenib exposure observed in the DTC study. The
present results demonstrate that neither the levothyroxine-
induced subclinical thyrotoxicosis nor drug–drug interaction
when levothyroxine was given concomitantly with sorafenib
significantly affected the pharmacokinetic profile of sor-
afenib, including sorafenib exposure. Thus, it is unlikely that
there will be drug–drug interaction concerns in the clinic when
sorafenib is administered concomitantly to levothyroxine-
treated DTC patients.

The reason for increased sorafenib exposure in patients
with DTC is currently unknown. It is unlikely that decreased
sorafenib metabolism by CYP3A4 would result in increased
exposure because metabolite M-2 levels have been shown to
remain high in DTC patients in DECISION, nor does there
seem to be a relationship between free/total T3 and T4 levels
and sorafenib/M-2 levels in DECISION (data on file; Bayer
HealthCare Pharmaceuticals). Similarly, a potential inhibi-
tory effect of T3/T4 on UGT1A9 glucuronidation of sor-
afenib is not supported by previous in vitro study data (data
on file; Bayer HealthCare Pharmaceuticals). Although un-
identified factors may contribute to the observed increase in
sorafenib exposure in DECISION, the apparent increase might
be simply a consequence of the high inter-subject pharmaco-
kinetic variability inherent to sorafenib. Importantly, although
the mechanism of action for the increase in sorafenib expo-
sure in the DTC study still requires elucidation, Bastholt et al.
have shown that there is no clinically relevant correlation
between sorafenib exposure (AUC0–inf) and the incidence or
severity of AEs (13). Consequently, the increased sorafenib
exposure observed in the DTC population may not be clini-
cally meaningful.

The safety results in the current study showed that the high
dose of levothyroxine (300 lg) was well tolerated in healthy
subjects for 14 days of treatment. The majority of AEs were

Table 3. Point Estimates, 90% CIs, and 95% Prediction Intervals of the Ratio

of Sorafenib Plus Levothyroxine (Period 2)/Sorafenib Alone (Period 1)

for Selected Pharmacokinetic Parameters of Sorafenib and Metabolite M-2

Sorafenib (n = 25) Metabolite M-2 (n = 25)

LS mean of ratio (90% CI) 95% Prediction interval LS mean of ratio (90% CI) 95% Prediction interval

AUC0–inf 0.9435 (0.7869–1.1313) 0.3090–2.8811 0.8210 (0.6123–1.1008) 0.1500–4.4928a

AUC0–tlast 0.9317 (0.7733–1.1224) 0.2963–2.9292 0.8462 (0.6387–1.1212) 0.1499–4.7772
AUC0–96 0.9325 (0.7740–1.1234) 0.2966–2.9322 NA NA
Cmax 0.8529 (0.7076–1.0281) 0.2703–2.6915 0.8151 (0.6270–1.0596) 0.1624–4.0922

an = 22.
LS, least squares; NA, not applicable.
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mild in intensity, with headache being the most common
drug-related AE for both agents. No serious AEs were re-
ported, and no subject discontinued treatment because of an
AE. There were no clinically relevant changes in electro-
cardiograms, blood pressure readings, or heart rate after
14 days of 300 lg q.d. levothyroxine treatment. Clinical
laboratory assessments also showed no relevant changes of
clinical significance associated with the regimen.

There are several limitations to the current study. One
limitation is the relatively short duration of exposure to le-
vothyroxine compared to the treatment duration typically
experienced by patients with DTC. Thus, the possibility of a
cumulative effect associated with longer exposure times to
levothyroxine in patients with DTC in combination with
long-term sorafenib dosing cannot be eliminated. Although
published data support the safety of dosing healthy subjects
with a high dose of levothyroxine for up to 14 days to achieve
thyrotoxic levels (22), more prolonged dosing of healthy
volunteers was not considered feasible. Furthermore, this
study was not designed to investigate potential effects of
sorafenib on levothyroxine pharmacokinetics, as our specific
concern focused on the apparent alteration of sorafenib
pharmacokinetics in the DECISION trial. Thus, the study
only included single-dose pharmacokinetic evaluation of
sorafenib because it was not justified to expose healthy
subjects to multiple doses of sorafenib. Nevertheless, since
multiple-dose pharmacokinetics of sorafenib and its metab-
olites are consistent with single-dose results, the drug inter-
action effects of levothyroxine on single-dose sorafenib can
be extrapolated to the multiple-dose situation. However,
single-dose levothyroxine pharmacokinetics without sor-
afenib were not measured in this study, so no conclusion on
the influence of sorafenib on levothyroxine can be deduced.

Another limitation of this study is that the subjects in this
analysis were all healthy volunteers. It is unknown whether
there may be an undetermined factor or factors inherent to
DTC patients that could result in increased sorafenib expo-
sure. Although there are clear advantages to performing the
study in DTC patients, this approach was not feasible, as all
patients should have received levothyroxine without inter-
ruption as part of clinical standard of care to achieve a full
suppression of TSH to lower the risk of cancer recurrence
(10). Although subclinical thyrotoxicosis was induced by
continuous oral intake of high doses of levothyroxine for
14 days without major safety concerns, the limitations of this
model of thyrotoxicosis are not clear (23).

In this Phase 1 open-label study in healthy men, subclinical
thyrotoxicosis was successfully induced by continuous oral
daily administration of 300 lg of levothyroxine and did result
in a significant increase in free T3 and T4 levels, albeit still
within the reference ranges, and full suppression of TSH,
without the development of clinically significant symptoms.
Co-administration of levothyroxine with sorafenib had no in-
fluence on the pharmacokinetics of sorafenib and its metabo-
lite M-2. The safety profile of sorafenib when co-administered
with levothyroxine was consistent with its known safety
profile when given alone. High-dose levothyroxine (300 lg)
was well tolerated with continuous daily dosing for 14 days.
These findings suggest that there are no concerns when co-
administering levothyroxine with sorafenib in patients with
DTC. The mechanism of action for the increased sorafenib
exposure in patients with DTC is unlikely to be related to

the levothyroxine treatment indicated for patients with DTC.
Mechanisms regarding the relatively high exposure in patients
with DTC compared to other types of cancer remain elusive.
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