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Abstract

δ-tocotrienol (DT3), a member of vitamin E family, has been shown to have potent radio-

protective effect. However, its application as a radioprotectant has limited, at least in part, by its 

short plasma elimination half-life and low bioavailability. In an effort to increase the metabolic 

stability of DT3, a deuterium substituted DT3 derivative, d6-DT3, was designed and synthesized. 

d6-DT3 showed improved in vitro and in vivo metabolic stability compared to DT3. The 

unexpected lower potency of d6-DT3 in inducing granulocyte-colony stimulating factor (G-CSF) 

production in mouse revealed that the metabolite(s) of DT3 might play a major role in inducing G-

CSF induction.
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1. Introduction

Vitamin E, known for its anti-oxidant activity,1–5 is a generic term used to describe two 

classes of compounds, tocopherols and tocotrienols, both having α-, β-, γ-, and δ-homologs. 

Tocopherols and tocotrienols share the same chroman ‘head’, but are distinguished by 

different hydrocarbon ‘tails’, with tocotrienols having an unsaturated farnesyl tail and 

tocopherols bearing a saturated phytyl tail.6 Although early studies are mostly focused on α-

tocopherol as it is the most abundant constituent in the vitamin E family,7 more recent 

studies have found that tocotrienols are superior to α-tocopherol in terms of potential uses 

against chronic diseases.8 γ-Tocotrienol (GT3) and δ-tocotrienol (DT3) (Fig. 1) are two of 

the tocotrienol homologs that have been studied the most for their promising radio-protective 

effects. Both GT3 and DT3 can increase the survival rate of radiated mice by protecting 

them against radiation-induced hematopoietic and gastrointestinal injury.9 Mechanisms 

proposed for their protecting effects include stimulating cytokine production, up-regulating 

anti-apoptotic genes, and inhibiting pro-inflammatory factors.10–23

Encouraging radio-protective effects of GT3 has also been observed in non-human primate 

(NHP) models.20,24 In a phase 2 clinical trial, Tocovid SupraBio™, a specially formulated 

supplement containing GT3 and DT3, was used in combination with pentoxifylline, an anti-

inflammatory drug, for radiation-induced fibrosis.25

Despite the promising radio-protective effects of DT3 and GT3, they both have short plasma 

elimination half-lives and low bioavailability,26,27 which limit their exposure in systemic 

circulation and require that they be administered in large doses.11 The short half-lives and 

low bioavailability of DT3 and GT3 are at least in part attributed to their fast liver 

metabolism. So far, most research efforts to improve the bioavailability of DT3 and GT3 

have been focused on using pharmaceutical formulation methods including development of a 

self-emulsifying dosage form28 and incorporating them into γ-cyclodextrin.29 Our lab has 

been applying medicinal chemistry strategies to improve the pharmacokinetic (PK) profiles 

of DT3 and GT3. Previously, we have prepared tocodienol6 and difluoro-DT330 (Fig. 1) in 

attempts to improve bioavailability by increasing binding affinity to α-tocopherol transfer 

protein and by increasing metabolic stability of DT3, respectively. However, these efforts 

met with little success.

Deuteration is a useful and increasingly popular medicinal chemistry strategy to alter the 

pharmacokinetic properties of drug molecules.34 A handful of deuterium-containing 

compounds are now in clinical studies for various indications. 31,32Importantly, the FDA 

approval of deutetrabenazine established a roadmap for the development and marketing of 

deuterated drugs.33 Deuterated compounds in which the hydrogen atoms at positions that are 

known to be metabolically labile are substituted by deuterium atoms will potentially have 

improved metabolic stability, which could translate into increased systemic drug exposure 

and decreased formation of toxic or reactive metabolites. According to published data, the 
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metabolism of tocotrienols follows ω-hydroxylase metabolic pathway where CYP4F2-

mediated a ω-oxidation is the rate-limiting step,30,34,35 indicating that the terminal C-H 

bonds are the metabolically labile sites. As such, we designed d6-DT3, in which both 

terminal methyl groups of DT3 are fully deuterated (Fig. 2). Herein, we present the synthesis 

and evaluation of in vitro metabolic stability and in vivo G-CSF (granulocyte-colony 

stimulating factor) stimulating effects of d6-DT3.

2. Results and discussion

2.1 Chemistry

DT3 was initially converted to Wittig salt 1 in eight steps according to the method we have 

recently reported.30 Wittig olefination reaction between 1 and d6-propanone led to 

compound 2, which was de-protected to afford d6-DT3 (Scheme 1). However, the synthesis 

is lengthy and the overall yield was < 10%. Alternatively, DT3 was converted to aldehyde 3 
in four steps via a selective cleavage of the C11′-C12′ double bond of DT3.30,36 Compound 

3 was then coupled with Wittig salt 4, prepared from d7-2-bromopropane, to yield 2. 

Removal of the MOM protection group of 2 afforded the final product d6-DT3 (Scheme 1). 

With ~20% overall yield, this 6-step method was thus chosen for the scale-up synthesis from 

which ~1 g of d6-DT3 was obtained. The NMR spectra of DT3 and d6-DT3 can be found in 

the supporting information.

2.2 In-vitro metabolic stability

In vitro metabolic stability assay using liver microsomes is a common assay for early 

estimation and prediction of in vivo metabolism of compounds.37 We used mouse liver 

microsomes to evaluate the metabolic stability of d6-DT3 in comparison to DT3. The time 

courses of DT3 and d6-DT3 degradation in mouse liver microsomes are depicted in Fig. 3, 

and the in vitro half-lives and intrinsic clearances of these compounds are summarized in 

Table 1. We found that both DT3 and d6-DT3 degradation in mouse liver microsomes were 

both NADPH-dependent since no degradation was observed in the absence of NADPH (data 

not shown) in either case, indicating the involvement of CYP450 in their metabolism. Side 

by side comparison between d6-DT3 and DT3 revealed that d6-DT3 was degraded at a 

slower rate than that for DT3 and with a longer in vitro half-live and lower intrinsic 

clearance (Fig. 3, Table 1).

2.3 In-vivo PK study

The in vitro metabolic stability data prompted us to carry out in vivo metabolic stability 

comparison between d6-DT3 and DT3. Following subcutaneous administration, plasma drug 

concentrations of DT3 or d6-DT3 were determined at various time points up to 24 h. As 

shown in Fig. 4, a rapid plasma drug concentration increase was observed with peak plasma 

drug concentrations (800 ng/mL to 1000 ng/mL) occurring at about 1 h post-injection (Fig. 

4). After 1 h, plasma drug concentrations decreased rapidly at first and then reached a 

plateau. The plateaued plasma drug concentration is likely due to the depot effect of 

subcutaneous tissue for the highly lipophilic DT3 and d6-DT3 molecules. In addition, the 

extensive distribution of DT3 and d6-DT3 into adipose tissue with redistribution back to 

plasma might also help maintain the relatively stable plasma levels after 12 h. In this respect, 
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in a GT3 tissue distribution study by Deng et al, the authors observed a long-lasting adipose 

tissue distribution of GT3.39 Calculation of PK parameters of CD2F1 mice administered 

with DT3 or d6-DT3 revealed that d6-DT3 displayed slightly superior PK properties than 

DT3 with an elevated Cmax (970 ng/mL vs 810 ng/mL) and higher exposure (AUC0-last, 

11357 h·ng·mL−1 vs 10314 h·ng·mL−1) (Table 2).

To further profile the PK properties of d6-DT3 and compare them with those of DT3, CD2F1 

mice were intravenously dosed with 50 mg/kg of DT3 or d6-DT3, and the plasma drug 

concentrations were determined at various time points up to 24 h (Fig. 5). Plotting plasma 

drug concentrations against time revealed a biphasic decline after dosing, with an initial 

rapid decline followed by a more gradual decline. The initial rapid decline in plasma 

concentration could be due to rapid distribution of DT3 and d6-DT3 to peripheral tissues 

such as adipose, liver, and heart39.

While the second phase of gradual decline in plasma concentration could be due to the 

metabolism. The overlapped distribution phase of DT3 and d6-DT3 could be explained by 

their identical physical chemical properties. However, comparing with DT3, d6-DT3 gave 

slightly higher plasma concentrations and relatively slower degradation on the second phase, 

which were translated into more favorable PK properties of d6-DT3 including increased 

exposure and lower clearance (Table 3).

2.4 In-vivo G-CSF stimulation study

In view of the improved PK properties of d6-DT3, an in vivo G-CSF stimulation assay was 

carried out. G-CSF is a cytokine that is capable of stimulating bone marrow hematopoiesis 

to produce granulocytes, which are important for innate immunity against infection. By 

virtue of its ability to stimulate the growth of neutrophil colonies, recombinant human G-

CSF (neupogen®), together with pegylated G-CSF (Neulasta®), have been approved by the 

FDA to treat neutropenia caused by chemotherapy or radiotherapy. G-CSF was also 

approved by the FDA for the indication of acute radiation syndrome (ARS), and it is 

stockpiled in the Strategic National Stockpile (SNS) under the Pandemic and ALL-

HAZARDS Preparedness Reauthorization Act (PAHPRA) of 2013.40,41 Several promising 

radiation countermeasures, including 5-androstenediol, CBLB502, DT3, and GT3, have 

been reported to induce high levels of G-CSF,40 indicating significant role for G-CSF in the 

radio-protective effects of these radiation countermeasures. It has been reported that the 

radio-protective effect of DT3 can be abrogated by anti-G-CSF antibody, suggesting that the 

radio-protective effect of DT3 is mediated through G-CSF.18 With only subtle structural 

modification based on DT3, we assumed that d6-DT3 might also exert its radio-protective 

effect through induction of G-CSF. As we expected, significant G-CSF production in mice 

was observed after DT3/d6-DT3 treatment (Fig. 6). Following a lag time of about 6 h, 

plasma G-CSF concentrations were observed to increase in a time-dependent manner 

starting at 8 h, and peaked at 24 h. After 24 h, the G-CSF level began to decline due to the 

clearance of both DT3/d6-DT3 and G-CSF. The G-CSF production peaks at 24 h, which may 

explain why giving DT3 24 h prior to radiation exposure exerts the best radio-protective 

effect in mice survival studies.9,16 It is noteworthy that the 24-hour G-CSF level induced by 
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DT3 is significant (P < 0.05) higher than that induced by d6-DT3. This observation led us to 

speculate that the metabolite(s) of DT3 might be responsible for G-CSF induction.

To test our hypothesis, ketoconazole, which inhibits both CYP3A and CYP4F,42 was 

administered to mice prior to DT3 administration to inhibit the side chain metabolism of 

DT3. Similar to d6-DT3, DT3 and ketoconazole combination induced lower G-CSF levle 

than DT3 alone at 24 h (Fig. 7), indicating that the metabolites of DT3, rather than DT3 

itself might play the major role in inducing G-CSF production. The metabolites of DT3 

comprise of many carboxylic acids with various chain lengths, which resemble fatty acids in 

structure. Fatty acids are able to regulate immune cell function,43–46 but whether DT3 

metabolites exhibit the same functions as fatty acids is not clear. Due to the complexity of 

the side chain catabolism, identification of the specific metabolite(s) responsible for the 

observed G-CSF induction was not determined in the current study.

3. Conclusion

We have designed and synthesized a deuterium substituted DT3 derivative, d6-DT3, in which 

the C-H bonds of the terminal methyl groups of DT3 were fully replaced by C-D bonds. 

Liver microsomal metabolic stability studies and in vivo PK studies in mice demonstrated 

that d6-DT3 is metabolically more stable than DT3. However, the in vivo G-CSF inducing 

effect of d6-DT3 is lower than that of DT3 likely due to its lower metabolic rate. These 

results indicate that the metabolite(s) of DT3/d6-DT3 might be responsible for G-CSF 

induction. The ω-hydroxylase metabolic pathway that mediates metabolism of vitamin E 

affords multiple carboxylic acid metabolites and it would be interesting to test the G-CSF 

stimulating activities and radio-protective effects of these metabolites. Although DT3 can 

work as both radio-protector and radio-mitigator, its radio-protective effect is superior to its 

radio-mitigating effect47 due to the delayed stimulation of G-CSF. It is possible that these 

carboxylic acid metabolites of DT3 might be better radio-mitigators than DT3 itself if they 

were able to induce more rapid G-CSF production.

4. Experimental section

4.1 Chemistry

General method: δ-Tocotrienol was separated from DeltaGold® using flash column filled 

with silica gel (230–400 mesh) as the stationary phase. Gradient elution was performed with 

ethyl acetate and hexanes (20/1 to 10/1). DeltaGold® was a gift from American River 

Nutrition, Inc. THF was taken from a solvent purification system that purifies solvents by 

filtration through two columns packed with activated alumina and a 4 Å molecular sieve. All 

commercially available solvent and reagents were used without further purification. If dry 

and oxygen-free conditions were required, reactions were performed using oven-dried 

glassware (130 °C) under a positive pressure of argon. Flash chromatography was performed 

using silica gel (230–400 mesh) as the stationary phase. Reaction progress was monitored by 

TLC (silica-coated glass plates) and visualized with p-anisaldehyde solution (recipe: 135 mL 

alcohol + 5 mL H2SO4 + 3.7 mL p-anisaldehyde + 1.5 mL glacial acetic acid) staining, or by 

GC-MS (Agilent, 5975 series system) or TLC-MS. NMR spectra were recorded in CDCl3 or 

d6-DMSO at 400 MHz for 1H, and 100 MHz for 13C NMR. Chemical shifts δ are given in 
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ppm using tetramethylsilane as an internal standard. Multiplicities of NMR signals are 

designated as singlet (s), broad singlet (br s), doublet (d), doublet of doublets (dd), triplet (t), 

quartet (q), and multiplet (m). MS were recorded on an Agilent GC-MS (EI) or Advion 

Express (APCI and ESI) instrument.

4.1.1 (R)-2-((3E,7E)-4,8-dimethyl-12-(methyl-d3)trideca-3,7,11-trien-1-
yl-13,13,13-d3)-6-(methoxymethoxy)-2,8-dimethylchromane (2)—From compound 

1: To a stirring solution of 1 (64 mg, 0.081 mmol) in THF (2 mL) at −78 °C was added n-

BuLi (2.5 M in hexane, 52 μL, 0.13 mmol). After stirring at −78 °C for 45 min, d6-

propanone (8 μL, 0.098 mmol) was added. The mixture was allowed to stir at −78 °C for an 

additional 45 min. Aqueous NH4Cl solution was added to quench the reaction and the 

mixture was extracted twice with ethyl acetate. The combined organic phases were washed 

with brine, dried over anhydrous Na2SO4, filtered, and concentrated under vacuum. The 

crude product was column chromatographed on silica gel to afford the title compound (14 

mg, 39% yield) as colorless oil.

From compound 3: To a stirring suspension of compound 4 (833 mg, 2.1 mmol) in THF (10 

mL) was added KHMDS (0.5 M in THF, 5 mL, 2.5 mmol) at −78 °C. The mixture was 

stirred at −78 °C for 45 min, followed by addition of a solution of aldehyde 3 (800 mg, 1.93 

mmol) in THF (5 mL). After stirring at −78 °C for an additional 45 min, aqueous NH4Cl 

solution was added. The mixture was then partitioned between water and ethyl acetate. The 

organic layer was collected and washed with brine, dried over anhydrous Na2SO4, filtered, 

and concentrated under vacuum. The crude product was column chromatographed on silica 

gel to give the title compound (660 mg, 76% yield) as colorless oil. 1H NMR (400 MHz, 

CDCl3) δ 6.66 (d, J = 2.7 Hz, 1H), 6.58 (d, J = 2.7 Hz, 1H), 5.16–5.02 (m, 5H), 3.47 (s, 3H), 

2.71 (t, J = 6.2 Hz, 2H), 2.15-2.00 (m, 9H), 1.96 (dd, J = 8.0, 3.9 Hz, 4H), 1.84–1.69 (m, 

2H), 1.67–1.53 (m, 8H), 1.25 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 149.73, 147.26, 

135.27 (2C), 135.10, 127.35, 124.55, 124.40, 124.30, 121.07, 117.39, 114.31, 95.46, 75.57, 

55.94, 39.94, 39.86, 39.82, 31.43, 26.87, 26.73, 24.21 (2C), 22.73, 22.30, 16.32 (2C), 16.14, 

16.03; MS (EI) m/z 446.4 (M+).

4.1.2 triphenyl(propan-2-yl-d7)phosphonium bromide (4)—A mixture of d7-2-

bromopropane (1.5 mL, 15.1 mmol) and triphenyl phosphine (4.36 g, 16.6 mmol) was 

stirred in a pressure tube at 150 °C for 24 h. The resulting mixture was washed with a 

mixture of hexanes and ethyl acetate (1:1, v/v) to afford a white solid (3.6 g, 61% yield).36 

1H NMR (400 MHz, DMSO) δ 7.94 – 7.86 (m, 9H), 7.80 – 7.75 (m, 6H). MS (ESI+) m/z 
312 [M-Br]+.

4.1.3 (R)-2-((3E,7E)-4,8-dimethyl-12-(methyl-d3)trideca-3,7,11-trien-1-
yl-13,13,13-d3)-2,8-dimethylchroman-6-ol (d6-DT3)—To a stirring solution of 2 (400 

mg, 0.90 mmol) in THF (7 mL) was added HCl (4.0 N in 1,4-dioxane, 1.0 mL). The 

resulting mixture was stirred at room temperature for 2 h, aqueous NaHCO3 solution was 

added and the mixture was extracted twice with ethyl acetate. The combined organic layers 

were washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was purified by silica gel column chromatography to 

yield the title compound (335 mg, 95% yield). 1H NMR (400 MHz, CDCl3) δ 6.48 (d, J = 
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2.7 Hz, 1H), 6.38 (d, J = 2.7 Hz, 1H), 5.18–5.06 (m, 3H), 4.20 (s, 1H), 2.70 (t, J = 6.3 Hz, 

2H), 2.17–2.03 (m, 9H), 2.01–1.93 (m, 4H), 1.85–1.70 (m, 2H), 1.69–1.61 (m, 1H), 1.61–

1.51 (m, 7H), 1.26 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 147.82, 146.15, 135.28 (2C), 

135.12, 127.52, 124.56, 124.41, 124.31, 121.38, 115.75, 112.70, 75.47, 39.87, 39.83 (2C), 

31.49, 26.88, 26.73, 24.18 (2C), 22.62, 22.31, 16.21 (2C), 16.15, 16.02; MS (EI) m/z 402.4 

(M+).

4.2 In vitro metabolic stability assay

A stock solution of test compound in DMSO (687.5 μM) was diluted with acetonitrile to 

afford a solution in DMSO and acetonitrile (20% DMSO and 80% acetonitrile) with a 

concentration of 137.5 μM. Mouse liver microsome suspension was prepared by mixing 

mouse liver microsomes (20 mg protein/mL (Corning® GentestTM)) with 0.5 M EDTA and 

0.2 M potassium phosphate buffer (pH 7.4) at a volume ratio of 25:2:765. NADPH 

generating solution was freshly prepared by mixing solution A (NADP+; Glc-6-PO4; 

MgCl2), solution B (G6PDH) and potassium phosphate buffer (pH 7.4) at a volume ratio of 

3:1:14. One volume of test compound was pre-incubated with 109 volumes of microsome 

suspension at 37 °C for 30 min and the metabolic reaction was initiated by addition of 27.5 

volume of NADPH solution. An equal volume of buffer instead of NADPH solution was 

added for the control sample. After incubating for a specific time (5 min, 15 min, or 30 min), 

aliquots of the incubating mixture were taken and added to cold acetonitrile (2 times the 

volume of incubating mixture) containing GT3 as an internal standard. The sample was then 

extracted with hexanes. The upper layer was transferred to a glass tube, dried under a stream 

of nitrogen and then reconstituted with acetonitrile. Acetonitrile solution was then analyzed 

by HPLC-UV. Propranolol were used as metabolism reference standard. Data were 

presented and analyzed with Graph Pad Prism6.

4.3 In vivo pharmacokinetics study

4.3.1 Animal housing—The animal protocol was reviewed and approved by the 

Institutional Animal Care and Use Committees (IACUC) of University of Arkansas for 

medical Sciences (UAMS). CD2F1 male mice aged 8–10 weeks (Charles River Breeding 

Labs) with average body weight at 27 g were randomly housed among cages and were kept 

under standardized condition with controlled humidity and temperature with 12/12 day/night 

cycle. Free access to water and chow was provided for mice.

4.3.2 Preparation—For SC injection, DT3/d6-DT3 was emulsified with PBS containing 

5% tween 80. The volume of drug solution was adjusted to give the desired dose (100 μL/

mouse). For IV injection, a mixture of DT3/d6-DT3 was emulsified with PBS containing 

33% PEG400 and 2% tween 80 and the concentration was adjusted to give 150 μL/mouse. 

The emulsion was sterilized by filtering through 0.22 μm filter and the first 0.5 mL filtrate 

was discarded.

4.3.3 Animal treatment—Mice were randomly assigned to one of the following 

treatments: vehicle group (5% tween 80 in PBS for SC injection and PBS containing 33% 

PEG400 and 2% tween 80 for IV injection), DT3 treatment group, d6-DT3 treatment group 

(n = 4). After administration of the drug (200 mg/Kg subcutaneously or 50 mg/Kg 
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intravenously), blood was collected into tubes coated with EDTA potassium through the 

retro-orbital vein at the following time points: for SC PK (0 min, 7.5 min, 15 min, 30 min, 1 

h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h.); for IV PK (0 min, 5 min, 10 min, 30 min, 1 h, 2 h, 4 h, 6 h, 

12 h, 24 h.).

4.3.4 Plasma collection and plasma drug concentration analysis—Blood 

collected from mice were kept on ice and centrifuged shortly after collection. Plasma was 

obtained by centrifugation (1200 rpm, 15 min, 4 °C) and stored (aliquoted) at −80 °C until 

analysis. For plasma drug concentration determination, 50 μL internal standard were added 

to each 50 μL of plasma, followed by addition of 100 μL of methanol (containing 2% (w/v) 

ascorbic acid) and 300 μL of heptane (containing 1% (w/v) BHT). The resulting mixture was 

vortexed and centrifuged (1200 rpm, 5 min, 25 °C) and the upper layer transferred to a pre-

labeled testing tube and dried under a N2 stream to afford a residue. The residue was 

reconstituted with 100 μL of methanol, 10 μL of which was utilized for HPLC-fluorescence 

analysis.

4.4 In vivo G-CSF assay

CD2F1 mice were randomly assigned to cages and treated with vehicle (5% tween 80 in 

PBS), DT3, or d6-DT3 subcutaneously at a dose of 0.5 mM/Kg (200 mg/Kg of DT3 = 0.5 

mM DT3/Kg, n = 3). Ketoconazole was suspended in corn oil and given to mice (5 mg/250 

μL/mice) through oral gavage 3 times (once 26 hours prior to administration of DT3, once 

14 hours prior to administration of DT3, and once 2 hours prior to administration of DT3). 

Blood was collected into EDTA potassium-coated tubes at 8 h and 24 h after vehicle/ DT3/ 

d6-DT3 administration. Mice were euthanized after blood collection. Blood collected from 

mice was kept on ice and centrifuged shortly after collection. Plasma was prepared by 

centrifugation (1200 rpm, 15 min, 4 °C) and stored at −80 °C until analysis. For the assay of 

time-dependent induction of G-CSF by DT3 and d6-DT3, ketoconazole was not used, and 

blood was collected at 8 h, 12 h, 24 h, and 48 h after vehicle/DT3/d6-DT3 administration. 

Plasma G-CSF concentration was determined using mouse G-CSF ELISA kit (Novex®). 

Every plasma sample was analyzed in duplicate and the average value was used in 

calculation. Standard curves were constructed for each plate by plotting absorption versus 

known concentrations of standard samples. Concentrations of test samples were determined 

from the appropriate standard curve using their absorption values.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DT3 δ-tocotrienol

Liu et al. Page 8

Bioorg Med Chem. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GT3 γ-tocotrienol

PK pharmacokinetic

G-CSF granulocyte-colony stimulating factor

NADPH nicotinamide adenine dinucleotide phosphate

AUC area under curve
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Fig. 1. 
Structures of DT3, GT3, δ-tocoflexol, and DT3-F2.
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Fig. 2. 
Structures of δ-tocotrienol (DT3) and the deuterated DT3, d6-DT3
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Fig. 3. 
Metabolism of DT3 and d6-DT3 in mouse liver microsomes. DT3 and d6-DT3 (1 μM) were 

incubated individually with mouse liver microsomes (5 mg protein/mL), and their 

percentages of remaining drug were determined at the indicated time points. Error bars 

represent means ± SD, n = 3.
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Fig. 4. 
Plasma DT3/d6-DT3 concentration-time profiles after a single subcutaneous (SC) dose (200 

mg/Kg) in mice. Error bars represent means ± SD, n = 3–4.
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Fig. 5. 
Plasma DT3/d6-DT3 concentration-time profiles after a single intravenous (IV) dose in 

mice. Error bars represent means ± SD, n = 3–4.
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Fig. 6. 
DT3 and d6-DT3 stimulated G-CSF production in a time dependent manner. Plasma G-CSF 

concentrations were determined at the indicated time after DT3/d6-DT3 administration (200 

mg/Kg, subcutaneously); error bars represent means ± SD, n = 3–4, **P < 0.005 indicates 

significant difference.
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Fig. 7. 
G-CSF level induced by DT3, d6-DT3, and DT3+KTZ (ketoconazole) at the indicated times. 

Plasma G-CSF concentrations were determined at indicated time after DT3, d6-DT3, or 

DT3+KTZ administration (200 mg/Kg, subcutaneously for DT3 and d6-DT3, KTZ was 

given through gavage 3 times before given DT3); error bars represent means ± SD, n≥3. *P 

< 0.05 comparing with G-CSF concentrations stimulated by DT3 at 24 h.
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Scheme 1. 
Synthesis of d6-DT3. Reagents and conditions: (a) n-BuLi, d6-propanone, THF, −78 °C, 

39%; (b) 0.5 N HCl in 1,4-dioxane and THF, 95%; (c) KHMDS, THF, −78 °C, 76%; (d) 

Triphenylphosphine, 150 °C, sealed tube, 61%.
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Table 1.

In vitro half-life and Clin,u of DT3 and d6-DT3 in mouse liver microsomes

Compound in vitro half-life* (min) in vitro Clin,u (μL·min−1·mg protein−1)*

DT3 106.7 ± 14.8 5260.0 ± 657.7

d6-DT3 158.5 ± 28.0 3580.0 ± 627.8

*
In vitro half-life and Clin,u calculation followed literature procedure38; Data are expressed as mean ± SD; P < 0.05 for both the in vitro half-life 

data and in vitro Clin,u data (P values result from unpaired t test).
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Table 2.

PK parameters of subcutaneously administered DT3 or d6-DT3 (200 mg/Kg) in mice

PK parameters DT3 d6-DT3

AUC0-last (h·ng·mL−1) 10314 11357

Cmax (ng·mL−1) 810 970

Tmax (h) 1 1
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Table 3.

PK parameters of intravenously administered DT3 or d6-DT3 (50 mg/Kg) in mice

Parameters DT3 d6-DT3

AUC0-last (h·ng·mL−1) 32804 34213

AUC0-∞ (h·ng·mL−1) 33456 35707

Ke (h−1) 0.0721 0.0656

Cl (L·Kg−1·h−1) 1.495 1.400

Vd (L·Kg−1) 20.7 21.3
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