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The purpose of this study was to investigate the PK profile of 5,7-DMF in vivo.  

5,7-DMF is a natural flavonoid with many beneficial pharmacological effects. 

However, to date it was evaluated mainly in vitro and its PK in vivo remains largely 

unknown. In addition, current available quantification methods of 5,7-DMF all lack 

sufficient sensitivity. Therefore in our study, we established a sensitive quantification 

method of 5,7-DMF using LC–MS/MS. It was fully validated and accuracy, precision, 

sensitivity, selectivity, recovery and stability were evaluated thoroughly in mouse 

plasma. This quantification method was also validated in mouse tissues. 

In the dose escalation study in mice, AUC was demonstrated dose proportional 

within the dose range 10 to 50 mg/kg 5,7-DMF.  And in the following study of 10 mg/kg 

oral dosing, the calculated bioavailability was 13.8%. The maximal 5,7-DMF 

concentrations in plasma and tissues were reached within 30 min. Plasma Cmax was 

1870 ± 1190 ng/mL, and AUCt was 532 ± 165 hr*ng/mL and terminal half-life was 3.40 ± 

2.80 hr. The volume of distribution was 90.1 ± 62.0 L/kg. Clearance was 20.2 ± 7.49 

L/hr/kg. Except for muscle and adipose, other tissues had higher Cmax than plasma, 
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ranging from 1.75- to 9.96-fold. After oral administration, Kp of these tissues were 0.65 

to 12.9.  

Two-compartmental model without Tlag model best described the oral plasma 

data. The fitted PK parameter Ka was 6.04 1/h, V1 was 0.05 L, V2 was 0.56 L, CL was 

0.55 L/h, and CL2 was 0.04 L/h. This model was extrapolated to human of average body 

weight of 70 kg with V1, V2, CL and CL2 scaled up, which may provide insight for 5,7-

DMF concentration prediction in human plasma.  

In conclusion, we reported for the first time the PK, tissue distribution and 

modeling and simulation of 5,7-DMF in mice. These results will be critical in evaluating if 

those beneficial in vitro effects can be translated in vivo. Ultimately, the plasma and 

tissue levels of 5,7-DMF can be used for PBPK modeling and can extrapolated in 

predicting 5,7-DMF concentrations in human.    
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CHAPTER 1 
INTRODUCTION 

Phytochemicals are more and more popular because of the potential as 

alternative or adjunct medicine [1-2]. Herb-drug interaction of clinically importance has 

gained more interest during the past years [2-5]. Especially for flavonoids abundant in 

fruit, vegetables and wine, they are polyphenols that can impact on cancer proliferation, 

inflammation, angiogenesis and metastasis [6-10]. Its pharmacological evidence of 

chemoprevention has been reported concerning cancer in GI tract [11-14], and liver 

[15], prostate [16-17], ovarian [18], lung [19], endometrial [20] and breast cancers [21-

26].  

5,7-Dimethoxyflavone (5,7-DMF) is a naturally-occuring flavonoid that is 

abundant in tropical plant sources such as Kaempferial paviflora (also known as Thai 

Genseng), Piper caninum and Leptospermum scoparium [27-29], all of which have been 

used as folk medicine to treat gastrointestinal disorder, infections and hypertension [27-

28].  

5,7-DMF has been evaluated extensively in vitro and the results showed that 5,7-

DMF has many beneficial pharmacological  activities. For example, it has anti-

inflammatory activity [30], vasorelaxation and cardioprotection effect by increasing 

potassium efflux and inhibiting calcium influx [31], and selectively inhibitory effect 

against butyrylcholinesterase versus acetylcholinesterase [32]. Moreover, Walle’s group 

conducted a series of in vitro studies to evaluate the chemotherapeutic and 

chemopreventive potential of this compound [33-35]. They found that 5,7-DMF can 

prevent hepatic carcinogenesis by inhibiting Cytochrome P450 (CYP) 1A1 activity, 
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which subsequently decreased the carcinogenbenzo[a]pyrene (BaP)-induced DNA 

adduct formation [35].  

The chemopreventive effect of 5,7-DMF was also observed in human 

esophageal cancer cells and human oral carcinoma cells by regulating CYP1B1 activity 

[34-35]. 5,7-DMF was also reported to have chemosensitizing effect in hetapocellular 

carcinoma cells and human leukemic cells through tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL)-mediated apoptosis [36-37]. In addition, 5,7-DMF 

was shown to improve the accumulation of rhodamine 123 into the cells with 

overexpression of P-glycoprotein (P-gp), an efflux transporter which is present in 

various cancer cells and plays an important role in multi-drug resistance (MDR) [27]. In 

addition to P-gp inhibition, 5,7-DMF also has inhibitory effect on other two efflux 

transporter members - multidrug resistance associated-proteins (MRPs) and  Breast 

Cancer Resistance Protein (BCRP). For example, 5,7-DMF can increase the 

accumulation of doxorubicin in A549 cells as a result of suppression of MRPs [38]. 5,7-

DMF demonstrated very potent BCRP inhibition both in vitro and in vivo even at low 

micro molar concentrations with the in vitro IC50 for BCRP inhibition is 1.41 µM [39-40]. 

The plasma and tissue concentrations of mitoxantrone, an anticancer drug with high 

affinity to BCRP, were significantly increased in vivo with the co-administration of 5,7-

DMF [39].  

As is known, MDR is the major cause for the failure of cancer chemotherapy 

treatment. An important mechanism for MDR is the decreased intracellular 

concentration of anticancer drugs due to the overexpression of efflux transporters, 

including P-gp, BCRP, and MRPs [41].  The broad inhibitory effect of 5,7-DMF on P-gp, 
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BCRP, and MRPs makes it a very promising chemosensiting agent.  Although 5,7-DMF 

has numerous beneficial pharmacological activities as mentioned above, it should be 

noted that most of the results were obtained in vitro. To evaluate if those in vitro effects 

can be translated in vivo, it is important to know the PK information of 5,7-DMF, 

especially the in vivo concentrations of 5,7-DMFat the target site(s) (i.e. tissues).  

The ADME property of 5,7-DMF is promising in five major aspects. First of all, it 

has low toxicity against normal healthy cells with IC50 around 100 µM in lung BEAS-2B 

cells and the esophageal HET-1A cells [42] while its analog chrysin exhibited an IC50 of 

2 µM. secondly, 5,7-DMF is a potent BCRP inhibitor as demonstrated in the literature 

that in vitro IC50 for BCRP inhibition is 1.41 µM and under 25 mg/kg doing, 5,7-DMF 

significantly increased the mitoxantrone levels in liver and kidney [39-40]; thirdly, it led 

to high tissue accumulation after doing [43-44] which makes tissues interesting site for 

researching 5,7-DMF’s PK and PD. Fourthly, it had improved intestinal absorption and 

metabolic stability [44]. Compared to other methylated and unmethylated flavonoids, 

5,7-DMF demonstrated the highest stability when exposed to human liver hepatocyte, 

human liver microsome and human liver S9 fraction [45-47]; Besides, methylated 

flavones showed approximately 5- to 8-fold higher apparent permeability. The high 

metabolic stability in addition to increased intestinal absorption of the methylated 

polyphenols make them more promising and interesting than the unmethylated 

polyphenols as potential chemopreventive compounds. [47].  

However, to date there still have been large knowledge gap about this 

compound. Primarily, the information related to the in vivo PK of 5,7-DMF is very limited 

[43-44]. In addition, to the best of our knowledge, there are only two quantification 
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methods of 5,7-DMF that have been published, both of which lack sufficient sensitivity, 

with one of them reported lower limit of quantification (LLOQ) of 1860 ng/mL using 

HPLC and the other method reported LLOQ of 800 ng/mL in non-biological matrices 

using gas chromatography (GC) [44, 48]. In order to better understand the 

pharmacokinetics of 5,7-DMF in vivo, especially to capture its terminal phase, a more 

sensitive quantification method is needed. The purpose of our study was to establish 

and validate a sensitive quantification method of 5,7-DMF in biological matrices such as 

mouse plasma and mouse tissues using LC–MS/MS assay, to apply this quantification 

method evaluate the PK profile of 5,7-DMF in mouse and finally to construct PK model 

based on it. And the objectives for 5,7-DMF project is listed as followed: 

Specific Aim 1 

The first aim is to develop and validate a new bioassay to sensitively and 

accurately quantify 5,7-DMF in mice matrices such as plasma, and other tissues. This 

aim will be accomplished in Chapter 2. The significance and innovations of this chapter 

will be, (i). Analytical methodology using liquid chromatography tandem mass (LC-

MS/MS) to quantify 5,7-DMF is new. Once established, the sensitivity will be greatly 

improved compared to previously reported methods using HPLC and GC; (ii). The 

matrix effect and recovery yield will be first reported; and (iii). The assessment of 5,7-

DMF stability in biological matrix is novel. Our assay will provide basis for future PK 

sample analysis. 

Specific Aim 2 

The second aim is to establish PK profiles and tissue distribution of 5,7-DMF in 

mice for the first time. This aim will be accomplished in Chapter 3. The significance and 

innovations of this chapter will be, (i). Dose linearity of 5,7-DMF has not been 
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investigated; (ii). Bioavailability in mice has not been reported; and (iii). Tissue 

distribution profile remained unknown. 

Specific Aim 3 

The third aim is to construct the PK model based on the mouse plasma PK 

profile and extrapolate this model to human species in order to predict the human 

plasma level of 5,7-DMF. This aim will be accomplished in Chapter 4. The significance 

and innovations of this chapter will be, (i). Up to date, the literature on PK model of 5,7-

DMF is missing so our work will be the first to initiate PK modeling on 5,7-DMF; (ii). Our 

model will be the first to explain and predict 5,7-DMF in vivo; and (iii). This will be further 

utilized in building PBPK modeling for clinical relevance. 

As learnt from previous literature, 5,7-DMF could reverse BCRP-mediated MDR 

in mouse tissues [13-14], but in clinical trials, it is fairly difficult to measure tissue 

concentrations. In this regard, PBPK is advantageous over traditional PK method in that 

it consists of physiologically-meaningful compartments so that the tissue concentrations 

can be accurately predicted. The ultimate goal is to extrapolate the PBPK model in mice 

to human in order to simulate the 5,7-DMF levels in human plasma and most 

importantly, the accumulations in tissues where 5,7-DMF had the promising PD effect.  
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CHAPTER 2 
DEVELOPMENT AND METHOD VALIDATION OF BIOANALYTICAL METHODS 

Background 

For the beneficial pharmacological effects of 5,7-DMF mentioned above, it should 

be noted that most of the data were obtained from in vitro studies. The information of 

the bioavailability of 5,7-DMF, as well as its pharmacokinetics (PK), is critical for 

estimating whether the concentrations tested in vitro are physiologically relevant and 

whether those in vitro effects can be translated in vivo. However, before our study there 

are only two quantification methods of 5,7-DMF that have been published, both of which 

lack sufficient sensitivity, with one of them reported a lower limit of quantification (LLOQ) 

of 1860 ng/mL using HPLC and the other method reported a LLOQ of 800 ng/mL using 

gas chromatography (GC) [44, 48]. As is generally agreed, sensitive and accurate 

bioassay is the key to profile PK and PD [49]. In order to better understand the 

pharmacokinetics of 5,7-DMF in vivo, especially to capture its terminal phase, a more 

sensitive quantification method is needed. The purpose of our study in this chapter was 

to establish and validate a sensitive quantification method of 5,7-DMF using LC–MS/MS 

assay, and to evaluate the PK of 5,7-DMF in mouse. 

LC-MS/MS is a state-of-art technique which coupled high performance liquid 

chromatogram with triple quadruple to separate analyte from other substances based 

on different retention time in HPLC and different m/z after fragmentation inside of mass 

spectrometer. This type of bioassay is widely used in preclinical and clinical sample 

analysis [50]. Since LC-MS/MS has been reported as fast, sensitive and selective 

method which can generate reliable and efficient data out of plasma, urine and tissues 

[51-53], it was chosen for this study as the main bioassay. 
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The innovations and significance therefore include but not limited to, (i). 

Analytical methodology using liquid chromatography tandem mass (LC-MS/MS) to 

quantify 5,7-DMF is novel; Once established, the sensitivity will be greatly improved 

compared to previously reported methods using HPLC and GC; (ii). The matrix effect 

and recovery yield will be first reported; (iii). The assessment of 5,7-DMF stability in 

biological matrix is novel. Our assay will provide basis for future PK sample analysis. 

Materials and Methods 

Reagents and Chemicals 

5,7-DMF (>99%) and 5,7,4-trimethoxyflavone (TMF, >99%) were purchased from 

Indofine Chemical Company, Inc. (Hillsborough, New Jersey, US). Ammonium formate 

(99%) was obtained from ACROS Organics (New Jersey, US). Analytical HPLC grade 

acetonitrile (ACN), water and formic acid were purchased Fisher Scientific (Pittsburg, 

Pennsylvania, US). Analytical spectrophotometric grade ethyl acetate (99.5%) was 

obtained from Alfa Aesar (Ward Hill, Massachusetts, US). Heparin-treated mouse 

plasma was purchased from BioreclamationIVT (East Meadow, New York, US). (2-

Hydroxypropyl)-β-cyclodextrin and poly(ethylene glycol) Mn 400 (PEG400) were 

purchased through Sigma–Aldrich (St. Louis, Missouri, US). Heparin injectable (1000 

U/mL) was purchased from Patterson Vet Generics (Devens, Massachusetts, US). 

Instrument Conditions 

HPLC conditions 

High performance liquid chromatogram (HPLC) was performed with Agilent 1200 

series systems (Agilent, California, US) that include a 1260 degasser, a 1260 binary 

pump, a 1260 autosampler and a 1290 thermostat. 5,7-DMF and TMF were separated 

by Agilent XDB C18 column (4.6 mm × 50 mm, 1.8 μm particle size, Agilent, California, 
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US) coupled with Agilent XDB C18 guard column (2.1 mm × 5 mm, 1.8 μm particle size, 

Agilent, California, US) under an isocratic elution at a flow rate of 0.4 mL/min. The 

mobile phase is 50/50 (v/v) of 20 mM ammonium formate in water (containing 0.1% 

formic acid)/acetonitrile (containing 0.1% formic acid). It takes 5 μL of the aliquot and 5 

min for each injection. 

MS/MS conditions 

5,7-DMF and I.S was monitored under positive mode by Agilent 6460 triple 

quadruple (Agilent, California, US) equipped with Agilent Jet Stream electrospray 

ionization (AJS ESI). In multiple reaction monitor (MRM) mode, transition ion pair for 

5,7-DMF is m/z 283 > m/z 239 while the transition ion pair for I.S is m/z 313 > m/z 298. 

To obtain the optimal sensitivity, the fragmentor is 120 V for both 5,7-DMF and I.S, and 

the collision energy are 33 V and 25 V for 5,7-DMF and I.S, respectively. The mass 

spectrometer was operated at the gas temperature of 300 °C, gas flow of 8 L/min, 

nebulizer of 35 psi, sheath gas temperature of 400 °C, sheath gas flow of 11 L/min, 

capillary voltage of 4500 V and cell accelerator voltage of 7 V. The response acquisition 

was performed using MassHunter Data Acquisition software and the qualitative analysis 

was done with MassHunter Qualitative Analysis software (Version B 6.0). Then the 

quantitative analysis was performed by MassHunter QQQ Qualitative Analysis software 

(Version B 6.0). 

Sample Preparation of Calibration Standards and Quality Control for LC–MS/MS 

TMF was chosen as the internal standard (I.S) because it has similar chemical 

structure as that of 5,7-DMF. Stock solutions of 5,7-DMF and I.S at concentration of 1 

mg/mL were prepared separately in ACN and stored in a −80 °C freezer. Intermediate 

working solutions of 5,7-DMF were prepared by serial dilution with mobile phase (neat 
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solution). Prepared 10-fold intermediate working solutions of analyte by serial dilution 

with mobile phase from 10 µg/mL working solution ( range: 10, 20, 50, 100, 200, 500, 

1000, 2000, 5000 and 10000 ng/mL). Calibration curve in mobile phase was prepared 

by 10 µL of each intermediate working solutions and 10 µL IS together with 80µL mobile 

phase. After calibration curve in mobile phase (not shown) indicated linearity, calibration 

curve in mouse plasma was prepared by spiking 10 μL of intermediate working solutions 

and 10 μL I.S into 100 μL of blank mouse plasma. After vortex mixing for 1 min, 600 μL 

of ethyl acetate was added for liquid-liquid extraction on a mechanical shaker for 5 min. 

the liquid-liquid extraction agent was ethyl acetate which can form two immiscible layers 

with water phase. Then the supernatant layer was transferred to clean tubes after the 

centrifuge at 17,000 rpm under 4 °C for 4 min, and placed under nitrogen for 

evaporation. The residue was reconstituted with 100 μL of mobile phase and 

centrifuged at 17,000 rpm under 4 °C for 4 min to get rid of precipitation. After 

reconstitution, 5 μL of the sample was injected to the LC–MS/MS. Standards were 

prepared at concentrations 2–1000 ng/mL. Quality control (QC) samples were prepared 

the same way as the standards and at the concentrations of 2, 5, 50 and 500 ng/mL. 

Data were quantified with MassHunter QQQ Quantitative Analysis (Version B 6.0). 

Assay Validations in Mouse Plasma 

The intra-run/within-run validation was performed on concentrations of 2, 5, 50 and 

500 ng/mL with six replicates for each concentration. And the inter-run/between-run 

validations were evaluated at 3 separate days with triplicates during each day on each 

of the concentration at 2, 5, 50 and 500 ng/mL. For separate validations, separate 

standard curves were freshly prepared. The standard curves were fitted by a linear 

regression and the validation samples were calculated back by the calibration curve of 
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that day. The mean and the coefficient of variance (CV) were calculated accordingly. 

Accuracy was calculated by comparing calculated concentrations to corresponding 

nominal ones. 

Matrix Effect and Recovery Yield in Mouse Plasma 

Standards in mobile phase/neat solution, pre-extracted spiked samples and post-

extracted spiked samples were prepared in triplicate at concentrations of 2, 5, 50 and 

500 ng/mL to analyze the matrix effect and recovery yield of the 5,7-DMF in mouse 

plasma following liquid–liquid extraction with ethyl acetate. The blank mouse plasma 

used was the heparin-treated mouse plasma was purchased from BioreclamationIVT 

(East Meadow, New York, US). Group A: 5,7-DMF and I.S were prepared directly with 

mobile phase without any matrix or extraction. Group B: 5,7-DMF and I.S were spiked 

into blank mouse plasma followed by liquid–liquid extraction, centrifugation, and 

reconstitution process (as described in Section 2.3). Group C: 5,7-DMF and I.S were 

spiked in the extracted matrix of blank mouse plasma to prepare the final concentrations 

of 2, 5, 50 and 500 ng/mL. Matrix effect (%) = C × 100/A and recovery (%) = B × 100/C, 

where A = absolute response obtained from standards mobile phase; B = absolute 

response obtained from pre-extracted spiked samples; C = absolute response obtained 

from post-extracted spiked samples. 

Stability of 5,7-DMF in Mouse Plasma 

Stability of 5,7-DMF in stock solution 

Freshly prepared 5,7-DMF solution (1 mg/mL) and the stored DMF solution (1 

mg/mL) were diluted to 500 ng/mL with mobile phase with six replicates in each group. 

The final concentration of the I.S is 1000 ng/mL. 5,7-DMF concentrations were 

compared by calculating the ratio of 5,7-DMF to I.S response. 
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Freeze–thaw stability of 5,7-DMF in mouse plasma 

5,7-DMF solution was spiked into mouse plasma to prepare final concentrations of 

2, 5, 50, 500 ng/mL and then stored in the −80 °C freezer. These samples went through 

one, two or three sequential freeze–thaw cycles respectively prior to sample analyses 

using LC–MS/MS (as described in Section 2.3). During each cycle, the samples were 

thawed under room temperature (25 °C) for 60 min before re-frozen and stored at −80 

°C, and the next cycle happened after 24 h interval. Samples were prepared in 

triplicates for each concentration of each cycle set. 

Long-term stability of 5,7-DMF in mouse plasma 

5,7-DMF solution was spiked into mouse plasma to prepare final concentrations of 

2, 5, 50, 500 ng/mL and then stored in −80 °C freezer for up to 14 days. At Days 4, 7 

and 14, samples in triplicates were analyzed and compared with freshly prepared 

plasma samples. 

Short-term temperature stability of 5,7-DMF in mouse plasma 

The short-term stability was conducted by measuring triplicate freshly prepared 

QC samples at concentrations 2, 5, 50 and 500 ng/mL in mouse plasma versus those 

QC samples at the same concentrations placed on bench top for 24 h. 

Post-preparative stability of 5,7-DMF 

On Day 1, standards in mouse plasma and QC samples in triplicates were 

prepared and placed in autosampler for quantification. The autosampler remained the 

temperature control of 4 °C all the time. After 24 h sitting inside the autosampler, the 

same QC samples were re-analyzed on Day 2 by the instrument and the concentration 

was re-determined by the standard of Day 1. The calculated concentrations in Day 2 

were compared in parallel with those in Day 1. 
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Validation of Quantification Method in Tissues 

For tissue samples, tissue was weighed and added PBS buffer (pH=7.4) based on 

10-fold volume of each tissue weight. They were cut into smaller pieces before 

homogenization. Then 10 µL of I.S was spiked into 100 µL of tissue homogenate. Other 

steps were the same as plasma sample preparation. When validating the LC-MS/MS 

methods in tissues, QC sample preparation followed the same procedure of calibration 

curve. And the QC concentrations were selected at 2 and 500 ng/mL, which 

represented the lower and higher end of the tissue PK samples.  

Results  

Determination of 5,7-DMF and I.S by LC–MS/MS 

To acquire the mass spectra of analyte and I.S, 1000 ng/mL of 5,7-DMF and I.S 

were prepared separately with mobile phase. Then 5 μL of each was injected into LC–

MS/MS and infused with 0.4 mL/min flow rate of the mobile phase. The analyte and I.S 

were monitored under MRM in positive mode for good ionization. The chemical 

structures of analyte and I.S were shown in Fig. 2-1. The full scan and the proposed ion 

fragmentations of 5,7-DMF and I.S was shown in Fig. 2-2. The analyte exhibited the 

precursor ion of m/z 283 (Fig. 2-2A) corresponding to the protonated form [M+H]+ of the 

compound with the molecular weight of 282. The precursor ion of 283 was chosen over 

305 is because of higher intensity. This form of ion is quite typical in positive mode on 

the compounds prone to get a proton and become protonated. After collision induced 

dissociation (CID), the resulting product ion has a unimodal peak and a predominant 

m/z of 239 (Fig. 2-2B). The 44 Da loss compared with the precursor ion was possibly 

due to the loss of CO2 group from the molecule. But it was also possible some other 

groups were lost during the dissociation process. The CO2 group proposed here is only 
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putative hypothesis waiting to be confirmed with future experiment. The I.S exhibited the 

precursor ion of m/z 313 (Fig. 2-2C) corresponding to the protonated form of the 

compound with the molecular weight of 312. Again, I.S precursor ion of 313 was chosen 

over 335 because of more abundance which led to possibly higher intensity of product 

ion.  After CID, the resulting product ion of the I.S has a fragment ion with m/z of 298 

(Fig. 2-2D), with a loss of 15 Da likely because of dissociation of radical group CH3 

radical dot. Based on the full scan of Thus for the transition channel, the ion pairs 

chosen for the analyte and I.S are m/z 283 → 239 and m/z 313 → 298, respectively. 

 

Figure 2-1. Chemical structure of 5,7-DMF and I.S 
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Figure 2-2. Mass spectra of 5,7-DMF and I.S. 
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Liquid–liquid extraction method was chosen because of following three benefits it 

offers. First of all, it excludes the water-soluble sodium and potassium which can be 

detrimental to the instrument due to involatile property. Secondly, it results in higher 

extraction and lower LLOQ than the protein precipitation method for 5,7-DMF. Thirdly, 

samples can be condensed through liquid–liquid extraction, which is very beneficial to 

those samples with concentration range between LOD and LLOQ and cannot be 

detected otherwise. The mobile phase of 50/50 (v/v) of 20 mM ammonium formate in 

water (containing 0.1% formic acid)/acetonitrile (containing 0.1% formic acid) was 

chosen based on good peak shape and retention time of the analyte and I.S. The mass 

spectrometer was operated at the gas temperature of 300 °C, gas flow of 8 L/min, 

nebulizer of 35 psi, sheath gas temperature of 400 °C, sheath gas flow of 11 L/min, 

capillary voltage of 4500 V and cell accelerator voltage of 7 V. These parameters were 

optimized by the built-in software MassHunter Optimizer. The parameters that led to 

highest ion pair abundance and signal response were recorded and chosen. The Agilent 

XDB C18 column (4.6 mm × 50 mm, 1.8 μm particle size), a reverse-phase column, was 

used to separate the analyte from the endogenous interferences in mouse plasma. As 

shown in Fig. 3, reconstituted residues of 5,7-DMF in mouse plasma demonstrated the 

specificity of this method to detect and measure 5,7-DMF. The extracted ion 

chromatogram (XIC) of 5,7-DMF (Fig. 2-3A) has a single peak with the retention time of 

3.7 min in blank mouse plasma through channel m/z 283 → 239. XIC of I.S (Fig. 2-3B) 

has a single peak with the retention time of 3.6 min in blank mouse plasma through 

channel m/z 313 → 298. The retention time is consistent with the hydrophobicity of the 

compounds. Although the analyte and I.S in this case have similar retention time, their 
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mass chromatograms clearly distinguish from each other as they have very different 

transition ions. Thus there were no shoulder peaks or split peaks observed in any XIC of 

the analyte or I.S, which means there was no interference from other compounds or 

matrix during the quantification of either 5,7-DMF or the I.S. In addition, there was no 

carryover effect observed within the concentration range of the calibration curve in 

mouse plasma. 

The LC-MS/MS method established in mouse plasma has good linearity of greater 

than 0.99, as shown in Fig. 2-4, with weighted factor of 1/x2. 

 

Figure 2-3. XIC of the 5,7-DMF (2 ng/mL) and I.S (1000 ng/mL) in mouse plasma. A1 
was XIC signal of analyte in blank mouse plasma; A2 was XIC signal of 
analyte at 2 ng/mL in mouse plasma. B1 was XIC signal of I.S in blank mouse 
plasma; B2 was XIC signal of analyte at 1000 ng/mL in mouse plasma. 
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Figure 2-4. Calibration curve of 5,7-DMF in mouse plasma.  

 

Figure 2-5. Calibration curve of 5,7-DMF in mouse liver.   
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Method Validation 

Based on the method described above, the calibration curve has a linearity of 2–

1000 ng/mL. The limit of detection for this method is 1 ng/mL with signal-to-noise (S/N) 

ratio of greater than 3, and the lower limit of quantification for this method is 2 ng/mL 

with S/N ratio greater than 5. It was fully validated for concentrations of 2, 5, 50 and 500 

ng/mL by six replicates for each concentration during intra-run validation and triplicate 

for each concentration during three inter-run validations. The accuracy and precision 

were presented in Table 2-1 and Table 2-2. The accuracy for intra-run validation was 

from 94.4% to 106% with CV% ranging from 0.50% to 4.60%. The accuracy for inter-run 

validation was from 100% to 107% with CV% ranging from 2.71% to 9.07%. As shown 

in Table 2-1 and Table 2-2, the means and CVs for all concentrations were within ±15% 

difference, including LLOQ. According to FDA guideline [54], the accuracy and precision 

should be within ±15% of the nominal concentrations except for the LLOQ, which should 

be within ±20%. 

Table 2-1.Intra-day (within-day) validation of 5,7-DMF in mouse plasma (N=6). 

Concentration in mouse plasma 
(ng/mL) 

Mean conc. 
(ng/mL) 

Accuracy 
(%) 

CV  
(%) 

2 1.89 94.4 4.60 

5 4.93 98.5 2.65 

50 52.8 106 3.47 

500 490 97.9 0.50 
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Table 2-2. Inter-day (between-day) validation of 5,7-DMF in mouse plasma (N=3*3). 

Concentration in mouse plasma 
(ng/mL) 

Mean conc. 
(ng/mL) 

Accuracy 
(%) 

CV  
(%) 

2 2.01 100 9.07 

5 5.21 104 3.03 

50 53.3 107 2.99 

500 510 102 2.71 

 

Matrix Effect and Recovery Yield 

Standards in mobile phase/neat solution, pre-extracted spiked samples and post-

extracted spiked samples were prepared in triplicate analyze the matrix effect and 

recovery yield. Based on the data shown in Table 2-3, the matrix effect and recovery 

yield of 5,7-DMF in mouse plasma were 86.8–99.8% and 87.4–99.8%, respectively. 

Currently, there are no guidelines for the criteria of matrix effect and recovery yield. The 

matrix effect within ±15% is generally accepted. In this case, the quantification method 

had a consistent matrix effect throughout low, medium and high concentrations of the 

calibration curve, which indicated that this method has little or negligible ion 

suppression. The recovery yield was proved consistent (87.4–99.8%) through different 

concentrations, indicating the high extraction efficiency if this method.  

Table 2-3. Matrix effect and recovery yield of 5,7-DMF in mouse plasma (N=3). 

Concentration 
(ng/mL) 

Matrix effect 
(mean±SD) 

Recovery yield 
(mean±SD) 

2 99.8±10.1 99.8±2.41 

5 92.8±0.66 100±2.97 

50 88.9±1.38 90.4±1.70 

500 86.8±0.86 87.4±0.99 
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Stability of 5,7-DMF 

Stability of 5,7-DMF in stock 

To investigate the stability of 5,7-DMF stock solution stored in the −80 °C freezer, 

freshly prepared 5,7-DMF solution was compared with stock solution that had been 

stored in the freezer for 2 months. The mean ratio of stored solutions to freshly 

prepared 5,7-DMF was 0.86 (or 86%). The analysis result indicated that the degradation 

of the stock solutions in the freezer is less than 15% compared to freshly prepared 5,7-

DMF solutions. Based on the result, the stored stock 5,7-DMF solutions were stable. 

Freeze–thaw stability of 5,7-DMF in mouse plasma 

The results in Table 2-4 showed that different concentrations of 5,7-DMF in 

mouse plasma going through up to three freeze–thaw cycles, the degradation of the 

analyte was all within 15%. Therefore, the results were reliable since the analyte was 

stable for three freeze–thaw cycles. 

Table 2-4. Freeze-thaw stability of 5,7-DMF in mouse plasma (N=3). 

Freeze-thaw 
cycle 

5,7-DMF Concentration 
(ng/mL) 

Ratio to freshly prepared 
samples 

1 2 105 
1 5 105 
1 50 94 
1 500 96 
2 2 86 
2 5 86 
2 50 107 
2 500 112 
3 2 93 
3 5 92 
3 50 103 
3 500 99 
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Long-term stability of 5,7-DMF in mouse plasma 

5,7-DMF at concentrations of 2, 5, 50 and 500 ng/mL in mouse plasma were 

stored in −80 °C freezer for up to 2 weeks (14 days) before analyzed. The stability 

results in Table 2-5 indicated that the changes in the analyte concentration were within 

15% compared with freshly prepared mouse plasma samples of same nominal 

concentrations. Thus the plasma samples were stable in the storage conditions for up to 

14 days. Since this period exceeded the time interval between the time of first plasma 

sample collected and the time of last sample analyzed, the PK study results were 

reliable. 

Table 2-5. Long term stability of 5,7-DMF in mouse plasma (N=3). 

Storage duration 
(Day) 

5,7-DMF Concentration 
(ng/mL) 

Ratio to freshly prepared 
samples 

4 2 105 
4 5 88 
4 50 93 
4 500 108 
7 2 97 
7 5 96 
7 50 90 
7 500 104 
14 2 103 
14 5 98 
14 50 88 
14 500 97 

 

Short-term temperature stability of 5,7-DMF in mouse plasma 

The results shown in Table 2-6 indicated that the ratio of analyte-to-I.S in 

prepared samples that were exposed to room temperature for 24 h to the ratio in freshly 

prepared samples were between 94 and 102, indicating the degradation was less than 
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5%. Within 24 h on the bench top, plasma samples preparation was finished. Therefore, 

the samples were considered stable during preparation. 

Table 2-6. Short term temperature stability of 5,7-DMF in mouse plasma (N=3). 

Concentration 
(ng/mL) 

Ratio to freshly 
prepared samples 

2 100 

5 102 

50 94 

500 102 

 

Post-preparative stability of 5,7-DMF 

The results in Table 2-7 demonstrated that the ratios of QC concentrations of 

Day 2 were between 103 and 113 compared with those calculated of Day 1. Since the 

whole batch of PK samples were finished running within 24 h, the measured were 

considered stable within 24 h during the resident time inside the autosampler after 

preparation. 

Table 2-7. Post-preparative stability of 5,7-DMF (N=3). 

Concentration 
(ng/mL) 

Concentration 
on Day 1 
(ng/mL) 

Concentration 
on Day 2 
(ng/mL) 

Mean 
ratio to 
Day 1 

2 1.88±0.14 2.13±0.07 113 

5 4.99±0.17 5.24±0.17 105 

50 51.5±1.81 54.0±1.93 105 

500 488±2.24 502±1.00 103 

 

Validation of quantification method in tissues 

As reported, our LC-MS/MS quantification method on mouse plasma was proven 

to be accurate, reliable, fast, sensitive and selective [55]. It was fully validated and the 

precision and accuracy of various QC samples all passed the criteria based on FDA 

guideline [54, 56]. In this study, it was applied and validated in tissue matrices. As 

indicated by the FDA guideline and the newest draft guidance [54, 56], the change in 
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the biological matrices within same species is the typical method modification and only 

partial validation is needed. Further, it is indicated in these guidance that, the total 

number of QC samples should be either 5% of the total samples to be analyzed or at 

least 6 QC samples in total, whichever number is greater [54, 56]. Therefore, in this 

case, for each tissue analysis, we performed intra-day validations on various 

concentrations with each concentration in triplicates (N=3) and the method validation 

results were shown in Table 2-8.  

The LC-MS/MS methods in mouse tissues had calibration curves with good 

linearity, as indicated by high R2 values of greater than 0.99. Fig. 2-5 to Fig. 2-13 

represented mouse liver, kidney, intestine, brain, spleen, heart, lung, muscle and fat. 

Except mouse spleen, muscle and fat, most calibration curves were captured in one 

linear relationship to describe concentrations between 2 and 1000 ng/mL. For spleen, 

muscle and fat, the calibration curves were split into 2 segments on the concentration of 

100 ng/mL. Panels A represented lower calibration curves from 2 to 100 ng/mL whereas 

Panels B represented higher calibration curves from 100 to 1000 ng/mL. 

Our results indicated QC samples at LLOQ were within 20% of the nominal 

concentrations and QC samples at higher concentrations were within 15% of the 

nominal concentrations. Thus these quantification methods were successfully validated 

and sample analyses using these assays were reliable. The XIC of 5,7-DMF in tissue 

samples were shown in Fig. 2-14. 

The sample preparation method for tissue samples was optimized based on the 

comparison of four tissue preparation methods from a pilot study. In method A, 70% ice 

cold methanol was used as homogenate buffer then ethyl acetate was added prior to 
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the liquid-liquid extraction. In method B, PBS buffer was used as the homogenate 

buffer.  500 µL of acidified acetonitrile (acetonitrile with 0.2% formic acid) was added for 

further protein precipitation. The samples were placed in -20ºC freezer for 5 min before 

centrifugation. The supernatant layer was dried and reconstituted prior to injection. In 

method C, acidified methanol was used as the protein precipitation agent. Other steps 

were the same as that in method C. In method D, PBS buffer was used as the 

homogenate buffer and ethyl acetate was added for extraction. The detailed comparison 

of these four extraction methods was listed in Table 2-9.  

 

 

Figure 2-6. Calibration curve of 5,7-DMF in mouse kidney.  
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Figure 2-7. Calibration curve of 5,7-DMF in mouse intestine.  

 

Figure 2-8. Calibration curve of 5,7-DMF in mouse brain.   
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Figure 2-9. Calibration curve of 5,7-DMF in mouse spleen. 
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Figure 2-10. Calibration curve of 5,7-DMF in mouse heart.   

 

Figure 2-11. Calibration curve of 5,7-DMF in mouse lung.   
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42 

 

Figure 2-12. Calibration curve of 5,7-DMF in mouse muscle.   
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Figure 2-13. Calibration curve of 5,7-DMF in mouse fat.   
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Table 2-8. Method validations of 5,7-DMF in mouse plasma and tissues (N=3). 

Tissue Conc. (ng/mL) Mean conc. (ng/mL) Accuracy (%) CV (%) 

Plasma  2 
500 

2.18 
552 

109 
110 

3.54 
0.92 

Liver  2 
500 

1.84 
525 

92.2 
105 

6.17 
1.50 

Kidney 2 
500 

2.18 
536 

109 
107 

3.30 
1.58 

Brain 2 
500 

1.96 
528 

98.1 
106 

1.70 
5.10 

Intestine  2 
500 

1.95 
506 

97.5 
101 

12.3 
2.37 

Spleen  2 
500 

1.92 
460 

95.8 
92.0 

3.10 
* 

Heart  2 
500 

1.97 
552 

98.5 
111 

6.59 
2.75 

Lung  2 
500 

2.13 
555 

107 
111 

19.6 
2.28 

Muscle  2 
500 

2.29 
554 

115 
111 

3.05 
2.79 

Fat  2 
500 

4.93 
496 

98.7 
99.1 

1.56 
2.06 

(*denotes one determination) 
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Discussions 

Compared to two assays on 5,7-DMF published in the past [44, 48] , our assay is 

simpler and more sensitive. Sutthanut et al. reported a LLOQ of 5,7-DMF at 800 ng/mL 

using GC, whereas Mekjaruskul et al. reported a LLOQ of 5,7-DMF at 1.86 μg/mL using 

HPLC-UV. Our result of LLOQ of 2 ng/mL demonstrates to be a significant improvement 

in the assay sensitivity, which is useful in quantification in terminal phase of plasma 

samples. Furthermore, in terms of sample preparation, our study used ethyl acetate to 

extract sample only once, compared to Mekjaruskul's method of using ethyl acetate 

three times to extract analytes. In addition, our assay is much faster than the other two 

assays since the retention time for 5,7-DMF in our assay is 3.7 min compared with 9 

min and 26 min for GC method and HPLC method, respectively. Our quantification 

methods in mouse plasma can be applied in clinical trials and adapted to measure 5,7-

DMF concentration in human plasma and human liver, kidney, brain, intestine, spleen, 

heart, lung, muscle and fat tissues as well.  

One interesting finding about the matrix effect was that, in matrix blank such as 

blank mouse plasma, and other mouse tissues, there seemed to exist ‘ghost peak’. 

Supposedly, the matrix blank didn’t have any analyte. However, as shown in Fig. 2-3 A, 

the small ‘bump’ exhibited in blank mouse plasma was not due to error or contamination 

in the samples. It was constantly showing up in the XIC which could negatively affect 

the LLOQ. But it was observed that with increase in the analyte concentration, the noise 

signal didn’t increase proportionally. But even with the strongest cleaning organic 

solvents, it couldn’t get rid of such noise signal. It may be because of trace amount of 

analyte getting stuck inside certain part of the column due to the physic-chemical 

interaction between the chemical and the column stuff. More often than not, such 
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interference appeared in LC-MS/MS. The bottom line is to ensure such signal-to-noise 

ratio is greater than 5. And in our case, the LLOQ of 2 ng/mL had a signal-to-noise ratio 

of above 7. So the ghost peak wouldn’t affect quantification for concentrations larger 

than that.  
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Figure 2-14. XIC of the 5,7-DMF and I.S in mouse plasma and tissues   
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Table 2-9. Comparison among different sample preparation methods on quantification 
of liver samples from a pilot study. 

Method Sample ID Measured conc. (ng/mL) 

A 2h-1 
2h-2 
2h-3 

4.75 
14.7 
21.8 

B 2h-1 
2h-2 
2h-3 

6.13 
13.8 
17.0 

C 2h-1 
2h-2 
2h-3 

5.90 
12.9 
16.5 

D 2h-1 
2h-2 
2h-3 

5.18 
17.1 
25.8 

 
Summary 

A fast, accurate, sensitive and selective quantification method of DMF was 

established to warrant further PK study in mice. The LLOQ of this method is 2 ng/mL. 

This quantification method was validated and the matrix effect and recovery yield were 

consistent and reproducible. The stability of 5,7-DMF in stock solution, in −80 °C freezer 

for up to 2 weeks and the stability in up to three freeze–thaw cycles were also proved. 

The developed method was successfully adapted to and validated on mouse tissues, 

including liver, kidney, heart, lung, spleen, brain, intestine, muscle and fat. This warrants 

further PK study of 5,7-DMF in mice. 
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CHAPTER 3 
PHARMACOKINETICS AND TISSUE DISTRIBUTION OF 5,7-DMF IN MICE 

Background  

5,7-DMF has been evaluated extensively in vitro and the results showed that 5,7-

DMF has many beneficial pharmacological  activities. For example, it has anti-

inflammatory activity [30], vasorelaxation and cardioprotection effect by increasing 

potassium efflux and inhibiting calcium influx [31], and selectively inhibitory effect 

against butyrylcholinesterase versus acetylcholinesterase [32]. Moreover, Walle’s group 

conducted a series of in vitro studies to evaluate the chemotherapeutic and 

chemopreventive potential of this compound [33-35]. They found that 5,7-DMF can 

prevent hepatic carcinogenesis by inhibiting Cytochrome P450 (CYP) 1A1 activity, 

which subsequently decreased the carcinogenbenzo[a]pyrene (BaP)-induced DNA 

adduct formation [35].  

The chemopreventive effect of 5,7-DMF was also observed in human 

esophageal cancer cells and human oral carcinoma cells by regulating CYP1B1 activity 

[34-35]. 5,7-DMF was also reported to have chemosensitizing effect in hetapocellular 

carcinoma cells and human leukemic cells through tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL)-mediated apoptosis [36-37]. In addition, 5,7-DMF 

was shown to improve the accumulation of rhodamine 123 into the cells with 

overexpression of P-glycoprotein (P-gp), an efflux transporter which is present in 

various cancer cells and plays an important role in multi-drug resistance (MDR) [27]. In 

addition to P-gp inhibition, 5,7-DMF also has inhibitory effect on other two efflux 

transporter members - multidrug resistance associated-proteins (MRPs) and  Breast 

Cancer Resistance Protein (BCRP).  



 

50 

It is noteworthy however, that most of the literature reported the beneficial 

efficacy of 5,7-DMF in vitro, but the report on its in vivo PK profile is very limited. 

Currently, there is one paper reporting PK in killifish, and two papers reporting PK in 

rats. The PK in mice and other animal species are still missing. Therefore, in this 

chapter, we will explore the PK of 5,7-DMF in mice to study its dose proportionality, 

bioavailability and tissue distribution. Previously, the analytical methods available can 

only quantify 5,7-DMF with the lower limit of quantification (LLOQ) of more than 800 

ng/mL [44,48]. In our recent study, we established a fast, accurate and sensitive LC-

MS/MS method to quantify 5,7-DMF in mouse plasma with the LLOQ of 2 ng/mL [55]. It 

was applied to this study to investigate the PK profile and tissue distribution of 5,7-DMF 

in mice in this chapter. 

Material and Methods 

Chemicals and Reagents  

5,7-DMF (>99%,) and 5,7,4’-trimethoxyflavone (TMF, >99%), shown in Fig 1 

were purchased from Indofine Chemical Company, Inc (Hillsborough, New Jersey, US). 

Ammonium formate (99%) was obtained from ACROS Organics (New Jersey, US). 

Analytical HPLC grade acetonitrile (ACN), isopropanol, water, ethanol, phosphate-

buffered saline (PBS) 10X solution, Triton lysis buffer (pH 8.0) and formic acid were 

purchased Fisher Scientific (Pittsburg, Pennsylvania, US). Analytical spectrophotometric 

grade ethyl acetate (99.5%) was obtained from Alfa Aesar (Ward Hill, Massachusetts, 

US). Cyclohexane Hexahydrobenzene (99.5%) was purchased in VWR International 

LLC (Philadelphia, Pennsylvania, US). Heparin-treated mouse plasma was purchased 

from BioreclamationIVT (East Meadow, New York, US). Poly(ethylene glycol) Mn 400 

(PEG400) were purchased through Sigma Aldrich (St. Louis, Missouri, US). Heparin 
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Injectable (1,000 U/mL) was purchased from Patterson Vet Generics (Devens, 

Massachusetts, US). Isoflurane was provided in Animal Facility surgery room under 

IACUC protocol. 

Animals and In-Vivo Study 

4-6 weeks old Harlan’s ND4 male Swiss Webster mice with the average body 

weight of 26.2 g were obtained from Harlan Laboratories. Before experiment, all mice 

were settled and housed in the University of Florida (UF) Animal Research Facility for a 

week following a 12 hr light/dark cycle. All mice had access to normal/standard diet and 

water and this in vivo study was carried out in accordance with IACUC protocol 

evaluated and approved by review board of UF Animal Care and National Institutes of 

Health.    

In dose linearity study, 90 mice were randomly separated into 3 dosing groups 

with each group of 30 mice assigned randomly into 10 time points (up to 48 h) triplicate 

mice at each time point (N=3). 10, 25 or 50 mg/kg 5,7-DMF was administered through 

penile vein injection (IV) to the mice. The mice had free access to food and water before 

and after oral administration. Mouse plasma was collected after immediately centrifuged 

at 2,000 g. Supernatant layer of the blood was thus collected as plasma and all the 

plasma and tissue samples were stored at -80ºC until analysis. 

In bioavailability study, 60 mice were randomly separated into either IV or Oral 

group with each group of 30 mice assigned randomly into 10 time points triplicate mice 

at each time point (N=3). 5,7-DMF was first dissolved in dimethyl sulfoxide at the 

concentration of 20 mg/mL and prior to dosing, it was further diluted as solution in the 

vehicle consist of 35% PEG400, 2% ethanol and 63% deionized water at the final 

concentration of 2 mg/mL. This solution containing 2 mg/mL 5.7-DMF was stable in the 
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vehicle for at least 24 hr under room temperature. The target dose of 10 mg/kg 5,7-DMF 

was administered through either penile vein injection (IV) or through oral gavage to the 

mice. The mice had free access to food and water before and after oral administration. 

Blood, heart, lung, gut, brain, liver, kidney, spleen, muscle and adipose tissues were 

collected at time points 5, 15 and 30 min and 1, 2, 3, 4, 8, 12 and 21 hr after oral 

dosing. Mice were euthanized by isoflurane followed by cervical dislocation. The 

heparinized blood was immediately centrifuged at 2,000 g for 8 min with a mini-

centrifuge. Supernatant layer of the blood was thus collected as plasma and all the 

plasma and tissue samples were stored at -80ºC until analysis.  

Sample Preparations and LC-MS/MS Assays  

The LC-MS/MS condition was the same as previously reported [20]. Briefly, 

under positive mode of Agilent triple quadruple 6460, 5,7-DMF (m/z 283 > m/z 239) and 

I.S (m/z 313 > m/z 298) were simultaneously monitored with isocratic elution at a flow 

rate of 0.4 mL/min. The mobile phase is 50/50 (v/v) of 20 mM ammonium formate in 

water and acetonitrile. Plasma sample preparation method was completed following 

previous reported method [55]. For tissue samples, tissue was weighed and added PBS 

buffer (pH=7.4) based on 10-fold volume of each tissue weight. They were cut into 

smaller pieces before homogenization. Then 10 µL of I.S was spiked into 100 µL of 

tissue homogenate. Other steps were the same as plasma sample preparation. After 

vortex mixing for 1 min, 600 µL of ethyl acetate was added for liquid-liquid extraction on 

a mechanical shaker for 5 min. Then the supernatant layer was transferred to clean 

tubes after the centrifuge at 17,000 rpm under 4 ºC for 4 min, and placed under nitrogen 

for evaporation. The residue was reconstituted with 100 µL of mobile phase and 

centrifuged at 17,000 rpm under 4 ºC for 4 min to get rid of precipitation. 5 µL of the 
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supernatant aliquot was injected to the LC-MS/MS. Calibration curve were prepared at 

concentrations 2, 5, 10, 20, 50, 100, 200, 500 and 1000 ng/mL in blank mouse tissues.  

Pharmacokinetic Analysis  

The non-compartmental analysis (NCA) was employed to calculate the PK 

parameters using Phoenix 1.3 (Pharsight, Mountain View, CA). Lambda z (λz) is the 

elimination rate constant at the terminal phase, and it was calculated as the slope of the 

linear regression on the terminal data points. Cmax is the maximal plasma concentration 

based on the experimental data. The area under the plasma concentration time curve 

from time zero to the last time point (AUCt) was calculated by linear trapezoidal rule. 

AUC infinity (AUCinf) was determined by AUCt plus extrapolated portion Ct/λz. Terminal 

half-life was calculated as 0.693/λz. The systemic clearance (CL_F) was determined as 

Dose/AUCinf. The apparent volume of distribution (Vz_F) was calculated as CL_F/λz. 

The partition coefficient in tissue (Kp) was calculated by AUCt (area under the curve 

from 0 to the last time point that the analyte can be measured) of tissue divided by AUCt 

of plasma. 

Results 

LC-MS/MS Method Development and Validation 

As reported, our LC-MS/MS quantification method on mouse plasma was proven 

to be accurate, reliable, fast, sensitive and selective [55]. It was fully validated and the 

precision and accuracy of various QC samples all passed the criteria based on FDA 

guideline [c]. In this study, it was applied and validated in tissue matrices. As indicated 

by the FDA guideline and the newest draft guidance [54, 56], the change in the 

biological matrices within same species is the typical method modification and only 

partial validation is needed. Further, it is indicated in these guidance that, the total 
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number of QC samples should be either 5% of the total samples to be analyzed or at 

least 6 QC samples in total, whichever number is greater [54, 56]. Therefore, in this 

case, for each tissue analysis, we performed intra-day validations on various 

concentrations with each concentration in triplicates (N=3) and the method validation 

results were shown in Table 2-8. Our results indicated QC samples at LLOQ were within 

20% of the nominal concentrations and QC samples at higher concentrations were 

within 15% of the nominal concentrations. Thus these quantification methods were 

successfully validated and sample analyses using these assays were reliable. The XIC 

of 5,7-DMF in tissue samples were shown in Fig 2-14. 

The sample preparation method for tissue samples was optimized based on the 

comparison of four tissue preparation methods from a pilot study. Among these four 

methods, the measured extraction efficiency was the highest in method D. The detailed 

comparison of these four extraction methods was listed in Table 2-9. Method D 

exhibited constant higher extraction efficiency for different sample ID. Besides, the 

procedures of method D were relatively simple and less time consuming. Due to the 

simple and efficient procedure of method D, it was applied for tissue preparations in this 

study. 

Dose Linearity of 5,7-DMF in Mice 

5,7-dmf solution within the dosing range of 10 to 50 mg/kg resulted in linear PK 

profile, as shown in Fig 3-1. Time courses of 10-50 mg/kg administration were almost 

parallel to each other. The NCA parameters were listed in Table 3-1. The area under 

the curve (AUCinf) and peak plasma concentration (Cmax) of each dose was 

proportional with dose. 
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Table 3-1. Dose linearity of 10-50 mg/kg IV dose in mice (N=3). 

Parameter  10mg/kg 25mg/kg 50mg/kg 

Cmax (ng/mL) 8823 ± 1516 23384 ± 1422 44867 ± 11137 

AUCinf (h*ng/mL) 3292 ± 1042 10659 ± 647 20039 ± 1424 

CL (L/h/kg) 3.25 ± 1.04 2.35 ± 0.14 2.50 ± 0.18 

 

Bioavailability of 5,7-DMF in Mice  

When compared the NCA results between IV and oral dose of 10 mg/kg 5,7-DMF 

solution, as shown in Table 3-2, the mean AUC of IV and oral routes were 3886 and 

537, respectively, which made the calculated bioavailability at 13.8%, based on the 

equation %100





ivpo

poiv

AUCDose

AUCDose
F , where AUCpo is the AUC after oral dose and 

AUCiv is the AUC after IV dose. 

The time course of both dosing routes was shown in Fig. 3-2. The curve shape at 

the terminal phase seemed similar. There was no sign of flip-flop phenomenon.  The 

oral absorption was fast. The IV dosing route, plasma concentration was detectable up 

to 4 h while in oral route, the plasma concentration was detectable up to 12 h. 

Table 3-2. Bioavailability of 5,7-DMF following 10 mg/kg IV and oral dose (N=3). 

Parameter  IV dose Oral dose 

AUCinf (h*ng/mL) 3886 ± 222 537 ± 167 

Bioavailability% - 13.8 

CL (L/h/kg) 2.58 ± 0.15 20.6 ± 7.49 

Cmax (ng/mL) 8119 ± 2180 1868 ± 1194 

T1/2 (h) 0.68 ± 0.32 3.4 ± 2.8 

V_F (L/kg) 2.52 ± 1.20 90.1 ± 62.0 

 

Pharmacokinetic Analysis and Tissue Distribution in Mice 

The NCA result in Table 3-3 showed that the maximal plasma concentration 

following oral dose of 10 mg/kg 5,7-DMF was 1870 ± 1190 ng/mL. The terminal half-life 

t1/2 was 3.40 ± 2.80 hr. The volume of distribution by the area method Vz_F was 90.1 ± 
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62.0 L/kg. Clearance (CL_F) was 20.2 ± 7.49 L/hr/kg. The drug exposure AUCt and 

AUCinf was 532 ± 165 and 537 ± 167 hr*ng/mL, respectively.  

 
Table 3-3. Non-compartmental parameters of 5,7-DMF in mouse plasma after oral 

administration of 10 mg/kg 5,7-DMF (N=3). The data were presented as mean 
and standard deviation. 

Parameter Estimate 

λ
z (1/hr) 0.30 ± 0.17 

C
max (ng/mL) 1870 ± 1190 

Tmax (hr) 0.14 ± 0.10 

AUC
t (hr*ng/mL) 532 ± 165 

AUC
inf (hr*ng/mL) 537 ± 167 

T
1/2 (hr) 3.40 ± 2.80 

CL_F (L/hr/kg) 20.2 ± 7.49 

V
z_F (L/kg) 90.1 ± 62.0 

 

The concentration-time profiles of plasma, liver, kidney, gut and brain were 

presented in Fig. 3-3. Through the oral gavage, the Cmax of 5,7-DMF was quickly 

reached among plasma and tissues within 0.5 hr after dosing due to fast absorption, 

with mean Tmax ranging from 0.14 to 0.36 hr. The semi-log scale plots indicated a bi-

exponential disposition pattern of 5,7-DMF. The plasma concentration after Tmax 

dropped drastically due to fast and vast distribution into tissues and then it followed a 

long terminal phase probably because of the contribution of the 5,7-DMF in the tissue 

back to plasma. The analyte was detectable up to 21 hr in mouse plasma, gut, liver, 

kidney, spleen and adipose. The time-course of mouse liver, kidney, gut, spleen and 

adipose followed the same pattern as that of mouse plasma.  
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Figure 3-1. Dose proportionality in mice. Plasma PK profile (mean±SD) of 10 (A), 25 (B) 
and 50 (C) mg/kg IV dose of 5,7-DMF(N=3).  
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Figure 3-1.  Continued. 

 

As shown in Fig. 3-4, the 5,7-DMF concentration in mouse tissues were much 

higher than that in mouse plasma. Except for muscle and adipose, other tissues had the 

Cmax higher than that in the plasma, ranging from 1.75- to 9.96-fold. The highest tissue 

Cmax was in mouse gut, followed by liver, brain, kidney, heart, spleen, lung, muscle and 

adipose. As indicated by the NCA analysis results listed in Table 3-4,  AUCt of gut, liver, 

kidney, brain and spleen were 6850 ± 1360, 4640 ± 518, 2100 ± 667, 1520 ± 554 and 

1250 ± 82 hr*ng/g, respectively. Thus, 5,7-DMF exposure in these tissues were 2.35- to 

12.9-fold higher than that of mouse plasma. It is shown that 5,7-DMF through oral dose 

was most abundant in gut, followed by liver, kidney, brain, spleen, heart, lung, adipose 

and lastly, muscle. 
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Figure 3-2. Plasma PK profile (mean±SD) of IV and oral dose of 10 mg/kg 5,7-DMF in 

mice (N=3). 

Table 3-4. PK parameters of 5,7-DMF in mouse tissues after oral administration of 10 
mg/kg 5,7-DMF (N=3). The data were presented as mean and standard 
deviation. 

Parameter Cmax (ng/g) AUCt (hr*ng/g)  Kp  

Intestine  18600 ± 4290 6850 ± 1360 12.9 

Liver 10900 ± 3140 4640 ± 518 8.71 

Kidney  7200 ± 5820 2100 ± 667 3.94 

Brain  7260 ± 5740 1520 ± 554 2.86 

Spleen  3260 ± 2200 1250 ± 82 2.35 

Heart  4990 ± 4220 1230 ± 355 2.31 

Lung 3030 ± 1450 781 ± 148 1.47 

Fat  558 ± 290 529 ± 293 0.99 

Muscle  1180 ± 739 345 ± 110 0.65 

 

The PK profile of plasma and nine other tissues was shown in Fig. 3-4. The 

calculated Kp values for major tissues were listed in Table 3-4. Kp values for intestine, 
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liver, kidney, brain, spleen, heart, lung, fat and muscle were 12.9, 8.71, 3.94, 2.86, 2.35, 

2.31, 1.47, 0.99 and 0.65, respectively. They will be further evaluated in our future 

investigation on the physiologically based PK modeling of 5,7-DMF. 

Discussions  

Breast Cancer Resistance Protein (BCRP) is one of the main efflux transporters 

associated with MDR. 5,7-DMF has been reported to be a potent inhibitor of BCRP, with 

an IC50 of 2.5 μM (equivalent to 0.703 μg/mL) [39-40]. 5,7-DMF can significantly 

increase the accumulation of mitoxatrone (an anticancer agent) in BCRP-overexpressed 

breast cancer cells and correspondingly enhanced the cytotoxicity of mitoxatrone in 

those cells at nano-molar to low micro-molar concentration range. In this case, under 

the dose of our study (10 mg/kg), 5,7-DMF plasma level of 2.5 μM could be reached, 

which can effectively inhibit BCRP at the cellular level and may represent clinical 

relevance in cancer treatment. 
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Figure 3-3. Concentration-time profiles of 5,7-DMF in mice following oral administration 
of 10 mg/kg 5,7-DMF (N=3). A, B, C, D and E represented the 
pharmacokinetic profile of 5,7-DMF in mouse plasma, liver, kidney, small 
intestine and brain.   
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The pharmacokinetic parameters of 5,7-DMF after 10 mg/kg oral dose in mice 

were determined in this study. Based on the previous literature, 10 and 30 mg /kg 

equivalent 5,7-DMF oral doses were proven safe in rats [44]. In addition to 10 mg/kg 

oral dose, we also evaluated 10, 25 and 50 mg/kg intravenous dose in our pilot study 

and no toxicity was observed at any dose tested, indicating the favorable safety profile 

of 5,7-DMF. In addition, our pilot study had demonstrated the linear relationship 

between dose and concentration on 10, 25 and 50 mg/kg intravenous dose of 5,7-DMF. 

Therefore the Cmax and AUC can be reasonably estimated within that dosing range.  

It has been reported that the IC50 value of 5,7-DMF for BCRP inhibition in vitro is 

1.41 µM and at this concentration 5,7-DMF can significantly increase the intracellular 

accumulation of mitoxantrone in the BCRP-overexpressing cells [39-40]. Our result 

revealed that under 10 mg/kg oral dose, 5,7-DMF could easily reach the concentration 

of 1.41 µM (equivalent to 398 ng/mL) in plasma and various tissues. Based on our 

results, it is reasonably to speculate that the BCRP inhibitory effect of 5,7-DMF 

observed in vitro can be extrapolated to in vivo. Similarly, 5,7-DMF was reported to 

increase the doxorubicin accumulation into P-gp overexpressed cell-line in a 

concentration-dependent manner within 1-300 µM (282-84600 ng/mL) [27], and this in 

vitro P-gp inhibitor effect should be able to be translated to in vivo as well since our PK 

data showed that the Cmax of 5,7-DMF in plasma and different tissues range from 1870 

to 18600 ng/ml (Tables 3-1 and 3-2).   
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Figure 3-4. Mean plasma and tissue PK profiles of oral dose of 10 mg/kg 5,7-DMF in 

mice (N=3).  

 

Terminal half-life of 5,7-DMF calculated in plasma was 3.40 ± 2.80 hr, so it might 

take 17 hr (5 half-lives) to clear 5,7-DMF completely (>95%). Tmax for mouse gut, 

plasma, liver and kidney were 0.083 ± 0.00, 0.14 ± 0.10, 0.14 ± 0.10 and 0.19 ± 0.10 hr, 

respectively, indicating rapid distribution of the 5,7-DMF from plasma to tissues [44]. 

The peak concentration in major tissues such as liver, brain, kidney, heart, and lung 

were higher than plasma peak concentration, with the Cmax ratio to plasma of 5.86, 3.88, 

3.85, 2.67 and 1.62, respectively. The high tissue accumulation was also in accordance 

with Walle’s paper, in which maximal liver concentration of 5,7-DMF was 7-fold higher 

than that of plasma level and the peak lung and kidney 5,7-DMF were almost 2-fold 

higher than plasma concentration [44].  
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The large value of volume of distribution indicated extensive accumulation in 

tissues, which was consistent with observations in Mekjaruskul’s and Walle’s studies 

[43-44]. This may indicate tissues as the favorable sites for 5,7-DMF to exert the 

greatest pharmacological action. Among different studies and different species, 5,7-

DMF may have different tissue distribution profile. In our study, we found that in mice, 

the compound after oral dosing was most concentrated in gut > liver > spleen > kidney 

> brain > heart > lung> adipose > plasma > muscle. And Walle’s paper reported 5,7-

DMF most accumulated in rats liver > lung > kidney > plasma [44] whereas 

Mekjaruskul’s paper reported rats concentration liver > plasma > kidney > lung [43]. 5,7-

DMF in killifish was reported to have highest concentration in liver > brain > gut > gill > 

skin [48]. But in general, liver and kidney had higher 5,7-DMF than other tissues and 

plasma probably because they are well-perfused organs. It is noteworthy that liver was 

the major tissue for 5,7-DMF accumulation. 2-20 µM (564-5640 ng/mL) of 5,7-DMF was 

achievable through this 10 mg/kg oral dose which was reported to inhibit 

benzo[a]pyrene-induced DNA binding in liver [33].  Also, 2.5-10 µM (705-2820 ng/mL) of 

5,7-DMF was achievable in vivo to chemosensitize Trail-induced apoptosis in liver 

carcinoma cells [36]. Interestingly, 5,7-DMF could penetrate blood-brain barrier (BBB) 

and blood-testicular barrier, which was demonstrated by our study in mouse brains and 

also Mekjaruskul’s study in rat brains and testicles [44]. This may imply promising 

medical use of 5,7-DMF for brain and testicular cancer and Alzheimer’s diseases [32].   

Summary 

In summary, this study described the PK of 5,7-DMF in mice following 10 mg/kg 

oral dose for the first time. It established the tissue distribution profile and PK 

parameters in vivo and provided further basis for physiologically based PK modeling, 
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drug-drug interaction studies, dosing regimen and prediction in clinical trials in the 

future. 
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CHAPTER 4 
PHARMACOKINETIC MODELING AND SIMULATION ON 5,7-DMF 

Background  

Pharmacokinetic models are relatively simple mathematical schemes that 

represent complex physiologic spaces or processes. Accurate PK modeling is important 

for precise determination of elimination rate. In recent years, progress has been made 

in PK modeling to better understand the absorption, distribution, metabolism, and 

excretion (ADME) of medications in vivo [57]. However, the PK model or parameters to 

describe the ADME of 5,7-DMF in vivo is missing to date, which hinders the further 

exploration or development of this promising compound. Therefore, in our study we 

explored the appropriateness of using population PK as a tool to explain and predict 

5,7-DMF in vivo.  

Empirical PK models normally take the form of one, two, or three compartment, 

depending on the drug disposition pattern in blood or plasma [58]. And the most 

commonly used are one and two compartment model. The construction of 

compartmental model takes into account of the drug properties such as lipophilicity, 

permeability and solubility. One compartment model assumes that the whole body is 

like a well-stirred container with drug rapidly reaching equilibrium inside it; whereas two 

compartment model assumes that the central compartment is like well-perfused layer 

that exchange drug with tissue layer with permeability-rate limited manner. 

Extrapolation of pharmacokinetics from animal model to human model usually 

depends on either allometric scaling or physiologically based pharmacokinetic modelling 

(PBPK) [57]. Allometric scaling is a rather empirical approach, in which volume of 

distribution will be scaled up in linear fashion while clearance will be scaled up in 
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empirical power of 0.75. PBPK is advantageous in semi-mechanistic based to integrate 

compound-dependent properties and physiology-dependent characteristics. But their 

development tends to be resource-demanding and time-consuming. Thus in this 

chapter, we focused mainly on the population pharmacokinetic modeling tools to explain 

the ADME of 5,7-DMF in mice and then to predict the plasma concentration of 5,7-DMF 

in human of 70 kg body weight. 

Methods  

Assumptions and Model Building 

In our study, we mainly focused on classical compartmental model on oral 

plasma PK data and the models are shown in Fig. 4-1. One-, two- and three-

compartmental models will be explored and compared with and without Tlag, with zero- 

or first-order absorption. 

A one-compartmental model assumes linear pharmacokinetics and immediate 

distribution and equilibrium of the drug throughout the body. 

A two-compartment model consists of two parts: The first (central) compartment 

X1 is identified with the blood and organs that are well-perfused with the rate-limiting 

step of blood perfusion. The second (peripheral) compartment X2 described for tissues 

that are less perfused with the rate-limiting step of permeability. 

A three-compartmental model takes into account the drug distribution into deep 

tissue and relatively shallower tissue.  
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Figure 4-1. Structural of one-, two- and three-compartmental model and corresponding 
differential equations.  
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Figure 4-1. Continued. 

 
The structural models of one-, two- and three-compartment were compared 

based on fitting plots, diagnostic plots and statistical criterion such as -2LL value, 

Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). On top of 

the base model with first-order absorption Ka, zero-order absorption was also 

considered into the model to compare with the fitting, precision of fitted parameters and 

AIC or BIC to make the final decision. As for oral absorption, the lag time (Tlag) in 

absorption phase was also taken into consideration. Models with or without Tlag were 

compared as well. 

Population Modeling Analysis 

The population PK (PopPK) approach was used in this study to cover the random 

variation into the PK model. Phoenix version 1.3 was used for this purpose. Since it was 

constructed on mouse plasma data with triplicate (N=3) mice sacrificed at each of ten 

time points, the total of 30 data points were serving as individuals pooled together. 
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Therefore, the naïve pool population method was chosen in terms of modeling. In this 

case, there was no differentiation on between-subject variability or intra-subject 

variability, because all sort of variability is lumped into residual/error model. In this 

study, we explored the residual model in additive, log-additive and multiplicative 

manner. Their equations are listed below. 

Additive model 

 
EpsObs CCC   

 

Log-additive model 

 )exp( EpsObs CCC   

 

Multiplicative model 

 )1( EpsObs CCC   

  Comparisons among different residual models were based on goodness-of-fit, 

diagnostic plots and statistical criterion such as -2LL value, AIC and BIC. Covariates, 

however, were not investigated in our study, because the plasma data were collected 

from mice instead of humans. So less confounding factors have been reported or 

collected on 5,7-DMF in mice before. 
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Model Validation 

After the final model was selected, it was internally validated by population 

predictive check (VPC). Basically, it is a comparison between observed data and 

simulated data. VPC compared a different kind of prediction other than diagnostic plots. 

They are based on simulations of model predictions including random effects. Summary 

measures of the distribution of predictions and observations were compared visually. 

The results included 5% (lower), 50% (mean) and 95% (upper) percentiles. 

Allometric Scalling 

Scaling of a dose is expected when predicting first-in-human doses for clinical 

trials, dose extrapolation in veterinary practice and dose extrapolation for experimental 

purposes [59]. Allometric scalling was conducted on V1, V2, CL and CL2. The average 

body weight of the experimental mice was 26.2 g, which was equivalent to 0.0262 kg. 

The V1 and V2 in mice model were scaled up to 70 kg body weight human in linear 

fashion; so that the power b for V1 and V2 was fixed at 1. The Cl and Cl2 were scaled up 

to 70 kg body weight human in less-than-proportion fashion; which means the power b 

for CL and CL2 was fixed at 0.75 empirical value [60]. Absorption rate Ka and 

bioavailability F of 5,7-DMF were fixed to the values in mice. 

bBWaY   

Model Simulation and Prediction  

With the final model of two-compartmental first-order absorption without Tlag 

model in log-additive residual model, and the scaled up PK parameters were plugged in 

simulation mode of Phoenix, the model was extrapolated to predict human of 70 kg in 

body weight. 
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Results  

Population Modeling Analysis 

The comparisons among different models were listed in Table 4-1. Based on the 

results shown in Table 4-1, one-compartmental model was not good in terms of fitting 

and AIC/BIC. The standard error and the precision (CV%) of fitted PK parameters were 

huge (>100%) for one-compartmental model. Two-compartmental and three 

compartmental base models (without Tlag) both led to good fitting. So statistical 

criterion such as -2LL, AIC and BIC values played a role in decision making. Generally, 

AIC and BIC is balancing between goodness-of-fit and overparameterization. So the 

preferred model is the one with the minimum AIC/BIC value since it rewards goodness 

of fit (as assessed by the likelihood function), and includes a penalty for increasing 

number of estimated parameters.  

AIC takes the function of )ln(22 LkAIC  , where k is the total number 

of parameters in the model and L is the maximal likelihood. 

BIC takes the function of )ln()ln(2 nkLBIC  , where L is maximal 

likelihood, n is the number of observed data and k is the number of parameters. 
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Table 4-1. Model comparison under PopPK approach in Phoenix. 

Model  Description  Fitting  AIC/BIC 

1 1 cmpt + additive error model Not good 393/398 

2 1 cmpt + log-additive error model Not good 108/113 

3 2 cmpt + additive error model Not good 377/390 

4 2 cmpt + log-additive error model Good 44.2/51.8 

5 2 cmpt + multiplicative error model Okay  200/207 

6 2 cmpt + log-additive error model + Tlag Good 46.0/54.8 

7 3 cmpt + log-additive error model Good 47.4/57.5 

8 3 cmpt + multiplicative error model Okay 201/211 

9 3 cmpt + log-additive error model + Tlag Good 49.2/60.5 
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Additive error model didn’t describe data well, with some of the fitted parameters 

in negative value, which doesn’t make sense. Compared with multiplicative error model, 

log-additive model provides smaller AIC/BIC with better fitting in two- and three-

compartmental model. So in this case, we focused on log-additive error model. 

Compared with three compartment model, two-compartmental model had similar 

residual, QQ (data quantile-theoretical quantile) and DV (dependent variable) vs PRED 

(prediction) plots. Further, two-compartmental model has smaller value in AIC/BIC than 

three compartment model. So the two models had AIC values of 44.2 versus 47.4, 

respectively. In this case, two-compartmental model was chosen as the base model. 

When further compare two-compartmental model and that with Tlag, the fitting 

generally look similar; but AIC and BIC punish the increase in total number of 

parameters. So the two models had AIC values of 44.2 versus 46.0, respectively. Based 

on minimizing AIC/BIC principle, we chose two-compartmental model without Tlag.  

Since in absorption modeling, zero-order absorption rate constant could be 

considered instead of first-order rate constant, we compared two-compartmental model 

with either zero-order (K0) or first-order (Ka) absorption. It is interesting that the AIC/BIC 

values for these two models are the same; although there was a drastic increase when 

K0 replace Ka in three-compartmental model, changing from 47.4/57.5 to 176/186. When 

looking at the fitting figure and parameter estimation table closely, we found that the 

fitting is better for two-compartmental model with first-order absorption; furthermore, the 

fitted parameters in two-compartmental model with first-order absorption had smaller 

standard error and CV% than two-compartmental model with the zero-order absorption 
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rate, thus we chose two-compartmental model with  first-order absorption as our final 

model for further simulation and prediction. 

The fitting plots for the final model are shown in Fig. 4-2. Fig. 4-2A showed 

goodness-of-fit plot in log transformation in DV and PRED versus time after dose. Fig. 

4-2B showed goodness-of-fit plot without log transformation in DV and PRED versus 

time after dose. In either plot, the model fit the observed data in a decent way with 

reasonable variation. And the fitted parameters were listed in Table 4-2. 

Table 4-2. PopPK parameters for the final model in mouse. 

Parameter Population mean estimate SE CV% 

Ka(/h) 6.04 1.07 17.8 

V1 (L) 0.05 0.03 56.1 

V2 (L) 0.56 0.41 73.8 

CL (L/h) 0.55 0.08 14.3 

CL2 (L/h) 0.04 0.02 40.2 
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Figure 4-2. Overall goodness-of-fit plots with log transformation (A) and without log 
transformation (B).   
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And the individual fitting plot was shown in Fig 4-3 with A, B, and C panels 

representing the goodness-of-fit plots of ID 1, 2 and 3. 

 

 

Figure 4-3. Individual goodness-of-fit plot. 
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Figure 4-3. Continued. 

Diagnostic plots in our study included the DV vs PRED, DV vs IPRED, CWRES 

(conditional weighted residual) vs PRED, CWRES vs TAD (time after dose) and QQ 

plots. These results were shown in Fig. 4-4. Fig. 4-4A indicated that the predicted 

concentration were in line with the observed concentration, which means good fit; same 

for Fig. 4-4B, dependent variable versus individual prediction. In the CWRES vs PRED 

plot, there is no trend between residual and prediction, which means the assumptions 

for modeling were valid; and there was no bias in this model. The random pattern was 

also observed in Fig. 4-4D, CWRES vs time after dose, which means there was no 

trend going with time. So there was no time trend to lead to any bias in the model. In 

both Fig. 4-4C and Fig. 4-4D plots, most of the dots were within -2 to 2 line so that only 

a few outliers fell out of this interval, which was a good sign indicating the goodness-of-

fit. Fig. 4-4E, QQ plot showed a dissection line of y=x linear relationship, which means 
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the weighted residual met the expectation of standard normal quantile. There was no 

obvious deviation or screwness, in which normality assumption was met.  

The major goal for diagnostic plots was to check the assumptions of 

independence, equal variance and normal distribution for the model. Residual plot can 

check independence and equal variance as well. By plotting residual against time or 

prediction, the random scattering indicated the independence of time or prediction and 

the assumption of equal variance were met. The robustness was demonstrated when 

no departure from the model assumptions were observed. 
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Figure 4-4. Diagnostic plots for the final model. 
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Figure 4-4.  Continued. 
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Figure 4-4.  Continued. 

 
Model Validation 

Model validation was performed by VPC, as shown in Fig. 4-5. It showed that 

VPC had good agreement with observations. And observation intervals were within 

prediction intervals; there was no sign of model mis-specification, under-prediction or 

over-prediction. 
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Figure 4-5. Visual predictive check for two-compartmental final PopPK model.  

With this final model and its PK parameters, the simulated mouse plasma PK 

profile for oral administration of 10, 25 and 50 mg/kg were shown in Fig. 4-6 to 4-8. In 

these plots, only mean concentrations were shown. 

 

1

10

100

1000

10000

0 3 6 9 12

5
,7

-D
M

F
 c

o
n

c
e

n
tr

a
ti

o
n

 (
n

g
/m

L
) 

Time after dose (h) 



 

84 

Figure 4-6. Simulated mouse plasma PK profile following oral dose of 10 mg/kg 5,7-
DMF.  

 

Figure 4-7. Simulated mouse plasma PK profile following oral dose of 25 mg/kg 5,7-
DMF.  

 

Figure 4-8. Simulated mouse plasma PK profile following oral dose of 25 mg/kg 5,7-
DMF.  
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Allometric Scalling 

Allometric scalling to human of average body weight of 70 kg resulted in 

parameters was shown in table 4-3. So the mean Ka was 6.04 h-1, central volume of 

distribution was 0.05 L, peripheral volume of distribution was 0.55 L, clearance was 0.55 

L/h and the intercompartmental clearance was 0.04 L/h.  

 

Table 4-3. Scaled up PK parameters in two-compartment model for human species. 

Parameter Mean (SE) in mice Scaled for humans 

Ka(/h) 6.04 
(1.07) 

6.04 

V1 (L) 0.05 
(0.03) 

131 

V2 (L) 0.56 
(0.41) 

1484 

CL (L/h) 0.55 
(0.08) 

204 

CL2 (L/h) 0.04 
(0.02) 

16.1 
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Model Simulation and Prediction  

With the final model of scaled up parameters, the simulation of human plasma 

concentration-time profile following oral dose of 10 mg/kg 5,7-DMF solution were shown 

in Fig. 4-9. Panel A showed the simulation figure generated by the software under log 

scale whereas panel B was the figure after transformation back to linear scale. Both 

graphs indicated the 5, 50 and 95 percentiles. Predicted human plasma concentration 

following oral dose of 10 mg/kg 5,7-DMF. The predicted half-life is 3.45 h, Tmax is 0.25 h, 

Cmax is 9860 ng/mL, AUCinf is 21200 h*ng/mL.  

Currently, however, there has not been any clinical data to externally validate this 

model. But our simulation could serve in the near future as the starting point for 

prediction of human plasma concentration for future clinical trials possibly. Besides, our 

report will be the first to describe the modeling and simulation on 5,7-DMF, which may 

shed light on further model refinement. 
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Figure 4-9. Simulation of 5,-7DMF concentration-time profile in 70 kg human being after 
oral dose of 10 mg/kg 5,7-DMF (N=3).  
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Discussions 

In the model selection part, first-order absorption rate was more reasonable than 

zero-order absorption rate because usually, the controlled release or IV infusion enhibit 

constant doing rate into the body.  

Allometric scaling across different species can help understand the implication 

from preclinical data to clinical trials and it is rational tool despite its limitations [61-62]. 

Usually the extrapolation among species is based on parameter estimation on data of at 

least three species [63]. The single point extrapolation based on one animal species to 

corresponding human being could not ensure accuracy [64]. 

Besides this single-point method, there are other extrapolation methods on 

clearance using brain weight, longevity, GFR, bile flow or UDPGT [61]. Depending on 

different properties of the drug, the predictability of each method varies. For this study, 

there is too limited animal species available. Furthermore, the physic-chemical 

characteristics of 5,7-DMF have not been fully captured yet. Based on the PK profile, 

the parent compound seems to undergo fast clearance. With historic knowledge that the 

excretion of 5,7-DMF through urine and feces was less than 5% of the total dosing, we 

assume that the majority of the parent compound went through metabolic pathway, so 

that this simple allometry method should be a good estimate. 

First-order absorption rate constant Ka was not scaled up to predict human 

concentration. It was not well discussed by literature probably because of the large 

difference in absorption among species [59, 65, 66]. 

Summary  

PK model was formulated for the first time to describe 5,7-DMF in vivo. 
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Two compartmental model best fit the observed plasma data. Its validity was 

evaluated through diagnostic plots, fitting figures and statistical criteria. The final model 

incorporated first-order absorption without lag time. 

This model was helpful to describe current observation in mice and may predict 

the plasma levels of 5,7-DMF in human. For example, the fitted parameters could also 

be useful for future PBPK modeling. Ka can be used as initial estimate in coding. The 

predicted volume of distribution can be also estimate as tissues for perfusion-rate 

limited model. 
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CHAPTER 5 
CONCLUSIONS 

Summary   

We established for the first time a sensitive, fast and selective quantification 

method using LC-MS/MS to quantify 5,7-DMF in mouse plasma and tissues. Further we 

reported for the first time the dose linearity, PK and tissue distribution of 5,7-DMF in 

mice. Last but not the least, we constructed for the first time PK modeling and 

simulation of 5,7-DMF in vivo. 

Our bioanalytical method was fully validated and all of the fundamental 

parameters in method validation, including accuracy, precision, sensitivity, selectivity, 

recovery and stability were evaluated thoroughly in mouse plasma. The calibration 

curve covered 2–1000 ng/mL with the lower limit of quantification (LLOQ) of 2 ng/mL. 

The inter-run and intra-run precision and accuracy were less than 15% of nominal 

concentrations. The matrix effect and recovery yield were within ±15% of nominal 

concentrations. This sensitive and specific quantification method was also adapted to 

quantify mouse tissues for further PK studies in vivo. 

To investigate the PK properties and tissue distribution, 5,7-DMF was first dosed 

intravenously (IV) in a parallel study of 10 to 50 mg/kg 5,7-DMF to mice. The AUC was 

demonstrated dose proportional within the dose range.  And then in the following study 

of 10 mg/kg oral dosing, mouse plasma, heart, lung, liver, kidney, intestine, brain, 

spleen, muscle and fat tissues were collected and analyzed using LC-MS/MS.  The 

calculated bioavailability was 13.8%. Following oral dosing, the maximal 5,7-DMF 

concentrations in plasma and tissues were reached within 30 min. The peak plasma 
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concentration (Cmax) was 1870 ± 1190 ng/mL, and area under the curve (AUCt) was 532 

± 165 hr*ng/mL and terminal half-life was 3.40 ± 2.80 hr. The volume of distribution was 

90.1 ± 62.0 L/kg. Clearance was 20.2 ± 7.49 L/hr/kg. Except for muscle and adipose, 

other tissues had higher Cmax than plasma, ranging from 1.75- to 9.96-fold. After oral 

administration, 5,7-DMF was most abundant in gut, followed by liver, kidney, brain, 

spleen, heart, lung, adipose and muscle. The partition coefficient (Kp) of these tissues 

were 0.65 to 12.9.  

We further constructed compartmental modeling on mouse plasma and two-

compartmental model with first order absorption and without Tlag model best described 

the oral plasma data. The fitted PK parameter Ka was 6.04 1/h, V1 was 0.05 L, V2 was 

0.56 L, CL was 0.55 L/h, and CL2 was 0.04 L/h. This final model was extrapolated to 

human of average body weight of 70 kg with V1, V2, CL and CL2 scaled up, which may 

provide insight for 5,7-DMF concentration prediction in human plasma.  

PK model was formulated for the first time to describe 5,7-DMF in vivo. Two 

compartmental model best fit the observed plasma data. Its validity was evaluated 

through diagnostic plots, fitting figures and statistical criteria. The final model 

incorporated first-order absorption without lag time. This model was helpful to describe 

current observation in mice and may predict the plasma levels of 5,7-DMF in human. 

The fitted parameters could also be useful for future PBPK modeling.   

Perspective 

Given the challenges in the complex scenario, PBPK tools are popular for orally 

administered compounds as the absorption depends on drug-related factors and also 

physiology of GI tract [67]. It is generally accepted as ‘bottom-up’ approach and 

incorporated measured parameters that can impact drug ADME [68]. The major 
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advancement and wide application nowadays are due to refined characterization of 

human body [69-70], progressive understanding of total body water [71] and 

development of a variety of in silico software [67] including Simcyp, Gastroplus, Matlab 

and so on. Other software such as ADAPT is less user-friendly compared with Simcyp 

and Gastroplus. But either way, the essence for PBPK modeling utilizes differential 

equations and in vitro-measured and preclinical data to gain mechanistic insight. It is 

especially useful to extrapolate across dosing routes and across different animal 

species and to understand dose selection in clinical trials [72], special populations such 

as pediatric patients and pregnant women [73-75] and to investigate DDI studies [76]. 

Its application does not only exist in drug discovery and development, but also helps 

risk assessment and environmental protection [77-79].  

With the fitted empirical model, our ultimate goal is to construct a PBPK model 

using mouse plasma and tissue PK data, and then extrapolate to human species to 

predict human plasma and tissue levels of 5,7-DMF. The physiologically-based 

pharmacokinetic (PBPK) model was introduced in 1924 [80] which incorporated 

physiologically meaningful organs into a mass balance differential equation connected 

by body fluid fluxes to describe fate of the substance (Fig. 5-1) and local model could be 

perfusion rate-limited or permeability rate-limited, as shown in Fig 5-2. It generally has 

three different types: whole-body PBPK, partial PBPK and metabolic PBPK [81-83]. The 

mathematical description of mass balance for each compartment also depends on the 

mechanisms of drug ADME. But compared to conventional approach, PBPK has 

advantages in that, first of all, it is an useful tool to extrapolate model across species; 

secondly, it allow the extrapolation among different doses and dosing routes; thirdly, 
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since each compartment in the model has physiological meaning, the model enables us 

to predict the tissue concentration in human without actually collect human tissues; 

lastly, it is widely applied nowadays since it includes both extrinsic and intrinsic factors 

[84].  

The PBPK model consists of drug-specific parameters and system-specific ones. 

Typical drug-specific parameters can be estimated by either in vitro and in vivo 

experiments [85-86] or quantitative relationships [87] or allometric scaling [88]. The 

physiological parameters usually consist of blood flow and volumes of blood/plasma and 

different tissues with measured values reported by previous literature [89-90].   

The PBPK models have been developed for many anticancer drugs such as 

mitoxantrone [60], and cisplatin [91]. However, PBPK model for 5,7-DMF has not been 

reported before. In our study, we have measured 5,7-DMF concentrations in mouse 

plasma and nine tissues, which provided valuable information to build whole-body 

PBPK model in the near future. Once this PBPK model is successfully developed and 

validated, it can be then extrapolated to predict the corresponding plasma and tissue 

concentrations in human species. It will be clinically relevant to use that model for 

dosing regimen and other adjustment as well. 

The research on 5,7-DMF as model compound of methylated flavonoids could 

shed light on future investigation on analogue with similar stability to liver metabolism 

yet demonstrating promising anti-proliferative, and chemopreventive traits. The 

bioanalytical condition can be applied to establish the quantification methods; and the 

PK methodology can be helpful to study similar compounds in vivo; the modeling 
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approaches in the empirical and PBPK construction may provide insight for other 

scientists researching on phytochemicals or natural flavonoids. 

 

 

Figure 5-1. Exemplary whole-body PBPK model for oral dosing.  
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Figure 5-2. Exemplary local PBPK model for oral dosing.  
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