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ABSTRACT 

 

Resveratrol (RES) has been associated with numerous pharmacological effects. Yet its 

pharmacokinetics is not clearly understood. It is known to get extensively metabolized 

into its sulfated and glucuronidated metabolites and has very low circulating RES 

concentrations in plasma. Although the concentrations of conjugated metabolites of RES 

have been reported to be much greater than that of RES, they have not been evaluated. 

This also becomes important in light of positive biological activities reported for sulfated 

metabolites of RES. Conjugation is a complex process which can sometimes be a 

reversible process and needs comprehensive evaluation to better understand RES and its 

metabolites’ disposition. There has been a debate among the researchers regarding the 

differences in kinetics of preformed versus in vivo formed metabolites in the light of 

guidelines issued by regulatory bodies regarding metabolites in safety testing (MIST).  

We have addressed the above questions in this work, in addition to evaluating brain 

permeability of a potent RES analog, trimethoxy-trans-stilbene (TMS).  

 

        Chapter 1 presents a detailed introduction, hypothesis and significance of my work.         

Chapter 2 includes the development and validation of a bioanalytical method for 

quantitation of RES and its metabolites on LC/MS/MS. We were able to develop and 

validate a robust bioanalytical method to quantitate RES and its four major metabolites 

resveratrol-4’-glucuronide (R4’G), resveratrol-3-glucuronide (R3G), resveratrol-4’-

sulfate (R4’S) and resveratrol-3-sulfate (R3S).  
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        In Chapter 3, lung as a possible metabolizing organ for RES was evaluated. This 

study was performed in vivo in mouse model using multiple site of administration and 

single site of sampling approach. In vitro studies were also performed to confirm the in 

vivo results. Inter species differences in RES pulmonary metabolism were also studied. 

We observed lungs to be the major metabolizing organs for RES with inter species 

differences in its metabolism. 

 

      Chapter 4 provides detailed pharmacokinetics of sulfated metabolites of RES, i.e. 

resveratrol-3-sulfate (R3S) and resveratrol-4’-sulfate (R4’S) in mouse model by both 

systemic and oral routes. In vitro studies were also conducted to test the desulfation in 

liver. Although we did not observe any significant RES in plasma, we observed from our 

in vitro studies that sulfated metabolites were desulfated in liver.  

 

       Chapter 5 explains the detailed pharmacokinetics of glucuronidated metabolites of 

RES i.e. resveratrol-3-glucuornide (R3G) after both systemic and oral route. R3G was 

observed to undergo enterohepatic circulation. Explanation of R3G disposition in 

hepatocytes and enterocytes were proposed based on our own and reported results.  

 

      In Chapter 6 we compared the differences in the kinetics of preformed versus in vivo 

formed metabolites using modeling and simulation approach. Individual models for 

disposition of RES, R3S and R3G were developed. These models were combined to give 

a global model for RES metabolism into R3S and R3G. Simulations were performed 

under two assumptions; preformed versus in vivo formed metabolite kinetics a) are same 
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and b) they are not same. Our results reported that preformed and in vivo formed 

metabolite kinetics are not same at least for hydrophilic phase II metabolites.  

 

    Chapter 7 includes method development and validation for quantitation of TMS in 

plasma and brain of mouse. Chapter 8 includes a steady state study to characterize the 

pharmacokinetic parameters of TMS, which was used to evaluate brain permeability of 

TMS.  

 

In summary we developed a robust bioanalytical method for direct quantitation of RES 

and its metabolites, found the lung to be a major metabolizing organ for RES, delineated 

complex kinetics of conjugated metabolites of RES, and showed differences in preformed 

versus in vivo formed metabolite kinetics and better brain permeability of TMS.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1. Resveratrol (RES): trans-resveratrol (RES, trans-3,5,4'-trihydroxystilbene; Fig. 1.1) 

is a naturally occurring phytoalexin. Phytoalexins are compounds produced by higher 

plants in response to environmental stress or pathogenic attack (Baur and Sinclair, 2006). 

RES can be classified as a stilbenoid (a hydroxylated derivative of stilbene) or a 

polyphenol due to more than two hydroxyl groups in its structure.  

 

Fig 1.1: Structure of trans-3, 5, 4’-trihydroxystilbene (RES, trans-resveratrol) 

 

1.1.1. Plant sources: RES has been initially reported to be isolated from the roots of 

white hellebore (Veratrum grandiflorum O. Loes) in 1940 and thereafter from the roots of 

Polygonum cuspidatum in 1963, which has been used in traditional Chinese and Japanese 

medicine (Baur and Sinclair, 2006). It is widely present in dietary sources like peanuts 

(Sanders et al., 2000) and grapes (Jang et al., 1997a). It is also reported to be found in 
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mulberries, blueberries, cranberries, bilberries and hops (Lyons et al., 2003; Baur and 

Sinclair, 2006). Red wine and white wine are good commercial sources of RES with red 

wine having higher content of RES than white wine (Baur and Sinclair, 2006; Buiarelli et 

al., 2007).  

 

1.1.2. RES Pharmacological activity: RES is known to have beneficial health effects 

via numerous mechanisms (Baur and Sinclair, 2006). RES research globally was 

triggered after 1997, when Jang and colleagues published a seminal paper in the journal 

Science reporting the ability of RES to inhibit carcinogenesis at multiple stages (Jang et 

al., 1997a). Currently there are 62 clinical trials listed with either RES alone or in 

combination with other drugs for different indications (clinicaltrial.gov, assessed on 12th 

Jan 2013). These trials include evaluation of the potential of RES in the management of 

type 2 diabetes, cognitive disorders, Alzheimer’s disease, cancer, obesity and several 

other indications. Some of these activities will be discussed below. 

 Cancer 

              RES has been shown to inhibit carcinogenesis at multiple stages by inhibiting 

tumor initiation, promotion and progression (Jang et al., 1997a). Angiogenesis is 

important to support the growth of solid tumors beyond 2-3 mm. It has been reported that 

RES inhibits angiogenesis by inhibiting tumor induced neovascularization (Kimura and 

Okuda, 2001; Tseng et al., 2004) and wound healing (Bråkenhielm et al., 2001). Cell 

cycle arrest and apoptosis are other mechanisms by which RES inhibits tumor formation 

(Aggarwal et al., 2004). Inhibition of cyclooxygenase (Jang et al., 1997a), ornithine 

decarboxylase (Khanduja et al., 2004), phase I metabolizing enzymes (Ciolino et al., 
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1998; Chan and Delucchi, 2000; Chang et al., 2000; Piver et al., 2001; Yu et al., 2003) 

and induction of phase II metabolizing enzymes (Cao and Li, 2004; Hebbar et al., 2005) 

are other mechanisms by which RES has been shown to inhibit cancer.  

 

Cardiovascular effects  

            It was observed that French have relatively lower risk of cardiovascular diseases 

despite having a diet rich in saturated fat, termed as the ‘French Paradox’ (Renaud and de 

Lorgeril, 1992; Renaud and Gueguen, 1998). This was credited to their regular 

consumption of red wine, which is known to be a good source of RES (Wu et al., 2001). 

RES has been reported to be involved in cardioprotection in humans (Magyar et al., 

2012). Cardioprotection by RES has been reported to be mediated through inhibition of 

platelet aggregation (Demrow et al., 1995), suppression of atherosclerosis (Wang et al., 

2005b), reduction of lipid peroxidation (Fuhrman et al., 1995), induction of 

vasorelaxation (Novakovic et al., 2006) and improvement of serum cholesterol and 

triglyceride concentrations (Frankel et al., 1993).   

  

Anti-inflammatory effects 

            Inflammation is an important pathology of psoriasis, arthritis and can also play a 

role in the development of cancer and cardiovascular disease. RES is reported to inhibit 

cyclooxygenase activity in vivo (Jang et al., 1997a; Khanduja et al., 2004; Murias et al., 

2004; Kang et al., 2009) a key enzyme catalyzing the synthesis of prostaglandins. RES 

has been shown to significantly reduce osteoarthritis (Elmali et al., 2005; Wang et al., 

2012a) and lipopolysaccharide induced airway inflammation (Birrell et al., 2005). RES is 
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also reported to inhibit the inflammatory mediators of cytokines, such as tumor necrosis 

factor-α (TNF-α) and interleukin-1β (IL-1β) (Culpitt et al., 2003; Csiszar et al., 2006).     

 

Other effects 

RES has been reported to have numerous pharmacological effects. Apart from the 

effects listed above, RES  has been reported to have antioxidant (Kensler et al., 1995), 

anti-aging (Valenzano et al., 2006; Milne et al., 2007), anti-obesity (Rayalam et al., 

2008), cancer chemopreventive (Jang et al., 1997a; Aziz et al., 2003) and neuroprotective 

(Fonseca-Kelly et al., 2012; López-Miranda et al., 2012) effects.   

 

1.1.3. In vitro metabolism:  

In vitro glucuronidation of RES has been characterized in human liver and intestinal 

microsomes. R3G and R4’G were the major glucuronidated metabolites formed from 

RES (Aumont et al., 2001; Brill et al., 2006; Iwuchukwu and Nagar, 2008). The 

glucuronide conjugates were reported to be formed at higher levels in intestinal compared 

to liver microsomes (Brill et al., 2006). RES has been reported to be sulfated in vitro in 

human liver and intestine (De Santi et al., 2000; Walle et al., 2004; Miksits et al., 2005). 

The rate of sulfation was reported to be similar in both human liver and duodenum (De 

Santi et al., 2000).  
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1.1.4. Reaction phenotyping of RES metabolism: 

RES has been reported to be glucuronidated at its 3-OH position via UGT1A1, UGT1A7, 

UGT1A9, UGT1A3, UGT1A6, UGT1A8, UGT1A10 and UGT2B7 (Fig 1.2 ) (Brill et al., 

2006). UGT1A1, 1A7 and 1A9 are the major contributor for glucuronidation at 3 

position. UGT1A9, UGT1A1, UGT1A8, UGT1A10 and UGT1A3 isoforms of UGT have 

been reported to be involved in the glucuronidation of RES at its 4’ position (Fig 1.2) 

(Brill et al., 2006). UGT1A9 is the major contributor for glucuronidation of RES at its 4’ 

position.  

 

Fig 1.2: Chemical structure of trans-resveratrol (RES), glucuronidation at its 3 and 4’ 

position to form resveratrol-3-glucuronide (R3G) and resveratrol-4’-glucuronide (R4’G) 

and reported major and minor UGT isoforms responsible for glucuronidation at those 

positions (Brill et al., 2006). Major isoforms are indicated in bold letters.  
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RES sulfation at its 3 -OH position has been reported to be mediated by sulfotransferase 

(SULT) SULT1A1, SULT1A2, SULT1A3, and SULT1E1, with SULT1A1 to be the 

major contributor (Miksits et al., 2005). Whereas RES sulfation at its 4’-OH position has 

been reported to be mediated by SULT1A1 and SULT1E1 isoforms, SULT1E1 is 

reported to be the major contributor (Miksits et al., 2005). 

 

 

Fig 1.3: Chemical structure of trans-resveratrol (RES), sulfation at its 3 and 4’ position to 

form resveratrol-3-sulfate (R3S) and resveratrol-4’-sulfate (R4’S) and reported major and 

minor SULT isoforms responsible for sulfation at those positions (Miksits et al., 2005). 

Major isoforms are indicated in bold letters.  
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Interestingly SULT1A2 has been reported to be present at mRNA level but not at the 

protein level so its in vivo relevance in RES sulfation is doubtful (Nowell et al., 2005).  

SULT1A3 has been shown to be expressed in large quantities in human gut but not in 

liver. Also, its ortholog in other species has not been identified indicating  more relevance 

in humans compared to other species (Eisenhofer et al., 1999).  

 

1.1.5. RES metabolites and their pharmacological activities: Sulfated metabolites of 

RES (R3S, R4’S) have been reported to exhibit positive biological activity in vitro 

(Calamini et al., 2010; Hoshino et al., 2010). Calamini and coworkers (Calamini et al., 

2010) have shown that R4’S and RES inhibit cycloxygenase-1 (COX-1) and 

cycloxygenase-2 (COX-2) with similar efficacy, which is important as it has been shown 

that RES exhibits cardioprotective and anticancer effects by inhibiting COX-1 and COX-

2 enzymes (Goldberg et al., 1995; Pace-Asciak et al., 1995; Jang et al., 1997b). Hoshino 

and coworkers (Hoshino et al., 2010) have shown that R3S causes quinine reductase 1 

(QR1) induction, 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging, and 

exhibits COX-1 and COX-2 inhibitory activities. R4’S was shown to inhibit NFkB 

induction, as well as COX-1 and COX-2 activities (Hoshino et al., 2010). Induction of 

QR1 has been associated with cancer chemoprevention (Talalay et al., 1995; Kennelly et 

al., 1997) and NFkB has been associated with progression of cancer and several human 

elements (Hoshino et al., 2010). Chemopreventive activity of RES is also attributed to its 

ability to quench unstable free radicals and prevent damage to DNA caused by reactive 

oxygen species (ROS) (de la Lastra and Villegas, 2007; Qian et al., 2009). R3S has been 

shown to have free radical scavenging activity comparable to RES, whereas R4’S has 
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been shown to have lower free radical scavenging activity as compared to RES (Hoshino 

et al., 2010). The pharmacological activity of R3G has not been reported to date.  

 

1.1.6. Pharmacokinetics:   

Pharmacokinetics and metabolism of RES in in vitro, ex vivo, rodents and humans have 

been reviewed in detail (Wenzel and Somoza, 2005). RES has been found to be absorbed 

well with peak concentration found to be around 15 min after its oral administration in 

rats (Marier et al., 2002). RES and glucuronidated metabolites of RES have been shown 

to undergo enterohepatic circulation by a linked rat model (Marier et al., 2002). In a 

different study with i.v. administration of RES in rats, glucuronidated and sulfated 

metabolites of RES were observed in plasma as early as 1 min after the administration of 

RES showing extremely rapid metabolism of RES (Juan et al., 2010b). Glucuronides 

were observed to be the major metabolites as compared to sulfates in rats (Juan et al., 

2010b). The tissue distribution of RES was highest in kidney followed by lungs, liver, 

brain and testes at 90 min after RES administration in rats. The glucuronide concentration 

was highest in kidney followed by testis, liver and lungs. Sulfates were found mainly in 

lungs, testis, liver and brain of rats (Juan et al., 2010b).  

 

Clinical Studies:  

             Goldberg et al initially studied the pharmacokinetics of RES in humans in 3 

different matrices (grape juice, white wine and V8 juice). They observed that RES was 

well absorbed and achieved its highest concentration at approximately 30 minutes after 

its administration (Goldberg et al., 2003). Walle et al examined the absorption, 
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bioavailability and metabolism of 14C-RES after its oral and i.v. administration to healthy 

volunteers. They reported that absorption of RES was around 70% with negligible 

unchanged RES (< 5 ng/ml) detected in plasma, showing very poor systemic 

bioavailability (Walle et al., 2004). The poor systemic bioavailability is attributed to 

extensive metabolism of RES into its glucuronidated and sulfated metabolites. A 

secondary peak was also observed in this study at 6 h after the oral dose, indicating 

enterohepatic cycling of conjugated metabolites by reabsorption after intestinal 

hydrolysis (Walle et al., 2004). Boocock et al studied the pharmacokinetics of RES by 

administering it orally as single doses of 0.5, 1, 2.5 and 5 g in 10 healthy volunteers at 

each dose level (Boocock et al., 2007). R3S was found to be the most abundant 

metabolite of RES followed by glucuronides in this study (Boocock et al., 2007). Brown 

et al conducted a repeat dose study of the RES in healthy volunteers at 0.5, 1.0, 2.5, or 

5.0 g daily for 29 days (Brown et al., 2010). RES was observed to be rapidly absorbed 

achieving peak concentration after 1hr of administration. Six metabolites of RES, R3S, 

R4’S, R3G R4’G, RES disulfate and RES sulfate glucuronides were identified in the 

plasma. R3S was reported to be the most abundant circulating metabolite. The respective 

AUClast of R3S, R4’G and R3G were reported to be 20.3 to 9.49, 7.61 to 4.88 and 5.00 

to 5.39 fold higher than the AUC’s for RES across the four doses. It is important to 

mention that direct quantitation of RES metabolites has not been conducted to date 

(Boocock et al., 2007; Brown et al., 2010; Juan et al., 2010b; Kapetanovic et al., 2011). 

Conjugates have been quantified after their hydrolysis utilizing a RES standard curve, or 

by assuming that the relationship between peak area ratio and concentration were the 

same for metabolites as for parent RES.  
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1.2. 3, 4’, 5 trimethoxy-trans-stilbene (TMS): TMS (Fig 1.4) is a trimethoxy analogue 

of RES. It is also abbreviated as BTM-0512 and MR-3 in literature. TMS has been 

reported to be present in the bark of Virola elongate (MacRae and Towers, 1985) and 

Virola cuspidata (Blair et al., 1969). Reports of pharmacological activities of RES have 

led researchers to synthesize and evaluate analogues of RES. Although TMS was 

discovered earlier, its pharmacological evaluation has been reported recently. TMS has 

been shown to exhibit comparable or higher potency than RES in several cancer cells 

(Simoni et al., 2006; Bader et al., 2008; Pan et al., 2008; Wang et al., 2010; Weng et al., 

2010). TMS is also reported to have anti-invasive and anti-angiogenic activities (Belleri 

et al., 2005; Yang et al., 2009; Alex et al., 2010; Weng et al., 2010) which can inhibit 

tumor metastasis. It is reported to have anti-allergic activity by significantly inhibiting 

antigen-induced release of TNF-α and IL-4 in RBL-2H3 cells (Matsuda et al., 2004). It 

has been also shown to inhibit high glucose induced cell senescence (Yuan et al., 2010), 

hepatoprotection (Rivera et al., 2008) and gastroprotection activities (Li et al., 2010). 

 

Fig 1.4: Structure of 3, 4’, 5 trimethoxy-trans-stilbene (RES analogue; TMS) 
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It has been observed that RES exerts significant antitumor effects on subcutaneous (s.c.) 

glioma tumors showing slower tumor growth rate, longer survival time and higher 

survival rate in a rat model. However it was found that RES at a much higher dose only 

prolonged the survival time without improving the survival rate in rat bearing intracranial 

glioma tumors (Tseng et al., 2004). One of the main reasons for lack of improvement in 

the survival rate in rats bearing intracranial glioma tumors can be due to decreased 

permeability of RES in brain due to the restrictions at the BBB or efflux by transporters 

at the BBB.  

 

For these reasons there was a need to test analogues of RES which are more potent and 

have better physicochemical properties for permeation through the blood-brain-barrier 

(BBB). Physicochemical properties have been long used by medicinal chemists to design 

compounds with better BBB permeability. Several suggestions based on the molecular 

structure and properties of compounds have been proposed which can give better brain 

permeability (Kelder et al., 1999; Norinder and Haeberlein, 2002; Lipinski, 2004; 

Gleeson, 2008) . Certain physicochemical properties of compounds suggested to be 

positively associated with their ability to have good BBB permeability are listed below.  

 

1.2.1. Physicochemical properties: 

           Molecular weight (MWT): It has been observed that the molecules with molecular 

weight below 400 are more favorable to cross BBB (Gleeson, 2008).  
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          Octanol/water partition coefficient (Kow): It has been shown that with increase in 

lipophilicity (up to a certain limit) there is an increase in the permeation through BBB 

(Lanevskij et al., 2009). 

 

          Polar Surface Area (PSA): Polar surface area is defined as the sum of surfaces of 

polar atoms in a molecule. PSA shows good correlation with passive molecular transport 

through membranes (Ertl et al., 2000). It has been reported that lower PSA leads to 

enhanced BBB penetration (Gleeson, 2008) and PSA value less than 60 – 70 are likely to 

be CNS active compounds (Kelder et al., 1999). 

 

It has been also reported that if N + O (number of nitrogen and oxygen atoms) in a 

compound is less than or equal to five and if log P – (N + O) is positive then the 

compound is considered favorable to enter the brain (Norinder and Haeberlein, 2002; 

Lipinski, 2004).  

 

TMS has all the favorable physicochemical properties to cross the BBB.  

 

Table 1.1: Physicochemical properties of TMS (CambridgeSoft): 

  Mol Wt. tPSA logP (N+O) log P -(N+O) 

TMS 270.32 (< 400) 27.69 (< 60) 3.85 3 (< 5) 0.85 (+ve) 
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1.3. Significance:  

RES has been shown to exhibit numerous pharmacological activities. The amount of 

research being done on RES can be inferred from the fact that a Pubmed search with 

resveratrol resulted in 5281 hits (assessed on 2nd Feb 2013). There is a dedicated global 

conference on Resveratrol conducted every alternate year to discuss the research related 

to this molecule. There are 62 clinical trials listed with either RES alone or in 

combination with other drugs for different indications (clinicaltrial.gov, assessed on 12th 

Jan 2013).  

 

Although RES has been shown to have numerous biological effects, its plasma 

concentrations have been reported to be low (Wenzel et al., 2005; Wenzel and Somoza, 

2005). RES is known to get extensively metabolized into its sulfated and glucuronidated 

metabolites (Goldberg et al., 2003; Walle et al., 2004). There is a mismatch between 

pharmacological effects of RES achieved with its high concentration in-vitro to its low 

levels in plasma. But interestingly RES administration in animals models have led to 

therapeutic effects despite its low plasma concentrations (Carbó et al., 1999; Tessitore et 

al., 2000; Banerjee et al., 2002; Li et al., 2002). This has given rise to the idea that 

metabolites themselves might be active or can deconjugate to give parent RES at the 

target tissue (Vitrac et al., 2003; Wenzel et al., 2005; Hoshino et al., 2010). Sulfated 

metabolites of RES i.e. R3S and R4’S have been shown to biologically active in vitro 

(Calamini et al., 2010; Hoshino et al., 2010). The other possibility of conjugated 

metabolites getting deconjugated to give parent RES has not been evaluated. It has been 

earlier shown that estrone sulfate gets desulfated in liver to form estrone  (Tan et al., 
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2001). Similarly there is a possibility that sulfated conjugates of RES can undergo 

desulfation in tissues to give back parent RES and can act as depot for RES. It has been 

also reported that SN-38 glucuronide (metabolite of irinotecan) formed in liver is 

eliminated into the bile and deconjugated in gut by β-glucuronidase leading to diarrhea 

(Araki et al., 1993; Ma and McLeod, 2003). Similarly RES glucuronides which have 

been shown to be eliminated into the bile (Marier et al., 2002) can also undergo 

deconjugation in the gut by β-glucuronidase which generates parent RES locally.  

 

A proper understanding of the disposition of RES conjugated metabolites is needed to 

answer all of these questions. The pharmacokinetic studies to date have mainly focused 

on the plasma concentration of the parent compound RES. There are some studies 

reporting levels of metabolites but none of them have measured metabolites directly 

using standards. Currently there are no reported studies examining the role of metabolites 

of RES on RES pharmacokinetics. These observations warrant us to examine the 

metabolite kinetics of RES conjugated metabolites in detail. This has also assumed 

greater significance in the light of reports of positive biological activities of sulfated 

metabolites of RES i.e. R3S and R4’S (Calamini et al., 2010; Hoshino et al., 2010).  

 

Formation of active and toxic metabolites in drug development demands a thorough 

understanding of metabolite kinetics (Pang, 1985). Many primary metabolites can be 

further metabolized and this metabolism can occur in the organ responsible for its 

formation, e.g. liver. Identification of the site of metabolite formation is of paramount 

importance for the examination of metabolite kinetics, especially when the drug is 
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eliminated by many organs. The role of gut as extrahepatic site for metabolite formation 

of RES has been known (Kuhnle et al., 2000; van de Wetering et al., 2009). However, the 

role of an important first pass organ, e.g. the lungs has not been evaluated. Lungs are 

third in series of three potential biotransformation organs which a compound needs to 

cross before being available for systemic distribution after oral administration. The lungs 

also receive the entire cardiac output and can have great influence on drug disposition 

(Collins and Dedrick, 1982).       

 

In this research project we have made an effort to understand the complex kinetics of 

RES metabolites. Metabolite kinetics in itself is a very complicated process. The 

pharmacokinetics of metabolites can be completely different from their parent 

compounds. They can exhibit interconversion as a function of reversible metabolism or 

can get further metabolized to secondary metabolite by sequential metabolism. The 

metabolites themselves can act as a depot to generate parent compound in the target 

organ, e.g. liver or gut. Enterohepatic cycling (EHC) of conjugated metabolites can also 

happen and lead to their futile cycling. EHC can influence the pharmacokinetics of parent 

drug, by increasing bioavailability and prolonging elimination (Roberts et al., 2002).  

 

Additionally disposition of RES and its conjugated metabolites can be complicated by 

other factors, e.g. tissue distribution of drug metabolizing enzymes, presence of efflux or 

uptake drug transporters. Role of transporters in the disposition of RES and its 

metabolites has been widely reported (Maier-Salamon et al., 2008; van de Wetering et al., 

2009; Juan et al., 2010a). We have tried to explain the disposition of RES and its 
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metabolites in major first pass metabolizing organ i.e. gut, liver and lungs based on 

findings of our studies and reported literature on transporters and drug metabolizing 

enzymes involved in RES disposition. A comprehensive explanation of the disposition of 

RES and its metabolites based on expression of various isoforms of metabolizing 

enzymes, their tissue distribution and influence of uptake and efflux transporters have 

been presented. This information can be useful in predicting any anticipated drug 

interactions with dietary products containing RES.   

 

One important issue we have tried to address in this work is the controversy regarding 

differences between the kinetics of preformed versus in vivo formed metabolites. This 

topic has received increasingly more attention after the guidance issued by Food and 

Drug Administration (FDA) in February 2008 the Guidance for Industry on Safety 

Testing of Drug Metabolites. This guidance under certain circumstances requires safety 

evaluation studies to be performed as early as possible during the clinical development 

program by administration of preformed metabolites in pre clinical models. This has been 

a topic of debate. The preformed and in vivo formed metabolites can have different 

pharmacokinetics due to differences in their physicochemical properties or differences in 

their interaction with transporters, drug metabolizing enzymes or binding proteins. It is 

important to better understand the kinetic behavior of preformed versus in vivo formed 

metabolites before conducting resource intensive testing of toxicity of drug metabolite. 

Modeling and simulation are an important tool which can be helpful in discerning the 

differences between preformed versus in vivo formed metabolite kinetics and should be 

explored. 
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Currently, there is a lot of focus on synthesizing potent analogs of RES, which might 

have better bioavailability than RES.  Trimethoxy stilbene (TMS) is one of the analogs of 

RES, where the hydroxyl groups of RES are substituted by methoxy groups. TMS is 

reported to be comparable or more potent than RES. We additionally hypothesized that 

based on its favorable physicochemical properties it can have better blood-brain-barrier 

(BBB) permeability. This needs to be evaluated experimentally before proceeding to in 

vivo pharmacological studies.   
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1.4. Hypothesis:  

Based on our in-vivo experiments we expect to test the hypothesis that a) RES will 

undergo pulmonary metabolism and its sulfated and glucuronidated metabolites will be 

deconjugated systemically and in the gut to give RES; and  b) TMS, an analog of RES 

will exhibit good brain permeability. 

 

1.5. Specific Aims: 

1.5.1. Development and validation of a bio-analytical method for direct quantitation 

of RES and its sulfated (R3S, R4’S) and glucuronidated (R3G, R4’G) metabolites: 

Pharmacokinetic studies reported to date have quantified RES metabolites indirectly. 

RES metabolites have been either quantified after their hydrolysis utilizing a RES 

standard curve or by assuming that relationship between peak area ratio and 

concentration were the same for metabolites and for parent RES. To be able to correlate 

metabolite exposure to any observed pharmacological activity a robust bioanalytical 

method for direct quantification of RES and its metabolites is essential. This is also 

important in the light of the positive biological activity of sulfated metabolites of RES.  

We have achieved this objective by developing a robust bioanalytical method for 

quantification of RES, R3S, R4’S, R3G and R4’G on LC-MS/MS (API4000). This work 

has been presented in chapter two of this dissertation. 
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1.5.2. Pharmacokinetics of Resveratrol and its pulmonary metabolism: The lungs are 

an important site of metabolism as the entire cardiac output (approximately four times 

liver blood flow) perfuses the lung and can play an important role in drug disposition 

(Davies and Morris, 1993). Phenolic compounds have been shown to undergo pulmonary 

metabolism. Although the role of gut and liver is well known in the metabolism of RES 

(Kuhnle et al., 2000; Miksits et al., 2005; Brill et al., 2006; Iwuchukwu and Nagar, 2008; 

van de Wetering et al., 2009), the role of the lungs has not been evaluated in the 

metabolism of RES. Additionally we have observed a very high clearance of RES, much 

higher than the hepatic blood flow in rodents (Marier et al., 2002), indicating the 

possibility of extrahepatic conjugation of RES. These results led us to investigate the lung 

as a possible metabolizing organ for RES. This also becomes important in the light of 

positive pharmacological effects of RES seen in human lung adenocarcinoma cells (Alex 

et al., 2010; Zhang et al., 2011; Zhang et al., 2012b) and lung cancer chemopreventive 

activity (Mollerup et al., 2001).  

 

The contribution of pulmonary metabolism of RES in vivo was studied by using multiple 

sites of administration and a single site of sampling (Cassidy and Houston, 1980) 

approach. In vivo findings in mouse were further confirmed by in vitro experiments using 

lung fractions of mouse. In vitro studies using human lung fractions were also performed 

to compare mouse versus human RES pulmonary conjugation. This work has been 

presented in chapter three of the dissertation. 
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1.5.3. Characterization of the pharmacokinetics of preformed sulfated and 

glucuronidated metabolites: Sulfated metabolites of RES, i.e. R3S and R4’S have been 

recently shown to have positive biological activity in vitro (Calamini et al., 2010; 

Hoshino et al., 2010). Although no biological activity has been reported for the 

glucuronidated metabolite (R3G) of RES to date, there are several examples of 

pharmacologically active glucuronides (Osborne et al., 1988; Kroemer and Klotz, 1992; 

Sperker et al., 1997). Additionally R3G has been shown to be biliarily eliminated and 

subject to enterohepatic circulation (Marier et al., 2002). R3G eliminated in gut by biliary 

elimination can be deglucuronidated by β-glucuronidase enzymes present in the gut to 

give RES locally. Researchers have also hypothesized that conjugated metabolites of 

RES can be deconjugated in the target organ e.g liver to give RES (Wenzel et al., 2005; 

Hoshino et al., 2010).  

 

We carried out a detailed pharmacokinetic study by administering preformed sulfated 

(R3S, R4’S) and glucuronidated metabolite (R3G) by oral and intra-arterial (i.a.) routes 

of administration. The hypothesis that sulfated metabolite can regenerate RES at the 

target tissue, the liver, was also evaluated by performing in vitro studies with R3S and 

mouse/human liver fractions.  This study also provided a better understanding of the 

influence of the disposition of the sulfated and glucuronidated metabolites disposition on 

RES pharmacokinetics. Detailed pharmacokinetics of preformed sulfated metabolites 

(R3S, R4’S) and in vitro studies with R3S have been presented in chapter four. Chapter 

five gives detailed pharmacokinetics of the preformed glucuronidated metabolite (R3G).  
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1.5.4. Preformed versus in vivo formed metabolite kinetics: Attention has increasingly 

focused on the issue of drug metabolites in safety testing (MIST) by both pharmaceutical 

companies and regulatory agencies. Regulatory guidelines were recently published on 

this topic (Center for Drug Evaluation and Research (U.S.), 2008; International 

Conference on Harmonisation, 2009). These guidances recommend metabolite safety 

evaluation studies to be performed as early as possible during the clinical development 

program. The recommendation is to synthesize the metabolite and to evaluate it in 

preclinical toxicity studies. One major assumption underlying metabolite toxicity 

evaluation studies is that the kinetic behavior of a preformed metabolite is the same as 

that of the metabolite formed in vivo following administration of parent compound. This 

has been a topic of debate (Prueksaritanont et al., 2006; Pang et al., 2008; Pang, 2009). 

Metabolites are generally more polar than their precursors. A polar preformed metabolite 

may experience diffusional barriers to its penetration into an eliminating organ, and 

hence its elimination clearance may be less than that of in vivo generated metabolite, 

whose entry into the eliminating organ is in the form of a more lipophilic parent.  

 

We compared the metabolite kinetics of preformed and in vivo generated metabolites by 

modeling and simulation under two assumptions: i) assuming similar PK of preformed 

versus in vivo formed metabolite, ii) assuming dissimilar PK of preformed versus in vivo 

formed metabolite. The first approach assumes that the systemic or elimination clearance 

of in vivo formed and preformed metabolites are similar, whereas the second approach 

does not make this assumption. RES and its two major metabolites, R3S and R3G were 

used as model substrates. This work has been presented in chapter six of this dissertation. 
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1.5.5. Pharmacokinetics and brain permeability of 3, 4’, 5 Trimethoxy trans stilbene 

(TMS): TMS has favorable physicochemical properties to cross the blood brain barrier 

(BBB) indicated by its lower molecular weight (270.32), favorable log P (3.85) and lower 

tPSA (27.69) (CambridgeSoft). It also satisfies Lipinski’s rule of five (Lipinski et al., 

2001) in addition to its comparable or higher potency than RES. Its hydroxyl groups are 

also protected by methoxy groups which might lead to its decreased metabolism and 

enhanced exposure compared to RES. Better brain permeability of TMS if proved might 

open a new avenue to screen TMS for indications involving brain where RES has also 

shown positive biological activity e.g. alzheimer’s disease (Marambaud et al., 2005), and 

brain tumors (Tseng et al., 2004). 

 

A pharmacokinetic study of TMS was conducted in the mouse model and the 

pharmacokinetic (PK) parameters obtained from this study were used to design a steady 

state PK study. Brain penetration of TMS was evaluated at steady state. For conducting 

this study we required a robust bioanalytical method to quantitate TMS in plasma and 

brain. Therefore, a bioanalytical method for quantification of TMS in plasma and brain 

was developed and validated. Bioanalytical method development and validation for 

quantification of TMS in plasma and brain is presented in chapter seven. Chapter eight 

includes the evaluation of in-vivo brain permeability of TMS in mouse model. 
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CHAPTER 2 

 

DEVELOPMENT AND VALIDATION OF AN LC-MS/MS METHOD FOR THE 

QUANTIFICATION OF RESVERATROL AND ITS METABOLITES 

 

2.1 Rationale 

The comprehensive study of RES and its metabolites in vivo requires a validated 

bioanalytical assay with low detection capability in order to quantitate low circulating 

levels of RES and its metabolites. While methods have been reported for the quantitation 

of RES and qualitative identification of its metabolites (Juan et al., 2010b), to our 

knowledge direct quantitation of RES metabolites has not been conducted to date. RES 

metabolites have previously been evaluated by hydrolysis and against a RES standard 

curve. Our aim in this study was to develop and validate an LC-MS/MS assay for 

quantitation of RES and each of its monoconjugates by using synthetic standards.  

 

2.2 Assay development  

2.2.1. Preparation of stock solutions, calibration standards (CS) and quality control 

(QC) samples 

Stock solutions of RES, R4’G, R3G, R4’S, R3S and APAP (IS) were prepared separately 

in DMSO. CS samples were prepared by spiking stock standard working solutions into 

heparinized mouse plasma to give eight CS in the concentration range of 2.46 – 2460 

ng/ml for R3S, 3.57 – 3570 ng/ml for R4’S and 10 – 10000 ng/ml for R4’G, R3G and 

RES. Similar to calibration standards, QC samples were prepared in replicates (n = 3 and 

n = 5 for the inter-day and intra-day validation respectively) at five concentration levels 
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representing the entire range of concentrations (10, 20, 50, 1000 and 10000 ng/ml for 

RES, R4’G, and R3G; 3.57, 7.15, 17.9, 357 and 3570 ng/ml for R4’S and 2.46, 4.93, 

12.3, 246 and 2460 ng/ml for R3S). 

 

2.2.2. Sample preparation 

RES, R4’G, R3G, R4’S, and R3S were isolated from plasma with protein precipitation. 

To 10 uL of plasma sample, 2.5 uL of 15 % ascorbic acid was added and vortexed for 1 

min. Then 30 uL of methanol containing 78 ng/ml APAP (internal standard) was added 

and again vortexed for 1 min and centrifuged at 15,000 rpm for 15 min at room 

temperature. Supernatant (10 µL) was injected into the liquid chromatography tandem 

mass spectrometry system. 

 

2.2.3. LC-MS/MS conditions 

The LC-MS/MS assay was carried out on an Agilent series 1100 high-performance liquid 

chromatography system equipped with a binary pump, autosampler and degasser coupled 

to an API 4000 triple-quadrupole tandem mass spectrometer from ABSciex with ESI 

source operated in the negative ion mode. Analyst software version 1.4.2 (ABSciex) was 

used for instrument control, data acquisition and data processing for both 

chromatography and mass spectrometry. The chromatographic separation system 

consisted of a guard column (Zorbax SB-C18, 5 um, 4.6 × 12.5 mm; Agilent 

Technologies), an analytical column (Zorbax SB-C18, 5 um, 4.6 × 150 mm; Agilent 

Technologies) and a gradient mobile phase of A: 5mM ammonium acetate and B: 

methanol. The elution started with 90% A at 0 min to 80% at 2 min, 65% at min 10, 40% 
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at min 12 to min 17 and 90% at min 19. Flow rate of the mobile phase was 1ml/min and 

the flow from the column was split 1:3 into an ABSciex API4000 triple quadrupole mass 

spectrometer equipped with a Turbo ionspray source operating at 450°C. The column 

temperature was maintained at 35°C. The ESI instrument settings were optimized for the 

analysis and the appropriate multiple reaction monitoring (MRM) transitions and MS/MS 

parameters were determined for individual compounds by direct infusion into the mass 

spectrometer. Nitrogen was used as the curtain, collision and ion source gas. 

 

2.3. Assay validation 

The method was validated according to published recommendations for bioanalytical 

method validation (Shah et al., 2000). Calibration curves were constructed from the peak 

area ratios of each analyte to internal standard versus plasma concentrations with linear 

least squares regression calculation and a weighting factor of 1/X2. Solvent (methanol) 

and blank samples were run after every two samples. Intra-day accuracy and precision 

were determined by analyzing five replicates of QC samples. Inter-day accuracy and 

precision were evaluated on five separate days. Precision was expressed as the relative 

standard deviation of the determined concentrations. Accuracy was calculated with the 

following equation: Accuracy = [(mean measured concentration – nominal 

concentration)/nominal concentration] × 100. Recovery of metabolites was investigated 

by analyzing five individual plasma samples at low, medium and high concentrations. 

These concentrations were: 20, 1000, and 10000 ng/ml for R3G and R4’G; 4.93, 246, and 

2460 ng/ml for R3S; and 7.15, 357, and 3570 ng/ml for R4’S. The recovery was 
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determined by comparing analyte: IS peak area ratio upon extraction from spiked plasma 

to analyte: IS peak area ratio from post extracted plasma sample. 

 

2.4. Results 

2.4.1. LC-MS/MS assay for quantitation of RES and its metabolites 

ESI operated in negative ion mode was used for the LC-MS/MS analysis to provide 

optimum sensitivity and selectivity. The optimized tandem mass spectrometry conditions 

are summarized in Table 2.1.  

 

Table 2.1:  Optimized ESI-MS/MS operating, MRM and MS/MS parameters for 

RES, R4’G, R3G, R4’S, R3S and APAP (IS). 

Operating 

parameters 
  Setting  

Collision gas (psi)   6  

Curtain gas (psi)   40  

Ion source gas 1 (psi)   55  

Ion source gas 2 (psi)   55  

Ion spray voltage (V)   -4500  

Temperature (°C)   450  

EP (V)   -10  

Run duration (min)   19 

 

 

     

 

 

 

RES R4'G/R3G R4'S/R3S APAP(IS) 

Precursor ion (m/z) 227 403 307 150 

Product ion (m/z) 185 113 227 107 

Dwell time (ms) 400 400 400 400 

DP (V) -70 -65 -40 -40 

CE (V) -26 -24 -32 -24 

CXP (V) -11 -5 -5 -5 
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The following precursor-product ion transitions were observed: m/z 227→185 for RES, 

m/z 150→107 for acetaminophen (APAP, internal standard IS), 403→113 for R4’G and 

R3G and 307→227 for R4’S and R3S with a dwell time of 400 ms for each ion transition. 

The daughter ion for sulfated metabolites (227) corresponds to the RES moiety and the 

daughter ion for glucuronidated metabolites (113) corresponds to the glucuronide moiety 

fragment (Wang et al., 2005a). The retention time was ~ 5 min for APAP, ~ 5.9 min for 

R4’G, ~ 7.3 min for R3G, ~ 9.2 min for R4’S, ~ 10.2 min for R3S and ~ 14.2 min for 

RES. A representative chromatogram is presented in Figure 2.1. 

 

Fig 2.1: Representative chromatograms of RES, APAP (IS), R4’G, R3G, R4’S and R3S 
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In this study, the calculated peak area ratios of RES, R4’G, R3G, R4’S and R3S to APAP 

versus their respective nominal concentration displayed a good linear relationship with 

coefficients of determination ≥ 0.99 over the concentration range of 10 – 10000 ng/ml for 

RES, R4’G, and R3G, and 3.57 to 3570 for R4’S and 2.46 to 2460 ng/ml for R3S using a 

weighting factor of 1/X2. The LOQs were established at the lowest point of each standard 

curve, i.e. 3.57 ng/ml for R4’S, 2.46 ng/ml for R3S and 10 ng/ml for R4’G, R3G and 

RES. Representative standard curve of RES, R4’G, R3G, R4’S and R3S is presented in 

Fig 2.2 to 2.6.  

 

 

Fig 2.2: Representative calibration curve of RES. Substrate concentrations range from  

10 – 10000 ng/ml, using a weighting factor of 1/X2.  
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Fig 2.3: Representative calibration curve of R4’G. Substrate concentrations range from  

10 – 10000 ng/ml, using a weighting factor of 1/X2.  

 

 

 

Fig 2.4: Representative calibration curve of R3G. Substrate concentrations range from  

10 – 10000 ng/ml, using a weighting factor of 1/X2.  
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Fig 2.5: Representative calibration curve of R4’S. Substrate concentrations range from  

3.57 – 3570 ng/ml, using a weighting factor of 1/X2.  

 

 

 

Fig 2.6: Representative calibration curve of R3S. Substrate concentrations range from  

2.46 – 2460 ng/ml, using a weighting factor of 1/X2.  

 

The results of inter-day and intra-day accuracy and precision are presented in Table 2.2 

and 2.3 respectively. The intra- and inter-day precision for all the analytes was less than 

15%. The recovery of R3G and R4’G at low (20 ng/ml), medium (100 ng/ml) and high 

(10000 ng/ml) concentrations was 79.58, 91 and 90.98 % for R3G and 89.93, 86.15 and 

94.83% for R4’G respectively. Recovery of R3S at low (4.93 ng/ml), medium (246 
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ng/ml) and high (2460 ng/ml) concentration was 105.13, 99.21 and 96.11 % respectively. 

R4’S recovery at low (7.15 ng/ml), medium (357 ng/ml) and high (3570 ng/ml) 

concentration was 97.31, 108.71 and 103.61 % respectively. The results indicate that the 

recovery, precision and accuracy of this method were adequate for bioanalytical 

purposes.  
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Table 2.2:  Inter-day (n = 5) precision and accuracy for RES, R4'G, R3G, R4'S and 

R3S in mouse plasma. 

  Inter-day validation 

Analytes 

Nominal 

Concentration 

(ng/ml) 

Measured 

concentration (ng/ml) 

Precision 

(%) 

Accuracy 

(%) 

RES 10 9.83 ± 0.89 9.02 -1.7 

 20 20.80 ± 1.70 8.16 3.99 

 50 50.70 ± 4.18 8.24 1.41 

 1000 1020.32 ± 59.84 5.86 2.03 

 10000 10038.27 ± 780.66 7.78 0.38 

R4'G 10 9.69 ± 0.83 8.52 -3.09 

 20 19.64 ± 1.25 6.34 -1.82 

 50 47.73 ± 3.00 6.28 -4.55 

 1000 1058.11 ± 23.5 2.22 5.81 

 10000 10202.8 ± 471.46 4.62 2.03 

R3G 10 9.64 ± 0.56 5.84 -3.58 

 20 19.09 ± 1.21 6.33 -4.56 

 50 46.49 ± 1.91 4.12 -7.03 

 1000 1075.65 ± 27.76 2.58 7.57 

 10000 10351.20 ± 429.35 4.15 3.51 

R4'S 3.57 3.73 ± 0.25 6.82 4.46 

 7.15 7.12 ± 0.41 5.7 -0.41 

 17.9 17.63 ± 1.35 7.68 -1.5 

 357 378.68 ± 11.89 3.14 6.07 

 3570 3826.93 ± 114.03 2.98 7.2 

R3S 2.46 2.42 ± 0.14 5.97 -1.63 

 4.93 4.83 ± 0.28 5.88 -2 

 12.3 11.79 ± 0.82 6.98 -4.15 

 246 259.01 ± 3.62 1.4 5.29 

  2460 2610 ± 162.48 6.23 6.1 
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Table 2.3:  Intra-day (n = 5) precision and accuracy for RES, R4'G, R3G, R4'S and 

R3S in mouse plasma. 

    Intra-day validation 

Analytes 

Nominal 

Concentration 

(ng/ml) 

Measured 

concentration (ng/ml) 

Precision 

(%) 

Accuracy 

(%) 

RES 10 9.34 ± 0.93 10 -6.64 

 20 19.66 ± 1.81 9.2 -1.7 

 50 54.82 ± 1.92 3.52 9.16 

 1000 1017.6 ± 81.99 8.06 1.76 

 10000 10218 ± 501.12 4.9 2.18 

R4'G 10 9.01 ± 0.91 10.07 -9.88 

 20 18.68 ± 1.23 6.59 -6.6 

 50 48.96 ± 2.11 4.32 -2.08 

 1000 1053.20 ± 33.78 3.21 5.32 

 10000 10254 ± 422 4.12 2.54 

R3G 10 9 ± 0.35 3.83 -9.96 

 20 17.64 ± 0.42 2.39 -11.8 

 50 47 ± 1.96 4.16 -6 

 1000 1047.60 ± 44.03 4.2 4.76 

 10000 10366 ± 426.36 4.11 3.66 

R4'S 3.57 3.55 ± 0.32 8.89 -0.5 

 7.15 7 ± 0.71 10.19 -2.07 

 17.9 17.76 ± 0.75 4.24 -0.78 

 357 359.40 ± 12.18 3.39 0.67 

 3570 3708 ± 164.07 4.42 3.87 

R3S 2.46 2.30 ± 0.25 10.88 -6.5 

 4.93 5.03 ± 0.44 8.78 1.95 

 12.3 12.38 ± 0.40 3.25 0.65 

 246 255.40 ± 8.02 3.14 3.82 

  2460 2740 ± 140.36 5.12 11.38 

 

 

 



 34 

2.5. Discussion and conclusion 

There are reports of synthetic RES metabolites used as qualitative standards, but no study 

to date has directly quantitated these metabolites (Yu et al., 2002; Wenzel and Somoza, 

2005; Boocock et al., 2007).  Studies to date have utilized a RES standard curve to 

quantitate its conjugates after their hydrolysis. Hydrolysis of conjugated metabolites to 

convert them to parent RES adds uncertainty to their quantitation due to experimental 

issues such as incomplete deconjugation, degradation, and error introduced due to 

additional sample preparation steps.  Thus, quantitation of RES conjugates directly 

against their synthetic standards is a vast improvement. Table 2.2 and 2.3 shows the 

validation of our assay for the parent as well as all monoconjugates analytes. The LC 

method reported here was modified from a previously published method (Hoshino et al., 

2010). Our modified method had a shorter run time (19 min versus 30 min), and included 

an internal standard (APAP). The sensitivity of the present assay is greatly increased 

(2.46 ng/ml for R3S) as compared to the earlier method (100 ng/ml for R3S). This 

improved sensitivity is critical to evaluation of low levels of metabolites formed in vivo. 

The most important distinction in our assay is the resolution of R3S and R4’S 

metabolites, and quantitation of each metabolite against its synthetic standard. Given the 

purported activity of R4’S in cell-based assays (Calamini et al., 2010), it is especially 

important to analyze this metabolite and understand its in vivo disposition. Finally, the 

direct quantitation of RES glucuronides has not been previously reported. The present 

method offers a major advantage over previous methods in being a highly sensitive and 

specific assay for concomitant determination of RES and all 4 of its monoconjugated 

metabolites.  
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CHAPTER 3 

 

PHARMACOKINETICS OF RESVERATROL AND ITS PULMONARY 

METABOLISM 

 

3.1. Rationale: 

RES exhibits very low bioavailability due to its extensive conjugative metabolism. 

Human studies indicate that systemic exposure of RES is predominantly in the form of its 

conjugated metabolites (Boocock et al., 2007; Almeida et al., 2009). This has led to the 

hypothesis that the conjugates of RES might themselves be active, and therefore need to 

be evaluated. Sulfated metabolites of RES, R3S and R4’S have recently been shown to be 

biologically active in in vitro studies (Calamini et al., 2010; Hoshino et al., 2010). 

Although glucuronides have generally been assumed to be pharmacologically inactive, 

there are some studies showing some of them to be pharmcologically active (Osborne et 

al., 1988; Kroemer and Klotz, 1992; Sperker et al., 1997), but no biological activity of 

R3G has been reported to date. Finally, in vitro activity does not always translate to in 

vivo activity. Knowledge of systemic levels of metabolites is necessary in order to 

correlate metabolite exposure to any observed pharmacological activity. 

 

The knowledge of extrahepatic metabolism in drug disposition is also important. 

Extrahepatic drug metabolism can modify the systemic as well as tissue exposure of 

drug/metabolites and, and this becomes especially important in cases of active metabolite 

formation and certain disease states. For example, in severe cirrhosis of the liver, 
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extrahepatic metabolic pathways might compensate for the impaired hepatic elimination 

of a drug (Patwardhan et al., 1981). Tissue levels of drug/active metabolites might change 

depending upon the site of metabolism. For example in case of irinotecan, its active 

metabolite SN-38 is conjugated to SN-38 glucuronide in liver. This is eliminated via the 

bile and metabolized by β-glucuronidase in gut to regenerate SN-38 which causes 

diarrhea (Araki et al., 1993; Takasuna et al., 1996; Michael et al., 2004). Thus, 

information about sites of metabolism is important for appropriately selecting dosage 

regimens for various clinical conditions, as well as selection of an appropriate route of 

drug administration.  

 

The route of drug administration can significantly change the disposition of parent drug 

and metabolites if extrahepatic eliminating organs are involved. Although a 

bioavailability of 100% is assumed upon intravenous administration of a drug, pulmonary 

metabolism can decrease the bioavailability even upon i.v. administration. Similarly, 

compounds administered orally must cross the gut and lungs in addition to the liver 

before reaching the arterial blood supply for distribution to tissues. The lung as a site of 

metabolism assumes significance as the entire cardiac output (approximately four times 

liver blood flow) perfuses the lung and can play an important role in drug disposition 

(Davies and Morris, 1993). It has been shown that phenolic compounds e.g. harmol 

(Mulder et al., 1984) and phenol (Cassidy and Houston, 1984) undergo pulmonary 

metabolism. Although the role of gut and liver is well known in the metabolism of RES 

(Kuhnle et al., 2000; Miksits et al., 2005; Brill et al., 2006; Iwuchukwu and Nagar, 2008; 

van de Wetering et al., 2009), the role of the lungs has not been evaluated in the 



 39 

metabolism of RES. RES has been shown to induce apoptosis in human lung 

adenocarcinoma cells (Alex et al., 2010; Zhang et al., 2011; Zhang et al., 2012b).  It has 

been also shown to have lung cancer chemopreventive activity by altering the expression 

of genes involved in the phase I metabolism of polycyclic hydrocarbons (Mollerup et al., 

2001). RES is known to be extensively metabolized into its two major metabolites i.e. 

trans-resveratrol-3-sulfate (R3S) and trans-resveratrol-3-glucuronide (R3G) in humans as 

well as rodents (Yu et al., 2002; Meng et al., 2004; Hoshino et al., 2010; Sharan et al., 

2012). In previous studies (Marier et al., 2002; Iwuchukwu et al., 2012; Sharan et al., 

2012) we have observed that clearance of RES was much higher than hepatic blood flow 

in rodents, indicating the possibility of extrahepatic conjugation of RES. These results led 

us to investigate the lung as a possible metabolizing organ for RES.  

 

We studied the contribution of pulmonary metabolism of RES in vivo by using multiple 

sites of administration and a single site of sampling (Cassidy and Houston, 1980), which 

exploits the anatomical arrangement of lungs. When administered i.v., RES enters the 

right atrium of the heart and crosses the lungs in a relatively undiluted form prior to 

reaching the general arterial system for distribution throughout the body. In contrast, 

when given i.a. into the right carotid artery, RES is available immediately for tissue 

distribution. By comparison of plasma concentration time profiles following 

administration of RES by both routes, we calculated the contribution of lungs in the first 

pass metabolism of RES across the lungs. In vivo findings in mouse were further 

confirmed by in vitro experiments using lung fractions of mouse. In vitro studies using 
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human lung fractions were also performed to compare mouse versus human RES 

pulmonary conjugation.  

 

In this study we aim to evaluate if a) lungs contribute towards RES metabolism in vivo,  

b) if yes, then confirm the lung conjugation in vitro. 
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3.2. Materials and Methods 

3.2.1. Animals: Male C57BL/6 mice weighing between 20 and 25 g were supplied by 

Jackson labs and maintained in the American Association for the Accreditation of 

Laboratory Animal Care-accredited University Laboratory Animal Resources of Temple 

University. Animals were fed a normal diet and water was continuously available. 

Animals were housed in rooms with a standard 12 hr dark/light cycle. Animals were 

acclimatized for four days before the procedure. All animal studies were approved by the 

Temple University Institutional Animal Care and Use Committee.  

 

3.2.2. Catheterization: Right carotid artery cannulation was performed under anesthesia 

using EZ-ANESTHESIA (serial no. EZ388) apparatus with 1.5 % isoflurane and 2 L/min 

oxygen. An incision was made right of midline in the neck and the right carotid artery 

was isolated. The right carotid artery was ligated, a small cut was made and a medical 

grade vinyl catheter tubing (0.28-mm i.d. × 0.64 mm o.d., SCI, Lake Havasu City, 

Arizona) with heparin-saline (50 IU/ml, APP Pharmaceuticals, LLC, Schaumburg, IL) 

was inserted with the cannula tip in the right carotid artery. Similarly the right jugular 

vein was cannulated for animals receiving i.v. drug administration. The cannulas were 

tied in place, exteriorized at the back of the neck and the incision was sutured. Animals 

were allowed to recover from the surgery. Animals regained full consciousness and 

started moving freely after 15 minutes of surgery. 

 

3.2.3. Drug administration and blood sampling: RES was solubilized in 20% 2-

hydroxypropyl-β-cyclodextrin (HP-β-CD) in saline (Juan et al., 2010b). The carotid 
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artery cannula was used for i.a. and jugular vein cannula for i.v. drug administration. 

Blood was sampled from carotid artery cannula. Heparin-saline (20 uL, 50 IU/ml) was 

used to flush the cannula after systemic administration or blood sampling. RES was 

administered i.a. at the dose of 15 mg/kg and 60 mg/kg, i.v. at the dose of 15 mg/kg and 

orally at 60 mg/kg. Blood (20 uL) was serially sampled at 2.5, 5, 10, 15, 45, 90, 180, 300, 

420 and 600 min.  For animals with functional cannulas, 24-h and 48-h collection were 

also taken. Blood samples were centrifuged at 14,000 rpm for 2 min, the harvested 

plasma was collected and stored at -80 °C until LCMS/MS analysis. 

 

3.2.4. In vitro pulmonary glucuronidation: RES glucuronidation was determined in 

pooled mouse lung S9 fraction and in pooled human lung microsomes. For the mouse 

lung S9 glucuronidation assay, conditions of protein and time linearity were optimized in 

preliminary studies. The incubation mixture consisted of mouse lung S9 fraction (final 

concentration, 0.5 mg/ml), substrate RES (0.01 uM to 5 mM) solubilized in HP-β-CD 

(final HP-β-CD concentration 2%), alamethicin (final concentration 10 ug/ml), MgCl2 

(final concentration 5 mM), and made up to final incubation volume (20 uL) with Tris-

HCl buffer (100 mM, pH 7.4, 37°C). The reaction mixture was preincubated for 3 min in 

a shaking water bath at 37°C. The reaction was started by adding 2 uL (50 mM stock) of 

the cofactor UDPGA (uridine 5’-diphosphoglucuronic acid, final concentration 5 mM). 

To 20 uL of the reaction mixture, 5 uL of ascorbic acid (15%) and 60 uL of ice cold 

methanol containing acetaminophen (APAP) as internal standard (IS) were added at the 

end of 60 min to stop the reaction. All reactions were performed in triplicate.  
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Appropriate negative control experiments were performed under the same conditions but 

without UDPGA.   

 

For human lung glucuronidation assay, the incubation was performed at 0.1, 0.5 and 2.5 

mg/ml (final concentration) of human lung microsomes with substrate RES (0.5 mM) 

solubilized in HP-β-CD (final HP-β-CD concentration 2%). Preliminary studies showed 

minimal glucuronidation in human lung microsomes, hence kinetic assays were not 

conducted. 

 

3.2.5. In vitro pulmonary sulfation: RES sulfation activity was determined in pooled 

mouse lung S9 fraction and in pooled human lung S9 fraction. Conditions of protein and 

time linearity were optimized in preliminary studies. The incubation mixture consisted of 

mouse lung S9 fraction (final concentration, 1 mg/ml) or, human lung S9 fraction (final 

concentration, 0.5 mg/ml), the substrate RES (0.01 uM to 5 mM) solubilized in HP-β-CD 

(final HP-β-CD concentration 2%), MgCl2 (5 mM final concentration), and made up to 

final incubation volume (20 uL) with potassium phosphate buffer (10 mM, pH 6.5, 

37°C). The reaction mixture was preincubated for 3 min in a shaking water bath at 37°C. 

The reaction was started by adding 2 uL (stock 10 mM) of the cofactor PAPS (3'-

phospho-adenosine-5'-phosphosulphate, final concentration 1 mM) and incubated in a 

shaking water bath for 60 min at 37°C. To 20 uL of the reaction mixture, 5 uL of ascorbic 

acid and 60 uL of ice cold methanol containing APAP (IS) were added at the end of 60 

min to stop the reaction. All reactions were performed in triplicate. Appropriate negative 

control experiments were performed under the same conditions but without PAPS. 



 44 

3.2.6. Protein Binding Assay: Equilibrium dialysis was performed using a 96-well 

equilibrium dialyzer with a MW cutoff of 5K (Harvard Apparatus, Holliston, MA) which 

was placed in a dual-plate rotator set to maximum speed (Harvard Apparatus, Holliston, 

MA), and placed in a 37° C incubator with 10% CO2 atmospheric environment. Frozen 

mouse plasma was thawed and its pH was adjusted to 7.4 with 1N hydrochloric acid 

(HCl). RES, R3G, R3S, R4’G and R4’S protein binding assay was performed at 

concentrations of 1, 5 and 20 uM.  The protein binding assay was performed (Kochansky 

et al., 2008). In brief, 200 uL of plasma samples and buffer were added to the respective 

sides of 96-well dialysis plate and the wells were capped. The plate was then placed in 

the rotator and incubator and was allowed to dialyze for 22 hr. After 22 hr of dialysis, 25 

uL of buffer and plasma were removed from each side of dialysis plate and mixed with 

25 uL of the opposite matrix. Samples were then stored at -20°C till analysis. Samples 

were analyzed as explained below except the standard and quality control samples (QCs) 

were prepared in plasma diluted with an equal volume of buffer.  

 

3.2.7. Pharmacokinetic Analysis 

The area under the plasma concentration-time curves (AUC) was calculated by the linear 

trapezoidal method with extrapolation of AUC0-inf. Clearance was calculated as CL = 

Dose/AUC0-inf. Volume of distribution based on the terminal phase was calculated as Vd 

= (Dose)/(λn×AUC0-inf). Volume of distribution at steady state was calculated as Vss = 

CL×MRT0-inf.  Mean residence time was calculated as MRT = (AUMC0-inf/AUC0-inf), 

where AUMC is the first moment of the serum concentration-time curve (Yamaoka et al., 

1978). The terminal half-life (t1/2) was calculated as 0.693/k, where k is the slope of the 
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terminal regression line.  Cmax (maximum plasma concentration) and Tmax (time to reach 

the maximum plasma concentration) were also estimated. Phoenix WinNonlin 5.1 

software was used for non-compartmental analysis. The bioavailability (F) of RES after 

i.a. and oral administration was calculated with the following equation:  

F = [mean AUC0-inf, oral]/ [mean AUC0-inf, i.a.] × [Dosei.a.]/[Doseoral] ×100              [Eq 3.1]           

where AUC0-inf is the AUC from time 0 to infinity. 

 

The use of multiple sites input can be used to calculate the extraction of the organ during 

the first pass through that organ (Mistry and Houston, 1985). Administration of drug into 

an efferent blood vessel results in rapid passage to the heart and simultaneous distribution 

to all the tissues of the body according to their particular quota of cardiac output. By 

comparison following input via an afferent blood vessel, a drug must cross the organ as a 

single bolus and be metabolized before mixing with the venous return and undergoing 

distribution throughout the body. First pass loss of RES across the organ may be assessed 

from the AUC measurements. The bioavailability (fL) of RES after i.v. and i.a. 

administration can be calculated with the following equation (Cassidy and Houston, 

1980):  

fL = [mean AUC0-inf, i.v.]/ [mean AUC0-inf, i.a.] × 100                                              [Eq 3.2]           

 

3.2.8. Data analysis for enzyme kinetics: All data were transformed and Eadie-Hofstee 

curves were plotted before nonlinear regression analysis. The Michaelis-Menten model 

was fit only to data which showed linear Eadie-Hofstee plots. The following equation 
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was used to fit the data showing linear Eadie-Hofstee plots and Michaelis-Menten 

parameter estimates were determined (Segel, 1993) by: 

𝑣 = 𝑉𝑚𝑎𝑥 ∗ [𝑆]/(𝐾𝑚 + [𝑆])                                                                            [Eq 3.3] 

where v is the rate of the reaction, Vmax is the maximum velocity estimate, [S] is the 

substrate concentration, and Km is the Michaelis-Menten constant.  

The following equation was used to fit the data exhibiting substrate inhibition profile 

(Hutzler and Tracy, 2002; Tracy and Hummel, 2004):  

𝑣 = 𝑉𝑚𝑎𝑥 ∗ [𝑆]/(𝐾𝑚 + [𝑆] +  (
[𝑆]2

𝐾𝑖
))                                                               [Eq 3.4] 

where Ki is the substrate inhibition constant. Nonlinear regression was performed with 

GraphPad Prism for Windows (version 4.03; GraphPad Software Inc., San Diego, CA).  

 

3.2.9. Statistics: Student’s unpaired t test was used, with p < 0.05 set as the significance 

level. GraphPad Prism for Windows (version 4.03; GraphPad Software Inc., San Diego, 

CA) was used to perform statistical analysis.   
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3.3. Results: 

3.3.1. Pharmacokinetics of RES: The pharmacokinetic profiles of RES and its 

metabolites after administration of RES are shown in Fig 3.1 to 3.4. R3G and R3S were 

the major metabolites and R4’G and R4’S were minor metabolites based on the plasma 

exposure by i.a, i.v. and oral routes of administration. The results of the 

noncompartmental pharmacokinetic analysis of i.a. and oral routes are summarized in 

Table 3.1. Four metabolites R3G, R4’G, R3S and R4’S exhibited early peak plasma 

concentration after oral and i.a. RES administration. The mouse i.a. studies indicated that 

RES exhibits a high clearance and a high volume of distribution in mice. The high 

clearance is likely due to the rapid metabolism of RES. Interestingly, the values for total 

body clearance (118.77 ml/min/kg or 251.14 ml/min/kg; Table 3.1) greatly exceed the 

values for hepatic blood flow rate (90 ml/min/kg) in mouse (Davies and Morris, 1993). 

Even when the hepatic extraction ratio of RES is assumed to be unity, hepatic clearance 

would exhibit a maximum value of hepatic blood flow (90 ml/min/kg). Extrahepatic 

clearance was calculated as the difference between total body clearance (118.77 

ml/min/kg for 15mg/kg i.a. dose or 251.14 ml/min/kg for 60 mg/kg i.a. dose) and hepatic 

clearance (90ml/min/kg) as 28.77 and 161.14 ml/min/kg respectively, which represents 

24.22% and 64.16% of total body clearance respectively. This shows that extrahepatic 

clearance, possibly extrahepatic conjugation plays a major role in the overall clearance of 

RES (Mulder et al., 1984). The oral bioavailability of RES was found to be 55% 

(calculated using 15mg/kg, i.a. and 60mg/kg, oral data).  
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RES exposure (294.98 ± 137.87 min*uM) and half life (101.30 ± 43.41 min) after i.v. 

administration were significantly lower than its exposure (591.08 ± 167.29 min*uM) and 

half life (190.58 ± 69.65 min) after i.a. administration (AUC: p = 0.01, t1/2: p = 0.04). The 

bioavailability (fL) of RES after i.v. administration was found to be 49.90 %. The 

clearance and volume of distribution at steady state of RES after i.v. administration were 

not statistically significantly different compared to i.a. administration (CL: p = 0.05, Vss: 

p = 0.85). Interestingly, it was observed that the exposure of R3G (2268.35 ± 517.00 

min*uM) after i.v. administration of RES increased significantly compared to R3G 

exposure (921.23 ± 457.07 min*uM) after RES i.a. administration (p = 0.004). No 

significant change was observed in the exposure of R3S after RES administration by both 

routes (p = 0.67).  

 

Fig 3.1: Plasma concentration time profile of RES and its metabolites after RES 15 

mg/kg (i.a.) administration as a short 10 sec infusion (n = 5). Data are mean + SD. 
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Fig 3.2: Plasma concentration time profile of RES and its metabolites after RES 15 

mg/kg (i.v.) administration as a short infusion, 10 sec dose (n = 5). Data are mean + SD. 

 

Fig 3.3: Plasma concentration time profile of RES and its metabolites after RES 60 

mg/kg (i.a.) administration as a short infusion, 10 sec dose (n = 6). Data are mean + SD. 
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Fig 3.4: Plasma concentration time profile of RES and its metabolites after RES 60 

mg/kg (oral) administration (n = 4). Data are mean + SD. 
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Table 3.1: Pharmacokinetic parameters of RES and its metabolites after 15 mg/kg (i.a.), 

60 mg/kg (i.a.) and 60 mg/kg (oral) of RES administration. 

RES 
60 mg/kg (i.a.) 

n = 6 

15 mg/kg (i.a.) 

n = 5 

60 mg/kg (oral) 

n = 4 
Units 

AUC0-t 1065.93 ± 394.89 510.01 ± 105.54 1005.23 ± 626.86 min*uM 

AUC0-inf 1206.87 ± 475.51 591.08 ± 167.29 1299.28 ± 603.28 min*uM 

Cl 251.14 ± 109.08 118.77 ± 33.36 233.88 ± 95.32 ml/min/kg 

Vss 38.35 ± 13.56 37.59 ± 23.70 546.53 ± 409.14 L/kg 

t1/2 109.75 ± 22.90 190.58 ± 69.65 2130.32 ± 1463.80 min 

Cmax 50.10 ± 26.77 15.27 ± 9.07 16.69 ± 9.56 uM 

Tmax 2.5 ± 0 2.5 ± 0 6.88 ± 5.54 min 

MRT 178.79 ± 93.69 302.80 ± 130.52 2153.80 ± 1306.79 min 

R3G         

AUC0-t 3891.47 ± 1179.42 857.36 ± 396.17 36136.71 ± 20187.12 min*uM 

AUC0-inf 4191.01 ± 1297.29 921.23 ± 457.07 36998.33 ± 19539.31 min*uM 

t1/2 174.02 ± 96.69 264.75 ± 248.66 573.43 ± 192.65 min 

Cmax 139.03 ± 14.98 59.26 ± 48.13 159.16 ± 21.97 uM 

Tmax 5.42 ± 2.46 2.5 ± 0 13.75 ± 2.50 min 

MRT 141.02 ± 66.93 251.23 ± 198.15 776.98 ± 286.96 min 

R3S         

AUC0-t 823.80 ± 214.63 163.87 ± 42.38 1347.56 ± 561.84 min*uM 

AUC0-inf 1023.86 ± 352.44 174.94 ± 45.75 1384.96 ± 554.18 min*uM 

t1/2 217.57 ± 99.78 201.12 ± 158.12 528.43 ± 107.20 min 

Cmax 15.23 ± 5.22 6.11 ± 1.93 7.52 ± 1.73 uM 

Tmax 8.33 ± 4.08 2.5 ± 0 13.75 ± 2.17 min 

MRT 278.35 ± 163.05 217.75 ± 128.98 752.20 ± 202.04 min 

R4'G         

AUC0-t 17.49 ± 7.30 2.03 ± 1.78 15.38 ± 7.61 min*uM 

AUC0-inf 18.78 ± 7.61 2.61 ± 1.87 18.03 ± 6.99 min*uM 

t1/2 17.93 ± 6.34 14.11 ± 5.98 47.46 ± 5.97 min 

Cmax 0.82 ± 0.13 0.18 ± 0.11 95.73 ± 33.80 uM 

Tmax 5.42 ± 2.46 2.5 12.50 ± 2.89 min 

MRT 22.80 ± 7.76 19.28 ± 7.06 70.78 ± 7.66 min 

R4'S         

AUC0-t 11.27 ± 3.75 0.83 ± 0.39 3.25 ± 2.72 min*uM 

AUC0-inf 12.17 ± 4.39 1.07 ± 0.43 4.99 ± 4.32 min*uM 

t1/2 41.54 ± 26.90 8.85 ± 4.37 118.2 ± 142.07 min 

Cmax 0.36 ± 0.09 0.09 ± 0.02 0.07 ± 0.02 uM 

Tmax 6.25 ± 2.80 3.0 ± 1.12 11.25 ± 4.79 min 

MRT 51.95 ± 32.08 13.34 ± 5.32 179.76 ± 225.86 min 

 

Note: CL and Vss in case of oral data are CL/F and Vss/F 
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Table 3.2: Noncompartmental pharmacokinetic analysis upon a single 15 mg/kg (i.a.) 

RES and 15 mg/kg (i.v.) RES . Data is presented as estimate ± SD. 

RES 
RES 15 mg/kg i.a.  

(n = 5) 

RES 15 mg/kg i.v.  

(n = 5) 
Units 

AUC0-inf 591.08 ± 167.29a 294.98 ± 137.87a min*uM 

Cl 118.77 ± 33.36 280.04 ± 158.25 ml/min/kg 

Vss 37.59 ± 23.70 34.90 ± 20.10 L/kg 

t1/2 190.58 ± 69.65a 101.30 ± 43.41a min 

R3G       

AUC0-inf 921.23 ± 457.07a 2268.35 ± 517.00a min*uM 

R3S       

AUC0-inf 174.94 ± 45.75 157.21 ± 77.77 min*uM 

      a Denotes statistically significant parameters (p < 0.05, Student’s unpaired t test). 

Note: CL in case of i.v. data is CL/F 

3.3.2. In vitro plasma protein binding of RES and its metabolites: The plasma protein 

binding of RES, R3G, R3S, R4’G and R4’S was measured at three concentrations of 1 

uM, 5 uM and 20 uM substrate in plasma (Table 3.3). RES and its sulfated metabolites 

(R3S, R4’S) exhibited high plasma protein binding (86 – 94 %) whereas the 

glucuronidated metabolites (R3G, R4’G) exhibited lower plasma protein binding (39 - 70 

%). It’s interesting that the glucuronides have lower binding than sulfates. 

 

Table 3.3: Extent of binding of RES, R3G, R3S, R4’G and R4’S to mouse plasma 

proteins (mean ± SD), n =3 for each concentration. 

% Bound in plasma 1 uM 5 uM 20 uM 

RES   ND 86.06, 83.88* 91.95 ± 0.99 

R3G 65.77 ± 10.09 70.42 ± 2.56 66.75 ±1.56 

R3S 94.50 ± 0.13 93.26 ± 0.44 87.24 ± 4.89 

R4'G 44.88 ± 6.65 39.04 ± 10.33 51.80 ± 3.28 

R4'S 93.08 ± 1.17 90.97 ± 0.70 88.36 ± 1.17 
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ND – Not detected; dialysate (unbound) concentration fell below the LLOQ of analytical 

method.  

* Range is listed for n=2. 

 

 

3.3.3. In vitro pulmonary metabolism: The glucuronidation and sulfation of RES was 

studied in mouse and human lung fractions. When RES was incubated with 0.1 and 0.5 

mg/ml human lung microsomes, no R3G was observed above LOQ (10 ng/ml for R3G) at 

the end of 60 min incubation. Therefore no further RES glucuronidation kinetic studies 

were performed with human lung microsomes. Formation of R3G and R3S was linear 

with respect to time and protein concentration in mouse and human lung S9 fraction (Fig 

3.5 to 3.7). Fig 3.8 (A) shows the formation rate of R3G in mouse lung fraction with its 

Eadie-Hofstee (E-H) plot shown as inset. The R3G profile exhibited substrate inhibition. 

This was determined by fitting the data to the substrate inhibition equation (Eq 3.4) and 

by visual examination of E-H plot. The E-H plot showed a hook in the upper quadrant 

typical of substrate inhibition kinetic profile (Fig 3.8 (A) inset) (Hutzler and Tracy, 

2002).  Enzyme kinetic parameters are presented in Table 3.4. Fig 3.8 (B) and 3.8 (C) 

show the formation kinetics of R3S in mouse and human lung fractions with its Eadie-

Hofstee (E-H) plots as insets respectively. R3S formation in both mouse and human lung 

fractions showed substrate inhibition (Hutzler and Tracy, 2002).  
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Fig 3.5 (A) 

 

 

Fig 3.5 (B) 

Figure 3.5: Linearity of formation for R3G in mouse lung S9 fraction (n = 3); A) Protein 

linearity over a 0.1 – 2.5 mg/ml concentration range using an incubation time of 60 mins B) 

Time linearity over 0 - 60 min time period with 0.5 mg/ml final protein concentration. 
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Fig 3.6 (A) 

 

 

Fig 3.6 (B) 

Figure 3.6: Linearity of formation for R3S in mouse lung S9 fraction (n = 3); A) Protein 

linearity over a 0.1 – 2.5 mg/ml concentration range using an incubation time of 60 mins B) 

Time linearity over 0 - 60 min time period with 0.5 mg/ml final protein concentration. 
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Fig 3.7 (A) 

 

Fig 3.7 (B) 

Figure 3.7: Linearity of formation for R3S in human lung S9 fraction; A) Protein linearity 

over a 0.1 – 2.5 mg/ml concentration range using an incubation time of 60 mins (n = 2) B) 

Time linearity over 0 - 80 min time period with 0.5 mg/ml final protein concentration (n = 3). 
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Fig 3.8 (A) 

 

 

Fig 3.8 (B) 
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Fig 3.8 (C)  

Fig 3.8: Kinetics of A: R3G formation in mouse lung S9 fraction, B: R3S formation in 

mouse lung S9 fraction, C: R3S formation in human lung S9 fraction. Data reported as 

mean ± standard deviation, (n = 3). The solid line represents curve fitting with the  

substrate inhibition equation (Eq 3.4); the figure in the inset represents the Eadie-Hofstee 

plot. 
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Table 3.4: Kinetic parameter estimates for the sulfation and glucuronidation of RES and 

R3S by human and mouse lung fractions. Data are expressed as estimates ± SD; n = 3. 

Estimate units are as follows: Vmax: nanomoles per minute per milligram total protein; 

Km, Ki : micromolar.  

Subs- 

trate 

Conju- 

gation 

product 

Protein  

source 

Vmax 

(pmol/min 

/mg) 

Km (uM) Ki (uM) 

Goodn

ess of 

Fit (r2) 

Type of Fit 

RES R3G 
Mouse  

lung S9 
324.40 ± 13.05 7.34 ± 1.60 

6632 ± 

1198 
0.93 

Partial 

substrate 

inhibition 

RES R3S 
Mouse  

lung S9 
7.05 ± 0.28 2.69 ± 0.45 

2021 ± 

717.6 
0.96 

Partial 

substrate 

inhibition 

RES R3S 
Human 

lung S9 
16.15 ± 0.48 4.45 ± 0.79 

23238 ± 

7305 
0.95 

Partial 

substrate 

inhibition 
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3.4. Discussion and Conclusion: 

 

The pharmacokinetics of RES are complex. RES has been shown to undergo extensive 

metabolism primarily to its glucuronidated and sulfated conjugates (Walle et al., 2004; 

Brown et al., 2010; Juan et al., 2010b; Iwuchukwu et al., 2012; Sharan et al., 2012). RES 

administration by i.a., i.v. and oral routes led to the formation of R3G and R3S as major 

metabolites and R4’G and R4’S as minor metabolites (Fig 3.1 to 3.4). Reentry peaks of 

RES, R3G and R3S in the plasma, likely due to enterohepatic recirculation, occurred at 5 

to 7 hours after oral administration of 60 mg/kg of RES. Although no clear reentry peak 

for RES was observed after i.a. administration of RES, it has been confirmed (Marier et 

al., 2002) in bile cannulated rats that RES and R3G undergoes enterohepatic 

recirculation. Very high Vss for RES is also observed, partly because the enterohepatic 

cycling (EHC) loop behaves as an additional distributional compartment in the 

pharmacokinetic system as also explained by Herman and co workers (Herman et al., 

1989). By bringing the RES and its metabolites back into systemic circulation by EHC, 

an extra area is added at the end of the concentration-time profile and their half lives are 

enhanced. Herman and co workers suggested that for drugs undergoing EHC, intestine  

changes from an eliminating to a holding, or only partially eliminating, organ and as such 

becomes integrated as a factor in the apparent volume of drug distribution (Herman et al., 

1989). This might be one of the reasons for the very high volume of distributions for 

RES.  

 

The very high clearance of RES (i.a), higher than hepatic blood flow, indicates extra-

hepatic conjugation in the mouse. It has been shown that intestine, liver and lung 
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contribute to phenol metabolism (Cassidy and Houston, 1980). These indications led us 

to investigate the lung as a possible metabolizing organ for RES. Lungs are the third in a 

series of three potential biotransformation sites (the other two being the gut and liver) 

which orally ingested RES must cross prior to entering the general circulation. First pass 

metabolism by gut, liver and lungs in series can increase total body clearance of RES. 

Although the role of gut and liver in the metabolism of RES is known (Miksits et al., 

2005; Brill et al., 2006; Iwuchukwu and Nagar, 2008), contribution of lungs in the 

metabolism of RES has not been evaluated. In the present study, contribution of lungs in 

the metabolism of RES was evaluated using multiple site of administration and single site 

of sampling design (Cassidy and Houston, 1980) in a mouse model. The in vivo study 

clearly demonstrated the contribution of lungs in the glucuronidation of RES to R3G in 

mice. The in vivo results were corroborated by in vitro results in mouse lung fractions.  

 

Because species dependent differences in metabolism are known, in vitro studies were 

also conducted in human lung fractions to see if reliable extrapolation of data can be 

made between mice and humans. Interestingly, no significant glucuronidation of RES 

was observed in human lung fractions, implying that contribution of pulmonary 

glucuronidation in the metabolism of RES is quantitatively less important in humans.  

The species difference in RES glucuronidation at its 3-OH position can be explained by 

differential expression of urindine 5’-diphosphoglucuronosyltransferase (UGT) isoforms 

in mouse and human lungs. RES has been reported to be glucuronidated at its 3-OH 

position via UGT1A1, UGT1A7, UGT1A9,UGT1A3, UGT1A6, UGT1A8, UGT1A10 

and UGT2B7 (Brill et al., 2006). Ugt1a6 has been shown to be expressed well in mouse 
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lung (Buckley and Klaassen, 2007). Thus, Ugt1a6 might be responsible for RES 

glucuronidation in mouse lungs. There are conflicting reports about the presence of UGT 

enzymes in human lung tissues. UGT1A1 and UGT1A10 have been reported in the lung 

cancer samples (Oguri et al., 2004). UGT 2B isozymes (4, 7, 10, 11, 15 and 17) have 

been reported to be present in human lungs (Turgeon et al., 2001). UGT activity has been 

reported to be highly expressed in the tissues of upper respiratory tract in human subjects 

(Zheng et al., 2002) which is of more importance to the inhaled compounds. In contrast, 

other studies have shown low or no UGT activity in normal human lung tissue (Zheng et 

al., 2002; Somers et al., 2007; Nakamura et al., 2008). In the present study, the absence of 

R3G formation in human lung fraction is consistent with the low expression or absence of 

UGT isoforms in normal human lung tissue (Nakamura et al., 2008) which are 

responsible for RES glucuronidation (Brill et al., 2006).     

 

Sulfation experiments showed that RES is sulfated by both mouse as well as human 

lungs. RES sulfation at its 3-OH position has been reported to be mediated by 

sulfotransferase (SULT) SULT1A1, SULT1A2, SULT1A3 and SULT1E1 isoforms 

(Miksits et al., 2005). Mouse lungs express Sult1a1, with very low expression of Sult1e1 

(Alnouti and Klaassen, 2006).  SULT1A1, SULT1A3, SULT1E1, SULT2A1 and 

SULT1B1 have been found to be expressed in human lungs, and SULT1A1, SULT1A3 

and SULT1E1 account for around 80 percent of all SULTs expressed in human lungs 

(Riches et al., 2009). Therefore, our results indicate that Sult1a1 and Sult1e1 in mouse 

lungs and SULT1A1, SULT1A3 and SULT1E1 in human lungs might be responsible for 

R3S formation. Steroid sulfatase activity have been reported in human (Milewich et al., 
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1983) and mouse lung tissue (Milewich et al., 1984) with highest activity in microsomal 

fraction of human lung tissue homogenate (Milewich et al., 1983). Steroid sulfatase can 

desulfate R3S to give RES locally in the lung cells. This futile cycling of RES/R3S by the 

combined activity of sulfatase and sulfotransferase enzyme can lead to increase in the 

retention of the RES/R3S within the lung. This can be important since RES and R3S both 

have been shown to have pharmacological activity (Hoshino et al., 2010).  

 

Transporters in conjunction with metabolizing enzymes play an important role in the 

disposition of drug and its metabolites. R3G and R3S disposition has been shown to be 

influenced by transporters. R3G has been shown to be a high affinity substrate for MRP2 

(ABCC2), MRP3 (ABCC3) and BCRP (ABCG2) transporters (Maier-Salamon et al., 

2008; van de Wetering et al., 2009; Juan et al., 2010a). Although the role of MRP1 

(ABCC1) in R3G transport has not been evaluated, there are reports of MRP1-mediated 

transport of glucuronides such as 17β-estradiol-glucuronide (Jedlitschky et al., 1996), 

etoposide glucuronides, SN-38 glucuronide (Deeley and Cole, 2006) and β-O-

glucuronide conjugate of the tobacco specific carcinogen 4-(methyl-nitrosamino)-1-(3-

pyridyl)-1-butanol (NNAL) (Leslie et al., 2001). BCRP and MRP2 are involved in the 

transport of R3S (van de Wetering et al., 2009; Juan et al., 2010a). MRP4 (ABCC4) and 

MRP1 (ABCC1) have not been studied for R3S transport but there are reports which 

show both MRP4 and MRP1 to be involved in the transport of sulfo-conjugates such as 

dehydroepiandrosterone sulfate (Zelcer et al., 2003) and estrone 3-sulfate (Qian et al., 

2001) for MRP1.  Mouse lungs have been shown to express Mrp1, Mrp3 and Mrp4  
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transporters (Maher et al., 2005). It is interesting that mouse lungs did not express Mrp2 

and Bcrp transporter (Scheffer et al., 2002; Maher et al., 2005).  

 

Cellular distribution and localization of transporters in mouse lungs is unknown although 

cellular distribution and localization of MRP1, MRP2 and BCRP in human lungs are 

reported. MRP1, 3, 4 are basolateral transporters while MRP2 and 5 are located in the 

apical membrane of the cells (Toyoda et al., 2008). MRP 1 is expressed on basolateral 

membrane whereas MRP2 and BCRP are expressed towards apical membrane in human 

lungs (Bosquillon, 2010).  

 

Based on the present results and previous reports, (Maher et al., 2005; Bosquillon, 2010) 

a simplified schematic pathway for disposition of RES, R3S and R3G in mouse lung cells 

has been proposed (Fig 3.9A). RES when administered i.v., can diffuse into mouse lung 

cells and can either get metabolized by SULT enzymes present in the cytosol or UGT 

enzymes present in the endoplasmic reticulum. Additionally, R3S formed from RES can 

get desulfated by sulfatase enzymes in the endoplasmic reticulum to give RES, which can 

further get glucuronidated to R3G. R3G formed can get transported into the cytoplasm 

and be transported into the blood by MRP3 and possibly MRP1. This also correlates well 

with our observation that even after sulfation of RES in lungs (based on our in vitro 

results) we did not observe any significant difference in the plasma exposure of R3S, 

when RES was administered by i.v. route compared to i.a. route. Similarly a schematic 

pathway for disposition of RES in human lungs has been proposed (Fig 3.9B). RES when 

presented to human lung cells gets sulfated to R3S in the cytoplasm. R3S formed can be 



 65 

eliminated in the pulmonary lumen by MRP2 and BCRP transporters or blood by 

possibly MRP1 and MRP4 transporters. Additionally it can be desulfated by steroid 

sulfatase enzymes present in endoplasmic reticulum to give back RES. Since no activity 

of UGT was observed in human lung tissue, RES formed in endoplasmic reticulum can 

act as depot or diffuse back into cytoplasm to again get sulfated to R3S. This futile 

cycling of RES/R3S can prolong the presence of RES/R3S in human lung tissue and can 

be of pharmacological significance as both RES and R3S have been shown to have 

pharmacological activity (Hoshino et al., 2010). 

 

Figure 3.9 (A) 
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Figure 3.9 (B) 

Figure 3.9: Proposed schematic representation of RES metabolism in A) mouse lung 

cell, B) human lung cell. Solid line represents pathways based on results in this 

manuscript and published literature reports for RES, R3S and R3G. Transporters 

followed by “?” indicates that the role of these transporters are not known for transport of 

R3S and R3G, but is based on findings of transport of other sulfated and glucronidated 

substrates. 

 

The pulmonary metabolism of RES can have implications for local tissue level of parent 

and metabolites as well as in the systemic plasma level of RES and its metabolites. The 

absence of pulmonary glucuronidation in human lung as compared to extensive 
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pulmonary glucuronidation in mouse lungs can be one possible reason for the observed 

difference in pharmacokinetics of RES in rodents as compared to humans. In rodents, 

R3G has been observed as the major metabolite (Juan et al., 2010b; Colom et al., 2011; 

Iwuchukwu et al., 2012; Sharan et al., 2012) as compared to R3S in humans (Boocock et 

al., 2007; Brown et al., 2010). Benzo[a]pyrene is a polycyclic aromatic hydrocarbon 

(PAH) present in tobacco smoke and is considered as a procarcinogen. Its metabolic 

activation by aldo-keto reductases leads to the formation of benzo[a]pyrene-7,8-catechol, 

which undergoes autooxidation to yield benzo[a]pyrene-7,8-dione, generating reactive 

oxygen species (ROS). Benzo[a]pyrene-7,8-dione in the presence of nicotinamide 

adenine dinucleotide phosphate (NADPH) is reduced back to the catechol leading to 

futile redox-cycles and in turn amplifying ROS. Sulfation of benzo[a]pyrene-7,8-catechol 

has been suggested to be a detoxification pathway for benzo[a]pyrene-7,8-dione by 

limiting its ability to enter the redox cycle (Zhang et al., 2012a). By serving as substrates 

for SULTs, there is a possibility that RES might interfere with the detoxification of 

cigarette smoke toxicants. However there is also a possibility that the increased RES/R3S 

presence due to futile cycling in lung will lead to enhanced quenching of unstable free 

radicals, thereby reducing damage to DNA by reactive oxygen species (ROS) produced 

by cigarette smoke toxicants, as RES/R3S have been shown to have a comparable ability 

to quench the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical (Hoshino et al., 2010).        

 

In conclusion, R3G and R3S were found to be the major metabolites and R4’G and R4’S 

to be the minor metabolites in mouse irrespective of the route of administration. A 

significantly higher R3G exposure was observed in mouse when RES was administered 
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by i.v. route compared to i.a. route. Extensive glucuronidation and sulfation of RES was 

observed in mouse lung fractions. Human lung fractions, on the other hand, showed only 

sulfation of RES.  
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CHAPTER 4 

 

PHARMACOKINETICS OF SULFATED METABOLITES OF RESVERATROL: 

RESVERATROL-3-SULFATE (R3S) AND  

RESVERATROL-4’-SULFATE (R4’S) 

 

4.1. Rationale: 

Resveratrol has been shown to undergo extensive metabolism and majority of RES 

detected in serum or urine after oral or systemic RES administration is in the form of its 

glucuronide and sulfate conjugates (Goldberg et al., 2003; Walle et al., 2004; Brown et 

al., 2010; Juan et al., 2010b; Iwuchukwu et al., 2012; Sharan et al., 2012). Low plasma 

concentrations of RES in vivo have led to the idea that metabolites might themselves be 

active. Recently two papers have been published where researchers have shown positive 

biological activity for sulfated metabolites of RES. This also assumes importance as it 

has been shown that sulfated metabolites are the major metabolites in humans (Boocock 

et al., 2007; Brown et al., 2010). Calamini and coworkers (Calamini et al., 2010) have 

shown that R4’S and RES inhibit COX-1 and COX-2 with similar efficacy, which is 

important as it has been shown that RES causes cardioprotective and anticancer effects 

by inhibiting COX-1 and COX-2 enzymes (Goldberg et al., 1995; Pace-Asciak et al., 

1995; Jang et al., 1997b). Induction of QR1 has been reported to be associated with 

cancer chemoprevention (Talalay et al., 1995; Kennelly et al., 1997) and also coincides 

with the induction of detoxifying phase II metabolizing enzymes (Song et al., 1999). R3S 

has been shown to be a more potent QR1 inducer than RES (Hoshino et al., 2010). In 

work published by Hoshino and coworkers (Hoshino et al., 2010), it was reported that 

R3S and R4’S exhibited 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging 
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activities and comparable COX-1 and COX-2 inhibitory activities. The free radical 

scavenging activity of R3S was comparable and R4’S lower than that of RES. At least 

part of the chemopreventive activity of RES is also attributed to its ability to quench 

unstable free radicals and prevent damage to DNA by reactive oxygen species (ROS) (de 

la Lastra and Villegas, 2007; Qian et al., 2009). R3S and R4’S also inhibited nitric oxide 

(NO) production by inducible nitric oxide synthase (iNOS) and NFkB induction, 

although their activity was lower than that of RES (Hoshino et al., 2010).  

 

In light of the recent findings of the above mentioned biological activity of R3S and 

R4’S, this study was undertaken to characterize the pharmacokinetic profile of preformed 

R3S and R4’S in an in vivo mouse model after direct administration of the metabolite 

following oral and i.a. administration. This study aimed at providing a better 

understanding of the influence of sulfated metabolites disposition on RES 

pharmacokinetics. This study also evaluated the hypothesis postulated by several 

researchers that metabolites can act as depot of RES and can be desulfated to give back 

RES at the tissue level, e.g. liver. 

 

4.2. Materials and Methods: 

4.2.1. Drug administration and blood sampling: R3S and R4’S were solubilized in 

saline. Details about surgery and cannulation have been provided in section 3.2.2. of 

chapter 3. Carotid artery cannula was used for systemic drug administration and blood 

sampling. Heparin-saline (20 uL, 50 IU/ml) was used to flush the cannula after systemic 

administration or blood sampling. Sulfated metabolites were synthesized and provided by 
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Dr. Daniel Canney’s lab (Iwuchukwu et al., 2012). R3S was administered at a dose of 5, 

10 or 20 mg/kg i.a. and 10 mg/kg orally. The lower dose of 5 mg/kg was selected by 

performing pilot studies which gave R3S exposures (AUCs) in the range comparable to 

R3S observed upon 15 mg/kg RES (i.a.) administration. The higher dose of 20 mg/kg 

was selected as it was equimolar dose to 15 mg/kg of RES dose. R4’S was administered 

at a dose of 5 or 20 mg/kg i.a. and 20 mg/kg orally. The higher dose of 20 mg/kg for 

R4’S was selected as it was equimolar dose to 15 mg/kg of RES dose. Blood (20 uL) was 

serially sampled at 2.5, 5, 10, 15, 45, 90, 180, 300, 420, 600 min and 24 hrs. Blood 

samples were centrifuged at 14,000 rpm for 2 min, and harvested plasma was collected 

and stored at -80 °C until LC-MS/MS analysis. PK analysis was performed as explained 

in section 3.2.7. of chapter 3.  

 

4.2.2. Hepatic Glucuronidation Assay: Glucuronidation of R3S after its desulfation was 

determined in mouse liver microsomes and pooled human liver microsomes. Conditions 

of protein and time linearity were optimized in preliminary studies. The incubation 

mixture consisted of mouse liver microsomes or human liver microsomes (final 

concentration, 0.5 mg/ml) for their respective studies, the substrate R3S (final 

concentration range of 0.01 uM to 1 mM of R3S) solubilized in water, alamethicin (10 

ug/ml), MgCl2 (5 mM final concentration), and made up to final incubation volume (20 

uL) with Tris-HCl buffer (100 mM, pH 7.4, 37°C). The reaction mixture was 

preincubated for 3 min in a shaking water bath at 37°C. The reaction was started by 

adding appropriate volume of the cofactor UDPGA (final concentration 5 mM) and 

incubated in a shaking water bath for 60 min at 37°C. Appropriate negative control 
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experiments were performed under the same conditions but without the cofactor UDPGA. 

All reactions were performed in triplicate. Additional incubations were conducted with 

and without the steroid sulfatase inhibitor STX64 (25 uM final concentration) at 0.5 mM 

R3S concentration. For all incubations, 5 uL of ascorbic acid (15%) and 60 uL of ice cold 

methanol containing APAP (IS) were added to 20 uL of reaction mixture at the end of 60 

min to stop the reaction.  

 

4.2.3. Data analysis for enzyme kinetics: All data were transformed and Eadie-Hofstee 

curves were plotted before nonlinear regression analysis. The Michaelis-Menten model 

was fit only to data which showed linear Eadie-Hofstee plots. The following equation 

was used to fit the data showing linear Eadie-Hofstee plots and Michaelis-Menten 

parameter estimates were determined (Pearson and Wienkers, 2009): 

𝑣 = 𝑉𝑚𝑎𝑥 ∗ [𝑆]/(𝐾𝑚 + [𝑆])                                                                     (4.1) 

where v is the rate of the reaction, Vmax is the maximum velocity estimate, [S] is the 

substrate concentration, and Km is the Michaelis-Menten constant.  

The following equation was used to fit the data exhibiting substrate inhibition profile 

(Hutzler and Tracy, 2002; Tracy and Hummel, 2004):  

𝑣 = 𝑉𝑚𝑎𝑥 ∗ [𝑆]/(𝐾𝑚 + [𝑆] +  (
[𝑆]2

𝐾𝑖
))                                                      (4.2) 

where Ki is the substrate inhibition constant. Nonlinear regression was performed with 

GraphPad Prism for Windows (version 4.03; GraphPad Software Inc., San Diego, CA).  
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4.2.4. Permeability study: 

MDCK cells were cultured and transport experiments were conducted (Korzekwa et al., 

2012).  Cells were maintained in DMEM supplemented with 10% FBS, penicillin (100 

U/ml) and streptomycin (100 ug/ml) at 37°C in a humidified incubator with 5% CO2. All 

cells were seeded at a density of 60,000 cells/cm2 onto collagen-coated, microporous, 

polycarbonate membranes in 12-well Transwell® plates. Cells were used between 

passages 10 and 14. The culture medium was changed 24 hr after seeding to remove cell 

debris and dead cells; afterwards the medium was changed 24 hr after seeding to remove 

cell debris and dead cells; afterward the medium was changed every other day for 6 days. 

The permeability assay buffer was Hank’s balanced salts solution (HBSS) containing 10 

mM hydroxyethylpiperazineethane sulfonic acid (HEPES) and 15 mM glucose at pH 7.4 

(Hank’s balanced transport buffer). The test compounds were prepared in HBSS buffer to 

a final concentration of 20 uM each. R3S and R4’S stock solutions in DMSO were 

diluted in Hank’s balanced transport buffer (pH 7.4) (Mediatech, Herndon, VA) to give a 

final DMSO concentration of 1 percent. R3S and R4’S (20 uM final concentration) were 

dosed on either the apical side (A-B transport) or the basolateral side (B-A transport) and 

incubated in a humidified atmosphere at 37°C with 5% CO2. Samples were collected at 0, 

5, 10, 20, 40 and 80 minutes for experiments in each direction. All experiments were 

conducted in duplicate and an average of the data was used. Lucifer yellow test was 

conducted to ensure the integrity of cell monolayer (Wang et al., 2008). The acceptance 

criteria for each batch of cell monolayer was a Papp of less than 0.4×10-6 cm/s (Wang et 

al., 2008). The apparent permeability coefficient, Papp, was calculated as follows:  

 

Papp = (ΔQr/Δt)/(A×C0)                                                   (4.3) 
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Efflux ratio = Papp (B to A)/Papp (A to B)                     (4.4) 

 

where ΔQr/Δt is the cumulative amount in the receiver compartment versus time; A is the 

area of the cell monolayer; C0 is the initial concentration of the dosing solution. 
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4.3. Results: 

4.3.1. Pharmacokinetics of R3S 

The pharmacokinetic profiles of R3S and its metabolites after R3S administration at 

different dose levels and through different routes are shown in Fig. 4.1 through Fig 4.3. 

R3G was the major metabolite based on the plasma exposure by both i.a. and oral routes 

of administration. The results of noncompartmental pharmacokinetic analysis are 

summarized in Table 4.1. We detected RES in few plasma samples at low concentrations. 

However in one mouse at 10 mg i.a. dose study we observed high RES concentrations 

(0.45, 2.88 and 38.64 uM at 90, 180 and 300 min respectively). Due to paucity of data 

points the kinetic parameters  of RES could not be calculated. We observed in the mouse 

i.a. studies that R3G concentration initially declined rapidly until 90 min and then an 

abrupt increase in its systemic concentration was observed around 180 min onward. The 

mouse i.a. studies indicated that R3S exhibits a high clearance and a high volume of 

distribution in mice. The high clearance is likely due to rapid metabolism of R3S into 

R3G. The differences in clearance for R3S at 5, 10 and 20 mg/kg was not statistically 

significant (p < 0.05), indicating linear PK in this dose range. 

 

Peak concentration (Cmax) of 0.65 ± 0.45 uM was observed after oral R3S dose between 

2.5 to 15 min except for one mouse for which it occurred at 180 min, indicating that R3S 

was absorbed fast orally. Reentry peaks of R3G were clearly observed in R3S i.a. 

administration studies indicating enterohepatic recycling of R3G. The oral bioavailability 

of R3S was found to be poor (28 % at 10 mg/kg). The cause of poor oral bioavailability, 

in addition to poor absorption of R3S, might be sequential first pass elimination of R3S 

into R3G in liver with R3G being cleared by liver through the biliary route. Interestingly 
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two mice in the 10 mg/kg oral administration group exhibited the formation of R3G and 

R4’S as major metabolites. R4’S was not observed in any other mice besides these two 

animals. This variability can be attributed to the variability in the gut flora of animals 

which might lead to varied metabolism of R3S. 

 

Fig 4.1: Plasma concentration time profile of R3S after R3S 5 mg/kg (i.a.) and 10 mg/kg 

(oral) administration (n = 4). Data presented as mean + SD.  

 

Fig 4.2: Plasma concentration time profile of R3S and its metabolite R3G after R3S 10 

mg/kg (i.a.) administration (n = 4). Data presented as mean + SD.  
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Fig 4.3: Plasma concentration time profile of R3S and its metabolite R3G after R3S 20 

mg/kg (i.a.) administration (n = 3). Data presented as mean + SD.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 78 

Table 4.1: Pharmacokinetic parameters of R3S and its metabolites after 5, 10, 20 mg/kg 

(i.a.) and 10 mg/kg (oral) R3S administration. 

R3S 
5 mg/kg, i.a. 

(n = 4) 

10 mg/kg, i.a. 

(n = 4) 

20 mg/kg, i.a. 

(n = 3) 

10 mg/kg, oral 

(n = 5) 
Units 

AUC0-t 243.29 ± 113.10 407.80 ± 168.53 1031.81 ± 355.06 109.42 ± 39.04 min*uM 

AUC0-inf 255.84 ± 124.98 448.90 ± 188.02 1208.91 ± 195.76 126.14 ± 52.11 min*uM 

Cl 76.29 ± 37.07 84.56 ± 41.49 54.69 ± 9.06 294.34 ± 115.05 ml/min/kg 

Vd 13.58 ± 5.39 32.68 ± 10.89 14.83 ± 3.83 120.75 ± 61.83 L/kg 

Vss 6.37 ± 2.36 23.22 ± 10.67 9.71 ± 7.05 128.35 ± 89.18 L/kg 

t1/2 128.08 ± 26.21 281.65 ± 40.19 186.42 ± 18.57 283.8 ± 68.82 min 

Cmax 14.79 ± 3.15 21.54 ± 7.45 78.57 ± 33.58 0.65 ± 0.45 uM 

Tmax 2.5 2.50 ± 0 2.50 ± 0 42.50 ± 77.01 min 

MRT 96.30 ± 46.85 320.70 ± 204.92 132.57 ± 51.15 418.22 ± 137.95 min 

R3G      

AUC0-t 24.53 ± 16.08 98.60 ± 68.75 1101.06 ± 1042.91 165.40, 294.70* min*uM 

AUC0-inf 38.79 ± 9.59 159.70 ± 132.00 1298.41 ± 1087.91 193.61, 329.47* min*uM 

t1/2 256.75 ± 239.25 216.62 ± 157.28 184 ± 139.60 191.27, 355.41* min 

Cmax 0.21 ± 0.07 0.55 ± 0.25 4.14 ± 2.03 0.79, 0.35* uM 

tmax 167.5 ± 119.27 166.25 ± 121.48 143.33 ± 239.6 180, 600* min 

MRT 483.34 ± 445.68 463.97 ± 295.49 476.14 ± 197.61 370.49, 753.47* min 

R4'S      

AUC0-t NA NA NA 2026.19, 119.48* min*uM 

AUC0-inf NA NA NA 2033.70, 217.45* min*uM 

t1/2 NA NA NA 470.23, 909.36* min 

Cmax NA NA NA 29.06, 0.57* uM 

tmax NA NA NA 90.00, 5.00* min 

MRT NA NA NA 108.18, 1575.44* min 

All results are reported as estimate ± SD, * n = 2. 

Note: CL, Vd and Vss in oral data are CL/F, Vd/F and Vss/F. 

 

4.3.2. Pharmacokinetics of R4’S 

The pharmacokinetic profiles of R4’S and its metabolites after R4’S administration at 20 

mg/kg i.a. and 20 mg/kg oral dose are shown in Fig. 4.4 and 4.5 respectively. We also 

performed a PK study at 5 mg/kg i.a dose, but R4’S concentrations fell below LLOQ 

after 90 mins. So, we did not use this study to calculate the PK parameters for R4’S. The 

data from R4’S, i.a. (5 mg/kg) study has been included in appendix. R3G was the major 

metabolite based on the plasma exposure by both i.a. and oral route of administration. 

The results of the noncompartmental pharmacokinetic analysis are summarized in Table 
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4.2. We did not observe any RES in the systemic circulation after R4’S administration by 

both oral and i.a. routes.  We observed in the i.a. dosing studies that R3G concentration 

initially declined rapidly until 90 min and then an abrupt increase in its systemic 

concentration was observed around 180 to 300 min. The i.a. dosing studies indicated that 

R4’S exhibits a very high clearance and a high volume of distribution in mice. The high 

clearance is likely due to rapid metabolism of R4’S into R3G and R3S. Interestingly, the 

values for total body clearance of 129.05 ml/min/kg greatly exceed the values for hepatic 

blood flow rate (90 ml/min/kg) in mouse (Davies and Morris, 1993). Even when the 

hepatic extraction ratio of RES is assumed to be unity, hepatic clearance would be 

expected to approach hepatic blood flow (90 ml/min/kg). Extrahepatic clearance was 

calculated as the difference between total body clearance (129.05 ml/min/kg for 20mg/kg 

ia dose) and hepatic blood flow (90ml/min/kg) and found to be 39.05 ml/min/kg, which 

represents 30% of total clearance. This shows that extrahepatic conjugation plays a major 

role in the metabolism of R4’S (Mulder et al., 1984). Peak concentration (Cmax) of 0.25 ± 

0.03 uM was observed after oral R4’S dose at 5 to 10 min. Post-dose this indicates that 

R4’S is being rapidly absorbed orally. Reentry peaks of R3G were clearly observed in 

R4’S i.a. administration studies indicating enterohepatic recycling of R3G. The oral 

bioavailability of R4’S was found to be poor (10 % at 20 mg/kg). The cause of poor oral 

bioavailability might be extensive metabolism of R4’S rather than poor absorption of 

R4’S as evident from Fig 4.5. First pass elimination of R4’S by conversion into R3G and 

R3S in liver with subsequent elimination through the biliary route can lead to very poor 

R4’S concentrations systemically which in turn might lead to its poor bioavailability. The 

half life of R4’S when given orally is very long i.e. 1060.28 ± 441.98 min compared to 
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154.32 ± 44.03 min when given systemically. Pronounced enterohepatic recycling might 

lead to prolonged elimination phase of R4’S.   

 

Fig 4.4: Plasma concentration time profile of R4’S and its metabolites after R4’S 20 

mg/kg (i.a.) administration (n = 4) Data presented as mean + SD.  

 

Fig 4.5:  Plasma concentration time profile of R4’S and its metabolites after R4’S 20 

mg/kg (oral) administration (n = 3).  Data presented as mean + SD.  
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Table 4.2. Pharmacokinetic parameters of R4’S and its metabolites after 20 mg/kg,  i.a. 

and 20 mg/kg, oral R4’S administration. 

R4'S 
20 mg/kg, i.a. 

(n = 4) 

20 mg/kg, oral 

(n = 3) 
Units 

AUC0-t 496.53 ± 42.34 50.68 ± 4.83 min*uM 

AUC0-inf 506.31 ± 45.00 77.12 ± 10.89 min*uM 

Cl 129.05 ± 12.11 852.45 ± 111.45 ml/min/kg 

Vd 29.19 ± 10.40 1311.42 ± 633.08 L/kg 

Vss 13.96 ± 6.19 1106.69 ± 191.66 L/kg 

t1/2 154.32 ± 44.03 1060.28 ± 441.98 min 

Cmax 42.20 ± 4.69 0.25 ± 0.03 uM 

Tmax 2.5 6.67 ± 2.89 min 

MRT 105.94 ± 35.67 1306.60 ± 217.60 min 

R3G    

AUC0-t 451.46 ± 293.35 2305.39 ± 1621.52 min*uM 

AUC0-inf 490.01 ± 270.36 3371.22 ±  2661.50 min*uM 

t1/2 212.45 ± 44.87 734.18 ± 255.90 min 

Cmax 3.13 ± 0.51 4.10 ± 2.70 uM 

tmax 2.5 340 ± 69.28 min 

MRT 460.17 ± 97.19 1186.11 ± 400.67 min 

R3S    

AUC0-t 54.21 ± 8.53 121.56 ± 45.93 min*uM 

AUC0-inf 65.37 ± 12.66 160.14 ± 32.52 min*uM 

t1/2 185.92 ± 53.78 853.83 ± 571.90 min 

Cmax 1.56 ± 0.34 0.21 ± 0.10 uM 

tmax 5.63 ± 3.15 260 ± 69.28 min 

MRT 282.25 ± 104.63 1188.96 ± 663.99 min 

     Results are reported as estimate ± SD.  

Note: Cl, Vd and Vss for oral data are Cl/F, Vd/F and Vss/F. 
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4.3.3. In vitro hepatic metabolism: 

Preliminary experiments showed that the reactions with R3S were linear up to 60 min and 

2.5 mg/ml of total protein for each enzyme source (Fig 4.6 and Fig 4.7). Fig 4.8A shows 

the formation kinetics of R3G in mouse liver microsomes. The R3G profile showed 

Michaelis-Menten kinetics in mouse liver microsomes. Its apparent enzyme kinetic 

parameters were estimated by fitting equation 4.1 to the data. Fig 4.8B shows the 

formation kinetics of R3G in human liver microsomes with its Eadie-Hofstee (E-H) plot 

shown as inset. R3G formation in human liver microsomes showed a substrate inhibition 

profile (Hutzler and Tracy, 2002). Its apparent enzyme kinetic parameters were estimated 

by fitting equation 4.2 to the data (Table 4.3). In vitro incubation of R3S with mouse and 

human liver microsomes led to the formation of RES, which was further glucuronidated 

to R3G. To establish the rate of enzymatic hydrolysis of R3S to RES, incubations were 

performed with STX64 a (steroid sulfatase inhibitor). After incubation with STX64, a 

low concentration of R3G was observed in both mouse (36.70 ± 6.54 ng/ml) as well as 

human (79.60, 74.10 - 85.10 ng/ml, represented as mean and range) liver microsomes 

incubations compared to the incubations without STX64 in mouse (1077.67 ± 91.19 

ng/ml) and human (11500.00 ± 400.00 ng/ml) liver microsome incubations. 
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Fig 4.6: Linearity of formation for R3G from R3S in mouse liver microsomes (n = 3); A) 

Time linearity over a 0 – 60 min time period with 0.5 mg/ml final protein concentration 

B) Protein linearity over a 0.1 - 2.5 mg/ml concentration range using an incubation time 

of 60 mins. 
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Fig 4.7: Linearity of formation for R3G in human liver microsomes (n =2); A) Time 

linearity over a 0 – 90 min time period with 0.5 mg/ml final protein concentration B) 

Protein linearity over a 0.1 - 2.5 mg/ml concentration range using an incubation time of 

60 mins. 
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Table 4.3. Kinetic parameter estimates for the sulfation and glucuronidation of RES and 

R3S by human and mouse lungs and liver fractions. Data are expressed as estimates ± 

SD; n = 3. Estimate units are as follows: Vmax: nanomoles per minute per milligram 

total protein; Km, Ki: micromolar.  

Subst
rate 

Conjugation 
product 

Protein 
source 

Vmax 
(pmol/min/

mg) 
Km (uM) Ki (uM) 

Goodness 
of Fit (r2) 

Type 
of Fit 

R3S R3G 
Mouse liver 
microsome 

132.00 ± 5.13 
224.30 ± 

23.59 
NA 0.98 MM 

R3S R3G 
Human liver 
microsome 

2081.00 ± 
249.9 

201.90 ± 
36.43 

677 ± 
157.3 

0.98 PSI 

(MM: Michaelis Menten, PSI: Partial substrate inhibition) 
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A) 

B)  

 

Fig 4.8:  Kinetics of A: R3G formation in mouse liver microsomes, B: R3G formation in 

human liver microsomes. Data reported as mean ± standard deviation, (n = 3). The solid 

line represents curve fitting with the substrate inhibition equation (equation 3); the dotted 

line in the inset represents the Eadie-Hofstee plot. 
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4.3.4. Permeability study:  

The results of bidirectional permeability of R3S and R4’S in MDCK cells are presented 

in table 4.4.  

               Table 4.4: Bidirectional permeability of R3S and R4’S in MDCK cells. 

Compound Papp (×10-6 cm/sec) 
Efflux 

Ratio 

 A-to-B B-to-A  

R3S 2.12 1.98 0.93 

R4'S 0.68 2.21 3.24 
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4.4. Discussion and conclusion:  

R3G is the major metabolite formed from R3S and R4’S. The present study has 

characterized the disposition of preformed R3S and R4’S and has provided a better 

understanding of the influence of sulfated metabolite disposition on RES 

pharmacokinetics. This study also tested the hypothesis postulated by several researchers 

that metabolites can act as a depot of RES and can be desulfated to give back RES. In our 

study we did not find any significant amount of RES in systemic circulation after R3S or 

R4’S administration. Sulfated metabolites led to the formation of glucuronidated 

metabolites which is not possible without the intermediate formation of RES.  

 

We have conducted in vitro metabolism experiments with both mouse and human liver 

microsomes with R3S as model substrate for sulfated compound to confirm our in vivo 

findings. Desulfation and subsequent glucuronidation of R3S to R3G was observed in 

both mouse and human liver microsomes. Our study with STX64 (steroid sulfatase 

inhibitor) led to very low levels of R3G. Steroid sulfatase, also known as arylsulfatase C, 

has been shown to have a hydrophobic domain. In BHK-21 cells the steroid sulfatase 

enzyme has been shown to be mainly located in the endoplasmic reticulum (Stein et al., 

1989). It has been suggested that catalytic domain of steroid sulfatase enzyme is located 

on the lumen side of the endoplasmic reticulum (Ghosh, 2007). Our results with steroid 

sulfatase inhibitor (STX64) and literature reports support that desulfation of R3S is 

mainly catalyzed by steroid sulfatase enzyme, and the RES formed upon desulfation is 

further glucuronidated by UGT enzymes present in the endoplasmic reticulum.  
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R3S and R3G have been shown to be transported through both the basolateral and bile 

canalicular side of hepatocyte (Maier-Salamon et al., 2008). Sulfated and glucuronidated 

metabolites are too hydrophilic to passively diffuse through the plasma membrane and 

across the cell. The transporters involved in the uptake of R3S in the hepatocyte are not 

known. It has been reported that for other sulfoconjugates, e.g estrone sulfate, organic 

anion transporting polypeptides (OATPs) and organic anion transporters (OATs) are 

involved in their uptake in hepatocyte (Tan et al., 2001; Fahrmayr et al., 2010). It has 

been earlier shown that BCRP (ABCG2) and MRP2 (ABCC2) are involved in the biliary 

excretion of R3S (van de Wetering et al., 2009; Juan et al., 2010a). The transport of R3S 

over the basolateral membrane into the liver sinusoid can take place partly by passive 

diffusion and partly by MRP4 (ABCC4) and MRP1 (ABCC1) transporters. Although 

MRP4 (ABCC4) and MRP1 (ABCC1) have not been specifically studied for R3S 

transport, there are reports which shows both MRP4 and MRP1 to be involved in the 

transport of sulfo-conjugates such as dehydroepiandrosterone sulfate (Zelcer et al., 2003) 

and estrone 3-sulfate (Qian et al., 2001) for MRP1. MRP2 (ABCC2) has been shown to 

play a major and BCRP (ABCG2) a minor role in biliary excretion of R3G (Maier-

Salamon et al., 2008; van de Wetering et al., 2009; Juan et al., 2010a). R3G has also been 

shown to be a high affinity substrate for MRP3 (ABCC3) which transports R3G over the 

basolateral membrane of hepatocyte (van de Wetering et al., 2009; Juan et al., 2010a). 

Although the role of MRP1 (ABCC1) has not been shown for transport of R3G, there are 

reports that MRP1 (ABCC1) can transport steroid glucuronides such as 17β-estradiol-

glucuronide (Jedlitschky et al., 1996). Uptake of R3G can occur at the basolateral side of 
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hepatocyte by organic anion transporter polypeptides (OATPs) as shown for other 

glucuronides, e.g ezetimibe glucuronide (Oswald et al., 2008; Fahrmayr et al., 2010).  

 

RES has been reported to be glucuronidated at its 3-OH position via UGT1A1, UGT1A7, 

UGT1A9, UGT1A3, UGT1A6, UGT1A8, UGT1A10 and UGT2B7 (Brill et al., 2006). 

UGT1A1, 1A7 and 1A9 are the major contributors in the RES glucuronidation at the 3-

OH position (Brill et al., 2006). In mouse liver ugt1a1, ugt1a5, ugt1a6 and ugt1a9 are 

highly expressed (Buckley and Klaassen, 2007). UGT1A1, UGT1A3, UGT1A4, 

UGT1A6 and UGT1A9 mRNA have been reported to be expressed in human liver 

(Buckley and Klaassen, 2007). RES sulfation at its 3 -OH position has been reported to 

be mediated by sulfotransferase (SULT) SULT1A1, SULT1A2, SULT1A3, and 

SULT1E1, with SULT1A1 to be the major contributor (Miksits et al., 2005). RES 

sulfation at its 4’-OH position has been reported to be mediated by SULT1A1 and 

SULT1E1 isoforms, with SULT1E1 to be the major contributor (Miksits et al., 2005). 

Sut1a1 is the major sult isoform expressed in mouse liver (Alnouti and Klaassen, 2006), 

whereas SULT1A1 is the major and SULT1E1 is the minor isoform of SULT expressed 

in human liver (Riches et al., 2009). Therefore based on the expression of UGT isoforms 

in liver and UGT isoforms responsible for glucuronidation of RES in liver of both mice 

and humans, UGT1A1 and UGT1A9 are likely to be the major isoforms of UGT 

responsible for glucuronidation of RES in liver. Similarly SULT1A1 is the major SULT 

isoform responsible for sulfation of RES in liver of both mice and humans.   
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Based on the present results and cited literature reports (Tan et al., 2001; Zelcer et al., 

2003; Alnouti and Klaassen, 2006; Brill et al., 2006; Buckley and Klaassen, 2007; Ghosh, 

2007; Maier-Salamon et al., 2008; Riches et al., 2009; van de Wetering et al., 2009), a 

proposed pathway for the disposition of R3S is presented in Figure 4.8. R3S when 

presented to the liver can diffuse into the hepatocyte, as indicated by its Papp B to A of 

1.98 × 10-6 cm/sec and undergoes further metabolism in liver. R3S can also be excreted 

into the bile by MRP2 (ABCC2) and BCRP (ABCG2) (Fig 4.9). R3S gets desulfated 

rapidly by steroid sulfatase enzymes present in the endoplasmic reticulum (Parenti et al., 

1997) to give RES. RES in the endoplasmic reticulum is further metabolized to R3G by 

UGT isoforms mainly ugt1a1 and 1a9. The glucuronide conjugate of RES i.e. R3G gets 

transported out to the cyctosolic space and is excreted into the bile by MRP2 (ABCC2), 

BCRP (ABCG2) or in blood by MRP3 (ABCC3) (Fig 4.9). Desulfation followed by rapid 

glucuronidation has been reported for other substrates such as estrone sulfate (Tan et al., 

2001). RES in the endoplasmic reticulum can also diffuse into the cytoplasm and can be 

sulfated back to R3S mainly by sult1a1, and then excreted into bile by MRP2 (ABCC2), 

BCRP (ABCG2). It can also diffuse back into liver sinusoids as indicated by its Papp A 

to B value of 2.12 × 10-6 cm/sec or undergo desulfation in liver endoplasmic reticulum. 

The futile cycling of RES/R3S within the hepatocyte can lead to enhanced local presence 

of RES/R3S in liver. This can be especially important in the light of potential positive 

biological effects of R3S. 
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Fig 4.9: Proposed schematic representation of R3S metabolism in hepatocyte. Solid line 

represents pathways based on results in this manuscript and published literature reports 

for RES, R3S and R3G. Transporters followed by “?” indicates that the role of these 

transporters are not known for transport of R3S and R3G, but is suggested by findings of 

transport of other sulfated and glucuronidated substrates. 

 

Similarly R4’S metabolism can be explained as described in Fig 4.10. R4’S when 

presented to hepatocyte gets transported as indicated by its Papp B to A of 2.21 × 10-6 

cm/sec. Similar to R3S, R4’S can be rapidly transported into the endoplasmic reticulum 

(ER) compartment in the hepatocyte and can get desulfated rapidly to give RES. RES in 

the ER can be sequentially metabolized to R3G by UGT isoforms, mainly ugt1a1 and 1a9 

or can escape in the cytosol where it can be again sulfated to R3S or R4’S mainly by 

sult1a1. The glucuronide conjugate of RES i.e. R3G can be transported out to the 
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cytosolic space or is excreted into the bile (Fig 4.10). These phenomena might be so 

efficient that it may lead to very low concentration of RES in the cytoplasm which are 

available to diffuse into the sinusoid. RES may therefore be well below our limit of 

analytical detections leading to RES being not observed in systemic circulation. 

 

Fig 4.10: Proposed schematic representation of R4’S metabolism in the hepatocyte. The 

proposed pathways for R4’S metabolism are based on R3S proposed metabolic fate in fig 

4.8 and the R4’S in vivo results. It has been assumed that since R4’S is also a sulfated 

metabolite of RES, it therefore may show a similar metabolic fate. Solid line represents 

pathways based on results of R3S in vitro results in this manuscript and published 

literature reports for RES, R3S and R3G. Transporters followed by “?” indicates that the 

role of these transporters are not known for transport of R4’S, R3S and R3G, but is 

suggested by findings on the transport of other sulfated and glucuronidated substrates. 
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In summary we were able to characterize the pharmacokinetics of R3S and R4’S in the 

mouse model. Sulfated metabolites are extensively desulfated in the liver and can also 

undergo futile cycling. They are also observed to be extensively metabolized leading to 

R3G as the most abundant metabolite being formed and being mainly eliminated in bile. 

Although no significant RES was observed in the systemic circulation, we observed very 

clearly that sulfated metabolites are desulfated by steroid sulfatase enzymes present in the 

hepatocyte. Therefore the hypothesis that sulfated metabolites can get desulfated at tissue 

level to give parent RES was supported.  
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CHAPTER 5 

 

PHARMACOKINETICS OF THE GLUCURONIDATED METABOLITE OF 

RESVERATROL: RESVERATROL 3-GLUCURONIDE (R3G) 

 

5.1. Rationale: 

RES is extensively metabolized into its sulfated and glucuronidated metabolites. R3G has 

been found to be the most significant metabolite in terms of exposure in the mouse. 

Although glucuronides have generally been assumed to be pharmacologically inactive, 

there are several studies showing some of them to be pharmacologically active (Osborne 

et al., 1988; Kroemer and Klotz, 1992; Sperker et al., 1997). Even if glucuronide 

metabolites themselves are inactive, they can be converted to the parent by reversible 

metabolism via β-glucuronidases. β-glucuronidases, which are abundantly found in the 

gut, can deglucuronidate R3G to parent RES and lead to local pharmacological activity in 

gut e.g., colorectal cancer prevention. Additionally β-glucuronidases have been also 

reported in macrophages, liver, lung and blood cells (Paigen, 1989; Sperker et al., 1997). 

 

This study was carried out to provide a better understanding of the influence of the 

glucuronidated metabolite (R3G) disposition on RES pharmacokinetics. The hypothesis 

that R3G can act as depot of RES and can be deconjugated back to RES was also tested. 

In this study we investigated the fate of the preformed glucuronidated metabolite, R3G in 

an in vivo mouse model after direct R3G administration by oral and i.a. routes. 
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5.2. Materials and Methods: 

5.2.1. Drug administration and blood sampling: R3G was solubilized in saline. Details 

about surgery and cannulation have been provided in section 3.2.2. of chapter 3. Carotid 

artery cannula was used for systemic drug administration and blood sampling. Heparin-

saline (20 uL, 50 IU/ml) was used to flush the cannula after systemic administration or 

blood sampling. R3G was administered at a dose of 3.5 or 26.66 mg/kg i.a. and 26.66 

mg/kg orally. The lower dose of 3.5 mg/kg was selected by performing pilot studies 

which gave R3G exposures (AUCs) in the range comparable to R3G observed upon 15 

mg/kg RES (i.a.) administration. The higher dose of 26.66 mg/kg was selected as it was 

equimolar dose to 15 mg/kg of RES. Blood (20 uL) was serially sampled at 2.5, 5, 10, 15, 

45, 90, 180, 300, 420, 600 min and 24 hrs. Blood samples were centrifuged at 14,000 rpm 

for 2 min the harvested plasma was collected and stored at -80 °C until LCMS/MS 

analysis. PK analysis was performed as explained in section 3.2.7 of chapter 3.  

 

5.2.2. Statistics: Student’s paired t test was used, with P < 0.05 set as the significance 

level. GraphPad Prism for Windows (version 4.03; GraphPad Software Inc., San Diego, 

CA) was used to perform statistical analysis.   
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5.3. Results: 

5.3.1. Pharmacokinetics of R3G 

The pharmacokinetic profiles of R3G and its metabolites after R3G administration at 3.5 

mg/kg, 26.67 mg/kg i.a. and 26.67 mg/kg oral doses are shown in Figs 5.1, 5.2 and 5.3 

respectively. Resveratrol-3-sulfate (R3S) and resveratrol-4’-glucuronide (R4’G) were 

observed as major metabolites upon a high dose 26.67 mg/kg of i.a. R3G (Fig 5.2). R3S 

was not observed in significant concentrations at the lower i.a. R3G dose of 3.5 mg/kg 

(Fig 5.1). R3S was the major metabolite when R3G was administered orally and R4’G 

was not observed in significant amount (Fig 5.3). The results of the noncompartmental 

pharmacokinetic analysis are summarized in Table 5.1. The mouse i.a. studies indicated 

that R3G exhibits a low clearance and a high volume of distribution in mice. R3G oral 

administration gives rise to R3S as a major metabolite. R3G is possibly hydrolyzed 

through the action of bacterial and enteric β-glucuronidase to RES and again 

subsequently sulfated to R3S. 

 

The apparent oral bioavailability of R3G was found to be high (84.2 % at 26.67 mg/kg). 

AUC ratios of metabolites to total AUC0-inf (R3G + R3S + R4’G), for different dose 

levels and different routes are given in Table 5.2. Peak concentrations (Cmax) of R4’G 

occurred between 2.5 to 5 min after the i.a. dose, while that of R3S occurred at 180 min 

(except for one mouse, 2.5 min) for the higher i.a. dose (Fig 5.2) and between 5 to 15 min 

after the oral dose (Fig 5.3). Reentry peaks of R3G and R3S in the plasma, likely due to 

enterohepatic recirculation, were clearly observed at 3 to 5 hours after i.a. administration 

of 26.66 mg/kg (Fig 5.2) and 3.5 mg/kg (Fig 5.1).  
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Fig 5.1: Mean plasma concentration-time profiles after administration of R3G (3.5 

mg/kg, i.a.). Closed squares represent the mean of R3G plasma concentrations and closed 

circles represent the mean of R4’G plasma concentration. Data are presented as mean + 

SD, n = 4. 
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 Fig 5.2: Mean plasma concentration-time profiles after administration of R3G (26.66 

mg/kg, i.a.). Closed squares represent the mean of R3G plasma concentrations, closed 

circles represent the mean of R4’G plasma concentrations and closed triangles represent 

the mean of R3S plasma concentrations. Data are presented as mean + SD, n = 4. 
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Fig 5.3: Mean plasma concentration-time profiles after administration of R3G (26.66 

mg/kg, oral). Closed squares represent the mean of R3G plasma concentrations and 

closed triangles represent the mean of R3S plasma concentrations. Data are presented as 

mean + SD, n = 3. 
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Table 5.1: Pharmacokinetic parameters of R3G 

R3G 
3.5 mg/kg 
(i.a.) n = 4 

26.66 mg/kg 
(i.a.) n = 4 

26.66 mg/kg 
(oral) n = 3 

Units 

AUC0-t 650.66 ± 216.50 3739.56 ± 981.57 2827.62 ± 178.17 min*uM 

AUC0-inf 710.10 ± 273.30 3753.29 ± 1010.39 3161.8 ± 174.85 min*uM 

Cl 13.78 ± 5.75 18.69 ± 5.60 20.91 ± 1.12 ml/min/kg 

Vss 4.55 ± 1.07 4.26 ± 2.54 11.55 ± 4.5 L/kg 

t1/2 272.48 ± 17.07 371.60 ± 157.85 406.52 ± 165.34 uM 

Cmax 27.84 ± 4.70 146.66 ± 44.45 12.31 ± 1.49 uM 

Tmax 2.5 ± 0 3.13 ± 1.25 11.66 ± 5.77 min 

R3S     

AUC0-t NA 17.41 ± 11.10 188.73 ± 30.81 min*uM 

AUC0-inf NA 18.93 ± 10.84 198.74 ± 29.06 min*uM 

t1/2 NA 77.36 ± 28.10 338.09 ± 98.25 min 

Cmax NA 0.13 ± 0.11 0.45 ± 0.05 uM 

Tmax NA 135.63 ± 88.75 93.33 ± 85.05 min 

R4'G     

AUC0-t 2.08 ± 1.27 17.81 ± 1.91 NA min*uM 

AUC0-inf 2.51 ± 1.41 18.34 ± 2.02 NA min*uM 

t1/2 8.64 ± 5.57 8.96 ± 1.26 NA min 

Cmax 0.24 ± 0.04 1.57 ± 0.31 NA uM 

Tmax 2.5 ± 0 3.13 ± 1.25 NA min 

Note: CL and Vss for oral dose are apparent clearance (Cl/F)  and apparent Vss (Vss/F), All 

results are reported as estimate ± SD  

 

Table 5.2: Ratios of AUC0-inf of parent R3G and individual R3G metabolites (i.e. R3S, 

R4’G) to the sum of AUC0-inf of R3G and its metabolites after i.a and oral administration 

of R3G. 

 
3.5 mg/kg 
(i.a.) n = 4 

26.66 mg/kg 
(i.a.) n = 4 

26.66 mg/kg 
(oral) n = 3 

Metabolites/Total 0.35 0.98 5.91 

R3G/Total 99.65 99.02 94.09 

R3S/Total 0.00 0.50 5.91 

R4'G/Total 0.35 0.48 0.00 

*Total refers to [AUC0-inf of R3G + AUC0-inf of R3S + AUC0-inf of R4’G] 

R3G refers to AUC0-inf of R3G, R3S refers to AUC0-inf of R3S, R4’G refers to AUC0-inf of 

R4’G  
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5.4. Discussion and conclusion: 

R3G is the major metabolite formed from RES. The present study has characterized the 

disposition of preformed R3G and has provided better understanding of the influence of 

R3G disposition on RES and its metabolites pharmacokinetics. This study also tested the 

hypothesis postulated by several researchers that metabolites can act as depot of RES and 

can be deglucuronidated back to RES.  

 

In our study we did not find significant concentrations of RES in systemic circulation 

when R3G was given either i.a. or orally. However when given orally R3G led to the 

formation of R3S, which was comparable to the exposure of R3S when RES 15 mg/kg 

was given intra-arterially (see chapter 3, table 3.1). The exposure of R3S when 26.66 

mg/kg R3G was given orally was almost 10 fold higher than R3S exposure when 26.66 

mg/kg of R3G was given intra-arterially. This indicates the possibility of R3G being 

deglucuronidated in the gut to RES by intestinal β-glucuronidases/gut flora and further 

glucuronidated or sulfated across the enterocyte or hepatocyte to form R3G and R3S 

before appearing in the systemic circulation. The terminal elimination slopes of R3G and 

R3S were found not to be statistically different when R3G was administered orally. The 

parallel decline of parent R3G and metabolite R3S can be due to formation rate limited 

metabolite kinetics (Houston, 1981) or reversible metabolism (Ebling et al., 1985; 

Pearson and Wienkers, 2009). However in our previous chapter 4 (see section 4.3.1), we 

have observed that when R3S was administered R3G was the major metabolite formed. 

So, the parallel decline of parent R3G and metabolite R3S can be attributed to their 

reversible metabolism.  
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RES is glucuronidated at the 3 position primarily by UGT1A isoforms in humans 

(UGT1A1, UGT1A9, UGT1A7, UGT1A3, UGT1A6, UGT1A8 and UGT1A10) of which 

UGT1A1, UGT1A7 and UGT1A9 are major contributors (Brill et al., 2006). UGT2B 

isoforms do not take part in the glucuronidation of RES, except with very low activity by 

UGT2B7 (Brill et al., 2006). Ugt1a1 is expressed in mouse liver, small and large intestine 

(Buckley and Klaassen, 2007) whereas Ugt1a7c is expressed mainly in mouse small and 

large intestine and Ugt1A9 in mouse liver (Buckley and Klaassen, 2007). So, most likely 

RES is glucuronidated by Ugt1a1 and Ugt1a7c in mouse gut and by Ugt1a1 and 1a9 in 

mouse liver. UGT1A9 is the major UGT isoform responsible for glucuronidation of RES 

at 4’ position (Aumont et al., 2001; Iwuchukwu and Nagar, 2008), but is poorly 

expressed in mouse gut (Buckley and Klaassen, 2007). This explains the absence of R4’G 

in mouse plasma when R3G is administered orally as compared to its systemic 

administration. RES sulfation at its 3-hydroxy position has been reported to be mediated 

by SULT1A1, SULT1A2, SULT1A3 and SULT1E1 isoforms (Miksits et al., 2005). 

Sut1a1 is mainly expressed in mouse liver and large intestine (Alnouti and Klaassen, 

2006). Sult1e1 is not expressed in mouse liver and slightly expressed in mouse jejunum 

(Alnouti and Klaassen, 2006). Therefore moderate sulfation of RES is expected in the 

mouse small intestine.  

 

Glucuronidated metabolites are too hydrophilic to passively diffuse through the plasma 

membrane, and into the cell. R3G has been shown to be transported by MRP2 (ABCC2), 

MRP3 (ABCC3) and BCRP (ABCG2) transporters (Maier-Salamon et al., 2008; van de 

Wetering et al., 2009; Juan et al., 2010a). Hepatic MRP2 has been shown to be the major 



 104 

transporter for biliary elimination for R3G in rat liver (Maier-Salamon et al., 2008). R3G 

has been shown to be a high affinity substrate for the MRP3 transporter (van de Wetering 

et al., 2009). In an in vivo experiment it was found that plasma levels of R3G decreased 

by more than 10 fold in Mrp3(-/-) mice as compared to wild type mice after RES oral 

administration (van de Wetering et al., 2009). MRP3 has been shown to have higher 

affinity for R3G as compared to BCRP (van de Wetering et al., 2009). There is a 

possibility of uptake of R3G at the apical side of enterocytes and basolateral side of liver 

by organic anion transporters as shown for other glucuronides (Fahrmayr et al., 2010). 

BCRP and MRP2 have been shown to be involved in the transport of R3S (van de 

Wetering et al., 2009; Juan et al., 2010a), with BCRP having high affinity and high 

capacity for R3S transport (van de Wetering et al., 2009). The transport of R3S over the 

basolateral membrane can take place partly by MRP4 and MRP1 which have been shown 

to transport other sulfo-conjugates (Qian et al., 2001; Zelcer et al., 2003).   

 

When R3G was administered i.a., 0.4% and 1% of R3G was metabolized at 3.5 mg/kg 

and 26.66 mg/kg dose of R3G respectively, indicating minimal deglucuronidation and 

further metabolism when administered systemically. R3G when given by i.a. route can be 

taken up by organic anion transporters in the hepatocytes and can get eliminated in the 

bile by MRP2 and BCRP transporters (Fig 5.4). R3G eliminated by biliary route can 

again partially enter the systemic circulation by enterohepatic circulation, and a clear 

indication of that is observed as secondary peak for R3G (Fig 5.1 and 5.2).  
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Fig 5.4: Proposed schematic representation of R3G disposition in hepatocyte. Solid line 

represents pathways based on results in this manuscript and published literature reports 

for R3G. Dashed line represents pathways based on reports of similar substrates and 

transporters. Transporters followed by “?” indicates that the role of these transporters are 

not known for transport of R3G, but is based on findings of transport of other 

glucronidated substrates. 

 

The presence of efflux transporters MRP2 and BCRP present at the apical side of 

enterocytes forms a barrier and prevents  the absorption of R3G when administered orally 

(or presented in case of biliary elimination when administered systemically). In an in vivo 

intestinal perfusion experiment in rats, 42% and 12% of absorbed RES was found to be 

pumped back to the luminal side of intestine as glucuronidated and sulfated metabolites 

respectively (Juan et al., 2010a). These results elucidated the role of MRP2 and BCRP 

transporters in efflux of RES conjugates (Juan et al., 2010a).  
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A pathway for disposition and absorption of R3G has been proposed in Fig 5.5. R3G 

when administered orally, can get deconjugated in gut by β-glucuronidase/gut flora to 

form RES, which can then get rapidly absorbed in the enterocyte by passive diffusion 

(Juan et al., 2010a). RES in the enterocyte can get glucuronidated to form R3G or 

sulfated to form R3S (Andlauer et al., 2000; De Santi et al., 2000; Kuhnle et al., 2000; 

Sabolovic et al., 2006). R3G can either be transported to the basolateral side by MRP3 

transporters or in the gut lumen by MRP2 or BCRP transporters. R3G excreted in the 

lumen can further get deconjugated to RES and reabsorbed as RES. This will result in 

futile cycling of RES/R3G. Futile cycling due to conjugation and deconjugation of 

estrone sulfate in liver has been previously reported (Tan et al., 2001). R3S formed by 

SULT enzymes in the enterocyte can get effluxed in the intestinal lumen mainly by 

BCRP and partly by MRP2 transporter. R3S can also be transported to the basolateral 

side possibly by MRP1 and MRP4 transporters. These conjugation pathways appear to be 

so efficient that very low amount of RES is able to escape the enterocyte unconjugated. 

Even if some RES is able to escape the gut unconjugated, it can be further conjugated in 

liver. So, we are not able to observe any RES (LLOQ = 10 ng/ml) in the systemic 

circulation after R3G oral administration, despite RES being formed in gut. This also 

might help explain the localized therapeutic effect of RES in colon, e.g. chemopreventive 

activity against colon cancer (Tessitore et al., 2000; Li et al., 2002). 
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Fig 5.5: Proposed schematic representation of R3G absorption and disposition in 

enterocyte. Solid line represents pathways based on results in this manuscript and 

published literature reports. Dashed line represents pathways based on reports of similar 

substrates and transporters. Transporters followed by “?” indicates that the role of these 

transporters are not known for transport of R3S and R3G, but is based on findings of 

transport of other sulfated and glucronidated substrates. 

 

In conclusion, we characterized the systemic and oral pharmacokinetics of R3G. This 

study is the first report of R3G pharmacokinetics after its i.a. and oral administration. 

R3G pharmacokinetics was observed to be profoundly influenced by route of 

administration. A novel mechanistic insight into R3G absorption and disposition was 
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proposed based on our study and previously reported results which will aid in better 

understanding of RES pharmacokinetics.  
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CHAPTER 6 

FORMED VERSUS PRE-FORMED METABOLITES.  

RESVERATROL: A CASE STUDY 

 

6.1. Rationale 

Attention has increasingly focused on the issue of drug metabolites in safety testing 

(MIST) by both pharmaceutical companies and regulatory agencies (Baillie et al., 2002; 

Hastings et al., 2003; Smith and Obach, 2005; Prueksaritanont et al., 2006; Frederick and 

Obach, 2010). Two regulatory guidelines were recently published on this topic (Center 

for Drug Evaluation and Research (U.S.), 2008; International Conference on 

Harmonisation, 2009). These guidances recommend metabolite safety evaluation studies 

to be performed as early as possible during the clinical development program. The 

recommendation is to synthesize the metabolite and to evaluate it in preclinical toxicity 

studies. 

 

One major assumption underlying metabolite toxicity evaluation studies is that the kinetic 

behavior of a preformed metabolite (i.e. a metabolite that is synthesized, purified, and 

itself dosed) is the same as that of the metabolite formed in vivo following administration 

of parent compound. This has been a topic of debate (Prueksaritanont et al., 2006; Pang et 

al., 2008; Pang, 2009). It is understood that the pharmacokinetics of a preformed 

metabolite depends on the ADME properties of the metabolite whereas the kinetics of a 

metabolite generated in vivo depends on the parent as well as the metabolite 

(Prueksaritanont et al., 2006). Therefore, differences between the kinetic behavior of a 

preformed metabolite and the same metabolite generated in vivo could arise due to 

intrinsic differences between the disposition of the parent and its metabolite, e.g., their 
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physicochemical properties or their interactions with transporters. Metabolites are 

generally more polar than their precursors. A polar preformed metabolite may experience 

diffusional barriers to its penetration into an eliminating organ, and hence its elimination 

clearance may be less than that of in vivo generated metabolite, whose entry into the 

eliminating organ is in the form of a more lipophilic parent (Pang, 1985).  Additionally it 

is important to note that the diffusional barrier to penetration in eliminating organ 

pertains to the biliary excretion of substance and does not refer to renal (filtration) 

clearance. 

 

As observed by Pang and co-workers (Pang et al., 2008; Pang, 2009), although preformed 

metabolite administration may not directly reflect the time-course of the in vivo formed 

metabolite, the kinetic data on the preformed metabolite can be extremely useful to 

develop a robust model for predictions and simulations. The data generated from 

preformed metabolite administration can be wisely incorporated into a comprehensive 

pharmacokinetic (PK) model of the parent-metabolite to improve predictions of the 

behavior of formed metabolite through modeling and simulation.  

 

In the present study, metabolite kinetics of preformed and in vivo generated metabolites 

were compared with two approaches: i) assuming similar PK of preformed versus in vivo 

formed metabolite, ii) assuming dissimilar PK of preformed versus in vivo formed 

metabolite. The first approach assumes that the systemic or elimination clearance of in 

vivo formed and preformed metabolites are similar (Pearson and Wienkers, 2009), 

whereas the second approach does not make this assumption. The goal of the present 
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study was to build a comprehensive PK model. This comprehensive PK model was used 

to predict in vivo formation of R3S and R3G after RES administration. Simulation 

assuming different elimination clearances of preformed and in vivo formed metabolites 

was compared to simulation with the assumption that PK of preformed versus in vivo 

formed metabolites are similar.  

 

The polyphenol resveratrol was used as a model substrate in this study. RES is almost 

completely metabolized into its sulfated and glucuronidated metabolites in humans as 

well as rodents (Meng et al., 2004; Hoshino et al., 2010). RES is useful as a model 

substrate for polyphenols that are heavily conjugated into phase II metabolites. 

Conjugated metabolites are generally more polar than phase I metabolites. The PK data 

of RES (i.a., 15 mg/kg or 65.79 umol/kg) and synthesized and purified R3S (i.a., 5 mg/kg 

or 16.23 umol/kg) and R3G (i.a., 3.5 mg/kg or 8.67 umol/kg) were used from chapters 3, 

4 and 5. The relevant data have been consolidated and presented in Table 6.1 again. 

These doses were selected by performing pilot studies which gave R3S and R3G 

exposures (AUCs) in the range comparable to R3S and R3G observed upon 15 mg/kg 

RES (i.a.) administration. These data were utilized to develop PK models. Our models 

corroborate differences in the PK of preformed versus in vivo formed metabolites 

(Prueksaritanont et al., 2006; Pang et al., 2008; Pang, 2009).  
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6.2. Materials and methods: 

6.2.1. Characterization of metabolite kinetics: 

i) Non-compartmental estimation: The apparent fraction of RES converted to R3S and 

R3G (fm), can be calculated  assuming that R3S and R3G are formed directly and only 

from RES, entry of the metabolite into the eliminating organ is not diffusion limited, and 

elimination is not perfusion limited, with the following equations : 
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If metabolite elimination clearance is assumed to be the same whether preformed or in 

vivo formed, equations 6.1 and 6.2 simplify to equations 6.3 and 6.4 respectively (Pang 

and Kwan, 1983): 
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where RES

SRAUC 3  is the AUC of R3S when RES is administered i.a., RES

GRAUC 3  is the AUC 

of R3G when RES is administered i.a., SR

SRAUC 3

3  is the AUC of R3S when R3S is 

administered i.a. and GR

GRAUC 3

3  is the AUC of R3G when R3G was administered i.a. 
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ii) Compartmental analysis: Since there was wide variability in the individual animal 

data, most likely due to enterohepatic recycling, a naïve averaged data approach was used 

for modeling (Gabrielsson and Weiner, 2006). This approach has been commonly used 

(Ogiso et al., 1998). The average concentration of each administration group at each 

sampling time point was used to perform the PK data analysis using SAAM II software 

system (version 1.2, SAAM Institute, Seattle, WA, 1997). For each dataset, the simplest 

compartment model was tested, and complexity was built into the model in subsequent 

steps. Model selection was based on goodness of fit and comparison of objective 

functions. Different weighting schemes were tested in SAAM II such as data absolute, 

data relative, model absolute and model relative. A fractional standard deviation of 0.1 

was used, and data- and model- relative as well as absolute variance models were 

evaluated. Model-absolute variance was selected and used, as it gave parameter estimates 

with the lowest coefficient of variation (CV). Criteria for goodness of fit of each 

proposed model to the observed data was based on Akaike’s Information Criterion (AIC) 

as the objective function (Akaike, 1974). The standard error (SE) of the parameter 

estimation was expressed as % CV (SE/estimate x 100). The PK parameters for RES 

(model 1), R3G (model 2) and R3S (model 3) were first characterized as independent 

parent compounds. Linear PK were assumed at the dose levels used, and elimination 

solely from the central compartment was assumed. Next, a comprehensive PK model 

(model 4) for the formation of R3S and R3G was built combining models 1, 2 and 3. This 

model was used to predict the concentration of its two major in vivo formed metabolites 

(R3G and R3S) when RES was administered by an i.a. bolus dose. The volume of 

distribution of central compartment was calculated as Vc = Dose/C0, where C0 is the 
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initial concentration of drug in plasma. Cl, calculated as product of elimination rate 

constant and volume of central compartment, was calculated and reported (Table 6.2). 

Formation clearances of R3S and R3G were calculated by multiplying the volume of 

central compartment of RES to corresponding formation rate constants i.e. kf, R3S and kf, 

R3G. Fraction metabolized is the fraction of systemically available dose of parent drug that 

is converted to the metabolite of interest. This was calculated assuming that RES was 

completely and irreversibly metabolized into R3S and R3G. 

 

6.3. Results:  

6.3.1. Estimation of metabolite kinetics assuming similar characteristics of 

preformed versus in vivo formed metabolites: 

The fraction of RES being metabolized into R3S(𝑓𝑚𝑅3𝑆) and R3G (𝑓𝑚𝑅3𝐺) using 

equations 6.3 and 6.4 were found to be 0.168 and 0.17 respectively. The sum of apparent 

fm values from R3S and R3G was 0.34.  

6.3.2. Estimation of metabolite kinetics assuming dissimilar characteristics of 

preformed versus in vivo formed metabolites: 

i) PK modeling of RES, preformed R3S and preformed R3G: (Models 1, 2 and 3). 

R3S and R3G are the major metabolites based on exposure when RES (15 mg/kg i.a.) 

was administered (Table 6.1). R4’G and R4’S were minor metabolites and together 

accounted for only 0.2 % of the total exposure of RES and metabolites combined (Table 

6.1). We have therefore ignored these minor metabolites in the model for the sake of 

simplicity. One, two and three compartment linear models were evaluated to explain the 

concentration data obtained after i.a. administration of either 15 mg/kg of RES, 5 mg/kg 
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of R3S or 3.5 mg/kg of R3G. An open three compartment model with elimination from 

the central compartment (model 1, Fig 6.1) was found to characterize well the 

concentration-time profiles for RES following its i.a. bolus administration. The predicted 

and observed RES plasma concentrations from Model 1 are shown in Fig 6.2. An open 

two compartment model (model 2, Fig 6.3) best described the observed R3S 

concentration following i.a. bolus administration of 5 mg/kg R3S (Fig 6.4). An open 

three compartment model with a delay compartment (model 3, Fig 6.5) and elimination 

from central compartment was used to characterize the concentration-time profile of R3G 

following i.a. bolus administration of R3G 3.5 mg/kg (Fig 6.6). A delay compartment 

was included to better describe the data (Davis et al., 2000), as a secondary peak was 

observed in R3G concentration which might be due to enterohepatic cycling. The delay 

site is characterized by two parameters that are estimated from the data: the delay time 

and the number of delay compartments. Mass entering the delay site passes through each 

of the delay compartments. The delay time was fixed as 180 min based on visual 

examination of the data and 10 delay compartments were used. Table 6.2 shows the 

compartmental pharmacokinetic parameter estimates of RES, R3S and R3G. Run tests 

were performed for Models 1, 2 and 3, and resulted in large p-values (p = 0.26, 0.25, and 

0.26 respectively), indicative of a lack of run of signs. The mean clearance estimate of 

RES and preformed R3G and R3S from models 1, 2 and 3 were comparable to the non-

compartmental clearance estimates respectively (Tables 6.1 and 6.2).  
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                 Table 6.1. Noncompartmental pharmacokinetic analysis upon a single 15 mg/kg (i.a.) 

RES, 5 mg/kg (i.a.) R3S or 3.5 mg/kg (i.a.) R3G dose. Data are presented as Mean ± SD 

ESTIMATE RES 15 mg/kg 

i.a. (n = 5) 

R3S 5 mg/kg 

i.a. (n = 4) 

R3G 3.5 mg/kg 

i.a. (n = 4) 

Units 

AUC0-t 510.01 ± 105.54 243.29 ± 

113.10 

650.66 ± 216.50 min*uM 

AUC0-inf 591.08 ± 167.29 255.84 ± 

124.98 

710.10 ± 273.30 min*uM 

Cl 118.77 ± 33.36 76.29 ± 37.07 13.78 ± 5.75 ml/min/kg 

Vss 37.59 ± 23.70 6.37 ± 2.36 4.55 ± 1.07 L/kg 

Terminal t1/2 190.58 ± 69.65 128.08 ± 26.21 272.48 ± 17.07 min 

Cmax 15.27 ± 9.07 14.79 ± 3.15 27.84 ± 4.70 uM 

Tmax 2.5 ± 0 2.5 ± 0 2.5 ± 0 min 

 R3S RES R3S  

AUC0-t 163.87 ± 42.38 NA NA min*uM 

AUC0-inf 174.94 ± 45.75 NA NA min*uM 

Terminal t1/2 201.12 ± 158.12 NA NA min 

 R3G R3G RES  

AUC0-t 857.36 ± 396.17 1.04 ± 0.29 NA min*uM 

AUC0-inf 921.23 ± 457.07 1.59 ± 0.73 NA min*uM 

Terminal t1/2 264.75 ± 248.66 10.05 ± 3.98 NA min 

 R4'G R4'G R4'G  

AUC0-t 2.03 ± 1.78 NA 2.08 ± 1.27 min*uM 

AUC0-inf 2.61 ± 1.87 NA 2.51 ± 1.41 min*uM 

Terminal t1/2 14.11 ± 5.98 NA 8.64 ± 5.57 min 

 R4'S R4'S R4'S  

AUC0-t 0.83 ± 0.39 NA NA min*uM 

AUC0-inf 1.07 ± 0.43 NA NA min*uM 

Terminal t1/2 8.85 ± 4.37 NA NA min 
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Fig 6.1: Three compartment PK model 1 describing the disposition of RES after 

administration of RES (15 mg/kg, i.a.). Vc: volume of the central compartment, k: first 

order rate constants for RES disposition. 

 

Fig 6.2: Observed average RES concentration (data points) and PK model 1 predicted 

(solid line) RES concentration time profiles after RES administration, plot of weighted 

residuals versus predicted RES concentration (inset) 
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Fig 6.3: Two compartment PK model 2 describing the disposition of R3S after 

administration of R3S (5 mg/kg, i.a.). Vc,R3S: volume of the central compartment, k: first 

order rate constants for R3S disposition. 

 

Fig 6.4: Observed average R3S concentration (data points) and PK model 2 predicted 

(solid line) R3S concentration time profiles after R3S administration, plot of weighted 

residuals versus predicted R3S concentration (inset). 
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Fig 6.5: Enterohepatic cycling PK model 3 describing the disposition of R3G after 

administration of R3G (3.5 mg/kg, i.a.). Vc, R3G: volume of the central compartment, k: 

first order rate constants for R3G disposition. 

 

Fig 6.6: Observed average R3G concentration (data points) and PK model 3 predicted 

(solid line) R3G concentration time profiles after R3G administration, plot of weighted 

residuals versus predicted R3G concentration (inset). 
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Table 6.2. Compartmental pharmacokinetic parameters of RES, R3S and R3G 

administered as parent compound using model 1, 2 and 3, respectively.  

Parameters  
RES, Model 1,  

Estimate (CV%) 

R3S, Model 2,  

Estimate (CV%) 

R3G, Model 3,  

Estimate (CV%) 

Vc, RES (l/kg) 1.77 (27.29) NA NA 

Cl, RES (ml/min/kg) 104.54 (3.97) NA NA 

k
1,0

 (min
-1

) 0.06 (25.66) NA NA 

k
1,2

 (min
-1

) 0.23 (23.74) NA NA 

k
2,1

 (min
-1

)  0.06 (14.74) NA NA 

k
1,3

 (min
-1

)  0.09 (24.73) NA NA 

k
3,1 

(min
-1

)  0.004 (11.84) NA NA 

Vc, R3S (l/kg) NA 0.69 (11.43) NA 

Cl, R3S (ml/min/kg) NA 63.11 (3.56) NA 

k
1,0

 R3S (min
-1

)  NA 0.09 (9.37) NA 

k
1,2

 R3S (min
-1

)  NA 0.15 (7.17) NA 

k
2,1

 R3S (min
-1

)  NA 0.012 (7.45) NA 

Vc, R3G (l/kg) NA NA 0.23 ( 10.95) 

Cl, R3G (ml/min/kg) NA NA 10.63 (6.81) 

k
1,0

 R3G (min
-1

)  NA NA 0.05 (11.86) 

k
1,2

 R3G (min
-1

)  NA NA 0.04 (15.53) 

k
2,1

 R3G (min
-1

)  NA NA 0.03 (14.97) 

k
1,3

 R3G (min
-1

)  NA NA 0.07 (9.06) 

k
3,1 

R3G (min
-1

)  NA NA 0.002 (11.27) 
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Fig 6.7: PK model 4 describing the disposition of in vivo formed metabolite R3S and 

R3G after RES (15 mg/kg, i.a.) administration. Vc: volumes of central compartments, k: 

first order disposition rate constants, kf: first order formation rate constants for RES 

metabolites.  

Note: The notation used throughout is k (from, to). In SAAM II software, the rate 

constants have a different notation k (to, from). 
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ii) Simulation of in vivo formed metabolites using model 4: 

A great deal of time was invested in trying to fit comprehensive models to resveratrol and 

its in vivo formed metabolites simultaneously, but the models did not converge (possibly 

due to the large number of parameters (n=17) in relation to the data collected). Hence 

simulations were performed instead of model-fitting. The parameters obtained from 

model 1, model 2 and model 3 were fixed in model 4 and then the in vivo formed R3S 

and R3G after RES administration (Fig 6.7) predicted under two conditions. In the first 

condition the elimination clearance of the preformed metabolites was assumed to be 

equal to that of the in vivo formed metabolites. For this all the parameters in model 4 

were fixed using parameters from model 1, 2 and 3. Next this was used to predict 

formation rate constants kf,R3S and kf,R3G (see Fig 6.7). Rate constants kfR3S and kf,R3G were 

converted to clearance parameters by multiplying with central volume of distribution 

(Vc). Simulations were performed, but resulted in poor fit of the predicted versus 

observed plasma concentrations of RES (Fig 6.8A), R3S (6.8B) and R3G (6.8C). 
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A) 

B)  

C)  

 

Fig 6.8: Observed and PK model 4 simulated concentration time profiles of RES (A), 

R3S (B) and R3G (C) after RES administration, assuming elimination clearance of 

preformed metabolites to be equal to in vivo formed metabolites. 
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In the second condition the elimination clearance of preformed metabolites was assumed 

to be dissimilar to in vivo formed metabolites. For this all the parameters in model 4 were 

fixed using parameters from models 1, 2 and 3 except for the elimination rate constants of 

R3S (k1,0, R3S) and R3G (k1,0, R3G). The parameters kf,R3S (0.032 min-1), kf,R3G (0.030 min-1), 

k1,0, R3S (0.453 min-1) and k1,0, R3G (0.295 min-1) were then obtained from the model (Fig 

6.2). Next the simulation was performed by fixing kf,R3S, kf,R3G, k1,0, R3S and k1,0, R3G 

providing a good fit of observed versus model predicted RES, R3S and R3G plasma 

concentrations after RES 15 mg/kg i.a. administration as shown in Fig 6.9A, 694B and 

6.9C respectively. The second condition also provided a more realistic estimate of the 

fraction of RES metabolized to R3S and R3G to be 52% and 48 % respectively. 

Parameters were estimated under the assumption that there was no elimination of RES 

other than R3S and R3G. Elimination clearances of in vivo formed R3S (313.08 

ml/min/kg) and R3G (67.86 ml/min/kg) (Table 6.3) predicted under the second condition 

were found to be higher than the elimination clearances of preformed R3S (76.29 

ml/min/kg) and R3G (13.78 ml/min/kg; Table 6.1). 
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A) 

B)  

C)  

 

Fig 6.9: Observed and PK model 4 simulated concentration time profiles of RES (A), 

R3S (B) and R3G (C) after RES administration, assuming elimination clearance of 

preformed metabolites to be not equal to in vivo formed metabolites. 
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Table 6.3.  Comparison of elimination or systemic clearance of in vivo formed 

metabolites and preformed metabolites.  

Parameters Preformed Metabolite 

In-vivo formed 

metabolite 

Cl,R3S (ml/min/kg) 76.29 ± 37.07a 313.08c 

Cl,R3G (ml/min/kg) 13.78 ± 5.75a 67.86c 

SRfm 3
(%) 16.87b 48.00d 

GRfm 3
(%) 17.08b 52.00d 

a From Table 1 

b Fractions calculated using equations 1 and 2. 

c Values used for simulations in Fig 6.9B and 6.9C 

d Fractions of RES converted to R3S and R3G, calculated assuming complete metabolism 

of RES into R3S and R3G for Fig 6.9B and 6.9C. 
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6.4. Discussion and conclusion: 

 

The utility of the present work lies in development of models to explain the complex 

kinetics of highly conjugated substrates such as polyphenols. Further, models such as 

those presented here will be further developed in future studies to evaluate a) kinetics of 

conjugated metabolites that might be active, and b) potential interactions between 

polyphenols and co-administered drugs, e.g. enzyme induction or inhibition. 

 

Preformed major metabolites of RES - R3S and R3G - were administered to delineate the 

metabolite kinetics and to determine the fraction of RES converted to respective 

metabolites. The present data (Table 6.1) and literature reports clearly indicate much 

greater conversion of RES to R3S and R3G (Yu et al., 2002; Wenzel and Somoza, 2005) 

than predicted by equations 1 and 2, which assume similar kinetics of preformed versus 

in vivo formed metabolite. Since these formation clearances are calculated based on 

preformed metabolite data, the difference in preformed metabolite kinetics as compared 

to in vivo formed metabolite kinetics might be responsible for underprediction of 

metabolite formation clearances. This prompted the use of a modeling approach to 

delineate the kinetics of in vivo formed metabolites.  

 

The average plasma concentration-time profile of RES after 15mg/kg of RES 

administration was explained by a 3 compartment model (Fig 6.1). Similar models have 

been used to explain disposition of drugs undergoing enterohepatic cycling (Hasselström 

and Säwe, 1993). RES was modeled to be distributed from a central compartment into 

two peripheral compartments, with elimination from the central compartment. It has been 
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shown earlier (Colburn, 1982) that enterohepatic circulation increases the apparent 

volume of distribution. Therefore, a very high volume of distribution of RES can be 

partially attributed to tissue binding and partially to enterohepatic circulation of RES.  

 

R3S plasma profile was explained by a 2 compartment model with elimination from the 

central compartment (Fig 6.3). Although enterohepatic cycling of R3S is also a 

possibility, a two compartment model was found to explain well the plasma profile of 

R3S after R3S (preformed) administration.  An enterohepatic circulation model described 

the disposition of R3G after R3G (preformed) administration (Fig 6.5). Similar models 

have been developed for morphine 3-glucuronide (Ouellet and Pollack, 1995), morphine 

(Dahlström and Paalzow, 1978), phenolphthalein (Colburn et al., 1979) and isoflavones 

(Moon et al., 2006). These models used either a series of cycling compartments linked by 

first order rate constants or a single compartment with a lag time to account for the delay 

observed in the appearance of a secondary peak in plasma. A similar approach was used 

in the present model by using a delay compartment which was comprised of 10 

compartments with a single rate constant (k1,3, R3G) and a fixed delay time of 3hr. Thus in 

Fig 6.5, Compartment 1 depicts the blood as well as quickly equilibrating tissues. 

Compartment 2 depicts more slowly equilibrating tissues and compartment 3 can depict 

the intestinal compartment. The rate constant k1,3, R3G represents several different 

processes including biliary transport of R3G, transit of R3G through the gastrointestinal 

lumen, and possible hydrolysis of glucuronides into RES. The rate constant k3,1, R3G may 

denote absorption of re-formed RES and its subsequent glucuronidation into R3G or 

absorption of R3G from the lower intestine. A lag time of 3 hr is included between biliary 
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transport and absorption to account for transit from the liver to the site of de-

glucuronidation, and subsequent metabolism and reabsorption. The clearance estimates 

obtained after compartmental analysis of pooled data were found to be comparable to 

those estimated with individual data by non-compartmental methods (Tables 6.1 and 6.2). 

 

Models 1, 2 and 3 were combined to form a comprehensive model 4 to predict the in vivo 

formed R3S and R3G after RES administration (Fig 6.7). Simulation using the 

assumption that elimination clearances of preformed and in vivo formed metabolites are 

the same, led to a poor overlap of the observed and predicted in vivo formed R3S and 

R3G (Fig 6.8A, B  & C). Simulation using the assumption that elimination clearances of 

preformed and in vivo formed metabolites are different, led to a much improved 

prediction (Fig 6.9A, B & C). The second approach also gave a more realistic formation 

ratio of R3S and R3G as 52% and 48% respectively. This value was comparable to the 

formation ratio of in vivo formed R3S (46%) and R3G (54%) predicted by Colom and co-

workers (Colom et al., 2011).  With the second approach the elimination clearances of 

R3S and R3G used for the simulation were higher than the preformed metabolites’ 

elimination clearances. It has been suggested that phase II metabolites like glucuronides 

and sulfates are more hydrophilic and preformed metabolites may experience difficulty 

penetrating into an eliminating organ, and hence the extent of its elimination may be less 

than that of in vivo generated metabolite, whose entry into the eliminating organ is in the 

form of a more lipophilic precursor (Pang et al., 1984; Pang, 1985). Therefore the 

formation and elimination clearances of the formed and preformed metabolites may differ 
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markedly. Differences in metabolite kinetics of preformed and in vivo formed metabolites 

were clearly visible in the present study.  

 

It has been observed by Pang and coworkers (Pang et al., 2008; Pang, 2009) that although 

preformed metabolite administration might not be able to provide a complete correlation 

of the formed metabolite time-course, the accompanying information can be incorporated 

to build a comprehensive PK model. This can improve the predictions of in vivo formed 

metabolites. In the present work, model 4 was useful for purposes of predicting the 

disposition of metabolites as well as RES exposure.  This and similar models can be 

further developed and improved to predict events such as interactions with xenobiotics 

that lead to enzyme induction or inhibition.  

 

As a first study of RES metabolite PK, the present study did not include sample 

collection of urine, feces, or bile. This is an obvious limitation of the study, as additional 

data would provide a more detailed picture of RES disposition. Also, plasma data 

collected here did not aid in discerning elimination from the central versus peripheral 

compartment (Berezhkovskiy, 2004; Yates and Arundel, 2008). Thus, one criticism of the 

models presented might be the improper assumption of elimination solely from the 

central compartment. If peripheral elimination were to play a role in the elimination of 

RES or its metabolites (e.g. metabolism in tissues kinetically different from the central 

compartment), the steady-state volume of distribution estimates might be predicted 

inaccurately with the present models.  
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In summary, PK models were developed to adequately explain the kinetics of RES and its 

two major metabolites, R3S and R3G. Preformed and in vivo formed R3S and R3G 

kinetics were compared and a marked difference was observed between the preformed 

and in vivo formed metabolite kinetics. Due to observed kinetic differences between in 

vivo formed metabolites and preformed metabolites, safety and toxicity studies conducted 

with preformed metabolites are useful only when there is a similarity in the kinetics of 

preformed and in vivo formed metabolites, or when sufficient tissue exposure of 

preformed metabolites is ensured. However, achieving high tissue exposure can be 

especially difficult for very hydrophilic metabolites. 
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CHAPTER 7 

 

DEVELOPMENT AND VALIDATION OF A LC-MS/MS METHOD FOR THE 

QUANTIFICATION OF 3, 4’, 5 TRIMETHOXY TRANS STILBENE (TMS) IN 

MOUSE BRAIN AND PLASMA 

 

7.1. Rationale 

Due to poor in vivo metabolic stability of RES we looked for analogs of RES which have 

retained the potency of RES and are expected to be more bioavailable. One such analog 

of RES is 3, 4’, 5 trimethoxy-trans-stilbene (TMS), where all three hydroxyl groups of 

RES are substituted by methoxy groups (Fig 7.1). TMS has been reported to be of similar 

or higher in vitro potency than RES (Matsuda et al., 2004; Belleri et al., 2005; Bader et 

al., 2008; Pan et al., 2008). Based on its physicochemical properties predicted by 

ChemDraw (ACDlabs 12.0 software) we additionally hypothesized that TMS might have 

better brain permeability. Better brain permeability of TMS, if proven, can have 

implications for several indications in brain where RES has also shown positive 

biological activities. RES have been shown to have an important role in the protection of 

nervous system after injury (Zhou et al., 2011), to promote clearance of amyloid-beta 

peptides in Alzheimer’s disease (Marambaud et al., 2005) and demonstrates an antitumor 

effect in gliomas (Tseng et al., 2004). 
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Fig 7.1: Structure of 3, 4’, 5 trimethoxy-trans-stilbene (RES analogue; TMS) 

 

The comprehensive in vivo study of TMS requires a validated bioanalytical assay with 

low detection capability. While methods have been reported for the quantitation of TMS 

in plasma by HPLC (Lin and Ho, 2009) and single MS (Ma et al., 2007), to the best of 

our knowledge quantitation of TMS in brain has not been conducted to date. Our aim in 

this study was to develop and validate an LC-MS/MS assay for quantitation of TMS in 

mouse plasma and brain.  

 

7.2. Assay development: 

7.2.1. Preparation of stock solutions, calibration standards (CS) and quality control 

(QC) samples 

7.2.1.1 Plasma 

Stock solution of TMS was prepared in DMSO. CS samples were prepared by spiking 

stock standard working solution into heparinized mouse plasma to give six CS in the 

concentration range of 10 – 10000 ng/ml. Similar to calibration standards, QC samples 

were prepared in replicates (n = 3 and 5 for the inter-day and intra-day validation 

OCH3

OCH3

H3CO
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respectively) at three concentration levels representing the entire range of concentrations 

(30, 1000 and 10000 ng/ml). 

 

7.2.1.2. Brain 

Stock solution of TMS was prepared in DMSO. CS samples were prepared by spiking 

stock standard working solution into 16.67% (20 gram brain and 100 ml saline) mouse 

brain homogenate to give five CS in the concentration range of 20 – 10000 ng/ml. Similar 

to calibration standards, QC samples were prepared in replicates (n = 3 and 5 for the 

inter-day and intra-day validation respectively) at three concentration levels representing 

the entire range of concentrations (60, 1000 and 10000 ng/ml). 

 

7.2.2. Sample preparation 

7.2.2.1. Plasma 

TMS was isolated from plasma with protein precipitation. To 10 uL of plasma sample, 20 

uL methanol was added and the resultant solution was vortexed for 1 min and centrifuged 

at 15,000 rpm for 15 min at room temperature. Supernatant (20 uL) was injected into the 

liquid chromatography tandem mass spectrometry system. 

 

7.2.2.2. Brain 

TMS was isolated from brain homogenate with protein precipitation. To 20 uL of brain 

homogenate was added 40 uL of methanol, and resulting solution vortexed for 1 min and 

centrifuged at 15,000 rpm for 15 min at room temperature. Supernatant (20 uL) was 

injected into the liquid chromatography tandem mass spectrometry system. 
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7.2.3. LC-MS/MS conditions 

The LC-MS/MS assay was carried out on an Agilent series 1100 high-performance liquid 

chromatography system equipped with a binary pump, autosampler and degasser coupled 

to an API 4000 triple-quadrupole tandem mass spectrometer (ABSciex) with an ESI 

source operated in the positive ion mode. Analyst software version 1.4.2 (ABSciex) was 

used for instrument control, data acquisition and data processing for both 

chromatography and mass spectrometry. The chromatographic separation system 

consisted of a guard column (Zorbax SB-C18, 5 um, 4.6 × 12.5 mm; Agilent 

Technologies), an analytical column (Zorbax SB-C18, 5 um, 4.6 × 250 mm; Agilent 

Technologies) and a mobile phase consisting of 10mM ammonium acetate (20%) and  

acetonitrile (80%) containing 0.2% formic acid (pH = 3). The run time was six minutes. 

Flow rate of the mobile phase was 1.2 mL/min and the flow from the column was split 

1:3 into a ABSciex API4000 triple quadrupole mass spectrometer equipped with a Turbo 

Ionspray source operating at 450°C. The column temperature was maintained at 35°C. 

The ESI instrument settings were optimized for the analysis and the appropriate multiple 

reaction monitoring (MRM) transitions and MS/MS parameters were determined for 

trimethoxy-stilbene (TMS) by direct infusion into the mass spectrometer. Nitrogen was 

used as the curtain, collision and ion source gas. 

 

7.3. Assay validation 

The method was validated according to published recommendations for bioanalytical 

method validation (Shah et al., 2000). Calibration curves were constructed from the peak 
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area ratios of TMS versus nominal plasma concentrations with linear least squares 

regression with a weighting factor of 1/X2. Intra-day accuracy and precision were 

determined by analyzing five replicates of QC samples. Inter-day accuracy and precision 

were evaluated on five separate days. Precision was expressed as the relative standard 

deviation of the determined concentrations. Accuracy was calculated using the following 

equation:  

Accuracy = [(mean measured concentration – nominal concentration)/nominal 

concentration] × 100. Recovery and matrix effect were investigated by analyzing five 

individual plasma and brain samples at low, medium and high concentrations. These 

concentrations were: 30, 1000, and 10000 ng/ml for plasma and 60, 1000, and 10000 

ng/ml for brain. The recovery was determined by comparing analyte peak area ratio upon 

extraction from spiked plasma to analyte peak area from post extracted plasma sample. 

The matrix effects on ionization were evaluated by comparing TMS peak areas of the 

samples spiked post-extraction with corresponding peak area ratios of the standards 

prepared in the injection solution. 

 

Efforts were made to incorporate an internal standard into our bioanalytical method. 

Carbamazepine and fenofibrate were tested to be used as internal standard. Compounds 

similar in structure to RES, like pterostilbene and trans-stilbene were also tested.  
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7.4. Results: 

 ESI operated in positive ion mode was used for the LC-MS/MS analysis to provide 

optimum sensitivity and selectivity. The optimized tandem mass spectrometry conditions 

are summarized in Table 7.1. The following precursor-product ion transitions were 

observed: m/z 271→147 for TMS with a dwell time of 400 ms for ion transition. The 

retention time was ~ 4.6 min for TMS. TMS was found to have poor ionization and its 

ionization improved after the addition of 0.2 percent formic acid in mobile phase.  

 

Table 7.1:  Optimized ESI-MS/MS operating, MRM and MS/MS parameters for TMS. 

Operating parameters  Setting  

Collision gas (psi)  6  

Curtain gas (psi)  40  

Ion source gas 1 (psi)  55  

Ion source gas 2 (psi)  55  

Ion spray voltage (V)  4500  

Temperature (°C)  450  

EP (V)  10  

Run duration (min)  6 

 

 

    

Precursor ion (m/z)  271  

Product ion (m/z)  147  

Dwell time (ms)  400  

DP (V)  66  

CE (V)  25  

CXP (V)  16  

 

A representative chromatogram of TMS in plasma and brain is presented in Figure 7.1 

and 7.2 respectively. 
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Fig 7.1: Representative chromatogram of TMS in plasma. 

 

 

Fig 7.2: Representative chromatogram of TMS in brain homogenate. 

 

Analogs of RES similar in structure to RES e.g. pterostilbene and trans-stilbene were 

unable to produce reliable signals in the positive ion mode of our analytical method. 

Carbamazepine and fenofibrate did produce reliable signal during method development 

with our analytical method. However during validation it was found that carbamazepine 

and fenofibrate did not track TMS well (Table 7.2). Interestingly it was observed that 

data analysis without incorporating internal standard provided a more reliable estimate of 
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the TMS concentration. In the interest of time, it was decided to use an analytical method 

without an internal standard to quantitate TMS.  

 

Table 7.2: Precision and accuracy for quantitation of TMS in plasma with and without 

carbamazepine and fenofibrate as internal standard. 

TMS quantitation 

Nominal 

Concentration 

(ng/ml) 

Mean observed 

concentration 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

With Carbamazepine 

(IS) 

100000.00 26050.00 32.52 -73.95 

5000.00 24700.00 31.62 394.00 

10.00 4.92 47.20 -50.80 

     

Without 

Carbamazepine (IS) 

100000.00 104633.33 7.00 4.63 

5000.00 5650.00 0.27 13.00 

10.00 10.78 6.02 7.83 

     

With Fenofibrate (IS) 1000.00 1338.25 55.88 33.83 

10.00 7.62 31.72 -23.85 

     

Without Fenofibrate 

(IS) 

1000.00 1077.50 3.16 7.75 

10.00 10.05 1.72 0.47 
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LOQs were established at the lowest points of the standard curves, i.e. 10 ng/ml for TMS 

in plasma and 20 ng/ml for TMS in brain homogenate. Representative standard curves of 

TMS in plasma and brain homogenate are presented in Fig 7.3 and 7.4 respectively.  

 

 

Fig 7.3: Representative calibration curve of TMS in plasma. Substrate concentration 

range from 10 – 10000 ng/ml, using a weighting factor of 1/X2.  

 

 

 

Fig 7.4: Representative calibration curve of TMS in brain homogenate. Substrate 

concentration range from 20  – 10000 ng/ml, using a weighting factor of 1/X2.  
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The results of intra-day and inter-day accuracy and precision are presented in Table 7.3 

and 7.4 respectively. Intra- and inter-day precision for all analytes was less than 15%. 

The results indicate that the precision and accuracy of this method were adequate for 

bioanalytical purposes.  The recovery and matrix effect of TMS in plasma and brain are 

presented in Table 7.5. The extraction efficiency of TMS in plasma and brain at different 

QC concentrations ranged from 70.34 to 83.42 % and 63.70 to 61.69 % respectively. 

There was no matrix effect observed for plasma samples (97.23 to 101.82 %). For brain 

samples a matrix effect were observed (81.70 to 73.87 %).  

 

Table 7.3:  Inter-day precision and accuracy for TMS in plasma and brain matrix. 

 

 

 

 

 

 

 

Biological Matrix 

Nominal Concentration (ng/ml) 

Inter-day validation 

Mean observed 

concentration 

(ng/ml) 

Precision  

(RSD) 

Accuracy  

(% Bias) 

Plasma 10,000 9815.67 5.53 -1.84 

 1,000 1002.98 5.47 0.30 

 30 30.10 7.40 0.33 

Brain 10,000 9210.17 5.65 -7.90 

 1,000 951.45 3.70 -4.86 

  60 57.30 9.07 -4.50 
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Table 7.4:  Intra-day precision and accuracy for TMS in plasma and brain matrix. 

 

 

 

 

Table 7.5:  Matrix effect and recovery for TMS in plasma and brain matrix. 

TMS Plasma Brain 

Concentrations  Recovery Matrix Effect Recovery Matrix Effect 

Low (30 and 60 

ng/ml for 

plasma and 

brain 

respectively) 70.34 ± 5.96 97.23 ± 7.74 63.70 ± 6.34 81.70 ± 4.98 

Medium (1,000 

ng/ml for both) 

70.65 ± 

11.99 97.98 ± 14.42 59.52 ± 4.79 74.61 ± 13.40 

High (10,000 

ng/ml for both) 83.42 ± 8.94 101.82 ± 19.50 61.69 ± 7.05  73.87 ± 14.50 

 

 

 

Biological Matrix 

Nominal Concentration (ng/ml) 

Intra-day validation 

Mean observed 

concentration 

(ng/ml) 

Precision  

(RSD) 

Accuracy 

(% Bias) 

Plasma 10,000 10245.00 10.12 2.45 

 1,000 919.00 9.77 -8.10 

 30 32.72 3.98 9.07 

Brain 10,000 8743.33 6.52 -12.57 

 1,000 910.50 8.79 -8.95 

  60 54.00 5.82 -10.00 
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7.5. Discussion and conclusion:  

Although there are reports of analytical methods for the quantitation of TMS in plasma 

(Ma et al., 2007; Lin and Ho, 2009), this is the first analytical method with the use of 

tandem mass spectrometry to quantitate TMS levels in plasma and brain. This analytical 

method suffers from the limitation of not having an internal standard. Although the 

method was devoid of an internal standard, it passed all the validation tests with 

reasonable accuracy and precision. Efforts were made to find a suitable robust internal 

standard. But we failed to find a suitable internal standard in a reasonable time frame. It 

has been shown recently that the internal standard can sometime interfere with the signal 

of analyte or vice versa via cross-talk or due to competition for ionization (Liang et al., 

2003; Sojo et al., 2003). Ideally an isotope labeled TMS would have worked as a good 

internal standard. But its availability and cost were limitations for our study. Even 

without an internal standard the analytical method was robust, with accuracy and 

precision well within 15% limit at all QC concentrations. In brain samples a matrix effect 

was observed, which can be partly due the fact that brain tissue contains more lipid 

components than those found in plasma samples and can significantly suppress the ESI 

response of the analyte (Korfmacher, 2009).  

 

In conclusion the method validation results demonstrate that the analytical method is 

robust and is consistent with good accuracy and reproducibility despite the absence of the 

internal standard.    
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CHAPTER 8 

 

PHARMACOKINETICS AND BRAIN PERMEABILITY OF 3, 4’, 5 

TRIMETHOXY TRANS STILBENE (TMS) IN A MOUSE MODEL 

 

8.1. Rationale 

Due to the low systemic bioavailability of RES there is a need to test analogues of RES 

which have better plasma profile and which are at least equally potent to RES. 

Trimethoxy stilbene (TMS) is one of the analogs of RES where hydroxyl groups of RES 

are substituted by methoxy groups and has been reported to be of similar or more potency 

than RES (Matsuda et al., 2004; Belleri et al., 2005; Bader et al., 2008; Pan et al., 2008). 

It has also the advantage of its hydroxyl groups being protected by methoxy groups 

which might lead to decreased metabolism and enhanced exposure compared to RES. Its 

physicochemical properties are also favorable to cross the blood brain barrier (BBB). It 

satisfies the Lipinski’s rule of five (Lipinski et al., 2001). Lipinski’s rule of five predicts 

that molecules with less than 5 hydrogen bond donors, 10 hydrogen bond acceptors, a 

molecular weight less than 500 and a calculated log P of less than 5 are more likely to 

have good permeability. It has been observed that the molecules with a molecular weight 

below 400 are more favorable to cross BBB (Gleeson, 2008). TMS has a molecular 

weight of 270.32 which makes it a favorable candidate to cross the BBB.  It has only 

three hydrogen bond acceptors and no hydrogen bond donors. Its logP value is 3.85 

compared to 3.06 of RES (ACDlabs 12.0 software). It has been shown that with an 

increase in lipophilicity (up to a certain limit) there is increase in the permeation through 

BBB (Lanevskij et al., 2009). The polar surface area (tPSA) value of TMS is 27.69 
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(ACDlabs 12.0 software). Polar surface area is defined as the sum of surfaces of polar 

atoms in a molecule. PSA shows good correlation with passive molecular transport 

through membranes and therefore allows the prediction of passive transport properties of 

drugs (Ertl et al., 2000). It has been reported that a lower tPSA leads to enhanced BBB 

penetration (Gleeson, 2008).  

 

RES at lower doses (40 mg/kg/day) exerts significant antitumor effects on subcutaneous 

(s.c.) glioma tumors, evidenced by slower tumor growth rate, longer survival time and 

higher survival rate in a rat model. It has been shown that RES at a higher dose (100 

mg/kg/day) prolongs the survival time without improving the survival rate in rats bearing 

intracranial glioma tumors (Tseng et al., 2004). The enhanced survival of animals with 

intracranially implanted glioma tumors at higher dose compared to s.c. implanted tumor 

may be due to decreased permeability of RES in brain due to the restrictions at BBB or 

efflux by transporters at the BBB. For these reasons there is a need to test the better 

analogues of RES which are more potent, have better physicochemical properties for 

permeation through BBB and have a better exposure in body compared to RES.  

 

TMS is one of the potent analogues of RES (Bader et al., 2008; Pan et al., 2008; Wang et 

al., 2010) with better exposure compared to RES (Lin and Ho, 2011; Sharan et al., 2012) 

and better physicochemical properties. TMS, if proved to have good brain permeability, 

can be explored as a therapeutic agent for treatment of glioma, as well as for various 

indications, e.g.  Alzheimer’s disease (Albani et al., 2010) where RES has shown positive 

biological activity. 



 148 

 

The objective of this study is to characterize the pharmacokinetics of TMS and to 

measure the brain permeability of TMS in a mouse model.   

 

8.2. Materials and methods: 

8.2.1. Solubilization of TMS: 100 mg of TMS was suspended in 20 ml of 0.3 M 2-

hydroxypropyl-β-cyclodextrin (HP-β-CD) solution prepared with isotonic saline. The 

resultant suspension was sonicated for 1 hour and then shaken on horizontal rotary shaker 

for 1 day. Finally the supension was filtered through a 0.22 um syringe-driven filter. The 

solution was then diluted and analyzed on LC/MS/MS for TMS content with calibration 

standards made in DMSO (Lin et al., 2000). 

 

8.2.2. Drug administration and blood sampling for PK study: A carotid artery cannula 

was used for systemic drug administration and blood sampling. The details of surgical 

procedure have been mentioned in chapter 3 (section 3.2.2). Heparin-saline (20 uL, 50 

IU/ml) was used to flush the cannula after systemic administration or blood sampling. 

TMS was administered at a dose of 5 mg/kg (i.a). Blood (20 uL) was serially sampled at 

2.5, 5, 10, 15, 45, 90, 180, 300, 420 and 600 min. Blood samples were centrifuged at 

14,000 rpm for 2 min, the harvested plasma was collected and stored at -80 °C until LC-

MS/MS analysis 

8.2.3. Study design for achieving steady state TMS concentration in blood and 

brain: A steady state plasma concentration of around 100 fold higher than the lowest 

level of quantitation of the analytical method was desired. This targeted concentration 
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would be approximately 1 ug/ml. Even after assuming the brain penetration to be 1/10th 

that of plasma, we assumed that we would be able to detect and quantitate brain TMS 

levels on MS/MS. A comprehensive PK study was performed to delineate the PK 

parameters for selection of the appropriate TMS dose regimen for achieving steady state 

in plasma. First, a single dose pharmacokinetic study was conducted by administering 5 

mg/kg of TMS by i.a. route to 4 animals. A 2 compartment model was fitted to the 

average plasma profile of mice (n = 4) administered with 5 mg/kg TMS (i.a.). The 

resultant PK parameter estimates were used in an i.a. bolus/i.v. infusion model for 

simulation to design the dosage regimen for achieving steady state of TMS in plasma. A 

dose of 5 mg/kg i.a. bolus loading dose and 5 mg/kg i.v. infusion dose (6.25 uL/min 

infusion rate of 0.5 mg/ml TMS for 25 g mouse) was selected based on simulations with 

SAAMII software using compartmental PK parameters (Table 8.2) obtained from the 5 

mg/kg (i.a.) TMS study. To ensure that TMS achieved the predicted plasma concentration 

during the study time (40 min), blood was withdrawn from carotid artery cannula at 5, 10, 

20, 25, 30, 35 and 40 min. Blood samples were centrifuged at 14,000 rpm for 2 min, the 

harvested plasma was collected and stored at -80 °C until LC-MS/MS analysis. Forty 

minutes after the start of infusion, animals were slightly anesthetized by isoflurane and 

euthanized using cervical dislocation. Blood was collected by cardiac puncture. After 

draining the blood from animals, they were decapitated and brain was excised. Brain was 

washed with saline and stored at – 80° C until analysis. 
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8.2.4. Plasma and brain protein binding assay: Plasma protein binding assay was 

performed at TMS concentrations of 1, 5 and 20 uM as explained in section 3.2.4 of this 

thesis. For the brain protein binding assay equilibrium dialysis was performed using a 96-

well equilibrium dialysis apparatus with molecular weight cutoff of 5000 (Harvard 

Apparatus, Holliston, MA) placed in a 37° C incubator with a 10% CO2 atmospheric 

environment. Mouse brain tissue was diluted with 5 volumes of Dulbecco’s phosphate-

buffered saline (DPBS, pH 7.4, 0.2 g brain and 1 ml of buffer) and homogenized via 

ultrasonic probe. TMS was added to brain homogenate to achieve a final concentration of 

1, 5 and 20 uM, and 200 μL aliquots (n = 3) were added to the 96-well dialysis plate and 

dialyzed against an equal volume of DPBS buffer. The plate was then placed in the 

rotator inside the incubator and allowed to dialyze for 22 h. Following 22 h of dialysis, 25 

μL of buffer and brain homogenate were removed from each side of dialysis plate and 

mixed with 25 μL of the opposite matrix in a 96-deep well plate. Samples were then 

stored at -20 °C until analysis. Samples were analyzed as reported in chapter 7 except that 

the standard and QCs were prepared in plasma diluted with an equal volume of buffer 

(Maurer et al., 2005; Kalvass et al., 2007; Kochansky et al., 2008). The fraction unbound 

(fu) value in diluted brain tissue was calculated as: 

fumeas = 1 – [(PC – PF)/PC]                                                Equation 8.1 

where, fmmeas = fraction unbound using diluted brain tissue 

PC = test compound concentration in protein-containing compartment 

PF = test compound concentration in protein-free compartment 

 



 151 

Since the brain was diluted during homogenization, equation 8.2 was used to calculate 

the brain undiluted fu value (Kalvass et al., 2007):  

 fubrain = (1/D)/[(1/fumeas) – 1) + 1/D]                        Equation 8.2 

where, fubrain = fraction unbound in brain 

D = dilution factor of brain tissue 

 

Initial attempts were also made to detect and characterize the metabolites of TMS. This 

has been attached in the appendix.
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8.3. Results: 

8.3.1. Pharmacokinetics of TMS: PK study was performed in four mice (Fig 8.1) and 

non-compartmental analysis was carried out with Kinetica 5.0 (build 5.0.11, kinetic west 

palm beach, Florida USA) software. Results are tabulated in Table 8.1. The plasma 

concentration of TMS showed a biexponential decline indicating a rapid distribution 

phase followed by an elimination phase. TMS showed a moderate clearance and high 

volume of distribution. The average TMS plasma concentration was fitted to a two 

compartment model with first order elimination (Fig 8.2). From this we obtained PK 

estimates, i.e. volume of the central compartment and inter-compartment micro rate 

constants to use in an i.a. bolus/i.v. infusion model for simulation in order to design the 

dosage regimen for achieving a steady state concentration of TMS in plasma. A dose of 5 

mg/kg i.a. bolus and 5 mg/kg i.v. infusion was selected based on simulations by SAAMII 

software using compartmental PK parameters of TMS. The observed TMS concentration 

in i.a./i.v. infusion study was comparable to the simulated plasma concentration (Fig 8.3) 

and achieved steady state around 30 – 40 minutes. The clearance estimates obtained after 

compartmental analysis of pooled data were found to be comparable with those obtained 

from individual data by the noncompartmental approach (Tables 8.1 and 8.2).     
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Fig 8.1: Pharmacokinetic profile of TMS in C57BL/6 mice after i.a. administration of 

TMS at the dose of 5 mg/kg. Closed triangles represent mean values while error represent 

SD (n = 4). 

 

Table 8.1: Plasma pharmacokinetic paramaters calculated by noncompartmental analysis 

after administration of 5 mg/kg of TMS (i.a.). Data are expressed as Mean ± SD, (n = 4).  

  5 mg/kg (i.a.) Units 

AUC0-t 97.24 ± 30.21 (min)*(ug/ml) 

AUC0-inf 118.22 ± 25.34 (min)*(ug/ml) 

Cl 43.65 ± 8.47 ml/min/kg 

Vss 14.21 ± 5.48 L/kg 

t1/2 215.76 ± 78.29 min 

Cmax 1.56 ± 0.60 ug/ml 

MRT 318.08 ± 101.43 min 
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Fig 8.2: Observed average (n =4) TMS concentration (data points) and two compartment 

model predicted (solid line) TMS concentration-time profiles after TMS (5mg/kg i.a. 

bolus) administration.  
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Table 8.2: Plasma pharmacokinetic parameters calculated for average plasma 

concentration (n = 4) by compartmental analysis after administration of a 5 mg/kg dose of 

TMS by i.a. route. 

Parameter Value SD CV (%) 

Vc (L/kg) 3.162 0.298 9.42 

k10 (min-1) 0.013 0.001 10.32 

k21 (min-1) 0.016 0.003 16.14 

k12 (min-1) 0.049 0.010 20.77 

Cl (ml/min/kg) 40.64 1.65 4.06 

 

8.3.2. Brain permeability of TMS: Brain permeability of TMS was calculated by two 

approaches. In the first approach the brain permeability of TMS at steady state was 

determined by comparing brain concentration of TMS with plasma concentration of TMS 

obtained by arterial sampling at 40 min (Table 8.3). In second approach TMS brain 

permeability was calculated by comparing brain concentration of TMS with plasma 

concentration of TMS in blood obtained by cardiac puncture (Table 8.3). The total brain 

to total plasma concentration ratio of TMS at steady state by arterial sampling approach 

and cardiac puncture approach was found to be 4.82 ± 1.66 and 12.73 ± 1.74 respectively.  
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Fig 8.3: Pharmacokinetic profile of TMS in plasma and brain in a steady state infusion 

study. The solid line represents predicted TMS plasma concentrations after 

administration of 5 mg/kg i.a. bolus/5 mg/kg i.v. infusion. Solid circles represent 

observed mean TMS plasma concentration by serial sampling approach, solid triangle 

represents mean total concentration of TMS in brain at 40 min and solid square represent 

average total plasma concentration of TMS in blood obtained by cardiac puncture at 40 

min. Symbols represents mean values while error represent SD (n = 4).  
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Table 8.3: Plasma and brain concentration of TMS at 40 min. Values are reported as 

means ± SD (n = 4). 

Steady-state concentration TMS (ng/ml) 

Brain 4194.00 ± 853.37 

Plasma (serial sampling) 870.75 ± 109.75 

Plasma (cardiac puncture) 329.50 ± 46.59 

Brain/Plasma ratio (serial sampling) 4.82 ± 1.66 

Brain/Plasma ratio (cardiac puncture) 12.73 ± 1.74 

 

8.3.3. Plasma and brain protein binding assay: There was no quantifiable TMS 

concentration on the buffer side of the wells of equilibrium dialysis plate for either the 

plasma or brain protein binding assay. Even at higher TMS concentration of 20 uM TMS 

was not observed on the buffer side. Due to limited aqueous solubility and possible non-

specific binding to equilibrium dialysis membrane and plate, calculation of plasma and 

brain protein binding of TMS was not possible. It has been earlier reported that TMS was 

not detectable in aqueous filtrate in the absence of cyclodextrin (< 10 ng/ml) (Lin and Ho, 

2011). Another widely used method for measuring protein binding of drug is the 

ultrafiltration method. This method has been shown to have even higher non specific 

binding (Zhirkov YuA and Piotrovskii, 1984) and so was not pursued. 
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8.4. Discussion and conclusion: RES has shown limited activity in intracranial glioma 

tumor compared to subcutaneous glioma tumor, possibly due to its limited brain 

permeability (Tseng et al., 2004). For a drug to be effective in indications related to the 

brain, apart from having good potency it should also possess good brain penetration. 

TMS is a naturally occurring analog of RES (Blair et al., 1969; MacRae and Towers, 

1985). It has shown anti-invasive and anti-angiogenic activities (Belleri et al., 2005; 

Yang et al., 2009; Alex et al., 2010; Weng et al., 2010). Based on TMS physicochemical 

properties we hypothesized that it might have good brain permeability. To the best of our 

knowledge, this is the first study about brain permeability of TMS. In this study we 

additionally observed the effect of blood collection by two approaches and their impact 

on the calculation of brain to plasma ratio.  

 

Recently detailed pharmacokinetics of TMS has been published (Lin and Ho, 2011). The 

systemic clearance of TMS observed in the present study (43.65 ± 8.47 ml/min/kg; Table 

8.1) was comparable to that reported in rats (35.5 ± 5.3 ml/min/kg) by Lin and Ho (Lin 

and Ho, 2011). Its clearance was found to be less than half of RES (Sharan et al., 2012). 

The better PK profile of TMS has been attributed to methoxylation of the hydroxyl 

groups, which hinders conjugation as compared to extensive phase II conjugation of RES 

(Meng et al., 2004; Walle et al., 2004; Sharan et al., 2012).  
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Brain to plasma ratio, a measure of partitioning of the drug between the brain tissue and 

the blood compartment is commonly used for substrate exposure in brain (Hattori et al., 

2004; Zheng et al., 2006; Ogino et al., 2008; Padowski and Pollack, 2012; Sane et al., 

2012; Wang et al., 2012b). In these studies the total plasma drug concentration which is 

equal to bound plus unbound drug concentrations in blood samples and in the entire brain 

are measured and used to calculate the brain/plasma ratio. Brain to plasma ratio has been 

calculated either as the ratio of areas under the concentration-time curve (AUC) in brain 

versus plasma or at steady state. For practical reasons, the Cbrain/Cplasma ratio under 

nonequilibrium conditions often is also used as a surrogate for the true substrate 

partitioning. In our study we calculated brain to plasma ratio at steady state. It has been 

suggested that using free drug concentration in the brain is a better strategy (Smith et al., 

2010). Data from equilibrium dialysis between brain homogenate and buffer can be used 

to calculate free drug concentration in the brain (Smith et al., 2010). However due to non 

availability of the fraction unbound in brain data we were not able to calculate the free 

fraction of TMS in brain. This is an obvious limitation of this study. 

 

We additionally observed that different methods of blood sample collection (serial 

sampling versus cardiac puncture) resulted in differences in the observed drug 

concentration in plasma and therefore different brain to plasma ratios. Site-dependent 

differences in drug levels have been previously discussed by Chiou (Chiou, 1989). There 

are reports showing that different blood sampling techniques can lead to differences in 

the observed plasma drug concentrations (Angus et al., 2008). It was observed that when 

CO2 was used for the euthanasia as compared to cardiac puncture or serial sampling, 
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higher blood concentrations of drugs were found in blood for basic drugs due to possible 

acidification of the blood by CO2 (Angus et al., 2008). This is not applicable to our study 

as we have used cervical dislocation for euthanasia. One other possible explanation can 

be that sampling by cardiac puncture technique sometime leads to hemolysis and can 

possibly dilute the plasma concentration. The exact cause for lower TMS concentration in 

cardiac puncture approach as compared to serial sampling is not clear. In our opinion 

blood drawn by serial sampling provided a better and reliable estimate because it 

correlated well with the model simulated plasma concentration based on our single dose 

PK study and has been used for calculation of brain to plasma ratio (Fig 8.3).   

 

We observed that TMS concentration in mouse brain was 4.82 ± 1.66 fold higher than 

plasma at steady state. We understand that in the absence of free brain concentration data, 

there is a possibility of overpredicting brain to plasma ratio due to nonspecific binding to 

lipids and proteins in the brain. However there are reports of correlation between 

brain/plasma ratios and in vivo efficacy in neuropathic pain models (Zheng et al., 2006). 

Due to significantly higher brain concentrations of TMS, its favorable PK and its 

previously reported anti-cancer and anti-angiogenic activities, TMS can be considered a 

promising candidate for further evaluation for treatment of brain tumors.  
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In conclusion, we confirmed our hypothesis based on in-silico predictions that TMS will 

have better brain permeability. It should be further explored for indications related to the 

brain where RES has also shown positive biological activity. We also observed 

differences in the plasma concentration and over prediction of TMS brain to plasma ratio 

based on plasma TMS levels obtained by the cardiac puncture technique.  
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CHAPTER 9 

 

CONCLUSIONS 

 

The summary of our studies with the overall goal to better understand the 

complicated pharmacokinetics of RES, its conjugated metabolites and its trimethoxy 

analog TMS, has been presented below.  

 

            To be able to characterize the metabolites kinetics a validated bioanalytical 

method to directly quantify the metabolites was needed. A bioanalytical method on LC-

MS/MS for direct quantitation of RES and its monoconjugates was developed and 

validated. This work has been published in combination with a report of the synthesis of 

the metabolites - “Analytical method development for synthesized conjugated metabolites 

of trans-resveratrol, and application to pharmacokinetic studies, Journal of 

Pharmaceutical and Biomedical Analysis, 63 (1-8) 2012.”  

 

           The lung as a clearance organ for RES was evaluated by administering RES by 

both intravenous (i.v., before the lung) and intra-arterial (i.a., after the lung) and sampling 

by i.a. route to delineate the contribution of lung in the metabolism of RES. We found a 

significant increase in the AUC exposure of R3G after i.v. administration as compared to 

i.a. administration of RES. These findings were further corroborated by performing in 

vitro studies with mouse and human lung fractions. We found extensive glucuronidation 

and sulfation in mouse lung fractions. The in vitro experiments using human lung 

fractions showed mainly sulfation of RES. In conclusion, we found the lung to be a major 
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organ contributing to the metabolism of RES, with large inter-species differences in 

pulmonary RES conjugation. This work has been submitted for peer review to Drug 

Metabolism and Disposition. 

 

            The ability of conjugated metabolites of RES to be deconjugated to ‘recycle’ and 

provide RES systemically was evaluated. For this in vivo pharmacokinetic study were 

carried out where synthesized and purified RES sulfated and glucuronidated metabolites 

were administered to mice. Interestingly, we did not find significant RES in the systemic 

circulation after resveratrol-3-sulfate (R3S), resveratrol-4’-sulfate (R4’S) and resveratrol-

3-glucuronide (R3G) administration to C57BL mice. Sulfated metabolites led to the 

formation of resveratrol-3-glucuronide (R3G), which is not possible without the 

intermediate formation of RES. In vitro studies were conducted using mouse and human 

liver microsomes. It was observed that R3S was rapidly desulfated in liver microsomes, 

presumably by steroid sulfatase enzymes. RES produced by desulfation in liver 

microsomes was rapidly glucuronidated to resveratrol-3-glucuronide (R3G). R3G is 

reported to be efficiently excreted into the bile by the ABC transporter Mrp-2. This 

efficient desulfation followed by glucuronidation and biliary elimination might explain 

the absence of RES in systemic circulation. When R3G was given orally it led to the 

formation of R3S. This indicates the possibility of R3G being deglucuronidated in the gut 

to give RES by the intestinal β-glucuronidases. It can be expected that RES formed from 

deconjugation in the gut can be sulfated or glucuronidated again to give R3G and R3S 

due to high extraction of RES during its passage across gut wall and liver. This might 

lead to levels of RES below our level of quantitation in the systemic circulation. This 
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work has been written up and is ready for submission for peer review to Drug 

Metabolism and Disposition. 

 

           The assumption that kinetics of preformed and in vivo formed metabolites are 

different, especially for more polar phase II metabolites, was evaluated. The metabolite 

kinetics of preformed and in vivo generated metabolites were compared by using 

modeling and simulation with two approaches: i) assuming similar PK of preformed 

versus in vivo formed metabolite, ii) assuming dissimilar PK of preformed versus in vivo 

formed metabolite. Simulations using the assumption that elimination clearances of 

preformed and in vivo formed metabolites are the same, led to a poor overlap of the 

observed and predicted in vivo formed R3S and R3G. Simulations using the assumption 

that elimination clearances of preformed and in vivo formed metabolites are different, led 

to improved predictions. The second approach also gave a more realistic formation ratio 

of R3S and R3G as 0.52 and 0.48 respectively. Differences in metabolite kinetics of 

preformed and in vivo formed metabolites were clearly visible in our study. This work 

has been published - “In vivo-Formed versus Preformed Metabolite Kinetics of trans-

Resveratrol-3-sulfate and trans-Resveratrol-3-glucuronide, Drug Metabolism and 

Disposition, 40 (1993-2001) 2012.”  

 

            The brain permeability of TMS was evaluated. For this we first needed a validated 

bioanalytical method for quantification of TMS in plasma and brain. We successfully 

developed a robust bioanalytical method to quantitate TMS in plasma and brain matrix. 

Our hypothesis, based on favorable TMS physicochemical properties (low molecular 
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weight, 270.32 and low polar surface area, tPSA 27.69), that it might have better brain 

permeability was found to be true. This work has been written up and is ready for 

submission for peer review. 

 

                   In summary, the kinetics of metabolites of RES i.e. R3S, R4’S and R3G were 

studied for the first time by administering the preformed metabolites. This study not only 

increases the understanding of the PK of this polyphenol and its metabolites but might 

also be applicable to other polyphenols. Pulmonary metabolism of RES was also a novel 

finding of our study. Preformed and in vivo formed R3S and R3G kinetics were 

compared and a marked difference was observed between the preformed and in vivo 

formed metabolite kinetics. TMS, a trimethoxy analog of RES, was found to have good 

brain permeability.  

 

Future Directions:  

Traditionally, variability in the pharmacokinetics of drugs has been thought to be the 

outcome of how drugs are metabolized by our body.  However, recent advances in the 

field of transporters have made it clear that behavior of drugs in the body includes an 

intricate interplay between drug metabolizing enzymes and drug transporters (Wacher et 

al., 1998; Schuetz and Schinkel, 1999; Tachibana et al., 2009). The need for better 

understanding of drug metabolizing enzyme-tranporter interplay is being increasingly 

realized to better understand and predict drug-drug interactions (DDIs) (Pang et al., 2009; 

Zhang et al., 2009). Since RES and its metabolites disposition has been intricately 

involved with transporters as well as metabolizing enzymes, they can be used as model 
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substrates to probe and advance our knowledge in the field of interplay of enzymes and 

transporters and their impact on processing of drugs and metabolites.   

 

Based on our studies it is clear that RES and its sulfated metabolites are ultimately 

metabolized into R3G which is mostly eliminated by biliary excretion into the gut, where 

it gets deconjugated to give RES locally. So, tissue levels of RES and its metabolites 

should be investigated in the colon and rectum because of its relevance to colorectal 

cancer prevention.  

 

TMS was shown to have better brain permeability and should be screened in vitro against 

various glioma cell lines, e.g. U87, and further in vivo pharmacodynamic studies can be 

performed if TMS is shown to be active in vitro.  
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APPENDIX 

 

 

 

 
Fig A: Mean plasma concentration profiles after administration of 5 mg/kg of R4’S (i.a., 

n = 4). Data is presented as mean ± SD.  

 

 

 
Fig B: Plasma concentration profile after administration of 40 mg/kg of R3S (oral, n =1)  
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 Drug administration, sample collection and urine sample preparation for 

metabolite identification study: For examination of in vivo TMS metabolism, a single 

oral dose of 20 mg/kg of TMS or saline was administered to two groups of 5 healthy 

C57BL/6 male mice. Urine samples were collected in metabolism cages (5 mice per 

cage) for 24 h after administration of vehicle (control group, n = 5) or TMS (test group, n 

= 5). These samples were stored at -80°C until analysis. To 50 uL of control and TMS 

treated group urine samples, 100uL of methanol was added to precipitate proteins. After 

centrifugation at 15000 rpm for 15 min, the supernatant was transferred into vials for 

LC/MS/MS analysis. 

 

LC/MS/MS method for metabolite identification of TMS in urine: The LC-MS/MS 

assay was carried out on an Agilent series 1100 high-performance liquid chromatography 

system equipped with a binary pump, autosampler and degasser coupled to an API 4000 

triple-quadrupole tandem mass spectrometer from ABSciex with ESI source operated in 

both negative and positive ion mode. Analyst software version 1.4.2 (ABSciex) was used 

for instrument control, data acquisition and data processing for both chromatography and 

mass spectrometry. The chromatographic separation system consisted of a guard column 

(Zorbax SB-C18, 5 um, 4.6 × 12.5 mm; Agilent Technologies), an analytical column 

(Zorbax SB-C18, 5 um, 4.6 × 250 mm; Agilent Technologies) and a mobile phase of A 

10mM ammonium acetate and B acetonitrile containing 0.2% formic acid (pH = 3). The 

elution started with 90% A at 0 min to 2 min and then to 60% at 7 min, 40% at min 12, 

10% at min 25 and 90% at min 27. Flow rate of the mobile phase was 1ml/min and the 

flow from the column was split 1:3 into an ABSciex API4000 triple quadrupole mass 
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spectrometer equipped with a Turbo ionspray source operating at 450°C. The column 

temperature was maintained at 35°C. Nitrogen was used as the curtain, collision and ion 

source gas. 

 

Preliminary metabolite identification in mouse urine: We used knowledge based 

metabolite identification strategy for structural characterization and identification of TMS 

metabolites. It has been found that demethylation (M-14) was the major 

biotransformation pathway for nobiletin (a polymethoxyflavones) (Li et al., 2006). 

Therefore, we postulated that demethylation can be the major biotransformation pathway 

for TMS. With our previous study with RES we knew that RES is a good substrate for 

phase II biotransformation, such as glucuronidation (M+176) and sulfation (M+80). So, 

we postulated that TMS after demethylation can be further glucuronidated or sulfated. In 

addition it has been also reported that RES can be metabolized to form dihydro and 

hydroxylated metabolites, such as dihydroresveratrol sulfates, glucuronides and 

piceatannol. We first used neutral loss scan (NL) mode to search all possible phase II 

conjugated metabolites from mouse urine samples collected after administration of TMS 

(20 mg/Kg oral). Identification of phase II metabolites made our work easy to identify the 

phase I metabolites, as it was easy to postulate the probable phase I metabolites which 

might have given rise to phase II metabolites. Below is the scheme of TMS metabolism 

we hypothesize based on the prior knowledge of polymethoxy flavones (Li et al., 2006), 

RES (Baur and Sinclair, 2006) and pterostilbene (Shao et al., 2010) metabolism.  
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Fig C: Proposed metabolites of TMS 

 

Product ion analysis for M2 with a m/z of 431, in negative ion mode at collision energy 

of 30 gave a major product ion peak of 255 (-14 + 176), which depicts demethylation and 

glucuronidation of TMS (Fig 8.5). A peak at m/z 431 was also observed as a single peak 

in a neutral loss scan of 176. 
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Fig D: ESI of M2 in negative ion mode at collision energy of 30. The CID porduct ion 

spectrum of M2 afforded TMS (-14 + 176). A peak at m/z 431 was also observed as a 

single peak in a neutral loss scan of 176. 
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Fig E: MRM of 434 (433 – 257) Test and Blank urine. 
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Fig F: MRM 448 (447 – 255) Test and Blank urine. 

 

Hepatic Desulfation Assay: Desulfation of R3S was determined in pooled human liver 

microsomes. Conditions of protein and time linearity were not optimized. The incubation 

mixture consisted of the substrate R3S (final concentration range of 0.01 uM to 1 mM of 

R3S) solubilized in water, alamethicin (10 ug/ml), MgCl2 (5 mM final concentration), 

and potassium phosphate buffer (10 mM, pH 6.5, 37°C). The reaction mixture was 

preincubated for 3 min in a shaking water bath at 37°C. The reaction was started by 

adding 0.5 uL of HLM (final concentration 0.5 mg/ml) and incubated in a shaking water 

bath for 60 min at 37°C. Appropriate negative control experiments were performed under 

the same conditions but without the HLM. All reactions were performed in triplicate. For 

all incubations, 5 uL of ascorbic acid (15%) and 60 uL of ice cold methanol containing 
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APAP (IS) were added to 20 uL of reaction mixture at the end of 60 min to stop the 

reaction. The kinetic profile of R3S desulfation followed partial substrate inhibition 

kinetics. The Vmax was found to be 2.26 ± 0.29 nmol/min/mg, Km to be 195.3 ± 41.96 

uM and Ki to be 1959 ± 848.9 uM.  

 

 

 

 

 

 

 

 

 

Fig G: Kinetics of RES formation from R3S in human lung microsomes. Data reported 

as mean ± standard deviation, (n = 3). The solid line represents curve fitting with the  

partial substrate inhibition equation (Eq 3.4). 

 

 

 

0 250 500 750 1000 1250
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

R3S [uM]

n
m

o
l/

m
in

/m
g

 



 212 

 
Fig H: Simplified model of RES metabolism, assuming RES is completely and 

irreversibly metabolized into R3S and R3G. 

1) When Res 15 mg/kg is dosed IA: 

Rate of change of Res (dA/dt): 

dA/dt = -(K1 + K3)*A  

DoseRes = (CL1 + CL3)* (AUC)
Res

Res
                                                      (1) 

Rate of change of R3S (dB/dt): 

dB/dt = K1*A – (K2 )*B 

0 = CL1*(AUC)
Res

Res
 – (CL2) *(AUC)

Res

R3S
  

CL1 = (CL2) *[(AUC)
Res

R3S
 / (AUC)

Res

Res
 ]                                           (2) 

 

 



 213 

 

Rate of change of R3G (dC/dt): 

dC/dt = K3*A – K4*C 

0 = CL3*(AUC)
Res

Res
  – CL4*(AUC)

Res

R3G
                                                                   (3) 

 

2) When R3S is dosed: 

Rate of change of R3S (dB/dt): 

dB/dt = K1*A – (K2)*B 

- DoseR3S = CL1 *(AUC)
R3S

Res
 - (CL2)*(AUC)

R3S

R3S
  

Since,(AUC)
R3S

Res
  is zero, as per our assumption, no RES formed after R3S administration. 

CL2 = DoseR3S/(AUC)
R3S

R3S
                                                                                       (4) 

 

3) Similarly, when R3G is dosed: 

Rate of change of R3G (dC/dt): 

 dC/dt = K3*A – K4*C 

- DoseR3G  = CL3*(AUC)
R3G

Res
  - CL4*(AUC)

R3G

R3G
       

Since the amount of RES formed from IA R3G dosing is assumed to be zero,  

 CL4 = DoseR3G
 / (AUC)

R3G

R3G
                                                                                (5) 

 

Now,  

fmR3S = CL1/(CL1+CL3) 
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So, using equations 2 and 4 we get, 

CL1 = [DoseR3S/(AUC)
R3S

R3S
 ] *[(AUC)

Res

R3S
 / (AUC)

Res

Res
 ]                        (6) 

Now using equation,  

 (CL1 + CL3) = DoseRes /(AUC)
Res

Res
                                                        (7) 

Using equations 6 and 7,  

fmR3S = [AUC)
Res

R3S
 / AUC)

R3S

R3S
 ]/ [DoseR3S

/ DoseRes]                            (8) 

Similarly, 

fmR3G = CL3/(CL1+CL3) 

So, using equations 3 and 5 we get, 

CL3 = [DoseR3G
 / (AUC)

R3G

R3G
 ]*[(AUC)

Res

R3G
 /(AUC)

Res

Res
 ]                         (9) 

So, now using equations 9 and 7 we get, 

fmR3G = [AUC)
Res

R3G
 /(AUC)

R3G

R3G
 ]/[ DoseR3G/DoseRes]                         (10) 

 

 

 

 

 


