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ABSTRACT 

Disposition and oral bioavailability studies involving non-rodent animal 

models traditionally rely upon the dog to predict human pharmacokinetics and 

oral bioavailability values during the preclinical phase of drug development. 

However, differences in oral absorption parameters suggest that the dog, in 

general, may fail to reasonably predict human values. The Yucatan micropig is 

proposed and examined as an alternative animal model for such studies. 

The presence and distribution of four major cytochrome P450 (CYP) 

enzymes (1A2, 2C19, 2D6, and 3A4) was characterized along the small intestine 

of the Yucatan micropig. Distribution patterns of these enzymes were similar to 

humans, especially for CYP3A4. CYP1A2, 2D6, and 3A4 content were greatest 

in the duodenum-upper jejunum region while CYP2C19 content was relatively 

consistent throughout the length of the small intestine. The quantity of CYP3A4 

enzymes present was substantially greater than any of the other enzymes 

examined. 

To examine the validity of using swine to predict human values, an oral 

bioavailability study was conducted in Yucatan micropigs using antipyrine as a 

model compound. Rate and extent of absorption of antipyrine in humans were 

better predicted using the Yucatan micropigs as an animal model than any other 

species (rat, monkey, dog). 
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After establishing the utility of the Yucatan micropig for absorption studies 

to predict human values, the disposition and bioavailability of components in two 

botanicals, turmeric and ginger, were examined. 

Curcumin, a major active component of turmeric, was found to have a very 

short terminal half-life due to, in part, a high blood clearance based on data 

obtained from several in vitro studies. Bioavailability of curcumin varied 

depending on the formulation administered. Large amounts of a glucuronide 

metabolite were detected after oral administration of curcumin indicating 

substantial pre-systemic metabolism. 

Unlike curcumin, 6-, 8-, and 10-gingerol, major putative components of 

ginger, were stable in blood. Terminal half-lives were only slightly longer than 

that for curcumin (10.5, 6.2, and 8.8 minutes, respectively). Formation of a 

glucuronide metabolite for each of the gingerols was observed after oral 

administration of capsules containing a crude ginger extract, but absent in the 

commercial product administered. 
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CHAPTER I. REVIEW OF SWINE AS AN ANIMAL MODEL IN ASSESSING 

DRUG DISPOSITION AND BIOAVAILABILITY IN HUMANS 

Introduction 

According to tine requirements of tfie Food and Drug Administration (FDA), 

extensive absorption, distribution, metabolism, elimination (ADME), and 

toxicologic (safety) data from preclinical rodent and non-rodent animal studies 

are needed prior to filing an investigational new drug (IND) application. The 

typical non-rodent animal model used in the United States is the dog. In Europe, 

however, the use of pig as a non-rodent animal model has increased in the past 

several of years\ 

There are several different varieties of pigs that have been used for 

research purposes. Although domestic farm pigs may be used, their excessive 

weight gain (which can exceed 400 kg) within a short period of time becomes a 

limitation in long-term studies^. The use of minipigs in biomedical research has 

become more commonplace due to their low upper limit in weight at full adult age 

(approximately 80 kg). Due to their limited weight gain, housing and handling of 

these animals require less effort than their domestic counterparts. There are 

several varieties of minipigs that are commonly used in research, including the 

Gottlngen, Hanford, Pitman Moore, Sinclair, and Yucatan strains. Smaller 

versions of minipigs, called micropigs, are also available. Essentially, these 

micropigs possess a lower weight limit at full adult age (approximately 60 kg). Of 



the available varieties of micropigs, the Yucatan micropig will be discussed in 

more detail. 

History 

The Yucatan micropig has been gaining wide popularity as an alternative 

animal model to examine drug disposition and oral bioavailability. The native and 

original habitat of the Yucatan micropig is the Frontera area of the Yucatan 

peninsula of Mexico^. An Illinois veterinarian by the name of Harry Quick came 

across these petite, dark-colored, hairless, and friendly pigs that were kept as 

housepets by the natives of the area. With consent from the USDA, Quick 

arranged for 25 minipigs to be brought into the US in 1960, eventually named 

them "Labco" pigs, and began breeding them at his farm in rural Illinois mostly for 

research laboratories in the Chicago area. These pigs were eventually sold to 

the Thompson Research Farm located in Monee, IL in the mid-1960s, who then 

renamed the animals as Yucatan miniature pigs. During their stay, the resident 

farm swine at the Thompson Research Farm entered the pens housing the 

Yucatans resulting in the introduction of white color and haircoat into the strain. 

In spite of this accident, it appeared that the majority of the animals still retained 

the original Mexican phenotype of the pigs imported by Quick. In 1972-1973, 

Colorado State University (CSU) acquired several animals from the breeding 

stock from the Thompson Research Farm. A breeding program was established 

at the university (CSU Swine Research Laboratory) where the characterization of 



the pig as a laboratory animal was initiated. Another small boar was selected 

from the Thompson Farm and brought back to CSU in 1975. This boar produced 

only a single litter in 1976 that had one female survivor, who was named 

"Martha". This pig became the smallest Yucatan created by the CSU program, 

weighing only 27 kg after two years. Consequently, "Martha" was recognized as 

the first micro-sized Yucatan and launched the development of the Yucatan 

micropig"*. 

Advantages 

There are several reasons for using the pig as a non-rodent animal model 

in preclinical studies. First, the anatomical and physiological profiles of the pig 

are similar to the human®. The gastrointestinal tract (GIT) and the liver of the pig 

are also similar to humans, which will be discussed in the next section in more 

detail. The similarities of the GIT and liver of the pig may allow better prediction 

of oral bioavailability and drug metabolism, especially the first-pass effect, in 

humans. The fact that the pig is considered as livestock, as an uncommon 

companion animal, and is consumed as food generates less controversy 

regarding animal research as opposed to the use of dogs. In terms of the cost 

and maintenance, pigs are actually more economical than dogs. The initial 

purchase price of a pig is comparable to that of dog, but daily maintenance of a 

pig is less time consuming and less expensive than a dog because pigs are, by 

nature, independent creatures. Therefore, unlike dogs, pigs do not need 



recreation time with personnel. Another benefit is the length of time the animals 

can be used. Due to the advent of the vascular access port (VAP), which allows 

continuous access to venous blood, pigs can be used for long-term studies, such 

as multiple dosing and crossover experiments. Because the weight of minipigs 

and micropigs are more similar to humans than any other species typically used 

In animal research, an ample source of blood is available to permit longer blood 

sampling schedules and larger blood sample volumes. The limitation of using 

the pig for long-term studies is dependent upon the patency of the VAP. In terms 

of their behavior, micropigs have a calm and friendly disposition comparable to 

dogs. 

The pig is a practical, and sometimes preferred, model for examining drug 

disposition and bioavailability when compounds are delivered via an alternate 

route of administration. For dermal studies, the pig is the standard model to use 

when examining transdermal delivery of drugs due to the similarities of pig skin to 

human skin. Most studies indicate that transdermal penetration through porcine 

skin is approximately the same as through human skin\ Riviere et al.^ reported 

the use of the isolated perfused skin flap of pigs to study percutaneous 

absorption and cutaneous toxicology in humans. Additionally, there have been 

several studies that have examined the absorption of insecticides through the 

porcine skin^'®. Using pigs as an animal model to predict buccal absorption of 

drugs in humans has been receiving interest as welP. The presence of an 

unkeratinized epithelium in the mouth of the pig, which is very similar to the 
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human buccal epithelium, facilitates a comparison between the two species®'^°. 

The pig can also be used as a model for humans in pharmacokinetic and 

formulation studies of intramuscular injections^A study by Svendsen et 

indicated that pigs produced comparable blood concentration-time profiles of oil 

formulations as those measured in man. 

Characteristics of the gut 

Ideally, an animal model chosen for oral bioavailability studies should 

have a gastrointestinal tract with maximum anatomical likeness, similar 

physiological characteristics, such as motility, local pH values, functionality of the 

mucosa, secretory levels of gastric and pancreatic juices, bile composition, and 

microbial population, sites of absorption, transport mechanisms, and enzyme 

siystems with that of humans\ As briefly mentioned before, the most common 

animal model used for preclinical studies, such as oral bioavailability studies, is 

the dog. Although the dog is a well-established model that is the standard animal 

used for non-rodent studies, specifically for investigating rate and extent of 

absorption of a drug, there are several physiological and anatomical parameters 

of the dog that differ from humans that may result in poor prediction of human 

bioavailability^(Tables 1 and 2). 

An alternate animal model to consider for in vivo oral bioavailability studies 

is the pig for several reasons. Across various species, comparison of the 

physiology and anatomy of the gastrointestinal tract (GIT) reveals that the pig 



may be more comparable to humans. As shown in Table 1, the total length of 

the Gl tract of humans is approximately 20 ft. while the length of the pig GIT is 27 

ft. The height of villi in the intestine of pigs is also similar to humans (0.41-0.77 

and 0.5-1.5 mm). The, duodenal diameter of the pig is more similar to that of 

humans than any other routinely researched animal species (2.5-3.5 vs. 3-4 cm). 

Although the bile concentration of the pig is approximately 3-fold less than that of 

humans, gut hormones and digestive enzymes are comparable (Table 2). 

Intestinal pH of the pig, however, is also sNghtly higher in the fasted state (pH 

7.2) similar to the dog. Pancreatic juice flow rate of the pig is identical to that of 

humans (1 mL/min). Pigs have a larger caecum and longer ascending colon 

than humans, and the transverse colon is relatively short\ 

Another factor that supports the use of the pig in bioavailability studies is 

the resemblance in the content of cytochrome P450 (CYP) enzymes present in 

the small intestine, a secondary location for presystemic metabolism, in both 

humans and pigs. Several phase I and II enzymes expressed at the primary site 

of presystemic metabolism, the liver, have also been shown to be expressed in 

the small intestine, where they reside in the epithelial cells (enterocytes)^®"^^. It is 

these enzymes that 'see' orally ingested compounds before any other major drug 

metabolizing enzymes along the oral route. Therefore, a significant opportunity 

to metabolize compounds prior to the liver exists at this site. Results from one 

study suggested that both conjugation to glucuronides and oxidation are 

performed very efficiently in the gut wall\ 



As in the liver, the CYP isoform that is largely responsible for drug 

metabolism in the small intestine of humans is CYP3A4. In mice and rats, this 

Isozyme is not present constitutively or via enzyme induction in the small 

intestine^Pigs, in contrast, possess proteins that are detectable by anti-

human antibodies for 3A4, which suggest immunochemical similarities between 

the two species (see Chapter 2 for more details). In addition, the distribution 

pattern of this enzyme, a decrease in amount from the proximal to the distal 

portion of the small intestine, is similar to the pattern found in humans^°'^\ Other 

human CYP proteins that have been found through immunoblotting include 

CYP1A1, 2C19, and 2D6. These same enzymes have also been detected along 

the length of the small intestine of pigs to some degree (refer to Chapter 2). In 

contrast, using antibodies that detect rat CYP isoforms, Zhang et a/.^® could 

detect only general subfamilies (i.e., 2C and 3A) from the small intestine of mice; 

specific members from the subfamilies were not identified. This establishes a 

weak correlation and homology between mouse and human CYP isozymes 

especially since the antibodies that were used were not specific for human 

proteins. 

The parallel regarding the presence of the efflux transporter, P-

glycoprotein (P-gp), in the small intestine of both pig and human is additional 

support to using pigs as an animal model. Efflux transporters play an integral 

role in absorption of drugs that is equally important in function as the CYP 

enzymes. Mouly et alj^^ investigated the pattern of P-gp in the small intestine of 



humans. In the study, it was shown that P-gp increased from the duodenum to 

the ileum along the length of the human small intestine. Similarly, in the pig, P-

gp content also increases from the proximal to distal regions of the small 

intestine^^. 

Where gastrointestinal function in the pig may deviate from that in humans 

is with regard to gastric emptying. Gastric emptying affects dissolution and 

absorption of oral drugs. In the pig, it has been shown that the emptying of food 

is bimodal, with approximately 30-40% of contents emptying into the duodenum 

within 15 minutes followed by a more sustained emptying about an hour later\ 

Emptying can also be incomplete, and there may be food present in the stomach 

24 h a day. A study by Aoyagi et showed that, when nondigestable tablets 

and granules were given to dogs, minipigs, and stomach-emptying controlled 

rabbits in a fasted state, the rate of gastric emptying for the minipig was slower 

than that of human while the dog seemed to best relate to human gastric 

emptying. Pigs were also found to be an unsuitable model for evaluating 

nondisintegrating and nonerodible controlled-release dosage forms because total 

Gl transit time (especially gastric transit) is greatly delayed^®. Conversely, a 

study by Davis et al.^^ showed that although gastric emptying of liquid, pellet, and 

tablet formulations in the pig was slower than that found in human, the small 

intestinal transit and total transit were similar in both species. For studies 

investigating food effects, the pig has shown bioavailability values much more 

similar to human than dog (unpublished data). 
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Characteristics of the liver 

Finding a more convenient animal model that mimics human drug 

metabolism would be advantageous. The most common animal model used to 

predict human drug metabolism is the rat. Many drug-drug interaction studies 

have been done using rat liver hepatocytes. However, there are many 

disadvantages to using the rat as an animal model for humans. The most 

significant difference between the rat and human, in terms of drug metabolism, is 

the absence of the CYP3A4 enzyme in rats^^. Rather, CYP3A2 is found in the 

liver of rats. CYP3A4 may be expressed if induced. A study by Li et 

investigated the induction potential of rifampin, a potent CYP3A4 inducer, in rat, 

rabbit, and human liver hepatocytes. It was found that rifampin was a potent 

inducer in humans and rabbits but a poor inducer in the rat. The rat was not a 

useful in vivo model under normal dosing conditions. It was also reported that 

omeprazole, a classic CYP1A2 inducer in humans, did not induce CYP1A2 

enzymes in rats either in vitro or in vivc^^. Phenobarbital induces predominantly 

members of CYP2B subfamily in rats, whereas in humans it appears that the 

major form that is induced belongs to the CYP3A subfamily^". In a study by 

Harvey et al.^\ induction of CYP1A1 was present in human hepatocytes but not 

in the rat. 

Rabbits have also been used in predicting drug interactions in the human. 

Like the rat, the rabbit possesses different CYP isozymes than found in humans. 



Omeprazole has shown no inductive effect in mice or rabbits that is present in 

humans^^. 

For in vivo drug metabolism studies, the pig has been suggested as a 

suitable animal model for a number of reasons. First, the pig has been shown to 

possess hepatic isozymes similar to those in humans (Table 3). Anzenbacher et 

al.^^ examined the activity of seven different cytochrome P450 isoforms in both 

pigs and humans. Enzyme activity of CYP3A4 was very similar to the human. 

The absence of CYP2B activity was also detected. This was significant because 

many other species used to characterize and predict biotransformation governed 

by GYP enzymes {e.g., rat, rabbit, etc.) are found to possess CYP2B activity 

even though humans lack this. The investigators also reported the co-migration 

of minipig liver microsomes with human CYP3A4 and CYP3A5 in a Western blot, 

indicating that minipigs have proteins that are immunochemically similar to 

human CYP3A4 and/or CYP3A5. Souhaili-el Amri et al.^^ reported the 

similarities of the cytochrome P450, cytochrome b5, and NADPH-cytochrome c 

reductase contents in the liver between seven different species, including pig and 

human (Table 4). For all three categories, the pig was most similar in content to 

humans. In a study by Olsen et al.^'^, the pig was found to be a good model for 

humans when comparing regulation of CYP3A. There was a correlation between 

drugs increasing CYP3A activity and protein levels in pig hepatocytes and drugs 

causing interactions in humans. 
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Table 1.1 
Comparison of the gastrointestinal tract anatomy of various species 

Species Total length (ft) Villi height (mm) Duodenal diameter (cm) 
Dog 10 — 2.0-2.5 

Monkey — — 1.5-2.0 
Pig (22-30 kg) 27 0.4 - 0.8 2.5-3.5 

Human 20 0.5 - 1.5 3.0 - 4.0 



Table 1.2 
Comparison of the gastrointestinal tract physiology of various species 

Species Bile concentration Bile flow rate Pancreatic juice Intestinal pH 
(Lydav) flow rate (ml_/min) Fasted Fed 

Dog 8x-10x 0.1 - 0.4 2.0-3.0 6.5-7.5 6.5-6.9 
Monkey — — 

— 5.5 - 9.0 — 

Pig (22-30 l<g) 2x — 1.0 7.2 — 

Human 5x 0.8-1.0 1.0 5.6 - 6.4 5.0-5.8 



Table 1.3 
Enzyme activities characteristic of various cytochrome P450 isoforms in microsomes of minipig and 

human origln^^ 

Activity 
Isoform Activity/substrate Minipig® Human'' Minipig:human ratio 

pmol product/min/nmol CYP 
CYP3A4 Nifedipine oxidation 2193 + 523 2205±1080 0.99 

Testosterone 6b-hydroxylation 1330 + 203 1340+1590 0.99 
CYP1A 7-ethoxyresorufin 0-deethylation 27.3+10.5 190 ±99 0.14 
CYP2A Coumarin 7-hydroxylation 210 + 70 1114 ±302 0.19 
CYP2B 7-pentoxyresorufin 0-depentylation ND' ND ND 
CYP2C Tolbutamide methyl-hydroxylation 770 ± 203 395±151 1.95 
CYP2D Bufuralol 1 '-hydroxylation 137 + 31 182 ±73 0.75 
CYP2E1 Chlorozoxazone S-hydroxylation 1131+170 3161 ±1117 0.36 

Values are mean ± SD 
All samples were assayed in duplicate; variability between duplicates was <10% 

= 7 for nifedipine oxidation; N = 5 for other activities 
= 11 except for testosterone hydroxylation, where N = 7 

'^ND; not detectable 



Table 1.4 
Monooxygenase complex in liver microsomes of four mammalian species^^ 

Species Total cytochrome P450 Total cytochrome b5 NADPH-cytochrome c reductase activity^ 
(nmol/mg microsomal protein) (nmol/mg microsomal protein) (nmol/min/mg microsomal protein) 

Sprague-Dawley rat 0.58 ± 0.02 (>1)® 0.26 ± 0.02 (~1) 133.2 ± 8.2 (>1) 
n = 10 

Monkey 0.74 ± 0.02 (»1) 0.45 ± 0.03 (~1) 129.6 ± 13.3 (>1) 
n = 10 

Pig castrated 0.38 ± 0.08 (~1) 0.33 ± 0.09 (~1) 117.1 ± 18.3 (>1) 
n = 4 

Human 0.31 ±0.09 0.29 + 0.11 99.8 ±14.4 
n = 5 

®Ratio of mean content in animal to mean content in human 
Results are expressed as mean standard deviation 
Each determination was performed in duplicate 
n: number of animals 



CHAPTER II. CHARACTERIZATION OF CYTOCHROME P450 (CYP) 

ENZYMES IN THE SMALL INTESTINE OF THE YUCATAN MICROPIG 

Introduction 

The liver has classically been recognized as the major organ responsible 

for drug metabolism. Yet, there has been an increased awareness of the 

significant role that the epithelial cells (enterocytes) of the small intestine play 

alongside the liver in presystemic (first-pass) metabolism^^'^^. Along the oral 

route, the small intestine is the first important site where the metabolic fate of 

orally ingested compounds is determined. Overall enzymatic expression and 

activity are generally lower in the gut than the liver^^'^®; however, increased 

residence time in and the large surface area of the small intestine compensates 

for this by providing compounds a greater exposure to those enzymes. As in the 

liver, the prime determining factors responsible for, but not limited to, this 

outcome in the small intestine are the cytochrome P450 (CYP) enzymes. CYP 

enzymes are membrane-bound hemoproteins responsible for the oxidative 

biotransformation of xenobiotics as well as endogenous biochemicals, such as 

steroids and fatty acids. The specific CYP enzymes that mediate 

biotransformation are primarily those belonging to the CYP1, 2, and 3 families. 

In particular, five members of the cytochrome P450 family are extensively 

involved in metabolism: 1A2, 2C9, 2C19, 2D6, and 3A4. The most abundant of 

these isoforms in the small intestine, as in the liver, is CYP3A4. It has been 



estimated tliat at least 50% of all drugs are metabolized by this enzyme^^. 

CYP3A4 is found in large amounts, especially in the small intestine and liver 

where it plays a key role in first-pass metabolism®®"^®. Interestingly, CYP3A4 is 

expressed at higher levels in women than men, suggesting that there is 

endogenous hormonal regulation of this enzyme'^^ This finding may contribute, 

in part, to the high degree of variability in enzyme expression, catalytic activity, 

and, as a result, oral bioavailability across subjects. Other drug-metabolizing 

enzymes expressed in the small intestine include phase II enzymes, such as 

UDP-glucuronosyl transferases, sulfotransferases, glutathione S-transferases, 

and N-acetyl transferases. 

Animal models can be a useful predictor of the presystemic metabolism in 

humans if similar qualitative and quantitative enzymatic profiles in the small 

intestine and liver are found in both species. To select a suitable animal model 

for in vivo studies, prior identification and characterization of the CYP enzymes 

in these two organs are necessary. The livers of various species have been 

extensively studied and reported in the literature^^'^®'®®'^^'^®. Of the species 

investigated, several different studies suggest that the hepatic isozymes of pigs 

are most similar to those in human^^'^®'"^^. In regards to the small intestine, there 

is limited enzymatic data for the pig. Only one study on porcine enterocytes has 

been reported in which investigators noted the detection of CYP1A1 and 3A4 

proteins using Western blotting analysis"^"^. A few studies, in rat^®'®^ and 

human^°'^^'®®''^^, have been conducted; other species have been analyzed to a 
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lesser extent^Results obtained from studies performed in rodents and 

canines suggest that these animal models may be weak predictors of human 

intestinal metabolism^®'^^. For example, the lack of constitutive expression of 

major CYP enzymes that are present in humans is a disadvantage of the rat. 

Immunoblotting experiments revealed the presence of CYP1A1 and 3A1/2 in rat 

small intestinal epithelial cells only after these enzymes were induced^®. In a 

comparative study across three different species (dog, monkey, and human), it 

was found that CYP1A1/2, 2D6, and 3A were present in human and monkey 

intestines and only CYP3A was detected in dog intestines'^^. Unlike the rat, 

Zhang et a/.^® reported constitutive expression of CYP1A1, 1B1, 2B, 2C, 2E1, 

and 3A in mouse enterocytes, which suggests that the mouse may be a decent 

in vitro model for intestinal metabolism. Although the mouse and monkey 

express CYP enzymes that reflect those expressed in human, these species are 

not reasonable candidates for in vivo drug metabolism studies for various 

reasons, including the size of the animal, experimental costs, and lack of data. 

To address the lack of intestinal enzymatic data for the pig, 

immunoblotting studies were conducted using small Intestinal epithelial cells 

from Yucatan micropigs. The protein content of four major CYP enzymes (1A2, 

2C19, 2D6, and 3A4) was characterized along the entire length of the small 

intestine. 
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Experimental 

Chemicals 

Potassium chloride, sodium phosphate dibasic anhydrous, 

phenylmethylsulfonyl fluoride (PMSF), phosphate buffered saline, EDTA, 

dithiothreitol (DTT), pepstatin, leupeptin, Trizma® HCI, Trizma® base, Tween 20, 

TEMED, bromophenol blue, glycerol, ammonium persulfate, thimerasol, and 

CAPS was purchased from Sigma Chemical Co. (St. Louis, MO). Sodium 

chloride, sodium citrate dihydrate, potassiunn phosphate monobasic, and HPLC-

grade methanol were purchased from VWR Scientific (South Plainfieid, NJ). 

Sodium dodecyl sulfate (SDS), acrylamide, and bisacrylamide were obtained 

from Bio-Rad (Hercules, CA). Glycine was purchased from ICN Biomedicals, 

Inc. (Irvine, CA), heparin was obtained from ESI Pharmaceuticals (Cherry Hill, 

NJ), and nonfat dry milk was purchased from the local store. 

Animals 

Male uncastrated Yucatan micropigs (S&S Farms, Rachita, CA) used in 

this study weighed no less than 45 kg. Animals were housed in runs, were fed, 

twice a day, 14 oz of Harlan-Teklad Minipig diet 8753 containing approximately 

16% protein, 3% fat, and 14% fiber and allowed free access to water. Although 

these pigs were used previously in unrelated studies, a washout period of at least 

two weeks expired, where no drugs were administered, prior to use in this study. 

This was done in order to avoid any possible Inhibition or induction effects from 



the drugs given, none of which have been shown to cause alteration in enzyme 

activity. Study protocols were approved by the Institutional Animal Care and Use 

Committee of the University of Arizona. 

Tissue harvest and enterocyte isolation 

Animals were fasted overnight before euthanization the following morning. 

Immediately after the pig was euthanized by a 1 ml_/4.5 kg injection of sodium 

pentobarbital, the entire small intestine was removed from the animal and rinsed 

with ice cold saline. The lumen of the intestine was washed with an ice cold UW 

organ preservation solution (ViaSpan, DuPont, Wilmington, DE) to flush out 

residual contents and waste from the lumen. The small intestine was placed on 

a bed of ice for transport to the laboratory for further processing. At the 

laboratory, unnecessary connective tissue was removed from the exterior of the 

intestines and discarded. The intestines were then divided into 1 foot segments 

(36-41 one-foot segments in total) and tagged according to their segment 

number for identification during the enterocyte isolation. 

Enterocytes were eluted using an elution method modified from Zhang et 

alP Approximately 15 intestinal segments were filled halfway (about 30 mL) with 

an initial wash solution (solution A), which contained 1.5 mM KOI, 96 mM NaCI, 

27 mM sodium citrate dihydrate, 8 mM potassium phosphate monobasic, 5.6 mM 

sodium phosphate dibasic anhydrous, and 40 |a.g/mL phenylmethylsulfonyl 

fluoride (PMSF; pH 7.4). The open end of the segments was tied and the closed 



segments were shaken horizontally for 10 minutes in order to remove any 

remaining particulates from the lumen. Following the wash, the ties were 

removed and solution A was drained and discarded from the intestinal segments. 

Approximately 15 mL of phosphate buffered saline (solution B) containing 1.5 

mM EDTA, 3 U/mL heparin, 40 ^ig/mL PMSF, and 0.5 mM dithiothreitol were then 

added to each segment. The open end of each intestinal segment was again 

tied and the sealed segments were shaken for 15 minutes on a bed of ice to 

elute the enterocytes. This procedure was performed a total of three times. After 

each elution, the ties were removed and the 15 mL aliquots were collected in a 

50 mL polypropylene test tube (VWR Scientific, South Plainfield, NJ). After the 

collection of three 15 mL elution fractions (total of about 45 mL), the 50 mL test 

tubes were centrifuged at 3100 rpm for 5 minutes to pellet the eluted enterocytes. 

The test tubes were placed in an ice bed following each 5 min centrifuge run for 

at least 5 minutes in order to preserve the integrity of the enterocytes since a 

refrigerated centrifuge was not available. The supernatant was removed and 

discarded. The remaining pellet of enterocytes was stored at -70°C for further 

processing. 

All intestinal segments and epithelial cells were kept on ice whenever 

possible throughout the intestinal tissue harvest, segment preparation, and the 

enterocyte elution procedure. Solutions A and B were stored either at 0-4°C or 

on ice during use. 
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Total protein isolation 

Approximately 75 |iL of isolated enterocytes were transferred to a 1.7 mL 

microcentrifuge tube (Phenix Research Products, Hayward, CA). One mL 

sodium dodecyl sulfate (SDS) lysis buffer (0.05 M phosphate buffer pH 7.2, 3% 

SDS, 0.1 M NaCI, 0.1 mM pepstatin, 0.1 mM leupeptin, 1 mM PMSF, 2 mM 

dithiothreitol), modified from Collett et al^^, was added to the cells. A 22-gauge 

needle (1.5 inch) attached to a 1 mL syringe was used to homogenize the 

enterocytes by drawing the mixture into and out of the syringe several times. 

Once homogenized, the tube was allowed to sit in ice for 45 minutes. During this 

time, the tubes were occasionally removed from the ice and manually inverted for 

a few minutes when cloudiness of the mixture was detected. This agitation was 

to prevent the solidification of the SDS buffer. After the ice incubation, the tubes 

vyere centrifuged at 14,000 x g for 30 minutes at 4°C. The supernatant, which 

contained the total protein, was immediately separated from the pellet and 

transferred to a new 1.5 mL microcentrifuge tube. The protein concentration of 

the samples was determined by the Lowry method using a BSA protein assay kit 

(Pierce, Rockford, IL). The standard curve used in the protein assay was 

modified in order to account for the background absorbance in the protein 

samples caused by leupeptin and pepstatin in the SDS lysis buffer. Once the 

concentrations of the proteins were determined, the samples were divided into 

smaller aliquots so that freeze-thaw cycles would be minimized and stored in a -

20°C freezer until use. 
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Gel electrophoresis and Western blot 

Proteins (150 |xg) from each segment were resolved on a 9% SDS-

polyacrylamide gel. Human microsomal standards and pre-stained high range 

molecular weight "ladder" (Bio-Rad, Hercules, CA) were loaded onto the gel 

along with the protein samples. The gel was run overnight for approximately 17 

hours at 60 V and 10 mA. The gel was electrophoretically transferred to a 

nitrocellulose membrane (pore size: 0.45 (xm; ISC Bioexpress, Kaysville, UT) 

using a Hoefer transfer apparatus (Amersham Biosciences, Piscataway, NJ) set 

at 1000 mV for one hour. The membrane was incubated in 2.5% nonfat milk in 

TTBS buffer (20 Tris-HCI, 135 mM NaCI, 0.15% Tween 20) with 0.01% 

thimerasol for 1.5 hours followed by incubation with a primary antibody, diluted 

with the 2.5% milk in TTBS buffer, for 1 hour. The membrane was washed three 

times with TTBS buffer and then incubated with an HRP-labeled secondary 

antibody, diluted with the 2.5% milk in TTBS buffer, for 1 hour. The membrane 

was rinsed three times with TTBS, and the proteins were visualized using 

enhanced chemiluminescence (SuperSignal West Pico chemiluminescent kit. 

Pierce, Rockford, IL). X-ray films (Kodak X-OMAT LS film; VWR Scientific, South 

Plainfield, NJ) were exposed for various amounts of time depending of the CYP 

enzyme of interest. The membranes were then stored in pH 7.4 phosphate 

buffered saline (PBS) at 0°C for future p-actin determination (performed within 

three days of CYP determination). 
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To determine tine elution and protein isolation reproducibility across 

intestinal segments and to assure consistent loading of proteins onto the gel, the 

amount of p-actin was assessed in each sample. The nitrocellulose membrane 

was removed from the pH 7.4 PBS solution after probing for the specific CYP 

enzyme. The primary and secondary antibodies attached to the nitrocellulose 

membrane from the previous CYP probing were stripped using Restore Western 

Blot Stripping Buffer (Pierce, Rockford, IL). The antibody probing procedure 

using anti-p-actin primary antibody (Sigma Chemical Co., St. Louis, MO) was 

identical to that described above for the CYP probing procedure. The secondary 

antibody was purchased from Zymed Laboratories (South San Francisco, CA). 

A summary of the experimental conditions for each CYP enzyme and p-

actin is listed in Table 1. The length of the small intestine of at least 3 animals 

was examined for each enzyme. 

Protein Quantification 

The x-ray films were scanned and the density of the protein bands in 

question was determined by Scion Image 2.0 (Scion Corporation, Frederick, 

MD). Calibration curves were generated over three days by loading increasing 

amounts of human microsomal standards of the CYP enzymes onto gels for 

validation. 
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Results 

The method used to elute the epithelial cells from the lumen of the small 

intestine of the micropig, the protein isolation procedure, and the loading of 

proteins onto the gel were reproducible and consistent across segments based 

on the uniform bands observed for the internal control, p-actin (Figure 1). In 

general, the enterocyte yield was greatest in the jejunum (Figure 2a-f). This was 

consistent with rat results reported in the literature^®. All standards for the CYP 

enzymes investigated were human microsomes containing lymphoblast-

expressed CYP enzymes and, as suggested by Anzenbacher et probing for 

the CYP enzymes was achieved using anti-human antiserum (with the exception 

of anti-rat CYP1A1/2 antiserum) in order to better compare the results of this 

study to findings in humans. A linear relationship between the optical density of 

the bands and the amount of CYP standard loaded was found for each of the 

four CYP enzymes (Figures 3a-d). In each calibration curve, four different 

amounts were loaded in order to establish the linear range. Coefficients of 

determination (r^) ranged from 0.9113 to 0.9952 regardless of the CYP enzyme 

being examined (Table 2). 

Immunoblot analysis using anti-human and anti-rat (for CYP1A1/2) 

antiserum against four human CYP enzymes (CYP1A2, 2C19, 2D6, and 3A4) 

revealed the presence of all four CYP enzymes in Yucatan micropig small 

intestinal epithelial cells. The immunoblotting results for the four CYP isoforms 

are shown in Figures 4 to 7. 



The total amounts of each CYP enzyme present across intestinal 

segments are represented in Figures 8a-d. Regardless of intestinal region, the 

most significant isoform detected, in terms of amount, was CYP3A4 (as high as 

117 pmole/mg protein). The maximal amounts of CYP1A2, 2C19, and 2D6 

detected in any given segment were 2.65, 8.75, and 0.22 pmole/mg protein, 

respectively. Large interindividual variability of CYP content was noted for all the 

isoforms. For CYP1A2, 2C19, 2D6, and 3A4, the protein content observed 

across pigs varied 14-fold, 1.5-fold, 5.8-fold, and 13-fold, respectively. 

In addition to determining the CYP content in each intestinal segment, the 

distribution of the various CYP enzymes along the small intestine was also 

analyzed. The distribution profiles of each of the four CYP isozymes investigated 

along the small intestine are provided in Figures 8a-d. Protein expression of 

CYP1A2, 2D6, and 3A4 was greatest in the duodenum and decreased distally; a 

weak signal was found in segments of the distal jejunum and ileum for CYP1A2 

and 3A4. CYP2C19 was distributed more evenly along the entire length of the 

small intestine. The distributions observed were consistent in all animal subjects, 

regardless of the absolute amount detected within each small intestine analyzed. 
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Discussion 

Several studies have been performed to characterize the enzymes 

present in the small Intestine of various species In order compare the results to 

humans^®'^®'"^®'"^^. Cytochrome P4503A4 has been shown to be the most 

abundant enzyme in the small intestine of every species investigated thus far 

(mouse, rat, dog, monkey)^®'^®'^^. These results are consistent with the well-

established observation from immunoblotting and enzyme activity studies that 

CYP3A4 is the predominant CYP isoform in the human small intestine^"'^^''^^'^^. 

Although these findings are consistent with regard to the expression of CYP3A4, 

other important CYP isoforms found in the small intestine of humans are missing 

in these species. For example, constitutive expression of CYP1A1/2 was 

deficient in rats and dogs despite the fact that humans express this protein^®'"^^. 

Only after induction of this enzyme with p-naphthoflavone (BNF) did 

immunoblotting analysis detect bands corresponding to CYP1A1 in rats. 

Expression of CYP1A1 in mice was detectable only after exposing the 

nitrocellulose membranes to x-ray film for an extended period of time, indicating 

very low levels of protein expression^^. CYP1A1 in mice, as in the rat, also 

displayed a strong signal after induction of the enzyme. The mouse did, 

however, show evidence of CYP2C expression, which is the second most 

expressed CYP isoform in the human small intestine according to 

immunoblotting and enzyme activity studies^^'®®"^®. The absence of CYP2D6 in 

the small intestine of dogs was also observed'^^. Unlike those species 



mentioned, monkeys iiave been shown to possess similar CYP enzymes found 

in humans'*^. CYP1A1/2, 2D6, and 3A4 were all detected from microsomal 

samples of monkey intestines, as reported in humans. However, the use of 

monkeys in oral bioavailability studies is not practical, due to handling difficulties, 

animal rights issues, and costs. A promising alternative to the monkey, as 

demonstrated by the results from this study, is the pig. 

In a study by Myers et al^^, it has been shown that CYP homologs that 

are immunochemically related to human variants were found in swine liver 

microsomes. However, in that study, evidence of species differences in the 

molecular weights of certain CYP enzymes was reported. Results that suggest 

such differences were observed for CYP1A1/2, 2C19, and 2D6 in this study. The 

comigration of a single band with the human microsomal standard for CYP3A4 

and 2D6 and dual bands with the human microsomal standards for CYP1A1/2 

and 2C19 was observed. The presence of two bands in the pig intestinal 

proteins after probing with anti-rat CYP1A1, which also detects human CYP1A1 

and 1A2, made the results difficult to interpret. Neither band was aligned with 

the specific standard for human CYP1A2. It is possible that the bands represent 

a version of CYP1A1 and 1A2, or other orthologs of the CYP1A subfamily that is 

specific for pig. Conserved region(s) in the primary amino acid sequence may 

exist where the antibodies are capable of binding, thus resulting in a 

chemiluminescent signal. However, variances in other parts of the amino acid 

sequence could change the molecular weight. Further enzyme activity studies 
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with enterocytes should be conducted to determine substrate specificities of the 

enzymes. 

Although very weak, the anti-human antibody used to probe for CYP2C19 

had the potential to cross-react with several CYP proteins, including 1A2, 2A6, 

2B6, and 3A5. It is possible that one of the two bands was a result of cross-

reactivity or may be a different member from the CYP2C subfamily due to 

species differences. Phenotypic analysis of the immunochemical identity of 

porcine CYP2C homologs demonstrated that swine have at least four distinct 

members of this subfamily, none of which corresponds in molecular weight to 

CYP2C6, 2C8, 2C9, 2C11, 2C13, or 2C19^l The CYP2 family is also classically 

recognized for its genetic variants in humans; the likelihood that pigs may also 

possess genetic variants of enzymes in the CYP2C subfamily should not be 

disregarded. Regardless of the band analyzed, the overall trend for CYP2C19 

content along the length of the intestine was the same for both bands. The more 

mobile of the two bands was ultimately chosen for quantitation because it was 

most similar in molecular weight to the standard. 

Bands that possessed a heavier molecular weight than the human 

CYP2D6 standard were observed in the pig samples. The signal intensity, 

however, was strong, suggesting that the discrepancy in molecular weight is due 

to a difference in species. 

The findings from this study indicate that CYP3A4 was present in the 

greatest amount in the small intestine of pigs, which is analogous to humans. 



The presence of other isozymes (CYP1A1 and 2C) has been detected in human 

small intestines^®'"^^. In another study, CYP1A1 was weakly expressed in only 

two of eight donor intestines investigated, whereas 2D6 was not detected^^ 

Further evidence of CYP1A1 expression in 3 of 18 human small intestinal 

preparations using an anti-rat CYP1A1/2 antibody was shown by Paine et al.^° 

Weak detection of CYP1A1/2 was also found In the small intestine of pigs in this 

study; however, CYP2D6 was also weakly detected in the intestinal segments as 

well. Although Zhang et failed to detect CYP2D6 in their human intestinal 

enterocyte preparations, other investigators'^^'^^ have reported expression of 

CYP2D6 in humans. 

While some studies have investigated the CYP content in a single sample 

representing only a section of the intestine, like the jejunum, others have 

examined CYP content along the length of the intestine^®"^\ These studies have 

provided a more detailed representation of the distribution of enzymes than a 

single sample would. However, only a general trend of the distribution can be 

assessed due to the segmentation of the small intestine; usually the small 

intestine is divided into six sections from which enterocytes are obtained and 

analyzed for CYP content. In this study, segments (ranging from 38 to 41 1-foot 

segments) from the small intestine of pigs were analyzed in order to provide a 

more complete and extensive profile of CYP enzyme distribution. The 

distribution of CYP proteins along the length of the pig small intestine resembled 

the pattern observed in humans. Zhang et alP showed that CYP3A4 was 



strongly expressed in all regions along the human small intestines examined. 

The general distribution of CYP3A4 and 2C in humans was found to decrease 

dramatically in the distal portion of the small intestine. In pigs, CYP3A4 

concentrations also declined in the regions located distally. Concentrations of 

CYP2C19 in the pig increased slightly in the duodenum and the proximal region 

of the jejunum and slightly decreased in subsequent segments. 

In summary, this study has detected the presence of four major drug 

metabolizing enzymes, especially the dorriinant CYP3A4 enzyme, in the pig 

small intestine. Ranking, based on protein amount, is similar between pig and 

human for the CYP isoforms. A comprehensive analysis of the distribution of the 

enzymes along the entire length of the small intestine in pigs was accomplished, 

and the results are consistent with those found in human small intestine. 

Growing evidence, including results reported here, support the use of the pig as 

an alternative to other more commonly used animal models, especially for in vivo 

oral bioavailability studies. 
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Figure 2.1. Western blot of (3-actin content along the small 
intestine of individual Yucatan micropigs. 
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Figure 2.2. Elution of enterocytes along tfie length of the small intestine in six Yucatan micropigs. 
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Figure 2.3. Calibration curve of loaded amounts of human microsomes containing select lymphoblast-expressed 
cytochrome P450 enzymes. 
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Figure 2.4. Western blot of CYP1A2 content along the small 
intestine of individual Yucatan micropigs. 
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Figure 2.5. Western blot of CYP2C19 content along the small intestine 
of individual Yucatan micropigs. 
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Figure 2.6. Western blot of CYP2D6 content along the small 
intestine of individual Yucatan micropigs. 
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Figure 2.6 (continued). Western blot of CYP2D6 content along 
the small intestine of individual Yucatan nnicropigs. 
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Figure 2.7. Western blot of CYP3A4 content along the small 
intestine of individual Yucatan micropigs. 
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Figure 2.7 (continued). Western blot of CYP3A4 content along the small 
intestine of individual Yucatan micropigs. 
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Table 2.1 
Summary of Western blotting conditions used to probe four cytochrome P450 enzymes and p-actin 

Protein Intestinal protein Human antibody 1° antibody 1 ° antibody 2° antibody 
probed amount loaded (ug) specificity preparation dilution dilution 

1A2 150 1A1/1A2 polyclonal: raised in goat 1:5000 1:15,000-25,000 
2C19 150 2C19 polyclonal; raised in rabbit 1:500 1:5000 
2D6 150 2D6 polyclonal; raised in rabbit 1:2500 1:10,000 
3A4 150 3A4/3A7 polyclonal; raised in rabbit 1:5000 1:20,000 

3-actin 150 3-actin monoclonal; raised in mouse 1:20,000 1:200,000 
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Table 2.2 
Calibration curve parameters for four cytochrome P450 enzymes 

CYP enzyme Amount loaded Slope Intercept Coefficient of 

(pmol) determination (r^) 
1A2 0.043-0.425 7302.2 510.5 0.9750 

2C19 0.053-0.42 8341.6 194.0 0.9952 
2D6 0.00094-0.0188 124277.0 32.3 0.9826 
3A4 0.22-1.78 1616.8 0.50 0.9113 
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CHAPTER III. DISPOSITION AND ORAL BIOAVAILBILITY STUDIES WITH 

ANTIPYRINE, A MODEL COMPOUND 

Introduction 

Animal models typically used in pharmaceutical industry to predict 

bioavailability in humans are the rat and the beagle dog. Often times these 

models fail to give reasonable bioavailability estimates. Therefore, there is a 

need for an alternative and a more suitable animal model to better approximate 

human oral absorption parameters. The pig has been proposed as such a 

model. However, the development of the pig as an animal model is still in its 

early exploratory stages even though the pig has been extensively used in 

Europe for drug safety and toxicity testing^. 

Ideally, the animal model should be in as many ways as possible similar to 

that of the human in order to obtain reliable predictive values. The objective of 

this study is to test a model for drug absorption in humans; therefore, there 

should be similarities between the gastrointestinal tract (GIT) and liver of the pig 

and human since it is these organs that will ultimately determine whether an 

orally administered drug will enter the bloodstream (intestinal transport and first-

pass metabolism). 

The anatomy and physiology of the GIT of the pig have been observed to 

be similar to humans® as described in Chapter 1. The pig has also been shown 

to possess hepatic isozymes similar to those in humans. The activity of seven 



cytochrome ' P450 isoforms in both pig and human liver microsomes was 

examined^^. Of the seven CYP enzymes investigated, enzyme activity of 

CYP3A4, the most abundant CYP isoform, in pig hepatic microsomes was most 

similar to humans. The absence of CYP2B activity was also detected in the pig. 

This was a significant observation because many other species used to 

characterize and predict biotransformation governed by CYP enzymes (e.g., rat, 

rabbit, etc.) possess CYP2B activity even though humans do not. The 

investigators also reported the co-migration of minipig liver microsomes with 

human CYP3A4 and CYP3A5 in a Western blot, indicating that minipigs have 

proteins that are immunochemically similar to human CYP3A4 and/or CYP3A5. 

In another study, the cytochrome P450 content in liver across seven species, 

including pig and human was compared. Of all species, the pig was found to be 

most similar in content to humans^^. 

One of the objectives of this study was to determine the bioavailability of 

antipyrine in the Yucatan micropig and to compare these results to literature data 

from other species, especially human. Antipyrine (Figure 1) was used as the 

model compound since it is a drug that is well characterized in the literature in 

numerous species^^"^®. Understanding the absorption process and determining 

the absolute oral bioavailability of antipyrine in the Yucatan micropig will help 

assess the suitability of the pig as a model for human oral drug absorption. 

In addition, the pig was examined as an animal model for predicting the 

occurrence of fixed drug eruptions (FDE), which are cutaneous reactions that are 



provoked exclusively by drugs or some other chemicals^^. This unusual 

response to compounds, such as antipyrine, is one of the most common adverse 

drug reaction observed by physicians. Fixed drug eruptions were first reported 

by Bourns in patients who were taking antipyrine^®. However, it was Brocq who 

first introduced and described fixed drug eruptions based on patients taking 

antipyrine®®. The most characteristic feature of a fixed drug eruption is the 

recurrence of circular, raised blisters at the same sites, although this may not be 

true in certain cases®°. These lesions may occur anywhere on the skin, but 

lesions have been observed on the lips, genitals, and mucous membranes®^'®^. 

Drugs that cause fixed drug eruptions have been identified and reported 

through clinical observations and case studies. To identify the offending drug, 

the most reliable method is to rechallenge patients exhibiting this reaction; an 

approach that is still practiced®^'®^. In some cases, provocation is unethical due 

to the severity of the FDE, which includes pain and discomfort as well as 

cosmetic embarrassment®"^. Other, safer alternatives have been developed, such 

as the patch and open tests®^®®, to avoid such adverse reactions. However, 

variable outcomes resulting in false-negatives are often obtained from these 

tests®®-®''. 

To date there does not appear to be a reliable animal model for 

investigating fixed drug eruptions. There have been investigations using mice 

and guinea pigs as animal models for contact dermatitis and delayed-type 

hypersensitivity studies®®. Though the usefulness of these models is evident, 
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they do not exhibit the lesions observed in humans with FDEs even though 

investigators suggest that these models be used to further investigate FDEs®®. 

There is an increasing need to develop a pre-clinical approach to identify those 

drugs that may cause FDEs, especially with the number of new drug entities that 

are being developed. Based on the observations reported here, we propose the 

Yucatan micropig (and, perhaps, other breeds of swine) as such an animal 

model. 
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Experimental 

Chemicals 

Antipyrine and phenacetin were purchased from Sigma Chemical Co. (St. 

Louis, MO). Sodium acetate, sodium hydroxide, and HPLC-grade methanol, 

chloroform, and acetonitrile were purchased from VWR Scientific (South 

Plainfield, NJ). 

Animals 

Studies were conducted in male uncastrated Yucatan micropigs (S&S 

Farms, Rachita, OA) weighing between 30.9 and 38.3 kg. The micropigs were 

housed in the University Animal Care facility and exposed to a 12 hr light and 

dark cycle. Animals were fed a standard Harlen-Teklad Minipig diet 8753 (14 oz 

twice a day) containing approximately 16% crude protein, 3% crude fat, and 14% 

crude fiber. Water was provided ad libitum. Animals were housed one per run to 

avoid competition for food and to provide the same amount of nutrition. The 

micropigs were acclimatized to, socialized, and trained in their surroundings for a 

week before surgery/experiments. Prior to surgery/studies, animals were fasted 

overnight. Animals Study protocols were approved by the Institutional Animal 

Care and Use Committee of the University of Arizona. 
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Surgery 

At least one week prior to studies, each animal was placed under 

anesthesia using an intramuscular dose of Telazol (tiletamine/zolazepam; 20 

mg/kg) and was maintained under anesthesia using isoflurane (5-100%) In order 

to surgically implant a vascular access port (VAP; Access Technologies, Skokie, 

IL) under the skin above their shoulder blades. The implantation of the VAP 

allows continuous access to venous blood. The animals were administered an 

IM dose of 0.01 mg/kg (twice daily) buprenorphine hydrochloride for relief of post

operative pain for two days post surgery. After one week of recovery, the VAPs 

were flushed at least twice a week with heparinized saline (100 units/mL sodium 

heparin) with ampicillin. The antibiotic solution was flushed with heparinized 

saline from the VAP no later than 12 h prior to the start of an experiment. This 

flush treatment prevented infection and maintained patency when the animals 

were not being used experimentally. 

In Vivo Pharmacokinetic Studies 

Intravenous and oral crossover studies were performed in four animals. 

Antipyrine was administered intravenously (0.6 g/2 mL saline) via a vascular 

access port (VAP). Oral doses were administered via a stomach tube as an 

aqueous solution (0.6 g/35 mL water) followed by a 60 mL water rinse. Animals 

were allowed water one hour and food four hours after dosing. Plasma samples 

were taken over 30 hours in all experiments and assayed using the HPLC 
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method described below. A one week wash-out period separated the 

intravenous and oral studies. Concentration-time data were analyzed by non-

compartmental analysis using WinNonlin to obtain appropriate pharmacokinetic 

parameters. 

Plasma Sample Collection 

Ten mL blood samples were taken via the vascular access port at 

scheduled times and transferred to 10 mL Vacutainer tubes containing sodium 

heparin to prevent coagulation. Tubes were gently inverted by hand to mix. 

Blood was centrifuged at 3500 rpm for 10 minutes to separate red blood cells 

from plasma. Plasma was transferred to clean 5 mL cryovial tubes using 

disposable polyethylene transfer pipets and stored in a -70°C freezer until 

assayed. 

Liquid-liquid extraction 

Calibration curve 

One hundred jaL of antipyrine methanolic standards (2.5 - 250 jiig/mL) and 

100 |xL of the methanolic internal standard (phenacetin; 50 |ig/mL) were 

evaporated to dryness for approximately 15 minutes in a 5 mL polypropylene test 

tube. Blank pig plasma (0.5 mL) was added to each of the dried standards to 

represent plasma antipyrine concentrations ranging from 0.5 to 50 |j,g/mL. One 

molar sodium hydroxide (0.5 mL) was added to each sample, followed by the 



addition of three mL chloroform. Samples were shaken for 10 minutes followed 

by centrifugation at 3100 rpm for 10 minutes. The organic layer was transferred 

to a new test tube and evaporated to dryness using a Speed-Vac (approximately 

45 minutes). Samples were reconstituted in 100 |iL of mobile phase, and 10 ixL 

were injected onto the HPLC. 

Authentic plasma samples 

One hundred jiL of the methanolic internal standard (phenacetin; 50 

|ig/mL) were evaporated to dryness for approximately 15 minutes in 5 mL 

polypropylene test tubes. Authentic plasma samples (0.5 mL) were added to the 

dried internal standard. One molar sodium hydroxide (0.5 mL) was added to 

each sample, followed by the addition three mL of chloroform. Samples were 

shaken for 10 minutes followed by centrifugation at 3100 rpm for 10 minutes. 

The organic layer was transferred to a new test tube and evaporated to dryness 

using a Speed-Vac (approximately 45 minutes). Samples were reconstituted in 

100 [xL of mobile phase, and 10 |iL was injected onto the HPLC. 

HPLC Analysis 

Separation and quantitation of antipyrine and phenacetin were achieved 

using a reversed-phase isocratic HPLC method previously developed by 

Greenblatt et al.^^ Samples were injected using a Waters 717-plus autosampler 

with a refrigeration unit onto a Waters SymmetryShield RPis column (3.9 x 150 
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mm, 5 |im particle size; Milford, MA). The isocratic flow rate of the mobile phase 

[0.01 M sodium acetate:MeOH:ACN, 70:15:15 (v:v:v)] was set at 1.0 mL/min 

using a Waters 515 HPLC pump. The Waters Millennium^^ chromatographic 

software (version 3.20) was utilized for integration. A Waters 996 photodiode 

array detector set at a ultraviolet wavelength of 245 nm was used to 

simultaneously detect antipyrine and phenacetin. The limit of quantitation was 

0.5 |ig/mL, and linearly extended up to 50 |a,g/mL. Antipyrine and phenacetin 

eluted from the column at approximately 3 and 9 minutes, respectively. 

Deconvolution analysis 

Concentration-time data from other species given an oral solution of 

antipyrine were complied from the literature. Concentration-time profiles were 

scanned and digitized using SigmaScan. Deconvolution was performed using 

WinNonlin® in order to examine the absorption process. 

Fixed Drug Eruption Studies 

A male uncastrated Yucatan micropig, weighing 27.2 kg, was 

administered a 1 g dose of antipyrine in 2 mL of saline intravenously through a 

vascular access port. The subject was allowed water one hour after dosing and 

provided food four hours after dosing. Blood samples were obtained at selected 

times (10, 20 min, 0.5, 1, 2, 4, 6, 8, 12, 24 h) to determine antipyrine plasma 

concentrations. After 30 days, this pig was rechallenged with the same 
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intravenous dose of antipyrine. Blood samples were obtained at selected times 

to determine antipyrine plasma concentrations and to examine immunologic 

endpoints (pre-dose, 1, 4, 8, 12, 24, 30 h). A rechallenge was performed 

because a FDE is characterized by the recurrence of blisters at the same site 

seen during the initial challenge. 
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Results 

Disposition and oral bioa vailability studies 

Pharmacokinetic parameters were determined for four animals in this 

study after administering an intravenous dose and oral aqueous solution of 

antipyrine. The intravenous and oral concentration-time profiles are illustrated in 

Figures 2 and 3. The plasma concentrations following intravenous dosing 

declined in a biexponential fashion. Values for terminal half-life, systemic 

clearance, and volume of distribution obtained from noncompartmental analysis 

of the IV and PO data are summarized in Tables 1 and 2. The mean terminal 

half-life determined from the oral dosing studies was also similar to that 

calculated from the IV dosing studies (2.62 h vs. 2.71 h), which indicated that the 

disposition of the compound was not absorption rate-limited. There was little 

discrepancy noted between the values for systemic clearance and oral clearance 

indicating the lack of presystemic elimination and complete absorption. Volume 

of distribution was similar following both routes of administration (0.81 and 0.78 

l_/kg following IV and PO dosing, respectively). The absolute oral bioavailability 

(F) was calculated using area under the curve (AUG) values from the IV and PO 

concentration-time profiles and the IV and PO doses. These values ranged from 

0.71 to 0.97, with a mean value of 0.83 

Deconvolution analysis was performed on plasma concentration-time data 

from humans and dogs, including those presented here from pigs. Data 

originating from animals that were administered an oral aqueous solution of 



antipyrine were analyzed in order to compare and contrast the absorption 

process in various species^^'^®'^°'^^. Although the pattern of the absorption rate 

profiles in pigs resembled that seen in humans (Figure 4 and 5), the profiles for 

the pig are slightly shifted to the left {i.e., to earlier times) compared with the 

human profiles. The absorption rate of antipyrine reaches a maximum at about 

10 minutes in pigs and 30 min in humans. In dogs, absorption rate peaks 

immediately following administration of dose as shown in Figure 4. When 

examining the fraction of antipyrine absorbed as a function of time in pigs, dogs, 

and humans (Figures 6 and 7), the cumulative fraction absorbed in the pig 

approached that of humans; whereas, the cumulative fraction absorbed in the 

dog was slightly less than that of humans. The time at which the maximum 

fraction absorbed was achieved was fastest in the dog followed by the human 

and pig (0.5,1.0, and 2.5 hour, respectively). 

Fixed drug eruption studies 

The first observation of a fixed drug eruption occurred, interestingly 

enough, due to a dosing error during the preliminary oral bioavailability studies of 

antipyrine. In the preliminary study, one gram of antipyrine dissolved in 2 mL of 

saline was administered as a short (1-minute) intravenous infusion to a male 

uncastrated Yucatan micropig that weighed approximately 90 kg. The dose 

administered was approximately 13 mg/kg. The goal of this preliminary study 

was to determine an appropriate IV dose to detect measurable antipyrine 



concentrations in plasma and to determine sampling times. Since plasma 

concentrations of antipyrine were detectable and sampling times acceptable, this 

experiment was repeated using two naive male uncastrated Yucatan micropigs 

weighing 31.8 - 33.2 kg. The same total dose was administered (1 g) resulting in 

a three-fold greater dose per kg than that received by the micropig in the 

preliminary experiment (30 mg/kg). 

After dosing, the eyebrows of both animals became red and raw from 

rubbing against the housing cage in which the studies were being performed. 

Two hours after dose administration, patches of redness began to appear in 

various areas of the back, and the animals became warm to the touch. 

Approximately seven hours after dosing, fluid-filled blisters (ca., 1-1.5 cm) were 

observed along the back (Figure 8). These blisters erupted and seeped serous 

fluid. Soon after eruption, crusting of the serous fluid was observed. At the time, 

we suspected that antipyrine was causing this reaction. However, since we were 

unsure of the nature of this reaction, Neosporin was applied to all erupted areas 

to prevent an infection from occurring. As the blisters healed without infection in 

the following week, the top layer of the epidermis flaked off in sheets revealing a 

new layer of skin of lighter shade (Figure 9). After healing, darkened circles 

remained at the sites where the blisters erupted. 

These symptoms pointed to a fixed drug eruption. The observations noted 

by Brocq®^ in his patients were identical to those observed in these pigs. To 



ensure that our observations were valid, another study was performed under the 

same experimental conditions as outlined in the Experimental section above. 

Symptoms similar to those observed in the experiment mentioned 

previously {i.e., formation of small fluid-filled blisters, blotches of redness, 

reddening of the eyebrows, elevated body temperature, etc.) were noted during 

the initial challenge. A fluid plaque (ca., 7.5 cm x 10 cm) appeared on the left hip 

of the pig approximately 6 hours after dose administration (Figure 10). Shortly 

thereafter, the plaque erupted and seeped serous fluid followed with crusting of 

the fluid. A month later, during the rechallenge, inflamed pink patches were 

observed at the same sites where the blisters formed initially; however, no 

blisters re-formed. Substantial changes from baseline were noted eight hours 

after challenge in neutrophil, lymphocyte, and eosinophil levels. Monocyte levels 

remained constant. Total peripheral blood leukocyte count peaked twelve hours 

after dose administration (Figure 11). 
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Discussion 

In humans, an absence of presystemic metabolism of antipyrine has been 

reported®^'^®'^^, suggesting that decreases in bioavailability reflect differences in 

absorption of antipyrine rather than metabolism. This was demonstrated in this 

study, where the absorption and disposition kinetics of antipyrine in the pig were 

examined. Table 3 provides a summary of pharmacokinetic parameters in 

several different species from the literature, including those determined from this 

study. Similar to humans, presystemic metabolism was not present in pigs, as 

suggested by the similar clearance values after IV and PO dosing. However, the 

pig data underestimated antipyrine bioavailability in humans and were equivalent 

to that observed in dogs (0.80 and 0.83 in dogs and pigs, respectively, vs. 0.94 in 

humans). This prompted a further examination into the absorption process of 

antipyrine in pigs. 

It has been established that antipyrine is a well-absorbed 

compound®^'®^'®®'^^. Similar terminal half-lives for both dosing routes 

administered to the pig indicated that antipyrine kinetics was not absorption rate-

limited following oral dosing. This observation is in agreement with previous 

reports in humans and other species^^'®^'®®. However, the fraction of antipyrine 

absorbed differed across species as reflected by differences in bioavailability. 

Gastric emptying may be a contributing factor to the variation in absorption. 

Aoyagi et found that the rates of gastric emptying of nondigestable tablets 

and granules in dogs were faster than or similar to those in humans, whereas the 



rates in pigs were slower. In a study by Davis et more than 70% of a liquid 

formulation was emptied from the stomach of pigs by three hours. Another study 

also demonstrated that gastric emptying of a capsule was delayed in Yucatan 

minipigs^"^. More detailed information regarding the absorption process was 

obtained by performing deconvolution analysis of the plasma concentration data 

from this study as well as on data from other species (dog and human) obtained 

from the literature. The absorption rate of an aqueous antipyrine solution in 

humans was more prolonged and reached its maximum at a later time (about 30 

minutes after dosing) than that observed in pigs or dogs. Absorption rate 

reached a maximum almost immediately after dosing in dogs whereas a ten 

minute delay in absorption was noted in pigs. In addition, the maximum fraction 

absorbed was attained at approximately 0.5, 1.5, and 2.5 hours after dosing in 

dogs, humans, and pigs, respectively. Although the absorption comparison of 

species shown here may be skewed due to the lack of concentration-time data in 

the literature for humans after the administration of an oral aqueous solution 

(Figures 4 and 6 illustrate one subject, in some cases^^'^°), it still provides useful 

insight into the absorption process in these species. 

Antipyrine is known to be a low clearance compound that is primarily 

metabolized by phase I oxidative enzymes^®"^^. The results suggest that 

antipyrine is more efficiently cleared from the systemic circulation in species 

other than humans due to a greater presence of specific enzymes responsible for 

the metabolism of antipyrine. Elimination of antipyrine administered 



intravenously was greater in pigs (mean CLg = 3.5 mL/min/kg) than humans 

(mean CLs = 0.55 mUmin/kg) by about 7-fold (Table 3). In dogs, rodents, and 

monkeys, there was at least an 18-fold difference from humans. It is highly 

unlikely that differences in plasma protein binding give rise to the variation seen 

in systemic clearance across species because antipyrine has been found to be 

almost completely unbound in plasma^^. 

Comparison of volume of distribution values across various species 

revealed greater distribution of antipyrine in pigs, dogs, and monkeys than in 

humans. Volume of distribution in pigs, dogs, and monkeys was approximately 

1.5, 2, and 2.2 times greater, respectively, than that in humans. The lack of 

similarity across species may be attributed to differences in proportion of lean 

body mass relative to total body weight, since antipyrine is known to distribute 

into total body water and is not specifically bound to cellular or extracellular 

components^"^'^^. 

A study by Bailie et al7^ examined the pharmacokinetics of antipyrine, as 

well as acetaminophen and vancomycin, In Hanford miniature swine and 

compared their results to those established in other species in the literature. The 

authors concluded that the pig was not a better animal model than the dog based 

on their results. However, upon further examination of the results, it was noted 

that there was a discrepancy between the terminal half-life value listed in their 

table for antipyrine and the terminal slopes of the concentration-time profile of 

antipyrine shown in the graph. To resolve this error, the data was digitized using 



SigmaScan and reanalyzed using WinNonlin. The values for terminal half-life, 

systemic clearance, and volume of distribution of antipyrine were originally 1.1 h, 

10.7 mL/min/kg, and 0.91 LVkg, respectively. After the reanalysis was performed, 

the revised, correct values were 5.0 h, 1.1 ml_/min/kg, and 0.49 L/kg for terminal 

half-life, systemic clearance, and volume of distribution, respectively. 

Comparison of the results obtained from the reanalysis to other species, as 

shown in Table 4, reveals that the values obtained from the reanalysis better 

estimates the values in human than the dog and more closely agrees with the 

results from this study, which contradicts the conclusion of the original report. A 

comment from Mordent!^® did refute the conclusion made by Bailie et al. based 

on species scaling. 

In addition to examining the disposition and absorption kinetics of 

antipyrine, investigations into using the pig as an animal model for predicting 

fixed drug eruptions were also conducted, especially since fixed drug eruptions 

caused by antipyrine have been noted in several case studies®'^'®^'®®'®^ Blistering 

was observed along the trunk of the body following initial exposure to antipyrine, 

but not during the rechallenge a month later. It has been reported that certain 

drugs, including antipyrine, may fail to produce blisters after initial exposure to 

the offending drug, referred to as a 'refractory' period or state®^. As long as 

several months after the initial reaction may be required to detect a FDE with 

provocation®^'®®. 



Antipyrine plasma concentrations measured were corrected for dose and 

compared to literature values obtained for humans and (Figure 

12). Concentrations were comparable for both the human and micropig up to two 

hours. Since the terminal half-lives were different between human and pig, the 

terminal slope deviated from one another with the pig having lower 

concentrations. The dog, however, had adjusted concentrations that were higher 

than those of both the human and pig. Although these concentrations were 

greater, there have been no reports of any cutaneous drug eruptions In dogs. 

This may suggest that the micropig is susceptible to fixed drug eruptions in a 

manner similar to humans, resulting in cutaneous reactions that parallel those 

seen in humans given a larger dose. 

To date, there is no acceptable animal model to investigate FDEs. In 

certain cases, provocation may not be appropriate in humans due to the severity 

of the reaction. In our investigation, the micropig did not seem otherwise affected 

as a result of the FDE. The observations from this study suggest that the 

Yucatan micropig, or swine in general, may be a suitable model for detecting 

drugs that may cause FDEs in humans and examining the mechanism(s) that 

cause this adverse reaction. 



Figure 3.1. Chemical structure of antipyrine. 
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Figure 3.2. Antipyrine concentration-time profiles for four subjects given 
antipyrine intravenously (0.6 g dose). 
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Figure 3.3. Antipyrine concentration-time profiles for four subjects given 
antipyrine as an oral suspension (0.6 g dose). 
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Figure 3.5. Absorption rate vs. time profiles generated from literature data 
from humans. 



85 

1.2 -1 

1.0 -

"S? 0.8 H 

« 0.6 -

ul 0.4 -

0.2 -

0.0 

Human (n=6)^^ 

Human (n=12)^^ 

Human (n=1, female) 

Human (n=1, male)^° 

Human (n=lf^ 

70 

0 
—r-
4 8 

Time (h) 

Figure 3.6. Fraction absorbed vs. time profiles generated from literature data 
from humans. 
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Figure 3.8. Example of a fluid-filled blister observed after administration of 
antipyrine intravenously (1 g dose) in a Yucatan micropig. 
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Figure 3.9. Area of eruption site one montli after initial challenge and prior to 
rechallenge. Lighter skin was revealed after top layer of the epidermis flaked 
off. 
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Figure 3.10. A fluid plaque (ca., 7.5 cm x 10 cm) on the left hip of a Yucatan 
micropig approximately six hours after intravenous administration of antipyrine 
(1 g dose). 
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Figure 3.11. Percent of differentiated blood leukocytes (expressed as % white 
blood cells; y-axis on left) and white blood cell count (y-axis on right) change 
as a function of time. •, neutrophils; O, lymphocytes; T, monocytes; V, 
eosinophils; •, white blood cells. 
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Table 3.1 
Summary of pharmacokinetic parameters for four subjects given antipyrine 

intravenously 

Pig ti/2 (h) CLs (mL/min/kg) Vd (L/kg) Vss (L/kg) 
21 2.76 3.74 0.89 0.75 
22 2.87 3.05 0.76 0.67 
23 3.39 2.71 0.79 0.74 
50 2.12 4.31 0.79 0.73 

Mean 2.71 ± 0.57^ 3.45 + 0.71 0.81 ±0.06 0.72 ± 0.04 
%CV 18.6 20.6 7.4 5.6 

^Harmonic mean and 'pseudo'-standard deviation®'^ 
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Table 3.2 
Summary of pharmacokinetic parameters for four subjects given antipyrine 

as an oral solution 

Pig ti/2 (h) CLo (mL/min/kg) Vd (L/kq) F 
21 3.33 3.56 1.03 0.84 
22 2.62 3.03 0.69 0.81 
23 2.90 2.74 0.69 0.71 
50 1.99 4.15 0.72 0.97 

Mean 2.62 ± 0.63^ 3.37 ± 0.62 0.78 ±0.17 0.83 ±0.11 
%CV 20.7 18.4 21.2 13.3 

^Harmonic mean and 'pseudo'-standard deviation®"^ 



- Table 3.3 
Comparison of pharmacol^inetic parameters across five different species 

Species Route of Administration Dose (mg) ti/2 (h) CLs (miymin/kg) Vd (L/kq) F 
Rat55,85 IV 4.5 — 8.2 — — 

IV 4.0 1.1 9.7 — — 

Monkey^® IV 140 1.5 9.2 1.2 — 

Dog56.86 IV 1.0 1.2 6.9 — — 

IV 46.5 1.2 9.4 1.0 — 

PO 46.5 1.1 12.1 1.1 0.8 

Pig IV 600 2.8 3.5 0.81 
PO 600 2.7 3.4 0.78 0.83 

Human®^'®® IV 240 12.0 0.5 0.56 
IV 1000 11.5 0.6 0.58 — 

PO 700 11.7 — 0.49 0.94 



Table 3.4 
Comparison of pharmacokinetic parameters across various species following reanalysis of data from 

Bailie et al. 

Species Dose (mg) U/2 (h) CLs (mL/min/kg) Vd (lykg) Vss (Ukg) 
Pig (Hanford)^® 1.1 10.7 0.91 0.75 

Reanalysis 5.0 1.1 0.49 0.48 

Dog56.86 1.0 1.2 6.9 --- — 

46.5 1.2 9.4 1.0 — 

Pig (Yucatan) 600 2.8 3.5 0.81 — 

Human®® 240 12.0 0.5 0.56 — 

1000 11.5 0.6 0.58 — 
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CHAPTER IV. QUANTITATION OF CURCUMIN IN PLAMSA USING HIGH-

PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) 

Introduction 

Turmeric, an herb originating from the rhizome of the plant Curcuma 

longa, is most widely known for its use as a spice in cooking and as a coloring 

agent for foods, such as mustard and pickles. Interest in this herb has grown in 

recent years based on its putative beneficial pharmacological effects including 

antioxidant®^'®®, anti-inflammatory®®'®°, and cancer chemopreventive actions®^"®®. 

Curcumin, the major yellow-orange pigment extracted from turmeric, may be 

responsible for much of the bioactive effects. In a recent study, products of 

curcumin reduction and conjugation had a reduced ability to inhibit 

cyclooxygenase-2 (COX-2) expression, which correlated to a decrease in the 

inhibition of prostaglandin biosynthesis when compared to intact curcumin, 

indicating that the metabolic conversion of curcumin results in pharmacologic 

deactivation®"^. Curcumin is also a potent scavenger of various reactive oxygen 

species (ROS) including superoxide anions®® and hydroxyl radrcals®®'®^. In 

addition, there have been indications that curcumin may help prevent and treat 

patients with Alzheimer's disease by reducing oxidative damage, plaque burden, 

and suppressing specific inflammatory factors®®. 

Surprisingly, several studies have reported poor bioavailability of curcumin 

in both rodents and humans despite the promising biological effects that have 



been observed. The suspected cause may be poor absorption due to its 

extremely low aqueous solubility and/or extensive pre-systemic metabolism. In a 

study by Wahlstrom et , curcumin was undetectable in plasma one hour 

following a single oral dose of 1 g/kg given to rats. The resulting plasma 

concentrations were calculated to be no greater than 20 ng/mL. Similarly, in 

another study, a 1 g/kg oral dose administered to mice resulted in a maximum 

plasma concentration of 220 ng/mL. Subsequent samples had lower 

concentrations including concentrations below the quantifiable limit of 73.7 

ng/mL®®. A recent study by Ireson et a!.^^ also reported that plasma 

concentrations were below the limit of quantitation (7 ng/mL) after the 

administration of a 500 mg/kg oral dose to rats. An investigation in humans 

found no detectable concentrations of curcumin following a 180 mg oral dose®®. 

Even doses as high as 8 g curcumin/day administered to seriously ill human 

subjects result in only an average peak serum concentration of 652.5 ng/mL^°°. 

A limitation to the studies cited above was the inability to quantitate low 

curcumin concentrations. Quantitation of curcumin concentrations below 10 

ng/mL would allow better characterization and understanding of the disposition 

and absorption kinetics of this compound. Although several methods of detection 

for curcumin have been published, only one has reported a limit of quantitation 

below 10 ng/mL®'^. Of these methods, several involve spectrophotometries 

liquid chromatography-mass spectrophotometries"^'^®^, and radiolabeled 

determination of curcuminS®"^. HPLC methods have also been developed in order 
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to quantitate curcumin in biological samples®"^'®®'^®^'^®®. Ireson et al.^^ utilized a 

HPLC gradient system that produced reasonable separation and sensitivity (limit 

of quantitation = 7.37 ng/mL; limit of detection = between 1.84 and 3.68 ng/mL). 

The retention time for curcumin, however, was greater than 35 minutes. 

Investigators using isocratic HPLC systems had the convenience of shorter 

retention times (ranging from 7 to 25 minutes)^®'^°^'^°®, but lacked the sensitivity 

reported when using a gradient method (73.7 ng/mL for isocratic vs. 7.37 ng/mL 

for gradient)®'*'®®. 

In investigations in this laboratory into the disposition kinetics, 

bioavailability, and anti-inflammatory effects of curcumin, our goal was to develop 

a simple liquid-liquid extraction and assay that combines the sensitivity attained 

from a gradient method with a short retention time achieved using an isocratic 

rnethod. During the development and refining of the analytical assay, an 

isocratic HPLC assay using different sample preparation protocols and with 

varying limits of quantitation were validated from plasma. 
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Experimental 

Chemicals 

Curcumin (Figure 1) was isolated and purified from the turmeric rhizome 

by Dr. Shivanand Jolad (University of Arizona). Purity (>97%) was determined 

using HPLC, NMR, elemental analysis, and melting point, p-estradiol, sodium 

phosphate dibasic (heptahydrate), and potassium hydroxide were purchased 

from Sigma Chemical Co. (St. Louis, MO). Citric acid (anhydrous) and HPLC-

grade methanol, ethyl acetate, chloroform, and tetrahydrofuran were purchased 

from VWR Scientific (South Plainfield, NJ). 

Equipment 

The HPLC system included a Waters 717-plus autosampler with a 

refrigeration unit, a Waters 996 photodiode array detector, and a Waters 515 

pump (Milford, MA). The Waters Millennium^^ chromatographic software (version 

3.20) was utilized for integration (Milford, MA). A visible wavelength of 430 nm 

was used to detect curcumin. To detect the internal standard p-estradiol (Figure 

2), an ultraviolet wavelength of 280 nm was used. 

Sample preparation 

Blood was obtained from male uncastrated Yucatan micropigs (S&S 

Farms, Rachita, CA) via a vascular access port (Access Technologies, Skokie, 

IL) and was transferred to 10 mL Vacutainer tubes containing sodium heparin 
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(VWR Scientific, South Plainfield, NJ) to prevent coagulation. After gentle 

inversion of tubes, blood was centrifuged at 3500 rpm for 10 minutes to separate 

red blood cells from plasma. Plasma was transferred to clean 15 mL 

polypropylene screw cap tubes and stored in a -70°C freezer until use. 

Liquid-liquid extraction methods 

Ethyl acetate extraction: Linear range (25 - 250 ng/n^lL) 

One mL blank pig plasma in 12 x 75 mm borosilicate glass test tubes was 

spiked with 20 |j,L of methanolic standards (1.25-12.5 ^g/mL) to produce plasma 

curcumin concentrations ranging from 25 to 250 ng/mL. One-hundred jiL 0.1 M 

citrate-phosphate buffer (pH 3.0) was added to each sample. Two mL of ethyl 

acetate were used to extract curcumin. Samples were shaken on a horizontal 

shaker set on "high" for 10 minutes followed by centrifugation at 3500 rpm for 10 

minutes. A fixed volume of ethyl acetate (1.65 mL) was transferred to a new 

glass test tube and evaporated to dryness using a Speed-Vac (Thermo Savant, 

Holbrook, NY) for approximately 75 minutes. Samples were reconstituted in 100 

jxL methanol, and 50 |a.L was injected onto the HPLC. 

Chloroform extraction: Linear range (5 - 25 ng/mL) 

Two mL blank pig plasma in 12 x 75 mm borosilicate glass test tubes were 

spiked with 40 |xL of methanolic standards (0.25-1.25 |j.g/mL) to produce plasma 

curcumin concentrations ranging from 5 to 25 ng/mL. Three-hundred |xL 0.1 M 
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citrate-phosphate buffer (pH 3.0) was added to each sample. Two mL 

chloroform was used to extract curcumin. Samples were shaken on a horizontal 

shaker set on "high" for 10 minutes followed by centrifugation at 3500 rpm for 10 

minutes. A fixed volume of chloroform (1.7 mL) was transferred to a new glass 

test tube and evaporated to dryness using a Speed-Vac for approximately 30 

minutes. Samples were reconstituted in 75 iiL methanol, and 50 |iL was injected 

onto the HPLC. 

Chloroform extraction: Linear range (2.5 - 50 ng/mL) 

Two mL blank pig plasma in 12 x 75 mm borosilicate glass test tubes were 

spiked with 20 |iL methanolic standards (0.25-5 ^ig/mL) to produce plasma 

curcumin concentrations ranging from 2.5 to 50 ng/mL. Twenty |iL of the internal 

standard, p-estradiol in methanol (20 |ig/mL), was added to each sample to give 

a final plasma concentration of 200 ng/mL. Two mL chloroform was used to 

extract both curcumin and |3-estradiol. Samples were shaken on a horizontal 

shaker set on "high" for 10 minutes followed by centrifugation at 3500 rpm for 10 

minutes. The organic layer was transferred to a fresh glass test tube and 

evaporated to dryness using a Speed-Vac for approximately 30 minutes. 

Samples were reconstituted in 75 |iL methanol, and 50 iiL was injected onto the 

HPLC. 

Column liquid chromatography 
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Separation of curcumin and p-estradiol was acliieved by using an isocratic 

HPLC assay. Samples were injected onto a Waters SymmetryShield reversed-

phase Ci8 column, 150 x 3.9 mm, 5 |j,m particle size (Milford, MA), attached to a 

Phenomenex SecurityGuard Ci8 guard cartridge system, 4.0 x 3.0 mm (Torrance, 

CA). The column was operated at ambient temperature. 

Mobile phase 

The mobile phase consisted of a 1% (w/v) citric acid solution, adjusted to 

pH 3.0 using a 45% (w/v) potassium hydroxide solution, and tetrahydrofuran in 

the ratio of 50:50 (v:v). The solution was filtered under a vacuum through a 0.2 

[xm filter (Alltech, Deerfield, IL). At room temperature, the mobile phase was 

stable for at least one month. Flow rate of the mobile phase was 1.0 mUmin. 
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Results 

HPLC analysis 

A linear relationship between curcumin plasma concentration and 

response was found for the three different concentration ranges examined. In 

each standard curve, at least five different concentrations were used to establish 

the linear range. A blank sample was also assayed in order to identify any non

specific peaks that might interfere with the curcumin and/or p-estradiol peak. 

Coefficients of determination (r^) ranged from 0.9978 to 0.9998 for the ethyl 

acetate and chloroform extraction (with internal standard) procedures. 

Chloroform extraction in the absence of an internal standard yielded an r^ value 

no lower than 0.9873 (Table 1). HPLC analysis of curcumin revealed one peak 

that eluted between four and six minutes at a visible wavelength of 430 nm 

(Figure 3a). At an ultraviolet wavelength of 280 nm, p-estradiol was detected 

with a retention time of about four minutes (Figure 3b). The blank sample 

indicated the presence of a minor peak with the same retention times as 

curcumin and p-estradiol. This, however, did not hinder the reproducibility of any 

of the assays. These minor peaks may be due to the extraction of endogenous 

constituents from the pig plasma. 

Accuracy and precision 

Low, medium, and high concentrations were assayed in triplicate across 

three different days to determine the accuracy and precision of each of the three 
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methods. The intra-day values for coefficient of variation (accuracy) and bias 

(precision), along with the nnean, were calculated and are summarized in Table 

2. For the ethyl acetate extraction, the concentrations analyzed were 25, 100, 

and 250 ng/mL. The concentrations examined using the chloroform extraction 

with and without an internal standard were 2.5, 10, 50 and 5, 10, 25 ng/mL, 

respectively. With the exception of the chloroform extraction in the absence of 

an internal standard, the coefficient of variation (CV) and bias was no greater 

than 10% for any of the methods. The values for coefficient of variation and bias 

were lowest for the ethyl acetate extraction (CV < 5% and bias < 6.1%). 

Interday values reflected much of the same results as those observed with 

the intraday comparison (Table 3). Coefficients of variation and bias values were 

less than 12.3 and 8%, respectively, for all three methods. Again, the ethyl 

acetate extraction possessed the lowest values for accuracy and precision (CV 

and bias <1%). 

Overall recovery 

To determine the overall recovery of curcumin in each method, direct 

injections of the methanolic standards including the internal standard were made. 

These direct injection samples contained the equivalent amount of curcumin and 

internal standard as spiked in the extracted plasma standards. The ratios of the 

area of the extracted standards and the area of the direct injection samples were 

taken, and these values (in percent) are summarized in Table 1. The overall 



105 

recovery was greatest for the chloroform extraction with the addition of the 

internal standard, 78%. 

Reproducibility of assay 

Another analyst in our laboratory was able to reproduce the values shown 

in Table 2. Differences between analysts did not exceed 10%. For the ethyl 

acetate extraction, coefficients of variation and bias values were no greater than 

5% and 10%, respectively, for all concentrations. Values obtained from the 

chloroform extraction with the addition of p-estradiol for the low, medium, and 

high concentration replicates were between 1.7 and 10.8% for coefficient of 

variation and 0.2 and 16.9% for bias. 
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Discussion 

Initially, only one of the three extraction methods, the ethyl acetate 

extraction, was validated during our preliminary investigation into the 

bioavailability of curcumin following dosing to Yucatan micropigs. After 

performing several preliminary bioavailability experiments, most of the plasma 

samples assayed from these studies had concentrations that were below the limit 

of quantitation of 25 ng/mL. Although this observation supported those seen in 

both rodents and humans, another more sensitive assay was needed to reliably 

quantitate anticipated plasma concentrations in future in vivo studies. The 

development of the two other chloroform assays was completed, and a limit of 

quantitation as low as 2.5 ng/mL was achieved. A chromatogram of an authentic 

Yucatan micropig plasma sample obtained fifteen minutes after the intravenous 

administration of an eight milligram dose of curcumin is shown in Figure 4. This 

sample was extracted using chloroform (in the absence of an Internal standard) 

and corresponds to a plasma concentration of 6.7 ng/mL. Commercial turmeric 

capsules (VitaminWorld, Ronkonkoma, NY; 8 capsules containing 29.6 mg 

curcumin) were also administered to Yucatan micropigs, which yielded 

concentrations that were either near or below the limit of quantitation of 2.5 

ng/mL (refer to Chapter 6). Although the ethyl acetate assay was not sensitive 

enough for our purpose, we present here the results of all three methods in order 

to provide investigators the option of choosing the limit of quantitation needed for 

their particular application. 
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Although there are several HPLC methods available, only the method of 

Ireson et al.^^ had sensitivity comparable to that obtained in our assay. The 

major disadvantage of the method of Ireson et al. is the lengthy retention time of 

curcumin (ca., 40 minutes), which was due to their intent of separating 

chromatogram peaks of curcumin and its metabolites. An isocratic method 

provides a shorter retention time for curcumin, as reported in several 

papers®®'^°®'^°®. However, sensitivity Is compromised; the lowest limit of 

quantitation for a previously reported isocratic method is about 70 ng/mL®®. 

In terms of sample processing, the ethyl acetate extraction possesses an 

easier transfer step than either of the chloroform extractions because the ethyl 

acetate resides above the plasma sample after centrifugation while chloroform 

resides beneath the aqueous phase. However, of the two extraction solvents, 

chloroform provided the greatest recovery of curcumin from plasma and the 

lowest limit of quantitation. An improvement in the reliability of the chloroform 

extraction was the addition of an internal standard. Heath et provide a 

useful internal standard, p-17-estradiol acetate, which we adapted for our assay. 

The internal standard was particularly helpful, especially when compensating for 

loss of curcumin during extraction when chloroform was transferred between 

tubes. In the extraction methods where internal standard was absent, any 

curcumin that was not transferred when the fixed volume of the organic layer was 

removed contributed to the loss in overall recovery in addition to the lack of 

multiple extractions, the extracting ability of ethyl acetate and chloroform, and the 
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loss of curcumin during evaporation. Another minor alteration to this extraction 

was the exclusion of the 0.1 M citrate-phosphate buffer (pH 3.0). In a study by 

Wang et it was reported that the stability of curcumin improved in aqueous 

buffer solutions between pH 3.0 and 6.5. Investigators, however, also suggest 

that physiological matrices containing proteins may prolong stability, from which 

one may infer that protein binding plays a role in protecting curcumin®®'^°^. After 

performing our own preliminary experiments into the stability of curcumin in 

plasma, it was determined that curcumin was stable in plasma for at least four 

hours without controlling pH (refer to Chapter 5). Therefore, the addition of the 

acidic buffer was omitted in the chloroform extraction with the inclusion of the 

internal standard. It should be noted, however, that curcumin is very unstable in 

whole blood (refer to Chapter 5). Effort must be made to separate curcumin from 

blood as soon after blood sampling as possible. 

An observation that was noted during the validation of the chloroform 

extraction with internal standard was the consistent presence of a single deviant 

replicate for the low standard concentration (2.5 ng/mL). The atypical replicate 

possessed a greater peak area than the other replicates. As a result, an extra 

replicate was added at this concentration. We caution investigators when using 

this extraction method that one may encounter this oddity only with the 2.5 ng/mL 

concentration. Unfortunately, at this time, we cannot offer an explanation for this 

observation. 
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Based on observations during the course of these studies, we suggest 

that investigators use glass test tubes rather than polypropylene or polyethylene 

test tubes. This recommendation is made based on our observation of non

specific adsorption to plastic. Curcumin concentrations have differed by as much 

as 28% when incubated in plastic vs. glass test tubes (refer to Chapter 5). 

In order to achieve the lowest possible quantifiable concentration with 

consistent reproducibility, three different liquid-liquid extraction methods were 

developed. These methods, along with the HPLC protocol, provide the sensitivity 

reported using a gradient method with the convenience of an isocratic system, 

which allows the processing of numerous samples within a short period of time. 

Authentic in vivo samples containing curcumin can be processed efficiently with 

higher sensitivity using this analytical method, resulting in more meaningful and 

appropriate pharmacokinetic analysis of curcumin concentration-time data. To 

date, this method provides the greatest sensitivity for quantitating curcumin from 

plasma samples. 



OH O 

Figure 4.1. Chemical structure of curcumin. 



HO' 

Figure 4.2. Cliemical structure of tlie internal standard, p-estradiol. 
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Figure 4.3. HPLC chromatograms obtained following a liquid-liquid 
extraction of pig plasma. Chloroform was used to extract curcumin and 
P-estradiol from 2 mL pig plasma, (a) Pig plasma spiked with pure 
curcumin (10 ng/mL). Curcumin retention time is 5.173 minutes, (b) Pig 
plasma spiked with the internal standard, p-estradio! (200 ng/mL). 
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Figure 4.4. HPLC chromatogram of extracted authentic pig 
plasma sample obtained 15 minutes following an intravenous 
dose (8.3 mg) of curcumin. Chloroform was used to extract 
curcumin from 2 mL pig plasma. Curcumin plasma 
concentration was determined to be 6.7 ng/mL. Internal 
standard was absent. 



Table 4.1 
Characteristics and reproducibility of three curcumin plasma extraction methods 

Extraction Concentration Day of Slope Intercept Coefficient of Recovery 

method range (ng/mL) assay determination (r^) (%) 
Ethyl acetate 25-250 1 2859.3 3378.2 0.9995 66.0 

2 3025.1 4429.9 0.9998 
3 3013.0 3727.7 0.9996 

Chloroform 5-25 1 8221.9 11988.0 0.9980 76.9 
without Internal standard 2 9961.2 26098.0 0.9873 

3 8762.3 15651.0 0.9937 
Chloroform 2.5-50 1 0.1089 0.0108 0.9995 78.0 

with internal standard 2 0.0524 0.0068 0.9996 
3 0.1173 0.1761 0.9978 



Table 4.2 
Summary of intraday reproducibility of three curcumin plasma extraction methods 

determined over three days 

Extraction Concentration Day of assay Mean ± standard Coefficient of Bias 
(ng/mL) deviation (ng/mL) variation (%) (%) 

Ethyl acetate 25 1 26.5 ±0.2 0.9 6.1 
II 2 24.8 ±0.2 1.0 0.6 
II 3 23.9 ± 0.5 2.0 4.6 

100 1 102.9 ±4.4 4.3 2.9 
II 2 94.9 ± 1.7 1.8 5.1 
II 3 99.1 ±1.6 1.6 . 0.9 

250 1 253.5 ±1.7 0.7 1.4 
II 2 245.2 ± 0.7 0.3 1.9 
II 3 254.1 ±8.6 3.4 1.6 

Chloroform 5 1 5.1+0.7 13.1 1.9 
without internal standard II 2 4.5 ± 0.3 7.5 9.8 

II 3 4.3 + 0.4 9.5 15.2 
10 1 9.2 + 0.5 5.0 7.7 

II 2 8.7 + 0.6 7.1 13.3 
II 3 10.4 + 0.04 0.3 3.9 

25 1 23.3 ±0.1 0.2 6.6 
II 2 22.4 ±0.5 2.4 10.5 
II 3 26.9 ±1.0 3.8 7.4 

Chloroform 2.5 1 2.6 + 0.2 7.3 4.3 
with internal standard II 2 2.7 + 0.3 10.0 8.8 

II 3 2.3 ±0.03 1.4 9.7 
10 1 9.4 + 0.6 6.9 6.3 

II 2 9.1 ±0.3 3.3 9.0 
II 3 9.7 + 0.7 7.0 3.1 

50 1 46.0 ±2.1 4.6 8.0 
II 2 50.6 ±0.9 1.8 1.2 
II 3 48.8 ± 2.0 4.0 2.4 



Table 4.3 
Summary of interday reproducibility of three curcumin plasma extraction methods 

determined over three days 

Extraction Concentration Mean ± standard Coefficient of Bias 
(ng/mL) deviation (ng/mL) variation (%) (%) 

Ethyl acetate 25 25.1 ±1.2 0.1 0.3 
100 99.0 ±4.3 0.04 1.0 
250 250.9 ± 6.2 0.02 0.4 

Chloroform 5 4.6 ±0.6 12.3 7.7 
without internal standard 10 9.5 ±0.9 9.4 5.4 

25 24.2 ±2.1 8.8 3.2 
Chloroform 2.5 2.5 ±0.3 10.5 1.2 

with interna! standard 10 9.4 ±0.6 5.9 6.1 
50 48.5 ±2.5 5.2 3.1 
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CHAPTER V. IN VITRO DEGRADATION KINETICS OF CURCUMIN IN 

AQUEOUS SOLUTIONS AND IN HUMAN AND PORCINE BLOOD AND 

PLASMA 

Introduction 

Curcumin is a major constituent of turmeric, an lierb tliat originates from 

the rhizome of the plant Curcuma longa. This nonpolar compound is bright 

yellow to orange with a peak absorbance at 430 nm and is responsible for the 

coloring properties of turmeric, which is also used in the food industry as a spice. 

Although consumption of this herb is substantial, especially in typical diets of the 

Indian population, turmeric is also used for alternative medicinal purposes that 

include treatment for tumors, inflammation, and skin wounds. The anecdotal use 

of turmeric has stimulated scientific interest to provide evidence for the basis of 

these presumed benefits. Many of these studies have discovered that curcumin 

is the component responsible for many anti-inflammatory®°'^'^, antioxidant®®, and 

cancer chemopreventive actions®®'^"®. There have been indications that 

curcumin may reduce oxidative damage by acting as an effective scavenger of 

various reactive oxygen species (ROS), including superoxide anions and 

hydroxyl and peroxyl radicals®®'^®®. 

We report here a study, in a porcine model, to examine the disposition and 

oral bioavailability of selected phytochemicals having putative anti-inflammatory 

activity. Curcumin is one of those compounds, and we have found that the in 
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vivo terminal half-life is very short (ca., 7 min; refer to Chapter 6) due to a high 

systemic clearance. This finding created some uncertainty about the 

mechanism(s) of clearance, which could include instability of curcumin in blood 

and/or high organ clearance. In vitro stability of curcumin in human whole blood 

was previously investigated by Wang et Although after eight hours 50% of 

curcumin still remained, the initial concentrations used in the study were 

unusually higher (-4000 ng/mL) compared to Cmax values reported in various in 

vivo studies, the highest being approximately 650 ng/mL in human^°° (6-fold 

difference). If a high blood clearance is the cause for the high systemic 

clearance value, the question that arises is, to what extent does blood clearance 

contribute to systemic body clearance resulting in the short half-life? 

For these reasons, the stability of curcumin was investigated in porcine 

and human blood and blood components at concentrations that are relevant to 

those found in samples from in vivo studies, which range from approximately 5 to 

650 ng/mL. Based on the antioxidant properties of curcumin, we also 

investigated the effect of the addition of free radical spin trap agents, 2,2,6,6-

tetramethylpiperidine-A/-oxyl (TEMPO) and 5,5-dimethyl-1-pyrroline-A/-oxide 

(DMPO), to improve stability. In addition, the effect of two buffer ions, citrate and 

phosphate, on the degradation kinetics of curcumin was examined across a 

range of pH values in an aqueous system. 
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Experimental 

Chemicals 

Curcumin was isolated and purified from the turmeric rhizome by Dr. 

Shivanand Jolad (University of Arizona, AZ). The purity of curcumin was >97% 

(as determined by melting point, elementary analysis, HPLC, and NMR). Citric 

acid (anhydrous), sodium citrate dihydrate, sodium chloride, sodium hydroxide, 

and HPLC-grade methanol, tetrahydrofuran, and ethyl acetate were purchased 

from VWR Scientific (South Plainfield, NJ). p-estradiol, sodium phosphate 

monobasic (monohydrate), sodium phosphate dibasic (heptahydrate), and 

DMPO were obtained from Sigma Chemical Co. (St. Louis, MO). TEMPO was 

purchased from Aldrich (Milwaukee, Wl). Hydrochloric acid was obtained from 

Fisher Scientific (Pittsburgh, PA). All reagents were analytical grade. Water 

used in preparation of buffers was Milli-Q grade obtained from a Milli-Q filtering 

apparatus (Millipore, Boston, MA). 

Buffer Preparation 

Citrate (pH 4.9, 5.6, 6.8; 0.05 M) and phosphate (pH 4.9, 5.6, 6.8, 8.1; 

0.05 M) buffers were prepared using modified procedures from the Calbiochem® 

buffers booklet^ Desired pH was obtained by the addition of either 

hydrochloric acid (0.1 or 1 N) or sodium hydroxide (0.1 or 0.25 M). Buffers were 

stored at 2-5°C and brought to room temperature before use. 
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Collection of Porcine and l-luman Blood: Whole Blood, Plasma, Red Blood 

Ceils 

Porcine blood was obtained from male uncastrated Yucatan micropigs 

(S&S Farms, Rachita, CA) via a previously placed vascular access port (VAP; 

Access Technologies, Skokie, IL) using 20 mL heparinized luer-lok tip syringes. 

The blood was collected into 10 mL Vacutainer tubes containing sodium heparin 

to prevent coagulation. Tubes were gently inverted by hand to mix. If plasma 

and/or red blood cells were needed, blood was centrifuged at 3500 rpm for 10 

minutes to separate red blood cells from plasma. Plasma was transferred to 

clean 15 mL polypropylene screw cap tubes. Red blood cells were isolated by 

manually aspirating the layer of white blood cells and residual plasma remaining 

in the Vacutainer after the transfer of plasma using disposable polyethylene 

transfer pipets. Both components were aspirated until there was no visual 

evidence of their presence. 

Human blood was obtained from a healthy female volunteer using a 21-

gauge butterfly needle attached to removable 20 mL heparinized luer-lok tip 

syringes. The blood was collected into 10 mL Vacutainer tubes containing 

sodium heparin to prevent coagulation. Tubes were gently inverted by hand to 

mix. If plasma was needed, blood was centrifuged at 3500 rpm for 10 minutes to 

separate red blood cells from plasma. Plasma was transferred to clean 15 mL 

polypropylene screw cap tubes. All blood and blood components were used in 

experiments the same day of collection. 
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Hemolysis of Porcine Blood: Whole Blood and Red Blood Cells 

Whole blood collected in the 10 mL Vacutainer tubes was pooled into a 50 

mL polypropylene tube. The blood was sonicated by probe sonication using a 

Virsonic 600 ultrasonic cell disrupter (VirTis Company, Gardiner, NY) at a power 

output level of 4.0. Sonication was carried out for three minutes to ensure 

complete lysis of the red blood cells in the blood. 

In preparation for lysis of red blood cells (RBCs), RBCs were pooled into a 

50 mL polypropylene tube after isolation from whole blood as described 

previously. For RBCs that were lysed using water, an equal volume of water was 

added to the volume of red blood cells resulting in a 1:1 ratio. The tube was 

gently inverted for five minutes to facilitate the lysis of RBCs. The water:RBC 

mixture was allowed to sit at room temperature capped for at least ten minutes 

before experimental use to ensure complete hemolysis. All experiments were 

begun within an hour of hemolysis. For RBCs that were lysed using sonication, 

RBCs were sonicated by probe sonication using the Virsonic 600 ultrasonic cell 

disrupter at a power output level of 4.0. Sonication was carried out for three 

minutes to ensure complete lysis of the red blood cells present. Experiments 

were started within five or thirty minutes (depending on the nature of the 

experiment) after sonication. 

Sample Preparation, Incubation, and Extraction 

Buffer Samples 
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Prepared buffers (10 mL) were placed in separate 16 x 100 mm 

borosilicate glass test tubes, and each tube was spiked with 200 |iL of 

methanolic curcumin standards (12.5 or 25 ^ig/mL) to yield starting 

concentrations of 250 or 500 ng/mL, respectively. Immediately after spiking, 

these 10 mL sample stocks were placed on a Clay Adams Mutator mixer (VWR 

Scientific, South Plainfield, NJ) inside a dry incubator set at 37°C. Samples 

were protected from light in the incubator. At scheduled sampling times 

determined from preliminary experiments, 1 mL of sample was removed from 

incubated stocks and transferred to clean 12 x 75 borosilicate glass test tubes 

containing 20 |J.L of the internal standard, P-estradiol in methanol (100 |xg/mL), for 

extraction. The extraction method applied was adapted from procedures 

developed in this laboratory (see Chapter 4 for more details)^Buffer samples 

were immediately extracted using 2 mL of ethyl acetate. Capped samples were 

shaken on a horizontal shaker set on "high" for 10 min followed by centrifugation 

at 3500 rpm for 10 min. The organic layer was transferred to a new glass test 

tube and evaporated to dryness using a Speed-Vac (Thermo Savant, Holbrook, 

NY) for approximately 1.25 h. Samples were reconstituted in 75 ^,L of methanol, 

and 50 |iL was injected onto the HPLC. Sample stocks were incubated for 1.5 to 

48 h depending on the stability of curcumin in the particular pH as determined in 

preliminary experiments. The pH was measured at regular intervals during the 

experiments to detect fluctuations in pH. For both buffers at each pH, six data 
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points were collected (3-4 terminal half-lives) to determine the degradation half-

life of curcumin. All experiments were performed in triplicate. 

Blood Component Samples 

A volume of 2.25 mL blood component fluids from either species 

(intact/hemolyzed whole blood, plasma, and hemolyzed red blood cells) was 

added separately to 10 x 75 mm borosilicate glass test tubes. Headspace in 

each test tube was minimized by maximizing the volume of blood fluid added to 

smaller test tubes in order to avoid drastic changes in pH during incubation. 

Each test tube was spiked with 45 ^iL of methanolic curcumin standards (12.5, 

50, or 200 |ig/mL) to yield starting concentrations of 250, 1000, or 4000 ng/mL, 

respectively. After spiking with curcumin, samples were immediately placed onto 

a Mutator mixer inside a dry incubator set at 37°C. Samples were protected from 

light in the incubator. At scheduled sampling times determined from preliminary 

experiments, 1 mL of sample was removed from the incubated 2.25 mL stock 

and transferred to clean 12 x 75 borosilicate glass test tubes containing 20 |j.L of 

the internal standard, (3-estradiol in methanol (100 |»ig/mL), for extraction. The 

extraction method applied was adapted from procedures developed in this 

laboratory (see Chapter 4 for more details)"^. The physiological samples were 

immediately extracted using 2 mL of ethyl acetate. Capped samples were 

shaken on a horizontal shaker set on "high" for 10 min followed by centrifugation 

at 3500 rpm for 10 min. The organic layer was transferred to a new glass test 



124 

tube and evaporated to dryness using a Speed-Vac for approximately 1.25 h. 

Samples were reconstituted in 75 \lL of methanol, and 50 }iL was injected onto 

the HPLC. Sample stock solutions were incubated for 15 min to 35 h depending 

on the stability of curcumin in the particular matrix as determined in preliminary 

experiments. The pH was measured at regular intervals during the experiments 

to detect fluctuations in pH. For each matrix, at least five data points were 

collected (3-4 terminal half-lives) unless otherwise noted to determine the 

degradation half-life of curcumin. All experiments were performed in duplicate. 

Addition of Free Radical Scavengers to Blood Components: Whole blood 

and Water Hemolyzed Red Blood Cells 

Experiments investigating the effects of free radical scavengers on the 

stability of curcumin in physiological matrices followed the procedures outlined in 

this section in addition to those outlined in the preceding section. After the 

addition of 2.25 mL blood components to 10 x 75 mm borosilicate glass test 

tubes and prior to the addition of curcumin, 18 }iL TEMPO (in methanol) or 2.5 |iL 

DMPO was added to each test tube to produce a final concentration of 10 mM. 

Methanol was also spiked into a set of tubes to serve as a control. Samples 

containing the free radical scavengers were allowed to rotate on a Mutator mixer 

at 37°C in a dry incubator for 10 min. Following incubation, test tubes were 

removed from the rotator and spiked with 45 p.L of a methanoiic curcumin 

standard (12.54ig/mL) to yield a starting concentration of 250 ng/mL. Spiked 
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samples were immediately returned to the rotator to incubate at 37°C. At 

scheduled sampling times, determined from preliminary experiments, 1 mL 

sample was removed from the incubated 2.25 mL stock solutions and transferred 

to clean 12 x 75 borosilicate glass test tubes containing 20 |a,L of the internal 

standard, p-estradiol in methanol (100 |ig/mL), for extraction. The extraction 

procedure followed that outlined in the preceding section. Sample stock 

solutions were incubated for 30 min to 6 h depending on the stability of curcumin 

in the particular matrix as determined from preliminary experiments. The pH was 

measured at regular intervals during the experiments to detect fluctuations in pH. 

For each matrix, at least seven data points were collected (3-4 terminal half-lives) 

to determine the degradation half-life of curcumin unless otherwise noted. All 

experiments were performed in duplicate. 

HPLC Analysis 

Separation and quantitation of curcunnin were achieved using a reversed-

phase isocratic HPLC method previously developed by this laboratory^ 

Samples were injected using a Waters 717-plus autosampler with a refrigeration 

unit onto a Waters SymmetryShield RPis column (3.9 x 150 mm, 5 |im particle 

size; Milford, MA) attached to a Phenomenex SecurityGuard Ci8 cartridge system 

(4.0 x 3.0 mnn; Torrance, CA). The flow rate of the mobile phase [1% (w/v) citric 

acid solution (pH 3.0):tetrahydrofuran; 50:50 (v:v)] was maintained at 1.0 mL/min 

using a Waters 515 HPLC pump. The Waters Millennium^^ chromatographic 
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software (version 3.20) was utilized for integration. A Waters 996 photodiode 

array detector set at a visible wavelength of 430 nm and an ultraviolet 

wavelength of 280 nm was used to detect curcumin and P-estradiol, respectively. 

The limit of quantitation was 25 ng/mL, and linearity extended up to 4000 ng/mL 

regardless of the matrix. 
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Results 

Stability in Buffers 

The effect of pH on the stability of curcumin in phosphate and citrate 

buffers is shown in Figures 1 and 2, respectively. An immediate observation that 

is made is the nonlinear profile on log-linear scale for both citrate and phosphate 

buffer at a respective pH of 5.6 and 6.8. This observation was noted after 

starting concentrations were adjusted from 250 to 500 ng/mL. This was done so 

that curcumin concentrations could be quantified over at least three half-lives to 

obtain a reasonable degradation profile. Since samples were only taken over a 

two hour period in the Wang et al. paper^°^, it appeared as though the 

degradation profiles of curcumin at different pH values followed an apparent first-

order process. Although our results suggest that curcumin does not degrade as 

a first-order process, linear approximations of slope, with the exception of citrate 

and phosphate buffer at pH 5.6 and 6.8, respectively, were used to give 

estimates of the rate constants for the purpose of comparison. As pH increased, 

the degradation half-life decreased dramatically regardless of the buffer system 

(Table 1). 

The slopes of the observed rate constants (kobs) vs. pH are shown in 

Figure 3. Although specific base (hydroxide) catalysis is demonstrated for both 

buffers, the rate constant-pH profile of the phosphate buffer deviates from that 

observed for the citrate buffer suggesting an effect due to differences in either 

ionic strength or buffer ions. An experiment was performed to verify if ionic 
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strength was contributing to the change in stability. Degradation of curcumin was 

examined in 0.05 M citrate buffer at pH 5.6 in the absence and presence of 

sodium chloride (2.5%, w/v). The addition of sodium chloride to citrate buffer did 

not have any effect on the degradation of curcumin (Table 2). To confirm the 

presence of general acid/base catalysis, three different molar concentrations 

(0.05, 0.125, 0.25 M) of citrate buffer at pH 5.6 were compared. As the citrate 

ion concentration increased, the degradation of curcumin increased (Figure 4). 

These findings support the idea that the citrate ion has a more profound effect on 

the degradation of curcumin than the phosphate ion at the same pH values. At 

all three pH values, the citrate ion increased the degradation rate constant by at 

least 50%. 

Stability in Porcine Blood Components 

To assess whether curcumin concentration per se has any effect on 

stability, three different starting concentrations of curcumin in whole blood were 

examined, two of which were more relevant to those found in vivo. The results 

indicate that curcumin is more stable as the starting concentration increases 

(Table 3). Percent change in degradation half-life went from 34% to 115% when 

comparing the starting concentration of 250 to 1000 ng/mL vs. 250 and 4000 

ng/mL, respectively. 

Curcumin was shown to be stable in plasma compared to whole blood by 

a factor greater than 100-fold. Although the results from the buffer experiments 
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predicted degradation to occur at the basic pH measured for the plasma, 

curcumin was detected for over 30 h in plasma. 

To determine the extent of the red blood cells' role in the degradation of 

curcumin, red blood cells were isolated from whole blood by removing plasma 

and leukocytes and lysed in order to eliminate the rate-limiting transport of 

curcumin into the cell. Sonication of the RBCs and the addition of water to the 

RBCs at a ratio of 1:1 were two methods used to lyse the cells. Under either 

lysing condition, the mean ti/2 was comparable to those observed for whole blood 

at the same concentration of 250 ng/mL (Table 4). 

Interestingly, when sonicated whole blood was examined, the degradation 

rate constant decreased by one-third compared to the control (curcumin in intact 

whole blood). It was also observed that the stability of curcumin improved when 

sonicated red blood cells were allowed to sit for thirty minutes prior to curcumin 

incubation as opposed to the usual five minutes (data not shown). It has been 

reported that the formation of peroxides occur during sonication^^^. Peroxides 

can act as a free radical scavenger, thus removing free radicals to which 

curcumin can bind. 

Role of Free Radical Scavengers on the Stability of Curcumin 

In pig whole blood and water-lysed red blood cells, TEMPO and DMPO 

both reduced the degradation rate of curcumin (Tables 3 and 4). TEMPO was 

more effective in whole blood, while DMPO had a moderate effect (equivalent to 
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the rate observed for the 4000 ng/mL starting concentration). In lysed RBCs, the 

contribution of TEMPO was even greater than that seen in whole blood (about a 

14-fold difference). Surprisingly, when added to porcine plasma, TEMPO 

accelerated the degradation of curcumin compared to the control (only curcumin 

in plasma). TEMPO had no effect on curcumin degradation in human blood 

(Table 5). 

Stability in Human Blood Components 

Studies implemented with human whole blood and plasma paralleled 

those experiments performed with porcine blood components. Three different 

starting concentrations (250, 1000, 4000 ng/mL) were examined in human whole 

blood. The degradation rate constant of curcumin decreased as starting 

concentrations increased, as observed in porcine whole blood (Table 5). In 

contrast, the degradation half-life was longer than those observed in pig whole 

blood. In general, the degradation rate constant was at least five times slower 

than that seen at comparable concentrations in porcine whole blood. Percentage 

change in degradation half-life nearly doubled when the starting concentrations 

of 250 and 1000 ng/mL vs. 250 and 4000 ng/mL were compared (43 and 87%, 

respectively). The 4000 ng/mL concentration (equivalent to 10 |xM) was 

specifically examined in order to compare our results to those reported in the 

Wang efa/. paper^°^. 
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Although a difference in curcumin degradation was observed in pig and 

human whole blood, the disappearance of curcumin in human plasma mimicked 

that in pig (Figure 5). 

Use of Polypropylene Labware versus Glass Labware: Adsorption 

The presence of non-specific binding of curcumin was examined in 

polypropylene test tubes. Twenty jiL of a methanolic standard of curcumin was 

added to one mL of 0.1 M phosphate buffer (pH 4.9) to yield a final concentration 

of 1000 ng/mL in a polypropylene and a borosilicate glass (control) test tube. 

Solutions were incubated in the test tubes at room temperature for five minutes. 

Direct injections of each solution were made using the HPLC method outlined in 

the Materials and Methods section. The curcumin peak area determined for the 

solution from the polypropylene test tubes was approximately 60% less than that 

observed In glass. Additionally, when the buffer comparison study was 

reproduced in polypropylene test tubes, the initial starting concentration, targeted 

for 250 ng/mL, was inconsistently lower than those observed in glass (Figure 6). 
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Discussion 

A previous study on the degradation kinetics of curcunnin was conducted 

using different buffer systems to obtain a range of specific pH values (3.0-

10.0)^°^. Results demonstrated that as the pH became more basic, curcumin 

degraded more rapidly. Between pH values of 8.0 and 10.0, however, curcumin 

became less unstable with a degradation half-life of 1.05 to 14.05 min, 

respectively. We speculate that this behavior may be caused by the presence of 

different buffer species (phosphate vs. carbonate) used to achieve the two pH 

values, since other experimental factors, such as molar concentrations, were 

identical. In investigating this observation, phosphate and citrate buffer systems 

were compared because both possessed a working pH range that overlapped. It 

was found that either in the phosphate or citrate buffer system, the degradation 

half-life decreased dramatically as pH increased. This finding is consistent with 

results from other investigators indicating that curcumin is relatively stable in 

acidic environments and becomes more unstable in neutral to basic 

conditions^°^'^^^. Using a spectrophotometric method, Oetari et reported 

instability of curcumin in phosphate buffer at pH 7.4. Stability of curcumin 

improved considerably by lowering the pH. It has also been suggested that the 

stability maintained in acidic conditions may be contributed to by a conjugated 

diene structure; however, when curcumin is placed in neutral-basic conditions, a 

proton is removed from the phenolic group resulting in an alteration of the 

structure^°^. 
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When both buffer systems were compared at the same pH (4.9, 5.6 and 

6.8), curcumin degraded more rapidly in citrate buffer than in phosphate buffer. 

Further investigation into the cause revealed that as the citrate ion concentration 

increased, the degradation of curcumin increased. These findings support the 

idea that the citrate ion has a more profound effect on the degradation of 

curcumin than the phosphate ion at the same pH values. Although additional 

studies need to be performed, it is possible, based on our comparison between 

the phosphate and citrate species, that the carbonate ion may have impeded 

curcumin degradation in the Wang et al. study^°^ resulting in the unusual 

increase in ti/2. 

Stability of curcumin in physiological matrices has been investigated 

previously^°^. The starting concentrations used in that study, however, drastically 

exceeded values reported in vivo. A starting concentration of 10 |xM (equivalent 

to approximately 4000 ng/mL) was used. In vivo curcumin plasma 

concentrations range from <20 to 650 ng/mL depending on the species and route 

of administration®^'®®. To address the effect of concentration on the stability of 

curcumin, three different starting concentrations of curcumin were examined in 

whole blood. The results indicated that curcumin is more stable as the starting 

concentration increases. One rationale for this observation is saturation of 

curcumin in the matrix at the highest concentration (4000 ng/mL). Since 

curcumin is highly lipophilic and, thus, has very poor aqueous solubility, higher 

concentrations of curcumin may precipitate out of solution and slowly redissolve 
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back into the plasma. When all curcumin concentrations examined (250, 1000, 

4000 ng/mL) were added to water individually, however, no visual signs of 

precipitation were observed. Rather than a delay in solubility in the physiological 

matrix, curcumin degradation may be mediated by the components of whole 

blood. 

Plasma may protect curcumin through plasma protein binding as 

suggested by other investigators®®'^"^'^^"^. Oetari et showed that stability of 

curcumin improved considerably by adding microsomal protein and cytosolic 

fractions of rat liver. Curcumin was shown to be stable in plasma compared to 

whole blood in this study. Even at the basic physiologic pH measured for the 

plasma, curcumin was detected for over 30 h. Curcumin which is not bound to 

plasma proteins, however, may bind to and/or enter the red blood cells where 

oxidation, degradation, or enzymatic change of curcumin occurs giving rise to 

oxidation, degradation components, or metabolites, respectively. Once inside 

the RBC, curcumin may be altered and no longer detectable. After curcumin 

disappears into the red blood cell from the plasma phase, a new equilibrium must 

be attained between the unbound and plasma protein bound fraction of curcumin. 

Therefore, a continuous transport into the red blood cell, resulting in a decrease 

in curcumin concentrations, may account for the observed degradation. 

Saturation of this transport mechanism into the red blood cells, assuming that the 

site of degradation is intracellular, in the presence of high concentrations of 

curcumin could contribute to the extended stability. 
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Reactive oxygen species (ROS) are primarily produced as a result of 

respiration in the mitochondria^^®. Under normal conditions, the presence of 

these species can be mediated. However, excess species, often arising from 

s p e c i f i c  o x i d a t i v e  i n s u l t s  o r  a  p h y s i o l o g i c a l  c o n d i t i o n  d u r i n g  a g e i n g ^ c a n  

cause irreparable damage^ Antioxidants may reverse these effects by 

scavenging specific reactive free radicals, nonradicals (such as hydrogen 

peroxide), or through chelation to metals^^®'^^°. Curcumin is a scavenger of these 

free radicals,®'^® and is known to inhibit lipid peroxidation^^^. Thus, curcumin can 

prevent excessive oxidative damage to tissues that may lead to cancer®®'^°® and 

cardiovascular disease^^^, and decrease the formation of inflammatory 

compounds such as prostaglandins and leukotrienes, which are involved in 

Parkinson's and Alzheimer's diseases®®'^A study by Masuda et 

determined that products, including vanillin, ferulic acid, and a curcumin dimer, 

were formed after curcumin reacted with radical species. This result indicated 

that the structural integrity of curcumin changed once it was bound to a free 

radical, thus, making it undetectable. This was also shown in studies where 

hydroxyl attack was initiated on salicylic acid^^^ and diclofenac and piroxicam^^®. 

Based on these studies, it seemed possible that the presence of another free 

radical scavenger with a greater affinity for the free radicals in the environment 

could function as a primary antioxidant and, as a consequence, delay the non-

enzymatic (oxidative) catalysis of curcumin. We evaluated this possibility using 

free radical scavengers TEMPO and DMPO. TEMPO is a cell-permeable 
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nitroxide spin trap also reputed to remove superoxides by accelerating the 

conversion of superoxides into hydrogen peroxide^^®. TEMPO is thought to 

function as an electron acceptor, and is reported to trap electrons from nitroxyl, 

hydroxyl, and superoxide radicals and inhibit lipid peroxldation®®'^^^'^^®. DMPO is 

a potent free radical scavenger that readily enters the red blood cell and has 

been used in several spin trapping studies®^'^^®"^^\ 

Erythrocytes are particularly susceptible to lipid peroxidation due to their 

high content of polyunsaturated lipids, their rich oxygen supply, and the presence 

of transition metals^therefore, the intracellular concentration of free radicals in 

the RBC is high and is more likely responsible for the breakdown of curcumin. 

According to the whole blood data, the results suggest that TEMPO and DMPO 

have limited potential to prevent degradation of curcumin in whole blood due to 

slower uptake into the red blood cell; whereas curcumin, due to its highly 

lipophilic nature, can permeate into the lipid membrane of red blood cells and 

become localized within the membranous subcellular fraction of cells^^°. In 

addition to a limitation in uptake into the RBC, these results suggest that either 

DMPO may have a weaker affinity for free radicals than TEMPO or TEMPO may 

be more efficient at intercepting the same radicals inactivated by curcumin, such 

as lipid peroxyl radicals. An unlikely observation was noted in pig plasma; 

TEMPO accelerated the degradation of curcumin compared to the control (only 

curcumin in plasma). Fewer free radicals may be present in plasma; therefore, 

TEMPO may attack curcumin resulting in an increase in the rate of degradation. 
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Degradation of curcumin was examined in human blood components. 

Differences in degradation rate constants between pig and human were reflected 

only in whole blood, which may suggest a species-specific variation in the red 

and/or white blood cells of pigs. Varying concentrations of curcumin were also 

examined in human whole blood. The 4000 ng/mL concentration (equivalent to 

10 liM) was specifically scrutinized in order to compare our results to those 

reported in the Wang et al. paper^°^. Unfortunately, not enough information was 

provided in that paper with regard to the conditions and methods of the 

experiment conducted in human blood. The terms human plasma and human 

blood are used inconsistently in the methods section with little explanation, 

creating confusion as to what physiological matrix was tested. Strictly based on 

the results reported in that paper, however, our findings are not consistent with 

the data reported. 

Although our investigation focused on the role of red blood cells in the 

degradation of curcumin, investigators should not disregard the involvement, if 

any, of the white blood cells. Further studies need to be performed to account for 

the role of white blood ceils to determine whether a synergistic degradation effect 

occurs in the presence of both components. Additionally, neutrophils have been 

shown to generate superoxides in response to soluble or particulate stimuli^^^. 

We have characterized the stability of curcumin in two buffer systems and 

in various blood fluids of pig and human. In either system, as pH increased, the 

stability of curcumin diminished. In addition to the specific base catalysis, the 
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effect of general acid/base catalysis, not ionic strength, affected the degradation 

of curcumin. A significant fraction (5-10%) of total systemic clearance seems to 

be attributed to blood clearance, which may be caused by the inherent ability of 

curcumin to scavenge free radicals. It is important to characterize the stability in 

such environments in order to develop appropriate protocols for handling and 

processing in vitro and in vivo samples containing curcumin. Our experimental 

results indicate that in vitro degradation of curcumin can be minimized or avoided 

if appropriate precautions are taken. 
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Figure 5.1. Percentage of curcumin remaining in 0.05 M phosphate buffer as 
a function of time at various pH values in the absence of light. Samples were 
incubated at 37°C. 
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Figure 5.2. Percentage of curcumin remaining in 0.05 M citrate buffer as a 
function of time at various pH values in the absence of light. Samples were 
incubated at 37°C. 
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Figure 5.4. Percent of curcumin remaining in the presence of increasing molar 
concentrations of citrate buffer. Samples were incubated at 37°C. 
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Figure 5.6. Effect of borosilicate glass and polypropylene test tubes on the 
concentration of curcumin as a function of time. Samples incubated at 37 C. 



Table 5.1 
Effect of pH on the apparent first-order degradation rate constant of 

curcumin in different buffer systems 

Buffer Mean observed pH Meank(1/h) ±SD Mean Xy2 (h) ±SD® 

Phosphate 4.93 0.01 i ± 0.0007 63.2 ±4.10 
5.65 0.013 ±0.0002 52.0 ± 0.90 
8.18 0.65 ± 0.026 1.07 ± 0.043 

Citrate 4.90 0.023 ± 0.004 30.0 ± 5.68 
6.89 1.26 ±0.030 0.55 ±0.013 

^Harmonic mean and 'pseudo'-standard deviation®'^ 
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Table 5.2 
Effect of ionic strength on the degradation of curcumin at pH 5.6 

k(1/h) ti/2 (ll) 

0.05 M citrate buffer 0.038 ± 0.004® 18.1 ±2.00^ 

0.05 M citrate buffer + 2.5% NaCI'^ 0.032 22.0 

^IVIean ± standard deviation 

'^Harmonic mean and 'pseudo'-standard deviation®"^ 
°n=1 



= Table 5.3 
Summary of apparent first-order degradation rate constants of curcumin in porcine blood 

products under various conditions 

Matrix Condition Mean observed pH Mean k (1/h) ± SD Mean ti/2 (h) ± SD® 

Blood 250 ng/mL 7.68 6.67 ± 0.23 0.10 ±0.004 
1000 ng/mL 7.69 4.99 ± 0.40 0.14 ±0.011 
4000 ng/mL 7.67 3.11 ±0.18 0.22 ±0.013 

+TEI\/IPO 7.64 0.73 ± 0.09 0.95 ±0.13 
+DMPO 7.55 3.01 ±0.11 0.23 ± 0.008 

Plasma 250 ng/mL 7.64 0.059 ± 0.001 11.75 ± 0.29 
+TEIVIPO 7.75 0.17 ±0.003 4.03 ± 0.080 

^Harmonic mean and 'pseudo'-standard deviation®"^ 



Table 5.4 
Effect of hemoiyzed porcine blood products on the apparent first-order degradation rate constants 

of curcumin 

Process Matrix Scavenger Mean observed pH Mean k(1/h)±SD Mean \y2 (h) ± SD® 

Sonication Blood — 7.52 2.07 ± 0.06 0.34 + 0.009 
RBC — 7.46 6.48 ±0.12 0.11 ±0.002 

Water RBC 7.33 5.95 ±0.29 0.12 ±0.006 
+TEMPO 7.43 0.43 ± 0.02 1.61 ±0.068 
+DMPO 7.37 2.42 ± 0.41 0.29 ±0.049 

^Harmonic mean and 'pseudo'-standard deviation®"^ 



Table 5.5 
Summary of apparent first-order degradation rate constants of curcumin in human blood 

products under various conditions 

Matrix Condition Mean observed pH Mean k (1/h) ± SD Mean ti/2 (h) ± SD® 

Blood 250 ng/mL 7.60 1.05 ±0.027 0.66 ±0.017 
1000ng/mL 7.58 0.73 ± 0.071 0.95 ± 0.092 
4000 ng/mL 7.55 0.56 ±0.015 1.24 ± 0.034 
+TEMPO 7.53 1.09 ±0.15 0.64 ± 0.088 

Plasma 250 ng/mL 7.79 0.057 ± 0.001 12.17 ±0.24 

^Harmonic mean and 'pseudo'-standard deviation®"^ 
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CHAPTER VI. DISPOSITION AND ORAL BIOAVAILABILITY STUDIES WITH 

CURCUMIN 

Introduction 

In an ongoing effort to obtain more insight into using the pig as an 

alternative animal model for predicting oral bioavailability values in humans, 

specific botanicals thought to exhibit anti-inflammatory effects were investigated. 

In this study, turmeric, an herb originating from the rhizome of the plant Curcuma 

tonga, was examined. This botanical is commonly found in the diets of specific 

populations, especially Indians, because of its distinctive flavor. Consumption of 

this herb is substantial in these populations and frequently exceeds 100 mg per 

day^^'^. Turmeric is also used for alternative medicinal purposes that include 

treatment for tumors, inflammation, and skin wounds. The anecdotal use of 

turmeric has stimulated scientific interest to provide evidence for the basis of 

these presumed benefits. Several studies report that curcumin, the major yellow-

orange pigment extracted from turmeric, may be responsible for much of the 

pharmacologic effects associated with the consumption of turmeric®®'®®'®®'®®'^®®. 

Despite the promising pharmacologic effects that have been observed, 

several studies have reported that a trivial amount of curcumin, relative to the 

original dose, reaches the systemic circulation in both rodents and 

humans®'^'®^'®®'^°°. One of the factors responsible for the low bioavailability is 

poor absorption of the compound. Unlike antipyrine, which was previously 
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investigated' in Chapter 3, the aqueous solubility of curcumin is very low 

(calculated log partition coefficient value = 2.94). Therefore, it is doubtful that 

curcumin, if administered in solid form, is absorbed to any great extent in the gut 

due to limitations in dissolution. In a Phase I clinical trial, oral doses as high as 8 

g curcumin/day were administered to seriously ill patients, and resulted in an 

average peak serum concentration of only 652.5 ng/mL with no signs of 

toxicity^°°. Another study detected a maximum plasma concentration of 220 

ng/mL in mice given a 1 g/kg oral dose. Subsequent samples had lower 

concentrations including concentrations below the quantifiable limit of 73.7 

ng/mL®®. A recent study by Ireson et also reported that plasma 

concentrations were below the limit of quantitation (7 ng/mL) after the 

administration of a 500 mg/kg oral dose to rats. Similarly, in a study by 

Wahlstrom et curcumin was undetectable in plasma one hour following a 

single oral dose of 1 g/kg given to rats. The resulting plasma concentrations 

were calculated to be no greater than 20 ng/mL. An investigation in humans 

found no detectable concentrations of curcumin following a 180 mg oral dose®®. 

Another factor contributing to the low bioavailbility of curcumin is the 

presence of presystemic metabolism. A liver perfusion study conducted by 

Wahlstrom et al^^ demonstrated that trace amounts of curcumin were present 

after three hours of perfusion. In a study by Asai et orally administered 

curcuminoids were found to be metabolized through glucuronidation and 

glucuronidation/sulfation. Similarly, Pan et al.^^ found that several glucuronides 
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were formed following oral dosing of curcumin. Extensive metabolic conjugation 

and reduction of curcumin in the gastrointestinal tract was also revealed in in 

vitro experiments using subcellular fractions of intestinal tissue, hepatic fractions, 

and intact rat intestinal sacs^®^'-""^. 

From our previous study, which examined the stability of curcumin in 

blood and plasma (Chapter 5), it was found that the in vitro degradation half-life 

was very short in whole blood of both pigs and humans (ca., 6 and 40 min, 

respectively). This finding seemed to suggest that blood clearance, in 

combination with poor absorption and high organ clearance, may cause further 

loss of curcumin in vivo. 

A limitation to the curcumin in vivo studies reported in the literature was 

the inability to quantitate low curcumin concentrations. Having a more sensitive 

assay would allow better characterization and understanding of the disposition 

and absorption kinetics of this compound. Therefore, a simple liquid-liquid 

extraction and assay was developed, as described in Chapter 4, since we 

anticipated a challenge in accurately quantitating the curcumin concentration in 

plasma. Since curcumin seemed to be an acceptable candidate to examine the 

disposition and absorption of poorly water soluble compounds in pigs, 

intravenous and oral solution dosing studies of pure curcumin and a commercial 

turmeric product were conducted in the Yucatan micropig to determine oral 

bioavailability of these two formulations. 
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Experimental 

Chemicals 

Curcumin was isolated and purified fronn the turmeric rhizome by Dr. 

Shivanand Jolad (University of Arizona). Purity (>97%) was determined using 

HPLC, NMR, elemental analysis, and melting point, p-estradiol, sodium 

phosphate dibasic (heptahydrate), Tween 80, and potassium hydroxide were 

purchased from Sigma Chemical Co. (St. Louis, MO). Citric acid (anhydrous), 

sodium citrate dihydrate, sodium acetate trihydrate, glacial acetic acid, and 

HPLC-grade methanol, ethyl acetate, chloroform, and tetrahydrofuran were 

purchased from VWR Scientific (South Plainfield, NJ). Hydroxypropyl p-

cyclodextrin (HPpCD) was obtained from Wacker-Chemie (Burghausen, 

Germany). 

Animals 

Studies were conducted in male uncastrated Yucatan micropigs (S&S 

Farms, Rachita, CA) weighing between 26.9 and 51.7 kg. The micropigs were 

housed in the University Animal Care facility and exposed to a 12 hr light and 

dark cycle. Animals were fed a standard Harlen-Teklad Minipig diet 8753 (14 oz 

twice a day) containing approximately 16% crude protein, 3% crude fat, and 14% 

crude fiber. Water was provided ad libitum. Animals were housed one per run to 

avoid competition for food and to provide the same amount of nutrition. The 

micropigs were acclimatized to, socialized, and trained in their surroundings for a 
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week before surgery/experiments. Prior to surgery/studies, animals were fasted 

overnight. Animals Study protocols were approved by the Institutional Animal 

Care and Use Committee of the University of Arizona. 

Surgery 

At least one week prior to studies, each animal was placed under 

anesthesia using an intramuscular dose of Telazol (tiletamine/zolazepam; 20 

mg/kg) and was maintained under anesthesia using Isoflurane (5-100%) in order 

to surgically implant a vascular access port (VAP; Access Technologies, Skokie, 

IL) under the skin above their shoulder blades. The implantation of the VAP 

allows continuous access to venous blood. The animals were administered an 

IM dose of 0.01 mg/kg (twice daily) buprenorphine hydrochloride for relief of post

operative pain for two days post surgery. After one week of recovery, the VAPs 

were flushed at least twice a week with heparinized saline (100 units/mL sodium 

heparin) with ampicillin. The antibiotic solution was flushed with heparinized 

saline from the VAP no later than 12 h prior to the start of an experiment. This 

flush treatment prevented infection and maintained patency when the animals 

were not being used experimentally. 

Curcumin content determination from commercial capsules 

Turmeric capsules (400 mg) were subjected to a methanolic extraction 

(Vitamin World, Inc., Ronkonkoma, NY) in order to determine the average 



155 

amount of curcumin in each capsule. Each capsule was weighed and its 

contents were placed in a 16 x 100 mm borosilicate glass test tube. Ten mL 

methanol was added to the contents in the test tube and capped. The mixture 

was allowed to shake for 30 min on a horizontal shaker set on "high" and was 

protected from light during the process. The samples were then centrifuged at 

3500 rpm for 10 minutes. Direct injections of the supernatant were made along 

with a methanolic standard curve using the HPLC assay outlined below. 

In vivo pharmacokinetic studies 

Intravenous (n=7), oral aqueous solution (n=6), and commercial capsule 

(n=5) crossover studies were performed in five animals for the solution and 

capsule. An intravenous dose of pure curcumin was prepared in 0.05 M acetate 

buffer (pH 5.0) with 40% HPpCD. The intravenous doses were administered 

(2.52 - 13.64 mg/20 mL) via a vascular access port (VAP). An oral solution of 

pure curcumin was administered orally via intubation as an aqueous solution [1.2 

- 2.0 g/50 mL 0.05 M citrate buffer (pH 5.0) + 2 mL 1% (v/v) Tween 80] followed 

by a 50 mL 0.05 M citrate buffer (pH 5.0) rinse. Six to eight commercial capsules 

of turmeric, previously analyzed for content, were administered orally via 

intubation followed by a 50 mL water rinse. Plasma samples were obtained over 

6 hours and assayed using an HPLC method developed previously in this 

laboratory^Concentration-time data were analyzed by noncompartmental 

analysis using WinNonlin to obtain pharmacokinetic parameters. 
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Plasma sample collection 

Ten mL blood samples were taken via a vascular access port at 

scheduled times and transferred to 10 mL Vacutainer tubes containing sodium 

heparin to prevent coagulation. Tubes were gently inverted by hand to mix. 

Blood was immediately centrifuged at 3500 rpm for 10 minutes to separate red 

blood cells from plasma due to additional external degradation of curcumin in 

whole blood (see Chapter 5 for more details). Two mL plasma was transferred to 

two clean 12 x 75 mm borosilicate glass test tubes using disposable polyethylene 

transfer pipets and capped. One of the two tubes was stored on ice for 

extraction. The other tube was incubated with 100 |iL p-glucuronidase in water 

(2.5 mg/mL; 10000 U/mL) at 37-C for 1 hr to detect the formation of curcumin 

glucuronide. Following incubation, samples were extracted. All sample 

extractions were performed on the same day of the experiments. 

Liquid-liquid extraction method 

Calibration curve 

Two mL blank pig plasma in 12 x 75 mm borosilicate glass test tubes were 

spiked with 20 ^iL of methanolic standards (0.25-5 |ig/mL) to produce plasma 

curcumin concentrations ranging from 2.5 to 50 ng/mL. Twenty iiL of the internal 

standard, p-estradiol in methanol (20 ixg/mL), was added to each sample to give 

a final plasma concentration of 200 ng/mL. Two mL chloroform was used to 
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extract both curcumin and p-estradiol. Samples were shaken on a hprizontal 

shaker set on "high" for 10 minutes followed by centrifugation at 3500 rpm for 10 

minutes. The organic layer was transferred to a fresh glass test tube and 

evaporated to dryness using a Speed-Vac for approximately 30 minutes. 

Samples were reconstituted in 75 jiL methanol, and 50 jxL was injected onto the 

HPLC. 

Authentic plasma samples 

Twenty \iL of the internal standard, p-estradiol in methanol (20 |ig/mL), 

was added to each 2 mL plasma sample to give a final plasma concentration of 

200 ng/mL. Two mL chloroform was used to extract both curcumin and p-

estradiol. Samples were shaken on a horizontal shaker set on "high" for 10 

minutes followed by centrifugation at 3500 rpm for 10 minutes. The organic layer 

was transferred to a fresh glass test tube and evaporated to dryness using a 

Speed-Vac for approximately 30 minutes. Samples were reconstituted in 75 \iL 

methanol, and 50 |xL was injected onto the HPLC. 

HPLC Analysis 

Separation and quantitation of curcumin and p-estradiol was achieved 

using a reversed-phase isocratic HPLC method described in Chapter 4. 

Samples were injected onto a Waters SymmetryShield RPis column (3.9 x 150 

mm, 5 |im particle size; Milford, MA) attached to a Phenomenex SecurityGuard 
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Ci8 guard cartridge system (4.0 x 3.0 mm; Torrance, CA) by a Waters 717-plus 

autosampler with a refrigeration unit. The column and autosampler were 

operated at ambient temperature. The mobile phase consisted of a 1% (w/v) 

citric acid, adjusted to pH 3.0 using 45% (w/v) potassium hydroxide, and 

tetrahydrofuran in the ratio of 50:50 (v:v). The solution was filtered under a 

vacuum through a 0.2 iim filter (Alltech, Deerfield, IL). At room temperature, the 

mobile phase was stable for at least one month. The flow rate of the mobile 

phase was set at 1.0 ml_/min and was maintained at this rate by a Waters 515 

pump. The Waters Millennium^^ chromatographic software (version 3.20) was 

utilized for integration (Milford, MA). A Waters 996 photodiode array detector set 

at a visible wavelength of 430 nm was used to detect curcumin. To detect the 

internal standard |3-estradiol, an ultraviolet wavelength of 280 nm was used. The 

qalibration curve had a limit of quantitation of 2.5 ng/mL and was linear to 50 

ng/mL. |3-estradiol and curcumin eluted from the column at approximately 4 and 

5 minutes, respectively. 
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Results 

Pharmacokinetic parameters of curcumin were determined after the 

administration of an intravenous, oral solution, and oral commercial capsule 

dose. Several intravenous formulations were investigated due to the extremely 

low aqueous solubility of this compound. The Intravenous preparation that was 

most optimal was formulated using hydroxypropyl p-cyclodextrin, a complexant. 

Other solubilization techniques, such as pH adjustment and addition of 

cosolvents, were taken into consideration., Adjusting pH upward in order to 

create a more basic environment (pH greater than 9.0) would have helped 

solubilize curcumin; however, as demonstrated in studies described in Chapter 5, 

there would have been substantial degradation of curcumin. A cosolvent mixture 

containing 10% ethanol, 40% propylene glycol, and 0.05 M acetate buffer (pH 

5.0) was also tested. Although a satisfactory amount of curcumin was solubilized 

in this mixture, the amount that could be delivered would have been insufficient 

to yield measurable concentrations in the pig. 

Curcumin declined rapidly to below quantifiable limits in less than thirty 

minutes in most animals when administered intravenously (Figure 1). A 

noncompartmental analysis was performed to obtain values for terminal half-life, 

systemic clearance, and volume of distribution, which are summarized in Table 1. 

The systemic clearance was very large (166.1 + 57.07 mUmin/kg), which, in 

addition to a high blood clearance (refer to Chapter 5), greatly contributed to the 

short terminal half-life of approximately 5 minutes. Curcumin distributes into a 
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relatively large volume (about 0.92 LVkg). Two of the seven animals given an 

intravenous dose of curcumin, however, revealed a sustained presence of 

curcumln in the plasma (Figure 1). Based on the data of these two pigs, the 

intravenous curcumin concentration-time profiles were best fit to a two-

compartment model. The pharmacokinetic parameters resulting from a 

noncompartmental analysis for these two pigs are listed in Table 2. The mean 

terminal half-life of these two subjects was considerably greater than that of the 

other five animals. The data of the other subjects did not display this profile due 

to analytical limitations in spite of the use of an analytical assay with enhanced 

sensitivity. Due to this limitation, the terminal half-life values differed because the 

terminal slope could not be seen in the five animals. The average systemic 

clearance is still large (54.4 mUmin/kg). However, the volume of distribution is 

much greater than previously thought (average = 5.44 l_/kg). Due to the 

lipophilicity of the compound, curcumin may be distributing into fatty tissues. 

The average amount of curcumin in commercial capsules containing 

ground turmeric rhizome was estimated by performed a simple methanolic 

extraction on the contents of the capsules. As shown in Table 3, less than 4 mg 

curcumin were found in each capsule. Curcumin only accounted for less than 

1% of the content in the capsules. Two other major turmeric components, 

demethoxycurcumin and bisdemethoxycurcumin, were also found in the 

capsules. Figure 2 shows the HPLC chromatogram of the three compounds 

present in the commercial turmeric capsules. Demethoxycurcumin and 
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bisdemethoxycurcumin eluted at 6.3 and 7.4 minutes, respectively, followed by 

curcumin (5.3 minutes). 

Difficulties were also encountered in modeling the data resulting from the 

administration of an oral solution of curcumin and commercial turmeric capsules 

were also met. Dosing of either oral solutions containing 1.2 to 2 g of curcumin 

or commercial turmeric capsules containing 22.2 to 29.6 mg of curcumin resulted 

in plasma concentrations that were at or below limit of quantitation of the assay. 

Therefore, the absolute oral bioavailability (F) of these two dosage forms was, at 

most, 1% with one exception. One of the five animals tested possessed 

measurable plasma concentrations following dosing with the commercial turmeric 

capsules. A bioavailability value of approximately 20% was calculated using 

area under the curve (AUG) values from the IV and PO concentration-time 

profiles and the IV and PO doses. These results seemed unlikely especially 

since the total dose contained less than 30 mg curcumin. This may have been 

an anomaly, and further experiments are being conducted to see if these results 

can be reproduced. 

Since such low bioavailability values were obtained, samples were further 

examined to determine whether presystemic metabolism, specifically phase II, 

was involved. Plasma samples from both the intravenous and oral dosing 

studies were tested for the presence of glucuronides by incubating them with |3-

glucuronidase. As illustrated in Figure 3, very little of the conjugated form of 

curcumin was detected in the plasma samples from the intravenous dosing 
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studies. Figure 4 shows the plasma concentration-time data after enzyme 

incubation following oral dosing of commercial capsules. Prior to incubation, 

curcumin in its free form was essentially undetectable (Figure 5). Therefore, the 

profiles obtained after enzymatic incubation primarily represent the conjugated 

form of curcumin. As early as 30 minutes in some cases, curcumin in its 

conjugated form was detected at or above the limit of quantitation. These 

concentrations were sustained for at least 6 hours in all animals. The formation 

of the conjugated form of curcumin was even more apparent following dosing of 

the oral solution. Initially, the oral solution study was ended prematurely once it 

was discovered that curcumin concentrations were undetectable following dosing 

of the oral solution (approximately 8 hours post-dose). Unexpectedly after 

incubation with p-glucuronidase, extensive metabolite formation was observed. 

The oral solution dosing experiment was repeated in two animals so that the 

profile of the conjugated form of curcumin could be better characterized. In this 

experiment, curcumin obtained from Sigma Chemical Co. (St Louis, MO) was 

used for dosing. The purity of compound was 63.7%. The major impurities 

present in the material were the other major turmeric components, 

demethoxycurcumin and bisdemethoxycurcumln. Figure 6 shows the 

concentration-time profile of the conjugated form of curcumin in two out of the 

five subjects whose plasma samples were incubated with the enzyme. The 

mean terminal half-life of the conjugated form was 5.5 h. Interestingly, significant 

formation of two other peaks corresponding to demethoxycurcumin and 
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bisdemethoxycurcumin were also detected. The peak area/(3-estradiol area ratio 

vs. time profiles is illustrated in Figures 7 and 8. The mean terminal half-life of 

demethoxycurcumin and bisdemethoxycurcumin were 5.5 and 6.7 h, 

respectively. The degree of presystemic metabolism was calculated by taking 

the ratio of the AUCs corresponding to the incubated samples following 

intravenous and oral solution dosing and was found to be almost a 100-fold 

(Table 4). 
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Discussion 

Regardless of the route of administration, several studies in different 

species have shown that curcumin plasma concentrations are exceptionally low 

relative to the dose size The results from the study presented 

here were consistent with those observed in other species, including humans. 

Similar results were also observed in human samples, assayed in our laboratory, 

from a preliminary clinical study conducted by another investigator. A single 

male subject was given 300 mg pure curcumin supplemented with five 400 mg 

commercial capsules (the same capsules used in this study). As expected, 

plasma concentrations of curcumin were not detected. However, following (3-

glucuronidase incubation, less than 40 ng/mL were detected 75 minutes post-

dose. 

The low plasma concentrations observed in micropigs following the 

administration of commercial ground turmeric capsules and pure curcumin in a 

solution form resulted in negligible oral bioavailability values, in general. The 

results obtained from this study suggest that a combination of poor absorption 

from the intestine, large presystemic metabolism, and a large blood clearance 

were significant factors that contributed to the low systemic exposure to 

curcumin. 

Previous reports have demonstrated the poor absorption of curcumin. In a 

study by Wahlstrom et alF', a 1 g/kg oral dose of curcumin suspended in arachis 

oil was administered in rats. About 75% of curcumin was excreted in the feces 
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whereas only traces appeared in the urine. In another study, oral adnninistration 

of [®H] curcumin (0.6 mg/rat) led to about 89% of radioactivity being excreted in 

the feces and 6% being excreted in the urine^^®. After IP administration, fecal 

excretion accounted for 73% of the radioactivity, whereas 11% was found in bile. 

Although the feces were not analyzed in this study, it is highly possible that the 

large oral dose administered as a solution underwent limited absorption due to 

the large amount presented to the absorption site. Maximum plasma 

concentrations were considerably higher after intraperitoneal injection than after 

oral administration, indicating that administration of curcumin by gavage results 

in very low absorption into the blood. 

Early studies on the tissue distribution of curcumin as well as in vitro 

studies of its transport by everted intestinal sacs indicated that curcumin is 

transformed during absorption from the intestines^^®. Experimental evidence 

suggests that curcumin is reduced by an endogenous reductase system in a 

stepwise manner and subsequently glucuronidated by UDP-glucuronosyl 

transferases®®'"'"^. Holder et reported that although some curcumin was 

found in bile after intravenous administration of 50 mg/kg [3H] curcumin in rats, 

the majority of the radioactivity in the bile was present as glucuronide conjugates 

of tetrahydrocurcumin and hexahydrocurcumin. However, a deficiency of that 

study was that concentrations of curcumin and its derivatives were not analyzed. 

To address this, Pan et al.^^ examined all potential derivatives of curcumin using 

MS/MS. Contrary to the results reported by Holder et al.^^^, one of the major 
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metabolites found in the plasma was the glucuronide conjugate of curcumin. 

THC-glucuronoside was present as a minor metabolite and only traces of 

hexahydrocurcumin-glucuronoside were observed in plasma. The results 

suggested that about 99% of curcumin and more than 85% of 

tetrahydrocurcumin in the plasma were conjugated with glucuronide. This is in 

agreement with the results obtained from our study. Although other curcumin 

derivatives were not examined, samples incubated with p-glucuronidase showed 

significant formation of curcumin glucuronide, especially after the oral solution 

dosing. This may suggest that either curcumin is absorbed in the gut and 

undergoes first-pass metabolism in the liver or gut wall metabolism may be 

responsible for the production of a conjugated form of curcumin, and it is the 

metabolite that is then absorbed. Specifically in the pig, high UDP-glucuronosyl 

transferase activity has been noted in the intestinal wall\ It is still uncertain 

whether the glucuronidation occurs prior to gut absorption or in the liver after the 

absorption of intact curcumin in the intestine; therefore, further studies should be 

conducted to identify the site(s) where conjugation occurs. 

Studies described in Chapter 5 revealed that curcumin was unstable in 

whole blood, suggesting a contribution of blood clearance to the overall systemic 

clearance. As shown in Table 1, systemic clearance was extremely high, which 

supports the notion that other paths of clearance (e.g., blood) are involved. 

Curcumin has been reported to be one of the major components of 

turmeric responsible for the pharmacologic effects observed both /n vitro and in 
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The low absolute oral bioavailability values of curcumin obtained 

in this study gave the impression, however, that curcumin may not be the 

exclusive component accountable for these effects. The commercial turmeric 

capsules examined contained large amounts of other turmeric components, 

demethoxycurcumin and bisdemethoxycurcumin, in addition to curcumin (data 

not shown). It is possible that the other components present in the turmeric 

powder may act synergistically with curcumin and assist in its absorption into the 

systemic circulation^^^. This may explain the unusually larger bioavailability 

calculated for the commercial capsules versus the pure curcumin oral solution; 

however, it is just as likely that this may be an artifact. Huang et al.^^ found 

commercial curcumin, pure curcumin, and demethoxycurcumin to strongly inhibit 

TPA-induced tumor-promotion, whereas bisdemthoxycurcumin and 

tetrahydrocurcumin, a metabolite, were less active. In another study, THC has 

been reported to be a stronger antioxidant than curcumin in vitro and is thought 

to exhibit the same physiologic and pharmacological activities as curcumin^^®. 

These studies, along with the considerable presence of other turmeric 

components and their conjugated forms, including curcumin, found in our study, 

suggest that these compounds may play an equal, if not greater, role in providing 

the beneficial effects associated with turmeric. 
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Figure 6.1. Curcumin plasma concentration-time profiles after intravenous 
administration of curcumin (7.38-13.64 mg). 
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Figure 6.2. HPLC chromatogram of a methanolic extract of a single representative 
commercial turmeric capsule used in the in vivo studies. 
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Figure 6.7. Demethoxycurcumin peak area/internal standard ratio vs. time 
profiles after ^-glucuronidase incubation of plasma samples obtained following 
oral dosing of curcumin (3.1 g; 63.7% pure) suspended in 0.05 M citrate buffer 
(pH 5.0) with 2 mL 1% (v/v) Tween 80. 
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Figure 6.8. Bisdemethoxycurcumin peak area/internal standard ratio vs. time 
profiles after p-glucuronidase incubation of plasma samples obtained following 
oral dosing of curcumin (3.1 g; 63.7% pure) suspended in 0.05 M citrate buffer 
(pH 5.0) with 2 mL 1% (v/v) Tween 80. 
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Table 6.1 
Disposition kinetics of curcumin in several Yucatan micropigs following 

intravenous administration 

Pig Dose (mg/kg) ti/2 (min) CLs (ml/min/kg) V (L/kg) 
25 0.264 6.6 109.9 1.04 
34 0.190 3.8 113.6 0.62 

113 0.184 3.5 158.6 0.79 
114 0.163 3.6 236.5 1.23 
129 0.380 5.1 211.9 0.92 

MeantSD 0.236 ± 0.089 4.5 ±1.3^ 166.1 ±57.1 0.92 ± 0.24 
^Harmonic mean and 'pseudo'-standard deviation®"^ 
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Table 6.2 
Pharmacokinetic parameters of curcumin in two subjects with measurable 

plasma concentrations beyond 30 minutes of sampling 

Pig Dose (mg/kg) ti/2 (min) CLs (ml/min/kg) V (L/kg) 
33 0.276 80.3 62.1 7.19 

128 0.263 54.8 46.6 3.69 

Mean 0.269 65.1^ 54.4 5.44 
^Harmonic mean®'^ 
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Table 6.3 
Determination of curcumin content in commercial turmeric 

capsules (n=6) 

Capsule Mass (g) Curcumin content (mg) 
1 0.479 3.81 
2 0.483 3.72 
3 0.476 3.70 
4 0.48 3.69 
5 0.474 3.67 
6 0.484 3.63 

Mean ± SD 0.479 ± 0.004 3.70 ± 0.06 
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Table 6.4 
Comparison of area under the curve values following 

enzymatic incubation of plasma samples from intravenous 
and oral solution dosing studies 

Route AUG (ng*h/mL) AUG (ng*h/mLykg) 
IV 42 1.4 
PO 5633 125 

PO/IV 133 91 
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CHAPTER VII. QUANTITATION OF GINGEROLS (6-, 8-, 10-) AND SHOGAOL 

FROM PLASMA USING HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

(HPLC) 

Introduction 

Ginger, a botanical connmonly used as a spice in foods and bal<ed goods, 

comes from the rfiizome of tfie plant Zingiber officinale. The use of this root for 

its healing properties extends back for thousands of years. Ginger has been 

used in a variety of ways, especially in many eastern cultures, including 

treatment of gastrointestinal and cardiovascular disorders, nausea resulting from 

motion sickness and pregnancy, inflammation, and cancer^'*°. 

The constituents responsible for the distinctive flavor of ginger are a series 

of colorless phenolic ketones, known as 6-, 8-, and 10-gingerol. In addition to the 

gingerols, dehydrated products of the gingerols can form, called shogaols, when 

fresh ginger is processed using heat or when subjected to long-term 

storage^"^^'^"^^. This set of components is even more pungent than the gingerols 

itself. However, it has been reported that 6-gingerol and 6-shogaol are the two 

most pungent compounds in ginger^'^®"^'^®. 

Most of the in vitro and in vivo studies investigating the pharmacologic 

effects of ginger revolve around the role of 6-gingerol, especially since it is the 

most prominent analogue of all gingerols^'^^ This component has been reported 

to be an inhibitor of platelet aggregation^"^^ and possesses substantial antioxidant 
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activity^'^®. Collectively, gingerols and shogaols show inhibition of prostaglandin 

and leukotriene biosynthesis through suppression of 5-lipoxygenase or 

prostaglandin synthetase^The rapid in vivo disappearance of gingerols, 

specifically 6-gingerol, resulting in low concentrations in blood would suggest 

otherwise, even though the evidence for in vivo biological action has been 

presented in the literature^^°'^®^. For example, in a study by Ding et it was 

shown that plasma concentrations following a 3 mg/kg intravenous dose of 6-

gingerol declined to values near the limit of quantitation (200 ng/mL) within 30 

minutes. 

Several analytical methods were examined to detect gingerols and 

shogaols in ginger extracts. These methods included thin layer and gas 

chromatography^'^^"^'^'*. With the former method, individual components of 

gingerols and shogaols could not be well resolved. When gas chromatography 

was utilized, significant decomposition of gingerols was noted during analysis 

due to the thermal instability in the high column temperatures to which the ginger 

constituents were subjected. Other investigators have utilized liquid 

chromatography methods coupled with various detection systems, including 

ultraviolet^®^, mass spectrometry^"^®, nuclear magnetic resonance (NMR) 

spectroscopy^®"^, and electrochemical detection^®®. 

In preparation for investigations into the pharmacokinetics of ginger in 

Yucatan micropigs, we observed that among all the analytical methods available, 

only a single report by Ding ef a/.^®^ provided an extraction procedure of only one 
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ginger component, 6-gingerol, from plasma. In that method, plasma was 

deproteinized using acetonitrile and the supernatant was used for injection. The 

major disadvantage of this method is that a large volume of acetonitrile would be 

needed in order to completely deproteinize plasma samples with a volume 

greater than one mL. Also, based on our experience developing an HPLC assay 

for another botanical, curcumin^"'^, the sensitivity of 200 ng/mL provided by the 

Ding et al. paper^^^ would not be sufficient for our purposes. Therefore, we have 

developed a traditional extraction procedure and a sensitive isocratic HPLC 

assay that not only detects 6-gingerol in plasma, but also detects and separates 

three other components found in ginger (8- and 10-gingerol and 6-shogaol) 

simultaneously. 
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Experimental 

Chemicals 

6-, 8-, 10-gingerol and 6-shogaol (Figure 1) were purchased from Dalton 

Chemical Laboratories Inc. (Toronto, Canada). The purity of the gingerols and 6-

shogaol was >95% (as determined by HPLC and NMR). p-estradiol was 

purchased from Sigma Chemical Co. (St. Louis, MO). Glacial acetic acid and 

HPLC-grade methanol, chloroform, and tetrahydrofuran were purchased from 

VWR Scientific (South Plainfield, NJ). 

Equipment 

The HPLC system included a Waters 717-plus autosampler with a 

refrigeration unit, a Waters 996 photodiode array detector, and a Waters 515 

pump (Milford, MA). The Waters Millennium^^ chromatographic software (version 

3.20) was utilized for integration (Milford, MA). An ultraviolet wavelength of 230 

nm was used to detect all the gingerols, 6-shogaol, and the internal standard p-

estradiol. 

Sample preparation 

Blood was obtained from male uncastrated Yucatan micropigs (S&S 

Farms, Rachita, CA) via a vascular access port (Access Technologies, Skokie, 

IL) and was transferred to 10 mL Vacutainer tubes containing sodium heparin 

(VWR Scientific, South Plainfield, NJ) to prevent coagulation. After gentle 
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inversion of the tubes, blood was centrifuged at 3500 rpm for 10 minutes to 

separate red blood cells from plasma. Plasma was transferred to clean 15 mL 

polypropylene screw cap tubes and stored in a -70°C freezer until use. 

Liquid-liquid extraction method 

One mL blank pig plasma in 12 x 75 mm borosilicate glass test tubes was 

spiked with 20 |j,L of methanolic standards (2.5-25 (xg/mL) to produce plasma 

concentrations ranging from 50 to 500 ng/mL. Twenty [iL of the internal 

standard, p-estradiol in methanol (10 iig/mL), was added to each sample to give 

a final plasma concentration of 200 ng/mL. Two mL chloroform was used to 

extract both the ginger components and p-estradiol. Samples were shaken on a 

horizontal shaker set on "high" for 10 minutes followed by centrifugation at 3500 

rpm for 10 minutes. The organic layer was transferred to a fresh glass test tube 

and evaporated to dryness using a Speed-Vac for approximately 30 minutes. 

Samples were reconstituted in 50 p-L methanol, and 35 |xL was injected onto the 

HPLC. 

Column liquid chromatography 

Separation of gingerols (6-, 8-, and 10-), 6-shogaol, and p-estradiol was 

achieved by using an isocratic HPLC assay. Samples were injected onto a 

Waters SymmetryShield reversed-phase Cis column, 150 x 3.9 mm, 5 pm 

particle size (Milford, MA), attached to a Phenomenex SecurityGuard Ci8 guard 
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cartridge system, 4.0 x 3.0 mm (Torrance, CA). The column was operated at 

ambient temperature. 

Mobile phase 

The mobile phase consisted of 0.1% (v/v) acetic acid and acetonitrile in 

the ratio of 45:55 (v/v). No adjustment of pH was necessary. The solution was 

filtered under a vacuum through a 0.2 }xm filter (Alltech, Deerfield, IL). At room 

temperature, the mobile phase was stable for at least one month. Flow rate of 

the mobile phase was 1.0 mUmin. 
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Results 

HPLC analysis 

Figure 2 shows an HPLC chromatogram of the three gingerols, 6-shogaol, 

and the internal standard p-estradiol. At an ultraviolet wavelength of 280 nm, 6-, 

8-, and 10-gingerol and 6-shogaol were detected with a retention time of 3.2, 6.1, 

13.1, and 7.6 minutes, respectively. |3-estradiol eluted at approximately 4.2 

minutes. Adequate separation between the internal standard, gingerols, and 

shogaol was observed. A blank sample was also assayed in order to identify any 

non-specific peaks that might interfere with the peaks corresponding to the 

ginger components and the internal standard (Figure 3). Although there were no 

significant peaks that coincided with the elution of any compound, a non-specific 

peak was present beyond the last eluted compound, 10-gingerol, in a majority of 

siamples. The reproducibility of the assay was not compromised; however, the 

run time for each sample was lengthened so that this nonspecific peak could 

elute off the column and not interfere with subsequent injections. This peak may 

be an endogenous compound extracted from pig plasma. 

A linear relationship between plasma concentrations of the ginger 

components and response was found for the concentration range examined 

(Table 1). In the standard curve, five different concentrations were used to 

establish the linear range. The concentrations examined were 50, 100, 125, 250, 

and 500 ng/mL. Coefficient of determination values (r^) were between 0.9948 

and 0.9999 regardless of the compound examined. 
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Accuracy and precision 

Low, medium, and high concentrations of 6-, 8-, and 10-gingerol and 6-

shogaol were assayed in triplicate across three different days to determine the 

accuracy and precision of the method. The concentrations analyzed for all the 

ginger constituents were 50, 125, and 500 ng/mL. The intraday values for 

coefficient of variation (accuracy) and bias (precision), along with the mean, were 

calculated and are summarized in Table 2. At the low concentration (50 ng/mL), 

the coefficient of variation (CV) and bias for 6- and 8-gingerol were no greater 

than 15 and 17%, respectively. For 10-gingerol and 6-shogaol, the respective 

values for CV and bias were no greater than 10 and 12%. At the medium and 

high concentrations examined (125 and 500 ng/mL), both CV and bias were less 

than 10%, for all compounds. 

Interday values reflected much of the same results as those observed with 

the intraday comparison (Table 3). With the exception of the %CV value for 6-

gingerol (15.7%), coefficient of variation and bias values for the low concentration 

were less than 10.5% for all compounds. Regardless of the constituent 

examined, CV and bias were no greater than 7 and 3%, respectively, at the 

medium and high concentrations. 
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Discussion 

Early studies investigating isolated products from ginger extracts utilized 

chromatographic methods, such as thin layer and gas chromatography^'^^"^'^'^. 

Though thin layer chromatography is an acceptable method to obtain general 

qualitative information, there is a lack of reproducibility and an inability to resolve 

individual components^"^^. Use of gas chromatography results in retro-aldol 

decomposition of the p-hydroxyketone group of the gingerols in the GC injector if 

the temperature is greater than 200°C, producing contaminants, such as aliphatic 

aldehydes, zingerone, and shogaols^"^^. To avoid such issues, the present study 

was aimed at developing an extraction procedure and reverse-phase HPLC 

assay for simultaneous determination of 6-, 8-, and 10-gingerol as well as 6-

shogaol in plasma samples. Suitable separation of each component was 

obtained, and all components eluted within 15 minutes. Reproducible peak 

areas were obtained at an ultraviolet wavelength of 230 nm. Although adequate 

peak areas were obtained at 280 nm as well, a nonspecific peak interfered with 

the integration of 8-gingerol, resulting in an unsuccessful validation of the 

compound. 

Other HPLC assays using various detection systems have been 

reported^'^^'^'^®'^®'*'^®®. In this study, an ultraviolet photodiode array detector was 

utilized. Although other proposed detectors generally have greater sensitivity, 

such as mass spectrometers and electrochemical detectors, the limit of 

quantitation of 50 ng/mL attained using our method was reasonable. In addition, 
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the limit of quantitation of our method was greatly improved over that provided in 

Ding et method (200 ng/mL). Our extraction method is particularly 

advantageous for samples containing a larger plasma volume, which are usually 

encountered when large species are studied; samples do not need to be 

deproteinized as outlined in the Ding et at. procedure^®^ and, therefore, do not 

require excessive amounts of acetonltrile to thoroughly precipitate proteins from 

plasma. 

In a study by Bhattarai et aO^^, it was reported that the greatest stability of 

6-gingerol in aqueous buffer solution was at pH 4.0. Young et also found 

that 6-gingerol was more stable in acid than in alkaline conditions. These 

findings parallel those found in the previous in vitro study with curcumin (Chapter 

5). Therefore, we expected that physiological matrices containing proteins, such 

as plasma, would prolong stability of the gingerols due to protein binding, as 

observed for curcumin. After performing several stability experiments in plasma, 

it was determined that the gingerols were stable in plasma for at least 6 hours 

without controlling pH^®^. As a result, there was no modification of pH of the 

samples during the extraction. Additionally, the gingerols were much more stable 

in whole blood than curcumin (refer to Chapter 8). 

After development of this method, a preliminary intravenous study was 

performed in order to ensure that the limit of quantitation was adequate to 

measure plasma concentrations in authentic plasma samples from Yucatan 

micropigs. A HPLC chromatogram of an authentic Yucatan micropig plasma 
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sample obtained 10 minutes after the intravenous administration of a 36.9, 9.6, 

and 20.4 mg cocktail dose of a 6-, 8-, and 10-gingerol, respectively, is shown in 

Figure 4. This sample corresponds to a plasma concentration of 600.2, 96.5, 

and 354.2 ng/mL for 6-, 8-, and 10-gingerol, respectively. Since authentic 

plasma samples could be adequately measured over a reasonable amount of 

time following intravenous dosing of 6-, 8-, and 10-gingerol, further investigations 

into the disposition and oral bioavailability can be successfully pursued using this 

assay. 
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Figure 7.2. HPLC chromatogram of pig plasma spiked with 20 mL of a 6.25 mg/mL 
metlianolic standard to give a final plasma concentration of 125 ng/mL for each 
gingerol and 6-shogaol. 
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Figure 7.3. HPLC chromatogram of blank pig plasma extracted with chloroform. 
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Figure 7.4. HPLC chromatogram of pig plasma samples taken ten minutes after an 
intravenous dose (36.9 mg 6-gingerol, 9.6 mg 8-gingerol, and 20.4 mg 10-
gingerol). The plasma concentrations for 6-, 8-, and 10-gingerol were 600.2, 96.5, 
and 354.2 ng/mL, respectively. 



Table 7.1 
Characteristics and reproducibility of the liquid-liquid 

extraction of 6-, 8-, and 10-gingerol and 6-shogaol 

Compound Day Slope Intercept r^ 
6-gingerol 1 0.0048 0.1860 0.9964 

2 0.0051 0.1508 0.9995 
3 0.0052 0.3501 0.9948 

8-gingerol 1 0.0074 0.2273 0.9987 
2 0.0096 0.1200 0.9996 
3 0.0053 0.3472 0.9952 

10-gingerol 1 0.0041 0.0590 0.9987 
2 0.0035 0.0716 0.9999 
3 0.0040 0.0237 0.9975 

6-shogaol 1 0.0242 0.3961 0.9993 
2 0.0368 0.2425 0.9994 
3 0.0373 1.5141 0.9961 
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Table 7.2 
Summary of intraday reproducibility of the liquid-liquid extraction of 6-, 8-, and 

10-gingerol and 6-shogaol determined over three days 

Day 1 
Concentration (nq/mL) 6-gingerol 6-gingerol 10-gingerol 6-shogaol 

50 Mean 58.3 ±6.7 53.4 + 7.8 50.9 ±3.3 54.8 ±4.5 
%CV 11.5 14.6 6.4 8.1 
% Bias 16.7 6.9 1.8 9.5 

125 Mean 113.6 ±6.4 116.5 ±8.4 120.6 ±2.1 117 ±7.8 
%CV 5.7 7.2 1.8 6.6 
% Bias -9.1 -6.8 -3.5 -6.4 

500 Mean 490.2 + 14.4 505.4 ±11.8 524.0 ± 3.7 502.6 ±12.5 
%CV 2.9 2.3 0.7 2.5 
% Bias -2 1.1 4.8 0.5 

Day 2 
Concentration (ng/mL) 6-gingerol 8-gingerol 10-gingerol 6-shogaol 

50 Mean 55.3 ±4.8 58.4 ±1.8 52.3 ±2.0 53.9 + 1.9 
%CV 8.7 3 3.8 3.5 

' % Bias 10.7 16.8 4.5 7.8 
125 Mean 131.8±1.5 125.6 ±6.1 119.0 ±3.0 123.1 ±2.1 

%CV 1.1 4.8 2.6 1.7 
% Bias 5.5 0.5 -4.8 -1.5 

500 Mean 497.1 ±13.2 501.1 ±13.9 506.1 ±26.4 511.3 ±29.3 
%CV 2.6 2.8 5.2 5.7 
% Bias -0.6 0.2 1.2 2.3 

Day 3 
Concentration (ng/mL) 6-gingerol 8-gingerol 10-gingerol 6-shogaol 

50 Mean 44.3 ±6.4 49.9 ±1.2 55.8 ± 3.3 48.5 ± 4.8 
%CV 14.4 2.4 6 9.9 
% Bias -11.5 -0.1 11.5 -3.1 

125 Mean 123.8 ±2.0 128.9 ±3.0 124.4 ±5.0 124.0 ±2.9 
%CV 1.7 2.3 4.1 2.4 
% Bias -1 3.1 -0.5 -0.8 

500 Mean 514.6 ±35.9 514.0 ±35.8 515.5 ±29.7 512.4 ± 32.8 
%CV 7 7 5.8 6.4 
% Bias 2.9 2.8 3.1 2.5 
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Table 7.3 
Summary of interday reproducibility of the liquid-liquid extraction of 6-, 8-, 

and 10-gingerol and 6-shogaol determined over three days 

Interday 
Concentration (ng/mL) 6-gingerol 8-gingerol 10-gingerol 6-shogaol 

50 Mean 52.7 53.9 53 52.4 
% C V  15.7 10.2 6.3 8.6 

% Bias 5.3 7.8 6 4.7 
125 IVIean 123.1 123.7 121.3 121.4 

% C V  7 6.3 3.2 4.5 
% Bias -1.6 -1.1 -2.9 -2.9 

500 IVIean 500.6 506.8 515.2 508.8 
% C V  4.6 4.1 4.2 4.6 
% Bias 0.13 1.4 3 1.8 
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CHAPTER VIM. DISPOSITION AND ORAL BIOAVAILABILITY STUDIES WITH 

GINGER 

Introduction 

For thousands of years, ginger has been considered one of several 

fundamental botanicals used in traditional/alternative herbal medicine that many 

eastern cultures still practice today. Known as "shokyo" in Chinese medicine, 

ginger has been used to stimulate the appetite and calm the stomach as well as 

a remedy for headaches and colds^®^'^®®. Europeans have used ginger for its 

antibacterial, antifungal, pain relieving, antiulcer, and antitumor properties. The 

medicinal properties of ginger originate from the rhizome of the plant. It is this 

same rhizome that provides a unique flavor in a variety of cuisines. Among all 

anecdotal uses, ginger is best recognized for its indication for nausea associated 

with motion sickness and pregnancy. Several clinical studies have investigated 

the usefulness of ginger in cases such as motion sickness, appetite loss, 

stomach upset and vomiting^^®'""®®. 

Investigators have reported several components in ginger that have been 

found to possess numerous significant pharmacologic actions in 

Specifically, the effects of the colorless but pungent 6-, 8-, and 10-gingerols have 

been studied for their physiological effects. Kiuchi ef demonstrated that 6-

and 10-gingerol are potent inhibitors of prostaglandin biosynthesis. The IC50 

value of 6-gingerol against prostaglandin synthetase was equivalent to that of 
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indomethacin, which is considered to be one of the strongest inhibitors of this 

enzyme. In the same study, inhibition of 5-lipoxygenase, a precursor to 

leukotriene biosynthesis, was shown in the presence of 6-, 8-, and 10-gingerol. 

Inhibition potency was amplified as carbon chain length of gingerol increased. 

Dedov et reported that 6- and 8-gingerol activate the vanilloid receptor 

(VR1) in capsaicin-sensitive neurons, leading to the potential development of a 

new class of peripheral analgesics. 6-, 8-, and 10-gingerol have also been 

shown to be effective cardiotonic agents^®^. 

Despite the promising pharmacologic effects that have been observed 

with ginger, there is only a single report by Ding et describing the 

disposition of 6-gingerol in healthy rats and there are no reports investigating the 

oral bioavailability of ginger. The study found that after a 3 mg/kg intravenous 

dose of 6-gingerol, plasma concentrations in the rat rapidly approached the limit 

of sensitivity (200 ng/mL) within 30 minutes. In a follow-up study, the authors 

investigated changes in 6-gingerol disposition in rats that had acute renal or 

hepatic failure^Results indicated that decreased hepatic function, not renal 

impairment, affected the pharmacokinetics of the compound. Supportive 

evidence that the liver, namely hepatic metabolism, contributed to the clearance 

of 6-gingerol was also reported^®"^. The rapid disappearance of 6-gingerol from 

plasma, resulting in plasma concentrations in the ng/mL range, seems to suggest 

that little to no pharmacologic effect would be expected. A report by Suekawa et 
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a/J®®, however, reported the contrary. Following administration of a 3.5 mg/kg 

intravenous dose, a pharmacodynamic effect was sustained for 180 minutes. 

Based on these findings and our experiences with curcumin, as described 

in Chapters 4-6, we anticipated a challenge in quantitating the concentrations of 

the gingerols in plasma. To address this, a sensitive HPLC assay that could 

simultaneously detect the three gingerols was developed (refer to Chapter 7). 

With this method, the disposition of 6-, 8-, and 10-gingerol and the oral 

bioavailability of commercial ginger capsules containing a standardized extract 

and capsules containing a crude ginger extract isolated from ginger In Yucatan 

micropigs was examined. 
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Experimental 

Chemicals 

The gingerols (6-, 8-, and 10-) were isolated from the ginger rhizome as a 

crude extract by Dr. Shivanand Jolad (University of Arizona, AZ). Purity (>97%) 

was determined using HPLC, NMR, elemental analysis, and melting point. Pure 

standards for 6-, 8-, and 10-gingerol were purchased from Dalton 

Pharmaceuticals (Toronto, Canada). The purity of the gingerols and 6-shogaol 

was >95% (as determined by HPLC and NMR). p-estradiol was purchased from 

Sigma Chemical Co. (St. Louis, MO). Sodium acetate trihydrate, glacial acetic 

acid and HPLC-grade methanol, chloroform, and tetrahydrofuran were purchased 

from VWR Scientific (South Plainfield, NJ). Hydroxypropyl p-cyclodextrin 

(HPpCD) was obtained from Wacker-Chemie (Burghausen, Germany). 

Animals 

Studies were conducted in male uncastrated Yucatan micropigs (S&S 

Farms, Rachita, CA) weighing between 26.9 and 51.7 kg. The micropigs were 

housed in the University Animal Care facility and exposed to a 12 hr light and 

dark cycle. Animals were fed a standard Harlen-Teklad Minipig diet 8753 (14 oz 

twice a day) containing approximately 16% crude protein, 3% crude fat, and 14% 

crude fiber. Water was provided ad libitum. Animals were housed one per run to 

avoid competition for food and to provide the same amount of nutrition. The 

micropigs were acclimatized to, socialized, and trained in their surroundings for a 
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week before surgery/experiments. Prior to surgery/studies, animals were fasted 

overnight. Animals Study protocols were approved by the Institutional Animal 

Care and Use Committee of the University of Arizona. 

Surgery 

At least one week prior to studies, each animal was placed under 

anesthesia using an intramuscular dose of Telazol (tiletamine/zolazepam; 20 

mg/kg) and was maintained under anesthesia using isoflurane (5-100%) in order 

to surgically implant a vascular access port (VAP; Access Technologies, Skokie, 

IL) under the skin above their shoulder blades. The implantation of the VAP 

allows continuous access to venous blood. The animals were administered an 

IM dose of 0.01 mg/kg (twice daily) buprenorphine hydrochloride for relief of post

operative pain for two days post surgery. After one week of recovery, the VAPs 

were flushed at least twice a week with heparinized saline (100 units/mL sodium 

heparin) with ampicillin. The antibiotic solution was flushed with heparinized 

saline from the VAP no later than 12 h prior to the start of an experiment. This 

flush treatment prevented infection and maintained patency when the animals 

were not being used experimentally. 

6-, 8-, and 10-gingerol content determination from commercial capsules 

A single commercial ginger root capsules (Nature's Herbs, American Fork, 

Utah) containing 100 mg extract, which is standardized for 5% gingerols, was 
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subjected to an extensive organic solvent extraction by Dr. Shivanand Jolad and 

then assayed in our laboratory to estimate gingeroi content in each capsule. This 

was performed in duplicate. The resulting solid crude extract from the extraction 

was dissolved using methanol in glass volumetric flasks. The mixture was 

thoroughly mixed, and a portion of the mixture was centrifuged at 3500 rpm for 

10 minutes. Direct injections of the supernatant were made along with a 

methanolic standard curve using the HPLC assay outlined below. 

In vivo pharmacokinetic studies 

Intravenous (n=4), crude extract capsule (n=2), and commercial capsule 

(n=2) crossover studies were performed in two animals for each of the oral 

capsule formulations. An intravenous cocktail dose of 6-, 8-, and 10-gingerol 

was prepared In 15-20 mL of 0.05 M acetate buffer (pH 5.0) with 20% 

hydroxypropyl p-cyclodextrin (HPpCD). The intravenous doses (mean amount 

for 6-, 8-, and 10-gingerol: 26.75, 5.06, and 14.68 mg) were administered via a 

vascular access port (VAP). Eight commercial and three crude extract capsules 

(mean crude extract mass administered: 563.5 mg) were given orally via 

intubation followed by a 50 mL water rinse. Plasma samples were obtained over 

8 hours and assayed using the HPLC method outlined in Chapter 7. 

Concentration-time data were analyzed by noncompartmental analysis using 

WinNonlin to obtain pharmacokinetic parameters. 
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Plasma sample collection 

Ten mL blood samples were taken via a vascular access port at 

scheduled times and transferred to 10 mL Vacutainer tubes containing sodium 

heparin to prevent coagulation. Tubes were gently Inverted by hand to mix. 

Blood was immediately centrifuged at 3500 rpm for 10 minutes to separate red 

blood cells from plasma. One mL plasma was transferred to two clean 12 x 75 

mm borosilicate glass test tubes using disposable polyethylene transfer pipets 

(Fisher Scientific, Pittsburgh, PA) and capped. One of the two tubes was stored 

on ice for extraction. The other tube was incubated with 50 |liL 3-glucuronidase in 

water (2.5 mg/mL; 10000 U/mL) at 37-0 for 1 hr to detect the presence of 

conjugated metabolites. Plasma samples from all studies were incubated with 

the enzyme with the exception of the intravenous studies (only plasma samples 

from two of the four experiments were treated with ^-glucuronidase). Following 

incubation, samples were extracted. All sample extractions were performed on 

the same day of the experiments. 

Liquid-liquid extraction method 

Calibration curve 

One mL blank pig plasma in 12 x 75 mm borosilicate glass test tubes was 

spiked with 20 |j.L of methanolic standards (2.5-25 jig/mL) to produce plasma 

concentrations ranging from 50 to 500 ng/mL. Twenty |iL of the internal 

standard, p-estradiol in methanol (10 }xg/mL), was added to each sample to give 
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a final plasma concentration of 200 ng/mL. Two mL chloroform was used to 

extract both the ginger components and |3-estradiol: Samples were shaken on a 

horizontal shal<er set on "high" for 10 minutes followed by centrifugation at 3500 

rpm for 10 minutes. The organic layer was transferred to a fresh glass test tube 

and evaporated to dryness using a Speed-Vac for approximately 30 minutes. 

Samples were reconstituted in 50 jiL methanol, and 35 |iL was injected onto the 

HPLC. 

Authentic plasma samples 

Twenty |iL of the internal standard, p-estradiol in methanol (10 |xg/mL), 

was added to each one mL plasma sample to give a final plasma concentration 

of 200 ng/mL. Two mL chloroform was used to extract both the ginger 

components and p-estradiol. Samples were shaken on a horizontal shaker set 

on "high" for 10 minutes followed by centrifugation at 3500 rpm for 10 minutes. 

The organic layer was transferred to a fresh glass test tube and evaporated to 

dryness using a Speed-Vac for approximately 30 minutes. Samples were 

reconstituted in 50 jxL methanol, and 35 )xL was injected onto the HPLC. 

HPLC Analysis 

Separation and quantitation of gingerols (6-, 8-, and 10-) and |3-estradiol 

was achieved using a reversed-phase isocratic HPLC method described in 

Chapter 7. Samples were injected onto a Waters SymmetryShield RPie column 
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(3.9 X 150 mm, 5 |xm particle size; Milford, iVIA) attached to a Phenomenex 

SecurityGuard Cis guard cartridge system (4.0 x 3.0 mm; Torrance, CA) by a 

Waters 717-plus autosampler with a refrigeration unit. The column and 

autosampler were operated at ambient temperature. The mobile phase 

consisted of 0.1% (v/v) acetic acid and acetonitrile in the ratio of 45:55 (v:v). No 

adjustment of pH was necessary. The solution was filtered under a vacuum 

through a 0.2 jim filter (Alltech, Deerfield, IL). The mobile phase was stable for at 

least one month at room temperature,. The flow rate of the mobile phase was 

set at 1.0 mUmin and was maintained at this rate by a Waters 515 pump. The 

Waters Millennium^^ chromatographic software (version 3.20) was utilized for 

integration (Milford, MA). A Waters 996 photodiode array detector set at an 

ultraviolet wavelength of 230 nm was used to detect all gingerols (6-, 8-, and 10-) 

and p-estradiol. The calibration curve had a limit of quantitation of 50 ng/mL and 

was linear to 500 ng/mL. p-estradiol and 6-, 8-, and 10-gingerol eluted from the 

column at approximately 4.2, 3.2, 6.1, and 13.1 minutes, respectively. 
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Results 

Pharmacokinetic parameters of 6-, 8- and 10-gingeroi were determined 

after the administration of intravenous, oral capsule containing a crude ginger 

extract, and oral commercial capsule preparations. Based on our experiences 

with hydroxypropyl p-cyclodextrin, an intravenous preparation was formulated 

using this complexant. Adjusting the pH would not have been a suitable 

solubilization technique because preliminary studies indicated that the gingerols 

were not stable at the basic pH values needed to ionize the compounds^ 

Preliminary experiments into the stability of the gingerols in pig plasma 

and whole blood revealed results unlike those previously observed for curcumin. 

Figure 1 illustrates the stability of each gingerol compared to that of curcumin in 

whole blood. Although the gingerols were stable in plasma for at least four 

hours, these three components underwent very little degradation in whole blood. 

Therefore, special precautions, in regards to sample handling, were not 

necessary. 

Each of the gingerols declined rapidly, at different rates, to below 

quantifiable limits when administered intravenously (Figures 2-4). Within 30 

minutes, two of the four subjects had 6-gingerol plasma concentrations that were 

at the limit of quantitation of 50 ng/mL. Plasma concentrations for 10-gingerol 

were also undetectable in the same amount of time in the same animals; 

however, 8-gingerol disappeared most quickly in all subjects, in about 15 

minutes. Since a model that fit the intravenous concentration-time data was 
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difficult to determine due to a lack of data in the terminal phase, a 

noncompartmental analysis was used to obtain values for terminal half-life, 

systemic clearance, and volume of distribution, which are summarized in Table 1. 

The systemic clearance of 6-, 8-, and 10-gingerol was large (41.1, 33.4, 40.0 

ml_/min/kg), which contributed to the short terminal half-life of approximately 

10.5, 6.2, and 8.8 minutes, respectively. The gingerols distribute into an 

intermediate apparent volume of distribution (about 0.63, 0.27, and 0.52 L/kg). 

The average amount of each gingerol in the commercial ginger root 

capsules, containing 100 mg extract standardized for 5% gingerols, was 

estimated following an exhaustive organic solvent extraction of the contents of 

the capsules. Less than 4 mg 6-gingerol, 1 mg 8-gingerol, and 0.5 mg 10-

gingerol were found in each capsule (Table 2). The gingerols accounted, on 

average, for about 5% of the content of the capsules (Table 3). This was in 

agreement to the statement on the label of the commercial capsule bottle. In 

addition, a substantial amount of a dehydration product of 6-gingerol, 6-shogaol, 

was also detected in the capsule extract. The amount of 6-shogaol present in 

the ground ginger was equivalent to the total amount of gingerols combined 

(Table 2). 

Similar to curcumin, there was a lack of data resulting from the 

administration of either oral capsules. Dosing of either crude extract capsules or 

commercial capsules resulted in plasma concentrations for 6-, 8-, and 10-
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gingerol that were well below the limit of quantitation of the assay. Therefore, the 

absolute oral bioavailability (F) of these two dosage forms were 1% at best. 

Since such low bioavailability values were obtained, samples were further 

examined to determine whether presystemic metabolism, specifically phase II 

metabolism, was partially responsible for the low plasma concentrations. Plasma 

samples from both the intravenous and oral dosing studies were tested for the 

presence of glucuronides by incubating them with ^-glucuronidase. Figures 5 to 

7 show the comparison of 6-, 8-, and 10-gingerol in its conjugated form following 

intravenous administration as compared to its unchanged form. However, 

plasma concentration-time data following the administration of an oral capsule 

containing the crude extract from ginger rhizome after enzyme incubation shows 

an even more dramatic presence of glucuronides for each gingerol (Figures 8 to 

10). Prior to incubation, the gingerols, in their unchanged form, were essentially 

undetectable. Therefore, the profiles in Figures 8 to 10 represent only the 

conjugated forms of each of the gingerols. As early as 15 minutes following 

dosing, the conjugated forms of the gingerols were detected well above the limit 

of quantitation. Measurable plasma concentrations were sustained for at least 6 

hours in the two subjects tested. The terminal half-lives of the conjugated forms 

of 6-, 8-, and 10-gingerol were 1.7, 4.2, and 3.1 hours, respectively. The degree 

of presystemic metabolism was calculated by taking the ratio of the AUCs 

corresponding to the incubated samples following intravenous and oral crude 

extract capsule dosing and ranged between 6 to 18-fold, depending on the 



210 

gingerol examined (Table 4). In contrast, plasma samples originating from the 

oral dosing studies where commercial capsules were administered had no 

detectable concentrations even after p-glucuronidase incubation. 
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Discussion 

Much of the interest regarding the pharmacological effects of ginger has 

been associated with a major component isolated from the ginger rhizome, 6-

gingeroP'^®'^®"'^®^. While there is supportive in vitro and in vivo evidence of the 

biological effects of 6-gingerol, there is limited pharmacokinetic data examining 

the absorption and disposition of this compound as well as other constituents that 

are involved in the overall therapeutic effects of ginger^^^'^®®. To evaluate the 

disposition and oral bioavailability of 6-gingerol, as well as 8- and 10-gingerol, the 

Yucatan micropig was used to investigate the pharmacokinetics of the gingerols 

in this investigation. 

Currently, there are only two investigations reported in the literature 

examining the pharmacokinetics of ginger, specifically 6-gingeroP^^'^^®. The 

studies, conducted in rats, had a limitation in sampling because plasma 

concentrations could not be measured 30 minutes after intravenous 

administration of 6-gingerol due to analytical sensitivity. This result was in 

agreement with those observed in our study. In two out of the four animals 

examined, 6-gingerol concentrations rapidly declined within 30 minutes following 

dosing, while concentrations in other subjects were at the limit of quantitation one 

hour post-dose. A more extreme decline in 8-gingerol concentrations was noted. 

10-gingerol had concentration-time profiles that resembled those seen for 6-

gingerol. The mean terminal half-life for 6-gingerol in rats, ranging from 7.23 -

9.33 minutes, were similar to those found in our study (approximately 10 min). 
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Also, the mean systemic clearance in rats was comparable to those found in pigs 

(16.8-80.7 vs. 41.1 ml_/min/kg, respectively). 

The rapid disappearance of 6-gingerol from the systemic circulation has 

been addressed in few reports. Naora et reported that in nephrectomized 

rats, the elimination of 6-gingerol was not affected; however, in rats with hepatic 

failure, elimination was delayed. Findings from another study suggested that a 

combination of both the gut flora and enzymes in the liver play an important part 

in the metabolism of 6-gingeror®'^. In addition, the authors found glucuronidation 

of 6-gingerol in the bile of rats after the oral administration of 6-gingerol, 

representing about 48% of the original dose given. The data resulting from our 

oral dosing studies with the crude extract of ginger support the presence of 

conjugation with 6-gingerol as well, along with glucuronidated forms of 8- and 10-

gingerol, as shown in Figures 8 to 10. 

After oral dosing of commercial ginger capsules, no measurable 

concentrations, with or without enzymatic incubation, were observed for any 

gingerols. This was expected, especially since the total content of gingerols in 

each capsule only accounted for 5 mg at most, resulting in a 40 mg oral dose (8 

capsules x 5 mg gingerols in each) at best. A large amount of 6-shogaol was 

also detected in the capsules (equivalent to that of 6-gingerol); however, no 

chromatographic peak associated with that constituent was observed in plasma 

samples. Although this component is only found in trace amounts in fresh 
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ginger, the processing and powdering of ginger and/or long-term storage can 

accelerate the formation of this dehydrated product of S-gingerol^'^^'^'^^. 
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Figure 8.2. Plasma concentration-time profiles of 6-gingerol after intravenous 
administration of a cocktail dose containing 6-, 8-, and 10-gingerol. 
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Figure 8.3. Plasma concentration-time profiles of 8-gingerol after intravenous 
administration of a cocktail dose containing 6-, 8-, and 10-gingerol. 
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Figure 8.4. Plasma concentration-time profiles of 10-gingerol after intravenous 
administration of a cocktail dose containing 6-, 8-, and 10-gingerol. 
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Figure 8.5. Plasma concentration-time profiles of 6-gingerol with or without p-
glucuronidase incubation of plasma samples obtained following intravenous 
dosing of a cocktail dose containing 6-, 8-, and 10-gingerol. Filled symbols 
represent plasma samples that were not subjected to enzymatic incubation; 
open symbols represent plasma samples incubated with p-glucuronidase. 
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Figure 8.6. Plasma concentration-time profiles of 8-gingerol with or without p-
glucuronidase incubation of plasma samples obtained following intravenous 
dosing of a cocktail dose containing 6-, 8-, and 10-gingerol. Filled symbols 
represent plasma samples that were not subjected to enzymatic incubation; 
open symbols represent plasma samples incubated with ^-glucuronidase. 
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Figure 8.7. Plasma concentration-time profiles of 10-gingerol with or without 
p-glucuronidase incubation of plasma samples obtained following intravenous 
dosing of a cocktail dose containing 6-, 8-, and 10-gingerol. Filled symbols 
represent plasma samples that were not subjected to enzymatic incubation; 
open symbols represent plasma samples incubated with p-glucuronidase. 
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Figure 8.8. Plasma concentration-time profiles of the conjugated form of 6-
gingerol after ^-glucuronidase incubation of plasma samples obtained 
following oral dosing of three capsules containing a crude extract isolated from 
ginger rhizome. 
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Figure 8.9. Plasma concentration-time profiles of the conjugated form of 8-
gingerol after ^-glucuronidase incubation of plasma samples obtained 
following oral dosing of three capsules containing a crude extract isolated from 
ginger rhizome. 
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Figure 8.10. Plasma concentration-time profiles of the conjugated form of 10-
gingerol after p-glucuronidase incubation of plasma samples obtained 
following oral dosing of three capsules containing a crude extract isolated from 
ginger rhizome. 
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Table 8.1 
Disposition kinetics of gingerols following intravenous administration 

Dose (mg/kg) ti/2 (min)'' CLs (ml_/min/kg) V (L/kg) 

6-gingerol 0.682 10.5 ±2.1 41.1 ±6.8 0.63 ±0.19 
8-gingerol 0.124 6.2 ±1.8 33.4 ± 32.2 0.27 ± 0.24 

10-gingerol 0.374 8.8 ±2.9 40.0 ± 7.9 0.52 ±0.24 

^Harmonic mean and 'pseudo'-standard deviation®"^ 



Table 8.2 
Determination of gingerol and shogaol content in commercial ginger root capsu 

Capsule Mass (g) 6-gingerol content (mg) 8-gingerol content (mg) 10-gingerol content (mg) 
1 0.758 22.4 4.41 3.58 
2 0.734 21.8 4.46 3.24 

Mean 0.746 22.1 4.44 3.41 



Table 8.3 
Fraction of gingerols and shogaol present in commercial ginger root capsules (n=2) 

Capsule Mass (g) 6-glngerol fraction (%) 8-gingerol fraction (%) 10-gingerol fraction (%) 6-shogaol fraction (%) 
1 0.758 3.59 0.60 0.49 4.70 
2 0.734 3.46 0.62 0.45 4.56 

Mean 0.746 3.53 0.61 0.47 4.63 



Table 8.4 
Comparison of area under the curve values following enzymatic incubation of plasma samples from 

intravenous and oral crude extract capsule dosing studies 

AUG (ng*h/mL) AUG (nq'h/mUkg) 
Route 6-gingerol 8-gingerol 10-qingerol 6-gingerol 8-gingerol 10-gingeroi 

IV 777 88 205 21.1 2.4 6.1 
PO 4552 1555 2138 139 48.9 67.9 

PO/IV 5.9 17.7 10.4 6.6 20.4 11.1 
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Table A1 

Amount of enterocytes eluted from one foot segments along the 
small intestine of six subjects 

Segment Wet cell weight (g) 
number Pig 1 Pig 2 Pig 3 Pig 4 Pig 9 Pig 10 

1 0.422 0.350 0.681 0.556 0.703 1.175 
2 0.507 0.484 0.184 0.430 0.672 0.473 
3 0.419 0.400 0.199 0.274 0.768 0.161 
4 0.262 0.311 0.444 0.233 0.382 0.118 
5 0.455 0.215 0.243 0.741 0.185 0.140 
6 0.229 0.193 0.200 0.409 0.307 0.218 
7 0.312 0.179 0.224 0.969 0.405 0.192 
8 0.227 0.230 0.300 0.969 0.454 0.147 
9 0.280 0.278 0.188 0.679 0.363 0.252 
10 0.231 0.321 0.241 0.852 0.498 0.184 
11 0.210 0.244 0.329 0.620 0.410 0.194 
12 0.205 0.208 0.283 0.591 1.122 0.168 
13 0.265 0.243 0.339 0.417 1.093 0.426 
14 0.605 0.348 0.575 0.226 0.537 0.204 
15 0.180 0.277 0.419 0.362 0.745 0.257 
16 0.176 0.307 0.308 0.174 0.348 0.271 
17 0.133 0.277 0.353 0.590 0.233 0.190 
18 0.233 0.364 0.352 0.292 0.390 0.183 
19 0.316 0.299 0.412 0.325 0.649 0.351 
20 0.235 0.336 0.429 0.378 0.479 0.242 
21 0.429 0.274 0.349 0.432 0.408 0.568 
22 0.487 0.244 0.267 0.376 0.569 0.407 
23 0.390 0.465 0.219 0.318 0.544 0.375 
24 0.884 0.417 0.318 0.445 0.377 0.383 
25 0.536 0.324 0.195 0.202 0.460 0.500 
26 1.157 0.343 0.487 0.281 0.612 0.211 
27 1.214 0.627 0.443 0.253 0.714 0.234 
28 1.840 0.445 0.237 0.296 0.536 0.294 
29 3.313 0.314 0.394 0.466 0.266 0.295 
30 1.813 0.210 0.152 0.662 0.319 0.375 
31 1.238 0.145 0.299 1.303 0.318 0.274 
32 1.825 0.192 0.217 0.810 0.321 0.139 
33 2.024 0.169 0.230 1.013 0.343 0.171 
34 1.396 0.213 0.196 0.813 0.344 0.204 
35 0.591 0.204 1.857 0.169 0.429 0.192 
36 0.345 0.176 2.110 0.285 0.822 0.255 
37 0.377 0.229 0.692 0.264 1.020 0.248 
38 0.328 0.297 0.433 0.338 0.682 0.275 
39 0.388 0.333 0.226 0.240 0.840 0.219 
40 0.307 0.294 0.460 0.730 0.314 
41 0.317 0.584 
42 0.506 



Table A2 

Plasma concentration-time data of antipyrine 
after intravenous adminstration of antipyrine (0.6 g) 

Time Concentration (ng/mL) 
(min) Pig 21 Pig 22 Pig 23 Pig 50 
10 32.03 34.87 26.98 29.48 
20 25.78 26.50 22.77 25.09 
30 22.01 21.86 19.59 23.17 
60 14.19 17.10 16.10 16.68 
120 9.57 12.35 12.26 11.55 
240 5.78 7.57 8.34 6.36 
360 3.39 4.26 5.10 3.02 
480 2.00 2.62 3.45 1.72 
720 0.79 1.12 1.60 
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Table A3 

Plasma concentration-time data of antipyrine 
after oral adminstration of antipyrine (0.6 g) 

Time Concentration (ng/mL) 
(min) Pig 21 Pig 22 Pig 23 Pig 50 
10 4.26 8.85 5.51 > 28.94 
20 8.60 14.08 6.91 27.51 
30 9.06 15.42 8.51 25.63 
60 10.81 13.35 8.93 18.55 
90 9.29 11.64 8.12 15.28 
120 9.15 13.00 12.04 12.25 
180 7.43 9.51 9.90 8.51 
240 6.23 8.44 8.03 6.01 
360 4.27 4.37 4.71 3.05 
480 2.52 2.53 2.77 1.42 
720 1.14 0.94 1.14 



I Table A4 

Concentration-time data of curcumin in whole blood 
and plasma of two species 

Time 
(min) 

Concentration (ng/mL) Time 
(min) Wliole blood Plasma 
Time 
(min) 

PiQ Human Pig Human 
2 168.27 213.26 230.69 223.06 
5 132.45 203.29 
10 82.10 201.40 
15 52.35 176.66 
20 22.18 169.77 
30 145.19 
45 111.97 
60 79.06 

120 218.02 214.19 
240 197.09 182.14 
360 181.07 166.25 
480 155.00 

1440 64.57 56.84 
1800 38.78 

' 2100 31.83 



Table A5 

Plasma concentration-time data of curcumin after intravenous administration of curcumin 
(7.39-13.64 mg) 

Time 
(min) 

Concentration (ng/mL) Time 
(min) Pig 25 Pig 33 Pig 34 Pig 113 Pig 114 Pig 128 Pig 129 

5 74.76 158.85 101.26 67.96 41.69 225.77 114.41 
10 9.46 36.39 33.12 28.13 8.82 47.21 49.79 
15 — 9.90 9.58 6.67 3.18 16.98 14.12 
20 5.15 6.54 3.83 3.85 2.03 11.12 9.74 
30 4.53 5.63 2.99 8.48 3.11 
45 4.38 6.11 
60 3.71 4.71 
90 2.91 3.93 
120 2.51 2.50 



Table A6 

Plasma concentration-time data of curcumin after intravenous 
administration following incubation with (^-glucuronidase 

Time 
(min) 

Concentration (ng/mL) Time 
(min) Pig 25 Pig 33 Pig 34 Pig 128 Pig 129 

5 106.34 160.89 37.79 183.77 197.52 
10 17.14 43.27 9.64 47.27 77.49 
15 14.26 3.90 16.12 21.96 
20 8.29 8.12 1.79 11.59 13.13 
30 5.84 5.57 1.77 7.06 6.22 
45 1.67 4.25 5.06 4.78 
60 1.56 2.56 4.04 2.65 
90 1.00 2.77 0.78 3.25 2.71 
120 1.60 1.14 1.07 3.21 1.85 
240 0.87 3.12 3.48 2.83 
360 0.78 2.01 2.55 1.40 



Table A7 

Plasma concentration-time data of curcumin after Intravenous 
administration of curcumin following incubation with ^-glucuronidase 

Time Concentration (ng/mL) 
(min) Pig 25 Pig 33 Pig 34 Pig 128 Pig 129 

15 1.76 
30 3.12 1.70 16.75 
45 3.10 1.94 
60 0.82 1.72 0.24 12.76 
90 2.65 1.40 2.11 2.43 17.97 
120 2.91 2.20 2.77 1.26 11.72 
180 12.50 3.54 3.29 1.00 4.16 
240 4.38 3.69 5.37 0.61 20.18 
360 1.55 2.41 3.97 17.57 9.82 
480 2.62 5.94 4.55 2.41 5.27 
600 1.84 5.98 3.97 

1560 2.26 



236 

Table A8 

Plasma concentration-time data of curcumin after oral administration 
of commercial turmeric capsules 

Time Concentration (ng/mL) 
(min) Pig 25 Pig 33 Pig 34 Pig 128 Pig 129 
15 1.86 
30 0.21 0.04 
45 
60 0.17 7.81 
90 0.23 0.17 11.60 
120 0.46 0.47 0.23 8.79 6.18 
180 0.08 0.89 0.28 
240 0.04 0.46 2.10 0.21 
360 0.81 1.01 0.29 
480 0.67 0.31 0.72 1.91 0.55 
600 0.14 1.91 
1560 0.49 



Table A9 

Plasma concentration-time data of curcumin after 
oral administration of curcumin following 

p-glucuronldase incubation 

Time Concentration (ng/mL) 
(min) Pig 33 Pig 129 

15 8.02 9.51 
30 10.50 26.20 
60 20.09 99.17 
90 148.00 
120 70.36 222.56 
180 95.57 274.89 
240 119.42 362.48 
360 235.31 814.65 
480 321.22 829.08 
600 211.44 393.66 

1500 33.09 v58.17 
1800 20.54 25.21 
1980 9.70 15.57 
3000 1.05 4.11 
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Table A10 

Plasma concentration-time data of 6-gingerol after 
simultaneous intravenous administration of 

6-, 8-, and 10-gingerol 

Time 
(min) 

Concentration (ng/mL) Time 
(min) Pig 25 Pig 33 Pig 34 Pig 129 

5 450.11 1199.06 963.22 588.95 
10 225.71 600.17 334.02 
15 152.25 667.31 393.07 248.48 
20 102.33 483.77 280.12 149.73 
30 64.91 326.30 167.99 90.18 
45 352.87 90.71 
60 274.12 49.62 
90 120.59 



Table A11 

Plasma concentration-time data of 8-gingerol after 
simultaneous intravenous administration of 

6-, 8-, and 10-gingerol 

Time Concentration (ng/mL) 
(min) Pig 25 Pig 33 Pig 34 Pig 129 

5 110.58 224.63 107.67 
10 46.82 215.95 96.53 40.27 
15 34.00 96.40 49.97 29.39 
20 32.15 69.56 
30 52.34 
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Table A12 

Plasma concentration-time data of 10-gingerol after 
simultaneous intravenous administration of 

6-, 8-, and 10-gingerol 

Time . Concentration (ng/mL) 
(min) Pig 25 Pig 33 Pig 34 Pig 129 

5 165.12 763.30 415.42 
10 87.32 586.27 354.16 175.81 
15 45.89 189.28 194.38 153.84 
20 50.27 129.05 132.71 70.90 
30 35.49 89.77 94.95 68.79 
45 97.48 80.11 
60 76.13 55.24 



Table A13 

Plasma concentration-time data of 6-gingerol after 
simultaneous intravenous administration of 

6-, 8-, and 10-gingerol following ^-glucuronidase incubation 

Time Concentration (ng/mL) 
(min) Pig 25 Pig 33 Pig 34 Pig 129 

5 1062.80 1141.24 871.76 
10 500.90 1458.67 763.10 
15 449.40 2017.91 1837.13 691.62 
20 403.07 969.35 983.29 490.83 
30 266.02 690.76 575.47 353.34 
45 611.42 585.59 
60 120.17 413.05 132.66 
90 224.15 
120 108.77 255.50 159.98 73.53 
240 42.75 85.51 102.23 18.83 
360 31.53 47.29 96.42 7.79 



Table A14 

Plasma concentration-time data of 8-gingerol after 
simultaneous intravenous administration of 

6-, 8-, and 10-gingerol following ^-glucuronidase incubation 

Time Concentration (ng/mL) 
(min) Pig 25 Pig 33 Pig 34 Pig 129 

5 292.27 346.81 224.76 
10 85.95 385.44 123.53 
15 67.73 343.69 426.10 104.11 
20 44.03 144.04 104.32 50.05 
30 32.29 94.67 
45 139.05 
60 
90 
120 72.72 
240 28.11 
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Table A15 

Plasma concentration-time data of lb-gingerol after 
simultaneous intravenous administration of 

6-, 8-, and 10-gingerol following ^-glucuronidase incubation 

Time Concentration (ng/mL) 
(min) Pig 25 Pig 33 Pig 34 Pig 129 

5 494.31 743.03 451.65 
10 142.71 582.47 260.21 
15 106.76 409.75 791.15 213.42 
20 92.89 186.13 267.04 118.06 
30 62.30 141.35 160.48 86.67 
45 129.56 168.61 
60 37.29 114.00 53.56 
90 81.58 
120 36.95 91.17 70.33 48.84 
240 27.30 43.25 57.32 29.15 
360 24.07 30.38 55.74 24.86 
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Table A16 

Plasma concentration-time data of 6-gingerol after 
oral administration of capsules containing a crude 

ginger extract following p-glucuronidase incubation 

Time Concentration (ng/mL) 
(min) Pig 33 Pig 129 

15 165.45 1628.00 
30 551.89 2091.06 
60 637.79 2156.20 
90 554.20 715.34 
120 420.03 1200.90 
180 756.85 496.50 
240 530.03 588.62 
360 336.01 99.50 
495 186.92 20.87 



Table A17 

Plasma concentration-time data of 8-gingerol after 
oral administration of capsules containing a crude 

ginger extract following ^-glucuronidase incubation 

Time Concentration (ng/mL) 
(min) Pig 33 Pig 129 

15 68.56 335.84 
30 111.33 456.13 
60 148.12 493.07 
90 116.96 144.17 
120 94.86 224.82 
180 179.01 136.93 
240 126.39 143.70 
360 103.53 82.78 
495 116.84 73.11 
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Table A18 

Plasma concentration-time data of 10-gingerol after 
oral administration of capsules containing a crude 

ginger extract following ^-glucuronidase incubation 

Time Concentration (ng/mL) 
(min) Pig 33 Pig 129 

15 25.58 475.51 
30 113.29 933.72 
60 194.00 1121.57 
90 149.38 338.45 
120 118.00 421.48 
180 295.74 276.78 
240 168.71 250.26 
360 116.39 117.61 
495 81.54 61.41 
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