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ABSTRACT

This study examined the role of the intestinal esterases in the 

absorption and metabolism of three phthalate diesters in rats. Hydrol

ysis of dimethyl phthalate (BMP), di-n-butyl phthalate (DBF), or d i - - 

(2-ethylhexyl) phthalate (DEEP) to their monpester form significantly 

decreased the distribution ratio ([C]organic/[C]aqueous) of the com

pound. Utilizing an everted gut sac preparation it was found that the 

more hydrophilic monoesters were absorbed more rapidly than the lipo

philic diesters. The presence of an "unstirred water layer" at the 

mucosal surface of the intestine may explain this pattern of absorp

tion.

Measurements of enzyme activity, 6 hours after intragastric

administration of S,S,S,-tributyl-phosphortrithioate (DEE, 8mg/kg),

showed significant inhibition of the mucosal esterases. To the

contrary, esterases in the luminal contents were unaffected by DEE
14pretreatment. When C-DBP was administered orally (with or without

DEE pretreatment) only trace amounts of -monobutyl phthalate (MBP)

were found in the lumen of the small intestine. But in the portal
14venous blood of both groups, greater than 95% of the C was associated 

with MBP.

The experimental results suggest that esterases within the 

intestinal lumen hydrolyze poorly absorbed phthalate diesters to form 

rapidly absorbed phthalate monoesters.



INTRODUCTION

Phthalate diesters are esters of ortho-benzenedicarboxylic acid. 

These compounds are usually synthesized industrially by reacting 

phthalic anhydride with a specific alcohol resulting in formation of 

carboxylester bonds with the loss of water.

— 0 — R

+ 2 H20

— 0 — R

phthalic anhydride 4- alcohol = phthalate diester + water

Use of Phthalate Diesters 

Approximately 71 different types of phthalate diesters are 

marketed today (Modern Plastics Encyclopedia 1975-76). The phthalate 

diesters are used commercially in many ways. They can be found in 

perfumes, pesticide formulations, gasoline additives, lubricating oils, 

and cosmetics. In 1972 an estimated 50 million pounds of phthalate 

diesters were used in such applications (Graham, 1973). The largest 

use of phthalate diesters is as a plasticizing agent in the formula

tion of polyvinyl chloride polymer products (PVC). In 1972 over 1

+ 2 ROH-



billion pounds of phthalate diesters were used for this purpose 

(Graham, 1973). PVC products almost always contain phthalate plasti— 

cizers though other types of plasticizers do exist. The most commonly . 

used phthalate diester is di-(2-ethylhexyl) phthalate. The finished 

product may contain up to 40% by weight of a phthalate plasticizer.

Phthalate diesters are external plasticizers. This means they 

are not covalently bound to the vinyl chloride polymer but are dis

persed throughout the matrix of cross-linked polymer chains. The 

exact nature of their interaction with the polymer is unknown but the 

result is a great increase in the flexibility of the material. This 

flexibility makes plasticized PVC useful when cold temperatures are 

encountered or a very thin film is desired.

Environmental Contamination

The major problem with phthalate diesters lies in the fact 

that they are not permanently bound to the plastic matrix. Contact 

with lipophillic agents or prolonged weathering action will remove the 

diester from the plastic. This results in two problems. First, the 

plastic product becomes hard and brittle. Secondly, the diester 

enters into the substance in contact with the plastic or into the en

vironment at large.

One of the first areas where the phthalate migration problem 

was investigated was in blood storage bags used for transfusions.

Jaeger and Rubin (1970) showed that a phthalate diester used in these 

PVC bags could be isolated from the stored blood and also from tissues 

of patients’ who had received transfusions. This led to the study of



other medical devices such as the cardiopulmonary bypass pump and the 

artificial kidney machine (Jaeger and Rubin, 1973). Platelet concen

trates, platelet-poor plasma (Valeri e t a l . , 1973), and cryoprecipi- 

tates (Marcel, 1973) have also been investigated for their ability to 

extract phthalate diesters. These studies concluded that phthalate di

esters were effectively removed from PVC by contact with blood or blood 

products. The longer the contact was maintained, the more phthalate 

diester was removed.

The ubiquitous contamination of the environment by phthalate 

diesters has been shown in several studies. Corcoran (1973) found 

traces of butylglycol butyIphthalate and di-(2-ethylhexyl) phthalate 

in water samples from the Gulf of Mexico. Hites (1973) found total 

phthalate concentrations of 1 to 2 ppb in water samples from the 

Charles River in Massachusetts. Stalling, Hogan, and Johnson (1973) 

found measurable concentrations of DEEP and DBP in samples from vari

ous fresh water sources throughout the United States (Table 1).

Toxicology of Phthalate Diesters

The acute toxicity of saturated phthalate diesters is quite 

low. Dimethyl phthalate is the most toxic and, as a rule, the 

toxicity decreases as the molecular weight increases. Krauskopf (1973) 

compiled the results in Table 2 which show the oral LD-50 in rats for 

three phthalate diesters.

The subacute effects of exposure to phthalate diesters have 

only recently been investigated. Lake et al. (1975) studied the 

hepatic effects of di-(2-ethylhexyl) phthalate (DEPH) . Over 21 days,
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Table 1„ Phthalate ester residues found in selected samples from 

North America a

Source Sample
Residue,

DBPb
ng/g (ppb) 

DEHPC

Mississippi and 
Arkansas

Channel catfish trace 3200

Fairport National Channel catfish 200 400
Fish Hatchery, Iowa Dragonfly naiads 200 200

Tadpoles , 500 300

Black Bay, Walleye - 800
Lake Superior, Ontario Water - 300

Sediment 100 200

Missouri River 
McBaine, Missouri

Water 0.09 4.9

Hammond Bay,
Lake Huron, Michigan

Water 0.04

a From Stalling, Hogan, and Johnson (1973) 

k Di-n-butyl phthalate 

c Di-(2-ethylhexyl) phthalate
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Table - 2.. The published LD-50 values for orally administered phthalate 

diesters in rats a

Phthalate Diester LD-50 References

Dimethyl phthalate 6.9 g/Kg
6.7 g/Kg
6.8 g/Kg

Lehman, A. J. (1955) 
Union Carbide Corp. 
Birch, M: D. (1949)

Dibutyl phthalate >20 g/Kg 
<8 g/Kg 
10 g/Kg 

12.6 g/Kg

Lehman, A. J. (1955) 
Smith, C. C. (1953) 
Lafaux, R. (1968)
W. R. Grace & Co. (1948)

Di-(2-ethylhexyl) phthalate 30.6 g/Kg 
34.3ml/Kg

Shaffer, C. B. (1945) 
Union Carbide Corp.

a From Krauskopf (1973) .



test animals (rats) received DEPH (2000 mg/kg) daily by oral intuba

tion. This resulted in progressively higher relative liver weights. 

Microsomal protein (mg/g liver) and cytochrone P-450 content. (A O.D. 

450-500 nm/mg microsomal protein) showed a biphasic response. The 

values climbed for several days and then fell below control. Micro

somal enzyme activity for glucose-6-phosphatase, aniline 4-hydroxy

lase, and mitochondrial succinate dehydrogenase, were reduced.through

out the treatment period. There was progressive dilatation of the 

smooth and rough endoplasmic reticulum, mitochondrial.swelling and an 

increase in the number of microbodies, (also called peroxisomes). In. 

separate experiments. Lake et al. (1975) also showed these results 

could be reproduced by oral administration of mono-(2 -ethylhexyl) 

phthalate. The oral administration of 2-ethylhexanol caused an in

crease in the number of microbodies.

When rats were fed DEEP at dietary concentrations of 0.5%, 2%,

or 4%, there was a significant drop in the serum levels of cholesterol

and triglycerides (Reddy et al., 1976). The explanation for this 

decrease' is not clear. The|authors did find proliferation of peroxi

somes within hepatocytes and this was correlated with elevations, in 

the level of hepatic catalase and carnitine acetyltransferase. The 

ability of 2-ethylhexanol to induce peroxisome proliferation has also 

been demonstrated by Moody and Reddy (1978).

Rats were also fed DEEP at dietary concentrations of 0.2%,

1%, or 2% for 17 weeks by Gray et al. (1977). The testis of rats on

2% DEEP showed histological evidence of decreased spermatogenesis.

At the higher concentrations, there was a marked decrease in



testicular weight plus cessation of spermatogenesis. Animals in all 

treatment levels had castration cells in the pituitary gland at the 

end of•the study.

Because of the widespread contamination of fresh water sources 

by phthalate diesters, Mayer and Sanders (1973) studied the-effect of 

DEEP on reproduction in Daphnia magna (water flea) and Brachydamio 

rerio (zebra fish). At concentration of 3 ug/1 of DEEP during a 

three week period, the water flea showed a 60% decrease in the number 

of progeny. At 30 pg/1 the decrease was 83%. In zebra fish fed a 

diet containing 50 pg/g of DEEP, the percent of viable offspring 

dropped from control levels of 51% to 32%.

Metcalf et al. (1973), using a model ecosystem showed that 

several fresh water organisms can concentrate DEEP in their tissues. 

After 48 hours of incubation in water originally containing 0.1 ppm of 

DEEP, the algae (Oedogonium species) contained 18.32 ppm. The mos

quito larva was apparently unable to metabolize DEEP because neither 

monoester nor other metabolites could be detected in its tissue. The 

authors compared the biomagnification of DEEP to that of DDT in 

several species.

Metabolism of Phthalate Diesters
14C labeled DEEP was given to rats orally by Daniel and Bratt 

(1974). They reported that 42% and 57% of the dose was excreted in 

urine and feces respectively in seven days. Other rats were given 

diets containing either 1000 or 5000 ppm DEEP for five weeks. When 

the animals were returned to a normal diet, the phthalate concentration
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in the liver declined with a half-life of 1-2 days. The concentration 

of phthalate in the fat tissue declined with a half-life of 3-5 days.

Oral and intravenous administration of DEEP was done by- 

Tanaka et al. (1975) in rats and they found that in both circumstances. 

about 80% of the dose was excreted.in urine (>40%) and faeces (<40%) 

in five to seven days. After examining many tissues over a period of 

time9 they concluded that there was no significant retention of DEEP 

after oral administration.

The excretion of di-n-butyl phthalate was investigated by 

Tanakas Matsumoto, and Yamaha (1978) in rats. Over 90% of the dose 

was excreted in the urine within 48 hours* This was true of both oral 

and intravenous: routes of administration. They concluded that there 

was no significant retention of DBP in any tissue examined,

After oral administration of various phthalate diesters to 

rats, the urinary metabolites were identified by Albro and Moore 

(1974)* The structure and mole % recovery of the metabolites are 

shown in Table 3.

The urinary metabolites of DEEP have been examined by Tanaka 

et al. (1975) and by Daniel and Bratt (1974). They both found that no 

intact DEEP is excreted in the urine. The major metabolites are oxi

dation products of mono-(2-ethylhexyl) phthalate* Phthalic acid was a 

minor metabolite * Tanaka et al. (1978) found that monobutyl phthalate 

was the major urinary metabolite of DBP in three species— rats, ham

sters, and guinea pigs. All three species also excreted small amounts 

of intact DBP, phthalic acid, and oxidation products of MBP.



9
Table 3. Urinary metabolites of phthalate diesters after oral 

administration in rats a

Parent
phthalate

Urinary
metabolite

- #
Metabolite structure

Mole %' 
of dose 

recovered

Dimethyl 1 -CH3 x2 (intact DMP) 8.1
2 -CH3 (monomethyl phthalate) 77.5
3 -H (phthalic acid) 14.4

Di^n-butyl 1 -(CH2 )3CH3 x2 (intact DBF) 0.4
2 -(0112)30113 (monobutyl phthalate) 89.8
3 -H (phthalic acid) . 2.7
4 -(CH2 )3COOH 3.5
5 -(GH2 )2C0OH3 0.5
6 - (GH2 ) 2CHOHCH3 3.0
7 -(CH2 )3CH2 0H 0.1

Di-n-octyl 1 -(CI^yCBg (monooctyl phthalate) 0.1
2 -H (phthalic acid) 2.6
3 -CH2COOH 0.1
4 - (CH2 )2COOH 0.1
5 - (CH2 )3COOH 61.7
6 -(CH2 )4C0 0 H 0.2
7 -(0 8 2 ) 5 0 0 0 8 0.6
8 -(082)6C00B 1.7
9 -(0 8 2 ) 7 0 0 0 8 8.0

10 -(0 8 2 ) 5 0 0 0 8 3 11.5
11 -(CB2 )6CB0BCB3 10.8
12 -(0 8 2 ) 7 0 8 2 0 8 2.7

a From Albro and Moore (1974)
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From analysis of urinary metabolites, certain patterns are 

evidento As the length of the side chain increases, the excretion of 

intact diester diminishes« There is no side chain, oxidation of intact 

diester molecules. Oxidation of the monoester increases with the side 

chain length. Only a small percentage of diester is hydrolyzed to 

phthalic acid. The general pathway for phthalate metabolism might be 

outlined as follows:

phthalic acid + alcohol

tdiester — — $> monoester + alcoholi
hydroxylation and•oxidation of side chain

Enzymatic Hydrolysis of Phthalate Diesters 

.The initial hydrolysis step appears to be a critical one in 

determining phthalate toxicity. Rowland$ Cottrell, and Phillips 

(1977) demonstrated that the rate of hydrolysis was correlated with 

the acute toxicity (oral LD-50) of the diester. They used the content 

of the rat small intestine as the source of esterase enzymes. Incuba

tion of this esterase with various phthalate diesters showed that the 

most toxic esters (dimethyl, dibutyl, and diethyl phthalate) were 

hydrolyzed at much faster rates than less toxic ones (di-[2 -ethyl- 

hexyl], dioctyl, and dicyclohexyl phthalate).

Esterases capable of hydrolyzing phthalate diesters can be 

found in many mammalian tissues. Carter, Roll, and Petersen (1974) 

found that homogenates of rats’ liver, lung, or kidney were capable of 

hydrolyzing of DEEP to MEHP. Lake et al. (1977) found that liver



11
homogenates from three species (rat, ferret, and baboon) could hydro

lyze many different phthalate diesters. The pattern of the rate of 

hydrolysis was similar to that found by Rowland et al. (1977), i.e., 

faster hydrolysis correlates with increased toxicity.

Orally ingested phthalates are subjected to enzymatic attack 

from many sources. Daniel and Bratt (1974) showed that Lipase (E.G. 

3.1.13) from hog pancreas (Sigma Chemical Company) rapidly hydrolyzed 

DEEP.to the monoester. Albro, Corbett, and Latimer (1976) purified an 

enzyme they called non-specific lipase from rat pancreas. This enzyme 

is very efficient in hydrolyzing one of the ester bonds of phthalate 

diesters.

Rowland (1974) investigated the bacterial flora of the rat’s 

alimentary tract as a possible source of phthalate hydrolysis. Feed

ing Sprague-Dawley rats a diet containing 2% (w/w) DEEP for 16 weeks 

resulted in a tenfold decrease in the number of bacteria in the 

stomach and upper small intestine. At the same time there was a 

threefold increase in the ability of the content of the small intestine 

to hydrolyze DEEP. These changes did not take place when treating 

Wistar strain rats in a similar manner and this difference has not 

been completely explained. However, incubation of gut content with 

DEEP resulted in formation of only one metabolite, tentatively 

identified as mono-(2—ethylhexyl) phthalate. Isolated pure strains of 

bacteria were able to hydrolyze DEEP but at a very slow rate. No 

species of bacteria tested was able to utilize DEEP as their sole 

carbon source. Filtering the gut content to remove bacteria decreased
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the rate of DEEP hydrolysis but did not abolish it. The author con

cluded that the bacterial flora of the gut.play only a small role in 

DEEP metabolism.

The intestinal mucosa of the rat has been shown to contain 

proximal to distal variations in several enzyme systems (Harrison and 

Webster, 1971). Using p-nitrophenyl acetate as the substrate, the 

esterase activity of the mucosa is relatively constant from the pylorus 

to mid-jejunum. Enzyme activity then decreases slowly to the distal 

end of the gut. Another gradient of esterase activity exits from 

mucosal crypt to villus apex (Webster and Harrison, 1969). Again 

using p-nitrophenyl acetate as the substrate, the authors demonstrate 

a four fold increase in esterase activity in isolated cells as they 

differentiate and migrate from crypt base to the apex of the villus.

Mucosal cell homogenates from three species (rat, baboon, and 

ferret) plus homogenates of human small intestine were all found to 

hydrolyze a series of phthalate diesters (Lake et al., 1977). Once 

again, the acute toxicity (oral LD-50) of the phthalate diester cor

related with the rate of hydrolysis.

Rationale for Experimental Design 

Environmental exposure to phthalate diesters is normally 

through the oral route. The experimental work in this thesis was done 

to assess the importance of gastrointestinal esterases in phthalate 

diester metabolism. The three phthalate diesters that are studies in 

this thesis have, the following alcohol groups:
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Dimethyl Phthalate (DMP) CH^OH

. Di-n-butyl Phthalate (DMP) CHgCH^CE^CH^OH

Di-.(2-ethylhexyl) Phthalate (DEEP) CH^CE2GE2CH2 (CB2CE3)CH CEgOE 

An inhibitor of carboxylester hydrolsases (esterases) was used 

extensively in the experimental work of this thesis. This chemical,

S,S,S$-Tributyl-phosphorotrithioate (DEE) is a modified ofganophos- 

phorus compound with the structure (CEgCEgCEgCB^S)^ P = 0 .  It is 

commonly used as an aid in the mechanical harvesting of cotton. The 

oral LD-50 for the technical formulation of DEF is 233 mg/kg in male 

rats (Chemagro Technical Information, 1976). LD-50 stands for the dose

of compound which results in the death of 50% of the test animals.

This allows its use at a level which will effectively inhibit carboxy- 

esterases without causing major cholinergic side effects.

Silver and Murphy (1977) reported that 0.5 mg/kg of DEF (i.p. 

injection) causes a 28% inhibition of liver esterase activity while 4 

mg/kg caused an 85% inhibition. Animals pretreated with DEF 18 hours 

prior to p.o. administration of allylacetate (60 mg/kg) were completely 

protected against the hepatic injury seen in control animals. This 

protection is attributed to the inhibition of carboxyesterases in the 

liver responsible for hydrolysis of the allyl alcohol ester.

Eepatic necrosis caused by cocaine (30 mg/kg i.p.) was in

creased by DEF (2 mg/kg i.p.) administration (Freeman and Barbison, 

1978). The authors concluded that intact benzoylmethylecgonine 

(cocaine) was responsible for hepatic damage. They concluded that 

blocking the hydrolysis of the ester bond with DEF caused the increased 

toxicity.
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Depending on the particular compound9 hydrolysis of an ester 

bond can result in increased or decreased toxicity. It was thought 

that by using DEF the importance of the hydrolysis step in phthalate . 

diester metabolism could be determined. Using the LD-50 value as the 

measure of toxicity, experiments were conducted in rats with both the 

diester and monoester form of n-butyl phthalate.

DEF was utilized in other experiments to study the gastro

intestinal esterases. Changes in the absorption and distribution 

pattern of DBF under control and inhibited conditions were investigated 

in rats. This included measurements of phthalate. concentrations in 

tail blood, liver, lung, and kidney over a five hour period. The 

composition of the phthalate esters found in the plasma and lumen of 

the small intestine were determined at selected time points.

The inhibitory action of DEF on several enzyme sources was 

studied over a 24 hour period. The esterase activity of mucosal 

homogenates and lumenal washings of rats were assayed against the sub

strates DBF and indophenolacetate. The effect of DEF on the esterase 

activity and on alcohol dehydrogenase activity of rat liver was also 

investigatedo

An in vitro technique utilizing everted segments of intestinal 

mucosa was also used to investigate intestinal metabolism and absorp

tion of phthalate esters. The use of everted gut segments to study 

absorption was first reported by Wilson and Wiseman (1954). Its use

fulness for reflecting in vivo absorption characteristics of drugs has 

been demonstrated (Kaplan and Colter, 1972; Feldman et al., 1974).



The everted gut technique used for the current experiments was that 

developed by Blanchard and Straussner (1977)» These authors reported 

that other techniques were more time consuming and gave less repro

ducible results than did theirs» The purpose in using this in vitro 

technique was to compare the rate of intestinal phthalate absorption 

and metabolism during absorption among a group of monoester and di- 

ester phthalates*



METHODS AND MATERIALS

Chemicals

Di-n-butyl phthalate (DBF)s mono-n-butyl phthalate (MBP)^ and 

N-(4’acetoxyphanyl)-p--quinone imine (indolphenol acetate) were obtained 

from Eastman Kodak Company e Dimethyl phthalate (DM?), monomethyl 

phthalate (MMP) 9 and di-(2^ethylhexyl) phthalate (DEEP) were obtained 

from Pfaltz and Bauer9 Inc„ Phthalic acid and Handifluor scintillation 

cocktail were obtained from Mallinckrodt Chemical Company. [Carbonyl-

^C]-phthalic anhydride was obtained from ICN Pharmaceuticals9 Inc. 

and also through a generous gift from Dr. Steve Halliday of Dynapol, 

Inc. Sodium cholate, cholesterol esterase (B.C. 3.1.1.13) and beta- 

nicotinamide adenine di-nucleotide were obtained from Sigma Chemical 

Company. S9 S.3 S-Tributyl-phosphorptrithioate (DEE technical) was ob

tained from Mobay Chemical Corporation— Chemagro Agricultural Division. 

All other chemicals were A.R. grade or better.

Animals

Male Sprague-Dawley strain rats were used in all experiments. 

Animals used in the LD-50 determinations were obtained from Cosworth 

Company, Wilmington, Massachusetts and weighed 158 ± 15 grams. Animals 

used in the absorption-distribution experiments, including plasma DBP 

levels, were obtained from the National Institute of Health, Bethesda, 

Maryland and weighed 239 ± 20 grams. Animals used in the everted gut

16
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experiments and enzyme inhibition studies were also from N.I.H. but 

weighed 300-400 grams.

Protein Determination and Statistics 

All protein determinations were done by the Biuret method based 

on the procedure of J. G. Reinhold using the Wejehselbaum formulation 

(Kachmar, 1970).

Statistical comparisons were done by the Student’s t-test at a 

confidence level of p less than 0.05. Methods for determining 

t-values, regression lines, and the standard error of estimate are 

described by Runyon and Haber (1972). When comparing the slope of 

regression lines, the slope of the line for each individual experiment 

was evaluated. Then the slopes of each group were averaged and com

pared by the Student’s t-test.

Scintillation Counting Procedures

All scintillation counting was done on a Beckman model LS-

31338 using 20 ml glass scintillation vials. All counting was done in 
14the C narrow window which sets the pulse height discriminator scale 

at 397 to 655. This eliminates erroneous counts due to chemilumines- 

cence. Quenching in the samples was calculated by the external 

standardization ratio (ESR) method. A quench curve was constructed 

relating the counting efficiency to the ESR and was used to convert 

the counts per minute to actual disintegrations per minute (DPM). 

Appropriate blanks were run with all specimens to correct for back

ground radiation. A separate quench curve was constructed for 5 ml,

10 ml, and 15 ml sample volumes.
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Samples scraped from TLC plates were counted using 2.5 ml of 

water and 5 ml of scintillation cocktail. This forms a gel which sus

pends the silica gel particles. Aqueous samples were counted after 

adding 10. ml of scintillation cocktail. Tissue samples were placed 

into tared scintillation vials. The samples were all 50-125 mg in 

weight. After reweighing the vial, 1 ml of 0.6 N NaOH was added to 

the vial. After digestion of the tissue was. complete, 4-5 drops of 

glacial acetic acid was added to neutralize it. Five drops of 30% 

hydrogen peroxide was added to decolorize the sample. Ten ml of 

scintillation cocktail was added before counting.

Separation Techniques

Separation of the mono and diester forms of the phthalate 

esters was done by three methods, thin layer chromatography, differ

ential extraction, and high performance liquid chromatography.

TLC was done on silica gel plates, 25Op thick with fluorescent 

indicator (Quanta gram plates, LQGOF; Pierce Chemical Company).

Plates were developed in dichloromethane:ethanol:acetic acid (80:20:1). 

Appropriate standards were always run with each test separation.

High performance liquid chromatography was used to separate 

and quantify the MBP formed by the enzymatic hydrolysis of DBP. A 

reverse phase column (Spectra-Physics, Spherisorb 0DS, 10 micron,
_2RPG44) was used* The mobile phase was water-methanol containing 10 

molar tetrabutylammonium bromide as an ion pairing agent. Gradient 

elution was necessary to measure all phthalate species present. Peak 

area was measured by an Autolab Computing Integrator by Spectra-Physics«



19
A 10 ]il sample loop was used. An internal standardization method was 

used for determining the quantity of MBF present, Preliminary experi

ments . demonstrated that neither mucosal homogenates nor lumenal wash

ings could metabolize monobutyl phthalhte under the test conditions 

used. Dimethyl phthalate was used as the.internal standard.

Selective extraction was done after acidifying the sample with 

concentrated HC1 to a pH of 1,0, The acidified sample was extracted 

three times with 5 ml aliquots of ethyl acetate. The ethyl acetate 

was combined and evaporated to dryness under a stream of nitrogen.

Three ml of 0,4 molar ^ 2 ^ 3  was added plus an equal volume of an 

organic solvent as follows: Cyclohexane was used if butyl or 2-

ethylhexyl phthalate was being separated. Diethyl ether was used if 

methyl phthalate was being separated.

After mixing on a mechanical shaker for 10 minutes, the solu

tion was centrifuged to aid separation of the phases. The top organic 

layer was removed to a 20 ml glass scintillation vial and replaced 

with fresh reagent. This process was repeated three times. The com

bined organic solvent was evaporated to dryness under nitrogen and the 
14amount of C present was determined. The aqueous phase was trans

ferred- to a 20 ml glass scintillation vial and neutralized with

concentrated HG1. Scintillation cocktail was added and the amount of 
14G present was determined. The diesters are extracted into the 

organic phase while the monoester or more polar metabolites remain in 

the aqueous phase. The efficiency of this process was determined by 

using purified radiolabeled phthalate esters in control extractions.

The results of the test extractions are shown in Table 4.
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Table 4. Distribution efficiency of the selective extraction procedure 

for phthalate esters

Phthalate Ester Phase % Recovery

Monomethyl Aqueous 100.0
Organic 0.0

Dimethyl Aqueous 5.5
Organic 94.5

Monobutyl Aqueous 99.9
Organic 0.1

Dibutyl Aqueous 6.5
Organic 93.5

Mono-2-ethylhexyl Aqueous 99.5
Organic 0.5

Di-2-ethylhexyl Aqueous 0.2
Organic 99.8
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Synthesis of Phthalate Esters

Mono— (2-ethylhexyl) phthalate (MEHP) was synthesized by first 

mixing 200 pi of SO^ with 4 ml of 2-ethylhexanol. This was then 

mixed with an excess of phthalic acid. The mixture was placed in a 

50 ml screw top centrifuge tube and heated to 100® C for two hours. 

After cooling, the tube was filled with chloroform, mixed, and centri

fuged. The chloroform layer was removed and evaporated under nitrogen. 

Twenty ml of 0.4 molar ^ 2 0 0 ^ was added to the residue and extracted 

three times with 10 ml aliquots of cyclohexane. The organic layer was 

discarded and the aqueous layer acidified to a pH of 1 with HgSO^.

The acidified aqueous portion was then extracted three times with 10 ml 

aliquots of chloroform. The chloroform was pooled and evaporated 

under nitrogen. This extraction procedure was repeated twice. Evap

oration of the final chloroform layer left behind a highly viscous 

colorless liquid. This substance migrated as a single spot on a 

silica gel TLC plate, intermediate to phthalic acid and di-(2-ethyl

hexyl) phthalate standards. It was used whenever mono-(2-ethylhexyl) 

phthalate was needed.

"^C-labeled phthalates were all synthesized in a similar 

manner. [Carbonyl-^C]-phthalic anhydride was placed in a 0.6 ml screw 

cap vial along with an excess of the appropriate alcohol and a catalyt

ic amount of H^SO^. The vial was sealed and heated to 110° C for 

2-5 hours. The cooled reaction mixture was applied to a TLC prepara

tory plate (Quantum TLC Plate, PLQF; Pierce Chemical Company) and the 

excess alcohol was allowed to evaporate. Standards of the expected
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products.were also applied« The plate was developed in dichloro- 

methane2ethanol:acetic acid (80:20:1). The area corresponding to. the 

desired product was scraped and eluted. To check its purity9 a small 

portion of the eluate was applied to another TIC plate (Quanta gram : 

plates, LQGOF; Pierce Chemical Company) along with appropriate stan

dards. The solvent system was the same as before. The areas corre

sponding to the standards were scraped and counted as described above. 

The percent recovery of the synthesized materials are presented in 

Table 5» .

Enzyme Assays

The esterase activity of mucosal homogenates or intestinal 

luminal contents against DBF was studied by modification of the 

method of Albro and Thomas (1973) for micellar substrates. The incuba

tion mixture contained 2.85 ml of 0.1 Molar buffer (TRIS, pH 8.2 or 

phosphate, pH 6 .6 ), 0.1 ml of 250m Molar sodium cholate, and 0.05 ml 

of ethylene glycol monomethyl ether which contained 25 pmoles of DBF. 

The reaction mixture was incubated in a 15 ml screw top test tube at 

37° C for 30 minutes. One ml of lumenal washings or mucosal homoge^ 

nate (8 mg protein/ml) was then added and mixed by vortexing. This 

mixture was again incubated at 37° C for 60 to 90 minutes. Hydrolysis 

was stopped by addition of 1 ml of 4 N HCT. The mono and di-n-butyl 

phthalates in the reaction mixture were extracted into 5 ml of ethyl 

acetate after^saturating the aqueous phase with sodium chloride. A 

one ml aliquot of the ethyl acetate phase was mixed with 4 ml of
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14Table 5. Purity of synthesized C-phthalate esters as determined by 

thin layer chromatography *

Phthalate Ester % Recovery

Monomethyl 98.8
Dimethyl 99.4
Monobutyl 97.8
Dibutyl 99.0
Mono-(2-ethyIhexy1) 98.3
Di-(2'-ethylhexyl) 99.4

Solvent system: Dichloromethane:ethanol:acetic acid 80:20:1*
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methanol containing 1.25 mMolar dimethyl phthalate. The amount of 

mono-n-butyl phthalate present was determined by HPLC.

Esterase activity was also measured using indolphenol acetate 

.(IPA) as the substrate. The method used was modified after Mendoza, 

Shields, and. Phillips (1971). Both mucosal and liver homogenates were 

adjusted to contain 1 mg of protein per ml. Lumen washings were used 

undiluted. The reaction mixture contained 3.35 ml of 0.1M HEPES 

buffer (pH 8.2), 50 ml of 20 mM CaCl^, 50 pi of substrate (0.02M in 

ethylene glycol monomethyl ether), and 50 pi of the enzyme source.

The change in absorbance was measured at 522 nm against a water blank. 

The temperature was 24±1° C. The rate of hydrolysis of indolphenol 

acetate to indolphenolate was expressed as A 0,D./min./mg protein.

The alcohol dehydrogenase (ADH) assay used was modified from 

that described by Mattenheimer (1970). The protein content of the 

liver homogenate was adjusted to 20 mg/ml by appropriate dilution.

The reaction mixture contained 3.2 ml of 0.1 molar glycine-NaOH buffer 

(pH 9.8) containing semicarbizide (0.8 gm/100 ml), 0.1 ml of NAD+

(20 mg/ml), and 0.1 ml of the liver homogenate. Absorbance was moni

tored at 340 nm against a turbidity blank. The temperature was 

24±1° C. After the O.D. of this mixture became constant, (usually 

about five minutes), 0 .1 ml of 2% n-butyl alcohol was added and mixed. 

The A O.D. over the next 5 to 7 minutes was measured. The ADH activ

ity was expressed as A O.D./min./mg protein.



Intestinal Esterase Activity 

. The action.of DEF on various esterases was studied in the 

following manner. All animals were fasted for 24 hours prior to the ■ 

start of the experiment and throughout the duration of the experiment. 

Water was available at all times'. Test animals received DEF intra- 

gastrically (8 mg/kg) while under light ether anesthesia. The DEF was 

dissolved in propylene glycol at 8 mg/ml. One and one-half hours 

before the animal was to be sacrificed9 0. 2 ml of peanut oil was given 

intragastrically under light ether anesthesia to stimulate the release 

of pancreatic enzymes. Groups of animals were sacrificed by decapita

tion at six, twelve, and twenty-four hours after receiving DEF. The 

three control animals were sacrificed along with the six-hour treat

ment group.

To collect the intestinal luminal content, a midline incision 

was made through the skin and peritoneum. The small intestine was 

severed at the pyloric valve. The first 45 cm of intesting was re

moved and the lumen was flushed with,7 ml of ice cold 0.25 molar 

sucrose. This flush solution was collected in a chilled test tube 

and was centrifuged at 3,000 g for 10 minutes at 0-4° C. The super

natant was used undiluted in the enzyme assays.

After the: initial intestinal luminal content was collected, 

the lumen was again flushed with 50 ml of room temperature saline.

This was done to remove any enzymes of luminal origin. The 45 cm 

segment of small intestine was then opened longitudinally and the 

mucosal surface scraped with a glass slide. The resulting mucosal
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scrapings were placed into a chilled glass mortar.with 10 ml of ice 

cold 0«25 molar sucrose and homogenated with a Polytron PCU-2 

(Brinkman) for. seven seconds at power setting number seven. The re

sulting- homogenate was centrifuged at 3,000 g for 10 minutes at 0-4° C. 

The.supernatant between the upper mucous layer and the lower cell 

debris pellet was carefully pipetted into a chilled test tube. The 

protein content and esterase activity was determined as described 

above.

The large median lobe of the liver was removed and minced into 

small pieces which were placed into a chilled glass mortar with 10 ml 

of ice cold 0.25 molar sucrose. Hompgenation of the liver pieces w a s . 

done with a Polytron PCU-2 (Brinkman) on power setting seven for 10 

seconds. The homogenate was centrifuged at 10,000 g for 10 minutes at 

0-4° C. The supernatant was decanted into a chilled test tube.

Protein content, ADH, and esterase activity were determined as de

scribed above.

The Absorption and Distribution of DBP

The absorption and distribution of DBP was studied in the 

following manner. The animals were fasted for 24 hours prior to the 

start of the experiment. Water was available at all times. All 

animals received DEE (8 mg/ml) or vehicle control intragastrically 

while under light ether anesthesia. The DEE was dissolved in propyl

ene glycol at 4 mg/ml. Six hours later, both DEE treated and control 

groups received "^C-DBP (837 mg/kg) by intubation. The specific 

activity of the C-DBP was 15.4 pCi/ml. At one hour intervals, three
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. rats in each group were sacrificed by ether overdose«, Samples of tail 

bloody livers right lung,, and right kidney were taken and the radio

activity measured as described above. The small intestine from the 

pyloric valve to the cecum was removed • This segment of intestine was 

then flushed with 25 ml of dichloromethane;ethanol:acetic acid 

(80:20:1), This fluid was collected in a 50 ml centrifuge tube and 

evaporated to dryness under a stream of nitrogen, The residue in the 

tube was extracted three times with 10 ml aliquots of methanol. The 

methanol was evaporated to dryness under nitrogen. The resulting 

residue was dissolved in 1 ml of methanol, A 10 \il aliquot was used 

for phthalate separation and quantification by TLC,

Plasma Analysis for DBF 

Test rats received DEF 8 mg/kg intragastrically while under 

light ether anesthesia. Six hours later control and test animals were 

given ^C-DBP (760 mg/kg) intragas tr ically, The ^C-DBP had a specific 

activity of 15,4 uCi/ml, Two hours later all animals were anesthesized 

with ether and blood was drawn from the portal vein using a heparinized 

glass syringe. The blood was immediately placed into a chilled 10 ml 

heparinized Vacutainer tube, Plasma was separated by centrifugation 

at 3000 g at 0-4° C for five minutes, A small aliquot (100 mg) of the 

plasma was digested and the radioactivity measured as described pre

viously, The rest of the plasma was weighed and DBF and MBP levels - 

were determined after selective extraction. The extraction efficiency 

was determined by the following formula:

Extraction efficiency - 100 X g t S  dpi '(digestion)>.
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kD~50 Experimental Procedure 

To detennine the acute toxicity of DBF and MBP, all animals 

were fasted for 24 hours prior to the start of the experiment. Animals, 

treated to inhibit their esterases were given DEF intragastrically 

(8 mg/kg) while under light ether anesthesia. DEF was dissolved in 

propylene glycol at 4 mg/ml. Control animals received a corresponding 

dose of propylene glycol alone. Seven hours later both the control and 

treated groups were intubated while under light ether anesthesia and 

given the appropriate dose of DBF or MBF. The administered MBP had 

previously been purified by extraction into chloroform. Both TLC and 

HPLC analysis showed it to be of high purity after extraction and 

recrystallization. After drying, it was dissolved in propylene glycol. 

The solution of MBF used had a density of 1.072 gm/ml and a ratio of 

54%:46% propylene glycol to mono-n-phthalate (w/w). The DBF was used 

as received with a density of 1.046 gm/ml. The group which received 

DEF (8 mg/kg) simultaneously with DBF was also dosed under light ether 

anesthesia. The animals were observed for two weeks, at which time 

the surviving animals were counted and the experiment concluded.

Everted Gut Procedure 

The everted gut technique used was modeled after the work of 

Blanchard and Straussner (1977). Animals were fasted for 24 hours 

prior to the start of the experiment. Water was available at all 

times. Animals who received DEF were dosed intragastrically (8 mg/kg) 

six hours prior to sacrifice. The DEF was dissolved in propylene 

glycol at 8 mg/ml. All animals were sacrificed by asphyxiation with
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ether. This has been reported to help preserve the structural integri

ty of the mucosal epithelium during the experiment (Levine et al«9 

1970).

A midline incision was made through the skin and peritoneum„

The small intestine was severed at the pyloric valve and the first 

60 cm were removed. The first 15 cm distal to the pylorus were dis

carded. This was done to insure that only jejunal segments were used. 

The next 45 cm were flushed with 25 ml of saline and divided into 

three 15 cm segments. The first segment was split longitudinally and 

the mucosal surface scraped vigorously with a clean glass slide. Ho- 

mogenation and measurement of esterase activity against IPA were 

carried out as described previously. The middle segment was everted 

using a 13 cm rounded tip stainless steel intubation needle. It was 

secured to the perfusion apparatus with surgical thread and excess 

tissue was trimmed off (see Figure 1). The middle segment was always 

exposed to the diester form of the phthalate ester being tested. The 

third segment was everted and secured in a similar manner to an iden

tical perfusion apparatus. This segment was always exposed to the 

monoester form of the phthalate ester being tested. The purpose of 

keeping the segments in order was to help insure consistent esterase 

activity in each experiment. Both everted gut segments from an indi

vidual test animal were run simultaneously.

The solutions used in the perfusing apparatus were modified 

Krebs bicarbonate buffers (pH 7.4). The serosal buffer contained KC1,

5 mM; KH^PO^, 1 mM; NaHCO^s 26 mM; and NaCl, 122 mM. The mucosal 

buffer was identical except that it contained only 97 mM NaCl plus
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I.
J.

Everted intestinal segment 
4mm O.D. glass cannula 
Thick walled glass test-tube 185x35 mm. 
Approximate fluid level for 100ml of mucosal 
incubation solution 
Number 7 neoprene stopper 
Sample collection point 
,6mm O.D. glass cannula
18 gauge needle with attached piece of PEI60 
tubing (inlet for 95% ©2 — 5% C02)
15 gauge needle (gas outlet)
PE 360 tubing connected to a preheating coil 
which in turn is connected to a syringe 
containing the serosal perfusing solution

Figure 1. Diagram of the intestinal perfusion apparatus —  From 
Blanchard and Straussner (1977).
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25 mM sodium cholate„ Five mM of the appropriate phthalate ester was 

included in the mucosal buffer. The monoester forms were completely 

dissolved by constant stirring .and gentle heating* Solubilization of 

the diester forms required vigorous mixing with the buffer on a Poly- 

tron PCU-2 (Brinkman) at power setting seven for. 45 seconds. No 

separation of the phthalate diesters from the emulsion was observed

during the course of the experiment.

.One hundred ml of the mucosal incubation solution was added to 

each of two tubes which.were suspended in a 37° C constant temperature

water bath. Next, the appropriate radiolabeled tracer was added to

each solution. Approximately one pCi of the diester form and 0.5 yCi 

of the monoester form was used. The tracer was mixed by bubbling 95% 

0 2 5̂% COg through the solution. Just before the everted gut segments 

were added, a 50 pi sample of the mucosal buffer was removed and the 

concentration of determined. The mucosal buffer was aerated 

continuously with 95% 0 2 :5% COg throughout the one hour collection 

period.

Serosal perfusing solution, which had been aerated with 95% Og: 

5% CO2 for 45 minutes beforehand, was placed in 50 ml syringes on a 

constant infusion pump (Model 975, Harvard Apparatus Company). This 

solution was pumped through preheating coils before it entered the 

perfusing apparatus at point J, shown in Figure 1. Time zero was 

established when serosal buffer filled the gut segment, and began 

exiting at point F (Figure 1). Thereafter at TO minute intervals 

5 ml of serosal buffer was pumped through the segments at approximately 

4 ml/min.
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The effluent from the monoester segment was collected in 20 ml 

glass scintillation.vialso Radioactivity was measured as described 

above, The effluent from the diester segment was collected in 5 ml 

volumetric flasks and transferred to an extraction tube, The volumet

ric flask was rinsed with 5 ml of ethyl acetate which was also added to 

the extraction tube* Quantitation of diester and monoester phthalate 

was done by selective extraction.

The amount of phthalate that crossed the mucosa into the 

serosal buffer was calculated by the following method. First, the 

radioactivity in the 50 yl aliquot of buffer initially taken from the 

mucosal bath was determined. The dpm/100 ml was divided into the total 

ymoles of phthalate in the mucosal buffer. This gave the specific 

activity (ymoles/dpm).of the solution. The dpm found in the serosal 

buffer sample was then multiplied by the specific activity to find the 

ymoles of phthalate for that time period.

Distribution Ratio

The distribution ratio of each phthalate ester was determined 

using a dichloromethane:Krebs bicarbonate buffer (pH 7.4) system. Both 

the dichloromethane and buffer were saturated with the appropriate 

aqueous or organic phase before use. All esters were dissolved in the 

organic phase. Concentrations of 5-20 ymole/ml were used for the mono- 

esters* Concentrations of 70—175 ymole/ml were used for the diesters. 

Equal volumes of both phases were used and agitated for 24 hours at 

24±1° 0 in order to allow sufficient time for equilibrium to occur. 

After equilibrium, the concentration of phthalate in the aqueous layer



•was quantitated by measuring the absorbance of the solution at 280 nm 

on a dual beam spectrophotometer-(Acta CIII9 Beckman Instruments)- A 

standard, curve was constructed to. relate absorbance to concentration 

for each phthalate ester used. All determinations were done in 

triplicate.



RESULTS

Distribution Ratio

The hydrolysis of a phthalate diester to the monoester form 

caused a significant change in the distribution ratio (Table 6), All 

the phthalate monoesters are substantially more hydrophilic than the 

corresponding diesters. This is best illustrated by the thirty-eight 

hundred percent decrease in the distribution ratio as di-n-butyl 

phthalate is hydrolyzed to mono-n-butyl phthalate.

The Esterase Activity of Mucosal Homogenates 
and Luminal Content

Initial experiments demonstrated a difference in pH optimum 

between the mucosal and the luminal esterases responsible for hydrolyz

ing DBF (Table 7). Therefore, all subsequent experiments involving 

measurement of mucosal esterase activity against DBF were done at 

pH 8.2. Measurement of the esterase activity of luminal contents were 

done at pH 6 ,6 .

Enzymes within mucosal homogenates were able to catalyze the 

hydrolysis of DBF to MBF. MBF was the only, metabolite detected by the 

analytical technique used (HFLC). The actual rate of DBF hydrolysis 

determined in this investigation (0.61 pm/mg/hr) (Table 7) compares 

favorably with that previously reported by Lake et al. (1977) (0.6 pm/ 

mg/hr).

34
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Table 6 . Distribution ratio of phthalate esters

Ester Distribution ratio3

Monomethyl phthalate 0 .1 1+0.0 2

Mono-n-butyl phthalate 0.22+0.05

Mono-(2-ethylhexyl) phthalate 1.62+0.20 .

• Dimethyl phthalate . 412+55

Di-n-butyl phthalate 832+11

D i-(2-e thylhexyl) phthalate 1130+35

Determined in dichloromethane:Krebs-bicarbonate buffer (pH 7.4).
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Table 7. - pH optimum for intestinal esterases

ciEsterase activity 
(pmoles of monoester formed/mg/hr)

8.2
pH

6,6

Mucosal cell homogenates 
n=4

0.61+0.07 0.40±0.13

bIntestinal luminal contents 
n=4

0.03+0.05 0.24±0.06

Mean ± standard deviation

Luminal content default to 1 mg/ml of protein
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After animals were treated with DEF, the mucosal homogenates 

showed a statistically significant decrease in DBF hydrolase activity 

(Figure 2). Between six and twelve hours after oral administration of 

DEFs the esterase activity was only 25%. of the control value. By 24 

hours, the esterase activity had returned to only 45% of the control 

value. Similar results were obtained using IPA as the substrate 

(Figure 3). DEF treatment significantly depressed mucosal homogenate 

esterase activity for 24 hours.

However, when intestinal luminal content was tested* the ester

ase activity was not altered by pretreating the animals with DEF 

(Figures 4 and 5). With either DBF or IFA as the substrate, there was 

no statistical difference between the control level and all treatment 

time points.

In contrast to the preceding study, the esterase activity of 

intestinal luminal content can be inhibited by DEF when tested in vitro 

(Table 8 ). The hydrolysis of IFA is reduced over 50% when 0.375 Ug/ml 

of DEF is added directly to the esterase incubation mixture. The 

luminal enzyme(s) responsible for IFA hydrolysis is thus susceptible 

to inhibition by DEF.

Hepatic Enzyme Activity

The esterase activity of liver tissue homogenates was measured 

against IFA (Figure 6 ). Pretreating the animals with DEF caused a 

greater than 65% decrease in esterase activity over the subsequent 

24 hour period. Hepatic alcohol dehydrogenase activity was unaffected 

by DEF pretreatment (Figure 7).
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Figure 2. Hydrolysis of di-n-butyl phthalate (DBF) by intestinal 
mucosal cell homogenates from animals treated with 
S,S,S,-tributyl phosphorotrithioate (DEF).

Male Sprague-Dawley rats (239±20 gm) received DEF or vehicle control 
intragastrically (8mg/kg). All animals were fasted for 24 hours prior 
to, and during the experiment. As a stimulus for pancreatic secretion, 
each animal received 0.2ml of peanut oil 1.5 hours before sacrifice. 
Groups of three rats each were sacrificed by decapitation at the appro
priate time. The hydrolysis of DBF was studied by a modification of 
the method of Albro and Thomas (1973) for micellar substrates. Data 
points are the mean ± standard deviation. (*) indicates a statistical
ly significant difference from control values (p<0.05).
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Figure 3. Hydrolysis of Indolphenol acetate (IPA) by intestinal
mucosal cell homogenates of animals treated with S,S,S,-tri- 
butyl phosphorotrithioate (DEF).

Male Sprague-Dawley rats (239±20 gm) received DEF or vehicle control 
intragastrically (8mg/kg). All animals were fasted for 24 hours prior 
to, and during the experiment. As a stimulus for pancreatic secretion, 
each animal received 0 .2ml of peanut oil 1.5 hours before sacrifice. 
Groups of three rats each were sacrificed by decapitation at the 
appropriate time. The method used for measuring IPA hydrolysis was 
modified after Mendoza, Shields, and Phillips (1971). Data points 
represent the mean ± standard deviation. (*) indicates a statistically 
significant difference from control values (p<0.05).
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Figure 4. Hydrolysis of di-n-butyl phthalate (DBF) by intestinal
luminal contents of animals treated with S,S,S,-tributyl 
phosphorotrithioate (DEF).

Male Sprague-Dawley rats (239±20 gm) received DEF or vehicle control 
intragastrically (8mg/kg). All animals were fasted for 24 hours prior 
to, and during the experiment. As a stimulus for pancreatic secretion, 
each animal received 0.2ml of peanut oil 1.5 hours before sacrifice. 
Groups of three rats each were sacrificed by decapitation at the appro
priate time. The hydrolysis of DBF was studied by a modification of the 
method of Albro and Thomas (1973) for micellar substrates. Data points 
are the mean ± standard deviation. (*) indicates a statistically 
significant difference from control values (p<0.05).
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Figure 5. Hydrolysis of Indolphenol acetate (IPA) by intestinal
luminal content of animals treated with S,S,S,-tributyl 
phosphorotrithioate (DEF) .

Male Sprague-Dawley rats (239±20 gm) received DEF or vehicle control 
intragastrically (8mg/kg). All animals were fasted for 24 hours prior 
to, and during the experiment. As a stimulus for pancreatic secretion, 
each animal received 0.2ml of peanut oil 1.5 hours before sacrifice. 
Groups of three rats each were sacrificed by decapitation at the appro
priate time. The method used for measuring IPA hydrolysis was modified 
after Mendoza, Shields, and Phillips (1971). Data points represent the 
mean ± standard deviation. (*) indicates a statistically significant 
difference from control values (p<0.05).
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Table 8 . The effect of S,S,Ss-tributyl phosphorotrithioate (DEF), in 

vitro, on Indolphenol acetate (IFA) hydrolysis by intestinal 
luminal content.

Esterase activity DEF concentration
A O.D./min pg/inl

0.055+0.003 (n=3) 0 "
0.025 1 0.375
0.018 0.750
0.012 1.560
0.010 3.125
0.009 6.250
0.005 25.0



43

2-1

c•He
e
^  1 - Q
O
<

6 12Control 24
Time (hours) after DEF administration

Figure 6 . Hydrolysis of Indolphenol acetate (IPA) by liver homogenates 
of animals treated with S,S,S,-tributyl phosphorotrithioate 
(DEF).

Male Sprague-Dawley rats (239±20 gm) received DEF or vehicle control 
intragastrically (8mg/kg). All animals were fasted for 24 hours prior 
to, and during the experiment. As a stimulus for pancreatic secretion, 
each animal received 0.2ml of peanut oil 1.5 hours before sacrifice. 
Groups of three rats each were sacrificed by decapitation at the appro
priate time. The method used for measuring IPA hydrolysis was modified 
after Mendoza, Shields, and Phillips (1971). Data points represent the 
mean ± standard deviation. (*) indicates a statistically significant 
difference from control values (p<0.05).
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Figure 7. Alcohol dehydrogenase (ADH) activity in liver homogenates 
from animals treated with S,S,S,-tributyl-phosphorotri- 
thioate (DEF).

Male Sprague-Dawley rats (239±20 gm) received DEF or vehicle control 
intragastrically (8mg/kg). All animals were fasted for 24 hours prior 
to, and during the experiment. As a pancreatic stimulus each animal 
received 0.2ml of peanut oil intragastrically, 1.5 hours before 
sacrifice. Groups of three rats each were sacrificed by decapitation 
at the appropriate time. ADH activity was measured by a modification 
of the method of Mattenheimer (1970). Data points are the mean ± 
standard deviation.
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Transmucosal Flux of Phthalate Esters 

in the Everted Gut Preparation

When the monoester form of a phthalate ester was placed in the

mucosal incubation solution, it crossed the everted gut in greater

quantity than the corresponding diester (Figure 8 ). On the average,

1,2 times as much MMP crossed the gut as did BMP, Three times as much

MBP crossed the gut as did DBP, and 6,6 times as much MEHP crossed the

gut as did DEEP, In addition, as the number of carbon atoms in the

alcohol side chains increased, the total amount of mono and diester

phthalate crossing the everted gut decreased (Figure 8 ),

Esterases within the intestinal mucosa actively hydrolyze

phthalate diesters crossing the everted gut (Figure 9), When DMP is

placed in the mucosal incubation solution, over 81% of the phthalate .

reaching the serosal perfusing solution is MMP, Greater than 95% of

the DBF is hydrolyzed before reaching the serosal side. No DEEP

reaches the serosal perfusing solution intact. It is all hydrolyzed to

MEET.

The pattern of flux across the intestinal mucosa is similar for 

all three phthalate monoesters tested (Figures 10 and 11), There is 

increased flux of monoester during the first four collection periods. 

Then from 40-60 minutes the flux slows and becomes relatively constant. 

Esterase inhibition by DEF did not alter the movement of MBP across the 

everted gut (Figure 11),

The phthalate diesters were extensively hydrolyzed by the 

everted gut, DBP and DEEP show accelerated formation of their mono

ester over the duration of the experiment (Figure 12), The formation
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Figure 8 . The cumulative flux of phthalate ester into the serosal 
perfusing solution in one hour.

Using the method of Blanchard and Straussner (1977), segments of 
everted small intestine from male Sprague-Dawley rats (300-400gm) were 
incubated in a buffer solution containing 500 ymoles of a phthalate 
ester. The serosal perfusing solution was collected every 10 minutes 
and replaced with fresh buffer. This procedure was repeated for 1 
hour. The perfusing solution collected was analyzed for the amount 
and type of phthalate ester it contained. Data points are the mean 
± S.D.
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Figure 9. The amount and composition of phthalate ester crossing
the everted gut in one hour when only a phthalate diester 
is present in the mucosal incubation solution.

Using the method of Blanchard and Straussner (1977), segments of 
everted small intestine from male Sprague-Dawley rats (300-400gm) were 
incubated in a buffer solution containing 500 ymoles of a phthalate 
diester. The serosal perfusing solution was collected every 10 
minutes and replaced with fresh buffer. This procedure was repeated 
for 1 hour. The perfusing solution collected was analyzed for the 
amount and type of phthalate ester it contained. Vertical bars 
represent the standard deviation.
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Figure 10. The flux of phthalate monoester into the serosal perfusing solution of the everted gut 
when a phthalate monoester is contained in the mucosal incubation solution.

Using the method of Blanchard and Straussner (1977), segments of everted small intestine from male 
Sprague-Dawley rats (300-400gm) were incubated in a buffer solution containing 500 pmoles of a 
phthalate ester. The serosal perfusing solution was collected every 10 minutes and replaced with 
fresh buffer. This procedure was repeated for 1 hour. The perfusing solution collected was 
analyzed for the amount and type of phthalate ester it contained. Data points are the mean ± S.D.
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Figure 11. The flux of MBP across the everted gut of control and esterase inhibited animals when 
the mucosal incubation solution contains MBP.

Using the method of Blanchard and Straussner (1977), segments of everted small intestine from male 
Sprague-Dawley rats (300-400gm) were incubated in a buffer solution containing 500 pmoles of a 
phthalate ester. The serosal perfusing solution was collected every 10 minutes and replaced with 
fresh buffer. This procedure was repeated for 1 hour. The perfusing solution collected was 
analyzed for the amount and type of phthalate ester it contained. Data points are the mean ± S.D.
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Figure 12. The flux of phthalate monoester across the everted gut when only a phthalate diester 
is present in the mucosal incubation solution.

Using the method of Blanchard and Straussner (1977), segments of everted small intestine from male 
Sprague-Dawley rats (300-400gm) were incubated in a buffer solution containing 500 pmoles of a 
phthalate diester. The serosal perfusing solution was collected every 10 minutes and replaced with 
fresh buffer. This procedure was repeated for 1 hour. The perfusing solution collected was analyzed 
for the amount and type of phthalate ester it contained. The mean value from each collection period ^ 
(•) and the regression line (--- ) standard error of estimate (•••) are displayed. °
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of MMP from BMP increases until the 50 minute time point (Figure 12). 

Then a slight decrease in the MMP formed is seen over the last 10 

minutes of the experiment. This leveling off of DMP hydrolysis indi

cates saturation of the mucosal esterases.

In contrast to results obtained using MBP in the mucosal buffer, 

inhibition of mucosal cell esterases by DEE greatly alters the pattern 

of DBP flux across the everted gut (Figure 13), The slope of the 

regression lines for control and inhibited animals are statistically 

different (p <0.05). Under inhibited conditions the amount of mono

ester being formed is constant during each time period indicating 

maximal esterase activity. The decreased enzyme activity resulted in 

35% less MBP entering the serosal perfusing solution in 60 minutes.

There were no statistical differences between control and inhibited 

animals in the amount of intact DBP that reached the serosal perfusing 

solution. The esterase activity of the mucosal homogenates made from 

control animals was 2.39±0.305 A O.D./mg/min. using IPA as the sub

strate. The inhibited group of animals had a value of 0.163+0.042 

A O.D./mg/min. This reflects approximately 93% inhibition of mucosal 

cell esterases.

The data of several experiments were compared by regression 

analysis. The slope-intercept equation for each line as well as the 

standard error of estimate for the results shown in Figures 12 and 13 

are presented in Table 9.
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Figure 13. The flux of MBP across the everted gut of control and esterase inhibited animals when 
the mucosal incubation solution contains DBF.

Using the method of Blanchard and Straussner (1977), segments of everted small intesting from male 
Sprague-Dawley rats (300-400gm) were incubated in a buffer solution containing 500 ymoles of a 
phthalate diester. The serosal perfusing solution was collected every 10 minutes and replaced with 
fresh buffer. This procedure was repeated for 1 hour. The perfusing solution collected was 
analyzed for the amount and type of phthalate ester it contained. The mean value from each collec
tion period (o*) and the regression line (--- ) standard error of estimate (...) are displayed.
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Table 9. . Linear regression analysis.

Phthalate diester 
in mucosal bath

Equation for . rate 
of monoester flux

Standard error 
of estimate

n

DBP y = 0.0100(x) + 0.1874 0.1257 4

DBP
(inhibited conditions)

y = 0.0002(x) + 0.3639 0.0847 3

DMP y = 0.0173(x) + 0.1910 0.3645 4

DEEP y = O.OlOO(x) + 0.1678 0.0688 .. 4
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■ 14The Absorption and Distribution of C-DBP 

After Oral Administration

The tissue distribution of radioactivity after orally adminis-
14tered C-DBP was the same in both control.and inhibited animals (Table 

10). The average blood and tissue level peaked at two hours. In both 

groups the average dpm/100 mg tissue was highest in the kidney, fol

lowed by the liver, blood, and lung. . This pattern was similar through

out the five hour test period.

After intragastric administration of "^C-DBP, the level of in

tact diester in the portal venous blood was quite low (Table 11)» Over

95% of the radioactivity in the plasma was associated with MBP or its
14metabolites. Two hours after dosing, the percentage of C-DBP in the

portal venous blood of control and inhibited animals was not statisti- /

cally different. Samples were drawn at two hours because carbon-14

levels in the blood were at their maximum.

Pretreatment with DEE did not alter the absorption of C-DBP
11

(Table 12). The % dose of C-DBP recovered from the small intestine

fluctuated considerably but there was no statistically significant

difference between the control and inhibited groups. The small amount 
14of C-MBP found in the lumen could be due to the slight contamination

14 14 14of the C-DBP with C-MBP. Enzymatic hydrolysis of C-DBP within
14the lumen could also contribute to the C-MBP recovered. Whatever the

14source, the amount of C-MBP recovered remained consistently low 

throughout the five hour test period. It was never more than one per

cent of the dose given. There was no statistically significant
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Table 10.. Tissue distribution of radioactivity after intragastric
administration of lAc-di-n-butyl phthalate in control and 
esterase inhibited animals.a

Time (hours) 
1 2 . 3 .4 .. 5

Tailblood
Control
Inhibited

433±100
299±69

834±252
864+345

669+170
662+145

769+335
734+175

368+170
576+238

Liver
Control
Inhibited

562+76
643+328

1034+62
894+231

740+165
7521144

798+207
740196

4281182
5741202

Lung
Control
Inhibited

221+59
181+60

540+121
572+172

284+160
377+53

3931219
3991121

3851439
3231162

Kidney
Control
Inhibited

712+141
583+62

1057±109
929+237

838+140
764+43

8481136
755+40

567192
6911230

Data is dpm/0.1 gm tissue. (Mean ± S.D.).

aEsterase inhibited animals received S $ S,S,-Tributyl-Phosphorotri- 
thioate (DEF)(8mg/kg) intragastrically 7 hours prior to l^C-DBF 
(837 mg/kg, specific activity 15.4 pCi/ml) administration.
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Table 11. The plasma level of diester after intragastric administration 
of l^C-di^n-butyl phthalate3, in control and esterase^ 
inhibited animals..

Control
(mean ±

' Inhibited 
S.D.)

Total dpm/0.1 gm plasma 
after extraction 1016+148 1400+435 .

% diester after extraction 2 .4±0.6 4.3+2.0

Total dpm/0.1 gm plasma 
after digestion . 1102±174 15941455

Average extraction efficiency 93% 8 6%

a Dose was 760 mg/kg. Specific activity 15.4 yCi/ml.
b Esterase inhibited animals received S,S,S^-Tributy1-Phosphorotri- 

thioate (DEE) (8 mg/kg ig) 6 hours before -^C-DBP administration.
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14Table 12. The C-phthalate ester content of the intestinal lumen after 

intragastric administration of l^C-di-n-butyl phthalate in 
control and esterase inhibited animals.3

1
Time (hours) 

' 3 4 5

Diester
Control 34.5±4.9 27.8+8.3 26.0110.8 10.019.5 0.410.3
Inhibited 30.6+6.4 17.6110.5 46.5+17.7 31.518.7 13.7113.9

Monoester
Control 0.4±0.4 0.310.1 0.310.1 . 0.310.1 0.310.1
Inhibited 0 .3+0.1 0.310.1 0.510.1 0.510.1 0.510.4

Data is expressed as % of dose recovered (mean ± S.D.)

3 Esterase inhibited animals received S,S 9 S,-Tributyl Phosphorotri- 
thioate (DEE) intragastrically (8 mg/kg), 7 hours prior to l^C-DBP 
administration (837 mg/kg, specific activity 15.4 yCi/ml).
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difference between the control and inhibited groups in the amount of 
14C-MBP recovered from the lumen of the small intestine.

The Acute Oral Toxicity of DBF and MBP 

The LD-50 for DBF was evaluated by plotting the logarithmic 

probit values as described by Miller and Tainter (.1944) . The LD-50 of 

DBF fell within a range of 72-90 mMole/kg (20-25 gm/kg) (Table 13).

When the rats were pretreated with DEF (8 mg/kg), the LD-50 dropped 

below 36 mMole/kg (10 gm/kg). • If the same dose of DEF was administered 

simultaneously with the DBF, this dramatic increase in the toxicity was 

not observed. In contrast to the results obtained with DBF, the acute 

toxicity of MBP was unchanged by pretreatment with DEF (Table 14).

Rats dosed with either DBF or MBP exhibited similar symptoms. 

Some animals developed labored breathing and cyanosis approximately 

4-5 hours after being dosed. Most animals who developed these symptoms 

died within 24 hours. Animals who survived the first day displayed 

hematuria^ diarrhea, and a bloody discharge from the nose. .Gross 

examination of the internal organs of dead animals showed liver con

gestion and sites of hemorrhage in the lungs.
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Table 13. The acute toxicity of di-n-butyl phthalate (DBF) after oral 
administration in rats.

Dose: mMoles/kg 
Dose: grams/kg

21.5
6

36
10

50.3
14

79
22

90
25

108
.30

A. DBF alone - 2 / 1 0 3/10 3/10 5/10 7/10

B. DBF after
pretreatment with DEFa 0 /1 0 6 / 1 0 9/10 — - -

C. DBF plus DEF
given simultaneously 8 / 1 0 6/10

Data reported as number of deaths/number of animals treated.

a S,S,S,-Tributyl phosphorotrithioate (DEF) given intragastrically 
(8 mg/kg).
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Table 14. The acute toxicity of mono-n-butyl phthalate after: oral 
administration in rats.

Dose: mMoles/kg 
Dose: grams/kg

22.5
.•'■5.

3.3.7
7.5.'

45
10

A. MBP alone ■ 4/10 1 0 / 1 0 1 0 / 1 0

B. MBP after
pretreatment with DEE 4/10 9/10 1 0 / 1 0

Data reported as number of deaths/number of animals treated.

a Ss S, 5s-Tributyl phosphorotrithioate (DEE) given intragastrically 
(8 mg/kg).



DISCUSSION

The absorption of phthalate esters from the intestine appears

to be highly dependent on their hydrophilicity« When.comparing the

distribution ratio of a phthalate ester to the amount of ester absorbed 

by the everted gut, one observes that the hydrophilic monoesters are 

more rapidly absorbed. Thus the traditional pH-partition hypothesis 

(Brodie, 1964) does not appear to be true for intestinal absorption of 

phthalate esters. This hypothesis assumes that the major barrier to 

absorption is the lipoidal cell membrane of the intestinal epithelium.

If a compound is highly lipid soluble, it will cross this barrier 

readily. If it is lipophobic (i.e., ionized), the rate of movement 

through the membrane will be greatly reduced. In this study, the 

opposite was found to be true. Intestinal absorption was facilitated 

by forming an ionized metabolite from a highly lipophilic parent com

pound .

The absorption of phthalate esters is better explained by other

theories of intestinal absorption. A hydrophilic barrier to intestinal

absorption has been demonstrated by Houston, Upshall, and Bridges (1973). 

Using a series of carbamate esters with different partition coeffi-. - 

cients (Kd), the authors found both in vitro and in situ that esters 

with intermediate KdTs were more readily absorbed. They concluded that 

absorption of highly water soluble esters was slowed by%the lipoidal

61
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cell.membrane while absorption of highly lipid soluble esters were 

slowed by some hydrophilic barrier» .

This hydrophilic barrier has been demonstrated to be in effect 

an "unstirred water layer" (Dietschy, Sallee, and Wilson, 1971) The 

unstirred water layer is characterized as concentric layers of water 

extending out from the epithelial cell surface that are not in equilib

rium with the rest of the intraluminal bulk water phase„ The existence 

of the unstirred water layer has been demonstrated both in vitro 

(Wilson, Sallee, and Dietschy, 1.971) and in vivo (Read et al., 1977).

The increased absorption of the phthalate monoesters over the 

corresponding diester forms may be explained by the presence of this 

unstirred water- layer» The monoesters have a pKa of 2«9 and therefore 

are fully ionized at pH 7.4. This ionization increases their penetra

tion into the unstirred water layer and ultimately results in a greater 

concentration of monoester at the mucosal surface for absorption.

Thus, by effecting hydrolysis, intestinal esterases may play a 

key role in modifying the absorption of phthalates from the intestine. 

Esterase enzymes found both in the intestinal lumen and the mucosal 

epithelium are capable of hydrolyzing phthalate diesters. These ester 

hydrolases possess an active serine or cystein residue and most are 

sensitive to organo-phosphate inhibitors (Augustinsson, 1968). Such 

inhibition is irreversible and results from formation of an acyl- 

enzyme intermediate that cannot be displaced to regenerate the active 

enzyme. In this study of intestinal esterases, the organo-phosphate 

S,S,S,-Tributyl Phosphorotrithioate (DEE) was used as an inhibitor. It
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is known that DEF is more effective against carboxyls.esterases than 

against cholinesterases. At the dose used in this investigation 

(8 mg/kg), no cholinergic side effects from DEF were observed«

Oral administration of DEF was effective, in reducing mucosal 

epithelial esterase activity. This was clearly demonstrated by the 

results with both mucosal cell- homogenates and everted intestinal 

segments. Esterase activity of mucosal cell homogenates from animals 

pretreated with DEF remained substantially below control levels for 24 

hours. This result was found for both a water soluble substrate (IPA) 

and a micellel dispersed substrate (DBF). .

Mucosal esterases hydrolyzed most of the DBF crossing the 

everted gut segment. Only 4.5% of the DBF reaches the serosa intact. 

When mucosal esterase activity was reduced by DEF, the apparent flux of 

DBF across the everted gut was significantly reduced. Although the 

amount of diester reaching the serosal solution was not affected, the 

amount of monoester was reduced 35%. In contrast, when MBF alone was 

placed in the mucosal incubation solution, inhibition of the mucosal 

esterases did not affect its flux across the everted gut. Thus the 

data suggests that in the absence of other esterase activity, intesti

nal mucosal esterases are the rate limiting step in the net absorption 

of DBF.

It is of interest to note that the maximum rate of flux across 

the everted gut mucosa was different for each monoester phthalate 

tested (Figure 10, page 48). Molecular weight correlated inversely 

with the maximum rate of flux. Therefore, the movement of MBF across 

the everted gut appears to be by a simple diffusion process.
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The permeability of the.everted gut to phthalate diesters as 

defined in this study was accurately reflected by the quantity of 

phthalate metabolites excreted in urine as reported by Albro and Moore 

(1974) and by Albro, Thomas^ and Fishbein (1973), These authors found 

that 8% of orally administered DMP was recovered as intact diester 

while only 0.4% and 0.0% of orally administered DBF and DEEP respec

tively were recovered as intact diester. The everted gut segments 

allowed 18.8% of the DMP to cross intact while only 4.5% of the DBF

and 0.0% of the DEEP crossed intact. In addition, analysis of portal
14venous blood showed only a small percentage (2 .4±0 .6%) of the C- 

butyl phthalate was present in the diester form. These results suggest 

that the intestinal epithelium effectively regulates the amount of 

phthalate diester that is absorbed intact.

Enzymatic hydrolysis of phthalate diesters could also proceed 

by enzymes found in the lumen of the small intestine, presumably of 

pancreatic origin. In this study, inhibition of these enzymes could 

be accomplished in vitro but not in vivo. One explanation for this 

difference could be the six hour delay between DEF administration and 

measurement of enzyme activity. If pancreatic enzymes are responsible 

for the esterase activity seen in the intestinal luminal contents, 

then their release into the intestine could occur after absorption of 

the inhibitor. Siekevitz and Palade (1960) have demonstrated that 

enzymes contained within pancreatic zymogen granules can be synthesized 

many hours before their release into the intestine. Esterases within 

the zymogen granules may be inaccessible for inhibition by DEF.
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After oral administration of ^C-DBP 9 the amount of diester in 

the intestinal lumen and in plasma was statistically identical for both 

control and inhibited groups. Since the mucosal esterases are signifi

cantly inhibited by DEF at the six hour time point and luminal ester

ases are not, it indicates that enzymes secreted into the lumen are

sufficiently active to hydrolyze the phthalate diesters.
14Because only a small amount of C-MBP was found in the intes

tinal lumen.at any one time, once the monoester is formed it is 

probably rapidly absorbed. This is supported by the results of the 

everted gut experiment which demonstrate very rapid absorption of all 

monoester forms.

The hydrolysis of phthalate diesters to monoester by the intes

tinal tract is an important bioactivation step effecting the toxicity 

of phthalate diesters. The results in this study demonstrate the mech

anism whereby a poorly absorbed diester is hydrolyzed to a well absorbed 

monoester plus an alcohol. Each of these metabolites is biologically 

active. Lake et al. (1975) has demonstrated that the detrimental 

hepatic side effects of DEHP can be caused by the monoester form alone. 

Reddy and Moody (1976) have shown that the hypolipidemic effect, of 

DEHP is due exclusively to the 2-ethylhexyl alcohol metabolite.

The toxicity of phthalate diesters reflects the potentially 

important role of intestinal metabolism in the disposition of xeno- 

biotics. It has been proposed that the rate of hydrolysis of 

phthalate diesters by intestinal esterases correlates with the acute 

toxicity (oral LD-50) of the parent ester. If this is true, then the
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acute toxicity of phthalate diesters should be decreased by reducing 

their rate of hydrolysis. Although experiments in this study clearly 

showed that the activity of esterases in the mucosal epithelium, lumi

nal content, and liver could be inhibited by DEF, no corresponding 

decrease in the acute toxicity of DBF was observed* When DEF was ad

ministered simultaneously with DBF, the acute toxicity of DBF was 

similar to control levels. Fretreatment of the animals with DEF also 

did not decrease DBF toxicity. To the contrary, DBF toxicity was 

significantly increased by DEF pretreatment. The exact cause for this 

is unclear since DEF pretreatment did not increase the acute toxicity 

of MBF 6 Since the only difference between DBF and MBF is the alcohol 

moiety, it is possible that DEF increased the toxicity of the n-butyl 

alcohol. Experiments showed that DEF did not affect hepatic alcohol 

dehydrogenase activity but other aspects of butanol metabolism and 

toxicity were not investigated.

In summary, widespread environmental contamination by phthalate 

diesters has been demonstrated by many investigators. This has led to 

studies on the metabolic fate of phthalate diesters after oral inges

tion. In this investigation, the central role of the intestinal 

esterases in the absorption and metabolism of phthalate diesters was 

clearly demonstrated. The two areas of esterase activity delineated in 

this study were the intestinal mucosa andr.the luminal contents.

The esterase activity of the mucosal epithelium toward phthal

ate diesters was studied using tissue homogenates and an everted gut 

sac preparation. These two methods showed the mucosal epithelium 

capable of hydrolyzing phthalate diesters to monoesters. The everted



gut technique demonstrated that during absorption<, phthalate diesters 

are extensively hydrolyzed before reaching the serosal side. It also 

showed that phthalate monesters were absorbed more rapidly than the 

corresponding diesters. The "unstirred water layer" of the small in

testine may explain this pattern of absorption. Both homogenates and 

everted gut sacs showed that esterases in the mucosa could be inhibited 

be S,S,S,-Tributyl phosphorotrithioate (DEE) given intragastrically 

(8 mg/kg). Enzyme inhibition was long lasting ( 24 hours) with a 

maximum 6 hours after administration. Inhibition of mucosal esterases 

decreased absorption of a phthalate diester (DBF) by the everted gut 

preparation but had no effect on the absorption of the corresponding 

monoester (MBP),

Pancreatic secretions are probably the most important source of 

esterases in the luminal contents. Luminal contents from the upper 

jejunum were able to hydrolyze phthalate diesters to monoesters.

Contrary to the results obtained with mucosal esterases, DEE (8 mg/kg) 

did not significantly decrease esterase activity of the luminal con-- 

tents 6 hours after intragastric administration.

Whole animal studies showed that inhibition of mucosal ester

ases did not alter the absorption or distribution of "^C-DBP,

Comparison of portal venous blood samples from control and inhibited 

animals showed statistically identical levels of both ^C-DBP and 

^C-MBP, Also, only trace amounts of ^C-MBP were found in the small 

intestine of both control and inhibited animals. These results indicate, 

that DBF was hydrolyzed predominately within the lumen of the small



intestine and that formation of the monoester greatly facilitated 

sorption into the systemic circulation.
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