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ABSTRACT 

A study of the mechanism of the estradiol-mediated 

increase in glucose transport in the uteri of ovariecto-

mized rats was undertaken. An essential first step in this 

study was the characterization of the glucose transport 

process using plasma membrane vesicles. 

Uterine plasma membrane preparations were obtained by 

centrifugation on discontinuous sucrose gradients. The 

specific activity of the plasma membrane marker 5'-nucleo-

tidase was increased 10-fold while the specific activity of 

an endoplasmic reticulum marker glucose-6-phosphatase was 

increased 3-fold. D-Glucose transport into plasma membrane 

vesicles was inhibited by sulfhydryl reagents, phloretin, 

and cytochalasin B. Uptake was prevented by high osmotic 

pressures. The Km of glucose transport was 12.2 +_ 1.1 

mM. Transport was unaffected by sodium and was energy 

independent. 

2-Deoxyglucose transport was determined in uteri of 

rats grouped by stages of the reproductive cycle, i.e., 

diestrus 1, diestrus 2, proestrus and estrus. The rate of 

2-deoxyglucose transport was highest in proestrus and 

lowest in diestrus 1. 

The increase in glucose transport in ovariectomized 

rats was half-maximal at approximately 5 ng estradiol/rat 

and reached the maximal 2 to 3-fold response after 2 hours 

whether measured in whole tissue or in uterine plasma 
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membrane vesicles. Estrone and estriol treatment resulted 

in a similiar 2-fold increase in glucose transport while 

progesterone and dihydrotestosterone had no effect. Injec 

tion of protein synthesis inhibitors cycloheximide and 

emetine resulted in an increase in the basal glucose 

transport rate while having no effect on the estradiol-

stimulated increase in glucose transport. Treatment with 

the transcriptional inhibitor actinomycin D resulted in a 

slight increase in glucose transport with no effect on the 

estradiol-stimulated increase in glucose transport. 

Antiestrogen treatment (nafoxidine and tamoxifen) 

resulted in a 85-90 % decrease in the total estradiol 

binding sites in the cytosol but did not effect the estra-

diol-stimulated increase in 2-deoxyglucose transport in 

uterine tissue. 

Insulin injection (0.2 mg/rat) resulted in a 40 % 

increase in 2-deoxyglucose transport in 24 h-starved rats 

in contrast to the 200 % increase seen with estradiol 

treatment. Insulin and estradiol treatment together were 

not additive in regard to the increase in 2-deoxyglucose 

transport in tissue. Estradiol treatment did not change 

binding of [1251 ] insulin to uterine plasma membranes. 

Estradiol treatment resulted in a 3-fold increase in 

the Vmax with no apparent change in the Km for 2-deoxyglu

cose transport. Also, estradiol treatment did not result 

in an increase in the amount of glucose transporters in 

vi 



uterine plasma membranes as measured by antibodies raised 

against the glucose transporter protein from human erythro

cytes . 

In summary, estradiol stimulates the rate of glucose 

transport in rat uterus by increasing the rate by which 

the transporter protein moves glucose across the plasma 

membrane . 
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CHAPTER 1 

INTRODUCTION 

Estradiol stimulates protein, RNA, and ultimately DNA 

synthesis in the uterus. The earliest uterine responses 

seen after estrogen administration occur within minutes. 

Some of these responses are incorporation of labelled uri

dine into RNA (1), histone acetylation (2), eosinophil in

filtration into the uterus (3), synthesis of mRNA for in

duced protein (4), RNA polymerase activity (5), a decrease 

in arginine-rich histone content (6), an increase in glu

cose uptake (7), and an increase in amino acid uptake (8). 

Among later uterine responses to estrogen requiring 6 hours 

or more are generalized protein synthesis (9), and the 

increase in the activity of the hexose monophosphate shunt 

enzymes (10). 

The classical model of induction of the response of 

the uterus to estradiol is the two-site model proposed by 

Gorski et al. (11) and Jensen et al. (12). This model is 

based on studies of the binding of radioactive estradiol to 

receptor in various cell fractions. According to this 

model, estradiol enters the cytoplasm and binds to the 

receptor. The receptor upon estradiol binding has a sedi

mentation coefficent which changes from 4S to 5S and is 

then translocated to the nucleus. Once in the nucleus, the 

receptor-estradiol complex binds to chromatin. It is 



through this interaction that estradiol induces changes in 

cellular activity. This model, however, is inconsistent 

with the findings of Welshons et al. who showed that cyto-

plasts (cells enucleated with cytochalasin B) showed little 

estrogen binding activity while the nucleoplasts showed 

considerable estrogen binding activity (13). In addition, 

the studies of King and Greene, using a monoclonal antibody 

against the estrogen receptor and immunochemical staining, 

showed that specific staining was confined to the nucleus 

(14). These last two studies support the conclusion that 

the estradiol receptor resides in the nucleus and not in 

the cytoplasm and that the cytoplasmic receptor may be an 

artifact of the fractionation procedures. 

Jensen and Jacobsen in 1962 showed that the uterus and 

vagina of rats injected with [3H]estradiol retained the 

label for six hours while other tissues such and kidney and 

blood had increased levels of hormone for approximately two 

hours after administration (15). This discovery suggested 

that a receptor molecule in these organs was specifically 

binding to estradiol. Noteboom and Gorski in 1965 quan-

titated an estrogen receptor and determined the dissocia

tion constant (Kd) to be 0.7 nM (16). Estrogen binding was 

found to be localized in cytosol, nuclear, mitochondrial, 

and microsomal fractions. In 1979, Pietras and Szego 

reported the presence of an estrogen receptor on the plasma 

membrane (17). These results were supported by the work of 



Nenci et al. using fluoresent estrogen analogs (18). How

ever, these results are in contrast to the findings of 

Mueller et al. who were unable to demonstrate the presence 

of an estrogen receptor on the plasma membrane (19). 

In addition to the estrogen receptor described 

above, a second estradiol receptor was first described by 

Best-Belsomme et al. in 1970 (20). Clark et al. determined 

the dissociation constant (Kd) to be 33 nM (21). This 

binding site (Type II) has received less attention than the 

high affinity site (Type I) described above. The Type II 

site is believed by some to be due to serum albumin or 

alpha-feto protein (22). More recently, the Type II site 

has been attributed to the presense of eosinophils in the 

uterus (23). The controversy surrounding the origin of the 

Type II site has not been settled. In addition, Clark et 

al. described a nuclear Type II binding site which shows a 

sigmoidal saturation curve (21). The precise role that 

each site plays in the mediation of the estradiol 

response is unknown. Recently, Meyers et al. found that 

doisynolic-acid type estrogens bind the cytosolic receptor 

one to two orders of magnitude less tightly than estradiol 

but have uterotropic activities close to that of estradiol 

(24). These results suggest that the doisynolic acid is 

either bypassing the receptor step, or a different, as yet 

undiscovered receptor exists. 

Estrogen binding to receptors can be blocked by var-



ious compounds known as antiestrogens. Terenius has di-

vided antiestrogens into two categories depending on a 

limited or sustained effect in blocking estrogen action 

(17). The group of compounds having a sustained effect are 

derivatives of polycyclic phenols which include tamoxifen 

and derivatives of dihydronaphthalene and diphenylindene 

which include nafoxidine. Nafoxidine is capable of causing 

the translocation of the cytosolic Type I receptor to the 

nucleus and this event is what Katzenellenbogen and 

Ferguson suggest is the mechanism by which this antiestro

gen blocks estradiol stimulation of uterine growth (26). 

Earlier studies have indicated that estrogen injected 

in vivo mediates a rise in glucose transport into the 

uterus. Spaziani and Gutman reported, in 1965, the appear

ance of hexose in the uterus using in vivo permeation 

studies (27). Roskoski and Steiner reported a two-fold 

increase in the initial rate of 3-0-methyIglucose uptake in 

vitro 2 hours after in vivo estrogen administration (28). 

In 1968, Smith and Gorski reported a detectable rise in the 

rate of deoxyglucose uptake into uteri in vitro as early as 

30 minutes after in vivo estrogen administration (7). 

Glucose transport regulation has been studied in de

tail in a number of other systems. The ability of Ehrlich 

ascites tumor cells to take up glucose increases during 

the course of tumor development. Using D-glucose inhibi-

table cytochalasin B binding, Chan et al. demonstrated 



that the increase in glucose transport can be explained by 

an increase in the number of glucose transporters in the 

plasma membrane and that changes in the turnover and 

affinity for substrate of the glucose transporter need not 

be invoked (29). Another system where glucose transport 

regulation has been investigated is in chicken embryo 

cells infected by Rous sarcoma virus. Salter et al. 

showed that the increase in glucose transport following 

viral infection is due to an increase in the number of 

glucose transporters as measured by antibody raised 

against human erythrocyte glucose transporter (30). A 

third system used to study the mechanism of the increase 

in glucose transport is insulin-stimulated glucose trans

port in rat adipocytes. Wardzala et al. demonstrated, 

using D-glucose inhibitable cytochalasin B binding, that 

the increase in glucose transport in fat cells following 

insulin administration is due to an increase in the number 

of transporters in the plasma membrane (31). In addition, 

Cushman and Wardzala showed that the source of the addi

tional transporter is the microsomal fraction (32). 

In addition to the translocation of preformed glucose 

transporter proteins to the plasma membrane as a mechanism 

to increase glucose transport into the cell, other mecha

nisms are possible to explain estradiol action on the ute

rus. For example, estradiol may induce an increase in the 

affinity of the transporter for glucose or it may induce 



changes in the composition of the plasma membrane which 

result in an increase in the intrinsic velocity of the 

transport process. Neither of these possibilities require 

an increase in the number of transporters in the plasma 

membrane. An additional possibility is the translocation 

of newly synthesized glucose transporters to the plasma 

membrane. These newly synthesized proteins could conceiv

ably be a different transporter protein than the one 

already present in the plasma membrane. 

The transducing mechanisms that convert hormonal 

signals to an increase in glucose transport via the trans

location of the transporter protein from the microsomal 

membranes to the plasma membrane are unknown. In the case 

of Rous sarcoma virus infection of chicken embryo fibro

blasts, a number of effects including a fall in cAMP con

centration (34) and an increase in phosphatidyl inositides 

(35) occur temporally with an increase in glucose 

transport. These events are possible candidates in the, as 

yet undetermined, transducing mechanism. 

The mechanism that transduces the insulin-receptor 

binding signal to the translocation of transporter proteins 

is also unknown. Several candidates have been proposed as 

elements in the transducing mechanism, including cAMP, 

cGMP, calcium, and intracellular pH (36,37,38). Reduction 

in cAMP levels has correlated well with insulin action 

(39,40), while the increase in cGMP levels in fat cells 



was not specific for insulin and its actions (41). 

Changes in intracellular calcium concentration may be 

involved in some insulin action (42) but its precise role 

has not yet been established. In conclusion, none of the 

putative regulators appear to be the sole mediator of 

insulin action. 

The goal of this research was to elucidate the 

mechanism by which estradiol stimulates the increase in 

glucose transport into the uterus. In order to study these 

mechanisms, two different model systems have been employed. 

These systems are plasma membrane-enriched membrane vesi

cles and a whole organ in vitro system. Plasma membrane-

enriched vesicles were generated in order to characterize 

and quantitate the glucose transporter protein from the 

uterus while the whole organ system was used to answer 

questions more readily obtained with tissue uptake studies 

than with vesicles. Among the questions examined are the 

role of estrogen receptors and the role of insulin in the 

increase in glucose transport. Mechanistic studies 

include determining if translocation of newly synthesized 

or preformed transporters occurs, if the affinity of the 

transporter for glucose increases, and if the intrinsic 

velocity of transport increases. Other mechanistic 

studies involve identifying the system that transduces the 

estradiol signal to an increase in glucose transport. 

Possible transducing systems include cAMP dependent and 
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calcium dependent systems. 

Plasma membrane vesicles have been generated from a 

number of cell types in order to characterize the glucose 

transporter protein. Using plasma membrane vesicles, the 

glucose transporter protein has been characterized in rat 

adipocytes (43), human placenta (44), calf thymus (45), 

and in rat skeletal muscle (46). Among the characteris

tics of the glucose transporter protein determined using 

vesicles are specific, bidirectional transport of D-glu

cose, sensitivity of the transporter to sulfhydryl rea-

gants, and affinity of binding between the transporter 

protein and D-glucose. Furthermore, in this system one 

can analyze dose-response relationships and the time 

course of the response to estradiol administration. One 

advantage of this model is that one can directly measure 

glucose transport. 

Injection of estradiol in vivo followed by removal 

of the uterus after an appropriate time period and incuba

tion of the whole uterus with glucose analogs such as 3-0-

methy Iglucose and 2-deoxyglucose is a system utilized by 

Roskoski and Steiner (28) and Smith and Gorski (29). Using 

this model, the transporter protein cannot be quantitated 

nor can, in the case of 2-deoxyglucose, transport be 

directly measured. Using 2-deoxyglucose, transport and 

phosphorylation is measured. The validity of this model 

rests on the assumption that transport and not phosphory-



lation is rate-limiting. This assumption is based, among 

other considerations, on the fact that glucose transport is 

hormonally regulated; i.e., only a rate-limiting step 

would be under hormonal regulation. In addition, Smith 

and Gorski showed that the increase in glucose transport 

occurred well before any increase in hexokinase activity 

(7). One advantage of this model over vesicles is that 

nonspecific uptake is slow while in the vesicle system, 

nonspecific uptake is much higher than specific transport 

which complicates data collection. In addition to 

transport studies, the plasma membrane vesicle model 

allows the quantitation of the transporter protein. There 

are two techniques used to quantitate the transporter 

protein. The first technique employs labeled cytochalasin 

B as a ligand (47). In this procedure, the specific 

binding is the difference in binding between cytochalasin 

B and cytochalasin B plus high amounts of D-glucose. The 

second technique employs polysera raised against the puri

fied human red blood cell glucose transporter (48). In 

this procedure, quantitation can be achieved via an ELISA 

procedure or a Spot immunochemistry technique. 



CHAPTER 2 

CHARACTERIZATION OF THE GLUCOSE TRANSPORTER 

Introduction 

Some of the effects of estradiol on the uterus of 

ovariectomized rats include increased amino acid (8,49-51) 

glucose (7,28,52) and RNA precursor (53) uptake as well as 

increased vascular permeability (54). Uterine cell sur

face glycoproteins are altered as determined by changes in 

lectin binding (55,56). All of these effects were observ

ed to occur within 4 h after exposure to estradiol. These 

phenomena appear to involve actions at the plasma mem

brane . 

Of particular interest to me is the stimulation in 

glucose transport. Whether this effect occurs through an 

increase in the intrinsic activity of the existing trans

port protein or through changes in the amount of transport 

protein in the plasma membrane is not known. It has been 

demonstrated that cycloheximide, an inhibitor of protein 

synthesis, can block the stimulation in glucose transport 

by estradiol, as measured by the accumulation of 2-deoxy-

glucose-6-phosphate in uterus in organ culture (7). There 

is increased protein synthetic activity during this early 

time period although the synthesis of significant quanti

ties of protein does not begin until about 4-6 h after 

estradiol exposure (9,57). In order to investigate the 

10 
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mechanism of the regulation of glucose transport in uterus 

by steroid hormones, characterization of glucose transport 

in uterine tissue is an essential first step. 

In this chapter I describe certain properties of 

the glucose transport system in uterine plasma membranes. 

The presence of a glucose transport protein in the plasma 

membrane vesicles was indicated by stereospecific uptake 

of D-glucose and its inhibition by classic glucose 

transport inhibitors, e.g., cytochalasin B, phloretin, and 

sulfhydryl reagents. 

Materials and Methods 

Materials 

L-[l-14C]glucose (47 mCi/mmol) and [4-3H]cytochala

sin B (10.3 Ci/mmol) were purchased from New England 

Nuclear, Boston, Mass. D-[U-14C]mannitol (210 mCi/mmol), 

D-[l-14C]glucose-6-phosphate (225 mCi/mmol) and D-[l-

3H]glucose (25 Ci/mmol) were purchased from ICN Pharmaceu

ticals, Inc., Irvine, Calif. Nonradioactive cytochalasin 

B, phloretin, and N-ethyl maleimide were purchased from 

Sigma Chemical Co., St. Louis, Mo. Sucrose was obtained 

from Schwarz/Mann, Inc., Spring Valley, N.Y. Liquid scin

tillation counting solution, BetaPhase, was obtained from 

WestChem, Inc., San Diego, Calif. Other reagents were 

obtained at the highest purity available. 
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Buffers 

Buffer 1 consisted of 0.01 M Tris-HCl, pH 8.1, 0.1 raM 

EDTA and 4 mM sodium azide. Buffer 2 was Buffer 1 which 

also contained 0.25 M sucrose. Buffer 3 was Buffer 1 

which also contained 1 mM magnesium chloride and 1 mM 

calcium chloride. Stop Solution was buffer 3 which also 

contained 1 mM mercuric chloride. 

Membrane Preparation 

All procedures were performed at 0-5 degrees Centi

grade. Uterine membranes were prepared from intact 

Sprague-Dawley-derived rats (160-180 g) obtained from 

Small Animal Supply Co., Omaha, Neb. The rats were main

tained on a 12 h dark/light cycle at 25 degrees Centigrade 

and were fed ad libitum. The uteri (4-16) were excised 

and placed in ice-cold Buffer 2. The uteri from animals 

in random stages of the estrous cycle were stripped of 

fat, cut into small pieces with a razor blade and homo

genized, 2 uteri at a time, in a 10 ml glass-teflon homo-

genizer using 20-25 strokes. The pestle was polished with 

emery cloth to increase the clearance with the glass from 

approximately 0.15 mm to 0.35 mm. Homogenization with a 

Polytron homogenizer equipped with a PT-10 generator at 

full speed twice for 10 s each gave results comparable to 

the glass-teflon homogenizer. The homogenate was centri-

fuged at 2 000 x g for 5 min. (Centrifugal forces were 
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estimated from the bottom of the tube.) The supernatant 

solution was saved and the pellet was washed by resuspen-

ding it in 4 ml of the same buffer and centrifuging again 

at 2 000 X g for 5 min. The supernatant solutions were 

combined and centrifuged at 210 000 x g for 45 min. The 

pellet was resuspended in 2 ml of Buffer 2 and applied to 

the surface of a discontinuous gradient consisting of 2 ml 

of 1.1 M sucrose in Buffer 1 and 0.5 M sucrose in the same 

buffer. After centrifugation at 41 000 rpm (286 000 x g) 

in an SW-41 swinging bucket rotor for 90 min, the turbid 

material at the interface was removed with a pipet, di

luted with an equal volume of Buffer 1, and centrifuged at 

210 000 X g for 45 min. The pellet was resuspended in 

Buffer 3 to give a protein concentration of approximately 

3 mg/ml. 

Transport Assays 

Stock ethanol solutions of D-[3H]glucose and L-[14C]-

glucose were blown to dryness in a stream of nitrogen and 

then resuspended in Buffer 3 containing 0.1 mM D- and L-

glucose each unless otherwise indicated. The specific ac

tivities were 4.65 dpm/fmol and 2.37 dpm/fmol, respec

tively. Five microliters of this solution were incubated 

with 10 to 15 microliters of the membrane suspension 

(approximately 50 micrograms protein/assay) in a total 

volume of 25 microliters for an appropriate time period at 
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20 degrees Centigrade. Uptake was terminated by the addi

tion of 3 ml of ice-cold Stop Solution. The mixtures were 

filtered through 0.65 urn Millipore filters (DAWP) and 

washed three times with 3 ml of ice-cold Stop Solution. 

The moist filters were dissolved in 1.0 ml methyl cello-

solve during 10 min at room temperature. To this solution 

was added 14 ml of BetaPhase scintillation solution for 

the determination of radioactivity. Uptake is defined as 

the retention of any solute by membranes. D-glucose 

transport is defined as D-glucose uptake minus L-glucose 

uptake. Stereospecific transport was only 20 % of the 

total amount of sugar taken up. D-[14C]mannitol could be 

used in place of L-[14C]glucose with identical results. 

Cold stop solution stopped both specific uptake and ef

flux. D-glucose transport rates were measured during a 

7 s incubation. 

Enzyme Determinations 

The enzymes, 5'-nucleotidase and glucose-6-phospha-

tase, were measured as described by Mueller et al. (64) by 

measuring the rate of release of phosphate from 5'-AMP and 

glucose-6-phosphate (58); ouabain-sensitive sodium/potas

sium ATP'ase was measured by the method of Bers (59); 

phosphodiesterase was measured by the method of Kelley et 

al. (60); and cytochrome c oxidase was measured by the 

method of Stocco and Hutson (61). Protein was determined 
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according to Bradford (62) using a commercially available 

protein assay reagent (obtained from Bio-Rad Laboratories, 

Richmond, Calif.) with Fraction V bovine albumin (Sigma 

Chemical, Co.) used as the standard. 

Electron Microscopy 

Membrane pellets were fixed with 2.5 % glutar-

aldehyde in 0.1 M potassium phosphate buffer, pH 7.3, for 

a minimum of 2 h. The pellets were then post-fixed for 1 

h in 2 % osmium tetroxide, pH 7.0, dehydrated through a 

graded series of ethanol solutions, and embedded in an 

Epon epoxy resin. Sections were cut on a Sorvall MT-2B 

ultramicrotome, stained in uranyl acetate and lead 

citrate, and examined in a Hitachi H-600 electron micro

scope at 75 kV. 

Curve Fitting 

Analysis of kinetics experiments was accomplished by 

an iterative nonlinear curve-fitting procedure performed 

on-site with an IBM 370 computer using a program origina

ting from SAS Institute, Box 8000, Gary, N.C., 27511. The 

results are expressed as estimates of the kinetic parame

ters ± the asymptotic standard errors. 

Results 

Uterine plasma membranes were prepared by centrifuga-

tion on a discontinuous sucrose gradient consisting of 0.5 
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M sucrose layered over 1.1 M sucrose. Plasma membrane 

markers were located mainly at the interface between the 

two solutions. A typical purification summary is shown in 

Table 2.1. This procedure is similar to the procedures of 

Kidwai et al. (63) and Mueller et al. (64). Enzyme mark

ers determined in several preparations were: 5'-nucleoti-

dase, ouabain-sensitive ATP'ase, and phosphodiesterase 

(plasma membrane); glucose-6-phosphatase (endoplasmic re

ticulum); and cytochrome c oxidase (mitochondria). The 

ATP'ase and 5 ' nucleotidase marker enzymes were purified 

about 10-fold while phosphodiesterase was purified only 

about 3-fold. The increase in specific activity of cyto

chrome c oxidase indicated some contamination with mito

chondria membranes. 

Electron micrographs (Figure 2.1) of these prepara

tions showed mainly closed vesicles of varying size ap

parently from plasma membranes. Other recognizable struc

tures such as intact mitochondria or contractile elements 

were not observed. In other photographs, it could be seen 

that the pelleted membranes were homogeneous from the top 

to the bottom of the pellet. The intravesicular volume of 

1.8 microliters/mg protein was determined from uptake 

which was allowed to proceed for 90 min. 

These preparations were capable of stereospecific 

transport, as expected for a carrier-mediated process. 

Shown in Figure 2.2 is a typical time-course of the trans-



Table 2.1 

Specific activities of membrane marker enzymes 

Preparation 
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Enzyme Homogenate Membranes 

5'-nucleotidase 
phosphodiesterase 
ouabain-sensitive ATP'ase 
glucose-6-phosphatase 
cytochrome c oxidase 
(protein, mg/uterus) 

5.3^.6(6) 
0.32+.08(2) 
6.24 (1) 
1.6+.8(2) 
0.49+.17(2) 
15.6+2.0(6) 

49+11(6) 
1.0+0.3(2) 
57.8 (1) 
5.7+1.7(2) 
0.81 + .28(2) 
0.39+.15(6) 

Specific activities are expressed as micromoles of product 
formed/h per mg protein except for cytochrome c oxidase, 
which is expressed as the change in absorbance at 550 
nm/min per mg protein. Values are expressed as the mean +_ 
SD (number of preparations). Membranes were collected at 
the interface between 0.5 M sucrose and 1.1 M sucrose. 
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Figure 2.1. Electron micrograph of uterine plasma mem
branes. Electron micrograph was prepared as described in 
the Materials and Methods section. The bar represents 500 
nm. 
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10 20 30 

Time; seconds 

Figure 2.2. Time-course of glucose transport by uterine 
membranes. Glucose transport was measured as described in 
the Materials and Methods section. 



port of D-glucose. It is assumed that L-glucose uptake 

represents nonspecific uptake due to leakiness of the 

vesicular membrane while D-glucose uptake represents both 

nonspecific uptake and specific uptake mediated by a 

transport protein. Therefore the difference between the 

two curves (Figure 2.2) represents stereospecific, 

carrier-mediated, transport of D-glucose. By the end of a 

90-min incubation, complete equilibration had been reached. 

The half-time of D-glucose transport was 20 4̂  4 s. Mem

brane vesicles prepared from ovariectomized rats had simi

lar transport properties. 

These preparations were also capable of transporting 

glucose Stereospecifically in both directions. Vesicles 

were loaded with both D- and L-glucose during a 90 min 

incubation and then diluted with buffer and filtered at 

various times after dilution. It can be seen in Figure 

2.3 that the loss of D-glucose was more rapid than the 

loss of L-glucose having a half-time of 4-8 s. 

Membranes prepared by these procedures behave accor

ding to the van't Hoff relationship in that the uptake of 

D-glucose was markedly reduced by increasing the osmolari

ty of the medium. The line shown in Figure 2.4 extrapo

lated to zero indicating that there was no detectable 

binding of glucose to the membranes. 

Shown in Figure 2.5 is the distribution of membrane 

20 

ma rkers on a discontinuous sucrose gradient which was 
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.5, Fractionation of uterine membranes on a dis-
us sucrose gradient. Crude membranes were layered 
ucrose gradient and centrifuged at 41 000 rpm (286 
in a SW-41 swinging bucket rotor for 1 1/2 h. 

lent consisted of layers of 1.3 ml of each of 9 
s of Buffer 1 which had sucrose concentrations 
from 0.5 M to 1.3 M in increments of 0.1 M. In 
eriments, no membranes were obtained at the inter-
ween 0.5 M and 0.6 M. Turbid material at each 
e was collected, diluted with Buffer 1 and centri-
210 000 X g for 45 min. Pellets were resuspended 

r 3 and assayed as indicated. Specific activities 
cleotidase (open circles), glucose-6-phosphatase 
circles) and D-glucose transport (open triangles) 
sured . 
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prepared from a series of sucrose solutions in Buffer 1 

ranging from 0.5 M at the top of the centrifuge tube to 

1.33 M at the bottom of the tube. It can be seen that 

there was significant D-glucose transport into membranes 

associated with the same regions of the gradient in which 

the plasma membrane marker, 5'-nucleotidase, was found 

with little D-glucose transport into membranes associated 

with the endoplasmic reticulum marker. Thus for purposes 

of this study, discontinuous gradients were constructed 

which maximized yield of vesicles which had D-glucose 

uptake properties. By selecting slightly different su

crose solutions for the gradient, e.g., 0.6 M and 0.9 M, a 

15-fold increase in the specific activity of 5'-nucleo-

tidase was obtained with only a 2-fold increase in the 

specific activity of glucose-6-phosphatase. With this 

gradient there was an overall 4-fold increase in the 

specific activity of phosphodiesterase and an overall 

slight decrease in the specific activity of cytochrome c 

oxidase (not shown). In this case there was an additional 

40 % decrease in the yield of plasma membranes. Longer 

centrifugation times did not improve the yield or purity 

of plasma membranes. Fifteen-fold purification is typical 

of such preparations (65). 

D-glucose uptake was found to be saturable having a 

Km value of 12.2 4̂  1.1 mM, as shown in Figure 2.6. 

Stereospecific uptake was inhibited by several known 
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Figure 2.6. D-glucose transport as a function of D-
glucose concentration. The rate of D-glucose transport 
was measured as described in the Materials and Methods 
section. A Km value of 12.2 ± 1.1 mM was determined 
computer fit as described. 
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inhibitors of glucose transport (Table 2.2) including 

phloretin (66), cytochalasin B (67) and by sulfhydryl 

reagents such as mercuric ion and N-ethyl maleimide (68). 

The inhibitions are underestimated due to the long incuba

tion time . 

The inhibition by cytochalasin B suggested the possi

bility of measuring the amount of transport protein from 

[3H]-cytochalasin B binding studies. As seen in Figures 

2.7 and 2.8, the concentration of cytochalasin B required 

for 50 % inhibition of D-glucose transport by plasma 

membrane vesicles and uterine tissue was 1-3 micromolar. 

This value is about 10-fold higher than that usually 

measured in plasma membranes from other tissues (71). 

Measurement of the Kd of cytochalasin B binding which 

could be displaced by D-glucose was unsuccessful because 

of high amounts of nonspecifically bound cytochalasin B, 

even in the presence of cytochalasin E, which did not 

inhibit D-glucose transport. The data indicated that the 

value of the Kd was larger than 1 micromolar. 

Discussion 

Using the enzyme markers 5 '-nucleotidase and glucose-

6-phosphatase in conjuction with a series of discontinuous 

sucrose gradients (Fig. 2.5), I was able to determine the 

gradient shelf from- which to collect membranes in such a 

way as to maximize yield of plasma membranes versus purity 



Table 2.2 

Inhibitors of glucose transport in 
uterine plasma membranes 

27 

Additions Concentration, (mM) % Control 

none 
N-ethyl maleimide 
phloretin 
cytochalasin B 
mercuric ion 

15 
0.5 
0.005 
1.0 

(100) 
15 
20 
21 
25 

Inhibitors were added to the membranes 15 min before 
addition of radiolabel. The complete reaction mixture was 
incubated for 2 min prior to filtration. 
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Figure 2.7. Inhibition of D-glucose transport in mem
branes by cytochalasin B. D-Glucose was measured after a 
7 s incubation as described. 
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Figure 2.8. Effect of cytochalasin B on the transport of 
2-deoxyglucose in intact uteri. One quarter uteri were 
incubated with [3H ] 2-deoxyglucose for 30 min. After incu
bation, uteri were ground in 5 % TCA and 2-deoxyglucose-6-
phosphate was collected on anion exchange columns, eluted 
with 1 N HCl and assayed by liquid scintillation counting. 
The open square represents the effect of cytochalsin E on 
2-deoxyglucose transport. 
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(absence of endoplasmic reticulum). The separation of 

plasma membranes from endoplasmic reticulum is important 

especially for studies attempting to quantitate the glu

cose transporter protein in plasma membranes subsequent to 

perturbation of the rate of glucose transport by estradiol 

and other factors. Endoplasmic reticulum contains glucose 

transporter protein and therefore presents a potential 

source of contamination. 

Glucose transport into uterus occurs through a system 

of facilitated diffusion, since it is stereospecific (Fig. 

2.2), saturable (Fig. 2.6), and displays bidirectional 

transport (Fig. 2.3). Phloretin, cytochalasin B and 

sulfhydryl reagents inhibit glucose transport into plasma 

membranes (Table 2.2), indicating the presence of a car

rier-mediated transport process. These data indicate that 

the glucose transport system in uterus is similar to the 

systems isolated from muscle (45), adipocytes (69), 

erythrocytes (70), etc. 



CHAPTER 3 

CHARACTERIZATION OF ESTRADIOL STIMULATION OF 

GLUCOSE TRANSPORT 

Introduction 

Estradiol stimulates glucose transport in the ute

rus (7,28,52) and the maximum stimulation of transport by 

estradiol has been reported to occur by 2 h (28). In this 

chapter, the time-course and dose-response relationship of 

estradiol to glucose transport was determined. The time 

required for estradiol to stimulate the maximal increase 

in glucose transport will be compared with the time re

quired by other hormones, providing information useful in 

determining the mechanism of estradiol action. The dose-

response relationship of estradiol to glucose transport 

will provide information relating to physiological versus 

pharmacological action, thus providing information rela

ting to the physiological significance of this system. 

As a further criterion for physiological signifi

cance, the estradiol-mediated increase in glucose trans

port should be steroid specific. Consequently, the effect 

of other steroid hormones on glucose transport will be 

reported in this chapter. 

If the estradiol relationship to glucose transport is 

physiologically significant, then the rate of glucose 

transport in rat uterus should reflect the plasma concen-
31 
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tration of estradiol. Therefore, the relationship between 

glucose transport in the uterus and plasma concentration 

of estradiol will be reported. 

Estradiol could increase glucose transport by a 

number of mechanisms including through increased 

synthesis of transporter proteins. To investigate this 

possibility, the effect of the protein synthesis 

inhibitors cycloheximide and emetine on estradiol 

stimulation of glucose transport was determined. 

Actinomycin D, an inhibitor of RNA synthesis, has 

been shown to block the estradiol-mediated increase in 

glucose oxidation (72), In order to determine the role of 

RNA synthesis on glucose transport, actinomycin D was 

administered in vivo before estradiol administration. 

The effect of estradiol on the kinetic parameters Km 

and Vmax of glucose transport was determined. These 

results will provide information relating to the mechanism 

by which glucose transport is increased. 

Materials and Methods 

Materials 

D-[l-14C]glucose-6-phosphate (225 mCi/mmol) and L-

[4,5-3H]leucine (58 Ci/mmol) were purchased from ICN Phar

maceuticals, Inc., Irvine, Calif. D-2-[G-3H]deoxyglucose 

(8.3 Ci/mmol) was purchased from New England Nuclear, 

Boston, Mass. Cycloheximide, emetine, estradiol, estriol, 
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estrone, progesterone, dihydrotestosterone, and cytochala-

sins B and E were purchased from Sigma Chemical Co., St. 

Louis, Mo. Other reagents were obtained at the highest 

purity available. 

Buffers 

Buffers for assays with vesicles are the same as 

described in Chapter 2. 

Membrane Preparation 

Plasma membrane vesicles were prepared as described in 

Chapter 2 . 

Transport Assays 

Transport assays with vesicles are as described in 

Chapter 2. 

Glucose transport in intact uterus was estimated by 

measuring the amount of 2-deoxyglucose-6-phosphate formed 

during incubation of uterine tissue with 2 ml of 0.1 mM D-

2-[3H]deoxyglucose , specific activity 1.76 dpm/pmol, in 

0.15 M NaCl and 0.02 M potassium phosphate buffer at pH 

7.0. Cytochalasin B was added to certain incubations as 

indicated. Tissue was removed, rinsed twice with the 

incubation buffer vv̂ ithout 2-deoxyglucose and homogenized 

w ith 2 ml of 5 % trichloroacetic acid with a Polytron 

homogenizer. Approximately 3000 dpm of D-[14C]glucose-6-

phosphate were added just before homogenization as a re-



34 
covery indicator. The mixture was centrifuged at 15 000 x 

g for 15 min. The supernatant solution was extracted 3 

times with ethyl ether (to remove trichloroacetic acid). 

The aqueous layer was then passed through a 0.7 x 1.2 cm 

column containing AG 1-X2, 200-400 mesh (BioRad), which 

had been prepared by washing with several ml of 1 N HCl, 

followed by several ml of water. The sample was followed 

by 3 1-ml aliquots of water. Radioactive 2-deoxyglucose-

6-phosphate was eluted with 2 1-ml aliquots of 1 N HCl. 

The eluates were combined and added to 15 ml of BetaPhase 

scintillation fluid. Tritium dpm values were corrected to 

100 % recovery of D-[14C]glucose-6-phosphate. 

Cycling of Intact Rats 

The estrus cycle stages of individual rats were de

termined for a week or more. Vaginal cell samples were 

obtained with a eye dropper and the estrus cycle stages of 

the animals were determined according to the major cell 

type or ratio of two major cell types present in the 

samples. Cell types were cornified (estrus), lymphocytes 

along with less numbers of nucleated cells (diestrus 1), 

nucleated cells along with less numbers of lymphocytes 

(diestrus 2), and nucleated cells (proestrus). 

Injections In Vivo 

Intralumenal injections were as follows: Surgery was 

performed on ovariectomized rats under ether anesthesia. 
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A vertical incision was made on the dorsal side of the rat 

through the skin. Blunt-edged tweezers were used to pull 

the uterine fat pad through the opening. The uterine horn 

end is located in this fat pad. The uterine horn end was 

held steady by holding the fat pad and a 10 microliter 

phosphate-buffered saline solution containing the appro

priate compound was injected via a 26 gauge needle into 

the lumen. 

Intraperitoneal injections were performed as follows: 

Compounds (estradiol, estrone, cycloheximide, etc.) were 

injected via a 26 gauge needle into the peritoneal cavity. 

Compounds were dissolved in 0.155 M NaCl. 

Results 

Uterine plasma membranes from control and estradiol-

treated rats were prepared by centrifugation on a discon

tinuous sucrose gradient consisting of 0,5 M and 1.0 M 

sucrose. Since differences in the intravesicular volumes 

between vesicles from control and estradiol-treated rats 

would complicate data interpretation, the intravesicular 

volume was determined in vesicles with and without prior 

estradiol treatment (Table 3.1). Since no difference in 

intravesicular volume/mg protein was noted, I believe 

that the differences in glucose transport in the vesicles 

could be attributed to differences in either the activity 
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Table 3.1 

Effect of estradiol on vesicular volume 

Hours After Estradiol 
Administration 

Vesicular Volume 
(microliters/mg protein) 

0 
2 
4 
6 

1.84 + 0.07 
1.89 + 0.06 
1.89 + 0.07 
1.86 + 0.01 

D- and L-glucose were incubated with vesicles at 20 de
grees Centrigrade for 90 min, allowing equilibration of 
the label to occur between the buffer and the vesicles. 
After 90 min, the vesicles were collected on Millipore 
filters (HAWP) and the radioactivity was determined via 
liquid scintillation counting. Volumes of the vesicles 
were determined from the original cpm/microliter of the 
incubation buffer. Values are expressed as the mean ± 
standard deviation where n = 7. 
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of the transporter or an increase in the number of trans

porters , 

Shown in Figure 3.1 is the effect of increasing 

amounts of estradiol administered in vivo on the rate of 

glucose transport in plasma membrane vesicles. An in

crease in the rate of glucose transport over controls is 

first seen at 1 ng and a near maximal transport rate 

at 1 000 ng estradiol. 

It is important to measure phosphorylation of 2-

deoxyglucose in the uterus during the time when incorpora

tion is linear. It was found that the incorporation of 

phosphate into 2-deoxyglucose is linear up to 30 min (data 

not shown). All assays involving 2-deoxyglucose were 

incubated for 20 or 30 min. 

In order to relate the estradiol-mediated increase in 

glucose transport in ovariectomized rats to the normal in 

vivo situation, the rates of 2-deoxyglucose transport 

were determined in the whole tissue isolated from rats in 

various phases of the reproductive cycle (Table 3.2). The 

rate of 2-deoxyglucose transport into the uterus was high

est at proestrus. The rate of transport decreased in 

estrus and diestrus 1. In diestrus 2 the rate of 2-

deoxyglucose transport began to increase again, this rise 

apparently preceding the high rate seen in proestrus. 

The maximal increase in the rate of glucose 

transport is seen between 1 and 2 h after estradiol ad-
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Figure 3.1. Effect of estradiol amounts on the increase in 
the rate of glucose transport. Estradiol was injected 
intraperitoneally into ovariectomized rats. Three hours 
later rats were killed and the uteri were removed and 
homogenized. Plasma membranes were collected on a 0.5/1.0 
M sucrose interface. Plasma membrane vesicles (0.05 mg) 
were incubated with label for 30 s. The vesicles were 
collected on Millipore filters and radioactivity was 
determined by liquid scintillation counting. 
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Table 3.2 

Glucose transport at different stages in 
the reproductive cycle 

Stage 2-Deoxyglucose Transport 
(pmol/30 min/mg DNA) 

Diestrus 1 
Diestrus 2 
Proestrus 
Estrus 

3700 ± 660 
5240 + 810 
7910 ± 202 
5480 + 380 

Uterine tissue (1/4 uterus per assay) was incubated with 
labeled 2-deoxyglucose (O.lmM) for 30 min at 37 degrees 
Centigrade. After 30 min, the tissue was homogenized in 5 
% TCA and the 2-deoxyglucose-6-phosphate was recovered 
from anion exchange columns and counted by liquid scintil
lation counting. The results are expressed as the mean ± 
standard deviation where n = 4. 
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ministration as measured in plasma membrane vesicles 

(Figure 3.2). The maximal response is stable up to 4 h 

after estradiol administration. Measuring 2-deoxyglucose 

phosphorylation in uterine tissue from starved rats, a 

maximal response is not detected until 3 h after estradiol 

administration (Figure 3.3). The reason for the delay in 

the increase in glucose transport is not known. However, 

the discrepancy may be related to the starved state of the 

animals. Animals were starved in the course of insulin 

studies (see Chapter 5), 

If the increase in the rate of glucose influx into 

vesicles is increased as a result of estradiol administra

tion, it \>/as reasoned that the rate of efflux should be 

affected as well. In Figure 3.4 it is shown that the rate 

of efflux from vesicles isolated from rats treated with 

estradiol was higher than from vesicles isolated from 

control rats. 

Steroid specificity in the stimulation of glucose 

transport was examined using progesterone, dihydrotestos

terone, estriol, and estrone (Table 3.3). Progesterone 

and dihydrotestosterone had no effect on the rate of 

glucose transport into vesicles, while estriol and estrone 

were as effective as estradiol in stimulating the rate of 

glucose transport. 

In Figure 3.5 it is shown that cycloheximide adminis

tration has no effect on estradiol's ability to stimulate 
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Figure 3.2. Time-course of the estradiol-mediated 
increase in glucose transport in plasma membrane vesicles. 
Ten micrograms of estradiol was injected intraperitoneally 
into ovariectomized rats. Plasma membrane vesicles were 
prepared and incubated with radiolabel. After 30 s incu
bation, vesicles were collected on Millipore filters and 
radioactivity was determined by liquid scintillation coun
ting. 
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Figure 3.3. Time-course of the estradiol-mediated 
increase in 2-deoxyglucose uptake in intact uterus. Ten 
micrograms of estradiol was injected intraperitoneally 
into ovariectomized, 24 h-starved rats. Whole uteri were 
incubated with 0.1 mM [3H]2-deoxyglucose for 20 min. 
[3H]2-deoxyglucose-6-phosphate was collected on anion 
exchange columns and eluted with 1 N HCl. Radioactivity 
was determined by liquid scintillation counting. 



43 

o 
CL 
CO 
c 
o w. 

h-
<D 
CO 
O 
O 
- 3 

0 

c 
<D 
•*.-
0 

Q. 

D» 

E 
\ 

0 
E 
Q. 

10 
Seconds 

Figure 3.4. Time-course of glucose efflux from plasma 
membrane vesicles. Membranes were preloaded with D-glu
cose and D-mannitol for 90 min, allowing equilibration of 
both compounds to occur. Three ml of buffer (20 degrees 
Centigrade) was added and the incubation was continued for 
the indicated time. Vesicles were collected on Millipore 
filters and radioactivity was determined by liquid scin
tillation counting. Open circles represent glucose trans
port in uteri from rats treated with estradiol. Closed 
circles represent glucose transport in uteri from un
treated rats . 
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Table 3.3 

Specificity of steroid hormone stimulation of 
glucose transport in vesicles 

Treatment Glucose Transport 
(pmol/min/mg protein) 

none 
progesterone 
dihydrotestosterone 
estrone 
estradiol 
estriol 

10.9 + 1.6 
1 1 . 1 
1 1 . 7 
1 9 . 6 
1 7 . 8 
1 9 . 3 

+ 
+ 
+ 

+ 

+ 

0 . 9 
0 . 8 
3 . 1 
1.5 
1.9 

Plasma membrane vesicles (55 micrograms) were incubated 
with radiolabel for 30 min. The vesicles were collected 
on HAWP Millipore filters. The filters were dissolved in 
methylcellosolve and the entrapped radiolabel was assayed 
by liquid scintillation counting. The values for each 
treatment are expressed as the mean +_ standard deviation 
where n = 3. 
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Figure 3.5. Effect of cycloheximide on glucose transport 
in plasma membrane vesicles. Varying amounts of cyclo
heximide were injected intraperitoneally. After 3 h, the 
rats were killed and plasma membranes were obtained. 
Vesicles (0.05 mg protein) were incubated with glucose for 
30 s and the membranes were collected on Millipore filters 
(HAWP). Radioactivity on the filters was determined by 
liquid scintillation counting. 
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rates of glucose transport at any concentration while 

higher amounts of cycloheximide results in an increase in 

the rate of glucose transport in vesicles isolated from 

animals not treated with estradiol. Similar results can 

be seen with 2-deoxyglucose transport in tissue (Figure 

3.6). The effect of cycloheximide on protein synthesis is 

seen in Figure 3.6, This is a lower estimate of protein 

synthesis inhibition since leucine incorporation was as

sayed 3 h after cycloheximide administration. 

It is possible that cycloheximide may increase the 

basal rate of glucose transport by nonspecific effects not 

related to the inhibition of protein synthesis. There 

fore, the effect of emetine on glucose transport was 

investigated. It can be seen in Table 3.4 that the basal 

rate of glucose transport was increased with emetine and 

that the rate of glucose transport with estradiol was 

unchanged by emetine. At 12.5 mg emetine/rat, protein 

synthesis was inhibited by more than 90 % (889 ± 592 cpm 

for control leucine incorporation vs 37 +_ 12 cpm for 

emetine-treated leucine incorporation; n = 3 for both 

groups). Leucine incorporation v/as determined 3 h after 

emetine administration. 

In order to determine the role of RNA synthesis in 

basal and estradiol-induced glucose transport, 20 micro

grams of actinomycin D was injected into the left 

uterine horn. The amount of actinomycin D injected has 
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Table 3.4 

Effect of emetine on glucose transport 

Treatment Glucose Transport 
(fmol/7 sec/mg protein) 

none 
estradiol 
emetine 
estradiol + emetine 

455 + 242 
1067 + 57 
1366 + 275 
1391 + 153 

Plasma membrane vesicles (68 micrograms) were incubated 
with radiolabel for 7 sec. Vesicles were trapped on 
Millipore filters (600 nm). The filters were dissolved in 
methlycellosolve and radioactivity was determined by liq
uid scintillation counting. Values for each treatment is 
expressed as the mean ± standard deviation where n = 3. 
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been previously shown to inhibit RNA synthesis (73). 

Thirty minutes after actinomycin D administration, estra

diol (10 micrograms) was injected intraperitoneally. Af

ter 4 h 30 min, animals were killed and the uteruses re

moved and cut into halves. In Table 3.5 it can be seen 

that actinomycin D raised the basal rate of glucose 

transport but did not affect the estradiol-mediated in

crease in glucose transport. These results suggest that 

the putative inhibitor of glucose transport requires con

tinual RNA synthesis in addition to continual protein 

synthesis. Again, as stated for the protein synthesis 

inhibitors, no clear interpretation of the data is 

possible in this in vivo system. 

The kinetic parameters Km and Vmax were determined by 

measuring uptake and phosphorylation of 2-deoxyglucose 

into whole uterine tissue (Figure 3.7), The Vmax of the 

influx of 2-deoxyglucose into the tissue from control 

animals was 30.0 +_ 4.2 nmol 2-deoxy glucose/20 min/micro-

gram DNA while the Vmax of the influx into the tissue from 

estradiol-treated rats was 90.7 ± 7.5 nmol 2-deoxyglu 

cose/20 min/microgram DNA. 2-Deoxyglucose influx was 

saturable in both control and estradiol-treated tissues. 

The Km value for the controls was 4.6 4̂  2.1 mM while the 

Km value for the experimental group was 3.4 jf 1.0 mM. 



50 

Table 3.5 

Effect of actinomycin D on glucose transport 

Treatment 2-Deoxyglucose Transport 
(cpm/30 min/half uterus) 

none 
estradiol 
actinomycin D 
actinomycin D + estradiol 

2225 + 234 
3649 + 597 
2699 + 336 
3485 + 652 

Neumann-Keul's test for significance employed: 
none vs actinomycin D: p < 0.05 
actinomycin D vs actinomycin D + estradiol: p < 0.01 
estradiol vs actinomycin D + estradiol: not significant. 
The values for each treatment is expressed as the mean +_ 
standard deviation where n = 12. 
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2-Deoxy-D-glucose, mM 

Figure 3.7. 2-Deoxyglucose transport as a function of 2-
deoxyglucose concentration in uterine tissue previously or 
not exposed to estradiol. 2-Deoxyglucose transport was 
measured by incubating intact uteri with 0.1 mM [3H]2-
deoxyglucose for 20 min. After 20 min, uteri previously 
treated with estradiol in vivo (open circles) or control 
uteri (closed circles) were ground in 5 % TCA and [3H]2-
deoxyglucose-6-phosphate was collected on anion exchange 
columns, eluted with 1 N HCl and assayed by liquid scin
tillation counting. 
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Discussion 

The relationship between estradiol and glucose 

transport has been shown to be physiologically relevant 

since rates of glucose transport in uteruses from rats 

grouped in stages of the estrus cycle corresponded to 

plasma estradiol concentrations for each stage as reported 

in the literature (72). For example, the highest rate of 

glucose transport is seen in uteruses from rats in proestrus 

which has the highest concentration of plasma estradiol 

(approx. 150 pM) and the lowest rate of glucose transport 

is seen in uteruses from rats in diestrus 1 which has the 

lowest concentration of plasma estradiol (approx. 40 pM). 

The amount of estradiol (10 ng) required to elicit 

approximately 50 % of the increase in glucose transport 

(Figure 3.1) is reasonably close to the Kd of binding of 

estradiol to the receptor (0.1-1.0 nM). That is, with the 

assumption that a 250 g rat has a volume of 100 ml and 

that the injected estradiol distributes evenly throughout 

the animal without enzymic alteration, then the serum 

concentration of 10 ng estradiol would be approximately 

0.4 nM, a value near the Kd for the binding of estradiol 

to the receptor and near the value of the concentration of 

estradiol in blood during proestrus. Since the amount of 

estradiol used to elicit a 50 % increase in the rate of 

glucose transport is near physiological concentrations, 

then it is reasonable to assume that the response to 
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estradiol in this system is physiological and not pharmaco

logical . 

A physiological system under specific hormonal con

trol should not be affected by hormones having different 

regulatory functions. Glucose transport rates are 

increased by estrogens but not by progesterone or dihydro

testosterone. These data confirm the specificity and 

therefore the physiological relevance of the estradiol-

mediated increase in glucose transport in rat uterus. 

With the physiological significance established, I 

have attempted to determine if certain mechanistic 

features of the estradiol stimulation of glucose transport 

compare with other well-studied systems which regulate 

glucose transport. 

The time-course of the increase in the rate of glu

cose transport (Figure 3.2) is similiar to the time-

courses of epidermal growth factor (74) and tumor growth 

factor (75) in that 30 min or more is required to reach a 

maximal rate in glucose transport. In contrast, the insu

lin-induced increase in the rate of glucose transport 

requires only 10-15 min to achieve the maximal rate. The 

mechanism by which insulin increases glucose transport in 

adipocytes is at least partly through the translocation of 

preformed transporters from the endoplasmic reticulum to 

the plasma membrane (32). Epidermal growth factor and 
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tumor growth factor are believed to induce an increase in 

glucose transport via the modulation of protein kinase 

activity (75). Other, specific features of the mechanism 

by which estradiol increases the rate of glucose transport 

in rat uterus is discussed in Chapter 6. 

To determine if estradiol increases glucose transport 

in the uterus by initiating specific protein synthesis, 

varying amounts of the protein synthesis inhibitors cyclo

heximide and emetine were injected into rats prior to 

estradiol administration. The data show that inhibition 

of protein synthesis results in an increase in the basal 

rate of glucose transport, suggesting that the basal rate 

is under control of an inhibitor protein having a rela

tively short half-life. In other words, once the synthe

sis of the putative inhibitor is blocked, the rate of 

glucose transport increases. In regard to the effect of 

cycloheximide on the estradiol-induced increase in glucose 

transport, the results are inconclusive due to the in

ability to adequately manipulate the whole animal model. 

In order to determine if estradiol increases glucose 

transport through a process requiring RNA synthesis, the 

effect of actinomycin D on basal rates of glucose trans

port and on the estradiol-induced increase in the rate of 

olucose transport was examined. Actinomycin D, like eye-

loheximide, raised the basal rate of glucose transport. 

Furthermore, actinomycin D did not prevent the increase in 
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the rate of glucose transport by estradiol. These results 

suggest that the basal rate of glucose transport is under 

negative control and that the putative glucose transport 

inhibitor turns over rapidly, thus requiring continual 

mRNA synthesis. In addition, estradiol does not increase 

the rate of glucose transport through a process requiring 

mRNA transcription since estradiol stimulated the rate of 

glucose transport in the presence of actinomycin D. 

Various mechanisms operating at the plasma membrane 

can be postulated to explain how estradiol mediates the 

increase in the rate of glucose transport. One approach 

to provide information on the mechanism is seen in the 

determination of the kinetic parameters of glucose 

transport. While a small decrease was seen in the Km of 

glucose transport, the difference in Vmax is sufficient to 

explain the increase in glucose transport. The increase 

in Vmax of glucose transport can by explained by either an 

increase in the number of transporter proteins in the 

plasma membrane or by an increase in the intrinsic rate of 

the glucose transport process. Data resolving these two 

mechanisms can be found in Chapter 6. 



CHAPTER 4 

GLUCOSE TRANSPORT AND ESTROGEN RECEPTORS 

Introduction 

The generally accepted mechanism of steroid hormone 

action was first proposed by Jensen (12). This model 

involves the diffusion of steroid through the plasma mem

brane into the cytoplasm where it binds to a soluble 

receptor. The existence of a soluble cytoplasmic receptor 

has recently been questioned by Welshons et al. (13) and 

King and Greene (14) who show data that suggest that this 

steroid receptor may reside in the nucleus. Although the 

existence of a cytoplasmic receptor is under question, it is 

agreed that the binding of the estradiol-receptor complex 

to the chromatin initiates changes in mRNA transcription. 

In addition to the type I receptor mentioned above, 

Best-Belsomme et al. first described a second estrogen 

binding protein (20). Clark et al. determined the Kd of 

binding of this protein to estradiol to be 33 nM (21), 

which is larger than the Kd of binding for the Type I 

receptor (0.8 nM). This estrogen binding protein (Type 

II) is believed by some to be artifactual contamination 

(22,23). Clark et al. suggest that the Type II sites may 

be extracellular binding proteins that help to accumulate 

estrogens. It is also possible that Type II sites are a 

precursor form of the Type I site and as such represent a 
56 
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cytoplasmic reservoir of Type I sites (21). The Type II 

site also differs from the Type I site in that it is not 

found in the nucleus. Finally, two types of nuclear 

estrogen binding sites (Type I and Type II) have been 

characterized. The nuclear Type I site is believed to be 

identical to the cytosol Type I receptor. After estradiol 

administration, the nuclear Type I increases corresponding 

to a depletion in the cytosol Type I site. The nuclear 

Type I site is believed to be involved in the regulation 

of specific mRNA transcription while the function of the 

Type II nuclear binding site is unknown. The nuclear Type 

II site is believed to be different than the cytosol Type 

II site. This site has been reported to display a sigmoi

dal binding curve with estradiol. 

In this chapter, the effect of Type I receptor occu

pancy and translocation (or nuclear retention of receptors 

during homogenization) by antiestrogens on the ability of 

estradiol to stimulate glucose transport was examined. 

These experiments will determine: (i) if the cytoplasmic 

location of the receptor is necessary for estradiol to 

increase glucose transport, and (ii) what effect prior 

blocking of the estradiol binding site with antiestrogens 

will have on the ability of estradiol to increase glucose 

transport. In addition, the relative affinity of binding 

of estradiol, nafoxidine, and tamoxifen to the microsomal 

receptor v/as investigated. The relative binding of 
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estradiol and the antiestrogens were done in light of a 

report by Parikh et al. (76) who showed that tamoxifen has 

approximately 1500-fold less affinity for a microsomal 

binding site than estradiol. This microsomal binding site 

is a potential mediator of estradiol stimulation of 

glucose transport. 

Materials and Methods 

Materials 

D-2[G-3H ] Deoxyglucose (8.3 Ci/mmol) was purchased 

from New England Nuclear, Boston, Massachusetts. [6,7-

3H]estradiol was purchased from Amersham Corporation, 

Arlington Hweights, Illionois. Nafoxidine, tamoxifen and 

estradiol were purchased from Sigma Chemical Co., St. 

Louis, Missouri. Other reagents were obtained at the 

highest purity available. 

Buffers 

Buffer 1 consisted of 10 mM Tris, pH 7.5 and 0.1 mM 

EDTA. Buffer 2 consisted of 10 mM Tris, pH 7.5, 150 mM 

KCl, 2.5 mM magnesium chloride and 250 mM sucrose. 

Estradiol Receptor Preparation 

Cytosolic receptor supernatant was prepared by grin

ding tissue in Buffer 1 and centrifuging the homogenate at 

50 K (210 000 X g) for 90 min. Microsomal membranes were 

prepared by homogenizing the tissue in Buffer 2 and cen-
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trifuging 10 K (12 000 x g) for 15 min followed by centri

fuging at 50 K (210 000 x g) for 90 min. The resulting 

membranes were resuspended in Buffer 2. 

Estradiol-Receptor Binding Assay 

Estrogen binding to receptor was accomplished through 

the dextran-coated charcoal method. For total receptor 

assay, cytosol (usually 0.2 uterus) in centrifuge tubes 

was incubated with 1 microliter of 1000 nM [3H ] estradiol 

with or without 1 microliter 100-fold excess nonradioac

tive estradiol. After 1.5 h incubation at 30 degrees 

Centigrade, tubes were put on ice for 20 min. Then, 0.02 

ml dextran-charcoal (0.5 % dextran, 5 % charcoal) was 

added for 2 min. The tubes were spun in a Fisher micro-

fuge for 10 min (approximately 12 000 x g). One hundred 

sixty five microliters of supernatant solution was mixed 

with 10 ml of Betaphase counting fluid and radioactivity 

was determined by liquid scintillation counting. Unfilled 

receptor sites were assayed using the above procedure 

except all incubations were done at zero degrees Centi

grade . 

Results 

In vivo treatment of tamoxifen or nafoxidine is known 

to result in occupation of estradiol binding sites and in 

either translocation of the cytosol receptor to the 

nucleus or nuclear retention of the receptor during homo-
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genization (26). To determine if the occupation of the 

cytoplasmic Type I estradiol binding sites by these com

pounds would inhibit the estradiol-mediated increase in 

glucose transport in the uterus, the antiestrogens were 

injected into rats prior to estradiol administration. In 

addition, this experiment was designed to determine if the 

presence of the receptor in the cytoplasm is required for 

the induction in the rate of glucose transport. In Table 

4.1 it is shown that 1 mg of either antiestrogen results 

in an 85-90 % decrease in total binding sites in the 

cytosol. In spite of the dramatic decrease in these 

binding sites, the increase in glucose transport as a 

result of estradiol administration is not inhibited by 

nafoxidine (Table 4.2). In addition, the increase in 

glucose transport occurs although 72 % of the remaining 

receptors in the cytoplasm are filled by nafoxidine. 

The fact that a 90 % decrease in cytoplasmic Type I 

sites by tamoxifen did not result in a decrease in the 

estradiol-mediated increase in glucose transport and the 

fact that tamoxifen had a 1500-fold less affinity for the 

microsomal receptor than estradiol in calf uterus (76) 

suggested the possible role of the microsomal estradiol 

receptor as the site mediating the increase in glucose 

transport. Demonstrating the existence of a microsomal 

receptor having a 1500-fold less affinity for the anti

estrogens than estradiol would provide a receptor candi-
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Table 4.1 

Effect of antiestrogens on translocation of and estradiol 
occupancy of the cytoplasmic receptor 

Treatment Total sites Unfilled sites 

none 
nafoxidine 
tamoxifen 

17 670 
1 953 
2 847 

cpm/uterus 

18 980 
547 
53 

One mg of tamoxi 
eously into ovar 
Cytosol (0.2-0.4 
molar [3H]estrad 
nonradioactive e 
between binding 
estradiol is rep 
fie binding of [ 
while Unfilled s 
[3H ] estradiol at 
within assay was 

fen and nafoxidine was injected subcutan-
iectomized rats 16 h before killing. 
5 mg protein) was incubated with 1 micro-
iol with and without a 100-fold excess of 
stradiol. The difference of radioactivity 
with and without excess nonradioactive 
orted above. Total sites refers to speci-
3H]estradiol at 30 degrees Centigrade 
ites refers to specific binding of 
zero degrees Centigrade. The variation 
< 5 %. 
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Table 4.2 

Effect of antiestrogens on estrogen stimulation 
of 2-deoxyglucose transport 

Treatment 2-Deoxyglucose Transport 
% Control 

none 
estradiol 
nafoxidine 
estradiol + nafoxidine 

100 + 12 
217 :h 30 
143 + 17 
194 + 19 

One mg of nafoxidine was injected subcutaneously into 
ovariectomized rats 13 h before estradiol administration 
(0.010 mg). 2-Deoxyglucose transport was assayed as pre
viously described. The values for each treatment is 
expressed as the mean +_ standard deviation where n = 2. 
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date that could mediate the increase in glucose transport 

in the presence of antiestrogens. 

Before assaying the relative affinity of tamoxifen 

and estradiol to the microsomal receptor, the estradiol-

microsomal receptor binding conditions were characterized. 

In Figure 4.1 the time-course of estradiol binding to the 

microsomal receptor at 22 degrees Centigrade is shown to 

be essentially complete between 1 and 2 h. 

At a low concentration range of estradiol (0.1-5 nM), 

rat uterine microsomal membranes exhibited one estradiol 

binding site having a Kd of approximately 0.5 nM which is 

similar to the cytosolic Kd (data not shown). In order 

to determine if site(s) with less affinity for estradiol 

were present, high concentrations of estradiol were uti

lized. Figure 4.2 shows binding to rat uterine microsomes 

as a function of high estradiol concentrations at 22 

degrees Centigrade. At least two microsomal estradiol 

binding sites are evident in the Scatchard plot seen in 

Figure 4.3. The different binding sites could represent a 

mixture of functional estradiol receptors and nascent 

receptors being formed on polysomes. 

Having characterized the binding of estradiol to 

various cellular receptors, the relative affinity of es

tradiol and the antiestrogens were determined in cytosol 

and microsomal membranes. In Figure 4.4 it can be seen 

that tamoxifen and nafoxidine show similar abilities to 
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Figure 4.1. Time-course of [3H ] estradiol binding to 
microsomes. One hundred microgram quantities of rat 
uterine membranes were incubated with varying amounts of 
[3H]estradiol with or without a 100-fold excess of non
radioactive estradiol. The difference between total and 
nonspecific binding is plotted above. 
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Figure 4.2. Saturation of [3H ] estradiol binding to rat 
uterine microsomes. One hundred fifteen microgram quan
tities of microsomal membranes were incubated with varying 
amounts of [3H ] estradiol with or without a 100-fold excess 
of nonradioactive estradiol. Both total and nonspecific 
binding is plotted above. 
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Figure 4.3. Scatchard plot derived from the data shown in 
Figure 4.2. 
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log concentration, M 

Figure 4.4. Competition of [3H ] estradiol binding to rat 
uterine microsomes with estradiol and antiestrogens. 
[3H]Estradiol (0.5 nM) and estradiol(open squares), 
nafoxidine (closed circles), or tamoxifen (open circles) 
were incubated simultaneously with membranes (0.11 mg) for 
4 h at 22 degrees Centigrade. The 100 % binding corres
ponds to 530 cpm. 
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displace low amounts of [3H]estradiol from the microsomal 

receptor which is approximately 200-fold less than estra

diol. Tamoxifen and nafoxidine have similar affinities to 

the cytoplasmic receptor which is approximately 100-fold 

less than the affinity of estradiol to the cytoplasmic 

receptor (Figure 4.5). The affinities of estradiol, tam

oxifen and nafoxidine for the cytoplasmic and the high 

affinity form of the microsomal receptor are similar. 

This finding, in conjunction with the finding that the 

dissociation constants are the same between the cytoplas

mic and the high affinity microsomal receptor suggests 

that these receptors may be the same protein. 

The microsomal receptor does not translocate into the 

nucleus after estradiol administration (Table 4.3). 

Therefore, it was considered possible that binding of 

estradiol to the microsomal receptor could have local 

effects resulting in the translocation of microsomal-bound 

glucose transporters to the plasma membrane. To test this 

hypothesis, an attempt to correlate the degree of estra

diol binding to the microsomal receptor and the increase 

in glucose transport was attempted. Unfortunately, this 

experiment turned out to be unfeasible since receptor-

bound [3H ] estradiol readily exchanged with nonradioactive 

estradiol at zero degrees Centigrade (Fig. 4.6). There

fore, significant amounts of estradiol bound to the micro

somal receptor would be lost during the homogenization 
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Figure 4.5. Competition of [3H ] estradiol binding to rat 
uterine cytosol with estradiol and antiestrogens. [3H]es-
tradiol (0.05 nM) and estradiol (open squares), tamoxifen 
(open circles), or nafoxidine (closed circles) were incu
bated simultaneously with cytosol (0.075 mg protein) for 4 
h at 22 degrees Centigrade. The 100 % binding refers to 
657 cpm. 



70 

Table 4.3 

Effect of estradiol on microsomal 
receptor number 

Treatment Specific Estradiol Binding 
cpm/uterus 

none 
estradiol 

1666 + 186 
2253 + 421 

Values between control and experimental are not signifi
cantly different at p > 0.1. Estradiol binding was deter
mined by incubation of 0.22 mg microsomal protein with 100 
nM [ 3H ] estradiol v̂ îth or without 100-fold excess diethyl-
stilbestrol (estradiol is not soluble in water at 0.01 
mM). The values for each treatment is expressed as the 
mean + standard deviation where n = 3. 
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Figure 4.6. Exchange of [3H ] estradiol from microsomes 
with nonradioactive estradiol. [3H ] Estradiol was incu
bated with microsomes (0.080 mg protein) for 1 h 15 min at 
22 degrees Centigrade in 0.1 ml buffer. At the end of the 
incubation time, 1 ml ice-cold buffer (excess nonradioac
tive estradiol) was added. Aliquots at various times were 
removed and radioactivity was determined. The 100 % 
binding refers to 3200 cpm. 
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procedure. Furthermore, accurate measurement of occupied 

sites would not be possible since exchange occurs at zero 

degrees Centigrade. 

Discussion 

Estradiol stimulates glucose transport maximally in 

rat uterus even in the presence of nafoxidine at 

concentrations that occupy 75-86 % of the estradiol 

receptor. This statement is derived from the following 

argument: One milligram nafoxidine and 1 microgram of 

estradiol injected into ovariectomized rats results in a 

1000-fold excess of nafoxidine to estradiol. These 

amounts of nafoxidine and estradiol are each in excess of 

the value of the Kd for each compound, thus predicting 

saturation of the estradiol receptor. Since estra

diol has a 100 to 200-fold higher affinity for the recep

tor than nafoxidine and using the relationship, Ke/Kn = 

[estradiol ]/[nafoxidine] x [N-R]/[E-R] where 

Ke = dissociation constant for estradiol binding, Kn = 

dissociation constant for nafoxidine binding, [] = molar 

concentration of estradiol, nafoxidine, N-R (nafoxidine-

receptor complex), and E-R (estradiol-receptor complex), 

it can be calculated that estradiol bound approximately 

14-25 % of the receptor. The result of this calculation 

is supported by the fact that the 72 % of the cytosolic 

receptors are bound in animals treated with nafoxidine. 
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These results open the possibility of "spare" recep

tors similar to that seen with peptide hormone receptors 

located in the plasma membrane, e.g., insulin receptors 

(77). Furthermore, these results are similar to that of 

Anderson et al. (78) who showed that less that 50 % of 

nuclear receptor binding by estradiol was sufficient to 

effect a maximmum increase in glucose oxidation in rat 

uteri . 

The lack of a 1-to-l correspondence in estradiol 

receptor occupancy to glucose transport rates and glucose 

oxidation also raises the possibility that a receptor, 

different from the classical receptor, exists having these 

properties: (i) low affinity for nafoxidine, (ii) higher 

affinity for estradiol than the classical estradiol 

receptor, and (iii) high estradiol dissociation rate. The 

latter property would prevent it from measurement by the 

assay used for the estradiol receptor; i.e., the dextran-

coated charcoal method. 



CHAPTER 5 

INSULIN AND GLUCOSE TRANSPORT 

Introduction 

One of the major actions of insulin is to promote 

glucose metabolism. An early event (within minutes) of 

insulin action is the increase in the rate of glucose 

transport (79). A number of laboratories have shown that 

insulin increases glucose transport by increasing the 

number of functional transporters in the plasma membrane 

without affecting the Km of glucose binding to the 

transporter (80,81). Recently, Whitesell and Abumrad 

reported that insulin results predominantly in an in

creased affinity of glucose for the transporter in the 

adipocyte (82), although an increase in the Vmax is also 

reported . 

Since insulin is known to stimulate the rate of 

glucose transport in various tissues, experiments were 

designed to demonstrate whether or not insulin stimulated 

the rate of glucose transport in the uterus and whether 

insulin and estradiol shared common pathways. In addi

tion, experiments were done to determine whether or not 

estradiol affected changes in the binding of insulin to 

the insulin receptor. Since estradiol has been shown to 

induce luteinizing hormone receptors in rat ovaries (83), 

the possiblity exists that estradiol increases glucose 
74 
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transport in the uterus by increasing the number of 

insulin receptors in rat uterine plasma membranes. 

Materials and Methods 

Materials 

[1251] porcine insulin (100 mCi/mg) was purchased 

from ICN Pharmaceuticals, Inc., Irvine, California. The 

insulin radioimmunoassay kit was purchased from Amersham 

Corporation, Arlington Heights, Illinois. The glucose 

assay kit was purchased from Sigma Chemical Co., St. 

Louis, Missouri. All other reagents were purchased as 

previously described. 

Plasma Insulin Assay 

Blood was removed from the axillary vein of anesthe-

tisized rats (ovariectomized) using heparin-coated pasteur 

pipettes and put in centrifuge tubes at zero degrees 

Centigrade. Blood samples were spun and the plasma was 

removed from the pelleted cells. Aliquots of plasma were 

assayed immediately for insulin using antibody raised 

against human insulin. After the appropriate steps, insu

lin- [ 1 251 ] an tiinsulin-antiIgG complexes were pelleted in a 

clinical centrifuge for 30 min at 4 degrees Centigrade. 

The supernatant was decanted and the pellets were counted 

in a Beckman gamma counter. Units of plasma insulin were 

determined by using a standard curve generated from known 

am ounts of insulin. 
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Serum Glucose Assay 

Blood was drained from decapitated rats into centri

fuge tubes. The blood was allowed to clot overnight and 

then the samples were centrifuged. Aliquots of serum were 

assayed for glucose using a colorimetric assay kit pur

chased from Sigma. The assay employed the enzymes glucose 

oxidase and peroxidase to generate a brown color. 

Results 

To determine if insulin increases the rate of glucose 

transport in the uterus, fed and 24 hour-starved rats were 

injected subcutaneously with 0.2 mg insulin. Two hours 

later, the rats were killed. In Table 5.1 it is shown 

that insulin reduced the serum glucose concentration in 

both fed and starved rats. This experiment was done in 

order to demonstrate that insulin was present in suffi

cient amounts in the body in order to affect physiological 

processes. It can be seen in Table 5.2 that insulin 

increased the rate of 2-deoxyglucose transport 45 % in 

starved but not fed rats. To my knowledge, this is the 

first demonstration of an increase in the rate of glucose 

transport in the uterus as a consequence of insulin ad

ministration. Why insulin increases glucose transport in 

the uteruses in starved but not in fed rats is not known. 

In order to determine if estradiol and insulin 

me diate the increase in glucose transport via the same or 
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Table 5.1 

Effect of insulin and starvation on rat 
serum glucose concentration 

Treatment Serum glucose concentration 
(mM) 

Fed 
Fed + insulin 
Starved 
Starved + insulin 

2.00 + 0.20 
0.15 + 0.17 
0.58 + 0.03 
0.05 + 0.03 

Animals were starved overnight. Results are expressed as 
the mean with the standard deviation. The value for each 
treatment is expressed as the mean +_ standard deviation 
where n = 2. 



Table 5.2 

Effect of insulin on glucose transport 
in rat uterus 

78 

Treatment 2-Deoxyglucose Transport 
nmol/20 min/uterus 

Fed Starved 

none 
insulin 

2.15 + 0.61 
2.00 + 0.32 

1.05 + 0.11* 
1.66 + 0.22* 

* The increase in 2-deoxyglucose transport is signifi
cantly higher in the uteruses of insulin-treated animals 
vs the control animals with p < 0.01. The value of the 
transport rates are expressed as the mean +_ standard 
deviation where n = 4. 
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different mechanisms, insulin and estradiol were injected 

either alone or together in starved rats. In Table 5.3 it 

can be seen that increases in glucose transport is not 

additive in the presence of both compounds. 

In order to determine if estradiol administration 

results in changes in the binding of insulin to its 

receptor, plasma membrane vesicles from control and estra

diol-treated rats were incubated with 1.0 nM labelled 

insulin with or without excess nonradioactive insulin and 

binding was assayed (Table 5.4). No difference in insulin 

binding was seen after estradiol treatment. Assuming that 

1.0 nM estradiol is under the maximal insulin binding to 

the receptor, then one can deduce that estradiol does not 

effect either the number of receptors or the Kd of binding 

of insulin to the receptor. 

To determine if estradiol affected the plasma insulin 

concentration, the concentration of plasma insulin was 

determined in 24-hour starved rats at various time points 

after estradiol administration (Fig. 5.1). One hour after 

estradiol treatment, a statistically significant rise in 

plasma insulin concentration was seen. The concentration 

of insulin appeared to remain elevated for at least the 

next 3 hours. 
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Table 5.3 

Effect of insulin and estradiol on glucose 
transport in rat uterus 

Treatment 2-Deoxyglucose Transport 
nmol/20 min/uterus 

none 
insulin 
estradiol 
estradiol + insulin 

2.98 + 0.48 
4.08 + 0.12 
5.98 + 0.60 
6.14 + 0.64 

Insulin versus estradiol, p < 0.001 
Insulin versus estradiol + insulin, p < 0.001 
Estradiol versus estradiol + insulin, p > 0.7 
The value of each treatment is expressed as the mean +_ 
standard deviation where n = 4. 2-Deoxyglucose transport 
was determined as previously described. 



Table 5.4 

Effect of estradiol on [ 1251 ] insulin binding to insulin 
receptors in rat uterine plasma membranes 
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Treatment [125I]Insulin Bound 
fmol/mg protein 

none 
estradiol 

35.8 + 3.3 
36.3 + 5.3 

Rats were killed 3 hours after the rats were estradiol 
injection plasma membranes prepared. Plasma membranes 
were collected from a 0.5/1.0 M sucrose shelf and incu
bated for 30 min at 22 degrees Centigrade with 1.0 nM 
labelled insulin with or without excess nonradioactive 
insulin. Membranes were collected on cellulose acetate 
filters and counted in a Beckman gamma counter. 
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Figure 5.1. Time-course of estradiol effect on plasma 
insulin concentration and rate of 2-deoxyglucose trans
port. 2-Deoxyglucose transport was measured as described 
previously. Plasma insulin was measured via radioim
munoassay. The mean values are plotted with the standard 
error of the mean. The numbers next to the insulin values 
represent the numbers of rats and each assay was measured 
in duplicate. The difference between the zero time point 
and the 1 h time point is statistically significant with p 
< 0.005. 
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Discussion 

The data presented in this chapter demonstrate that 

estradiol and insulin share certain but not all features 

in the mechanism that increases glucose transport in the 

uterus . 

Insulin adminstration increases glucose transport in 

rat uterus in starved rats but not in fed rats, indicating 

that, in fed rats, the glucose transport rate in the 

uterus is already maximally stimulated. Estradiol, on the 

other hand, stimulates glucose transport in uteri from 

either fed or starved rats, indicating that a signal 

mechanism exists for estradiol which is not used by 

insulin. 

Estradiol and insulin, however, share some portion 

of a common pathway resulting in the increase in the rate 

of glucose transport since the simultaneous treatment of 

rats with both compounds does not result in an additive 

response. In order for this interpretation to be valid, 

at least one of the compounds must be at a concentration 

high enough to elicit maximal rates in glucose transport. 

In regards to estradiol, 0.010 mg of the compound was 

injected--an amount previously shown to elicit the maxi

mal increase in the rate of glucose transport. The amount 

of insulin used (0.2 mg) was sufficient to lower serum 

glucose concentration by an order of magnitude. Since the 

amount of estradiol used gave the maximal response and 
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since the amount of insulin used was probably near the 

maximal response, the conclusion from this experiment is 

that estradiol and insulin increase the rate of glucose 

transport via common features of a pathway. 

Although estradiol administration appears to result 

in a small increase of plasma insulin concentration, insu

lin is not the mediator of the estradiol stimulation of 

glucose transport for a number of reasons. First, insulin 

treatment alone only results in a 45 % increase in glucose 

transport while estradiol treatment causes a 100 % in

crease. Second, insulin administration does not result in 

an increase in glucose transport in fed animals while 

estradiol has a full effect on glucose transport. Third, 

the time course of the increase in glucose transport 

(hours) is not consistent with the time course of the 

increase in glucose transport seen with insulin (minutes). 



CHAPTER 6 

MECHANISM OF THE ESTRADIOL-MEDIATED INCREASE 

IN GLUCOSE TRANSPORT 

Introduction 

Glucose transport is hormonally regulated in a number 

of cells including adipocytes, muscle cells, fibroblasts, 

(84) and uterine cells (50). The regulation of the rate 

of glucose transport could be accomplished by: (i) increa

sing the intrinsic activity of the transporter protein by 

lipid changes in the plasma membrane, (ii) increasing the 

number of transporter proteins, (iii) increasing the af

finity of the transporter protein for glucose, or (iv) any 

combination of the above. 

Compounds shown to be involved in the stimulation of 

the rate of glucose transport include: (i) hormones (84, 

85,50) such as insulin, testosterone, and estradiol, (ii) 

growth factors (75) such as platelet-derived growth fac

tor, and epidermal growth factor, and (iii) mitogens (87, 

88) such as phytohemaglutinin and concanavalin A. Further

more, other factors such as tumor viruses (86), chemical 

carcinogens (86), and temperature have been shown to 

affect the rate of glucose transport in vitro (89). 

The effect of insulin on the increase in glucose 

transport has been well-studied (84). A number of 

laboratories have provided evidence that glucose transport 
85 
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rates are increased as a result of the translocation of 

transporter proteins from intracellular sites to the plas

ma membrane. Initially, kinetic data were used to argue 

for the translocation hypothesis. In these studies, the 

kinetic parameters Km and Vmax were compared between con

trol and insulin-stimulated cells by using the glucose 

analogs 2-deoxyglucose or 3-0-methyIglucose. In these 

studies, the Vmax was shown to increase without a signifi

cant change in the Km for glucose transport (81,80). 

Another interpretation of these results is that changes in 

the intrinsic activity of the transporter as a results of 

insulin treatment occurs. Olefsky (90), studying 2-deoxy

glucose transport in rat adipocytes, showed a 3-fold in

crease in the Vmax of transport without a change in the Km 

value. In addition, when the Vmax of basal and insulin-

stimulated transport was measured as a function of temp

erature, parallel Arrhenius plots were obtained yielding 

equal activation energies, implying that insulin increases 

the Vmax by increasing the number of transporters rather 

than enhancing the intrinsic activity of the transporter. 

In addition to kinetic studies, assays involving D-

glucose-inhibitable cytochalasin B binding and binding of 

antiglucose transporter antibodies to the glucose trans

porter have been used to show increases in the number of 

transporters in the plasma membrane subsequent to insulin 



87 

administration. Karnieli et al., using specific cytocha

lasin B binding, showed a 5-fold increase in the number of 

transporters in the plasma membrane with a roughly corres

ponding (3-fold) decrease in the number of transporters in 

low density microsomal fractions (91). Using antibody 

raised against purified human red blood cell glucose 

transporter, Wheeler et al. (92) showed that insulin 

treatment resulted in an increase in antibody binding to 

rat adipocyte plasma membrane preparations. In addition, 

the results showed a decrease in antibody binding in 

microsomal membranes subsequent to insulin treatment. 

On the other hand, Whitesell and Abumrad (82), using 

adipocytes reported that insulin increases glucose and 

3-0-methyglucose transport rates by a 2 to 3-fold increase 

in the Vmax of transport and a 10-fold decrease in the Km 

value. The Km for glucose transport changed from 75 mM to 

8 mM. The authors previously reported no change in the Km 

between control and insulin-treated adipocytes (93), but 

the rates called "basal" in those studies were signif

icantly higher than those subsequently reported by other 

workers (94), suggesting that the cell preparations were 

partially activated by experimental conditions. For 

example, it is known that low temperatures have an 

insulin-like effect on the basal rate of glucose transport 

(95); i.e., the basal rate of 3-0-methyglucose is higher 

at 25 degrees centigrade than it is at 37 degrees. In 
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addition recent data obtained by Whitesell et al. (94,98) 

indicate that the basal rate of glucose transport is 

altered through Km changes in response to metabolic fac

tors . 

A decrease in the Km for glucose transport as a 

result of insulin treatment has also been shown to occur 

in the heart (99), in skeletal muscle (100,101) and in 

epididymal fat tissue (102). 

The insulin-induced decrease in Km for glucose trans

port may reflect activation of the transporter via a 

phosphorylation event. This concept is indirectly suppor

ted by the observation that glucose transport is stimu

lated in muscle cells by the diester 12-0-tetradecanoy1 

phorbol 13-acetate, a compound known to activate protein 

kinase C (103). Protein kinase C is an enzyme implicated 

in the regulation of cell growth. Another possible mecha

nism for transport stimulation is modification in membrane 

fluidity (104,105) which could enhance the function of the 

transporter , 

In this chapter, data are provided, using polyserum 

raised against the human glucose transporter, that indi

cate no change in the number of transporter proteins in 

the plasma membrane after a number of experimental manipu

lations. The experimental manipulations include starva

tion and insulin, estradiol, and cycloheximide treatments. 

These results can be explained by postulating either a 



change in the Km value or in the intrinsic activity of the 

transporter. In Chapter 3, I reported no significant 

change in the Km of glucose transport subsequent to 

estradiol treatment. However, the report by Whitesell and 

Abumrad (82) opens the possibility that the Km value of 

the basal lowered to the value of the stimulated tissue as 

a consequence of removing the uterus from the rat. These 

studies should be repeated taking in account temperature 

and nutritional factors. 

Materials and Methods 

Materials 

[125I]Protein A (70-100 Ci/g) was purchased from ICN 

Pharmaceuticals, Inc., Irvine, Calif. Peroxidase-linked 

goat antirabbit IgG and diaminobenzidine were purchased 

from Sigma Chemical Co., St. Louis, Mo. Nitrocellulose 

filters were purchased from Amersham Corporation, 

Arlington Heights, Illinois and from Millipore Corp., 

Bedford, Mass. Antiglucose transporter antiserum was 

obtained from Dr. Peter Hinkle, Cornell University, 

Ithaca, New York. Other reagents were purchased from the 

usual sources at the highest purity available. The pro

tein transblotting apparatus was purchased from Hoefer 

Scientific Instruments, San Francisco, California. 
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Buffers 

Buffer 1 consisted of 20 mM Tris, pH 7.4. Buffer 2 
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sisted of phosphate-buffered saline (20 mM potassium phos

phate, pH 7.4 and 0.155 M NaCl). Buffer 3 was Buffer 2 

with 0.05 % Tween. 

Membrane Preparation 

Plasma membranes were isolated from a 0.5/1.0 M su

crose shelf as previously described (see Chapter 2). Mem

branes were taken up in Buffer 1 and protein concentration 

was determined by the Bradford method (62). Plasma mem

branes were dissolved by adding 10 % SDS, giving a final 

concentration of 1 % SDS. 

Radioimmunoassay of Transporter Protein 

Fifteen microliters of antigen in Buffer 1 with 1 % 

SDS were spotted on 13 mm dia. Millipore filters (HATF) in 

Falcon 24-well tissue culture plates. Typically 500 -

5000 ng uterine protein and 60 - 500 ng human erytrocyte 

ghost protein were spotted per filter. After 15 min, the 

filters were covered with 1 ml of Buffer 2 containing 2 % 

Carnation milk. Forty five minutes later, the solution 

was removed and the filters were rinsed once quickly with 

1 ml Buffer 3 and then washed with 1 ml Buffer 3 two times 

for 5 min. Polyserum (39 micrograms protein) was added to 

0.5 ml of Buffer 3 and the reaction was allowed to proceed 

for 5 h. The solution was removed and the filter was 

again washed quickly with 1 ml Buffer 3 followed by 3-1 ml 

washes of 5 min. One microliter [1251]protein A (0.2 
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mCi/ml) was added to 1 ml Buffer 3. Twenty five minutes 

later, the solution was removed and the filters were 

washed as previously described. The filters were then 

dissolved in 0.5 ml methylcellosolve and to the resulting 

solution was added 7.5 ml Betaphase scintillation fluid. 

All steps were performed at room temperature and with 

constant agitation. 

Western Blotting 

Protein samples were separated by SDS-polyacryamide 

electrophoresis according to the method of Laemmli (106). 

The protein was then transferred to nitrocellulose paper 

using a Hoefer transblotting system. Transfer was allowed 

to proceed for 1 - 3 h in Towbin buffer (107) at 1.2 

amperes current. After transfer of protein was accomp

lished, the filter was washed in 50 ml of Buffer 2 for 5 

min in a plastic container followed by incubation of the 

filter with 50 ml of Buffer 2 containing 2 % Carnation 

m ilk for 45 min. The filter was then washed quickly with 

50 ml of Buffer 3 followed by a 5 min wash with Buffer 3. 

Seventy five microliters of antiglucose polyserum (0.293 

mg protein) was added to 50 ml Buffer 3 and binding was 

allowed to proceed for 3 h. The solution was removed and 

the filter was washed quickly with 1 ml of Buffer 3 fol

lowed by 3 5-min washes with 50 ml of the same buffer. 

Fifty microliters of goat antirabbit antibody linked with 



peroxidase was added to 50 ml Buffer 3 (1/1000 dilution of 

antibody) and binding was allowed to proceed for 45 min. 

The filter was washed quickly once with Buffer 2 followed 

by 3 5-min washes. The filter was then immersed in 50 ml 

phosphate-buffered saline containing 0.5 mg/ml diaminoben

zidine and 0.006 % hydrogen peroxide. Color development 

was usually allowed to proceed for approximately 30 min to 

1 h. 
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Results 

To produce meaningful results about the effects of 

various treatments on changes in the number of glucose 

transporters in the plasma membrane, it was first neces

sary to determine the linearity of the immunoassay with 

antigen. In Figure 6.1 it can be seen that two to thirty 

nanograms of human red blood cell (RBC) plasma membrane 

protein blotted onto nitrocellulose paper produced a 

linear increase in the amount of [1251 ] protein A binding 

(r > 0.99). 

Using a range of uterine plasma membrane protein from 

0.5 to 4 micrograms, it was shown in Figure 6.2 that the 

binding of protein A was proportional to the amount of 

membrane protein added. Furthermore, it can be seen that 

plasma membranes derived from ovariectomized rats pre-

treated for 3 h with 10 micrograms of estradiol exhibited 

no difference antigen amounts as seen by protein A 
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Figure 6.1. [1251]Protein A binding with increasing 
amounts of human erythrocyte plasma membrane protein. The 
binding of labeled protein A was linear up to 30 ng mem
brane protein (r > 0.99). Immunoassay was performed as 
described under Material and Methods. 
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Figure 6.2. Binding of [1251 ] protein A to increasing 
amounts of uterine plasma membrane protein. Closed cir
cles refers to uterine membrane protein from ovariecto
mized rats and the open circles refers to uterine membrane 
protein from ovariectomized rats injected with 10 micro
grams of estradiol 3 h before removal of uteri. Immuno
assay was performed as described under Materials and 
Methods. 
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binding . 

In Table 6.1 it can be seen that neither starvation, 

starvation + insulin, nor cycloheximide produce changes in 

protein A binding, even though all of these manipulations 

are known to change the rate of glucose transport (see 

Chapters 4,5). 

These results suggest that the differences in glucose 

transport rate from the above manipulations are not due to 

an increase in the number of transporter proteins in the 

plasma membrane but a change in either the Km of transport 

or a change in the intrinsic activity of the transporter. 

Since kinetic data (Chapter 3) show no significant change 

in the Km of glucose transport after estradiol treatment, 

the simplest explanation is that estradiol increases glu

cose transport rate in rat uterus by increasing the in

trinsic rate of the glucose transport process. 

Another interpretation of the data is the possibility 

that transporter proteins not reactive with the antibody 

are inserted into the plasma membrane as a consequence of 

estradiol and other treatments. Finally, the possibility 

exists that the antibody is reacting to proteins in the 

plasma membrane other than the glucose transporter and 

that the number of the transporter proteins in fact did 

change during these treatments but was not detected. 

In order to address the last point, a western blot of 

the plasma membrane proteins from human RBC and rat uterus 



Table 6.1 

Effect of various treatments on 
protein A binding 
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Treatment % Control 

Part 1 

Part 2 

none 
starved 
starved + insulin 

none 
cycloheximide 

100 
88 
94 

100 
106 

+ 
+ 

1+
 

+ 
+ 

7 
7 
27 

3 
16 

Differences are not significant between any of the treat
ments and controls. In part 1, the binding of protein 
A/ng membrane protein is seen. One hundred percent repre
sents 2.68 cpm/ng protein (930 ng protein/assay). In part 
2, the binding of protein A/ng protein is seen. One hun
dred percent represents 1.57 cpm/ng protein (2 270 ng pro
tein/assay). All experiments were repeated at least 3 
times. 
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was produced (Figure 6.3). Lane A shows the protein 

reactive to the polyserum from the human RBC. Two major 

bands are evident: one band has a molecular weight of 

approximately 20 000 daltons and the other of approximate

ly 40 - 45 000 daltons. The latter band has the size and 

appearance of what would be expected for the glucose 

transporter protein. That is, the size of the protein 

reactive with the polyserum is consistent with the repor

ted size of the human RBC transporter and the spread of 

the band, characteristic of glycoproteins, is consistent 

with previously published results of approx. 45 000 dal

tons (91). The smaller protein is suspected to be globin 

chains. Lane B shows proteins reactive to the polyserum 

from rat uterus plasma membranes. The protein in the 

major band appears to have a molecular weight of 50 000 

daltons and has the characteristic band spread of a glyco

protein. These results show that the polyserum is reac

ting with a protein having the same size and banding 

characteristics reported for the glucose transporter. 

However, the possibility exists that the antibody is reac

tive to a glycoprotein having similar characteristics of 

the glucose transporter protein. 

One way to show conclusively that the polyserum is 

reacting with the transporter protein would be to purify a 

protein with this antibody and show that this purified 

protein is capable of stereospecifically transporting 
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Figure 6.3. Western blot of SDS-solubilized plasma mem
brane proteins. Visualized in lane a are human RBC pro
teins and in lane b are proteins from rat uterus. The 
membrane proteins were incubated with polyserum raised 
against purified human RBC glucose transporter protein. 
Antibody binding was visualized using a peroxidase-linked 
second antibody in conjunction with diaminobenzidine. 
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glucose into liposomes. Another way would be to use these 

antibodies to block glucose transport in plasma membrane 

vesicles . 

Finally, it should be noted Drs. Hinkle and Sogin, 

the source of the polyserum, have shown that polyserum 

binding assays give amounts of transporters/mg membrane 

protein consistent with the amounts of transporters/mg 

membrane protein generated by D-glucose inhibitable cyto

chalasin B binding assays (108). Furthermore, they report 

that this polyserum inhibited specific glucose transport 

50 % when glucose transporters are reconstituted in lipo

somes . 

Discussion 

The immunoassay used to measure amounts of rat 

uterine glucose transporter protein in plasma membranes 

meets the requirements of sensitivity, linearity and 

specificity. Using this assay, I have determined that 

estradiol does not increase the rate of glucose transport 

in rat uterus by causing an increase in the number of 

transporter proteins in the plasma membrane. In con

junction with the fact that estradiol increases the Vmax 

without a significant change in the Km of glucose 

transport, I conclude that estradiol increases the rate of 

glucose transport rn rat uterus by increasing the intrin

sic rate of the transport process. The rate of the 
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transport process could be effected in a number of ways, 

including: (1) phosphorylation-dephosphorylation of the 

transporter protein, (2) local membrane lipid modifi

cations, and (3) involvement of a regulatory protein that 

interacts with the glucose transporter protein. 

Phosphorylation-dephosphorylation events may cause 

conformation shifts in the transporter protein, allowing 

greater mobility of the transporter protein which would 

result in a faster shuttling of glucose across the plasma 

membrane. Greater mobility of the transporter protein 

could also result from increases in fluidity in the lipids 

surrounding the transporter protein. Finally, the inter

action of a regulatory protein with the transporter pro

tein could restrict mobility of transport action. In this 

example of negative control, the regulatory protein could 

be released from the transporter protein as a consequence 

of phosphorylation-dephosphorylation of the transporter 

protein as stated above or by phosphorylation-dephosphory

lation of the regulatory protein itself. 



CHAPTER 7 

SUMMARY 

A study of the mechanism of the estradiol-stimulated 

increase of glucose transport in uteri from ovariectomized 

rats was undertaken. Two systems employed to study glu

cose transport rates were: (i) D-glucose transport into 

uterine plasma membrane vesicles and (ii) 2-deoxyglucose 

transport and phosphorylation in uterine tissue in vitro. 

Glucose transport in the rat uterus is stereospecific, 

energy and sodium independent and is inhibited by classic 

inhibitors of glucose transport, e.g., phloretin, mercuric 

ion, and cytochalasin B. In addition, it was shown for 

the first time that the estradiol-stimulated increase in 

glucose transport persists in isolated plasma membrane 

vesicles, suggesting a relatively permanent membrane 

effect by estradiol. 

Estradiol, estrone and estriol administration 

increase the rate of glucose transport in rat uteri while 

dihydrotestosterone and progesterone have no effect. 

In addition, 2-deoxyglucose transport studies in the uteri 

of rats grouped in various stages of the reproductive 

cycle showed that the rate of glucose transport corres

ponded to the serum concentration of estradiol at each 

stage of the cycle." These results provide evidence for 

the physiological relevance of the study of the estradiol-

101 
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mediated increase in glucose transport in rat uterus. 

Insulin treatment also stimulates glucose transport 

in the uterus in starved rats but not in fed rats. The 

increase in glucose transport with estradiol and insulin 

together is not additive, suggesting common pathways in 

the stimulatory process. 

The Vmax of glucose transport was increased in the 

uteri from rats pretreated with estradiol with no signifi

cant change in the Km value, suggesting the increase in 

glucose transport is due to either an increase in the 

intrinsic activity or an increase in the number of trans

porters in the plasma membrane. Direct determination of 

the relative amounts of glucose transporters in uterine 

plasma membranes was accomplished with antiserum raised 

against the human glucose transporter. Estradiol treat

ment did not effect the number of glucose transporter 

proteins in rat uterine plasma membranes. In addition, 

treatments known to change the rate of glucose transport 

including starvation and in vivo insulin and cycloheximide 

administration did not change the number of glucose trans

porters in the plasma membrane as assayed with this anti

serum . 

The simplest explanation of the data is that estra

diol mediates the increase in glucose transport in the 

uterus by changing the intrinsic activity of the transport 

process. The rate of the transport process could be 
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effected by (i) phosphorylation-dephosphorylation 

of the transporter protein, (ii) local membrane lipid 

modifications, and (iii) a regulatory protein interacting 

with the glucose transporter. Figure 7.1 depicts a sim

plified model of the regulation of glucose transport in 

rat uterus . 
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Figure 7.1. Model of glucose transport regulation. The 
model depicts continual production of a protein 
(inhibitor) that depresses the rate of glucose transport. 
Estradiol induces glucose transport by either direct 
effects on the glucose transporter complex or by depres-

roduction of the glucose transport inhibitor 

es 
tradiol-receptor complex. 
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