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ABSTRACT

. Thyroid hormone (T;) induces GLUT4 transporters and restores normal membrarre-
: ‘b'ormd GLUT4 quantrtiesin edipocytes and myoeytes,’ induces thermegenesis, improves
giycenric .startu‘s, and normaliz_eS tIre metabo‘lism of T,-resistant db/db mice. The eﬁ‘eet of
T; on GLUT4 transporter expregsien in +/db and db/db mice was investigated by comparing
rhe_ cyteplasmicb_ and membrane bound GLUT4 in adipocytes and myocytes from vehicle-
| treated and T;-treated‘animais. T otal GLUT4 rn badipocyte_s_ of Vehiele-treated db/db mice
v‘was 50% ef {r/db mice (0..886£O.3 1vs. 1.99+0.37 0D units, p<0.01) but could be rest_ored |
to norrrlal (_1.528i0.21 OD units) with 500 né Tyi/g BW. _Cytoplasnlic GLUT4 content of
‘ adipocytes irr vehicle-treated db/db mice was 50% iess than +/de animals F(O'.624‘_i0.22 VS.
1.488+0.36 OD units, psO‘.OIT). However, T3 treatmen-’r (500 ng/g BW) increased
cytoplasmic GLUT4 in db/db mice Beyond that of +/db mice (1.50+0.22 vs. 1.04+0.26 OD
| unjte p<0 01). The GLUT4 plasma membrane fraction ir1 db/db nﬁce was also 50% less

| than +/db animals (0. 262:0.09 vs. 0. 502i0 06 OD units, p<0.05) but approx1mated that of
+/db mice with 500 ng T,/g BW dose (O 428+0.28 vs. 0.406+0. 20 OD units, p>0.05). A |
dlsproportlonate depletlon of cytoplasrmc GLUT4 in db/db mice and a concomitant increase
in plasma membrane GLUT4 indicates that T, regulates GLUT4 translocatron from the
cyteplasm to the plesma rnernbrane. Diabetie mice have reduced GLUT4 expressiOn in the
plasmer membrane which likely‘inﬂue.nces glucose uptake and eentributes to'hyr)erglybc_emia‘
in this model. However, thyroid horrrrorre increases GLUT4> exr)reSSion and’ translocation

in adipose tissue of db/db mice.

it
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-‘ Total myocyte GLUT4 contents are sinnlar in +/db and db/db mice.' T, treatment |
increased these quantities in both +/db (0.58+0.07 vs. 0.744%0.04 OD units, pgo.OS) and
/b (0. 572£0.06 vs. 0. 6565:0 04 OD units, p<0.05) mice. The eytoplasmic GLUT4
_"quantlty in vehlcle-treated db/db mice was greater than +/db mice (0.326+0.05 vs.
0.268+0.05 OD units, p<0 05) Whlle the membrane quant1ty in db/db mice was less than
+/db mice (O 246+0.03 vs. 0.3 12i0 06 OD umts p<O 05). Vehlcle-treated db/db mice
possess total GLUT4 'quantltles e_qu1valent to +/db mice, but have reduced» plasma
' membrane quantities which ._ indicate disproportionate distributions of the ‘GvLUT4 -
transporter. However, ‘T3 treatment.(SOO‘ng/ o3 BW) in db/db mice decreased cytoplasmic
GLUT4'content’and increased pl,asma.membrane fraction which suggests that T; promotes
GLUT4 translocation. S

| Ty-induced thermogenesis oceurred. in both +/db and db/db mice and the
- temperature increase’ in db/db mice parallel.ed the appearance‘ of GLUT4 in th_e plasma
membrane of myocytes. A 48% reduction in serum glucoseConoentrations was also found
in db/db mice in response ‘to T, (592.0#126 vs. 334;9i62.9 rng glucose/dL, ‘ps0.0zl).

» iRespir'atory quotient (RQ; values indi'cate however‘ an sbift to ‘fat CataboliSm .With T,

treatment in db/db mice (O 74i0 03) The apparent metabohc substrate in T -treated db/db |

mrce is not consistent w1th increased membrane-bound GLUT4 transporters fac111tat1ng

: skeletal muscle glucose "uptake whlc_:hb \;voulld_ lead to decreased serum glucose
: ooncentrations; Enhamced glucose uptake b)} a.n‘other tissue is suggested. _This is the first

~ study to show that T restores GLUT4 translocatlon in db/db anrmals and may explain the’

glucose transport defect underlymg N]DDM

v
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CHAPTER ONE: INTRODUCTION

Overview of Diabetes Mellitus

Diabetes mellitus is a major health problem that appears in the written literature datiﬁg '
back approximately two .thouéand years (Kahn and Weir.1994). According to the American
- Diabetes Association, 16 million people are affected in the United States aﬁd an additional
500,000 to 700,000 individuals aré‘dviagnosed each year. It is the féurth leading cause of
death by disease among adulté in thé‘U.S‘. and :it ié expeéted thaf 178,000 individuals per
year will die from cbmplicaﬁons due té di‘abet‘es. Itisa chfonfc disease that does hot yet
have a cure. |

Diabetes mellitus is a syndrome characten'éed by high concentrations of seruni glucose
(hyperglycemia) due to the inadequate control of glucose levels. This results from the lack
of glucose uptake by the skéletal muscle, adipose tissue, and liver, aﬁd is also associated
with the inability to secrete or appropriately respond to insulin (Kahn and Weir 1994). ,
Because insulin is the normal hormonal signal for cellular glubose uptake, an individual who
has this syndrome is in a chronic hyperglycemic state. The cause of diabetes is still
unknown, however both environmental and genetic factors have been implicated.

There are two general classifications of diabetes mellitus. Type I diabetes mellitus is
insulin-dependent diabetes mellitus (IDDM) and is most widely understood. It is the form
of diabetes most prevalent in children (juvenile onset). IDDM individuals are
characteristically thin and have extremely low inéulin levels. They produce minute quantities‘

or no insulin due to dysfunctional pancreatic B-cells (the cells which are responsible for



insulin production), defects in the insulin gene, and/or defects in the proCessing of the insulin
' prOtein (Hadley l992)'which: result‘in low ﬁ,‘lynctional levels of insulin. Eecause the lack of
| insulin .prevents_ glucose"uptake by 'muscle and adipose tissue, these indi\iiduals have elevated

serum glucose: concentrations and elevated ketone body‘ levels dUe to' increased fat‘"
catabohsm Excess hpolytlc actiiflty. occurs in order to- proV1de the necessary energ;i from ‘
fat stores in the absence of glucose uptake (Kahn and Werr l994) IDDM compnses 10%
~ of all _drabetes mellrtus cases and is the form of d1abetes that is most familrar to people. .
F urther discussion of this form is:‘not within the scope Iof this project. L |

Type II diabetes mellitus refers to non:-insulin-dependent diabetes mellitus (NIDDM)

* and it is the niost common form of diabetes : NIDDM COmprises 90% of all diabetes mellitus B
cases (Kahn and Weir 1994) and 1t is the subject of th1s study. It is typlcally adult-onset |
at first asymptomatic, and rather slow in developing Individuals are characterrstrcally obese

_and produce excessive 1nsu11n, thus they are hyperrnsulinemic. vHov&vfever, the tissues in;
N]DDM individuals do not respond to insulin appropriately. Therefore NAIDDM individuals

| are unable to effectively control glucose uptake because of 1nsuhn resrstance NIDDM may

be caused by defects in the target cell such as a reduced number of receptors on the target
t1ssue surface (DeFronzo et al. 1992) post- receptor defects altered functron in the 1nsu11n
transduction mechanism due to reduced kinase activity (Stephens and Pilch 1995), or
- cellular glucose transporter defects. All of ‘these can cause hyporesp-onsiVeness to insulin | o
(Hadley 1992) which would contrrbute to a hyperglycernrc state (DeFronzo et al. 1992
Zorzano et al. 1996). Whereas nearly elghty-ﬁve percent of those 1nd1v1duals classified as

‘having NIDDM are also obese, the link between drabetes and obesity' remains to be



determined (DeF_ronzo et al. 1992). It has been proposed that obesity may be dietéinduced

(excessive intake of calories) may result from decreased energy expenditure, .or may be due

 toaltered 11p1d metabohsm (Guerre-Mﬂlo 1996; Beck 1995) However defective glucose

transport seems to be central to the hyperglycenmc aspect of the syndrome High serum
glucose levels pers1st s1nce glucose is not properly handled by the 1nsul1n-hyporespon51ve
skeletal muscle and ad1pose tissue yet glucose uptake by the liver continues to take place
R and this substrate subsequently is converted to and stored as fat This is also observed in
the adipocytes and may lead to obesity because the excess glucose taken up by adipocytes
- can be_converted into fat via ‘lipogenesis and stored as triglycerides. Skeletal muscle from
NIDDM individuals, however, is not able to take up glucose as readily by other mechanisms

‘therefore the insulin-responsive glucose transport mechanism warrants further investigation.

Diabetic Mouse Model

In order to study non-insulin-dependent diabetes mellitus, the C57BL/KsJ diabetic
(db/db) mouse is employed as the workmg animal model for this syndrome The diabetes
mutatlon arose . spontaneously in. the C57BL/Ks] strain and the db gene is autosomal
recesswe (Hummel et al. 1966, reviewed in Bray and York 1979). Asin humans, this
“mouse model displays high serum gluco‘se concentrations and elevated‘ insulin
concentrations, as well as age-dependent development of obesity (Hummel et al. 1966;
rev1ewed in Bray and York 1979) This animal also displays decreased membrane-bound '
GLUT4 in ad1pocytes (GlbbS et al 1995) ts tissues display insulin resxstance and the

syndrome is the result of a genetic defect. The mechanism for NIDDM in the db/db mouse



»

'médel yet remains to be determined. Recently, Chua et al. (1996) repor't‘ed that the db gene
on chrbmosbfne 4, which givés rise to the diabetes mutation in the C57BL/Ks] ﬁlousé, is
- also the gene that codés for the leptin receptor. The "weig_ht-reducihg" ho’rmoﬁe,_ 'leptin, is'
said to be the protein product of the 0ob gene which is Sécreted by adipose tissue in
proportion to the fat cohtent (Pelleymounter et al. -1995; Halaas et al. 1995). Leptin
_ treatﬁlent in ob/ob mice has been shown to decrease body weight, decrease ad.ii)‘osity, :
incréase metaBolic efficiency, and decrease voluntary feeding (Pelleynio“unter etal 1995; |
Halaas et‘a:l. 1995). However, db/db mice have abhormally‘high sefum leptin levels and
when treated with exogenous leptin do not respond to treét'ment (Pelleymounter et al. 1995;
Halaas et al. 1995) thus suggestiﬁg a defect in the OB-receptor, also kﬁown as the leptin
| receptor (Chua ez al. 1996). The receptor may represent one corﬁponent of the afferent
signalling system (leptin acﬁén’ at the brain) but a defect at this level étill does not
completely explain obesity in this animal model. The efferent signal to the target tissue .
remains to be identified. This efferent signalling system may play a directive role in
specifying target tissue responses or in regulating tissue responsiveness to other hormones.

The C5S7BL/KsJ diébetic‘ (db/db) mouse, a model for NIDDM and obesity, has been
shown to exhibit resistance to thyroid hqrmone (T,)- Obese-diabetié (db/db) mice display
excess adiposity, high serum ‘T3‘ concentratiéns, decreased serumT4 conceﬁtratibns (Fehn -
et al'.. 1988), low metabolic rateg (spéCiﬁc oxygen consumptior.lv_ rates) (Clark ;199‘5), and
lower body‘ femperatures (Hut.nmely et val. 1966) which-suggest"lthat these’ animals are
resistant to thyroid hormone. The animals are tﬁereforé considered to be functionally

"hypothyroid." It has been proposed that, as a result of being T, resistant, the obese-



diabetic mice accumulate fats due to decreased energy utilization and decreased mobilization
of fat stores (Fehn et al 1988) Our laboratory has shouvn that treatment with
supraphysiological doses of T, can overcome the target tissue re51stance leadlng to enhanced
metabolic response, activation of fat mobilization from adipocytes, restored normal
metabolic rates, and increased thennogenesis. This indicates that the T,-resistance exhibited
by the db/db animals is not absolute but relatively refractory. Thus, the model allows for

the study of T, effects on physiological events, such as metabolism and glucose uptake.

Facilitative Glucose Transnorters

Obesity is a common health prohlem in industrialized so‘cieties and it is characterized
by increased adipose tissue mass (Guerre;Millo 1996). Obesity may be caused by over-
eating, lack of physical activity, cr may he genetically determined. It is attributed to energy
imbalance, meaning that more calories are taken in as food than are expendedb to maintain
the basal metabclic rate or to engage in physical activity. In humans, obesity‘is strongly
associated with the development of NIDDM (Considine et al. 199’5)', and was believed to
be caused by defects in the ob gene (Pelleymounter et al. 1995; Halaas et al 1995).
- However, recent studies have found no mutatlons in e1ther the ob gene or the ob receptor

gene in humans, thus they are not the cause of obes1ty (Consldine et al. 1996). Alternative
- explanations are required tc explain this.patholo.gy, and may include a defect in the glucose
~ transporter or in the vesicular translocation/trafficking mechanism. Although this defect
would not explain the entire basis for obesity, it might explain the redistribution of glucose

away from the muscle to liver and adipose tissues. Since the skeletal muscle cannot take up



,_ gluéose_ efﬁciently‘in NIDDM individuals, high jserum glucose levels prevail which result in
glucose uptake that: pfedoniinantly occurs Within the liver and adipbsé tissue. Glucose can
be taken up in‘adipo’se’tissue by way 6f glucose transportérs that are expressed _independént
of iﬁsulin action énd in the livér via fh‘e GLUT2 transporter (whi.ch will be discussed‘ later).

"Excess glucose taken up ‘by these cells would then be converted into fats which would
contribute to increased adiposity. | |

Six proteins have been identified as beiné responéiblc for the faéilitated diffusive
transport éf glucose déwh its concentration gradient e‘wr'(_;fss cell membranes and these have ‘
been designated as facilitative giudoée tvransp’ovrt‘é‘rs: GLI‘JTI_‘, GLUT2, GLUT3, GLUT4,
GLUTS (Pessin and Bell 1992; Muecklér 1954), and GLUT7 (Mueckler 1994), whereas

| GLUT6 (Stephens and Pilch 1995)' has Beeh idéntiﬁed as a pseudogene with no specific
ﬁmction. This transport is driven exclusively by the chemical gradient and not the hydrolysis
of ATP, nor is it coupled to either sodium or protbn gradients.

GLUT1 is expressed in the brain, kidney, colon, and red blood cells and is responsible
for basal glucose uptake. This transporter is COnstituitively ekpfeSsed and has a Km value
of approximately 6.9 mM. This means that it has a high affinity for glucose but it saturates '
atkphysiological glucose concentrations. It is responsibie for basal glucoée transport and it
plays an important role in glucose transport across the bloéd brain barrier as wéll as other
barrier tissues (Mug_ckler '1 994; Livingstone et al. 1996). GLUT2, a prbtein predominantly
expressed in the livér, is involved in hepaﬁc_‘uptake and release of glucése and it apparently
functions as part of a glucose Sensor. | This transporter hgis a high Km for glucose

(approximately 13.2 mM), has a low affinity, ‘arid is not saturated within normal physiologic

6



’, glucose ‘COn'centration:s (LiVingStone et‘_-al.“'l'996)." ﬁ- Thereforé , ’it-transports”f*gluco'se inﬂ.‘.
g ‘quant1t1es drrectly proportlonal to serum glucose concentratlons GLUT3 s, w1de1yf

d1str1buted in human t1ssues (Mueckler 1994) but 1s predommantly expressed in the brarn 3

~and is respons1ble for constltutrve neuronal glucose uptake (Pessrn and Bell 1992) GLUT3 o

N unhke the other transporters has a Very low Km for glucose ( 1.8 mM) and a h1gh afﬁmty »- )
for glucose (Mueckler 1994) but it saturates at low glucose levels ThlS transporter serves
as a‘fall-safe mechanism for glu_cose transpo'rt across the_ bloo‘d-brarnfbarrrer in order'to
ensure that' thebrain is constantly supplledw1th glucose é&«an'duﬁhé hypoglycemlc states. | o
The GLUTél glucose transporter is an 1nsulm—regulatable glucose transporter that is found o

in ad1pose t1ssue cardlac muscle and skeletal muscle Th1s transporter w111 be d1scussed in

o : more deta1l below. GLUTS is expressedvm the j Jejunum. 'It has been charactenzed as bemg

o 'respons1ble for 1ntestma1 absorptlon of fructose and poss1bly other hexoses (Pessm and Bell .

1992 Mueckler 1994) GLUT6 has been 1dent1ﬁed as a pseudogene havmg no spec1ﬁc
: target tissue or ﬁmctlon (Stephens and Pllch 1995) GLUT7 transporter is expressed in
1ntracellular membranes of hepatocytes and poss1bly other gluconeogenlc trssues ThlS‘ ftj
, transporter allows - glucose to- d1ffuse freely from the endoplasmlc retrculum of .
gluc‘oneogemc tissues 1n.’ response to the actlon of glucose-6- phosphatase on glucose 6- ;
| : phosphate (Mueckler 1994 Stephens and Pllch 1995) However the actual s1gmﬁcance of
this transporter s functlon remalns unclear The s1x dlfferent glucose transporter 1soforms B
| 'have drstmct charactenstlcs and fl.lIlCthl’lS that are dependent on the t1ssue in whlch the;w are' '
| .expressed | As such the glucose transport rates of these glucose transporter 1soforms are

characterrstlc of the, funct_lon o_f the,target tlssue.u-r :



The GLUT4 glucoste t,ransp‘cb)rter brotein, vthe focus of this project, is exp‘re3sed in
v skeleta‘l‘rhuscle,ﬂ cardiac muscle, “and zidipos'e ﬁssue. ' It has a Km value of approximately 4.6
mM, vit ‘is poSi-tively ‘responsive fo ‘insﬁlin, and is invol_véd in insulin_-stimulated glucose
juptaké (Péssin and Bell 1992, Stephens and Pilch 1995)."_ This transporter is respon‘sibvl‘e‘ for
a rapid increase in glﬁcose ﬁptake in response to increased serum insulin concentrations
(Muécklér -‘1994;‘ Stephens and vPilch 1'995). } When stimulated by insulin, GLUT4
concentrations in the plasma membrane of cells normally incréase approxim.ately 20-fold
(Pessinand Bell 1992). It hés been repor_téd that the pldsma fnembréne GLUT4 fraction in
adipose tissue (Stephens and Pilch 1995) and skéletal muscle (Zorzano et él. 1996) of obese
NIDDM patients is reduced. This would have an overall impact on glycemic regulation.
since glucose cannot be readily taken up by the target tisSues’. - Thus, it would be of
,vimportancve to gain a better understanding of th¢ GLUT4 regulatory mechanisms and
expression in NIDDM. ' Since NIDDM individuals have impaired gluco‘se‘ uptake, alterations
in the structure, function, or regulation of the glucose transporters, specifically GLUT4, are
good candidate mechanisms for transport defects associated with this syndromé. The
GLUT4 glucose transporter is an integral membrane component found in insulin resf)onsiVe
tissues. Little is known of the regulatory mechanisms which control GLUT4 fransporter
expression and distribution in the skéletal ﬁluscle and adipose tissue. This will be the centrél

focus of the study.

- GLUT4 Vesicular Trafficking

The GLUT4 transporter facil_itafes glu@ose uptake across the plasma membrane



between the serum and cell cytoplasm and normally increases in number with inf;reased
insulin‘concentrations. The GLUT4 transporter prdtein is processed and translocated like
other proteins within the cell by the following mechanisms. Proteins are»synthesizéd at the
endoplasfﬁic reticulum and move toward the Golgi complex for further processing and
modification within a spike-éoated vesicle as part of a process known as vesicular t;afﬁcking
(Morris and Frizzell 1994; Gauter ef al. 1994). The vesicle fuses with the -cis-face bf the
Golgi complex, and subsequently buds from the ofganelle. The vesicle then ﬁlsevs with the
medidl—faée 'of the Golgi cbmplex anc.l‘ after further modiﬁcatioh and processing; the vesicle
buds. .‘the budd‘ed Vésicle then approaches and fuses with the frans-face of the Golgi |
complex. Within the frans-face of the Golgi cqmplex, the vesicle is labelled with mannose-
6-ph§sphate recéptors and these identify the vesicle as one which will reside in the
cytoplasm. The vesicle is removed from the secretdry pathway and is localized in: a region
of the‘b,Golgi complex where the Vesicie Becomes clathrin-coated. Such processing is |
characteristic of lysosomal vesicles. However, if the vesicle is to be secreteﬁd, it remains
uncoated, as is the case with GLUT4-containiﬁg vesicles (Stephens and Pilch '1995).
Subvse‘quentvly, th¢se ves'icles‘with their protein contents are then transported towards the
plasma membrane (tfanslocation) Where the vesicles vwill dock and fﬁse with the plasma
membrane and incorporate their contents into the niembrahe as integral transmembrane
proteins (-Appendixv 1). |

Vesicles are bvelievec‘l‘to be transported»through the cytoplésmb driven by kinesin along
microtui)ulés (Morris and‘ Frizzéll 1994). ‘Avv.es‘ic.le attaches to kinesin, a mplecule that

serves as the motor in the translocation process, and this molecule is activated by Ca*". The



intraceﬂular activity of kinesin is regﬁlated by the influx of Ca® into the cell or Ca®* release
from the endoplasmic reticulum (or the sarcoplasmic reticulum if the process is occurring
within the skelétal muscle). This proportedly stimulates movement of kinesin along a
microtubule, which transports the vesicle towards the surface of the cell (Morris and Frizzell
1994). The vesicle then comes in contact with various docking proteins at the membrane
surface. These proteins enable the vesicle to dock and fuse thereby integrating into the
membrane the vesicular protein components (Appendix 2).

Vésicular translocation, docking, and fusion with the plasma membrane involve a
series of steps regulated by several key proteins. The vesicle membrane contains the
proteins synaptobrevin aﬁd synaptotagmin (12 kDa and 65 kDa integral membrane proteins,
respectively). These form a 7S docking complex with a 25 kDa protein SNAP-ZS
(Synaptosomal Associated Protein-25), and syntaxin (32 kDa), both of which are located
in the plasma membrane of the cell (Scheller 1995; Bark and Wilson 1994). As -snap
(Soluble NSF Associated Protein) associates with the 7S complex synaptotagmin is
dislodged. A 20S complex is formed when cytoplasmic NSF (N-ethylmaleimide-Sensitive
Factor) associates with c-snap on the 7S complex. NSF protein binds ATP and, as a result
of ATP hydrolysis, NSF and a-snap dissociate from the 20S complex. Syntaxin, which 1s
tightly associated with the integral membrane proteins Neurexins and Ca®* chaﬁnel proteins,
is thus exposed and is able to associate with synaptotagmin on the vesicle. The association
stimulates a conformational shift of the associated complex causing an influx of Ca®".
Synaptotagmin, which is sensitive to Ca**, binds Ca*" and this causes another conformational

shift in the associated proteins. This shift subsequently causes SNAP-25 and the syntaxin-
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| synaptbtagmin‘ﬁ,lsibn éémplex to sepé,fate 'alo‘ng‘the cell merﬁbrane thereby creating a "gap"
in :the cell membrane which enables the proteins from the vesicle to become embedded
within the membrane (Bark and Wilsoﬁ 1994; Scheller 1 995). Stephens and Pilch (1995)
state that the docking-fusion mechanism} of GLUT4-containing vesicles is similar to that of
thé neurotransmitter secretion model (as. described above), differing only in a few docking
proteins that are specific for GLUT4. Although thé GLUT4 translocation mechanism may
be a po.int. for pétential defects Within NIDDM, non—functional docking. proteins on the
vesicle 6r blasm_a membrane as well as lack of fusion and integration of vesicular contents
afe also potential candidates. The c;lrrent study will address translocation and docking of |

the GLUT4 glucose transporters in tissues from normal and obese-NIDDM subjects.

GLUT4 Studies

Studies in frarisgeni’c mice, into which the ﬁ.lnctional.GLUT4 gene has been tranSfect’ed
ﬁpﬁl huméns, and diabetic ammal modélé have consistenfly shown that insulin increasés the
quantity of GLUT#4 at the plasma mevmbravrie‘.of adipose ﬁs'sue and leads to a concénﬁtant
decre.ase in cytc;plasmié GLUT4 quantity. ZorZané et al (1996) reported that insulin
treatrhent similarly caused the GLUT4 quéntity in adipose tissué and skeletal muséle to
increas_é ‘at’ the plasfna membrane and ;decrea‘se in th¢ 'cytoplasm. Other studies using
transgenic ,ariin_lals showed that tissues from transgehic animals (skeletél muscle and/or
adipose tissue) had signiﬁcantly greater GLUT4 present in the plasma ‘membrane in
comparison to their non-transgenic counterpaﬁs (Brozinick et al. 1996, Gibbs et ‘al. 1995;

Olsonv and Pessin 1995; and Hansen et al. 1995). Upon insulin stimulation, there was a
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more dramatic increase in‘membrane bound GLUT4-transporter quantlty 1n the tran'sgenic"

mice in comparison to non-transgemc mlce There was a concomitant decrease m the

GLUT4 quantlty in the cytoplasm 1nd1cat1ng that GLUT4 containing vesrcles translocated o

| from the cytoplasm to the plasma membrane Gibbs etal. (1995) utlllzed a hGLUT4 db/db 3

transgenic mouse that carries a ﬁinctronal human GLUT4 gene which leads to GLUT4
transporter overexpress1on; This study s_howed that thev glucose transport defect (reduced -

plasma membrane GLUT4 content) in tra‘nsgenic db/db mrce could be':compen'sated for by .

’ inducing extra GLUTA transporters which correct for insulin resistance‘.’ This indicated that
insulin insensitivity in this mod}el may be at the leyel of :Vesicular translocation, docl{ing, or.
ﬁision, since upregulation of transporter expression could overcome the glucose transport |
defect. The transgenic db/db mice ’showedv'a marked decrease in hyperglycemia due to
increased glucose transport via the GLUT4 glucose transporter in comparison to the non- |
transgenic db/db mice. The target tissues, skeletal muscle and adip‘ose .ti‘sSue; in these mice
are resistant to insulin's action on.GLUT4 induction and/or translocation which suggests that
GLUT4 translocation may be regulated by another factor or another hormone since
translocation took place in the absence of insulin signalling. "The_ translocation defect can
be compensated by GLUT4 oVerexpressionbut it can also be potentially corrected by the |
direct action of another hormone other than insulin on elements involved in the translocation
process. If this is the case, an increased number of GLUTél transporters at the plasma

| membrane could facilitate increased glucose uptake and could improve the glycerriic s.tatus
of the NIDDM subjects. - Since the process of GLUT4 transporter protein expressiOn in the

plasma membrane and translocation is insulin-responsive, the regulation of the GLUT4
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transporter is a llkely candidate for altered ﬁlnctlon in non—msulm—dependent drabetes

mellitus and warrants further investigation.

NIDDM and Obes1tv

Several factors that may contrlbute to )the onset of obesity include overeating,
’ metab.olic ’defects hypothalamic disorders, increases in carbohydrate, fat, or protein.intake
and decreased phys1ca1 activity (Beck 1995; Guerre-Mlllo 1996). Adrposrty can mamfest
in general categones of presentation whrch reﬂect either cellular hypertrophy or hyperplasra
or both. Enlargement of the adipocytes may be due to an increase in cell volume which is
»assomated with excessive fat storage and is characterlstlc of hypertrophy Alternatrvely, an
.increase i_n the overall number of adipocytes is characteristic of hyperplasia which results' ‘
from excessive mitotic divisions (Hadley 1992). AdipoCytes within adip‘ose:tissue serveas
an efficient energy repository by houSing fat dropletswhichi contain two times the amount
of potential energy per unit of weight compared to either proteins*or carbohvdrates;
Howev_er,. the 'prevalence of obesity in relationship to non—insulin—dependent diabetes
mellitus is not yet understood. S |
Eighty-,ﬁve percent of 'individuals with NIDDMV are also Characteristically obese.
Studies have reported increased adipocyte Volumes and decreased membrane-bound GLUT4
in adipocytes of NIDDM subjects (Fabres-Machado and Saito 1995) and obese-db/dbﬂ '
animals (Estrada unpublished observations). The adipocytes in subjects with NIDDM
generally increase in lipid content, cell number, and/or cell size (Bjornt‘orp 1987), thus.

accounting‘ for the obesity'associated' with the syndrome. Obesity is also associated with -
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insulin resistance such that insulin—'sensitivetissues (primarily skeletal muscle and a'dipose'
| t1ssue) are not able to respond to 1nsu11n appropnately and thus have impaired glucose
.uptake S1nce the ma]onty of N[DDM 1nd1v1duals are obese perhaps obes1ty is also
"associated thh alteratlons in fac111tated glucose transport via defective GLUT4 transporter -} -
- : , functlon Onset of obesrty in NIDDM subjects 1nclud1ng the db/db mouse is assocrated‘

‘w1th decreases in both spec1ﬁc O2 consumptlon as well as total metabohc rate (Clark 1995;

R equ1er l987) These responses are also observed ina phenotyplcally-related model the

g ob/ob mouse (B01ssonneault et al 1978 Oh and Kaplan 1994) The reduced metabohsm
of NIDDM subJects apparently conserves energy, wh1ch is then stored causmg 1ncreased" :
' ad1p0s1ty. ~The mech‘amsm that results in a decreased.metabohc rate and 1ncreased ad1pos1ty .

"(po_tentifally leading to the onset of NIDDM) however, still remains undetermined.

Glucoregulatorv and Thyroid Hormones

There are many honnonal SIgnals that are 1nvolved ln regulatlng glycemrc status such
i ‘as glucagon .msulm,. and the catecholammes (spec1ﬁcally'epmephnne). Glucagon strmulates »

‘the release of glucose from the 11ver via glycogenolys1s (1n order to maintain short-term
‘levels of blood glucose ina well fed ammal) or gluconeogenesrs (rn order to maintain :
. glucose levels under prolonged fasting or exer_clse penods)’.. :Insuhn_rs _secreted by ’thc Islets
| 'of Langerhans 1n the pancreas, speclﬁcaﬂythe Blfcells, in response tov_elevated’ serum glucose ‘
levels; : Insulin enhances” glucose uptake by the hepatocytes': myocytes' and‘adipocy’tes where |
itis metabohzed stored as glycogen or used as a substrate to synthes1ze proteins or fats.

v Epmephnne however mh1b1ts glucose uptake by adlpocytes durmg perlods of stress. This
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o ._enSu'res' that during times of such'aCtivity, glucose" is»taken’up»moref"readily" by'the'liver o

: a‘skeletal muscle or bram 1nstead of be1ng stored away Thus serum glucose levels are not S

- ._.:regulated solely by one hormone but rather regulatron 1nvolves the actlon of multrple' o

S hormones that are dependent on the phys1olog1ca1 status of the 1nd1v1dual
‘ Whrle a varrety of -causatlve agents (mentloned above) ‘have been »proposed in the s
o regulatlon of the glycennc status w1th1n an mdrvrdual another hormone trnodothyronlne- . } ;

*'(T3) may be 1nd1rectly 1nvolved in regulatlng the glucose levels Thyr01d hormone plays a

role in the regulatlon of growth, development and metabohsm (Glass and Holloway 1990) e el

' : Thyrord hormone controls the basehne metabollc rate of ammals and 1s also permrss1ve to R

' 'Mthe actlon of other hormones such as 1nsul1n (Hadley 1992) Th1s means that thyro1d';v =
3 'fi"hormone actron is requlred for 1nsu11n to act on: the 1nsul1n-sens1t1ve trssues and elicit: a
- response However NIDDMlndmduals are res1stant to 1nsu11n and the1r t1ssues cannot; T
: »fv"adequately take up glucose Thus thyrord hormones perrmsslveactron to 1nsu11n should ,‘ )

o mcrease 1nsu11n sens1t1v1ty at the target trssues and thyr01d hormone should be accounted for‘ -

R 'as a potentlal medlator in N]DDM

Thyr01d hormone 1s regulated at several levels and by several t1ssues The

: vhypothalamus regulates p1tultary gland secretlon of thyr01d stlmulatron hormone (T SH) v1a"‘ :

o : ithyrotropm releasmg—hormone (TRH) The p1tu1tary gland produces and releases Thyr01d- “ .

e ."jStlmulatmg Hormone (TSH) wh1ch 1n turn st1mulates the thyr01d gland to produce’ o

e ; f.thyroxme (T4) the metabohcally 1nact1ve form of thyro1d hormone T4 is converted to the. f.

metabohcally act1ve trnodothyronme (T3) v1a 5'-monodelod1nase in the hver and krdney T3”" :

- ”1s responsrble for regulatrng metabohc act1v1ty w1th1n most cells (Oppenheuner 1994) It'_‘.“ o |




acts by binding to nuclear receptofs Iocated oh the DNAVF wheré it forrhs dimeric hormone-
receptor complexes which are resp.pnsible fOf regulating gene traﬂscﬁption ‘and the
expression of geﬁe products. This hormone is responsible for regulating metabolism at the
tissue level. It potentiates lipogenesis (fat synthesis) in the livef by inducing the synthesis
of hepatic lipogenic enzymes, lipolysis (fat catabolism) in adipose tissue by inducing the
lipoiytic enzymes (Glass and Holloway 1990), and thermogenesis (heat production) in
skeletal muscle by inducing Na'/K'-ATPase (Glass and Holloway 1990; Oppenheimer
1994). It is, therefore, an important regulator of oyerall energy balance.

The db/db mice are resistant to thyroid hormone (T3) which means that the farget
tissues are relatively unresponsive to the action of thyroid honnone. While these animals
have high serum T, levels which make them technically hyperthyroid, they are functionally
hypothyroid since they are hyporesponsive to T;. The target tissﬁe resistance can be
overcome with supraphysiological doses which results in an enhanced metabolic response,
activation of fat mobilization from adipocytes, restoration to normal metabolic rates, and
increased thermogenesis (Clark 1995; Estrada unpublished results). These are responses
that are potentially linked to glucose transpbrt since an increase in glucose uptake can
provide the substrate to be utilized in metabolic and thermogenic processes. Since db/db
animals are T} resistant, thyroid hormone cannot elicit its permissive action to insulin within
the animal's tissugs. This may contribﬁte to the insulin resistance characteristically seen in
NIDDM subjects. Thus, the insulin-responsive GLUT4 transporter is a likely candidate for

thyroid hormone regulation.
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Thyroid hormone has been reported to regulafe GLUT4 expression in adipoée tissue
(Matthei et al. 1995) and skeletal muscle (Weinsfein et al. 1994; Weinstein ef al. 1991;
Casla et al. 1990). A pilot study (Estrada unpublished results) on the éﬁ’ect of T; on
GLUT4 expression has also shown that T, regulates the GLUT4 transportér in the db/db
mouse. Thyrqid horrnoné treatﬁlent regulateé the redistribution (translocation) of the
GLUT4-containing vesicles within the cytoplasm of adipocytes toWards the plasma
membraﬁe and may regulate the docking-ﬁlsion mechanism (Esfrada unpublished res'ults).k :
However, no published information exists on the role of thyroid hormone‘ on GLUT4

glucose transporter regulation in db/db mice.

Proposed Effect of .Th‘vroid Hormone on GLUT4 expression

In the present étudy, thé effect of T, on GLUT4 glucose transporter expréssion will
bb‘e assessed in lean CS7BL/KsJ +/db an({ obese-diabetic C57BL/KsJ db/db mice. - This will
" be done by comparing the content of GLUT4 transporters in adiposé tissue and skeletal
musbcle’ from vehicle-treated normal and obese-diabetic mice with the tissues obtained from
normal and diabetic mice treated with exogenous Tj for» nine days. Because adipose tissue
: and skeletai muscle in db/db mice are resistant to insulin (feviewed in Bray and York 1979;
Hﬁmmel et al. 1966), the quantity of GLUT4 present in the plasma membrane is expected
to>be below normal since insulin action is needed to induce GLUT4 mRNA'expreSsion
(Sinha etal. 19‘9-1).‘ The quantity of GLUT4 in the cytoplasmic fraction (the result of gene |
transén'ption and translation) and plasma membfane fraction (the reéulf of prbtein transport, |

docking, and fusion) will be evaluated.
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The target tissues in individuals With NIDDM are resietant to insulin leading to
impai'red glueose uptake and hyperglycemia. In insulin- and T,-resistant db/db mice, the
insulin response may be restored via overcomrng the thyr01d hormone resistance w1th
supraphysrologrcal doses of T,. This could then result in regulation of the GLUT4
,transperter via T, treatment. Under the assumptlon that T, may play a role in GLUT4
expression and/or Ve'sicular trafficking, treatrne_rrt with thyroid hormone should increase
FGLUT4 transcription. This, in turn, should lead to increased‘_’ translation of rhe GLUT4
transporter protein. Subseqﬁently; an increase ir1 GLUT4-containing vesicles should be
obser\red, as well as increased vesicle fusion with the plasma membrane of adipocytes and
myocytes of db/db mice.

There are. ﬁve potentral srtes of actron for regulatron of the GLUT4 glucose
transporter if the GLUT4 quantity at thev plasma membrane increases in respOnse to T,
- treatment. 1) T; may regulate gene eXpressron at the transcriptienal level because thyroi_d
hormone has nuclear receptors on the DNA. | This could potentially regulate gene
transcription of mRNA for the GLUT4 transporter or various elements involved in the
GLUTA4 trafficking nrechanism; 2) This event couldb alternatively lead to increased translation
of the GLUT4 transporter protein by enhancing translational efficiency; 3) or by stabilizing
the GLUT4 transporter mRNA; 4) Triiodothyronine might also increase incorporation of
GLUT4 transporters into vesicles via regulation of processing occurring within the Golgi
cemplex; 5) Thyroid hormones (T, in this case) have been shown to regulate actin
polymerization and this may play a role in GLUT4 vesicle transr)ort and fusion with the

plasma membrane (Leonard 1997). An assessment of total GLUT4 protein expression and
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cellular distribution was perfofmed ina pilot project to narrow these bpossibilities.‘

‘The pilot project of GLUT4 eXpréssién iﬁ ‘a"dipovcytes was conducted using an
éxperimental design similar to that ﬁroposed for this study except that the tissues were not
homogenized ffesh‘but rather after stbrage bat -20°C. Normal (+/db) and diabetic (db/db)
mic¢ were treated with exogenous T, (0 ng/g BW or 500 ng/g BW) for ten days and eabh "
treatment groﬁp consisted of five animals. Animals were euthanized on day 10 of study with
CO,. Adipose tissue was extracted and homogeniied in order to separate the cytoplasmic
and plasma membrane fractions. Hobmogenates (0.5 ug protein/ 100 ul) were loaded onto
nitrocellulose paper uéing a dot blot apparatus for immunodetection of the GLUT4
transporter. A commercial polyclonal GLUT4 antibody (rabbit-anti-insulin regulatable
glucose transporter, East Acres Biologicals) was used to identify the GLUT4 transporter
and was visualized using chemjlumenescen;:e detection (Amersham RPN 2108). GLUT4
transporters were quantiﬁed using a Bio-Rad video densitomter and data were reported as
OD units. |

| Total GLUT4 expression in +/db mice increased with T, treatment which suggested
GLUT4 induction in response to T,. In db/db mice, total GLUT4 expression decreased with
T, treatment (Table 1). The quantity of GLUT4 in the cytoplasm of +/db mice increased
with T, treatment (0.158iO.Q7 VS, 0.196$0.05, repectively; ps0.0S)k whereas in db/db
” ammals, thé cytoplasnﬁc quantity deCre’ased in response to T; ‘(0.28410.(‘)4vs. 0.178+0.07,
respectively; p<0.05). The quantity of membrane-bound GLUT4 transporter in +/db
 animals did hot change with T, tréatmeht (0. 168+0.05 vs. 0.170+0.02, respectively; p>0.05)

which suggested T; had no eﬂ‘e‘c"t‘vand represented ‘normal turnover. However, in db/db
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TABLE 1 OD readmgs of adlpocyte cytoplasnuc and membrane-bound GLUT4 proteins
in vehicle-treated (0 ng T;/g BW) and Tj-treated (500 ng / g BW) normal (+/db) and diabetic
(db/db) mice. (Values+ SEM, n=5).

Phenotype/Treatment Group Cytoplasm Membrane-Bound | Total GLUT4

+/0 0.158 +0.068 0.168 +0.053 0.326+0.16
db/0 0.284 £0.040 | 0.062 £0.058 0.346+0.13
+/500 = 0.196+0.047 0.170 £0.020 0.366+0.23

~db/500 ' 0.178 +0.071 | 0.090 +0.024 1 0.268£0.12

animals, the GLUT4 quantity increased at ther‘ plasma mémbrane with T; as a concomitant
decrease in cytoplasmic GLUT4 was observed. These were.indicatiorls that GLUT4
transporters were being redistributed from the cytoplasm to the plasma membrane in db/db
animals. The intent of the pilot study was to determine if thyroid hormone altered GLUT4
transporter expression in db/db mice. Based on this study, it was concluded that thyroid
hormone was not likely to be aﬁ‘eoting GLUT4 transporter mRNA transcription in the
insulin-resistant db/db mice because a'pool of oytoplasmic GLUT4’transport'ers existed in
vehicle-treated db/db mice.
L Adipocytes were evaloated in the pilot study aé a reference poiht 50 2 to provide a
: ffamework on tho role of thyroid hofmoho in regulating GLUT4 éxpression. This could
then be used to formulate hypotheses- 'm reference to the action of thyroid hormone on
GLU_T4 expression in another insulin respon'siye xtissu»e,’ skelé‘;al muscle, and the impact it
would have on melabolic responses obSefvecl m other’ studies. Ih the currént sfudy; GLUT4
‘protem express1on and subcellular distributions will be assessed in normal and d1abet1c mice
to see if T, mﬂuences GLUT4 transporter trafficking phenomena This w111 be done by -

quantifying the total GLUT4 transporter present in the cell cytoplasm and plasma membrane

20,


http:0.366�0.23
http:0.346�0.13
http:0.326�0.16

. under Vai‘ious thyroid hormone treétménté to determine if GLUT4 t'ra,n'sporter‘ translocation
' from the pytoplasm té the plaS'ma mémbrane occurs. The totéi GLUT4 quantity will be
'indicative of the inductio’n.«pro¢e§s»and fhg distribution of the cytoplasmic and membrane-
bound GLUT4 fraétions ‘will be ’represenfativé of the trafficking mechanism. ‘The: :
_ implicatior‘lk of iﬁéréased numbers' of mémbrane-bound GLUT4 transporters is that it would
~ allow for increased glﬁcbse transpoff into skeletal muscle and adipose tis‘sue. This Would‘
then be utilized by the skeleta_i muscle aS a fuel source for thermogenesis. If an increase in :
heat productioﬁ does occur, the b‘ody temperatures ’of db/db mice shoul.d increase and an

increase in oxygen consumption should be observed.
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CHAPTER TWO: MATERIALS AND METHODS

g Anjr‘nals‘and Tissues
C57BL/Ks] heterozygous normal (+/db) and homozygous diabetic (db/db) mice were
“obtained from Jackson Labo‘rettories (B»ar Harber, Maine). The animals were housed at
approximately 23 °C under a 14:10 light:dark cycle. Lights were on from 6 am until 8 pm
daily, and five animals were housed per cage in 1 1"' long X 7" wide X 5" tall plastic cages
with wood chip bedding and white tissne. Water and Teklab 4% rodent ehew were

available ad libz'tum.

Female +/db and dbldb mice, 8_-10 week ‘Qld, were preconditioned 1 week prior to
study by. handling, leXpo.sure to ‘metabolic chanlbets; nnd being subjected to temperature
reading procedures. After preconditioning, aniinals received daily intraperitoneal injections
~ of thyroid horrnone (L-3,5,3' trilodothyronine; Sigma #T2877) in doses of 0, 100, 200, etnd
560 ng T,/g body weight for nine consecntive days (Kaldusek 1986; Ciark 1995). T, was
prepared daily using 100 pg/ml in 0.5 mM NaOH and was protected from light via wrapping
the injection bottle with | aluminum foil. The control animals received intraperitoneal
injections of 0.5 mM NaOH in preportional Volurnes (2 ul/g body weight). Each treatment
group consisted of five +/db and five db/db animals. Injectione were administered between
8 am and 10 am after daily body weighte, metabolic ieadings, and body temperatures were
‘recorded. On day 10, animals were euthanized by CO,. Blood was collected from each -
animal by cardiac puncture. ‘Tissues (adipose tissue and skeletal muscle) were excised and

.pr,ocessed (see below) to obtain homogenates for GLUT4 analysis.
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" Metabolic Rate Determinations and Temperature Studie

Oxygen consumptron and carbon drox1de productlon rates of the mice were measured

“for 3 minutes each day for 10 days us1ng an Ametek S A/ Oxygen Analyzer and an
}_Ametek CD- 3A Carbon Dioxide Analyzer An open flow system us1ng room air was
- utihzed and was calibrated daily prior to use w1th‘ gases of known coneentrati’ons‘ : Readings
i were1 takenvat a constant flow rat_e_ ofl 400 ml per minute (as determlned by : Gilmont
Floyvmeter, model D-665) in order to determine relative-metabolic responses. Daily 'récta1~
bodyte"mperatures for normal and dianetie' mice were recorded usinga temperature probe
v (Sensortek Thermocouple model BAT 12) and radiant heat was measured on days 7-10
w1th a Mlcroprocessor Thermometer (Type J -K-T Thermocouple model HHZI) Data are

reported as resplratory quotlent (RQ ml CO / ml 0, and temperature (°C).

GLUT4 Fractionation Studies

,O_mental adipose tis’sue‘((l.25‘ g) and gastrocnemius skeletal muscle (0.05 g) were
excised and homogenized in 1 ml of STM/PMSF‘ buffer (0.32M sucrose, 3mM MgCl,, and
| 0.5% TweenZAO, O IM Phenyhnethylsulfonyl Fluoride) using a motorized glass homogenizer

at, room temperature for 45 seconds. Homogenates were centrifuged at l4,-00(l g for 5
bminutes at 4°C (Herman‘et al. 1994) to produce a supernatant containing the cytoplasmic
» vesicles and a pellet containing the plasma membrane with docked Vesicles The supernatant
(approxnnately 1 ml) was transferred to a fresh microcentrifuge tube. In order to solub111ze
| | membrane-bound protelns in the pellet (docked Veslcles and fused transporters) 5 ml of

STM buffer was added to the pellet and this was subsequently son1eated (Bronwill Biosonik
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mbdel) for 1 minute at 80% poWer and the.iesultant homogenate centrifuged at 14,000 g
for 5 minutes at 4°C (Herman“et al. 1994) to remove remnants of the plasma membrane and

vesicles. The hombgenates_ were stored at -20°C until analyzed.

' GLUT4 Quantification

The Coomassie Brilliant blue method (Bradford 1976, Matthaei ef al. 1995) using a
Bovine Serum Albﬁhﬁn (BSA, 'Sigma #A7906) standard was uﬁlized to quantify the protein
content of the supernatants and the pellets.

A 100 pl aliquot of homogenate (approximately 0.313 pg) was subjécted to dot
blotting and immunodetection using a polyclonal antibody against GLUT4 (Rabbit Anti-
Insulin Regulatable Glucose Transporter, East Acres Biologicals) (Burcelin 1993). A 96-
well nlicrotiter plate was prepared that contained various dilutions of the supernatant and
pellet samples resulting in 0;3 13 g total protein/100 pl for dot blot procedures. A 100 pl
. aliquot‘of each sample was loaded into individual wells of the dot blot manifold. Samples

were loaded on to the nitrocellulose membrane (0.2 pm, Protran #BA83) by vacuum and
each well was rinsed twice with 100 ul TBS (20 mM Tris, 500 mM NaCl, and 0.0001%
ﬁieﬂhiolate, pH 7.5). The nitrocellulose pvaper was blocked with BLOTTO (5% Carnation
non-fat milk in TBS, Tris-buffered Saline) for 30 minutes at room temperature, while |
shaking. A 1:10,000 dilution of GLUT4 polyclonal antibody (5 ul in 50 ml BLOTTO) was
added to the blot which was ‘incubated in a covered polyethylene dish while shaking
;vovernight at room fempera‘ture. ThlS Was'followed With 3 BLOTTO rinses for 10 minutes

each at room fempefafure.> After the third rinse, 10 ul of the secondary antibody
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| (biotinylated goat-anti-rabbit IgG, Sigma#B-9642) in 25 ml BLOTTO (a 1:2500 dilution)

' Was added and'incubated at room temperatur_e fof‘s hours While shaking. Following.this ,

- 1ncubatron blots were rinsed in TBS 3 times at room temperature for 10 minutes each.

'Twenty rmcrohters of av1d1n—horse radrsh peroxrdase (AV-HRP Bio-Rad) in 20 ml TBS (a

- 1:10,000 dllution) was added and 1ncubated at room temperature for 1 hour wh11e shaking, =

followed by 3 rinses in TBS. The blot was then sub]ected to chemilummescence detectron :
. '(Amersham #RPN2108) using Kodak RP X-Omat ﬁlm The GLUT4 ﬂuorograms were
_ quantlﬁed us1ng a Bio-Rad model 620 Vrdeo dens1tometer (Herman etal. 1994). GLUT 4

~ protein data are reported as Optrcal Den51ty (O.D._) umts. ’

Serum Glucose Determi_nation
© Serum glucose concentrations Were determined with a comrnercial glucose assay kit
(Sigma #115A) using 0.4 pl of serum from each animal. This assay produces a colorimetric
response measured at 520 nm using a microplate» reader (BIO-TEK instruments,- Model EL

312e) that is proportional to the serum glucose concentrations. Data are reported as mg/dL.

Statistical Analysis | |

‘Data represeneting body mass, temperature, metabolic studies, GLUT4 transporter
protein. characterization, and the serum glucose assay were subjected to multifactorial ’
- analysis of variance (AN‘OVA) and Duncan's Multiple Range Test (Mason et al.- 1989).
‘Data are reported as means + SEM»and n=5 in all cases. A single asterisk * denotes

significance at p<0.05 and tv‘,v'o.asterihsks.(**) denote significance at p<0.01..
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| CHAPTERTHREE: RESULTS

‘ »GLUT4 Fractlonatlon Charactenzatlon o

The effect of T on GLUT4 transporter express1on in +/db and db/db mlce was LAl

- imvestlgated by comparmg the total GLUT4 transporter express1on cellular d1str1but10n of -

o GLUT4 transporter (cytoplasmlc GLUT4 protem fract10n and membrane bound GLUT4)

-and the fractlon of GLUT4 transporters assocrated W1th the plasma membrane in adrpocytesf o
_and myocytes obtamed from vehlcle-treated and T, -treated ammals Tlssue homegenates o

,‘ c0ns1sted of pnman_ly myocytes (skeletal muscle) and adlpocytes (ad1pose tlssue), - |

TS e

. -Optical Density (OD Units) L

B e o - ——
S0 1000 . 2007 300 400 500
. Jo T, Dose (ng/ g BW) :

Figure 1. TotaliGI;UTZl transporter content in adipocytes of normal (+/dlb) and diabetic
~ (db/db) mice treated with T; (0, 100, 200, and 500 ng/g BW) Compansons are between
: phenotypes at the gwen dose»(Values are i SEM n—5) L o o

Total GLUT4 transporter quantlty (cytoplasnnc fractlon and membrane assocrated 3
o fractron) was assessed in adrpocytes of +/db and db/db nuce in response to T (Flgure 1) .



The tQtal GLUT4 (iuantity in adipocytes .of +/db animals that were vehicle-treated or treated
with 100 or 200 ng Ty/g BW were not altered. In thé mice that received 500 ng>T3/ g BW
dose, the total‘ GLUT4 quantity décre_ased in comparison fo the vehicle—trebated animals
'(1.758#0.15 vs. 1.99+0.19 OD units, respectively; ps0.0I). Thes‘ev data suggést that within
physiological ‘céncentrations "[;3‘t'reatment doés not alter the number of GLU‘T4> glucose
’ traﬁsporters aﬁd apparently does not regulate induction. In db/d_b mice, the total GLUT4
quantity in adipoéytes of Vehicle-treated animals was apbroximately 50% less than normal, |
thicle—treated animals (0;886i0. 15 vs. 1.9940.19 OD units, respeCtively; ps0.0l).
vHovwever, increésihg dosés bf T, ‘incr:easedv t(l)jtall GLUT4 transporter expression in db/db
~ mice (Figufe 1) with maxima1 éxpreséibh ocCurriﬁg at 500 hg_T3/g BW. At this dosé, the
. total quantity of GLUT4 trgnsporters was greater than vehicle-treated db/a"b mice
(1.928+0.11 vs. 0.886:&0. 15 OD unjts, respectively; p<0.01) and approached the quantity
observed in vehicle-treated, +/db animalé (1.928+0.11 vs. 1.99+0.19 OD units, respectively;
p>0.01). This suggests that GLUT4 transporter induction occurred in response to T,-
tfeatment whjéh resulted in ﬁonnalization of t'oial GLUT4 trahsporter quantities.

The quantity of GLUT4 transporters in the cﬁoplasm of adipocyte}s. was assessed in
+/db and db/db mice (Figure 2). The baseline express‘ion‘ of GLUT4 transporter protein in
the cytoplasm of adipocytes of Veh.icle-tre;ated.,‘ +/db ‘anima;ls was ‘1 .488+0.18 OD units and
ﬁo'change was observed at 100 and 200 ng T3/ g BW_doses. Treatment with 506 ng T3/g ‘
BW, héwever, caused a. decréase in quantity (1 488+0.18 vs. 1.04+0.13 OD units,

respectively; p<0.01). The baseline quantity of cytoplasmic GLUT4 transporters in
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EL Flgure 2 Cytoplasmrc GLUT4 transporter content in ad1pocytes of normal (+/db) and
- diabetic (db/db) mice treated with T, (0, 100, 200, and 500 ng/g BW) Compansons are

) between phenotypes at the glven dose (Values are £ SEM, n~5)

ad1pocytes of a’b/db mice was approxrmately 50% less than normal Vehlcle-treated ammals :

(O 624d:0 11 vs 1488iO 18 OD umts respectlvely, p<0 01) In d1abet1c mlce the :

cytoplasrmc quant1ty of GLUT4 transporters at the dose of 100 ng Ty/g BW decreased
: s1gn1ﬁcantly to 0 326iO 02 OD units (p<0 05) and agaln at the physrologlcal hyperthyr01d' -
dose of 200 ng T3/g BW (0. 288i0 10 OD umts p<0 05) 1n comparlson to the Veh1cle-r

treated db/db mice. However, the quantlty of GLUT4 transporter w1th1n the cytoplasm at o

o the supraphys1olog1cal dose (500 ng T / g BW) 1ncreased more than 2-fold in comparlson L

o the vehrcle treated db/db ammals (1 SSiO 22 vs 0.624+0. 22 OD un1ts respectrvely,‘ o

p<0 Ol) and approached values of normal Vehlcle-treated ammals (1 SO:I:O 22 vs.
: 1 488ﬂ:0 36 respect1vely, p>0. 05) These data suggest that T, treatment plays a role in

| normahzrng the cytoplasnuc quant1ty of GLUT4 transporters in db/db mice.
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‘Figure 3. GLUT4 quantity associated With plasma membrane of adipocytes of normal
(+/db) and diabetic (db/db) mice treated with T, (0, 100, 200, and 500 ng/g BW).
Compariscns are between phenotypes at the given dose (Values are + SEM, n=>5).

_ . The baseline GLUT4 quar_itity' associated witli the plasma membrane of adipocytes iri
Vehicie-'rreated v+/db‘ mice, shown in Figure 3, was approximately 0.502i0.03 OD units; T, |
~ did not change this Value at an& dose (0.47010.01, 0.600:£0.17 OD units, and 0.406+0.10
OD units respectively, p>0.05). These values represent the normal expression levels of
GLUT4 transporters at the plasmamembrane.‘ The baseline expression of the GLUT4
trarisporters associated with the plasma membrane of adipocytes from vehicle-treated, db/db
a " mice \a}as approkima‘rely 50% less than normal_ mice (0.262i0.05 vs. 0.502+0.03 OD linits,

' :respectively;_ps'Q_.OS); The rebiacement_;dcse cf 1.(50 né Ti/g BW restored menibrane-bOund ‘

s GIsUT4. levels te th‘osezof hcrmai, Veiiicle-dt_rea_teci‘arlimals (0.474+0.01 vs. 0'502&0'05 oD
units, respectively; p’>0.05).’ At rhe hyperthyroid‘dose (200 ng T_,/g‘ BW), the qliantity of

GLUT4 transporter associated with the plasma membrane increased dramatically in
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| eomparison to vehicle-treated db/db mice’ (0.26210.05 vs. O.986:t0.5'5‘ OD units, -
respectively; p<O0. 05) and ’exceeded 'that of +/db n1iCe treated wtth the same dose" '
(O 986i0 28 vs. 0.600+0.17, respectlvely, p<0 05) However the GLUT4 quantlty in db/db |
mice at the supraphyswlogrcal dose ‘was 1ndlst1ngulshable from that of normal ammals ‘
(O 4284+0.14 vs. 0. 406i0 100D umts respec’uvely, p>0 05). The membrane bound GLUT4"
quantity of db/db mice 1ncreased with the replacement and hyperthyr01d doses in
COl‘ljuththIl w1th decreases in cytoplasr_mc; GLUT4 transporter.content. Thrs, redrstnbutlon
suggests that T may play an impertant rol_e"in supportlng -Veeicular translocation.

" The proportion of total GLUT4 transporters aes'ociatect w1th the niaSma membrane
Was'assessed inadipecytes of -h/db _and'db/db mrce.in,order to deterrninewhether T, might

play a role in regulating GLUT4 transporter cellular distributions and are reported as a

0.8 : *;}

0.6 C'p , » \K db/db

i N

02

GLUT4 Fraction Associated with Membrane (PM/Total GLUT4)

. T T N T
0 100 200 300 400 '500
) T, Dose (ng/ g BW)

Figure 4. Fraction of GLUT4 transperters associated with p.lasma membrane of adipecytes .
of normal (+/db) and diabetic (db/db) mice treated with T (0, 100, 200, and 500 ng/g BW).
‘Comparisons are between phenotypes at the given dose (Values are + SEM, n=>5).
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percentage (Figure 4). “The plasrna membranes of vehicle-treated +/dbv mice.' contained
26i3% of the total GLUT4 quantrty The GLUT4 transporter percentage assoc1ated with
the membrane remained unchanged at all doses of T, in comparison to Vehrcle-treated
animals. These data suggest that the distribution of GLUT4 transporters between the
cytoplasmic fraction and plasma mernbrane is not under control by T,, at least with respect
‘'to physiological vdoses present in +/db animals. In vehicle-treated db/db mice, the
percentage of GLUT4 transporters associated With the plasrna membrane of adipocytes was
29.5+1% (Figure 4); In mice that received 100 ng T,/g BW dose, the percentage of GLUT4
mcreased approximately 2-fold in comparison to vehicle-treated db/db animals (59i2% VS.
29.5+1% respectively, p<0.01) and subsequently increased again with 200 ng T /g BW to
76+7% (p<0.01). With 500 ng T,/g BW, the percentage of GLUT4 associated with the
membrane significantly decreased in comparison to db/db mice receiving hyperthyroid doses
(21.6+6% vs. 76+7%, respectively; p<0.01), and approXimate values observed in +/db mice
(21.6:6% vs. 26+3%, respectively; p>0.05). In vehicle-treated animals, the fraction of total
GLUT4 associated u/ith the plasma membrane is equal in both +/db and db/db mice
suggesting a proportionate distribution. T; treatment does not alter GLUT4 redistribution
in +/db animals. But, in db/db mice Which are T, resistant and functionally hypothyroid, T,
stimulated a redistribution with proportionately more GLUT4 residing inr the plasma
membrane. This represents the basal effect of T; on GLUT4 trafficking because db/db mice
are "normalized" at supraphysiological T3v doses. Tirese data show that T, treatment
increases the percentage of GLUT4 transporters associated with the plasma membrane of

adipocytes in db/db mice. Thus, T; plays a role in GLUT4 transporter translocation.
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Figure 5. Total GLUT4 transporter content in myocytes of normal (+/db) and diabetic
(db/db) mice treated with T; (0, 100, 200, and 500 ng/g BW). Comparisons are between
phenotypes at the given dose (Values are + SEM, n=5).

Skeletal muscle is the major thermogenic tissue and the most metabolically active. It
is‘insulin-responsive and accounts for 85% of serum glucose uptake in fhg body. Therefore
it is important to examine the GLUT4 transporter profile in myoéytes. The total GLUT4
quéntity was détermihed in the myocytes of +/db and db/db micé (Figure 5).‘ The total
GLUT4 transporter quantity in‘Vehic‘lé-treated ‘+/db animals was 0.58+0.04 OD units and
this subsequently increased with thyrdid hormone treatment with the maximal response
occurring at 200 ng T,/g BW (0.744+0.02 OD units). However, at the supraphysiological
dose, the total GLUT4 transporter quantitysigniﬁcantly decreased relative to mice receiving
200 ng T,/g BW (0.664+0.04 vs. 0.7443:0.02 OD units, respectively; p<0.05). Although
ot significant at p<0.05, ;Lhe total GLUTA4 quantity observed in animals receiving 500 ng

T,/g BW was apparently greater than vehicle-treated +/db mice (p<0.10). The increase in
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total GLUT4 transporter quantity sﬁggests that T, induces GLUT4 transporter expressioh
in normal animals. | | | |

~ The tot‘al GLUT4 transporter quantity in myoéytes of vehicle-treated db/db animals
was similar to that of vehicle-treated normal animals (0‘.572i01.03 VS. 0.5.80i0.04: OD units,
respectively; p>0.05). Treatment with 100 or 200 ng T,/g BW caused the total GLUT4
quantity to increase. At the supraphysiological dose (SOO ng T,/g BW), the total GLUT4Y
transporter quantity iﬁ db/db mice appréached values observéd‘ in Vehjclé-tfeated +/db
animals (0.594i0.02. Vs. 0.5810.04 OD units,'respectively; p>0.05). This suggests that
some GLUT4 induction at 100 and 200 ng T,/g BW doseé occurred with thyroid hormone
treatment and T, had a normalization effect on the total GLUT4 transporter quantities.
Also, attenuation responses were observed with supraphysiological T, treatment. These
responSes in db/db mice paralleled the pattern observed in +/db animals but always to a
lesser degree.

The distn'butiohs of GLUT4 transpofters in the cytoplasm and plasma membrane were
also determined in skeletal muscle (Figures 6 and 7) and an expression pattern similar to
adipose tissue was observed. The baseline expression of cytoplasmic GLUT4 transporter
in myocytes of vehicle-treated (0 ng Ts/g BW) +/db animals was 0.268i0.,03 OD units
(Figure 6). The cytoplasmic GLUT4 transporter quantity in myocytes of +/db mice
increased linearly with treatments of 100 and 200 ng Ty/g BW. Treatment with 500 ng Ty/g
BW also increased cytoplasmic GLUT4 but to a lesser degree (0.402+0.03 OD units).

In db/db mice, the baseline expression of cytoplasmic GLUT4 in myocytes was
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Figure 6. Cytoplasmic content of GLUT4 transporters in myocytes of normal (+/db) and
diabetic (db/db) mice treated with T, (0, 100, 200, and 500 ng/g BW). Comparisons are
between phenotypes at the given dose (Values are £ SEM, n=5).

C.326i0.03 oD units (Figure 6). vThe cytoplasmic GLUT4 quantity in vehicle-treated db/db
mice was not significantly different than +/db banimals but the quantity of cytoplasmic
GLUTH4 in db/db mice decreased with all doses of thyroid hormone (p<0.05). However, the
cytoplasmic GLUT4 content transporters of db/db mice approximated values of vehicle-
treated +/db mice when treated with 500 ng T,/g BW.

The baseline YGLUT4 transporter expression in the plasma membrane of Vehicle-treated
+/db mice was' 0.312+0.03 OD units- (Figure 7). The quantity of GLUT4 glucose '
 transporters associated with the plasma _,membrene in these animals decreased with thyroid
hermone ‘treatment (p<0.05). In Vehicle—trezited db/db nﬁce, the baseline GLUT4
trahsporter quantity was less than vehicle-treated +/db mice (0.246+0.02 vs. 0.3 12+0.03

OD units, respectively; p<0.05). In contrast to normal animals, thyroid hormone treatment
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 Figure 7. GLUT4 quantity associated with plasma membrane of myocytes of normal (-+/db)
and diabetic (db/db) mice treated with T; (0, 100, 200, and 500 ng/g BW). Comparisons
- are between phenotypes at the given dose (Values are + SEM, n=5).

increased the qt;antity of GLUT4.. trensporters associated with the plasma membrane in
db/db rrﬁce. The GLUT4 quantity with sﬁprabhysiological Tg doses approaehed values of o |
‘norm‘al, Vehjcle-treated animals '(0.302i01.02v vs. 0.31240.03 OD units, p>0.05) rrvhich » "
suggests thatT3 normalized db/db mice. The observed increases in GLUT4 transporters
associated with the plasma membrane as the cytoplasmic poel decreases suggvests thett in
db/db' mice vesicular translocation oc_cursv ln .resbonse to tlryroid hormone adrrrirristratien.'
To further evatluate the possibilities of T .-induced vesicular translocation ln myocytes
the quant1ty of GLUT4 transporters‘assocmted w1th the plasm'ct membranes were assessed o
and reported asa proportlon of the total cellular GLUT4 content. In Vehlcle-treated +/db
animals, the percentage of GLUT4 was approx1mately 54+4% (Figure 8). Normal ‘mice

showed dose—dependent decreases in the GLUT.4 transporter percentage assoc1ated with the
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" Figure 8. Fraction of GLUT4 assbciated with plasma membrane of myocytes of normal
(+/db) and diabetic (db/db) mice treated with T, (0, 100, 200, and 500 ng/g BW).
Comparisons are between phenotypes at the given dose (Values are + SEM, n=5). -

plasma membrane up to 200' ng Ty/g BW. The percentage of GLUT4 transporters
associated with the piasma membrane of myocytes in vehicle-treated db/db animals was less
than the vehicle-treated +/db mice (43.3£3% vs, 54+4%, respectively; p<0.05). Treatment
with thyroid honnone.‘increased the percentagé of GLUT4 transporters associated with the‘
plasma membrane at all doses in db/db aﬁiméls and surpassed the percentagé of GLUT4
transporters associated with the plasmalmembr‘an‘e of +/db mice at the 100 rig‘ Tg/ g BW dose
(58.24+6% vs. 54:&9%, pso.Ol)ﬁ 'HdWéVéf, at fﬁeféﬁpraphysiologiéal dbse, the percentage
- of GLUT4 transporters associated with the 'méﬁabraﬁe appvro.ached the ‘percentage values
observed in Vehiclé-treated +/db banimals (57.217% vs. 54+8%, p>0.05). ‘vThe'se data
su‘gglest that T, stimulates‘GLUT4 ‘transvporterb ._translo»cation to the plasma niembrane of

myocytes in db/db mice. The significant increase i_n the percentage of GLUT4 transpoi‘térs
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associated with the plasma ﬁlembrane observed in ‘myocytés from db/db mice is important
since this fnay facilitate increased glucose uptake in skeletal muscle.
T, treatment regulated the induction and vesigular translocation mechémisms in ‘adipose'
tissue of db/db animals. T did not induce GLUT4 expression in +/db mice since total
GLUT4 expression decreased with tfeatment but did induce GLUT4 expreséioﬁ in db/db
mice. Thus, the decrease in cytpplaémic G_LUT4 that was ébserved within a'dipocyte,s’ of
+/db animals may be attributed‘to :eith»er decreased indtictidn of the GLUT4 .glucose
transpérter or decreased plasma membrane internalization. In yehicle-treat_ed Jﬁ/db vanimals,
the cytoblasmic GLUT4 quantity decreased with T, whereas in db/db mice it‘increased. The
decreased cytoplasmic GLUTA4 transporter quantity observed in &ehicle—treated db/db
animals may‘reﬂect a pfoblem with the induction process. Vehicle treatment in db/db mice
represents "hypothyroid" concentrations and treatment with T, reétores the animal to
.functionally euthyroid | T, levels. Thus, with T; treatment, GLUT4 transporter levels
approximate those of normal arﬁmals. The plasma membrane associated transporter quantity
in normal mice was unaltered with T, doses. Although translocation of the cytoplasmic
GLUT4 towards the plasma membrane was observed in db/db animals with thyroid hormoﬁe
treatment, a decrease in membrane-éssociated GLUT4 tré.nsporter quantity with a
concomitant increase in the cytoplasmic pool was observed at the subraphysiological doses
which may represent either attenuated T, re_sponsiyeness or accelerated internalization of
GLUTA4 transporters.
Alterations in skeletal muscle GLUT4 expression have'been'reported in NIDDM

subjects. However, the current study reports induction of GLUT4 transporters by Tj in
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' myocytes of +/db ammals as Well as both GLUT4 1nductron and restoratlon of vesrcular ; 2
; »’ translocatlon in myocytes of db/db ammals A decrease in the cytoplasrmc pool wrth a‘ :

e concormtant increase in the GLUT4 transporter quantlty assocrated w1th the plasma:__‘»__, -

membrane was also observed Th1s suggests that T3 regulates GLUT4 transporterv e

translocatron from the cytoplasm to the plasma membrane o

| :Asra-‘means of asseSSing metabohc el(pendltures and thermalresponses to "»l‘a; _the 'core" B
. body and radrant temperatures of +/db and db/db rmce were measured An increase in these V:_
temperatures was observed in both phenotypes relatrye to therr vehrcle-treated c‘ounterparts -

F1gure 9 shows dose-dependent mcreases except at 100 ng T3/g BW dose 1n the core body v
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Flgure 9. Core body temperatures of normal (+/db) and drabetrc (db/db) mice treated
‘with T; (0, 100, 1200, and 500 ng/g BW) Comparisons are between phenotypes at the g1ven Lo
dose (Values are + SEM n—5) BRI PR R S



temperatures of >+/a_’bb mjcé on day 10 ‘These data confirm that T3 _‘tre'atment increases core
body temperafufes in nérfnal mice aﬁd fepreSeﬁt. the ndrrhal th‘ermOgenic response.

- The core bédy teﬁlperatures of Vehicble,-treated{db/db micé Were less t’han thése of -
r;oﬁﬁal animals (29.52i0.23°C vs. 30.44+0. 10f“’C, respect&ely; p.<_0.01). Thyroid hormone
treafnient induéed dose—depehdent increases in core body temperatures of Vehicle;treatéd
db/db animals with a n.l‘axivmal-rejsponse being reached at 200 ng T,/g BW. The 5'00 ng Ty/g
BW dosé caused no .ﬁll'thér change. These data show that the core body temperatures of
vehicle-treated db/db mice are less than +/db rnic¢ and suggest that T, treatment increases.
core body temperatures iﬂ db/db mice to levels of +/db animals. Core body temperatures
of db/db mice were, hoWever, lbwer than Similarly treated +/db mice at all doses suggesting

T, hyporesponsiveness and/or reduced thermogenic capacity.

32.8

32.4

- Core Body Temperature ( °C)
w w w w w
o 4 I = 0
n o0 S} o) o
L I ! L !

Days of Treatment

Figure 10. Daily core body temperatures of vehicle-treated normal (+/db) and diabetic
(db/db) mice. Comparisons are between phenotypes at the given day (Values are £ SEM,
n=5). :

39



Figure 10 shows that the core b‘ody:te'mperamres of Véhicle-treéted +/db mice

» gféiduaﬂy decline,d thfoﬁghbut the study resultiﬁg in day 10 \v/alues‘less than 'those observed
on day 1 (3_2.4i0. 19°C vs. 30.44£O. 1.0"C, respéctively; p<0.05) .vs}hile VehiCIeftreated db/db
animals .shdweda similar but not statisticaliy distinguishable decrease (30.5i0.11°C Vs.

29.5i0.23‘;C, respectively, p>0.05). A temperature decrease observed in +/db animals was

~ unexpected and cannot be explained using available data.

Core Body Temperature ( °C)
- . .
o
<0
!

Days of Treatment

Figure 11. Daily core body temperatures of normal (+/db) and diabetic (db/db) mice

~ treated with 100 ng T,/g BW. Comparisons are between phenotypes at the given day
(Values are £ SEM, n=5). ' '

The core ‘body_-ten‘lperamrejs of +/db mice treated with 100 ng T,/g BW remained _
unchanged through day 6, but decreased on days 7 through day 10 (Figure 11). In db/db
animals ;eceiving the feplacement dose, core body temperatures increas‘éd and a maximal
response was observed on day 6. In a pattern similar to +/db mice, the temperatures in

db/db animals decreased on days 7 through day 10. The fluctuations in temperature may
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 be "attribut‘ed‘to"induced stress resulting from handhng and methods in obtaining colonic

- temperature readings, however this was not tested. -

- Core Body Temperature °C) S

123 4.5 6.7 8 9 .10
‘...  DaysofTreatment ‘

. -Flgure 12. Da11y core body temperatures of normal (+/db) and dlabetlc (db/db) mice
- treated with 200 ng Ty/g BW Compansons are between phenotypes at the glven day
. (Values are = SEM n——5) , k A . i
Da11y core body temperatures were recorded tob assess the chronology of thermogemc
.b responses Flgure 12 shows the responses of +/db and db/db mice treated w1th 200 ng T /g |
- BW and these represent the max1ma1 metabohc responses recorded for a11 treatment groups :
The max1mal response was observed on day 4 (32 52i0 16°C) after Wthh core body Ce
f‘_temperatures contmued to decrease unt11 day 8 where they remamed constant unt11 day 10’
i _ J (31 O4ﬂ:0 18°C) In db/db mrce the basehne core body temperatures were cons1derab1y less ,‘ | | |
g than those of normal mice, but T3 treatment caused dally 1ncreases 1n core body .
_ temperatures wlth the rnaxrmal‘brespon‘s,e belng observed on day 6 v Temperatures then

 decreased until day 9 where they remained constant through day 10. Sinﬁlarﬂ_ chronological



responses to T3-1nduced thermogenes1s were observed 1n both +/db and db/db mice. o

However the db/db ammals consrstently exh1b1ted lower temperatures L
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' Flgure ‘1"3 Da11y core body temperature‘s of normal (+/db) and d1abet1c (db/db) mice
. treated with 500 ng T,/g BW Comparlsons are. between phenotypes at the g1ven day
(Values are + SEM n=5). : T : v .

The core body temperatures ﬁom +/db and db/db rmce treated w1th 500 ng T J g BW
= were also recorded on days 1 through 10 (Flgure 13) The temperature changes in these
| anlmals paralleled those observed in mice treated w1th 200 ng T /g BW The core: body' L

‘ temperatures represent the 1nternal regulated temperatures wh11e the rad1ant temperatures o

- v;represent the heat that is d1ss1pated As core body temperatures ‘mcreased in response to | .

‘,‘T3, a max1mal threshold was achleved on day 6 and a concomltant decrease in core body. L

": ‘temperatures occurred on days 7 lO Excess heat is d1ss1pated on days 7 through 10.

~In order to account for the amount of heat bemg rad1ated the radlant temperatures of ‘

-+/db and a’b/db mice were recorded on days 7 10 Flgure 14 shows that the radlant o

N ’blv‘ 42 . ‘.



o ;‘-': temperatures of +/db mrce 1ncreased 1n response to T3 w1th a max1mal response occurrlng
- “.l_'-at 200 ng T /g BW and subsequently decreasmg at the supraphysrologlcal dose of 500 ng

S -'Ta/g BW There Was an 1ncrease 1n radlant heat as the body core temperatures decreased

:As core body temperatures of +/db and db/db m1ced , creased on day 7 of treatment the |

' 'radrant temperatures of these ammals mcreased at all T3 doses

. IR Temperature’C) - -

30 b — L L T e iran)
0.7 100 '200 300 400° 17500
. : T, Dose (ng/ g BW)

‘Figure 14. Radiant temperatures of normal (+/d) and diabetic (db/b) mice treated with

s T; (0, 100, 200, and 500 ng/g BW) Compansons are between phenotypes at the glven dose :

o (Values are + SEM n—5)

‘ The rad1ant temperatures of db/db mrce mcreased 1n response to T at all doses (Fi 1gure o
o 14) The basehne radlant temperature of Veh1cle-treated db/db rmce was lower than +/db |

: ’ammals (30 96ﬂ:0 14°C vs 31 56iO 12°C p<O 05) The maxrmal response occurred at 500 i

Lo ‘ng T'3/g BW at whrch the radlant temperature was also greater than +/db mice. These data |

o .show that T3 mduces thermogene51s in both +/a’b and db/db ammals The 1ncrease in radiant’ ‘:

: temperature as the core body temperatures decreased occurred in order to d1ss1pate the



o excess heat_ .’to‘?therjrnoregulate the core temperaturér “This pattern was also ‘obseryed'in +/db

e mice';_'
The radrant temperatures ﬁom +/db rmce treated wrth vehrcle and lOO 200 and 500“ o
.ng TS/g BW were recorded on days 7 through 10 An 1ncrease m radrant temperature wa’s‘»‘» :
: ';b'observed at the 100 ng T /g BW dose in +/db and db/db ammals on days 7 and 8 (data not" |
“:.shown) a pattern s1mllar to the group of mice treated w1th 200 ng T3/g BW However g
j radrant temperatures of +/db mlce decreased on days 9 10 and were not drﬁ‘erent than“_‘ 3
o temperatures recorded on day 7 whereasradlant temperatures in db/db mlce ‘mcreased = k

- throug'h day 10.
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_ Flgure 15. Rad1ant temperatures of normal (+/db) and d1abet1c (db/db) mice treated with

200 ng Ty/g BW. Compansons are between phenotypes at the glven day (Values are £
CSEMn=5). O P T

| Radiant temperatures from the 200 (Figure 15) and 500 ng Ty/g BW (Figure 16) doses

. are shown since maximal thermic responses were observed at these doses. Figure 15 shows
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. _"that the radlant temperature in +/db mlce on day 7 ‘was 34 liO 10°C and contlnued to

e ‘_v v:;1ncrease untll a max1mal response was observed on day 10 (36 68ﬂ:0 22"C) In db/db mrce '_ o

. radrant temperatures mcreased wrth T3 treatment and the max1ma1 response Was observed L

on day 10 (36 Sﬂ:O 27°C) where the rad1ant temperature approached that of +/db ammals ] v," =

o j These observatlons suggest that w1th T, treatment radrant temperatures of db/db mice o B

' approach nonnal,andlmply t_hat db/db anrmals_ are _utllrzrng;as mueh energy_as +/a’bammals L R

o driveblthetfﬁog;enesiysz._y.‘ o SR PR
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.HFlgure 16. Radlant temperatures of lormal (+/a’b) anddrabetlc (db/db) mice treated with .
- ~500 ng T3/g BW Comparlsons are between phenotypes at the glven day (Values are _;

S SEM, 1=5).

: The radlant temperatures of +/a’b mlce treated wrthtSOO-- ng T /g BW were also :j’{?‘ ,

N ryf-»;vf'recorded on days 7 through 10 (Flgure 16) and the temperatures followed a pattern snmlar _i; o o

e f‘to that observed in mice treated w1th 200 ng T /g BW The day 7 radlant temperatures of ‘ o

v normal anrmals were 34 96i0 24°C w1th the maxrmal response observed on day 9 and a[ o
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deerease on day 10. In db/db mice, the radiant temperature on day 7 was 34.944+0.16°C and
the maximal response observed on day 10 was greater than that of +/db animals
' (36 88d:0 13°C vs. 35. 76i0 08°C, p<0 05). These observatlons suggest that T, treatment
increases the radiant temperatures of db/db mice beyond those of normal animals 1mply1ng
that greater energy is‘ being utihzed and that db/db animals .aredissipating more heat than
+/db nﬁce. The concomitant decrease‘in core body temperature observed in +/db and,db/db

“animals is likely due to thermoregulation in order to maintain a low core temperature.
Serum Glucose Determination

Serum glucose concentrations were evaluated in +/db and db/db animals in order to

determine if thyroid hormone treatment influenced serum glucose levels. The baseline
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Figure 17. Serum glucose concentrations of normal (+/db) and diabetic (db/db) mice

treated with T, (0, 100, 200, and 500 ng/g BW). Comparisons are between phenotypes at
the given dose (Values are £ SEM, n—5) '
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~ glucose levels in Vehiclev-treatedi +/db mice were 260.2#25.3 mg glucose/dL and thgsé
rémained relatively constant ‘with T, t_reatmenf (Figure 17). In db/db mice, the baseline
glucose concentration was 592.0+63.0 mg gluqo_se/dL and this is considered severely
hyperglycemic. Serum glucose levelsv deér_eased Witfi T, treatmeﬂt in a dose-dependent
fashion. At 500 ng T,/g BW, serum glucose levels decreased approximately 42% when
compared to vehicle-treated mice (592.0+63.0 vs. 344.5+31.4 mg glucose/dL, respectively;

p<0.01) which indicates that T, treatment improved the glycemic status in db/db animals.

Respiratory Quotient (RQ) Determination

The respiratory quotient, RQ, (ml CO,/ ml O,) was monitored daily in +/db and db/db

‘mice over a nine day period in order to determine the effect T, treatment might have on

0.90

% *k
0.85 H \
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Figure 18. Respiratory quotients (RQ) of normal (+/db) and diabetic (db/db) mice treated
with T; (0, 100, 200, and 500 ng/g BW). Comparisons are between phenotypes at the given
dose (Values are £ SEM, n=5).
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metabolic substrate utilization. The RQ of +/db mice treated with 0 ng T,/g BW \;vas‘
- 0.78+0.03 (Figure 18) which suggests that a cbmbination of proteins, lipids and
éarbohydrates were poténtially being used as tl 1e metabolic substrate. With T, treatment,
the RQ Valué decreased to O.74i0.01 which suggests a shift toward more fat or protein |
;:atabolism. In vehicle-treated db/db mice, the RQ was 0.87+0.05 (Fvigvure 18). bThis
indicates that substantially more carbohydrates were being used as é metabolic sub-strate
than is typically used by +/db animals. With increasing doses of thyroid hormone, the RQ
decreased significantly. Diabetic mice treated with 100 ng T,/g BW had a respiratory
quotient that was less than vehicle-treated animals (0.78+0.02 vs. 0.87+0.05, p<0.05) and
suggeéts that the primary substrate being utilized had shifted from carbohydrates to fats or
proteins. The RQ values of db/db mice treated with either 200 or 500 ng T,/g BW
approached those of vehicle-treated +/db animals (0.76+0.03 vs. 0.74+0.03, p>0.05) and
indicates that the db/db mice were undergoing fat catabolism. This also suggests that the

diabetic mice have undergone normalization in substrate utilization.
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'CHAPTER FOUR: DISCUSSION

| 'VThe:"i'nsulin-regjulatable. GLUT4 transporter 1s expressed 1n ‘skeletal rnuscle , adipose' .

| 'tlssue and cardlac muscle (Pessm and Bell 1992 Mueckler 1994 Stephens and Prlch 1994) |

| ~and regulates glucose uptake in those target trssues The present study 1nvest1gated Whether )

thyr01d hormone treatment could restore the 1nsu11n effects on GLUT4 glucose transporter ,.

induction and/or translocat1on 1n the .msuhn-resrstant db/db mouse. Tlns eﬁ‘ect was assessed‘f

: by examlnlng the total GLUT4. quant1ty as an 1ndrcator of the 1nductron process and the
cellular GLUT4 drstnbutlons which represent translocatlon w1th1n the cell These | | :

: bphenomena were evaluated in lean C57BL/KsJ +/db mice and obese- d1abetlc C57BL/KsJ .

db/db,mlce, which are 1nsu11n-re51stant (Hurnmel et al. 1966), YT3—res1stant, and ﬁmctlonally i

| hypothyrord (Fehn etal. 1988) ‘ v‘ | |

_ Matthae1 et al. (1995) showed that the total GLUT4 glucose transporter quantlty in

_ _"adlpocytes of male Sprague-Dawley rats decreased in hypothyr01d ammals but 1ncreased

in hyperthyr01d rats. - These results agree w1th data presented in this study s1nce the = -

ﬁ;lnctionally hypothyr01d and T3-re51stant db/db’ mice are brought to ﬁmctlonally euthyr01d' |
“status using hyperthyroid doses of T;. The total GLUT4 quantlty was assessed in the
. adlpocytes of +/db and db/db mice in order to determine 1f admmlstratron of T, st1mulated’ v
| GLUT4 1nduct10n Total GLUT4 transporter quantlty in +/db m1ce remalned unchangedv

' Wlth increasing doses of T wh1ch suggests that 1nductlon the GLUT4 transporter isnot
‘hkely under drrect regulatron at normal physrologrc concentratlons of T;. However

attenuation was observed at the maxrmal dose of T3 In db/db mice, Wthh are T_,,-resrstant( .



‘and ﬁln(‘:tionallylhypothyroid,.the total GLUT4 quantrty was 50% that of vehicle-treated

+/db anirnals and this increased 2-fold with T, treatment and approached lex}els ,equivalent

~ to those of kvehicle—treated +/db animals (Fignre 1). The ﬁ'ndings‘in this stndy are consistent |
‘with results showing that T; increases total GLUT4 protein expression (Casla et al. 1990).

This suggests that T, stimulates GLUT4 induction and normalizes GLUT4 quantities in

db/db mice. A reduction in the degradation rate to account for increased GLUT4 cannot, |
hewever, be discounted.

Zerzano etal. (1996) showed in STZ-induced dianetic (insulin-deﬁcient) Wistar rats
that the quantity of GLUT4 decreased in the cytoplasm of adipecytes and increased in the
plasma membrane with increased insulin concentrations. This author suggests that insulin
‘promotes redistribution of the glucose transporter to the plasma membrane. Although these
results explain the established effects of insulin, the current study addresses thyroid hormone
effects and the potential restoration of insulin action in a model for NIDDM. in the current
‘stvudy, T; mimics the effects Zorzano‘ etal. (1996) »reported for insulin action. Zorzano's ;
results are in agreement wi’rh the resnltsobser\»/ed 1n the +/db mice from thrs study since
these animals ‘remlain insnlin-responsive. Cﬁoplasnne and membrane-bound GLUT4 in
adipecytes of +/db mice rernained constant with T, treatment and only the cytoplasmic
portion decreased with supraphysiological doses ‘(Figure‘s 2 and 3).‘ This represents normal
expression, GLUT4 transporter recycling, and regulation in a normal endocrine
environment. However, the deCreased cytoplasmic GLUT4 at the 500 ng T,/g BW dose
suggests increased d’egradation of rnembrane components or attenuation of GLUT4

synthesis. Such attenuation is a blunted response typically observed within systems that
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have been pushed to physiological extremee.

Previous studies on adipocytes from‘ ‘i‘nsalin-deﬁcient diabetic rate (Kahh et al. 1989;
Berger et al. 1989) and in studies using 3T3-L1 adipocytes cultured ‘l'l’l vitro without insulin
(Calderhead et al. 1990), showed that cytoplasmic GLUT4 quantities wereless‘ than those
of normal rats and insulin-treated cells, respeetively. ‘]‘)ecreased expression of the GLUT4
transporter has also been documented in. NIDDM patients as well as in diabetic animal
r_nodels (Koranyi et al. 1990; Kahn 1996). The decrease in cytoplasmic GLUT4 number
reduces their availability to be mobilized to the plasma membrane and could explain the
lower plasma membrane content. It has also been reported that insulin-stimulated GLUT4
translocation is impaired in adip’ocytes from NIDDM individuals (Ciaraldi et al. 1991).
However, the mecharﬁsm by Whieh translocation is regulated has not yet .beenexplained and
has recently received much attention as being the potential site of regulatory defects (Kahn |
1996). The current study showed that cytoplasmic GLUT4 in vehicle-treated db/db mice
was 50% less than vehicle-treated +/db mice. This quantity ‘decreased in response to T,
treatment but increased 2-fold with the 500 ng T;/g BW dose and therefore approached
levels of vehicle-treated +/db mice (Figure 2). As cytoplasmic GLUT4 is disproportionately
depleted, a concomitant increase in the quarrtity of membrane-bound GLUT4 is observed
which approaches that of vehicle-treated +/db mice (Figures 2, 3). This suggeste that T,
facilitates GLUT4 translocation frem the cytoplasm to the plasma membrane and normalizes
GLUT4 within adipose tissue of functionally "hypothyroid" animals.

- The proportion of GLUT4 glucose transporters associated with the plasma membrane

was calculated in +/db and db/db mice to determine if thyroid hormone administration plays
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arole m the trafficking of the GLUT4 transporter, specifically in the translocation process.
This type of analysis has not Been-vreported »pr_e\'fiously,‘ thus there are no studies with which
to eompare the current data. The percent of r:he GLUT4 transporter popnlatio_n associated
.with’ the plasma membrane of adipocytes 1n +/db mice did not change wrth T3 treatment
(Figure 4). Thyroid hormone either did not alter the GLUT4 tranéporter turnover or it
equally affected the rates of internalization and association of GLUT4 transporters with the
plasma membrane. Although the absolute amount of ‘membrane-bound GLUT4 in db/db
mice was less tnan in {/db mice, the percent of GLUT4 glncose transporters associated with
the plasma membrane was similar to that of +/db mice (Figure 4). This shows that the
membrane-bound GLUT4 quantity in relation to the total GLUT4 in db/db mice is
pronortiOnal to that of +/db animals, thus, the neroentage is scaled down prOportionately
in db/db mice. In db/db animals treated with T;, the peroent of GLUT4 associated with the
plasma membrane increased suggesting that T, may regulate GLUT4 translocation from the
cytoplasm to the plasma membrane. Since the ﬁnal proportions approached those of +/db
mice, it appears that T, normalizes tlre GLUT4 quantity associated with the plasma
membranes of db/db mice. Thyroid hormone does not induce the synthesis of additional
GLUT4 in +/db mice nor 1s the cellular distribution affected. As a result of overcoming T,
resistance in db/db mice, T3‘ induces GLUT4 synthesis resulting in increaSed cellular GLUT4
content. The cytoplasmic population consequentl}r is redistributed towards the plasma
membrane suggesting that T, restores the translocation proCeso.

| GLUT4 transporter expression and subcellular distribution were assessed in myocytes

because skeletal muscle is a metabolically active tissue which utilizes approximately 85%
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- ‘of total glucose avarlable Skeletal muscle 1s the maJor s1te for glucose d1sposa1 and 1s the ~ )

_:'_major s1te of 1nsu11n resrstance w1th1n NIDDM subjects (Br021mck et al 1996) The total = -

- ‘_ ) -_,GLUT4 quantlty was assessed in the myocytes of +/db and db/db mlce to deterrmne 1f o |

thyr01d hormone adrmmstratlon stlmulated GLUT4 mduct1on Total GLUT4 quantrty in o -

bf+/db rmce 1ncreased w1th T3 treatment at phys1olog1cal doses but to a lesser degree w1th the ) ) |

o -‘supraphysrologlcal dose Th1s shows that T fac111tates GLUT4 transporter 1nductron In'*f‘ A

| : veh1c1e-treated a’b/db rmce the total GLUT4 transporter quantrty was srmllar to that of 3
‘i. ‘ ,vehrcle-treated +/db ammals and total GLUT4 quant1ty also 1ncreased w1th T3 treatment o
- ‘.;show1ng that T3 mduces the GLUT4 transporter | |
| The current study proposes a model whereby T3 e1ther overcomes thyrord hormone :
' res1stance and restores the msuhn response rn target t1ssues of db/db mlceor T, bhas a d1rect !

effect 1n GLUT4 transporter regulatron If the 1nsu11n response is restored w1th T3 o

PR treatment the results from the current study then contradrct pubhshed reports whrch show e

. that GLUT4 transporter expressron w1th1n skeletal muscle remalns unchanged in response Ll

: '-_:to 1nsu11n treatments (Kahn 1996 Halnhault et al 1991 Pedersen et al 1990) A pos51ble N
| ' reason for th1s dlscrepancy is that all ammal and human subJ ects were fasted at least 8 hours ’
o prlor to testlng and fastlng causes a decrease in thyro1d hormone levels thereby renderlng‘ “
‘_‘ the an1mals hypothyr01d Welnsteln et al (1991) showed that T3 could 1nduce GLUT4F

o express1on in skeletal muscle of hypothyr01d non-dlabetrc ammals that were restored to

o ‘f'*euthyrord status Slnce the ammals were fasted pnor to tlssue collectlon the GLUT4 values E

", and thyrord levels are not accurate representatrons of ammals in a non—fastlng state At the - S

7 supraphys1ologlca1 dose total GLUT4 1n myocytes of db/db mice approached GLUT4 levels - " -



found in Vehicle-tfeated +/db animals (Figufe 5). This Sugges'tvs that total "GLUT4 is
: nonnalized in db/db mice that have overcome"thyroid hormone resistanoe. Althou‘gh’total v
GLUT;l'quantities in Vehicle-treated +./db and db/db mi,c'e were not different (Figure. 5)," the. '
subcellular distributions were diﬁ‘erent in tne two phenotypes (Figures 6, 7).‘ However, T,
treatment allows for "normal" GLUT4 expression and a more appropriate distfibu‘don of
subcellular GLUT4 quantities. These data show that T, stimulateS'GLUT4 induetion van.d o
likely plays a role in either the transcriptional or translational processing of the ;GLUT4
glucose transporter. | | |
The quantity of cytoplasmic GLUT4 in bmyocy_tes of +/db mice increased in response

to thyroid hormone treatment and these results are consistent with the pnblished | literefure
(Casla et al. 1990; Weinstein et ql. 1991; Weinstein ei al. 1994). Induction of GLﬁT4 has
been established above,. but ‘tvl-lelincr,eesed cytoplasnnc quantity can al-so reﬂe‘ct‘increa‘sed‘ :
internalization of plasrna metnbfane ’compone:nts (Flgure 6). This reSponse contrasts with
observations made in adipocyteé of %/db enjlnals and suggests tissue-specific fesponses to-
T,. The membrane-bound GLUT4 in +/db mice decreased with T;. This suggests
attenuation phenomena or increased GLUT4 tran’sporfer internalization as was seen w1th the -
adipocytes of +/db mice. Based on the observations‘ within myocytes, T; appears to
regulate GLUT4 transporter indnction and vediou_lar translocation at a baéal: level whereby
T, e);hjbits its permissive action under‘ nofrnallphysiological conditions.

~Several studies have shown that cellular GLUT4 expression.levels (either protein or‘
mRNA) are unchanged in the skeletal muscle of diabetic subjects (Kahn 1996; Hainhault e

al. 1991; Pedersen et al. 1990) inolud_ing the quadriceps of 5 week-old db/db mice (Koranyi
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| _ ét cil; 199 1). In each of .these studies,- only the plasma membrane-associated oontent of
- GLUTH4 glucose transporters has been‘ shown vto be altered in skeletal muscle. However,
.resillts vi‘rom the current study show that the ‘c"ytoplasmic GLUT4 in db/db mice is greater
| than the cytoplasmic GLUT4 content found within‘ +/db mice and these quantities decrease
in r:esp.onset_o T, ThlS indicates that the pool of cytoplasmic GLUT-4 in myocytes of 8f10
" week old db/db rniee is regulated by T,. Thesevresnlts are eontrary to rep.orts of unalterable_
'GLUT4 expression in quadriceps of 5 week old db/db mice. This discrepancy can be
K attributed to the age differences of the r_nice. ? Fehn et al. (1988) reported that the onset of
| adefect in T, responsiveness occurs after 6 weeks of age thus Koranyi et al. (1990) missed -
the onset period and obtained results from animals not yet displaying the T;-resistance.
Also, a concomitant disproportionate depletion in cytoplasmic GLUT4 vqnantities was
observed while membrane—hound GLUT4 increased in db/db mice (Figures 6, 7). This was
similar to the nattern observed in adipocﬁes and indicates that T, may regulate GLUT4
translocation from the oytoplasrn totyards the plasma membrane. This observation is
ektremely important since skeletal musele reqiiires_ the GLUT4 transporter for the majority
of glucose uptake. Although T, regulation ovf GLUT4 translocation has not been reported
‘ 1n the literature, the results reported here are consistent with the depletion of a cytoplasmic
vesicvular pool in responSe to a hormonal signal (Weinstein ef al. 1994). Therefore, T; is
herein proposed asa regulator of GLUT4 translocation process.
At the supraphysiological dose of T, (500 ng/g BW), the membrane bound GLUT4
transporter quantityi in db/db mice decreases, although it still rernains greater in comparison

to the vehicle-treated counterpart. As the membrane-bound quantity decreases
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(approaching values similar to the baseline ekpression levels of +/db vehicle-treated mice),
the quantity of cytoplasmic GLUT4-containing vesicles increases also approaching values
similar to +/db vehicle-treated mice. This suggests a normalization phenomenon within the
skeletal muscle in response to thyroid hormone treatment.

The current study establishes that T, increases GLUT4 transporter induction because
an increase is seen in the total cellular quantity of GLUT4 transporters. These data agree
with the findings of Casla ef al. (1990) and Weinstein ef al. (1991). More recently,
Torrance et al. (1997) showed that T; regulates GLUT4 expression at the transcriptional
level in one muscle fiber type and increased both membrane-bound GLUT4 quantities and
GLUT4 mRNA. However, Torrance ef al. (1997) failed to recognize that T, regulates the
redistribution of the GLUT4 transporter from the cytoplasm to the plasma membrane. This
redistribution of GLUT4 transporters towards the plasma membrane is important since it
may be the pathway for increased cellular glucose‘upta'ke.

In normal mice, the percent of the GLUT4 transporter associated with the plasma
membrane of myocytes decreased with thyroid hormone treatment and shows that T altered
GLUT4 transporter turnover (Figure 8). Perhaps overloading the system with an excess
number of GLUT4 transporters surpasses the quantity of docking complexes available
within the cell leading to accumulatioﬁ in the cytoplasm. Alternatively, internalization of
membrane components may be accelerated as part of an increased recycling rate phenomena.
The percent of GLUT4 glucose transporters associated with the plasma membrane of
vehicle-treated db/db mice was less than that of vehicle-treated +/db ‘mic¢ (Figure 8). This

quantity increased with thyroid hormone treatment and indicates that T, regulates GLUT4
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vesicular translocation from the cytoplasm toWards the plasma membrane. This is extremely
~ important since the increased percent of GLUT4 transporters associated with the plasma
membrane indicates translocation and docking and suggests a greater probability that
GLUT4 transporters have fused with plasma membrane. Increased ﬁision of GLUT4
transporters with the plasma membrane of myocytes would facilitateindreased glucose
uptake which woijld provide the substrate for increased thermogenic activity in the skeletal
mnscle. Although these data show that T, regulates the translocation mechanism from the
cytoplasm to the plasma membrane, one cannot say that the GLI_JT4 transporters within the
vesicle membrane are incorporated into theplasma membrane. Thus, the vesicular fusion
mechanism warrants further investigation. |
Thecurrent study establishes that T; plays a role in GLUT4 transporter regulation.
Thyroid hormone induced the GLUT4 transporter in both adipocytes and myocytes, but to
varying degrees. This shows the tissue specific responses to T, in relation to GLUT4. Also,
T, promoted the translocation of cytoplasmic GLUT4 towards the plasma’membrane in both
myocytes and adipocytes and thus contributed to the increased plasma membrane GLUT4
content. This is particularly important in relation to NIDDM since this increased quantity
may facilitate increased glucose uptake within these cells. The increased glucose uptake
_ \ivould thus provide the cells, particularly myocytes with a substrate that ‘can be utilized for
metabolism and thermogenesis. |
The core body temperatures in +/db and db/db animals were measured to determine
the effect of T, treatment on thermogenesis. Core body temperatures of +/db mice were

greater than db/db animals which is what is expected since diabetic animals exhibit impaired
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t‘hermogenesis (Hurrlmel et al. 1966) ﬁbThe terrrperatures of both +/q’b and db/db mice
increased with thyroid hormone treatrrrerltfd.erhonStratrng thermogenic revSponses in both
phenotypes. These results are similar to those reported by Oh and Kaplan (1994) for the
phenotypically-related obese (ob/ob) mouse rn‘odell. Obese ob/ob rnice are‘hypotherruic
making them sinlilar to db/db anirnels (Oh and Kaplan 1994; Hummel et al. 1966).
However, ob/ob mice are hypothyroid, meariing_that T3 levels are decreased, yet are still
responsive' to T,. In contrast, db/db mice are hyperthyroi‘d but exhibit hyporesponsiveness
to the action of thyroid hormone, which is indicative of T3-resistarrce (Fehn et al. 1983,
1988). Thyroid hormone treatment elicits thermogenic responses in both 0b/ob mice and
in db/db mice although db/db animals require supraphysiological doses to be effective.
Thus, T increases the core body temperatures in both animal models. ‘When the core body
teruperatures were monitored throughout the ten day study, anirnals of both phenotypes
receiving T; doses of 200 and SOO ng/g BW, exhibited declining temperatures on days 7
through 16. This, however, does not reflect a decrease in thermogenesis because\lower core
body temperatures were accompanied by higher radiant temperatures. A reasonable |
explanation for this observation is that the animals maintain their core body temperatures
by dissipating excess heat produced in response to T, treatment as radiant heat. this
phenomenon represents normal T,-induced thermoregulation and accounts for the changes
in temperature observed within these animals. |
‘Radiant terrrperatures have not previously been reported for such studies, therefore '
data from this study eannot be compared with published reports since this is a novel

approach to account for thermogenic activity. It does, however, account more accurately '
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for increases in metabolism associated with T, treatment. Radiant temperatures in +/db and -
db/db mice both increase with thyroid hormone treatment. However, the increase in radiant
temperature was greatest in db/é’b animals. The increase in rddiént temperatures might be
potentially explained by increased thermogenic capacity in response to increased GLUT4
expression in the plasma membranes of myocytes. This increase in GLUT4 transporters ’
would account for iﬁcreased glucose uptake by »Amyocytes which would then ut‘ilizé the
additional substraté in subsequent heat production (thermogenesis). Thyroid hormone also
has been shown to stimulate mémbrane permeability to ions as well as induce Na'/K* pumps |
in skeletal muscle, both of which are believed to play a role in the thermogenié response
(Voldstedlund ef al. 1995). The ihcrease in thermogenic activity ‘may also be associated
with higher cytoplasmic glﬁcose Conéentrations due fo Tg-induced GLUT4 vesicular fusion
(integration) with th¢ plasma mefnbréne of myocytes. Thus, T;-induced GLUT4 expression
in the plasma membrane of myocytes may support thermogenic activity.

Hyperglycemia is characteristic of NIDDM individuals since glucose uptake is not |
adequately handled due to decreased insertion of the insulin-regulatable GLUT4 transporter'
into cell membranes. In the current study, serum glucose lévels were examined to determine
if thyroid hormone treatment improved the glycemic status of db/db mice. Serum glucose
levels of normal animals remained unchanged With T3 treatment which suggests that T, doeé
not aﬁ‘éct the normal glucose handling mechanism in insulin-respdnsive anirﬁals (Figure 17).
However, serum glucose concentrations in vehicle-treated db/db mice were approximafely
50% greater than in +/db animals, as cbuld be expected for animals displaying insulin

resistance. Thyroid hormone decreased glucose concentrations about 40% which suggests
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increased glucose utilization or restoration of the insulin response. Although still considered
) hyperglycenlic, the glycemic status of ‘db/db ammals was imhrOved significantly with thyroid
horrnone treatment. This suggests that tissues Were able to take up glucose, however which
tissue speciﬁcatly does this remains to be determined\anc_i_ warrants further study.

One etpproach to this proble‘m‘ might be to evaluate Vsubstrate utilization which
a,ccompanies the redistribution of GLUT4. The respiratory quotient (RQ) is an indicator
of Which "substrate is being utilized as the fuel source within the organism. In this study, the
respiratory.quotient_wa_ts determined to see 1f thyroid hormone treatment causes a shift in the
rnetabolic shbstrate utilized by +/db and db/db animals. The RQ values of +/db mice
decreased in response to thyreid hormone treatmentte levels suggestive of a combination
of carbohydrates, proteins, and fats as substrate sources (Figure 18). However, the RQ in

| db.‘/db mice shifts ”from 0.87+ 0.05, which indicates carbohydrate as the predominant
substrate source to 0.76:0.03 which indrcates increased utilization of fats, proteins, or both
as the metabolic substrates in response to thyroid hormone treatment. Evidence from a
previous study wherein the adipocyte volumes of db/db mice decreased in response to T
suggests that fats ‘w‘ere the p‘rimary source of energy (Estrada unpublished results).
Ho‘\’Never,‘ the decrease in serum glucose le\rels with T, treatment in db/db mice‘from the
current study suggests that there is substantial uptake but not utilization as a metabolic
stlbstrete. Informal examination of livers in db/db mice suggests increaseld deposition of fats
which may be attributed to increased hepatic glueose uptake leading to enhanced lipogenesis
(data hot shown).- Altherrgh the kglucose transhorters in hepatocytes are hot insulin-

regulatable, the lipogenic enzymes still remain inducible by T, and may account for the
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http:0.76�0.03

v iﬁcreased disposal of glucose from the serum. However, the RQ values in the db/db tﬁice
treated wjth sulv)raphy'siological doses of thyroid hormone approached those of vehicle-
treated +/db mice and suggest, bnce again, that normalization has taken place.

The RQ values indicating a shift to fat catabolism do not support the observation of
increased membrane-associated GLUT4 transporters in myocytes facilitating increased
cellular glucose uptake and utilization. An explanation for increased GLUT4 associated
. with the plasma membrane in the absence of glucose utilization may be that the GLUT4
transporter-containing vesicles dock with the plasma membrane and are isolated with plasma
n-lembrane fractions. The docked vesicles, however, may not be fused and therefore the
GLUT4 transporters are not integrated into rthe plasma membrane. Thus, glucose uptake
by myocytes cannot be facilitated since the GLUT4 transporter is not insertéd correctly.
However, the ‘energy by which‘tlilermogenesis is fueled is probably prévided by fatty acids,
an idea which is supﬁorted by an RQ shift indicating fat catabolism, in conjunction with an
increase in radiant temperatures. The mechanism by which the vesicles containing the
GLUT4 glucose transporters fuse with the plasma membrane warrants further investigation
to see if that step within the trafﬁcking mechanism is defective within NIDDM subjects.

This study has demonstrated reduced total GLUT4 expression in adipocytes and
decreased GLUT4 tfansporters associated with the plasma membranes of myocytes of db/db
mice but an increases in these quantities in response to exogenoué T,. The current study
also demonstrated that T, treatment induces GLUT4 glucose transporter redistribution from
the Cytoplasm to t_ﬁe plasma membrane of adipocytes and myocytes in db/db mice.

Observations from adipocytes are consistent with studies by Zorzano et al. (1996), Kahn
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-et al (1989) and Berger et al (1989) Grbbs et al (1995) alluded to a traﬁlckrng problem B " & N

"m GLUT4 transgemc a’b/db mrce in whrch GLUT4 overexpress1on could compensate for :_' . L

_~a trafﬁckmg defect Th1s 1s consrstent w1th the proportronal fusron from the cytoplasm to i o

: lthe plasma membrane demonstrated in th1s study, but T, corrects the GLUT4 d1str1butron s N

m db/db mrce The transgemc db/a'b mlce showed a marked decrease in hyperglycemla due_'l L

| to mcreased glucose transport However G1bbs et al ( 1995) d1d not evaluate the cellular o

' 'GLUT4 d1str1butron 1n all t1ssues of transgemc rmce and the potentlal consequences of‘-"_l',.:‘- -

'vmcreased glucose d1sposal by trssues that typrcally do not express the GLUT4 transporter A

) More recently, Torrance et al (1997) showed ‘that T, regulates GLUT4 transporterb i |

v expressron at the transcnptlonal level in hypothyrord rats made hyperthyr01d Although not )

' pornted out by the authors T was shown to regulate GLUT4 transporter translocatron[ 1 o

.'_because dlstrrbutron dlfferences in GLUT4 transporters are observed in response to T3 -

o '_admrmstratlon The results of the current study 1nd1cate that GLUT4 transporteri S

_'translocatron ﬁ'om the cytoplasm to the plasma membrane is regulated by T in db/db mlce

B ‘and is the ﬁrst report of such regulatron The 1ncreased thermogenrc response observed 1n '_; o '

v thrs study parallels 1ncreased numbers of GLUT4 transporters in the plasma membrane of o ':‘

_'myocytes but the RQ values do not support carbohydrate utlllzatron as the metabohc o
‘ substrate for the thermogemc response However decreased serum glucose levels 1n db/db

mice in response to T treatment 1nd1cates that glucose is taken up but is not utrlrzed as the‘ v

i _.metabohc substrate for thermogenes1s The lrver may take up the glucose vra GLUT2 S

o ltransporters wh1ch are not 1nsu11n-regulated Absorbed glucose may then be converted to [

o _:fat and stored away Ifthrs 1s the case th1s may 1mp1y that the GLUT4 glucose transporters :

e



. "fvassomated w1th the plasma membrane may not be mtegrated and are unable to fac111tate ‘

| jglucose uptake The energy to dnve the observed metabohc responses is hkely supphed by

5 ,. 'fats Th1s study suggests a model whereln hlgh doses of T overcome thyr01d hormone

res1stance in the db/db mouse and restore GLUT4 transporter translocatlon
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