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- : S " ABSTRACT - .o

<

Studies on Regulation of Insulin Receptors:in
K Cultured Human Diploid Fibroblasts

¥

- ) |9 . vo- .
. ’ Alice Michaelidou '

Cultured human diploid fibroblasts bind insulin via specific
receptofé which are susceptible to températurga pH and nutritional

9

changes. Glucose, the major energy source for living'cells,‘has a
(ﬁegﬁTatony gfféct on specific insulin bindihg to.these re;eptors.
Cel]stlaced in medi um containjng High concentrations of glucdse,
' express:h}gher trace bjnding capacity than cél]s blaced in media
} ‘ containing lower concentrations of sugar. - ‘ T
‘ . Complete glucose starvatibn_decreases insulin'bihding
significantly over a time period of 12 to 18 hours and this eftect is‘f
reversiﬁ]e within G'Neyrs Sy glucose refeeding. The reversibilipy‘of o
the glucose starvation effect on'insulin binding by glucose refeeding
is blocked‘zy éyc1oheximide an inhibitor of prétéih synthegis, and
tunicaﬁ}cin, an .inhibitor of glycoprotein synthesis, but not by the
RNA synthesis inhibitor Actinomycin D. This suggests that: the -
v " macromolecular events {nvo]ved in the glucorequlatory effect on
insulin binding fnvolve pgotein’synthesis and glycoprotein synthesis‘
_but not RNA synthesis. - - L
_Additionally, the action of insulin on sugar transport in ndrméﬁj '
¢ o human fibroblasts, after the six hours of|gldcose réfeeding, has beenv

o ( studied.’ oy




3

Y.

L8
fop insulin-stimulation-of sugar transport.

1 iv.

‘e

It was observed that glucose deprivation as opposed to g]qgose .
feeding 1ncreased sugar transporta Atter 12 houns ofdglucose\
starvat1on, gluc05e refed cells expressed 1ncreased transport when
1nsulin-st1mulated. Cyclohex1m1de inhibited depression of transport «j
in continuously fed and reversed cells, and it aléo'inhibited inSulin
induced 1ncrease in sugar transport.

_ When tun1camyc1n was 'added, transport remained at the controls
L?vel in al; groups, (7.e.‘cont1nuously fed, neversed and Teversed and

idsulin-stinulated cells). This indicated that glycoprotein synthesis

is not necessary for glucose induced dépression of sugar transport in _
r . (.“

.fed or résersed cells. Also, glycoprotein sxnthesis is not required ' IN

-4

.
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" INTRODUCTION

R - s
3 - 14

Glucose concentration (Howard et al., 1979; Ishibashi et al.,

' 1982; Germinario et al., 1984) and serum concentration in the culture

medium for human fibroblasts‘(HF) (Germindrio et al., 1984) have been

shown to influence the activation of the -cell's, sugar transport.

mechanism by insulin. .

' }

"~\“T$Q.Magnitude'of the sugar transport stimulation is related to

the amount of insulin given to the cells (Germinario et 2131‘1984).

The amouﬁi of insulin transported to the intracellular compartment is

¥

: .‘measured by means of specific binding'of 1251-insulin to thé cells.

Specificinsulin binding, in turn, is directly related to the amount of

‘ glucose present in the medium. In a glucose concentration range from

5.55 mM to 22,2 mM in Chinese hamster kidney cells (Wyse and Chang,

1981) and from 0 mM to 22.2 mM in HF (Germinario et al., 1984) binding

was elevated in the fed vs starved or poorly fed cells. This glucose

effect was reversible within“7f hours after glucose refeeding

(Germinario ef al., 1984).

3
13

. Additionally, glucose concentration has an inverse effect on _

Y

hexose transport, increasing the transport when the concentration is

. decreasing. - ThisAgldEgse-deprivation effect is also reversible within

6 hours after changing the medium conditions by g]dcose réaddi;ion.

'Furtherhore, regulation—of insulin binding to its receptor has)been .

studied under conditions of serum starvation, g]ucoséustarvation and

ekt

reversal from the g]ucose-starﬁed to the .glucose-fed state.

<



s~ -
L. Additionally, the effect of inhibitors for protein (i.e,

| cyclohexim1de), RNA (i.e. act)nomycin D), and g]ycoprotei} (i.e.
funicamyc1n1 synthesis on insulin binding and transport changes durfng

" this reversal of glucose starvation was investigated.
%

. - . B
) '
'

Structure and Chemical COmpos1tion of the Receptor ) o Co

The first step for peptide hormones to exert their. actions on
target cells is to b1nd to Specific receptor sites located on the cell

- membrane. _ g
The receptor for insulin (Cuatlecasas, 1972) is an 1ntrins1c
gga»membrane glycoproteinic complex (Rosen et al 1979; Reed et al. 19813
Ronnet and Lane 1981; Hedo et al., 1983; Fujita-Yamaguchi, 1984) of
approx1mate1y 350,000 M.W. (Cuatrecasas 1972a; Massaéae et al., 1981
LPollet et 5?., 1981) and its structure has been studied by a variety
of techniques 1nc1ud1ng immunoprecipitatinn by ant?receptor ant i body
(Kasuga et at., 1982a Roth et al., 1982; Hedoqet al., 1983) two
dimensional and SDS- polyacrylamide gel electrophores1s (Jacobs et al.,, - ~
980 Massague et al., 1980; Pollet et a]., 1982, FuJita Yamaguchi i
- :i' / 1984) photoaffin1ty labebling (Berhanu et al., 1982; Feh]mann et al.,
‘ ‘r1982,_Roth et al., 1982),‘lsoelectr1c focusing, peptide mapping and
.amino acid analysis (Fujita~Yamaguch1; 1984). Various tissues.and.’
~ceil systems have been employed for these, studies such as human,
placenta] membranes (Jacobs et' al., 1979; Massague et al., 1980;
FuJita-Yamaguchl, 1984), hepatocytes (Fehlman et al., .1982) IM-9 ' o

_cultured "human lymphocytes (Kasuga et al., 1982; Po]let et .al., 1982;

- - n
' 13 . L
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- Q Hed?®et al., 1983), rai.adiponytéé (ﬁgQéZgue gg_gi,*,1939; Berhanu et
L }gﬁ., 1982);'rat kinney and lung Eembranes (nassague et al., 1980) and
liver plasma membranes {(Jacobs et al., 1979; Jacobs et al., 1980;
Massague et al., 11980, Fehlmann et al., 1982)
' . Subunits of various mo]ecu]ar we19hts have been isolated; Jacobs
EE:El: (1979, 1980) isolated two subunits (135,000 and 45,000 M.w.)
— " from raf 1iker and human placental membranes; Kasuga et al. (1982) v

reported three ;ubunits of 135,000,099,000 and 210,000{M7w.:in\IM-9

lymphocytes. Pollet fﬁ_gj, (}982) observed, in the same tissue,qa
\ 310,000 M.W, muitimeric uniE which segregates and produces pwo‘

componénts of 1702000 M: Eachy of these 1attgr’gpmponents,’yfelds,

after }educiion, subuniﬁgeof 120,000 and'50,000 M.W. respectively.’
o " Pilch and Czech (1980) 1solated two subunits of 125, 000 and 300,000

M W. from fat ‘cells and liver plasma membranes whereas Massague et’
_al. (1980) found,'in a variety of tissues, three major comp]exes:of'

350, 000 3ZQ¢000 and 220, 000 M. w. under non-reducing conditions. These,

coniplex exh1b1ted a comb1nation of three subun1ts of 125,000-135,000
& /;'%ﬁ‘w ,, 90,000 M.W. B and 45,000-49,000 B1e ,In accornance with
the previous findings, is Fujita-Yﬁmaguchi's observation (1984) of ©
thre, 125,000 « , 90,000 B , and 50,000 B M.W. subunits.

During affinity labe111ng stud1es (Jacobs et a]., 1979;

Fuglta Yamaguch1, 1984) the a subunlt is the predom1nant1y labelled
one and for that reason it has been suggested that this 1s the one,

BN 'necessary for binding the “insulin component. Both 8 and B8]

subunits however, are also occas1onally labelled (Fujita—Yamaguchi,

v

%

“{ﬂ -
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“a].,'1976 Pilch and Gzech, 1980) (F1g. 1) The q%Terlc (f-a]-[a~ 3]

4
L] a

' . . b
. 1984) and they may also have binding activity. It has been proposed

R )

that Bl is a derivative of B ;vbécause after proteolytic digestion,

B yields a:peptide similar to the B; subunit (Massague et al., '
14981, Fujjta-Yamaguchi, @984). Furthermore, peptide mapping (Massague

et al., 1981; Fujita-Yamaguchi, 1984) showed a considerable homo10gy.

between B and B; and digestion-of B with elastase generates &

peptide_similar to B; (Massague et al., 1981). 'In all studies:
s A ‘

concerning the s ture of -the receptor, it has been shown fhat the

peptide subunits ere -linked with disu %de\bonds covalenply at a
predominant'state (Masseg&e et al., 1981; Fujita;quaguchi, 1984).
a less frequent, pdtentjaliy reduced'state, the a-B bonds are
reduced (Jacobs et al., 1980). - C - ' S,
Thetnntact receptor nas been‘ehown~to be a tetramer consisting of
two . and two B subunits (Jacotss, et al., 1980; Massague et al ’
1980; Pilch and Czech 1980a ; Massague et al., 1981) whlch when
treaged with reduc1ng agents, generatés the 1nd1v1duéﬂ subupgits. oIt
has been proposed that the basic structure of the natlve receptor is
&2 R2 (Jacobs et al., 1980; Fujita- Yamaguch1,§l984) and that it

undergoes conformat1onaf changes when insulin binds to it (G1nsberg et

<

3

, structure of the receptor g1ves it a b1latera1 symmetry. This, along

-with indirect evidence (Flier et al., 1976; Harrison gg al., 1979)

\'provided by antireceptor antibody techniques suggest'a more~-than-one

molecule binding struture. In order to eluc1date the biochemical
-«
nature of  the’ receptor react1ons w1th var1ous substances such as )
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Fig. 1

-
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Model qf Insulin Reéeptor Structure (Gammeltoft, 1984).

LI . . - ’

. The four subunits..of the'recebtorg are connected-with

disulfide bonds (AS-S;): The a subunits contajn the

t

1nsu1in (1), bind1ng sites _the B subunits contain the
ATP binding sites {Roth et al., 1983) for phosphorylation

(P) of a, tyrosine residue. . . ] "
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fnypsin,'ohosbholipases organic solvents (Cuatrecasas, P., 1972),
neuroam1n1dases (Cuatrecasas and Illiano, 1971), lectins such as wheat
germ agglutinin (Cuatrecasas and Tell 1973, Marsh ggngl., 1984) and
concanavalin A (Cuatrecasas and Tell, 1973), inhibitors such

as tunicldmycin (Rosen et al., 1979; Reed et al., 1981; Ronnet and
Lane, 1981) and amino acid ana]yses (Fujita- Yamaguch1, 1984) have
shown clearly that the insulin receptor is a glycoprotein. Further,
this is supported by the observation of the ineorporation of
galactose, §lucosam1ne;anannose and fucose .into both subunits (Hedo et -
al., 1983). ° |

The major role of. the receptor is transmission of 1nformation
from the extracellular to the intracellular environment. . The quest1on
raised was whether it is a transmembrane prd{e;:x _

Since carbohydrate moieties ,of cell membrane g]ycoprotefns are ‘
focated on ohe external surface, all receptor Subonits are most likely
exposed to the extracellular environment; affin1ty~1abelling studies
with insulin under conditions in which the hormone was unable to have
access to the interior of the cell suppdrted this view (Massague et
;1.; 1§80 1981), since ali subunios were labelled with the hormone. °

.'On the other hand, it was found that only the (8) subunit is exposed

“to the 1nterior of the cell whereas the (a) subunit do@%‘hot appear to ‘

- .be a transmembrane component (Hedo gi‘gl., 1982).
Insulins of various species, or chemically altered -insulins vary

widely in their biological potentials in vitro. These differences are

due to pheir differences in affinity for bindfng to the receptor



~ (Kosmakos angd Roth, t980). The insulin receptors of different
species, including those of culturedlhuman IM-9 lymphocytes, rat fat
ce]ls, mouse Tiver membrahes, RPMI- 6237 humad'lymphocytes,‘torkey
erygﬁrocytes in vitro and human fat cells and: monocytes in vivo, are
-T—-
identical with respect to b1nd1ng aff1n1ty and spec1f1c1ty to
insulin. They are also -identical in terms of temperature and pH
effecte, and kinetic .properties (Ginsberg, 1977).

-

Aggregat1on and Interna11zat1on of the Insulin= Reggptor Complex

After b1nd1ng, aggregat1on of the occupied receptors and
internalization of the insulin receptor comp}ex takes place (Goldfine
et al., 1978; Goldfine et al., 1982; Kahn et al., 1978; Maxfield et

gl;, 19784 Bergeron et al., 1979; Carpentier et al., 1979; Berhanu et
al., '1983). The aggregates form ‘sometimes p clathrin-coated pits
(Pearse,,1976). .The formation\of these pitp has been obsermed in v

, 3T3-4 mpuse -fibrablasts (Maxfield et a]., 1978), IM-9 lymphocytes
(Carpentver et al., 1981), and ip 3T3-L; mouse adipocytes (Carpentier
et al, 1982). This has not been observeq in rat hepatocytes (Bergeron'
et al., 197§) Coated pits are, invaginations of the cell membrane
which form small ves1c1es enclosing receptor bound , 1nsu11n .that are
subsequently pinched of f (Pearse, 1976) "In this way 1nsu11n is

thought't0°be transported to the lnterlor of the cell.,



-Fate of Insulin

Although the ﬁormone-receptor coﬁblex enters the cell as a unit,
it seems that the two nnlecu]es follow different pathways after entry
(Maxfield et gL., 1978 Carpent1er et al., 1981 Carpentier et al,
1982) A1l lines of evidance support the idea that insulin's fate
after enter1ng the celT, is receptor-medlated (Gliemann and Sonne,
~1978; Baldwin et al., 1980) or non-receptor;mediated degradation

(Gliemann and Sonne, 1978; Baldwin et-al., 1980; Sonne and Gliemann,

2,

1980).

Lysosomes, are generally accepted a$ the receptor-med1ated L
degradatlan s1te because degradat1on 1s 1nh1b1ted when lysosomotropyé/
'agents such as ch]oroqu1ne (Carpent1er et l 1979 Marsha]l and//
Olefsky, 1979; Suzuki and Kono, 1979; Heidenreich et al., 1984)//
,dubicaine apa tetracaine (Suzuki and Kono, 1979) or ammoniuT/éh]oridé )
Y(Marsha]l and Olefsky, 19793 #fe used. §ubsequent accumu]atﬁon af
1n;racel]u1ar insulin has been observed. ' RN

FollSW1ng 1nterna]1zat1on, the 1nsu11n conta1n1ng vesicles start
mov1ng towards the- Go]g1 apparatus and this takes 10 mlnutes 1n"r‘atwS
“liver at 37°C (Bergeron gg_gl,, 1979). xThe orIgjn of these vesicles
as well ds their aatura is still quite obscure. Some of them'resembla
' lysosomes with'resaéct to morﬁhologx (Bergeron et al., 1979; |
Earpentier et al., 1981)rand the presence of .lysosomal enzyme markers
" (Bergeron et al., 1979). They, however, do not precipitate within the
band of the lysosomal fraction (Khan et al., 1982). It has been

proposed that these vesicles originaté jroﬁ the golgi region (Bergeron
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'et al 1979) because they sed1ment along with th1s fract1on and .

ﬂecquse of the1p_1ow-den51ty'l1poprote1n-l1ke markgrs (Carpentier et

1 324

al., 1981; Khan et al., 1982). Their sedimentation characteristic

3. ¢ .
though, is under question because the golgi suspension used was not

pure, and further fractionation revealed a small number of vesicles
carrying lysosomal epzyme markers, and alsp containing some of the

internalized insulin (Khan-et al., 1982). In addition, no insulin or

only traces of it have been found in the golgi apparatus per se

(Bergeron et al., 1979).

A]sg, insulin has been associated with other cell organe]les,'.
such as the nuclear envelope (Goldfine et al., f982)'and endoplasmic
retlculum (Horvat et al., 1975; Goldflne et al.,’ 1978) in IM 9
lymphocytes and rat liver-membrane.

The degree of intracellular,insul%n degrédafionAvaries dependjng'
on the tissue. Suzuki‘gg.él: (1979) studied receptor mediated insulin
degradation on cell-free and whole-cell systens. jhey.reporfed that

only a small pefcentage of the.ipternalized insulin in fat cells is

degraded intracelluTarly; the rest s recycled back into the

.ihcubatioq medium through -an ATP-dependent process. In human -

fibroblasts (Balwin et al., 1980) and in rat hepatocytes (Carpentier

ep al. ., 1979) insulin receptoT-mediated degradation has been observed

and 30- 40% of the rad10act1v1£y applled (1251 1nsul1n) is located

:1ntracellu1ar1y dur1ng the stgady state stage of b1nd1ng at 37°C

(Carpent1er et al., 1979) In IM-9 lymphocytes receptor-med1ated .

'degradat1on is a]most non- 9x1stent (Ba]w1n et al., 1980) even under

’
'y L]

. : ) \




" conditions close to physiological, e.g., dt 37°C and pH 7.4 (Sonne and
5 g v
Gliemann, 1980). ) _ -

Fate of the Receptor

Although insulin is degraded when transported to the interior of

the cell after binding to its receptor, ‘the receptor itself does noi '
éeed to share the §ad; fate. Evidence (Terris andASteiner, 1980,
Prinaé et al., 1981; Marshall and Olefsky, 1983; Heidenreich gi.al:,
1984) suggests that'insulin and recebtor are internalized together but
\’wnile insulin follows a degrative pathway,‘;ﬁe receptor at some point,
dissociates from the hormone, and- is recycled to the cell memgrane.
Studias with chloﬁoqdine have indicated that a fraction pf the )
1nt§rna1ized receptors may’be degraded. (Green agd'OIef;k;, 1982; \
‘Heidenreich gg_gl;, 1984) in adipocytes. In adipocytes (Berhanu et
al., 1982; Heidenreich et al., 1984) photoaffini;y—labe]Iingdstudies
" suggest that the receptor is 1nternalized and a fraction of it is -

proteolytica*f} degraded. On the other hand 1actoperox1dase-

Tabelling of. the receptor with' 1251 and 1mmunoprec1p1tat10n with

"4‘

antireqeptor'antjbody had shown that no’ proteolytic degradation occurs

fn fat cells (Hedo et al., 1982). This is’an indication that
photoaffinity-labelling might alter the physiological pathway then

recéptor'fof]ows after internalization. It is atso interestinﬁ to

note that photoaffinity labelledJrecebtors on IM-9 lymphoéytes are not’

internalized; instead, they are shed into the surrounding mgdium

(Barhanu and Olfesky,. 1982)

) . »
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The evidence, so far, concerning the fate of the insulin-receptor

complex suggests that after binding, in most cells, the hormone is

internalized- along with the geceptdr. At some poimt there is

~ sequestration of the receptordg’ich, recycles back to the cell

membrane (Marsha]] et al., 1981) the sma]l fraction which does not
recycle is intracellularly degraded. The duration of this' recycling

- ) ' }
has been estimated to ‘be'different among ce]ls of various systems. In

cultured human Iymphocytes, insulin receptors exhibit a half-life (t3)

~ of 30-40, hours after treatment with Cycloheximfde (Khan, 1976) In

373-L) mouse adipocytes afteg treatment with tunicamycin, they

expressed a ti of 9 hours (Rosen et al., 1979) and 15-16 hours (Reed

et al., 1981) while cyclohéximide lengthened fhsulin receptor turnover

rate to’ 24-25 hours (Rosen et al., 1979; Reed et al., 1981). On the—-

“hand, in.the same cell type, the heavy isotope density-shift technique

wlthout the use of 1nhib1tors, revea]ed a half life of approximately

7.5 hours (Reed et al., 1981) with a range of 6. 7 to 9.4 hours. -

‘Potent Postbinding Events.

+ Since after bindlng, the two mo]ecules follow a different patnway
in the cell (insulin is degraded, receptor is recycled) there are
three a]ternetives to specdléte for the role of the receptor in
insulin actioq. It ejther 1).acts as a simple carrier for the insulin

molecule; 2) the insulin receptor complex participates in a series of

b?ochemical reactions that result in an insulin effect on <the cells

-
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or 3) the receptor itself acts‘as a major factor for some of. the

cell's functions.

‘_ N The first possib111ty can be ruled out because it has been shown
thaf‘the receptor undergoes biochemical changes after.interaction w1th/
‘insulin. Kasuga'gt_gl. (19@2) reported that after b1n§1ng, insulin’
stimulates phosphorylatibn of its own'receptor, in.particulan*‘t;e B .
subunit in cu]tured IM-9 human lymphocytes and‘iﬁ H-és hepatoma cells.
The phosphorylat1on has beeh, found On a tyros1ne res1due (Kasuga et
al.’, 1982; Cobb and Rosen,’ 1984) In the latter study in a cell-free
system, phosphorylatlon of the a subunit was not‘only demonstréted.

but was greater than that of the B subunit. It,has beeh preboséd

v - that bhosphorylation of the receptor might be the beﬁinning of the

biochemical events leading to the expression of insulin's action, and
this raised the quest1on whether the receptor 1s 5‘5rote1n klnase.
vadence for thls is given by Roth et al. (19%3) jn IM-9 lymphocytes{

B They conc]uded that the receptor is a protein‘kinaseuwhich, upon '
stimulation by insulin, becomes autophosphorylated and pﬁggbhorylates
other proteins as well. The two kinds of the subunits serve two

' purpeses ; the  a subunit contains the insu]ih binding site; the B
subunit expressses the kinase activity and has an~ATR binding~siteﬂ

. ¢ : ‘
Simpson et al. (1984) using an antireceptor antiserum could mimic

/

insulin's acute effects such as stimulation of glucose transport, lx’
. . .

phosphorylation of integral membrane protéihs and internalization of
the receptor; Yet, there was no stimulation of 3h05phorylation of the

8 subunit. They suggested.that, receptor phosphorylation may not be

o

i
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a requirement for acutq insu]tn action, although\they did not exclude
that the "longer term growth-promoting effects of insulin may require
' ‘receptor phosphory}atﬁon." The preceding information supports"the
Tlast twa a]ternatives l) That the receptor participates along with :
1nsu11n for the vartpus expressvons of the hormone's action, and 2)

that the receptor per se is important for certain of tﬁose actions

w@y

~aﬂ1thout 1nsu11n be1ng present. After bindirg and activation’ of thef
R

" receptor, an unknown mechan1sm is turned on 1ead1ng to .the final

\ effects characteristic of the,action of the hormone.
Although H,0, (Jarett and Seals, 1979), calcium and eyclic
nocleotidgs (Czech et al., 1984) may be involved in a .general telfular S-i
..response to insulin they do not appear to be the actual mediators.
" Seals and Jarett=(1980) reported thdt insu]in‘aoditionlto a plgoma e
membrano-mitochondria system WOu]o actiyate pyruvate. dehydrogenase.
This woa]d'not happen if oniyfmifbchondria‘were used; thglpreSence of
membranes was necessary.- This suggests thot binding fo-the membrane
and jnteraction with the receotor is necessary and‘tnts 1nteract10n
Qeneratés.a mediator whtch‘activates.the eniyme. The meoiqtor‘has
been isolated fron various cell systems (Jarret ?no Seals, 1979; )
Larner et al., 1979; Kiechle et al., 1981; Saltiel et al., 1981; Seals

“and Czech,. 1981), it has a molecular weight of 1000-2000 (Larner et

. al., 1979; Kiechle et al., 1981; Seals and Czech, 1981) and it is a

peptide (Larner ‘et al., 1979; Seals and Czech, 1981; Czech et al,

1984) whose amino acid’sequence has not yet been'completely identified

(Larner et al, 1982). -
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Factors Regulating Insulin=Receptor Interactions !

‘. . | ]4 4

T Two factors governing ohe interaction between the insulin
molecule and the receptor are a) the affinity with which the receptor
holds the hormone and b)‘the concentration.of the ambient hormone. o
Evidehce suggests that the receptors exjst i nultfple affinity states
(Gammeltoft, 1984), high, {ntermediate and ow, either as separate
classes or as 1somers of the same unit. Each state is regulated by
the occupancy of the receptor by the hormone. The higher the number
of occupied s1tes, the higher the dissoc1axion rate of the -

‘ insulin-recepgor complex. This was ascribed to negatlve]y‘cooperative
1nteracf1ons between the filled and empty reeeptors, (De Meyts fg_al.,
1976);"There is a lot of controvers} on this subject, and the
moiecular mechanisms regulating this phenomenon are still under
1nvestigation (GaFmeltoft 1984). . 1'

The concentration of the amblent hormone is critical for the . .
response of the ce]l to it. When ce]]s are exposed to excessive |
amounts of 1nsu11n b1nd1ng decreases as a time and concentratjon-
dependent event -(Gavin et al., 1974; Baldwin et al., 1980); this
decrease i$ ‘due to either rapid Wnpernalization of the receptor (Mott
et aﬂ., 1979; Knipp and Lane, 1981) or receptor recycling'slowing down \;
(Knipp and Lane, 1981) or receptor degradation (Kosmakos and- Roth
‘. 1980; Berhanu and Olefsky, 1982; Green and Olefsky, 1982). This\
latter phenomenon ‘of hormone concentration-dependent decrease in

:b1nd1/; is known as “down regulation“ of the. receptors and it exists

1n pathologica] conditions in vivo. - _ ~

]

o
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Human_Fibroblasts as a Model for Insulinction | i

As it has been discussed, a large number of cell eystems; animal
and human, have been employed in order to clarify the §tages preceding
‘and followeng 1nternal:zat1on of the insulin molecule. LJhis is partly
-due to the various effects insulin exerts on the cell. Protein
synthesis, stimulation of RNA and DNA synthe51s, ATP formation,
regulat1on of sugar transport decrease of glycogenolys1s, lipolysis.'
gjuconeogenesis, ureogénesis, ketogenesis, protein degradation,

( increase of olucose oxidation and 1jp¢’genesis, and enhanoement of cell
growth have been shown to be affected by insulin (Porte and yalter.
" 1981). | 3

Among the cellular systems useo for demonstration of 1nsulin'sw?
biological potentiais are the cu1tured diploid human fibroblasts.
Although, these’ cells are not an actual prfmery target for insulin;
-they represent a very good system for studyingwthe 1nsulin-receptor

complex actions..
Because of their‘undifferentiated nature, human fibrobtasts,
»repreéent;a “neutral" tissue, untouched by specific requirements that

7

might-affect the number and/or the functionol e;bres§§ion of the
receptors. AAoditionally, th;se cells are diploid, not transformed.
Thus,=the‘regulatdry mechan}sm for the receptors under-given
nqonditions 1s less likelyﬁfo be disturbed by unknown genetie factors

ge g.‘transformation) Although the number of the receptors is ‘not as

great as in other cell systems, those that exist are of high affinity -

. for the insulin molecule (Prince et al., 1981)

L
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The demonstrated effects, of insulin on human fibroblasts (HF)

include stimuTation of "a-aminoisobutyric acid transport (Rechler et

~.al., 1982; Hollenberg and Cuatrecasas, 1985), ONA (Rechler et al.,

1972; ﬁol]enberg and CuatragasasT\}QTS), RNA and protein synthesis
(Fujimoto and willians; 197;), gludasd}oxidation (Goldstein and
Littlef tetds—1969) and uptake (Fujimo%o and Williams, 1974, Geéﬁinario
and Oliveira, 1979; Berhanu and Olefsky, 1971; Germinario et al.,
1984). Stimulation of suyar untake)jn the cé]ls is the primary
physiological rale of insulin. Thé environmental conditions and

regulatory mechanisms controlling this function have been offdreat4

" interest and intensively investigated. Serum and glucose are two

Ve

serui, Effegt‘ oo N Lo

2}

maJor nutr1t1ona1 components for cells in culture, andthey have been ’

shown to 1nfluenc% 1nsu11n s action on the cells (Nyse and Chang,

1981,.1982;.Germ1nar10 gg_gj,, 1984). The effect of these two factors

on puﬁan fibroblasts has been investigated in the present‘study.

-

A

Normal, untransformed cells expre%i»controlled growth which 1s 1

essent1al for the debe]opment of normal living organisms. These ce]ls

' 'éxpress.“densrty-dependent regulat1onf'of growth, that 1s, they

proliferate to a certain “saturation density" and after reaching this

state, they stop growing and Eecdme quiescent (Holley; 1975).

Evidence indicates that'this arrest is noi due to contact between

-~

cells which suppresses any further pro]iferaiion, but to “limitation

[
4

¢
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of*any one of a var1ety of mater1aTs, 1n the medium surrounding the
cells” (Holley, 1975) Those materials. may be macromolegular
components (Todaro et a]., 1965) in the serum, or, low molecular
~ weight substances (Holley et al., 1974) in the serum or in the?
nutrient medium and.thein.remdval arrests the cells at the same phase '
'regardless of the regulat1ng factor (Pardee, 1974). Esperiments- |
: '/performed on 373 mouse f1broblasts (HO]]Ey and K1ernan, 1974) ~ Yo

-

', indicated that the1r growth is controlled_ by serum macromolecules.
Components such as insulin (Hershko et al., 1971) fibroblast grdwth
factor and dsxamethasome (Holley and Kierman, 1974) phosphate ions,"
glucose and am1no ac1os (Holley and Kiernan, 1974), and others have
been, shown*to be involved in the control of cell growth. |

By a1ter1ng the exper1menta1 cond1tlons, substances acting as
pro]1ferat1on and growth controlllng factors have been 1dent1f1ed as
being serum constituents (Holley, 1975). By depletiqg the medtum of‘\ )

'serum and therefore witholding the growth factors, qufescent cultures d
are produced When this occurs; cells are. found in the G or 62 -phase

: of the cell cycle within 12 hours . fron the moment’ of serum withdrawal

(Holley and Kiernan, 1974). The qulescent cells can remain, at these )

¥

postmitotic (Gl),astatnonary (Gz) phases, healthy over a period oﬁ~a
. few days and the effect of serum-depr1vat1on is reverSIble upon .serum

readd1t1on (Todaro et a], 1965) ' " o

.
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0BJECTIVES

- The- binding of insulin to its specific receptors triggers a ghain
K, .
of b10chem1ca1 reactions resulting 1n various b1olog1ca1 responses.

J‘ )

greatl 1nf1uence the insulin receptor.concentrat1on and the response
of human f1broblasts to insulin (Germ1nar1o et al., 1984)

Since 1n$u11n 15 ‘an important hormone (Porte and-Halter, 1981),

’
.-

it ‘was. of partlcular lnterest to study the, maoromoTecuiar processes
' invo]ved 1n the regulatlon of its receptors by’ serum and g{ucose.

In order to pursue th1s task the following questlons were raﬁ%ed:

w

t) What are the optfma] cond1t1ons-for insulin to bind to its

[.receptors under the influence of -serum- 4nd /or glucose feeding

or starving conditions? R e , ‘

‘.

2)_ Is glucose an’ 1ndlspensable component for 1nsu11n receptor

b1nd1ng ab1l1ty or’ can it be unaffectedly rep]aced by other _

-~ 3

sugars7 .,' s : ) ' .

1 e . PR

" 3) What is - the role of RNA prote1n und g]ycoprote1n synthes1s

"

" in the regulat1on of 1nsul1n receptors hy glucose?

A

4y How s 1nsu11n actaon (in’ terms of sugar transport st1mu1at1on),

1nf1uenced Qy-the,same,cond1t10ns that regulated 1ts b1nd1ng to -

Y

Cits” receptor° s ' JEEIET

Ld

5)’ How does : sthulatxon of protein and glycoprotein synthes1s by-

1insulin affect insulin stlmulat1on of sugar transport?

he culture condltwons such as serum - and glucose concentration .

b
-
o



- . Lo MATERIALS AND METHODS -
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) Cell Culture

¢
k4

E ) +All studles were performed?with human d1plo1d fibroblasts t
b obtained from deltaid or foreskiin blopsies. . ) ' : -
Cells were cultured in 175;cm? plastic flasks in antlbiotlc-free
Eagle's minlmal e§sential nedium'(Eagle 1959)‘supplemented wlth'l mM
‘ pyruvate and 10% (v/v) fetal bov1ne serdm (10% MEM) (Mﬁcrobiological ’ﬁa
O'Assoc1ation Bethesda, Maryland) Cells were jncubated at 37°C i ‘an

A J

(e 'S
atmosphere of 95% air and 5% COZ, the feedlng medlum being éhanged

" three times weekly. X C ' ‘.:. )/

[0 @

Confluent cell'monolayers were.haruested from the culture vessels
after be1ng treated with 0.04 (w/v) trypsin for 2 mlnutes at room
Ez . :;temperature, followed by treament w1th 0.2% (w/v) EDTA for 5 minutes :
\at 37°C. The cells were counted with a haemocytometer and were plated
at a density of approx1mateLy 1.0 x 109 cells per 35 mm diameter dlsh{
'(Corning Co. ) tb reach’.confluence (Seven to ten. days)
In all experlments, the cells had not completed more than 502 of
:their.l_ vitro 11ifespan. The numbér of ‘population doublings accrued -
by the cells at the time of the experlment -was d1v1ded by the total

number of population doublings expected at senescence .this number
tlmes 100 equals the percentage lifespan completed (berminario et al.,r
c? . : . -

¢ ©1980).

’ Experlmental Procedure

.

a
k9

o ' Nhen cells reached confluence, the med{um was removed and the

LY
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monolayers were rinsed with l ml serum-free medium (0% MEM) conta1n1ng
1 mg/ml bovine serum albumin (BSA Sigma Chemlcal Co. ) and 4 mg/ml
(22.2 mM) glucose (0% MEM + Glu), or for exper1ments involv1ng serum

and glucose~free conditions, rinsing was.performed.with 1 ml serum and

l glucose-free MEM (0% MEM - Glu).

A ]

At this point. cells were exposed to, varjous experimental
conditions according to protocols employed, described in_the Results

section'for each case..

.

Insulin Binding Procedure =~ L ' L

Binding experiments were performed with l?5I-insulin-labelled
- ' d . A ) - * ) .,
according to a modification of the Chloramine~T method to a specific

T

act1v1ty of 180 200 uC1/ug. (Brenner, B., "personai commun1cat1on)

wh

For labelling, Nal25] was purchased from Amersham, Chloramine T

W

from BDH and Crystaltine Rorc1ne Monocomponent Insulln from E1i Lilly

and Co.

‘1) lodination of Insulin - - ‘ 4

The 1od1nat1on was performed ax om temperature. One mC1 of
\

Nal251 (sp. Act. 14- 16 mCi/ug) was mixed with 5 ul of 1 mg/ml insulin

and 50 yl of 0.5 M Phosphate Buffer pHv7.5; ten microliters of 0.5

mg/ml of Chloramine T solutjon was then added and incubated for’30
seconds. At the end of this time, 100 pl of saturated solution of
. , ‘ C . N
Tyrosine (0.4 mg/ml) was added and the whole was incubated for 60

seconds. At the énd -of this time the reaction mixture was eluted

¢ !
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_in 0.5 mt fractions'through a Sephadex G-25M column«(Pharmgcia), which

was pre-equilibratéd with 1% BSA., Ten microliters of‘each fraction
were then counted to define the peak fractions. _ The, two .peaks with

the highest counts were pooled and used in binding studies.

2) Bindiné Procedure

After asp1ratlon of the cuTture medium, the cell monolayers were

r1nsed twice with 2.ml Hank's-HEPES (20 mM) Buffer supp1emented with .

2%, (w/v) BSA (S]gma) pH 7.4. One miililiter of 1251 1nsulin (1 ng/ml1)

1ncubat1on ‘media was added to the cells, alone or together with 40

¥y e T

pg/ml unlabelled insulin (Insu11n-Toronto, 100 U/cc, Connaught " .
Laborgtor1gs) to determine tota]land non-gpeCIflc binding. Plates
were ihgubaieq‘;t 22°C for 120 minutes on a shakihg-;rax (45
shakes/min). | |

At the end of the incubation period, the cells were rinsed three

times.with 3 ml ice-cold Hank's Buffer. Then the ce]] mono]ayers were

"

dissolved in 1.2 ml in NaOH fér 1 hour. 0ne-m1 aliquots were

transferred to 5 ml glass tubes, covered, placed in plastic carriers °

and counted for determination of cell-associated radioactivity in an

© ‘automatic gamma-counfer (Nuclear-Chicago, Model 1085) with a 72%

efficiency. - A
: ]

Spec%fit binding was calculated by shbstracting the non-specific

from the total binding per mg protein.
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Procedure for Determination..of Prote1n and RNA Synthesgs '

Cell monolayers were r1nsed tw1ce with 2 ml warm \37°C)
phosphate-buffered saline (PBS) pH:7.4. One milliliter warm PBS
contain;ng 5 uCi of L-Leucine-[4:5-3HJ (58 Ci/mmole, ICN) ¥ 20 ug/ml
cycloheximide (Sigma) or uridine [5 34] (25 Ci/mmol, New England t\
Nuclear Corp. Boston, Mass ) £ 0. 03 .ug/ml actinomycin D (S1gma) and
5.55 ymoles/ml, D-glucose (Sigma Chem. Co.) was added and the ce]ls
were‘incubated for 30 minutes and 60 minutes respectjv%]y at 37°C.

At the end of this time period, “the ‘radioactive solution was
removed and the cell monolayérs.were{rinsed’four times with 2 ml
jce-cold PBS. One milliliter of 10% cold TCA was added for 1 hour at
4°C. After rinsing twice with 3 ml cold TCA,”fhé monolayers were
di§solved in 1 m1 1IN NaOH for 1 hour and O.i ml aliquots were mixed
wtih §'m] counting;soiution (Formula 983, Du Pont) and counted in a
liquid scintillatian counter (LKB, waITAE, Model 1217 Rackbeta) with

- a 32% efficiency for. 3H. Aliquots of 0.2 ml were assayed for protein

determination (Lowry et al., 1951). ,

)

Procedure for Determination of Glycoprotein Synthesis Inhibition by

Tunicamycin -

Preliminary experiments concerning concentration and time-course

~

were performed according to two different protocols.
[he first protocol involved a total serum starvation time of 52
‘hours. The cells were rinsig and placed in serum-free media’

containing 4 mg/ml glucose {0% MEM + Glu). At the ‘end of the first 24

»
]

4
~
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hours of this time period, the cells-were..given 1 ml of 0% MEM + Glu =
containing 0.1, 0.3;‘0.5, 1.0, 1.5, and-2.0 pg/ml tunicamycin’ )
(Boehrin;er-Mannhéim)~and:were 1ncu§ated‘agg37°c for various time
intervals. ' \ o ., o o

Cohtro] plates received only 1 m) 0% MEM + Glu: Fobr,,lZ and 24
hoﬁrs after the change; the cell monolayers were finsed w;h l‘ml‘O%
MEM containing 0.1 ml glucose and were givep 1 ml of the same @ediym
. containing O.i: 0.3, 0(5,‘1_0, 1.5 and 2.0 ug/ml tunicamycin _
respectively and 2.5 pCi/mi M;nnose-D-[2-3H (ﬁ)Jl(S.A. 27.2 Ci/delel-
New.Englanq Nuclear). ) ‘ . ' ]

 The plates were incﬁbatéd for 4 more\ﬁ§urs”at 37°C. At the end
of this time they were rinsed three times with 2 ml fo1q PBS. One m
of 10%$to1d TCA was added for 1 hour at 4°C. Then, the cell
monolayers were rinsed twice wifh 3 ml cd1g TCA and solupi]ized in 1
m 1N NaOH for 1 houf. - Aliquots of 0.2 ml were taken for
scintillation counting and protein determination.

The second protoco! involved a concomitént incubation of the
antibiotic an&'the labelling precu}sor; After the first 24 hours of
serum starvatiop, the cefl mono]ayérs wére.éiVEnll ml_O%/MEﬁ R
containing’ 1 mg/mf glucose and' the same tunicamycin concentratioqs as
. in fd!!fingt protocol, along with 2.5‘uCi/ml 3H-Mannbse; and incubated
Cat 37°. o
. Four, 12 and 24 hours after the change, the medium was removed;
thgbcells Qere rinsed threeﬁtimes with 3 ml cold PBS and precipitgted'.u
* in*1 m}* 10% cold TCA for 1 hr a{ 4°C., SolubiJi}atfon and counting

were performed as in the” first protocol.



radiodtt;»d%y.

In both protocols, one half hour before the end of each

1ncubat18n with tun1camyc1n time- period separate cell mono]ayers were.

A3

assayed for protein synthe51s 1nh1b1t1on determ1nation as described in
i , v
the preced1ng section, .’

In both grotocols zero-time controls equalled the background

~

fProcedure for Glucose Transport

minutes.

Cell mono]ayers were rinsed twice with warm (37°C) PBS, pH 7. 4
and they were-given 0.8 ﬁT‘warm glucose -free PBS conta1n1ng 1 0 mM
(S A. 4.5 uC1/umole) 34-Deoxy-D- Glucose (NEw Eng1and Nuc]ear)

L 4

Incubat1on was performed at 37°C’ and the sugar uptake time was 2 -

2
\

4

At the end of each time-interval, the Tab’ﬁled medium was
removedf the cell monolayers were rinsed four times w1th 2 ml cold PBS

and,solubil1zed in 1 ml IN NaOH for 1 hour.
\

Aliquots of 0.2 ml were used for liquid scintillation counting

A}

and protein determination.

In all exper1ments zero time contro]s were subtracted. Sugar

transport was rate-limiting and l1near under the cond1tlons used
(Germ1nario and Oliveira, 1979). An’ Apple I+ computer was used for

- calculation of the liquid scfntillation data,

For exper1men€s 1nvolv1ng insulin stimulation of sugar transport‘
100 mU/ml of Crysta1]1ne Bovine Pancreas Insulin (S1gma) was added to

appropriate plates for 2 hours prior to'the sugar uptake t1me.

Yo
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The data in Figure 2 show the effect of pH on insulin binding.
It is clearly shown'tyht'the optimum pH for ihsulin binding'is 7.4
At this pH, for the eptimum temperature for bihding,-two
temperatures were used: 37°C the phys1ologac for the human body
‘temperature and 22°C, room temperature.
The data 1n F1gure 3 1]1ustrate the spec1f1c 1nsul1n binding
' ahd the’percent-1nsu11n degradation as % TCA-soluble DSH-S\ The
,125 Ifiheulin'is "> 95% precipitable by TCA and total or pertial.
‘ pegradétion of the labe11ed'insulin leads to TCA-so]uble'counts.
Specific bihding reached equilibrium afteﬁ 60 minutes of incubation .
©and temained at steady state for an'geditional 60 minutes at -22°C.
.ihsuﬁin degradation was not.altered throughout the time course at this
tehperature.’lAt 37°C specific binding‘was cqntihyously increesigg,.
reathing the 22°C' binding level at 90 minutes. At 120 minutes.it was
higher’than at_22°C:'but ihshlin degradation was'ihcreased as well.
'During'the first 90 minutes at 37°C, degradhtion was not. altered.
After defining the two major conditions for binding,'the effect*

2
of serum concentration concomltantly with g]ucose concentraﬁﬁons on

insulin binding was studled (Table I). The data indicate that

although 0% MEM + 4 mg/ml glucose increases binding in comparison with,

0% MEM + 1 mé/m] glucose, it does not express any differences when_
compared with the 10% MEM-treated groups. These two groups do not

express any differences between:them either.

-

«
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. .
™ Fig. 2 'Effect'Qf PH on Insulin Binding.' ~ X .

[N ! 1

Cell monolayers were treated with serum-free MEM for

‘24 hours, at the"eﬁd of which they were exposéd to .. .

insulin’binding buffer containing 1 ng/ml 125p-insuljn . .
: Qf various ‘; at 22°C,n Each point represents‘qveragesg;

of - triplic te'plgte§. L . o S

‘
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Fig. 3 Effect of Selected Temperatures at Various Time

Intervals on Insulin Binding.

41 ‘
. /

. cell monolayers were sérum-sthryed for 24 hours. Ati

13

- the end uf this'time period they were assayedzfor
insulin bind‘lng at 22°c and 37°C for 30, 60 90 and I

. 120 minbtes. After btgding, alfquots of the

binding buffer were TCA-precipitated for determination
.,L " of insulin degradation at each temperature expressed\ ' - “‘
. as,%-TCA-SOIUbIe D?M's.(A), Each point represents ‘

‘.,","
‘¢~ means of”triul1cete plates.  *. . ‘~d,f—"~f'*?j/,"
. -
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Table I. Effect of Serum and Glucose Concentration on Insulin
Binding. .
‘ T A
Treatment . Specific Insulin Bound
. (fmoles/mg Protein) .
0% MEM + 1 mg/ml Glu@ '1.465 * 0.335
, 0% MEM + 4 mg/ml Glyb ‘ 2.450 * 0.650 ~
. 10% MEM + 1 mg/ml GluC 2.480 ,1.050
10% MEM + 4 mg/m) Glyd o * 2.560 * 0,940

[

]

Confluent cells grown.in 10% serum-supfilemented MEM containing
1 mg/ml glucose were rinsed with 1.ml O% glucose-free MEM and divjded
in two groups. One group received, after rinsing,-1.ml 0% MEM
contatning<l mg/ml glucose? on, 4 mg/ml glucoseb, the other group,

_after rinsing, was* given 1 mi*fegular 10% semum-containing MEM

supplemented with 1 mg/ml€ or 4-mg/ml glucosed. Twenty<four hours

- after the change the cells were assayed for insulin binding,

Data represent averages of two experiments t SEM (Standard Error of
the Mean); triplicate plates were used in each experiment.

o
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‘fhe effect of glucose replacement‘by“tdo other sugarS'bn«4nsulin‘

s o

binding was investigated in another series of'experwments (Table II)

b
- The results clearly show that over a period of 24 hours 1n the absence

o]
of glucose, binding was reduced. When—glucose was- replqced by .

galactose (a metabolizable sugar) binding was not altered. = * = =

Interestingly, in the presence ot 3-0-MG, which is a“schhetic nori-

t

metabolizable sugar, b1nd1ng was elevated.
The preced1ng results are in aecordance wwthf%hose of others
(Nyse and Change, 1981, 1982; Germ1nar1o et a]., 1984.), 1nd1cathng

‘that glucose concentration in the feeding. med1um is an Important

£ “

factor'which«affects the bind1ng of the insulin mo]ecule'to 1ts own

receptor. -

i

The gluCOSe depr1vat1on effect is revers1ble.1n as 11tt1e as 6

hours from the—moment of glucose readdition (Germ1narioug§_gl.,\

'1984). The effect of inhibitors of protein, RNAiand,gchoprotein

synthesis (as well as the regulatory role of glucose) on this

-

reyérsib]e phenomenon have. been'consequeﬁt]y studied herein."

The data in Tab]e III show the effect of glucose depr1vat1on on
. »

insulin b1nd1ng over a per1od of 12-18 hours. The glucose starved
ce]]s expressed only 60% of the binding of the glucose-fed controls

and th1s is in agreement w1th prev1ous reports {(Germinario et al.,
1084). L ’ ,
. .when, at the end of the‘glucose st;rvat{on t{me-perﬁod the cel]s
were refed for 6 hours (reversal phase) with serum- -free medium
containing 4 mg/m] g{ucose, 1nsu11n bwnd:ng approached tpe leiels seen

L -, I

-
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f:'[Able 1. Effect of Various Sugars During 24 Hours of Serur
- Starvation on Insulin Binding. :

Specific Insulin Bound -

: 3~Treaiment
oo ' . (fmoles/mg Protein)
- ':"’+Glua: | 1.558 + 0.202 . |
—G]ub f ) 0.960 + 0.290
+6alC : 1.593 * 0.387,
ffa-q-ned | 3.215 t 0,385
i} N

"Cells were Trinsed :th

0% MEM free of glucose and given 1 ml of %

Y

MEM‘i%d;aining no-g]ucoseb, or 4 mg/ml. of glucosed, galactose®,

over a riod of 24 hours.

| binding wai‘ne ured.

H

¥
a

N

\]
>

At the -end of thiS‘period insulin -

Data represent average of two experiments + SEM; trlplicate glates

P wege used fn_.each experiment.

.
at
\ .
'

N
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' , Table I11. Effect_of L2 18 Hour Glucose Starvation on lnsulin

Blnd1ng.
n . . ' “ ..'7 : .
Treatment Lt Specifi¢ Insulin Bound'
. {fmoles/mg Protein)
B ( /—“' - \\
S I I (\;_)/, L 2, 34 t 0.096
[ 4 S . L ; 'x
¢ -Glub - 1.42 t 0. 24c

“

After 24-30 serum starvation, cells were glucdse-starved for
12-18 hours. the end of this time period, insulin binding

performed was shown to be decreased in’ glucose-depq1ved cellsb as:

opposed to glucose-fed cellsd,
. .4

Data present fieans oﬁgthree representative experiments t SEM;
triplicate plates were used in each exper1ment. .

€ Significant d1fference (t-test) from glucose fed control

'w<ooﬂ%‘ 3 S S



‘ 0 . . .
in the continuously fed cells. _The restoration of binding within 6

hours is. $te;15t1cal]y s1gn1f1cant (t- test P € 0.05) (Table IV)

At the end of the glucose starvat1on time, the cells wsre changed

| to g]ucose-fed‘conditidns. It is at this point that the inhibitors

were added in order to determine the effect they exert on any occuring

A

changes. The data in Table V show the effect of 0.03 ug/ml
actinomycin D (Act D) on insuiin binding in glucose-deprived cells
after glucose refeeding. The cells show no df;ferences in.binding
when- compared with the untreated controls. In these exper{menﬁs RNA -~

synthesis inhfbition was approximately 80% in both, contiruously

. starved and reversed cells. Concomitant protein synthesis ihhibition

Pl

.

. was less than 30% in reversed cells and there was no inhibition in the

starved cells (Tab]e'VI). Concomitant sugar transport measuremént was

- .
in agreement with a previous report (Germinario et al., 1982)

demonstratfng that sugar transport- was enhanced in glucose-starved Y;/f

glucose-fed cells and the. reversal was not blocked by Act D (Table

<

vi1).

Cycloheximide (CHX) a protein synthesis inhibitor Hfirst

tested in a concentration series of experiments for.th§g
reversal. The data'iﬁ\Efgure 4 illustrate the effect o
CHX concentrations on insulin binding and 3y-Leucine incorporation
into TCA-pfecipitable meteria]. It can be seen that there jé a

paralle] 1nhibiti0n on both,,125l-lnsulin binding and protein

‘synthes1s, reaching saturation levels at similar concentrat1ons (10-20
ug/ml) Experlments, uswng 20 pg/ml CHX were done to eluc1date

further the effect of CHX on 1nsu11n Jbinding in glucos% -starved and

.‘l

*,
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- Table IV.. Effect of Glucose Refeeding for 6 Hours‘pn,lnsuiin Binding
‘ . after 12-18 Hours' of Glucose Starvation..

. Treatment ~ ) ‘ Speeific Insulin Bound
: ) (fmoles/mg Protein).

[

. " -Glyd” S 70,485 t 0.04
' _Glu = +Glub K " 0.628 * 0.03
+Glu— 46 | 0.735 £ 0,07, - =
(' ’ .
fy ; \ . X
- r The general protocol for this stu&y~igvolved a total of 48-hr serum-

starvation period. During the first 24J36\g%§;;:ﬁthe cells were given
1 ml 0% MEM containing 3 mg/ml glucose. At oint, after rinsing

with 03 MEM -Glu, they received 1 ml of the same free of glucose 0%
MEM for an add1t1onal 12-18 hours. At the end of this time insulin
binding was measured in one group-and the rest were changed to
L serum- free glucoiggsed state for the reversal phase for 6 more - }
e . . hours. *The various®inhibitors " were added at this phase and’ at the end |
to ” of this time period binding was performed. '

a Glucose-starved cells for 12-18 hours.

b Glucose-~starved cells for 12-18 hours were refed (reversed) for

\ " 6 hours.
C Continuously-fed cells. o .
- R When glucose-starved ce]ls‘were fed with 0% MEM + Glu, binding was

. restored to statlsticaHy swgmﬁcant values (t- test P <€0.05), .

}. ‘ Data represent means . of four ,experiments % SEM triplicate plates
were -used in each experiment..
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Table V. Effect of Actinomycin D During 6 Hours of Glucose
. Derepress1on of Insulin. Binding.

]

\ih_yl "~ Treatment _ Specific Insulin Bound
‘ , . * (fmoles/mg Protein)
N .
'D 4 \‘\ '
+Giu ~> +Glu Y . 2.33 + 0.22
. 8 . .
-Glu = -Glu? - . 1.44 t 0,054
Glu-> GlurActd L L L9k 0.24d
-Glu=> +Glu . 1.80 £ 0.43
-Glu —p +Glu + Act DS. - . 1,84 % 0.44
s ' L

. 4

o
b continuous}y-starved, Act D treated cells.
C Reversed, Act D treated cells..

._/d The results represent mean of twb experiments i SEM; the rest

represent means of three experlments, triplicate p]ates were used in
each exper1ment.

©oa Continuously—étanyed cells. . Co ' .
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Table VIy Effect’'of Actinomycin D on. RNA and Protein Synthesis
.\ on HF During 6 Hours of Reversal to Fed State..
Treatment ™ ° % RNA 'S‘ynthesis . % Protein Synthesis
' o Inhibit§on ® ~ . -, Inhibition
-Glud = -Glu .80,13 ¢ 5& . ~~ No Inhibition :
-Glu = 61U 77.8 *3.38 27,65t 4.9 - )
‘ b
: A - ‘
. .
.
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“Table VII. Effeét\qf Acpinomycin D on Sugar Transport, ..

- Treatment .. . 2-DGE Transport

1Qt . , , e . (nmoles/mg Protein/2 m{n)
e -mu e ot g9
‘-Glu -$ =Glu + Act pa . . .8.84
. . _‘ ) \ - . .‘ - . . -——
~Glu —» +Glyb co 3.14 -
" -Glu ~ +6lu + Act DD 3.57

Cells 'were serum starved for' a total of 48 hours. The last 18

' hours, they were etther continuously glucose-starved?, or

glucose-starved for 12 hours and ‘then refed for 6'more hoursP. .
Actinomycin D, at-a concentration of 0.03 pg/ml, was added to cells of
both groups during these’ last 6 hours, sugar transport was measured at
the end of this time perhod, - .

-Data represent one expegiment w1th triplicate plates in each group.

€ Deoxy-D-Glucose
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Fig. 4 - _Effect of Var1ous ConCentrat1ons of CHX on Insulin :
Bindlng and, 3H Leuc1ne Incorporation 1nto TCA-

Prec1p1tqb1e Material. : , T )k
Cell monolajers were g}ucose-stafved for 12 hours,.
WThen'fhey were fed yith 1ml 0%, MEM';onﬁaining'j

4 mg/mb glucose along with'0.00S,‘O.pS, 1,0;_101,‘qr" )

20 pg/ml cyc]ohexamide. Six hours later fnsulin

binding was measured as well as 3H Teucine

incorporation_wnto synthesjzed pqotein. Points _ 45 -"'

represent means of two experiments (dpplicate plates)
¢ in the 3H-leucine incorporation iﬁhibit{gn_curve and

meéns of triplicate plates in the jnsuiih binding

"inhibition curve. '

oo 185 ipsulin - . .

0——o0 °~ 3H-leucine o . oo A ,.\\ Ve
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Ee]ls ~ The dafa in Table VIII shoé this effect on continuously \\&'
"starved cells (12-18 hours) aabwell as on reversed mono1ayers. It is
obvious that for b1nd1ng restoration from glucose- -free to glucose- fed

_state protein synthesis was necessary. 3H-Leucine incorporation was

reduced by 88%. The increase in insulin binding after glucose -

. réfééding approaches the continﬁously fed controls but in the presence
. of CHX the binding was significantly lower (P ¢ 0.05). The data in

Table IX show tHe-effect of the same CHX concentration on insulin

binding in cells continuguslx~fé5’?or 48-hrs. In those ¢ells the

e
3H-lqpc1ne incorporation was inhibited by 84%. | ) .
The effé?t of glycoprotein sxnthesis inﬁibit;on on the return of '
“insulin binding was subsequently studied. Preliminary experiments
with tunicamycin involving ;aﬁious conzzﬁ{fqtiéns and exposure time

intervals were done according to two p#otocols. (For details ‘see

v -~

-

Materials and Mgthods). The data in Figure 5 show pheleffect of

various tunicamycin concentrations on the incorporation 6f 3H-mqnpose s

in TCA-precipitable maferial'guring a concomitant incubation of
tunicamycin with the labelled sugar. In all three time intervals ‘a
plateau~is observed in the percént inhibition of 3H-mannose

incorporation for concentrat{oﬁs‘l.s-z.é ug/ml. The maximal

‘jnhibition for the‘lé-hr time-course was 82-85%, and fortihe 24-hr

time course, 87-90%. fﬁ_the 4-hf time course, glycoproteih syhthesis
was"inhibited by approximately 53-57%. Protein inhibition measured by
3H-Leucine incorporation in TCA-precipitable material was 15-17%,. s

21-23% and approximately 25% for the above concentfations and the

a

7~y



‘-« Table VIII.

‘

by

4

~

Effect of Cycioheximide ot Insulin Binding in HF after
12-18 Hours of Glucose Starvation and 6 Hours of

Refeeding. .

3

Treatment

LN

Specific Insulin Bound"
(fmoles/mg Protein) .

+Glu
~Glu

T -Glu

-Gluy

a

-6lu

= +Glu

-~ -Glu?

—> -Glu + CHXa,

—>

-y,

+Glu

+G1u + GHXD

0.72

| 0.38
: 0.41
 0.59
0.48

£0.1

t 0.08 7
£ 0.04

£ 0.007
% 0.009¢

a Continuousiy'starVed cycloheximidé-treated gells. °

‘D Reyersed, cyctoheximide-treated cells.

'i' . ¢ Significant difference (t-test) from giucose reversed contrcﬂ
Lo (p<basys T

. for 6 hours.
performed.

‘decreasgt in b nding statistica]ly significant compa

R contfols.

were used in each experiment.
reversed group was 88% t 3.6.

At the end of this period insuiin binding was

t .

Cycloheximide (20 pg/ml)-treated cells expressed a

r\id to non-treated

Protein synthesis inhibition in the

»
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Table IX. Effect of Cyclohexmide -on Insulin Binding in Serum-
* Starved, Glucose-Fed Human Fibroblasts.

—y

Treatment . Speciﬁc Insulin Bowkd
’ o - (fmoles/mg Protein)
) . é - . w - 2
 +alud Gl ¢ 0.72 £ 0.1 Ny
4Glu - 4Gl + CHX2 0.56  0.09b - .
}\ 0 n.‘ v - R
‘a-continuously fed, cyﬁ'oheximide-treated cé'lls‘. RO

b significant difference (t-test) from glucose- -reversed controls
(P <0 05). . . '/

Cell: monolayers werd serum-starved, but glucose-fed (4 mg/m1.): for 42
hours. At this point they were given 20 ug/ml CHX for- 6 hours.
Protein synthesis was peduced iy 84% & 5.5

LY

. Data.. represent the mean of three experiments t SEM; triplicate
plates were used in each experiment. .
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- Fig. 5~ Effect of ¥erious Concentrations of Tunicamycin .

_on 3H-Mannose Incorporgtion into TCA-Precipitable

Material. -~ .

»,

. Inhibitor aﬁd ]qbeﬁed precursor were incubated
together for 4, 12 and 24 hours. At the end of each -

time-interval the’cells were TCA-precipitated and

o

g]ycoprq@ein associated rédioactivjty was measured. //;aﬁ’

Each point represents an average of two experiments

v with triplicate plates. in each experiment.

/ ! . ' . , . ‘.
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respective times of 4, 12 and 24 hours. .
| The data 1n Figurer6 show the concentration and time-course -
effect of tunicamyciﬁ in the'pulse-éhasing protocoli In this senﬁg;
of experiments the plateau is much more defined between 1.0-2.0 pg/ml;
its' midpoint cprﬁequnds to 1.5 ug/m] tunicamycin concéﬁtratiop and
this 1is consdstént at all thrgF time-intervals. The percent
fnhibition of glycpprotein‘synthesis‘f5r the p]éteau concentrations
ranges from 94-99, 98-99 and 95-99 flér"thedg, 12 and 24-hr time- |

" intervals respectiveiy,l Prqtein synthesis ighibition,‘measured as in
the first prdtocb], was 23-38%, 32-55% and 43-49% for the plateau,

>

concentrations and time-courses. \ . |
The‘pulse-chasindﬂprotocél and the 1.5 ug/ml‘tunicamycin
concentration were chosen to detect thé rgie.of glycéprotein synthesis
on ghﬁ“%lhr‘glucoge reversal of insulin binding since the midpoiﬁtkaih
not change at all three timg courses. The data in Table X show this
effect; in fhg reversed ce]ls,d%nding was elevated as compared wiﬁhi‘
the cohtinuoﬁslj starved cells; but when tuqicamycin Qas added, the

. °
bindingﬁva]yé& remained significantly lower than those of the

-

controls: This sugggsted that for glucpse-induced restorationcqf

insulin Einding, g]ydosylé;jen is required. {
The effect of 1.5 pg/ml of‘tunicamycjn'Was ;Hso studied on celis
continuously fed for 48 hours. The results (Table XI) show that thé
antibiotic decreased binding with a concomitant inhibition in
glycoprotein formation of dpproximately 96%.
One of the major biological effects insulin exerts on cells is to
« ) §

stimulate overall 'glucose metaboli%m. As it has been mentioned the



a

Fig. 6,-Effect of Various Concentrations of Tunicamycin
: co . 1Y '
on Glycoprotein Formation; Percent Inhibition

of 3HeMannose'Incorporatidn into TCA-Pre;ip%table

" Material. | ‘
R\ ~.

-

After 4, 2 and 24 hour preincubation with

C Ul1—2.p pg/mi tuhicamycin, cél]s were 1n¢ubaﬁed

! \ , « Y,
with 2,5 pCi/m 3H-mannose for-4 moré hours.

Each pointirepresents the mean of two eXpeEiments

.- wWith triplicate plates in-each experiment.
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" TabTe X. Effect of Tunicamycin on Insulin B1nd1ng Dur1ng 6 Hours of

‘Reversal from G]ucose Free to’ Glucose-Fed State.

s
o 1

Treatment .  Specific Insulin Bound
’ (fmoles/mg Protein)
Glu—» -Glu ~ 0.9 £ 0.17
L . ,
" -Glu— -Glu + T3 | .. 1.2710.30
-Glu=p +Glu 1.32't 0.09

'-qu—».»«elu + Tb. S 0.85 t 0.04C

K Continuously starved, tunicamycin~treated cells.

b Reversed, tunicamycin-treated cells.

v

C Statistically significant d1fference from the untreated controls

(P < 0.05),

Cells were serum -starved for 30 hours. At this p01nt they were

rinsed with'l ml of serum and glucose-~free MEM, and given 1 ml from

‘the same medium for 12 more hours. At the .end of this time period
they were either glucose-refed (4 mg/ml) for 6 additional hours or

continued being glucose-starved. Tunicamycin (1.5 ug/ml) was added at.'

the beginning of this time phase in cells of both groups. Insulin

., binding was performed at the end of the 6-hr reversal time: :

Data represent the mean of four exper1ments t SEM in ‘the -Glu groups
and mean.of five experiments * SEM in the reversed groups; triplicate
plates were used .in each experlment.

. ) ’ . .

@ ' ! “« ’ - ' ~ .
. . . . ]
. ¢ -
. . .



Table XI.

Effect of ,Tunicamyc¢in on Insu11n B1nd1ng in GIucose-Fed -
Groups. \ .

-

)

_Treatment . Specific Insulin Bound

_ o - (fmoles/mg Protein)

+Glu = +G]u - © 1.38 % 0.38

+Glu = +Gly + Td 0.83 t 0.37b

o

»

.2 Continuously fed, tunicamycin;treated cells.

b significant difference (t-test) from the untreated contro1s.

(P < 0:08).

Cells were given 0% MEM + Glu for a total of 48 hours.” During the
last 6 hours, fresh medium was added with or without 1. 5 ug/m1 of

tunicamycin.

1

3H-mannog®: incorporation was 1nhibited by 95.67%.% 1.45.,

. Data represent the mean of three exper]ments t SEM; tripllcate
plates were used in each experiment. .

.

N
PR
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'concentratidn of glucose in the ;ulturg mediﬁm is a regu]atory factor
for tﬁe magnitude of the cells' response to igsqliﬁ. Glucose ,
coﬁcentraiion also has an fnvefse effgct_on sugar transport, which 1is
reversible within 6 hours.’ . |

The'datq in.Table XII show that human fibroblasts which‘wefe
‘ sgruhrstarved but glucose-fed for 42 houfﬁ éxpressgd 1owgr transport.
values than their cdunterparts which were serum-sta;ved but glucose=
starved fér the last 12 hours of this time period. This {s in
agreement with previous reports (Salter ahd:Cooke, 1976; Germinario '
{?81,,Germinario et al., 1982). In cells which were glucose-fed for
/42 hours and continued in the same medium for an ;E&itjonal 6 hours,
2-DG'trqnsportwa§ slightly decreased (Table XIII). The addition of
inﬁu]fn (100 mU/ml) increased transport in these ceils. Contfnuously
fed cells treated with CHX (20 pg/ml) fér 6 hours ‘expressed an
increase in transport and sti)) responqed'to addition of %nsulin.

The data in Table XIV show the effect of tunicamycin (1.5 ug/m)
on 2-DG transport in continuously.¥ed cells. It is bbviodﬁ,tha;
,~tunicamyciq does not affect sugar tr&nsport. However, under the same
experimental conditions glycoprqtein synthesis was inhiﬁited by 85%F
(Fig. 7). | ' ’

Insulin addition (iUO mU/m1’) to'contrbls and tunicaﬁy;jnftreated

-~

cells elevated the transport to the same levels,. indicating thag fbr'
insulin stimulation of sugar transport in coqf?ﬁwbusly fea ce]]s:
glycoprotein synthesis is not nécessany. TQe respective glycoprotein
inpbrporation intb TCA precipitable materia) was 1hhiq1ted by 85%”

(Fig- 7). .’ - : '
0 . . . .
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Table XII. Effect of Glucose Starvatlon (12 Hours) on 2 DG Transport.

.~

Treatment

L 2-DG Transport .

) (nmoles/mg Protein/2 min)
RTINS L. 7.078 £ 2.05
-Glub, C 17,071t 3.73

*

@ The average of two experim jts t SEM; triplicate plates were used
1n each experiment. . '

. b The ~@verage of four exper1ments t SEMi triplicate plates were used
s in each experiment. -

Cells weré serum-starved for a total ‘of 42 hours. During the last

12 hours, they were rinsed with serum- and glucose-free MEM and they -

were given 1 ml of serum-free, glucose-containing (4 mg/ml )3, or
glucose-free MEMP. At the end of this time, sugar transport was
measured. . ‘ ' : o

oy
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. ’ Y I
Lo -'.‘ Table XIII. Effect of, Cyclohexm\de on Insuhn-Stmu]atlon of Sugar *Transport
' ’ : in Fed Cells.. ;o \ . R
- LI r,‘
] - — - F -~
Treatment C 2-DG Transport - . “Treatment . /gg -DG Transport
- — 7 {nmoles/mg . L - (nmoles /mg
Protein/2 min) - R Protein/2 min)
L4l . 7,08 +2.05 . .
WGlu—> 461 - - 5.63 2.2 +Glu—>+Glu +Ins  9.56'%2.6 °
! ~

ila o> 4Glu 4 CHO  B.67 £1.85  +Glu—s+Glu + CHK + InsP 10.18 #1.9°
N fr ’ - : .

4 Glucose transpor‘t was measured after 42 ﬁours of ser'um-st:arvata'cmC

b During the last 6 haurs, 20 ag/ml CHX were added and two hours prior to the
. end of this t1me pemod IOMU of insulin were added to the appropmate g'oups.

"Cells were gl ucose-fed cont inuous} y threughout the course of the a(penments for
- 48 hours. |, | -

In aH groups values represent the average of two expemment.s t SEM triplicate -
n]ates were-used in each group

-
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Table XIV. Effect of Tunicamycin on Insan-Stinu]ation of Sugar Transport 1n
B . Fed Cells. , , .
o Treatment '2-0G Transport - ’ ' Treatment ~2-DG Transport
. .. (nmoles/mg ' o .+ (nmoles /mg-
- . Protein/2 min) .. Protein/2 min)
.Gl . 7.08.%2.05 o ,
+Glub—p 4Glu 5.63 1 2.21 +Glu—+Glu + Ins 9.56 + 2.6

AGlu = +Glu +T& 5,75 % 1.57 Hlu—>+Glu + T + Ins? 9,55 £ 2.4

@ puring the last 6 hours of the experiments (revérsal phase), cé] 1s were given:
1.5 yg/ml tunpicamycin; 100 mU/ml of insulin were added during the last 2 hours to
* .the appropriate groups for insulin stimulat'ion of sugar transport.

o . Control cells treated as in Table XIII.

[4

Data represent averages of two experiments * SEM trip]icate plates were used in
each experiment. - | ‘ ‘ , .



F1g. 7 Effect of 100 mU of Insulin on 3H Mannose ’

Incorporation in TCA-Precipitable Materia] in Cells
' 1) Contlnusouly G1ucose Fed and 2) Reverse from the
Glucose- Starved to the Gbucose -Fed State .
.Cell monolayers were serum- and d]ueosefsiarved or
glucose-fed according to the gederal prdtocol; at
;Fhe end of the glucose starvatiod time,,ure,g]ucose-
e starved cells were reéfed with 1 ml Oi'MEM’+'Gfu t
tunicamycin (1.5 ug/ml). Cells continuously fed
were also exposed to t- tun1camyc1n. Two hours prior o ]
to the end of the 6- hour reversal time per1od
o T 100 mU/ml of insulin was added. At.the end of the
oL L 6 hours, 2. 5 uCi/ml of 3H-mannose were' added in a
pulse chas1ng experiment, A |
t Open squares represent ‘control cel]s untreated
whereas hatched squares represent cells treated ’ ’ ,“:
R O with insulin. - The data illustrate one representative |

experiment of four, with triplicate plates.
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As was shown eartier, glucose-deorived cells' express enhanced
transport. The‘repression'of sugar transport due to reversing the ‘
cells frem glucose-starved to glucose-fed state is demonstrated tn
Table XV. Within 6 hours the decreése in transoort~1n refed cells was
’approximately 53%- (17.07 Vs 7.97 nmoles/mg Protein/2 min.). As in the
continuously fed grouo, protein synthesis 1s required because. CHX
inhibited the glucose-induced repression by almost 59% (7.97 vs 12.68
nmoles/mg Prote:n/Z min.). Reversed cells treated with 1nsu11n (100
K mE/m]) 2 hours prior to the end of the 6-hr t1 period expreSsed an
~'elevation in transport by 45% (11.57 vs 7.97 n::;es/mg Protein/?
| min )§’~ﬁeversed cells treated with CHX showed no 1ncrease in ‘
transport when treated with 1nsu11n (12.68 vs 12, 11 nmoles/mg Protein/ ¥ . JSP
S 2 min). , o ) " ‘ ; '
Under.tﬁe‘same experimental conditions the effect of tunﬁcemycin o
was testeo on the reversal phase (Table XVI).. Tunicamycin had no : o
effect on the reyersed cells, treated or non-treeteo with ins ltn;
that is,.it did not inhibit the repression of 2-DG transport during  ©
R the refeeQing phase nor,d1d it 1nh1b1t insulin. stimulation of 1t
This observation suggests that glycoprotein synthesis 1s not
éhtessary for the reversal of sugar transport however, glycoprotein .
formation under the same’ experimental condwtions was inhibited by |
tunioamyoin by upproximately 95% in the reversed\eelli’treateo and o
:\\, untreated with insulin (Fig.7). The effect of insdiin.stimslation on

v glycoprotein synthesis is shown in thuse 7. Continuously fed and
‘ reversed. cells expressed an increase of approximately 187% and 176% ,/
- ) "' ’ . . /
£ ) "Q-( ' .
9 )

&
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Tabte XV. Effect of Cycloheximide on Insul1n-$t1mulat10n of Sugar Transport in
Reversed Cells. ¢

T

) Treatment ’ 2-DG Transport Treatment : Z;DG Transport
: ’ (nmoles/mg / : (nmoles/mg
- _ Protein/2 min) . . ( Protein/2 min)
G 17072303 ' EE
itk Gl T 7.97 1,697 -Glu—4Glu + InsC o | LETE2.99

© Glu=sgGlu + CHI®  12.68 £ 2,00 . -Glu—3Glu + CHK + InsC 12,11 ¢ 3.14.
\ . . ’ ' . ‘ 'u * . ’

Y

ib * Y‘f"a ' N
/ k B

‘ Cells were serum-g}:arved for 48 hours. Eighteen hours before the end of this
time, they were glucose-starved twelve hours laterd, sugar transport assay was
performed; the remaining cells were given 1 mil. of serum-free but ‘glucose-containing
medium, with or withpdt )20 pg/ml cux. Four hours later, 100 mU/ml of insulin were ™ ,

added to appropr)ate grpups.

Data represent means o experimentsb t SEM, or three experimentsc 1 SEM;
triplicate plates were used in each expemment. ,

-

P




o
. * -

Table XVI. Effect of Typicamycin on Insan-Stinu'lation of . Sugar Transport in-
Reversed Cells.

o . . ) . x.
4
Treatment | ©2-DG Transport. . ‘Treatmept ©= .. 2-D6 Transport
(nmoles/mg . . S (nmoles /mg. )
‘ Protein/ 2 min), - " Protein/ 2 min)
-Glua © 1707 £3.73 |
-mub-nmua o 197 £1.69 T sGlu—e4Glu +InsP . 11,57 £ 299
—Glu = +Gly +.T3 7 .25 £ 2. 46 . . -Gl-HGIG + T+ Ins® L1163 + 2,02

.
. -
. . N
” * , o - '
. . N 3 . )
PR s, - ' . . 5
>

Cells were cultured as in 'I:able' XV. During the 6 hours of reversal, they were.
" treated with 1.5 pg/ml tunicamycin. Insuh‘n (100 m/ml) was added during‘th’e last
two hours of the reversal time. , : )

¢ Data represent means - of ‘four experiments? and three exper'imem:sb T SEM;

triplicate plates were used in.each experiment. - _ .
/. Lo Ly

.
% : . o
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. ' DISCUSSION ‘L . .-

hTﬁe‘;M{pf this work was to characterize the regulatory factors.
’affecting specific insulin binding fd'fhe insulin receptor in cultureq'
diploid ﬁuman‘fibrobla§ts (HF) (e.g. under conditions of serum.and
g]uco;g.starigtion): ' , |

Normal human fibfoblasts,represeﬁt a very good cel} system for -~
these stu?ie;,since‘théy-aré human cells, are not transformed and
their reponse to yﬁe variouéfiulture and experimental conditions is
not 11g31y to be disturbed by uhknOwn'genqticnabegratipns.

o

pH and. Temperature

-

. Insulin binding to cultured human diploid fibroblasts was

chéracterized by éxamining pH, temperature and time-dependence, and

-
degradation of 125 I-insulin by the cells. -

L v

4 : . '
Reports on the effect of pH vary, depending on the tissue used

cmbome

and the cqltufe con&itipns. For Chinese hamster kidney. cells {(Wyse
and Chang, 1981), and rat hepatbma membranes (Frejchet et al., 1971)? .

pptimum binding was achieved at pH 8.0; for rat adipocytes

'fﬁ R .
3 :
(Cuatrecasas, 1971), mouse fibroblasts (Thomopoulos et al, 1976) and

human lymphocytes (Gavin et al, 1973) pH 7.8 was the optimum. -For

»

hyman fibroblasts in suspension, pH 8.0 has been used, or. pH 7.4 for
human -fibroblasts in monolayer (Baldwin et al., 1981). . The results‘\

presented herein, showing an optimum pH of' 7.4 for monolayers of human

S

fibroblasts (Fig. 2) are in‘agreement with the latter report. L
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¥

Binding can also be affected .by temperature. The two
temperatures‘tésted in this itud& were 22°C which is the ndrmal
room temperature and 37°C which is the physiologic body teﬁﬁeraturé’of
humans. The time;course'expe}imeq}s for thes? two temperatures showed
‘that a steady state was'formedﬂbégweéﬂ 80-126 minutes at 22°C; on the .
thtrary, at 37°C for 2 hour's no steady state was achiéved=(F{g. 3).
- At 22°C, insﬁlin degradatioh durjng the 2-hr binding coJrse was a]mostu\
unchanged s;odﬁng a negligible overall increase of approximéte]y 3%,
whereas at 37°C insuﬂin~&egradation was abrupﬁly e]évatedx&uring the
90-120 minutes of bindiné procedure withgut a steady state being -
attained (Fig. 3). ‘ | |

In an equief study;'binding on human fibroblagts in suspension
at 15°C showed a steady state afterlone hour and up to three'hour§
(Rechler and Pbdskalny, 1976). In the same report, in agreement with
our results, binding Berformed aE 37°C fgr 2 hours did not attain a‘ |
. Steddy state ;nd hormone degradation was extensive. Time-course
sfudies:gi 16°C and 30°C on huﬁan fibroblast monolayers expressed a
steady state ;hat was achieved after appfoximately 3 hours of binding
at 16°C (Baldwin ;ﬁjgl,, 1981), but it was 100% greater than that
observed at 30°C; insulin degradation was 8% and 45% respectively.
The results of these rebqrt; indicate that experiments using
fibroblast suspensions differ from those of fibroblast mono]ayersg In
Fhe present study the experiments were carried out at 22°C for 120
minutes; at this temperature, steady state was rapidly atfained,.

insulin degradation was low and plate handling minimal. -
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Specific binding averaged approximately, 50% of the tota) binding (data
i bt sverages sprosimely, 6 of o ~
not shown). '

- : S

-

Cell Growth ‘

It has been shown (ThomopouTos et al., 1976, 1977) that qnﬁse
fibroblastSrbina more 1nsulin wﬁeﬁ they are at a stationary ph&se than
- when théy:are growiﬁg. This happens regardless of the factors
(i.e}‘contact iphibition or serum starvation) invo)ved in the growthA
arrest.- Further,.the responsiveness of confluent cells to insulin is
greater compared to that of growjng cells (Ishibathi‘gg_gl., 1982).

. The various phases of the cell cfc]e also seem to affect the cellular

2
concentration of the receptors as it has been demonstratgﬂ in mouse

fiBrob]ésts'(Thomopoulos et al., 1977). This cell system expressed
higher insulin bindiqg duriﬁg their G, or G, phases tﬁan during the
mitotic period and this increase was ‘solely due to a higher receptor
numbe[, without the affinit} being altered. - |

In agreement to that is Wyse and Chéhg's (1982) report on Chinése_

hamster kidney cells (CHK). Binding increased with increasing cell

density and remained relatively stable when ‘cells reached confluence.

The CHK cells grown in medium supplémentéd with serum from different
animal species sﬁowed,differences in binding. Insulin binding was '
inversely related to the growth obtained with the different sera.
Théu}bove results suggesf that decreased ce]\ growtﬁ is’ associated .
with high binding in mouse fibroblasts and‘thnese hamster kidney

cells. ‘
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Glucose Concentration

. The data reported herein on normal puman,f?broblasts (HF) show

the effect of cell density and cell cycle controlling facgors on

insulin binding.in association with the glucose concentration in the

-~

feeding medium. Confluent cells, sustained 24 hours of serum

‘deprivation in médium containing 1 mg/ml glucgse. During this period

quiescent,/fon-proliferating cultures were obtained which expressed
lower.binding than control cells continuously rémaining in medium
supplemented with 10% fetal calf serum and 1 mg/ml (5.55 mM) glucose.

If cells-were placed in serum-free or serum-containing medium with 4

* mg/ml (22.2 mM) glucose, binding levels were close to those of the

serum-fed tells of the first group (Table I). Similar results were

reported by Wyse and Chang (1981) in CHK cells and by Germinario et

al., (1984) in HF. In the first study, cells cultured for 18 passages

in medium containing 5.55 mM glucose expressed loﬁer bindin§ than
their counterparté grown‘in an environment of 22.2 mM glucose. In the
second study it.was shown that higher concentrations of glucose |
(0-22.2 mM) had a positive effect on insulin bibding in serum-stérved
fibroblasts. | ' ﬂ |

Serum contains many growth and other factors which can influence

insulin binding and action (Hershko et al., 1971; Germinario ggigl,,

1984). In the present study, within the first 12 :.hours, the cells. of
the serum-deprived .groups were had éeased proliferating and became |
quiescent (Holley and Kiernan, 1974). At this stage the only factor

influencing the insulin binding is the concentration of glucose.in the
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feédiné medium. -In the continuously serum-fed groups, although the
amount of added glucose var1es, it does not affec& insulin b1nd1ng.
It has been shown that serum contains factorsqwhich decrease protein * -
degradat1on (Hershko et al., 1971), th1s might acgount for the
-sxm1lar1ty 1n the b1nd1ng va]ues of the serum- fed cells regardless -of
their g]qcose content. 0f possible 1mportance is that serum contains .
glucose and serum‘glycoproteins contain heteropolysacharide units
whlch ‘can be reut1l1zed as sugar sources. Due to these two fattocs;
?he Serum- fed groups glucose supply is higher than 1 or 4 mg/ml. l;
these latter .groups, however, binding is at the same level as that of
the serum starved but high giocose-fed group (22.2 mM). This could be
an indicatf%n that when HF reach confluence, the seruﬁ factors might
not be as influential’on the insulin receptor regulation (Thomopoulos

et al. 1976)'as the amount of glucose in the medium. -

-7

Effect of Other Sugars

A

Replacement of glucose by galactose showed that.the lacter.can
substitufe'foc glucose over)a periodeof Zh hours as fgr'as 1nsolin
binding is concerned. This sugar which is metabolizable and can
actuelly be converted to UDP-g}ucose and enter the glucose metabolic
oathways (Lehninger, 1981), has been shown to substitute aimost mole
to mole'f;r glucose in the feeding medium for mouse L-fibroolésts and

human Hela Cells (Eagle, 1955). It has been shown (Germinario et al.,

1982) thet when D-galactose is substituted for D-glucose .in human

]
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fibroblasts, 2- DG transport is 1ncreased to levels similar to those - of

: glucose -starved cells. Also, it has been shown (Germ1nar1o et al.,

1984) that 2-DG transport and insulin b1nd1ng are 1nverse1y

.. correlated; that 1s, glucose starvation increases 2-DG‘transport but

decreases 1osuiin binding and vice versa. Although, in the present
work, 2-DG transport was not studied under these tonditions, insulin

binding was similar fn—D;gaiactose-fed and glucose-fed cells. Ipis

might be an indication that, even though galactpse can replace Qlucose

,nutritionally, it acts in a different fashion from glucose as far as °

the inverse relatiohship between hexose transport and insulin binding

.are concerned. Replacement of glucose by 3-0-MG, a nonmetabo]1zab]e ;

sugar, lTed to binding levels similar to those expressed by g]ucose -fed
cells. With regard to the inverse correlation between glucose '
transport and insulin b1nd1ng, the effect of 3-0-MG on binding is what
might expect based on the effect of this sugar on 2-DG transport
G;gmnnar1o et al., 1982). Since this. sug&r is non-metabolizable,

this effect might be due to an inqirect'(beéause of its stereo-

. chemistry) activation of factors which can affect insulin binding and

glucose transport.
AR o

Macromolecular Control

,Iﬂ*:\_.

Glucose is the major carbon source used by the cells, in order to

- survive and carry out their functions. Complete g]ucosa deprivation

had varlous effects on the cells. During the course of this stody,

depending on the cell strain, some cells could not tolerate more than
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18 hours of .qlucose starvatiun; others ‘tolerated as long as 66 hburs‘
of gJucose-deprivagion. The reasons for this'variabjlity are -
unknowét In our experihent§ glucose starved éells looked viable and
heaithy. - Cells deprived of glucose for 12-18 hours expressed v
approxiﬁgtely half the Spgcific 1hsulin bfnding 6f those fed with
'glucose. This effect was reversib}e: that-is, if the starved.cells '
‘were.placed in a serum-free medium containing glucose (4 mé/ml). the
- binding was gradually'restored within 6 hours., This phenomedbn was:
first’ described by Germinario et al. (i984). The question raised at
this point was as to what molecular eients coﬁtro] this decrease‘and
revefs{bi]ify mechanism. The decréase in binding due to glucose
.starvatiqn does not involve chénges in the affinity of the recepg%rs
(Wyse and Chang, 1981; Germinario et al., 1984) but it 'is caused by a
. reduction in the number of the recebtor sites ‘lexpressed on th? cell
surface (Germinaéio'gg al., 1984).
It has been shown in mouse myeloma cells (Stark and Heath, 1979)

.that gTucose‘deprivation induces p:oduction 6f'ﬁrote1ps not compfetel&
, \ g]ycosylate&; yet g]ycosy]atidn does not entirely cease and whén )
glucose is added, glycdsylation is completed. Additiohally, it has
also been shéwn that the recebtbr subunits contain carbohydrates (Hedo

et al., 1983). Further, receptors which havé not been glycosylated

(ag]ycoinsuiin)‘are not functional “(Ronpett and Lane, 1981).

The above observations could account for the speculation that the'

decrease in the number of the receptors in the glucoseastarvéd (-GTu)

state might befdue to production of defective, poorly glycosylated
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receptors incapable of binding 1hsﬁlin and not to absence of

receptors. \' ) ‘

1 Since the insulin recebtor is glycoprotetin in nature, innibitors
lof brofe1n, glycbprotein and RNA syqthesﬁs were used in an attempt to .
- clarify the mechanism(s) iﬁvo]ved in the receptdr decrease due to .

glucose &epri{dtion'and restoration due to subsequent glucose

refeeding. ‘

Actinomycin .D, the RNA synthsis‘inhibitor (Germindrio SE?EL'»

' 1982).had no effect on binding during the reversal phase STab]e V)

even though RNA synthesis was inhibited by approximately 80% (Table
' vI). fhis suggests that, although the specific insulin binding was ‘

reduced in glucose-starved cells, for its restoratién, synthesis of

new message was not necessary within the time-frame of the
erxperiments. This does .not agree w{th a previous report (Prince et
al., 1981) where it ‘was found that, in HF, restoration of receptors
after insulin induced loss of "binding was completely inhibite& by Act
D. This might be suggestive of different mechanisms controlling the
loss of receptors due to excess hormone‘vs glucose starvation. On
the other hénq, s{nce the conqgntrat1on of Act D was a]mos} 70 times
hiqhé: th9n thqt'used 1; the present study, protein synthesis migh;
have beeq_disturbed\(Germinacjo.gg_gl,,’1982) accounting for the’
observed inhibition of the bind;ng réturn;

The next factor considered 1jke1y to be involved in the glucose

‘ star?ation-indutéd loss of binding and its reversal was protein,

synthesis. The data (Thb]e VIIi) showed that protein synthesis was

|
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required for the return of insulin binding. Thig may involve
synthesis 8f receptor structural prote1n§, synthesis of pqoteins"
participating in biochemical reactions (i.e. proteins involved in
ﬁecep%br éxbression), or both. The affinity of the receptor has'been
found to be undisturbed by CHX (Reed et al., 1981).

) The~resﬁlt§'herein (Table VIII) are indicative of a Structhqp]

' Eather £}an expressioné}iprotein synthesis inhibition. ;Ihe binding f
data of the three groups 1) -Glu — -Glu (continuously starved),

2) -qu - +Glu (reversed); and, 3) -Glu —» +Gly + CHX (reversed and
treated with CHX) are suggestive of this view. In the first group,
the cells have been starve& for a total of 24 hours. In the second
"group, the number of receptors increases by 55% when they are 51aced
in- glucose-containing medium for the last six hours. If CHX is added
at the béginning of this glucose reversal phase, the réceptor number .
increases by 26%‘when compared to the starved'group. Since the cel]g
(-G]O ~+ -Glu), which have already stopped proliferating due to the
serum stafvatibn, are also deprived of glucose whicﬂ is a major energy
source, their functional act??&ties will have become minimal.
Therefore the number of tﬁe functional receptors in those starved
cells ig greatly reduced (Tables IfI, VIII). This could be due to
either;l) structural defqrmities e.g. incomplete glycosylation (Stark
and Héath;_1979) which prevents them from being functional (Ronnett
and.Lane, 1981), 2) a decrease or 3) a complete arrest in their
production. In the latter case, receptors é&pressed in the -919

_stages must have' been retrieved from the receptor pool (Deutsch-"«
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et 1}, 1982) formed during the‘prepious glucose-fed state, or‘oy
those hidden in the cell meobrane bilayer (Cuatrecasas; 1972). .

When the cells, after 12 or 18 hours, are refed-with gfucose‘they
resume their functions gnd start producing (more?) recepfors. When
CHX is added, synthesis of new receptors |is inhibited; and, because of
the.awailability of the energy source, expression of toe’breformed
receptors takes place reaching the untreated olucose-starved. \

* (- Glu—» -Glu) group's‘ievels,'andieven‘higher, because, due to
- glucose, 'gtycosylation of incomplete receptors takes place.

CHX could act at three levels:.1) Inhlbltlon at the level of
receptor synthesws, 2) 1nh1b1tion at the level ‘of the synthesis of
proteins contro]l1ng the exit of the receptors to the cell surface,
and 3) tnh1b1t1on at thellevel of the synthesis of'prote1ns regu]at1ng v

“the entry of the receptors'for,oegradﬁtion. If CHX inhtbited proteins
regulating toe exit of the receptors from the'intraceltu]ar ,
compartment to the surface, the biodioo:egpressed by the -Glu— +Glu -
+ CHX group shoulg be lower than that of gﬂez-Glu-bf-Glu group;
since, even thougo: in response to glucose, _gew receptors were formed

‘they‘would be prevented from emerging to the surface along with the

’pre-existing ones. - o

~ If CHX acted at the entry of the receptors for degradat1on, there

\should be an’ accumulat1on,of receptors on the surface due to const?nt

 expression of the old and the-newly formed ones whereas ‘

.inta[nalizat1on is inhibited.. Therefore the b1nd1ng va]ue of these
cells should be even hlgher ‘than those of the -Glu = +Glu group, in

which the turnover of the reaeptors has become normal. Yet, CHX °
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. blocks binding restoration in reversed ¢ells and this is suggestive of

a trangaational (struetural)ubiock 1ndicat1ng that reeo0eny from
glucose starvation require& synthés1s of new receptors-"'"_ﬁ\\
’ ) Use of CHX has had vanipus effedts on binding in different ‘ '
tissues under various experimenta] conditibns. Tne results of this \:
report are in agreement with Kosmakos and Roth's (1980) report on
receptor restoration following insulin induced receptor decrease in
v IM 9 lymphocytes which was blocked by €HX. ﬂowever. in _
b 3T3-L1fibrob1asts (Kadle et al., 1983) and 3T3-L1 adipocytes (Deutsch

y ‘et al,, 1982) CHX treatment resulted in an accumglation of insulin

¥

receptors at the cell surfaceyin the fjrst case, and it d1d not
. affect externalization of intracellular pre-ex1st1ng receptors from

I'4

_the interior of the cell in the second. Ty .: o
The receptor for insulin is a glycoprotein- (Reed gi_gl., 1981;

"* "Ronnet and Lane, 1981; Hedo et al., 1983; Caro et al., 1984) and
Q]ycosx]ation is one of the csuc1a1 steps in its synthesis. Fnrtner,'
it been.shgyn to oE;ur at a post-translationa] siEge dn 313-L1';
adipocytes (Ronnet and'Lene 1981). Tunicamycin which inhibits
edolichol-med1ated protein g]ycosylation decr sed speciftc b1nd1ng to
various tissues such as 3T13-1, adfpocytes (Rosen et al 1979, Ronnet‘

: f“- and Lane 1981, Reed. et al, 1981) .as well as IM-S lymphocytes (Keefer \

° and DeMeyts, l981)r‘ - ; | ] ’ _ |

In the present study, tunicamycin decreased binding bj‘40i in
..serym-Starvea, glugose-fed conﬁluent‘human'f?nroblasts within,ﬁ hours

(Table XI). *

3
~~
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_ The glucose-starved and -reversed ceTls expressed an 1nh1b1t?on
in binding of \approximately 35% with1n 6° hours (Taole X). This
indicated that’ protein glycosylation was necessary ford glucose-

refeeding restoration of binding in HF~ (Table X). This suggests that

. glycosylation otzthe receptors themselves or other proteins, or both,

is essential far the recovery of the receptors from the: cytosol to the

P

‘ ceil surface after glucose refeedihg. In the non-fed groups there 1s;—-

7 /
no inhjbition of glyc0prote1n formatlon and the b1nd1ng va]ues of the
tunicamycin-treated ;e]ls are higher than those- of the untréated

controls. o 4

3] ! hd

Thid7generally {ndrcates that tunicamycin d1d not have any effect
[
on nind1ng 1n continuously starved cells as if glycosy]at1on did not
take place at th1s stage and hence there Was no-infribition. Th1s s

finding though was.persistent in al] four experlments perﬁbrmed and it

ﬂhight be 1nd1cat1ve of -an event whoae 1nteﬁpretation is more complex

than the above general -statement. ‘ S

’
T

At the -Glu —» -G]u stage the cells which “operate on the

w LB

princ1p1e of .maximum economy of parts and processes” (Lehnlnger,

19@&), decrease their funct1ona1 processes to a minimum due to lack of -

" energy source. One could speculate,that Tow energy requiring proteln

L 4
factors are produced to control this slowing down of the fanctions
- . ‘\ P
including the'egpressioh of the'geceptors. When tunicamycin is added,

this protein is inhibited and the expression of the pool receptors is -

acceler:ted and thus binding levels are higher, in this group in -

; 4

comparison withithe‘contro}s. When glucose is added, the cells whichi:

a?
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have no need foF producing this factor any more, resﬁme their al
functionsy the production and turnover’' of the receptors retq:ns t§
“ normal’ and binding is restored.

When tunjcamytin is concomitantly added with glucose, the

lremovéd, the turnover of the preformed receptors

regarding factor is
.+ - goes back to normal but the synthesis of new ories is arrested at the *
xSiLycosylationystage. The values of theu-‘Glu—b-GluAagg -G;u—b +Glu + T
groups are alﬁog;/eqyél and this might account for'thiS‘ ) ‘
interpretatZyﬂ{' That is, since glycosylation isfarrested. no more
’production ‘f complete new receptors takes place and the bindinﬁ,
Eemains at the same levels as in the starvéd‘group with only an
express'i,or)/(?\pé' receptors comp]gted at a prec‘eding.stafge. There is
" a dissimilarity in the binding expreséed by the reversed ce]ls’E:eated
. with CHX compared with those treated with tunicamycin. According to
the interpretation giveq, they both express only preformeéd rgceptors
and therefore they should express gimi]ar,binding in regard to their
] respe;tfgg -Glu—» -Glu grougs.' The binding expregged by the CHX-
treated g(o&pﬁficlu - +Glu + CHX)'is higher than the respective
~GTlu - -Glu “group, whéreas; the binding of the funicamycin-treated

< 13

group (-Glu—p u +T) is almost equal to that of their respective
¢

.o I'-G1u;y>-G]u g?oup. Th¥s difference might .be explained by the fact

Y wuthag in the CHX + g]uco‘g group, glycosylation is completed in the
v /. )

v poorly g]jcosyiated receptofé produced during the starvation state.
: - \
~This lead to the observed increase over the -Glu ~ -Glu group.. In
the -Glu —» +Glu + T cells, glycosylation of those receptors poorly |

glycosylated at the -Glu state and of tﬁose newly synthesized, was
b,, )

)
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completely arrested. This lead to no change over the ‘-Glu-b -Glu
group. - ‘ - R ’

. Recovery of.insulin-indu’ced dowq re{;ulated receptors was also
found to be inhibited by tunicamycin (K.edlve et al., 1984) in mouse

fibroblasts. ‘This indicated that glycoprotein synthesis is necessary

for reappearance of the receptors, but cycloheximide treatment

demonstrated that protein synthesis is not required for their recovéry '
in this tissue. In both cases, insulin-induced and

1

glucose-starvetion-induced decrease in bindihg is due to a decrease in
the number of the recebtors and not to changes 'in their_affi,nity' ’
(Kadie et al., 1984, Gerginario et al., 1984). It seems though that
the mechanismlfor their recovery to the surface is not the same.

In human fibroblasts, receptor recovery due .to glucose refeeding

. requires, both, ‘prdtein as well as glycoprotein synthesis. In 373-L;

?

fibroblasts, recovery of receptor loss due to hormonal induction

-

requires g]ycoprotein but not prote‘in synthesis. In IM-9 lymphocytes,

receptor restoratwn, Tost througﬁ 1nsu]1n induction, réquires protem .

.

synthesis (Kosmakos and Roth, 1980)." There is no data about

glycoprofiedn requirement in this report. These inconsistent results

P -

, suggest t ot all tissues. are regulated the same way as far as

\'insu'Hq receptors are concerned, the regulation be1qg also dependent

L 2

qn the facpors causing the<geceptor loss.
-—The data presented on the effect of.the three “inhibitors on the
reversal phase of the glucose starvati on scheme could be suggestive of

the fact that for restoration of glucose-starvation-loss of binding:’

1) no new message synthesis is required, 2) protein synthesis 1is

Iy ES
4
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necessary, 3) protein glycosylation is also required. It could also
to be speculated- that this'recepfor idsslis due to an arrest in their
. o g’ . .,

. completion, induced by lack of glucose. » ‘ ‘ '

Relation to Irsulin Action

Binding of the insulin molecule to its receptor represents
the first step in a series of biocqsmical reactions through which‘
insulin exerts its effect on the‘celig. On& of the.major action§ of
insulin is to promote glucose metabolism in’the cells. This effect
has been extensively studied in various tisﬁhés including chick -
fibroblasts (Shaw and Amos, 1973) rat adipogytes (Cushman et al,
1984), human fibroblasts (Germinario and Ol{veira, 1979; Berhanu and
Olefsky, 1981; Ishibashi et al., 1982) amd also cell-free_ systems
(Kono 1984). Be;ides insulin, .another factor of considerable interest
because of the regulatory effect it exerts on glucose transport in the
cells, is the glucose concentration’ in the culture medium. Complete
glucose deprivaﬁion causes a striking elevation in the amount of
glucose transpofted into tﬁe cells (Shaw and Amos, 1973; Salter and .
\ Cooky 1976; Germinario et al., 1982;" Yamada et al., 1983) whereas
» glucose feeding decreases it. o §
As it has been shown (Germinario-et al, 1984) the two phenomena
of glucose transport and insulin bindin§ are 1n§érse1y related, the

e"the

relation being controlled by the concentration of glucosg in
. , /" .
“feeding medium; that is, factors elewgging sugar transport depress

- i e
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insulin binding and vice versa, and this phenomenon is reversible

e -

within 6 hours, the reversibility also being dependent on the £

concentration of glucose in the medium.. .

The utilization of CHX in the present study duri.ng the glucose
transport reversal<phage (Table XV) bas‘ically demonstrated that
protein synthesis was necessary for glucovse-in'duced —repre;'sion of
sugar’ tr:ansport and fbr, the insulin-induced stimuFation of thjs ‘

function. The first of these two observations is in agreement with

. previous reports on CEF (Yamada _e_t__a_l_.; 1983) and on HF (Germinario et
s 14 F; .

1., 1982). - i
Various hypotheses_have been developed concerning the mechanism
of the glucose-starvation-induced increase in the glucose transport.

Some investigators have ‘proposed that sugar carrier's regulation is
’ .~ &

, . . {
. due to a balance between their synthesis and their inactivation

(Christopher, 1_9771\famada et al, 1983) and, that metabolites of

glucose may stimulate carrier inactivation (Christopher, 1977),

through a process where protein-degrading systems are” involved

-

$Germinario et al., 1982). In the present study, both glycose-induced

.

>

depression of sugar transport and the refurn of inleiﬁ-stimu]ated.

sugar transport were inhibited by CH)‘(.\ This#indicated t‘h'at; protein

synthesis is nec sséry for both #unctions. ’
Accordi?g to, the hypothesis of translocation of pre-ex‘isting,y \ ‘

intracellular glucose transporters (Cushman et-al., 1984;“K<;no, 1984) -

insﬁﬂin‘ only exposes them (-Glu.—++Glu + Ins) counte‘ract‘ing somghow

the glucose metabolite effect -\(Christopher. 1977; Germinario et al.,

1982) in a process thatl requires protein synthesis
-0 F : o
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(-G]u-—v+ﬁlh + CHX + Ins).' It is interesting to note that CHX blocks
the glucose-induced decrease in glucose transport in reversed cells
pﬁd; it also blocks the g]ucose-induced.retu}n of'insuliﬁ‘biqdih;
(Table VIII); this blockage results in the inverse phenomenon -
(Germinario ﬂg_l_.‘, 1984) of increasing sugar transport, while m
concomitantly decreasing insulin binding. '

According to the data_(Table VIII).inqthe present report at the
-Glu'—» +Glu + éhx state,. binding is decreased due to a decrease 1n.the‘
number of the receptpr sites. When these ce?l§ are treawed with
insulin (*Glu—ép+Glu + CHX + Ins) the amount of hormone bound will be
Tower than that of the controls (-Giu-—><+Glu +LIns). At this point ,‘:
one cou]d considef three possibilites for the fact that insulin does

not appear to have any effect on transport in CHX-treated cells. The

. {\«\

first possibility is that insulin at that low binding concentration
(Table VIII) is n;; sufficient to stimulate transport in the§e‘cells
{Table XV). The reqﬁirement %f protein-synthesis for insulin action
(which is inhib{ted\by CHX) in the -Glu = +Glu + CHX + Ins groupymay
be refarring to the production of;insulin receptors. Since CHX
inhibits this production (Table VIIi) it prevents insulin from binding
qt’suffiéient amounts and therefore acting. Thus CHX acts as an
inhibitor of insulin receptor-synthesis and and subsequently as a ¢
hobi]izer of intracellular sugar carriers at the same time.

The second possibility is that, although due to CHX the number of
the active binding receptors is lower, insulin action occurs; in this - ' \w
¢ case the effect in the -Glu—s +Glu +CHX + Ins groug is not addjtive '

. ) p 3

-+



) 72
as one might expect, because CHX and insulin may act throhgh different
pathways to expose thg same pool of intracellular transporters
(compare -Glu = +Glu + CHX with -Glu'—» +Glu + Ins). “Therefore if one
of them (ﬁHX) exp&ses the ;arrjers (-Glu — +Glu # CHX), the addition . ,
of the «other (insulin) goes not have any further effect (-Glu = +Glu +
tCHX + Ins). Thé third pos;ibility is that CHX inhibits the insulin
action at the level of translocation of the carriers. That is,
although insulin binding is low 'in the CHX-treated group, insulin
could cause translo;ation of the carriers to thé surface through a
protein synthesis requiring process: CHX inhibits protein synthesis at
éhis level and therefore 1nsu1jn action is prevented.

-

The decrease in the number of fnsulin receptors due to CHX does

. X
not affect either of the last two explanations under these

- conditions. Tunicamycin qp the contrary did not have any effect on

the repressfon of sugar transport in any of the fed or reversed Tl

' groups,.or even in insulin-stimulated cells (Tables XIV.and XVI).

This indicates that glycoprotein synthesis is not involved in the
glucose-induced depression of sugar transport. Further, insulin

stimulation of this fynction does ngt require glycoprotein formation

- either, although 1nsulio,does stimulate glycoprotein synthesis (Fig.

7) f:.& ) \ | , ' 7

This is in disagreefient with previous reports, where, use of
tunicamycin resulted in defective glucose transport in chick embryo _
,fibroblasts (Olden et al., 1979), and in impa?red’insulin sensitivity

in 3T3-L1 adipocytes (Rgsen ég_gl,,.1979). Hewever, the different

/ {

N = T . > .
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cell type or experimental conditions employed in both repérts m{ghf
account for this disagreement.
‘ It has been postulated that glucose starvation 1nduced 1ncreasé(
in sugar transport in chick fibrob]asts (K]etzien and Perdue 1975) is
associated with the synthesis of two non-g]ycosylated,membrane
proteins (GRP's) (Shiu et al., 1977). It has Been shown that during’
glucose deprivatioﬁ,“glycosylation is impaired (Sfark and Heath, 1979;
Turco, 1980). If these two GRP's are effective in raising transport
in the non-glycosylated fofm, they should be ineffective in a
glucose-containing medium; because, due to the presence of .
glucose,they wouly become glycosylated (Staﬁb and Heath, 1979; Turco,
1980). Therefore, when tunicamycin is added and glycdsylatioh is
inhibited, thesetho proteins are not inactivated any longer; thus, .
transpor; should;be elevated in these cells as in the -Glu group. In
\\\\\\ggg;gfgigﬁf/study such a phenomenon is npt\observed and this indicates
that in normal huhﬁn fibroblasts the regﬁ]atory mechanism of sugar
tfansport might be different. Either these proteins are not being
produced in the -Glu state; or they are completely eliminated upon®
addition of glucose; or, even if they are synthesized and active in
the reversed, tunicamycin-treated éelli\i:glu-¢»+61u + 1), glucose'
metabolites act through a different pathﬁéy to decrease transgort
counteracting the effect of any other compoﬁent. |
Insulin does stimh]ate sugar transport in tunicamybin-treated fed
and reversed cel]s,.one could speculate that somehow 1hsu11n

[1
counteracts the effect,of glucose and activates these two proteins

"

»

——
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which increase transport. However, the data form the -Glu—»+Glu + T
group do notdsdpport this speculation.

" " 1If the aforementioned translocatiod&theory is valid, the latter’
obﬁervation demonstrates that for insulin-induced expres§16n‘of
glucése carriers on the cell surface, glycoprotéin synthesis.is not
_required. Under the same conditions, insulin stimul;;ed glyCOproteih
synthesis by 176% of the controls. '

According-to the insulin binding data, at the +Glu —» +Glu + T
state, the receptor number decreases. One would expect that, due to
this, the response of the cells to insulin would be decreésed and
hénce, sugar transport would be decreased: However, tunicamyciﬁ-
treated cells upon stimuf\%ion with insulin (Glu—+Glu + T + Ins)
express the same transport as the untreated controls /ﬁ'

(£+Glu = +Glu + Ins). Thfs might lead to the speculation that, withjﬁ'
a certatn range, the concentrat!On of the receptors may not be
critical for a certain magqitude of the response to insulin within the
6 hours of reversal.

It is interesting to note that, the 1nveEse correfation governing
.sugar transport and insulin'binding, as .far as glucose éoncentration
gnd CHX treatment are involved, breaks down here. As it was shown
bgfore, treatment with galactose involved tbe same. breakdown in this‘
inverse correlation, but the incubation coné?tions were di%ferent.

Agents which decrease bindfng do not 1ﬁcrease>trahsﬁort. This

: N
latter observation indicates that these agents could be related to

proteins (Germinario et al., 1982) but not to glycoproteins.

A

J



_environmental conditions glucose increases insulin binding while

75
In ‘conclusion, the data‘in the present yorE confirm th&t glucose
.concentration 1is-an Bmporéant factor for both insulin binding and
action (Germinario_gg‘gl., 1984).

* They also show that the presence of g]ucpse enhances both insulin
binding and action. .For insulin biﬁdihg, both protein and »
.glycﬁprotein synthesis are required, whereas, for glucose-induced
insulin action, glycoprotein formation is not necessafy but proée}n'
formation is reguired. \ \

Howéver, glucose alone exerts an inverse effect on insulin
binding-sugar transport (Ggrminario Eﬁ.ﬁl-’ 1984). Under the same
: : : &
decreasing ‘sugar transport. In both phenomena, protein synthesis is
necessary, whereas glycoprotein synthesis is reggjredkonly for the .
increase in insulin Sinding, and' not for the-decrease in sugar

’ v
.transport.

-
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