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o oL ABSTRACT { '

I

L Nutrrtronally complete semi- synthetrc diets dtffermg in the content and composrtlon'

of fat were fed to control and streptozotocm mduced dtabetrc rats to assess 1f a relatronshtp

~ . exists between dtetary fat- 1nduced alteranons in® the plasma membrane’ and° membrane
medrz:ted imsulin actiod. The effect of. dtetary fat was examrned in terms of 1ts 1nfluence on
the followmg L The llpld compdsrtton of tl:e adipocyte plasma membrane 2. The
composrtion of  stored llptds in the adtpocyte 3. Insultn bmdlng, and 4. Insulrn sttmulated
e glucose metabolrsm | ' ' ' -

Dtetary fat mfluenced the content and fatty acyl composrtton of the adtpocyte plasma

membrane Increasing the polyunsaturated o saturated fatty acid ratio (P/S) of the diet

increased the content of pplyunsaturated and reduced the content of monounsaturated fatty'

- B )
acids in both the adtpocyte plasma metnbrane and “s{ored ltptds ‘High fat dtets (20% ‘v!v/yv)‘,
compared to- low fat dtets' (10%% w/wW), were associated with' a higher content of

¢ phosphattdylethanolamme and’ phosphatrdylrnosrtol and a fower content of sphtngomyeltn m ¢

I

~

membranes The diabetic: state altered both the essentral f atty ac1d and monounsaturated fatty
- )
-, acid content of adtpo'cyte lrptds and phosphohp_tds. ‘ e

- A

lncrcaslng the'P/S ratio in,a high fat diet enhanced insulin binding to control cells-and
*increased insulin stimulated. glucose’ Lransport, glucose oxidation and ‘glucose incorp.oration

4

- into lipids in both diabetic and control cells. Low fat diets providing a high P/S ratio,

- compared to0 a low P/S ratio', improved insilin-stimulated glucose oxidation and lipogenesis by

S - +

' c\liabetich\"cells_.

This thesis demonstrates that transitions -in dietary fat intake, similar to those

-~ .

Y

- } K . ) . . {
consumed by segments of the North American population, alt'er the structural lipids of the. -

eptdtdymal adtpocyte plasma membrane and are associated with changes in insulin mediated .

cellular actton In support of the hypothesis that changes in thc adipocyte. plasma membrane |

" microenvironment play/_.a role in modulation of,v cellular insulin action; a direct posrttve

relationship was established between dietary fat-induced membrane alteTations and insulin

)

. .blnding. Although the physiological implications of these findings remain to be established,



'

the metz}bolic benefits of current dietary recomrﬁ]endations\‘ to replac¢ a portion of saturated

fats with polyunsaturated fats appear "justified for both normal subjects and individuals-
. [ %8 ~ o ) .
affected with insulin resistant disorders such. as diabetes, >

~ : oy

P ("
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“A. INTRODUCTION

~

v \ . A
. RUTGULATION OF INSULIN BINDING AND ACTION ’ )

A

o

- The obJecuve of this thesis was 1o demonstrate that a’ relatlonshlp exists between
dietary fat intake, membrane lipid composmon and insulin action. It was hypothesized that, in
both the rormal and diabetic states, changes in the content and compostion of fat in the diet

will alterin the epididymal adipocyte: 1. The lipid eentent and plasma membrane; and 2.l

Y

~ Insulin stimulated functions of insulin. binding, glucos¢ transport and intracellular glucose

metabolism.
Insulin - regulates the synthetic phase of %C(_gy metabolism in cells by promot{‘ing
glucose and amino acid uptake, lipogenesis, glucose oxidation and ‘symhes‘is of protein and .

glvcogen and by inhibiting 11p01v51s -and proteo]y51s Insulin action on Larget cells is mltlatcd

by bmdmg 10 a specific plasma membrane receptor Much progress has been made in the

Adentif ication-, characterization and isolation of the insulin receptor. These 'studies (Hedo &
Siripson, 1985; Gammeltoft, 1984; Fujita-Yamaguchi, 1984; Roth & Taylor, 1982) have
~ demonstrated that the receptor is subject to dynamic regulation by, a variety of metabolic,

hormonal and environmental factors. Resistance to the action of insulin plays'a central role in

PP

many disease sfates, including diabetes and obesity. Insight into the causes and significance, of

insulin -resistance in these disorders may aid in developing effective strategies for disease '

A3
intervention.

B. INSULIN RECEPTOR

Structure .

The insulin receptor is an integral membrane glycoprotein composed of two distinct
subunits derived from a single chain polypeptide preéursor (Hedo & Simpson, 1985). The «
(Mr:135,000) and B (M_r=95,000) subunits are linked and assembled into a disulfide linked

heterodimer (e,8,) -(Fujita-Yamaguchi, 1984). The « subunit is- believed to contain the

-

=



T -
.\ ) . * . ) - . : 2
. ‘ o . .

.

insulin binding site while the B subunit is a tra‘“nsmembrane protein displ._ .g tyrosine specific

protein kinase activity. and autophosphorylation of specific tyrosine residues (Ullrich et al., ¥

J
t

1985).

Bmdmg ' \ ]
.The maJor method to <study insulin Feceptﬁ bmdmg is to measure in vitro the’

>i;\teractlop of radioactive labelled hormone with receptors on whole cells or mcmbrane-rich
. . ? .o 4 ’

factions™ of cells (R‘oth & Taylor, 1982). Utilizing this method, it has been clearly

A
—~ ]

demonstrated that msulm binding 1o its plasma membrane receptor 1S- rapld rever31ble and site

specmc for insulin (Kahn et al., 1974; Gammeltoft 1984). Although Lhere is commual debate -

)

in the literature as to how to analyze ligand bmdmg dala, Scatchard pl.ots are mvarlablv used
for the mw ana1y51s of thermodynamic- cquilibrium bmdmg data obtdined from studies of
: rever51ble ligand-receptor binding (Scatchard, 1949). In this analysis, ratio of  the

concentraton of receptor-bound ligand tq free ligand versus the concentration of bound li\gand
. . . .:,_}-j‘": .f::_" : ’ :
is plotted over a range-of free ligand "concentrations such- that, when linear, the. slope.

determines binding affinity and the intercept on "lhe abscissa represents the number of binding

sites. Bc)und hormone in Lh1s gquauon refers to that spcc1f1ca11v bound, calculated by -

subtracting the amogne of radnolabeled hgand remammg bound in the prescnce of excess
unlabeled ligand from the total‘ amount of radlolabelled' hgz;nd bound to receptors. Inherent in’
Scétchara analysis are these assump'tions: therrﬁodynamic ‘equi‘lib"rium ‘ex_ists; binding is n,ot
disturbed when the bound hgand is separated from free; aNd the reaction is rever51ble All of
these assumpuons appear to be reasonable in the case of insulin receptor ‘bm_dmg
(Gammeltoft, 1984). The major. objection to the use of Scatchard’ analysns.ls centered arouﬁd
the’ mterdependency of the .axis. coordmales that tend 1o ampllfy €ITOTS in measurement
(Lefkowitz &;chhel.' 1983{ Kahn et al., 1974; Gammeltoft, 1984) Analysis may be simplified
Ain, the future by‘ the u;e of a computef assisted analylical approach-that direct]y apply laws of
mass “agtlon to analyze binding data by nonlinear least- .squares curve fitting programs

(Lefkownz & Mlcheal 1983)

.-
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* Insulin-receptor interactions in most cell pOpulations and fractions are complex and
characteristic of a curvilinear Scatchard plot- (Gammeltoft, 1984). A nonlinear plot could be
‘ interpreted to be diig to the presence of heterogeneou’e populations of binding sites or to

-

negative cooperatlve mteraetxons amongst a homeogeneous class of receptors. The general
‘consensus in the hterature has been that bmdmg ‘1s of the negative-cooperative type,
cohf irming earlier work by DeMeyts etj'al. (1973) that the dissociation rate. of receptor-bound
insulin was enhanced in vitro when dissociation was induced by .dilution in presence of excess
insulin. Receritly, however,'lhis\i method of interpreting negative eooperativity has been
ehallenged (Helmerhorst, 1987). |

The negative cooperative binding e:naracterfstic of the insulin receptor has been
interpreted ph. Hlogicall3. ns an effective .b_uffer against large oscilla}ions'in plasma insulin
1cve']s (Gammeltol't, 1984). Becausc: insuli: action is related to receptor occupancy, ne{gative

-

cooperativity would maimain'insuljn sensitiv‘i[-y at low insulin concentrations but attenuate an
exces\s'kxve cellular response at f]ighe'r concentrations.

The amount of Lineulli'n bound to a p'artieular cell or membrane prepération s a
function of the receptor conc‘ent_raiion, its affinity for _th‘e ligand and the conéentration of the
ligand. Receptor - concentration deperide on both the rates of receptor synthesis and_ B
degradation. Insulin receptors are in a highly dynamic state and" half life has- been estimated in
a variety of cell types to be 4-10 hours‘ (Lane, 1981; Kahn et al., 1974; Gammeltoft, 1984;
Heidenreich et al., 1985). However, there is limited information on the biological fate and
regulatory mechamsms involved :in the metabolism of the insulin receptor. Insulk bound to
the plasma membrane of rat adlpocytes iss rapidly’ translocated by receptor medxated
endocytosm process into at least two intracellular compartments (Sonne & Simp_son, 1984).
Insnlin-receptor degradation appears to take place intracellularly in lbysosom.es with some
" receptors being recycled back tb the plasma membrane (Heidenreich et al., 1985). Degradation
increases with hormone occu‘paney (De Meyts et al., 1976) and may involve different

mechanisms than those involved in the basal turnover of unoccuppied receptors (Heidenreich

et al.",.l§85). Although the functional role of this process in not completely understood,

’
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potential functions include: regulation ‘of cell surface receptor number (Knutsgn et al., 1983);
termination of _ insulirn action by delivery of insulin to intracellular sites'of degradation
(Gammeltofr, 1984); or mediation of insulin action (Sonne, 1987; Jochen & 'Berhanu,‘ 1987).
Sevetal melecular mechanisms have been suggested to mediate insulin bindi\ng; to
B AR

cellular receptors. Early studies suggested that the receptor behaves as if composed of at least

two functional componems an affinity regulator and a bmdmg componem (Harmon et al.,

1983). The binding site has now been ‘identified as the a-chain of the receptor located outsr&de

the cell and the affinity regulator as the B-subunit that transverses the’ plasma membrane

" (Hunter, 1985). The dimers of the insulin receptor have a redrrced affinity for insulin

compared Jo the intact receptor, suggesting that the dis‘ulfidc_ bonds 1inking‘the_ two dimers
may play. a role in the ligand recognition function of the recep’tér (Boni-Schnetzler ¢t al.,
1987). Recent]y it was demonstrated that the insulin_rccepior ‘;exi.stus in one molecular mass’
specic but in three interconvertible redox forms, which may bind and recognize .ir‘rsullin'
different]y and it was “hypothesized that factors within the membrane may be involved in the
interconversion of these species (Yip & Moulc, 1‘983).Studies utilizing photoaf.finity-labelling
of hepatic plasma membranes suggests that a comf)onent which is cither part of, or close]y‘
associated with, the insulin receptor m‘ay regulate its affinity for insulin (Haynes et al.,
1986). Recently it.was observed Lha‘t the - an\d B-subunits ol_; the receptor incorporate fauty
acyl chains during post-translation modificalio’ (Hedo et ar.,.'1987)', suggestrng that fatty a‘ci‘d
acylation may play a role in the interaction and funcu'on of the receptor in the membrane
Measurement of insulin bmdmg has facrlrtaled rapid advanccs in the study of the
1nsu1m receptor It is now quite clear that bOLh the number and properties of the receplor are
dynamically modulated. Although the insulirl receptor ‘has been structurally characterized,

mechanisms by which the binding event is regulated are .not clear.



C. INSULIN ACTION |
To understand the role of insulin in normal and pathophysiological states, it is ..
necessary to assess the mteractron of msulm with its target tissues. A biological dose curve, :
where a biological function is measured over a wide range of in vitro msuhn concentrations, is
comrnonly used to assess insulin action and to postulate the mechanisms of ins'ulin fesistance
v“—'hen insulin action is altered. Decrease in insulin r'eceptors will lead to a shift to the right in
the insulin-biologic function dose response curve with no decrease in maximal insulin action.
'Thrs shlft is termed a decrease in insulin sensmvrty (Kahn 1978; Flier, 1983). A pure
'.postreceptor defect should lead to reductron in insulin action; at all insulin concentratrons
including those where the response is maximized and this is termed a decrease in insulin
responsxveness (Kahn, 1978 Fher 1983) However, because the precrse cellular mechamsms
-+ of 1nsulm acnon are not well understood it 1s possrble- tha‘t eertam postreeeptor defe(:ts could -
also alter insuiin sensrtmty In addition, a combmatlon of - receptor and postreceptor defects
will decrease both msulm sensrtmty and’ responsrveness (Kahn 1978; Flier, 1983)

Although the ro]e of insulin in promoting glucose metabolism is most often studied,
insulin exerts a wtde variely of effects at the cellular level including activati‘ng or inactivating
\cytoplasmic and membrane enzymes, altering protein synthesis and DNA.synthesis white‘
inflnencrng the pro_cesses of cell growth and differentiation (Fher, 19'83)_. | |

Glucos’e“Transport i
| 7 The.stimulation of hexose transnort is an important and'early effect of insulin and.
‘has been studied in deta11 in adrpocytes and to some extent 1n skeletal muscle (reviewed by
S1mpson & Cushman 1986). It has been 'suggested that “insulin sensmve tissues have a
',drstmctrve type of glucose transporter (Wang,,‘ 1987). Recently, it was demonstrated that
within an msulm sensitive tissue, glucose transporters. exist as heterogeneous species, drf f ermg
in the degree of glycosylation (Wang, 1987, Matthaer et al., 1987). ‘

Because of its marked sensitivity 1o insulin the hexose transport systern in rat

-vadlpocytes has been 1ntenswely studied. Presently,_there are several technrques avallable to

j : EN
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measure - transport of nonmetabolizablc“ suga‘rs Or sugar analogs in adipoeytes.-'D-glucose,” '
2-deoxygl‘ucose and 3-0-methylglucose all share a éommon glucose tranSport system (Pedersen
& Gleimann, 1981).. Due to the rapld metabolrsm diff 1culi1es arise in rneasurmg D-glucose
’ uptake directly (Whrtesell & - Gliemann, 1979; Pedersen & Glermann. 1981) The
'.,‘nonmetabalizable. »sugar 2-deoxyglucose is rapidly ‘transported and * phosphorylated by
hexokinase but not further metabolized (Pedersen & Gliemann, 1981). Uptake is lincar with
—ume until approxrmately 3 minutes when Lhe intracellular increase in concentration of thig
sugar mhrbrts further phosphorylauon and uptake decreases (Pedersen & Glremann 1981)
Another glucose analoguc, 3-0-methylglucose, unlike 2- dcoxyglucose cannol be Lrapped by
phosphoryiation (Olefsky h978)‘ The time course of uptake in adlpocytes is raprd and
curvrlmear due to the raprd filling of the relatively small mtracellular Waler. ‘pace (Olefsky;
1978) making .it nnperauve o measure uptake - durrngv Lhc mual few seconds Opumal-
condmons and rapld assay mct’hods have been well descrlbed cnabllng accurate determmauonsf ‘
of glucose transport using 3 0 methylglucose (Olefsk) 1978 Ciaraldi etal., l979' Whitesel: &
Glxemann 1979 Pedersen & Gllemann 1981 Czeh 1976 Whltesell & Abumrad 1986). More
recently methods have been descrlbed o facilitate determmauon of glucose transport in small
samples of human fat cells obtained by necdle -blopsy »(Yl\x-Jarvmen ct al., 1986) and
NMR: spln Lransfer proccdures to stud) the fasl chemrcal e\change of D- [l-,”C]-‘gluco’se in |
human erythrocytes (Kuchel et al 1987) |
Understandmg the structure of nthe glucose transporter is weIl ‘in"advdnce of the
understandmg of its mechamsm of act1on lnsuhn appears to mcrease glucose Lransporl in
adrpocytes by 1ncreasmg the number of glucose Rransporters in the plasma membrane by. a
: ‘raprd and reversrble translocauon of transporter from 1ntracellular pools (ha;meh et al., 198l,
‘Wang, 1987 Matthaer et al 1987; Wardzala et al l978 Karmeh et /al 1986) Thrs is -
- dif ferent from tissues such as the llver that do not requite msuhn 1o transport: glucose and’
where the maJomy of the glucose transporters are in the plasma membrane and only a small
number «re seen in the mrcosomallfractron (Carter & Crofford 1986) Although several'

/

_ glucose transporter specres have been 1denuf 1ed 1ntracellularly in adrpocytes only one 1sof ormr



appears to be translocated to the plasma by 'insulin (Matthaei ét al., 1987).‘ | ' i
& Although much of the kinetic work has been done utilizing'_rat adipocytes, the human

glucose transporter shares many characteristics wrth the rat adipocyte ;(Pedersen & Glremann

1981: Ciaraldi et al., 9} However stlmulatlon of glucose transport by insulin in human

adtpocytes is relatrvel\y small compared 1o rats due to approxrmately one half- the number of -

¥

functional membrane transportcrs (Karnieli et al., 1986; Pedersen & Gliemann, 1981).
Translocation of glucose transporters by insulin_to the plasma membrane is supported

by evidence that insulin increases the Vm'ax of glucose transport with little or no effect on the
3 . .

K_~(Olefsky, 1978; Wang 1987; Ciaraldi et al., 1979; Okuno & Gliemann, 1987). The

increase in glucose transportérs to the plasma membrane with insulin stimulation is of a-
. - . .

reasonable magnitudc 10 account for enhanced glucose Lransport with insulin’ st{mulation

°

, (l\armelr ct al., 198la; Wardzala et al 1978). There is, however one report of "a ten-fold
decrease in K for transport of glucosc with insulin (Whitesell & Abumrad 1985). Recently‘
3 thrs finding was reevaluated under similar experrmental conditions and it was concluded that

1nsulm causes a 15 to 30 fold increase in the maxirnum veloc1ty for transport of glucose and a .
S /

concomitant decrease in the half saturatlon constant if present is insignificant (Okuno &

) Gllemann 1987)

The mechamsms by which insulin stlmulates glucose transport are not clear, Changes
~in membrane flurdrty have been suggested, because transport is sensmve Lo

vtemperature rnduced alterations -in fluldlty (Ezaki & Kono, 1982) Reconstrtutron of the

' glucose transporter in phosphohprd vesrclcs demonstrated that the transporter is sensruve to

‘

changes m the lipid bllayer (Sandra & Fyler*~1982 Melchtor & Czech 1979) Recently, it was -

‘ that the processes of insulin 1rternallzatron and glucose ‘ransport, are; linked (Jochen

& Bcrha u, 1987) Insulin has also been reported to,induce phosphorylatron of a membrane

protem w1th lcharactcnstrcs of the gluco\se transporter (Horuk et al., 1985) Glucose transport ‘
is an energy dependent process’ makmg insulin modulatron of cAMP levels by actrvratmg.

£ .
phosphodresterase a possrble crmcal step in e11c1t1ng the effects. of the hormonc on glucose

~transport (Lonnroth et al 1987 Kono et al., 1977). .

S
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Glucoge Utilization

A
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1

a In adﬁitio /' to glucose * transport, insulin directly promotes various aspects of
Ty P

‘ {
intracellular glucose! metabollsm such as _glucose oxrdatron and, glucose mcorporauon mto :

lipids in adrpocytes rom Tats, glycogen synthesrs and lactate productron in muscle Due o

past drfflcultres incurred m measurmg glucose transport many researchers have relred on

N measurements of - the various, parameters of glucose metabohsm "as .indirect - estimates ol"

transport actlvrty Thrs is Jusufrable rl" glucose transport across the plasma membrane limits

S 1ts subsequent intracellular phosphorylatron and further metabolism. However transport at -

least rn human (Pedersen-et al., 1982c) and rat adrpocytes (Czeeh '1976), does not appear m

most cases 0 be thc rate- lrmrtmg step at phvsrologrcal glucose concentrauons for cellular

TN

AN

' glucose uulrzauon lntracellular measurcs of glucose utrlrzauon involve a comple\ system distal - <

-

o the mcmbrane and’ may be affected b) l"actors in addition to msuhn that 1nfluence substrate T

\avarlabrlrty and enzyrne actrvrtles Diet composmon (Salans et al..1981), cner‘gy-’ deprrvatron

(Olefsky, J976a) and disease states such as obesm (Harrrson et al., 1976) and diabetes (S-inha

et al., 198% Taylor et aI 1984) ha,ve all been shown to influence insulin mediated

intracellular glucose metabollsm.

A
\

Fatt\ acid biosynthesis in adlpose txssue in rats is rcgulatcd in the sshort term by

insulin. Insulm has been demonstrated to increase both the rate of fatty acid synthesis and the

- activity of the rate limiting enzymle in thrs pathway, acetyl CoA carboxylase (Brownsev &

. Denton, 1982).° In 1solated adipocytes, insulin stimulates synthesis ,of the membrane

phospholipids, phosphat‘idylcholine, phosphatidylethanolamine and phosphaftidylinositol

(Casals et al., 1986;-Penn’ington & Martin,(>l985>) but inhibits phos%holipid methyltransferases -

(Merida & Mato, 1987.

: Measurement of gliicose utilization/disposal utilizing multiple clamp techniques, where
plasma insulin and glucose levels’c_an be manipulated and measured, have been used to assess
insulin action in vivo. Results_ f rom—'thesetechniques have been found to correlate well to in
vitro measurements of insulin action (Ciraldi et al., 1981) Although not a direct measure of

glucose utrlrzatron the abrllty of insulin to inhibit caffeine or epmephrme strmulated lipolysis

Jf
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has been e_xa;nined in both norr‘nal (Olefsky, 1977) and a‘va'riety‘ bf insulin res’ .-t states
(S[evens et al., 1981; Foley et al., 1986; Pedersen & Hjollund, 1983) as a measur cellular
insulin action. .v " |
Despite bei'ng influenced by mén,y facters post-insulin biﬁding, gi\icose utilization
provides a usefu mpasurément of cellular insulin action. -'
VAR
Relationship Between Insulin Binding and Insulin Acﬁon
Insulin  resistance and -decreased ccllular insulin ‘receptors are important
pathophys%l features of insulin resistant states (Olefsky & Kolterman, 1981; Pedersen ‘et
, 1982b; Taylor ellal., 1984; Sinha et al., 1987). A number of studies havc successfully
quantitatively correlatcd insulin binding to rcccptors and 'insulin action (Gliemann et al.,
1975; H‘arrison & King-Roach, 1976). Based on. some of the available data on the rclationship
»bel\we%n‘insulin binding""and glucose tfansport, a computér model 1o predict changes in ghucose
transport fro,rﬁ insulin binding has béeri”developcd (Mangnall et al., 1984). However, due to
the presence of spare or excess insulin receptors, the relationship between decréaséd number |
insulin receptors and insuiin rcsiélémce is not straightforward (Gamméltoft & Gliemann,
1§73a; dlcfsk_v, 1976a). The concept of épérc receplors Tesults fr-om the observation that most .
insulin sensitive paLI{ways are maximally activated at hormone conccmratio;lsmhat occupy less
‘than the total number of available receptors (.Andersen ct al., 1977; Gammeltoft & Gliemann,
1973a). ‘Mechanistic interpretations of insulin’ dose response data is complicated by the fact
that the proportion of spare receptors varies ‘with cell type and is also a function of which
OlOglC&l action is measured. For example in the human adipocyte the convgrsmn of glucose
to lipid was half -maximally stlmulated when receptor occupancy was about 20-30% (Andersen
et al., 1977), while in the rat adipocyte insulin st_imulation of glucose oxidation or‘lip'ogene‘sis
is maximally stimulated at 2% occupahcy (Kono & Barham, 1971; Gai_nmeﬁoft & Gliemann,
1973a). | |
| The assymption that the amount of insulin bound to a cell is the only factor required

o generate insulin action is a rather simplistic view of insulin function and neglects the fact
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that the receptdr is composed of two components, a binding.and signal generating componen\t.
In this model, aithough binding is required for signal generation, binding does not guarantee

signal transmission. Comparisons between insulin binding and function dre more adequately

assessed when the cellular action of insulin is considered in relation to the amount of insulin

“

bound. - A % _ S ’

AN

D. Intracellular Mediators of Insulih Action -1 o \ >
| At is well Eaccepu;d that the binding of insulin to specific cell surface receptors activates
certain transmembrane and intracellular signal mechanisms that couple insulin binding to

insulin action. However, the specific details of ,these proposed molecular signals are not

completely understood. » % ’

- Insulin binding stimulates atitophosphorylalion of the insulin receptor on tyrosine
»residues (B-subunit)‘ and activales an endogenous insulin receptor kinase, postﬂlated to be
_critical in the chhe:'riism of insulin action (Van Obberghen et al., 19-84). Receilt_ly it was

N -

questiongd if autophosphé‘ryiktion of the receptor is necessary for kinase, activaiion, because
even with complete blockage of B-subuni{ autophosphorylation, insulin could étil] gtimulatc
the endogcnﬁous kinasg agtivity of the receptor (Morrison. & Pessin, 1987). Insulin also
activaiés s€veral serin? spe'éific kinases that are tightly associated with the receptor budt, uniike
the t;y'rosine kinases, are not ;in integral part of the membrane (Van Obberghen et al., 1984).
Recent studies have implicated the récethr's intrinsic tvrosine kinase *activity in insulin
stimulated cellular action (Ebina e't al., 1987, Morgaii & Roth, 1987). Futher support of a
role for the insulin. receptor kinase in the biologic actions of .insulin.come from the
" demonstration that .agents that mimit some celluiar insulin actionls, such as vanadate and
hydrogen peroxide, also stirriulg{e tyrosine kinase in intact adipocytes (Kadota et al., 1987).

An association 'between’l insulin resistance and def ects in the activity of receptor kinase
has beca reported in »culture_d cells (Hari & Roth, 1987), obésc animals (Armner et al., 1987),

streptozo ocin-induced diabetes (Kadowaki et al., 1984) and individuals with noningulin

dependent diabetes (Freindenberg et al., 1987).

V]
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Alterations in pho$phorylation of proteins have been demonstrated to be an important
'early event in the regulatory mechanisms of many metabolic pathways (Krebs & Beavo, 1979.

It has been suggested that the phosphor(ylation of cellular SUbS[ZZS by the insulin receptor

kinase might be' the initial event in tran§1}ﬂgsi9§ of the insulin Signal (Kadota et al., 1987_;
Ja{ett.& Kiechle, 1984; Larner et al., f‘\84).\~C\;‘1{«;:ium~dependent, phospholipid -sensitive
protein kinase (protein kinase C), a protein widely distributed in tissues (Kuno et al., 1980),
has.been propostd as a mediator of insulin acL;Qn (Christénsen et al., 1987; Clgerqui ét al.,
11“5%6; Witters et al., 1985). Support for this hypothesis comes fro'n- the demonstration th;t
both in vitro and. in vivo protein kinase C phosphor'vylates the gléu‘cose transportcr (Witters et
al.', 1985) and agents known to -~ tivate or inhibit protein kinase C mimic br markedly
decreésc' insuiiri stimulaLed.glucosc' mctabolism ((‘Jhcriqu.i et al., 1986; Chfiétenscn et al., 1987;
Van D¢ Werve ct ;11., 1987). Recently, a defcct in insulin stimulated protein kinase C was
identified in insulin resistant tissues of genetically ~b. .2 mice (Van De Werve, et al.; 1987).
Both- direct and indircctv evidence supporté a role for insulin in the generation of
’ several other megliators of, at present, unknown chcmical'natufe that 'fnimic the effects of tﬁe
'hormoné on a vériety of imracellﬁlar enzy;nes..chcral complex chemical mediators that act
- on a variety of insulin sensitive enzymcs have been described that are produced in response 1o
insulin-in both subcellular svstems and intact cells (Jarett & chchle 1984; l.arner et al., 1982;-
Haystead & Hardie, 1986). T_he primary function .of these plasma membrane generated -
mediators appears to be their ability to alter the state of protein phosphorylation and by this
process alter the activities of 'many of the regulatory enzymes of glucose rﬁetabolism ( ret &
Kiechle, 1984; LarI;er et al., 1982). The generation of these med:ators is reduéed by feeding

-

high fat diets and the diabetic stz;te (Begum et. al, 1982; Jarett & Kiechle, 1984). )
However’,’ Lhc fact that not all insulin sensitive. enzymes arehrﬁodulated kby

ph_oéphorylation-dephosphor_vlation mechanisms (Jarett & 'Kiechle, 1984; Mer_ida & Mato,

1987) supports the existenée of other insulin mediators. Recently, a novql insulin sensitive

glycophOSphdlipid was identified whose polar head group mimicked the effect of insulin on

methyltransferase (Kelly et al., 1986)7 Insulin has dlso been shown to induce the rapid
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hydrolysis of a membrane glycolipid that can regulate the activity of 3"5'(cyclic) adenosine
,mondphosphate phospt;odiesterase (Sal't‘irel et al., 1986). More recemly,.it has been suggesléd
.that insulin hydrolyzes this novel 'phospﬁatidylinositol-gllycolipid by stimulating phospholipase
C and then the hydrc ., sis products activate protein kinase C (Saltiel et al., 1987).

Although it. has been known for many years that activation of manyl’ me_mbréne
receptors stimulates I;hosphatidylinositol turnover, it has or'11y been in the past few years that
‘.bthe physiological function of phosphatidylinosides has been apprccialed‘ (Hokins, 1985).
Insulip is known to rapidly stimulate phosphatidylinositbl breakdown by activation of

: y
phospholipase C (Goldman & Rybicki, 1986). Evidence exists suggesting that the immediate

phosphodicsterase cleavage products inositol-triphosphate (IP;) and diacylglyéerql have a role ,
in mcdiating insul'ip action (Goldman & Ryhicki, 1986; Cheriqui ¢t al., 1986; Faresc et al.,.
198 2). Inositol-triphosphate has been shown to be involtved in insulin modulation of L‘hc-»
pyruvate hydrogcnése complex (Cheriqui et al., 1986_), receptor kinase act}vity,(chet el al.,‘

. T
. ' . P
1987) and glucose transport (Goldman & Rybicki, 1986) and the diacylglycerol product in

activating . protein kinase C (Cheriqui et al., 1986) The -membrane content 6f
phosphatidylinositol may‘ 'also be‘ impqrtam because p’hosphatidyiinositol, is an effective
stimulator of insulin receptor «-subunit autophosphorylation (Sweet et al., 1987).

A role for cAMP has alsb t;een propoéed in inéulin mcdianted action because insulin, by
stimulating p'hosphc.)diesterase‘ aclivity, reduces cAMP; levels in adi;:;ocytes (Zinman &
H.ollenbefg, 19]4; Lonnroth & Smith, 1986; Lonnro’th & Smith, 1987). The abiiity to modulate

CAMP concentration has been suggested to be a critical step for the hormone to elicit its

effects on lipolysis (Lormrotﬁ & Smith, 1986; Axelrod et al., 1986) and glucos¢ transport

(Lonnroth et al., 1987). However, other rescarchers report no consistent effect of insulin on

- cAMP levels iﬁ adipocytes (Larmer et al., 1982)
As insulin induces nunferous short-term and long-term anabolic effects in cells, it is
unlikely that a single messenger mediates all the known' cellular actions of this ligand. As

knowledge increases on the function of insulin in both the normal and discase states, so does

‘the list of possible cellular ‘mechanisms of its action. In addition to the mediators already
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discussed, it has been suggested that endogenous adenosine content (chi;’l et al., ]7987),
cytosglic free calcium levels.(Draznin et z‘al., 1987) and guanine nucleotides (G-proteins)”
(Pen}lington, 1987; Rapiejko et al., 1986) may also be involveé in modulating irl15ulin action
in cells. | |

~

"E. FACTORS AFFECTING INSULIN BIN'DING AND ACTION

Dict ; B '*
°Both the quantity and con_iposition of enecrgy provided in the diet alter insﬁlin

slimulated’métaboiism in vitro and in ;zivo.' -
Energy Imbalqnce

¢ Acutely fasting (24 hours) rats increases insulin (lzindiﬁg but decrecases both basal and¢
insulinqmediated glucose oxiciation and transport in adip(;cytes (Olefsky, 1976). Alterations in
insulin binding to adipocytes during a short fast appear due. 1o inc;eases in receptor affinity,
when determined by‘ Séatchard analysis (Olefsky, 1976a; Koltermen et al;, 1979a). As the
length of the fasi incr . . there is a progressive decrcase inv basal and insulin stimulated
glucose meiabolism anu - increasc in édipocyte insulin binding (Olefsky, 1976a). Chronic’
starvation in. rats (longer than 48 hours; Olefsky, 1976a) and man (longer than 7 days;
Kolterma,ri’e} al., 1979a; Engfeldt et al., 1985) results in an insu'lin resistant state of glﬁcose
metabolism in adipose tissue. Insulin binding to adipocytes c_lurin% chronic sta’rvatio}l regimes
in man has Been reported to be increasc:d (‘Koltermar; et al., 1979a) 6r. unchanged (Engfeldt et
al., 1985). It has been suggested that the effects of energy deprivation' on insulin bind{ng and
action may Qar-gtf‘ in fnan ‘depending on ihe’_ fat depots studied (Engfeldt et al.,‘ 1085). It-is, -
howe\l/er, quite clear that duﬁng food deprivation therg appeajs to be little relationship‘
between insulin binding and insulin action.
ﬁ Fasting is a rajher—dramatic statc of negative caloric balance thaF can only be carried -

out for .a short period of time. Hypocaloric regimes increase insulin bind‘ng and Slecrease

insulin mediated glucose transport in rats (Oleféky, 1976a). However, weight feduction, v
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induced by hypocaloric d{ets in obese subjects, has been shovun to improve insulin action
(KIOLleWSkl et al., 1985), suggestmg that there may be inherent differences in the regulation
of msufm medlated glucose metabohsm assouated with caloric restriction in the obese state.

E vit Has been suggested that insulin resistance accompanying obesity results from the

over consumption of energy. Inducing obesity in normal weight individuals by the chronic

ingestion of a hypercﬁonc diet for three to four months 51gmf1cantly decreased msulm action

in adipose tissue (Salans et al., 1974) Contrary to this, the short term ingestion for two

weeks‘ of a hypercaloric diet (160% of usual mLake) by moglerately obese mdmduals was

~

reported to increase basal and insulin stimulated glucose transport and metabolism without

Y

changing insulin binding (Kashiwagi et al‘.,'1985)_. These obscrvaLi“oras suggest that the short
and long term effects of hypercaloric regimes on insulin action may be different.

Carbohydrate/ Fat Ratio I '

The pioneering work of Himsworth (1934). demonstrated that feeding high fat low

a

- carbohydrate dicts reduces glucose tolerance and alters b‘fhe‘effectivencss of insulin. Morc
recently, studies in both man and ammals have demonstrated that high fat low carbohydratc
dxets induce a state of insulin resistance to the actions of glucose transporl glucose omdauon
and lipogenesis (Olefsky & Sackow, 1978; Salans et al., 1981; Lavau et al., 1979; Smith et al.,
1974; Opeindipe & Bray, 1974; Maégawa et al., 1986; Susini & Lavau, 1978; Ip et al., 1977, Ip
et al., 1976). High fat diets have also been shown in muscle tissue to impair msulm mediated

glucose transport (Grimditch et al., 1987; Grundleger & Thenen, 1982; Susini & Lavau, 1978;

Maegawas et al., 1986), glucose oxidation (Grundleger & Thgnen, 1982; Susini & Lavuu,

1978), lipogenesis (Susini & Lavau, 1978), glycolysis (Grundleger & Thenen, 1982) and .

"glucose incorporation into glycogen (Grundleger & Thenen, 1982; Macgawa ct al., 1986).
Studies in man (Kolterman et al. , 1979a) and animals (Susini & Lavau 1978; Opeindipe &
" Bray, 1974) clearly demonstrate that high fai_diets compated to high carbohydrate diets
signif ican.ly \reduce in vivo glucose utilization. Changing the carbohydratc/fat ratio in mé diet

produced 1. pld alterations in insulin actlon in two weeks or less (Ip et al 1976 Olefsky &

' Saedow, 1978: Lavau et a&, 1979; Maegawa et al., 1986; Grundl‘eger & Thenen, 1982).

\
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Although insulin resistance both in vitro anp in vivo, caused by substituting dietary fat

for carbohydrate, is well documented, the underlying mecha.msms remam unc.lear Insulm

bmdmg to adlpocytes (Olefsky & Saedow, 1978; Ip et al., 1976 Kolterman et al:, 1979b;

Maegawa et al 1986) and muscle: (Grlmdltch et al., 1987 Maegawa et al 1986; Grundleger
& Thenen, 1982) has been reported to be reduced in ammals fed high fat low carbohydrate
diets. The magmtude of the decrease in the amount of insulin bound increz:ses as the insulin
concentration increases in vitro (Ip et al., 1976). Scatchard analysis sugge;ts that alteration in'
insulin binding by short term (5 days) consumption of :high f_at diets is caused by a reduction

in receptor affinity and in the long term (2 weeks or more) by reduction in the number of

functional receptors (Kolterr’ﬁan et al., 1979b). However, noL all studies agree on thxs point;

i because some studies did not chanoe\w{ccptor bindirig by fecdmg animals high fat diets (Salans

"\

-

et al., 1981; Lavau ct al., 1979).

& Due-to the design of most Aanimal feeding studies directed at assessing the effect of
. A d
: s

alterations in carbohydrate/fat in the diet, it is impossible to determine whether or not it is

the presence of fat or the abseijce of carbohydrate or a combination of both that influence

“ insulin action. The carbohydratq source in the diet has been shown o alter insulin action.

'\K.eep'ing the fat content constant |and feeding a hi.gh carbohydrate diet of simple sugars (67%

~of energy as sucrose) to rats, as ompared 10 a more complex carbohydrate source, improved

glucose-tolerance and enhanced in vivo glucose uptake over a wide range of plasma insulin

levels . (Kergoat et’ al., 1987). A high— carbohydrate (67% energy as glucose), fat-free diet

«

decreased insulin binding but enhanced insulin &timulated glucose metabolism (Olefsky &
Sackow, ; 1978) Glucose when given as a 50% solution, induced a rapid decrease in insulin

bmdmg but increased glucose metabolism (Livingston & Moxley, 1982). Therefore, it appears

L]

that in isolated rat adipocytes high glucose or sucrose lcli.'e.ts enhance the effects of insulin on

gldcose metabolism. In contrast, in humans high sucrose or simple carbohydrate diets have
¢

been clearly demonstrated to impair glucose ‘tolerance and insulin binding (Beck-Nielsen et
al., 1978; Misbin, 1981). The addition of fiber to the diet is repor_teo to improve both in vivo

)

and in vitro insulin action in man (Hjollund et él\., 1983). The protein content of the diet may

Y

| 15

\.

%



fIeN

. | i« 16

" also be important as a‘ very high protein carbohydrate-free diet sig'rlificantiy decreased

adipocyte insulin sensitivity .and respdnse to th:e inhibitory eff ects of insulin- on noradrenaliné
stimulated lii)olysis (Kettelhut et ai;, 1985). : . | o -

As with éarbohydrate, the fat-composition in ';;jietéry stﬁdies has not been adequately.
asses‘sed‘.' Mbst studies utilize both unphysiological lévc;ls (greater than 67% of .énergy) and
saturated sources of fat such as lard rmd hydregenated vegetable oils. Severgl of the studies
(Olefsky & Saed(.)w, 1978; Ip et al., 1976; Susini & Lavaq, 1978) fed aiets that were clearly

deficient in essential fatty acids, a condition known to alter insulin: binding and action

(Demeyer et al., 1974). Although it has' been -demonstrated in both man and a;}imals that

4

alterations in the fatty acid coumposition of the dici influence the composition of adipose
tissue structural and stored lipids (Carroll, 1965; Tove & Smit.h; }960; Field & Clandinin,
1984; Field ct a-l:', 1985). the effect of these diet-induccd\ afterations on insulin action has
received ,littlé attentioﬁ.‘ Feeding 'a' polyunsaturéted) fat (safflower: oil) as compared to a

saturated fat high in medium chain fatty acids (coconut oil) for four weeks at 35% of energy

. significantly increased insulin stimhlatgd glucose oxidation- and incorporation into lipids

(Awad, 1981). Although this study clearly demonstrated an effect of diet fat. the
polyunsaturated to saturated faity' acid raliov(‘P/S) fed was not phy's:io]ogical (8;0 versus 0.1)
with respect to the ratio habitually consumed by man (Ficld ef al., 1985). Feeding a high
polyunsatﬁrated fat diet (20% w/w), as compared to a high]y'sat‘urated fat diet,‘for 8 months
to weaﬁlingrat_s did not affect the weight of the fat pad or—adipocyte cell size and number
(Kirtland & Gurr, 1978):.‘These .'facto'rs have been suggested po‘influence cellular action of
insulin (Yki-Jarvinen, 1984; Amatruda et al., 1975 FLoley et al., 1986). |

In the past fev_vvyears, the therapeutic role 6f long ch‘gin polygnsatura-ted w-3 fatty
acids contained in fish oils has received much.’au\»émion,‘Regently, it was reported that
replaémg 5% of the w-6 fatty acids in safftower oil with long chain polyunsaturated w-3 fatty
acids frc%n fish oil prevented the development of insulin resistance associated with'high‘f at
diets (Strelien ef‘ al., 1987-)i This improvemen‘t\ in 'the in vivo action of insulin in the rat byi

feeding w-3 fatty\/acids'may _be‘dUe to the known effect of these fatty acids oﬂmembrane

A ~
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qomposition (Garg et al., 1988) and/or eicosinoid synthesis (Samuelsson et al., 1978).
Consumption of w-3 fatty acids may offer additional “benefits; it has been recently

hypothesized that enri‘chment' of w-3 fatty acids in the membranes of the beta cell n’iay, by

N .

altering substrates for membrane bound enzymes cyclocxygenase and lipooxygenase, stimulate

insulin secretion (Lardinois, 1987)
It has been generally agréed that ‘high fat diets,. particularly those high in
polyunsaturated fat, suppress de novo hepatic fatty.acid synthesis (Clark et al., 1977)} Early

work bﬂz Romsos and Leveille (1974) in meal-fed rats suggest that as much as 70% of the de

. novo fatly acid synthesis in this animal took place in ‘the adipose organ. Recently, it was.

demonstrated that in high fat-fed rats, adipose- tissue can continue to be a source of de novo

. fatty acid sym}}esis but substituting saturated for polyunsaturated fats did not significantly

alter this ratc (Nelson et al., 1987). A high saturated -fat dict, comared to a high
carbo‘ﬁydrate diet, was reported to decrease ihe activity of some of the intracellular enﬂzymes
inv_dlved in glucpse metabolism  (glucose-6-phosphate  and 6-(phospho4gluconate
dphydrogenases, acetyl CoA‘ carboxylase, pyruvate dehydrogenase and malic enzyme) in
adipocytes (Begum ct al., 1982; Lavau et al.. 1979).

Although the mec_hanisms responsible for ,insulin resistance induced by high fat diets
remain u‘ncicar{ several additonalr factors associated with this nutritional manipulétion have

[

o . » . ‘ . N .
besn implicated. High carbohydrate diets are reported to increase plasma insulin'.levels in
r

:many (Ip et al., 1976; Salans ct al., 1981; Kolterman et al., 1979b) but not all studies

(Olefsky & Sae/k‘ow, 1978). However, the lower plasma insulin levels observed by feeding high
fat low carbohydréte diets does not produce the classical 'upregulation’ of insulin receptor
binding (Kdltérman et al., 1»979b). It has been suggested by some that high carbohydrate dicts
increase horrﬁone degradation (Olefsky & Saekow, 1978), but others report no effect (Ip et.
al., 1976). Qbupling between the insulin\l_rec'eptbr and glucose transport does not appear to be a
altered, as the amount of iﬁsulin bbuqd I;er glucose transported was unaffected by diet

(Olefsky -& Saekow, 1978;° Grund{é-g—e‘r & Thenen, 1982). Iﬁsulin‘resistahce to gluéose

tran'sport by high fat/low carbohydraié diets may be a consequence of a decreased number of

T

~
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glucose transporters on'rthe adipocyte plasma membrane (Salans et al.,  1981) eaused by
depletion of mtracellular transporters (Hissin et al., 1982). The inCreas'ed body Weight :
'(Grund]eger & Thenen 1982; Maegawa et al., 1986) and adipocyte cell size (Smith et al.,
1974) reported by feeding low carbohydrate/fat ratio diets has ledlto the suggestion that high
fat diets prodoce an insulin resistant state similar to that sebn in the obese state. I'-Iovi/eVer',l
signifieant alterations in adipocyte irtsulin action can be produced by isocaloric substitution of
fat for carbohydrates in a time period where no difference in body weight or cell size were
" observed (Ip et al., 1576; Saiahs et-al., 1981; Ogeindipe & ;3ray, 1974).

| Most of the human work “examining the cffect of diet-on insulin action has been
conducted in irttlividuals wtth diabetes. It has been shown that reducing the fat content and

o
increasing the P/S ratio, the complcx carbohydrate and fiber content of the diet 1mprovcs both

\
4,

in vivo and in vitro msuhn action in both noninsulin dependent (H’JO Lund ct al., 1983; Ward et
al., 1982) and insultn dependent (Pedersen et al., 1982b) diabetic patients. l

'The_energy providing nutriehts in- the diet havev,a major 'efl"ecté- on overall inshlin
action. However, due to the use of unphysiological diets with respect to t]\e carbohydrate and
fat soorces in animal stuoies, application‘ to the human ‘is difficult. Animal studies suggest
that high saturated fat diets arew associated with both in vitronand in vivo insulin resistance.

v

From gvailable clinical studies, it appecars that .replacing saturated fats in the diet with
|

1

polyunsaturated fats may improve cellular insulin action.

Membrane Lipid Com-position

Current understanding of the or‘_ga’nization of biological merrtbranes relies on the fluid
maosaic model proposgd by Singer ano Nicholson (1§72) }n’ which proteins are emhedded- to
varying' degrees in a lipid bil'ayer. In morphological studies, the insulin receptor (Jarett &
"Smith, 1974) and glucose transporter (Matthaeéi et al., '1987) are-tocated on the cell surface,
acting w}ithi"n the lipid matrix of the ‘plasma membrane. Because <‘)f the intimate contact of the

* receptor anc glucose transporter w1th Jmembrane lipids, it is conceivable that alterations in the

t

composition or physical state of adJacent phospholipids could mf luence cellular ms{hn actron

\
t,"

&
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The functabn of other membrane assocrated protems (Clandmm et al., 1)985) mcludmg
hormone medrated functrons (Neelands & Clandmm 1983) has been clearly demonstrated in
a varrety of tissues to be sensrtrve to alteratrons in membrane lrprd composmon \

' A number of studres have mdlrectly suggested that the physrcal state of the plasma
vmembrane can mfluence membrane assocrated msulm bmdmg and glucose transport (De
Meyts et al., 1978 Amatruda & chh 1979 Melchorr & Czech 1979). Early studies
‘demonstrated that 1nsulm bmdrng and action can. be altered by subjecting the plasma
,membrane 1o~ various treatments that disrupt the protein ‘and lipid components of the. :
; membrane For example treatment of celis with trypsm .severely reduces insulin binding and

A msulm stlmulated glucose oxrdatron (Cuatrecasas 1971).. Phospholrpase induced hydrolysis or

drsplacement of membrane hprds alters msulm bmdmg and . reduces hormone mediated - -

-‘response (Rodbell 1966) An mcrease in temperature is assocrated with an mcrease in number
v‘of available 1nsu11n binding sites (De Meyts et al 1978; Amatruda & Finch, 1979) andl
/'.enhancement of msuhn stimulated glucose transport (Melchorr & C7ech 1979; Amatruda &
chh 1979) These temperature dependent alteratrons in insulin blndmg and action have been
’ mterp*eted to result from changes in membrane flurdlt\ (Amatruda & Finch; 1979) Recentlv
'a sronrﬁcant mverse relatronshrp was repbrted between the level of insulin’ binding and
membrane flurdrt‘y in ol”fsprrng.from drabetlc p'reonancies (Neufeld & Corbo, 1986) The

)
concept of membrane fluidity refers more specrflcally to properties of the hydrophobrc core of

,'the membrane These propertres depend not only on the temperature but also the chemrcal SR

composrtron of the membrane marnly 1ts cholesterol and phosphohprd content and the length
. and degree of unsaturanon of the fatty acyl chains of the phosphohprd core. |
Supplementatron of culture medrum with specrfrc lipids is a rapid and widely used
' method for significantly modifylng membrane lipid composition and studying the effect on -
membrane proteins (Speefor et al., 1979; Williams'et .al'., 419174). Studies done by culturing ’
several cell lines in media of dlfferent fatt)'l acids suggest that the membrane lipid composition
may have a profound influence on both the bmdmg propertres of the insulin receptor and the -

;cellular actron of insulin. Increasmg the polyunsaturated fatty acid composition and
. S
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- membrane ~ﬂuidity of‘ “Friend erythroleultemiar cells by growing m media enriched m_
polyunsaturated fatty acids, as compared to. those enriched in monounsatdrated fatty acrds

'51gmficantly mcreased msulin bmding (Ginsberg et al 1981) From Scatchard analysrs the

]

increase in binding was due-to an increased .number of available bmding sites (Gmsberg et al.,
1981) A saturated media as compared 10 a monounsaturated media decreased both the‘ '

affinity and number of msulin receptors and impaired msulrn medrated glucose transport in

. 3T3-L1 preadipocytes -(Grundfeld et al, 1981) Howeyer not all cell lines respond srmilarl '

;

to alterations in membrane fatty acid composition Rat hcpatoma cells (Bruneau et al 1987a)

and 3T3-L1 preadipocytes (Henson et al., 1981), grown in culture mcdrum enriched m linoleic

acid, demonstrated sdecreased insulin “birding. Inducmg extensive - fatty acyl changes in the

phospholipids of bovine endothelial cells did not al'ter the binding or 't‘he cellular processing of

insulin (Bar et al 1984). Resistance to insulin mediated amino acid. transport and glycogen

synthesrs were proot zed in the hepatoma cell line (B\wneau et al., l987b) despi' an increased- ‘

. membrane polyunsaturated fatty acid content and the corresponding increa 1n'f‘luidity
Another approach 1o studying the role of membrane lipids on the properties and.
function of .the insulin receptor in vitro is the use of reconstruction techni‘ques. These

techn.iques pcrmit alteratioms, in specific membrane ‘phospholipids via liposome fusion and
—

lipid substitution or by reconstituting purilied or, partially purified systems into ilavvers of
specific lipid compositions. Reconstrtution of so ubilized erythrocyte msulin reéep ors into

: vhighly unsaturated phospholiprd vesicles, compared to saturated vesrcles increased the number

of available Dbinding sites but reduced the affinity,of the receptor for insulin (Gould et al.,

- 1982). Thes;a alterauons in binding were: produced without modifymg vesicle srze or the

_ orientatron of the/receptor within the bilayer (Gould et al 1982) The glucose transport

1,‘_,"'"'\"J

' system of fi’g_/ adipocyte plasma mcmbrane has also been shown. to be sensitive 0 specrl"ic
alteratrons in both the polar head group (Sandra& Fyler, 1982; Sandra et al_‘, 1984) and acyl
chain coposition (Pilch. et al., 1980) *of the surrounding membrane lipids. It was

demonstrated by reconstitution of the adipocyte D-glucose transporter into phospholipid

bilayers of varying fluidity that optimal transport requires a fully fluid bilayer and becomes

3
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1noperauve when placed in a crystallme brlayer (Melchror ‘& Czech, 1979).

It has been demonstrated in a variety of ussues 1nclud1ng adrpose trssue (Fteld et al.,
1985) that the nature of fat consumed can alter membrane phospholrprd compostion and that '
these diet- mduced aIteratrons in membrane lrpxds mf‘luence many membrane assocrated
functrons (Clandmm et al 1985; Neelands & Clandinin, 1983; Garg et al 1988; Hargreaves
&. Clandmm 198/) There is lrmrted ev1dence that physiologically dret induced alteratrons 1n
membrane composmon can.change msuhn receptor bmdmg and actron ln this regard, the in
vitro work m cell cultures was extended to the intact ammal by growing Ehrlich asc1tes cells m
mice fed diets contammg a hrgh level of polyunsaturated or monounsaturated far (G:nsberg et

P

1982) The hrghly polyunsaturated membranes \from the tumour oells grown in mice ‘fed

v

the polyunsaturated fat demonstrated enhanced msulm bmdmg due 1o an mcreased number of
receptors (Gmsberg ctal., 1982). I o o -

) The time requrred to alter membrane composrtron by dret modrfrcatlons rehes Lo some
_extent on the turnover of membrane lrplds The turnover of stored trrglycerrdes in’ adtpose

. | :
: trssues has been estrmated to be approxtmately one year (Hirsh, 1960) Although there is no

data drrectly assessmo plasma membrane turnover in the adrpocyte one can assumie that it is~

- much shorter ln growing animals, srgmfrcant diet induced alteratrons in the composmon and

functlon ol" mttochondrral (Inms & Clandmm 1981) and liver plasma (Neelands & Clandmm
1983; Morson & Clandrnm 1986) membranes were produced after only two to three weeks of

“dist treatment. \
Molecular mechamsm(s) by whrch membrane alterauons mfluence insulin binding and

o action are not clear A few hypotheses havke been suggested Gould et al. (1979) proposéd that

.the accessrbrhty of the insulin receptor for its ligand may be controlled by conformatlonal

'

changes in the rece;ptor that requrre a more flurd cnvrronment and cannot take place when .the
phospholipid fatty acyl »chams surroundmg the receptor are saturated Mobrlrty within the
lrprd brlayer may also be an important factor in msulm action. When reconstrtuted into

phospholipid vesicles, msulm strmulated glucose transporter activity increased thh 1ncreasrng

The—
membrane flurdlty (Melch01r & Czech 1979) lnsulm strmulauon as determmed \by lateral

A3
) .
. !
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diffusmn of lipid p?)\bes was demonstrated to alter lipid dynamics of hepatic plasma
membranes (Stuschke & Bojar, 1985). However, the telative response of ﬂuorescent and spin
p’robes suggests that this effect of insulin on membrane lipid ordermg may be confined to -
' specific domains wirhin the membrane rnatrix (Hyslop et al., 1984>).> Ginsberg et al. (1982)
sug:gested that the ef fects of lipid modification of membranes may be due to alterations in the

quaternary structure of the receptor. These rcsear'chers suggested that the receptor may exist

”
v

“in two states, monomeric statd of high bmdmg capacity, low ligand affinity, and a polymeric ™

state of low capacity, high affmity and that the level of membrane saturation may deler?nme

hPS

: which state is favoured (Gmsberg et al 1982) 7 .-

Alterauons in msulm action could . also be mcdiatcd by changes in ‘Lhe synthesis or

turnover of specific membrane lipids. Insulin treatment of isolated rat adtpocyles has been
: , ! Ok L
dcmonstrated Lo-”induce an acute increasc in membrane phosphalid;\flinsoilol levels (Farcse et

]

1982) The activm of. enzymcs mvo]ved in de novo S”nthSlS (CDP diglvccrol inositol
Lransferase) and degradation (phospholipase C) of phosphaudylmosmol are repo.d to be
_sensmve to both polyunsaturated fatty acids (Takenawau& Nagai 1982) and to the lipid
composnion ‘of the membrane they are located in (Irvine, 1982). Moadification. of Lhe lipids"
already prescnl in the rnembranc may be, irn_por-tant as -systematic alleraiions in the content
and composmon of- membrane phospholipids in vitro have bccn shown o 1nf1ucncc insulin
‘bmdmg and acuon (Sandra et al., 1984).“Lastly, it is r_easonable to assume that'niembrane
alterauons may' modify the transduction olr the signal gener’ated‘in the plasma membrane by
hormone binding,'thereby altering imraccllular insulin action. |

>

Although liposome, reconstitution.and cell culture techniques areattractive approachcs

to study the role of membrane lipids o;i cellular insulin function: several problems arise in the
interpretation of resulLs; The possibility tliat liposome vesicles influence insulin binding and‘
action by a process"independent of membrane alterations can not alwa;s' be ruled out! In cell
cultu’re work most of the cel_lulaf lipids, including membrane phospholipids, are derived from -

the'matcrial that is taken up from the medium making both the composition and form of the

lipid supplement critical if an in yivo interpretation is- attempted. In addition, most insulin

o
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‘ sensitive cells are difficult to culture, as mutations are rapidly introduced and many cellular
functions lost with time. Thus, much of the work has’been done utilizing tumour.cell lines..
Very large and likely unphysiological alterations are induced in membrane lipids, again making |
l physiological interpretation difficult, if not impossible. Reporting allterations in total celiular
membrane phospholipid, mayr“nollk_reflect the changes in structure which are most closely
related to change in function and neglects the observation that in other»tissucs, alterations in
‘Lhe composition and content of specific membrane phospholipids may be related to,changes in
function (Neelands & Clandinin, 1983; Clandinin et al., 1985).

~ The currently available methods for measurjng membrane fluidity employed in many
stlidics are Iimitcd to measuring overall membrane fluidity and may not be representative of
‘or:sensitivc to localized chanies in t’be .microcnvironmem' surrounding the insulin receptor or - |
glucose LranSporLe.r In a recent studv grossly dlsordcrmg the mcmbrane b\ benzyl- alcohol
treatment mgmﬁcantl) reduced both insulin bmdmg and glucose transport but did not change
‘the amount of* gluwse transported per msulm bound (Hyslop et al., 1987). The authors
"suggested Lha[ the receptor ‘and glucose transporter may be located within. a structurally
distinct region of the membrane not influenced by dlsordermg of the membrane lipid matm
by this compound (Hyslop et a] , 1987).

It has been clearly demonstrated that rnsulin' binding -and glucose transbort are
sensitive in vitro lo manipulatiéh of membrane physical and ch»emic'al properties‘. Although
demonstrated'for some other membrane mediated functions, there is limi_ted.data or_r'the"

- relationship’ of diet to membrane compostion and the effect of ;membrane alterations on
cellular insulin function. Furthermore, only a\ few studi}es have measured concomitant changes
‘in insulin action with ‘changes in binding. 'Moreover, an insulin resistant state (i.e. diabetes}:fis‘
assocrated with specific alterations .in membrane fatty acid composition (Faas & C.ar[er.v,192'§0;‘_"

Worchester et al., 1979) and these may play a role in the etiology of insulin 15n§s“i-s};§l;nce o

(Sandra & Fyler, 1982). If change in dictary fat can be shown to manipulate msp”r _action,
”~ dr, ) St

via membrane alterations, it may offer a viable treatment to improve insulin sensitivity in

i
A

hormone resistant states.
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Other
Age

The reduced glucose tolerance aésociategj swith age (Pagano et al.‘, 1981) has been
suggested to be caused by age-induced alterations in insulin sensitivity, bégausc ir'rsulin binding_ |
to adipocytes from both rats (Olefsky & Reaven, 1’975) and man (Paganoet al., 1981) is
reported to decrease with age. Further‘ support for age cffects on insulin action is inferred

from studies where adipocytes from older animals were found to be less sensitive to the

onscm with a reduced number of celtular receptors (Oléfsky, 1977)." Binding 0. Tat
adipocytes ha§ been demonstrated to decrcase with age until é critical body weight/agc“ wés
rcached, after which there v;'a§ no fu;th;r dccféasc_: in binding (Olefsky & Rezrv_cn, 1975).
Difficulties exist in the interpretation of agé-induccd altc‘rations in insu_lin binding :md action
because most studies comparc largc'r fat cells from older ,"Aobese aﬁirﬁéis or humans with
smaller fat cells from young lean ani{nals or humans. However, age can not be-entirely ruled
’outl as a factdr influencing insulin action; when cell size is kept co_r'lstam_, insulin stimulated
incorporétidn of glucose into adipocyte lipids significantly dc.crcaées with age (Taniguchi,
1986).

Gena’erv

Although gender differences exist in the distribution of body fat, the fple of gender in )
i‘psuli'_n .actioh is not éle};r. Fat cells isolated from female subj.ects were found to be larger‘. and
when éxpressed per cg:ll, demonstrated -increased binding and enhanced insulin stimulated
glucose transport and metabolism (Pederseﬁ et al., '198‘2.c)‘. However, diffeTences. in insulin
biﬁding' and .glucose traisport reported in this study disappeéred’ when expressed per cell
surface area (Pedersen et al., 1982c). In rats, when cell size was con'.Lrolled, adipocytes from
‘females bound more insulin, due to enhancepl re;eﬁtor affinity, and incorpofated more glucose
into lip:d (Guerre-rl‘.vﬁlblo et al., 1985;1)? Studies may be fqrther complicated by the degree of

adiposity as insulin mediated glucose disposal has been shown to ‘bc inversely related to

adiposity in both normal weight males anc)i) femnales (Yki-Jarvinen, 1984). The role of gender
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at present remains speculative but fabtors associated wi-~ gender, such as specific sex

—

hormones (Tsbi et al., 1980), influence insulin binding and action. ’
) ¥
Tissue and Anatomical Site \

Accessibility'of biood cells ‘has frequently rled to use Br .the erythrocyte to,.assess
insulin receptor binding. Howevet, blood.'cells respond only minimall_y to insulin and have not
been shown to have a defined role in glu&ise homeostatsis. In addiion, the relationship
‘between insulin bindiné to various blood cells populations and adipocytes remains
controversial (Mandarino et al., 1984a:, Pedersen et al., 1982;_ Olefsky, 1976). Due o the
functional_differences between tissuc.. it is not unexpected that tissue-specific differences in
receplor binding exist. Therefore, it appears most Jogical 10 study insulin“feceptor binding in
an insulin ta'r-g;et tissue. i |

In regard 1o elucosc metabolism, muscle reprcsents the'major insulin dcpendent organ
However at. presem difficulties exist in collectmg ‘isolating, purtfymg and measurmg msulm
action in muscle. New techmques have regently been described that may mait_e muscle
preparations more practical in the future ‘(.Arner et al., 1987; Maegawa-. 198‘6); “Atz’present
howe_ver. adipoee _tissuc 1epresents the most useful tissue, because it is easily acceésible and
vields a pure cell preparation that is extremely. sensitive in vitro to physiological concentrations
. of msulm Isolaled adipocvtes are more responsive 10 msulm than intact tisspe. The direct
contact of free fat cells with substances present in the bathq‘ng media has been suggested to-be
more similar to the in vivo supply of nutrients through capillaries ‘than to the long diffusion
. ‘path through tissue segments (Gleimann, 1968). |

- Regional diffe'rences‘ in instllin binding and action have been reported between theltwo ‘
“largest fat de'pots,.‘sub‘cutaneous and omental'.‘Subcutaneous adipocytes are ]argcr (Bolinder et

1., 1983), bind'inore insu}in (Livingston et a]k- 1984) and in ma?n are more sensmve to
',vmsulm (Bolmder et al,, 1983). However, in rats,(subcutaneous adipocytes, as compared to
other. sites, are reported to be less sensitive to msulm (Guerre Millo et al..; 1985a). Although

fat tissue may be metabolically heterog,eneous With re,spec;t to the degree of insulin sensitivity,

it is unlikely that the directign of the response is dif ferent. between sites. S0



Plasma Insulin

Numerous studies have demonstrated that insulin can inversely regulafe the number of
cellutar insulinn receptors in a dose-dependent manner (Marshall & Olefsky, 19'80' Livingston
et al., 1978; Olefsky et al., 1982) Thls phenomenon -is known as insulin-induced reccptor
down-regulation or up- rcgulauon depending on insulin levels studied. In vitro, the loss of -
receptors by insulin incubation leads to the predicted decrease in insulin sensitivity gMarshall
& oiémx}, 1980; Livipgston et al.‘, 1978). Hhowev'cr.. prolonged insulin incubation is assoc?iated
with effects at multiple postreceplog sites (Garvey ct al., 1986; Garvey et al.,. 1985; Marshall
& Olefsky, 1980).

Although it was suggested at onc time that the rapid down regulation of insulin
- receptors in vitro may be an artifact ofv'thc incubation media (Rennie & “Gliemann, 1981)
there is now considerable in vivo cviden'ce 1o, supporl’a role of plasma insulin in reszulaline
insulin bmdm and action. For example, chronically injecting rats with large amounts of
"insulin resulLed in hyperinsulinemia and a reduccd number of funcuonal insulin receptors

(Kobayasht & Olefsky, 1978; Whiuaker et al., 1979) that rapidly returned o normal upon
withdrawal ef insulin (Kobayashi & Olefskj', 1978). Similarly, in man, administration of
insulin alters insulin binding (Smith, 1980) and action (Mandarino, 1984). Neither the_ :
» mechanism- of receplor down-regulation nor fate of lost receptorsr 1s imown. It has been‘
suggesled that clpomc insulin exposure may: induce the transfer of cell surface receptors L
mtracellular vreglons (Olefsky et al.; 1982); cause structural or functional changes in the”
receptor (Garvey et al., 1986); decrease the cell's ability. to degrade insulin (Mars\hal_l &
Olefsky, 1980); or affect the prbmulgation of the insuli‘n signal (Garvey et al., 1986). The -
process of insulin mediated receptor loss also appears o be an energy- rcqumng pmccss
(Olfesky ct al., 1982). |

In individuals who may have been treated for méﬁy yedrs‘ Lhe. chronic
hypermsx,lmemla that accompames some insulin resistant states, such as obesny (Bar et al
1976), norinsulin dependent diabetes (Trugha et al., 1985) and insulin dependent dlabeLes

(Pedersen et al.,.1982a), have been identified as a possible factor mediating reductions in
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insulin binding and action. Although infusion of physiological levels of insulin to healthy
volunteers induces insulin resistance (Mandarino et al.,-1984a); the lack of consistency
between changes in hormone concentration and receptor binding in insulin resisistant states

suggests that the 1ole of hypermsulmemia in the induction of msulm resistance in these

a
!

disorders is likely minor.
Plasma Glucose '

In vitro there is limited information to suggest an effect of glucose ccncentralion on
insulin recepto‘r binding. However, the ambient glucose level may play a role in determmmg
both msulm sensmvuy and maximal insulm résponsiveness, as both insulin sensitivity and
msuli\n responsiveness of adipocyte lipogenCSis haye been demonstrated to be dependent on in
vitro glucose ‘concentration (Pedersen et al., 1982c).ln lhese‘experimems, sensitivity to insulin
increased rbut the maximum rcsponse decreased with increasing glucose iconcent'rations
{Pedersen et al., 1982c). Both in vitro and in vivo ability of insulin to inhibit lipolysis is
reported to directly relate to glucose concentration (Arner et al., 1983; Arner et al., 1983b).
Although support exists in vitro and in- the normal state, the role of plasma glucose
concentration remains to be determined in insulin resistant states, such as diabetes and-
obesity, that are accompanied by hyperglycernia.
.Exercise 0 '

, Adipocytes_( from trained as compareq to sedentary .anirrials“ have been reported to bind
more insulin (Craig etial.,‘ 1981) and exhibit increased insulin stimulated glucose metabolism
(Craig et al., l981;v Wardzala et al.,v 1980_.; Craig & Fcley; 1984) .- Although cell size clearly'
decreases \ivith exercise (Craig et.‘al., 1981;< Ciaig &hFoley, 1984), the amount of gluccse
LranSported with insulin st_imulationlremains elevated in exercised animals even when cell. size

%
is controlled (Craig et al.; 1981)

oA
A . \
Pregnancy represents a unique state of insulin resistance in man as insulin action

Pregnancy‘

-Teturns 1o normal or near normal shortly after delivery. Attempts, both in vitro (Hjollund et

al., 1986) and in vivo (Ryan et al., 1985), to‘vdetermine if changes in insulin receptor function *
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contribute, to the decreased insulin action of late pregnancy have yielded conflicting results. It

has been suggested that both the tissue used to measure binding (Hjollund et al., 1986) and
4 \

o

" " the time during the menstrual cycle when control subjects were examined (Bertoli et al., 1980)
influence binding comparisons. During late pregnancy insuiin Teceptor bindfng, as cdmpéred :
to normal nonpregnant women, was reported t\o be unchanged in blood cells ‘(Ryan et al.,
198s; Tsbibris et al., 1980). However, déspite no chaﬁgc ifx ir;sulin binding to monocytes and
erythroc3}|1<;s, insulin binding\ to adipocytes was significantly reduced (Hjollund et al.., 1986).

Gestational onsgt diabetes. usually occurring late in pregnancy, produces an even morc
marked resistance to insulip' mediated ‘gl_u‘Fose upque ihan nor{ngl ﬁrcgnancy (Ryan et al.,
1985). Howevér, there s evidence tha/r/good glycemic control may prevent this further ’
deterioration in insulin action during diabetic pregnancy (Hjollund et al., 1986). Offspring
from diabetic Prcgnancics have been reported to demonstrate abnormal insulin binding; it was

recently reported .that animals born to diabetic animals bind more insulin, which was

associated with an increased number of available insulin receptors (Neufeld & Corbo, 1986).

s

Hormones j

P .
“everal of the counter-regulatory hormones including epinephrine (Cigolini et al.,

19¢ taron et al., "19‘87), cortisol (Cigolini & Smith, 1979) and growth hormone
(Br‘atusch-Marrain et al., 1982) irﬁpair insulin mediated glucose metabolism and ﬁa_ve thus
been implicated in the deierioration of glucose Loléfance under certain metabolic conditions.
Diabetes mellitus has been described as a bihormonal dis.order where .both insulin deficiency
and absolute of relative glucagon excess contribute to the metabolic disturbances (Unger &
Orci, 1975). Hyper.glucag_o‘x‘aernia may also contribute Lo.insulin resistance; glucagon_ infusions
| were lshown‘ to impair insulin mediated glucose metabolism in,normal subjects (Del Prato et
al 1987). - : . -

; Althdugh not a hofmone, adenosine has been implicatéd as an important endogenous

* regulator of adipose tissue metabolism. Physiological concentrations of adenosine are reported

to increase insulin stimulated glucose transport and oxidation (Green, 1983).
. - '»1 -
<Y

“

. . - “
n . .
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F. INSULIN RESISTANT STATES
Several disorders in man and animals exhibit insulin resistance. Insulin resistance is
defined as a state in which a given concentration of insulin produces a subnormal biologicJ

¢ .
response. . .

Obesity , _ %

Obesity is the most common insulin resistant state in man, is characterized by

in{;[eased concentration of circulating insulin in both the basal statc and after various

Y
P

stimulants of insulin secretion, andlis resistant 1o both exégenous and endogenous insulin
(Rabinowitz, 1970; Qlcfsky et al., 1982). A large amount of work has focused on identifying
‘1he underlying defect(s) involved in the insulin resistance accompanying the obese state.
| Impaired insulin binding to its receptor has been reported in monocytes (15c Pirro ct.
al., 1980; Wigand & Blackard, 1979; Bar et al.,1976; Archer et al., 1975), leukocytes
(Beck-Nielsen et al., 1976), and adipocytzs (Pedersen et al., 1982d; Harrison et al., 1976)
obtaingd\iym obese individuals. Most of thése studies identify reduction in the total number
of functid I cellular rcccptors, rather than alterations in. affinity of the reccp’tof for ir&sulin,
as contributing to decreased hor_monc binding (Archer et al., 1975; Amatruda et al., 1975;
’ Beck -Nielsen ef al., 1976). Attempts to corrclate reductions in binding with degree of obesity
(Yki-Jarvinen, 1984) and altered hormone degradation’ (Archér et al;, 1975; Olel_"sky &
Reaven, 1975; Amatruda et al., 1975) have met with limited success. i . |
Although studies in vitro indicate that high insulin levels may induce insulin resistance
at the receptor as well as the postrecebtor sites (Maréhal‘l & Olefsky; 1980; Garvey et él.,
1986), it is u'ncertair,l if the hyperinsulinemia accompanying obesity contributes to ir‘npairebd ‘
insulin action or if it is merely a consequence of insulin resistance (Marshall & Olefsky, 1980;
Livingston et al., 1978).. Fasting plasma‘ insulin levels have been clearly shown,yin many
(Wigand & Blackard, 1979; Bar et al., 1976; Beck-Nielsen, 1976) but not all (Archer et al.,
19755 studies to 1fegatively relate to insulin. binding to blood cells. Reducing the

hyperinsulinemic condition of obese individuals by weight loss after consumption of
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hypocaloric diets improves or corrects insulin binding to these cell populations (Archer et al.,

1975; Bar et al. 1976; Beck-Nielsen et al., 1976). Insulin binding to adipocytes, however, does _

not, appear as sensitive to circulati’hg ingulin levels as insulin binding to blood cells

(Mandarion et al., 1984; Harrison et al., 1976), but adipocyte binding was reported in ‘one

4

-study to improve with reductions _ir\l plasma insulin induced by weight loss (Pedersen et: al.,
1982d). Thé presence of an adipocyt; insulin binding defect in the-obese state, despite ccilular.
resistance to insulin action, has not always been demonstrated (Arner et al., 1987). |

Becausé the obesity is associated with an enlarged adipocyte, a decrease in feécptor
density on the plagma m?mbran‘e is a feature often associated with the obese state (Arpz;truda
et al'., 1975; Livingston et\a]., 1984; Harrison et al\, 1976)}. Changes in rcceptbr dcnsity may
help cxpiain improvemeﬁls in insulin binding associated with weight loss and reductions in cell
size (Pcdcrsén et al.,-1982d). N

To further examine the possibility of receptor alterations in adipocyte;, various genetic
(Soll et al., 1975.; Vicarro et al., 1987 Freychet et a\l., 1972) and gcquire’d (Soll et al., 1975;)
, forms of obesiy have been studied in fodents. Obesity in the hyperglycemic, hyperinsulinemic.
ob/ob méuse is accompanied by impaired insulin binding to varous tissues including fat cells
(Soll et al., 1975; Freychd et ahl., 1972) and muscles cells (Vicarro et al;, 1’987).-In th\s
| model, iﬁsul'i‘n'\vresistrénce'is associaicd with a decreased concediration of receptors that can bcyil
restored 1o normal by therapy such as acute faéting (Soll et al., 1975) that is aimed at\
‘ ?educiﬁé plasma insulin levels. However, severe food festri;tion for 15 days decreased plasma
‘in'sulin levels but the bin}iing cap{a\\c.ity of the adipocyte plasrha tnembrane .remained well below
that of membranes from nonobese mice, suggestir%g that' hyperinsulinemia may not be the
cause of insulin resi\sxance‘in this disorder (Freychet et al., 1972). A‘common'studied rodent
model of obesity has been tPe aged rat Wister in which there is a progressive decrease in the
.ability of adipocytes to bind insulin as animals get older and fatter (Olefsky & Reaven, 1975;
-Olefs}(y, 197~6a). However, there are reports of increased binding to adipocytes with incrgased

cell size and "eXpanding cell surface (Suzuki et al., 1985; Cushman et al., 1981). In these

stydies, large cells retained the capacity to bind insulin in excess of that required to produce
L ) .

et
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the maximum response to insulin (Suzuki et al., 1985; Cushman et al., 1981).

<
. 3

Although there are reports directly relating the'nupiher of receptors on fat cells to
insulin sensitivity in vitro (Harrison et al., 1976) and'in' vivo (Ciaraldi et al., 1981), the degree l
of insulin resistance reported ,in obesity is generally much greater than would be predicted

from decreased insulin brndmg ‘Various researchers have with some success related ih vivo
Q

insulin action usmg euglycemlc clamps and inf sed ingulin, or glucose tolerance tests to
factors associated with obesity such as body fat ( ogardus et al,- 1985), hyperinsulinemia
(Olcfsky-, .1981),vindices of the level of physical litness {(Bogardus et al., 1985) and cellular
glucose metabolism (Foley et al., 1986). However, much of the work characterizing and

-

identifying underlying mechanisms of  obesity that ‘associa‘te insulin resistance with the ohese
state has been done in vitro, relying heavily upon the isolated adipocyte as the cell model. - ,\:'
Insulin stimulated adipocyte glucose transport, an carly step of cellular glucose
metabolism, is reported to be reduced in both human obesity (Pedersen et al. l982d Foley et
al., 1986; Ciaraldi et al., 1981) and the aged obese rat model (Kahn & Cushman, 1985).
Noninsulin dependent basal glucose t’ran‘sport, however, does not appear to be altered by the
obese state (Pedersen et al., 1982d; Kahn & Cushman, 1985)', but may depend /rnore on
plasma glucose concentration (Livingston et al.. 1984). Although the relalionship between the
size of the adipocyte and insulin mediated glucose transport has been the subject of many
studies, the results of these studxes are not always in agreement. There are reports that
| mdlcate as the cell enlarges it loses abrllty to transport and metabohve glucosa (Crarg et al.,
1984; Foley et al., 1986) while reports utilizing a nonobese modei suggest_glucose uptal(e
i‘ncreases with cell size (Hood et alo 1984). These results imp!icate that something 1nherent
to the obese state other than simply ccll enlagement may &lter ce.lular inst 1 action. Although
the coupling begween the glucose transporter and the insulin receplor appears fintact in cells
from obesel animals {Olefsky, l976h), differences may exlst in how the cell responds to insulin -
(Kahn & Cushman 1985). A deplenon of glucose transporters in low- densrty‘mrcrosomes in

lhe basal state and a reduction in the number translocated with ‘insulin stimulation (Kahn &

Cushman, 1985) were reported in obese anrma}ls. In yet another study, obesity was again

-
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associated with a depletion of total glucose transporters, but also-associated with a reduction

in their intrinsic activity at the plasma «membrane (Karnieli et al., 1986a). Defects in

3

(Guerre-Millo et al., 1985). For example, insulin was shown to incrcase glucose transport in

adipocytes from the obesc Zucker rat to & greater extent than celis from lean littermates

(Guerre-Millo et al., 1985b). This increase was aitributed to an increase in the number of

intracellular and plasma membrane glbucose transporters (Ka\hn & Cushman, 19835;
Guerre-Millo ct al.,; 1985b).

| - Reduction, in insuliﬁ stimulated intracellular glucose oxidation is reported in obese man
(Salans ct al., 1974; Harrison etﬁl., 1976; Pedersen et al., 1982d) and animal models o>f

obesity (Craig & Fo]ey;4I984; Olefsky, 1976b; Stevens ct al., 1981). As with glucosc trahsport,

cell enlargement may to some extent influence a cell's ability 10 metabolize glucase (Craig &

Foley, 1984; Hood & Thorton, 1980; Davidson, 1975), but does not appear 1o influence basal
(noninsulin mediated) glucose oxidation (Olefsky, 1976b). However, ‘within an individual, cell
size was found to negatively correlate with basal glucose oxidation (Harrison & King-Roach,

1976). Glucose incorporation imo adipocyte lipids is reported to be reduced in the \obese state

(Pedersen et al., 1982d; Salans et al., 1984). The wability of insulin to mh1b11 hpoly51s in the-

-adipocyte is reported to be both reduced by obesity (Stevens-et al., 1981; Olefsky, 1976b;

Pedersen, 1982d) or unchanged (Foley et al., 1986), suggesting that the obese state, does not

influence all insulin mediated actions similarily.

Insulin Tesistance at the target cell may be caused by events postreceptor bmdmg For
,thxs reason, alterations in the stimulation of recep‘br assocxated kinase acuvuy one of the
earliest recogmzed events after insulin bmds to the receptor (Kahn 1985) has been exammed

but the.‘ findings are inconclusive. Decreases " msulm stimulated. tyrosine kinase activity were

reported in the heart and hepatocytes of geneiically obese rats (Van De Werve et al., 1987).

.

but were found to be normal ifi skeletal muscle of obese mice (Vicarro et al., 1987). Recently,
a 40% decrease in insulin kinase activity was reported in skeletal muscle biopsiés”".'from obese

individuals (Arner et al., 1987a), but insulin stimulated kinase activity was found in another

-3

adipocyte glucose transport, however, have not been identified in all obese ‘animal models
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study to be comparable in adipocyteés from control and obese subjects (Friedenberg et al.,

1987). : ;
Despite the amount of research directed at identifying and characterizing the cellular
defect responsible for the in vivo insulin resistance associated with the obese state, many

quesicns still remain. An alteration in insulin binding is not a universal finding and when

reported is likely not large enough to explain alterations in cellular function. A decrease in

intracellular function due to increased cell size jis a simplistic explanation, because f#sting
(Pedérscn elal 1982d)_reduces cell size but does‘not always correct the cellular defeé s. The
macronutrient content of the diet, shown to alter insulin action (Olefsky & Saedow), 1978;
Beck-Nielsen ¢t al., 1976; Awad, 1981), is commonly overlooked when studying..e{csity, a

disorder where dict is a major component of treatment. .

Insulin Dependent Diabetes Mellitus

Most individuals with insulin-depenaerit diabetes require. more fhan 20-25 units of
insullril‘h/day, the estimated rﬁean amount of insulin sécreted in the normal _stéte to Schiévé
glucose comrol‘(EaLon- et ~al., 1980). The obsérvation that glucose%control. ié usually
suboptimal suggests that in this form of diabetes there is insulin resislan(;c. Absolute insulin
deficien_éy accomﬁanied by kcloacic;osis induces insulin resistance in both anirﬁals (Chthbert &
Alberti, 1978) ar'ld‘man (Ginsberg, 19775, kbut' it is not clear at present whether insulin
replacement can restore normal insuli'n'gensibtivity.

Glucose-insulin clamp techniques have been employe.d to assess in vivo glucose
metabolism in_ diabetic individuals. When studied at euglycemic levels, insulin-mediated
glucose metabolism was significantly reduced in noninsulin dependent patients (DeFronzo et
al., 1982; Del Prato et al., 1983). Howe\}'er, in these studies, insulin-mediated glucos'e
mctabolism/disposali. was'at fasting hyperglycemia levels reduced (DeFro*nzo'et al., 1982) or
unchaﬁged (Del f}g‘ra'to et al., ‘1983) in ins’ﬁlin dependent diabetic patients. By employing
mul‘tiﬁle euglycemic _insulin clarﬂps it was démdnstrated that, at physiological insulin

‘concentrations, insulin dependent diabetic patients were resistant to insulin action, compared
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to control subjects (Pernet et al., 1984). In contrast, at supraphysiological levels of insulin,
glucose disposal in diabetic subjects was similar to controls (Pernet et al 1984}, suggesting
“that the abnormal tissue response to msulm in this form of diabetes may be restricted to a

relatively narrow range of msulm concentrations.

Many of the studies assessing insulin fesistance in diabetes fail to account for the
N\
degree of meta)’holic control. Insulin resistance may be secondary to the deranged metabolic

state; when recently diagnosed dial}bi/cs were assessed using insulin-clamp techniques, 75%

-‘demonstrated normal insulin-mediated'glu%'s—e’xrletabolism (Ginsberg, 1977‘?‘.' ‘Contrary to
these findings, when HLA-identical siblings from in'sulin dependent diabetjc subjects werc.
compér_ed Lo_matchcd controls, despite normal fasting glucose .levels, 'insuli‘n sensitivity' was
significantly reduced in the HLA-idcngical siblings (Raghu et al., 1985), .suggesting thal
impaired” insulin sénsitivity may be an early, consequence of the disorder. Thus, Lhe role ol
MIIC control in insudin action remains unclcar. Using .a multiple euglycemic: insulin
clzrmp, the dose response for insulin mediated gluco¥e disposal was normal in well controlled
‘diabetic patients but markedly reduced in diabetic pa_t‘ients, who required largeninsulin doses
and routinely exhibited marked fluctudtions in plasme glucose levels. (Revers et al., 1984). The
importance of - good aiabetic conrol in normalizing insulin mcdiated action is comroverSial
Strict insulin Lherap) with co‘ﬁtmuous subcutaneous insulin mfusrons did not 1mprove msulm'
mediated action despite six mgnths of near normalization of plasma glucose levels (Dei Prato
¢t al.y 1983) However in another study, six weeks of commuous subcutaneous insulin
- infusions to improve metabolic control, resulted in:an "enhanc;d\‘ se\r(i'sitivity to insulin ‘and a
reduction in basal hepatic glucose produciioo (Yki-larvinen & Koivisto, 1984).

Increases (Pedersen et al., »1983), decreases (Pedersenf et al., 1982a; Pedersen et al.,,'
. -1981; Peclersen ei al.f,>19.82'b; Eaton et al., 1984) and no differences (Pederseh & Hjollund,
1983; Pedersen et al., | 1978; Pav et al., 19855 have been reported for insulin binding to various

.

“blood cel! populations from insulin dependent diabetic individuals compared to nondiabetics.

This apparem discrepancy in the literature may relate to both the state of diabetic control and

_ possible regulotory effects of ambient insulin concentration. Therapy aimed at improving
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blood glucose control and preventing .la"rge,l _ﬂui;tu_ations in ’plasrna insulin levels _(Pedersen et
al., 1981; Pedersen et al., ‘1982'b) normalized insulin binding to blood cells However, the use
of blood cells to assess msuhn rc;ggp{or binding remains questionable reduced msuhn binding
to adipocytes (Pederscn & Hjollund, ‘1983 Smith 1980) and decreases’m insulin sensrtivrty as
assessed by insulm clamp techniques (Del Prato et al., 1983) Have been reported.in diabetrc
patients who exhibrted normal 1nsulm bmdmg 0 ery throcytes or monacy tes

Reductrons in insulin bmdmg to fat cclls from diabetic mdrvrduals have been
attributed to changes in both the number of functronal receptors,(Pedcrsen & Hjollund, 198,3)\
and the affihity of the receptor for insulin (Taylor et al., 1984). Insuiin,mediated"cellular
i’unctionﬁ‘“in adipocytes of glucose transport, glucose oxidation, iipogenesis.and in‘hibition of
lipolysis have been reporied to be altered by the diabetic state (Pedcrse_nl& Hj’ollund,,. 1‘983;: 1
Tayler et al.,, 1984). It has been suggested tnat impaired insulin bindin«z may 'be responsible
‘-i'or alterations in adrpocy te ;_.lucose transport “and antilipolysis and that postreceptor
alteratrons may be the primary cause of the l]’lablllt} of the adipocyte to oxrdlze glucose and
svnthesize lipid (Pedersen & Hjollund 1983). . . T

Al,_though 1mpa1red insulin sensitivity, determ'ined by in'vivo techniques, _appears to be

a common feature of msulrn dcpendent diabetes, limited work has been done’ to charactertze

l - J

. the cellular alterations involved in causmg this resistance. The possibility ‘that lipid alteration
may be rnvolved is suggested by the I"rndlng of lower levels of total polyunsaturated (w- 6‘ and
w-3) fatty acids in erythrocvtes from poorly controlled diabetic patrents {(Van Doormaal et
al., 1984) srmilar to alterations in fatty acid composition reported in several tissues of
streptozotocm diabetic rats (Faas & Carter, 1980; "Worcester et al., 1979; Brenner, 1974).
Insulin therapy improved glucose tolerance and. partially normalized the ‘po]yunsaturated fatty
acid composition of erythrocytes in these patients (Van Doormaal et al., 1984).

“ficulty -exists in studying this' form of diabetes because the degree of metabolic
control appears to influence insulin action. It appears that’ msuhn therapy (Eaton et al., 1984;

Smrth 1080) exercise (Pedersen et al., 1981) and diet (Pedersen et al., 1982b) the -three

factors used to treat the drsorder exhibit regulatory ef f ects on insulin sensrtrvrty
e .- .
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Noninéu_lin Dependelrxt Diabeteé Mellitus

Noninsulin dependent dia_betes or Typg II diabet’es is"a heterogeneoﬁs disorder
vcharac‘terized ‘by de_fegtE in both insulin secretion and insulin action (Reaven ct al., 19%3;
Efendic et al., 1584). From the available lif'eratu;e, diff icﬁlties exist in Characteriziné insulin’
Tesistance in t»h.is'form of diabetes; it is a multifactorial disorder ,mariil"ested by ‘variable
degrees of glucdse inlolcraﬁce arid.'dif.fercm degrees of impaired' insulin secretion and action.-
" To at_témpt 1o alieyiate ihis problem, the Natiorial Diabetes Groﬁp of the Nafioha] Institute of
\Health 4(197‘9)& dividec_i" noninsuiin'~ depe\n;}mf nonketosis-prone diabetes into two forms,
according to whether or not obesity is present. Individuals in these subclasses can then be
further chara’cterized by the form of therapy they receive (insulin, oral hypoglycemic agéan-,
diet); A f'u_nhc; classifiation, ikmpaircd glucose tolerance, idcmifi;:s individuals with plasma '
gluéosﬁ levels imérmcdiatc between’ Lhos_’c nsidcred normal andb‘tlhosc considered’ diabétig
(National Diabt;,t.e‘siDat‘a Group',' 1979). |
‘ Insulin reswtance in nonmsulm dependent diabetes has been well demonstraled by the
'use' of se;/cral in vivo techmques (Scarlett et al., 1983; Chen et al., 1987; Del Prato’ ct al..
1983; DeFronzo et .al., 1983; Kolterman et al., 1981; Krotkiewski et al., 1985;- Mandlarino et
al.; l984b:).‘;.h'z vivo studies of glucose metabolism have displaved impaired suppression of
heﬁatic glucose dutput (DéFronzo et al., 1982; Kolterman et al., 1981) and pbriphera-l’glﬁcosé

utilization (DeFronzo et al., 1982; Kolterman et al.,; 1981; Scarlett &t al., 1983; Chen et al.,

o~

1987 Del Prato et al., 1983 KI‘O[le’\gSkl et al 1985). Reviewing the available literature

utilizing m vivo techmques !ﬁéagggs;sttﬁesuhn action, Truglia, el al. (1985) concluded that

g
decreased insulin action predori?,

in mild chemically-induced diabetes, whereas in
moderate to severe glucose mtolerancé déd:reased insulin secretion and action are both present.
Both Truglia et al.-(1985) and Olefsky & Kolterman (1981) concluded in recent reviews that
in vivo lechniquej; -demonstrate that insulin resistance in target fissues is most extensive in
patien_ts.who, exhibit the greatest degree of.. carbohydrate intolerance.

Attempts have been made to elucidate the cel’ echanism(s) associated with

insulin resistance in noninsulin dependent diabetes. In vu . assay of insulin stimulated
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glucose metabolism have c-learly demonstrated marked altera'tions in insulin function. Both the
mzikimurn, response (Scarlett et al., 1983; Ciaraldi et al., 1982; Sinha et al., 1987) and insulin
sensitivity (Ciaraldi et al., 1982; Sinha et al., 1987) of adi‘ﬁocyles. from diabetic patients were
significantly reduced whén compared to cells from nondiabetic subjects. The diabetic  state

markedly impairs the ability of insulin to stimulate adipocyte glucose oxidation (Arner et al.;

1987b; Bolinderet al., 1982) and glucose incorporation into lipi.. (Lonnroth et al., 1983;

Krotkiewdki et al., 1985). Glucosé metabolism in the absence of insulin was also reported to

‘be reduced in these subjects (Scarlett et al., 1983; Ciaraldi et al., 1982; Lonnroth et al., 1983;"

Krotkiewski et al., 1985). However, norrhal basal rates of glucose oxidation were found in

another group of diabetic patients (Arner et al., 1987b). The noninsulin dependent diabetic _

state does not appear to disrupt all cellular function of insulin; the antilipolytic effect of
4 : <, -

insulin in adipocyies was not reported to differ from that of* control cells (Arner ct al., 1987b;

. . e, - -

Lonnerh et al., 1983; Krotkicwski et al., 1985; Scarlett et al., 1983).

Although very few studies measure both in vitro and in vivo glucose metabolism, those

‘studies that do show that altefations in insulin action in.adipocytes from diabetic subjects

relate to in vivo measure of insulin action (Ciaréldi et al., 1982; Krotkiewski et al., -19,85;
Scarlett ét al., 1983). A positive rclationship was rcporled between - maximum insulin
: vstimu.lated= in vivo glucose disposal-an‘d maximum in vitro adipocyte glucose Lrans‘port rates
“ (Ciaraldi et ai., 1982, Scaﬂett et al., 1983J)._Change:s\i’Jr1glucose incorporation intoe lipids in

adipocytes with physical training Wés related to glucose disposal, measured by a euglycemic

clamp {Krotkiewski et al., 1985), .

Based on in vitro studies of insulin Stimula[ed actior* in adipocytes, it has been

predicted that both receptor and postreceptor defects coexist in this disease (Scarlett et al.;

1983; Ciaraldi et al, 1982; Sinha et al., 1987; Lonnroth et al., 1983). However, there is

disagreement concerning the existence of a defect in insulin bindine Studies have : orted
. ¢ .

- -

decreased insulin binding to receptors on adipocytés (Sinha et al., 1" 7: Kolterman et al.,

1981), monocytes (Beck-Nielsen, 1978; Rizza ét al., 1981; Maﬁdar et al., 1984) and

partially purified muscle biopsies (Caro et al., 1987) obtained from noninsulin dependent
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diabetic patients. In these studies, reduction w1 the total number of functional receptors is

cited as the cause of decreased binding. However, compared to matched control subjects, no

aiterations in insulin receptor binding to erythrocytes: (Comi et al., 1987; Hjollund et al.,
1987; Mandarion et al., 1984; Del Prato et al., 1983), monocytes (Hjollund et al., 1987),

adipocytes (Arner et al., 1987b; Lonnroth et al., 1983; Bolinder et al., 1982; Hjollun_d@t al.,

1987; Krotkiewski et al., 1985) or muscle biopsies (Arner et al., 1987a) were reported.

Confusion in the literature as to the existence of a rccAcptor defect in addition to the unclear
relationship between alterations in binding and overall insulin action questions the role of the
insulin reéeﬁtor in the Well'documen-t,cd defects of insulin action in this form' of diabetes. It
has been suggested that the cause of insulin resistance mighln occur vprima»rily at the rcccpior
level when the disease is accompanied by hyyerinsulinemia (Olefsky, 1981). /
‘The‘ écllu]ar locus. of insulin resistance in noninsulinidcpcndém diabetes may reside
. beyond the binding portion of the insulin receptor. Recent interest has been f‘ocuscd on the
kinase function of the B-subunit of the insulin receptor as eith¢r a means for coupling insulin

binding to insulin induced effects or as a parallel manifestation of the coupling process that

el
may relate to some of the actions of the hormone. The ability of insulin to induce.
. \' * .

autophosphorylation of the receptor in partially purified- insulin receptors from adipocytes

(Friedenberg, et al., 1987) and muscle biopsies: (Caro et al., 1987) was not altered by the

diabetic state. However, noninsulin dependent diabetic subjects compared to nondiabetic
: | : . .

subjects demonstrated reductions in insulin stimulated tyrosine-specific protein kinase activity

in adipocytes (Sinha et al., 1987), musele (Arner et al., 1987a; Caro et al., 1987) and

erythrocytes (Comi et al., 1987). However, controversy exists. as to the role of obesity'

<,

accom_panying the diabetic state in the etiology of the receptor kinase defect (Caro et al., -

1987; Arner et al., 1987a; Friedenberg et al., '1987)'. At present the role of 'rcceptovr kinase
"activity in insulin action and intracellular phosphorylation is unknown and the possibility has
not been ruled out that the reductions reported in the coupling activity between the receptor

* and tyrosine kinase activity is not simply the result of some metabolic abnormality associated

with the disease. A defect in receptor kinase activity does, however, offer a logical explanation

N Nia
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to clarify the apparent di_sérepancjes reported betwcén insulin binding and action in this form
of diabetes. v _
Yy ' ’
A ber of abhormalmes .associated with noninsulin dependent diabetes, have been
»uggested 1w conmbute to the msulm re51stam state. Hypermsulmemxa both fastmg and

\1

postprandial, is a,charactérlsllc feature of many nonmsulm depcndcnt diabetic patients.

4

Inducing _hypermsulmemla in rats dccrcases insulin bioding to adipocytes and causes a

¢

decreased sensitivity in insulin stimulated glucose transpc’)r.l which returns to norcnal when
insudin thearapy is stopped (Kobayashi & Olefsky, 1978; York &‘ Singh, 1979). Exposing
adipocytes to high concentrations of insulin in vitro has been shown to ‘decrease insulin
rcccpior kinase activity (Arsenis & -Livingsion, 1986). However, there is still limited data to
support the concept that hypcriuSulincmia _is a major factor contributing to insulin ‘r‘cs‘istancc
in the diabetic state. Fasting insulin ]cvcls have not been found to correlat¢ w;vth insulin
‘ bmdmg (Lonmoth et al. 1983) and the same dcgrec of adxpOC) te insulin resistance to glucose

oxidation was found in nomnsu\m depcndcm diabetic subJects with fastmg hyperinsulinemia

as in those with normal insulin levels (Arnef et al., 1987b)

oy

As many patients with nonmsulm dcpendcm diabetes are obese and obesity is a
condition assocm:cd_\vnh insulin resistance (Ciaraldi et al., 1981: Pedersen ct al. , 1982d),
seems 10°1cal that the obese state could contribute 1o altered insulin action in ths form of
d;abctes However, msulm ”sumulalcd glucos%oomd@non in obese diabetics dld not differ from
nonobcsc diabetics (Arner et al., 1987b). In vivo glucose utilization;,. although markedly
reduced when compared, to control suybjects did not differ betwceor obese and nonobese
nonmsulm dependcm dlabeuc subJects (Hollenbeck et al. 1984) Mean adipocyte sme was
found to correlate with insulin sumulatcd glucose ox1dauop m both noninsulin depcndem
diabetic SUbJCCiS and obese Sub]eCLS (H@rrlson & King- Roach 1976) However, in this same

o
study, both basal and insulin stimulated oxidation rates ‘were sxgmf}camly reduced in dlabetlc

subjects compared to obese nondlabetlc subjects“wnh a similar cell size (Harrlson

King- Roach 1976). As concluded in a recent, rev1ew (Trugha et al., 1985), obesxty may play a

B ‘

' role in the dcvclopment of impaired gluco&e Lolerance but its contrlbuuon to insulin résistance

-



is likely minimal and decreases as hyperglycemia increases.
Therapeutic interventions have ‘been demonstrated to improve insulin action in:

noninsulin dependent dlabetlc subjects. Two weeks” of intensive insulin therapy o prevnously

4 b

untreated patients, significantly xmproved both glucose disposal, measured b)l tltc euglydemlc'
clamp techmque and adipocyte msulm stlmulated glucose transport ‘(Scarlett et al 1983).
Although signi” iatly improved after therapy, insulin action in diabetic patients was still less
than control s (Scarlett et ale, 1983). :Oral sulphou'ylurea therapy impgoved ‘irtsulin
binding to monocytes but remalrted lower than'l in nondiabetic subjects (Olefslq" & Reaven,
1976). Weight loss by I"eedmg hvpocnergctlc diets to obese dlal“{,llC siibjects significantly
improved glucose tolerance detcrmmed b\ intravenous \glucose tolerance yand insulin
stimulation tests (Beck-Nielsen, 1978), and in vivo glucose disposal (Zawadzlu et al 1987)
In.a recent report weight loss mduccd by feedmg low encrg\ dicis_for two months to eight
obese noninsulin dependent dlabC[lC pattcnts rrormallzed adlpoqte glucose transport glucose

.

oxidation and l]pogen031s (Hjollund et al., 1987). lnﬁcreasmg the fiber and polyunsatuzated fat |
content of the diet has also been demonstrated to improve fnsulin binding to.v monocytes
(Ward, et al., 1982). "

Exercise, another important component in the treatment of "die‘betes mellitus
influences insulin action (Krotkiewski et al., 1985). Placing ‘obese diabetic ,t)atients on
mdmduallzed training programs for three months 51gruf1cantly 1mproved glucose dtsposal
rates, glucose tolerance and normalized insulin stimulated glucose lncorporttlton into adlpocyte
lipids (Krotkiewski et al., 1985), In this study, unlike other vrep‘orts on the beneficial effects

of therapy, improvements in insulin action occurred without a changé in' body weight
o 9

(Krotkiewski et al’, 1985).
In conclusion, noninsulin dependent diabetes mellitus s clearly a multifactorial

disorder which is manifested by variable degrees of insulin resistance. A postreceptor

o

alteration in insulin action in peripheratl lissues appears to be the primary lesion. However,
alterations in receptor binding "and postbinding receptor-mediated events such as the

stimulation of receptor kinase activity may also be present: The degree of insulin resistance is
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generally greater in noninsulin dependent diabetes than in subjects with obesity-associated

L '
glucose intolerance. Although many noninsulin dependent diabetic subjects are obese, obesity
is not the only factor contributing to insulin resistance, as patients of normal weight are, in
:’ ” L . . . . 7
most case§, also insulin resistant. A partial correction of insulin resistance can occur with

therapy aimed- at improving diabetic control.

Streptozotocin D{gbetic Rat

The étreplozoto‘cin diabetic rat is onc of ‘Lhe best studied of the currently available
animal 'models for iﬁsulin action in the diabetic étate. Streptoiotocin {2-deoxymethyl-
nilrosomgr;c‘a-glucopyranose) a metabolite of thc soil organisrﬁ Streplomyces'a[cromogenejs, was
flrst reporlcd 10 be dlabctogcmc in rats, and dogs in 1963 (Rabicten et al., l§63) Oncc
injected, thé -drug mduces sclective destrucuon of the beta cclls of pancreatic 1slets by
dahaging Lhe permeability of the plasma membranc such thal the ability to secrete insulin in
response 1o glucose is severely attenuatcd in ammals within 24 hours after drug admmlstrauon
(Bl & Hye 1983). | - | | |

Adlpomes from streptozotocin diabetic: rats respond poorry 10 msulm in vitro. The
capacny in* both the basal arrd insulin sumulatcd states o oxidize glucose (Schoenle et al.,

1977 Kobavashi & Olcfsk). 1979; Sandra & }<v1f . 1982) and incorporate glucose into lipids

" (Schuenle et al., 1977; Kobayashi & Olefsky, 1979) is significantly impaired. In this diabetic

"~ model, there is also a marked decrease in insulin's ability to stimulate adipocyte glucose .

transpor-t (Schoenle et al., 1977; Kobayashi & Olefsky, 1979; Sandra & Fyler, 1982), protein

synthesis. (Tischler et al.,” 1986) and to inhibit epinephrine induced lipolysis (Zapf et al.,

- 1975). Basal rates of glucose transport have been reported to be both increased (Schoenle et

al., 1977) and decreased (Karnieli et al., 1981b; Sandra & Fyler, 1982) in this syndromé.

Impairment of insulin action in adipocytes from diabetic rats is directly related to the severity

of the diabetic state (Kobayashi & Ciefsky, 1979). Iéven when __;orrected for cell size by

expressing data per unit surface area, glucose metabolism remained clearly reduced in diabetic .

adipocytes (Kobayashi & Olefsky, 1979).

P\
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Insulin stimulated glucose transport in rat adipocytes occuré primarily {hrough a
translocation of glucose transporters“from a large intracellular pool to the plasma membrane
(Ko o et al., 1981). In the streptozotocin diabetic rat, resistance to the stimulatory effect of
insufin on glucose transport has been dem nstr,aled to be caused by a decreased translocation
of lucose Lransporters to the plasnlg mn'mbrane as a consequence of depletion of Lransporters
in the-intracellular pool (Kahn & Cushman, 1987‘ Karnieli et al., 1981b).

A poor metabolic response to insulin might - bé%xplamed by alterations in- the bmdmg
Qf;msuhn to its cellular receplor However, the literature indicates that this is not the case;
ﬁsnlm bmdmg is 51gn1f1camly ‘increased in ‘adipocytes from strcptozotocm diabe nc raLs,
(\Schoenle et al., 1977; Kobayashi & Olefsky, 1979; Sandra & Fyler, 1982). The magnitude of
the enhanced 'rc‘cepior binding} inercases with the severity of the diabctic seatc (Kobayashi &
Olefsky, 1979)". This renorled increcase in insulin receptor binding is consistent with the
concept of Gavin "et al. (1974) that circulating insulin 1evels‘inversely regnlate insulin
receptors. Eveén if this is the iqase, the enhanced binding is not great enough to compensate for

‘thg metabolic defects in insulin action caused by insulin insufficiency in this mddel.

\The mechanism for insulin resistance in this form{ of diabetes is not completcl):
understood. Streptozotocin-induced diabetes nas been associated with a reduction in insulin
stimulated rece‘ntor kinase activity (Gherzi ct al., 1986; Kadowaki et al.', 1984‘) that improve
with insulin therapy (Kadowaki et al., 1984) However. normal kinase activity has been
reported (Amatruda & Roncone, 1985). Descr@panaes in the relationship between kinase
acnv1ty and the dlabenc state may relate Loxd;ff erences in cell prepartions used. A reduced
activity of five of the enzymes involved in adipose tissue triglyceride synthesis (fatty .
' acyl-CoA‘. a)'nthetase, ﬁilochondrial and .micro‘somal glycerolphosphate acyltransferase.
monoacylglycerol-phosphate acyltransferase and phosphatidate phosphohydrolase) were
reported in the streptozotocm dlabenc .rat (Saggerson & Carpenter, 1987). Insulin

admmls‘uanon both in vitro and in vivo, was shown to mcrease the acnvmes of these enzymes

(Saggerson & Carpenter, 1987). B ) )
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N The diabetic condition produces. considerable alterations in the 'fétt,};;y_acid profile of
tissues. Early studies, utilizing diabetic animals, ihdicatedlalterations in the monounsaturated
and 4polyunsaturated fatty acyl Acomposi'tipn of various tissue lipids (Benjamin & Gellhorn,
1964;‘B;enner et al., 1968; Friedman et al., 1966). Redﬁi:ed levels of mon\ounsaturated fatty
acids and arachidonic acid (CZO: 4(6)) in liver and adipose tissue chzir\(e‘ 'beén related to
dithinished rates of hepatic 49 and a6 desaturase in diabetic animals ('Fé.as; &f‘ éz'rter, 1980;
Worchester ct al., 1979; Brenner, 1974). The deérease in desaturase activities ass-ociate_d with
the diabetic state suggests that these ‘énzym}s are insulin dependent. Insulin therapy corrects
the defeds but oﬁly partially normalizes the altered fatty acid compositién, as arachidonic -
acid lcv§ls remain reduced (Faas & Carter, 198.0). ngh fat diets, especially those high in
bolyunsaturated fats, have been silown to inhibit A9 and a6 dese;iuration (Garg et al., 1988;
Weckes et al., 1986). Howcvcr,’due to the use of experiranc.mal.dicts differing in level and type
of fatty acids and the use in some studies. of essential fatty acid df:ficilenf diets, the possible
. tole of diet in mo.difying diabetes-associated changes has not beeﬁ elucidated. The' effect of
the diabetic state on membrane. lipid composition of inSgl\i\r‘l‘ sensitive. tissues a¢\d the
physiologﬁscqﬁenceé«of reported alterations remain to be de;ermined. There is vo.ne
report §i1/ggesting that m%mbranes from diabetic animals ‘ma:y respond differently to lipid
alterations. Tré'ating’ adipocytes from control animals with phospholipid vesicles composed of
dioleoylphosphatidylcholiné and phééphatidylserine markedly inhibited insulin .s[imulated ,
glucose transp"o‘r‘t{ and ‘oxidation in control adipocytes (Sandra & Fyler, 1982). Similar
treatment to adipocytes obtained from streptozotocin diabetic rats did not further reduce the
already significantly lower levels of glucose metabolism (Sandra & Fyler, 1982). Iﬁ this study,
the effect‘of phospholipid modifications on normal adipocytes 'produ?ed ’sir}lilar effects to
thosc/observed in cells from untreéte;j diabetic animals, bccau\seg’lucose uptake anc uaidation
were inhibited in such a \{ay that éven suf)raphysio_logical conceﬁtrations of insulin did .not:
restore normal responsiveness (Sandra & Fyler, 1982).

! o o :
Although the role of diet therapy has not begn extensively Atudied in this model,

Tecest

A

" A
evidence suggests high- polyunsaturated fat \diets may be beneficial. In
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streptozotocin-diabetic rats, there is an enhanced imest{nal uptake of many nutrients,
- 24 .
including sugars, amino ‘acids and lipids (Thomson, 1983). Small changes in the lipid

composition of the diet have been shown to influence active and passive mtesunabjtranspoft in

)sc rat (Thomson et al 1986). Recently it was demonstrated that feeding a. polyunsaturated
diet diminished the enhanced jejur;ai and ileal uptake of gluco/se associated with the diabetic
0 t . ' : .

conglition (Thomson et al., 1987). In addition, feeding a high fat high P/S diet as comparcd\'

to a low P/S diet, significantly improved the clinical condition g{'vdiébetic animals as
: v 4 s .

determined by lower hemoglobin A1C levels (Raiotte et al., 1988). I /—7&
The streplozotocin-diabetic rat hascbcen used as a model of both human noninsuljn
. L\‘ N - h

dependent.and insulin dependent diabetes. Whether insulin deficiency, the primary cause of
insulin resistance in this model, is a2 major factor leading to insulin resistance in humah
diabetes is not clear. At present there arc no animal models, possibly due 10 the heterogencous

N

nature of the disease, completely representative of noninsulin dependent diabetes. However, in

S ) ‘ ] » L
G. CONCLUSIONS

1

~

‘Insulin binding to its membrane is not a constant biological process as it now. appears
that both the number and affinity of insulin receptors are subject to dynamic regulation.

Less, however, is known about the complex processes through which insulin receptor binding

s to the biological responses. Resistance to the action of insulin plays a centfal role in

jscase stales, including diabetes and obesity. The composition of the Ciet, in particular

/carbohydrate content, has been demonstrated to influence insulin action. Difficulties

exist in interpreting these dietary changes, because rescarchers have altered several dietary
. 1

QiR

\_com’p'onems_sim_ultaneously or have fed animals diets not representative of those consumed by

=N\ the human population.( Based on .in vitro manipulation, the membranc lipid environment

A

appears te play an important role in determining insulin binding, glucose transport.and.the

)

generation of, intracellula"r mediators of insulin action. As diet therapy is an important

v

: ; G
. )
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component of the treatment of insuli/n_ JTesistant states of diabetes and obesity, further research

is required to identify the role of diet, in particular diet fat composition, on insulin binding .

» S0
I Pl

and action.

- €
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~ I1. RESEARCH PLAN

A. RATIONALE s

Diet has an overall effect on insulin actioﬁ. However, as most comparisons studied in
this regard are _not representative of the humaq diet with respect to theA content and
compostion of diet fat, the role of dietary fat; on cellular insulih binding and action remains
unclear. The plasma membrane is an imp.ortam factor in insulin actior\x because it provides the
interface for the initial contact of the hormone with the cell through binding of* the ligand to
a’ membrane receptor and, through a variety of - mechanisr‘ns, has been postulated to be
important in generating the cellular actions of insﬁlin. It has been clearly demonstrated in vitro

that the activities of the insulin receptor and glucose transporter are sensitive t6 the physical .

and chemical propcrtieé of membrane 1ipids.‘Although‘, for a varicty of membranes, diet’

. fat-induced alterations in’ membrane lipid composition have been demonstrated 1o alter the

function of i'megral membrane proteins, lhe effect of diet fat on the adipocyte plésm;

membrane lipid composition and the action of iné,ulin is not known. Several disease states,

such as diabctes and dbesit’y, where dict 15 a majb'r component of therapy, are characterized

by cellular resistance to insulin action. Thus, an understanding of the tole of diet-induced

alterations on membréne composition and cellular insulin action may be important to the

fundamental understa'n_'din'g of the role of diet and membrane in hormonal action in the
5

normal state and is relevan{ to developing effective dietary strategies with a mechanistic basis

for management of disease states. " ' p;

B. OBJECTIVES

The objectives of this thesis research are to demonstratc th_at:

1. a relationship,e\xisté between thé composition and content of ‘dietary fat and the .lipid
compoéition of the adipocyte;

2. the composition and content of dietary fat influences the cellular insulin action;

3. a relationship exists between diet fat induced alterations in membrane lipid composition

L]

\
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:and membrane mediated events of insulin action; and

4. the diabetic state will modify the relationship between diet fat, mcmbrane composmon

and insulin functxon

C. HYPOTHESES

It is specifically hypothesized that:
hY

v 5 N .. ,"_’ .
In both the normal and diabetic states, differencés in’content and composition of fat in the

diet will be reflected in: oA
1. the stored triglyceride content of the adipocyte; ?
-2.  the phospholipid content of the adipocyte plasma membrane; and

3. the\ fatty acyl compositon of the major phospholipids of the adipocyie plasma ‘Membranc.
: N -
In both the normal and uiabetic states, the composition &f dictary fat wil] altcr

-

-, 9

4. insulin binding;

S. glucos_e transport; and

6. intraceilular glucose metabolism.
It is further hypotheéizec‘i that: "

7. diet- mduccd altcrations in Lhc fatty acyl composition of the adipocyte plasma membranc
w)

will relate to the integral membrane function of insulin binding.

D. CHAPTER FORMAT ¢ .

The hypotheses posed were tested in a sequence of experiments. These experiments are

organized as thesis chapters and have been submitted for scientific publication as individual

papers. .

Chapter III examines the effect of dlctary polyunsaturatcd to saturated fatty acid
(P/S) ratig on the fatty acyl composmon of the major' membrane phosphohplds of the
adipocyte plasma membrane (hypothesis 2). Two high fat diets (20% w/w) providing a P/S
‘ratio of 0.25 or 1.0, fepresentative of those consumed by segments of the North American

population, were ._fedv for 4-5 weeks to 6 week old control and streptozotocin-induced diabetic
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rats. The effect of diet P/S on insulin binding, an integral membrane function, was assessed .

(hypothesis 4,
In Chapter IV, the effect of the same dietary design.and experimental procedures
reported .in Chapter III on insulin stimulated intracellular glucose ‘metabolism (glucose

oxidation and glucoée incorporation into lipids) was assessed (hypothesis 6).

In Chapter V, theeffeal of dietary P/S on insulin stimulated membrane mediated

' gtueose transport ‘(hypothesis 5) and intracellular glucose metabolism (hypothesis 6) in the

.normal ahd diabetic states were examined further by altering the P/S ratios (O 2 and 2.0) to

reflect dictary extremes consumed by the human populatron Diets were fed to weanlmg rals

for 6 weeks. The effect of glucose concentration on msulm sl‘lmutated glucose transport at

,scveral insulin concentrations was also assessed for cach dret/treatmcnt group (hypothcsrs 5).

L3 0

In Chapter VI,,the effect of the diet P/S on the fatty acyl composition of the major
phospholipids of the adipocyte plasma membrane for the animals described in:Chapter V was
» . B

determined (hypothesis 3).

In Chapter VII, the effgct of both the content (iO% w/w and 20%. w/w) and

.compOsitioh (P/$=0.2 and P/S:Z O) of diet fat on.the content (hypothesrs 2) and

composrtton (hypothesis '3) of the maJor adtpocyte isnembrane phosphohptd fractlons in
‘J

g

‘ ‘control and drabettc ammals was determmed under the same experimeéntal condttrons as

-

&

[N

4

reported in Chapter V. | f ' .
In Chttpter VIIL, the effect of fat content and composition on insulin stimulated
glucose transport (hypothesis 5) and intracellular glucose metabolism 4(hypothe/siS' 6)‘ in

control and drabettc States was detcrmmed A hrgh !at (20% w/w) low P/S (0.2) and /wo low

-,

fat (10% w/w) dlets provrdmg 2 P/S ratio. of 0 ) and 2.0 were. fed ‘The same Qperlmental_

Vv

conditions as reported in Chapter V were used. .

2\: . In Chapter IX, the relationship between 'die‘tary P/S, memhrane,éomrposifion and

insulin bmdmg was determined (hypothgsis 7) by feeding control animals one of ten. hrght fat
-\
dtcts (20%. w/w) with P/S ratios rangmg from 0. 14 to 1. 8

v
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In Chapter X, the effect éf the content and composition of the diets described in
Chapter VII 4on the 'fatty acyl compositon of stored lipids ilx; adipocytes was determined in
control and diabeti'g_énimgls (hypoth_esis 1).

Discussion of the potential r;lationsﬁips between diet-induced change in adipocyte

membrane composition and insulin receptor mediated function(s) is summarized and drawn

together in Chapter XI.

t!



III. DIETARY :FAT AND THE DIABETIC. STATE.ALTERED,INSULIN BINDING AND _*" 7
FATTY ACID COMPOSITION OF ADIPOCYTE PLASMA MEMBRANE ' .
,, : .
A. INTRODUCTION
There is convincing evidence in  animal 'rnode]s for several tissue types - that
physmlogica] changes m the type of diet fat consumed changes cell mcmbrane composmon
(Clandinin et al. 1985) by mechanisms that can involve altering activity of enzymes of fatty
acid desaturation (Garg et al., 1988) and, the de ngvo biosynthe‘;is of membrane
phosphatidylcholine (Hargreaves & Clandinin, 1987a; Hargreaves & CtlanJinin, 1987b). These
diet -induced aitcrations in membrane phospholi];;id composition influence *the function of
membrane proteins by changmg the lipid environment in which these protems act (“landinin
et al., 1985). It haﬂs also been established in man and animals that normal variation in diétary
fatt) acid intake can alter the fatty acid _composition of adipose tissue trizlyw
phospholipids (Field & Clandinin, 1984; Carrolli 1965; Ostwald ct al., 1962). However, littie
is known'about the role of the adipocyte plasma"membrane phospholipid and the influence of
phv51010g1ca1 shifts in I"at intake or disease' state on the composition and function of this
fmembrane Recently a relatienship between hab1tua1 fatty acid mtake and. the - fatty acid
composmon of trigly cerides and phosphohpids in human adipose tissuc was established (Ficld
et al., 1985), §uggest_mg that long_ term intake of fat may determine -the membrane lipid.v
composition in this major organ. |
Noninsulin dependent diabetes is characterized by a eellnlar resistance to insulin action
(f_Olef‘skyJ;”g‘Rtaven, 1977'). Although the mechanisms for insulin resistance are not cbmp’letely | )
understood, it has been sugge‘steci to be the conseqnence'of redtice(i insulin binding is diie to a‘
reduction in fnnetionnlv insulin receplors (Pedersen, 1984).“ Altheugh alteiations in insulin
binding to adipocyte membrane receptor’e have -also been“shown to b'e"altekreld i’ tiiis form of
» (iiabetes, (Koltermaii et al., 1981 Pedersen 1984, controversy\emsts in the literature as to the -

existence of a receptor “defect in noninsulth dependent diabctes (Arner et al., 1987' Lonnroth =

[N .

‘A version of this chapter has been accepted for publication Field CJ, Ryan EA,
Thomson ABR & Clandinin MT. (1988) Biochem J ‘
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¢t al., 1983).

-

The insulin receptor is emb.edde"d in the lipid bilayer of the plasma membrane
{Schlessinger et al., 1978). (n t{itre, the insulin receptor (Ginsberg et al:, 198l; Gould et al.,
1982) and insulin function (Sa'n‘dra. et al., 1984) Hppear sensitive to the surroundi.n{g lipid
environment. The nature of fat fed has been reported to influence insulin binding to receptors
in erythrocytes (Gould et al., 1982) and Ehrlich ascites cells (Ginsberg‘et al., 1982), but
whole body physiologica'l tests of this relationship have not been reported, withione exception.

4

When a high polyunsaturated diet was fed to dlabetrc rats, diet-in i thé form

and function of the mtestme have been reported to improve the clinical 5tate in thrs dlabetrc

/\
model (Rajotte et al., 1988).

The diabetic state may also influence the fatty acid composition of cell membranes.

Reduced levels of monounsaturated fatty amcids and polyunsaturated fatty acids in liver and

adipose tissue have been related to diminished microsomal rate of a6 and a9 fatty acid’

desaturation in experimental fighos niellitus (Faas & Carter, 1980; Worcester et

1'62}" r et al.. 1968; Fricdman et al., 1966). Insulin

€

al., 1979: Benjamin & Gellh Sl

therapy appears to correct these defects in desaturase activity and to partially normalize the

alteredvfatty acid ‘compos_iti'on of microsomes (Faas & Carter, 1980). The physiological
;mportance of these alterations is not clear. _\ A

| Based on the premise that the"compos)ition of-. the adipocyte plasma m’emhrane is an
mtcgral determmant of some aspects of msuhn stlmulated functrons in the adrpocyte the

followmg study was demgned 1o examme the effect of alterations in dletary fatty acrd
{ ;

composition on the fatty acrd composmon of membrane phospholipids and on msulm binding

¢ a0

to 1ts re%eptor on the adipocyte plasma membrante receptor Dretary {ransitions representmg y

the physrologrcal range of dietary fatty acrd composmon consumed by humans were used
Control and drabetrc Tals Were compared 1o assess- whether mcreasmg consumptlon of
i ,

polyunsaturated Fatty ac1ds Would normalize reduced levels of desaturase products antlclpated

in the' dxabetxc state and would alter msulm bmdmg an mtegral membrane f UHCHOH that could

regulate msulm Tesponsiveness of this tissue. h . ;
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B. MATERIALS AND METHODS ‘ |

o &
.x)

Animal and Digts ‘

‘ Forty male Sprague-Dawley rats, 4 weeks of age ( 140.i 10g) were randomly assigned
to two groups and fed a serni-purified‘ high fat diet containing 27% (w/W) high protein casein,
38% (w/w) carbohydrate as cornstarch and 20% (w/w) fat. The dict was supplemented with
the following per kg: 2.75 g choline, 6.25 g inositol, 2.5 g L methionine, 80 g cellulose, 10 g
vitamin mrx (A.O.AC. ) and 50 g Bernhar.- Tomerelli mineral mix. The composition of this
‘basal’ diet, . vitamin and’#mmeral mixes has been reported in detail earlrer (Hargreaves &
Clandinin, 1987b). The two diets fed differed only in the proportion of safflower oil and
hydrooenated beef Lallow fed, torprovide a pol)unsaturalcd 1o saturated fatty acid ratro (P/S)
of Q) ”) (low P/S9 or 1 .0 (hrgh P/S) as rllustraled (Table 11I-1). Linsced oil was added to bolh
diets 1o obtain a total w-3 fatty acid content ol" 1% (w/w) of the diet fat. Both diets were
cholesterol-free by analysis. Animals were housed lndividually in:a temperature comrolled
room at 21°C£1°C and maintainedton a 12 hour light/dark cycle. A o

Aftér l"eeding-the diet for 14 days, diabetes was induced in half{of the ani.mals in each
dr& szroup by intravenous mJecuon of streptozotocin (65 mg/kg body werzhl Srama Chem1cal
- Co., St. Lours MO, U.S.A) 1n a citrate buffer pH 4.5 into a 'tarl vein. Only animals wnh' _
-non-fast,m_g blood glucose levels greater_than 300 mg/100 rnl‘ after 14 days_ were considered
dlgbe[ic. Animals were 'continued on their respective diet treatment for an. additional-14eto 24
V ddye. : ' : - ) . .

[P

Each. day,~at 0900 h (two hours after the end of the dark cycle) for a period of.10

<., days an animal from each treatment group was sacrificed by d'eca'pitation and serum collected
Y

~

f‘or glucose and insulin determmauons Serum glucose and insulin® were determined usmg a .

H

A glucose analyzer (Glucose Analyzer 2 Beckman lnstruments Inc Fullerton CA\ and by -

T E TN

radrormmunoassay (Insulm Rl 100 Kit, Pharmacia’ Co Uppsala Sweden) agamst a ralQ

&

“insulin standard.. Epididymaj fat pads were collected and” adipocytés 1solated by mcubatron

~

with a crude collagenase (2.25 mg/g trssue Cooper Bromedrcal Toronto) by a modification of i

v

» e



“material in 1 ml usi

{% )
cemrrfugauon at 45, OOO rpm(, (205 780 x g at T ) ‘&a Beckman TI S- 55 G

- 4C. The white band near "the Lop of the gradxem comammg “Ihe plasma

o~

S- N 70,

the method of Rodbell (1964). The modification included the use' of -a glucose-free
Krebs-Ringer solution buffered with Hepes (Whitesell & Abumrad, 1985) containing 2% -

(w/v) Fraction V bovine albumin (Sigma Chemicals, St. Louis, MO, U.S.A.).

Plasma Membrane Isolation

Plasma membranes were prepared from adipocytes according to the method of Lewis

et al. (1979) modified to enable isolalion of plasma membrancs from small samples of

Alto California) T

| bulfcr (0.25M: sucrose | _%g;_}SDTA 10mM Trls HCl) at pH 7.4, on an 800 ul linear, gradient

comammg '32-52% (w/’v) sucrose 1mM EDTA and lOmM Trls HCI, pH 7 4, followed by

was collected and “diluted to a volume of .1 ml'in 10mM Tris- HCl ImM EDTA buffer (pl—l
7.4) a.n‘d'cemrifuged at 29,000 rpm (30,000 X g at ra ) for 30 min at 4°C in a Beckman -
TL'—lO_O rotor. The membgane pellet was collected, resué’p‘ended in 400 x! 10mM Tris-HCI

,-\ .

buffer and stored at’ -70°C for analysls of 11p1d composmon Pulm of thrs plasma membrane

, fraetion was'; assessed by assaying S'nucleotidase (Goldfme et al., 1977) and succmaLe"

dehyclrogenase (Kun. &. Abood 1949) in membrane l"ractrons obtamed from control ammals

fed the hrgh faL» diets (Appegédrx I Table A 1) The. specrfrc acuvnv of 5 nucleoudase was

.’1;

' hrghest if: the plasma “membrane fracnon (6. 46+0 04 umoles phosphorus hydrolyzed/mg '

protein/hour) representing greater than eight-fold ecnrichment from ' cell homogenate. ..

Succinate dehydrogenase activity was low -in' the plasma membrane (1.47+0.12 umoles“' ‘

para 1odomtrozollum V1olc1 reduceel/mg protem/hour) rcpresemmg less Lhan ll % of the

actlvxty found in the mrtochondrral f‘racuon The purltv of the plasma membrane fracnon was

comparable 10 prevrous.‘ re_ports_A (Lewis et al., 1979) ano, not affected by diet _Lreatm_em or the

- diabetic state (Kahn & Gushman; 1987). -



. 7n
Yooy

A

Membrane Lipid Ana;ilysis‘
Lipids were extracted from plasma membranen by a modified Folch procedure (Folch

et al., 19‘57). This extraction procedure was modified as follows: to 400 ul Tris-HCl buffer
pH 7.4 containing the mém‘brané pellet, 0.8 ml metnano_l; 2.0 ml chloroform:methanol (1:1
v/v), 2.7 ml chloroform and 2.5 ml chlordform:rnethéno}‘(Zzl \}/v) weré added in succession.
The layers were split by addition of 1.6 ml of-O.l mM KCI' The lower phase containing the
phiospholipids was collected. Individual phospholipids were separated on Whatman HP-K thin
layer -chromatogfaphy pla:t'es (10 x 10 "cm) using the following solvent system=
chl_oroform:methanOI:Z-propanol:0.25% (w/vj KCI:tricLhyIafnine (30:9:25:6:18 by vol.)
(Touch.slone et al., 1980). Separated ph\dspholipids were  sprayed with 0.03% w/v

2'7'dichlorofluorescein in 0.01 M NaOH and dectected by comparison under u.v. light with
S

appropriate standards.

F-d
%

4 8 . ,' o
Phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, phosphatidyl-

4.

inositol and ‘sphingbmyclin fatty acid mct\hy?li’.\'a\stcrs were prepared using 14% w/v
BF;/methanol reagert (Morrison & Smith, 19%24) and separated by automated gas-liquid
ch‘romatograf)hy (Vista 6010 G.L.C. and \’\isl[a 402-data system; Varian  Instruments,
Gcorgctown Ontario, Canada)., Chromatograph) was pcrformed using. a fused s1lxca BP20

capillary column (25m x 0. 25mm L.D.; Varian, Georgetown, Ontario, Canada) Hehum was

used as the carrier gas at a flow rate of 18 ml/min using a splitless mJectlon mode. The

" initial oven ‘temperature was 150°C, mcreased to 190°C at 20° C/mJn and'held for 23 mms then
/

mcreased 10.220°C at 2C/mm for a total ana1y51s ume of 40:mins. The analyucal conditions

used separate all saturated, mono-, di-, and polyunsaturated fattv ac1ds from C;, to C,,

: carbons in chain length. ' ' .l ‘

Insulm Bindjrig * ,,1>

("I'/(n

i
e

\ wreram

-

Freshlv 1solated adlpocytes were mcubated with ~*¥*I-porcine insulin (New England
I\udcar Boston, MA USA) having a épecn"lc actxvxty of 893 uCi/Zug in the buffcr

«dCScrled for cell 1sol¢mon at 24C pH 7.4 as dCSCl’led by Olcfs] x & Rcaven (1975) in a total

-

,' g;” )
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incubation volume of 600 . Opumal steadv -state bmdmg condruons were. achreved for both‘r.
control and diabetic adrpocytes at 24 C after 45 min of mcubauon and were mamtamed for at
least 1 additional hour (Appendrx Frgure A 1). lnsulrn bmdmg wa; termrnated as descrrbed by' .
Gammeltof t& Glremann (1973) by raprdly centrrfugrng 250 ul ahquots from cell suspensions
in polyethylene mrcrocentrrf uge tubes to which lOO ul srhcon oil had been added in a MSE
mlcrocentrrfugc (John's Sc1en11f1c, Toronto, Om.,’Canada) on nigh speed (570 g x 1 min) =
The cells were collected, added to 5 ml Aquasol (New England Nuclear) and radioactively
. measured in a Beckman’LS‘ 5801 'liquid seintillation counter at a co‘uming efflciency of 90% as
determined by drrect counting in a y counter. Bmdmg was corrected for non- specrflc binding
by incubating cells w1th l’Sl msulm and 20 ug/ml unlabelled insulin. The nonspecrflc binding
© was 5-10% of total bmdmg and d1d not var} wrth dict treatment or diseasc state. Cell- numbers_
were determmed by 24 hour ﬁxauon at 36C in 2% osmium tetroxide in 0.05M collidine (made
in 0.15M salme) as descrrbed by leseh & Gallian (196%) using a Coulter ZM counter and 400
wm aperture (Coulter-Elecrronics', Vancouver). Bindlng rNas c‘alculated on a per cell basis and
expreéeed as total amount of insulin bound per 2.0 x.‘105_ cells.
Statistical Analysis ~ * ' . oW

The eflect of diet treatment and discase state on ‘membrane phoepholipid fatty acid
composmon and msulm bmdmg was. compared by leasted - squared analysrs of wvariance
procedures (Harvey, 1975) A Duncan’ qumultlp . range test was used to discriminate
significant diff'e‘rencies between ind'ividualitrca_tment groups (Steel & Torrie, 1980). o

C. RESULTS

“Animals Welg,ht Serum Glucose and Serum Insulin
The diabetic ammalx umglrcd less, and exhibited higher s Sfum “plucose leveis and lowes
serum insulin levels, c0mpared with conlrol amma‘ls { Table 111-2). l)lcmr) Hprd modification

did not significantly alter these rree parameters in cither . onirel o diabelic animals.

i1
‘)



Although food consumption was not measured, it has been well documented by others that

diabetic animals display hyperphagia -(Kobayashi & Olefsky, 1979). ' \ )

Effect of Dlet on Adlpocytc Plasma Membrane I‘atty Acyl Composxtlon

P In Lhe presem study diet signif 1cant1y (p<0 05) altered the fatty acid composition of
the major adlpocy[e plasma membrane phosphohpnds in both control and diabetic animals
(Table _III-3). Feedmg a high po]yunsaLuraLed fat dlbt<“(P/S=1.0) as compared with a low
polyunsaturated. fat diet (P/S=O.25‘) increased the total polyunsa[urated fatly acid content
(Figure III- lA) and P/S ratio (ngure III- lB) 1n all five rnembrane phosphbhplds analyzed
from control animals. For example, consumption of “the hlgh P/S diet by 'E%ﬁtrol animals

v !’»y,

increased the content of C20 4(6) ‘in phosphaud]yethanolamme, phosphi’tldylmosxtol

«

phosphatidylserine and sph’mgomvelm (Figure 111-1C), the content’ of C18 .2(6) in

phosphatldylcholme and phosphaudylethanolamme and the total number of double bonds.-

&

expressed as unsaturation index in fatty. acids found in phosphatldylethanolam
phosphatidylinositol and phosphatidylserine (Table I11-3).

In diabetic.anima}sT the’ tendency to higher phospholipid poilyunsaturated faft{;”:im,’:,
content in animals fed the high P/S diet was also evident (Figure \III-],). Feeding the high P/S
die1‘c0mpared with the low P/S diet to diabetic anim_alsu'increased the polyunsaturated fatty

- acid content in nhosphatidylser;’ne and phosphatsiylinositol (Figure ‘11I-1A), P/S ratio in

L
|

phosphatidylethanoléminc and phosphatidylinesitol (Figure IlI-1B) and the unsaturation index o

of phosphatid'ylinosi[ol and phosphatidylethanolamine (Table III-3). A higher content of '\]
"618:2(6) in phosphandylsenne ,_(Table 111-3) and C2034(6) in sphmgomyelm (F}gure IIl-lC)v

was observed in plasma' rmmembranes: obtained fronf diabeu'c animals fed the,nigh P/S diet

compared with the low P/S diet.

Effect of Diabetic State, on \mpocne Plasma \lemhmne Inm \cxd Composmon
n dnaxm suu sipnifiesntly m{ M.duu hoth the fatty acid wrmoxmm of and the

degree of dwet-induced 2 altera s creusiny dn the fativ acd content of the adipocyie plasma
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membrane (Table I1I-3). ‘In the present study, the influence of diet on the polyunsaturated

*

fatty acid content of membrane phospholipids was attenuated by the diabétic s£ate,
particuiarly in phospholipid classes obtained from animals fed the high P/S diet. Membranes |
from diabetic animals fed the high P/S diet exhibited significantly lower total polyunsaturated’
fatty acid content (Figure III-1A), P/S ratio (Figure III-1B) and change inl-"lgn“séf‘u_ra.ti_gn index
for phosphatidylcholine, phosphatidylethanolamine and phosphdtidyliinc;sitol“_ﬁ (T able 11-3)
compared with control animals fed thé same diet. DThe total polyunsaturated fatty acid content

and the P/S ratio in phosphatidylcholine, phosphatidylserine¥and phosphatidylinositol in,’

diabetic animals fed the high P/S diet was decreased to a level that was not significantly

'~ different from control animals fed the low P/S diet. ‘ ‘ )

v

With the cxception of C20:4(6) in phosphatidylcholine‘(Figure 1I1-1C), t:}}‘c\{c‘)tal
polyunsaturated, P/S ratio and C2O:4(6) content of membrane phospholipids q‘f diabetic
animals fed the low P/S diet did not differ significantly from diet-matched‘co:n'trol animals
(\Figure [I1-1). Significamly 1owe1; levels of arachidonic écid. were found in phosphatidyl--

'choline, phosphatidylethanolamine, phosphatidylinositol and phosphatidylserine obtained from

diabetic animals fed the high P/S diet than observed for diet-matched control animals (Figure
III-‘1C). In diabetic animals compared with control animals fed low P/S diet, a significantly

lower level of C20'4(6) was found in phosphatidylcholine’ (Figure l_C:).

Effect of Diet on Insulin Binding in Normal and Diabetic Animals
i . . 5

At all insulin concentrations used to test insulin binding, -cells from control animals
. fed the high P7S diet bound significantly more insulin than cells from control animals fed the

l'ow‘ P/S diet (Figure III-2), Scatchard analysis (Figure :2) of ,binding in com‘rolv_anima{s

x -

puggests that increased insulin binding and is associated, with an increased number of available
R \(x'. o - : - TR . . e .

- insulin binding sites. An cffect of diet on msulin binding was not observed when comparing

v
[UESANEN

. adipocvies’ obtained fram Tdiabeiic ‘antmals. At the lower insulin concentrations examined

(3.1-Yng/ml), the dmbepic adipogites hound significantly more insulin 1han achpogviey

oblamne frond control ammals fod 1Ry Tow /S diet (Figure 111 2). However, 3t nighes m;;mm
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concentrations (50- IOOng/rnl) tested, cells from diabetic amma]s bound 31gmf lcantly less.
insulin than control cells from animals fed the hlgh P/S diet, but the amount of insulin bound

at t.hese levels did not differ f rom cells from control animals fed the low P/S diet.

D. DISCUSSICN
The present study demonstrated that feeding diets providing a fat”comcm and fatty
acid composition gnalogous to that consumed by segments oi" the North American population
(Field et al., 19?5) significantly altered the vfé'gtty acyl compqéipion of the major phospholipids
bf t}:e adipocyte plasma membrane in -both control and diabetic animals. Individual
phospholipid classes responded fo dicltary fatty acid manipulation to different d’cgrees (Table
II1-3). Although the molecular control mechanisms through which dietary fat composition
influences the fatty abc_vl composition are unknowﬂlrl?Adifférenccs in: rates of de novo synthesis
.~ of phospholipids (Hargreaves & Clandi- , 1987a): rediétribution of fatty acyl chains via
phospholipase (Van den Bosch; 1980) or dcyl transferases (Hargreaves & Clandinin, 1987b);
and direct desaturation of membrane phospholipid-linked fatty acids (Garg et al., 1988) have

5 . 1
been demonstrated to be altered by dietary fat composition. The availability of fatty acids at

specific sites of synthesis may be influenced by dictary fat as adipose tissue represents a large
. pool of available fatty acids, of which the composition is to a large extent reflective of the
w dietary fz;tty acid composition (Field & Clandinin, 1984; Carroll 1965’ Ostwald et al., 1962).
‘The present study demonstrated that induction of Lhe diabetic state can rapidly alter
the composmon of adipocyte membranes in a manner that can to some degree bc attenuated

. bx dxctary treatment. - Drug induced diabetes has been shown to dccreaso the synthesis of =

po])unsaturaled fatty acids, a process which correlated to decrcascd activity of insulin

"‘ticpcndcm mic‘rbsomal'A‘) and A6 desaturation in livcr“IFa_as & Carter, 1980; Worcester et al.,
©1979; Benjamin’ & Gcllhorn 1964; . Brenner ctoal., 1968; Friedman ot al., 1966). Irﬁ%lm ‘
thcrap) has been shown to increase desaturase activity (\9 and a6) and corrccl alterations ir®

P th:{am acxl wmnovuon with the notable’ cxccptlon of lower levels of C"O:4(6) (Paas} &

YR . Q»‘ ‘
R ,dl’lk.; &)) !hL p"s*m stud\ supports the finding of lower total polvunsaturated fatty
. - j .

s w ’x ey v ‘ . &
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'acxd a,nd C20 4(6) content in most of the major adipocyte phospholipids from dlabetrc
anrmals f e¢d the hrgh P/S diet compared to their diet-matched controls. In the case of the low
- P/S diet, the tota! polyunsaturated fatty acid and C20: 4(6) composition, witlr the exception
. -of the lower arachidonic acid content ‘in phosphatidylcholine, were not significantly reduced
by the diabetic state. However, a clear dict eff ect waa observed 'between. the polyunsaturated
fatty acid composition v'bf:,llhe diabetic animals fed the high and low P/S diets. In the present
study, the diabetic state did not prbduce the dramatic decreases in rnonounsa{urated fatty
acids teported by ot.hers (Faas & Carter, 1980; Worcester et al., 1979), with the exception of
reduc.ed levels of monounsaturated fatty acids in phosphatidylinositol from diabetic -animals
I:ecl the low P/S diveL. It is conceivffé%le that feeding high fat diets in the current experimenl.
which provided anuadequale cont'e?h\t%\of essential fatly acids, ’may‘ have prevemed.thi‘s
'diabetes-induccd change observed il)vj;’;;'monounsaturared' fatty acids. The greater effecr of
ldiabetes 6n'-;membranes of diabetic anirn'als fed Llre high P/S diet might be partially explained
by the observation that high leyunsaLurated‘ fat intakes inhibit a9 and a6 desalura'ae activity

(Garg et al., 1988; Weekes et al., 1986).

,v".',v

The finding that a high polyunsaturated fat diet 1mproved insulin bmdmg to control
adipccytes supports carlier work in vitro utilizing cell cultures- (Gmsberg et al., 1981),
reconstituted syétems (Gould et al., 1982; Pilch et al., 1980) ayd in vivo 'growing tumourt cells

in mice fed different dietary fats (Ginsberg et al., 1982) to alter membrane lipids and insulin

binding. Scatchard analysrs of binding in control animals is in agreement with the finding of

& . . . . . ‘
Ginsberg et al. (1982), suggestmg & more polyunsaturated environment is assocraled with an

increased number of avarlablc bmdrno sites. The molecular mcchanrsms by whlcl( a more
polyun%aluraled membrane environment improves 1nsulrn binding are not clear) but to date
scveral hypothc_ses have been proposed. The assessibility of the insulin receptor for its ligand
may require ‘conformational changes' in lhe'recepror that require a more polyunsaturated
environment (Gould et al., 1982), or alterations in the quaternary structure or state of the

receptor that are determined by the level of ‘membrane saturation (Ginsberg et al., 1982).

Membrane alterations have also been suggested to alter insulin action post binding by altering

P,
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the mobility of lhe receptor within the lipid bilayer (Melchior & Czech l97§) changing the
activity of the enzymes involved in phosphatrdylmosrtol turnover (Takenawa & Nagai, 1982)
and decreasmg the generation of a medlator produced by msulm stimulation from the _plasma
membrane that mimics the effect of the hormone on a variety of intracellular enzymes (Jarett
& Kiechle, 1984) — |

Unlike cells from control animals, dietary fat treatment did .not alter the amount of
insulin bound by cells from diabetic'animals. Desolte clear resistance to insulin action,
" compared to control cel(s;’ insulin binding to. adipocyles‘has been reported to be significantly
increased in the streplozotocin diat®tic animal l"ed a high carbohydrale low fat diet al both
high and low insulin levels (Schoenle = al., ‘1977; Kobayashi & Olefsky, 1979; Sandra & .
Fyler, 1582).‘ This increase in bindin'fg' .is consistent with the- concept that circul_ating insulin
levels inversel_v regulate insulin reccptors (Gavin et al., 1974). The results of the presem study
suggest that feeding a high fat diet ma» change the comparison between insulin binding in
diabetic ammals and control ammals At the lower insulin levels cells from diabetic rats'
bound more :nsuhn than cells from control animals fed the low P/S diet. However, at higher
h‘ln‘sul‘:n jco'ncemratrons where preliminary results indicate a clear defect in intracellular insulin
action (Field et al., 1987), cells from diabciic rats .bo'und siﬁnificamly less insulin than cells
;“ from control animals fed the high P/S diet.

The present study demonstrates that norumal variations in dietary fat intake: l) alter
the composmon \Qf structural lipids found~in the eprdrdymal adipocyte; and 2) in the
short-term, the diabetic state alters the me'mbrane response 'to'a high polyunsaturated fatty
acid di t. These digt-induced allerau’ons in rrembranc composition appcar t® influcnce insulin
brndmg to adlpocyte membranes It is therefore logical to h)pothcsne that localized changes in

" the adrpoc»te plasma membrane microenvironment may play some role in modulating insplin

action within cells and may be of particular importance in dietary managcmem of diabetes.,
. »



Table 1.1 Fatty acid composition of diets.

18

Betnrated ~falty auds

Faty Acid P/S = 1.0 P/S = 0.25
Cla0 N 13 27
Clal 0.1 01
Cs.0 0.2 0.4

R
Cle.o S (! 22.0
Cle .om 02 0.3
Clrg 09 16
Clg.0 . 215 ‘ 47.1
C18:1, £y | 8.0' _ | 4.2
Ciguae) 435, '_ 18.2
Cig.36) 0.2 iy 0.3
Chg:303) 0.9 0.9
Cron0 04 0.7 .
Cop1 0.1 0.1

+ ©20:3(6) 0.1 0.1
o 0.2 0.2
Cy 0.1 0.1

45.0 19.5
44.0 . 185
1.1 h 1.0
457 74.7
.83 . 46
* 0.99 0.26

prquid chromotography

Abbreviations used:

zpolyunsats,

P 5f dicts -fed is expressed as % (w/w) of. total fatty acids and v:/as'

sum of

WLLy, acis; £(w-6), sum of* (w-6)-unsaturated fatty acids; z(w-3), sum of
zsats, sum of saturated”fatty acids; smonounsats,
O 1n<a1uraud fatty acids; P/S, polyunsaturated to saturated fatty acid ratio.

sum of
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Table I1.2 Animal final body weight, serum glucose and _insulin%vels;\._/,,« '

o Final 1 " Serum -
Group Diet . " Body Weight . Glucose Insulin
". . B! (g)- - (mg/100 ml) " (mU/b)

. Control L Ps=10 0 C 3g7xl0? - w1413 laol
Control P/S = 0.25 364+ 92 133+ 32 5E70 L o
Diabetic ‘ P/S = 1.0 3014120 514+33P 28 440
Diabetic| P/S =025, 288+6° | spla3e® . 23430

Values are group mean&i S.E. (n=10). Treatments without a common superscript are
mgmf:camly different (p 0.05).1 ug insulin=25 mU
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Total Polyunsats (%w/w)

Fatty Acid Composition
P/S Ratio (%w/w)

)
: C2(5"“(5,&11.14) (Yow/w) .

« A oo P o w«w
PE S,_PI-'SM

13

R Fxgure III-1. Effect of diet fat- on the po]yunsaturated fatty acid co posmon of adlpocvte
R membrane phosphohplds : o ¥ e . '

e °Values are group means "+ S.E. (n=10). Open bars 1llustrate the tow P/S (P/S O 25) diet;
" shaded “bars “illustrate the high P/S (P/S=1.0).diet. For each phospholipid (*) indicates a

1gmf1cam :effect of  diet treatment (p<0.08); {l) indicates a significant effect of disease

o state for animdl$ fed the high P/S diet (p<0.05)%{( D ) indicates a significant. effect of disease ,{;@

- U7 staté for znimals fed the low- P/S diet (p<0.05). “Abbreviations used  as. follows'- 10tal
polyunsats total polyunsaturated fatty acids; P/S, ponmxsaturated to saturated fattys acxd

.- -ratio; PC, phosphatidylcholine; PE, phosphatldylethanolamme PS phospha‘txdylserme “PI,
phosphaudylmosnol SM, sphingomyelin.
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Figure 1I-2. Relationship between total bourid insulif*ind insulih concentration’,,

Total insulin bound is expressed as the total spec1f ic bound insulin corrected for non-specific
bound msulin. The non-specific bound insulin was 5-10% of total insulif- bound. Values at
each insulin’ concentration - are. group means * S.E. (n= 10). The level of significance
(*p<0.01; **p<<0.001) is indicated for control amimals fed. the high P/S diet (e—e );
control animal fed the low P/S diet (00 .);. diabetic animal fed the high P/S diet
.. (m—m ); and diabetic animals fed the low P/S diet (D ------- o). Scatchard analysxs is
1llustrated for group means (n lQ) , .
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IV. FEEDING A HIG_H"Eo’i:YUNSATURATED FAT DIET IMPROVED GLUCOSE

-

METABOLISM IN DIABETIC -ADIPOCYTES !

.
. . . 1

A. INTRODUCl]ON S . ) e
Noninsulr‘n dependent diabete’s is " characterized by a ‘cell:ular resistancehto insulin
(Mandarino et al 1984) Alteratrons in the bmdmg of msulm to its membrane receptor
(Scarlett Ly al., 1983) glucose transport across the plasma membrane (Scarlett et al., 1983;
'Ctaraldx et al 1982) and mtracellular glucose metabolrsm (Arner et al , 1987; Lonnroth et
al., 1983 Bolmder et al., 1982) have been reportecl in adipocytes from indivi'duals‘ wltlt
' noninsulin dependent drabetes The streptozotocin diabetic rat also exhibits marked decreases
in the. abtlrty of insulin to stimulate glucose transport, glucose oxtdatron and. lipogenesis,
despttc an apparent increase mﬁmsulm binding to its rcceptor (Karmel] et al 1981 Kobayashi
ctal., 1979; Schoenle et al., 1977). »
It is well established that the Rorilent of _diet_aryj fat influences invs_ulin action in
; .adipocytes (Olefsky et al.; 1978‘ Ip et al., 1976): Substituting saturated fat for glucose‘in the
diet has been shown in adrpocytes to' reduce the number of functional insulin receptors
" decrease the actwlty of the glucose transporter and impair glucose oxtdatlon and mcorporatron
+ into lipids (Olefsky et al 1978' Ip et al., 1976). Drfftcultres exist in extrapolatmg these
results to man as the fat content (greater than 67% of energy) and composrtlon (P/S ratlo less
} 'than.0.1) in these studies were not representatlve of diets consumed by man.

‘Dietary fat-induced alteratrons in membrane lipid composition have been shownin
several tissues to influence the f unction of membrane proteins, including hormone-mediated
functions (Clandinin et al., 1984; Morson & Clandmm 1985) The 1nsulm receptor (Jarett &
Smith, 1974) and the mrttal step of cellular glucose entry, thc glucosc transporter (Matthaet ct

L

ol 1987) are located in the adipocyte plasma membrane In vitro, using reconstrtuted

vesrcles the msulm receptor (Gould et al., 1982) and glucose transporter (Sandra et al 1984 o

Prlch et al., 1980) are sehsmve to specrfrc alteratrons in the content and fatty acvl

'A ‘version of this chapter has been submitted for publrcatron Freld CJ, Ryan EA,
Thomson ABR & Clandmm MT. (1988)- Blochem J .

g : 86
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composition of the surrounding membrane phospholipids.’ Although there is limited in vivo
work examining the effect of diet-indyced membrane alterations on insulin action, replacing a
diet containing coconut oil with safflower oil increased adipocyte. glucose metabolism (Awad,
1981). As ‘it has been established both in man (Fleld et al., 19859 and animals (Field et al.,

(/
1988) that the type of fat. corlsumed influences the composmon of the adipocyte

phospholipids, it is logical to hypothesize that djet-induced alterations in membrane
composition may ilnfluence cellular insulin action. .
There is little known about the effect of diet fat composition on insulin action in the

diabetic state. Moreover, the diabetic state may alter the cffect of dict fat on the fatty acid
composition of membranes (Field ot al., 1988). In reconstituted membranes, specific
phospholipid modifications altered glucose transport and oxldation to a greater extent in cells

' from control than from diabetic animals (Sandra & Fyler, 1982) The following studv was
desrgned to examme the effect of feeding* two high fat dlets whrch provided a ratio of
p_olyunsaturated 1o saturated fatty acids (P/S) analogous -to that consumed by the North
American populatio;x, on insulin-mediated glucose metabolism in diabetic and control animals. -

B. MATERIALS AND METHODS
!
Animals and diets\”

Forty male Sprague-Dawley rats, 4 weeks of age (140 g) were randomly assrgned to
- \‘one of two groups and fed a semi-purified high fat diet containing 27% (w/w) hrgh protein
casein, 38% (w/w) carbohydrate as cornstarch and 20% (w/w) fat. The diet was supplemented
with essentlal nutrients as described in Chapter III The two diets fed differed in the
proportron of safflower and hydrogenated beef tallow to provrde a polyunsaturated 1o '
saturated gatty aud ratio (P/S) of 0.25 (low P/S) or 1.0 (hlgh P/S) Drets were supvlemented
© with lmseed orl Lo provrde a lmoleme acxd cbntent of 1% of the dxet fat Both diets - weref

choles*erol-free by analysis. The fatty acid analysrs of the drets fed is 1llustrated (Figure

IV-1). A complete 1‘ atty acid analysrs of the dxets as determined by gas hquld chromotography
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is reported in Chapter I (Table 1-1). The experimental protocol was identical to thét__déscribed
_in Chapter III. - | o

' Each day, for a period. of 10 days an animal from each. treatment group was
SaCPlflCCd by decapltanon and serum collected for glucose and insulin determmatxons Serum

glucose and insulin were determmed and epldldymal adxpocytes isolated as described in

Glucose Oxidation and Incorporation into Lipids

Chapter III.

The f adxpocytes to metabolize glucose was determmed by a modlf ication of

the metho RO dbell (1964). Freshly 1solated cclls (2OQ ul apprommately 1 OxlO“ cells) were

" incubated in 1 ml for 30 min at.37°C, pH 7.4 in Krcbs- nger Hcpes 2% albumin buffer
containing varying levels of ms;llm (0-25Z ng) in 10 ml siliconized vacutainers. One mM
D-[**C(U)]-glucose (S.A. 100 nCi/mmole, New England Nuciea'r, Bosten, MA) was- added to-
each tube, and a 500 ul polvpropylene microcentrifiuige tube was suspénded in each tube before
capping with rubber serum stoppers. :I'ubes wefe incubated for 90 rﬁins in a slow shakiﬁg H,0
?P*AL the end of the incubation 200 ul methylbenzethonium hydromde {Sigma Chemlcals
N Louns MO, U.S. A) was added lo cach microcentrifuge tube o trap ”CO; and the{
rcacuon was stopped by injecting Lhe cell suspension with 250 p1 2N sulfurlc ac1d To qnsure
total *CQO, colleptlon,‘fubes were slowly shaken for an addmonal 90 mms and mlcrocemrffuge
tubes were, removed and placed in a 5 ml acidi/fied' (1% v/v acetic acid) Aquasol (New
‘_,.England Nuclear, Boston, MA). For determination of 1C incorporation m{g hplds the cell
suspensions were extracted accordmg to the method of Dole (1956) The upper hexane layer
containing lipids was dried and counted in 5 ml Aquasol. Radioactivity was deterrpined in CO,
and lipids. by counting in a Béckman LS.5801 scintillation counter at an. éfficiency of
Aapp;'oximately 97%. Reéults were corrected by subtraction of blank reaction tubes (con't‘ai_ﬁing
cells but no isotope) and the ra;e of glucose oxidized and ... rporated into lipids in. 90 min

was calculated on a per cell basis and expressed per 2.0x10° cells.. Cell numbers were

"+ determined by 24 hpu'rﬁf:ip_(a:tibn, at 16°C in 2% osmium tetroxide in 0.05 M collidine (made'in .
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0.5 M salinev) as described by Hirsh and Gallian (1968) using a Coulter ZM counter_\and 400

um aperture (Coulter-Electronics, Vancouver). ’ .

RS

Statistical Analysrs : S - ! ]

v

Rates for glucose ouda%‘n\ and @pdgenesrs were compared between * groups by
least squared analysrs of varrance procedures for unbalanced data w1th insulin concentration
as the repeated measures varrable (Harvey, 1975) lndrvrdual basal oxidation and lrpogenesrs

rates were compared by analysrs of variance procedures and significant effects of treatment

- \,\
were defined utilizing a Duncan's multiple range test, (Siecl and Torrie, 1980),

_C. RESULTS | ' : : ' | o
The drabetrc anrmals weighed sigpificantly less and had ‘higher serum glucose levels
>
and lower serum msulm levcls than control animals (Table 1II-2), The type of fat fed did not

influence body weight or serum glucose and insulin levels in control.or diabetic animals,

, Gluctosc‘ Oxidation A
Adipocytes..frdm control animals oxidized significantly‘ morc' ',glucoscﬂ than’ diabetic
adtpocytes (Frgure Iv-2). However feeding diabetic ammals the htgh P/S dret as compared
with the low P/S dret srgmfrcantly increased the amount of glucose oxrdrzed for tl)e sevén
_insulin concentratrons tested. Diet did no't signifi 1cantly alter ‘the amount of glucose oxrdatron,
in control adipocytes at '_the insulin concentratldns *measu"rcd A significantly lower basal
oxidation rate (at 0 ng/ml insulin) wa's sund. in diabetic ammals fed the low P/S diet as
compared wrth ‘diet-matched control animals (10 4+3 0 nmoles and 16.0%£3.6 nmoles ‘
respectively, p<0,,05) The basal oxidation rate: for cellsm‘f rom high P/S fed dlﬁetrc ammals
did not differ significantly from either control group. At sub ~maximum oxrdatron rates (0-1 O
vng/ml msulm) the amount of glucose oxidized by: drabetrc ammals fed the htgh P/S diet was

greater than observed for diabetic animals fed the low P/§ diet (p<0.05) and did not dif fer

significantly from cells of either control group At these insulin levels diabetic adipocytes

/ “
i



from’the low P/S ‘f)‘e'd animals oxidized significant]y iess glucose than cells from the other
groups. |
élucose Incorporatron Into Llprds
Feedmg a high P/S diet compared wrl;h a ‘low P/S dret significantly 1mproved glucose
mcorporatron into lipids by adtpocytes from control .and dtabetrc ammals (Ptgure Iy=3).
Adipocytes .rom diabetic animals fed the high or low P/S diet synthesrzed less hprd frc?
glucore -nan cells from -iet-matched control animals, Glucose 1ncorporatton into lipids by
adtpocyt-w from diabetic animals fed the hrgh P/S diet did not differ srgmfrcantly from the
’ ' amount of g e mcorporated by control animals fed the low P/S diet. Basal llpld synthests
(0 ng/ml msuhn) was srgntftcantly higher in adipocytes from control antmals fed the ‘high, P/S

1

dlCl than from cither diabetic group Diet fat did not influen¢e basal rates ol L\ptd synthesxs

£ | 3

D. DISCUSSION ‘

ptet and the dtabettc state. tnﬂuenced. tnsultn actton in the.adtpocyte Regardless of |

" diet treatment, adtpocvtes from dlabettc antmals omdrzed and mcprporated \less glucose 1nto.

. lipids, 1nd1catmg reduced responsrveness o msuhn than adrpocytes from control animals.’
* Feedmg the htgh P/S diet significantly’ mcreased the amount of glucose oxidized by dtabettc/ﬂ“”

cells (ftgure IV-2) and the amount of glucose incorporated. rnto llpldS in both dtabetrc and ,

F
control’ adipocytes. Theorettcally, a dedrease in. 1nsultn responsrveness may be due to L

Ppost-receptor changes such as alterattons in the generauon of transmembrane s:gnaIS'

formatron of a second messenger—or actrvatton of enzymes or membrane carrrers by the__‘ R

insulin-receptor complex (Pedersen 1984)

Thcse results support earher findings that replacmg saturated fat with polyunsaturated

t"at in the diet (15% w/wW) enhanced glucose utilization, measured as oxrdatton and hpogenesrs
Awad 19U1) These tncreases in insulin stlmulated glucose metabohsm were assocratecl with
mcreased polyunsaturated fatty acid content of adtpose trssue (Awad 1981) Feedmg the hlgh

o~

P/S as compared wrth the low P/S dtet in the present study would be expected to s:gntfrcantly
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increase. the polyunsaturat€d fatty acid content of.the major plasma membrane phospholipids
in adipocytes from both diabeticand control animals (Field et al ‘4 ‘,1987)' Further su’pport for
the notion of ‘a‘ membrane' mediated effect on insulin’ action can be -i'nferred'.from in vitro
work. For exam’ple‘,' pretreating adipocytes ‘with liposomes to modify the phospholipid content

and fatty acid composition of the membrane altered cellular glucose oxidation (Sandra et al.,

1982) These mod1f1cat10ns in membranc 11p1d composition produced in: reconstttuted systems

are usually greater than those that can be induced by diet. Howevor Jin using .nis m vitro

>

system Sandra et al (1982) reported a greater membrane medlated effcct on glucbse h

oxrdatlon in control cells than those t"rom dtabetrc cells

. P . The relauonshtp ?etween insulin bmdmg and the drabetlc state is not clcar Prevrous »

’ studres have reported reduced bmdmg (Scarlett et ql 10°2) or no change in msulm binding

for noninsulin dependent drabcuc patients’ (Arner et al 198/ onnroth et al 1983 Bolinder

.. et al., 1982) Drscrepanc1es between data avatlable for umans may be partly- due to the

-

presence or, absence of obesny in these subjects (Lonn{'oth et al 1983) Adtpocyt‘es fro /

streptozotocm drabetrc rats have been reported to bmd more msuhn than control ammals‘

(Kobayashl & Olefsky,. l979) We ‘have found that . diet 'mduced increasc - in the U

‘ wrth enhanced. 1nsuhn bmdmg in adrpocytes ffom control ammals (Fleld et’ al., 1958)

7o

polyunsaturated fatty acrd contcnt of adxpocyte plasma membrane phosphohptds is associated '_ '

analogous to that reported for in vttro studies (Gould et al " 1982) However, the relatronshrp ,

between 1nsulm ‘Teceptor bmdmg and msulrn action’ 1s unclear This is due to the obser\auon

that adrpocytes possess spare receptors such that a very: large alterauon in bmdmg may bc

in, ins -lm responsweness (Pedersen 1984) Receptor alterations are

.neceSsary to see chang
unhkely to explam enha' ed ipsulin action in the drabctrc state because the varlous diets de
: not alter msulm bmdtng in ad pocytes from dlabettc ammals (Chapter lll)

Glucose transport being an early step in insulin action and the mmal step in cellular

glucose metabohsm Jis a loglcal srte f or dtet to modrf y cellu lar ms’ulrn action. In vitro, glucose :

) transporter acuvrty can be modulated by specrftc alteratrons in .the surroundmg membrane

phosphohprds (Sandra et al 1984 Sandra et al 1981 Prlch et al. 1980; Melchtor & Czech‘

.

s
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1979). Decreased glucose transport rdtes have been clearly demonstrated in nonineulin
dependent diabetic subjects (Scarlett et al., 1983) and streptbzotocin diabetic rats (Ka‘meli et
al., 1981). Although little work has been done examining the effect of feeding different fats
on glucose transport,. replacing carbohydrates with saturated fat in the diet is reporled to
decrease glucose transport in adlpocytes (Olefsky & Saekow, 1978). Diet mduced’ alterations
in glucose transport are unlikely to provide the sole explanation for changes in glucose
metabolism .observed, as in the presence of 1.0 mM glucose, in the normal state, glucose
transport has not been 'found to be a rate limiting step for determlinmg intracellular g}ucoée

metabolism (Pedersen et al., 1982). |
The precise events subseque‘nt Lo'(the hormone-receptor interaction, potentiating the
, metabolic action of insulin, are unkdoWn. However, several lincs of evidence suppdrt the
“concept that membrane lipids may be involved in insulin action. Insulin stimulates the
generatlon of a lipid- derived mediator from the plasma membrane that has beert reported to-
sumulate hpogene51s (Jareu & Kieckle, 1984). The release of this medxator is reduced by both
%he - diabetic state and by feeding a high\f’a\l diet (Jarett and Kiechle, 1984). Recently a.
membrane bound phospholipid -dependent protein kingse (protein kinase C) was reportedvto
be involved in the mechanism by which insulin stimulates glucose transport {Christensen etv
al., 1987). Membrané phosphetidylinositol content, which can be rapidly increased by
incubation in vitro with insulih (Farese el al., 1982) has been shown to be involved in
modulating the activity.of protein kinase C (Sweet et al., 1987) The B-subunit of the msulm
recep[or embedded in the plasma membrane, contams tyrosine kinase activity that may be
reduced in the dlabetlc state (Comi et al 1979) perhaps explaining why the coupling between
 the insulin receptor and activation of insulin effector units have been reported to be altered in
dxabeuc subjects (Mandarino et al.; 1984) Phosphohpase induced hydrolySIS or dxsplacement_-
- of membrane phospholipids;, which normally mask or shield the receptor, is suggested to be

involved in coupling the hormone signal from a regulatory to a catalytic site in the membrane

(Sandra et al., 1981).

'
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It is well documented that feeding diets very high in saturated fat decreases adipocyte

glucose_ metabolism, when combared with high carbohydrate diets (Olefsky & Saekow, 1978; '
Ylp et al., 1976). High fat diets also suppreés fétty .acid syntfxesis, ‘whereas high
polyunsaturated fatty acids increase lipogenesis (Figure IV-3; Nelson ei-al., 1987). The
enhanceq maximum response to insulin mediated lipid synthesis by control and di.abetic
adipocytes and glucose oxidation by diabetic cells fforr; animals fed the high P/S diet, as
compared to the low P/S, diet may be due to postmembrane achraLidns. Diet-induced
alterations in the acti‘vity of the enzymes of the glycoiytic or fatty acid synthesis pathways are
logical because some of these enzymes ’have been derglonstrated to be feduced in the diabetic

state (Saggerson et al., 1987). , ‘

| The diets fed in the present study provided dict_ar); P\/S' ratios similar to-the P/S ratios

a, consumed by segments o) ik North American ﬁopulaiicv)’r]'. North American Diabetes

Associations currently fccommcnd t'ﬁ‘at_ individuals Wigh diabctes:incrcase the polyunsaturarted

fat content of their diets (American Diabé;tcs Association, 1987). .The physiologjcal

implicatioris of "phe finding that é polyunsat_urated diet improves glucose utilization in fat 'c<3115

is unknown. However, it has been shown that muscle cells, a major gluc.ose consuming organ

in man, re‘spondv 10 a high saturated fat diet ‘?i'milar]y to adip;)cyles {Grundleger ¢t al., 1984).

A polyunsaturatéd fart dict similar to that fed in this study has also been reported to improve

the clinical condition of the diabetic state, possibly by modifying the form and function of the

/ intestine (Rajotte et al., 1988). Obesity is also characterized by additional defects in cellular

insulin action (Pedersen et al., 1982; Lonnroth et ai., 1983) and because the majority of
s . X ) 4
individuals with noninsulin dependent diabetes are obese the metabolic bénefits of replacing

saturated fats in the diet with polyunsaturated fats warrants [urther investigation. The present

‘

~ results suggest that the nature of dietary fat alters insulin mcdiated glucose metabolism in .

diabetic adipocytes and insulin stimulated I _uenesis in both the normal and diabetic states.
Replacing dietary saturated fats.with poly. saiurated fats tended to normalize lipid syntl%%is -
from glucose by cells from diabetic animals. Diet-induced alterations in membrane lipid

o w
composition may provide the possible mechanism for the increased insulin responsiveness

'
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pbservgd for epididymal adipocytes from animals fed the high polyunsaturated fat diet. \ :
\ - . A v : -



~
o
L

Diet P/S = 1.0

|_|pietp/s=025

o
T

w
O
I

Percent of Total Fatty Acids

o
I

Total . .Total . Total

Saturated  Mono- 06
- , " unsaturated - .
"  Fatty Acids

Figure IV-1. Fatty acid composition of dfets. =
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Two high fa. diets (20% w/w)-differing only in fatty acid composition were fed to rats for 6

. weeks. Safflower oil and hydrogenated beef tallow were mixed to provide P/S ratios of 0.25

and 1.0. The diets differed in the amounts of saturated (primarily C18-0) and w-6 (primarily ¢
Cl8'2(6)) fatty acids. ' "
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Figure IV-2. Relationships between glucose oxidation to CO, and insulin concentration.

" Values reported are group means + S.E. (N=10 animals/group): (e—e ) control
-P/5=1.0; {00 ) control P/S$S=0.25; (m—= ) diabetic P/S=1.0: (o~--0) diabetic
P7/5=0.25. Groups were compared to analysis of variance: calculated over ‘7 insulin
concentrations tested (**p<0.01). Basal oxidation rates were compared by analysis of
variance. Values without a common superscript are significantly different (p<0.05).
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Figure IV-3. Relationship between glucose incorporation into 1ipid and insulin concentrations:

\

Values reported are group means * S.E. (n=10 amrnals/grOUp) ( @#—e ) control P/S=1 .0
(0-—0) control P/S=0.25; (W—a ) diabetic P/S=1.0; ( @0) diabetic P/S=0.25
Groups viere compared by analysis of variance calculated over 7 insulin concentrations tested
(*p<0.05; “p<0 01). Basal lipogenesis rates were compared by analy51s of variance. Values
without a %ommon SUpEISCTipt are sxgmflcantly different (p<0 05).
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V. IMPROVEMENT /()F INSULIN STIMULATED GLUCOSE TRANSPORT IN
ADIPOCYTES FROM CONTROL AND DIABETF ANIMALS BY FEEDING A HIGH

POLY.UNSATURAT}ZDV AT DIET * R

" A. INTRODUCTION ,
: I:Ioninsulin _dépendem diabetes is characterized by impaired peripheral glucose
utilization (Truglia et al., 1985; Scarlett et'al 1983). Glucose transport, z;n -early and
1mportant effect of msulm has been clearly shown to be 1m’palred in both thxs form of
" dxabctes (Scarlett et al., 1983) and the streptozotocm-mduced dlathlC rat (Schoenle et al.,
1977; Kobayashi ct al., 197‘9; Sandra & Fyles, 1982)’. In morphological stuﬁies both the insulin
receptor (Jarett & Smith, 1974) and glucose Lran;porter (Matthaci et al., l§87) tare located
on 1’ nlasma membrane :vhcr:\msulm éumulated “Currerit understandmg of the organization
of\ bxologlcal membranes reues oﬁz the fluid mosalc model proposed by Smger and Nicholson:
| (1972) in Wthh proteins are egnbedded to varymg degrees in a hpxd bilayer. The in vitro,
actmty of both the msuhn receptor_ (Gould et al., 1982; Gmsberg et al., 1981) and glucose
tr‘ansportcr'(Sandra & Fylé_r, 1981; Piich ét al., 1980) can be modulated by specific a]terations’_
in membrane lipids. |
" In the animal fnodel, diet fat-induced alterations in rhémbrane composition and
‘function have been clearly illustrated in seyeral tissues. Although it has been well established /
that the natute of fat fed ca.n‘ alter ‘the fatty acyl composition of the stored and structural
' lipids in the adipose organ (Field & Clandinin, 1984: Field el al.. 1985), the physiological role
" of these Ehanges on insuli_n. stimulated functions has not been és‘ta‘blished. There is Jome
. indication that dietary fat may i‘nf luen‘ce insﬁlin action becaﬁse high fat diets, compared to
high carbohydrate '-di_ets,h are reported to induce insulin resistance in adipocytes (Olefsky &
Sackow, 1978; Ip et al., 1976; Maegawa et al., 1986'); However, fhe‘usc of uhphysiologic leyels

, L
of highly saturated fats in these studies makes application to the human diet difficult and

inconclusive. Insulin binding was found to be enhanced in tumour cells grown in mice fed

'A version of [hlS chapter has been submitted for pubhcatlon Field CJ, Ryan EA,
Thomson ABR & Clandinin MT. (1988) J B101 Chem

100
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diets containing high levels of polyunsatu;éted fat as compared to cells g£own in mice fed a
monounsaturzted fat (Ginsberg etﬂal., }982). An improved clini/cal conditionp has also been
reported in streptozotocin diabetic rats fed a- diet containing a high polyunsaturated ‘to
saturated fatty acid (P/S) ratio as compared to a low P/S ratio (Rajotte et al., 1988).
Recently we de;nonstrated that feeding a high P/S diet, as compared to a low P/S diet,
si;nificantly altered the polyunsaturated fatty acid content of the major phospholipids of the
" plasma membrane (Field et al., 1987). These diet-indpced altcrations were associated with

improved insulin binding and intracellular glucose metabolism in the normal state and tended

1o normahze some of the defects in insulin sumulatcd glucose metabohsm Lhat occur in the

dlabcuc state (Field et al., 1987). y

A The present study was designed to further demonstrate thaL the composmon of dict
fat, when consumed at a level and composition analagous to the physiological range of dietary
fat intake possible in the North American diet, can alter, the membrane mediated processes of

insulin binding and glucose transport in 'the'adipocyte. The possible role of alterations in the.

membrane lipid composition is discussed.
B. MATERIALS AND METHODS

Materials
Streptozotocih,' bovine serum albumin (Fraction V), and phloretin were obtained from
Sigma Chemicals, St. Louis, MO, U.S.A.) '*’I-porcine insulin (specific activity 98 nCi/pg),

3-O-m\ethyl- D-[**C]-glucose (specific activity 55.0 mCi/mmole) and Aquasol were obtained

from NeW England Nuclear, Boston, MA.

"‘Animals and Diets. i |
o - Forty weanlmg male Sprague Dawley rats (49.2+1.4 g) were randomly assigneq to
two diet groups and fed semi-purified high fat diets containing 27% (w/w) high protein

casein, 38% (w/w) _carbohydrate as co‘rnstarclr and 20% (w/w) fat. The diets were
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supplemented with essential nuuients as described in Chapter III The two diets fed differed
only in the /prOportion of safflower oil and hydrogenated beef tallow to provide a
polyunsaturated to saturated fatty acid ratio {P/S) of 0.2 (low P/Ss or 2~.O (high P/S). The
-fatty acid analysis by gas liquid chromatography of the diets fed is illustrated in Table V-1. |

After feeding the diets for 21 days, diabetes was induced in half of the animals in '
each diet group by.intravenous penile injection of streptozotocin (40 mg/kg body weight) in
an acetate buffer (pH 4.5) and the other half with the placebo treatmcnt (acetate buffer).

were continued on their regpective diet treatment for an additional 21 days. Only animals with
random serum glucose levels greater than 200 nig/dl were considered diabetic. ’

Each day, for 10 consecutive days, an‘animal from cach treatmient group was
vsacril"iced by decapitation’ and serum collected for glucose and insulin determinations. Serum’
glucose and insulin were determined as described in Chapter III. Epididymal fat pads yvere
couccted and adipocytes - isolated by the method of Rodbell (1964), using a modified
Krebs-Ringer solution buffered with Hepes (Whrtesell & Abumrad, 1985) containmg 2% w/v
bovine serum albumin and 2 mM pyruvate (pH 7 4)

Freshly isolated adipocytes were incubated for 45 mins at 24C (pH 7.4) with
151 - porcme insulin in the above buffer descrived for cell isolation but supplemented wrth
2mM glucose instead of 2mM pyruvate. Insulin binding was conducted as described by Olefsky
and Reaven (1975) in a total volume of 1 ml with approximately 6.0 x 10 cells. Optimal
steady -state binding conditions at 24°C were achieved for both control and diabetic adipocytes
-after 45 min of incubation and “were maintained for at. least 1 ndditional hour (Apoendix,
Figure A-1). Binding was terminated as described by Gammeltoft and Gliemann (1973) by
.rapidly centrif uging 3(lO ul aliquots from cell suspensions in 500 ul polyethylene microtubee
containing 100 !l silicon oil in an MSE centrifuge (John's Scientific, Canada) on high speed
(570 g x 1 min). The cells were collected on pipe-cleaners and counted for 2 min in'a Pacgard-

gamma counter. Counts were corrected for a countmg efﬁcrency of 90% Brnding was

corrected f or non-specific binding by subtractmg the amaunt of insulin bound when cells were *
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incubated with ***I-insulin in the presence of 25 ug/ml unlabelled insulin and expressed as the
amount of insulin bound per 2.0 x 10° cells. The nonspecific binding was 6-15% of total

binding and did not vary with diet treatment or disease state.

Glucose Transport

The glucose transp;)rt activity of fat cells was assessed from the initial uptake of
3-Ofmethyl-D-[“C]-glucosJe. by | modification Qf' the method described by Whitesell &
Abumrad (1985). The cél'l susper;sion (50 ul) vcomain’ing approximately 7.5 x 103 cells was
added to plasticv culture tubes vcomaining- 10 ul of insulin in varying concentrations and
incubated for 30 min at 37°C. Nex_t, 3-0-methyl-D-[**C]-glucose (.4 xCi in 10 nl) was added |
to each tube, swirled three times and sto‘pped after 5/ sec for insulin stimulated transport or 20
sec for basal (no insulin) transport with 300 4l cold phloretin (.3 mI;A in al;;lmin-frce
Krebs-Ringer Hepes buffer). Upfake of 3-0-meLhyl-D—glucose was linear during the time
periods ;neasured {Appendix Figures A-3 and A-4). Cells were scparated ffom the buffer by
transferri .g to 200 ul polyeth)./lene microtubes containing 100 ul silicon oil and rapidly
centrifuging as. c'I:%scribed for insulin binding. The tubes were cut through the silicon oil and
the cell pellet ‘counted 'in 5 ml Aquasol in a Beckm?{ﬁ’ LS 5801 scintillalion‘ counter at a
counting ef_ficiency of approximately 97%. All samples were doﬁe in triplicate and corrected-

for the amount of trapped buffer determined by. adcﬁing the tracer to cells suspended in 300 ! .b
p‘;hl(;retiﬁ. The time between s}opping the reaction an{#eparating cells was less than 3 mins.
In the first half of the experiment (n=35 animals/group), glucoée transport (.5 mM
3-0-methyl-D-glucose) was mea;ured over a ran'ge'of insul‘in concentrations (0-1000 ng/ml). '
in thé second half of the experiment (n=35 animals/grcgtip), glucose transport was measured
. over fourlgl.ucose. concentrations (.1, .5, 1.0, 2.0 mM)\aL 3 insulin levels (0, I,”1000 ng/ml).
Glucose transport was '_calculated on a per cell' basis and expressed as nmoles transported/5
sec. Celi numbers were determined after 24 hour fixation at 36°C in 1% osmium tetroxide in

0.05 M collidine as described in 'Chapter I11.
/



Statistical Analysis

Rates for glucose transport and total msulm bound were compared between groups’ by :

leasted -squated analysrs of variance procedures for unbalanced data with 1nsulm and glucose
concentratlons as repeated mleasures varrables- (Harvey, 1975)x Values at one insulin
conceniration and cmmals werghts and seruin levels of glucose and msulm were compared by‘
analysxs of variance procedures and significant effects (p<0.05) ‘treatmient were further
defined utilizing « Dincan's muluple range 'test-~(Steel & Torrie, 1980). All data is expressed- _
as mean + standard error (S.E.).

~L

‘C. RESULTS . R } 2o

! _ :
Animals Weights and Serum Glucose and Insulin Levels

After 3 weeks of diet consumptiou, al the time of induction of diabetes/placebo,
animals in the high P/S diet group weighed significautly more than animals—iu the low P/S
diet group (Table V-Z)'. Weight'gaiu during the final 3 weeks of the studyu'as significantly
X less in" diabetic animalg as compared t¢ diet-rhatched Controls. l:eeding the high P)S diet to
both control and diabetic animals impro'\}ed weight gain as compared 1o comrol and d’iabetic
animils fed 'the low P/S diet. Postprandial serum gl'ucose levels.were .signific‘amly‘higaher in
‘dlabetrc animals than control animals. Diabetic animals consuming - the hrgh P/S diet had
" elevated serumr glucose levels compared to diabetic animals fed the low P/S diet. Serum msulm
_ levels were- significantly lower in diabetic animals than control ammals Corllrol ammals fed
the hlgh P/S diet had significantly higher serum insulin levels than control animals fed the low

\

P/S diet. o . :

Insulin binding ’
The total amount of specific insulin bound expressed per 2.0 x 10° adipocytes. is
presented in Figure V-1. Adipocyt’es from control animals fed the high P/S diet bound

significantly more insulin than cells from control animals fed the low .P/S diet (p<<0.001).

~
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Scatchard analysis (insert to Figu'r‘fe V-l) su'ggests that the differences are due to a reduction
‘in high affmrty binding"sites in the low P/S control group. When analyzed across the nine

insulin ¢ centratrons measured, diet treatment did not mfluence the amount of insulin bound

bl €

- by cells frbm’ drabetrc ammals However at insulin concentratron of 1000 ng/ml adrpocytes
from diabeNc ammals fed the low P/S dret bound srgmfrcantly less (p<0 05) 1nsulm than -

»exther congrol, group. At all msulm concentrauons less than 1000 ng/ml the amount.of msulm ‘
/. bound by adrpocytes from drabetrc ammals was srgmfreantly greater than that bound by .

fcontrol c lls~ from animals fed the low P/S diet but drd not_differ from the hlgh P/S control

[y

’ group

N

Glucose tr’rnsport _ L - ' K

b —

s For the frrst half of the experiment (n=5; ammals/group) the effect of glucose
concentratlon on glucose transport at three insulin concentratrons is presented in I-rgure ‘v

At both basal (Figure V- 2C), 1 ng, (Flgure V- 7B) and 1000 ng/ml (Frgure V 2C) msulm -
across all four glucose concentrautrons exammed adrpocytes from drabetrc ammals transported
significantly less glucose than control adipocytes (p<0 001) -Diet did not affect ‘the amount-
of glucose transported by dlabetrc cells at any insulin concentratlon At msulm concentrations :
of 1000 ng/rnl, control cells from animals fed the high P/S diet tratnsported signifi'eantly more -
glucose across the four glucose concentrations than cells from control anirnals fed the low P/Sb
dret (F]gure V- 2A p<0.001). For the second half of - the experiment (n=5 ammals/group)
msulm stlmulated glucose transport at .5 mM glucose for ealchr group is presented in Flgure-

V-3. Diabetic cells transported -less glucose (p<b.001) t_han cell: Trom either control group.

At all’insulin concentrations tested, adipocytes from control animals fed the high P/S diet

trans‘po'rted significantly more glucose than control animals fed the low P/S diet (p<0.01). At ..

insulin concentrations less than 25 ng/ml insulin, diet did not affect glucose transport in
diabetic‘ animals. HoWeve‘r, at the two higher insulin concentrations (100, 1000 ng/ml),
glucose transport was improved in cells from animals fed the high P/S dret (p<0 05) '

Y

Although not srgmfrcar‘t the tendency fo or cells from diabetic animals fed the hrgh P/S dret to
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. transport more gluco‘se ‘at 1000 ng/ml insulin (glucose concentration SmM) was seen in the
first half of the experiment (Figure V-2). The change in insulin sumulated glucose transport
'expressed as a‘’ percent of the amount of glucose trangported at insu' .. concentration of 25
ng/ml for each group is illustrated in the insert for- Figure V-3. ThlS f: ¢ clearly shows that,
for ammals fed the hxgh P/S dlet the IC]&[IVC increase in glucose transport at the higher

insulin concentrations measured is greater than for animals fed the low P/S diet.

Ite]a{19nship Betﬁeen Iusulin Binding and Glucose " ransport

“ The mean amount .of glucose transported per insulin bound‘ is reduced in diabetic
animals (Figure V-4). Diet appeared.to influence this relationship. For both control and
diabetic animals the low P/S diet, mean glucose transport reached a maximum at
approximately 350-500 pg msulm bound/" 0 x 10° cells. In animals fed the hlgh P/S diet,

glucose transport commued to increase as more insulin is bound

D. DISCUSSION -

| Feeding'a’, high polyunsaturated ‘fat diet to control anim?als significantly ‘improved
insulin binding to adipocytes. Assuming n‘egative cooperativity, Scatchard anaiysis. suggests
this improvement may be associated with an increase in the number of high affinity low-
‘capacity binding sites. Dietary fat composifion did not significantly affect the amount of

insulin bound by cells from diabetic animals when examined over. the nine insulin
; . ' ) -

¢

concentrations. However, the amount of insulin bound by adipocytes, from diabetic animals
fed the low P/S. diet at insulin co'n'cemrafion of 1000 ng/ml; was significantly less than the
_control groups, suggesting that diet fat composition may have an effect on insulin binding but
only at high insulin levels. The enhanced insulin binding -to adipocytes from diabetic animals
as compared to controi animels fed the low P/S diet is consistent with othe}reports that,
despite clear insulin resistance, insulin binding te adipocytes from the streptozotocin diabetic

rat compared to the nondiabetic rai is inereased (Schoenle et ‘al., 1977; Kobayashi et al.,

_.1979). The magnitude of the enhanced binding has been reported to increase with the severity.

% T ) . : N,
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of the diabetic state (Kobayashi et al., 1979).
Glucose transport was significantly increased in control animals f}d the high P/S as
compared to the low P/S diet (Figure V-3) and the magnitude of this difference increased’
- with increases in both glucose and insulin concentr_ations. Adipocytes from diabetic animals
transported less glucose than control cells at all insulin and glucose concentration.s. In the
streptozotocin  diabetic ra(i'\ res’istance o the stimulatory eff ect of insulin. ‘has been
demonstrated to be att’rib%‘ted to decreased translocation of glucose tranéporters to the plasma
membrane as a consequence of a depletion- of transporters in the intracclular _poo\l (Kahn et
dl , 1987). In the present study', feeding the high P/S diet to diabetic animals sig ficant]y
1ncreased the amount of glucose transported at the higher insulin concentrauons (Figure

/

6 3). In both control and diabetic animals, the percent increase in glucose transport aftcr 25
-ng/ml insulin was greater. in ‘ammals fed the high P/S drct as compared to thc low P/S diet.
The mechanisme by which diet fat influences insulin receptor function are not clear.
However, based on the ntorphological location of the ‘insulin receptor (Jarett & Smith, 1974)
and glucose transporter (Matthaei et ai., 1987) within the lipid bilayer of the plasma
rnernbrane, several mechanisms can be proposed. Diet-induced alterations in membranc
phospholipid composition have been skown in a variety of tissues 10 influence the function of
: membrane-associatedproteins (Clandinin et al., 1985) ingluding hormone-mediated functions
(N%elands & Clandinin, 1983). In vitro, both the insulin receptor (Gould et il‘., 1982;
G’insberg et*al., 1981) and glucose transporter (Sandra & Fyler, 1981; Pilch et al., 1980) have.
been shown to be sensitive to specific alterations in meémbrane phospholipids. These studies
suggest that a more polyunsaturated_lipid environment improve§ insulin binding and insulin
sttmulated glucose transnort. Increasing the polyunsaturated fatty: acid 'compositiorr af the
membrane is reported to enhance insulin bin‘ding, by increasing the number of binding sites
(Gould et al., 1982; Gmsberg et al., 1982) and optimizes glucose transport (Melchior &
Czech, 1979). The in vitro work has been extended to the mtact animals by growing Ehrlich

ascites celis in mice fed diets containing a high level of polyunsaturated or monounsaturated

faté (Ginsberg et al., 1982). The highly’ polyunsaturated membrane phospholipids produced
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by growing tumour cells m the mice fed the '~>olyunsaturated fat was associated with enhanced
_insulin binding due to an increased number of receptors-(Ginsberg et al., 1982). ,

The diabetic state is associated "with specific alterations in tissue fatty acrd :
composmons that have been suggested to be involved in insulm reS1stance (Sandra & Fyler
71982). Reduced levels of menounsaturated and_ poly nsaturated fatty acids, in particular
arachidonic acid (C20:4(6)) ob?ew% liver and aMipose _tissue, have been related o -
diminished microsomal rates of a6 and a9 fatty acid desaturases (Faas & Carter, 1980:
Worchester et al., 1919). Recently it was demonstrated that feeding a high polyunsaturated
fat diet attenuated some of the diabetes a'ssociated alterations in polyunsalturated fatty acids
and was associated with improved intracellular - glucose .aetabolism (bhapters II1 and 1V)..
Several explanations are evident to help explain the po‘sit‘ive effects of membrane alterations
induced hy feeding the .ugh P/S diet on insulin binding and insulin stimulated glucose
transport. Gould et al (1979) proposed that the accessibility of the insulin receptor for
insulin may be controlled by conformational changes in the ~fccep,tor that require a more
polyunsaturated\ environment. Mobility wi.hin a fluid membrane bilayer may be a necessary
fs;eto‘r i‘n insulin mediated glucose transport (Melchior & Czech, 1979). Ginsberg et al. (1982)
suggested that the receptor may exist in several binding states that are determined by the
degree of membrane saturation. (

In the present srtudy, feeding the high P/S diet tended to increase the amount of
glucose transported perf insulin bound in adipocytes in both the normal'and diabetic states
(Figure V-4). This suggests ‘that diet may influence the coupling between the insulin receptor
and the glucose transporter Although diabetic animals transported less glucose at a givenr
-amount of insulin bound, feeding the high P/S diet to diabetic animals tenc: < to normalize
this function. The molecular events subsequent to the hormone-receptor interaction causing
the metabolic action of insulin on glucose transport are unknown. However several mLernbrane
mediated events have been proposed that due to their contact w1th membrane lipids mrght be

inf luenced by diet-induced alterations in the lipid bilayer. Insulin ,Stimulated pbosphorylatron

of the tyrosine residues on the B-subunit of the receptor and’ the activation of endoge‘nous
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insulin receptor kihase are lpostulated to be critical steps in insulin action (Van Obberghan et
al., 1984). A defect in tyrosine kinase activity, associated with the diabetic state (Sinha et al.,
1987) has recently been 1dent1f1ed as a possible factor, mducmg insulin re51stance (Hari &
Roth, 1987). Such a post- bmdmg alteration cpuld help explam the discrepancies observed
between insnlin binding and glucose transport observed in the 'streptozotocin model of
diabetes. Scveral plasma membrane generated‘mcdiators of insulin action have been prc;pbsed
(Jarett & Kicchle, 1984; Kelly et al., 1986; Salticl et al., 1986), all of which have been:

suggested to contain membrane lipicls. |

The )dlC[S fed in the present study altcred some . of the clinical characteristlcs of the
animals. The hiﬂher body weight and weight gain seen in both control and diabetic animals fed
the high P/S diet have also been reported b} RaJotte et al. (1988) when [feeding high %and low
polvunsaturated lats Althouah food intake was not measured in the present study, thcse
investigators found no apparent dilierences in food intake between .dietfgt_oups. Although cell
size was hot measured in the preeent studv, the relationship betweeii";.cell size and insulin .
actiort is controversial, ats both ir‘icreases (Hood et al., 1984) and decteases (Foley ‘et al.’,
1986) in insulin mediated glucose transport have been related te ccll‘cnlargementﬁ In thve
present study, serum was- collected approximately 2, hours after the end of the dark cycle (i
the feeding cycle), representing postprandial rather than fasting levels and thus may not be
sensitive measures of the diabetic state. The slightly higherinsulin level observed in control

animals fed the high-P/S diet may relate to the higheriweight gaifh observed in this group or to

‘a'teported stimulatory effect of high polyunsaturated fat$ on pancreatic insulin release (Turk

et al., 1987). Practical difficulty exists in producihg a uniform diabelic etgte m all animals.
¥
' : [

Although serum insulin levels were low in both diabetic groups, blood glucose levels weére

higher in the high P/S diet group. The fact that the diabetic animals fed the high P/S dict

- gained more weight cannot be ovcrlooked Whether this rel”lects a less'severe diabetic state or

an improved clmical condmon inducedeby diet remains to be determined

The physiological implications of 1mpr0verpents in insulin binding and glucose

Y

transport by feeding a high polyunsaturated fat diet remain to be tested. However it was
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" recently flemdnstrated that feeding’a high P/S diet to streptozotocin diabetic rats improved the
clinical state as indicated by reduced hemoglobin A1C levels (Rajotte et al., 1988). The

present study suggests that diet-induced alteratlons m the membrane llpld composmon of p
b’,
epididymal® ‘adipicytes may provide the possxble»mechamsm for the mcreased insulin- blndmg

and glucose transport observed ‘in cells from animals fed a high polyunsaturated diet and that

feeding a high polyunsaturated diet may prove beneficial i reducing the insulin resistance of

4

the diabetic state.

»
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Table V.1 Fatty acig,composition of diets.

‘ : Diet
Fatty Acid - - . High P/S Low P/S
C14:0 08 2.5 . ,
.C14:1 : o 0 , 0.2"
C15:0 0.1 0.5°
C16:0 ’ 11.0 236

: C16:1 0.2 . 0.5
C17:0 \ o 0.1
C18:O : .16’1 " - ?3.6
C18:1 11.0 W 4.2
C18 2(6) »h5§.7 12.3
C18 3(6) 0.1 0.3
C18 3(3) . 0.8 1.1
C20 0 N 0.5 0.7
C20:1 ‘ ' 3 - 0.2 , ,0 1
C22:O ' : ‘ X 0.3 0.2
C22:6(3) 0.1 - 0.1
spolyunsats 59.9 - 140
=(w-6) T 589 12.7
s(w-3) 1.0 13
ssats 28.2 . 811
zmonounsats 12.0 ¢ 5.0
P/S ratio 2.1 . 0.2

Fatty acid composition of diets fed is expressed as % (w/w) of total fatty acids and was
determined by gas liquid chromotography. Abbreviations used: zpolyunsats, sum of
polyunsaturated fatty acis; x(w-6), sum of (w-6)-unsatutated fatty acids; z(w-3), sum of
(w-3)-unsaturated fatty acids; zsats, sum of saturated fatty acids; smonounsats; sum of
monounsaturated fatty acids; P/S, polyunsaturated to saturated fatty acid ratio. :

. . fy .
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40 =

Scatchard

20F a Control P/S = 2.0

LR R

Iab Control P/S = 0.2

bc Diabetic P/S =2.0

Bound/Free x 1073

1.6

NS

1 1
©22 RS 66, 14s 235
“Total Insulin Bound (ng)

Total Specific Bound Insulin (ng/2.0 x 10> cells)
o

L
50 100 1000
Insulin (ng/ml)

¥

Figure V-1. Total specific bound insulin at 24°C to adipocytés:.

Total specific insulin bound at each insulin concentration are group means * S.E. for 10
" control animals fed the high P/S diet (@—e ); 9 control animals fed the low P/S diet
( 00 ); 8 diabetic animals fed the high P/S diet (m—m ); and 8 diabetic animals fed the
low P/S diet \ @ ). The level of ‘significance is indicated (***, p<0.001). At 1000 ng/ml
insulin values wnhout a common Superscript are sxgmfxcamly different (p<0.05). Scatchard
analysis is illustrated for group means. . j
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N

24r

C. Insulin [0 ng/mi]}

Glucose Transported (nmoles/s 80¢/2.0 x 10° cells)

Control] NS

/‘-\
.6 i *ewe
APF Dilbolﬂ NS
2F -
0 ) 4 I ) | ] -
EN 1.0 , 15 2.0
Glucose (mM)
. . i . C’V\
o . PN
“f‘ . %g \
Figure V-2, Effect of glucose concentration on ‘ﬁl'ucose transport. : ~, .

—

The effect of glucose concentration on the amount of glucose transported at (A) 1000 ng/mi,
(B) 1 ng/ml, (C) 0 ng/ml (bas\al) insulin concentration for control animals fed the high P/S
- diet ( &—e ) control animals fef the low P/S diet ( 00 ) diabetic animals fed the high
P/S diet (m—m"); and diabetic  animals fed the low P/S diet (O~—0 ). Values are group
means * S.E. (n=5/group): The level of sighificance is indicated (***, p<0.001).
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Figure V-3. Insulin stimulated glucose transport.

X;v

The amount of glucose transported at.5 mM glucose for control animals fed the high P/S diet
( @—>»): control animals fed the low P/S diet (00 ): diabetic animals fed the high P/S
diet ( m—) diabetic animals fed the low P/S diet ( @0, Values are group means =+
S.E. (n=>/group). The level of significance is indicated (*. p<@.05), (*%, p<0.01), (***,
1p<<0.001,. Statistics were conducted across the lower insulin concentrations (0-25 ng/ml) and
the higher insulin concentrations (100, 1000 ng/ml). Using the data illustrated in Figure V-3,
the change.in insulin stimulated glucose transport expressed as a percent of the amount of
glucose transported at 25 ng/ml (100%y_ for each treatment. Values without a common
superscript ai2 significantly different (p<0.05). . '
< b , \
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10} Control P/S = 2.0

O Control P/[S = 0.2 ' ~

e e
e e 8

Diabetic P/S = 2.0

1 Diabetic P/S = 0.2

Glucose Transported (nmoles/5 sec/2.0 x 10° cells)

4 8 12 1.6 2.0
Insulin Bound (ng/2.0 x 10° cells)

Fighre V-4. The relationship beL}&cen insulin bound and glucose transported.

.1

Values illustrated are group means calculated from the data illustrated in Figure V-1 (amount
of insulin bound at each insulin concentration) and Figure V-3 (the amount of glucose
transported at each insulin concentration) for control animals fed the high P/S diet (o—e );
control. animals fed the low P/S diet ( 0-~-0); diabetic animals fed the hlgh P/S diet

(m—m ); diabetic animals fed the low P/S diet (-0 ) .

2'-:
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VI. THE EFFECT OF RPIETARY FAT COMPOSITION AND THE DIABETIC STATE ON
ADIPCCYTE MEMBRANE PHOSPHOLIPIDS !

A. INTRODUCTION
Current understanding of the organization of biological membranes relies on the fluid
mosaic model, in which protein; are embedded to varying degrees in a lipid -bilayer (Singer &

o,

Nicolson, 1972). Dietary’Lfat-induced alterations in membrane lipid compositidn have been

shown m several ussucs to influence the Tunction of membranc associated protems (Clandmm

et al., 1984; Garg eL al., 1988). It is well established in both man and animals that the fgtty
acid_composition of the diet influences the composiéion of stored lipids in adipose tissue
(Field & cmhamm 1984: Tove & Smith, 1960' Carroll, 1965). In human subjects, a
rclauonshlp was also found bctwcen habitual fauy acid intake ahd Lhc fatty acyl composition
of phosphaudylchohne and” phosphaudvl cthanolamme two of tht major membrane 11p1cls in
adipose tlssue (Fleld et al 1985) thus sugoesung that long Lerm dletary fat intake may
determine the composition of the major fatty constituents of this organ.

1

" The streptozotocin diabetic state is c’haracte_rizcd by a cellular-,'resistance to insulin

"ac"tion (Schoenle et al., 1987; Kobavashi -& Olefsky, 1979) and is assoc1ated with specific

: alteratlons in fatty-acid proﬁle of ussues and membranes {Faas & Carter, 1980 Worcester et

¥,
al., 1979; Brenner, 1968). Lower levels of monouns‘aturated fatty acids and arachidonic acid

(C20: 4(é)) observed in tissues frofn diabetic énimals may ne_relaled to ‘red“u'ced activities of
hepatic 49 and"A6 desaturases (Faas & Carter, 1980; Worcester et al., 1979;*Brenner, 1968).
The activities of desaturasevenzymes arc known to be influenced by both the content and
composi’tion ‘of diet fat (Garg et'al lﬂ988" Weekes et al:, 1986).' The physxologlca! role of
these diabetic induced changes and the role of{ diet in modlfymg or attenuatmg them remains
to be determined. ‘ : : o

‘The insulin receptbr and glucose transporter are located within the lipid bilayér of the

_plasma membrane (Jarett & Smith, 1976; Matthaei et al., 1987) and are s'*nsrbl:ve in vitro to

'A version of [hlS chapter has been subrmtted for; pubhcauon Fl&;lé._ (‘J Ryan EA,
Thomson ABR & Clandmm MT. (1988) J Biol Chem

.
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specific alterations in membrane lipids (Ginsberg et al., 1982; GouId,evt_ al., 1982; Sandra et
al., ‘1984) . Thus, it is logical to hypothesize that diet fat could ianuehce ceIIular insulin
binding and action in both lhé normal and diabetic- states by altering membrane lipid
compbsition. Recenrly, we dcmonstrated that replacing a porrion of saturated fats with
polyunsaturated fats mcreased Lhe polyunsaturatcd fatty acyl composition of the major
adlpocyte membrane phosphollplds atlenuated some of the membranc changes assocmed with
the diabetic state and mcrca‘sed msulm binding to control adrpocytes‘ (Chapter III). ’The
following study was designed to extend these findings and eétablish the degree to which
transitions in dietary fatty acid intake, achievable by physiological extremes in the human

dleL aller the fauy acyl composition of the adipocyte plasma mcmbrane in both normal and

.diabetic states'in lhe growing animal.
B. MATERIALS AND METHODS

Animals and Diets

Forty weanling male Spraglre-Dawley rats (49.24_—1‘.45_1) were. randomly assigned to
two diet groups and.fed' semi-purificd high fat diets as described in V'Chaprcr V providing a
polyunsaturated to saturated fatty acid ratio (P/S) of 0.2 (Idw P/S) (.)\r 2.0 I(hi_gh P/S). The
‘major fatty acid composition of'the drets fed is illustrated in Figure VI-1. A coi.plete fatty
acid analysis of thé dlets by gas Ilq‘iixd chromatography is provrded in Chapter v, Table V-1,
The experimental protocol was identical to that described in Chapter V.

Animals were sacrificed over a 10. day period and serum collected for glucose and

insulin deternimations. Epididymal fat pads were collected and adipocytes isolated as described

in Chapter HI. o

Plasrna Membrane Isolation

Piasma membranes were prepared from-adipocytes a%rding to the method of Lewis

et al. (1979), as described in Chapter III, modif ied to enable isolation of a larger sample of
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plasma membranes in 2 ml. The modification included ioading the second pellet, resuspended
in 400 ul buffer (0. 25M sucrose, ImM EDTA in 10~M Tris-HCl) at pH 7.4, on a 1600 ul
linear’ gradient contammg 32% 1o 52% (w/v) sucros . 1mM EDTA in 10mM Trts HCl buffer '
pH 7.2 " he purity of the plasma membrane fractron was comparable to prev1ous reports
(Lewis et al., 1979) and that reported in Appendix I, Tab]e A-1 (data not shown).
Membrane Lipid Analysis .

| v‘.Lipids were extracted from plasma 'Amembrane by a modified Folch procedure (Folch
ct al., 1957) and individual. phospholipids were separated on Whatman HP- K thin layer
chromatography plates (10 x 10 cm) and compared to approprtate standards as descrtbed in
Chapter III | |

Phosphattd\lchohnc phosphattdylethanolammc phosphatidylserine and phosphatrd)l

inositol fatty acid methy! esters were prepared using 14% w/v BF /methano]' rcaoent

LY

(Morrrson & Smtth 1964) and separated by automated gas- hqurd chromatography as

K

described in Chapter II1.

Statistical Analysis
The effect of diet treatment and disease stalc on membrane phospholipid fatty acid

composition and insulin binding were compared by leasted-squared analysis of variance

procedures (Harvey, 1'975) A Duncan's multiple range test was used to discriminate

B

A
srgmfrcant dtfferences between mdrvrdual treatment groups (Steel. & Torrte 1980). All data

reported represent group means i standard error (S.E.).
C. RESULTS

Animal Weights, Serum Insulin and Glucose

Animals weights, final serum insulin _and glucose levels are reported in»Chapter '

Table V-2. After three weeks of dietary treatment, at the time of induction of diabetes (or

)
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the placebo treatmont), arlu;ml Ane high P/S diet &eigned signif icantly more than animals
in the low .P/S diet group (p<0.05). Weight gain during thelf inal three weeks of the o{udy
was significantly (p<0.05) less in diabetic animals as compared to diet-matched control
animals Both control-and diabetic animals fed the high P/S diet continued to gain more
weight than control and diabetic animals fed the{low P/S dlet Scrum glucose levels were
significantly (p<0 05) higher and serum insulin levels 51gn1f1cantly (p<0. 05) lower in the
diabetic animals. Although serum insulin levels were similar between diabetic groups, se,ryrﬂb

glucose levels were higher in diabetic animals consuming the high P/S diet. Serum insulin

levels were higher in control animals fed the high P/S diet compared to control animals féd» '

the low P/S diet. d

Effect of Diet andythc Diabetic State on the I'atty Acyl Composition of Adipocyte Memb: ane

Phospholipids

Diet fat and the diabetic state significantly alteted the "l”atty acyl composition of the

© major membrane phos holipids of the adipbcyte plasma membrane. Fatty acyl composition of
ol Y ) ‘

cach phospholipid as a percent (vy‘/"w) is illustrated (Tables VI-1 to VI-4). Significant effects

of dict and disease state are also indicated.

Phosphatidy/choline T “ , -

Feedmg a high P/S diet significantly increased the polvunsaturated fatty ac1d (total
polyunsaturated total w-6, P/S ratio and C18 2(6)) content while decreas’ 2 the »
monounsaturated fatty acid content (total monounsaturated and C18:1) in both normal and
diabetic states (Table VI-l)l. Although -the total saturated fatty acid content uvas not altered
by tHe two die_t treatments, feeding the high P/S d‘iet was associated with a highéncontont,of .
C18:0 and lower content of C16 0 in membranes from both control and diabetic animals.

“The dlabetlc state was assoc:tated with sxgntf tcantly lower levels ‘of monounsaturated
fatty acids (C16l and C18 1) and higher levels of polyunsaturated fatty acids . (total

polyunsatura:ed total w-6, C18 :2(6) and P/S ratio) in phosphattdylcholme The increase in

C18'2(6) and P/S ratio associated with the d1abet1c state, as compared to control anlmlals,
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was greaterin drabetlc ammals fed the high P/S diet arid the decrease in C 16:1 and C 18:1 was
greater for diabetic ammals fed the low P/S diet.
- Phosphatidylethanolamine

Feedlng the high P/S diet significantly. 1ncreased the po]yunSaturated fatty acrd (total
po]yunsaturated total w-6 and C18 2(6)) and decreased the monounsaturated fatty acid

4

(total monounsaturated C16 1 and C18 l) content in both the normal and diabetic states
(Table VI-2). Although the total saturated 'fatty acid content'was not affected by ‘diet,
feeding the high P/S diet*to both control and diabetic animalsv was associated with a
significant decrease in (..:16:0 and increase in C18:0 content. The diabetic state was associated
with significantly higher levels of C18:2(6) in animals fed the high P/S diet.
Phosphatid,t{linosilol

Feeding a high P/S dret srgmﬂcanth increased the C18 2(6) conient in both contro]
and diabetic animals. Feeding a high P/S dict as compared to the low P/S dret significant]y
decreased the total monounsaturated fatty acyl tontent in control animals (Table VI-3). The

diabetic state was associated wrth srgmfrcantly lower. polyunsaturated fatty acid content (total

16:0
C16'1 and total saturated faity acids. The increase in total saturated fatty acid and decrease in

polyunsaturated fatty ac1ds, total w-6, C20'4(6) and P/S ratio,) a}td higher levels of C

'polyunsaturated fatty acrds as compared to control animals was greater for diabetic animals
)

fed the Iow P/S diet and the increase in C16 ] 8reater for diabetic ammals fed the ‘high P/S

diet.

Phosphatidylserine o -
- A .

Feeding the high P/S diet significantly decreased the monounsaturated fatty acid (total

: monounsaturated C16 1 and C18 1) and mcreased the saturated fatty acid (tota] saturated
7/

and C18 O) content m both contrpl and diabetic states (Table VI-4), PhosphatrdylScrme from

diabetic membranes was sxgmfrcantly higher in C18_1{6fhan diet-matched controls. The effect

- A
27

of the diabetic state on this phospholipid was similar for both diet {reatments.
R . . . \

i
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D. DISCUSSION

In both diabetic and control animals, feeding the highlP/S diet as cempared to the low
P/S diet §ignif icantly increased the 5polyu\nsaturated fatty. acid content, in particular the levels
of linoleic acid in phosphatidylcholjne,‘ ;)hosphatidylethanolamine and phosphatidylinositol,
while reducing the monounsaturated fatty acid content in all ;four of the majer adipocyte'
plaéma membrane phospholipids. Although' the total satufetcd fatty acid content was
" unaltered ey diet treatment in‘all phospholipids except phosphatidylserinc, feeding the high
P/S diet was}rassociated with l;igh_er levels of C18:0 and lower levels of C16:O' I;iet .fat
composition has-been clearly demonstrated in a number of étudies to be a m‘ajor dcterminant
of adipose tissue stored and spructural lipids: (Field & Clandinin, 1984; Ficld et al., 1985:
Carroll, 1965; Tove & Smith, 1960). a )
Although generalization can be made about the effect of dietary fats on membranc
cv’omposition, it is apparent that the influence of diet fat is specific for each of the
phospholipid fractions measured. The fatty a'c;I composition of phosphatidylethanolamine and
phosphatidylcholine, the two major membrane phospholipids in most membranes responded
more to diet manipulation -than phosphatldylmosxtol -and phosphaudylserme Although Lhc‘
molecular mechanisms through Wthh dictary fat composition influences the .fatty acyl
‘com’pbﬁtion of membrane phespholipids are unknown, in addition to altering Lhe'available
pool of fatty acids for synthe51s dietary fats have been shown to mﬂuence rates of de novo
synthesis of phosphohplds (Hargreaves & Clandinin, 1987a; Takenawa & Nagai, 1982);
redistribution of fatty acyl chains via phospholipase (Van' den Bosch, . 1980”) or acyl
transferases (Hargreaves & . Clandinin, 1987b); and desaturation of membrane .’
_ phospholipid-linked fatty acidg (Garget al.; 1988). |
‘D_espitc containing a higher content of monounsaturated fatty aeids, feeding the'high
P/S diet' reduced the level of monounseturated ;fatty aei;is in all phospholiﬁid fractions

¢
N

. measured. A lower level of monounsaturated fatty acids has been reported in other

, _()rhembranc‘s (Garg et al., 1988) and tissues (Weekes et al., 1988) and was associated with

reduced hepatic A9 desaturase activity induced by f ee'ding diets high in pol};unsaturated fats.

iy

i
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Drug-inducéd diabetes is associated with cbnsiderable alteration in the fatty acid

profile of membrane (Faas & Cartér, 1980) and tissue (Worcester et al., 1979; Bre,nner,: 1968;

Benjamin -& Belihorn, 1964; Friedman et al., 1966) lipids. Reduction in content of
ménounsaturat(ed fatty acids and C20: ;1(6) aqd eleva\ted levels of linoleic acid @been
‘related to diminished rates of hepatic 49 and a6 desaturases induced by the diabetic state
(Faas & Carter, 1980; Worcester et al., 1979; Brenner, 1968; Benjamin.& Gellhorn, 1964).In
the presém: study the diabetic state was associated with an elcvaled comc?n of linoleic acid in
phosphaudylcholme and phosphaudylethanolami\r;e and a reduced content of arachidonic acid
in phosphaudylmosxtol These alterations assoc1ated with the dlabetlc state are consistent wuh
previous reporls‘ (Faas & Carter, 1980). Althpugh the levels of C18:1 were significantly lower

in phogphatidylserine and CiG:l lower in phosphavtidy]cholifle, unlike previous'r_eports (Faas

& Carter, 1980; Worcester et al., 1979), the diabetic state was not associated with dramatic

reduction in monounsaturated fatty acids. In fact, in phosphatidylinositol, diabetic animals

exhibiledvsignificamly higher levels of C16'1‘ It is conceivable that feeding high fat diets,

which provide a physiological content of essential fatty acids, may have prevented this

126

3

diabetes-induced change in monounsaturated fatty acids; both these factors have been shown

to affect a9 desaturase activity in other tissues (Weekes et al., 1986).
The fatty acyl composition of phosphatidylcholine and phbosphatidylin.ositol appeared
to be more susceptible to diabetes-induced alterations in'membranc lipid composition than

/

phosphatidylethanolamine and phosphaudylserme This is not unexpected; the pathways for
synthesis and degradatlon as well as the rates of turnover differ for each ph;spholxpxg W‘Tp
some extent, the type of fat fed altered the membrane changes associated with the diabetic
state. Compared to contiol animals fed the same diet, the increase in U'linoleic acid in
phosphatidylcholine and phosphatidylethanolamine observe;i in membranes ‘from_ diabetic
animals was significantly' greater in animals fed the high P/S diét and the decrease in
arachidonic acid in phoéphatidylinosilol was greater in animals fed the low P/S diet. The

reason for these differences remains to be determined but may relate to fatty acid availability

due to a lower body pool of C20- 4(6)" or possibly to protective effects induced by 'feeding a

)

.
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~ high P/S diet prior to induction of the Qjabetic state.
- Tt}e physiologi’cal consequéncy of plasma membrane alterations remain to be’
deteyrﬁined. For a variety of other \jssues, diet-induced alterations in membrane lipid
composition have been clearly shown: (Q inﬂuence\,the function of integral membrane proteins
~ (Clandinin et al., 1984; Hargieaves et \l.. 1987a; Hargreaves, 1987b; Garg et el.. ,&988). In
| vitro, the insulin receptor (Ginsberg ¢! al-, 1982; Gould et al., 1982) and glucose transporter
(Sandra et al., 1584) are Sensitive Lo Syecific alterauons in membrane ‘lipid composition, /n
vivo, ingreasing the ppl)funsaturated fatly -acid content of mcmbranes by growing tumour cells
in mice fed diets containing -hi®h jevels ef polyunsaturated fats, as - compared LO‘-
monounsaturated fats waS associated With enhanced insulin bmdmg (Gmsberg et al , 1982).
" In Chapter III it was demonstrated that feeding a high P(S diet gl.O),'as~compared o a lowv
P/S diey (0.25), increased the pol¥uMygturated fatty acid comenybf adi;ocyle membrane
phos'pholip_ids and enhanced insylin Biflgjng. It has been suggested that membrane alterations‘\‘
may influence Iinsulin binding and aQiion by: controlling conformational changes 'iﬁ.[he
receptor (Gould et al., 1979); altering mogility within the lipid bilayer (Melchior & Czech,
1979); ar tle altering the structure of My receptor (Ginsberg et al.; 1982). It is also reasonable
Lo hy}pothesize that membrane alteratioﬂ‘g may modify the transduction of the sigpal' generated
in t‘he plasma meﬁxbraﬁ'e'b)' hormone hiflding. Membrane alterations have been \ém\ggested 1o
influence insulin acgion POst-bindiRg Ly changing the activilties";;)f enzymes irifvo]ved in
phosphatidylinositol turnover (TakenaW§ & Nagai, 1982) and altering the amount of\a plasma

membrane mediator of insulin action Q@nerated in response to hormone binding (Jarett &
Kicchle, 1984). L ) O S

| In the present st\udy;'di-e[ fat -3}y influenced some of the clinical characteristics of the
animals. Feeding a high f»s diet iMpTyved weight gain both before and after induction of -
diabetes. This is consistent with firldillgs of increased weight gain in control and di‘abetic
.ammals fed high, as compared to 10w polyunsaturated fats (Rajotte et al., 1988) Whether
the increased welghl gain. in diabetiC #hymals tepresents a less severe diabetic state, possibly
due to membrane alterations jndceq by feeding the polyunsatur'z}ted diet before the

4

L



. i 128
streptozotocm injection, or to an mrproved clmrcal condition, remafns to be determined.
Blood for serum glucose and msulln was collected 2 hrs after the end of the dark cycle (ie. the

'feedmg cycle). These samples represent postprandial levels and tlru)) may not be a sensitive

indicator of diabetic status. The higher msulm levels in control animals fed the high P/S dret

as compared to the low P/S diet may simply relate to increased food intake and weight gain

» o,

but could also be due to reported stimulatory effect of polyunsaturated fats on pancreatic

i%sulin secretion (Turkv.et al., 1987).

The present study demons[ratesxthat transruons in dretary fat intake, analogous to
those consumed by scgments of Lhe North American populatron alter' the fatty acid
composmon of the major membrane phosphollprds of “the epididymal -adipocyte plasma
membrane\ in both normal and diabetic; states. Feeding a high polyunsalurated fat diet to
diabetic animals increased the level of C18 :2(6) and prevented the decrcase in C
some of the membrane phosphohprds Diet-induced alterations in membrane phosphohpld
cgmposition by feeding a high P/S dret may provrde the mechamsm for the 1mproved glucose
transport and intracellular glucose metabolism observed in both normal and diabeltic animals

¥

fed the high P/S diet (Chapter V).
. -

20:4(6) ™
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Diet P/S.= 2.0

' Diet P/S = 0.2

Percent-of Total Fatty Acids

Total Mono-

Total
unsaturated . ®3
. _ M.
Fatty Acids e
"
~

Figure VI-1. Fatty acid composition of diets.
. | \ ‘ -
The major fatty acid composition of two high f (20% w/w) fed as determined by gas

liquid chromotography. Complete fatty acid anai, given in Chapter V, Table V-1,
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VII. DIETARY FAT ALTERED_ THE CONTENT AND COMPOSITION OF ADIPOCYTE
MEMBRANE PHOSPHOLIPIDS IN THE NORMAL AND DIABETIC STATE !

/:\)Iﬂ RODUCT }OYN

It has been demonstrated in a .variety of tissues that the nature of fat consumed alters
the composmon of membrane phosphollprds possibly via: alterations «in the rates of de novo
synthesis’ of phosphollpld (Hargreaves & Clandinin, 1987a); redistribution of- fatty acyl chams

“via phosphollpase (Van den Boch, 1980) and acyl transfe}ases (Hargreaves & Clandmm
-1987b); or direct desaturatlon of membrane phospholrprd-lmked fatty acids (Garg et al.,
1988). The availal)ility of fatty acids a.t specific. sites of synthesis may also be influenced by

dictary fat; adipose lissue repfesenis a large pool of available fatty acids, the composition of

- which to a large extent reflects dictary fatty acid composmon (Field & Clandmm 19%4; Field

et al., 1985; Carroll 1965 Awad, 1981). Desprte being well established for other membranes,
. the role of diet fat in determmmg the composmon and content of adlpocyte membrane
phosphohprds has recelved little attentron. Recently, a relationship was established between
habitual" fat . intake and the fatty -acyl composition of phosphatrdylcholme an{d
'phosphaud\lethanolamme in hun{an adlpose tissue (Field et al. 19_5).

The diabetic state, in man (Van-Doormaal et al., 1984) and the streptozotocin
diabetic rat (Faas & Carter, 1980; Worcester et al 1979), is reported to induce considerable
alterations in the fatty ac1d prohlz of ‘several tissues. Reduced levels of monounsaturated fatty'
acids and arachrdomc acid reported in these studies have been related to decreases observed in

" rates of h_epatlc A9 and a6 desaturase enzymes (Faas & Car_,ter-rl980;~Worcester et al., ‘,1979;
~ Benjamin “& Cellhorn, 1964)-. However,‘incousistencr‘_es exist in the reported fatty acid
alterations associated w,ith' the diabetic state. ln part"i.cular there are ‘descrepancies in the
literature as to the existtenc“e of a reduced cor_lterrt';»f'él'f ‘arachidonic acid in diabetic animals or

individuals (Faas‘ & Carter/, 1980' Worcester *'e‘t" al 1979; Van' Doormaal et al., 1984

Benjamm & Gellhorn, 1964). Possible explanat1ons may be attributed to the variety of

¥ '.,‘
.‘A wersion of thrs chapter has been” “submitted for publication. Field CJ & Clandinin
MT. (1988) Diab Nutr Metab " R

136



137

different tissues /studled diff erences in the nature of dr‘etary fat and the essential f atty’ acid |
content of the diet, all of whrch may af f ect desaturase activity (Weekes et al., 1986; Garg et
1., 1988; Brenner, 1974). . \ -

Diet -induced alteratio‘ns m membrane composition influence th'e' function of
membrane associated protems in a var:.ety of trssues (Clandinin et all,. 1985 Hargreaves &
Clandinin, 1987b; Garg et al., 1988). ln morphologlcal S[lelCS the msulm reCeptor (Jarctl &
Smith, 1974) and glucose'transporter (Matthaei et al., 1987) are locate(l wnhm the plasma
mc ot . In vitro, the insulin receptor (Ginsl?erg et al., 1981; Gould et al., 1982) and
gluco.. n'ansporter (Sandra & Fylei, 1982; Sandra et al.; 1‘984) are sensitive o specific,
alterations in membrane lipi‘d composition. |

The diabetic state is chatacterued by ccllular reslstance 1o msulm aclron (Sinha ct al.,
1982; Sehoenle et al., 1977 Sandra & Fyler, ]98”) Fecdmﬂ high saturated fat dlels compared'
to low fat high polyunsaturaled fat diets induce msulm resistance in anrmals (Ip et al., 1976;
Salans et, al., l98l). Ho‘}aﬁever,‘v‘t;he level and content :or":'fat fed in these studies makes -
extrapolation to the human diet.rlifficult. The role of dietary fat i‘nldetermining membrane
composition was not cstablished in these studies (Ip et al 1976, Salans et al., 1981).

In Chablers 11 ‘/and VI, increasing lhe: P/S ratio of diel fat mcreased ‘lhc"
polyunsaturated fatty acyl composition of the adrpocyte plasma membrane from both control
and diabetic animals. Current dietary recommendations, for both the general population and
individuals with diabetes, suggest, in addition lo increasing the P/S rati'—'o" of the diet, tlrat the
total fat content be reduced‘ (American Diabetes Association, 19§-7; Kisselbach_v & Seh.ecrman,

it

kk 1988). The following study was designed to clarify the role of the content and composition of
diela'ry fat, when fed in similar proportions as the 'human diet, on both the composition and
content of the major membrane phospholrplds ol” Lhe adlpocyte plasma membrane The role ‘
of diet fat in attenuating anticipated changes assocrated with the drabetlc state was also

examined. Possrble physiological 1mpllcations on cellular insulin action are discussed.
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B}METHODS

 Animals and Diets

Sixty weanling male Sprague-Dawley rats (59.7+2.1 g) were randomly assigned to one

}gof four diet groups. Two low fat (10% w/w) and two high fat (20% w/wW) diets were fed. The

hlgh fat dlCtS were supplementcd with essential nutrients as described in- Chapter III. To
maintain cqual essential nutrient density the low fat diets were supplemented w1th the
following per kg: 2.45 g choline, 5.56 g inositol, 2.2 g L-methionine, 8.9 g vitamin mix and
45 g mineral mix. The fat composition of the four diets differed in the proportion of

safflower oil and hydrogenated bccf tallow, to provide a polyunsa[urated to saturated fatty

_"ICld (P/S) ratio of 0.2 (low P/S) or 2.0 (high P/S) at each fat lcvel Lmseed oil was added to

,-*"‘al] four diets to ensure an adequate and constant imakc_ of w-3 flatty acids/g diet. All ,yd’iets

Al

were cholesterol free by a-nalysis. The fatty acid ana.lysis by gas ]iqm‘d chromatpgraphy' of the
diets is presented (Table VII-1).

The experimental protocol was identical to that described in Chapter V.. -Animals were

f«sac;ificed over a 5 day period by decapitation and serum collected for glucose and insulin
o ‘ @ ;
. determinations. Serum glucose and insulin were analyzed and epididymal adipocytes isolated as

_ described in Chapter I1I.

Plasma Membr.ane Extraction and Ahalysis

Plasma membranes were prepared and lipids extracted as described in Chapter III.
Using an aliquot (approximately 3/4 of the extracted lipids), phosphatidylcholine,
phos;ﬁhatidylethanolaminé, phosphatidylinositol and phosphatidylserine were separated, methyl
esters prepared and fatt); acids identified by gas liquid chromatography procedures as

described in Chapter III.
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Membrane Phosphorus Analysis , - ' -

The remaining extracied‘ lipid was split into two portions. One portion was separate{i
by thin layer chromatography as described in Chapter III and the identified phospholipid
scrap‘ed iﬁto phosphorusffreé test tubes. The other portion of lipid was spotted on the silica
plates but not developed in the solvent system. This was scraped into phosphorus free tubes
and used to determine total phoséﬁorus i’hosphorus was detcrmmed by a modified Bartlett
assay for microscale lipid phospt”horug analysis (Itoh et al., 1986). The me;hod involved the
following in sequence: digestion of the sambi@;jn HCIO, at 1’80°C for 30 mins, air cooling,
addmon of 880 ml colgur- producmg agent (.04 ml 5% ammonium molybdate, .80 ml water
and .04 ml Fiske and Sabarow reducing reagent) and heating for 10 mins in a boiling walerx
bath Thew reaction tubes wcre cooled and the developed pigment exwracted with 1 ml of
n-butyl:acetate n-butanol (85:15 v/v). Absorbance was measured at 990 nm with a
Perkin-E‘ln;er Lambda ,313 spectrophotomctcr. Phbspholipid phosphorus content was calculated
as a percent of total phosphorus. '

a

Statistical Analysis

The effe‘cl of diet fat content, diet P/S tatio and the diabetic state on the faity acyl

composition of the major saturated, monounsaturated, polyunsaturated and P/S ratio of

phosphatidylcholine, pfiosphatidylethanolamine and phosphatidylserine Were compared by

. leasted-squared three way analysis of variance procedures (Harvey, 1975). A Duncan's

multiple range test was used to dISCI:mmate significant differences (p<0.05) in animal

weights, scrum glucose and .serum msu#xﬂ!‘jevels (Steel & Torrle 1980)

C. RESULTS

Animals Wciéllts, Serum Glucose and Serum Insulin
Diabitic animals gained significantly less Weight and had significantly ‘higher final

serum glucose ievels and lower serum insulin levels gTablé VII-2). Dietary treatment did not
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“affect weight gain after streptozotocm/placebo treatment or l‘mal serum levels in either

control or diabetic animals. After three weeks of feeding the diets -animals in the high fat,

P

low P/S diet group weighed less.than the animals fed the other three diets. Hawever, dietary

treatment did not alter weight gam in control or diabetic groups during the following three. .

weeks.
,;} :

Effect of Diet Fat on the l‘atty Acyl Composmon of Membr.me Phosphollpids
Phosphatidylcholine

Feeding low fat diets vlfas associated" \)&i{h significantly higher content of
mdnounsaturated fatty acids (total monounsaturated, C16:1 and C18'1) and a lower
.polyunsaturated fatty acid content (total pol'yunsaturated fatty acids 'Cl8 .2.(6) and P/S ratio)
in phosphatid\lcholme of membranes from control and diabetic animals (Table VII-3).
animals fed the high P/S diets a higher content of polyunsaturated fatty acids (total
‘polyunsaturated, total w-6, C18-2(C) and P/S ratio) and a lower'co"ntent of monourisaturated
fatty acids (total monounsaturated, C16 1 and C18 1) was observed. In control animals,
I"eedmg high P/S diets srgmficantly increased the C20 4(6) content in phosphaudylcholme
Compare!d Lo comrol animals the diabetic state was associated with Significantly lower levels
of C20 4(6) particularly in membranes l”rom animals fed high P/S diets Feeding a high fat
high P/S diet, compared to a low fat high P/S diet; to diabetic ammals reduced the magnitude
of the fall in C20 4(6) associated with the diabetic state. In membranes from ammals fed
high P/S,'A diets a higher level of C18 2(6) . Vs observed and in membranes from diabetic
animals fed the high fat djets a reduced level of ‘monounsaturated fatty acids were' observed
The total w-3 fatty acid content was reduced in diabetic animals. , . -
Piiosphatidylezhanolamirie

Feeding the low fat diets increased the content of 'rhonourisaturated oy acids (total

!

monounsaturated and C18 1) and decreased the polyunsaturated fatty acid (total

polyunsaturated C16'2(6) and P/S ratio) content in membranes from control and diabetic ‘

j .
animals (Table VII-4). The P/S ratio of the diet did not significantly influence the total
" \.

1Y

N
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saturated fatty acid content -of phosphatrdylethanolamrne however f cedmg high P/S d1ets~
compared to low P/S diets, mcreased ‘the C18 .o content and reduced the C16 0 content in
«phosphattdylethanolamme The dlabetlc state was associated with a reduced ‘content ofv
monounsaturated fatty acids (total monounsaturated and C16 1) and Ci;g -0 and -an increased

content of C18 :2(6)" In diabetic animals fed high fat diets, the C levels were higher than

diet-matched control animals. 2
Phosphatidylinositol | o - ( -
Feedmg high fat diets compared to low fat diets signif icantly reduced ‘the content of .

total saturated fatty acrds and mcrcased the content of w-3 fatty-acids, C20 -4(6) and th’t?PJS

ratrg in the phosphatidylinositol fractioh of the adrpocyte plasma membrane (Tane VII-5) 3, %

Phosphatrdylmosrtol I"rom membranes of animals fed the high P/S diets, compared to the 1

P/S diets, was ‘significantly higher in polyunsaturated fatty acids (total pol\unsatur;?tcd total
- w-6 and C18 :2(6), and P/S ratio) and lower in C16 0 and monounsaturated fatty acids (tota

monounsaturated, C161 and Cl8 l)' The- drabetrc state influenced . the diet effect on

phosphaudylmosrtol composition, but the observed effect related prrmarrly to the fat content

of’ the diet. When low fat diets were fed the diabetic siate was assesl ed w1th an increased
content of C16 0 in membranes. In dxabetrc animals fed high fat drets compared to control
animals, an increased content of Cl8'O and poly’unsaturated fatty acids (total polyunsaturated

and w-6 fatty acids) and a reduced content of C16'0 and C16'l were observed. The diabetic

state, compared to diet-matched control animals was assqciated with a higher content of

C18:2(6)° | -
Phosphatidylserine ' K

Feedmg a hrgh P/S diet, as compared to a low P/S diet, .was associated wrth higher

/,V 'content of saturated fatty acrds (total saturated and C18 O) and lower content of :
monounsaturated f atty acids (total monounsaturated and C18 1) in phosphatrdylserme (Table
VII-6) =~ "Phe content of the essentral fatty acid C18 2(6) in phosphatidylserine was .

significantly mcreased and the content of w-3f atty acids decreased by f eedmg high P/S diets

to both contro! and diabetic animals. The fat content" in the diet influenced the effect of the

N )
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= )
die' P/S on the essential fatty acid content of the membrane. When high lfat diets were
compared, the high P/§ ‘(iet was associated with a higher content of C20: 4(6) and when low
fat diets were compared, the ‘high P/S diet was associated with a higher content of
f)olyunsz;turated 'r"fatty acids. Lower levels of monounsaturated fatty acids (total‘

monounsaturated and C18 1) and higher levels of C18 :2(6) were observed in tabetlc

V=
compared 10 diet-matched comrols The level at and the P/S ratio of the digt ‘modl ied the -

effect of the diabetic state on Lhc fatty acvl comgg.ﬁuon of %psp
0 &~

. . . . . T . E ) .- . \). - ‘}?:W
P/S diets. High P/S dicts were associated with lower content of C16'1 in phosphatidylseriic
from diabetic animals, compared to diet-matched contrdl animals.

oot

. | EoR

.. . . ’ i

The Effect of Diet Fat and Diab‘}etCS on the Phospholipid Content of the Adipocyte Plasma
! \\ »u o

Membrane A 'v

N

Fecdmg a high fat diet, as compared to a low fat diet, was assoc1ated with a lower

content of sphingomyelin, and a hxgher content of phosphaudylcthanolamme in both diabetic

" and control animals (Table VII-7). In control animals, feeding high fat diets increased the

content of phosphalidylinositol in the adipocyte membrane. When high P/S diets compared to
low P/S diets, were fed to both treatment groups, a higher content of phosphatidylcholine was
observedg A high P/S ratio, compared to a low P/S ratio, as part of a high fat diet was
assqciated with a lower content of phosphatidylethanolamine and a hlgher content of
phosphatidylserine. In rnembranes from diabetic animals fed the two high fat diets a-lower
level of phosphatidylethanolamine and a higher level of phosphatidylinositol Were ‘observed,

J
compared to the appropriate diet-matched control animals.
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D. DISCUSSION

Effect of Diet on Fatty Acid Compps‘iﬁo'n of the Adipocyte Plasma Membrane

In. the present study the diabetic"stgte and the content and composition of diet,ary. fat
influenced the content and fatty acyl composition of the‘major phos:pholipid fractions of the
adipocyte plasma membrane. This observation is consistent with previous repg)rts of dictéry
fat-induced alterations in ad?pose tissue phospholipids (Ficld et al., 1985) and in livef plasma
(Morson & Clandinin, 1986), microsomal (Garg et al., 1988), synaptosomal (Hargreaves ct
al., 1987a) and mitochondrigl (Innis & Clandinin, 1981) membr‘ames.

As the control of membtane composition is likely mpltifactorial, the ‘mechanisms by
wfhich diet fat alters membrane composition are not clear. However, based on reported cffects
of diet fat on phospholipid and’ fatty acid metabolism several mechanisms can be ﬁ)rdposcd
Diet could increase the availability of certain fatty acids at spcc1ﬁc sites of phosphohpld

3

metabohsm The essential fatty acid C18'2(6)' by definition cannot be synthesued in the

- body, therefore its presence in phospholipids can be assumed to originate from the diet. In the

present study, feeding a high polyunsaturated (P/S)géet compared to a low P/S diet increased
the C18:2(6) content in all of the phospholipid fractions éxamined. The total intake 'of
C18:2(6) is also important as hiéh \l"at dit;ts," compared to low fat diets,, wéfe associated with
higher levels of polyunsaturated fatty acids in all the major phosphdlipid fractions.-

. The body also has the ability to synthesize and modify fatty acids. It is generally
agreed that high fat diets inhibit hepatic lipogenesis (Clarke et al., 1977). Recently, however,
it was derr.lvonstrated that adipose tissue ‘can commue to be a source -of de novo fatty a_cid
Synthesis in rats during high fat dietary regimgs (/Nelson et al., 1987); In the present study
higher lgzvels of saturated 16 and/or 18 _carbon‘ fatty acids, the major end producis of
enddgendu‘s ~ fatty _ acid synthesis, were observed in phosphatidylcholine,
phosphatidylethanolamine and ﬁhosphﬁtidylinositol fractions f;romn animalé fed high fat as
comparéd to low fat diets. Polyunsaturated fatty fcids. compared to saturated fatty 4acids,

<

have been repofted to both inhibit (Clarke et al., 1977; Romsos & Leveille, 1974) or have no

¥
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effect (Nelson et al., 1987) on hepauc and adipose fatty acid synthesis. The hlgher levels of
C16'O’ C16 1 and C18 1 observed at(" most of phospholipid fractions from animals fed low,
compared to high, P/S diets support the concept that high polyusaturated fat diets inhibit
endogenous fatty acrd synthesrs or alternatrvely may srmply ref]ect the+greater quantxty of
~these fatty acrds provrded by the low P/S diet.

Although little. work has been donc on the ef*_.is of diet on adrpose ussue
desaturauon an active A9 desaturase enzyme has been demonstrated in adrpose tissue (Wahle '
& Radclrffe 1977) In most membrane fractions higher levels of C16 1 and C18 ] were found
in amma]s fed lov» fat and/or low P/S diets, supporting the concept that A9 d@saturatlon is |

regulared by the levels of fat, an( C18 . content in the diet (Herodek & Csakvary, 1972). In
‘ the present study, dret fat mfluenced the levrls of C20:4(6) in severz;] membrane

phospholipids. High fat dieLs were associated \s'irh a lower level of C

in
g v

20:4(6)
phosphaudvlserme and higher ]evels of C20 40 in phosphatidylcholine and phosphaudyl

serine

The Effect of the Diabetic State on the Fatty Acyl Composition of the Adipocyte Plasma
Membrane . . »

Alterations in fatty acid composition of tissues and membranes, reflective of decreases.
in rates of insulin sensitive hepatic a6 and a9 desaturation, have been reported to accompany ’
the diabetic condition (Faas & Carter, 1980; Worcester et al., 1979; Brenner, 1974: Benjami'rf:

& Gellhorn, 1964). Consistent-with previous reports (Faas & Carter, 1980; Woreester.et al.,

7 Brenner, 19'74; Van Doormaal &t al., 1984), in the present study, the diabetic state was
assoc .. with a lower content of monounsaturated fatty acids and a hrgher content of-
L‘lgzz(m C18 0 in most phospholipid fractrons Srgmfrcantly lower contem of C

20:4(6)"

presumably - to an inhibition of A6 desaturation has been reported in some trssues (Faas &
X

Cartcr 1%0 senjamin & Gellhorn, 1964), but not all (Worcester et al., 1979¢ Brenner_,

197:7), from  .abetic animals. Cpmpared to control animals, in the present study, signifieéntly

lower 1z of,C20:4(6) and higher levels of C18 2(6) were observed. ih  the
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phosphatidylcholine and phosphatidyisfer‘in\e fyctions from diabetic animals, particularly those

from animals fed low fat high P/S diets. Although C20 -4(6) levels were lower in membrands

from diabetic animals, compared to diet-matched controls fed high P/S diets, the levels of

CiO' 4(6) in phosphatidylcholine and phosphatidylsering in the membranes from diabetic
: 0 ~ ;

animals were still significantly higher than diabetic animals fed low P/S diets. The decreased

, wcis;q;ht gain and hyperphagia characteristic of diabetic animals is unlikely the cause of these

N

al{eratxons restrlctmg food intake and weight gain of control animals did not produce the -

e e changes in 46 and A9 desaturatlon and the polyunsaturated and monounsaturated fatty

rofile (Faas & Carter, 1980). Alternatwely, membrane alterations in the diabetic state -
iy be caused by changes in the insulin sensitive pathways of fatty acid biosynthesis, lipolysis
or Fatty acid oxidation (Kelly et al., 1986; Arner et al., 1983) 3
Effect of Diet and.the Diabetic State on the Phospholtpid Content of the Adipocyte Membrane
Each phospholipid class has a characteristic fatty acyl.pattern that is likely related to
some extent to the different pathways for de novo synthesis. Previously it has been

demonstrated that the composition of diet fat influences the content of phospholipids in

synaplosomal .(Foot et al‘.l, 1982) and mitochodrial (Robozl’e'fe‘ & Clandinin, 1984) me‘mbranes.‘

Although there is limited information on phospholipid synthesis in adipose tissue, it was

recently demonstrated .that the -pathways for the synthesis of ’ phosphatidylcholine and
. q. ~

phosphatidylethanolami'ne are present in this tissue (Casals et al., 1986) In the prebent study

“high fat diets, %ompared Lo low fat dlC[S were assoc1ated with altera,txons in the content of the

T M) ";

maJor phosphohpld f ractlons Thef%}‘fghxamo of the diet, particularly when fed as part of. a

high fat diet, was a,ssomated thh specxhc changes in thq content of phosphatidylcholine,
e

phosphatxdylethanolamme and phosphatldylserme The dlabCIlC state was assoc1ated ~with

Y

.u 1»'

reduced cont«oﬂt of phosphatldylethanolamme and an increased content of
phosphat&ﬁ“ﬁinositol. However, feegmg a low fat diet attenuated the alterations in the
: i _

phospholipid content associated with the diabetic state.
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Physiglogical Implications.of Altered Membrane Composition

The physiological consequenges of alterations in adipocyte membrane phospholipids
‘remain to ‘\be determined. In severai other tissues diet-fat induced alterations in membrane
lipr/ci composition have been shown to influerice the function of integral membgane proteins
{Clandinin et al., 1985; Hargreaves & Clandinin, 1987b; Garg et al., 1988), including hormone
mediated function (Mcuson & Clandinin, 1985). The insulin receptor and glucose transporter

in vitro (Gould et al., 1982; Ginsoerg‘ et al., 1981; Sandga et al., 1984; Pilch et al., 1980) and

to some extent in vivo (Ginsberg et al., 1982; Chapters’1ll and 1V) have been demonstrated to

_be sensitive to altetations in both the content and composition of surrounding membrane

*®

lipids. Lipid containing membrane generated compounds have begem identified as possible

second messengers -10 insulin action (Begum et al., 1982; Jarett & Kiechle, 1984; Saltiel et al.,

1986). Several of theése membrane associated compounds have been shown to be reduced by
o - 4

feeding high fat diets (Takenawa & Nagai, 1982; Begum et al., 1982).

o3

Adrpocytes from diabetic patients (anha_et al., 1987) and strebtozotocin diabetic rats

—

(Schoenle .et al., 19‘77) respend poorly to insulin. Alterations in membrane lipid composition

-

“have been suggested as a possible mechanism for the -impaired insulin response A(Sandra &

Fvler 1982). In the prCsent study the diabetic state was associated with lower content of w-3

T

fatty acids in phosphatrdylcholine and,‘-phosphatrdylmosrtol Recently, it was demonstrated

: Tatty acids in the diet with w-3 fatty acids prevented ,
the development of insulin resistance associated with high fat diets (Storlien et al., 1987).
Although not meas‘u'r.edéz:\ these researchers hypothesized that diet-induced increases in
membrane w-3 fattyx.&x;rds gﬂay provide . the possrble mechanism for improved insulin action
(Storlren et al 198 o

o - ( T

The present studyi demonstrated that the cCSmposrtron and content of diet-fat influence
membrane lipids of ,;‘ept‘”drdymal adipocytes in both the normal and diabetic states. In most
phosphohprd fractrons high fat drets were associated wrth a hrgher level of polyunsaturated
fatty acids, a lower level of monounsaturated fatty acrds and an increased membrane content

of phosphatrdylmosrtol and phosphatrdylethanolamme and reduced content of sphmgomyelm
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diets providing a high P/S ratio were associatéd with higher levels of polyunsaturated fatty
. acids and, when fed as part of high fat diets, an increased content of phosphatidylcholine and
phosphatidy]serine‘and a lowér content of phosphatidylethanolamine. The diabetic state‘vwas
assomated with higher levels of C18 2(6) and lower levels of monounsaturated fatty acids in
~most phospholipids and lower conterit of C20 .4(6) in phosphatxdylcholme and a lower contént
of w-3 fatty acids in phosphatidylcholine and phosphatldylserme Both the P/S ratio and the
fat content of the diet influenced alterations in the phosphohpld content of essential fatty
acids (C20 .4(6) and C18 2(6)) assoc1ated with the diabetic condition. Diet- fat mduced"

alterations in adipocyte membrane lipid composition may provide a possible mechanism for

the improved response to insulin observed in animals fed high P/S dicts in Chapters IV and V.
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Table VII.]1 Fatty acid compostion of diets fed.

; High Fat (20% w/w) . Low Fat (10% w/w)
Fatty Acid - P/§=0.2 P/S=2.0 . P/S=0.2 P/S=2.0

(% w/w of tot,g fatty acids)

C14:0 2.8 ‘ , '1.2 3 3;.6 12
C14:1 A 1 y 4 2 . : 1
C15:O S . _‘.2. .5 o 2
'C16:O 239 o 13:0 : '26.2 13.2
Ci6:1 4 2 o 2
C17-:O ‘ 1.8 : .6‘ 1.8 o "6
C18:0 .49.7 . 16.3 - | 47.0 159
C18-1 4.3 10.7 , 6.1 : 11.2
Cl8:2(6) 13.9 . 55.9 11.2 ,54'9
Cl-8 3(6) 2 1 2 1
C18:3(3) 1.1 1.1 1.7 1.8
C20:0 1 } 4 .6 '4f
C20:I 0 1 1 ‘.l
C22:O ! 0 A 0.
zpolyunsats 15.9 57.0 13.2 56.8
s(w-6) 14.3 56.0 11.5 55.0
=(w-3) RIS e 1.1 1.7 1.9
- Esats 78.8 31.6 71.9 - 314
Zmogounsats 4.8 11.3 8.9 11.8
P/S ratio 0.2 1.8 . 0.2 1.8

Fatty acid composition of .diets were.determined by gas liquid chromotography. Abbreviations
used Tpolyunsats, sum polyunsaturaged fatty acids; z(w-6), sum of (w-6) unsaturated fatty
acids; =(w-3), sum of (w-3) unsaturated fatty acids; zsats, sum of saturated fatty acids;
smonounsats, sum of monounsatlurated fatty acids; P/S, polyunsaturated to saturated fatty
acid ratio. -
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'VIII. EFFECT OF&ZDMPOSITION AND CONTENT OF DIETARY FAT ON GLUCOSE -+
METABOLISM IN NORMAL AND DIABETIC STATES !

A. INTRODUCTION | ' _ o &
| Studies in “woth man and animals have demonstrated tﬁat ’replacing dietary
carbohydrates with fat Yoduces a state of insulin resistance to cellular glucose Iﬁetabolis
(Olefsky & Saedow, 1978; Salans et al.-1981: Lavau et al., 1979; Maegawa et al., 1986; Susi:
& Lavau, 1978; Grimditch et al., 1987) The dlabetlc state both in man (Ciaraldi et al., 19¢
Sinha et al., 1987) and the streptozotocm mduted rat (Schoenle et al., 1977; Kobayashi ¢.
Olefsky, 1979; Sandra & Fyler, 1982) is characterized by insulin resistance. Reducirig the fat
content or replacing saturated fats with polyunsaturated fats improves both in'vitro and in vivo
insulin action in both noningylin dependent (ijollund et al., 1983) and insulin dependent
(Pedersén et al., 1982a) diabetic patients and the streptozotocin diabetic rat (Chapters 1V, V).
Difficulties exist in defining the Tole of diet fat on insulin action as, by design, human dietary
studxes &‘multaneously alter both the fat content and the polyunsaturated/saturated fatty acid
ratio. M@st animal studies (Olefsky & Saedow, 1978: Lavau et al., 1979, Salans et -al. 1981)
cxamlmm the role of diet fat in diabetes have fed unphysiological dietary fats with respect to
both thc cﬂomem and composmon of the diet fat componem Thus, the role of fat content
and compmmon on msulm acuon has not been adequately assessed.

It has been clearly demonstrated in a varxety of tissues that the nature of fat
consumed alters membrane phospholipid composition and several membrane associated
functions (Clandinin et al., 1985; Garg et al., 1988; Morson & Clandinin, 1986). Althoﬁgh it
is well established in both man and animals that the nature .of fat consumed influences the
~ composition of adipose tissue structural and stored lipids '(Field & Clandinin, 1984; Field et
al.; 1985), it is only recently that the effect of these diet induced altieration‘s on insulin action
have received attention. In rhorphological studies, the insulin receptor (Jarett & Smiph, 1974),

g]ucose transporter (Matthaei et al., 1987) and several compounds hypothesized to mediate

'A version of this chapter has been submitted for publication. Field CJ, Ryan EA,
Thomson ARB & Clandmm MT. (1988). Diab. Nutr. Metab.
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cellular insulin action (Begum et al., 1982: Jarett & Kiechle .1984; Farese: et al., 1982) are
located in or originate from the plasma membrane. Because of the intimate cdntact of these
funcuonal components with membrane lipids, it is conceivable that alterations in the
cornposmon or physical state of adjacent phosphohplds could influence cellular insulin action.
Both the insulin receptor (Ginsberg et al., 1981,/Grunfeld et al 1981; Gould et al., 1982)
anhd glucose transporter (Sandra & Fyler, 1982; Pilch et al., 1980; Melchior & Czech, 1979) "
have* been demonstrated to be sensiECe to specific in vitro alterations in membraue lipid
composit,lon. Extension of this work to the intact animal has inficated lhat insulin binding to
tumour cells (Ginsberg et al., 1982) and adlpocytes (Chapter Il and V) ‘can be altered by’
changing the fatty acid composition of the dlet

-3
In addmon to insulin resistance, the dxabct;c 'stalo is asxoc1atcd wnh specific

alterations in membrane and tissue lipid comiposition that can ’only be pamally corrcctcd with
insulin therapy (Faas & Carter, 1980; Worcester et al., 1977). The role of dietary fat in i
attenuating metabolic changes in the diabetic state or the uhysiological implications of these
metabolic changes is unciear. In Chapters III, VI and VII, a beneficial role for feeding a high
P/S di.et was proposed; it was demonstrated to attenuate several changes in the membrane
lipid coniposition associated with the diabetic state. = B - ¢
Currem dietary recommendations for both thé general population and md1v1duals with
diabetes are reducmg the total fat content and mcreasmg the P/S ratio of the diet (Klsqchnch
&_ Schectman, 1988). In Chapter VII, modifying both the content and compositlon of dietary
fat was demonstrated to alier the phospholipid content and the essential and nonessential fatty
acid composition ‘of adipocyte plasma membrane phospholipids. The following study was
designed to extend thééé observations; to a functional component of the adipocyte by
examining the role of diet fat content and composmon when fed in physiological proporuons
designed to reflect the composmon of the human diet, on adipocyte glucose metabohsm
measured as glucose transport, glucose oxidation and glucose incorporation into lipids. Bdth'

the normal and diabetic states were examined by fccding weanling rats diets differing in fat

content (10% w/w and 20% w/w) and composition (P/S=0.2 and P/S=2.0).



B. METHODS

Animals and Diets

Sixty weanling male Sprague-Dawley rats (58.2%1.4g) were randomly assigned to one
“of three diet groups. Two low fat (10% w/w) and one high fat (20% w/w) semj-p?urifiedy (iiets
were fed. The high fatldiet contained 27% (w/:w) casein, 38% (w/w) carbohydrate as
cornstarch and 20% (w/w) fat. The high fat and low fat diets were supplemented  with
essential nutrients as described in Chapters III and VII. The fat content in the diets fed
differed in the proportion of safflower oil and hydrogenated beef tallow so as to provide a
polyunsaturated to saturated fatty acid ratio (P/S) of‘ 0.2 at the high fat level and both 0.2
(low P/S) and 2.0 (high P/S) in the low fat"diets. Linseed oil was added to all three diets to .
cnsuré an adequatc intake of w-3 fatty acids. The fatty acid analysi's by gas _liquid
chromatography of the diets is illustrated in Table VIII-1. "

The experimental protocol was identical to that described in Chapter VI. Eaeh day,
“ for 10 consecutive days, one animal from each treatment group was sacrificed by decapltatlon
and serum was collected for gl'ucose and insulin determinalions. Serum glucose and insulin

were analyzed and adipocytes isolated from epididymal fat pads as described in Chapter V.

Glucose Transport

The glucose transport activity of isolated adipocytes was assessed fromi the initial
uptake of 3-0-methyl-D-[**C]-glucose (S.A. 554Ci/umole) corrected, to 20)(105 cells as
described in Chapter V. Transport was: measurcd over a range of insulin concemratlons from
0 ng/ml to 1000 ng/ml at a glucose concen_tration of 0.5 mM. ‘- L
Glucose Metabolism

Glucose oxidation and incorporation into lipids, over a range of insulin concentrations
(0 ng/ml to 25 ng/ml) was assessed at a glucose concehtration of 1 mM using

D-["C(U)]‘glﬁcosé (S.A. 100 uCi/mmdle) as described in Chapter IV. Glucose oxidation and

LY
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. chrpdratron into lipids were corrected to 2. 0x105 cells as descnbed in Chapter V.
) &

Statistical Analysis

Rates of glucose’transport, oxidation and incorporation into lipids were compared
- between groups by leasted-equared ahalysis of variance procedures for unbalanced data with
rnsulin concentration as t}re repeated measures variable (Harvey, 1975) Animal weights,
serum insulin and glucose levels were compared by analysis of variance procedures and \

significant effects of treatment defined unllzmg a Duncan's multiple range test (Steel &

“Torrie, 1980) All data is expressed as mean * standard error-(S.E.).

C. RESULTS
N
Animal Weight, Serum I\;lucose and Insulin

After three weeks of dietary'treatmer‘n,:

streptozotocin, animals fed the low fat high P/S¥:
animals fed cither the highr fat low P/S diet or t . al low P/S dlC[ (Table VIII- -2).

Weight gain for diabetic ammals was srgmﬁcanll) less than observed for control animals.

v“b

How6ver ammals fed the low fat diets of both high and low P/S ratios g@?ﬂ more weight
than animals fed the high fat low P/S diet in both cor_1trol groups and diabetic éroups. Serum
glucose levels were significantly ﬁigher and serum insulin levels significantly lower for diabetic ;-
ammals than control animals but did not differ between diet groups.

‘

Glucose Transport

Cells from Fdiabelic animals transported significantly less glucose than control cells
(Figure VIII-1). Feeding a low fat high P/S diet significantly increased the rate of glucose
traxrsport by control adipocytes at the trigher insulin concentrations measured '(25 to 1000
ng/ml insulin) as compared to adipocytes from animals fed both fhe high fat and low fat low

P/S diets. However, in the diabetic state, adipocytes from animals fed the high fat low P/S

i
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diet transported significantly more glucose then cells from aﬁfnals fed either low fat diet.,
Glucose Oxidation
Jiabetic animals oxidized significantly less glucose than control animals at all insulin
” concentratious measured (p<0.001; Figure VIII-2). Diet trcatment did n(ot significantly alter
the amount ‘of glucose oxidized by adipocytes f rom diabetic,animals. Adipocytes from control
animals fed the high fat, low P/S diet cxidized significantly less gluco‘se ihan cells from either

‘ L : ‘ ,
of the low fat diet fed groups. However, feeding a low fat low P/S diet as compared to a low

fat, high P/S diet significantly increased .glucose oxidation by control cells.
&+ . .

Lipogenesis .

Significantly less glucose was mc‘:ﬁ)orated into. llplds by adlpocvtes from dxabetl?
ammals as compared (o control ammals (ép<0 001; Flgure VIII-3). The rate of glucose
mcorporatlon into lipids by adlpocytes from control animals fed the high fat low P/S diet was
significantly-less than control animalsbfed eitller of th_e low fat diets. In control animals, the
low fat low P/S diet, a.s compafe?l to the loW fat High P/S diet, was associated with
51gmf1cantlv higher rates of glucose incorporation into lipid. However in adipocytes from
diabetic’ ammals feedmg a low fat hxgh P/S diet 51gmf1canty (p£0 Ol) improved glucose
mcorporatlon mto lipid compared to both low E/S diets. Although improved by feedmg a low .
. fat hlgh P/S dlet the amount of glucose m‘crc:,r*p;oreted into lxplds by dlaQe/ttc cells was, still
sxgmf 1cantly less (p<0 05) than the amount mcorporated by control ad'rpocytes exhlbmng the

lowest Tate of lipid’ synthes1s (the control ammals fed the high fat low P/S diet).

’

D. DISCUSSION - S | AR

.

Stim‘ulatio;n of hexose transport is an"early and,,i'mpo'rtént effect of insulin ‘that occurs
primérily through .tranglocation of glucose transporters from < large intracellular pool to the
plasma membrane (Karmeh et al., .1986; Kahn & Cushiman, 1987). The’%mbetm state, as

' T ound in IQIS study and by others (Schoenle et al., 1977; Kobayasln & Olefsky, 1979 Sandra
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&.Fylerf"19‘82) is characterized by a cellular resistance.to iflsulin stirnulated glucose transport.
However, the poor metabolic response to insulin in this diabetic model cannot be explained by
reduced insulin binding to membrane receptors (Schoenle et al., 1977; Kobayashi & Olefsky,
1979; Sandra & Fyler, 1982). The lower transport capacity of diabetic cells has been
demons“t_ratted to result. f rom a decreased translocation of glucose "transporters, as a
consequence of a depletion of intracellularpools (Kahn ct al., 1985; Karnieli et al.,.1981). In
the present study, feeding either a high fat low P/S ‘diet or a low fat low P/S diet, compared
-+ 1o a low fat high P/S diet, signifieantly impaired insulin mediated glucose transport in control
animals. This is consistent with previous TCpOIts in adipocytes (Salans et al., 1981; Maegawa
et al., 1986) and muscle preparations (Maggawa et al., 1986: Grimditch et al., 1987) from
-animals fed high fat low P/S diets compared to low fat high P/S diets. Tht%resent study
mdreates that the dretar) P/S ratio may be more important than the level of dictary fat in
determining the rate of glucose Lransport. in the normal state Similarly, Lavau et al.. (1979)
did not find an effect of the amount of fat in the .diet on glucose .transport when two-‘
saturated fat diets were c:ompareI In Chapter V, where the identical protocol was followed
'.the ma)umal amount of glucose transported by animals fed a high fat high P/S diet (not fed
m thrs exper1ment) Was srgmfrcantlv greater than the amount transported b‘ ammals fed .the
. hrgh fat low P/S dlet used in this study As reported in Chapter V the maximum amount of
glucose transported by animals fed a high fat hrgh P/S diet was 1.02%.12 ‘nmoles/Sr
sec/2.0x10° cells (Figure V-3) ’and ngreater than'the amount transported by cells _from.
' animals fed the lo_w fat highn P/S dict in the present study (Figure VIII-1). 1
The observatiorl th"at'diabetic animals gained less weight (Table VII-2) sugge"st%they -
also had smaller fat cells. Although the Arelationshlp..between cell size and insu{in me’dia’ted
metabolism ha: ocen the subjectlof m'ari‘y 'studiés the results of these studlies have not’ always

been in agreement; both decrebases (Foley et al., 1986) and rncreases (Hood et al., 1980) in

i l

insulint -mediated glucgse ’metab'olisrn‘have been reported to accorppany increased cell size, In'
. PR o i
both diabetic and control groupd, animals fed the high: fat low P/S diet gamed srgmfrcantly

. l,ess weight. This is consistent \Irth the lower werght gain reported f dr animals fed a hrgh fat
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low P/S diet ad libz‘;um compared to a high fat high P/S diet as reported in Chapters V and
VI. A pair feedmg desrgn to ensure equal werght gain between diet -groups would not have

‘
been a logical approach to the present study because energy deprivation in rats markedly

r

inhibits insulin mediated glucose metaholism (Olefsky, 1976)
The 1mproved t/ransport rate in adrpocytes from control animals fed a high
polyun_sathuratcd fat diet may relate to the demonstrated -effects of dietary fats on membrane
composition and function (Clandinin et al.. 1985: Chapters il and VI). A nimber of studies
have dernonstrated that in/vitro both the insulin receptor (Ginsberg et al., 1981; Gould et al.,
1982) and glucose Lransporter (-Sandra & Fyler, 1982; Pilch et al., 1980: Melchior & Czech
1979) are sensrtrve to specific alteratrons in membsane lipid content and composmon Insulin
binding to adipocytes (Ip et al., 1976; Maegawa et al’, 1986;}Kolterman et al., 1979) and
muscle preparations (Grimdiich et al., 1987; Maegawa et al., 1986), possibly duc to a reduced
number of functional receptors, is reduced in animals fed -high fat diets composed mainly of
saturated“ fats. In one .stud.)l/ comparing high and low fat diets,-no ‘effect was und on insulin
binding (Salans et al., 1981) which may have been due 1o _the use of a very high P/S ratio in
both diets. In Chapter 111, it was demohstrated that increasing the P/S ratio in a high fat diet
improved insulin binding to adipocytes }rom control animals. -

The actrvrty of the glucose transporter has been clearly demonstrated in vitro 10 be
| mf Iuenced by the cofhposition of the polar head groups (Sandra & Fyler 1982; Sandra et al.,
1984) and fatty acyl tail cornposition (Pilch et al., 1980) of surrounding membrane lipids »
‘Optimal transport is reported to. require a highly unsaturated. bilayer (Melchior & Czech,
1979). From the results of the ,p-resent study (Figure VIII-l and . VIII-2) dietary

{
precoirdrtlonmg clearly alters glucose” transport but the mechanrstlc explanatron in terms of

‘membrane composrtron remains to be determmed
Diet fat produced a different effect in adrpocytes from drabetrc ammals compared to -
control anlmats the amount of g]ucose transported by adrpocytes f rom anrmals fed either of . /
. 3

the low -fat dlets was srgnrfr‘cantly Iess than anlmals fed the high jat dlet This observatron Pl

" contrary to that observed in control animals, suogests that the level of fat or carbohydrate in -
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the diet is'important in determining -'g,lucose trans.port. In Chapter V it was f ound that feeding
high fat high P/S diet (not used in the present /experiment), as compared to a high fat low
P/S diet, further improves glucose transport (Figure V-3). The decreased response in animals
fed low fat diets could he related to the use of corn starch, an easily digested., carbohydrate
demonstrated to have-a high glycemic index in man (Jenkins et al., 1980), inducing*a
hyperglycemic state in these animals. In man, hyperglycem‘ic states are associated with redhced
glucose transport (Truglia et al., 1985). Although postprandial values are not sensitive indices

of the diabetic condition, serum glucose levels did not differ betwee groups. However, a

greater variation in serum glucose \talues were observed for animals fed\the two low fat diets.

The molccular mechanisms by‘ which a polyuns turatedu erve' might improve
insulin binding and glucose transport can‘ at this point only be hypothesized. A
polyunsaturated' membrane environment -n'right: increase the accessibility ol"the receptor for
its ligand (Gould et al., 1982); alter the structure of the receptor (Ginsberg et al., 1981); or.
change the mobility of the transporter in the membrane {(Melchior & Czech, ‘1979). |

The diabetic state is assocrated wrth consrderable alterations in the f atty acid profile of )

membranes and IISSU_ ¥ ¥ 1980; Worcester et al., 1‘979) whlch may be attenuated

or accelerated by chang l" fat fed (Chapters v and VI}. Moreover, adipocytes

g?thc tl}p
from diabetic animals compared to contro! cells were found to respond differently to in vit(o
alterations in membrane lipids(Sandra & Fyler, 1982). ,

ln the present study, rates of )mtracelh}lar glucose metabolism, glucose oxrdatron ‘and
mcorporatlon into lipids were’ also inf’ luenced by diet fat. High saturated fat diets have been

& ,
prevrously demonstrated to impair rates of 1ntracellular glucose metabolism in adrpocytes

v (Cha,pter v, Salans et al 1981 ‘Maegawa et al.. 1986; Susini & Lavau, 1978\ Olefsky &
' Sacdow 1978) and muscles (Susmr & Lavau 1978). In the present study, the dretary P/S a

'riatrofmfluenced 1ntracellular glucose metaholrsm higher rates of glucose oxrdatron and glucose

mcorporapon into lipid were observed for control anrmals fed the Jow fat low P/S diet |

P

compareq to the hrgh P/S diet. ’Th,rs effect of P/S ratio is the reverse of wha _was seen when'r

, hrgh fat’ drets were compared in Chapter V. Although rates of glucose transport measured at

Lt
R T AT
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0.5 mM glucose were lower in adipoeytes from animals fed the low f at low P/S diet cbtmpared
to the high P/S-diet (Figure VIII-1), glucose transport at the concentration (1 mM) used to
‘ determme mtracellular glucose metabolism is' not considered in the normal state to be .
ra‘te)lxmttmg (Olefsky, 1976)
Regulation of intracellular glucose metabolism btl insulin is a multistep process and
involves marty pathways, makiné‘ the mechanism(s) for the effect of diet fat on glucose
" metabolism potentially complex. Alth.ough‘ high fat diets have been clearly shew\n to inhibit
hepatic lipogenesis, the effect of fat composition remains controversial (Kelly et al., 1986;

Glark et al., 1977) Uncertamtv has zisc- existed concerning the role of the adipose organ in

fatty acid synthesis, untll recently when it was demonstrated that adipose tissue continues to

be an important\Source of de novo fatly acid synthesis in the rat during both.high and low fat

dietary regimes similar to those used in the present study' (Neison et al., 1987). In adipose
. tissue, feeding a h{i.gh saturated fat diet,) compared 16 a low fat diet, was associated with
reduced actiJvities of many of the major glycolytic and lipogenic e'nzymes (Begum et alt, 1982;
Lavau et al., 1979). The role of dietary P/S ratio tin modifying intracellular en;§mes of
glucose 'metabolism remains to be established; However, diet '.induced adaptive a]teratiens in
membrane compositien coulc’t‘ be involved.

| VIt \;as recent]y demonstrated that replacing some of the fat in the diet with w-3 fatty
ac1de from fish oil 1mproved glucose metabolxsm and - prevented the. insulin resistance
associated with high’ fat diets (Storhen et al. ,T1987). Dletary w-3 fatty auds have been shown

to have dramatic effects on both the polyunsaturated fatty acyl composmon and function of,

' membranes (Garg et-al., 1988) In the present study, the d1etary level of w-3 fatty acids fed

was constant, but the ratio of w- 3 to w-6 fatty ac1ds would be expected to differ as the P/S '

-

of the diet fat fed is increased. Whether or not the potential interac_tion is rclevant to ‘the

~

polyunsaturated fawuty .acid composition of 'the‘*a‘dipocyte plasma membrane remains to be

determined’ , t\ . L S S

I ,‘

~

Several corupounds generated f rom the plasma membrane 1n rasponse to 1nsulu(1j) are
known to mf’luence,ath ctivity of' enzymes mvolved in "glucose metabqhsm (J-'arett & Kiechle,

-

-

~

-
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1984; Begum et al., 1982; Saltiel et al., 198t§). Diet may play a role in the modulation of the
‘production of these compounds; the production is reported to be reduced in animals fed diets
‘high in saturated fat (Jarett & -Kiechle, 1984; Begum et al., 1982). In Chapters III and VI it
was demonstrated that ‘diet fat composition influenced the composition of the major
membranes of the adipocyte plasma membrane, including phosphatidylinositol, a phospholipid
hypothesized to play an important role in mediating insulin action (Farese et al., 1982); The
turnover of this phospholipid has been shown to be sensitive to both polyunsaturated fatty
acrds (Takenawa & Nagar 1982) and the lipid composition of the membrane (Irvine, 1982).

The ;:present.study clearly’ demonstrates reduced glucose metabolism. in cells from

diabetic -a 'A 'tozotocm 1nduced drabetes is associated with reduced rates for many -

"fatt\ acid and~ rlglycerlde- synthesis (Saggersor et al., 1987). Dietary

l1pogenesrs (Lavau et al., 1979) However, as reported in Chap r v (Figures IV-2 and
IV¥r3), feeding a high fat (20%.w/w) P/S=1.0 dlet to diabetic’animals, as compared to.a high

fat P/S=0. 25 diet, s1gn1f1cant\ improved bo‘th adrpocyte glucose oxidation and lrpogenesrs

-3 e
- However, the amount of .glucose oxidized \and 1n¢cég:porated into lipids by animals led’ the high

o

fat P/S 1.0 diet was similar to the amounts observed for diabetic animals fed the low fat - '

: hrgh P/S diet in the present study (Froures Vlll -2 and VII- 3) Alterations m rate of glucose
" transport cannot explam_ the 1mproved lrpogemc capacrty of cells from dlathIC animals fed the
Pl@l fat hlgh P}S %‘iet‘ observed in the present study leferences in membrane fatty acid
composmon in the diabetic state may help explam the drflerent response of cells from
diabetic, compared to control animals; in Chapters hii and v, l"eedmg a hrgh P/Svdlct'

. attenuated, but did not completely normallze some’ of the predicted diabetes as'sociatcd

changes m the polyunsaturated and monounsaturated latty ac1d composmon of membrane’

W

pho_sphohplds.
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Although ﬁlteratrons in the membrane environment offer a possrble explanatron for
“ the responsle to diet and diabetes obsesved other factors cannot be overlooked Calorlc mtake
and cell size, although not measured, likely differ between treatment and diet groups and
‘could influence cellular metabolism of glucose In the present study, utrllzatlon of glucose was
assumed to be a sum of the rates of lipogenesis and oxrdatxon which neglect additional
products produced in adlpocytes such as lactate and. glycogen. Although these pathways aré
quantitatively small in adipocytes, it was reported that when cells are incubated in high
glucose, concentrations (10 mM), high fat diets increase the incorporation of glucose into
lactate and glycogen in adipocytes (Susini & Lavau, 1978). Morceover, the Dole extraction
procedure used o extract lipids in the present study is Lspecific for nonesterified _long chainb
fatty acids (Dole, 1960). The single cxtraction Dole procedurc' used in the present study does _.
. not allow for accurate dctermination of insulin stimulated glucose incorporation ‘into other
products such as cholesterol and phospholipids. Recovery of these products by this procedure
was estimated to be 4-44% ;’(Dole, 1960). The sy;nthesis of several of these preoducts is
quantitatively,small (estimated to be approximately 10%.of total incorporation)vbut synthesis
“of these products has been demonstrated 1o be stim_ulated by insulin and increased by feeding
" hlgh saturated fat diets (Susmr & Lavau 1978)

The present study demonstrates that both the content and composrtlon of dietary fat,
when fed in ‘proportions similar‘to segments of the North AmeriCan population, alters the
rates of insulin stimulated glucose transport and metabolfsm in epididymal adipocytes The
effect of diet fat on glucose metabohsm depends to some exlent on the pathway measured and
may be modrfred by the drabetlc state Although the mechamsms by Wthh dletary fat
influences cellular msulm action are not clear, the effect of diet fat on the composmon and -
structure of cell membranes offers a loglcal thOthCSlS to cxplam at least part of the known l

’

effects of diet- 1nduced alterahons in msulm responsxveness -

A4
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Table VIIL1 Fatty acid composition of diets fed. -

”
2

Y High Fat - o " Low Fat

OO 0000

aaaa

Fatty Acid | P/S=02 - P/3=0.2 o P/S=20
' o o (% w/w of total fatty acids) o
S0 T | ER
14:1 R - 2
150 - S S .
16:0 . 29 , 246 12.0
Cig.1 _ L 4 4 ‘ 2
1570 . 18 . Lo 5
80 . , 497 ‘51.9 16.4
S R | 43 13 . i1.2
C18:2(6) , : }3..9 ‘ 10.1 o 55.1
18:36) L2 2 1
18:3(3) ‘ | o 11 - 1.9 ,1'9' »
2000 o ‘ o . 3 4
20:1 Cy 0 . g -2 ?.
C - x o 1 1
22:0 o o :
spolyunsats 15.9 127 57.7
2(w-6) . 14.3 10.6 55.5
s{(w-3) 1.5 2.1 2.1
ssats 78.8 82.2 30.4
Tmonounsats 4.8 4.4 11.7
P/S ratio 0.2 & 030 1.9

Fatty acid éor‘npqsition of diets as determined by gas’ liquid chromatography. Abbreviations
used: zpolyunsats, sum of polyunsaturated fatty acid.: z(w-6); sum of (w-6) unsaturated
fatty -acids; z(w-3), sum of (w-3) unsaturated fatty acids; smonounsats, sum of
monounsaturated fatty acids; zsats, sum of saturatec fatty acids; P/S, polyunsaturated to-

saturated fatty agid ratio. P

K
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A. Control

Glucose Transported (nmoles/S sec/2.0 x 103 cells)

i1 3
0 1 1 —L 11 1
Y B. Diabetic
AT S oY S e X0l ,
, e ,"—5 o T P IR E-j -
2 . ]
A
0L L S| S - )

5 - 10 25 , +000

Insulin (ng/mil)

N\

FIgUI‘C VIII-1. Effect of dietary fat and diabetic state on msuhn stimulated glucose Lranspor

Insulin stimulated glacose transport at .5mM glucoce ?6C in adipocytes . from (A). control. ‘

. animals and (B) diabetic animals fed: the high fat, iow P/S diet ( 0—0 Y the low fat low
. P/Sdiet (O ') and the low fat high P/S diet ( m—m ). Values are group‘meéans = S.E
(n/group as described - i Table 1). The level of significance is indicated (**p<0.01; .
*1*p<0.001). The maximum amouhnt of glucose transported (1000 ng/ml insulin) under
1dentical e\n"'rmcma. conditions’ by cells from control and diabetic animals fed -high fat (20%
- w/w) diets P/S=2.0 as illustrated in Chapter V, Figure V-3 was 1.02°% .12 and 43 = .03
nmoles/S sec/20 x 10° cells, réspectively, ]"Ox both control and diabztic animals the amount of
gluwsc xransoort d by animaik :cd the migh P/S diet was significantly greater than the amount
ransported By treatment-maiched animals fod the low P/S diet (Chapter V).
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Glucose Oxidized to CO, (nmoles/90 min/2.0 x 105 cells)

Figure VIII-2. Effect of dietary fat and diabetic state on insulin stimulated glucose oxidation. T

A. Control I N:
4
»
12k
o | | l vl 1 1
B. Diabetic
/

O - l l . I [
| i > 15 o

Insulin (ng/ml)
S

v

Insulin stimulated- glucose oxidation to CO, at 1.0mM glucose, 36°C in adipocytes from (A)
control animals and (B) diabetic animals fed: the high fat low P/S diet ( 0-~0 ): the low fal
low P/S diet (oo ); and the low fat high' P/S diet ( m—m ). Values are group means +
S-E. (n/group as described-in Table 1). The level of 'significance is indicated (**p<<0.01). The
maximum amount of glucose’ oxidized (25ng/m! insulin) under similar experimen@é_ conditions -
by cells from control and diabetic animals fed 2 high fat P/S=1.0 diet, as illusyyated in -
Chapter IV, Figure IV-2, was 32.7+4.8 and 21.8+2.4 nmoles/90 mins/2.0x10° cells,
respectively. “The amount of glucose oxidized by cells from diabetic animals fed the high fat
P/S=1.0 diet was significantly greater than animals fed a high fat P/S=0.25 diet. Diet P/S

- .8d not affect the amount of glucose oxidized by control cells (Chapter IV). -
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A. Control

140

)

—_
n
o

Glucose Incorporated into Lipids (nmoles/90 mig/2.0 % 10 cells

Insulin (ng/mi)

&

Figure VIII-3.‘Efféct of "dietary fat and diabetic state’ on insulin stimulated g],ﬁcose
incorporation into lipids. '

Insulin stimulated glucose incoporationr into lipids at 1.0mM glucose, 36°C in adipocytes from

(A) control animals and (B) diabetic animals fed: the high fat low P/S diet (O~ 0 ); the -
low fat low P/S diet (g-+-m ); and the low fat high P/S diet ( m—m ). Values are group
means *= S.E (n/group as described in Table 1). The level of significance is indicated
(*p<0.05; **p<0.01). The maximum amount of glucose incorporated into lipids (25ng/ml
insulin) under similar experimental conditions by cells from control and diabetic animals fed a
high fat P/S§=1.0 diet, as illustrated in Chapter IV, Figure IV-3 was 56.7+1.7 and 45.0+3.§
nmoles/90 mins/2.0x10° cells, respectively. The amount of glucose incorporated into lipids wa

significantly greater for both diabetic and control animals fed the P/S=1.0 diet, compared to

- treatment-matched animals fed the high fat P/S=0.25 diet (Chapter IV).
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.IX. THE RELATIONSHIP BETWEEN DIETARY FAT; ADIPOCYTE MEMBRANE ~
'COMPOSITION AND INSULIN BINDING } "

A. INTRODUCT ION

Current understandmg of the orgamzatlon of b1010g1ca1 membranes relies onthe fluid

mosaic model proposed by Singer and Nicholson (1972) in which proteins are embedded to

varying degrees in a lipid bilayer. The adipocyte insulin receptor %s located on the cell'surface,

- L3 . N . '
" acting within the lipid matrix of the plasma membrane (Jarett & Smith, 1974). Because of the

intimate contact of . Ehe receptor w1th ‘membrane hplds it is concelnaﬁble that alteratlons in the

composmon or phy51ca1 state of adjacent phosphohplds influence cellular insulin action. The '

. function of other membrane associated 'protems (Hargreaves & Clandinin, 1987a and 1987b;

-

Garg et gl., 1988), including hormone-mediated function ('Morsgn & Clandinin, 1985:

- Neelands & .Clandinin, 1983; Clandinin et al., 1985), have been clearly demonstrated, in a

variety of tissues, fo be altered by changes in memhrane lipid cqmp’osition. ‘ ‘v
A number of studies have in’directly suggested that the physical state of the membrane'

is important for msulm bmdmg (Cuatrecasas 1971; Rodbell 1966 Amatruda & chh 1979)

Subjectmg the plasm4 membrane to- treatments that disrupt the protein ‘and. lipid componems_

such a&rtrypsm (Cuatrecasas, 1971) ben7y1 alcohol (Hyslop et al., 1987) and phosphohpase A

“and c (Rodbell 1966) ‘reduce msulm bmdmg and hormoné‘\*\media‘ted -reSponseS'-

- x

~.‘.Temperature mduced altexatlons- in bmdmg have been mterpreted to result from changes in

membrane f ]Llldlty ( Amatruda & Finch;, 1979) The concept of membrane f’ 1u1d1ty refers more
specifically ‘to the properties of the hydrophoblc corg. of the membrane.. These propertles
depend not only ‘en temperature but also the chemical composmon of the membnane mamly

its cholesterol and phosphohpxd content and the length and degree of unsaturatfou of the fatty

acyl chams of the phosphohpld core. In vitro§ cell culurré (Gmsberg et al 1981 Grundf eld et

)

~al., 1981) and reconstltutlon (Gould et ak., 1982‘) s{udles suggest tha{ membrane hpxd'-'

Tcomposmon mﬂuences the bmdmg propertles of the msuhn “receptor. In these studies a more

"A version ‘of this: chapter has been submitted for pubhcatlon Field. CJ & Clandmm

- MT. (1988) Blochérr/J - . ) R



L ;o ‘ - . . v
s , . o ) \ L- A . .o . ’.:
polyunsaturated fatty acid composmon was assocrated with mcreased membiane flurdrty and

an increased number of avarlable ms@n binding sites (Gmsberg etak,, 1981; Grunfeld et al

1981 Gould et a} 1982)

Y
Y

Although it has been estabhshed that composrtrgn of diet fai" mfluences the,
composmon of stored and structural lipids in adlpose tissue (erld & Clandmm 1984; Field et
1985) the ef f ect of diet-induced alterations in m\cmbrane lipid on the function of this
organ have, untrl recently, reCelved little attentlon There is some evrdence that dret related
alteratrons in membrane composmon can mfluence insulin bmdmg nghly polyunsaturated '
membranes demonstratmg enhanced ‘inSulin bmdmg were produced by growrng Ehrlich
ascrtes cells (i mice fed- diet$ containing a high level of polyunsaturated fat compared to
monounsaturated fat (Gmsbcrg et al 1982). Dxl_”ftcultres, _howe.ver, exist in applying this
studx to man; the ratio of —po]yunsaturated to saturated l""atty acids vwere clearly
‘unphysiological with respect to diets habitually consumed bynman' (Field et al., 1985) In
Chapters HI, VI and VII it was demonstrated that feeding hlgh fat dlC[S (20% w/w), wrth hlgh
\\but physrologrcal P/S ratios of 1.0 or 2.0, compared tolow P/S ratios of O 25 or 0.20, were
'assocnated with an increased polyunsaturated fatty ac1d content in the major adrpocyte )
membrane phosphohpld ?ract;ons and enhanced insulin bmdmg (Chapters 1l and V), The
followmg study was designed to test the hypothesrs that a drrect relationship exists betWeen
the P/S ratro of dietary fat consumed, the cgmposmon of the maJor adipocyte plasma
: membrane phospholipids and insulin bmdmg Determination -of this rela_t;onshlp would enable.

identification of specrfrc alteratrons in membrane composmon that modlf‘y this “membrane

function. . =
B. METHODS = - :. e S -

,Ammals and Dlets R .‘ o : - ‘ ’ x,c,

Twenty weanllng male Sprague Dawley rats (47 9+ 4g) were randomly a581gned to
LS

one of ten high fat (20% w/w) dlet groups. The nutrient composition of the high fat diet i

K
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. Insulm Bmdmg
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reported m Chapter III The ten drets drffered in the proportlons of safflower oil and '

hydrogenated beef tallow to provnde polyunsaturated to saturated f atty acrd (P/S) ratlos" from

0. 14 to 1.8. Lmseed oil wa§ added to all diets to. ensure, an adeQuate mtake of w- 3 fatty acids

(1% w/w of the dret fat) All d1ets were cholesterol free by analysrs The fatty acid

composition of the ten dnets as analyzed by gas Irqurd chromatography is presented (Table ‘

.
3
P . . .

The diets were fed ad libitum to" animals for 6 weeks. One animal per diet treatment

. ’ . . . . ¢ ’ : - . .
- was sacrificed on each of WO days by decapitation and serum collected for glucose and insulin.

det-e',rminations'as described in Chﬂap'ter I11. Epididymal fat pads were collected and adipocytes
! . & . T - .

isolated as desgzibed in Chapter Il ~ -~ - R i

“Insulin bmdmg to isolated . adlpocytes was measured at 5 msulm concentrations (0 4,

1.2, 10 100, and 1000 ng/ml) and corrected 10 cell number as descrlbed in Chapter V.

- .

Statistical Analysis ' . v : o ‘ Q‘A L

The relationship betwecn diet P/§, membrane composmon and msulm bmdmg ‘was

'exammed by regression analysrs (Steel & Torrre 1980).

o

C. RESULTS

I\} T .
. &
» The mean final werght and werght gain/day for the 20 animals was 364+£7 g and

" 7.5% 2 g, respectively. Serum glucose was 139+3 mg/dTand serurmi 1nsulm 609 uU/ml No

sngmf icant correlations were found between dLret and body weight or serum-glucose or msulm :

Ej

values. | ‘ e o C 3

-~

To examine the relationship between diet P/S, membrane composition and insulin

1

binding, regiession lines were eonstructed between diet P/S ra.,t‘i_o and insulin binding for the
five insulin cong_entrations measured (Figure IX-1) and between' diet P/S and the major fatty
acid content of membrane phosp_holipids . (Figure IX-2). A sighificant (p<0.05) positive

~ e

<
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-relatiorrlship was found between the P/S ratio of the diet and_the amount ‘of insulin boun_d at
each of .the five insulin.concentrations,eiramined (Figure IX-l)'. The diet P/S ratio influenced
the content- (w)w) of the major membrane fatty ‘acids in adipocyte membrane phos‘pholipids
as 1llustrated by the mean phospholipid fatty ’acrd composrtion of the lowest (P/S=0. 14) and
highest (P/S 1. 8) P/S ratio in the diets fed (Table IX 2). The content of several fatty acrds
in phosphatidylcholme and most of the ma,Jor fagty acids in phosphatidylethanolamme were
found to be significantly: relatedbto -change in' the diet P/S ratio and the amount of msulm
bound at-msulin concei/atibns of 0.4, 1.2, 10 and 100 ng/ml (Table IX- 2). For example diet
. P/S was T ound,. 'to be positively related, to the- w-6 fatty_ acid content . of
phos-ph_atidylethanolamine and the C18:0 content of phosbhatidylcholine.(Figure IX-1). A
: n’egat'ive- relationship ;was observed'betu/een diet P/S and the saturated and monounsaturated
rfat"ty acid content of phos@hatidylethanolamine and the .'C16:v0 .content of phosphatidylcholine
'(Figure»rx-i). ! |

To examine the'relationship between membrane composition and insu'lin"v binding,
regressron lines ‘XEIE_ constructed between plasma membrane phospholipid fatty acid content
~and insulin binding at four 1nsulm concentrations (Figure IX-3). The relationship between
insulm bmding.and membrane lipid composrtion. (Figure 1X-3) for specific fatty~ acrds was
f onu’nd‘.to' be in the same direetion as that observed between mem_brane composition and diet
l’/S.(Figure IX-2). The amount of-insulin bound; increased as the content of w-6 _fatty acids
in phosphatidylethanolamine and the C16 0 in phosphatidylcholine increased Insulin binding
decreased with' incréasing content of saturated ard monounsaturated fatty acrds _jn
phosphatidylethanolamme and C18 0 in phosphatidylcholine (Figure IX- 3) Although not
illustrated, msulrn binding and diet P/S were also found to be, posrtively related' 10 the _'
C18 2(6)’ total polyunsaturated f atty aC1d content and P/S ratio of phosphatidylcthanolamme ‘

and negatively related o C16 1 levels in phosphatidylcholme C16 0‘ and C18 1 le\els in

phosphaudylethauolamme and to G16 1 qontent of phosphatrdylserme (T@X 2).
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D. DISCUSSION ~ . SRR o ‘
Prev1ous studtes have demonstrated that hormone bmtiing (Gmsberg et al., 1981;
Gould et al 1982 Ginsberg et"al., 1982) and bmdmg mediated functions (Sandra & Fyler,

1981; Neelands & Clandmm, 19§§3) arte mfluenced by the fatty acyl composition of cell

membranes. Increasing the unsaturation index of ’phosp'holipids by feeding diets containing
different levels of. unsaturated fatty acids was shown -to bé positively related.to glucagon
stimulated adenylate cyclase activity in the liver plasma membrane '.(Ne'elands &Clandinin,' )

Iz . ' ’

1983).;Feeding high P/S diet as compared to low P/S diet was associated with increased:
h . ) .

polyunsa_turated fatty acyl composition ofadipodylte membrane phospholipids (Chaptei"s Bt

~and VI) dnd enhanced insulin binding (Chapter‘III and Vl

In the present study feedmg hlgh dat - diets (20% w/w), providing P/S ratios

: ' ’ LD
‘representauvc of the range observed in thc human diet (Field et al., 1985), significantly

altered the fatty acyl (gomposmon of membrane phospholipids in -a lméar dose dependcnt
manner (Figure IX-2). Increasmg the dietary P/S ratto was assocrated w1th incredses in the

polyunsaturated fatty acid content of phosphatidylethanolamme and decreases in some of the

: major monounsaturated fatty acids present.in phosphatidylethanolamme phosphatidylcholme

and phosphatidylserme (Figure 1X-2; Table IX-2). These diet-induced effects on membrane
phospholipids are consrstent with those reporte(;l m'Chapters VI and VII. In the .present study
specific diet-induced i tran.sitions‘. in membrane phospholipid fatty acid 't:omposition wefe
paralleled 55 changes in insulin binding at both physiological and supra-physiological insulin
concentrations (Table IX;_Z; Figure IX-3). |

The findings of the presént study are consistent with previous reports in vitro where

insulin binding was found to be altered bv profound manipulations in ‘membrane composition .

<

" mduced either by substitutmg culture media with specrfic lipids (Ginsberg et al., 1981)- or

reconstitution of the receptor m llpld vesrcles (Gould et al., 1982). These studies reported '

mcreasea msulm bindmg m a more. polvunsaturated compared to monounsaturated (Ginsberg

et al., 1981)» or saturated (Gould.et al., 1982) membrane env1ronment It is; however,

difficult to compare studies of in vitro fatty-acid mampulation to the results of the present in

N . ~
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vivo atudy as in 'vitro usually only one or two fatty acids are manipulated and very larg,e and
4 lilrely u physiolg‘gical alterations in 'membrane composition are indueed Changing‘ the nature
of dietj fat clearly mampulates membrane content of more than one fatty acrd and induces
specrl?zc alterations m membrahe phospholipid fractions (Clandmm et al., 1985; Neelands &

Cldnginin, 1983- Table X-1). P . g

4

molecytar mechamsms by which membrane f atty acid alterations “influence insulin

bindingv" are not clear. Gould et al. (1982) proposed that the accessibility of the insulin

+ Teceptor for its ligand may be controlled by conf. orrnati'onal,changes in the receptor that

require a more_fluid_ environm_efrlt and cannot take place when the phospholipid fatty acyl
chains surrounding the reeeptor arc saturated.” Alternatively, it was suggested that the receptor
may exisy in‘ two statés; a monomeric state of high binding capacity, lowdigand affinity and a
.p‘olymeric state, of low bindlng capacity, high at"fvin'uy; and that the 'le_vel of membrane
satura_tion may determine which state ia Tavoured (Ginsberg‘ et al., 1982). 7 S
Reconsti.tuction s%dic? suggest that insulin bindirig relies to some extent on‘the
phospho]ipid content of the_ vmembranet(Sandra & Fyler, 1981). In Chabter VII it was f ound.‘
that alterations in the diet P/S xratio wete also asaoclated with'"changea in the content of
several phospholipids'including phosphatidylethanolamine (Table VII-7). This may be off
particular aignificance. since, in the present study, th‘e' content of'most of the major'- fatty -
acids m phoénhatidylethanolamine were found to directly relate to.insulin binding Although
the exact mechamsm by Wthh dret fat alters membrane composmon is unknown diet fat
- modifications have been demonstrated to alter the de’ novo synthesis of phosphollprds
: (Hargreaves & Clandmm 1987a), redistribution of fatty acyl chams via phospholrpase {(Van
‘den Bosch 1980) or acyl transferases (Hargreaves & Clandmm 1987b) and desaturatron of
membrane phosphohprd l"a{ty acids (Garg et al., 1988)..
The diabetic state is associated with specific alterations in membrane lipid composition
' ’(Chapter's‘ 111, VI, and VII; Faas & Carter, 1980). that can be srgn1f1cantly modified by
alteratlons 1nrd1et fat (Chapters III, VI ‘and VII). Based on the fmdmgs ‘'of the present study,

the mcreased polyunsaturated and decreased monounsaturated fatty acid composmon

) . . . '_’ < \)
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associated with the diabetic state'(Faas’,& Carter, 1980; Chapter VI, VII) would be consistent -
.

with improved insulin binding.C‘he existence of an alteratxon in adipocyte msulhn binding

despttepclear resistance 1o insulin-action in human diabetes is, at present, still gbntroversial
" (Sinha et al., _1987; Arner, 1987). The streptozotocin diabetic rat has been reported to exhibit

_increased insulin binding compared to control animals (Schoenle et al., 1977). However, in

id

.Chapters I and V no apparant effect of* diet on insulin binding was found in cells from

diabetic animals, despite clear alt\erd’tions in insulin stimulated action. This observation
. - o

tas R

suggests that; 1. diet fat-induced effects on insulin action in this diabetic mé)del may not
. . $ .

occur at the lgvel of insulift binding; 2. the degree of change in membrane composition that

occurs’in the diabetic state is 100 great to be counteracled by the modest change in diet fat

composition tested.

In control animals, feedmo htgh fat high polyunsaturated fat diets, as compared Lo
saturated fat dlets 1mproved cellular ”insulm action (Awad, 1981; Chapters IV and V) The

present study suggests that mcreasmg the polyunsaturated fatty acid content of the diet

" increases adipocyte m;ulm binding by changmg the surroundmg 11p1d environment, thereby

demonstgatmg a clear physxologxcal mechanism by whxch a high P/S diet may improve insulin

k4

stimulated action i adipose tissue.” The importance of this mechanism in “other insulin

sensitive tissugs and physiological states, such as obesity, remains to be assessed.
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Figure IX,-I,.Rél‘ationshi‘p between diet P/S and vj:rlrsuliﬂn"bihﬁih'g'.,

Regression Iihes were constructed for dietary P/8 ratio verses the mean (n=2/group) amount-
. of insulin bound at the five insulin concentrations measured {4, 1.2, 10, 100 and, 1000 ng/ml)’
All regression coefficients were significant (p<0.05). RN
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Regression lines were co;istfucted for diet P/S verses the mean (n=2/group) fatly acid

content. (%: w/w) of adipocyte membrane _ phosphatidylcholine = (PC) and
- phosphatidylethanolamine (PE) by animals fed the ten different P/S diets. All regression
~ coefficients were significant (p<0.05). Abbreviations as defined in Table IX-1. ‘
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Figure - IX-3. Relauonshlp between insulin binding and the fatt) acid composmon of
phosphaudylcholme and phosphatidylethanolamine.

Vo

Regression lines were constructed‘f or Tatty acid content % (w/w) of phosphatidylcholine {PC)
and phosphatidylethanolamine (PE) versus the amount of insulin bound at insulin

concentrations; A,

4 ng/ml; B, 1.2 ng/m!; C, 10 ng/ml; D, 100 ng/ml. All regressmn

coefficients were significant (p<0.05). Abbreviations as defined in Table IX-1.
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X. THE EFFECT OF DIETARY FAT CONTENT AND COMPOSITION ON ADIPOCYTE
LIPIDS lN NORMAL AND DIABET IC STATES -

A. INTRODUCTION

-

i’

'There H cohvinc/rﬂg eviderrce irr both man (Field et al., 1985; Wallidus"e,t‘al.,‘19_80)

~and animals (Ficld & Clandmm 1984; Ostwald ct-al., 1962; Fisen <t al., 1982; Beare & Kates,
’ ,v1°64 Herodek & Csakvar) ]972 Pavey et al., 1976) that thc rature of ‘it consumed
:mfluences the fatly acrd compogmon of body fat “As mammals depend c an cxogenous
supply of essentral fatty acids, lhe presence of these fau) acrds m adrpcw tissue can be
assumed 1o orrgmate from the dict. For Lhrs recason, research on- adlpose tissug \omposmon
has focused on the effecl of fat intake on Lhe level of Imolexc acrd in bod\ fat depots
Moreover : mammals have ability to synthesize falty acids from non-lipid precursors and to

modrt"y mgested fattng‘,auds by desaturation, thus diectary fal mtake is not the sole faclor

.

N\

».

_deLermmmg lhe composmon of non- essemlal fatty acrds in stored llpldS The relauonshrp :

' between dlet fat’ and adrpose tlssue composmon appears to be compncated by a varrety of

physro ogical and dretar) factors (revrewed by Preld & Clandmm 1984)

The role of dietary fat level on de novo Tat smthesxs and smrage is not clear. There st

general concensus in - liver that high fat drets pamcularly Lhdse hrgh in polyunsaturaled fat;

k]

* suppress de novo “atty acrd symhes‘rs‘(Clark et-al.,1977). Early wor_‘leby Romsos and Leveille -

(1974) in meal-fed rats suggests that as much as 70% of the de novo fatty acid syntbesis in

. this animal takes place in the adipose orgaxr. Recently it was demonstratéd that for rats fed

high fat diets, adipose tissuc can continue to be a source of de novo fatty acid synthesis:

(NelAson et.‘al., 1987)’. Moreover, ‘substituring‘ sétu’rat‘ed forﬁ polyunsaturated Tats did not
significently alter the rate of fatty a‘cid’cymhesis (Nelson et al., 1987).

" In the drabetfc condition alteratrons in trssue fatty acrd composmon .have been
reporred in both amr/nals kWo_rcester et al., 1979; Faas & Carter, 1980; BenJamm & Gellhorn

1964; Friedman et al., 1966) and humans (Van Doormal et al., 1984), suggesting abnormal

‘& version of thrs chapter has been submitted for ‘publication. Field CJ, Goruk SD
Wierzbicki A & Clandinin MT. (1988) Am Ji Clin Nutr

192.
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a

o fatty acid metaboltsm These alterauons have been related to drmmtshed rates of a6 and A9

desaturation in dlabetrc ammals (Faas & Carter, 1980; Worcester et al., 1979 BenJamm &
i

ﬁefhorn 19;64) Insulin therapy apparently corrects the def ects in desaturase actrvrty but only

parttally normalizes the altered fatty acrd composmon (Faas & Qarter 1980; Van Doormal et

., 1984). Feeding high fat diets, especially those high in polyunsaturated fats inhibit A9 and
A6 desaturasc enzymes (Wahle & Radcliffe, 1977; W‘eekes et:al., 198?). ‘The p’otentral role of
diet in attenuating diabetic-induced changes in desaturase activity has not been identified,
possibly due to the use of ex perirnental diets _differing rn the level and type of fa‘tty acids or
thd use of essential fatty acid defi tcrent dtets in previous studies. The physrologrcal 1mphcatrons
of a change in desaturase activity and level of unsaturated fatty acrds in membrane

B . {
phosphohpxds are not clear, however it has been suogested that alteratlons in membrane lipid

' composition may be mvolved in the etiology of the insulin resistance (Sandra & Fyler 1982)

Current dretary gutdelmes for both e general,_populatton and the nutritional

management of dxabetes recommend that total 7at intake be reduced 't0-30% of energy and an
. ,

effort made, to replace saturated fats with polyunsaturated fats (American Diabetes

Ass o ‘on, 1987; Kissgbah & Schectrhan, 1988). The physiologicaxl":\:‘consequénces of these

. X v 1 '
dietary changes are not.well understood. In Chapter VII, it was. demonstrated that both the

content - and composmon of diet fat altered the content and composmon of adtpocyte

membrane phosphohprds Quamtatrvely, the adipobse organ represents a srgmfrcant sup Iy of

. fatty acids for the de novo synthe51s of compounds such as phosphohptds Thus, the followmg

study was conducted to; l identify the effect of both the content and composrtton of dietary
fat on the composmon of adrpocyte stored lipids;»2. define the role of diet fat in amplifying
or aftenuating the expected changes in fatty acid composition associated with the diabetic

state. , o -



B. METHODS

Animals and Diets, ¢ -,

: Sixty weanling male Spragué—Dawley Tats (59.7j;2;1g.) were randomly assigned to one

of four diet groups: Two low vfat ¢10% w/w) and 1Wo higl‘rfat (20% w/\rr) diets were fed. T’he

nutrient composition of,high,and Jow fat diets are reported it Chapters VII:and 111 and the

fatty acid eomposgion of the diets, as determined by éa‘s liquid chromatography, illustrated in

Chapter VII,,Ta_ble VII-1. The experimental _protocol was identical -to’ that described in
t ,

Chapter VIL.- Animals were sacrificed over a five day period by decapitati?n and serum ‘was

collected for glucose #nd insulin determinations. .Epididyma] fat pads were collected and

adipocytes isolated as described in Chapter III. . ' .

Lipid Extraction and Analysis

Isolated adipogytes were tesuspended in an equal volume of - buffer (0.25M sucrosqe",
~ ) . & :

ImM EDTA in 10mM Tris-HCl, pH 7.4) at 4C and homogenized in a 5ml ground glass

homo;genizer.kThe homogenate was centrifuged at 1054 g for 30 mins. A sample (approx.

’ 0.25g) 6f the fat cake on top, containing the neutral lipids, was collected and extracted in\8ml

chloro}ormtmethanol (2:1 v/v) as described by Folch et al. (1957). The layers were sptit by

the addition of 2 ml KCI (0.15M). The bottom layer containing neutral lipids was collected,

194

. ,driedy under vacuum, then saponified and methylated as described by Bannon et.al. (1982) .

usmg KOH and boron trrfluorrde methanol (14% w/v) reagents. Fatty acid methyl ester's were

separated and quantrf ied by gas- quurd chromatography as descrrbed in Chapter II1.

Statistical Analysis

The effect of diet fat content, diet P/S ratio and disease state on the majotfatty acids

in adipocyte stored lipids were compared by leasted-squared three way analysis of variance

A

procedure' (Harvey, 1975). Duncan's multiple range test was used to drscrrmmate srgmfrcant

differences (p<0. 05) in animal weight, serum glucose and serum insulin levels between
ot ..

"

L‘\J
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 groups:(Steckié Torrie, 1980). ‘
bl A
C. RESULTS AND DISCUSSION : /
. ‘ \/' ’ ‘ ’
A% , . - i

Animal Weight, Serum Glucose and Insulin

Diabetic ammals gained sngmﬁcantly less wetght and exhlblted srgmftcantly higher
serum glucose levels and lower serum insulin levels as 1llustrated in Chapter VII, Table VII- 2
Animals fed the high at low PYS diet during the initial three weeks of the experrmeflt werghed

e
signif 1cantly less than all other dtet groups at the time of streptozotocm/placebo treatment.

However, diet treatment did not affect welght serum glucose or serum insulin levels in crther )

control or diabetic groups after streptozotocm/placebo treatment,

Effect of Dietary Fat Content on the Composition of Aﬁd}ipocyte Ncutral Lipids

‘ » coT
The p%sem_ study suggests that the quantity of fatty acid consumed influencés- the

fa®y acid composition of the adipocyte (Table X-1). High fat diets compared to fow fat diets

were associated * with an increased content -of polyunsaturated fatty acids  (tota,,

polyunsaturated, total w-6 and C18 2(6) “in adipocy tes. The effect of fat level was
partrcularly apparent. in ammals fed the P/S=0.2 dret that provrded Tess C18 2(6) (P/S= O 2).
On a body weight basis C18 :2(6) intake was prevrously reported to relate to the essenual f atty

acid content of adrpose lipids m both man (Field.et al., 1985) and ammals (Herodek &

Csavary, 1972) In Chapter VII, in these ammals a similar effect of dret P/S rauo on the.

polyunsaturated fat content of adtpocyte membrane phospholipids was observed
\

~ The monounsaturated’fatty acid content (C14 1 and C16 1) was hicher in lipid from

both control and diabetic animals fed low fat diets. The increased monounsaturated fatty acid
COntent (total monounsaturated, C1 4:1 .Cl6 1 ‘and C18 1) associated with low fat diets was

most dramatic in animals fed low fat low l’/S diets. In ttssues, A9 desaturase converts
- saturated fitty acids to monounsaturated fatty acids (Brenner, “1974). Although not as well

studied as the hepatic enzyme, active A9 desaturation has been demonstrated in adiposetissue

ey
+

e



_Clél:O' C15:O' C17:0’ and C}'S:O) sserved in adipose lipids'.. A hi'gher monounsaturated fatty

* s ' . ) . - - - o .
(Wahle & Radcliffe, 1977). The. hepatic a9 desaturase enzyme has been -cl_ea;ly shown to be

irthibited by high fat diets, particularly those high in polyunsgtur}ited fa‘tty aci¢s (Herodek &

Csakva.ryﬁ 1972; Weekes et al., 1986). A higher rate of desaturation in animals f ed.Jow fat low .

P/S diets may be resporisible for fhe lower levels of saturafed fétty acids (total saturated,

»

acid content may also be the result of an increased rate of éndogenous fatty acid synthesis;

‘changes in ‘desaturase activity have been found to be parallelled by similar changes in fatty

acid synthesis (Worcester et al., 1979). A .higher content of C16' . a major end product of

:'endogenohs fatty acid synthesis, was observed in the present stud in animals fed low as

compared to’ h“@l fat diets. A similar effect of fat level on the monounsqturated fatty acid

' composmon of adipocyte membranc phosphollplds was obserVed in these. ammals (Chapter

VII).

p

Effect of Dietar& P/S\Ratio on the Composition of Adipocyte Neutral Lipids
- Feeding high P/S diets, as compared to low P/S diets, significantly increased the
\

polyunsaturated fatty acyl éﬁh{ﬂésition (total polyunsaturated fatty. acids, total w-6 and =

C18=2(6)) of adipocyte lipids in Both control and diabetic animals (Table X-1). This
observation is consistent with reports in man (Eield et al., 1985; Wallidus et al., 1980) and

;animals (Ostwald et al., 1982; Eisen et al., 1982; Beare & Kates, 1964; Herodek & Csakvdry,

-1972; Pavey et al., 1976), suggesting that the polyunsaturated fatty acid composition of

adipose tissue is directly—related to the polyunsaturate_d fatty acid composition of diet fat.

~
N\

Based 6n sbme of the 'available human liter&xure a mathematical relationship has been
established to, predict the (’18 .2(6) content of adipose tissue from the.estimated percem of
this fatty acid in the diet (chnen et _gil 1980). There appears however, to be a limit to the
extent to ‘which dietary C18: 2(6) inflvuences adipose tls§uepllp1ds as it was found that af ter

C18'2 ( 6). ~ontent in adipose tissue reached 60% zw/w) no further_ increase could be induced

by diet (Beave & Kates, 1964). -

T T 1

{

|
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A lower contént~of ‘monounsaturated fatty acids (total monounsaturated, C14-1’

C’16:1’ and C18 1) an C

14:0° ~16:0°

| fatpy-acids (total Saturatleﬁ fatty acids, C
Ln?al fed hrgh P/S as compared to low P/S drets This

4

C17 .0’ and C18 0) was observed in

~ observation is consistent: wrth prevrous reoor\ts of a progressive decrease in monounsaturated
‘ \

and satur;fted fatty acrds as the polyunsa(turated f a\tty acid content of ,the diet increases (Tove

& Smith, 1960; Herodek & Csakvary, 1972). The hréh content of monounsaturated fatty acids °

in lipids' from animals fed low P/S diets, low in monounsaturated fatty acids (Table VILi-2),

suggests that unlik_e dietary C18-2( 6) saturated fatty acids undergo considerable desaturation

-~

prior to storage. ~ -

As reported earlier (Field et al. 1985; Pavey et al., 1976; Ostwald et al., 1962'
Wallidus et al., 1980) on a percent/w/w basis very little C20 .4(6Y is stored in adipose tissue.
However, ,conssdermg the -magmtude ol" the adrpo‘se organ, adipose tissue represents al
- significant storage depot for C20 4(6) Feeding a high P/S dret compared to a low P/S djet

produced a greater than 3 S-fold mcrease in the C20 L 4(6) content in lrprds from control

ammals and a greater than 2- fold increase in diabetic animals.

Effect of the Diabetic State on the Composition of Adipocyte Neutral Lipids
In the present study the diabetic state was associated with higher levels of several
. C
saturated fatty acids (CIS:O’ C17:0 and C18:0)’ Lipids frorn diabetic animals fed high P/S
diets, compared to diet-matched control animals, were lower in polyunsaturated fatty acids
AN
(total polyunsaturated, total w-6 and C18 2(6)" In these animals the polyunsaturated fatty

acid content was reduced to approximately 95% of the level in con rol\ammals. Oh a whole

body basis this reduction in polyunsaturated fatty acids is magnified as body fat content is

"likely reduced in diabetic animals (Table X-2). These observations are consistent with
"previous reports in serum, plasma-erythrocytes, liver and liver microsomes (Van Doormal et .
al., 1984; Faas & Carter, 1980; Worcester et al., 1979). The reduced content of |

monounsaturated fatty acids reported by others to accompany the diabetic condition (Van

Doormal et al., 1984; Faas' & Carter, 1980;' Worcester et al., 1979) as a result of decreased '

-



raies of A9'des‘atura‘1ion (Faas & Carter, 1980; Worcester et al., 1979), were not observed in .
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the present study. However, a significant reduction in monounsaturated fatty acids in .

'adipocyte membrane phospbolipids were found in these animals (Chapter VII), suggesting
' . that the defect in desaturatlon may be more vmble in llpxds that turnover more rapidly and
undergo con51derable fatty acid desaturatlon during synthe51s

The.]ower cdntept of C20: 4(6) in lipids from diabetic, as compared to com;ol animals

fed high P/S diets is consistent with previous reports of diminished rates of a6 desaiuration in

the diabetic state (Faas & Carter, 1980; Benjamin & Gellhorn, 1964). Although siénif icantly '

lower than diet-matched 'control animals, the levels of C20 .4(6) 'were still more than 2-fold
greater in lipids from dlabeuc ammals fed the hlgh P/S, compared to low P/S, diets. If

) con31dered on a body basis, the amount of C20 4(() stored ih adlpose tissuc is consmierably

. g_reatcr in diabetic animals fed the high P/S, as ‘compared to .low P/S dicts "Table X-2).

Feeding a high'.'P/S diet to diabetic animals may, by increasing the amount o: C20'4(6)

available for membrane lipid syntﬁesis provide an effect buffer against the reported C20 4( 6)
‘ ~defi 1c1ency in dlabetlc animals (Faas & Carter 1980). Jn chapters III, VI and VII consistently
higher levels of C20: 4('6‘) werg observed in membrane phospholipids'f rom diabetic animals fed
high P/S as compéred to low P_‘/S diets. (Chapter 111, VI, VII).
Physiological implications of Altered Lipid Compésition

In the present study t.he content and composi‘tibn of dietary fat sighificantly altered

the fatty acyl composmon of -epldxdymal adipocytes. As the adxpose organ represents a major

storage ‘depot for fatty acids, dietary. fat influences the total body pools of fatty acxds'

avdilable for synthesis of other‘complex membrane lipids. For example total adipose stores of

1

essential fatty acids can be estimated (Table X-2). This estimation is based on the

assumptions that approxim‘ately 10% of body weight in these rats is fat (Pullar & Webster,

P

1977) ard the essermal fatty acid composmon of epldldymal fat is represematwe of all body

fat stores (reviewed by Field & Clandinin, 1984) Fromr tt% values in Table X-2, it is evident

_that the conte_nt of C2O' 4(6)‘ is lower in diabetic ammals compared to- control animals,

°
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. b .
* particularily animals fed high P/S diets. Although reduced by the diabetic state, the content of

CZO: 4(6) in adiposé tissue was higl?er and estimated total body stores of this esse%ltia] fatty
. acid greater in diz{betic animals fed the high P/S diets (Table X-2). Changes in the availablilty.
of fatty acids for the synthes.is of membrane lipids may be partially responsible for the effect
of dietary fat on the composition.of adipocyte membrane p(hospholipids reported from these
animals ‘(Chapter VII). - x
The total w-3 fatt?‘ acid ‘coment,- although relatively low in the diets fed (Table
VII-1), was significant]y altered by diet fat a’nd the diabetic state. Linolenic acid C18:3(3)
represented the major w-3 fatty acid ‘in‘adipose tissue (Table X-2). Although C20:5(3) ‘and
sz: 6(3) were detected in adipose tissue they represented less than 0.1% of adipose tissuc
fatty acids (data not shown). The total w-3 fatty acid come‘ﬁt of adipose lipids was reduced
by-feeding a high fat high P/S diet and was approximately 10% lov&;cr' in lipids from diabectic
animals compared to diet-matched controls. (Table X-1). As adipose tissue potentially
represents a major supply of ~these fatty acids for membrane synthesis, the greater than
1.’7-fc51d increase in total w-3 fatty acids in animals fed high fgt low P/S diets is predicted to
aiter body stores of these essential fatty acids (Table X-2). These differences in w:3 fatty
acids may be of physiological significance, as w-3 fatty acids have been postulated té, have a ‘
-role in insulin secretion and insulin sensitivity (Lardinois et al., 1987). In this_ fegard, it was
recently demonstrated that replacing 6% of the w-6 fatty acids in the diet with w-3 f att;/ acids
prevented the insulin resistance associated with feeding high fat diets (Storlien et’al., 1987). |
The present study demonstrates that both the content and composition of dietary. fat
infiuence the composition of esse_ntial,ar;d non-essential fatty acids stored in the adipocyte. A
higher polyunsaturated fatty acid composition- was found in animals fed high fét and high
polyunsaturated fat diets. A higher monounsaturated 'fa_tty acid composition was found in
lipids from animals fed low fat diets and diets with low dietary P/S ratios. Compared to
diet-}natched control animals, the diabetic state was associated with a reduced content of
CZO: 4(6)° particularly "in animals “fed h‘igh P/S -diets. The reduced ._bod)‘/ éontent of
pola;unsaturatéd fatty acids induced by the diabetic state and feéding low P/S diets may be of
R
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physiological significance in terms of the availability of w-6 and w-3 fatty acids for the

synthesis of membrane lipids.
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. Table X.2 Estimated total body stores of essential f att?“.acids.

v,

E

E |
; E§timated total body content (g)
Diet Treatment  P/S | Cig:a(6) -'-Czo’:vé(s) | (w-3)
* CONTROL ANIMALS ‘
" High Fat low | 68T 0 s
High Fau  high . | Tes w0 T
“iowFat o high .f"‘.'_' 17.5 s
DIABETIC ANIMALS ‘
High Fat © ° low 59 - 08 N 31
High Fat = high. 15.1 21 25
LowFat low 4908 a5
Low Fat_ high SR R 21 SRR 37

~An estimate of total body- storés of _eath‘fatty acid was calculated by multiplying the amount _
of fatty acid found in adipose tissue (Table X-1) by an-estimate of total body fat comtent.
Total body fat content was assumed as 10% of body weight based-on previously reported.

calculations for lean rats (Pullar & Webster, .1977). Inherent in these calculations-are the -

“assumptions that the percent body fat for diabetic rats is the same as normal and that all

ot

body fat depots are of similar essential fatty acid composition as epididymal f at pads.
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, XI. SUMMARY AND DISCUSSION

.

The hypotheses tested in this thesis can be summarized as follows:

~ In both the normal and diabetic states, differences in the content and comp051ton of dletary

fat will be reﬂected u:

1. the stored triglyceride content of the a'dipocyte;
<& .

o

2. . the phospholipid content of the adipécyte plasma membrane; and

3. (the. f aﬂy acyl composzi)n of the major phospholipids of the adipocyte plasma
In "oth the normal and diabetic states, the composition of dietary fat will alter: -

4. insulin binding; |

5. glucose transI.)ort; and

. 6. intracellular glucose metabelism.

. It was*further hypothesized that;

diet-induced alterations in the fatty acyl*composition of the adipocyte plasma membrane

"

will relate to the integral membrane function of insulin binding.

-

These hypotheses have been verified as followsl:

Hypothesis 1

3

{
Both the content and composition of dietary fat was demonstrated to influence the

composition of esseniial gnd non-essential fatty acids sfbred in adipocytes from control ar i
diabetic"animéls (Chapter X). A higher polyunsaturated fatty acid compositian was found iu
lipids from ammals fed high fat and ()ngh P/S diets and a hxgher monounsaturated fatty acid
composition in hpxds from animals fcd low fat and low P/S diets. The diabetic statc
compared to the normal state, was assoc1ated wit:  reduced c)ontent of polyunsaturated fatty

acids, part1cular1y in ammals fed high P/S dlets The totaICbody content of gssential fatty

acids was estlmated to be lowest in diabetic ;ammals fed low P/S dlets

[N
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Hypothesis 2

I?ifferences in the content and the compostion of diet fat influenced the phospholipid
tontent of the adipocyte plasma membrape (Chapter VI). Raising the fat content of the diet
increased the content of phosphatidylethanélamine and reduced the comént of sphi‘ngc;myelin
iﬁ both- diabetic and control animals. High P/S diets were associa'ted with a higher level of
p‘hosphati'dylch'oline in the adipocyte pi‘asma membranc. When high fat diets were fed, the
diabetic state was éséocialed with a lower contefit of phosphaiid3'10Lhanoiaﬁninc.ar{d a higher
content of phospl']ati‘dylinositol.
Hypothes:s 3

In both the normal and diabetic states dlfl”crcnc.cs in the content and composition of
dict fat influenced the fatty acyl composition of adlpocwe membraine phosphollpxds (Chaptcrs
II, VI and VII) Altfough mdmdual phospholipid classes responded- to dietary fam acxd
mampulauon (0 “different degrces conc1u51ons can bf: drawn. Feeding: high P/S diets,
compared to low P/S diets, 51gmf1camly mcreased the polyunsaturated fatty acyl composition
of membrane phospholipids (Chapters 111, VI and VII) As the P/S tatio of the diet mcreased
the content of monounsa[urated fatty acnds in membrane phosphohplds dccrcascd.(Chapters
VI, VII .and IX). High fat (20% w/w) diets were assocxated with a\'\igher content of
polyunsaturated fatt) acids and a lower content of monounsaturatcd fatty acids in mcmbrane |
phosphohpxds (Chapter VII). Ir_1 membranes from diabetic animals a hlghcr content of
Cl8¢:2(6) and lower content of 'C2O‘:4(6)'~ totd] w-3 fatty acids and total monounsaturated
fatty acids were observed (Chapters VI-and VII). Compared to dict-matc;hed controls the
chanée in pois'ﬁnsaturated fatty acids in the diabé_tjc state was more dramatic in animals fed

H

high P/S diets (Chapters 111, Vi and VII). -
H }gpotvhesis 4 | ’

| Feeding high P/S diets, compared to low P/S diets, significantly improved insulin
bindiny to aaipocytes from control animals (Chapters II and V). Scatchard analysis suggested

that the increasc in binding was duc¢ to an increased number of available high affinity low

capacity feceptork sites (Chapters Il and V). At most insulin concentrations, adipocytes from
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diabetic animais -bound more, insulin than cells from control animals fed low P/S diets

(Chapters 11l and IV), but the P/S ratio of the diets fed did not 51gn1f icantly influence insulin

binding to adipocytes from diabetic animals (Chapters III and 1V). .
. : A . ‘ 4
H ypothesis 5 - i ’ !

Increasing the P/S ratio of the diet significantly 1mproved msulm stimulated glucose
transport by control cells (Chaptcrs V and VIII) and, at hxgher insulin concentrations, by
diabetic cells (Chapter V) Reducing th; fat content of the diet enhanced insulin stimulated
glucose tz@nsport in control cells but reduced transport in diabetic cellsj

n

Hypolhes:sé .

~ Feeding. htgh ‘P/S dicts improved msulm sumulatcd glucose oxidation by diabetic cells
and glucose mcorporatton into lipids by both dxabctlc and control cells (Chapters IV and
VIII). Win fed as part of a high fat (20/0 w/w) dxbt the P/S ratio did not appear to

influence insulin stimulated glucose oxidation by controi cells (Chapter IN). However, when

low fat diets were compared, adipocytes from control animals fed low P/S diets demonstrated

-an increased capacity for msulm stlmu}ated glucose oxidation and glucose mcorporat10n into

’

. lipids than cells from animals fed high P/S diets (Chapter VIII)

“

g
Hypothesis 7

A direct positi;g.'rglatiohship was demonstrated between diet P/ ratio, membrane
phospholipid fatty acyl cdtnposition and insulin binding to the adipocyte plasma membrane.

-

The data présented in this thesis support pre:vious work in vitro (Ginsberg et al., 1981;

-

.Grundfeld et al 1981; Gould, et -al., 1982) that msulm bmdmg and msulm action in the

adipocyte are sensitive to the hp)d composition of the plasma membrane. The* results extend

current in vivo understanding of insulin receptor mediated functtons by, 1. feedmg diets
/

-

. representative” of segments of the North American population, with respect to both the

content and composmon of diet fat; and 2. utilizing a diabetic model characterxzed by cellular

resistance to insulin stimulated action._
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The diabetic state was found to alter the fatty acyl ggmposition of thg major

phosﬁholipids of the adip;cyte membrane (Chaptérs III, VI and V) and the stored lipids in
_the adipocyte (Chaptef X), similar to that reported in other membranes (Faas & Carter, ‘
1980) and tissyés’ EWbrcester et al., 19?9‘;.’ Van Doormaal et al:, 1984). Unexpéctedly,
however, the digbet,ic state was found to modify the effect of diet on membr;me phospholipid
compoéftion (Chapters ! VI and VIII). The reason for this alfération is not clear. Thie time

frame selected fbs the present study involved feeding diets for three weeks befé)re ‘diabetes
.ind,uctiop and another three weeks pdét-streptozotocin injection. It is conceivable Lh:;t this ~32 .
‘rnay not have been ‘a suf,'ficienily long enough period to norr_nalize, by d‘.i,c"t fat, the effectssof
Qiseasc-induccd changes occuring in membrane comp.ositi;)n. Potential difficullics, are
encountered when su~1dnyair1g untx’caied diabetic animals forJ 'longer periods of time as animals i
;Nill lose weighl‘anq the sortality rate wi‘_‘l] increase. The effect of age when begun on dict
treatment rﬁay have als.o'comribuled to the effect of diet on diabetic cells. For example, in
Chapter III, whére a slightly older animal ‘(140gvvs 50.g) was studied” and diets were fed for a ‘
shorter period.of time, the effect of diabetes on the monounsatura{éd and C18':2/(6) fatty acyl
cbmenl, of the membrane were not as extensive. Afternat'ively, the modest alteration in P/S
- Talios in the diets fed may not have been sufficient enough to alter diabetes-associated

11
membrane changes. Future studies could potentially design diets aimed at correcting or .

attenuating changes indueed by diabetes. The p;esent,study was not designed to achieve this

objective. d

The’reduced a6 and A9 desaturase prodﬁcts anticipated in the diabetic state were
observed in Chapter VI, VII and X. In genéral, feedin‘g high P/S dic;ts magn?fied the increase:
in C18:2(65 and feeding a low P/S 'd‘iét amplified the decrease observed in monounsaturated
fatty acids. The role of these defects in determining insulin aétion can only be hypothesized
* from the results of the.present experiments, where the high P/S diet clearly improved insulin
action iﬁ adipocytes (Chapters 1V, V\ and VIII). Desaturase, enzymes are insulin scnsitive
(Brérmer, 1974) and insulin thérapy has been demonstraped in some tissués to partially

normalize the desaturase defect (Faas & Carter, 1980). It ‘would, therefore, be interesting to

hV
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- design a study where insulin is - admrmstered to the diabetic ammals to rdenufy the role of

memb;rane alterations in normahzmg cellular msulm action m the diabetic state Thls is a
j 1Y ~ ' B

logical direction to follow as diabetic patients with serum glucose levels srmrlar to the animals

Yo
. X . . . . & o . . o
used in the experiments reported in this thesis, would in most situations, be receiving

exogenous insulin. . " s .

Insulin binding to contro] adipocytes was clearly improved by 1ncreasmg the P/S ratio

_of the diet (Chapters III V- and' IX). A,drrect relationship ‘Was established between
diet-induced mrembrane altgrétions, particufarily in phqsplratid&lethé&lanﬁne, and insulin
binding. TIrc improved binding prdduc’:ed in animals by feeding high P/S diets may be Inv&f@ed
in the improved insulin stimulatéd glucose transport and. irltracellular glucose metabolism
observed when high P/S diets were fed (Chapters IV and VII). Despite clear defects in m lin
:sumulaled cellular-action in adipocytes from drabetrc -animals, the effect of diet on in ulm
binding was not significant (Chapters IIT and V) . The reason forthis observauon can only be
hypothesized. The alterations produced'r.in rrleqmbranes from diabetic animals by feeding high
P/S, diets ma); ng\t have eeen great enougﬁ' or of the right type to produce the desired

‘alterations in 'binding.; The diabetic state was associated with a reduce content of

ﬁ%osphatidylethanolamfn and a fatty acid compostion of this phospholipid that wauld be
e

expeeted to reduce insuliy binding (Chapter VII). To address thi¢ question onc might, using a

diabetic animals rrrodel epeat the experrment described in Chapter IX where diets providing
the ten different P/S ratibs were fed. Moreover, addmonal factors such as the short perlod of
time (thrée weeks) diabetic animals were fed the diets and the degree of 'drabetes produced in
‘the animals may alter insulin binding. Both of these -questions could be easily answered in

g . . S

follow up experiments.

Although the existance of a binding defect in human diabetes, is at present,

controversial (Sinha et al., 1987; Arher, 1987), 1t has been reported that the streptozotdcin

1
diabetic rat, compared to control animals, demonstrates enhanced insulin binding (Schoenle et .

al., 1977). The resuits of this thesis indicate that this may not be true under all conditions as

streptozotocin diabetic rats, compared to control animals fed high P/S «iets, bound the same

o
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or less insulin than control cells.

Diet fat clearly- influenc?:d the relationship between insulin® binding and glhcose
transpor’t' (Chapter V). Although digbetic animals,¥ compared to control animals, clearly
t'rahsported less glucoseﬂ per unit igsulin bound, feeding a high P/S diet to both control and

diabetic animals increased the amount of ghicose transborted per insulin bound (Chapter V).‘
This observation suggests the compostion of diet fat could influence the fumction of insuli;
post receptor binding. This is a logical prédiction as the plasma membrane providesv the
interface for the umtxal contact of theyhormone )mth the cell and has been postulated to be
1mportam in generating thes cellular actions of méulm (Jarett & l\r1echle 1984 Larner et al.,
1982; Haystead & Hardie, 1986; Begum et al.,1981). JResulLs presénted in this \thcsis'
demonstrate, that in the ‘normal state, the '(plasma mcmbr;me is an integral determinant of
insulin binding (Chapter IX) and in the sh.ort-tcrni‘, feeding a high P/S diet to diabetic - .

animals usig'hificlantly improved insulin mediated fuhctions (Chapters 1V, V and VIII). It would ™,
thefe}’ore be -logical to follow up these observations by m?asu;ing the effect of diet fat on
sc;me of the proposed membrane generated mediators of insulin action such‘ as
phosphorylatidn of the tyrosine kiﬁase associated with the 8-subunit of the quuli_n rece_ptort
Reécm evidence ‘suggcsts that w-3 fatty acids may be important in both insulin acti
~ (Strolien et al., 1987) and pan(_:rea‘ti'c.insulin telease (Turk et al., 1987). Although L};; levelsv
of w-3 atty acids supplemented in the diets fed in the experiments reported in this Llhesis werk
| fow, the content and composition of diet fat and the diabetic state infl‘uenced the content of
w3 fatty acids in the structural (Chapter VII) h‘and stored lipids (Chapter X) of the
adipocyte, In light of the fecent ime;est in very long chain w-3 fatty acids derived from fish
oils in the treatment an.a prevention of various diseases, an ekperimem could be desigpcd to
determine if in%ulin acLioﬁ is further impré’ved ‘by supplementing diets with a source Qf Lhcse

. .’/\\

fatty acids.

Current dietary re‘commendations for both the general population and indfviduals with
dlabetes rvcommend that the level of fat be reduced and a portion of saturated f&ts %e
) rcplaced with polyunsaturated} fats* (Amerlcan Diabetes Association, 1987; Kisselbach &

. v j
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Schectman, 1988.), Although the physiological implications of these dieﬁany modif.icat'ions
remain to be determined, this thegis suggests that increasing the polyunsaturated con?ent of
the diet impro\f/\es epididymal adipocyte insulin bindjng and action and may i>rove beneficial in"
reducing insulin resist:i’ﬁce associated with the diabetic state. In extrapolating the*resfxlts of
_ A
this thesis to man one must consider that modifications in dietary fat content and composition
will also alter the protein and carbohydrate comp_c;nents;of‘thg ‘diet, ‘w.hich havé been
demonstrated to influence cellular insulin action (Kergoat et'al.,‘198"7;’KettelhuL et al., 1985).
This thesis gencratcs sufficient evidence to justify the design of a hufqan feegiing protocol to
further elucidate the role of localized char'lges in membrane composition in modulating 4nsulin
action within cells and the importance of Lh;se changes in’ the wmanagement of the diabetic

state.
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Table A-1. Marker enzyme activity in cell fractions.

2 - Enzyme Sp _ific Agtivity (n=4)
\ , - ,
' Succinate
. 5"-Nucleotidase - Dehydrogenase
Homogenate 769F0.03 680+.04 ©
Plasma membrane © 6.4610.04 1.47+ .12
Mitochondria 1 .66+0.17 13.70+ .12
. ! N
«Nuclear pellet 2.1410.23 A 3.62+.26

Marker enzyme activilies mean+S.E. were determined {rom control animals fed the P/S=2.0
(n=2) and P/S=0.25 (n=2). 5'-nucleotidase actiity is expressed as pmoles phosphorus
hydrolyzed/mg protein}hour at 37C by method of..Goldfinc et al. (#77). .Succinate
dehydrogenase activity is, expressed as umoles of para-iodonitrozolium wviolet reduced/mg
protein/hour at 37°C by method of Kun & Abood (1949). : -
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Figure A-1. Insulin binding to adipocytes over time at 24°C. s i

-~ +

-The amount of '**I-insulin bound ‘over time at two insulin concentrations (1 ng/ml and 10
ng/m!). Maximum binding (n=2 samples/3 replicate) was achieved by 30 mins. and
maintained until 120 mins. To ensure maximum binding at 24°C, cells were incubated wnh
insulin for 45 mins. -
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Figurev. Insulin binding to adipocytes over time at 37°C. ; » .

]

The amount of '?*I-insulin bound over time at two insulin concentrations (1 ng/m] and 10
ng/ml). Maximum binding was achieved by 10 mins. and maintained until 30 mins. To ensure
maximum bmdmg at 36°C, cells were incubated with insulin for 20 mins.
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«Figure A-3. Adipocyte gluéose transport over time a 37°C.
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The amount of 3-0-*C- methvl D- glucose transported (n=2 samples/3 replicates) by

-adipocytes at four insulin concentrations (.2, 2, 20 and 100 ng/ml insulin) at a glucose
" concentration of .5 mm. To ensure that-measurements were in the linear portion of the
.uptake curve. glucose transport assay was conducted at 5 secs.
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Figure A4 Basal gPucose transport over time at 37°C.

The amount of - 3-0-*C-methyl-D-glucose transponed (n= 2 samples/3 rephcates) by
adipocytes in the absence of insulin. Basal glucose uptdke ‘over the first minute was linear. As
measurements at 5 secs tended to overestimate uptakeé, basal glucose measurements were
conducted at 20 secs and divided by 4 1o determm& up.mke at 5 secs. '
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