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ABSTRACT KEYWORDS
We examined inisolated soleus muscle (1) the effects of palmitate-induced Proglycogen;
insulin resistance on pro-and macro-glycogen pools; and (2) the responses Macroglycogen;
of these pools to rescue of insulin resistance by AICAR treatment. AICAR;

I ncubation of soleus muscle with palmitate (2mM) for <18 induced insulin Insulin resistance.
resistance. Providing AICAR in the last 6h of incubation rescues insulin
resistance. Changesin PG and MG poals, palmitate oxidation, and insulin-
stimulated glucose transport were examined at 0, 6,12 and 18h.

Inducing insulin resistance by palmitate treatment for 18 h reduced PG pool
(-62%), fatty acid oxidation (-50%), and insulin-stimul ated glucose transport
(-87%). However, no change was observed on MG pool. Onthe other hand,
rectifying insulinresistance by AICAR treatment (12-18 h) fully rescued PG
pool, palmitate oxidation, and insulin-stimulated glucose transport, but
had no effect on MG pool.

In conclusion this study demonstrates for thefirst timethat PG pool rather
than MG pool ispreferentially utilized during insulin resistance induced by
prolonged incubation with palmitate.

© 2014 Trade ScienceInc. - INDIA

INTRODUCTION

The energy of the skeletal muscleislargely pro-
duced asaconsequence of theoxidative metabolism of
glucoseand fatty acid™. Skeletal muscleisaprincipa
siteof insulin-stimul ated glucose disposal, either for
oxidation or for storage as glycogen?4. Glycogen stores
inskeletal muscle represent an important source of en-
ergy’® andtheir breskdownisclosdy regulatedinrela
tion to increased energy demand. It isnow clear that
glycogenisnot auniformmolecule, and it existsintwo
pools: proglycogen thedynamicintermediateform, and
macroglycogen the inactive storage form©19, Both

proglycogen and macroglycogen are suitablesubstrates
for energy production during skel etal muscle contrac-
tion®, with macroglycogen mainly being utilized dur-
ing aerobic exercisd®? whileproglycogen mainly uti-
lized during anaerobic exercisg®.

Skeletal musclesin addition to being ametabolic
sink for circulating glucose, it d so takes up significant
quantitiesof circulating fatty acids, either for oxidation
or for storage’**+19, Therefore, skeletal musclecan me-
tabolize both glucoseand fatty acids, andit ischarac-
terized by itsability to readily switch between thesefue
sourcesaccording to their availability™>'5¢, However,
ininsulin resistance state like type 2 diabetes, theca
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pacity of skeletal muscleto take up and utilize either
glucose or fatty acids as fuel and to switch between
themisprofoundly atered62,

Recent worksfrom our lab had shown that incuba:
tion (0-18h) of soleus musclewith palmitate (2mM)
can readily induceinsulin resistance characterized by
marked reductionininsulin-stimul ated glucosetrans-
portl71824 and this effect was closely accompanied
by amarked reduction in therate of fatty acid oxida-
tion”2, Inthismodel we have also been ableto rap-
idly rescued palmitate-induced insulin resistance by a
number of factors including; 5-aminoimidazole-4-
carboxamide-1-B-D-ribofuranoside (AICAR), leptin,
and thujone*”21, These positive effectswere also as-
sociated withimprovementsin fatty acid oxidation*2!,
To the best of our knowledge, thereisno information
availableabout the effect of insulin resistanceinduced
by palmitate treatment (0-18h) on proglycogen and
macroglycogen pools. Similarly, theresponses of these
poolsto rescue of insulin resistanceby AICAR treat-
ment havenot been examined. Therefore, inthe present
study, we have used thismodel 1) to investigate pos-
sibleeffectsof insulin resistanceinduced by prolonged
pa mitatetreatment on proglycogen and macroglycogen
poolsand 2) to examine the responses of these pools
to rescueof insulinres stanceby AICAR treatment. For
these purposes, werapidly, i) inducedinsulinresistance
with ahigh concentration of palmitate (2mM, 0-18h),
andii) subsequently, weattempted to rectify insulinre-
sstancewithAICAR trestment, whilemaintaining high
concentrationsof pa mitate. We hypothesized that the
proglycogen pool would be most affected by these
changesinfatty acid and glucose metabolism, because
thispool isknown to be more dynamic, and more sen-
Stivede9,

METHODS

Materials

Collagenase type Il was purchased from
Worthington (Lakewood, NJ). Insulin (Humulin-R) was
purchased from Eli-Lilly (Toronto, Ontario). Penicillin
and streptomycin were purchased from Invitrogen Cor-
poration (Grandisland, NY, USA). All other reagents
wereobtained from Sigma-Aldrich (St. Louis, Missouri,

USA).
Animals

All experimentswere approved by the Committee
on Animal Care, at the University of Guelph. Male
Sprague-Dawley rats (55-75g) were bred on sitesand
consumed normal laboratory chow and water ad libi-
tum. For each experiment rats were anesthetized with
Somnotol (6 mg:(100 g body weight)!,i.p.), andthe
soleus muscl eswere dissected.

M uscleincubation

Briefly, after a30 min preincubetion, soleusmuscles
(~20 mg), were incubated without (control) or with
palmitate (2 mM) up to 18 hours. All incubations (0
18 h) were performed in 10 ml of warmed (30°C),
pregassed (95% O2-5% CO2) M edium 199 contain-
ing 5mM glucose supplemented with 4% bovine se-
rumabuminV (BSA), penicillin (1001U/ml), and strep-
tomycin (0.1 mg/ml). Low concentrations of insulin
(14.3 uU/ml) were also included, the low concentra-
tionsof insulindid not stimulate glucosetransport (data
not shown). Incubation viaswereshakenat 110 cycles/
min, and the gas phase and temperature were main-
tained at 95% O2-5% CO2 and 30°C, respectively.
Theincubation medium wasreplenished every 6 h. Af-
ter 12 hincubation with pamitate, somemuscleswere
incubated for an additional 6 hwithAICAR (2mM).

Glucosetransport

[3H]-3-O-methyl-D-glucose (3-O-MG) transport
was determined aswe have previoudy described™” 18,
Briefly, at the end of theincubation periods (0-18h),
soleus muscleswereincubated (30°C, 30 min, 95%
02-5% CO2) in2ml of pamitate-free Krebs-Hensdl eit
buffer [8mM glucose, 32 mM mannitol, and 0.1% BSA
with (20 mU/ml) or without insulin]. Subsequently,
muscleswerewashed (2* (10 min, 30°C, glucose-free
Krebs-Hensdeit buffer, 40 mM mannitol, 0.1% BSA,
with [20 mU/ ml] or without insulin)). Glucosetrans-
port was then determined in palmitate-free Krebs-
Hensd et buffer (2ml) supplemented with 0.5 uCi [*H]-
3-O-MG 1.0 uCi [*C]-mannitol, 32 mM 3-O-MG 4
mM mannitol, 4 mM pyruvate, and 0.1%BSA, inthe
presence (20 mU/ml) or absence of insulinfor 20 min,
asprevioudy reported. Thereafter, muscleswere blot-
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ted, weighed, and solubilized followed by scintillation
counting of muscleextracts.

Palmitateoxidation

To determinetherate of FA oxidation, our previ-
ously described method was usedi*’ 8., Briefly, at the
end of theincubation period (0-18h) musclesthat were
incubated with and without palmitateweretransferred
to glass vias containing 2 ml pregassed (95%02-
5%C0O2) medium 199 supplemented with 4% BSA and
pamitate (2mM, 0.5uCi/ml of [1-14C]-palmitate.
Palmitate oxidation occurred at 30°C for 40 min and
the “CO, released was capturedin abenzothium hy-
droxidetrap (400 ul, 1.0 M). In addition, at theend of
the 40-minincubation period, dissolved CO, wasa so
captured inthismanner by adding sulfuricacid (1.0ml,
1 M) toal.0-ml diquotof theincubating medium. Fi-
nally, water-soluble*C-label ed intermediateswere ex-
tracted from muscleshomogenized after their incuba-
tion. After scintillation counting, the palmitate oxidation
rate was determined by summingthethree sources of
[C] pal Mmitatgl7.1821

Glycogen extraction and deter mination

Extraction and determination of muscle
macroglycogen (MG) and proglycogen (PG) were per-
formed aswedescribed previoudy!?. For musclegly-
cogen extraction the digestion began by adding 200uL
of ice-cooled 1.5 mol/L perchloricacid (PCA) to 2-3
mg of freeze-dried musclesamplein 5ml |abeled pyrex
tubes submergedinicebath. Theextraction continued
onicefor 20min. During that period of time, muscle
was pressed against the tube by plastic rod to ensure
complete extraction of muscleglycogen. Tissuedebris
was pelleted by centrifugation at 1600g for 15 min at
4°C, after which 100uL of the supernatant fraction was
collected and used for MG determination. Theremain-
ing pellet was kept and used for PG determination.

ImL of 1mol/L HCl wasadded to the PG and MG
fractions, and the PG fraction wasthoroughly agitated
with aplasticrod to ensurethat all muscledebriswas
exposed to PCA. Theresfter, the sampleswere placed
in sedl ed glass-stoppered tube and incubated in awa
ter bathfor 2h at 100 °C. The samples were then neu-
tralized by theaddition of 700uL of 2 mol/L Tris base.
After vortexing and centrifugating the samplesat 1500g
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for Sminat 4°C, the supernatant was removed, trans-
ferred to label ed Eppendorf tubes, and stored at -80°C
for later analysisof glucosyl units. PG and MG portions
were determined enzymatically using ahexokinasere-
action. Standard cal culationswere performed to de-
terminethe concentration of glucosyl unitsin muscle
base onthe standard curve. Total glycogen was deter-
mined asthesum of PGand MG

Satistics

Datawere analyzed using two-way ANOVA. For
some experiments, the datawere analyzed with aone-
way ANOVA, when thiswaswarranted, and when ap-

propriate, aFisher’s LSD post hoc analysis was used.
All dataarereported asmeans+ SE.

RESULTS

Effect of palmitateon insulin-stimulated glucose
transport

Incontrol musdeinsulin-stimulated glucose uptake
was not atered during the 18h incubation period
(P>0.05; Figurel). In pdmitate-treated muscle (0-18
h) insulin-stimul ated glucose transport was markedly
and progressively reduced (-33%, -66%, and -87%)
over 6, 12 and 18 h of palmitateincubation (P<0.05;
Figure 1) respectively.

When AICAR (2mM) was present during the last
6h of incubation with palmitate, theinsulin stimulated
glucose uptakewasincreased to levelsobservediinthe
control muscle (P<0.05; Figure 1), despitethe pres-
enceof pamitate.

Basal glucosetransport wasnot altered during the
18h incubation period either in the absence or pres-
ence of pamitate (data not shown). However, in
AICAR-treated muscle, basal glucose transport was
dightly atered during the 18-h incubation period (data
not shown). However, these smaller changesin basal
glucosetransport cannot account for themuch larger
changesinduced by AICAR ininsulin-stimul ated glu-
cosetransport.

Effect of palmitateon fatty acid oxidation

Therate of palmitate oxidation wasnot ateredin
control muscles (P >0.05; Figure2). In contrast, inthe
pal mitate-treated muscles, pal mitate oxidation was
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Figurel: Insulin-stimulated glucosetransport in control and palmitate (2 mM) treated muscles(0-18 h), and in muscles that
weretreated with AICAR (2mM) for 6 h (12-18 h) while high concentration of palmitate (2 mM) was maintained. Data are

presented asmeans= SE.
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N=6-8 muscles per data point; *P<0.05 palmitate-treated musclesat t = 6, 12, and 18 h vs. Oh; ** P< 0.05, palmitate-tr eated muscles
at t =12 vs. 6 h; + P< 0.05, palmitate-treated muscles + AICAR treatment at t = 18 h vs. palmitate-treated muscles at t=18h.

Figure2: Palmitateoxidation in control and palmitate (2mM) treated muscles(0-18 h), and in musclesthat wer etreated with
AICAR (2mM) for 6 h (12-18h) whilehigh concentr ationsof palmitate(2 mM ) wer emaintained. Data ar e presented asmeans

+SE.

markedly decreased by -40% at 6 h (P <0.05; Figure
2) and remai ned reduced (-50%) up to 12 h of incuba-
tion (P <0.05; Figure2). No further reduction occurred
during the 12-18h period (P>0.05; Figure 2).

Inthe pamitatetrested muscle, pal mitate oxidation
rates were markedly increased when muscles were
treated for 6 hwith AICAR (P<0.05; Figure2) despite
the continued presence of palmitate. However, these
increased rates of palmitate oxidation remained lower

in the AICAR- treated muscles than in 18h control
muscles (P< 0.05; Figure 2).

Basal pamitate oxidationwasnot dtered with any
of theexperimental treatments (datanot shown).

Characterization of muscle proglycogen or
macr oglycogen utilization

In control muscles, thetotal muscleglycogen con-
centration wasnot atered during incubation time (0-
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Figure 3: Total amount of glycogen (A), proglycogen (B), and magroglycogen (C) in control and palmitate (2 mM) treated
muscles (0-18 h), and in muscles that were treated with AICAR (2 mM) for 6 h (12—18 h) while high concentrations of
palmitate (2 mM) weremaintained. Data ar e presented asmeans=+ SE.

18h) (P>0.05, Figure 3A). Thiswasattributed to the
unaltered concentration of both the proglycogen
(P>0.05, Figure 3B) and macroglycogen (P>0.05, Fig-
ure 3C) pools. In contrast, in the palmitate-treated
muscles, total muscleglycogen wasprogressively re-
duced by -23%, -30%, and -57% (P<0.05, Figure
3A) at 6h, 12h and 18h respectively. Thisreduction
was attributed to decrementsin the proglycogen pool
by -30% at 6h, -40% at 12h, and -62% at 18h

(P<0.05, Figure 3B). However, therewas no change
inthe macroglycogen pool (P>0.05, Figure 3C).

The basal concentrations of proglycogen and
macroglycogen were not altered with any of the ex-
perimental treatments (datanot shown).

Effect of AICAR on muscle proglycogen and
macr oglycogen pools

Inpa mitate-trested muscles AICAR trestment fully
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rescued thetotal muscleglycogentothelevelsobserved
intheuntreated control muscles (P<0.05, Figure 1A).
Thiswasattributed to fully rescued proglycogen pool
(P<0.05, Figure 1B) rather than macroglycogen pool
(P>0.05, Figure 1C).

DISCUSSION

In the present study, we used our in vitro soleus
musclemodd that ismetabolically viablefor < 18h#2 to
explore 1) the possible changes in proglycogen and
macroglycogen poolsunder insulinresistancestate, in
whichinsulin-stimulated glucose uptake and fatty acid
oxidationwereexperimentally reduced by palmitatetreeat-
ment (2mM, 0-18h); and 2) theresponsesof thesepools
torescueof insulin resstanceby AICAR trestment.

Our study has provided novel findingson the ef-
fectsof insulinresstance, oritsamdioraion by AICAR
on proglycogen and macroglycogen pools. Specificdly,
wefoundthat 1) induction of insulin resistanceby pro-
longed incubation of soleus muscleswith palmitate
(2mM, 0-18h) reduced proglycogen pool but not
macroglycogen pool; while2) restoring insulin sengitiv-
ity, and fatty acid oxidation by AICAR treatment com-
pletely rescued proglycogen pool. Additiondly, thedata
further suggest that 3) proglycogen and macroglycogen
poolsaremetabolicaly regulated by different ways.

In agreement with our previous studies”#2, this
study showed that long incubation of soluesmusclewith
pamitate(2mM, 0-18h) inhibited insulin timulated glu-
cosetransport. Thisreduction was a so accompanied
by reduction in fatty acid oxidation. However, treat-
ment withAICAR (6 h) completely ameliorated pal mi-
tate-induced insulin-resistancein theisolated soleus
muscle, and the expected increase in fatty acid oxida
tiondid occur.

Theenergy demandsof theincubated soleusmuscle
arelikely minimal, and hence, inabsenceof insulinre-
sistance (control muscle), intramuscular glycogenwas
not diminished. Concomitantly, proglycogen and
meacroglycogen poolswerevery well maintainedinthese
muscles. Therefore, inthese muscleitisclear that glu-
coseintheincubating mediawas sufficient tomaintain
an adequate energy supply, and substrate to support
glycogen synthess.

Inthepresenceof insulinresistance (pa mitate-trested

muscle) therewasamarked reductionin insulin-stimu-
lated glucoseuptake, thisreductionininsulinaction was
closdly associated with reductionintheoxidation of fetty
acids. Concomitantly, there was alarge reduction in
muscleglycogen concentration. Presumably, thisreduc-
tioninmuscleglycogenistheresult of areduced capac-
ity of muscleto oxidize pamitateto generate ATP, as
well asadiminished capacity to take up glucose. The
reductionin glycogenfoundinthisstudy wasmainly at-
tributed to areduction inthe proglycogen pool, whichis
known to be more dynamic than the macroglycogen
pool>58, Therefore, it gppearsthat inthisinsulinresis-
tance model, energy was maintained by increasing
proglycogen hydrolys's, asfatty acid oxidation and glu-
cose uptakewereimpaired. Additionally, therecovery
of insulinres stance, and fatty acid oxidation by AICAR
treatment was accompanied by the concurrent rescue of
muscleglycogen. Thisincreasein muscleglycogen con-
centration wasattri buted to rescued of proglycogen pooal.

Takentogether, our findingssuggest that hydrolysis
of proglycogen pool represents an essential source of
energy inan exvivo mode of insulinresistancethat is
characterized by reduction ininsulin action and fatty
acid oxidation. However, proglycogen hydrolysismay
not be the only source of energy under such circum-
stances. For exampl e, intramuscular lipids may con-
tribute to maintain muscle energy. However, the pos-
sible contributing of intramuscular lipidsto maintain
muscle energy isbeyond the scope of thisstudy.

Totheauthors’ knowledge, this is the first study to
suggest that proglycogen and macroglycogen poolscan
bedifferently regulated in an ex vivo model of insulin
res stance. Thefact that proglycogen wasbroken down
infavor of macroglycogenisnot clear, and our datadid
not addressthisissue. However, thiscould be attrib-
uted to thefact that the proglycogen pool ismoredy-
namic, and more sengitivethan themacroglycogen pool™
%, In exercising muscleit isknown that proglycogen
providesmuch of themuscle’s energy and this pool is
asorapidly repleted when carbohydrates are provided
after exercise®%8,

In conclusion, thisstudy suggests, for thefirst time,
that proglycogen pool rather than macroglycogen pool
ispreferentidly utilizedinex vivomodd of insulinress-
tance, that is characterized by reductioninfatty acid
oxidation and glucose utilization. Thisincreaseinthe
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hydrolysisof proglycogen pool appeared to maintain
stable muscular energy under such circumstances.
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