Lowering Plasma Free Fatty Acids With Acipimox Mimics the Antidiabetic
Effects of the B;-Adrenergic Agonist CL-316243 in Obese Zucker
Diabetic Fatty Rats
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We previously reported that long-term treatment of Zucker diabetic fatty (ZDF) rats with the selective ; agonist CL-316243
normalizes glycemia, decreases plasma free fatty acids (FFA) concentration, improves insulin responsiveness, and increases
glucose uptake, not only in brown and white adipose tissues, but also in skeletal muscles. Because muscles do not express
typical B; adrenoceptors, we postulated that the muscle effect was indirect and that it was possibly mediated by an activation
of the glucose-fatty acid cycle. To test this hypothesis, we investigated the effects of Acipimox, a potent inhibitor of lipolysis
in adipose tissue. Similar to CL-316243, Acipimox (150 mg/kg orally) markedly decreased plasma FFA, glucose, and insulin
concentrations and improved glucose tolerance while reducing the insulin response in obese (350 to 400 g) ZDF rats. Plasma
FFA concentrations were significantly correlated with plasma glucose and insulin concentrations (r = .72 and .83, respectively;
P < .01), indicating strong metabolic relationships between these parameters. Euglycemic-hyperinsulinemic clamps com-
bined with the 2-[*H]deoxyglucose method revealed that Acipimox markedly improved insulin responsiveness and signifi-
cantly increased glucose uptake (Rg’) in the diaphragm, the heart, and various skeletal muscles. Unlike CL-316243, Acipimox
did not increase glucose use in brown or white adipose tissues. This selectivity shows that it is possible to improve diabetes
in obese ZDF rats without necessarily stimulating thermogenesis in adipose tissues. Thus, decreasing plasma FFA with 2
drugs (Acipimox or CL-316243) that act via different mechanisms (acute inhibition of lipolysis or chronic stimulation of FFA
oxidation) is associated with increased glucose uptake in muscles and enhanced insulin responsiveness. These observations
support the hypothesis that CL-316243 may indirectly stimulate glucose uptake in muscles of type Il diabetic rats by first
stimulating brown adipose tissue (increasing uncoupling protein content and fatty acid oxidation) and progressively decreas-
ing the levels of circulating FFA, resulting in activation of the glucose—fatty acid cycle or other mechanisms regulating insulin
responsiveness in skeletal muscles.

Copyright © 2001 by W.B. Saunders Company

E RECENTLY reported that the selectipg-adrenergic  cle), such a reduction would enhance glucose use by skeletal

agonist CL-316243 normalizes glycemia, decreases inmusclest® More recently it has been proposed that a reduction
sulinemia, decreases plasma free fatty acid (FFA) levels, inof lipid products in skeletal muscles might also increase insulin
creases insulin responsivenes, and markedly increases glucoggsponsiveness:12 Thus, we postulated that CL-316243 im-
uptake in peripheral tissues of obese Zucker diabetic fattyproves glucose use in diabetic rats by progressively improving
(ZDF) rats, a model of type Il diabetésThese rats develop the defective mitochondrial oxidative capacity of BAT and
frank diabetes at an early age (as early as 7 weeks), charactefyAT, thereby increasing energy expenditure and fat oxidation
ized by elevated plasma levels of glucose, insulin, FFA, tri-gnq consequently reducing plasma FFA leveDecreasing
glyceride, and cholester& At 10 weeks of age, blood insulin plasma FFA with CL-316243 may lead to an enhancement of
levels progressively decrease because of pancraigdl fail- - 4jycose use by skeletal muscles via the glucose—fatty acid cycle
ure#-¢ Similar to other rat models, such as the obese SHR ratSy other mechanisms, thereby contributing to normalization of
pbese_ZDF rats haye seve_ral thermogenic and metabolic defec&?ycemia.llﬁ
in their brown adlpos_e tissue (BAT) tha_t are reverse_d by The principal goal of the present experiments was to test this
long-term treatment with CL-316243:° Using euglycemic- hypothesis. We reasoned that if elevated levels of circulating

Egggr('gisfﬂ']ngg;cmcé?g %stocgg.?;]n;g vxlnt(r:lotshee eigds OXZ?'Iur-leralFFA represent a major diabetogenic factor in obese ZDF rats,
: gu u y perp a decrease in FFA levels induced by means other than by

t|§sues, we found that long .term treatr_nent. of obese .ZDF rat%:L-316243 treatment should also enhance glucose use by the
with CL-316243 markedly improved insulin responsiveness
- . ) skeletal muscles and decrease plasma glucose levels. We now
(approximately 3-fold) and increased glucose uptake XiRg . . S ; .
report that a stable inhibitor of lipolysis in adipose tissues,

BAT (21-fold), white adipose tissue (WAT; 2-fold), and skel- " =" ) S . .

etal muscles (2- to 3-fold) but not in the heart. In spite of theAC'p”T'OX’M_18 is effective in rapidly decreasing plasma FFA

great increase of glucose uptake in BAT and WAT of obese

rats, we estimated that glucose disposal in skeletal muscles was

approximately 5-fold greater than in total adipose depots (BAT From the Department of Physiology, Faculty of Medicine, Laval

and WAT combined). Thus, even under adrenergic stimulationUniversity, Quebec, Canada.

the skeletal muscles still represented a more important site of Submitted September 15, 2000; accepted January 18, 2001.
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levels in obese ZDF rats. Remarkably, Acipimox treatmentDetermination of the Glucose Infusion Rate During
mimicked the beneficial effects of CL-316243 treatment onEuglycemic-Hyperinsulinemic Clamps

plasma glucose-FFA levels, insulin reSponS_'Venes_s' and glu.- Approximately 1 half hour before the experiment, polyethylene
cose use by skeletal muscles but not by adipose tissues. Thisension tubes were connected to the indwelling cannulas of the
finding supports the hypothesis that the effects of CL-316243ugular vein (PE 50) and carotid artery (PE 10). A 4-way stopcock was
on glucose use by skeletal muscles are indirectly mediated bysed to infuse glucose, insulin, and radiolabeled tracers into the jugular
its stimulatory effects on BAT thermogenesis (increase in un-vein, whereas the carotid artery was used for blood withdrawal. A first
coupling protein levels), resulting in increased FFA oxidation blood sample (1(uL) was taken and analyzed on the glucose analyzer.

and decreased plasma FFA concentration. Then, 3 mL of Acipimox (150 mg/kg orally) dissolved in saline or 3
mL of saline (controls) was administered. After 1 hour, insulin (100

mU - kg~ min~%) and glucose (1.66 mol/L) were infused in parallel.

MATERIALS AND METHODS The rate of glucose infusion was adjusted to maintain euglycemia (7.1
Animals and Treatments to 8.3 mmol/L), and blood glucose concentration was tested at regular
intervals.

Male ZDF rats (ZDF/Gmi-fa/fa) and their lean littermates were
obtained from Genetic Models Inc (Indianapolis, IN) and were hOUSEdDetermination of the Rates of Glucose Uptake in
in individual cages at 23°C with a 12-hour light-dark cycle. The rats . .
received Purina chow 5008 and watet libitumand were used when Peripheral Tissues
they were 12 to 14 weeks old. The mean body weights of the lean and Ninety minutes after starting euglycemic-hyperinsulinemic clamps,

obese rats were 2917 4.1 g and 345.0- 7.9 g P < .01). the rates of glucose uptake in peripheral tissues)(Rgre estimated
by the 2-fH]DG method?° using [U+“Clsucrose as an extracellular

marker-191n total, 15 samples of 1QL were removed during clamp-

ing to check plasma glucose levels with a glucose analyzer and 7
Three to 4 days before the experiments, polyethylene cannulas filledamples of 10@.L were removed during the 2-deoxyglucose tests. The

with sterile heparinized saline (30 U/mL) were inserted under isoflu-total blood volume removed<(1 mL) represents<5% of the total

rane anesthesia into the common carotid artery and / or the jugular veiblood volume.

(PE 10 or PE 50, respectively; Becton Dickinson, Parsippany, NJ), as

previously describet® The cannulas were exteriorized through a neck Statistics

incision,_ checked for patency, gnd sealed. All ex_periments were per- e data were statistically analyzed using the unpairest or the

formed in unanesthetized, undisturbed, unrestrained rats 3 to 4 dayﬁairedt test when values from individual animals were compared

after cannulation. By this time, the lean and obese rats had fu"ybefore and after treatments. Correlations between variables were per-

recovered from the cannulation: food intake, body weight gain, and, e sing least-squares regression analysis. Results are expressed as
plasma insulin and glucose levels had returned to precannulatlo%eans+ SE

values.

Cannulations

RESULTS

Effects of Acipimox on Plasma Levels of FFA, Glucose, and
A single dose of 3 mL of Acipimox (150 mg/kg; Pharmacia Upjohn, Insulin in Lean and Obese ZDF Rats

Milan, Italy) dissolved in saline was given orally to lean and obese ZDF . . . .
rats via an animal-feeding needle. Control rats received the same Plasma FFA concentrations in unanesthetized, undisturbed

volume of saline. After the gavage, we did not notice any sign of £DF rats were mugh higher in Ol?ese than in Ie.an an'mals (Fig

discomfort. During the tests, rats were lying quietly in their cages; they1), confirming previous observatio#$.Oral administration of

were unrestrained, and great care was taken to not disturb them. ~ Acipimox (150 mg/kg) decreased the elevated plasma FFA

levels of obese rats to approximately the same concentrations

as in lean animals (about 0. AEq/L). Preliminary dose-

B ) ) _ response experimeitshowed that the dose of 150 mg/kg was
Glucose (0.5 g/kg) was injected into the common carotid artery V'aoptimal; larger doses did not further amplify Acipimox action.

a PE 10 cannula in less than 30 seconds. The cannula was rapldl¥he decreased FFA levels remained unchanged for more than 3

washed with saline, and arterial blood was sampled (0.2 mL) at variou s . . . .
pled ( ) fpours. These initial observations confirmed that Acipimox is a

time points (see Fig 3). The samples were immediately replaced with al o . . . )
equivalent volume of saline. Blood samples were transferred intoMUch more stable inhibitor of lipolysis than its analogue, nic-

chilled heparinized tubes and centrifuged at 4°C, and the plasma wa8tinic acid, for which a rebound effect on plasma FFA levels is
kept frozen (-80°C) for later insulin and glucose determinations. Total Often observed? The stability of the Acipimox effects allowed
glucose and insulin areas under the curve were calculated by integratis to perform glucose tolerance tests and euglycemic-hyperin-
ing the glucose and insulin values obtained during the entire 45 minutesulinemic clamping under near steady-state conditions (see

Acipimox Administration

Glucose Tolerance Tests

of the tests. below).

In addition to having higher plasma FFA levels, the obese
Determination of Plasma Levels of Glucose, FFA, and rats were clearly diabetic (glycemia 14.530.82 mmol/L) and
Insulin hyperinsulinemic (insulinemia 0.74 0.089 nmol/L); (Fig 1).

Plasma glucose levels were measured with a glucose analyzer (Becl|<0 lean and obese rats, AC|p|mox.treaFment S|gn|f|cgntly re-
man, Brea, CA). Insulin levels were determined by radioimmunoassayiuced both plasma glucose and insulin concentrations. The

(Linco, St Charles, MO) using the conversion factor of 23.1 U/ng of rat €ffects  of _Acipimox on pla§ma FFA, g|U00593 and ins_ulin
insulin. Plasma FFA concentrations were determined using a nonestoncentrations were more evident in obese than in lean animals.
erified fatty acid kit (Wako Chemicals, Richmond, VA). Correlation analyses showed that the plasma levels of FFA in
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Fig 1. Effects of Acipimox on plasma FFA, glucose, and insulin

levels in lean (n = 7) and obese (n = 6) ZDF rats. The rats were given
a single dose of Acipimox (150 mg/kg orally) at time 0, and blood
samples were removed and analyzed as described in the Methods.
* **statistically significant differences between lean and obese ani-
mals: *P < .05, **P < .01. ***Statistically significant differences
between values obtained immediately before (time 0) and after (4
hours) Acipimox injection: *P < .05, **P < .01.

obese ZDF rats were highly correlated with the plasma levels o
glucose = .72) and insulin i = .83); P < .01; Fig 2A
and B).

Effects of Acipimox on Glucose Tolerance in
Obese ZDF Rats

Acipimox treatment not only decreased glycemia and insu-
linemia in obese ZDF rats, but also significantly improved
glucose tolerance (Fig 3). Confirming results shown in Figs 1
and 2, Acipimox significantly reduced the basal values (time 0)
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stimulation. The area under the glucose curve was decreased
although the area under the insulin curve was also reduced (Fig
3B), an observation that supports increased insulin responsive-
ness, as also demonstrated by euglycemic-hyperinsulinemic
clamping.

Effects of Acipimox on the Glucose Uptake of Obese ZDF
Rats Under Euglycemic-Hyperinsulinemic Clamping
Conditions

The next experiments were performed to test whether Acipi-
mox improves insulin responsiveness in obese rats and to
assess whether glucose use is modified by Acipimox in periph-
eral tissues such as the skeletal muscles, the heart, WAT, and
BAT. For this purpose, we used the 4|DG method for
determining the rates of tissue glucose uptake'YRopder
euglycemic-hyperinsulinemic clamping conditions. Unanesthe-
tized precannulated obese rats were given either Acipimox (150
mg/kg orally) or the carrier solution and were left undisturbed
for 1 hour to let the lipolytic inhibitor exert its effects (Fig 1).
After this period, euglycemic-hyperinsulinemic clamping was
performed as described in Materials and Methods. When
steady-state conditions were reached, glucose and insulin con-
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of plasma glucose and insulin. During the entire glucose toler- 00 1 2 3 4 5
ance test, both pllasma glucose and insulin goncentratlong of FFA (rnEq . L'1)

treated rats remained decreased compared with concentrations
!n untreated animals (Fig 3A): G|U.COS€ did _no_t S|gn|f|cantly Fig2. Correlation analyses between the concentrations of plasma
increase _the elevated plasma insulin levels, mgllcatlng that th@ra and (A) glucose or (B) insulin before and after Acipimox treat-
pancreaticp cells of obese rats were desensitized to glucosement. Values were taken from the experiment described in Fig 1.
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Fig 3. Effects of Acipimox on plasma glucose and insulin levels
during a glucose tolerance test in obese ZDF rats. One group of obese
rats (n = 5) received a single oral dose of Acipimox (150 mg/kg), and
the control group (n = 3) was treated with the carrier solution. One
hour later, the rats were injected with glucose (0.5 g/kg) via a pre-
installed cannula, and plasma samples were taken at various times
for analysis as described in the Methods. (A) Plasma glucose and
insulin curves. (B) total glucose and insulin areas under the curves
during the entire 45 minutes of the glucose tolerance test.
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Fig4. Glucose infusion rates during euglycemic-hyperinsulinemic
clamping in obese ZDF rats treated with Acipimox. One group of
obese rats (n = 5) received a single oral dose of Acipimox (150
mg/kg), and the control group (n = 4) was treated with the car-
rier solution. Euglycemic-hyperinsulinemic clamping and 2-[*HIDG
method were performed as described in the Materials and Methods.
The data represent blood glucose levels (left), plasma insulin levels
(middle), and glucose infusion rates (right) during clamping when
steady-state conditions were reached.

Juny
o
1

801

;
5

Glucose (mmol - L)
<
Insulin (nmol - L'1)
5 5

Glucose (mmol - kg1 min-1y

ot L ot

by other means, for instance by direct inhibition of lipolysis
with Acipimox, should also enhance glucose use by the skeletal
muscles. The present results support this hypothesis by show-
ing for the first time that a reduction in plasma FFA concen-
tration, directly obtained by inhibiting lipolysis with Acipimox,
improves glycemia, increases insulin responsiveness, and stim-
ulates glucose uptake in skeletal muscles of obese ZDF rats.
Thus, short-term Acipimox treatment mimics many but not all
metabolic effects induced by long-term CL-316243 treatment
(see below).

The rapid and stable decrease in FFA levels induced by
Acipimox was accompanied by decreases in both plasma glu-

centrations were similar in both groups (Fig 4). However, theC0S€ and insulin levels that apparently occurred after a delay of
amount of glucose infusion required to maintain euglycemia@ few minutes (Fig 1). FFA concentrations before and after
was 2- to 3-fold higher in Acipimox-treated rats than in un- Acipimox injections were highly correlated with plasma glu-

treated animals, indicating that the lipolytic inhibitor had sig- €0se and insulin concentrations, indicating strong metabolic
nificantly enhanced insulin action. Under these conditions, the€lationships between these parameters (Fig 2). Acipimox

2-[*H]DG tests showed that Acipimox significantly increased

glucose uptake in various muscles (diaphragm, plantaris, and

red and mixed gastrocnemius), in the heart, but not in BAT or ~ 4

WAT (Figs 5 and 6).

DISCUSSION

The main objective of this study was to test the hypothesisS
that the stimulatory effects of CL-316243 on glucose uptake in _.,
skeletal muscles of obese ZDF rats observed in previous stud-¢
iest were indirectly mediated by a reduction in plasma FFA
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levels, leading to activation of the glucose—fatty acid cycle or ;&0 | D ﬁ.
0

other mechanisms modulating insulin responsiveness in skele- D_iaphragm Soleus Red Mixte
tal muscles-12We were faced with the apparent paradox that Gastroc Gastroc
a selectiveB; agonist such as CL-316243 significantly stimu Heart Plantaris White

lated glucose uptake in skeletal muscles, a tissue that does not Gastroc

express typIC(:.llG% adrenoceptors. We postulated th_at if CL- Fig 5. Effects of Acipimox treatment on the glucose uptake (Rg’)
316243 acted indirectly on skeletal muscles by reducing plasmgt various muscles (diaphragm; heart; soleus; plantaris; red, white,
FFA levels, a similar reduction in FFA concentration obtained and mixed gastrocnemius).
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1 Baffer insulin and glucose curves during glucose tolerance tests, and
Ml Acipimox both agents improved insulin responsiveness during euglyce-
- 20- 3 mic-hyperinsulinemic clamping (Figs 3, 4)This finding indi-
cates that during the glucose tolerance tests, the decrease in
l plasma insulin levels was more than compensated by an in-
L5y crease in insulin responsiveness, resulting in decreased areas
under the glucose curves (Fig 3). A similar phenomenon occurs
L 10k under more physiologic conditions, ie, during cold exposure in
normal rats, and can be mimicked by infusing rats with nor-
4r o5t Ir epinephrine, the physiologic effector of thermogenés#s:23
’ The decrease in plasma FFA levels of obese ZDF rats was
obtained in our previous studies by stimulating FFA oxidation
ot ot L ot in BAT, whereas in the present work, Acipimox inhibited
BAT GWAT SCWAT  |ipolysis in WAT. Furthermore, Acipimox acted quickly (Fig
) . 1), whereas 2 weeks of long-term treatment of obese rats with
Flg 6. Effects of Acipimox treatment on the glucose uptake (Rg') CL-316243 was required for obtaining similar resdlt$he
of interscapular BAT, gonadal WAT (GWAT), and subcutaneous WAT
(SCWAT). explanation for the slow evolution of the antidiabetic effects of
CL-316243 is based on the fact that thermogenesis in BAT of
untreated obese animals is markedly defective. Total BAT
might have induced, directly or indirectly, other metabolic mitochondrial content, cytochrome oxidase activity, and un-
effects in diabetic rats. For instance, decreased FFA levelsoupling protein (UCP 1) concentrations are all significantly
might also decrease hepatic glucose production or pancreatieduced in rat models of obesity and type 2 diab&fes24-26
insulin secretion, thereby contributing to lower plasma glucoseTwo weeks of treatment of obese animals with Byeagonist
and insulin levels. In any case, the present experiments shopwrobably is required to stimulate mitochondrial proliferation
that Acipimox, similar to the3; agonist CL-316243, was able and uncoupling protein concentration in BAT and to progres-
to induce a significant reduction in FFA in obese ZDF rats andsively increase thermogenesis in BAT.
that this phenomenon was highly correlated with decreases not In summary, the principal similarities between the effects of
only in glucose, but also in insulin concentrations (Figs 1 andAcipimox and CL-316243 on glucose metabolism in obese
2). This finding strongly suggests that the Acipimox-induced ZDF rats are that both drugs decrease plasma glucose, insulin,
decrease in FFA levels leads to stimulation of glucose uptake imand FFA concentrations, improve insulin responsiveness, and
skeletal muscle, resulting in decreased plasma glucose andcrease glucose uptake in various muscles. The main differ-
insulin concentrations. ences are that Acipimox induces these effects quickly and does
Glucose tolerance tests (Fig 3) showed that Acipimox im-not stimulate glucose uptake in BAT or WAT, whereas CL-
proved glucose tolerance while reducing insulin response dur316243 exerts its antidiabetic effects only after several days of
ing an intravenous glucose tolerance test, a result that was aldoeatment and stimulates glucose uptake in adipose tissues,
observed in our previous studies with CL-3162430owever,  principally in BAT.X The observation that 2 drugs that decrease
euglycemic-hyperinsulinemic clamping-clearly revealed im-plasma FFA concentrations via 2 different mechanisms (inhi-
portant differences in the mode of action of Acipimox and bition of lipolysis or stimulation of thermogenesis) improve
CL-316243. Although both agents significantly increased glu-insulin resistance and enhance glucose uptake in muscles
cose uptake in skeletal muscles, CL-316243, in contrast testrongly suggests that mechanisms such as the classical glu-
Acipimox, markedly increased glucose uptake in BAT (21- cose—fatty acid cycle or the regulation of glucose metabolism
fold) and WAT (approximately 2- to 3-fold) but not in the by intramuscular lipid products (such as long-chain acyl-
heart! Assuming that the muscles, WAT, and BAT, respec- CoAs)1.12are operative in muscles of ZDF rats. Further studies
tively, represent 30%, 40%, and 1% of the body weight of are needed to determine which of these mechanisms prevails in
obese rats, we calculated that glucose use in the entire browmuscles of obese ZDF rats, but it is also possible that they
and white adipose mass represents only 20% of that musclefsinction in parallel.
(10% BAT and 10% WAT). Thus, muscles represent a much Finally, an important role for plasma FFA as a modulator of
more important site of glucose use than adipose tissues, evdnsulin action is also supported by numerous studies showing
when the latter are stimulated k85 agonists. The fact that that increasing plasma FFA concentrations by various means
Acipimox did not increase glucose uptake in adipose tissuegshort-term infusions of FFA suspensions or of heparin with or
also indicates that the effects of the lipolytic inhibitor are not without triglycerides) induces insulin resistar¥dn fact, it is
mediated by activation of the sympathetic nervous systemlikely that the defective energy expenditure in obese ZDF rats
Indeed, we previously reported that cold exposure, norepinephcaused by defective hypothalamic leptin receptors and sympa-
rine infusion, and CL-316243 treatment all increase glucosehetic nervous system activi§3° gradually enhances WAT
uptake in adipose tissues several-fold:22Glucose uptake in  hyperthrophy-hyperplasia, which in turn causes increases in
BAT is one of the best indicators of sympathetic activation circulating FFA levels that progressively induce insulin resis-
because cold exposure (4°C) increases this parameter as mutdnce and diabetes. This progression can be temporarily re-
as 100-fold. versed by CL-316243, which stimulates BAT thermogenesis
Both Acipimox and CL-316243 reduced the areas under theand fat oxidation, bypassing the defective central sympathetic

10F

Rg' (umol - 100 g+ min-1)
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stimulation, or more directly, by inhibition of FFA release from reported that Acipimox acutely improves glucose tolerance and
adipose tissues with Acipimox. insulin resistance in type 2 diabef#$° and ameliorates glu-

From a clinical point of view, each of these approaches hasose tolerance in hyperthyroid patieftdUsing the 2-fH|DG
advantages. It is clear th@; agonists have the advantage of technique, we were able to confirm and extend these observa-
being antiobesity drugs that reduce adiposity by oxidizing fattytions by directly demonstrating that Acipimox increases glu-
acids, a characteristic that is not shared by lipolytic inhibitors.cose uptake in different types of skeletal muscles of type 2
Both types of drugs have been tested in recent clinical studiediabetic rats without affecting glucose use in BAT or WAT. To
Long-term treatment of healthy individuals with CL-316243 our knowledge, the long-term effects of drugs stimulating fatty
has been shown to increase insulin action and fat oxid&tion, acid glucose lipolysis uptake have not yet been evaluated in
but similar studies of patients with type 2 diabetes still remainhumans or laboratory animals. More studies, particularly long-
to be performed. Nevg; agonists, more specific for humg@g term clinical studies, are needed to determine which of these
adrenoceptors (which are different from ftadrenoceptors), approaches would be more effective for treatment of type 2
are presently being testéd.On the other hand, it has been diabetes.
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