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Our previous studies have shown that the dopaminergic D1 receptor agonist SKF38393 (SKF) plus the D 2 receptor agonist 
bromocriptine (BC) act synergistically to reduce obesity in obese C57BL/6J (ob/ob) mice. The present study investigated the 
effects of this combination on dyslipidemia in ob/ob mice. Female ob/ob mice were treated daily with vehicle or SKF (20 mg/kg 
body weight [BW]) plus BC (16 mg/kg BW [BC/SKF]) for 14 days. The animals were then used for the characterization of plasma 
lipoprotein profiles, hepatic triacylglycerol synthesis and secretion, adipocyte lipolysis, adipose and muscle lipoprotein lipase 
(LPL) activity, and muscle triglyceride (TG) content. The treatment significantly reduced plasma glucose 54%, TG 41%, 
cholesterol 21%, phospholipid 20%, and free fatty acid (FFA) 36% (P < .01). Hepatic triacylglycerol synthesis was 55% lower in 
treated mice versus control mice (P < .01). The cell size of isolated adipocytes was significantly reduced (41%) by treatment. 
LPL activity was increased in soleus skeletal muscle (25%, P < .05) but was sharply reduced in adipose tissue (91%, P < .01) in 
treated versus control mice. The TG content of hindlimb muscle was about 49% lower in treated versus control mice (P < .05). 
The basal and isoproterenol-stimulated lipolytic rate was decreased (approximately 53%) in adipocytes from treated animals 
compared with the control (P < .01), In conclusion, BC/SKF normalized the hypertriglyceridemia likely via its simultaneous 
antilipogenic action in liver tissue and antilipolytic action in adipose tissue. Decreased plasma flux of FFA partially contributed 
to the reduced hepatic lipogenesis, plasma very-low-density lipoprotein (VLDL)-TG, and TG in skeletal muscle. The 
above-described effects of BC/SKF treatment are largely independent of its effect to normalize hyperphagia in ob/ob mice. 
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D YSLIPIDEMIA in the form of elevated triglyceride (TG)- 
rich lipoprotein and serum free fatty acid (FFA) levels is 

a common abnormality associated with type 2 diabetes. 1-3 
Increasing evidence indicates that elevated serum TG is a risk 
factor for coronary heart disease 4-6 and that high serum FFA and 
TG levels can potentiate insulin resistance. 74° Despite progress 
in delineating the etiologic role of dyslipidemia in the patho- 
physiology of diabetes, we are still searching for insights into 
the physiologic regulatory alterations responsible for the initial 
development of dyslipidemia. 

Observations by several laboratories have indicated that 
increased TG synthesis, secretion, storage, and subsequent 
mobilization (ie, increasing serum FFA) is a naturally occurring 
seasonal phenomenon in vertebrates. H Vertebrates synthesize 
and then subsequently utilize large amounts of lipid at particular 
times of the year, enabling them to survive long periods of low 
food availability. 11 Our laboratory has demonstrated that natural 
seasonal or pharmacological increases in dopaminergic tone 
shift lipid metabolism from high to low lipid synthesis and 
mobilization. 11-14 Recently, we have applied this "natural" 
approach of regulating metabolism to the treatment of lipid (and 
carbohydrate) abnormalities in the geneucally obese, hypergly- 
cemic C57BL/6J mouse (ob/ob). These mice have increased 
rates of TG synthesis and secretion, as well as mobilization, 
both contributing to elevated serum lipids. 15-]7 Compared with 
lean mice, oh/oh mice have plasma TG levels that are elevated 
as much as 1.5-fold to twofold 18 and characterized as hypertri- 
glyceridemic, reported to be 199 + 25 mg/dL in the fasting 
state. 19 These animals also have an elevated TG content in 
skeletal muscle, 2° which may potentiate insulin resistance. ~-m2 
Treatment of ob/ob mice with the dopamlne agonists bromocrip- 
tine ([BC] D2 receptor agonist) plus SKF38393 ([SKFID1 
receptor agonist) has been shown to reduce obesity, hyperglyce- 
mia, and hyperlipidemia independent of its effects to reduce 
feeding. 23 

This study investigates the metabolic activities involved in 
the amelioration of dyslipidemia in these mice by such dopa- 
mine agonist treatment. Specifically, we examined the in vivo 
dopamine agonist treatment effects on (1) liver TG esterifica- 

don, secretion, and subsequent removal in adipose tissue and 
muscle (ie, lipoprotein lipase [LPL] activities), (2) basal and 
isoproterenol-stimulated adipocyte lipolysis, (3) skeletal muscle 
TG content, and (4) serum lipoprotein profile. 

MATERIALS AND METHODS 

Experimental Design 

Six-week-oid obese female C57BL/6J rmce (ob/ob) (body weight 
[BW], 44.5 _+ 0.5 g) were supplied by Jackson Laboratory (Bar Harbor, 
ME) and maintained in a temperature-controlled (.18 ° 4- 2oc) room 
with a 12-hour light/dark cycle. Animals were divided into three groups: 
vehicle control, pair-fed control, and treated. They were singly housed 
and allowed to adapt to the chmate-controlled environment for at least 1 
week before studies began. In our experience, singly housing ob/ob 
mice produces a consistent and uniform hyperglycemm among ammals. 
Free access to standard chow dtet (Prolab RMH 3000; Agway, 
Syracuse, NY) and water was allowed throughout the experiment, 
except in the pair-fed group. Animals were injected intraperitoneally 
daily at 1 hour after hght onset (HALO) for 14 days with vehicle or SKF 
(20 mg/kg BW) plus BC (16 mg/kg BW [BC/SKF]) simultaneously. 
Food consumption was measured daily, and BW was monitored on days 
0, 7, and 14 of treatment. The amount of food given to pair-fed animals 
was calculated from the consumption on the prior day by treated 
animals, and was offered to the animals at 11 HALO to coincide with 
the natural onset of feeding in these nocturnal animals. On day 15 of the 
study, serum was isolated at 1 HALO (24 hours following the final 
treatment) for analysis of insulin, glucose, lipids, and the chemical 
compositton of serum Iipoprotems. We also investigated the effect of 
treatment on the incorporation of 3H-glycerol into hepatic TG and on 
the hepatic TG secretion rate. We also examined LPL activity in heart. 
skeletal muscle, and paramemal adipose tissue. Adipose tissue was also 
taken for the determinatmn of cell size and lipolytic rate. The TG 
content of heart and skeletal muscle was measured. Inasmuch as 
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BC/SKF treatment normalizes hyperphagia, some studies included a 
diet-restricted control (pair-fed to BC/SKF-treated mice). 

Chemicals 

Solvents and chemicals were the highest grade commercially avail- 
able from Fisher Chemical (Fair Lawn, NJ). Superose CL 6B, Triton 
WR-1339, KBr, triolein, and egg yolk phosphatidylcholine were 
obtained from Sigma (St. Louis. MO). Tri-[9.10-3H]oteate was pur- 
chased from ICN (Costa Mesa, CA). 3H-glycerol was obtained from 
New England Nuclear (Boston, MA). 

Plasma Metabolite Analyses 

Plasma glucose was assayed with a glucose monitor (Accu-Check 
Advantage; Boehringer, Indianapolis, IN). Plasma cholesterol and TG 
concentrations were determined by commercially available colorimetric 
enzymatic assay kits (Sigma). Plasma FFA, free cholesterol, and 
phospholipid levels were determined by enzymatic assay with kits 
purchased from Wako (Richmond, VA). The plasma insulin concentra- 
tion was measured by radioimmunoassay using rat insulin as a standard 
and anti-rat insulin antibody with kits from Lmco Research (St. 
Charles, MO). 

Measurement of 3H-Glycerol Incorporation Into Liver TG 

Animals were injected intraperitoneally with 2-3H-glycerol (20 ~tCi 
per mouse, 17.4 Ci/mmol) in 100 gL 0.15-mol/L NaC1 at either 4, 8, 12, 
14, or 16 HALO to evaluate TG reesterification at various times in the 
lipolytic and lipogenic periods of the day. 15 After 30 minutes, the 
animals were killed mad the plasma was prepared. Liver and parametrial 
adipose tissues were rapidly frozen for determination of 3H-glycerol 
incorporation into TG. Lipids contained within these tissues were 
extracted with chloroform-methanol as previously described. 24 With 
this method, at has been shown that greater than 90% of the radioactivity 
is present in extracted lipids recovered in the TG fraction. °-5 The 
recovery of TG radioactivity was used to calculate the incorporation of 
3H-glycerol into hepatic TG and adipose TG based on the specific 
radioactivity of plasma 3H-glycerol. The incorporation rate is expressed 
as micrograms of glycerol incorporated per minute per gram of tissue. 

Measurement of Hepatic TG Secretion Rate 

To assay hepatic TG secretion, Triton WR-1339 (15% Triton wt/vol) 
at a dose of 300 mg/kg BW was injected into the tail vein at 1 HALO. 
Blood samples for measurement of TG were obtained at 0, 30, 60, and 
90 minutes after injection of Triton. TG accumulation rates were 
determined similarly to the method of Kasim et a126 as  follows: rate 
(milligrams per hour) = %[ (T G30-  TG0)/0.5 + ( T G 6 0 -  TG0) + 
(TG90 - TG0)/1.5] × plasma volume, where TG30, TG60, and TG90 
are TG concentrations at 30. 60. and 90 minutes after Triton injection, 
respectively, and TG0 is the TG concentration before injection. The 
plasma volume used was estabhshed for mice at 5.77% of BW. 27 

Isolation and Characterization of Plasma Lipoproteins 

A separate group of animals treated as before were used for the 
analysis of BC/SKF effects on the serum lipoprotein profile. Before 
separation of lipoproteins, plasma chylomicrons were removed by 
centrifugation at 15,000 × g for 30 minutes at 4°C. Two methods were 
subsequently used for fractionation of plasma lipoproteins: (1) lipopro- 
teins were separated by a single discontinuous density gradient ultracen- 
trifugation 28 and fractionated into density classes of less than 1.006 
(very-low-density lipoprutein [VLDL]), 1.006 to 1.063 (low-density 
lipoprotein [LDL]), and 1.063 to 1.21 (high-density Iipoprotein [HDL]): 
and (2) molecular filtration on column chromatography was performed 
with Superose 6B gel with a slight modification for lipoprotein 
isolation. ~-9 Plasma (200 oL) was applied to two Superose 6B columns 

(10 × 300 ram) connected in series. Chromatography was performed at 
a constant flow rate of 12 mL/h. Eluent fractmns of 400 gL each were 
collected after discarding the first 12 mL. Continuous monitoring of the 
280-nm absorbancy of the eluate was performed to detect irregularities 
and to monitor the complete elution of plasma protein. Ahquots of 
collected lipoprotein fractions from both methods were used to deter- 
mine the lipid content by colorimetric enzymatic assay with commer- 
caally available kits (Sigma). Protein content was measured according to 
the method of Lowry et al. 3° 

LPL Assay 

Heart. parametrial adipose tissue, and soleus muscle pairs were 
removed from the mice following death. Tissue was cut into small 
pieces and placed in vials containing 0.4 mL Hanks buffer with sodium 
heparin (200 lag/mL). Each sample was assayed in duplicate. After a 
40-minute incubation in a shaking water bath at 37°C, 0.1 mL 
incubation medium was removed to a new vial and LPL activity was 
measured with 0.1 mL substrate emulsion as described by Hietanen and 
Greenwood, 31 containing 1.5 ~u-nol triolein and 1.6 ~.1C1 glycerol 
tri-[9,10-3H]oleate, 9 ~g egg yolk phosphatidylcholine sonicated in 67 
gL buffer (0.3 mol/L Tris hydi~ochloride and 3% BSA, pH 8.6), and 33 
gL heat-inactivated human serum (total reaction vol, 0.2 mL). The 
enzymatically released fatty acid was extracted as described by 
Belfrage and Vaughan, 32 and radioactivity in the aqueous phase was 
counted in a liquid scintillation counter. LPL activity was expressed as 
micromoles of FFA released per hour per gram of tissue. It was also 
expressed as micromoles of FFA released per hour per 106 cells for 
adipose tissue. 

Heart and Skeletal Muscle TG Content 

Following death, the heart and total skeletal muscle tissue dissected 
from the hindlimb were placed in liquid nitrogen. The tissues were 
extracted m chloroforrrdmethanol, 24 and after separation, the chloro- 
form phase was retained and evaporated to dryness under nitrogen. The 
residue was reconstituted in 200 gL chloroform. A 2.5-gL aliquot was 
used to determine TG content with the enzymatic method as already 
described in a final reaction volume of  1 mL. 

LipoIysis in Isolated Adipose Cells 

Adipose cells were lsulated from parametrial adipose tissue of 
individual mice by a collagenase digestion method. 33 Digestion was 
performed with i g minced fat pad in 2 mL 1-mg/mL cotlagenase for 45 
minutes in 2.5% Fraction V BSA in Krebs-Ringer phosphate buffer at 
37°C in a shaking water bath. Ceils were then filtered through nylon 
mesh. The cell diameter was measured under a microscope, 34 and lipid 
content was measured by lipid extraction. Cell size was expressed as 
micrograms of lipid per cell. 35 A 10% suspension of isolated adipocytes 
(one part cells per nine parts media) from parametrial adipose tissue of 
individual mice was prepared in Krebs-Ringer media buffered with 20 
mmul/L HEPES, pH 7.4, containing 200 nmol/L adenosine, 2 mmoI/L 
glucose, and 2.5% BSA. 36 Cell incubations were initiated by adding 100 
gL adipocyte suspension to incubation vials containing 400 gL media 
with 1 U/mL adenosine deaminase (Sigma) and lipolytic stimulators 
(isoproterenol). Incubations were performed at 37°C in a shaking water 
bath for 20 minutes. Lipolysis was determined by vortexing the ceils 
through dinonyl phthalate oil. The glycerol content in 150-gL allquots 
of cell-free media was measured using a colorimetric enzymatic assay 
kit (Sigma). 

Statistical Analysis 

Data are presented as the mean -+ SEM. Statistical significance 
between groups was calculated by Student's t test. 
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RESULTS 

BW, Food Consumption, and Plasma Metabotites 

After 2 weeks of treatment, daily food consumption and BW 
gain were significantly reduced (by 45% and 14%, respectively, 
P < .01) in BC/SKF-treated ob/ob mice compared with con- 
trois (Fig 1). Pair-feeding also reduced the BW gain (10%, 
P < .01). BC/SKF also reduced plasma levels of glucose (54%, 
from 407 ± 18 to 186 ± 27 mg/dL, P < .01), insulin (50%, 
from 4 8 ± 4  to 2 4 ± 4  ng/mL, P < . 0 I ) ,  TG (4]%, from 
3 2 2 ± 2 2  to 1 9 1 ± 8  mg/dL, P< .01 ) ,  FFA (36%, from 
1.25 _+ 0.04 to 0.8 -+ 0.06 retool/L, P < .01), cholesterol (21%, 
from 168 + 7 to 132 ± 8 mg/dL, P < .01), and phospholipid 
(20%, from 297 ± 12 to 238 ± 17 mg/dL, P < .01) relative to 
controls. However, plasma glucose (326 --_ 37 mg/dL) and FFA 
(1.3 ± 0.01 retool/L) were not reduced in the pair-fed group 
versus the control group. Regarding lipids, pair-feeding reduced 
plasma total TG 17% (from 322 ± 22 to 267 ___ 13 mg/dL, 
P < .05). However, BC/SKF treatment further reduced plasma 
total TG 28% (from 267 _+ 18 to 191 - 8 mg/dL, P < .05) 
relative to the pair-fed group. Plasma cholesterol and phospho- 
lipid levels were similarly reduced by pair-feeding and BC/SKF 
treatment relative to controls (Table 1). 
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Fig 1. Effects of BC/SKF treatment on BW and daily food intake in 
ob/ob mice, (A) BW was monitored at 0, 7, and 14 days after 
treatment and (B) food consumption was measured daily during 
treatment in control (©), pair-fed ( I ) ,  and BC/SKF (O) mice. Results 
are the mean -+ SE of 6-8 mice per group. *P < .01 v controls. 
**Significant reduction in daily food consumption over the 2-week 
treatment period, P < .05. 
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Table 1. Effects of BC/SKF Treatment on Blood Lipids 

FFA TG CH PHOS 
Group (mmol/L) (mg/dL) (mg/dL) (mg/dL) 

Control 1.1 _+ 0.05 322 -+ 22 167 --- 7 297 _+ 12 

BC/SKF 0.8 -4- 0.03*t 191 -+ 8"1" 132 _+ 8* 238 -+ 17 ~ 

Pair-fed 1.3 -+ 0.1" 267 ~ 13" 142 -+ 7* 244 + 9* 

NOTE. Results are the mean -+ SE of 6-8 mice per group, 

Abbreviations: CH, cholesterol; PHOS, phospholipids. 

* P <  ,05 vob/ob controls. 

I"P< .05 vpair-fed controls. 

3H-Glycerol Incorporation Into TG in Liver and 
Adipose Tissue 

Many reports have indicated that there is a significant diurnal 
rhythm in lipid synthesis and mobilization in rodents, including 
mice. 15 Therefore, the circadian aspects of TG synthesis were 
investigated. Figure 2 shows the effects of BC/SKF treatment 
on the daily variation of glycerol incorporation into hepatic TG 
in ob/ob mice. The maximum rate of synthesxs of liver TG 
occurs in the late part of the dark period to early morning. 
Following BC/SKF treatment, glycerol incorporation into liver 
TG was reduced approximately 55% (23 __+ 1.7 v 11 ± 2.6 
pg/min/g, P < .01) during this peak synthetic period of the day. 
Similar results were found in adipose tissue, where the incorpo- 
ration of glycerol into TG was reduced about 57% during the 
peak period (3 ± 1.2 v 1.3 ± 0.6 ~tg/mirdg, P < .05). 

Hepatic TG Secretion 

To directly test the possibility that the decrease an plasma TG 
after BC/SKF treatment may be due to a decrease in hepatic 
secretion of VLDL, we blocked the clearance of TG-rich 
lipoprotein by intravenous injection of Triton WR-1339. During 
the next 2 hours, the rate of plasma TG entry was 16.3 ± 2.1 
mg/h in BC/SKF-treated ob/ob mice and 27.1 ± ].9 mg/h in 
control ob/ob mice (P < .01). 
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Fig 2. Effects of BC/SKF treatment on 3H-glycerol incorporation 
into liver lipids in ob/ob mice. Control (©) and BC/SKF (e) mice 
received ZH-glycerol at 4, 8, 14, and 16 HALO. At 30 minutes after 
injection, the animals were killed and the livers were rapidly frozen 
and homogenized in chloroform-methanol (2:1 vol/vol). Thereafter, 
lipids were extracted, and incorporation of 3H-glycerol into fatty acid 
was determined. Results are the mean -+ SE of 6-8 mice per group. 
*P < .05 and **P < .01 vcontrols, 
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Table 2. Effects of BC/SKF Treatment on Chemical Composition of Serum Lipoproteins 

Lipoprotem (mg/dL) TG CE FC PHOS PRO 

Total serum 

Control 341 -+ 20 --  - -  380 ± 11 

BC/SKF 162 +_ 101 --  - -  287 +_ 15" 

Non-CHYL 

Control  173 ± 10.1 - -  - -  - -  

BC/SKF 120 _+ 4 t  --  - -  - -  

VLDL 

Control  108.2 _+ 9.6 4.8 _+ 0.3 4.7 _+ 0.1 23 _+ 1.7 

BC/SKF 44.4 _+ 3.91 3.9 ± 0.5 3.9 _+ 0.4 5.5 +_ 2.4* 

LDL 

Control 37.8 ± 3.3 22.8 ± 1.9 7.4 +_ 1 57.5 _+ 5.1 

BC/SKF 20.1 _+ 2.5* 22.5 + 2.1 6.0 ± 0.5 23.0 ± 1.7" 

HDL 

Control  2.8 -+ 0.2 60 ± 4 11.9 _+ 1.5 77.5 ± 6 

BC/SKF 1.4 +- 0.1" 45.7 +-_ 5.2* 20.0 ± 3.9 52.2 ± 4* 

R 

18.5 -+ 0.7 

15.1 ± 0.7 

23.2 -+ 4 

24.3 -+ 2 

162.9 ± 15 

151.6 _+ 10 

NOTE. Results are the mean ± SEM of  6-8 animals per group. Each analysis was made in dupl icate, 

Abbreviat ions:  CE, cholesterol ester; FC, free cholesterol;  PHOS, phosphol ip ids;  PRO, protein; Non-CHYL, chy lomicron- f ree serum. 

* P  < .05,1-P < .01: control  v SKF/BC-treated ob/ob mice. 

Plasma Lipoprotein Profile 

The TG and phospholipid content of each lipoprotein fraction 
(VLDL, LDL, and HDL) isolated from both methods was 
significantly decreased by 47% to 59% and 33% to 76%, 
respectively, in treated versus control mice (P < .05). The small 
decrease in cholesterol was mainly due to a decrease in HDL 
cholesterol, which is the primary cholesterol carrier in mice. 3v 
The decrease of nonchylomicron plasma TG was predominately 
due to a decrease in the amount of VLDL-TG (Table 2). 

LPL Aetivity in Heart, Skeletal Muscle, and Adipose Tissue 

The effects of BC/SKF on tissue LPL activities are shown in 
Fig 3. In cardiac muscle, we observed the highest LPL activity 
of all peripheral tissues examined, which was not significantly 
altered either by the treatment or by pair-feeding. In adipose 
tissue, LPL activities were decreased approximately 83% by 
BC/SKF when expressed as micromoles of FFA released per 
gram of tissue per hour (P < .01). BC/SKF also reduced 
adipose cell size by 41% from 1.04 _+ 0.07 to 0.61 -+ 0.05 ~tg 
lipid per cell (P < .001), so the treatment-induced reduction of 
LPL activity was even more obvious (91%) when expressed as 

micromoles of FFA released per 1 million cells per hour 
(P < .001). In contrast, adipose LPL activities were not signifi- 

candy different in pair-fed mice versus ob/ob controls when 
expressed either as micromoles of FFA released per gram of 
tissue per hour (4.3 + 1.1 v 4.6 _+ 0.8) or as micromoles of FFA 
released per 1 million cells per hour (13.4 + 3.4 v 16.7 _+ 2.9). 
Interestingly, there was an increase of LPL in skeletal muscle 
tissue following BC/SKF treatment (about 64%, P < .05), but 
not following pair-feeding for 2 weeks, compared with controls. 
Parametrial adipose cell size was not significantly changed in 
pair-fed mice compared with controls (1.04 + 0.07 to 
0.89 + 0.04 lag lipid per cell). 

TG Content of  Heart and Skeletal Muscle Tissue 

The TG content of skeletal muscle was about 51% lower in 
BC/SKF-treated versus control mice (3.1 + 0.5 v 6.1 + 1.2 
mg/g tissue, P < .05). However, pair-fed controls exhibited a 
twofold higher TG content than vehicle controls (12.2 -+ 1.1 v 
6.1 + 1.2 mg/g tissue, P < .05). The TG content of the heart did 
not change significantly among the three groups (Fig 4). 
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muscle pairs were collected 24 hours after the final 
injection from control (17), pair-fed (1~), and BC/SKF 
mice (11). Results are the mean +- SE of 6-8 mice per 
group. *P  < .05 and * * P  < .01 vcontrols. 
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Fig 4. Effects of BC/SKF treatment on TG content 
in heart and skeletal muscle tissue. Heart and skel- 
etal muscle were collected from control ([7), pair-fed 
(~) ,  or BC/SKF mice (111), and TG in these tissues was 
extracted. Results are the mean -+ SE of 6-8 mice per 
group. *P  < .01 v controls, t P  < .01 v control and 
BC/SKE 
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Effects of BC/SKF on Lipolysis in Parametrial Adipose Tissue 

Basal and 0.1 and 1.0 pmol/L isoproterenol-stimulated rates 
of lipolysis in adipose tissue from control and pair-fed ob/ob 
mice were 0.66 _+ 0.07 and 0.91 -+ 0.07 (P < .05), 1.07 + 0.15 
and 1.64 _+ 0.21 (P = .06), and 1.33 _+ 0.22 and 2.35 _+ 0.2 
(P < .01) pmol glycerol/h/cell, respectively. However, BC/SKF 
treatment reduced lipolysis, as opposed to the increase reduced 
by pair-feeding. The basal lipolytic rate in BC/SKF-treated 
animals was 0.31 + 0.07 pmol glycerol/h/cell, which was 53% 
and 66% less than the rate in control and pail--fed groups, 
respectively (P < .01). BC/SKF treatment also reduced isopro- 
terenol (0.1 and 1 pmol/L)-stimulated lipolysis 50% to 56% 
(P < .0l) relative to vehicle controls and 66% to 75% (P < .01) 
relative to pair-fed controls (Fig 5). 

DISCUSSION 

These studies clearly demonstrate that treatment of hyperlip- 
idemic and hyperglycemic ob/ob mice with the dopamine Dz/D~ 
agonist combination BC/SKF substantially reduces plasma 
levels of chylomicron-TG and VLDL-TG. Total plasma TG 
levels represent a balance between intestinal absorption and 
hepatic synthesis and secretion versus TG clearance into the 
tissues. The reduction of plasma chylomicron-TG levels may be 

ascribed, in part, to the normahzation of hyperphagla, and the 
reduction of plasma VLDL-TG, to the reduced hepatic synthesis 
and secretion of VLDL-TG. We have previously shown that 
BC/SKF reduces hepatic lipogenic enzyme activities indepen- 
dent of its effects to normalize hyperphagia in ob/ob mice. 23 The 
present studies demonstrate that such treatment reduces hepatic 
lipid (re)esterification and synthesis as measured by 3H-glycerol 
incorporation into triacylglycerol. Furthermore, the hepatic 
VLDL-TG secretion rate was reduced 40% by BC/SKF treat- 
ment. Therefore, the decrease of hepatic TG synthesis and 
secretion is a contributing factor to the treatment-induced 
reduction in plasma VLDL-TG (and phospholipid) levels 
observed. This reduced hepatic activity may be due in part to the 
reduction of chronic hyperinsulinemia 38 in these treated mice. 
Moreover, the reduction of neither chylomicron-TG nor 
VLDL-TG by BC/SKF treatment can be attributed to increased 
transport of these lipoprotein TGs into adipose tissue, inasmuch 
as adipose LPL activity was dramatically reduced by treatment. 
Adipose LPL activity is elevated in ob/ob versus lean mice, 17 
and the normalization of its activity by BC/SKF treatment may 
contribute to the reduction in the serum FFA level. The reduced 
serum FFA, m turn, may contribute to a reduced hepatic 
reesterification to VLDL-TG as suggested by our 3H-glycerol 
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Fig 5. Effects of BC/SKF treatment on lipolysis in 
adipose tissue. Parametrial adipose tissue was col- 
lected from control ([~), pair-fed ([]), and BC/SKF 
mice (11), and adipose cells were isolated by a 
collagenase digestion method. Results are the 
mean -+ SE of 6-8 mice per group. *P  < .05 vcontrols. 
* * P  < .01 v control and pair-fed groups, t P  < .01 v 
respective basal lipolysis. ISO, isoproterenol. 
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incorporation data. Although muscle LPL activity was increased 
by dopanaine agonist treatment, the smaller muscle mass 
relative to adipose tissue in these mice coupled with the much 
more dramatic decrease of adipose LPL activity relative to the 
modest increase in muscle LPL activity (Fig 3) argue strongly 
against the decreased plasma VLDL-TG resulting from overall 
increased clearance. 

The observed reduction in adipose lipolytic activity follow- 
ing treatment may further contribute to reduced hepatic 
VLDL-TG synthesis and secretion by reducing the circulating 
levels of the substrate, FFA. BC/SKF treatment reduced the 
basal and isoproterenol-stimulated lipolytic rate by approxi- 
mately 50%. The 50% reduction of basal lipolysis among 
treated versus control animals was associated with a nearly 
equivalent reduction in circulating FFA levels. The 50% reduc- 
tion in caloric intake concurrent with a 50% reduction in 
lipolysis suggests that a new metabolic steady state is instated 
with this treatment. If the caloric intake is perceived as a 
perturbation from normal (ie, starvation), then one would 
expect to see compensatory increases in lipolysis, as are in fact 
observed in pair-fed animals (Fig 5). Contrariwise, if the 
reduced caloric intake is one aspect of an overall response to a 
new regulatory signal initiating a normalization of hyperphagia 
and metabolism, then one would expect to see a reduction of 
lipolysis and serum FFA toward levels observed in lean mice, as 
in the case with BC/SKF treatment. Consequently, lipogenesis 
is reduced due to reduced feeding and reduced lipogenic 
activity in liver and adipose tissue, 23 and adipose lipolysis is 
likewise reduced to a similar extent, following 2 weeks of 
BC/SKF treatment. 

Skeletal muscle TG content was markedly reduced following 
BC/SKF treatment. The skeletal muscle TG pool is the most 
labile total body fat component. It is greatly affected by energy 
intake, energy expenditure, and glucose homeostasis. 39 The 
muscle TG content may be reduced as a function of decreased 
substrate delivery (ie, plasma lipoprotein-TG and plasma FFA) 
and/or increased tissue utilization (oxidation). A myriad of 
physiologic and pathologic factors (including muscle type, 
oxidative or glycolytic) interact to regulate these two biological 
processes. 

Considering substrate delivery, increases in serum TG and/or 
FFA levels are positively correlated with increases in muscle 
TG content in animals and humans. 4°,41 Also, reducing serum 
lipid content reduces muscle TG levels. 41 As much as 70% to 
90% of nonesterified fatty acids taken up by resting muscle can 
be rapidly esterified and incorporated into lipid droplets depend- 
ing on the existing physiologic circumstance. 42 Hyperglycemia 
also induces increases in muscle TG content, 43 partly because 
blood glucose is the major source of the e~-glycerol-phosphate 
backbone of TG. As such, the large reduction in serum FFA and 
lipoprotein-TG, as well as glucose, may contribute to the 
reduced muscle TG content of BC/SKF-treated animals. In 
suppoit of this conclusion is the fact that among pair-fed 
animals, increases in lipolytic activity and serum FFA are 
positively correlated with large increases in muscle TG content 
compared with controls (Fig 4). However, a reduced fat 
oxidation rate in response to the hypocaloric (ob/ob) diet may 

also contribute to elevated muscle TG levels 44 in these pair-fed 
mice. 

Whether muscle fatty acid oxidation is increased, decreased, 
or unaffected in absolute terms by BC/SKF treatment has not 
yet been determined. However, increased substrate availability 
is a primary determinant of fatty acid oxidation, 45,46 and 
increased circulating FFA levels, characteristic of obesity, 47'48 
are positively correlated with increases in fatty acid oxida- 
tion. 47,48 Nonetheless, the possibility still exists that BC/SKF 
treatment may maintain elevated muscle fatty acid oxidation 
relative to the prevailing serum lipid concentration (ie, no 
decrease in absolute oxidation rate to equilibrate with the 
decreased serum lipid delivery), and we are currently exploring 
this possibility. Additionally, a BC/SKF-induced reduction in 
muscle FFA reesterification to triacylglycerol within the muscle 
cell may also contribute to a decreased intracellular TG pool 
size, Our preliminary data with muscle cell homogenates 
suggest that BC/SKF treatment of ob/ob mice may reduce the 
FFA reesterification capacity of skeletal muscle. 

The intracellular TG pool is a source for FFA oxidation and 
long-chain fatty acyl coenzyme A, and increases in both can 
induce insulin resistance in muscle. 49 Therefore, the effects of 
BC/SKF to reduce muscle TG may contribute to an improve- 
ment in insulin sensitivity as evidenced by decreases in plasma 
glucose and insulin. There are now several reports of an 
association between increased muscle TG levels and insulin 
resistance. 5° Compared with healthy subjects, a sixfold increase 
of muscle TG content was found in patients with non-insulin- 
dependent diabetes mellitus. 2~ Furthermore, in nondiabetic 
humans, the skeletal muscle TG level was found to be inversely 
correlated with insulin action. 51 In rats, a high-fat diet causes 
insulin resistance, the degree of which is related to the resultant 
TG content of muscle. 22 Finally, as it relates to these studies, 
muscles of ob/ob mice, which are markedly insulin-resistant, 
have a threefold to fourfold increase in TG content relative to 
TG content in lean mice. 2° The possible mechanisms by which 
increased muscle intracellular levels of TG induce cellular 
resistance to insulin-stimulated nonoxidative glucose disposal 
are not completely understood. 49 

The mechanism(s) by which BC/SKF treatment induces 
metabolic effects are under investigation. The BC/SKFqnduced 
normalization of hyperphagia in these ob/ob mice accounts in 
large part for the reduction in BW gain, but not for the 
reductions in serum glucose, TG, or FFA levels, muscle TG 
content, adipose LPL activity or lipolysis, parametrial adipocyte 
cell size (present study), or lipogenic enzyme activities. 23 The 
establishment of a new steady state of reduced lipid synthesis/ 
storage and mobilization coupled with reduced hyperglycemia 
and hyperinsulinemia may occur via influences on the neuroen- 
docrine axis. Dopamine agonist treatment of these mice has 
been shown to reduce elevated hypothalamic neuropeptide Y 
and serum corticosterone and glncagon levels, 23,52,53 which all 
potentiate the obese insulin-resistant state. 54-56 BC reduces 
elevated levels of norepinephrine and serotonin within the 
ventromedial hypothalamus of insulin-resistant hamsters, 57 and 
such action may be expected to reduce insulin resistance 57,58 
and dyslipidemia. 59 Interestingly, several animal models of 
obesity/diabetes show decreased dopaminergic and increased 
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noradrenerglc/serotonergic activities within metabolic centers 

of the CNS. 57 BC/SKF treatment may be expected to increase 
the dopamine to norepinephine/serotonin ratio centrally (and 
peripherally) and thereby elicit its metabolic effects. 6° 

In conclusion, the effect of BC/SKF to ameliorate dyslipide- 
mia in ob/ob mice likely reflects its simultaneous antilipogenic 
action in liver and adipose tissue and antilipolytic action in 

adipose tissue. Decreased plasma flux of FFA leads to a smaller 
precursor pool for hepatic synthesis and secretion of VLDL-TG. 
The concurrent inhibition of LPL activity in adipose tissue by 

BC/SKF also contributes to the decreased plasma FFA level. 

The decreasing levels of circulating FFA and lipoprotein-TG 
may contribute to the decreased TG levels in muscle and 
thereby improve insulin sensitivity in this tissue of BC/SKF- 
treated ob/ob mice. Such treatment may have a therapeutic 
benefit in reducing hypertriglyceridemia (and the associated 

cardiovascular risk) in type 2 diabetes. BC/SKF treatment 
reduces fat in the body (adipose storage and muscle), in the 
blood, and in the diet (ie, chylomicrons, by virtue of its ability to 
normalize hyperphagia). 
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