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Abstract. Previously we reported that suckling lean heterozygous (FNfa) Zucker rats 
had a number of adipose tissue measurements intermediate between those of homo- 
zygous lean (FAIFA) and obese (fdfa) rats. However, in young adult male rats main- 
tained on a low-fat diet, these differences were no longer apparent (i.e., values for the 
two lean genotypes were similar). In the present study we determined whether the 
heterozygous effect of the “fa” gene was dependent on the consumption of a high-fat 
diet. Mother rats were fed high-fat diets containing either safflower (SOD) or coconut 
(COD) oil throughout mating and lactation, Homozygous lean male and female rats 
were bred, as well as obese male and lean heterozygous female rats. Suckling rats 
were studied at 17 days of age. Additional male rats were maintained on the same diet 
as their mothers until 11-12 weeks of age. Obese suckling rats had higher body 
weights than lean pups. Inguinal fat pad weights and pad-to-body weight ratios fol- 
lowed the pattern of obese greater than lean (FA/fa) pups that were greater than lean 
(FNFA) pups. A similar relationship was found for adipose tissue lipogenic enzyme 
activities. At 11-1 2 weeks of age, measurements followed the general pattern of obese 
rats having greater values than lean rats (i.e., FNfa = FNFA). SOD-fdfa rats had higher 
hepatic lipogenic enzyme activities than COD-fdfa rats. In addition, SOD rats had 
higher fat cell numbers than COD rats. These results suggest that specific fatty acids 
can alter adipocyte proliferation and/or differentiation in wivo. In addition, there ap- 
pears to be a defect of fatty acid regulation in livers of genetically obese rats. The 
heterozygous effect of the “fa” gene in suckling Zucker rats was confirmed. However, 
high-fat feeding did not result in a heterozygous effect in young adult lean male rats. 
We will next evaluate the role of sex on this effect. [P.S.E.B.M. 1999, Vol 2201 

t has been reported that the presence of the “@” gene in 
suckling heterozygous (FA/@) lean rats resulted in in- I termediate values for some factors in comparison to the 

two homozygous groups (1). Measurements included ingui- 
nal fat pad weight, fat pad-to-body weight ratio and fat cell 
size, as well as activities of adipose tissue lipid metabolizing 
enzymes. These findings led us to speculate that the lean 

Supported by a grant from the National Institutes of Health, HD 25306, and funds 
from the Hormel Foundation. 

To whom requests for reprints should be addressed at The Hormel Institute, Uni- 
versity of Minnesota, 801 16th Ave NE, Austin, M N  55912. E-mail: 
mpcleary @ smig.net 

Received March 2, 1998. [P.S.E.B.M. 1999, Vol 2201 
Accepted November 9, 1998. 

0037-972719912203-0 153$10.50/0 
Copyright 0 1999 by the Society for Experimental Biology and Medicine 

heterozygous rat might provide an interesting model for 
overweight if the presence of the “j2 gene resulted in a 
tendency toward increasing adiposity as they matured. 
However, when we repeated these measurements using 10- 
week-old male rats, there were no differences between the 
two lean genotypes (2). 

In these two studies, mother rats, as well as the weaned 
offspring, were fed a low-fat diet throughout the protocol (1, 
2). However, during the suckling period, when the effects of 
the “fu” gene were observed in lean heterozygous (FAlfa) 
rats, the pups were consuming mothers’ milk that contained 
12.9 g/dl of fat (3). This was a substantially higher fat 
content than that of the diet consumed postweaning (i.e., 2 
g/100 g). Furthermore, the fatty acid composition of the rat 
milk produced by mothers fed the low-fat diet was substan- 
tially different from that found in either the low-fat diet we 
used or that of commercially available rodent diets that 
usually contain polyunsaturated oils (3) (Cleary and Phill- 
ips, unpublished data). The present study was thus designed 
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to address both the high-fat diet issue as well as the com- 
position of the fat used. We fed the mother rats, as well as 
the weaned offspring, one of two high-fat diets. We chose 
coconut oil because its fatty acid composition resembles 
that of milk fat more closely than most other commercially 
available fat sources. Safflower oil was chosen due to its 
high level of polyunsaturated fatty acids. Two different fatty 
acid sources were chosen as there have been reports of 
different effects of polyunsaturated and saturated fatty acids 
on the metabolic pathways that we are studying (4-7). In the 
present study, measurements made included fat depot 
weights and cellularity and liver and adipose tissue lipo- 
genic enzyme activities. In addition, serum insulin, glu- 
cose, cholesterol and triacylglycerol concentrations were 
measured. 

Materials and Methods 
Animals. Rats were obtained from a colony main- 

tained at the Hormel Institute. Rooms were tempera- 
ture(2 1 "C) and humidity(50%) controlled and maintained 
with 12-hr lighddark cycles. The University of Minnesota 
Animal Care and Use Committee approved this study. The 
Hormel Institute Animal Facility is accredited by the 
American Association for Accreditation of Laboratory Ani- 
mal Care. 

The female rats designated to be mothers were fed diets 
containing 18% safflower oil (SOD) or coconut oil (COD) 
from 5 weeks of age. Composition of the diets is given in 
Table I, and fatty acid composition of the two diets is pre- 
sented in Table 11. Upon reaching 200 g body weight andor 
10 weeks of age, female rats were bred to male rats. The 
female rats were housed in plastic cages with wood shav- 

TABLE 1. Componentsa of Safflower (SOD) Oil and 
Coconut (COD) Oil Diets (per 100 g diet) 

SOD COD 

Corn oil 
Safflower seed oil 
Coconut seed oil 
Casein 
Methionine 
Cornstarch 
Celufil 
Sucrose 
Mineral Mixb 
Vitamin MixC 

2 
18 

20.5 
0.5 
32 
17 
5 
4 
1 

2 

18 
20.5 
0.5 
32 
17 
5 
4 
1 

a All components from US.  Biochemical (USB), Cleveland, OH. 
* USP XXII, USB 21416. Composition of salt mixture (g/kg): calcium 
carbonate, 15.25; cobalt chloride, 0.00092; copper sulfate, 
0.0001 91 ; ferrous sulfate, 1.08; magnesium sulfate 2.29; manga- 
nese sulfate, 0.1 60; potassium iodide, 0.0284; potassium phosphate 
monobasic, 15.56; sodium chloride, 5.56; zinc sulfate, 0.00212. 

Vitamin diet fortification mixture, US9 23431. Composition of vita- 
min mix (g/kg): RRR-a-tocopherol, 0.05; L-ascorbic acid, 0.45; cho- 
line chloride, 0.75; D-calcium pantothenate, 0.03; inositol, 0.05; 
menadione, 0.0225; niacin, 0.045; p-aminobenzoic acid, 0.050; pyr- 
idoxine-HCI, 0.01 ; riboflavin, 0.01 0; thiamin-HCI, 0.01 0; retinol ac- 
etate, 0.003; cholecalciferal, 0.001 ; in mg/kg: biotin, 0.20; folic acid, 
0.90; vitamin 8-1 2, 0.01 35. 

TABLE II. Diet Fatty Acid Composition of Safflower 
and Coconut Oil Diets 

Fatty acid 

____ 

Safflower 
oil diet 

Coconut 
oil diet 

8:O 
1o:o 
12:o 
14:O 
14:lw5 
16:O 
16:l w7 
17:O 
18:O 
18:lw9 
18:2w6 
18:303 
20:o 
21 :o 
22:o 
24:O 
24: 1 w9 

0.72 f 0.3 
4.12 A 0.06 
43.61 f 0.32 
8.50 f 0.01 

0.09 f 0.01 * 
0.17 f 0.10 

6.99 f 0.21 
0.08 f 0.01 

2.25 * 0.02 
14.11 * 0.06 
74.93 * 0.12 
0.38 * 0.01 
0.34 * 0.01 
0.44 f 0.01 
0.1 1 f 0.01 
0.14 * 0.01 

0.93 f 0.09 

3.18 f 0.05 
9.80 f 0.15 
9.00 f 0.12 
0.15 f 0.01 

* Area %, Mean * SEM (n  = 3). 

ings throughout mating, pregnancy, and lactation. Specially 
designed holders for the food containers were used to pre- 
vent the pups from gaining access to their mothers' food. 
Two breeding strategies were used: homozygous ( F A F A )  
lean male and female rats were mated to provide homozy- 
gous (FMFA) lean offspring. In addition, homozygous (fa/ 
fa) obese male rats were mated with heterozygous (FNfu)  
lean female rats to provide heterozygous (FMfu) lean and 
homozygous (fafu) obese offspring. All litters were main- 
tained at 9-10 pups. 

Suckling Rats. At 17 days of age, pups were sacri- 
ficed by decapitation, and blood was collected for serum 
preparation. Livers and left and right inguinal fat depots 
were removed and weighed. When pups were obtained from 
the homozygous obese male/heterozygous lean female 
crosses, the fat pad-to-body weight ratio was calculated, and 
pups were assigned to either a lean or obese group. This 
technique has previously been shown to accurately identify 
the two genotypes (1, 8). In addition, a preliminary study 
was conducted using pups obtained from heterozygous fe- 
male rats fed COD that were mated with obese male rats. 
Pups were lipectomized at 17 days of age, and their lean or 
obese status assessed at 6-8 weeks of age. Based on ingui- 
nal fat pad weight and fat pad-to-body weight ratio, all the 
pups were correctly genotyped. Tissues within a litter and 
genotype were pooled as needed to obtain sufficient sample 
sizes. A total of 4 SOD and 6 COD homozygous (FALFA) 
lean litters were used. In addition, there were 6 SOD and 10 
COD litters from obese male and heterozygous (F'fu) lean 
female breedings providing 30 SOD-fa/fa pups from a total 
of 60 SOD offspring and 52 COD$dfu pups from 99 COD 
offspring. Numbers used for specific determinations are in- 
dicated in the table and figure legends. 

Young Adult Rats. Rats were obtained from the 
mating strategies described above and kept with their moth- 
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ers until 28 days of age. At this time, male rats of the three 
genotypes were weaned onto the same diets that their moth- 
ers had consumed. They were maintained on these diets 
until 11-12 weeks of age. Following an overnight fast, the 
rats were sacrificed by decapitation, and blood was col- 
lected for serum preparation. Liver and inguinal and com- 
bined epididymaUretroperitonea1 fat pads were removed and 
weighed. The epididymal and retroperitoneal fat pads were 
combined to provide adequate tissue to make the desired 
measurements. 

Tissue Processing. Adipose tissue was sampled for 
fat cell number and size determination (9). A Coulter 
Counter Model ZM was used for fat cell counting. Livers 
and inguinal and epididymalketroperitoneal fat tissues were 
homogenized in 0.25 M sucrose + 1 mM EDTA, pH 7.4, and 
supernatants were prepared for determination of activities of 
glucose-6-phosphate dehydrogenase (E.C. 1.1.1.49) (lo), 
6-phosphogluconate dehydrogenase (E.C. 1.1.1.44) (lo), 
fatty acid synthetase (E.C. 2.3.1.85) (1 l), and malic enzyme 
(E.C. 1.1.1.40) (12). In fat tissue supernatants, lipoprotein 
lipase activity (E.C. 3.1.1.3) (13, 14) was also determined. 
Enzyme activities in liver were expressed per mg protein, 
and those for inguinal fat tissue were expressed on a per cell 
basis. 

Serum samples were analyzed for insulin, glucose, cho- 
lesterol, and triacylglycerol using commercially available 
kits. Insulin was assayed using Micromedic Insulin Kit #D- 
1804 (ICN Micromedic Systems, Inc., Horsham, PA.) Glu- 
cose, cholesterol, and triacylglycerol were analyzed using 
Sigma Diagnostics Procedures #115, #352, and #336, re- 
spectively (Sigma Biochemicals, St. Louis, MO). 

Statistical Analyses. Data have been expressed as 
means +. standard errors of the mean. To correct for poten- 
tial effects from the litter, body weight, and liver weights 
from a litter and/or genotype were considered as one 
measurement. Results were analyzed by 2 x 3 analysis of 
variance followed by F-test to determine differences be- 
tween specific groups if the effect for interaction was sig- 
nificant (15). A “p” value of less than 0.05 was considered 
significant. 

Results 
Suckling Rats. Within the SOD group, body weights 

of the lean homozygous pups were lighter than those of the 
lean heterozygous and obese pups (Table 111). In the COD 
group, the two lean groups were lighter than the obese 
group. Liver weights of all the pups were similar. 

Results of the serum analyses for the 17-day-old rats 
are also presented in Table 111. Serum insulin concentrations 
were similar for SOD- FNfa, SOD-fdfa, COD-F.fa and 
COD-fdfa pups, and these values were significantly higher 
than those of the two groups of lean homozygous pups, 
SOD-FMFA and COD-FAFA. Serum glucose levels were 
significantly higher in the SOD pups as a group compared to 
COD pups. COD$dfa, COD-FMfa, and SOD$dfa pups 
had similar serum cholesterol concentrations, but only the 
COD-fdfa and COD-FMfa pups had significantly higher 
levels compared to the other three groups, COD-FNFA, 
SOD-FNfa, and SOD-FNFA. Serum triacylglycerol levels 
followed a similar pattern. 

Inguinal fat pad weights (Fig. 1A) and fat pad-to-body 
weight ratios (Fig. 1B) were similar in the SOD and COD 
groups. Within each diet, fat pad weights and pad-to-body 
weight ratios were highest in obese pups, intermediate in 
heterozygous (F’fa) lean rats, and lowest in homozygous 
lean rats. Fat cell numbers (Fig. 1C) were significantly 
higher in SOD pups than in COD pups. Fat cell sizes (Fig. 
1D) were significantly greater as a group in COD pups 
compared to SOD pups. Within diet groups, fat cell sizes of 
obese pups were larger than those of the two lean groups 
(F’fa = FMFA). 

Results for hepatic lipogenic enzyme activities of the 
17-day-old pups are presented in Table IV. Liver glucose- 
6-phosphate dehydrogenase activity was higher in COD 
compared to SOD pups. Hepatic 6-phosphogluconate dehy- 
drogenase activity was also higher in COD compared to 
SOD pups. However, within each diet, 6-phosphogluconate 
dehydrogenase activity was significantly higher in obese 
pups compared to the homozygous (F’FA) lean pups, and 
heterozygous (FNfa)  lean pups had an intermediate value 
between but not significantly different from the two homo- 

TABLE 111. Body and Liver Weights and Serum Insulin, Glucose, Cholesterol, and Triacylglycerol 
Concentrations in 17-day-old Zucker Rats Obtained from Mothers Fed Either Safflower or Coconut Oil Diets 

Safflower oi I Coconut oil 

FNFA FNfa fdfa FNFA FNfa fdfa 

Body weight (9) 28.0” f 4 29.2’f 0.9 30.8’ f 1.0 28.8a f 0.9 27.8” f 1.0 29.6’f 1.0 
(n  = 4) ( n  = 6) (n  = 6) (n  = 6) ( n =  10) ( n  = 10) 

Liver weight (9) 0.84 f 0.01 0.88 f 0.03 0.92 0.03 0.91 _+ 0.04 0.89 f 0.04 0.92 _+ 0.05 
(n  = 4) ( n =  6) (n = 6) ( n  = 6) (n=  10) ( n =  10) 

47’f 1 48’ f 2 
Serum glucose (mg/dl) 155* f 1 162 +. 1 156 f 5 148 f 2 1 5 3 f 1  148 f 3 
Serum cholesterol (mg/di) 211af 1 195” 4 218a7b f 6 206a f 3 231b+9 252b f 10 
Serum triacylglycerol (mg/dl) 273a f 10 287a f 20 31garb 26 263a f 11 375’ f 15 366’ f 33 

Nofe. Body weight and liver data based on mean per littedgenotype. Other values are means of pooled samples (by litter/genotype) -+ SEM 
(n  = 5). Values within a row with different letter superscripts are significantly different. *Indicates diets are significantly different. 

Serum insulin (pU/ml) 39” f 2 45’ -+ 2 45’ f 2 3ga f 2 
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Figure 1. Inguinal fat pad weight, 
cell size, and number for 17-day- 
old Zucker rats obtained from 
mothers fed safflower (SOD) or 
coconut oil (COD). (A) Inguinal fat 
pad weight. (B) Inguinal fat pad- 
to-body weight ratio. (C) Inguinal 
fat cell number. (D) Inguinal fat 
cell size. Data are means i SEM 
(n = 8). Columns with different su- 
perscript symbols are significantly 
different from each other. $ Indi- 
cates SOD rats significantly differ- 
ent from COD rats. 

F M A  FMa fala F M A  FMa f#Ya 
Safflower Coconut 

FAFA FMa fa& FAFA FMa M a  

Safflower Coconut 

TABLE IV. Liver Lipogenic Enzyme Activities in 17-day-old Zucker Rats from Dams Fed Either Safflower or 
Coconut Oil Diets 

Safflower oil Coconut oil 

FNFA FNfa fdfa FNFA FNfa fdfa 

Per mg protein 

Fatty acid synthetase’ 5.25d f 0.46 3.93@ f 0.25 4.56bpc 2 0.27 3.22a f 0.41 3.9gajb f 0.21 5.1 8c7d i 0.48 
Glucose-6 PO,* 

de h yd rogenase 10.2* f 1 .o 12.1 f 0.6 10.9 f 1.1 13.1 f 1.1 13.6 f 1.0 13.6 i 1.0 
6-Phosphogl~conate~ 

de h yd rogenase 1 9,3*ra 2 2.0 22.4ar’ * 0.8 23.7’ i 0.8 21 .6a f 2.3 25.5a,b i 1.5 27.4b f 1.8 
Malic enzyme2 N.D. N.D. N.D. N.D. N.D. N.D. 
Note. Values are means of pooled samples (litter/genotype) * SEM (n  = 8). Values within a row with different superscripts are significantly 
different. *Indicates a significant diet effect. N.D. = Not detected. ’ Activity = nmol fatty acid produced/min. 

Activity = nmol NADP’ reduced/min. 

zygous groups. There were a number of significant differ- 
ences in fatty acid synthetase activity among the six groups 
of 17-day-old rat pups. However, there was not a consistent 
pattern with respect to either genotype or diet. As previously 
reported (1, 16, 17), hepatic malic enzyme activity was very 
low in suckling rats. 

Activities for the five enzymes measured in inguinal 
adipose tissue are presented in Figure 2. For fatty acid syn- 
thetase (Fig. 2A), COD$dfu pups had the highest activity 
followed by SOD-fdfu > COD-FNfu > SOD-F’fu > COD- 
FNFA > SOD-FMFA. Malic enzyme (Fig. 2C) activity pat- 
tern was similar to that of fatty acid synthetase except that 
SOD-FNfu and COD-FNFA pups had similar activities. 
Activities for both 6-phosphogluconate (Fig. 2D) and glu- 

cose-6-phosphate (Fig. 2E) dehydrogenases followed the 
pattern of COD$dfu > SODYdfu > COD-FMfu > SOD- 
FMfu = COD-FMFA with SOD-FNfu also having similar 
activity as SOD-FNFA rats. Lipoprotein lipase activity 
(Fig. 2B) was higher in obese compared to lean rats inde- 
pendent of the diet consumed by the mother rats. 

Young Adult Rats. At 11-12 weeks of age, COD- 
f d f u  rats had the highest body weights followed by SOD- 
f d f u  rats (Table V). The body weights of all four groups of 
lean rats were similar (SOD-FNfu = COD-FMfu = SOD- 
FMFA = COD-FMFA). Liver weights followed this pat- 
tern (Table V). Serum measurements are also presented in 
Table V. Serum insulin concentrations were higher in SOD 
rats as a group than in COD rats with obese rats having 
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Figure 2. Inguinal adipose depot enzyme activity 
measurements from 17-day-old Zucker rats ob- 
tained from mothers fed safflower oil (SOD) or co- 
conut oil (COD). (A) Fatty acid synthetase. (B) Li- 
poprotein lipase. (C) Malic enzyme. (D) 6-Phospho- 
gluconate dehydrogenase. (E) Glucose-6- 
phosphate dehydrogenase. All activities are means 
* SEM (n  = 8). Columns with different letter super- 
scripts are significantly different from each other. 
Stars indicate that fdfa rats' values are significantly 
different from those of lean rats. 

TABLE V. Body and Liver Weights and Serum Insulin, Glucose, Cholesterol, and Triacylglycerol 
Concentrations in 1 1-1 2-week-old Male Rats Fed Either Safflower or Coconut Oil Diets 

Safflower oil Coconut oil 

FNFA FNfa fdfa FNFA FNfa fdfa 

Body weight (9) 259" +. 9 275" f 3 35Ib+ 6 255" +_ 4 257" f 6 412% 7 
Liver weight (9) 7.0" A 0.2 7.3" f 0.2 11.9'f 0.4 6.5" f 0.1 6.2" f 0.1 13.3' f 0.8 
Serum insulin (HU/ml) 53*," f 5 73a f 9 297' f 23 33" f 3 34" f 3 233' * 43 
Serum glucose (mg/dl) 115" +: 2 121" 2 9 169"&8 120" f 4 1 W - t  11 135' 2 
Serum cholesterol (mg/dl) 100" f 5 103% 5 2 1 F  f 8 112"&4 102" f 8 195'f 11 
Serum triacylglycerol (mg/dl) 68*,t +_ 2 115f20  525 f 60 67 f 4 86 f 6 418 f 34 

Note. Values are means of pooled samples (litter/genotype) * SEM (n = 
different. *Indicates significant diet effect. tlndicates genotypes are significantly different. 

Values within a row with different letter superscripts are significantly 

higher levels than lean rats. There were no significant dif- 
ferences among the lean rats. For serum glucose, obese rats 
had higher levels than did lean rats. Serum cholesterol levels 
were highest in SOD-fdfa rats, followed by COD-fa/fa rats, 
and then the lean rats ( S O D f d f a  = COD-FMfa = SOD- 
FMFA = COD-FMFA). Serum triacylglycerol values were 
higher in SOD than COD rats, and within each diet group, 
f d f a  rats had the highest levels followed by heterozygous 
lean rats, and the homozygous lean rats had the lowest 
values. 

Adipose tissue weights and fat cell sizes and numbers 
are presented in Table VI. Inguinal fat pad weight and fat 
cell size were highest in COD-fdfa rats followed by the 
S O D f d f a  rats and then the lean rats (SOD-FMfa = COD- 
FMfu = SOD-FMFA = COD-FMFA). A different pattern 
was found for inguinal fat cell number. SOD$dfa rats had 
the highest fat cell number followed by COD-@@ rats, as 
well as by SOD-FMfa and SOD-FMFA rats. The two COD 
lean groups had the lowest fat cell number (COD-F'fa = 

COD-FMFA). The weight of the epididymal + retroperito- 
neal depot fat pad followed a similar pattern as that de- 

scribed above for the inguinal depot (i.e., COD-fdfa > 
SODfd fa>SOD-FMfa  = COD-FMfa = SOD-FMFA = 
COD-FMFA). Fat cell size was also highest in COD-fdfa 
rats followed by S O D f d f a  rats. Values for the lean rats 
were all significantly lower than those of the obese rats. 
There were significant differences among values for the 
lean rats (i.e., COD-FMfa, COD-FMFA and SOD-FMfa 
had similar values as did SOD-FA('@, SOD-FMFA and 
COD-FMfa). COD-FMFA rats had significantly greater ep- 
ididymal + retroperitoneal fat cell size than did SOD-FMFA 
rats. Fat cell number was highest in SOD-fdfa rats com- 
pared to all other groups. The lean SOD rats of both geno- 
types had values similar to the two homozygous COD 
groups (i.e., COD-fdfa and COD-FMFA rats, but signifi- 
cantly greater than that of the heterozygous COD-FMfa 
rats). The three COD groups had similar fat cell numbers. 

Activities for the hepatic lipogenic enzymes are pre- 
sented in Fig. 3. Malic enzyme (Fig. 3A), glucose-6- 
phosphate dehydrogenase (Fig. 3C) and fatty acid synthe- 
tase (Fig. 3D) activities were greatest in S O D f d f a  rats 
followed by COD-fdfa rats. Glucose-6-phosphate dehydro- 
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TABLE VI. Adipose Tissue Weights and Cellularity in 1 I-12-week-old Male Rats Fed Either Safflower or 
Coconut Oil Diets 

Safflower oil Coconut oil 

FNFA FNfa fdfa FNFA FNfa fa/fa 

Inguinal pad 
Pad weight (9) 4.0a k 0.2 5.2" k 0.4 26.7' & 1.1 4.3" 2 0.4 
Cell size 

Cell number 

3.8" sl: 0.2 35.2c -+ 1.5 

(pg lipidkell) 0.091" k 0.005 0.126" k 0.016 0.401' k 0.017 0.150" k 0.007 0.160" i 0.014 0.851" -+ 0.034 

(x l  06) 24.8''* k 2.8 22.4' -+ 0.4 50.6c k 2.9 15.9" f 2.0 12.8" -+ 0.5 28.3' -+ 1.1 

Pad weight (9) 3.7" k 0.3 4.2" k 0.4 1 6.6' k 0.6 4.4" f 0.4 3.2" -+ 0.2 23.5' k 1.2 
Cell size 

Cell number 

Retroperitoneal + epididymal pads 

(pg lipidkell) 0.1 25" k 0.01 3 0.1 60a,' k 0.01 4 O.32gc k 0.020 0.222' -+ 0.008 0.1 65"~' -+ 0.009 0.963d k 0.064 

(X lO6)  21 .5"* k 1.3 18.6' f 1 .O 38.2c -+ 2.9 13.6arb k 1.3 12.7" 0.4 17.8",' k 1.6 

Note. Values are means of pooled samples (litter/genotype) * SEM (n = 8) .  Values within a row with different superscripts are significantly 
different. *Indicates significant diet effect. 
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Figure 3. Liver lipogenic enzyme activity measurements from 11- 
12-week-old male rats fed either safflower oil (SOD) or coconut oil 
(COD). (A) Malic enzyme. (B) 6-Phosphogluconate dehydrogenase. 
(C) Glucose-6-phosphate dehydrogenase. (D) Fatty acid synthetase. 
All activities are means * SEM (n = 8) and presented on a per min 
per mg of protein basis. Columns with different letter superscripts are 
significantly different from each other. 

genase and fatty acid synthetase activities of all lean rats 
were similar. Malic enzyme activity had a different pattern 
in lean rats, SOD-FMfu and SOD-FMFA rats had similar 
activities, and SOD-FMFA rats had greater activity than did 

the two COD lean groups. The activity of 6-phosphoglu- 
conate dehydrogenase (Fig. 3B) was similar in the two 
obese groups and their values were higher than those of the 
four lean groups independent of the diet consumed. 

In the inguinal fat depot, malic enzyme (Fig. 4A) ac- 
tivity followed the pattern: COD-Ja$a > SOD$a$u = 
SOD-FMfu = SOD-FNFA > COD-FNfa = COD-FMFA. 
For 6-phosphogluconate dehydrogenase (Fig. 4B) activity 
in the inguinal fat the relationship was as follows: COD-Jd 
f a  > SOD-fdfa > SOD-FA/@ > SOD-FMFA = COD-FNfa 
= COD-FMFA. Glucose-6-phosphate dehydrogenase (Fig. 
4C) and lipoprotein lipase(4E) activities followed similar 
patterns (i.e., COD$dfa > SOD-fdfa > SOD-FMfu = 
COD-FMja = SOD-FA/FA = COD-FMFA). Fatty acid 
synthetase (Fig. 4D) activity of the COD-fdfa rats was 
higher than that of the other five groups that all had similar 
measurements. Similar results were obtained from the epi- 
didymalhetroperitoneal fat depot (results not shown). 

Discussion 
Four major findings resulted from these experiments. 1) 

Lean 17-day-old heterozygous (FMfu) Zucker pups, con- 
suming milk from mothers fed high-fat diets, demonstrated 
an effect of the "jZ' gene in adipose tissue measurements; 2) 
this effect of the "j2 gene was no longer seen in young 
adult lean heterozygous male rats fed these high-fat diets; 3) 
livers of the 11-12-week-old SOD-fdfu rats had higher 
lipogenic enzyme activities than did livers of COD$dfa 
rats; and 4) SOD rats at both ages had a tendency for in- 
creased fat cell number compared to COD rats. These find- 
ings will be discussed below. 

In a previous study, we reported that inguinal adipose 
tissue metabolism was affected by the presence of the "jk" 
gene in suckling lean heterozygous (FMfu)  rats obtained 
from mother rats fed a low-fat diet (1) .  Values for inguinal 
fat pad weight, fat pad-to-body weight ratio, fat cell size, 
and 6-phosphogluconate dehydrogenase and lipoprotein li- 
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Figure 4. Inguinal adipose tissue enzyme activity measurements 
from 11-12-week-old male rats fed either safflower oil (SOD) or 
coconut oil (COD). (A) Malic enzyme. (B) 6-Phosphogluconate de- 
hydrogenase. (C) Glucose-6-phosphate dehydrogenase. (D) Fatty 
acid synthetase. (E) Lipoprotein lipase. All activities are means 2 
SEM (n  = 8) and are presented on a per min per ( ~ 1 0 ~ )  cell basis, 
except for lipoprotein lipase which is presented on a per hr per (x106) 
cell basis. Columns with different letter superscripts are significantly 
different from each other. 

pase activities were intermediate between homozygous lean 
(F’FA) and obese ( fdfu)  pups. A heterozygous effect of 
the ‘‘jia” gene was also present for C02 and fatty acid pro- 
duction in isolated fat cells. In the present study, lean het- 
erozygous (FNfu) pups obtained from mothers fed high-fat 
diets also demonstrated an effect of the “jiz” gene with re- 
spect to inguinal fat pad weight and fat pad-to-body weight 
ratio, as well as for most of the adipose tissue lipogenic 
enzymes activities measured. However, fat cell size and 
lipoprotein lipase activity did not follow this pattern in pups 
obtained from mothers fed high-fat diets, but rather these 
measurements were statistically greater in obese compared 
to lean rats. Several other studies have confirmed the find- 
ing of an impact of the “$fa” gene when F2 offspring from 
BN/Crl x Cr1:Zuc-fa F1 intercrosses were used. For ex- 
ample, Truett et ul. (18) reported that at 7 days of age, the 
number of copies of the ‘‘jiu” gene in these hybrid rats had 
a linear effect on inguinal fat pad weights. Zhang and co- 
workers (19) reported that fat mass and plasma leptin levels 
in 10-day-old pups from the same crosses also followed the 
pattern of f d f u  > FNfa > FNFA. In an additional study 
using these hybrid offspring, FNfu pups had more body fat 
than the FMFA pups at both 7 and 16 days of age (20). 

As indicated in the introduction, young adult lean male 
rats maintained from weaning on a low- fat diet no longer 
appeared to demonstrate a heterozygous effect of the “$fa” 

gene (i.e., homozygous (FALFA) and heterozygous (FM’u) 
lean rats had similar values (2)). We hypothesized that the 
heterozygous effect of the “j2’ gene was dependent on the 
level of dietary fat, as we had initially observed this effect 
when rats were consuming high-fat mothers’ milk. Since 
similar results were obtained in the present study in young 
lean adult rats fed high-fat diets, this does not support our 
hypothesis. However, in another study using lean male hy- 
brid offspring of BN/Crl x Crl-fa and BNZ F2-fa/+ x ZUC 
+/+ matings that were fed either low- or high-fat diets from 
6-13 weeks of age, it was reported that retroperitoneal and 
epididymal fat pad weights were heavier in heterozygous 
compared to homozygous rats fed either diet (21). We made 
similar comparisons using data from the lean COD rats in 
the present experiment, as a coconut oil diet was used by 
Maher and co-workers, and from the lean low-fat rats from 
our earlier study, to determine if significant differences 
were obtained when only lean rats were evaluated. How- 
ever, no significant effects were found for either the low- or 
high-fat diet comparisons. 

Another potential explanation for the observation that 
there was an effect of the “jiu” gene during suckling but not 
in young adults was the sex of the rats. In both our previous 
and present experiments, tissue from male and female suck- 
ling rats was pooled, whereas in the adult experiments only 
tissue from male rats was used. As indicated above, Truett 
et ul. (18) reported that at 7 days of age the number of 
copies of the “jiz” gene had a linear effect on inguinal fat 
pad weights. However, when the sex of the rats was con- 
sidered, it was found that the female pups were primarily 
responsible for this heterozygous effect. Several other pa- 
pers that identified effects of the “jk” gene in relation to 
insulin metabolism used female Zucker rats (22-25). But, 
Maher et ul. (21) reported little effect of diet and/or pres- 
ence of the “jiz” gene for heterozygous female hybrid 
Zucker lean rats, in contrast to the results they reported for 
male rats. Recently, we found that body weight, fat pad 
weight, fat cell size and serum leptin levels were higher in 
lean heterozygous female compared to lean homozygous 
female Zucker rats (Cleary and Phillips, submitted). It ap- 
pears that during suckling the heterozygous effect of the 
‘tfu” gene can be consistently documented. However, 
postweaning it remains to be clarified what the interactions 
of genetic background, gender and environment play to 
elicit this response. 

In the present investigation we found that activities of 
hepatic lipogenic enzyme of the young adult SOD$dfa rats 
were higher than those of COD-fdfu rats. These findings are 
in agreement with an earlier study where it was reported that 
glucose-6-phosphate dehydrogenase and malic enzyme ac- 
tivities were highest in safflower oil-fed obese Zucker rats 
followed by coconut oil-fed, and then menhaden oil-fed 
obese rats (26). These findings disagree with the dogma that 
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polyunsaturated 0-6 fatty acids have a more powerful effect 
on inhibition of lipid synthesis than do saturated fats or 
carbohydrates. Most of the studies that have compared the 
effects of dietary fatty acid amounts and composition of 
lipogenic enzymes were of short-term duration and used 
either fastinghefeeding or meal-feeding protocols with 
“controls” fed either fat-free diets or diets high in either 
glucose or sucrose. However, several recent publications 
using other strains of genetically obese rats complement our 
findings. For example, Iritani et al. reported that 9-10- 
week-old Wistar fatty rats, fasted for 2 days and then refed 
with diets containing either 10% corn oil or hydrogenated 
beef tallow, had similar liver lipogenic enzyme activities 
and mRNA levels (27). As expected, the lean rats fed corn 
oil had enzyme activities and mRNA levels that were sig- 
nificantly lower than those of lean rats fed the hydrogenated 
fat. In an additional study, female corpulent rats fed a 45% 
safflower oil diet did not have different hepatic fatty acid 
synthetase mRNA in comparison to corpulent rats fed chow 
(28). 

These studies suggest that livers of obese rats are “re- 
sistant” to the effects of 0-6 fatty acids with respect to 
regulation of fatty acid synthesis (29, 30). On the other 
hand, liver lipogenic enzymes of obese rats responded to 
fish oil feeding as expected with activities lower in com- 
parison to feeding dietary oils with high 0-6 concentrations 
(26,31); Additional studies should be done to confirm these 
findings perhaps by using corn oil or safflower oil with the 
corresponding hydrogenated oil to match for chain length. 
Effects on whole body lipogenesis could also be determined 
using 3H,0. It is also interesting to note that only hepatic 
lipogenic enzymes were affected, as adipose tissue lipo- 
genic enzyme activities of the SOD-jidfa rats were lower 
compared to those of the CODYdfa rats. We also found that 
conversion of uniformly labeled glucose to fatty acids in 
isolated adipocytes was substantially lower in the SOD-fdfa 
compared to COD-jidfu rats (Cleary and Phillips, unpub- 
lished data). Understanding the molecular events respon- 
sible for these differences is clearly of interest. 

When safflower oil was the major source of dietary fat 
compared to coconut oil, there was an increase in fat cell 
number in both suckling and young adult rats. In vitro stud- 
ies have suggested that long chain fatty acids may have 
important role(s) in fat cell proliferation and/or differentia- 
tion. For example, arachidonic acid(20:406) enhanced dif- 
ferentiation of the precursor adipocyte cell lines, OB 177 1 
and 3T3-F3442, as well as of preadipocytes obtained from 
rats (32). A possible mechanism through which fatty acids 
may mediate effects on adipose tissue differentiation is the 
peroxisome proliferator-activated receptor, PPARy2. A chi- 
mera of rat PPAR and the human glucocorticoid receptor 
was shown to be activated by both linoleic(18:206) and 
arachidonic(20:406) acids (33). The addition of 5,8,11,14- 
eicosatetraynoic acid, a synthetic arachidonic acid analog, 
to 3T3 L1 preadipocytes also led to fat cell conversion (34). 
When fibroblasts were transiently infected with PPARy2, 

they differentiated into fat cells, and the addition of either 
linoleic acid or 5,8,11,14-eicosatetraynoic acid enhanced 
this process (35). Whether such a mechanism occurs in vivo 
remains to be determined. Also, the significance of this 
pathway in the regulation of fat cell differentiation needs to 
be clarified, as recent studies have suggested that other tis- 
sues may also express PPARy2 (36-38). 

In conclusion, although these data did not support our 
original hypothesis that the presence of the “a’’ gene results 
in an intermediate effect in heterozygous lean young adult 
rats exposed to high- fat feeding, two interesting observa- 
tions were obtained. First, young obese Zucker rats did not 
downregulate hepatic lipogenesis in response to dietary 0-6 
fatty acids. Second, feeding a high-fat diet composed pri- 
marily of 0-6 fatty acid resulted in an apparent increased fat 
cell number. The mechanisms by which these processes 
occur remain to be determined. In addition, we will pursue 
studies to investigate the role of gender in the clarification 
of the role of the ‘‘jZ gene in body weight and body fat 
regulation. 
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