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Abbreviations:
The fatty acids are designated by the number of carbon atoms and double bonds;
16:0, palmitic acid;
16:1(n-7), palmitoleic acid,
18:0, stearic acid;
18:1(n-9), oleic acid,

18:1(n-7), vaccenic acid.

1-acly-GPC, 1-aclyglycerophosphocholine;

clofibric acid, 2-(p-chlorophenoxy)-2-methylpropionic acid;
PCE, palmitoyl-CoA chain elongation,

POCE, palmitoleoyl-CoA chain elongaiton;

PPARa, peroxisome proliferator-activated receptor o ;

SCD, stearoyl-CoA desaturase.
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AB S.T RACT

Regulation of palmitoyl-CoA chain elongation (PCE) and its contribution to oleic
acid formation was investigated in rat liver in comparison with stearoyl-CoA desaturase
(SCD). Hepatic PCE activity was induced by the administration of 20% wt/vol glucose
or fructose for drinking in normal rats. In streptozotocin-induced diabetic rats, the
activities of both PCE and SCD were suppressed and fructose, but not glucose feeding
caused an increase in the activity of both enzymes. Treatment of normal rats with
clofibric acid in combination with carbohydrate further increased PCE but not SCD
activity. Fatty acid analysis of hepatic lipids revealed that oleic acid (18:1(n-9))
proportion was increased upon carbohydrate administration or clofibric acid. The
treatment of rats with clofibric acid in combination with carbohydrate greatly increased
18:1(n-9) proportion. Significant correlation was observed between PCE activity and
hepatic proportion of 18:1(n-9) (+*=0.874, P<0.01), while the relationship between SCD
activity and 18:1(n-9) proportion was not significant (*=0.552, P>0.05). Taken together,
carbohydrate induces PCE activity as well as SCD to increase hepatic 18:1 content in
rat liver, and the increased PCE activity seems to be responsible for the further increase

in 18:1(n-9) when administered with carbohydrate in combination with clofibric acid.

.37.



INTBODUCTION

Biosynthesis of fatty acids plays an important role in both storing energy and
providing the components of biomembranes in mammalian liver. Major parts of fatty
acids are C16-C18 saturated and monounsaturated fatty acids that are initially
synthesized de novo by fatty acid synthase using acetyl-CoA and malonyl-CoA.
However, the end product of fatty acid synthase usually palmitic acid (16:0), and further
desaturation and chain elongation are required to synthesize major C16-18 fatty acids
such as stearic acid (18:0), palmitoleic acid (16:1(n-7)), oleic acid (18:1(n-9)) and
vaccenic acid (18:1(n-7)) (1, 2). Stearoyl-CoA desaturase (SCD) was identified as an
enzyme responsible for desaturation of both 16:0 and 18:0 to form 16:1(n-7) and
18:1(n-9), respectively in 1986 (3). It is known that SCD activity is greatly enhanced in
response to feeding a fat-free diet, re-feeding after fasting and insulin, whereas it is
suppressed by feeding polyunsaturated fatty acid or starvation (4-6). Recent progress
has revealed molecular mechanisms responsible for the regulation of SCD (7-9). By
contrast to SCD, information on fatty acid chain elongation has been limited although
several lines of indirect evidence have suggested that endoplasmic reticulum contains at
least three different enzymes catalyzing elongation of fatty acids (1, 10-13). Among
them, palmitoyl-CoA chain elongation (PCE) that catalyzes stearic acid (18:0)
formation from palmitic acid (16:0) was regulated by re-feeding after fasting, insulin
and PUFA (10, 11, 14-16). In addition, various xenobiotics such as clofibric acid and
diethylhexylphthalate induced the activities of both SCD and PCE (10, 11, 17, 18)
although the mechanism of the induction has not been clarified yet. These observations
suggest PCE is regulated by the mechanism similar to SCD. At the same time, it raised a

question of how these enzymes individually contribute to 18:1(n-9) formation. To
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answer the question, in the present work, we studied whether administration of
carbohydrate increases PCE activity in rat liver in combination with clofibric acid and
relative contribution of PCE and SCD to 18:1(n-9) formation. Physiological

significance of PCE in 18:1(n-9) formation in the liver is discussed.
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MATERIALS AND METHODS

Materials  Stearoyl-CoA, palmitoyl-CoA, malonyl-CoA, 2-(p-chlorophenoxy)-
2-methylpropionic acid (clofibric acid) and BSA were purchased from Sigma (St. Louis,
MO). Triheptadecanoin and methyheptadecanoate were from Nu-Chek Prep Inc.
(Elysian, MN); 1-acylglycerophosphocholine (1-acyl-GPC, from egg
phosphatidylcholine) were from Avanti Polar Lipids, Inc. (Alabaster, AL); NADH,
NAD and CoA were from Oriental Yeast Co. (Tokyo, Japan); [2-14C]malonyl-CoA was
from Moravek Biochemicals Inc. (Brea, CA); [1-'*C]16:0 was from American
Radiolabeled Chemicals Inc. ( St. Louis, MO); horse radish peroxidase was from

Boeringher-Mannheim (Germany). All other chemicals used were of analytical grade.

Animals Male Wistar rats aged 5 weeks were purchased from SLC (Hamamatsu,
Japan). After acclimatization for 1 week, some rats were given drinking water
containing 20% wt/vol glucose or fructose for 2-7 days. In a separate experiment, rats
were given drinking water containing 20% wt/vol glucose or fructose for 4 days. During
the administration with glucose or fructose, half of each group was subcutaneously
injected with clofibric acid at a dose of 100 mg/kg body weight twice a day for 4 days.
Male Wistar rats of 4 weeks old were intravenously injected with streptozotocin
dissolved in citrate buffer (pH 4.5) at a dose of 60 mg/kg body weight. Three weeks
after streptozotocin injection, these rats were fed a fat-free diet (modified AIN93M of
which carbohydrate and oil were substituted by glucose or fructose) for 4 days. Blood
samples were collected under light ether anesthesia and then rats were killed by

decapitation. Livers were quickly excised, perfused with ice-cold 0.9% wt/vol NaCl and
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rinsed in 0.25 M sucrose/1 mM EDTA/10 mM Tris-HCI (pH 7.4). Then livers were
homogenized with 4 volumes of the same solution in a Potter glass-Teflon homogenizer.
An aliquot of the homogenates was frozen in liquid nitrogen and stored at —80°C for
lipid analysis and assay of peroxisomal -oxidation. The other part of homogenates
were centrifuged at 18000 x g for 20 min, the supernatant was recentrifuged under the
same conditions. The resulting supernatant was centrifuged at 105000 x g for 60 min.
The pellet was resuspended in 0.25 M sucrose /0.1 mM EDTA/10 mM Tris-HCI (pH
7.4) and recentrifuged under the same condition. The resulting pellet (microsomes) was
resuspended in a small volume of 0.25 M sucrose/0.1 mM EDTA/10 mM Tris-HCI (pH
7.4) and used as an enzyme source. All the operations mentioned above were carried out
at 0-4°C. Protein concentrations were determined by the method of Lowry et al. (19)

using BSA as a standard.

Enzyme assays Acyl-CoA oxidase was assayed by measuring palmitoyl-CoA
dependent H,O, production according to the method of Small et al. (20), employing
homogenates as an enzyme source. Briefly, 1 mL of the reaction mixture contained 50
nmol leuco-dichlorofluorescein, 0.2 mg horse radish peroxidase, 4 pumol aminotriazole,
50 nmol palmitoyl-CoA, 0.02% Triton X-100, 20 mM potassium phosphate buffer (pH
7.4) and 20 pg protein of liver homogenates. After preincubation in the absence of
palmitoyl-CoA at 30°C, the reaction was started by adding 50 nmol palmitoyl-CoA and
the change in the absorbance at 502 nm was monitored. The activity was calculated
assuming absorption coefficient for leuco-dichlorofluorescein is 1.42 x 10° Mem™.
SCD activity was assayed spectrophotometrically by the method of Oshino et al.

(21) as the stearoyl-CoA stimulated re-oxidation of NADH-reduced cytochrome bs. The
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rate of cytochrome b5 oxidation was measured by recording the changes in absorbance
between 424 and 409 nm at 30 °C. The initial incubation mixture contains 1.2 mg
microsomal protein and 100 mM Tris-HCI (pH 7.4). Cytochrome bs was reduced by
adding 2 nmol NADH and the re-oxidation was recorded. When the re-oxidation was
completed, 20 nmol stearoyl-CoA was added, and cytochrome b5 was reduced again by
2 nmol of NADH. The first order rate constant for the re-oxidation of NADH-reduced
cytochrome bs was calculated as described by Oshino and Sato (22). The rate constant
for the re-oxidation of cytochrome b5 was measured in the presence (k) and in the
absence (k) of stearoyl-CoA,; the rate constant for SCD was given by k" =k-k (11, 23).
Microsomal activities of NADH-cytochrome ¢ reductase, NADH-ferricyanide reductase,
and the content of cytochrome b5 were determined as described previously (24).

Fatty acid chain elongation was assayed as previously described (14). Incubation
mixture contained 15 nmol palmitoyl-CoA, 100 nmol [2-'*C]malonyl-CoA, 0.5 pmol
NADH, 0.5 pmol NADPH, 0.5 pumol KCN and 250-500 pg microsomal protein in 0.5
ml of 100 mM Tris-HCI buffer (pH 7.4). The mixture was incubated at 37 °C for 4 min
under nitrogen. The incubation mixture without palmitoyl-CoA was run simultaneously.
After stopping the enzymatic reaction by the addition of 1 mL of 10% KOH/90%
methanol, the mixture was heated at 80 °C for 30 min under nitrogen and then acidified
by adding 2 mL of 6 M HCI. Fatty acids were extracted with 3 mL of n-hexane four
times. The combined n-hexane extract was washed with 4 mL of acidic water,
transferred to a counting vial, and taken to dryness. The remaining fatty acids were
dissolved in toluene scintillator and the radioactivity was measured by a liquid
scintillation counter.

1-Acylglycerophosphocholine (1-acly-GPC) acyltransferase was assayed
A

i
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esse{ltially according to Lands and Heart (25). The reaction mixture contained 20-30
nmol oleoyl-CoA, 150 nmol 1-acyl-GPC, 1 pumol DTNB, and 50-75 pg microsomal
protein in a final volume of 1 ml of 100 mM Tris-HCI buffer (pH 7.4). After
preincubation in the absence of oleoyl-CoA at 30 °C, the incubation was initiated by
adding oleoyl-CoA and the increase in the absorbance at 412 nm was monitored. The
value determined in the absence of 1-acyl-GPC was subtracted as a background to
provide a net acyl transfer rate.

Acyl-CoA synthetase was assayed using ['*Cpalmitic acid as a substrate according

to Tanaka, et al. (26).

Assay for blood glucose and insulin
Serum levels of glucose and insulin were determined using Glucose-test Wako (Wako
Pure Chemicals Inc, Osaka, Japan) and Rat insulin ELISA kit (Mercodia, Uppsala,

Sweden), respectively.

Lipid analyses Total lipids were extracted from liver homogenates by the method
of Bligh and Dyer (27). For quantification of fatty acids, a known amount of
triheptadecanoin was added to the homogenates as an internal standard. After solvent
was evaporated, total lipids were added with 1 mL 10% KOH/90% methanol and then
heated at 80 °C for 60 min for saponification. Non-saponified lipids were removed by
the extraction three times with 3 ml of hexane. After the addition of 1 mL 6M HCI, free
fatty acids were extracted three times with 3 ml of hexane. The extract was taken to
dryness, and to the residue was added methanolic BF5 and heated at 100 °C for 10 min.

Fatty acid methyl esters formed were extracted with hexane and subjected to GLC

A
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analysis (Simadzu GC-14A, equipped with a flammable ionization detector and

Supelcowax 10 (0.32 mm ID x 30 m)).

Statistics Analysis of variance was used to test the significance of differences
between control rats, glucose- or fructose-administered rats. Where differences were
significant, the statistical significance between any two means were determined using
Sheffe’s multiple range test. Statistical significance between clofibric acid-treated and
untreated rats was analyzed by Student’s 7-test or Welch’s test after F-test for two

means.
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RESULTS
Induction of PCE and SCD by glucose and fructose

Administration of glucose caused a significant increase in PCE activity in rat liver.

It was required at least four days to reach the maximum activity (Fig. 1). Fructose
induced PCE as was observed with glucose. There was no significant difference in the
potency to induce PCE between glucose and fructose. Next, we examined whether
clofibric acid, a known drug to induce PCE (11), further increase PCE activity in rats
administered glucose or fructose. Clofibric acid treatment caused a significant increase
in PCE activity 1.9, 1.8 and 1.4 times, respectively, over untreated control in normal,
glucose-, and fructose-administered rats (Fig. 2A). The administration of glucose and
fructose increased hepatic terminal desaturase activity in SCD system 4.2 and 4.8 times,
respectively (Fig. 2B). Nevertheless, clofibric acid did not cause an additional increase
in terminal desaturase activity in glucose- or fructose-administered rats (Fig. 2B). In
other components of SCD system, NADH-ferricyanide reductase activity and the
content of cytochrome b5 were not altered by carbohydrate administration or clofibric
acid treatment while NADH-cytochrome ¢ reductase activity was reduced by clofibric
acid in both normal and carbohydrate-administered rats (data not shown).

Clofibric acid is known as a peroxisome proliferator and causes the induction of
both acyl-CoA oxidase and acyl-CoA synthetase via peroxisome proliferator-activated
receptor oo (PPAR) activation (28). The drug also induces 1-acyl-GPC acyltransferase;
the induction was positively correlated to peroxisomal f3-oxidation or acyl-CoA oxidase
activity (29). Glucose or fructose administration did not significantly affect the activities
of these enzymes (Table 1). In addition, clofibric acid-induced activities of these three

enzymes were not different between control, glucose- and fructose-administered rats

A
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(Table 1).
In streptozotocin-induced diabetic rats, the activities of both PCE and SCD were
reduced by 70 % (Fig. 3). In diabetic rats, fructose feeding increased the activities of

both PCE and SCD, while glucose feeding did not change the activities (Fig. 3).

Effects of clofibric acid on serum levels of insulin and glucose Serum levels of
glucose were not significantly different between control, glucose- and
fructose-administered normal rats (153.2 + 12.0, 173.7 +14.0 and 144.9 + 3.5 mg/dL,
respectively). Clofibric acid treatment did not altered serum glucose level in control and
glucose-administered rats (146.4 + 5.5 and 169.5 + 6.8 mg/dL, respectively), and
slightly increased it in fructose-administered rats (152.3 + 4.2 mg/dL). In diabetic
groups, serum levels of glucose in control, glucose- and fructose-fed rats were 497.2 +
22.9,657.5+97.5 and 750.6 + 145.9 mg/dL, respectively. There was no significant
difference in serum insulin level between six experimental groups (average value of all
rats was 0.785 + 0.456 ng/mL). In all diabetic rats, serum insulin level was below the

detection limit (0.07 ng/mL).

Effects of glucose and fructose administration and clofibric acid treatment on the
composition of hepatic fatty acid  Fig. 4 shows effects of carbohydrate
administration in combination with clofibric acid treatment on the proportion of
18:1(n-9) in liver lipids. The amounts of total fatty acids were not different between six
experimental groups. The proportion of 18:1(n-9) in hepatic lipids of clofibric
acid-treated rats was 1.7 times higher than that in untreated rats. Glucose and fructose

administration caused 1.9- and 1.8-times increase in 18:1(n-9), respectively (Fig. 4).

A
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Treatment with clofibric acid of glucose- and fructose-administered rats further
increased 18:1(n-9) 2.1 and 1.6 times, respectively (Fig. 4).

To estimate relative contribution of SCD and PCE to 18:1(n-9) formation, linear
regression analyses were performed on the proportion of 18:1(n-9) vs. the activity of
PCE or SCD in the liver (Fig. 5). There was a highly significant correlation between
18:1(n-9) proportion and PCE activity (+°=0.8743, P<0.01), while the correlation
between the proportion of 18:1(n-9) and SCD activity was not statistically significant

(#*=0.5521, P>0.05).
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DIS?USSION
Induction of PCE by glucose and fructose

In the present study, we demonstrated that both glucose and fructose induced PCE in
the liver of rats as well as SCD (5). The effects of the carbohydrates were not mediated
by insulin, a known inducer of both PCE and SCD, because serum insulin level was not
altered by the administration of carbohydrates in normal and diabetic rats. Differed from
normal rats, only fructose but not glucose could increase the activities of PCE and SCD
in diabetic rats (Fig. 3). Although the mechanism by which fructose induces PCE and
SCD in diabetic animals has not yet clarified. It is plausible that intermediates of
glycolytic pathway plays a pivotal role because fructokinase is not affected while

glucokinase was greatly depressed in diabetic state (30).

Comparison of the induction between SCD and PCE  The early studies showed
that PCE activity concomitantly increased with an increase in SCD activity by
administration of clofibric acid (11, 24, 31), diethylhexylphthalate (10), re-feeding of
fat-free diet after fasting and treatment of diabetic rats with insulin (10, 11), and, on the
contrary, diabetic state and starvation reduced the activities of both SCD and PCE (35, 10,
15). These findings suggest that both PCE and SCD are regulated by the similar
mechanisms. Recent studies have revealed that SCD is trasncriptionally regulated by
insulin, carbohydrate and polyunsaturated fatty acids via sterol regulatory element-
binding protein (7-9, 32). In contrast to SCD, little attention has been paid to the
regulation of PCE except for the early studies on the changes in the activity in various
physiological conditions (10, 11, 15). More recent studies showed the possibility that

the mRNA expression of fatty acid chain elongase is regulated by sterol regulatory

4
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element binding protein-1 (33, 34). Therefore, there is a possibility that the induction of
PCE by carbohydrates is mediated by sterol regulatory element binding protein.
Induction of PCE and SCD by carbohydrate was independent of PPARa because
carbohydrate did not induce acyl-CoA synthetase, acyl-CoA oxidase and 1-acyl-GPC
acyltransferase and did not modify the induction of them with clofibric acid (Table 1).
Both PCE and SCD are known to be induced by peroxisome proliferators, such as
clofibric acid and diethylhexylphthalate (10, 11, 24, 31). Peroxisome proliferators
induce various enzymes and proteins that are responsible for fatty acid transport and
oxidation by transcriptional activation via PPARa. binding to peroxisome proliferator
responsive element in their promoter region (27, 35). Treatment of mice with clofibrate
(ethyl ester of clofibric acid) increased mRNA level of SCD only 2-fold (36), which was
far less than the increase in mRNA levels of fatty acid oxidizing enzymes (28). It is,
therefore, unclear whether clofibric acid induces PCE and SCD by direct activation of
PPAR although Miller et al. found PPRE-like sequence in the promoter region of
mouse SCD1 (37). We observed that clofibric acid did not further increase SCD activity
in carbohydrate-admunistered rats (Fig. 2). It is plausible that clofibric acid indirectly
induces SCD by altering fatty acid metabolism. Even though the induction by clofibric
acid is dependent on PPARa., physiological significance seems to be low compared to
the regulation by carbohydrate. By contrast to SCD, PCE was additively induced by
clofibric acid and carbohydrate. The question whether PPAR directly promote PCE

expression remains to be elucidated.

Role of PCE in 18:1(n-9) formation The similarity in the regulation of PCE and

SCD raised a question of which enzyme 1s more important in the regulation of oleic acid

4
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formation. Qur present study demonstrated a difference in the induction between SCD
and PCE upon clofibric acid treatment in combination with carbohydrate. Namely,
clofibric acid treatment additionally increased PCE activity in carbohydrate-treated rats,
whereas no additional increase with clofibric acid treatment was observed in SCD
activity (Figs. 2 and 3). These results imply that SCD and PCE differently contribute to
oleic acid formation in response to various stimuli. In fact, hepatic content of oleic acid
was significantly increased where only PCE activity was increased by the treatment of
carbohydrate-administered rats with clofibric acid (Table 3). Highly significant
correlation between the proportion of oleic acid and PCE activity (+°=0.8743, P<0.01),
but not SCD activity (#°=0.5521, P>0.05) clearly indicates physiological importance of
PCE in oleic acid formation. To our knowledge, this is the first report that demonstrated
the importance of PCE in comparison with SCD in oleic acid formation.

The resent study indicates that carbohydrate can induce not only SCD but also PCE

and that PCE plays a crucial role in the changes in the formation of 18:1(n-9).
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TABLE 1 Effects of Glucose, Fructose and Clofibric acid on the Activites of Acyl-CoA Synthetase,
Acyl-CoA Oxidase and 1-Acyl-GPC Acyltransferase in the Liver of Rats

Acyl-CoA synthetase Acyl-CoA oxidase 1-Acyl-GPC acyltransferase

(nmol/min/mg protein) (nmol/min/mg protein) (nmol/min/mg protein)
Control 739 + 6.24ab 458 + 028 a 963 + 94
Control + clofibric acid 1438 + 75 * 31.78 + 3.98 * 1842 + 124 *
Glucose 875 + 95%b 453 + 0.66 a 1000 + 84
Glucose + clofibric acid 1475 + 113 °* 31.10 + 210 * 1886 + 115 *
Fructose 655 + 747a* 563 + 043 D 86.0 + 7.0
Fructose + clofibric acid 1288 + 115°* 29.10 + 047 * 197.8 + 169 *

Rats were given 20% wt/vol glucose or fructose solution for drinking for 4 days. Half of them were
subcutanously injected with clofibric acid (100 mg/kg body weight) twice a day. Values are means + SD for
3-5 rats. *, Significantly different from clofibric acid-untreated rats (P <0.001). *°, Difference between
control, glucose-, and fructose-administered rats are statistically significant without a common superscript. If
no superscript appears, differences between three groups are not statistically significant.
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Figure 1  Time course of the induction of hepatic PCE by the administration of
glucose and fructose. Liver microsomes were prepared from the rats that were given a
20 % wt/vol solution of glucose (closed circle) or fructose (open circle) for drinking.
Values are means + SD for 3-8 rats. *, Significantly different from control (P<0.05).
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Figure 2  Effects of glucose and fructose in combination with clofibric acid on
the activities of PCE and SCD in rat liver. Rats were given a 20% wt/vol solution of
glucose or fructose for drinking for four days with (closed bar) or without (hatched bar)
subcutaneous injection of clofibric acid twice a day at a dose of 100 mg /kg body

weight. Values are means + SD for 4-8 rats. A, PCE; B, SCD. *® Differences between
control, glucose- and fructose-administered rats are statistically significant without a
common superscript (P<0.05). ™, Differences between control, glucose- and
fructose-administered rats with clofibric acid treatment are statistically significant
without a common superscript (£<0.05). *,** Significantly different from the value of
clofibric acid-untreated rats (£<0.05 and P<0,001, respectively).
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Figure 3  Effects of carbohydrate on the activities of PCE and SCD in the liver of
streptozotocin-induced diabetic rats. Rats were intravenously injected with
streptozotocin (60 mg/kg body weight). Three weeks after the injection, these rats were
fed a fat-free diet containing glucose or fructose as a carbohydrate for four days and
simultz;neously received subcutaneous injection of clofibric acid (100 mg/kg body
weight) twice a day. Microsomes were prepared from the rats and the activities of PCE
(A) and SCD (B) were determined. *, Significantly different from normal rats (£<0.05).
*b Differences between control, glucose- and fructose-administered diabetic rats are

statistically significant without a common superscript (P<0.05).
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Figure 4  Effects of glucose and fructose in combination with clofibric acid on
hepatic proportion of 18:1(n-9). Rats were given a 20% wt/vol solution of glucose
or fructose for drinking for four days with (closed bar) or without (hatched bar)
subcutaneous injection of clofibric acid twice a day at a dose of 100 mg /kg body
weight. Fatty acid composition of total lipids was analyzed in the liver. Values are
means + SD for 3-4 rats. a’b, Differences between control, glucose- and
fructose-administered rats are statistically significant without a common superscript
(P<0.05). ™, Differences between control, glucose- and fructose-administered rats with
clofibric acid treatment are statistically significant without a common superscript
(P<0.05). *,** Significantly different from the value of clofibric acid-untreated rats
(P<0.05 and P<0.01, respectively).
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Figure 5  Relationship between the activity of PCE or SCD and proportion of
oleic acid in the liver. A, The relationship between the activity of PCE (data from Fig.
2A) and oleic acid proportion (data from Fig. 4) is determined as Y=13.955X + 2.152
(#*=0.8743, P<0.01). B, The relationship between the activity of SCD (data from Fig.
2B) and oleic acid proportion is calculated as Y=1.934X + 4.294 (r*=0.5521, P>0.05).
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