THE JOURNAL OF

~Nutritional
Journal of Nutritional Biochemistry 15 (2004) 561-569 BIOChemlStry

ELSEVIER

Structure—activity relationship of conjugated linoleic acid and its
cognates in inhibiting heparin-releasable lipoprotein lipase and
glycerol release from fully differentiated 3T3-L1 adipocytes

Yeonhwa Park Jayne M. Storksdh Wei Liu?, Karen J. Albright, Mark E. Cook"°,
Michael W. Pariz&*

#-ood Research Institute, University of Wisconsin-Madison, 1925 Willow Drive, Madison, W 53706, USA
bDepartment of Animal Sciences, University of Wisconsin-Madison, Madison, WI, USA

Received 5 October 2003; received in revised form 24 March 2004; accepted 19 April 2004

Abstract

Conjugated linoleic acid (CLA) reduces body fat in part by inhibiting the activity of heparin-releasable lipoprotein lipase (HR-LPL)
activity in adipocytes, an effect that is induced by thens-10cis-12 CLA isomer. In this study we used a series of compounds that are
structurally related to CLA (i.e., CLA cognates) to investigate the structural basis for this phenomenon. None of the 18:1 CLA cognates that
were tested, notrans-9,cis-12 18:2,cis-12-octadecen-10-ynoic acid (10i5-12) or 11-(2-(n-pentyl)phenyl)-10-undecylenic acid (desig-
nated PELO), exhibited any significant effect on HR-LPL activity. Among the CLA derivatives (alcohol, amide, and chloride) that were
tested, only the alcohol form inhibited HR-LPL activity, although to a lesser extent than CLA itself. In addition, intracellular TG was
reduced only bytrans-10cis-12 CLA and the alcohol form of CLA. Hence it appears thattitas-10cis-12 conjugated double bond in
conjunction with a carboxyl group at C-1 is required for inhibition of HR-LPL activity, and that an alcohol group can partially substitute
for the carboxyl group. We also studied glycerol release from the cells, observing that this was enhanaest 1y 18:1,trans-13 18:1,
cis12 18:1,cis-13 18:1, P10 but was reduced hys-9 18:1, the alcohol and amide forms of CLA or 1€lg;12. Accordingly the structural
feature or features involved in regulating lipolysis appear to be more complex. Despite enhancing lipolysis in cultured 3T3-L1 adipocytes,
trans-10 18:1 did not reduce body fat gain when fed to mice. © 2004 Elsevier Inc. All rights reserved.
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1. Introduction thetrans-10cis-12 isomer of CLA (one of two major isomers
present in synthetically prepared CLA) is responsible for its
In the last decade, conjugated linoleic acid (CLA) has been reduction in body fat and for inhibition of HR-LPL activity in
studied intensively because of its unusual biological activities 3T3-L1 adipocyte$3]. This isomer is also responsible for the
[1]. One of the most interesting aspects of CLA is its ability to inhibition of stearoyl-CoA desaturase (SCB), and reducing
reduce body fat while increasing lean body mf@$sAs partof  apolipoprotein B (apo B) secretion in cultured HepG2 délls
the mechanism for these activities, it has been suggested thaihys it is of interest whether this CLA isomer may also be
CLA reduces heparin-releasable lipoprotein lipase (HR-LPL) gqely responsible for inhibition of HR-LPL activity. To deter-
activity in adipocytes, and in fact this has been demonstrated inine the key structural feature @fans-10gis-12 CLA, we
3T3-L1.ad|po_cyte' ce]l culture mod.{ﬂ] g CI_‘A alsg enhances tested fatty acids that are structurally relatetténs-10cis-12
fatty acidB-oxidation in muscle, which indicates increased use CLA using 3T3-L1 adipocytes. We also tested these com-
Pf fat as an energy sourgel]. Sm_ce CLA IS a m|xt'ure of pounds on glycerol release and intracellular triacylglyceride
isomers, it is of interest to determine which isomer is respon- . . : . .
. . ; - . (TG) to estimate lipolysis and total fat deposit, respectively. In
sible for these biological activities. Previously we showed that Z. . . - -
addition, since previous findings indicate thatans-10 dou-

ble bond is a key structure for inhibiting apo B secretion in

* Corresponding author. Tel.: (608) 263-6955; fax: (608) 263-1114. 1€PG2 cells[3], we testedrans-10 18:1 on body composi-
E-mail address: mwpariza@facstaff.wisc.edu (M.W. Pariza). tional changes compared ti@ns-10cis-12 CLA.
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2. Methods and materials
2.1. Materials

Triolein, [9,10-*H (N)] triolein (specific activity 12 Ci/
mmol) was obtained from American Radiolabeled Chemi-
cals Incorporation (St. Louis, MO) and [1-**C] linoleic acid
(specific activity 55 mCi/mmol) was obtained from Amer-
sham Life Science (Arlington Heights, IL). 3T3-L1 preadi-
pocytes were purchased from American Type Culture Col-
lection (Rockville, MD). trans-9,cis-12 octadecadienoic
acid (31.7%), cis-12 octadecenoic acid (98.1%), trans-10
octadecenoic acid (89.9% for cell culture and 85.1% for
anima feeding study), 11-(2'-(n-pentyl)phenyl)-10-unde-
cylenic acid (P-t10, 95%, E:Z about 7:3), trans-10,cis-12/
cis-9trans-11-octadecadien-1-ol (CLA-Alc., 95%), trans-
10,cis-12/cis-9,trans-11-octadecadienamide (CLA-amide,
95%), 1-chloro-trans-10,cis-12-octadecadiene (CLA-Cl,
95%), and cis-12-octadecen-10-ynoic acid (10y,cis-12,
94.5%) were prepared by chemical synthesis by Dr. Sih and
colleagues, at the Department of Pharmacy, University of
Wisconsin-Madison. CLA was prepared as described [6];
the composition of CLA was 45.7% cis-9,trans-11, 47.6%
trans-10,cis-12, 1.71% trans,trans, 3.04% other isomer. In
addition, cis-9,trans-11 (96.3%, 2.6% trans,trans isomer,
and 1.08% others) and trans-9,trans-11 (100%) CLA were
purchased from Matreya Inc. (Pleasant Gap, PA). Natural
Lipids (Hovdebygda, Norway) kindly provided trans-
10,cis-12 CLA (92.8% trans-10,cis-12, 1.61% cis-9,trans-
11, 1.16% transtrans, and 1.64% others). We purchased
cis-10 (99%), and trans-10 (99%) heptadecenoic acid and
Cis-10 (99%), and trans-10 (99%) nonadecenoic acid from
Nu-Chek Prep Corporation (Elysian, MN), and purchased
trans9 (100%), trans-11 (100%), trans-12 (100%),
trans-13 (100%), cis-9 (99%), cis-11 (100%) and cis-13
(100%) octadecenoic acids from Sigma Chemical Co. (St.
Louis, MO). Purity was checked by gas chromatography
using a Hewlett-Packard 5890 series Il chromatograph
(Hewlett-Packard, Andover, MA) fitted with a flame ion-
ization detector and 3396A integrator. A Supelcowax-10
fused silica capillary column (60 m X 0.32 mm, inner
diameter film thickness 0.25 um) was used and oven tem-
perature was programmed from 50° to 190°C, increased
20°C/min, held for 40 minutes, increased 10°C/min to
220°C, and held for 20 minutes.

2.2. Cdll culture

The 3T3-L1 preadipocytes were cultured as described [7].
Briefly, 3T3-L1 preadipocytes were grown to confluence at
37°C in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum (FBS). At 2 days postconflu-
ence (designated day 0), cell differentiation was induced with
a mixture of methylisobutylxanthin (0.5 mmol/L), dexameth-
asone (0.25 pmol/L), and insulin (1 pwg/mL) in DMEM con-
taining 10% FBS. On day 2 this medium was replaced with

medium containing 10% FBS and insulin only. On day 4 and
theresfter the medium consisted of DMEM plus 10% FBS
only; this medium was subsequently replaced with fresh me-
dium at 2-day intervas. Fatty acid-albumin complexes were
prepared as described [2] and added to culture media for 48
hours a day 6, and cels were harvested at day 8. Fina
concentrations of fatty acids are indicated in each figure leg-
end. All dishes including control had a final concentration of
100 pwmol/L abumin. For the experiments with CLA deriva
tives, test compounds as well as CLA were dissolved in etha
nol. In these experiments, control and treatment dishes all
contained the same concentration of abumin (with no fatty
acid) and ethanol (fina concentration of 0.3%). At harvest,
medium was collected, centrifuged to remove cell debris, and
used for glycerol release analysis. Cdls were then washed
three times with phosphate buffered sdline (PBS) and incu-
bated with heparin containing DMEM (10 U/mL) for 1 hour,
and the media was used for determining HR-LPL activity.
Subsequently, cells were washed three times with PBS,
scraped, and sonicated to give homogenious samples for TG
determination. LPL activity (EC 3.1.1.34) was messured as
described [8]. Briefly, concentrated substrate was prepared by
combining 300 mg triolein, 18 mg lecithin, and 200 uL of [3H]
triolein in 5 mL glycerol and homogenizing. Fresh assay sub-
strate was prepared by mixing 1 part concentrated substrate, 4
parts 0.2 mol/L TrigHCI (pH 8.0) with 3% bovine serum
albumin, and 1 part heat inactivated fasted rat serum. The
reaction was started by adding 100 uL of samplesto the same
volume of assay substrate. After incubating a 37°C for 15
minutes, the assay was stopped by adding 3.25 mL methanal:
chloroform:heptane solution (1.41:1.25:1). Subsequently, 1.05
mL 0.1 mol/L potassium carbonate/borate buffer (pH 10.5)
was added, and the tubes were shaken vigoroudy and centri-
fuged at 3000 rpm for 20 minutes. A 200-uL quantity of the
upper layer was used for radioactivity count. Nonreacted assay
substrate was also used to get total count from each experi-
ment. Recovery of free fatty acid was estimated at 71% using
[**C] linoleic acid.

Free and esterified glycerol were determined in the me-
dium and cell sonicates using a Sigma Diagnostic Kit (GPO
Trinder, St. Louis, MO). This kit used a two-step process,
free glycerol was measured without lipase, then lipase was
added to hydrolyse esterified glycerol. The difference be-
tween the amounts of free and total glycerol is esterified
glycerol. Protein was determined in LPL and TG samples
using Bio-Rad DC Protein assay kit (Hercules, CA).

2.3. Animal studies and body composition analyses

Male retired breeder ICR mice and semipurified diet
(TD94060, 99% basal mix) were purchased from Harlan
Sprague-Dawley and Harlan Teklad (Madison, W1), respec-
tively. The diet was composed as follows (ingredient, g/kg):
sucrose, 476; casein, vitamin-free test, 210; corn starch,
150; DL-methionine, 3; corn oil 55; cellulose, 50; mineral
mix, AIN-76, 35; vitamin mix, AIN-76A, 10; calcium car-
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Table 1
Effects of trans-10 octadecenoic acid on body composition in mice

ECW (g) % Fat % Water % Protein % Ash
Control 382+13 12.71% + 1.69 59.3% + 12 20.83* = 0.62 3.70 = 0.06
t10,c12 CLA 37819 7.67° + 111 63.0° + 0.8 21.77% £ 0.27 3.88 = 0.16
t10-18:1 404+ 12 15.33* + 1.50 57.9°+ 1.3 19.74° + 0.41 3.88 = 0.19

Twenty male retired breeder ICR mice were used. After a 5-day adaptation period mice were randomly separated into three groups and fed control diet,
diet supplemented with 0.27% trans-10,cis-12 CLA (t10,c12 CLA), or diet supplemented with 0.27-0.29% trans-10 octadecenoic acid (t10-18:1) for 3
weeks. Numbers are mean *+ SE (n = 5). Means with different superscript letters in each column are significantly different at P < 0.05. CLA = conjugated

linoleic acid; ECW = empty carcass weight.

bonate, 4; choline bitartrate, 2; and ethoxyquin, 0.1. The
mineral mix (AIN-76) was composed as follows (ingredi-
ent, g/kg): calcium phosphate (dibasic), 500; potassium ci-
trate (monohydrate), 220; sodium chloride, 74; potassium
sulfate, 52; magnesium oxide, 24; ferric citrate, 6.0; man-
ganous carbonate, 3.5; zinc carbonate, 1.6; cupric carbon-
ate, 0.3; chromium potassium sulfate, 0.55; potassium io-
date, 0.01; sodium selenite, 0.01; and sucrose, 118. The
vitamin mix (AIN-76A) was composed as follows (ingre-
dient, g/kg): thiamin HCI, 0.6; riboflavin, 0.6; pyridoxine
HCl, 0.7; niacin, 3.0; calcium pantothenate, 1.6; folic acid,
0.2; biotin, 0.02; vitamin B, (0.1% trituration in mannitol),
1.0; dry vitamin A palmitate (500,000 U/g), 0.8; dry vitamin
E acetate (500 U/g), 10.0; vitamin D4, trituration (400,000
U/g), 0.25; menadione sodium bisulfite complex, 0.15, and
sucrose, 981.08.

Supplemental CLA (5 g/kg) was added to diets at the
expense of corn oil. Diet was stored at —20°C until use.
Mice were housed individually in wire-bottomed cagesin a
windowless room with a 12-h light-dark cycle in strict
accordance with guidelines established by the Research
Anima Resources Center of University of Wisconsin—
Madison. Diet and water, available ad libitum, were freshly
provided three times per week. After a 5-day adaptation
period, mice were randomly separated into groups and fed
control diet, diet supplemented with trans-10,cis-12 CLA
(0.27%), or diet supplemented with trans-10 octadecenoic
acid (0.29%) for 3 weeks.

For body composition analyses, animals were sacrificed,
gut contents were removed (to obtain empty carcass weight
[ECW]), and the carcasses frozen at —20°C. Frozen car-
casses were chopped and freeze-dried to determine water
content. Each dried carcass was ground to give a homoge-
neous sample before further analysis. Total nitrogen was
analyzed by the Kjeldahl method [9] by the Department of
Soil Science, University of Wisconsin-Madison. Carcass fat
content was measured by extraction with diethyl ether over-
night using a Soxhlet apparatus. Total ash content was
determined by incineration (500—600°C, overnight).

2.4. Satigtical analyses

One-way analysis of variance was performed on data
presented in Table 1, and two-way analysis of variance

(treatments and experiments) was performed on data de-
picted in the figures (individually cited later here). Of major
interest here are the comparisons among the treatments;
these were computed using the Statistical Analysis System
(SAS Ingtitute Inc., Cary, NC) with the general linear mean
procedure and least square means options. If the interaction
between treatment and experiment was significant, this in-
teraction was then used as the error term in the least square
means analysis.

3. Results

The concentrations used in this report are based on the
finding that sera CLA levels of rats fed diet supplemented
with 0.5% CLA for 28 days were 72 umol/L (range 23—
120umol/L) [2]. Thusin this study, we used 50 wmol/L for
single isomers and 100 wmol/L for mixed isomers.

Experiments were done in multiple sets of quadrupli-
cates. Figures 1A—1D show inhibition of HR-LPL activity
by various 18-carbon fatty acids. As previously reported,
the trans-10,cis-12 isomer of CLA consistently and signif-
icantly reduced HR-LPL activity in 3T3-L1 adipocytes [3].
This effect is shown in all four sets of experiments and used
as a negative control. In contrast the monounsaturated oc-
tadecenoic acids (18:1) with double bonds at cis-9, cis-13,
trans-12, trans-13 (Fig. 1A), cis-11, trans-11, trans-9 (Fig.
1B), cis-12 (Fig. 1C), or trans-10 (Fig. 1D) exhibited no
effects on HR-LPL activity. In addition the linoleic acid
isomer trans-9,cis-12 18:2 (Fig. 1D), 10y,cis-12 (an 18-
carbon structure similar to trans-10,cis-12 CLA but with a
triple bond instead of a double bond at C:10) (Fig. 1C), and
P-t10 (11-(2'-(n-pentyl)phenyl)-10-undecylenic acid) (a
trans-10,cis-12 CLA related structure in which the trans-10
double bond is part of a benzene ring) did not exhibit any
effect on HR-LPL activity (Fig. 1B). The effect of cis-9
18:1 (oleic acid) was marginal in that it enhanced HR-LPL
activity in three experiments but induced no significant
effect in three comparable experiments.

To determine the effects of these CLA cognates on
lipolysis and fat deposition, respectively, we measured glyc-
erol release into media and the amount of TG within cells.
As previously reported [3], trans-10,cis-12 CLA increased
lipolysis in this model. The 18:1 compounds with double
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Fig. 1. Effects of 18-carbon fatty acids on heparin-releasable lipoprotein
lipase (HR-LPL) activity in 3T3-L 1 adipocytes. At day 6 of differentiation,
cells were treated with these compounds as an albumin complex for 48
hours. All dishes including control contained the same concentration of
albumin (100 wmol/L). Numbers are mean + SE, n = 23-24 for (A) from
six independents experiments, n = 10-12 for (B) and (C) from three
independent experiments, and n = 7-8 for (D) from two independent
experiments. Means with different letters in each figure are significantly
different at P < 0.05. Abbreviations and final concentrations used are as
follows: (A) t10,c12 CLA, trans-10,cis-12 conjugated linoleic acid, 46
umol/L; c9-18:1, cis-9 octadecenoic acid, 50 wmol/L; c13-18:1, cis-13
octadecenoic acid, 50 pmol/L; t12-18:1, trans-12 octadecenoic acid, 50
wmol/L; t13-18:1, trans-13 octadecenoic acid, 50 wmol/L; (B) P-t10,
11-(2'-(n-pentyl)phenyl)-10-undecylenic acid, 48 umol/L; c11-18:1,
cis-11 octadecenoic acid, 50 wmol/L; t11-18:1, trans-11 octadecenoic acid,
50 wmol/L; t9-18:1, trans-9 octadecenoic acid, 50 wmol/L; (C) 10y,c12,
cis-12-octadecen-10-ynoic acid, 47 wmol/L; c12-18:1, cis-12 octadecenoic
acid, 49 umol/L; and (D) t10-18:1, trans-10 octadecenoic acid, 45 umol/L;
19,c12-18:2, trans-9,cis-12 octadecadienoic acid, 32 pmol/L.

bonds at the trans-12 (Fig. 2A), cis-11, trans-11, or trans-9
(Fig. 2B) had no effect on glycerol release. However, the
18:1 compounds with double bonds at cis-9 (Fig. 2A) re-
duced glycerol release, whereas 18:1 with double bonds at
cis-13, trans-13 (Fig. 2A) (Fig. 2C) or trans-10 positions
(Fig. 2D) enhanced glycerol release. Trans-9, cis-12 18:2
had no effect on glycerol release (Fig. 2D). P-t10 increased
(Fig. 2B) and 10y, cis-12 (Fig. 2C) decreased glycerol
release in this system. Hence the structural feature or fea
tures involved in regulating lipolysis appear to be complex.

Total intracellular TG was reduced by trans-10,cis-12
CLA as reported previously [3]. All 18-carbon monounsat-
urated fatty acids tested had no effect on total TG (Fig.
3A-3D). No effect on TG was observed by treating with
10y, cis-12 (Fig. 3C), P-t10 (Fig. 3B), or trans-9, cis-12
18:2 (Fig. 3D).

We aso tested CLA derivatives that have functional
groups other than carboxylic acid. Compounds with alcohal,
amide, and chloride groups were prepared and were tested
for effects on HR-LPL activity, glycerol release, and intra-
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Fig. 2. Effects of 18-carbon fatty acids on glycerol release in 3T3-L1
adipocytes. At day 6 of differentiation, cells were treated with these
compounds as an albumin complex for 48 hours. At the end of incubation,
culture medium was collected and analyzed for free glycerol after centrif-
ugation. All dishes including control contained the same concentration of
albumin (100 wmol/L). Numbers are mean + SE, n = 23-24 for (A) from
six independent experiments, n = 10-12 for (B) and (C) from three
independent experiments, and n = 7-8 for (D) from two independent
experiments. Means with different letters in each figure are significantly
different at P < 0.05. For abbreviations and final concentrations used, see
legend to Fig. 1.

cellular TG. Since these compounds do not have the car-
boxylic group needed to complex with albumin, they were
dissolved in ethanol before addition to the culture medium.
The HR-LPL activity in cells treated with CLA dissolved in
ethanol was not significantly different than when CLA was
treated complexed to albumin (Fig. 4B). The acohol form
of CLA dlightly reduced HR-LPL activity while the amide
form of CLA (Fig. 4A), aswell asthe chloride form of CLA
(Fig. 4B) had no effect on HR-LPL activity.

Glycerol release was increased by CLA and reduced by
the alcohol and amide forms of CLA (Fig. 5A). The chloride
form of CLA did not have any effect on glycerol release
(Fig. 5B). Total TG was reduced by trans-10,cis-12 CLA as
well as the alcohol form of CLA, but not by the amide and
chloride forms of CLA (Figs. 6A and 6B).

Of the 17- and 19-carbon monounsaturated fatty acids
with a double bond at the 10th position (either cis or trans
configuration) that were studied, only cis-10 17:1 inhibited
HR-LPL activity, but it was less active than trans-10,cis-12
CLA (Fig. 7A). In addition, cis-10 17:1 increased glycerol
release whereas trans-10 17:1, cis-10 19:1 or trans-10 19:1,
decreased glycerol release (Fig. 7B). Cis-10 17:1 and cis-10
19:1 dightly reduced cellular TG compared to control, but
trans-10 17:1 and trans-10 19:1 were without significant
effect (Fig. 7C).

Since trans-10 18:1 exhibited an effect on glycerol re-
lease, we aso tested whether trans-10 octadecenoic acid



Y. Park et al. / Journal of Nutritional Biochemistry 15 (2004) 561-569 565

250
= a ey
2 200 5 H
g .= &
g 150 = g
= = =
Ed =
= 100 =
3 8
= =
£ 5 £
& e
0

300

z o
2 250 2
S g,
2 200 E“
=y ~.
Z 150 E
8 100 3
g =
- £
= 50 E

o

Fig. 3. Effects of 18-carbon fatty acids on esterified glycerol in 3T3-L1
adipocytes. At day 6 of differentiation, cells were treated with these
compounds as an albumin complex for 48 hours. All dishes including
control contained the same concentration of albumin (100 wmol/L). Cells
were scraped and sonicated to determine triacylglyceride (as estrified
glycerol) and protein. Numbers are mean = SE, n = 23-24 for (A) from 6
independent experiments, n = 10-12 for (B) and (C) from three indepen-
dent experiments, and n = 7-8 for (D) from two independent experiments.
Means with different lettersin each figure are significantly different at P <
0.05. For abbreviations and final concentrations used, see legend to Fig. 1.

might induce body compositional changes similar to those
induced by the trans-10,cis-12 CLA isomer (Table 1). At
the end of the experimental period the group fed diet sup-
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Fig. 4. Effects of CLA derivatives on heparin releasable lipoprotein lipase
(HR-LPL) activity in 3T3-L1 adipocytes. At day 6 of differentiation, cells
were treated with these compounds for 48 hours. Except for t10,c12-CLA,
all treatment compounds were dissolved in ethanol. All dishes including
t10,c12-CLA and control contained the same concentration of abumin
(100 wmol/L) and ethanol (0.3% final concentration). Numbers are mean =
SE, n = 6-8 from two independent experiments. Means with different
letters in each figure are significantly different at P < 0.05. Abbreviations
and final concentrations used are as follows: (A) CLA, trans-10,cis-12
(48%) and cis-9trans-11 (46%) isomers, 98 wmol/L; CLA-Alc., trans-
10,cis-12/cis-9,trans-11-octadecadien-1-ol, 95 uwmol/L; CLA-amide, trans-
10,cis-12/cis-9,trans-11-octadecadienamide, 95 umol/L; and (B) t10,c12-
CLA, trans-10,cis-12 conjugated linoleic acid, 46 wmol/L, Et indicates
dissolved in ethanol before treating to cells; CLA-CI, 1-chloro-trans-
10,cis-12-octadecadiene, 48 or 96 umol/L.
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Fig. 5. Effects of CLA derivatives on glycerol release in 3T3-L1 adipo-
cytes. At day 6 of differentiation, cells were treated with these compounds
as an abumin complex for 48 hours. Except for t10,c12-CLA, al treatment
compounds were dissolved in ethanol. All dishes including t10,c12-CLA
and control contained the same concentration of albumin (100 wmol/L) and
ethanol (0.3% final concentration). At the end of incubation culture me-
dium was collected and analyzed for free glycerol after centrifugation.
Numbers are mean = SE, n = 6—8 from two independent experiments.
Means with different lettersin each figure are significantly different at P <
0.05. For abbreviations and final concentrations used, see legend to Fig. 4.

plemented with trans-10,cis-12 CLA exhibited significantly
reduced body fat (40% reduction compared to control),
whereas whole body water was significantly enhanced and
whole body protein, and ash were apparently enhanced. By
contrast, the group fed tran-10 octadecenoic acid exhibited
no significant change in any of these measurements (Table
1). There were no significant difference in mean body
weights (control group, 40.5+1.2 g; trans-10,cis-12 CLA-
fed group, 40.3+2.2 g; and t10 18:1-fed group, 42.6+1.3 g)
or mean total feed intake (control group, 91.2+4.1 g; trans-
10,cis-12 CLA-fed group, 83.7+2.4 g; and t10 18:1-fed
group, 89.8+4.2 g).
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Fig. 6. Effects of CLA derivatives on esterified glycerol in 3T3-L1 adipo-
cytes. At day 6 of differentiation, cells were treated with these compounds
for 48 hours. Except for t10,c12-CLA, al treatment compounds were
dissolved in ethanol. All dishes including t10,c12-CLA and control con-
tained the same concentration of albumin (100 wmol/L) and ethanol (0.3%
final concentration). Cells were scraped and sonicated to determine tria-
cylglyceride (as estrified glycerol) and protein. Numbers are mean + SE,
n = 6-8 from two independent experiments. Means with different letters
in each figure are significantly different at P < 0.05. For abbreviations and
final concentrations used, see legend to Fig. 4.
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Fig. 7. Effects of odd-numbered fatty acids on heparin-rel easable lipopro-
tein lipase (HR-LPL) activity (A), glycerol release (B), and cellular ester-
ified glycerol (C) in 3T3-L1 adipocytes. At day 6 of differentiation, cells
were treated with 50 umol/L of fatty acid for 48 hours. All treatments had
100 pmol/L of albumin. Reported values are mean = SE (n = 12, collected
from three independent experiments). Means with different letters in each
figure are significantly different at P < 0.05. CLA, conjugated linoleic
acid; c, cis; t, trans; 17:1, heptadecenoic acid; 19:1, nonadecenoic acid.

4, Discussion

Table 2 summarizes the results of this study along with
those of previously published investigations [2,3,10-12].
Among octadecadiencic acids only trans-10,cis-12 CLA
reduced the activity of HR-LPL, whereas cis-9trans-11,
trans-9,trans-11, linoleic acid, or trans-9,cis-12 octadeca-
dienoic acid did not reduce HR-LPL activity. Various 18-
carbon monounsaturated fatty acids with double bonds lo-
cated between carbons 9 and 13, in either trans or cis
configurations, did not inhibit HR-LPL activity. CLA amide
and chloride derivatives were without effect, whereas CLA
alcohol exhibited a modest inhibitory effect that was less
than that seen with trans-10,cis-12 CLA. We propose that
thisis due to the conversion of the alcohol form to free acid
form; hence the effect of the alcohol form of CLA isless
active than CLA itself. The data support the conclusion that
the trans-10,cis-12 conjugated double bond in conjunction
with a carboxyl group at C-1 is required for inhibition of
HR-LPL activity.

The TG content in fat cells reflects the balance between
fat uptake by HR-LPL, lipogenesis, and lipolysis. Our data
consistently show that any compound that reduced HR-L PL
activity in adipocytes also reduced body fat in animals.
Since the amount of protein secreted into heparin containing
medium was not different between treatment groups, it is
unlikely that the effect of CLA on HR-LPL inhibition re-
sults from less protein secretion. Therefore the effects of
CLA on HR-LPL can be due to regulation of HR-LPL
expression, modification of location of HR-LPL, or interac-
tion with HR-LPL directly.

Unlike its consistent inhibition of HR-LPL activity, the

effects of CLA on intracellular LPL activity vary, either
inhibiting [13] or having no effect [12]. We were able to
observe inhibitory effects of CLA (as a mixture of trans-
10,cis-12 and cis-9,trans-11 isomers) on HR-LPL activity in
as short a time as 20 minutes (unpublished observations,
[14]). This appears to be too rapid for a transcriptional
effect; the effect of CLA on HR-LPL activity may result in
part from direct interaction between trans-10,cis-12 CLA
and LPL, similar to the inhibition mechanism of CLA on
stearoyl CoA desaturase (SCD, A-9 desaturase) [4]. Alter-
natively, CLA might inhibit LPL enzyme relocation to
membrane, making less LPL available for the activity. In
addition, we cannot rule out the possibility that CLA may
further interact at the transcriptional level, which has been
reported by others, for example reduced LPL mRNA in
3T3-L1 adipocytes or adipose tissues by trans-10,cis-12
CLA [14-16].

Previoudly, Lin et a. [12] reported that both trans-
10,cis-12 and cis-9,trans-11 CLA isomers reduced HR-L PL
activity from 3T3-L1 adipocytes, athough the concentra-
tions were much higher than those we used in this study.
When similar concentrations were compared there was no
effect by cis-9,trans-11 CLA ,whereas trans-10,cis-12 CLA
effectively reduced HR-LPL activity.

CLA may aso affect lipogenesis in adipocytes. Previ-
ously our group reported that CLA did not affect activities
of acetyl-CoA carboxylase and fatty acid synthetase (key
enzymes involved in lipogenesis), both in vivo and during 1
week of feeding [13] and in 3T3-L1 adipocytes[17]. Thisis
consistent with observations by Bee [18]. However, others
report that CLA reduced activities and/or mRNA level of
these two enzymes in adipocytes [15,16,19-21]. Thus CLA
may result in less TG in adipocytes by reducing lipogenesis;
however, we did not measure lipogenesis in these experi-
ments.

Glycerol release represents lipolysis in adipocytes. Our
results here indicate that glycerol release did not correlate
well with TG content in cells or with reduced body fat in
vivo. This may be due to the sensitivity of the method used
in our experiments. However, nordihydroguaiaretic acid
(NDGA) and AA861, both well known inhibitors of lipoxy-
genase and hormone-sensitive lipase, decreased lipolysisin
our experiments, as expected, compared to control (as ug
glycerol/mL: control 181 + 8, NDGA (1x10~ > mol/L) 131
+ 9, AA861 (1x10 ° mol/L) 150 + 22, and CLA 237 +
11, n = 7-8 from two independent experiments). This
suggests that this method represents the effects of treatment
in this model. This was accompanied by reduced TG (as
wg/mg protein: control 153 = 13, NDGA (1X10~° mol/L)
93 + 10, AA861(1x10 °®mol/L) 95 = 7, and CLA 94 + 6,
n = 7-8 from two independent experiments) and reduced
body fat in mice for NDGA (for experimental conditions,
see [22]). However, compounds that increased glycerol re-
lease only did not result in decreased TG, for example,
trans-10 18:1 effectively increased glycerol release without
affecting HR-LPL activity in 3T3-L 1 adipocytes and had no
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Table 2
Summary of compounds used

Compound

Inhibition of Glycerol Tota
HR-LPL release TG

Octadecadienoic acid
trans-10,cis-12 CLA
cis9trans-11 CLA [3,12]
trans-9,trans-11 CLA [3]
cis-9,cis-12 octadecadienoic acid (linoleic acid) [2,3]
trans-9,cis-12 octadecadienoic acid

Octadecenoic acid
cis-9 octadecenoic acid (oleic acid)
cis-11 octadecenoic acid
cis-12 octadecenoic acid
cis-13 octadecenoic acid
trans-9 octadecenoic acid
trans-10 octadecenoic acid
trans-11 octadecenoic acid (vaccenic acid)
trans-12 octadecenoic acid
trans-13 octadecenoic acid

Eicosadienoic acid
Cis-11,cis-14 eicosadietnoic acid [10]
Cis-11,trans-13 and trans-12,cis-14 CEA [10]

CLA derivatives
trans-10,cis-12/cis-9,trans-11-octadecadien-1-ol (CLA-Alc.)
trans-10,cis-12/cis-9,trans-11-octadecadienamide (CLA-Amide)
1-chloro-trans-10,cis-12-octadecadiene (CLA-CI)

Odd-numbered fatty acids
cis-10 heptadecenoic acid
trans-10 heptadecenoic acid
¢is-10 nonadecenoic acid
trans-10 nonadecenoic acid
Cis-10,cis-13 nonadecadienoic acid [11]
Cis-10trans-12 and trans- 11-,cis-13 CNA [11]

Others
cis-12-octadecen-10-ynoic acid (10y,cis-12)
11-(2'-(n-pentyl)phenyl)-10-undecylenic acid (P-t10)

+++
— [31/++ [12]
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|
| > — | «
|

|
—
—
|

|
—
|

+
| <<« — |
| «— <« |

| «— | <«

|
S S >
— |

— = effect; + = inhibition; 1 = increase; | = decrease.

No numbers in square brackets indicate references from which data are collected.

effect ontotal TG or body fat in mice. This suggeststhat this
lipolysis assay method may not be sensitive enough to
enable us to observe the difference in TG; thus further
studies are need to clarify the correlation between lipolysis
and TG in this cell culture moddl.

Previoudy we reported that the trans-10,cis-12 CLA
isomer effectively inhibited hepatic SCD [4]. In addition,
trans-10,cis-12 CLA isalso responsible for decreased apo B
secretion in HepG2 cells, although a trans-10 double bond
is a key factor for this activity [5]. It was of interest that
odd-numbered fatty acids such as CNA [11] can inhibit
HR-LPL activity aswell as reduce the TG in the cell. Since
CNA and CLA cannot share common metabolites because
of the difference of one carbon, we proposed that CLA itself
was directly effective. In this study, we observed that cis-10
17:1 inhibits HR-LPL activity, although less so than trans-
10,cis-12 CLA, indicating that a double bond at the 10th
position may play an important role in these activities.

It appears, then, that trans-10,cis-12 CLA is directly
responsible for reduction of HR-LPL activity, and that the

trans-10 double bond may be the key. In contrast, either a
trans-10 or cis-12 bond may induce glycerol release from
adipocytes. This study also suggests that lipolysis may not
be a good indicator of predicting TG content in the 3T3-L1
adipocyte model; rather, inhibition of HR-LPL activity may
provide a better prediction of TG content in thiscell lineand
fat level in animal models.

Acknowledgments

This research was supported in part by gift funds admin-
istered through the University of Wisconsin—-Madison Food
Research Institute. We thank Dr. Sih at the Department of
Pharmacy and Dr. Ken Ku at the Food and Drug Adminis-
tration for preparing some of the compounds tested. Three
of the authors (YP, MEC, MWP) are inventors of CLA use
patents that are assigned to the Wisconsin Alumni Research
Foundation.



568 Y. Park et al. / Journal of Nutritional Biochemistry 15 (2004) 561-569

References

[1] Pariza MW, Park Y, Cook ME. The biologically active isomers of
conjugated linoleic acid. Prog Lipid Res 2001;40:283-8.

[2] Park Y, Albright KJ, Storkson JM, Cook ME, Pariza MW. Effect of
conjugated linoleic acid on body composition in mice. Lipids 1997;
32:853-8.

[3] Park Y, Albright KJ, Storkson JM, Liu W, Pariza MW. Evidence that
the trans-10,cis-12 isomer of conjugated linoleic acid induces body
composition changes in mice. Lipids 1999;34:235-41.

[4] Park Y, Storkson JM, Ntambi JM, Cook ME, Sih CJ, Pariza MW.
Inhibition of hepatic stearoyl-CoA desaturase activity by trans-
10,cis-12 conjugated linoleic acid and its derivatives. Biochim Bio-
phys Acta 2000;1486:285-92.

[5] Storkson JM, Park Y, Cook ME, Pariza MW. Effects of trans-
10,cis-12 conjugated linoleic acid and cognates on apolipoprotein B
secretion in HepG2 cells. FASEB J 2001;15:A290.

[6] Chin SF, Liu W, Storkson JM, Ha YL, Pariza MW. Dietary sources
of conjugated dienocic isomers of linoleic acid, a newly recognized
class of anticarcinogens. J Food Comp Ana 1992;5:185-97.

[7] Frost SC, Lane MD. Evidence for the involvement of vicina sulfhy-
dryl groups in insulin-activated hexose transport by 3T3-L1 adipo-
cytes. J Biol Chem 1985;260:2646-52.

[8] Nilsson-Ehle P, Schotz MC. A stable, radioactive substrate emulsion
for assay of lipoprotein lipase. J Lipid Res 1976;17:536—41.

[9] Helrich K. Official methods of analysis, 15th ed. Arlington, VA:
Association of Official Analytical Chemists, 1990. p. 935-7.

[10] Pariza MW, Park Y, Albright KJ, Liu W, Storkson JM, Cook ME.
Synthesis and biological activities of conjugated eicosadienoic acid.
Abstracts for AOCS Annua Meeting & Expo 1998. p. 21.

[11] Park Y, Pariza MW. The effects of dietary conjugated nonadecadi-
enoic acid (CNA) on body composition in mice. Biochim Biophys
Acta 2001;1533:171-4.

[12] Lin Y, Kreeft A, Schuurbiers JAE, Draijer R. Different effects of
conjugated linoleic acid isomers on lipoprotein lipase activity in
3T3-L1 adipocytes. J Nutr Biochem 2001;12:183-9.

(13]

[14]

[19]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

Xu X, Storkson J, Kim S, Sugimoto K, Park Y, Pariza MW. Short-
term intake of conjugated linoleic acid inhibits lipoprotein lipase and
glucose metabolism but does not enhance lipolysis in mouse adipose
tissue. J Nutr 2003;133:663—7.

Kang K, Liu W, Albright KJ, Park Y, Pariza MW. trans-10,cis-12
CLA inhibits differentiation of 3T3-L1 adipocytes and decreases
PPARYy expression. Biochem Biophys Res Comm 2003;303:795-9.
Kang K, Albright KJ, ParizaMW. Conjugated linoleic acid decreases
peroxisome proliferators—activated receptor y and adipogenic mRNA
expression in mice. FASEB J 2003;17:A1161.

Baumgard LH, Matitashvili E, Corl BA, Dwyer DA, Bauman DE.
trans-10,cis-12 Conjugated linoleic acid decreases lipogenic rates and
expression of genes involved in milk lipid synthesis. J Dairy Sci
2002;85:2155-63.

Park Y. Regulation of energy metabolism and the catabolic effects of
immune stimulation by conjugated linoleic acid. Ph.D. Thesis. Mad-
ison, WI: University of Wisconsin, 1996.

Bee G. Dietary conjugated linoleic acids affect tissue lipid composi-
tion but not de novo lipogenesis in finishing pigs. Anim Res 2001,
50:383-99.

Hsu JM, Ding ST. Effects of polyunsaturated fatty acids on the
expression of transcription factor adipocyte determination and differ-
entiation-dependent factor 1 and of lipogenic and fatty acid oxidation
enzymes in porcine differentiating adipocytes. Br J Nutr 2003;90:
507-13.

Corino C, Mourot J, Magni S, Pastorelli, G, Ros F. Influence of
dietary conjugated linoleic acid on growth, meat quality, lipogenesis,
plasma leptin and physiological variables of lipid metabolism in
rabbits. J Anim Sci 2002;80:1020-8.

Piperova LS, Teter BB, Bruckenta |, Sampugna J, Mills SE,
Yurawecz MP, Fritsche J, Ku K, Erdman RA. Mammary lipogenic
enzyme activity, trans fatty acids and conjugated linoleic acids are
altered in lactating dairy cow fed a milk fat-depressing diet. J Nutr
2000;130:2568—74.

Park Y, Pariza MW. Lipoxygenase inhibitors enhance body fat re-
duction in mice by conjugated linoleic acid and inhibit heparin-
releasable lipoprotein lipase activity in 3T3-L1 adipocytes. Biochim
Biophys Acta 2001;1534:27-33.



	Structure–activity relationship of conjugated linoleic acid and its cognates in inhibiting heparin-releasable lipoprotein lipase and glycerol r
	Introduction
	Methods and materials
	Materials
	Cell culture
	Animal studies and body composition analyses
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	References


