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Pa b s t r a c t

Conjugated linoleic acid (CLA) refers to a group of positional and geometrical isomers of linoleic acid in
which the double bonds are conjugated. Dietary CLA has been associated with various health benefits
although details of its molecular mode of action remain elusive. The effect of CLA supplemented to palm
oil-based diets in Wistar rats, as a mixture of both or isolated c9,t11 and t10,c12 isomers, was examined
on water and glycerol membrane permeability of kidney proximal tubule. Although water permeability
was unaltered, an increase in glycerol permeability was obtained for the group supplemented with CLA
mixture, even though the activation energy for glycerol permeation remained high. This effect was cor-
related with an increased CLA isomeric membrane incorporation for the same dietary group. These
results suggest that diet supplementation with CLA mixture, in contrast to its individual isomers, may
enhance membrane fluidity subsequently raising kidney glycerol reabsorption.

� 2009 Published by Elsevier Inc.
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Conjugated linoleic acid (CLA) refers to a multiplicity of geomet-
rical and positional isomers of linoleic acid (C18:2n-6) with conju-
gated double bonds. These double bonds, in either trans (t) or cis (c)
configuration, are present predominantly from positions 6,8–
12,14. Although being a natural dietary fatty acid from ruminant
origin, CLA has been associated with some health benefits and,
for this reason, has attracted much scientific attention. A growing
number of experimental studies using laboratory animals, as well
as human and cell culture systems, suggests that c9,t11 and
t10,c12 CLA isomers may prevent heart disease, diabetes and ath-
erosclerosis, affect weight control and inhibit the growth of various
types of cancer [1]. The most abundant CLA isomer in ruminant
foods is the c9,t11 [2], produced in the rumen by biohydrogenation
of dietary C18 polyunsaturated fatty acids (PUFA) and in the tis-
sues through delta9 desaturation of C18:1t11, although nutritional
supplements posses a mixture of equal amounts of c9,t11 and
t10,c12 isomers. These commercial CLA preparations industrially
produced are attracting consumers’ interest due to the purported
body fat-lowering effects of CLA, coupled to the perception of a
‘natural’ compound. However, the attempts to replicate these ben-
eficial findings in humans have produced inconsistent results [3,4].
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Albeit several candidate mechanisms including alterations in
membrane structure and composition, signal transduction, gene
expression and immunity have been suggested as future research
directions [5], the metabolic pathways by which CLA isomers elicit
their effects on body composition remain largely unknown.

In the kidney, at least seven aquaporins are expressed at differ-
ent sites along the nephron. The orthodox aquaporin-1 (AQP1) is
extremely abundant in the proximal tubule and descending limb
where it appears to be the main site for proximal tubule water
reabsorption. The other aquaporin isoform abundantly expressed
at proximal tubule brush border membrane is AQP7, an aquaglyc-
eroporin which was also found in other tissues like testis and adi-
pocytes [6,7]. In the kidney, AQP7 plays a minor role in water
transport but constitutes a major glycerol-reabsorbing pathway
preventing glycerol from being excreted into urine [8]. Besides
molecular biology approaches that include aquaporin gene dele-
tion and overexpression, evaluation of the osmotic permeability
coefficient (Pf) and Arrhenius activation energy (Ea) are among
the few experimentally measurable parameters that indicate the
contribution of AQPs to water transport, thus playing an important
role in the debate on the physiological function of specific AQPs
and their regulation. As for glycerol transport, fewer studies have
been performed on kidney apical membranes glycerol permeability
(Pgly). The only reported data has been taken from measuring the
serum and urine glycerol levels in wild-type and AQP7 knockout
mice [8]. Despite being under attention by the research community
linoleic acid isomers on water and glycerol permeability of kidney mem-
6

mailto:gsoveral@ff.ul.pt
mailto:soveral@dq.fct.unl.pt
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
Original text:
Inserted Text
6,8 to 12,14. 



T

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

2 G. Soveral et al. / Biochemical and Biophysical Research Communications xxx (2009) xxx–xxx

YBBRC 22839 No. of Pages 5, Model 5G

2 April 2009 Disk Used
ARTICLE IN PRESS
U
N

C
O

R
R

E
C

during the last decades, no studies have been published addressing
CLA isomers effects on kidney water and glycerol reabsorption.

In this study, the effect of dietary CLA isomers on both water
and glycerol permeabilities of kidney proximal tubule membranes
were investigated. The preparation of isolated brush-border mem-
brane vesicles (BBMV) provides the possibility of studying trans-
port processes independently of other cellular events. Moreover,
being more resistant and viable than intact cells, vesicles can be
prepared with any chosen internal media, expanding the range of
experimental conditions. Four groups of Wistar rats were fed satu-
rated diets, formulated to mimic patterns of typical human diets
from the Western societies [9] and supplemented or not with
c9,t11 and t10,c12 CLA isomers in separate or as a mixture. Using
purified kidney BBMV preparations, membrane permeabilities Pf

and Pgly were assessed by stopped-flow light scatter. The Ea for
water and glycerol transport was calculated. Additionally, the fatty
acid profile of membrane vesicles was determined in order to as-
sess CLA isomers incorporation level into total membrane lipids.

Materials and methods

Experimental design: animals and diets. The experimental proto-
col of this study was reviewed by the ethics commission of CIISA/
FMV and approved by the Animal Care Committee of the National
Veterinary Authority following the appropriated European Union
guidelines (N. 86/609/EEC). Wistar male rats (n = 39, Harlan Inter-
fauna Iberica, S.L., Barcelona, Spain) with an initial body weight of
114.7 ± 0.98 g (mean ± SEM) were acclimatized and fed a standard
diet (Harlan Teklad Global Diets�2014) without CLA for 1 week.
After this period, rats were allocated to four groups of ten animals
each. The standard pellets (Harlan Teklad Global Diets�2014) were
enriched with palm, sunflower and CLA oils as described [10].
Briefly, a 5% palm oil–based diet was supplemented with CLA oils
to reach 1% of CLA isomers (0.5% of c9,t11 and 0.5% of t10,c12)
for the mixture group M and 0.5% of c9,t11 or 0.5% of t10,c12 iso-
mers for groups C and T, respectively. A control group with 5% of
palm oil and without CLA was included for comparative proposes.
The diets were provided ad libitum during 8 weeks and, after a
12 h fast, rats were euthanized by decapitation, under light inhala-
tion anesthesia (isofluorane, Abbott, IL, USA). The kidneys were ex-
cised and washed in 150 mM NaCl, 10 mM Tris–HCl pH 7.4, at 4 �C,
for subsequent preparation of BBMV.

Preparation of brush-border membrane vesicles. BBMV were pre-
pared from rat renal cortex as described [11]. After kidney decap-
sulation, the whole process was conducted at 4 �C in the presence
of a single buffer containing 100 mM mannitol, 10 mM Tris–Hepes
pH 7.4. Kidney cortexes from each dietary group were pooled to
give one final vesicle preparation. Prior to osmotic experiments,
vesicles were resuspended and homogenized in the same buffer
but where mannitol was replaced by cellobiose (final osmolarity
120 mOsM), a solute shown to be highly impermeant over a larger
time scale [12]. The membrane preparations obtained were either
immediately used for experiments or stored in liquid nitrogen for
later use. Protein content was determined by the Bradford tech-
nique [13], using bovine albumin as standard.

Osmolarity measurements. All solution osmolarities were deter-
mined from freezing point depression on a semi-micro osmometer
(Knauer GmbH, Germany). Standards of 100 and 400 mOsM were
analyzed prior to samples, which were measured in triplicate.

Vesicle size determination. Vesicle size of all the membrane prep-
arations was determined in isosmotic conditions by the Quasi-
Elastic Light Scattering (QELS) technique (Brookhaven Instruments
BI-90). Application of this technique to vesicular size measure-
ments have been published [14].
Please cite this article in press as: G. Soveral et al., Effect of dietary conjugated
branes, Biochem. Biophys. Res. Commun. (2009), doi:10.1016/j.bbrc.2009.03.13
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Stopped-flow experiments on water and glycerol permeability.
Stopped-flow experiments were performed on a HI-TECH Scientific
PQ/SF-53 apparatus, which has a 2 ms dead time, temperature
controlled, interfaced with an IBM PC/AT compatible 80386 micro-
computer. Experiments were performed at different temperatures.
Typically, five runs were usually stored and analyzed in each
experimental condition. For the measurement of osmotic water
permeability, 0.1 ml of vesicles (0.4 mg protein/ml) ressuspended
in cellobiose buffer was mixed with an equal amount of isoosmotic
(120 mOsM) or hyperosmotic (180 mOsM) cellobiose solutions to
reach an inwardly directed gradient of solute. The kinetics of ves-
icle shrinkage were measured from the time course of 90� scat-
tered light intensity at 400 nm until a stable light scatter signal
was attained. The osmotic water permeability coefficient was esti-
mated by fitting the light scatter signal to a single exponential
curve and using the linear relation between Pf and the exponential
time constant k [15], Pf = k(Vo/A)(1/Vw(osmout)1), where Vw is the
molar volume of water, Vo/A is the initial volume to area ratio of
the vesicle preparation, and (osmout)1 is the final medium osmolar-
ity after the applied osmotic gradient. For glycerol permeability,
vesicles equilibrated in 120 mOsM cellobiose buffer were con-
fronted to an external solution where the impermeant cellobiose
was partially substituted with glycerol (60 mOsM cellobiose,
60 mOsM glycerol, creating an inwardly directed glycerol gradient
with no osmotic shock). Glycerol influx in response to its chemical
gradient was followed by water influx with subsequent vesicle
swelling. Glycerol permeability was calculated as Pgly = k(Vo/A),
where k is the single exponential time constant fitted to the light
scattering time course corresponding to glycerol influx [16].

Activation energy calculation. Water and glycerol permeabilities
were measured at five different temperatures between 7 �C and
37 �C. The Ea of water and of glycerol transport was evaluated from
the slope of the Arrhenius plot (lnPf or lnPgly as a function of 1/T)
multiplied by the gas constant R.

Fatty acid profile. The fatty acid profile of BBMV preparations,
resulting from pooled kidney cortexes for each dietary group, was ob-
tained using the transesterification method [17]. The fatty acid
methyl esters were analyzed through single injections by gas chro-
matography (GC) and methyl esters of CLA isomers were individu-
ally separated by high performance liquid chromatography (HPLC).
The percentage of CLA isomers was calculated from their HPLC
areas relative to the area of the main isomer c9,t11 identified by
GC [18].

Statistics. Data are expressed as mean ± SD. Values of permeabil-
ity coefficients were analyzed and compared with control using
one-way ANOVA followed by Student’s t test. Differences with
P < 0.05 were considered significant.
Results

Characterization of BBMV from kidney proximal tubule

BBMV prepared from rat kidney cortex by differential centrifu-
gation showed an enrichment in enzyme specific activity (BBMV/
crude homogenate) of the apical markers leucine-aminopeptidase
[19] and alkaline phosphatase [20], as well as the basolateral mark-
ers Na+/K+ATPase [21] and K+ stimulated phosphatase [22], assayed
as described, of 13.2 ± 1.7, 9.6 ± 1.5, 1.1 ± 0.04 and 0.4 ± 0.05
(n = 20), respectively.

Vesicle size of all prepared batches of vesicles determined by
QELS revealed homogeneous populations, showing unimodal dis-
tributions with a mean diameter of 415 ± 35 nm (n = 26). These re-
sults assure purified and homogeneous BBMV preparations.
linoleic acid isomers on water and glycerol permeability of kidney mem-
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Fig. 2. Water (A) and glycerol (B) permeability coefficients obtained at 23 �C for the
different membrane vesicles. Values are mean ± SD of triplicates of at least three

G. Soveral et al. / Biochemical and Biophysical Research Communications xxx (2009) xxx–xxx 3

YBBRC 22839 No. of Pages 5, Model 5G

2 April 2009 Disk Used
ARTICLE IN PRESS
Glycerol but not water permeability is increased in the CLA mixture
group

To assess the effect of dietary CLA isomers on water membrane
permeability, we measured the Pf of purified BBMV. The osmotic
challenges were performed at different temperatures using the
stopped-flow technique. Fig. 1A shows a typical time course of vol-
ume change induced by osmotic shocks of �60, 0 and 60 mOsM
cellobiose, carried out with the control group membrane vesicles
at 23 �C. BBMV were osmotically responsive when confronted to
hypo- and hyper-osmotic shocks of impermeant solute, as can be
seen by the light scatter traces reflecting volume changes. Aver-
aged Pf was (13.86 ± 2.11) � 10�3 cm s�1.Glycerol transport was
studied in membrane vesicles prepared from control and CLA
groups submitted to an inward 60 mOsM glycerol gradient in iso-
osmotic conditions, in order to avoid initial water movements. As
glycerol enters, vesicles progressively swell till they reach an equi-
librium volume, as shown in Fig. 1B, and the rate constants of glyc-
erol influx were used for Pgly evaluation. Averaged Pgly for the
control group was (2.55 ± 0.63) � 10�6 cm s�1. Fig. 2 shows the
permeability results obtained for the dietary groups at 23 �C, for
water (panel A) and glycerol (panel B). It can be observed that
the values of osmotic water permeability Pf are within the same
range with no significant differences among groups (P > 0.05,
Fig. 2A). As for glycerol, a relevant increase in Pgly to roughly two-
fold the control (P < 0.05) was obtained for the mixed isomers
(group M) at all temperatures tested. However, the isolated
c9,t11 CLA isomer (group C) did not show any significant change
compared with the control, and the t10,c12 (group T) showed only
a slight decrease of Pgly (P > 0.05, Fig. 2B).
U
N

C
O

R
R

E
C

T
E

237

238

239

240

241

242

243

244

245

246

247

248

249

0

ΔΠ
(mOsM)

- 60

60

A

Time (s)

Sc
at

te
re

d 
Li

gh
t I

nt
en

si
ty

(a
rb

itr
ar

y 
un

its
)

0 0.5 1 1.5

0 10 20 30 40 50

0

60

Glycerol 
(mM)

B

Sc
at

te
re

d 
Li

gh
t I

nt
en

si
ty

(a
rb

itr
ar

y 
un

its
)

Time (s)

Fig. 1. Representative plots of brush border membrane permeability to water (A)
(osmotic shocks of �60, 0 and 60 mOsM cellobiose gradients) and glycerol (B)
(isosmotic shock, 60 mOsM glycerol gradient), by stopped-flow light scattering.

independent experiments (n = 9). *Different from control, P < 0.05.

Please cite this article in press as: G. Soveral et al., Effect of dietary conjugated
branes, Biochem. Biophys. Res. Commun. (2009), doi:10.1016/j.bbrc.2009.03.13
Activation energy for water and glycerol transport is unchanged
among groups

Fig. 3 depicts the Ea values for both glycerol and water trans-
port. The Ea for glycerol transport was similar among groups
(P > 0.05) being always very high, above 17.6 kcal mol�1

(73.7 kJ mol�1). Conversely, the Ea obtained for water transport
was low for any group tested, between 4.4 and 4.5 kcal mol�1

(18.4 and 18.8 kJ mol�1) but still not different among groups
(P > 0.05).

CLA membrane incorporation is enhanced in the mixture group

The fatty acid composition of BBMV from the four dietary
groups was particularly different for CLA isomers percentages, as
shown in Table 1. The deposition of total saturated fatty acids
0
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)

Fig. 3. Activation energy of water (empty bars) and glycerol (full bars) for the
dietary groups tested. Values are mean ± SD (n = 3). No significant differences
between the dietary CLA groups and control within each type of permeability were
detected (P > 0.05).
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(SFA), monounsaturated fatty acids (MUFA) and polyunsaturated
fatty acids (PUFA) showed only small differences between the four
dietary groups. Briefly, groups T and M presented higher percent-
ages of SFAs, mainly due to incorporation of C18:0 and C22:0 fatty
acids. Group T showed reduced MUFAs due to lower levels of
C16:1c9, C18:1c9 and C18:1c11 fatty acids. Group C presented a
higher percentage of total PUFA, whereby C20:4n-6 is the most
responsible for this increase.

Regarding the CLA isomeric profile, major differences were ob-
served between the four dietary groups. As expected, CLA was not
detected in the control group. The diet for both groups C and T con-
tained the same amount of the respective CLA isomer, and the diet
of group M contained the same amount of both isomers, as referred
in the Methods section. However, the incorporation profile in the
membranes was different in the three supplemented groups.
Group C achieved 0.181% of c9,t11 CLA, group T showed only
0.029% of t10,c12 isomer, while group M presented 0.220% and
0.105% of c9,t11 and t10,c12 respectively. These differences sug-
gest a poor incorporation in the membrane of t10,c12 CLA when
the diet contains the isolated isomer (group T). The presence in
the diet of both isomers (group M) amplifies both their inclusion
in the membrane, with a larger than three fold increase in
t10,c12 CLA.

Discussion

The novelty of this study derives from the description of water
and glycerol permeability of kidney proximal tubule membrane
vesicles, from rats fed CLA on a diet supplemented with a mixture
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Table 1
Fatty acid profile (% fatty acids) of BBMV for the different dietary groups.

Dietary groups

Control C T M

C16:0 21.40 20.36 21.75 20.79
C17:0 0.22 0.23 0.24 0.26
C18:0 19.30 20.86 21.99 22.41
C20:0 0.17 0.08 0.08 0.11
C22:0 0.09 0.19 0.33 0.43
C24:0 0.00 0.10 0.08 0.18
R SFA 41.18 41.83 44.47 44.18

C16:1c9 0.98 0.35 0.26 0.41
C18:1c9 6.79 6.65 6.57 6.76
C18:1c11 3.05 2.05 1.73 1.90
C20:1c11 0.11 0.10 0.10 0.17
R MUFA 10.93 9.15 8.66 9.25

C18:2n-6 11.74 10.69 11.78 11.94
C18:3n-3 0.14 0.05 0.05 0.15
C20:2n-6 0.27 0.30 0.30 0.16
C20:3n-3 0.00 0.07 0.09 0.23
C20:3n-6 1.22 0.61 0.64 0.64
C20:4n-6 31.18 34.24 31.15 30.07
C20:5n-3 0.12 0.07 0.08 0.12
C22:4n-6 0.81 0.65 0.72 0.59
C22:5n-3 0.25 0.23 0.27 0.45
C22:6n-3 2.16 1.89 1.72 1.75
R PUFA 47.89 48.81 46.81 46.10

C18:2t7,c9 n.d. 0.011 0.011 0.038
C18:2c9,t11 n.d. 0.181 0.003 0.220
C18:2t10,c12 n.d. 0.002 0.029 0.105
C18:2c/t 11,13 n.d. 0.005 n.d. 0.016
C18:2c/t 12,14 n.d. 0.004 0.003 0.027
R C18:2t,t n.d. 0.015 0.008 0.065
R CLA n.d. 0.219 0.054 0.471

n.d., not detected.
R SFA, sum of saturated fatty acids; R MUFA, sum of monounsaturated fatty acids;
R PUFA, sum of polyunsaturated fatty acids; R CLA, sum of conjugated linoleic acid
isomers.

Please cite this article in press as: G. Soveral et al., Effect of dietary conjugated
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of c9,t11 and t10,c12 isomers, or both in separate. Since commer-
cial CLA is composed by a mixture of two isomers, it is of interest
to determine which is responsible for biological activity through
possible modulation on cell membrane permeability. The use of
isolated BBMV offers an experimental system that allows the com-
posite permeability of epithelial cells to be split into its component
parts and yields more precise information about driving forces of
transport in epithelia.

In this study, CLA did not affect water transport through the
vesicle membrane, neither as a mixture nor using both isomers in
separate. In fact, the low Ea obtained is compatible with channel
mediated water fluxes [23], independently from the tested
group. Regarding the Ea for glycerol, the strong temperature
dependence revealed by the high value obtained suggests li-
pid—rather than channel-mediated glycerol transport [24]. This
result may indicate that the aquaglyceroporin AQP7 was not
functional or that its level of expression/incorporation in the
brush border membrane was very low, resulting in a main con-
tribution of the lipid pathway to glycerol permeability whichever
the tested dietary group. Hence, as no channels accounted for
glycerol transport and mainly the lipid pathway was being used,
any difference in membrane fluidity may lead to increased bi-
layer permeability to glycerol. Higher Pgly relative to control with
no change in Ea was detected for the dietary group fed a mixture
of CLA isomers, suggesting an effect on lipid bilayer fluidity
rather than on the protein channel. In separate, c9,t11 and
t10,c12 CLA isomers did not significantly alter the glycerol per-
meability, but together, they potentiate a significant effect.

The fatty acid profile of membrane vesicles showed only slight
differences among dietary groups for the partial sums of SFA,
MUFA and natural PUFA. On the contrary, CLA isomers incorpora-
tion into membranes was distinct among all groups. It has been
suggested that both major CLA isomers specifically replace the
essential fatty acids arachidonic (C20:4n-6) and linoleic (C18:2n-
6) into membrane phospholipids [5], but our results do not support
this finding (Table 1). In our work, CLA isomeric distribution in
membrane vesicles was not proportional to its correspondent per-
centages added to the diet. As expected, membranes from the mix-
ture group (M) fed 1% of combined isomers c9,t11 and t10,c12 were
the richest in CLA, showing also higher proportions of the minor
isomers. It has been reported that incorporation of unsaturated fats
into cellular membranes increases membrane fluidity and perme-
ability [25,26]. The greatest increase in fluidity occurs with the
addition of 2 and 3 double bonds, that allow considerable bending
in the fatty acid chain thus inducing a decrease in the average
chain length [27]. A recent review compiles results from a battery
of biophysical techniques demonstrating that the insertion of
docosahexaenoic acid (DHA; C22:4n-6) into membranes creates li-
quid disordered domains containing DHA-phospholipids and de-
pleted in cholesterol, having looser lipid packing, thereby
increasing membrane fluidity [28]. Our results suggest that the
c9,t11 isomer intake promotes a higher incorporation of the
t10,c12 in the membrane, thereby increasing the final CLA amount
(group M, Table 1). In addition to total CLA amount, the diversity of
isomers found in the mixture M group may alter fatty acids
arrangement and their packing in the bilayer changing membrane
fluidity, thus explaining the observed increase in glycerol perme-
ability. An increase in bilayer permeability has also been reported
for liposomes containing CLA isomers [29].

In conclusion, this study suggests that a palm oil-based diet
supplemented with a mixture of c9,t11 and t10,c12 CLA isomers
in Wistar rats, in contrast to the individual isomers, positively af-
fects the glycerol membrane permeability of kidney proximal tu-
bule, possibly by means of an increase in lipid bilayer fluidity.
This fact may be of biological relevance since in the kidney, glyc-
erol can be either metabolized in situ or converted to glucose in
linoleic acid isomers on water and glycerol permeability of kidney mem-
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the liver. Conversely, the data indicates that CLA isomers, isolated
or as a mixture, do not affect aquaporin-mediated water transport.
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