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Abstract

Purpose Industrial trans fatty acid (TFA) intake leads to
impaired glucose metabolism. However, the overall effects
reported are inconsistent and vary with the dietary FA
composition and TFA isomer type and levels. We investi-
gated TFA effects on glucose uptake, incorporation and
oxidation, and glycogen synthesis in incubated soleus mus-
cle under basal conditions or after treatment with insulin
and/or palmitate.

Methods Male Wistar rats were fed either linoleic acid
(LA)-enriched (*LA) or LA-deprived ("LA) diet, supple-
mented (LA +TFA or "LA+TFA) or not with TFA, for
60 days. Soleus muscle glucose metabolism was assessed
in the absence or presence of insulin and/or palmitic acid.
Results Under basal conditions, TFA enhanced glucose
uptake and oxidation regardless of the LA status. Both
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TFA-supplemented groups had lower insulin response to
glucose metabolism. Under insulin-stimulated conditions,
TFA prevented the palmitate inhibition of muscle glucose
uptake and metabolism in the *LA + TFA group.
Conclusion Dietary TFA enhanced glucose utiliza-
tion in incubated soleus muscle under basal conditions
and prevented the palmitate-induced inhibition in insulin-
stimulated conditions. However, TFA reduced the insulin
response to glucose uptake and metabolism. The effects
mentioned above were influenced by the FA profile modi-
fications induced by the dietary LA levels, suggesting that
lipid metabolization and incorporation into plasma mem-
brane are important determining factors of glucose metabo-
lism and insulin sensitivity.

Keywords Trans fatty acids - Linoleic acid - Glucose
uptake - Glucose incorporation - Glucose oxidation -
Glycogen synthesis

Introduction

In the last century, the human population, especially in
Western countries, has drastically increased the consump-
tion of vegetable oils rich in linoleic acid (LA; 9¢,12¢-18:2,
n-6) with a parallel decrease of those rich in a-linolenic
acid (ALA; 9c¢,12¢,15¢-18:3), increasing the n-6:n-3 fatty
acid (FA) ratio to 15-50:1 [1]. The high n-6:n-3 FA ratio
has been associated with impaired serum lipid levels,
unbalanced eicosanoid production, and metabolic syn-
drome [2, 3]. On the other hand, LA-deficient animals
exhibit several lipid alterations [4] as well as changes in FA
composition and fat accretion in the liver [5].

It has been reported that high intake of industrial
trans fatty acids (TFA) leads to body fat accretion and

@ Springer


http://orcid.org/0000-0003-0281-4924
http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-017-1413-3&domain=pdf

Eur J Nutr

hepatomegaly [6-9]. Furthermore, impaired glucose
metabolism has been attributed to high chronic TFA intake.
Several experiments in rats and monkeys have repeatedly
reported that TFA have adverse effects on markers of insu-
lin resistance compared with cis-monounsaturated FA and
even saturated FA [10-12]. In this regard, various studies
have been carried out but discrepant results and controver-
sial conclusions have been reported. Nevertheless, the die-
tary FA composition and the different TFA isomers present
in the experimental diets and/or tissues have been shown
to be the determining factors. The 11#-18:1, in opposition
to other #-18:1 isomers, has a beneficial effect on glucose
metabolism in rats probably through its bioconversion to
9¢,11t-CLA [13-17].

Limited information exists about the TFA effects on the
regulatory mechanisms of muscle glucose metabolism. Pre-
viously, we have described that TFA does not alter triacylg-
lycerol (TG) content nor glucose-derived metabolite levels
in gastrocnemius muscle [8]. In contrast, other authors [18]
have described that TFA increases the intramyocellular TG
content in diaphragm and this effect is associated with a
decrease in the insulin-stimulated glucose transport.

Under normal conditions, insulin increases glucose
uptake and metabolism in skeletal muscle by increasing
the glucose transporter-4 translocation from the intracellu-
lar vesicles to the plasma membrane [19]. However, these
effects are significantly impaired under insulin resistance
conditions, including obesity, type 2 diabetes mellitus, met-
abolic syndrome, and certain cardiovascular diseases [20,
21]. The mechanisms involved in the development of insu-
lin resistance in skeletal muscle are not completely under-
stood and some authors suggest that the elevated disposal
of saturated nonesterified FA, such as palmitic and stearic
acids, is involved [22-24]. To the best of our knowledge,
the effects of TFA on the palmitate-induced insulin resist-
ance in skeletal muscle remain unknown. Therefore, we
decided to investigate this possibility in the present work.

Several of the metabolic dysfunctions caused by TFA
mentioned above are associated with alterations of the
long-chain polyunsaturated fatty acid (LC-PUFA) biosyn-
thesis [24, 25], which could be impaired in essential fatty
acid (EFA) deficiency or unbalances of the n-6:n-3 FA
ratio [26]. Recently, we have reported that the nutritional
and metabolic TFA effects are associated with changes in
the FA profile induced by dietary LA levels and, to a lesser
extent, with the specific type of isomer incorporated in the
tissues. The aim of this study was to investigate the TFA
effects on glucose uptake, incorporation, and oxidation, as
well as glycogen synthesis in the incubated soleus muscle
of rats fed a diet either enriched in or deprived of LA in
basal conditions and under treatment with insulin and/or
palmitate, two key modulators of glucose metabolism in
skeletal muscle.
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Materials and methods
Materials

Nutrients and other chemical compounds, vitamins and
minerals for the diet preparations, were of chemical grade
or better, with the exception of corn oil (Arcor, Cérdoba,
Argentina), hydrogenated coconut oil without TFA (Cas-
toroil, Buenos Aires, Argentina), partially hydrogenated
soybean oil (—50% of TFA- Calsa, Buenos Aires, Argen-
tina), sucrose, cellulose, and corn starch, which were
obtained from local sources. Corn oil was used as an unsat-
urated cis-FA source, rich in LA (51% of total FA to resem-
ble the FA composition of the Western diet). Coconut oil
was used to produce a LA deficiency status and partially
hydrogenated soybean oil was used as a TFA source. All
solvents and reagents used for the FA quantification were
of chromatography grade, and all other chemicals used
were of at least American Chemical Society grade. The
standard FA were purchased from Sigma Chemical Co.
(St Louis, MO, USA). The glucose test kits were commer-
cially obtained from the Sociedad de Bioquimicos (Santa
Fe, Argentina). The insulin used was Humulin R (U-100),
which was acquired from Eli Lilly (Indianapolis, IN,
USA). Amersham International (Bucks, UK) provided the
2-deoxy-[2,6-3H]D-glucose and [U14C]D-glucose.

Animals, diets, and experimental design

The experimental procedures were approved by the Ethics
Committee of the School of Biochemistry and by the Eth-
ics Committee of the Institute of Biomedical Sciences, Uni-
versity of Sao Paulo. Both followed the Guide for the Care
and Use of Laboratory Animals [27]. Male Wistar rats were
housed in an animal facility under controlled conditions
(23+2°C and a 12-h light-dark cycle). After reaching
100-120 g, animals were equally and randomly assigned
to 1 of 4 weight-matched groups (n=6 per group) and fed
ad libitum, for 60 days, one of the following diets: enriched
with LA (*LA), deprived of LA ("LA), "LA supplemented
with TFA-enriched oil (*LA +TFA), or "LA supplemented
with TFA-enriched oil ("LA +TFA). The ingredient com-
position of the diets is presented in Table 1. The diets were
based on the American Institute of Nutrition ad hoc writing
committee recommendation (AIN-93G) [28], except for the
FA source that was based on AIN-76 [29]. All diets were
isoenergetic, providing 16.6 kJ/g. The *LA diet contained
7% corn oil (15.6% of energy) as a dietary lipid source and
it was considered the control group. In the LA diet, the
corn oil was replaced with 7% hydrogenated coconut oil.
TFA supplementation was achieved by replacing 2% of
corn oil (‘LA+TFA) or 2% of coconut oil ("TLA +TFA)
with TFA-enriched oil. The only difference between the
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Table 1 Ingredients and FA composition of the experimental diets

Ingredient® LA LA *LA+TFA "LA+TFA
Corn starch 529.5 5295 5295 529.5
Casein 200 200 200 200
Sucrose 100 100 100 100
Fiber 50 50 50 50
Vitamin mixture 35 35 35 35
Mineral mixture 10 10 10 10
L-Cysteine-L-methionine 3.0 3.0 3.0 3.0
Choline 2.5 2.5 2.5 2.5
Fat
Corn oil 70 0 50 0
Coconut fat 0 70 0 50
AGT-rich oil 0 0 20 20
Fatty acid composition”
6:0 ND 0.49 ND 0.35
8:0 ND 6.76 ND 4.83
10:0 ND 5.64 ND 4.03
11:0 ND 0.02 ND 0.01
12:0 ND 47.67 ND 34.05
13:0 ND 0.02 ND 0.01
14:0 0.03 17.46  0.05 12.50
16:0 1221  9.21 11.88 9.74
16:1 0.12 ND 0.09 ND
17:0 ND ND 0.02 0.02
18:0 1.93 12.53  4.46 12.03
(6-8)r-18:1 ND ND 1.62 1.62
9t-18:1 (n-9) ND ND 2.08 2.08
10£-18:1 ND ND 3.05 3.05
112-18:1 ND ND 2.76 2.76
12¢-18:1 (n-6) ND ND 2.14 2.14
(6-8)c+(13/14)t-18:1 ND ND 2.36 2.36
9c-18:1 (n-9) 31.95 0.05 25.40 2.62
15¢410c-18:1 ND ND 1.13 1.13
11c-18:1 0.54 ND 1.31 0.92
19:0 ND ND 0.16 0.16
9t,12t-18:2 (n-6) ND ND 0.39 0.39
9¢,12t-18:2 (n-6) ND ND 0.11 0.11
9t,12¢-18:2 (n-6) ND ND 0.13 0.13
9¢,12¢-18:2 (n-6) 5126  0.01 36.79 0.19
20:0 0.50 0.14 0.37 0.11
8¢-20:1 ND ND 0.02 0.02
11¢-20:1 0.25 ND 0.18 0.01
9¢,12¢,15¢-18:3 (n-3) 0.88 ND 0.63 ND
22:0 0.16 ND 0.21 0.10
24:0 0.15 ND 0.11 ND
Y NI ND ND 2.55 2.55
Energy (kl/g) 16.6 16.6 16.6 16.6

Diets were prepared according to the AIN-93G [28] except for the
fatty acid sources that were based on the AIN-76 [29]. Diets: TLA:
enriched with LA; "LA: deprived of LA; *LA+TFA: *LA supple-
mented with TFA-enriched oil; "TLA +TFA: "LA supplemented with
TFA-enriched oil. LA: linoleic acid; TFA: trans fatty acids; ND: not
detected; NI: other nonidentified fatty acids

#Grams per Kg diet
"Weight percentage of total fatty acids

diets was the type of lipid. Each diet was freshly prepared
every 3 days throughout the experimental period.

Experimental protocol

Throughout the entire dietary treatment period, the rats
were weighed and the food intake was recorded three times
per week. Food was removed at 6:00 AM on the morning
of day 60, and the rats were anesthetized (1 mg of aceprom-
azine +100 mg of ketamine/kg of body weight) after 4 h (at
10:00 AM). Blood and soleus and gastrocnemius muscles
were extracted for the assays. Soleus muscles were used
to measure glucose uptake and metabolism in response to
insulin and/or palmitate due to its high metabolic and oxi-
dative capacity.

Fatty acid composition in serum, muscle, and dietary
lipids

Total lipids in the serum and gastrocnemius muscle (n=6
per group) were extracted, using the method described by
Bligh and Dyer [30]. The FA in the serum, muscle, and
dietary lipids were analyzed by gas chromatography. The
FA methyl esters (FAME) were obtained from the base-
catalyzed methanolysis of the glycerides (KOH in metha-
nol), after dissolving the lipid extract in high-performance
liquid chromatography quality hexane [31]. The total FA
profile was recorded by analyzing the FAME on a gas-lig-
uid chromatograph (Shimadzu 2014, Kyoto, Japan), with
an autoinjector (AOC-20i) Split/Splitless, equipped with a
flame ionization detector and a CP Sil 88 fused silica cap-
illary column (100 mx0.25 mmXx0.2 pm, film thickness;
Varian, Lake Forest, CA, USA), according to the American
Oil Chemists’ Society Official Method [32]. The FAME
were identified by comparing their retention times to those
of commercial standards. The values were expressed as a
percentage of the total FAME. The detection limit for the
main FAME identified ranged from 0.01 to 0.03%. Similar
procedure was used in our previous studies [9, 14, 33].

Biomarkers of EFA status and TFA incorporation

The EFA deficiency established as a consequence of the
dietary treatment in the "LA and "LA+TFA groups was
evaluated using the decrease in the LA and ALA lev-
els, as well as the increase in the levels of mead acid
(5¢,8¢,11¢-20:3), a well-known EFA deficiency bio-
marker, and the triene/tetraene (5¢,8¢,11¢-20:3/5¢,8¢,11¢,1
4¢-20:4) ratio in the serum and muscle. The incorporation
of TFA isomers in the LA +TFA and "LA + TFA groups
was evaluated based on the individual isomer levels in the
serum and muscle.
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Estimation of key product/precursor ratios involved
in the FA metabolism

To estimate the index of A9-, A6-, and AS5-desaturase
activities, the product/precursor ratios were calculated
in serum and muscle [34]. Thus, 9¢-16:1/16:0 and 9c-
18:1/18:0 ratios were considered to assess the index
of AO-desaturase activity. Moreover, the 6c,9¢,12¢-
18:3/9¢,12¢-18:2 (GLA/LA, where GLA =y-linolenic
acid) and 5¢,8¢,11¢,14¢-20:4/8¢,11¢,14¢-20:3 (AA/DGLA,
where DGLA =dihomo-y-linolenic acid) ratios were used
to evaluate the index of A6- and AS5-desaturase activities.
In addition, the relative conversion rates of LC-PUFA of
n-6 and n-3 series were calculated using the 5c¢,8c,11c,14c-
20:4/9¢,12¢-18:2  (AA/LA, where AA=arachidonic
acid) and 4c,7¢,10c,13¢,16¢,19¢-22:6/9¢,12¢,15¢-18:3
(DHA/ALA, where DHA =docosahexaenoic acid) ratios,
respectively.

Serum glucose levels

The serum glucose levels (n=6 per group) were deter-
mined by spectrophotometry, using a commercially avail-
able kit (Sociedad de Bioquimicos, Santa Fe, Argentina).

Glucose metabolism studies
Isolation and incubation of strips of soleus muscle

The soleus muscles (n=4 per group) were isolated and
incubated as previously described [35-37]. Soleus mus-
cle strips weighing 25-35 mg were attached to stainless
steel clips, to maintain resting tension, and preincubated
for 4 h at 35°C in Krebs—Ringer buffer at pH 7.4 (contain-
ing 5 mM glucose and 1% wt/vol bovine serum albumin),
previously gassed with 95% O,/5% CO, for 30 min, in the
presence or absence of 400 pM palmitate. This protocol has
been used to induce muscle insulin resistance in vitro using
saturated fatty acid [14, 38]. Afterwards, soleus muscle
strips were transferred to other vials containing the same
buffer supplemented with 0.2 pCi/mL [U-!'*C]p-glucose
and 0.2 pCi/mL 2-deoxy-[2,6-*H]p-glucose. Muscles were
then incubated for one hour in the absence or presence of
7 nM insulin. Consequently, four experimental conditions
were established for each group: basal (B), in the presence
of insulin (+I), in the presence of palmitate (+P), or in the
presence of insulin + palmitate (+I4P).

Glucose uptake, incorporation and oxidation, and glycogen
synthesis measurements

The [U-'*C]p-glucose oxidation was estimated based on
14CO2 production, according to Leighton et al. [39] and

@ Springer

reported in our previous studies [36]. A microtube contain-
ing a filter paper embedded in 2 N NaOH aqueous solution
was inserted into the vials to absorb the '*CO, released
during muscle incubation. The radioactivity of “CO, in the
filter paper was quantified. To determine the 2-deoxy-[2,6-
SH]p-glucose uptake, [U-'*C]p-glucose incorporation,
and '“C-glycogen synthesis, the muscles were digested
with 1 N KOH aqueous solution at 70 °C for 20 min at the
end of the incubation period [37, 40]. An aliquot of the
muscle homogenate was used to quantify the incorpora-
tion of *H and '*C radioactivity, in order to determine the
2-deoxy-[2,6-’H]p-glucose uptake and [U-'*C]p-glucose
incorporation, respectively. Another aliquot of the muscle
homogenate was used to measure the '*C-glycogen syn-
thesis. The total muscle glycogen was precipitated using
a saturated solution of Na,SO, and nonlabeled glycogen
solution in a cold ethanolic solution (—20 °C). The samples
were centrifuged at 400xg, and total glycogen was resus-
pended in distilled water. The “C radioactivity was then
quantified to determine the '*C-glycogen synthesis [40].

Statistical analyses

The results are expressed as means+SEM of 4-6 ani-
mals per group. Significant differences between mean val-
ues were established by Two-Way Analysis of Variance
(ANOVA; 2x2), using the LA levels and TFA supple-
mentation as independent variables. All post hoc multiple
comparisons were performed using Scheffe’s critical range
test. To compare the effect of insulin and palmitate in each
group, significant differences between means were estab-
lished using unpaired Student’s 7 test. Differences were
considered statistically significant at p <0.05 using IBM
SPSS statistics (version 17.0 for windows) [41].

Results

Physiological status, nutritional parameters, and FA
composition

All animals appeared healthy without any undesirable man-
ifestation due to EFA deficiency or pathological signs due
to the different treatments. The average daily food intake
did not differ among the groups (Table 2). Nevertheless,
there was an increase of the body weight gain in the two
groups supplemented with TFA. In the ANOVA analysis,
TFA decreased the glucose levels, reaching significant dif-
ference in "LA + TFA versus *LA group.

The serum and muscle FA composition was signifi-
cantly different among the groups. LA deprivation, but not
TFA supplementation, significantly increased serum mead
acid levels, a FA derived from the exacerbated synthesis
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Table 2 Effect of TFA on food intake, body weight gain, and serum glucose levels in rats fed LA-enriched or LA-deprived diets

Experimental groups ANOVA
LA LA *LA+TFA “LA+TFA LA TFA LA x
TFA
Food intake (g per day) 17.71+£0.50 18.70+0.35 17.76 +0.48 18.74+1.12 NS NS NS
Body weight gained (g) 209+7% 226 +7% 251 +7% 268 +10° NS S NS
Serum glucose levels (g/L) 1.32+0.09° 1.21+0.05% 1.21+0.06% 0.95+0.09° NS S NS

Data are means +SEM, n=6 per group. Statistical differences were established by two-way ANOVA (2x2) followed by Scheffe’s test. For the
ANOVA test, S indicates p <0.05 and NS p>0.05. For Scheffe’s test, values in the same row with different superscript letters are significantly

different (p <0.05)

Experimental groups: *LA: enriched with LA; "LA: deprived of LA; *LA + TFA: "LA supplemented with TFA-enriched oil; "LA + TFA: "LA
supplemented with TFA-enriched oil. LA linoleic acid, TFA trans fatty acid

of LC-PUFA of n-9 FA in EFA deficiency, and the triene/
tetraene ratio. A similar behavior was observed in the mus-
cle. Total saturated FA (SFA) and cis-monounsaturated FA
(MUFA) levels were significantly higher in serum and mus-
cle of both "LA and "LA 4+ TFA groups as a result of the
FA composition changes in LA-deficient diets. On the other
hand, polyunsaturated FA (PUFA) levels were significantly
reduced in both LA-deprived groups, leading to a lower Y.
PUFA/Y. SFA ratio in the LA-deprived groups. In serum
and muscle, the AA/LA ratio, reflecting the relative con-
version rate of LA to AA, did not differ among the groups.
Nevertheless, ALA conversion to DHA (DHA/ALA ratio)
was increased by TFA supplementation in the LA-deprived
group. The A9-desaturase index, expressed by the 9c-
16:1/16:0 and 9c¢-18:1/18:0 ratios, and the A6-desaturase
index, expressed by the GLA/LA ratio, were increased in
the LA-deprived groups, regardless of the TFA supple-
mentation. On the contrary, the A5-desaturase index (AA/
DGLA) was reduced by LA deprivation. All dietary trans-
18:1 FA were incorporated into the lipids of serum and
muscle. Both TFA-supplemented groups had equivalent
levels of total and individual frans-18:1. Of the trans-18:1
isomers measured, 97-18:1 had the highest level. The level
of 9¢,11#-18:2 produced by bioconversion from 11#-18:1,
was higher in skeletal muscle than in serum, and in muscle
their levels were not affected by the LA status (Tables 3, 4).

Glucose metabolism

Glucose uptake, incorporation, and oxidation, as well as
glycogen synthesis in the soleus muscle, either under basal
conditions or in the presence of insulin, palmitate, and
insulin plus palmitate, were measured (Table 5). Under
basal conditions, glucose uptake was increased by LA
deprivation and TFA supplementation ("LA +TFA group)
compared with the *LA group. Regardless of the dietary
composition, insulin increased glucose uptake when com-
pared with basal conditions. Nevertheless, compared with

the *LA, the insulin response (Fig. 1a) was less pronounced
in both TFA-supplemented groups. The palmitate treatment
did not inhibit basal glucose uptake. Palmitate treatment in
the presence of insulin (+I+P) partially, but significantly,
inhibited the insulin-stimulated glucose uptake in the *LA,
LA, and "LA+TFA groups, but not in the *LA +TFA
group. The relative response in relation to its basal value
(Fig. 1c) was decreased in the "LA and "LA + TFA groups
compared with the TLA group.

The glucose incorporation under basal conditions
did not have differences in the individual comparisons
among the experimental groups. Nevertheless, in the 2x2
ANOVA analyses, the TFA-supplemented groups exhib-
ited improved glucose incorporation. Insulin stimulation
increased glucose incorporation in all groups. Similar to
the effect on glucose uptake, glucose incorporation stimu-
lated by insulin (Fig. 2a) was decreased in the TFA-supple-
mented (*LA +TFA and "LA +TFA) groups as well as in
the "LA group, compared with the control (*LA group).
The addition of palmitate did not inhibit glucose incorpo-
ration under basal conditions. Nevertheless, the palmitate
in the presence of insulin (+I+P) partially inhibited the
effect of the hormone (+I) on the glucose incorporation
in the *LA, "LA, and "LA+TFA groups but not in the
*LA+TFA group. However, the glucose incorporation did
not differ among the experimental groups in the palmitate
treatment in the presence of insulin (+1+P) or the relative
response (Fig. 2¢).

Glucose oxidation under basal conditions was increased
by TFA supplementation, reaching statistical significance in
the "LA +TFA group compared with the *LA group. Insu-
lin stimulation increased glucose oxidation when compared
with the basal condition in the TLA and "LA +TFA groups.
The insulin response (Fig. 3a) was lowered in the "LA and
*LA+TFA groups compared with the +LA group. The
treatment with palmitate reduced glucose oxidation only in
the *LA + TFA group when compared with the basal value
and among the experimental groups. The fatty acid in the
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Table 3 Effect of TFA supplementation on serum fatty acid levels in rats fed LA-enriched or LA-deprived diets

Fatty acids* Experimental groups ANOVA
LA LA +*LA+TFA “LA+TFA LA TFA LAX
TFA

12:0 ND? 1.41+0.19° ND? 0.68 +0.22° S S S
14:0 0.31+0.03 2.35+0.28° 0.40+0.02 1.34+0.18° S S S
16:0 20.06+0.31 20.66 +0.96 18.77£0.44 19.40+0.28 NS S NS
9¢-16:1 0.90+0.22 4.37+0.13° 1.52+0.04° 3.67+0.58° S NS NS
18:0 15.09+1.16 16.95+1.35 16.89+£0.81 18.56+1.31 NS NS NS
(6-8)r-18:1 ND? ND* 0.39+0.01° 0.29+0.02¢ NS S S
9¢-18:1 (n-9) ND? ND? 0.75+0.10° 0.80+0.05° NS S NS
10£-18:1 ND? ND? 0.29+0.04° 0.36+0.05" NS S NS
11£-18:1 ND? ND? 0.71+0.08" 0.52+0.07° NS S NS
12¢-18:1 (n-6) ND? ND? 0.77+0.03° 0.61+0.07° NS S NS
9¢-18:1 (n-9) 9.65+0.80° 17.03+1.52° 9.73 +0.46% 14.90+0.96 S NS NS
11c-18:1 2.66+0.17% 5.14+0.21° 2.41+0.24% 4.83+0.18° S NS NS
9¢,12¢-18:2 (n-6) 20.20+0.59° 7.89+0.53" 16.16+0.53¢ 8.47+0.34° S S S
6¢,9¢,12¢-18:3 (n-6) 0.06+0.02° 0.26+0.02° 0.12+0.00° 0.00+0.00¢ S S S
11¢-20:1 (n-9) 0.11+0.01 0.16+0.03 0.18+0.01 0.11+0.01 NS NS S
9¢,12¢,15¢-18:3 (n-3) 0.22+0.01° 0.20+0.01° 0.19+0.01° 0.14+0.01° S S NS
9¢,11-CLA ND* ND* ND* 0.22+0.03" S S S
11¢,14¢-20:2 (n-6) 0.45+0.03" 0.16+0.04° 0.56 +0.05° ND® S NS S
22:0 ND* 3.60+0.17° 0.34+0.02° 3.93+041° S NS NS
8¢,11¢-20:2 (n-9) ND? 0.41+0.03° ND? 0.57£0.09° S NS NS
5¢,8¢,11¢-20:3 (n-9) ND* 0.36+0.05° ND* 0.29+0.04° S NS NS
8¢,11¢,14¢-20:3 (n-6) 0.46 +0.04* 1.12+0.07° 0.29 +0.04° 1.35+0.09" S NS S
11¢,14¢,17¢-20:3 (n-3) ND* 0.35+0.08" ND* 0.78 +0.13¢ S S S
5¢,8¢,11¢,14¢-20:4 (n-6) 24.95+0.76° 9.50+0.56" 24.51+0.92° 10.19+0.39° S NS NS
4¢,7¢,10c,13¢,16¢,19¢-22:6 (n-3)  1.96+0.18 1.70+0.07 1.62+0.10 2.39+0.40 NS NS S
Y NI 1.97+0.15 1.43+0.11 3.05+0.03 2.59+0.23 S S NS
Y SFA 35.46+1.22% 44.97+1.10° 36.40 +0.66* 43.91+1.25° S NS NS
Y MUFA 13.32+1.01% 26.70+1.78° 16.75+ 1.10° 26.09 + 1.44° S NS NS
Y PUFA 48.30+0.93° 21.62+0.35° 43.52+1.26° 24.56+0.31° S NS S
Y TFA ND? ND? 2.98+0.27° 2.96+0.17° NS S NS
Triene/Tetracne ND? 0.04 +0.00° ND? 0.03 £0.00° S NS NS
9¢-16:1/16:0 0.05+0.01° 0.21+0.01° 0.08 +0.00* 0.19+0.03° S NS NS
9¢-18:1/18:0 0.67+0.10 1.05+0.15 0.58+0.05 0.84+0.12 S NS NS
AA/DGLA 54.91+2.89° 8.52+0.09° 89.43+11.25¢  7.72+0.76" S S S
GLA/LA 0.003+£0.001*  0.034+0.004°>  0.007+0.000*  0.000+0.000° S S S
AA/LA 1.24+0.05 1.24+0.13 1.52+0.03 1.21+0.04 S NS NS
DHA/ALA 8.94+1.18° 8.60+0.93" 8.59+0.16* 17.20£2.56 S S S
LA/Y TFA - - 5.66+0.64" 3.00£0.17° - - -
> PUFA/Y, SFA 1.35+0.06 0.48+0.01° 1.18+0.03¢ 0.56+0.02° S NS S

Data are as means + SEM, n=6 per group. Statistical differences were established by two-way ANOVA (2 x2) followed by Scheffé’s test. For the
ANOVA test, S indicates p <0.05 and NS p>0.05. For Scheffe’s test, values in the same row with different superscript letters are significantly

different (p <0.05)

* Weight percentage of total fatty acids
Experimental groups: *LA: enriched with LA; "LA: deprived of LA; "LA + TFA: "LA supplemented with TFA-enriched oil; "LA + TFA: "LA

supplemented with TFA-enriched oil

LA linoleic acid, TFA trans fatty acids, AA arachidonic acid, DGLA dihomo-y-linolenic acid, GLA y-linolenic acid, ALA o-linolenic acid, SFA
saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, ND not detected, NI other nonidentified fatty acids
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Table 4 Effect of TFA supplementation on muscle FA composition in rats fed LA-enriched or LA-deprived diets

Fatty acids* Experimental groups ANOVA
LA LA *LA+TFA “LA+TFA LA TFA LAX
TFA

12:0 0.06+0.01° 5.54+0.08° 0.10+0.03 2.73+0.56™ S NS NS
14:0 0.74 +0.05 4.52+0.90° 0.88+0.08" 2.97+£0.40% S NS NS
16:0 23.37+0.25% 26.20+0.60° 23.12+0.55" 26.17+0.33° S NS NS
9¢-16:1 2.86+0.34 9.60+1.17° 4.34+0.54% 7.11+£0.43% S NS S
18:0 8.64+0.19 6.62+1.45 6.80+0.41 7.80+0.53 NS NS NS
(6-8)r-18:1 ND? ND? 0.25+0.01° 0.26 +0.02° NS S NS
9¢-18:1 (n-9) ND? ND? 0.46+0.03° 0.58 +0.06" NS S NS
10£-18:1 ND? ND? 0.25+0.02° 0.22+0.02° NS S NS
11£-18:1 ND? ND? 0.33+0.01° 0.26+0.01° NS S S
12¢-18:1 (n-6) ND? ND? 0.26+0.01° 0.23+0.03° NS S NS
9¢-18:1 (n-9) 12.78 +0.60° 28.32+1.84° 14.96 +1.29° 18.13+1.63° S S S
11¢-18:1 4.19+0.38° 0.06+0.01° 5.46+0.41° 5.88+0.42° S S S
9¢,12¢-18:2 (n-6) 21.36+1.34% 6.72+0.52° 20.71+1.85° 7.48+0.42° S NS NS
6¢,9¢,12¢-18:3 (n-6) 0.04+0.01 0.03+0.01 0.02+0.00 0.03+0.00 NS NS NS
11¢-20:1 (n-9) 0.06 +0.00° 0.04 +0.00® 0.06+0.01° 0.02+0.00° S NS NS
9¢,12¢,15¢-18:3 (n-3) 0.16+0.02 0.06+0.02° 0.14+0.02° 0.07+0.01° S NS NS
9¢,11-CLA ND? ND? 0.37+0.05° 0.25+0.03° NS S NS
11c,14¢-20:2 (n-6) 0.20+0.01° 0.02 +0.00° 0.13 +0.00° 0.04+0.01° S S S
22:0 0.01+0.00° ND? 0.01+0.01° 0.06+0.02° NS S S
8¢,11¢-20:2 (n-9) 0.06+0.02 0.11+0.03 0.07 +0.01 0.17+0.03 S NS NS
5¢,8¢,11¢-20:3 (n-9) ND* 0.08+0.02° ND? 0.07£0.02° S NS NS
8c,11¢,14¢-20:3 (n-6) 0.38+0.02 0.33+0.10 0.34+0.03 0.48+0.05 NS NS NS
11¢,14¢,17¢-20:3 (n-3) 0.06+0.01? 0.96+0.27° 0.05+0.01° 0.79+0.16° S NS NS
5¢,8¢,11¢,14¢-20:4 (n-6) 13.08+0.91° 4.66+1.39° 10.32+1.24° 6.18+0.86" S NS NS
5¢,8¢,11¢,14¢,17¢-20:5 (n-3) 0.01+0.00° 0.01 +0.00 0.01 +0.00° 0.05+0.01° S NS NS
4¢,7¢,10¢,13¢,16¢,19¢-22:6 (n-3)  6.34+0.46 2.59+0.20° 4.85+0.412 5.14+ 1.46* S NS S
3 NI 6.59+0.28* 2.20+0.42° 3.27+041° 2.66+0.33 S S S
Y SFA 33.04+0.46% 43.16+0.03° 31.10+0.75" 39.89+0.91¢ S S NS
Y MFA 21.10+1.05* 38.72+3.00° 28.26+1.10% 34.60+2.53% S NS S
Y PUFA 41.68+0.79* 15.62+2.28° 37.36 £0.86" 21.37+1.67° S NS S
Y TFA ND? ND? 227+0.18° 2.43+0.19° NS S NS
Triene/Tetracne ND? 0.020.00° ND? 0.01£0.00° S NS NS
9¢-16:1/16:0 0.12+0.02° 0.36+0.04° 0.19+0.02* 0.27 £0.02% S NS S
9¢-18:1/18:0 1.48 +0.10° 5.84+0.21° 2.24+0.33 2.38+0.37° S S S
AA/DGLA 34.66 +1.66" 13.98+0.041°  29.99+1.73 12.71+0.79° S S NS
GLA/LA 0.002+£0.000*  0.005+0.001°  0.001+0.000*  0.003+0.000® S NS NS
AA/LA 0.62+0.08 0.68+0.15 0.52+0.10 0.82+0.08 NS NS NS
DHA/ALA 42.05+8.09% 33.06+3.30* 39.29 +7.90° 74.35+7.02° NS NS S
LA/Y TFA - - 9.11+0.34* 3.13£0.39° - - -
Y PUFA/Y, SFA 1.26+0.03 0.36+0.05° 1.20+0.05* 0.54+0.05¢ S NS S

Data are means +SEM, n=6 per group. Statistical differences were established by two-way ANOVA (2x2) followed by Scheffé’s test. For the
ANOVA test, S indicates p <0.05 and NS p>0.05. For Scheffe’s test, values in the same row with different superscript letters are significantly
different (p <0.05)

* Weight percentage of total fatty acids

Experimental groups: *LA: enriched with LA; "LA: deprived of LA; LA +TFA: LA supplemented with TFA-enriched oil; "LA + TFA: "LA
supplemented with TFA-enriched oil

LA linoleic acid, TFA trans fatty acids, AA arachidonic acid, DGLA dihomo-y-linolenic acid, GLA y-linolenic acid, ALA a-linolenic acid, SFA
saturated fatty acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated fatty acids, ND not detected, NI other nonidentified fatty acids
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Table 5 Effect of TFA

. Experimental groups ANOVA
supplementation on glucose

uptake, incorporation and LA LA *LA+TFA “LA+TFA LA TFA LAX

oxidation, and glycogen TFA

synthesis in the soleus muscle

of rats fed LA-enriched or Glucose uptake (umol/g)

LA-deprived diets B 1.88+0.05° 222+0.17°  221+0.03% 2.39+0.07° S S NS
+I 5.30+0.15" 4.75+0.35" 4404020  4.82+0.22" NS NS NS
+P 1.96+0.09 1.96+0.07 2.09+0.10 2.18+0.12 NS NS NS
+I+P  3.88+0.07%  337+0.09°% 4.19+0.14" 3.56+021%% S NS NS

Glucose incorporation (umol/g)
B 2.02+0.09 2.18+0.15 2.35+0.14 2.36+0.03 NS S NS
+I 5.33+0.19° 4214026 440+0.23" 4.72+0.17" NS NS NS
+P 2.01+0.12 1.78+0.15 2.20+0.08 2.25+0.16 NS S NS
+I+P  3.40+0.24" 323+0.07%  4.05+0.17°  3.55+£0.20"% NS S NS
Glucose oxidation (umol/g)
B 0.40+0.06 0.46+£0.08®°  0.57+0.06®  0.59+0.04° NS S NS
+I 1.08+0.03 0.43+0.10° 0.58+0.13°  1.01+0.08°" NS NS S
+P 0.28+0.04* 0.40+0.03 0.06+0.02>"  0.32+0.08 NS NS NS
+I+P  0.39+0.02% 0.40+0.10 0.46+0.18 0.49+£0.04" NS NS NS
Glycogen synthesis (umol/g)
B 0.45+0.02 0.50+0.07 0.54+0.09 0.47+0.05 NS NS NS
+I 2.00+0.06*" 1.09+0.07°"  1.33+0.06"°  1.23+0.10> S S S
+P 0.48+0.03 0.39+0.04 0.45+0.02 0.37+0.04 S NS NS
+I+P  0.90+0.03" 0.81+0.10" 131+0.18°  0.83+0.08"* S NS NS

Data are means+SEM, n=4 per group. Statistical differences between different groups were established
by two-way ANOVA (2x2), followed by Scheffe’s test. For the ANOVA test, S indicates p <0.05 and NS
p>0.05. For the Schefte’s test, values in the same row with different superscript letters are significantly
different (p <0.05). Statistical differences between different experimental conditions in each group were
established by Student’s t test and identified at p <0.05 by * between +I and B, +P and B, and+I+P and

B, and by # between+1+P and +1

Experimental groups: *LA: enriched with LA; "LA: deprived of LA; *LA +TFA: *LA supplemented with
TFA-enriched oil; "LA + TFA: "LA supplemented with TFA-enriched oil

LA linoleic acid, TFA trans fatty acids, B basal; +/ with the addition of insulin, +P with the addition of

palmitate
Ao B 3.0F
ab 251
i b b
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m
@ 2 5
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05}
0.0
LA +LA+TFA  -LA+TFA +LA LA +LA+TFA

-LA+TFA

+|+P/B

bc

=

ab

+LA+TFA

-LA+TFA

Experimental groups

Fig. 1 Glucose uptake in the soleus muscle presented as relative groups: TLA: enriched with LA; "LA: deprived of LA; LA +TFA:

response to basal conditions: a insulin, b palmitate, and ¢ insu- *LA supplemented with TFA-enriched oil; "LA+TFA: LA sup-
lin+ palmitate. Data are means+SEM, n=4 per group. Statisti- plemented with TFA-enriched oil. LA linoleic acid, TFA trans fatty
cal differences between different groups were established by two- acids, B basal, +/ with the addition of insulin, +P with the addition

way ANOVA (2x2), followed by Scheffe’s test. Bars with different of palmitate

superscript letters are significantly different (p <0.05). Experimental
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Fig. 2 Glucose incorporation in the soleus muscle presented as
relative response to basal conditions: a insulin, b palmitate, and ¢
insulin + palmitate. Data are means +SEM, n=4 per group. Statisti-
cal differences between different groups were established by two-
way ANOVA (2x2), followed by Scheffe’s test. Bars with different
superscript letters are significantly different (p <0.05). Experimental

groups: TLA: enriched with LA; "LA: deprived of LA; LA +TFA:
*LA supplemented with TFA-enriched oil; "LA+TFA: "LA sup-
plemented with TFA-enriched oil. LA linoleic acid, TFA trans fatty
acids, B basal, +I with the addition of insulin, +P with the addition
of palmitate
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Fig. 3 Glucose oxidation in the soleus muscle presented as rela-
tive response to basal conditions: a insulin, b palmitate, and ¢ insu-
lin+ palmitate. Data are means+SEM, n=4 per group. Statistical
differences between different groups were established by two-way
ANOVA (2x2), followed by Schefte’s test. Bars with different super-
script letters are significantly different (p<0.05). Experimental

presence of insulin (+I1+P) significantly inhibited the hor-
mone effect (+1) in the *LA and "LA +TFA groups.

Glycogen synthesis in the soleus muscle was not dif-
ferent among the groups under basal conditions. Insulin
stimulation significantly increased the glycogen synthesis
in all experimental groups. However, the final values were
lowered in the "LA, "LA+TFA, and "LA+TFA groups
when compared with the *LA group (Fig. 4a). Palmitate
treatment in the presence of insulin (+1+P) attenuated
the stimulation of glycogen synthesis by this hormone in
the *LA and "LA +TFA groups. The inhibitory effect of
palmitate was not observed in the "LA and *LA+TFA
groups.

groups: TLA: enriched with LA; "LA: deprived of LA; TLA +TFA:
*LA supplemented with TFA-enriched oil; "LA+TFA: LA sup-
plemented with TFA-enriched oil. LA linoleic acid, TFA trans fatty
acids, B basal, +1 with the addition of insulin, +P with the addition
of palmitate

Discussion

This is the first study that shows the effects of TFA on glu-
cose metabolism and insulin sensitivity in rats submitted to
diets containing different LA levels. Basal and insulin-stim-
ulated glucose uptake and metabolism were investigated
in skeletal muscle, treated or not with palmitic acid, an
inducer of insulin resistance state. We observed some inter-
actions between dietary TFA and LA, under the different
conditions analyzed (absence or presence of insulin and/or
palmitic acid), in regulating muscle glucose uptake and uti-
lization. These effects were associated with modifications
in the FA profile induced by the different diets both in the
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Fig. 4 Glycogen synthesis in the soleus muscle presented as rela-
tive response to basal conditions: a insulin, b palmitate, and ¢ insu-
lin+ palmitate. Data are means+SEM, n= 4 per group. Statistical
differences between different groups were established by two-way
ANOVA (2x2), followed by Schefte’s test. Bars with different super-
script letters are significantly different (p<0.05). Experimental

serum and skeletal muscle, suggesting that lipid metaboli-
zation and incorporation into plasma membrane are impor-
tant determining factors of glucose metabolism and insulin
sensitivity.

TFA increased the basal glucose utilization in skeletal
muscle regardless of the LA status. However, TFA dimin-
ished the insulin-stimulated glucose metabolism. TFA
have been widely related to deleterious properties on glu-
cose metabolism in different experimental animal models
[10-12]. Nevertheless, lack of effect on glucose metabo-
lism due to TFA supplementation has also been observed
by different authors [8, 42, 43], and, even more, we have
previously demonstrated that conjugated linoleic acids (a
positional and geometrical isomer) have a positive impact
on glucose utilization in soleus muscle [14]. Since the TFA
composition of the diets was not similar in these studies,
the specific type of TFA might play an important role in
glucose metabolism.

Recently, we reported [9] that rats fed a LA-deprived
diet supplemented with industrial TFA presented diverse
alterations in lipid metabolism. Several of these altera-
tions have been associated with changes in glucose utili-
zation and glycogen synthesis, even with low serum glu-
cose levels, in different experimental animal models [18,
44, 45]. To our knowledge, studies focusing on the effects
of TFA on glucose metabolism in experimental ani-
mal models fed an unbalanced diet of LA have not been
published. Thus, in the present work, we focused on the
effects of TFA at two different LA dietary levels: the first
dietary treatment aimed to mimic the FA profile of the
western diet (rich in LA), and the second was designed
to limit LA disposal (deprived of LA). Specifically, the
diets were based on the recommendations by Reeves
et al. [28], while modifying the oil source as previously

@ Springer

groups: TLA: enriched with LA; "LA: deprived of LA; LA +TFA:
*LA supplemented with TFA-enriched oil; "LA+TFA: LA sup-
plemented with TFA-enriched oil. LA linoleic acid, TFA trans fatty
acids, B basal, +/ with the addition of insulin, +P with the addition
of palmitate

recommended in the AIN-76 diet [29]. Related to this,
Lien et al. [46] concluded that feeding rats either an
AIN-93G or an AIN-76 diet for 13 weeks promoted nor-
mal growth and development and did not cause deleteri-
ous effects. These results agree with the findings of the
present work. We observed that the average daily food
intake was similar among the groups; however, animals
fed a diet supplemented with TFA showed increased body
weight gain. Although the ALA level is low and the ratio
of LA/ALA is not the recommended one in the corn oil
[28], the control animals did not show alterations in the
biomarkers of EFA deficiency, such as increasing the
mead acid levels and triene/tetraene ratio. In contrast,
animals fed coconut oil had significant changes in these
parameters. We have previously described similar results
in deficiency biomarkers in other tissues, such as liver,
adipose tissue, and brain [9, 33]. In addition, the TFA
incorporation was not influenced by the dietary LA lev-
els, but depended on the trans double bond position [7].
In the present work, in serum and muscle, we observed
a trans-18:1 isomer retention pattern similar to the one
found in our previous publication [9]. The relative con-
version of LA to AA was not modified among the groups.
Nevertheless, the A9-, A6-, and A5-desaturase indexes
were differently modified by LA deprivation. Thus, the
A9- and A6-desaturase indexes were increased and this
effect was probably a consequence of high intake of SFA
and low intake of LA in the LA-deprived groups. Simi-
lar effects have been reported by other authors [34, 47].
Moreover, although the intake of ALA in the deprived
groups was lower, the bioconversion to DHA (DHA/
ALA ratio) did not differ among the groups, and even
more it was higher in "LA +TFA group. It is probable
that the substrate flux through the desaturase enzyme was
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displaced to the n-3 family as a consequence of LA dep-
rivation, in agreement with the results of Gibson et al.
[48]. On the other hand, several studies have shown that
TFA impair EFA microsomal desaturation and elonga-
tion to their LC-PUFA metabolites, either by competi-
tion between the substrates or among their reaction prod-
ucts [49-51]. Despite that in the present work we did not
observe this effect in serum or muscle, it was observed in
the liver (data not shown).

Serum glucose levels were decreased by TFA. This was
associated to an increased glucose uptake and oxidation in
muscle under basal conditions. There are few studies show-
ing some potential beneficial effects of TFA on glucose uti-
lization. In a previous work [14], we found that, under basal
conditions, a CLA mixture (positional and geometrical
isomers) increased glucose oxidation in the soleus muscle
of animals fed diets enriched in or deprived of LA. Moreo-
ver, in animals fed LA-deprived diet, glucose uptake and
metabolism was enhanced by CLA supplementation. In the
present work, the beneficial effects observed in the TFA-
supplemented animals could be related to the 9¢,11-CLA
isomer. This FA was not present in the diets; however, it
was produced from the 11#-18:1 and significantly retained
into the tissues. In this regard, Battacharya et al. [52]
observed decreased glucose and insulin levels in male mice
fed a high-fat diet containing 0.5% of commercial CLA
with equimolecular amounts of 9¢,11#~CLA and 10¢,12¢-
CLA. Likewise, Houseknecht et al. [15] demonstrated, in
Zucker diabetic rats, that CLA normalized glucose toler-
ance, reduced hyperinsulinemia, and lowered circulating
free fatty acids. Moreover, Choi et al. [17] found, in rats
fed a high-fat diet supplemented with 9c,11t-enriched
CLA-mix, 10t,12c-enriched CLA-mix, or a 30:40 CLA-
mix of each isomer, respectively, that both 9¢,11#-CLA and
10¢t,12¢-CLA activated the insulin signaling pathway.

The animals supplemented with TFA presented a lower
insulin-stimulated glucose uptake, incorporation and oxi-
dation, and glycogen synthesis than nonsupplemented
animals. Other authors [53] found, in offspring of rats fed
a diet containing TFA during pregnancy and lactation,
which continued receiving TFA diet until 90 days after
birth, that glucose levels remained normal because of a
compensatory effect of higher levels of serum adiponec-
tin associated with higher levels of insulin and its recep-
tor, suggesting increased insulin resistance state induced
by TFA. Increased basal insulin secretion in rats treated
with dietary TFA can occur and explain, at least in part, the
reduced plasma glucose levels and the elevated basal glu-
cose uptake and metabolism in skeletal muscle observed in
the present work. Moreover, the insulin resistance induced
by TFA could be related to modifications in the polyunsatu-
rated FA (PUFA) profile in muscle cells [18, 44, 45]. On
the other hand, Kavanagh et al. [12], in monkeys fed a diet

containing trans isomers (8% of energy), observed insu-
lin resistance associated with an impairment of the signal
transduction downstream to the insulin receptor binding.

Preincubation with palmitate reduces glucose uptake
and incorporation in skeletal muscle under basal and
insulin-stimulated conditions [14, 38, 54], mimicking an
in vivo insulin resistance state induced by a high disposal
of plasma-free FA. This state occurs in several pathological
conditions, including obesity, type 2 diabetes mellitus, and
metabolic syndrome. Accordingly, animals fed a high-fat
diet develop insulin resistance and hyperinsulinemia [22,
23, 55]. These effects depend on the type of dietary FA and
on potential changes in membrane phospholipids, as well as
on the bioactive lipid metabolites generated by the different
FA [56, 57]. For example, long-chain saturated FA, includ-
ing palmitate and stearate, are associated with impairment
in insulin sensitivity in skeletal muscle and isolated mus-
cle cells via a decrease in the PUFA content in membrane
phospholipids and an increase in the intramyocellular
lipid derivatives; these changes are associated with delete-
rious effects on the skeletal muscle cells [56, 58]. In our
study, palmitate treatment did not inhibit glucose uptake
and incorporation or glycogen synthesis in the absence of
insulin in the control or the TFA-supplemented animals.
However, this fatty acid clearly impaired glucose uptake
and metabolism under insulin-stimulated conditions in the
control and "LA 4+ TFA groups. These results indicate that,
under insulin-stimulated conditions, TFA partially attenu-
ated the palmitate inhibition of muscle glucose uptake and
metabolism in the *LA +TFA group. This effect may be
attributed to two different circumstances acting together.
The first one, muscle plasma membrane modifications,
which are known to modulate glucose uptake and metabo-
lism. In this regards, the amount of PUFA in the *LA + TFA
group is higher than the "LA+TFA group, regardless of
the TFA supplementation, and it is well reflected in the
differences found in the ), PUFA/Y, SFA and LA/Y; TFA
ratios. Similar effects have been observed by other authors
on membrane enrichment with PUFA, which increased the
GLUT-1 and GLUT-4 contents in the plasma membrane, as
well as the membrane fluidity [45]. It also improved insulin
signaling among several other proposed mechanisms [59].
The second one, probably the bioconversion of 11#-18:1 to
9¢,11+-CLA in the *LA+TFA group, but not in the LA
group, is highlighting the beneficial effect of CLA. In this
regard, we have demonstrated [14] that in soleus muscle
CLA prevented the palmitate inhibition of muscle glucose
uptake and incorporation under insulin-stimulated condi-
tions and this effect was associated, at least in part, to dif-
ferent lipid derivative production.

Finally, the present results demonstrate different and
complex mechanisms of how TFA, insulin, and/or palmi-
tate interact mutually to modify muscle glucose utilization
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depending on the dietary levels of LA. We conclude that
the effect of TFA on glucose metabolism and insulin sen-
sitivity depends mainly on the changes in the FA profile
induced by dietary LA, as well as, on the specific type of
isomer consumed with the diet and present in the tissues.
These findings can help explain the overall controversial
TFA effects found in previous studies.
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