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Abstract Oxidative stress, hepatic steatosis, and mitochon-
drial dysfunction are key pathophysiological features of
nonalcoholic fatty liver disease. A conjugated linoleic acid
(CLA) mixture of cis9,trans11 (9,11-CLA) and trans10,cis12
(10,12-CLA) isomers enhanced the antioxidant/detoxifying
mechanism via the activation of nuclear factor E2-related
factor-2 (Nrf2) and improved mitochondrial function, but
less is known about the actions of specific isomers. The dif-
ferential ability of individual CLA isomers to modulate
these pathways was explored in Wistar rats fed for 4 weeks
with a lard-based high-fat diet (L) or with control diet (CD),
and, within each dietary treatment, two subgroups were
daily administered with 9,11-CLA or 10,12-CLA (30 mg/
day). The 9,11-CLA, but not 10,12-CLA, supplementation to
CD rats improves the GSH/GSSG ratio in the liver, mitochon-
drial functions, and Nrf2 activity. Histological examination re-
veals a reduction of steatosis in L-fed rats supplemented
with both CLA isomers, but 9,11-CLA downregulated plasma
concentrations of proinflammatory markers, mitochondrial
dysfunction, and oxidative stress markers in liver more ef-
ficiently than in 10,12-CLA treatment.Bll The present study
demonstrates the higher protective effect of 9,11-CLA
against diet-induced pro-oxidant and proinflammatory signs
and suggests that these effects are determined, at least in
part, by its ability to activate the Nrf2 pathway and to im-
prove the mitochondrial functioning and biogenesis.—Mollica,
M. P., G. Trinchese, G. Cavaliere, C. De Filippo, E. Cocca,
M. Gaita, A. Della-Gatta, A. Marano, G. Mazzarella, and P.
Bergamo. ¢9,t11-Conjugated linoleic acid ameliorates ste-
atosis by modulating mitochondrial uncoupling and Nrf2
pathway. J. Lipid Res. 2014. 55: 837-849.
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Nonalcoholic fatty liver disease (NAFLD), which includes
steatosis and its progression to nonalcoholic steatohepatitis
(NASH), is a liver disorder of clinical significance and one
of the most frequent hepatic lesions in Western countries.
NAFLD has been described as the hepatic manifestation of
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metabolic syndrome (1), and although its pathogenesis is
not fully understood, it is clinically characterized by ectopic
lipid accumulation in the liver (steatosis), inflammation,
oxidative stress (2), and mitochondrial dysfunction (3).
Mitochondrial function and nuclear factor E2-related
factor-2 (Nrf2) have been recognized to play a key role in
NAFLD pathogenesis (3, 4). In particular, defects in mito-
chondrial performance could contribute to the develop-
ment of liver disease, and mitochondrial oxidative capacity
has been considered a good predictor of liver disease (5).
Mitochondria are fundamental organelles involved in pro-
viding energetic support through the chemiosmotic pro-
cess of oxidative phosphorylation. In particular, they generate
ATP by oxidizing nutrients (glucose, FAs, and some amino
acids), and the energy generated by the electron transport
is utilized to phosphorylate ADP to ATP. Electron trans-
port and ATP synthesis are tightly coupled, but some of
the energy generated by electron transport is uncoupled
from ATP synthesis (6). Among the factors that affect the
degree of mitochondrial coupling, the permeability of
the mitochondrial inner membrane to hydrogen ions
(leak) plays an important role. The mitochondrial inner
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membrane exhibits a basal proton leak pathway that has
been estimated to contribute 20-25% to the basal meta-
bolic rate in rats (7). In addition, FAs can act as natural
uncouplers of oxidative phosphorylation by generating an
FA-dependent proton leak pathway (8), which is a function
of their unbound amount in the cell. Notably, an inducible
proton leak has recently emerged as a major mechanism for
the adjustment of the membrane potential to control mito-
chondrial reactive oxygen species (ROS) emission. By mildly
uncoupling, the mitochondria can avoid the oversupply of
electrons/reducing equivalents into the respiratory com-
plexes and minimize the likelihood of electron interaction
with oxygen (9). Oxidative stress results from the imbalance
between ROS levels and the ability of antioxidant defenses
to fully cope with ROS-mediated oxidative damage (10);
therefore, either excessive ROS production or limited anti-
oxidant defenses contribute to its occurrence in pathophys-
iological processes.

Cells have evolved several mechanisms to neutralize oxi-
dative stress, and, among them, Nrf2 is considered the main
mediator of cellular adaptation to redox stress (11). In nor-
mal conditions, the level of Nrf2 protein in the cell is main-
tained at very low levels by its inhibitor Keapl, which
sequesters Nrf2 in the cytosol and facilitates its degradation
via the proteasome. Under mild stress conditions, Nrf2
translocates to the nucleus, where it binds to antioxidant
responsive elements and activates the transcription of a
wide array of enzymes (phase 2 enzymes), the upregulation
of which represents an adaptive response leading to
improved antioxidant/detoxifying defenses [glutathione
S-transferases (GSTs), NAD (P)H:quinone oxidoreductase
(NQOL1), and y-glutamylcysteine ligase (GCL)] (12). Nrf2
also modulates genes involved in metabolic regulation, such
as fibroblast growth factor 21 (FGF21), a liver-derived proli-
polytic hormone, and PPARs, which play an important role
in nutrient homeostasis (13). Notably, the link between me-
tabolism, ROS homeostasis, and mitochondrial metabolism
is further indicated by the role played by PPARy coactiva-
tor-1 (PGC-1). PGC-1a plays an important role in mitochon-
drial biogenesis and in the regulation of genes responsible
for ROS detoxification (14); whereas PGC-1f is involved in
mitochondrial metabolism, and its activation exerted a pro-
tective effect from lipid overload (15).

Conjugated linoleic acid (CLA) is the collective name
used to indicate a class of positional and geometric conju-
gated dienoic isomers of linoleic acid. Among the possible
isomers, two [namely, cis9,transl1-octadecadienoic acid
(9,11) and transl0,cisl2-octadecadienoic acid (10,12),
which represent ~90% and 10% of the CLA found in ru-
minant meats and dairy products, respectively] exhibited
characteristic biological activities (16). Consequently, al-
though the isomeric CLA mixture (1:1) has been shown to
trigger off the Nrf2 pathway (17, 18) and to modulate he-
patic mitochondrial function (19), the efficacy of specific
isomers on these mechanisms remains unclear.

The modulation of mitochondprial functions and the ac-
tivation of the Nrf2 pathway have been suggested for the
treatment of NAFLD (4, 20); therefore, drugs or natural
molecules improving the mitochondrial function and

838 Journal of Lipid Research Volume 55, 2014

Nrf2-activated defenses may prove useful in the treatment/
prevention of NAFLD. We assumed that the CLA isomer
showing an increased ability to improve mitochondrial
function and the Nrf2 pathway would also ameliorate
proinflammatory and pro-oxidant signs of nutritionally in-
duced steatohepatitis. To test this hypothesis, Wistar rats
were fed a normal diet [control diet (CD)] or a lard-based
high-fat diet (L) for 4 weeks, and within each dietary treat-
ment, two subgroups were administered cis9,trans11-CLA
(9,11-CLA) or transl0,cis12-CLA (10,12-CLA) (30 mg/
day). At the end of this period, proinflammatory [mono-
cyte chemoattractant protein-1 (MCP-1), interleukin-la
(IL-1a), and TNF-a] and liver stress markers [alanine
amino transferase (ALT) and vy-glutamyl transpeptidase
(GGT)] were measured in the sera; mitochondrial func-
tioning (protein mass, respiratory capacity, -oxidation,
proton leak, aconitase activity, and HyO, yield), histologi-
cal parameters, and oxidative stress markers [carbonylated
proteins (PCs), and thiobarbituric acid reactive substances
(TBARSs) | were analyzed; and the expression of cytopro-
tective genes (GCL, NQOI1, and GST), metabolic genes
(FGF21, PPARa, and PPARY), and genes involved in sens-
ing cellular stress, mitochondrial biogenesis, and metabo-
lism (PGC-1a and PGC-1B) were evaluated via biochemical
or RT-PCR analysis.

MATERIALS AND METHODS

Reagents

Chemicals were of reagent of higher grade from Sigma-Aldrich
(St. Louis, MO), unless otherwise specified. Pure 9,11-CLA
(#1245) and 10,12-CLA isomer (#1249) were purchased from
Matreya LLC (Pleasant Gap, PA). A primary antibody list is shown
in supplementary Table I. Peroxidase-conjugated secondary anti-
bodies against rabbit or mouse IgGs were purchased from Dako
or Abcam, respectively.

Animals and diets

Wistar rats (average weight 380 g) (Charles River, Calco,
Como, Italy) were divided into two groups (n = 24 each) and in-
dividually caged in a temperature-controlled room (24°C), un-
dera 12 h light/12 h dark cycle with free access to water. The first
group was fed with a standard rodent diet (CD) (15.88 kJ gross
energy/g: 60.4 carbohydrates, 29 protein, and 10.6% fat; Muced-
ola, Milan, Italy). The second one received L diet (20 k]J/g) in
which 40% of metabolizable energy was obtained from lard; the
remaining calories were starch (31%) and protein (29%). Each
group was further divided in three subgroups (n = 8 each): the
first received only CD or L diet, and the two groups were admin-
istered daily with 30 mg 9,11-CLA (C9, L9) or 10,12-CLA (C10,
L10) isomer corresponding to ~80 mg/kg body weight or to
0.78 g/day, when expressed in “human equivalent dose” (21). This
dose was chosen because it is comparable with the reported daily
intake of 9,11-CLA in humans (22) and comprises the contribu-
tion of trans9-C18:1, which is converted in the 9,11-isomer by liver
desaturases (23).

Throughout the experimental period, body weights and food
intakes were monitored daily to allow calculation of body-weight
gain and gross energy intake. Spilled food was collected and used
for food intake calculation. Gross energy density for rat chow or
high-fat diet (HFD; 15.8 or 20.0 k] /g, respectively) was determined



by a bomb calorimeter (Parr adiabatic calorimeter; Parr Instru-
ments Co., Moline, IL). At the end of the experimental period,
the rats were anesthetized by an intraperitoneal injection of chlo-
ral hydrate (40 mg/100 g body weight) and then euthanized by
decapitation. Blood was taken via inferior cava vein. Immediately
after blood collection, liver was excised and either immediately
processed for the isolation of mitochondria or cut in aliquots and
frozen in liquid nitrogen and stored at —80°C for further pro-
cessing or embedded in OCT compound for histological analysis.
Visceral fat pad mass was removed and weighed.

All experiments were conducted in compliance with national
guidelines for the care and use of research animals (D.L. 116/92,
implementation of EEC directive 609/86). In particular, treat-
ment, housing, and euthanizing of animals met the guidelines set
by the Italian Health Ministry (Permission n. 176/2005A), and all
procedures were approved by the Federico II University Ethical
Committee for Animal Research.

Serum analysis

Total cholesterol and triglyceride concentration and ALT and
GGT activities in serum were measured by using standard proce-
dures. IL-1q, interleukin-10 (IL-10), TNF-a, and MCP-1 content
in sera was measured by using commercially available ELISA kits
(Thermo Scientific, Rockford, IL; RBMS627R and RBMS629R,
Biovendor R and D, Brno, Czech Republic).

Histology and immunohistochemistry

After the animal was euthanized, small pieces of liver tissue
were quickly embedded in OCT compound for cryosectioning
with a cryostat. The sections were fixed in acetone and then
stained with Sudan Black (24) or hematoxylin-eosin (HE). Im-
munohistochemical staining to detect macrophages on rat liver
cryosections was performed utilizing mouse anti Rat CD68 IgGs
and peroxidase-antiperoxidase (Dako) staining. The density of
cells expressing CD68 was quantified by counting the number of
positive cells from five randomly selected fields with a microscope
with a calibrated ocular. Results were expressed as the number of
CD68 positive cells per square millimeter.

Liver lipid content, redox status, and Nrf2-activated
enzyme activities

Liver aliquots from the differently treated rats were also used
to prepare cytosolic and nuclear extracts (17) to be used for
Western blotting assays (supplementary Material). Total lipid
content, redox status markers, and the activity of GST and NQO1
were measured as described in the supplementary Material.

Mitochondrial function

Mitochondria isolation and oxygen consumption (polaro-
graphically measured using a Clark-type electrode) were carried
out as previously reported (25). Oxygen consumption was mea-
sured in the presence of substrates and ADP (state 3) and in the
presence of substrates alone (state 4), and their ratio [respiratory
control ratio (RCR)] was calculated. The rate of mitochondrial
FA oxidation was assessed in the presence of palmitoyl-L-carnitine
(40 pM). Carnitine-palmitoyl-transferase (CPT) system (CPT1
plus CPT2) and aconitase activity were measured spectrophoto-
metrically (at 412 nm) (26, 27). The rate of mitochondrial HyO,
release was assayed by following the linear increase in fluores-
cence (ex 312 nm and em 420 nm) due to the oxidation of ho-
movanillic acid in the presence of horseradish peroxidase (28).

Mitochondrial protein mass

Mitochondrial protein mass was assessed by evaluating the ex-
pression of cytochrome C in isolated mitochondria by Western

blotting and by measuring the activity of a mitochondrial marker
enzyme, citrate synthase (CS), in liver homogenate and isolated mi-
tochondria (29). CS activity, measured in the homogenate and ex-
pressed per gram wet liver, reflects the product of mitochondrial
protein mass and specific activity of the CS enzyme. To determine
CS-specific activity, measurements were made in isolated mitochon-
dria, and the results were expressed per milligram of mitochondrial
proteins. Finally, mitochondrial protein mass, expressed as milli-
gram per gram of wet liver, was calculated as the ratio between CS
activity in the homogenate and isolated mitochondria.

Quantitative RT-PCR analysis

Total RNA was isolated from liver of rats fed with the different
diets with or without CLA supplement by using the NucleoSpin
RNA II kit (Macherey-Nagel), with an on-column DNase I step.
RNA concentrations were given using a Qubit Fluorometer (In-
vitrogen). RNAs were then reverse transcribed using the Super-
Script VILO MasterMix (Invitrogen). A total of 100 ng of cDNA
and its dilution series to calculate the efficacy of primers were
amplified by quantitative RT-PCR on an iCycler iQTM (Bio-Rad)
using 300 nM gene-specific primers, Maxima SYBR Green/Fluo-
rescein qPCR Master Mix (26) (Thermo Scientific), and the fol-
lowing PCR conditions: 1 cycle at 95°C for 10 min, and 40 cycles
of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. The expression
level of B-actin gene was used as an internal control for normal-
ization. Raw cycle threshold values (Ct values) obtained for target
genes were subtracted from the Ct value obtained for the refer-
ence gene. The final graphical data were derived from the
R= (Emrget)ACl_mrgcl (control -sample) / (Erer) ACt_ref (control - sample) formula (30) )
Universal Probe Library Assay Design Center (https://www.roche-
applied-science.com/sis/rtpcr/upl/index.jsp?id = UP030000) was
used for designing primers (supplementary Table II).

Statistical analysis

All data, obtained from triplicate analyses, were presented as
mean * standard error. Differences among groups were com-
pared by ANOVA followed by the Newman-Keuls test to correct
for multiple comparisons. Differences were considered statisti-
cally significant at P < 0.05. All analyses were performed using
GraphPad Prism (GraphPad Software, San Diego, CA).

RESULTS

Diet supplementation with 9,11-CLA decreases
proinflammatory cytokine release in CD-fed rats

The effects produced by the supplementation of individual
CLA isomers on lipid metabolism (total cholesterol and trig-
lycerides), liver damage marker enzymes (ALT and GGT),
proinflammatory cytokines (IL-la and TNF-a), chemokine
(MCP-1), and IL-10 were measured in the serum of rats main-
tained on CD. No differences in total cholesterol, triglycer-
ides, IL-10, MCP-1 levels, or GGT activity were found in the
C9 and C10 groups; however, in the C9 animals, a significant
decrease of IL-la and TNF-« levels (27% and 35%, respec-
tively) was found compared with the C10 and the CD rats. In
contrast, the ALT level in the C10 rats was significantly higher
(47%, P < 0.01) compared with the CD animals (Table 1).
These results demonstrate that, due to the low doses used,
the administration of individual isomers to CD-fed rats pro-
duces differential effects on blood serum parameters and
that 9,11-CLA intake is accompanied by a mild but significant
decrease in proinflammatory cytokine levels.
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TABLE 1.

CLA isomer supplementations have different impacts on serum biochemical markers of CD-fed rats

Serum Parameters CD c9 C10
Triglycerides (mg/dl) 100 + 4 106 +5 110+ 6
Total cholesterol (mg/dl) 66 +3 62 + 2 65 + 2
TNF-a (pg/ml) 110 + 10* 71+5° 109 = 12°
MCP-1 (ng/ml) 33+0.2 3.7+0.2 3.8+0.3
IL-la (pg/ml) 56 = 3 41+1° 51+3°
IL-10 (pg/ml) 56+ 1 60 + 4 57+3
ALT (U/) 49 + 9 47 £ 9° 62 + 2"
GGT (U/1) 0.54 £ 0.07 0.48 + 0.04 0.56 + 0.08

The results are expressed as the means + SD from triplicate analyses from n = 7 animals/group. Differing
superscript letters indicate statistically significant differences (P< 0.05).

Mitochondrial coupling efficiency is downregulated by
9,11-CLA

The increased mitochondrial state 3 and state 4 respi-
ration rates measured in Cl0 rats using succinate or
palmitoyl-carnitine (FA oxidation) as substrates (Fig. 1A, B)
were further increased in C9 animals compared with con-
trols. The CPT activity measured in the C9 and CI10 rats
(6.4+0.5 or 6.2 + 0.3 nmol/min/mg) was not different from
that measured in the CD rats (6.0 £ 0.3 nmol/min/mg).
All mitochondrial preparations, regardless of rat treat-
ment, were able to produce RCRs of =6, indicating that
the mitochondria were not damaged during the isolation
procedure.

After 4 weeks of treatment, the CS-specific activity (per
milligram protein in the isolated mitochondria) was in-
variable, whereas significantly higher CS activity (per gram
of tissue homogenate) was found. Therefore, the signifi-
cantly higher mitochondrial protein (calculated as CS
activity/ CS-specific activity) (Fig. 1C) and cytochrome C
found in CLA-treated rats (C9 > C10) (Fig. 1C, insert) in-
dicate that the improved oxidative capacity appears to be
supported (at least in part) by an increased mitochondrial
mass. In addition, the significant increase of PGC-lae and
PGC-1B in C9 rats, as compared with CD or C10 animals
(Fig. 1D, E), clearly indicates the 9,11-CLA ability to up-
regulate mitochondrial biogenesis and metabolism.

Mitochondrial proton leak was assessed via the titration
of the steady respiratory rate (state) as a function of mito-
chondrial membrane potential in liver mitochondria. This
titration curve is an indirect measurement of proton leak
because a steady oxygen consumption rate (i.e., proton ef-
flux rate) in nonphosphorylating mitochondria is equal to
the proton influx rate due to proton leak.

To determine the individual effect of CLLA isomers on
mitochondrial leakage, both the basal and FFA-induced
proton leakage were measured in differently treated ani-
mals. When the basal proton leakage was evaluated in the
CD rat groups, the mitochondria from the CLA-treated
animals exhibited increased proton leakage (C9 > C10);
the mitochondria from the C9 rats exhibited the highest
oxygen consumption to maintain the same membrane
potential compared with the controls and C10 animals
(Fig. 1F). In FFA-induced conditions, the mitochondria
from the CLA-supplemented animals exhibited compa-
rable kinetic curves (Fig. 1G). No changes were observed
in the expression of uncoupling protein 2 (UCP2) (data
not shown).
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Next, the HyO, yield in the mitochondria was measured.
Aconitase is very sensitive to superoxide exposure; thus, its
activity represents a valuable index of ROS-dependent in-
jury. Interestingly, the HyO, yield was significantly reduced
in the mitochondria from the C9 and C10 groups (C9 >
C10; P<0.05) (Fig. 1H), and, similarly, a higher aconitase
activity was found in the C9 and C10 rats compared with
CD (C9 > C10) (Fig. 1I), thus supporting the link between
mitochondrial leakage and redox status (8).

9,11-CLA, but not 10,12-CLA, administration activates the
Nrf2 pathway

Significantly lower liver lipid contents were measured in
the C9 and C10 rats maintained on CD (8.3 +0.1% and 3.1 +
0.2%, respectively) compared with controls (4.0 = 0.1%).
The oxidative stress marker (PC and TBARS) levels mea-
sured in C9 and C10 animals were similar to the controls
(data not shown). To investigate the ability of individual iso-
mers to activate the Nrf2 pathway, the mRNA expression of
antioxidant/detoxifying enzymes (GCL, GST, and NQO1)
in the liver was compared between the groups maintained
on CD. Interestingly, their levels were significantly elevated
in C9 rats, but no difference in mRNA expression was found
in the C10 animals compared with CD (Fig. 2A). No change
in the GST or NQOI enzyme activity was found in differ-
ently treated rats (data not shown); however, the activation
of Nrf2 pathway in C9 rats was evidenced by enhanced trans-
location of Nrf2 into the nucleus (Fig. 2B) and the higher
cytoplasmic levels of GCL (full-length form, 70 kDa) and
NQOI, compared with the C10 or CD animals (Fig. 2C).

Next, GSH and GSSG concentrations were measured to
evaluate the effects of CLA administration on liver redox
status. The GSH content was not significantly different be-
tween the considered groups (Fig. 2D), but in C9, the
GSSG concentration was ~3-fold lower compared with the
C10 and CD animals (P < 0.02) (Fig. 2E). Consequently,
9,11-CLA administration was associated with a significant
increase of the GSH/GSSG ratio (P < 0.001; Fig. 2F) com-
pared with other treatments.

In addition, because Nrf2 activation was demonstrated
to induce the expression of metabolic genes (PPARs
and FGF21) (13), we investigated whether the enhanced
mRNA levels of the phase 2 enzyme genes were accompa-
nied with increased expression of the PPARa, PPARYy, and
FGF21 genes. The FGF21 and PPARa mRNA levels in the
C9 rats were increased by ~50% and 30% (P = 0.015 and
0.035, respectively) compared with the untreated group
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(Fig. 2G, H). The 10,12-CLA supplement tended to in-
crease the PPARy mRNA levels in the liver, compared with
the CD or C9 treatment. However, this difference was not
statistically significant (Fig. 2I).

9,11-CLA administration to L-fed rats ameliorates diet-
induced alteration of blood parameters

As expected, despite the equal food intake, weight gain
and visceral fat pad accumulation in L-fed rats was ~2-fold
higher than those of controls, and a significant lessening
(~50%) resulted from diet supplementation with both CLA

isomers (supplementary Fig. I). Similarly, the blood hyper-
lipidemia and proinflammatory marker levels (TNF-, IL-
la, and MCP-1), as well as hepatic enzyme activities, were
significantly increased by the L diet. The data in Table 2
clearly indicate that 9,11-CLA is more efficacious to hamper
the diet-induced alteration of biochemical and immuno-
logical parameters. In particular, the triglycerides and total
cholesterol were greatly reduced in the L9 rats (26% and
21%, respectively) compared with the L10 rats (11 and 8%,
respectively), and a more remarkable reduction of TNF-a
and MCP-1 levels was found in the L9 animals (40%) than
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compared with controls (CD). Liver GSH (D), GSSG content (E), and GSH/GSSG ratio (F) measured in
differently treated rats. The results are expressed as the means = SD from triplicate analyses from n = 7

animals/group. Differing superscript letters indicate statistically significant differences (P< 0.05).

in the L10 animals (25%), compared with the L-fed rats.
Notably, a significant reduction of ALT and GGT activities
was measured in the 1.9 animals (P< 0.05), whereas no mea-
surable effects were observed in the LL10 rats. In contrast,
despite the negligible effects on IL-10 levels produced by
the intake of the L-diet alone, IL-10 was upregulated more
by 10,12-CLA than by 9,11-CLA supplementation, com-
pared with the control animals.

Nutritional-induced liver steatosis and oxidative stress are
more efficiently ameliorated via 9,11-CLA treatment

The liver lipid content and oxidative stress markers (PC
and TBARS) were determined in differently treated rats. The

lipid amount in the livers of the L-fed rats was significantly
elevated compared with that in the CD-fed rats, and its
amount resulted in ~8% of the weight of the liver (Fig. 3A),
resembling the level typically found in a steatosis (2). A sig-
nificantly lower fat content was found in the livers of the L9
and L10 animals compared with the L-fed rats (33% or 20%,
respectively) (Fig. 3A). Similarly, the dietinduced enhance-
ment of oxidative stress markers (PC and TBARS) was more
efficiently decreased by 9,11-CLA than by 10,12-CLA supple-
mentation, and the values measured in the L9 rats were com-
parable with those found in the CD animals (Fig. 3B, C).

To assess whether fatty infiltration occurred in the livers
of differently treated rats, lipid-specific Sudan Black staining

TABLE 2. Differential efficacy of individual CLA isomers on HFD-induced biochemical serum marker changes

Serum Parameters L L9 L10
Triglycerides (mg/dl) 168 £ 9* 125 + 3 150 + 3°
Total cholesterol (mg/dl) 100 + 4" 79+ 2" 92 + 4"
TNF-a (pg/ml) 200 + 7 112+ 6" 150 + 10°
MCP-1 (ng/ml) 6.3 +0.5" 3.8+0.2" 4.8 +0.3°
IL-la (pg/ml) 121+ 38° 80+ 1" 76 +9"
IL-10 (pg/ml) 56 + 2° 68 + 3 86+ 1°
ALT (U/1) 71 +5° 58 + 2" 71 + 4°
GGT (U/1) 0.71 + 0.06" 0.65 = 0.06" 0.76 + 0.08"

The results are expressed as the means + SD from triplicate analyses from n = 7 animals/group. Differing
superscript letters indicate statistically significant differences (P< 0.05).
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Fig. 3. CLA supplement improves liver accumulation and histopathological signs in HFD-fed rats. The to-
tal lipid (A), PC (B), and TBARS (C) contents in the livers of differently treated rats are shown. The results
are expressed as the means + SD from triplicate analyses from n = 7 animals/group. Differing superscript
letters indicate statistically significant differences (P < 0.05). Representative photomicrographs of liver sec-
tions from CD, L, and L9 rats (D) stained with Sudan Black (upper panels) or HE (x400) (lower panels).

was performed. Our data revealed that lipid accumulation
was not present in the hepatocytes of CD rats, as indicated
by a weak reactivity to Sudan Black staining (Fig. 3D, up-
per panel). In the liver section of the L group, an intense
pathological injury was observed with the presence of mac-
rovesicular droplets. In the L9 and L10 groups, the pat-
tern of lipid deposition showed a mixed reaction with
micro- and macrosteatosis. This difference in the fatty de-
generation of the hepatocytes between the CD, L, and L9
rats was also visible after HE staining (white vacuoles; Fig.
3D, lower panel). We were unable to determine the quan-
titative differences between the CLA-supplemented sam-
ples; thus, representative microphotographs of the liver
sections from the L9-treated rats are shown (Fig. 3D). The
results indicate that CLA treatment ameliorates diet-
induced liver steatosis and that the associated oxidative
stress signs are more efficiently dampened by 9,11-isomer
rather than by 10,12-isomer supplementation. In addition,
when histological evaluation of macrophage infiltration
was carried out on liver sections, only minor differences in
the number of CD68 positive cells were evidenced (supple-
mentary Fig. II).

9,11-CLA supplement highly reduces the efficiency of
mitochondrial coupling in L-fed rats

The state 4 mitochondrial oxygen consumption in
the L-fed animals in the presence of succinate was simi-
lar to that of CD group but increased in the presence of
palmitoyl-carnitine. In addition, the oxygen consumption

at state 3 was significantly decreased in the presence of
succinate and significantly increased in the presence of
palmitoyl-carnitine (Fig. 4A, B). Notably, compared with
the CD-fed animals, a significant increase in oxygen con-
sumption (at both states 3 and 4) was measured inde-
pendently from the substrate in the L-fed animals
supplemented with individual CLA isomers (L9 > L10)
(Fig. 4B).

The mitochondrial protein mass in the L and L9 rats,
calculated by CS activity/CS-specific activity or cyto-
chrome C levels (Fig. 4C or insert, respectively), was sig-
nificantly higher compared with thatin CD or L10. In the
L rats, the marked increase of mitochondrial protein
mass was accompanied by a decreased state 3 respiration
rate in the presence of succinate; this suggests that the
increased mitochondrial protein mass in these animals
was a compensatory mechanism in response to the diet-
mediated injury. Figure 4D shows that the basal proton
leak in the CLA rats increased (L9 > L10) compared with
the CD and L rats. Regarding the FFA-induced proton
leak among the four analyzed groups, the L rats had the
lowest proton leak, and L9 and L10 had the highest pro-
ton leak (Fig. 4E). The UCP2 protein content was in-
creased in L10 and further increased in L9 compared
with the L and CD rats (Fig. 4F). The CPT activity in the
L9 and L10 rats (12.7 + 0.9 and 9.5 + 0.5 nmol/mg/min,
respectively) was significantly higher than that in the L
(7.8 £0.2 nmol/mg/min) or CD (6.0 + 0.3 nmol/mg/min)
rats. The mitochondrial CPT activity was significantly
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Fig. 4. CLAisomers differently affect coupling efficiency in the liver mitochondria of L-fed rats. The liver mitochondrial respiration rates
were evaluated in the presence of succinate (A) or palmitoyl-carnitine (B) as substrates. CS activity was measured in the liver homogenate
and mitochondrial fractions of differently treated rats; the mitochondrial protein mass was then calculated as the ratio between CS activity
in the homogenate and isolated mitochondria (C). The basal and palmitate-induced proton leak from L (black), L9 (green), L10 (blue),
or CD animals (red) (D, E) were measured in isolated hepatic mitochondria. Representative immunoblot of cytochrome C and UCP2 levels
in liver mitochondria (C and F, insert, respectively) from differently treated rats; the bands were quantified using densitometric analysis
from triplicate experiments, and the values were expressed as average fold increase (+ SD) as compared with CD (F). The CPT activity (G),
intracellular HyO, vield (H), and basal aconitase/total aconitase ratios were reported (I). The results are expressed as the means + SD from
triplicate analyses from n = 7 animals/group. Differing superscript letters indicate statistically significant differences (P< 0.05).

higher in the L9 and L10 rats (32% and 43%) compared
with the L group, and it was also higher (23% and 5%,
respectively) as compared with the L animals (Fig. 4G).
The HyO, yield was increased in the L rats compared with
the control animals and was significantly decreased in
the L9 and L10 animals (L9 > L10) compared with the L
group (Fig. 4H). Similarly, a lower aconitase activity was
found in the L rats compared with the CD group but was
significantly higher in the L9 and L10 animals than in
the L rats (Fig. 4I). By contrast, the higher PGC-la tran-
scription levels produced by HFD intake were influenced
by CLA intake in a nonsignificant way, while minor altera-
tions of PGC-1B mRNA were observed in the differently
treated rats (supplementary Fig. III).
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9,11-CLA preserves Nrf2-mediated cytoprotection and
ameliorates liver redox status in L-fed animals

PPARY and FGF21 upregulation of mRNA levels has been
previously associated with hepatic steatosis (31, 32); however,
owing to the complex interaction between FGF21, PPAR«,
and PPARy pathways, their transcriptional levels were used as
extra indicators of NAFLD progression or to substantiate the
reported links with Nrf2 activation rather than to provide a
comprehensive picture of the CLA impact on their expres-
sion. To confirm the ability of the 9,11-isomer to enhance the
expression of phase 2 enzymes (GCL, GST, and NQOI) and
of nonantioxidant genes (FGF21, PPARa, and PPARYy) down-
stream of the Nrf2 activation, their mRNA levels were mea-
sured in the liver of rats maintained on the L diet.



We found that in the L10 animals, the GST and NQO1
levels (similar to the L-fed group) were significantly re-
duced compared with CD-fed animals, whereas the GCL
levels were not markedly influenced by dietary treatment.
In contrast, 9,11-CLA administration hindered the diet-
induced decline of NQOI and GST expression and in-
creased GCL expression at levels comparable with those of
the CD group (Fig. 5A). The cytoprotective effect of 9,11-
CLA was further indicated by the increased Nrf2 transloca-
tion into the nucleus (Fig. 5B) and by the NQO1 and GST
activities. In fact, these enzymatic activities in the L9 rats
were similar to those measured in the CD fed rats, whereas
they were significantly reduced in the L and L10 groups
(Fig. 5C).

The GSH concentration was markedly increased (~2-
fold) in the liver of the L9 rats, but no significant differ-
ence between the L, C10, and CD animals was found (Fig.
5D). The GSSG concentrations in the L, L9, and L10 rat
liver were significantly higher than in the CD rats (Fig.
5E), and when the GSH/GSSG ratio was calculated, its lev-
els in the L9 rats were markedly higher (40%) than that
found in CD-fed rats; the GSH/GSSG values in L and L10
animals were significantly lower (54% and 20%, respec-
tively) than those found in the CD rats (Fig. 5F). Higher
FGF21 and PPARy mRNA levels (~2-fold) were found in
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the liver of the L-fed rats compared with the liver of the
CD-fed animals; however, these levels were significantly
downregulated in the CLA-treated rats (Fig. 5G, I). Nota-
bly, the PPARa mRNA amount was significantly higher in
the L9 animals, whereas its transcriptional levels in the L
or L10 animals were comparable with those found in the
CD group (Fig. 5H). Therefore, it could be hypothesized
that enhanced GSH content and preserved detoxifying de-
fenses are responsible for improved redox-buffering ca-
pacity in the livers of the 9,11-treated rats.

DISCUSSION

Most of the animal studies aimed at investigating the
CLA effects on liver metabolism have used mixtures (1:1)
of 9,11- and 10,12-isomers, and, despite the detrimental
effect associated to 10,12-CLA intake, only minor effects
were evidenced in animals fed with a 9,11-CLA-enriched
diet (33). The presented results are the first to indicate
that the dietary supplement of 9,11-CLA to young rats acti-
vates Nrf2-mediated cytoprotective defenses and improves
mitochondrial function more efficiently than 10,12-CLA.
Notably, such biological activities also persist in an animal
model of nutritionally induced steatosis, leading to the
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Fig. 5. 9,11-CLA improves the redox status and Nrf2-mediated antioxidant detoxifying defenses in the liv-
ers of L-fed rats. Nrf2 activation in the livers of CD- or L-fed rats supplemented or not with CLA supplement
was examined by measuring the mRNA expression of downstream genes (GCL, GST, and NQO1) (A) and of
genes involved in lipid metabolism (FGF21, PPAR«, and PPARYy) (G-I). Representative immunoblot show-
ing Nrf2 levels in nucleus (B) and the effects of the different treatments on enzyme GST and NQO1 activity
are shown (C). GSH (D), GSSG content (E), and GSH/GSSG ratio (F) were measured in the livers of differ-
ently treated rats. The results are expressed as the means + SD from triplicate analyses from n = 7 animals/
group. Differing superscript letters indicate statistically significant differences (P<0).
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improvement of typical pathological signs such as mito-
chondrial dysfunction and the enhancement of proin-
flammatory and pro-oxidant markers. Our observations
indicate that the beneficial effects elicited by 9,11-CLA
are, at least in part, mediated by its ability to modulate
mitochondria ROS emission and Nrf2 activation.

Liver disease is closely associated with hepatic inflam-
mation and with increased serum levels of TNF-a (34)
or MCP-1 (35); therefore, our data showing lower serum
TNF-o and IL-1a levels in C9 rats, along with increased ALT
levels in C10 animals, are indicative of the higher protective
effect elicited by 9,11-CLA. In order to compare the preven-
tive effect of the individual CLA isomer on the typical signs
of nutritionally induced steatosis, 9,11-CLA or 10-12-CLA
was orally administered to rats maintained on an L diet for
4 weeks. A short-treatment L diet has been previously dem-
onstrated to greatly affect liver homeostasis (36); however,
the marked increase of ALT levels found in the serum of
the L-fed rats was comparable with that expected in the ste-
atosis rather than the steatohepatitis (37). In this experi-
mental condition, the pathological signs were improved by
both individual CLA isomer supplements; however, 9,11-
CLA administration more effectively downregulates patho-
logical changes in the liver (macro- and microvesicular
hepatic steatosis and oxidative stress) and in the serum
(ALT, GGT, proinflammatory cytokines, and chemokines)
compared with 10,12-CLA treatment. These results are con-
sistent with the reported different health benefits elicited by
individual CLA isomers (14), but the favorable effects ex-
hibited by 10,12-CLA are not in complete agreement with a
recent review showing its steatogenic activity (33, 38). The
explanation for this discrepancy can be attributed to dosage
as well as the different treatments or animal models used.
Indeed, when low 10,12-CLA doses were administered (sim-
ilar with those used in the present study), no harmful con-
sequences were observed in mice livers (39). The presented
data showing the higher efficacy of 9,11-CLA are not unex-
pected; although few data show its anti-inflammatory activ-
ity in animal models of steatosis, 9,11-CLA was shown to
suppress the release of proinflammatory cytokines (primar-
ily TNF-a) in several in vitro and in vivo experimental mod-
els (40). It is well established that under the influence of
inflammatory signals macrophages accumulate, although
to a different extent, in both adipose and liver. Notably, the
lack of macrophage accumulation in liver is consistent with
data reporting that adipose tissue represents the preferen-
tial site of macrophage infiltration during the first 6 weeks
of dietary intake of HFD (41). Consequently, it can be con-
cluded that in our experimental conditions the liver does
not actively contribute to the proinflammatory environ-
ment produced by L treatment.

Oxidative stress, in addition to its causal role in the up-
regulation of proinflammatory cytokine and hepatocellu-
lar injury markers (higher ALT and GGT), plays a central
role in the transition from steatosis to NASH and repre-
sents a characteristic sign of animal (42) and human NA-
FLD (43). Data showing the protective effects displayed by
CLA administration to L-fed rats agree with the recently
reported ability of CLA to improve liver status activity (17),
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while the more marked antioxidant effect of 9,11-isomer is
consistent with data showing the ability of a CLA mixture
enriched in 9,11-isomer to reduce the ROS yield/improve
redox status (44).

Mitochondria are the major source of ROS and also
constitute a major target of cumulative oxidative stress. It
is thus conceivable that the generation of ROS damages
the area surrounding their site of production. Because mi-
tochondrial dysfunction is central to NASH physiopathol-
ogy (45), protein mass, oxidative capacity, and energy
efficiency were evaluated in hepatic mitochondria from
differently treated rats.

To the best of our knowledge, this is the first study aimed
at investigating the differential in vivo impact of purified
CLA isomers on mitochondrial efficiency, and presented
data show that CLA supplementation improves mitochon-
drial function in the liver in both nonstressing (CD diet)
and stressing conditions (L diet). In particular, we demon-
strated that 9,11-CLA improves FA oxidation rate and re-
duces ROS yield (by inducing proton leak, which plays a
major role in the control of mitochondrial ROS emission),
as indicated by the decline in HyO, release and increase of
basal aconitase/total aconitase ratio (8).

The results confirm the association between HFD-in-
duced ectopic fat storage in the liver and alterations in the
mitochondrial compartment (3). The L rats exhibited re-
duced respiratory capacity and increased oxidative stress
in their liver mitochondria even if the ability to utilize fat
as a metabolic fuel was elevated. The marked increase of
mitochondrial protein mass accompanied by a reduced
respiratory capacity suggests that increased mitochondrial
protein mass is a compensatory mechanism in response to
the diet-mediated injury in L-fed animals. The increased
mitochondrial FA oxidation rate observed in the fatty liver
can be due to an increased hepatic uptake and synthesis of
FFA caused by an HFD and/or enhanced CPT1 activity
(46), which would further increase the entry of long-chain
FFA into the mitochondria. However, this increase in lipid
oxidation is apparently not sufficient to handle the in-
creased load of hepatic FFAs, the result being that the re-
maining FFAs are converted into triglycerides that are
partly stored in the cytoplasm, causing steatosis. An in-
crease in mitochondrial energy efficiency, as shown by the
decrease in the induced proton leak in L rats, also contrib-
utes to the fat accumulation observed in L rats. Moreover,
in L-fed rats, increased mitochondrial oxidative stress pa-
rameters (HyO, production and aconitase inhibition) can
be due to the concomitant increase in FA oxidation rate
(which enhances the generation of NAD and Flavin Adenine
Dinucleotide, Reduced forms and thus electron delivery to
the respiratory chain) and respiratory chain impairment (as
indicated by the decrease in succinate state 3 oxygen con-
sumption, which would partially block electron flow within
the respiratory chain). Furthermore, a decreased proton leak
can contribute to excessive ROS formation (8) in these ani-
mals. Indeed, the highest increase in respiratory capacity, mi-
tochondrial protein mass, oxidation rate, and CPT system
activity exhibited by the rats supplemented with 9,11-CLA
could play a role in protecting against dietinduced steatosis.



These effects, along with the more marked decline in the
efficient utilization of substrates through a stimulation of
both the basal and FA-induced proton leak (9,11 > 10,12)
would lead to increased fat burn. The significant increase of
CS activity, cytochrome C expression, PGC-la and {3, and
mRNA levels in the C9 group, when compared with C10 or
CD rats, altogether indicate for the first time the capabilities
of 9,11-CLA to improve mitochondrial biogenesis.

The Nrf2-mediated adaptive response triggered by mild
oxidative stress has been reported as a key protective mech-
anism (12). We provide evidence that the 9,11-isomer (at a
low dose of 80 mg/kg body weight), but not 10,12-CLA, im-
proves liver redox status (higher GSH/GSSG ratio and re-
duced PC and TBARS) cytoprotective defenses through a
typical adaptive response. The upregulation of mRNA/pro-
tein expression of well-characterized Nrf2 target genes
(GCL, NQO1, and GST) produced by 9,11-CLA administra-
tion in nonstressing conditions (CD diet) explains, at least
in part, the protective activity exhibited by this isomer
against the pro-oxidant effects accompanying stressing con-
ditions (L diet). As is consistent with a previous study (36),
short-time administration of HFD reduces the expression of
Nrf2 target genes (NQOI1 and GST) and their enzyme activ-
ity. By contrast, the upregulation of the level of GCL, which
is a rate-limiting enzyme in GSH synthesis, likely represents
a compensatory mechanism in response to dietinduced
oxidative stress (lower GSH/GSSG ratio and enhanced oxi-
dative stress markers). In particular, enhanced GSH and
GSH/GSSG found in L9 rats (in the presence of GCL
mRNA levels comparable with that of L animals) may partly
depend on the improved NADH supply resulting from the
increased FA oxidation in mitochondria and by the en-
hanced conversion of GSSG to GSH (by GSH reductase)
downstream the Nrf2 activation (47). Notably, the pre-
sented data showing the positive association of Nrf2 activa-
tion with PGC-la levels are consistent with literature data
reporting the link between these two important mecha-
nisms (48) and suggest that 9,11-CLA improves ROS detoxi-
fication capacities via different mechanisms.

Our results showing the ability of 9,11-CLA to increase
PPARa mRNA levels in CD-fed rats are consistent with those
in the literature (49). Moreover, the concomitant upregula-
tion of Nrf2 activation and PPARa mRNA levels in C9 rats
likely involves signaling from both PPARa and Nrf2; how-
ever, the cross talk between these pathways warrants further
elucidation. Nevertheless, based on the positive association
between PPARa expression and improved redox status in
steatotic livers (50), the involvement of PPAR« in the ben-
eficial effects produced by 9,11-CLA supplement to HFD-
fed rats may be hypothesized. In addition, according to the
reported role of ROS in the transcriptional induction of
PPARa and PGC-1a (44), it can be hypothesized that their
concurrent activation in the liver of C9 rats may be conse-
quential to the generation of mild oxidative stress.

As enhanced mitochondrial uncoupling (essentially in-
creased UCP2 expression) was associated with PPARa in-
duction (51, 52), its involvement in the different efficacy of
CLA isomers, as well as in modulating mitochondrial func-
tion or UCP2 protein expression in L-fed rats (L9 > L10),

may be hypothesized. As is consistent with the reported
modulatory role of Nrf2 in metabolic pathways (13), the in-
crease of PPARa and FGF21 mRNA expression in C9 may
be a consequence of the Nrf2-mediated upregulation of
phase 2 enzymes; in contrast, the marked decline of FGF21
and PPARy mRNA levels in the L9 and L.10 groups is indica-
tive of their protective effects (19, 20). The inhibitory
activity displayed by 9,11-CLA administration on FGF21 over-
expression induced by the steatogenic diet may be explained
on the basis of the reported role of the Nrf2-mediated
hepatic antioxidant and detoxification upon NAFLD pro-
gression (4), whereas the mechanisms underlying the
beneficial effects of 10,12-CLLA (reduced liver steatosis in
L-fed rats) remain to be clarified. PPARvy is highly expressed
in adipose tissue, where activation plays a major role in pro-
moting FA uptake into adipocytes, thereby reducing FA de-
livery to the liver (51). The presented results showing a lack
of influence by 9,11-CLA on PPARy expression in CD-fed
rats are dissimilar to those reporting the positive correlation
between Nrf2 and PPARYy in adipose tissue (2, 19) and to
data showing the FGF21 upregulation by PPARy agonists in
adipocytes (52, 53). These discrepancies may be explained
by the effect elicited by CLA on liver PPARry. This effect may
be secondary to those induced in adipose tissue; therefore,
the negligible difference observed caused by any alteration
may be too subtle for detection.

In conclusion, our findings indicate that the ameliora-
tion of NAFLD signs in response to 9,11-CLA intake is
clearly multifactorial and involves plasma-membrane/
cytoplasmic (Nrf2-Keapl), nuclear (PPARa), and mitochon-
drial biogenesis (PGCl-at), as well as proton leak pathways.
Our study indicates the ability of dietary 9,11-CLA doses to
improve Nrf2- and mitochondrial-mediated cytoprotec-
tions and highlights the efficacy of CLA to reduce oxida-
tive stress conditions induced by an HFD. In addition,
although the more marked protection exhibited by 9,11-
CLA cannot be attributed to a single regulatory mecha-
nism, its beneficial effects are nevertheless likely associated
with the improvement of mitochondrial functioning and
the adaptive response activated downstream of the Nrf2
pathway. Further experiments with different times and/or
dosages are necessary to confirm the therapeutic role of
9,11-CLA for the treatment/prevention of liver disease i

The authors thank Dr. Emilia De Santis for her skillful manage-
ment of the animal house.
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