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Abstract Conjugated linoleic acid (CLA) is a polyun-

saturated fatty acid, which has been recently proven to be

effective in reducing body fat mass, but brings as a side

effect, the liver enlargement due to an increased lipid

content. The in vivo lipogenic activity has been suggested

to be due to the reduction in fat mass and to the consequent

metabolism of blood glucose to fatty acid in the liver rather

than in the adipose tissue. We investigated the ability of

CLA to directly induce steatosis by modulating the

expression pattern of hepatic proteins involved in lipid

metabolism. To avoid interferences derived from CLA

metabolism by other tissues, we used the in vitro model of

freshly isolated rat hepatocytes incubated in the presence of

different CLA isomers. The direct effect of CLA on lipid

accumulation in hepatocytes was demonstrated by the

altered expression pattern of several proteins involved in

lipid metabolism, as assessed by two-dimensional gel

electrophoresis and confirmed by Western blotting analy-

sis. The CLA isomer c9,t11 was most effective in modu-

lating the protein expression profile.

Keywords CLA � Proteomics � 2DE � Lipid metabolism �
Hepatocyte

Introduction

Conjugated linoleic acid (CLA) is a fatty acid belonging to

the group of polyunsaturated fatty acids, which is inten-

sively studied for its beneficial health effects, such as

anti-inflammatory, anti-atherogenic, anti-carcinogenic, and

anti-diabetic/obesity effects. It refers to a substance rep-

resented by the set of positional and geometric isomers of

linoleic acid, mostly present in foods of ruminant origin.

The isomers with physiological importance are the c9,t11,

comprising 80–90 %, and the t10,c12, comprising 3–5 %

of total CLA (Chin et al. 1992; Parodi 1977; Sehat et al.

1998). CLA, in its natural composition, is present in large

concentrations in phospholipids and triacylglycerols of

milk and dairy products, and in meat fat of ruminants

(Griinari and Bauman 1999). Chemically synthesized CLA

mixtures are also available and are usually composed of a

50:50 mixture of c9,t11 and t10,c12 CLA, which are the

most studied isomers.

Dietary supplementation with CLA reduces adipose

tissue and increases the energetic expenditure, the basal

metabolic rate, and the night respiratory quotient in ani-

mals (Muller et al. 2000; West et al. 1998): the only

increase in the energetic expenditure would be already

sufficient to justify the reduction in fat deposit in CLA-

supplemented animals. The body fat-lowering effect of

CLA has also been reported in humans (Gaullier et al.

2004), even though it seems to be less prominent than in

animals. Studies in rabbit and rat showed that CLA acts on

the metabolism of plasmatic lipoproteins, significantly

reducing the plasmatic concentration of triacylglycerols

and LDL cholesterol, and the deposition of cholesterol

in the aorta (Belury 2002; Lee et al. 1994). Conversely,

other studies demonstrated the absence of any improve-

ment in the concentration of plasmatic lipids through
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supplementation of CLA in mice (Tsuboyama-Kasaoka

et al. 2000) and obese men with metabolic syndrome

(Riserus et al. 2002a): CLA actually increased insulin

resistance in obese men and also reduces the concentration

of HDL cholesterol (Riserus et al. 2002a). On the contrary,

HDL cholesterol remains unchanged in normolipidemic

individuals supplemented with CLA (Noone et al. 2002).

The different results reported in animals as well as in

humans may be due to the relative amount and composition

of CLA mix used in the studies. It seems that t10,c12 CLA

isomer, and not the CLA mixture, is responsible for the

increased insulin resistance, fasting blood glucose levels,

and dislipidemia in humans (Riserus et al. 2002b). The

insulin resistance may be induced by an enhancement of

oxidative stress (Riserus et al. 2002b) or by an increase in

the lipolytic rate and free fatty acid levels associated with

supplementation (DeLany et al. 1999). There are evi-

dences, as much from studies on rats as on humans, that

this isomer probably promotes liver hypertrophy and

insulin resistance through redistribution of body fat

(Riserus et al. 2002a). Conversely, in animal models, the

insulin-sensitizing effects of CLA may be due, in part, to

activation of peroxisome proliferator-activated receptor

gamma (PPARc), which is highly expressed in adipose

tissue and macrophages (Olefsky 2001). Despite the many

investigations concerning the alterations in body compo-

sition, the exact mechanisms through which CLA acts on

the adipose tissue are still unknown, and further studies,

using each CLA isomer and long-term clinical studies are

needed to establish their potential anti-atherogenic effects

and mechanisms of action.

The physiologic modifications promoted by CLA in

relation to the gene expression and specific proteins have

also been considered in in vivo and in vitro experimental

models. The results suggest that CLA induces a decrease in

adipose tissue through modulation of the energetic expen-

diture, apoptosis mechanisms, oxidation process of fatty

acids, lipolysis, cellular differentiation, and lipogenesis

(House et al. 2005). In vitro models (Lee et al. 1998)

demonstrated that CLA promotes modifications in the

membrane of the adipose tissue, altering the gene expres-

sion of the adipocyte, leading to the decrease in the con-

centration and consequently to the activity of the delta-9

desaturase enzyme.

Many studies drew the conclusion that CLA improves

the sensitivity to insulin and tolerance to glucose in ani-

mals. This effect explains one of the mechanisms through

which CLA reduces adiposity. The increase in sensitivity to

insulin allows a higher amount of fatty acids and glucose to

overpass the membrane of the muscle cells and to be used

as source of energy. In this way, it could prevent the

deposition of fatty acids in the adipose cells in the form of

triacylglycerols. Therefore, the effect of CLA on body

composition would due in part to the increase in lipolysis

and b-oxidation, with a consequent reduced availability of

fatty acid for triacylglycerol synthesis. The increase in

muscle mass would produce increase in basal metabolism

(Park et al. 1997).

As consequence, it is clear that additional studies on

CLA are necessary having as objective an in-depth evalu-

ation of its mechanisms of action, identification of the

active isomers and their particularities, side effects and

damages to health.

In this work, we aimed to consider the effect of CLA on

liver lipid metabolism. It has been suggested that in vivo it

causes a reduction in fat mass, and the consequent

metabolism of blood glucose to fatty acid in the liver rather

than in the adipose tissue, leading to hepatic steatosis.

Here, we investigated the ability of CLA isomers to

directly alter hepatic liver metabolism by modulating the

expression pattern of hepatic proteins involved in lipid

metabolism. To avoid interferences derived from CLA

metabolism by other tissues, we used the in vitro model of

freshly isolated rat hepatocytes incubated in the presence of

a CLA mixture (CLA c9,t11:CLA t10,c12, 1:1) and of both

the separate CLA isomers (CLA c9,t11 and CLA t10,c12)

on protein expression pattern of isolated rat hepatocytes.

The study has been performed by the use of 2DE for

protein separation, followed by mass spectrometry analysis

for protein identification.

Materials and methods

Hepatocytes isolation

Five adult male Wistar rats (250–300 g) were used

throughout in this study. Animals had free access to

drinking water and were fed a standard laboratory diet

ad libitum. They were housed in a temperature (22 ±

1 �C)- and light (light on 08:00–20:00)-controlled room.

The experimental design was approved by the local Ethical

Committee and by the Italian Ministry of Health (prot. #

121; 08.11.2010).

Hepatocytes were isolated using a modification of the

method described by Iannone et al. (1989). For anesthesia

and to prevent blood coagulation, fed rats were given i.p., a

200 ll/100 g b.w. mix of Nembutal (50 mg/ml saline

buffer) and heparin (60 mg/ml saline buffer). An open,

non-recirculating, in situ liver perfusion was used. After

cannulation of the portal vein, the liver was perfused for

10 min with a calcium-free salin buffer ‘‘T1’’ containing

0.143 M NaCl, 7 mM KCl, 10 mM HEPES-NaOH buffer

(pH 7.4), and EGTA (8 %); the temperature was 37 �C,

and the flow rate was about 10 ml/min; the perfusate was

drained away through the hepatic veins. Subsequently, the
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liver was perfused for 10 min with saline buffer ‘‘T2’’

containing: 0.1 M NaCl, 7 mM KCl, 5 mM CaCl2, 50 mM

Hepes-NaOH buffer (pH 7.6), and 0.05 % liberase (Roche,

Milan, Italy). Then, the liver was removed, placed on a

Petri dish, and gently dispersed in 50 ml of modified

medium ‘‘T3B’’. The composition of modified medium

‘‘T3B’’ was as follows: 60 mM NaCl, 40 mM KCl, 50 mM

Hepes-NaOH buffer (pH 7.4), 1 mM CaCl2, 2 mM

MgSO4, 1 mM Na2HPO4, 5 mM glucose, 1 mM methio-

nine. Vascular and connective tissues were discarded, and

the cells were incubated for 10 min in a shaking water bath

(37 �C). The cells suspension was filtered through a

200-lm mesh, diluted with 100 ml of ‘‘T3A’’ solution

(60 mM NaCl, 40 mM KCl, 50 mM Hepes-NaOH buffer

(pH 7.4), 1 mM CaCl2, 2 mM MgSO4, 1 mM Na2HPO4,

5 mM glucose), and centrifuged at 609g for 2 min. The

pellet was suspended in 25 ml of ‘‘T3A’’ medium using a

5-ml-wide orifice pipet (Gilson). The solution was again

centrifuged for 2 min at 609g, and then, the pellet was

resuspended in 20 ml of ‘‘T3A’’ and filtered through a

100-lm mesh. Five ml of this solution was stratified on a

gradient of Percoll/Hank (25 ml) in 4 tubes and centrifuged

for 2 min at 1,5009g without brake. The pellet was washed

by the use of ‘‘T3A’’ solution and recovered by centrifu-

gation at 1,5009g for 1 min with brake.

Finally, the pellet was resuspended in 12 ml of ‘‘T3A’’

solution. Cell count and cell viability were performed by

the trypan blue exclusion test (Jeejeebhoy et al. 1975) and

only cell preparations with viability greater than 80 % were

used for our experiments. The hepatocyte suspensions were

free of blood and Kupfer cells.

Samples, each containing 5 9 106 cells, were incubated

in the presence of the different CLA isomers: 10 lM CLA

mix (1:1 isomers c9,t11-t10,c12) purchased from Sigma-

Aldrich, Milan, Italy; 10 lM CLA isomer c9,t11 and

10 lM CLA isomer t10,c12 (both kind gift from Prof.

S. Banni of the University of Cagliari and Prof. Anna

Petroni, University of Milan, Italy). As control, hepatocytes

were incubated alone or in the presence of oleic acid (pur-

chased from Sigma-Aldrich, Milan, Italy). The final con-

centration of the different fatty acids in each sample was

always 10 lM. The samples were incubated in a shaking

water bath at 36 �C for 1 h and subsequently centrifuged at

1,5009g for 10 min. Aliquots of each pellet sample were

stored in 4 % buffered formalin for histological examina-

tion. Samples to be used for proteomic analysis were added

with 400 ll of a protease inhibitor (Roche Complete

EDTA-free, Okano), frozen, and stored at -80 �C.

Histological preparation

Cellular pellets resuspended in 3 ml of buffered formalin

(as indicated above) were incubated at room temperature

for 12 h. The cell suspensions were then centrifuged at

1,5009g for 10 min, and the cellular pellets were pro-

cessed as a block. Paraffin-embedded sections were cut at 4

l and then stained with hematoxylin-eosin. Sections were

photographed with a Nikon Eclipse 50i microscope (Nikon,

Tokyo, Japan), using a Plan Fluor 1000X objective with the

Nikon digital sight DS-L1 camera system.

Protein cell extraction

The hepatocytes (5 9 106 cells for sample) were incubated

for 1 h at room temperature in 1.2 ml of extraction buffer

(7 M urea, 2 M thiourea, 3 % CHAPS, 40 mM Tris pH 8.3,

1 % ampholytes). The lysates were centrifuged at

13,0009g for 15 min. at 4 �C and supernatants collected

and precipitated o/n at -20 �C with 12 V of ice-cold

acetone. The protein pellet was recovered by centrifugation

at 10,0009g for 15 min. at 4 �C and resuspended in

300–500 ll of extraction buffer.

Two-dimensional (2-DE) gel electrophoresis

To ensure the reliability of data and reduce experimental

variation, this analysis was performed in duplicate for each

sample type and by the use of an electrophoretic dodeca

cell, which allows to run simultaneously 12 gels under

identical conditions, reducing the number of run variables

and improving reproducibility. Before performing the

2-DE separation, protein concentration of all samples was

measured, using the Bio-Rad Protein Assay (Bio Rad,

Hercules, CA) according to the Neno Drop instructions.

For isoelectric focusing (IEF), 120 lg of proteins were

mixed with extraction buffer up to 300 ll. This mixture

was used to rehydrate 17 cm, pH 3–10 or pH 3–7 (as

indicated) nonlinear ReadyStripTM IPG Strips (BioRad) for

12 h at 20 �C, with a constant voltage (50 V) applied

across the gel strips, which were placed in the Protean IEF

Cell focusing tray (BioRad). The rehydrated gels were

electrophorized at 250 V for 15 min, subjected to a linear

voltage ramp to 10,000 for 3 h, and then focused up to

75,000 V/h. Temperature was maintained at 20 �C. After

IEF, the IPG strips were equilibrated in SDS-PAGE

equilibration buffer, containing 1 % (w/v) DTT, by gentle

shaking for 15 min. The procedure was repeated with SDS-

PAGE equilibration buffer, containing 2.5 % (w/v) iodoa-

cetamide (IAA). Then, the IPG gel was transferred onto

12.5 or 10 % polyacrylamide gels, and SDS-PAGE was

performed in a Protean II xi Cell (BioRad) in TGS running

buffer (25 mM TRIS, 1.92 mM glycine, 1 % SDS, pH 8.3).

Gels were run at a constant temperature (10 �C), 20 mA/

gel for the initial 30 min and 500 V/gel thereafter, until

bromophenol blue dye marker had reached the bottom of

the gel.
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Proteins were visualized with a silver-staining protocol

compatible with protein digestion and MS analysis as

described by Shevchenko (Shevchenko et al. 1996) modi-

fied according to our previous published study (Bellei et al.

2008).

Image analysis

Gel images were acquired with a calibrated densitometer

GS-800 (BIO-RAD). Spots detection, matching, and

quantification analysis were carried out with the PDQuest

7.3.1, 2D Image Analysis software program (BioRad,

Hercules, CA, USA). The quantity of protein in each spot

was normalized by the total valid spot intensity according

to the manufacturer’s instruction. Only the spots that

apparently clearly showing a greater than twofold change

in expression compared with controls were selected. As

controls, master gels have been used. The master gel is a

gaussian synthetic image that contains the spots data from

all the gels of the same type of sample: in our experiments,

the gels selected as masters are those derived from oleic

acid treatment.

Statistical analysis

Spots with an intensity change higher than twofold were

analyzed by the use of statistics. Student’s t test (two-tail)

was used for statistical analysis, and statistical significance

was accepted for P \ 0.05. Significantly varied protein spots

underwent purification and mass spectrometry analysis.

Tryptic in-gel digestion of proteins

Protein spots were excised from gels with a cut end pipette

tip and transferred into a microcentrifuge tube (0.5 ml).

Briefly, protein pieces were destained by incubation with

200 ll of 1:1 v/v solution 30 mM potassium hexacyano-

ferrate (III) and 100 mM sodium thiosulphate, washed

twice with 100 ll of water for 15 min. and shrunk with

100 % acetonitrile until the gels turned white. Proteins

were then reduced adding 50 ll of a DTT solution (10 mM

DTT in 50 mM ammonium bicarbonate) and sequentially

alkylated using a iodacetamide solution (55 mM iodoa-

cetamide in 50 mM ammonium bicarbonate). The gels

were dried for 15 min in a Speed-Vac (Savant Speed-Vac

concentrator). A volume of 30 ll trypsin (Promega, Mad-

ison, WI) solution (12.5 ng/ll in 25 mM ammonium

bicarbonate) was then added, and the gel pieces were

incubated at 4 �C for 30 min. After digestion, trypsin

solution was removed, and the samples were incubated at

37 �C o/n in the same solution without trypsin. Resulting

supernatants, representing peptide solution, were recovered

and concentrated in a Speed-Vac.

After resuspension in 5 % formic acid, the mass spec-

trometry analysis of the peptides was performed.

Mass spectrometry analysis and MS data processing

Mass spectrometry was performed at the CIGS (Centro

Interdipartimentale Grandi Strumenti) of the University of

Modena and Reggio Emilia. The spectrometer was an ESI-

CHIP 6520 accurate mass Q-TOF-LC/MS (Agilent). MS

data were automatically registered in PKL file format,

analyzed and searched with a mammalian public protein/

genome database using MASCOT MS/MS ion search

program version 2.2.06 (Matrix Science, http://www.

matrixscience.com). Search parameters were set as fol-

lows: species rodents; enzyme trypsin; allowance of one

missed cleavage site; carbamidomethylation as fixed

modification; peptide tolerance ±0.8 Da; MS/MS toler-

ance error of ±0.4 Da; monoisotopic mass values and

protein mass unrestricted. The score cut-off for 95 %

protein identification was set to 37. Protein identification

was repeated at least once using spots from different gels.

The highest score hits among MASCOT search results

were selected. The Micromass software (MassLynxTM;

version 4.1—2005) allows for the automated selection of

peptides for fragmentation (and therefore primary structure

determination) when peptide ions above a certain detection

level are recorded. Since ESI normally produces multiply

charged peptide ions, parameters were chosen so that only

multiply charged ions were selected for sequencing by MS/

MS. The database searched was the Swiss-Prot 57.8 8

October 2009 (509019 sequences; 178948533 residues).

Western blot

Equivalent amounts (300 lg) of protein extracts for 2DE

analysis were dissolved in loading buffer 19 (62.5 mM

Tris–HCl pH 6.8, 2 % SDS, 10 % glycerol, 0.002 %

bromphenol blue), loaded on 12 % SDS-polyacrylamide

gel and electrophoresed in TGS buffer. The separated

proteins were transferred to a nitrocellulose membrane

(Trans-Blot Transfer Medium, BIO-RAD) by electroblot-

ting procedure (200 mA for 2 h at 4 �C) in TGM buffer 19

(25 mM Tris pH 8.8, 192 mM glycine, 20 % methanol). In

order to monitor the electroblotting efficiency, the mem-

brane was stained in 0.1 % Ponceau S, 5 % acetic acid and

destained in 19 TBST (0.05 M Tris–HCl pH 7.4, 0.15 M

NaCl, 0.1 % Tween 20). Membranes were pre-blocked in

blocking solution (5 % milk, 1 % TBST) for 1 h at room

temperature and then incubated with the specific antibod-

ies: polyclonal anti-ferritin light chain (D-18) (1:100 dilu-

tion o/n, 4 �C), polyclonal anti-peroxiredoxin 3 (1:333

dilution o/n, 4 �C), monoclonal anti-b actin (C4) (1:5000

dilution for 2-h room temperature) followed by a 1-h

514 Genes Nutr (2012) 7:511–527

123

http://www.matrixscience.com
http://www.matrixscience.com


incubation at room temperature with a secondary specific

anti-goat, anti-rabbit, and anti-mouse conjugated to horse-

radish peroxidase. Anti-ferritin light chain and anti-b actin

were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA), while anti-peroxiredoxin 3 from Abcam

(Cambridge, UK). Detection was carried out using

chemiluminescence blotting substrate (ECL Plus kit,

Amersham Bioscences) following the manufacturer’s

instructions.

Results

Hepatocytes, freshly isolated from male Wistar rats, were

incubated for 1 h in the presence of CLA mix (c9,t11 and

t10,c12) or CLA isomers (c9,t11 r t10,c12), respectively.

As a control fatty acid, the oleic acid was used; the latter

was further compared with non-treated control hepatocytes.

To assess that fatty acids actually enter the hepatocytes,

we performed the histological analysis on hepatocytes

incubated in the absence (Fig. 1a) or in the presence of

the different compounds (Fig. 1b–e). After 1-h incubation,

the cytoplasm of fatty acid-treated hepatocytes (Fig. 1b–e),

stained in hematoxylin-eosin, showed evident fat accumu-

lation.

The hepatocytes samples were then processed by 2DE to

define the proteomic expression profile: to document

reproducible repeats of detected protein patterns, each

sample was analyzed twice.

We detected a large number of protein spots on each

2DE gel, with a mean number of 520 spots. The modifi-

cations in protein expression in the different groups of

treatment were evaluated using the PDQuest software: only

protein spots with a twofold intensity variation were

selected for statistical analysis.

Comparing 2-DE gels from control hepatocytes with

those from oleic acid-treated hepatocytes (Fig. 2), we did

not detect any significant variation (P value \0.05) in

protein expression.

On the contrary, the treatment with CLA mix modified

the hepatocytes expression profiles: 6 low molecular

weight proteins (indicated by arrows in Fig. 3a, b) were

significantly differentially expressed in the oleic acid-

treated hepatocytes (master gel in Fig. 3a). Five of these

were significantly decreased in abundance levels (squares

in Fig. 3b). The mass spectrometry analysis identified these

proteins as the macrophage migration inhibitory factor

(MIF, spot # 2), the D-dopachrome decarboxylase dx and

sn (DOPD, spot # 3 and # 4), the histidine triad nucleotide-

binding protein (HINT1, spot # 5), and the fatty acid-

binding protein (FABP7, spot # 6). Only one protein, the

ATP synthase subunit d (ATP5H, spot # 17) was signifi-

cantly increased in expression (circle in Fig. 3b). The

treatment with the two separate isomers (c9,t11 CLA and

t10,c12 CLA) was ineffective in producing any significant

change in the expression profile (see Fig. 3c, d). We con-

sidered that protein spots in the 25–37 kDa mw range were

too overlapped to be properly analyzed by PDQuest. To

obtain a better separation between spots, we applied to run

also 2DE on 10 % acrylamide/SDS gels.

As shown in Fig. 4, also in the high molecular weight

region, we found protein spots with different expression

profile in hepatocytes treated with CLA mix compared to

oleic acid master gel (Fig. 4a, b respectively). In particular,

we found that agmantinase dx and sn (SPEB dx and SPEB

sn, spots # 9 and # 11) and the proteasome subunit b type-7

(PSB7, spot # 15) were over-expressed, while other 6 pro-

teins were down-regulated. These latter were as follows: the

isocitrate dehydrogenase [NAD] subunit alpha (IDH3A,

spot # 7), the thioredoxin-dependent peroxide reductase

(PRDX3, spot # 8), the 6-phosphogluconolactonase (6PGL,

spot # 10), the peroxiredoxin-5 (PRDX5, spot # 12), the

ferritin light chain (FTL1, spot # 13), and the isoamyl

acetate-hydrolyzing esterase 1 homolog (IAH1, spot # 14).

Considering the 2DE gels of hepatocytes treated with the

separate isomers, under these conditions we found that

c9,t11 CLA was able to significantly modify the expression

of 8 proteins (Fig. 4c). The dihydrofolate reductase (DYR,

spot # 16) and the ATP synthase subunit d (ATP5H, spot #

17) were over-expressed (circles), while PRDX3, PRDX5,

FTL1, regucalcin (RGN, spot # 18), serum paraoxonase/

arylesterase 1 (PON1, spot # 19), and 3-hydroxyisobutyrate

dehydrogenase (3HIDH, spot # 20) were down-regulated

(squares). The t10,c12 CLA isomer was ineffective in

producing any significant modification of the protein

expression pattern also using this type of spot separation.

We then decided to better explore another area of the

2DE gels which was still very dense of spots, with a con-

sequent low resolution. This was the area between the pH

range of 7 and 10. In Fig. 5 is shown the comparative

analysis of the 2DE gels performed using the 7–10 pH

range: it can be noted that other 6 protein spots showed a

differential expression depending on the type of treatment.

Proteins significantly modified (all over-expressed) were

the fumarylacetoacetate hydrolase domain-containing pro-

tein 1 (FAHD1, Spot # 21), the enoyl-CoA hydratase

(ECHS1, Spot # 22), the sorbitol dehydrogenase (DHSO,

Spot # 23), and the methylmalonate-semialdehyde dehy-

drogenase (MMSA, Spot # 24) in hepatocytes treated with

the CLA mix compared to the hepatocytes treated with

oleic acid. The CLA isomer c9,t11 induces an increased

expression of the carbonic anhydrase 3 (CAH3, Spot # 25)

and of the hydroxyacyl-coenzyme A dehydrogenase

(HCDH, Spot # 26). Proteins FAHD1 e CAH3 are also

over-expressed in hepatocytes as a consequence of the

CLA isomer t10,c12 treatment.
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The protein spots differentially expressed in all the

different types of 2DE gels were in total 26, and they are

described in Table 1, where the first column denotes the

2-DE gel image spot number as illustrated in Figs. 3, 4, and

5 associated with a commonly used protein name (column

2). Column 3 indicates the known gene symbol; column 4

Fig. 1 Hepatocyte clusters observed by light microscopy after

hematoxylin-eosin staining (91,000). Cells were incubated for 1 h

in the presence of the different types of fatty acid: a control

hepatocytes (no treatment), b hepatocytes incubated with oleic acid,

c with CLA mix, d with c9,t11 CLA, and e t10,c12 CLA. It can be

noted that hepatocytes treated with fatty acids (b–e) present in

cytoplasm microvacuolations, which attest their uptake
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shows the sequence coverage, that is the percentage of

amino acids sequenced for the identified protein; column 5

represents the theoretical mw of the unprocessed protein;

column 6 indicates the pI of the protein; column 7 shows

the score, and column 8 specifies the Swiss-Prot primary

protein accession numbers as identified by MS analysis. In

supplemental Table 1S, the aminoacid sequences of pep-

tides identified by mass spectroscopy are described.

Considering only proteins with an altered expression

involved in lipid metabolism, we report in Fig. 6 the results

of the Student’s t test.

Finally, to validate the 2DE results, we tested the

expression of two selected proteins by Western blotting.

This analysis confirmed the decreased expression of the

PRDX3 and FTL1 in hepatocytes treated with CLA mix

and c9,t11 CLA (Fig. 7).

Discussion

Several studies already demonstrated that CLA profoundly

reduces body weight and body fat mass in different spe-

cies and also alters hepatic liver metabolism (Vyas et al.

2012). The mechanism of action through which CLA may

work to decrease body fat is still unclear: this represents a

pivotal issue since CLA is suggested as a dietary sup-

plement in humans. It has been suggested an increase in

the lipogenetic activity of the liver as a consequence of

the large reduction in fat body mass; in this situation, the

blood glucose would be metabolized to fatty acid and

stored as triacylglycerol in the liver, rather than in the

adipose tissue.

The aim of this study was to investigate whether the fat

accumulation in liver could be instead due to an effect of

CLA on the expression of liver proteins involved in lipid

metabolism, in the search of the mechanism(s) involved in

the lipogenic activity. Moreover, data in the literature are

controversial on the role of the specific CLA isomers. The

presence of a hypothesized connection between fat tissue

and liver led us to use isolated liver cells to avoid a pos-

sible interference derived from CLA metabolism by other

tissues. This made feasible the demonstration that of a

direct effect of CLA on lipid accumulation in liver exists,

as we found a dysregulation in the expression of 7 pro-

teins (IAHI, PRDX3, RGN, FTL1, ATP5H, ECHS1, and

HCDH), which are all related to lipid metabolism even though

to a different extent.

We also demonstrated that most of CLA effects are due

to the c9,t11 isomer, since most of the proteins signifi-

cantly varied after CLA mix treatment have altered

expression levels in hepatocytes incubated with this iso-

mer. On the contrary, the CLA t10,c12 seems to be

ineffective on lipid metabolism in liver: it might be pos-

sible that the in vivo effect on lipid metabolism is due to

an action of this isomer on the visceral lipid, leading to a

fat mobilization (Fig. 8).

Fig. 2 2DE separation of proteins from rat hepatocytes by the use of

12.5 % acrylamide/SDS gels. a A representative 2DE gel from

control hepatocytes and b one from oleic acid-treated hepatocytes.

Protein spots detected were about 520. No statistically significant

differences were found comparing the expression pattern in hepato-

cytes incubated under these conditions
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In c9,t11 CLA-treated hepatocytes, four proteins

(PRDX3, RGN, FTL1, and HCDH) appeared down-regu-

lated, while in CLA mix-treated hepatocytes also ECMH

and IAH1 are down-regulated and only the ATP5H showed

an up-regulated expression. It has to be noted that some of

these proteins have also some relevant effects in inflam-

mation and in tumor progression. In fact, it is also known

that CLA possesses antitumor activity in breast cancer,

even though the mechanism of this effect has not yet been

elucidated: some studies have suggested an involvement of

the estrogen signaling pathway. We discuss below all the

dysregulated proteins.

Proteins dysregulated by CLA treatment

IAH1 The isoamyl acetate-hydrolyzing esterase 1 homo-

log is a protein belonging to the GDSL lipolytic enzyme

family and is involved in lipid degradation (Fukuda et al.

2000). A down-regulation of this protein might lead to lipid

accumulation in liver. From our experiments, it cannot be

Fig. 3 Comparative analysis of 12.5 % acrylamide/SDS 2DE gels.

a A master gel representing the spots derived from 2De gels of oleic

acid-treated hepatocytes, b a representative 2DE gel from CLA mix-

treated hepatocytes, c a representative 2DE gel from c9,t11 CLA-

treated hepatocytes, and d a representative 2DE gel from t10,c12

CLA-treated hepatocytes. Squares indicate down-regulated proteins,

circles over-expressed proteins respect to oleic acid treatment
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defined which CLA isomer is responsible for the altered

expression of IAH1: its involvement needs to be further

investigated.

PRDX3/PRDX5 The peroxiredoxin 3 and 5 are members

of an expanding family of highly conserved proteins

termed peroxiredoxins, which catalyze the reduction of

peroxides in the presence of thioredoxin (Chae et al. 1994;

Kang et al. 1998). These proteins have been shown to be

involved in diverse cellular roles, including proliferation

(Prosperi et al. 1993), apoptosis inhibition (Zhang et al.

1997), pro-inflammatory activity, and the response to

oxidative stress (Araki et al. 1999).

It was seen that PRDX3, a mitochondrial protein, acts

synergistically with MAP3K13 in the positive regulation of

NF-kB in the cytosol (Masaki et al. 2003).

TNF-a and IL-6 (Chen et al. 2001) are target genes of the

regulatory nuclear factor jB (NF-jB), which is a critical

transcription factor in inflammation and the immune

response (Li and Verma 2002; Nathan 2002). The activation

of NF-jB up-regulates gene expression of a variety of pro-

inflammatory cytokines. It has already been demonstrated

that NF-jB is significantly activated in the peripheral blood

mononuclear cells (PBMC) of obese people, leading to an

increase in the mRNA and protein levels of TNF-a, IL-6,

and CRP (C-reactive protein) (Ghanim et al. 2004).

Moreover, authors (Wonsey et al. 2002) demonstrated

that PRDX3 is a c-Myc target gene, and it is required for

Myc-mediated proliferation, transformation, and apoptosis

after glucose withdrawal.

The potential role of PRDX3 in tumorigenesis has

recently been examined in breast cancer, where elevated

Fig. 4 Comparative analysis of 10 % acrylamide/SDS 2DE gels. Squares indicate down-regulated protein spots, circles over-expressed protein

spots respect to oleic acid treatment. a Oleic acid master gel, b CLA mix, c c9,t11 CLA, and d t10,c12 CLA-treated hepatocytes
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levels of PRDX3 protein were found in 79 % of the

cases examined (Noh et al. 2001). More recently, some

authors found that silencing the PRDX3 lead to the

inhibition of cell proliferation in breast cancer (Chua

et al. 2010).

Deregulated expression of the c-Myc transcription factor

in a wide variety of human tumors is well known. More-

over, in many studies it is beginning to emerge that Myc

functions may have accelerated multiple metabolic path-

ways, including amino acid and nucleotide synthesis, lipid

metabolism, and glycolysis. Whether Myc also affects

mitochondrial metabolism remains unclear.

In our study, we demonstrated a decreased expression of

PRDX3 and PRDX5 both in CLA mix- and c9,t11 CLA-

treated hepatocytes. Thus, we can suppose that this

mechanism could be in some part responsible for the anti-

inflammatory and anti-tumoral effects.

RGN In 1978, regucalcin was discovered as a calcium-

binding protein that does not contain the EF-hand motif of

the Ca2?-binding domain (Shimokawa and Yamaguchi

1993; Yamaguchi 1988; Yamaguchi and Mori 1988;

Yamaguchi and Sugii 1981; Yamaguchi and Yamamoto

1978). In recent years, regucalcin has been demonstrated to

play a multifunctional role as a regulatory protein in

intracellular signaling processes in many cell types

(Yamaguchi 1992, 2000a, b, 2005). It also plays a role in

the maintenance of intracellular Ca2? homeostasis, in

inhibitory regulation of various Ca2?-dependent protein

kinases, tyrosine kinases, protein phosphatases, and nitric

oxide synthase (Yamaguchi 1992, 2000a, b, 2005). Regu-

calcin also has a suppressive effect on DNA and RNA

synthesis in the nucleus of proliferative cells (Tsurusaki

and Yamaguchi 2002a, b), so that its over-expression

modulates tumor-related gene expression. In a study

undertaken to determine whether lipid components in the

adipose and liver tissues are changed in regucalcin trans-

genic (TG) rats in vivo, it has been demonstrated that tri-

glyceride, total cholesterol, and free fatty acid content in

liver were significantly decreased in regucalcin TG rats

(Yamaguchi and Nakagawa 2007). Also, liver glycogen

levels were decreased: this effect has been linked to a

suppressive effect of RGN on glycogen phosphorylase

a activity (Yamaguchi and Shibano 1987).

In c9,t11 CLA-treated hepatocytes the presence of a

down-regulation RGN could then result in an increased

glycogen synthesis in liver and also in an increased amount

of liver total lipid content.

FTL1 The results of recent studies have suggested a

crucial role of a dysregulated iron metabolism in the ini-

tiation of breast cancer (Kabat and Rohan 2007; Lieghr and

Jones 2001), as well as in its progression toward a distinct

advanced malignant phenotype (Huang 2008). Intracellular

iron homeostasis is tightly regulated by the expression of

ferritins, which are highly conserved spherically shaped

proteins, that can store large amounts of iron in a safe,

soluble, and bioavailable form (Arosio et al. 2009). The

significance of ferritin defects in the etiology of various

human pathologies, including cancer, has recently become

increasingly evident (Torti and Torti 2002).

In order to define the role of ferritin in cancer, Shpyleva

et al. (2011) suggest that also the up-regulation of FTL1

levels is associated with the progression of breast cancer

toward a more advanced malignant phenotype.

On the other hand, You et al. (2003) speculate that

increased expression of FTL1 may contribute to patho-

genesis of coronary artery disease by modulating oxidation

Fig. 5 Comparative analysis of 10 % acrylamide/SDS 2DE gels of

isolate hepatocytes. All protein spots were down-regulated and

indicated by squares. IGP strips were in a 7–10 pH range. a Oleic acid

master gel, b CLA mix, c c9,t11 CLA, and d t10,c12 CLA-treated

hepatocytes
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of lipids within the vessel wall through the generation of

reactive oxygen species: they proposed an association

between excessive iron storage and a high risk of coronary

artery disease.

Another aspect to be taken into account is the possibility

that FTL1 could be a protein likely serve roles as molecular

chaperone in regulating the secretion of apolipoprotein B.

The biogenesis of apolipoprotein B is quite complex in

view of its huge size, hydrophobicity, obligate association

with lipids such as cholesterol and triglycerides prior to

secretion, and intracellular degradation of a substantial

proportion of newly synthesized molecules. Rashid et al.

(2002) found that ferritin light chains can directly bind

apolipoprotein B in rat liver. It is not known whether FTL1

plays a role also in the biogenesis of ApoB. In our

experiments, the down-regulation of FTL1 induced by

c9,t11 CLA could reduce the secretion of lipid into the

plasma due to the loss of interaction between FTL1 and

ApoB, and thus, lipids accumulation in liver could occur.

ATP5H In a study on mice, Van Greevenbrek et al.

(2004) described the up-regulation of levels of ATP5H

protein associated with fatty liver. In our study, the level of

this protein in c9,t11 CLA-treated hepatocytes is increased

supporting the idea of putative role of this isomer in fatty

liver.

ECHS1 Enoyl-Coenzyme A hydratase catalyzes the

hydration of t-2-enoyl-CoA to yield 3-hydroxyacyl-CoA

during the b-oxidation of short-chain fatty acid in

mitochondria.

Table 1 Proteins differentially expressed separated by 2DE electrophoresis and identified by mass spectrometry analysis

Spot # Protein description Gene Sequence

coverage (%)

Mw

(kDa)

pI Score Swiss-Prot

access.#

1 ATP synthase subunit d, mitochondrial (ATP5H)* ATP5H 64 18.8 6.21 689 P31399

2 Macrophage migration inhibitory factor (MIF)** MIF 13 12.6 7.28 89 P30904

3 D-Dopachrome decarboxylase (DOPD)* DDT 65 13.2 6.09 293 P80254

4 D-Dopachrome decarboxylase (DOPD)** DDT 76 13.2 6.09 206 P80254

5 Histidine triad nucleotide-binding protein 1 (HINT1)** HINT1 32 13.9 6.36 58 P62959

6 Fatty acid-binding protein, brain (FABP7)* FABP7 40 15.1 5.46 53 P55051

7 Isocitrate dehydrogenase [NAD] subunit alpha,

mitochondrial (IDH3A)**

IDH3A 13 40.0 6.47 100 Q9D6R2

8 Thioredoxin-dependent peroxide reductase, mitochondrial

(PRDX3)*

PRDX3 21 28.6 7.14 323 Q9Z0V6

9 Agmatinase, mitochondrial (SPEB)* AGMAT 12 38.4 6.71 198 Q0D2L3

10 6-phosphogluconolactonase (6PGL)* PGLS 12 27.4 5.54 40 P85971

11 Agmatinase, mitochondrial (SPEB)* AGMAT 9 38.4 5.60 53 Q0D2L3

12 Peroxiredoxin-5, mitochondrial (PRDX5)** PRDX5 24 22.5 8.94 91 Q9R063

13 Ferritin light chain 1 (FTL1)* FTL1 39 20.8 5.99 187 P02793

14 Isoamyl acetate-hydrolyzing esterase 1 homolog (IAH1)* IAH1 30 28.4 5.63 52 Q711G3

15 Proteasome subunit beta type-7 (PSB7)* PSMB7 11 30.2 8.13 32 Q9JHW0

16 Dihydrofolate reductase (DYR)** DHFR 29 21.7 6.77 58 Q920D2

17 ATP synthase subunit d, mitochondrial (ATP5H)** ATP5H 49 18.8 6.17 177 P31399

18 Regucalcin (RGN)* RGN 51 33.9 5.27 792 Q03336

19 Serum paraoxonase/arylesterase 1 (PON1)** PON1 25 39.7 5.12 101 P55159

20 3-Hydroxyisobutyrate dehydrogenase, mitochondrial

(3HIDH)**

HIBAH 30 35.7 8.73 454 P29266

21 Fumarylacetoacetate hydrolase domain-containing protein

1 (FAHD1)**

FAHD1 26 24.7 7.62 422 Q6AYQ8

22 Enoyl-CoA hydratase, mitochondrial (ECHS1)** ECHS1 42 31.9 8.39 779 P14604

23 Sorbitol dehydrogenase (DHSO)* SORD 35 38.8 7.14 172 P27867

24 Methylmalonate-semialdehyde dehydrogenase,

mitochondrial (MMSA)*

ALDH6A1 43 58.2 8.47 1,602 Q02253

25 Carbonic anhydrase 3 (CAH3)* CA3 61 29.7 6.89 258 P14141

26 Hydroxyacyl-CoA dehydrogenase, mitochondrial

(HCDH)*

HADH 18 34.5 8.83 65 Q9WVK7

* P \ 0.05; ** P \ 0.01
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The CLA mix in rat hepatocytes causes a reduction in

ECHS1 expression, possibly leading to a decreased fatty

acids oxidation and the consequent fat accumulation in cells.

HCDH Hydroxyacyl-CoA dehydrogenase catalyzes in

mitochondria the oxidation of 3-hydroxyacyl CoA: it also

belongs to the b-oxidation pathways, catalyzing the step

following that of ECHS1. This enzyme exerts its highest

activity toward 3-hydroxybutyryl-CoA. The down-regula-

tion of HDCH is mostly due to the c9t11 CLA isomer.

MMSA It belongs to the aldheyde dehydrogenase super-

family and is located in the mitochondrial matrix space.

This enzyme has a role in valine and pyrimidine catabolic

pathways and, like other aldehyde dehydrogenases, has

esterase activity. It binds fatty acyl-CoA: long-chain fatty

acyl-CoA esters inactivate MMSA by acylation of its

active site cysteine residue, and this mechanism has been

proposed as a mechanism for the regulation of MMSA

activity in vivo. In our experiments, we also found that

fatty acid (i.e., CLA mix) might reduce also the expression

of this enzyme.

MIF This is a pro-inflammatory cytokine, secreted by

activated macrophages and involved in the innate immu-

nity: its expression at sites of inflammation suggests a role

as mediator in regulating the function of macrophages in

host defense. Its expression is reduced by CLA mix: this is

in agreement with the hypothesized anti-inflammatory

function of CLA.

DOPD This protein is localized in cytoplasm and maxi-

mally expressed in liver. It is mostly involved in the mel-

anin biosynthetic process and also in inflammatory

response. The anti-inflammatory action of CLA mix may

be explained also through the reduced expression of this

enzyme.

Fig. 6 Statistical analysis of significantly up- and down-regulated

proteins involved in lipid metabolism. As a control the oleic acid-

treated hepatocytes have been considered. CLA mix (upper panel)
and c9,t11 CLA (lower panel) have been demonstrated effective in

modifying the expression levels of the indicated liver proteins

(Student’s t test: *P \ 0.05; **P \ 0.01)

Fig. 7 Western blotting of hepatocytes lysates treated with CLA

isomers and oleic acid. For each protein line, the following samples

have been analyzed: control hepatocytes (line 1); CLA mix-treated

hepatocytes (line 2); c9,t11 CLA-treated hepatocytes (line 3); t10,c12

CLA-treated hepatocytes (line 4); oleic acid-treated hepatocytes (line
5). Equal amounts of cell lysates were subjected to SDS-PAGE and

probed with anti-FTL1 (a) and anti-PRDX3 (b) specific antibodies.

Expression of b-Actin was used to normalize protein loading (c).

Protein sizes are reported in the left side of each panel. Densitometric

analysis of band intensity is reported for PRDX3 (d) and FTL1 (e),

where optical density (OD) values have been used as arbitrary unit
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HINT1 This protein was first reported to be a protein

kinase C inhibitor (Pearson et al. 1990), but today this role

is viewed with skepticism. It is an adenosine 50-mono-

phosphoramide hydrolase present in cytoplasm and

involved in the reticulum endothelium to Golgi vesicle-

mediated transport. Most of the experimental evidence

supports a role for HINT1 in the regulation of transcription

that could affect tumorigenesis signaling pathways: a lower

expression of HINT1 has been found in hepatocellular

carcinoma (Wang et al. 2009); mice lacking HINT1 develop

more tumors when treated with a carcinogen (Su et al.

2003). The administration of CLA mix causes a down-

regulation of this protein, suggesting the need of further

investigations to exclude harmful effects of this fatty acid.

FABP7 Intracellular lipid chaperones known as FABP

are a group of molecules that coordinate lipid responses in

cells and are also strongly linked to metabolic and

inflammatory pathways. These proteins reversibly bind

hydrophobic ligands, such as saturated and unsaturated

long-chain fatty acids, eicosanoids and other lipids, with

high affinity. However, little is known about the exact

biological functions and mechanism of action: studies in

cultured cells have suggested their potential role in fatty

acid import, storage, and export, as well as cholesterol and

phospholipid metabolism (Chmurzynska 2006). CLA mix

administration in hepatocytes leads to a reduced expression

of FABP7, which is normally expressed in brain and also in

mammary gland and retina, and that, as we found, is nor-

mally expressed also in the liver. This finding might

support the hypothesis of an alteration in lipid metabolism

induced by CLA.

IDH3A This is a mitochondrial enzyme belonging to

the tricarboxylic acid cycle: it catalyzes the conversion of

isocitrate to a-ketoglutarate and carbon dioxide. We can sup-

pose that the administration of CLA mix might be responsible

for a reduced activity of the tricarboxylic acid cycle.

SPEB This mitochondrial enzyme belongs to the arginase

family and catalyzes the urea synthesis from agmantine,

giving also putrescine. Agmantinase may be advantageous

for tumor growth, since putrescine and other polyamines

derived from this latter (i.e., spermidine and spermine) are

required for progression of the cell cycle and, as such, play

an important role in cell proliferation (Wei et al. 2001) and

probably in cancer growth. There are evidence that poly-

amines and their biosynthetic enzymes (i.e., arginase) are

significantly up-regulated in tumors (Gokmen et al. 2001;

Wu et al. 1996). The presence of an up-regulation of SPEB

in hepatocytes treated with CLA mix might be advanta-

geous for tumor growth.

6PGL This protein, localized in the cytoplasm, belongs to

the carbohydrate degradation pathway: it catalyzes the

hydrolysis of 6-phosphoguconolactone to 6-phosphoglu-

conate. Its expression is reduced by CLA mix, indicating a

possible interference with carbohydrate metabolism.

PSB7 It is a component of the proteasome, a multicata-

litic endopeptidase complex (composed of PSB5, PSB6,

Fig. 8 Hypothetical

mechanism of action of CLA

isomers
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and PSB7) present in the 20S proteasome. In response to

interferon-c signaling, the three subunits can be replaced by

very homologous but different gene products, LMP7,

LMP2, and MECL-1, respectively, forming the so called

immunoproteasome. The regulation of PSB7 and MECL-1

appears to be reciprocal, that is, when PSB7 is down-reg-

ulated, MECL-1 is up-regulated and vice versa. Interest-

ingly, down-regulation of LMP2, LMP10, and MECL-1

has been observed in human breast, colon, and lung cancers

(Gobbi et al. 2004; Johnsen et al. 1998; Miyagi et al. 2003),

implying that their counterparts including PSB7 may be

up-regulated compensatorily. This could represent a

selective advantage for cancer since the immunoprotea-

some is responsible for MHC class I immune recognition.

Recently, PSB7 expression level has been found increased

in human colorectal cancer (Rho et al. 2008). In our study,

we found that the expression of PSB7 is increased in

hepatocyte treated with CLA mix: nevertheless, we believe

that the functional role of PSB7 in cancer awaits further

experimental investigation.

DYR This is an essential enzyme that catalyzes the

reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate,

which is a key step in the synthesis of purines, pyrimidines,

and several amino acids. Inhibition of DYR blocks DNA

synthesis and leads to cell death: for this reason, it is

considered as a very attractive therapeutic target for cancer

(Huennekens 1994). The administration of c9,t11 CLA

causes an increased expression, which might facilitate cell

proliferation.

PON1 It belongs to a family of antioxidant enzymes,

since its role is to hydrolyze oxidized lipids. PON1 protects

LDL and HDL from lipid peroxidation by degrading spe-

cific oxidized cholesteryl esters and specific oxidized

phospholipids contained in oxidized lipoproteins (Aviram

et al. 1998; Sangvanich et al. 2003). Moreover, PON1 is

involved in coordinating the inflammatory response in

tissues since it inhibits the production of the monocyte

chemoattractant protein-1 (MCP-1) induced by oxidized

LDL in endothelial cells (Mackness et al. 2004). The

reduced expression of this enzyme caused by c9,t11 CLA

administration might lead to reduced defense against oxi-

dative stress.

3HIDH This mitochondrial enzyme is essential for valine

catabolism, since it catalyzes an NAD?-dependent,

reversible oxidation of 3-hydoxyisobutyrate (the most

important valine catabolite from muscle) to methylmalo-

nate-semialdehyde. The control of 3HIDH is of interest

because elevated levels of 3-hydroxyisobutyrate have been

reported in a number of disease states, like ketoacidosis of

various etiologies (Landaas 1975). In our experiments, the

expression of 3HIDH is reduced by c9,t11 CLA

administration, and this might lead to increased level of

3-hydroxyisobutirate.

FAHD1 Fumarylacetoacetate hydrolase (FAH) domain-

containing protein 1 (FAHD1) is part of the FAH protein

superfamily. Its enzymatic function has been unknown for

long time. Recently, it has been demonstrated to possess

acylpyruvate hydrolase activity. CLA mix and t10-c12

CLA cause a reduced expression of FAHD1: it remains

difficult to speculate on the effects that might derive from

this down-regulation.

DHSO This enzyme belongs to the alcohol dehydroge-

nase superfamily. The metabolism of glucose, under nor-

mal physiological conditions, proceeds through its

phosphorylation by hexokinase/glucokinase, with about

3 % of the glucose being metabolized by the polyol path-

way, which consists of two enzymes, aldose reductase and

DHSA. This latter catalyzes the oxidation of sorbitol to

fructose. Reduced expression of DHSA, induced by CLA

mix, might lead to increased intracellular levels of sorbitol,

which accumulate due to cellular membrane imperme-

ability (Iwata et al. 1990) producing hyperosmotic effect

that results in hepatocyte swelling and injury.

CAH3 This protein belongs to a group of ubiquitously

expressed metalloenzymes, involved in many biosynthetic

reactions (such as gluconeogenesis, lipogenesis. and urea-

genesis), in numerous physiological and pathophysiologi-

cal processes, including respiration and transport of CO2,

bone resorption, calcification, and tumorigenity. CAH3 is

the least understood and investigated at this moment, in

addition to being the worst catalyst for CO2 hydration as

compared to the other isozymes. In fact, unlike the ubiq-

uitous isozymes 1 and 2, CAH3 is mainly present in slow

skeletal muscles, adipocytes and liver, where its primary

functions remain largely unknown. Recent studies with

CAH3 knockout mice showed CAH3 to be involved in

mitochondrial ATP synthesis, and it is also considered as

one of the proteins involved in oxidative stress response

both in liver and skeletal muscle, probably acting as a

scavenger of reactive oxygen species (ROS) and thus

protecting proteins from irreversible processes with sub-

sequent cellular damage. Interesting connections between

obesity and CAH3 have been shown by some research

lines: in obese Zücker rats, a decrease in CAH3 expression

has been demonstrated, while in another study, it has been

shown that leptin (protein involved in the genesis of

obesity) decreased CAH3 expression. Since some inhibi-

tors of other CAH isoforms are known to act as effective

agents for the management of obesity (Supuran et al.

2003), as anti-cancer (Thiry et al. 2006), and anti-infective

agents (Nishimori et al. 2006), the down-regulation of

CAH3 induced in hepatocytes by both CLA isomers used
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in this study could be an interesting issue for further

studies.

Conclusions

Taking together data from hepatocytes treated with CLA

isomers, we can assume that the altered expression of

enzymes involved in mitochondrial b-oxidation might be

responsible in part for the steatosis that occurs in case of

CLA administration in vivo. This study demonstrates a

direct effect of CLA on hepatic lipid metabolism: this fact

in vivo, in addition to the reduction in the fat mass, might

increase lipid deposition in liver. Data from other studies,

indicating a dislipidemic effect of the t10,c12 CLA, might

be well explained by the effect of this isomer on fat mass,

while the c9,t11 CLA isomer could be responsible of a

direct effect on liver lipid metabolism. This finding needs

to be considered when CLA is suggested as a dietary

supplement. Moreover, the results of our study underline

the altered expression of a putative set of proteins

involved in anti-inflammatory, anti-atherogenic, anti-dia-

betic/obesity, and anti-carcinogenic effects of CLA. In

particular, the prominent role of the c9,t11 CLA isomer

has been highlighted. A note of caution and further

investigations are required to clarify the effect of CLA on

the expression of HINT1, SPEB, PSB7, since the modified

expression of these proteins might have pro-carcinogenic

effects.
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