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Citrate carrier (CIC) is an integral protein of the inner mitochondrial membrane that has a fundamental role in hepatic intermediary metabolism.
Its primary function is to catalyze the transport of citrate from mitochondria, where this molecule is formed, to cytosol, where this molecule
is used for fatty acid (FA) and cholesterol synthesis. Therefore, mitochondrial CIC acts upstream of cytosolic lipogenic reactions, and its regulation
is particularly important in view of the modulation of hepatic lipogenesis. Although a great deal of data are currently available on the dietary
modulation of cytosolic lipogenic enzymes, little is known about the nutritional regulation of CIC transport activity. In this review, we describe the
differential effects of distinct FAs present in the diet on the activity of mitochondrial CIC. In particular, polyunsaturated FAs were powerful
modulators of the activity of mitochondrial CIC by influencing its expression through transcriptional and posttranscriptional mechanisms. On the
contrary, saturated and monounsaturated FAs did not influence mitochondrial CIC activity. Moreover, variations in CIC activity were connected
to similar alterations in the metabolic pathways to which the transported citrate is channeled. Therefore, CIC may be considered as a sensor
for changes occurring inside the hepatocyte and may represent an important target for the regulation of hepatic lipogenesis. The crucial role of

this protein is reinforced by the recent discovery of its involvement in other cellular processes, such as glucose-stimulated insulin secretion,
inflammation, tumorigenesis, genome stability, and sperm metabolism. Adv. Nutr. 5: 217-225, 2014.

Introduction

Hepatic lipogenesis is an anabolic process leading to the de
novo synthesis of FAs, which are generally distributed to other
tissues by circulating lipoproteins, such as VLDL. Its main
role is the conversion of excess energy introduced by food
into the storage form of FAs, which are accumulated into ad-
ipose tissue or used by muscular tissues. It is also widely
known that hepatic lipogenesis is strictly regulated by several
nutritional and hormonal factors (1,2). The FA composition
of the diet is 1 of the nutritional factors influencing hepatic
lipogenesis (3). Numerous studies indeed demonstrated that
the qualitative composition of dietary fat, for example, a prev-
alence of PUFAs with respect to the saturated fats, reduces he-
patic lipogenesis, thereby exerting a beneficial effect in the
case of cardiovascular diseases (4). The quantitative aspect
is also important in view of the fact that the total amount
of dietary fat is able to influence hepatic lipogenesis (5).
Moreover, the carbohydrate amount in the diet is another fac-
tor capable of modifying hepatic lipogenesis (1,2,6,7).
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Most of these studies were performed by analyzing the
activities of enzymes involved in FA synthesis in the cytosol
of hepatocytes, such as ATP-citrate lyase, acetyl-CoA carbox-
ylase, and FA synthetase. It was found that the activity and
the expression of these enzymes are modulated by FA compo-
sition of the diet. Acetyl-CoA carboxylase has also a regulatory
role in hepatic FA synthesis because it represents the target of
specific modulators, such as the metabolic intermediate cit-
rate. Therefore, the attention of the researchers has been con-
centrated on these cytosolic processes, which, starting from
the building blocks of acetyl-CoA, lead to the construction
of palmityl-CoA and from this to other FAs through elonga-
tion or desaturation steps. In parallel, many experiments ex-
plored the hepatic biosynthesis of cholesterol, which follows
an anabolic pathway different from that of FA synthesis by us-
ing the same starting molecule of acetyl-CoA. In this context,
the function and the regulation of hydroxymethyl-CoA re-
ductase, another hepatic cytosolic enzyme, was carefully in-
vestigated (8,9).

However, in addition to these fundamental lipogenic re-
actions occurring in the cytosol of hepatocytes, there are
other preliminary steps taking place in liver mitochondria.
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The main fuel for hepatic FA synthesis is indeed represented
by the carbon units derived from carbohydrate and amino
acid catabolism, which produce pyruvate or other ketoacids.
These small molecules enter mitochondria and, in the mito-
chondrial matrix, can be completely oxidized when energy is
required or can be converted into the molecule of citrate, an
intermediate of the Krebs cycle. When this intermediate
cannot be burned into the Krebs cycle (for example, for
an excess of cellular energy level), it is exported from the mi-
tochondrial matrix into the cytosol by the mitochondrial tri-
carboxylate carrier or the protein citrate carrier (CIC)?. This
carrier protein is firmly inserted into the inner mitochon-
drial membrane in which it catalyzes the exit of mitochon-
drial citrate that otherwise would remain sequestered inside
mitochondria (10). Citrate can then passively diffuse across
the outer mitochondrial membrane into the cytoplasm
through an anion selective channel. Cytosolic citrate can
also be derived from the blood across the plasma membrane
by a group of proteins known as plasma membrane citrate
transporters (11).

It is evident that mitochondrial CIC represents the way
by which carbohydrate (and amino acid) degradation, on
one side, and lipid biosynthesis, on the other, are connected.
As reviewed previously (12), CIC is regulated by diabetes,
the thyroid, starvation, and PUFA supplementation. There-
fore, the function and regulation of mitochondrial CIC is
fundamental for the linkage between catabolic and anabolic
pathways inside the cell.

In this review, we summarize and analyze the modulation
by dietary fat of the activity of mitochondrial CIC that ap-
pears as a crucial sensor of metabolic changes occurring
inside the hepatocyte. Very interestingly, recent studies re-
vealed that this mitochondrial carrier is also involved in
novel and distinct processes beyond hepatic lipogenesis,
thereby positioning CIC at the intersection of many path-
ways inside the cell.

Current Status of Knowledge

Mitochondrial CIC. Mitochondrial CIC is a hydrophobic
inner membrane protein that belongs to the large family
of mitochondrial metabolite carriers (10,13). The members
of this family of transport proteins, including mitochondrial
CIC, are ~300 amino acids long and show common struc-
tural features, such as a tripartite structure in the inner
membrane (Fig. 1). CIC, as well as the other members of
the carrier family, is made up of 3 homologous repeats,
each of them containing ~100 amino acids organized in
the form of 2 a-helices across the inner mitochondrial
membrane. In total, CIC contains 6 hydrophobic a-helices
that are connected by short hydrophilic loops exposed to
both the intermembrane space and the matrix (14,15). Ma-
trix loops are partially structured and contain short amphi-
patic helices parallel to the membrane plane on the matrix

2 Abbreviations used: CIC, citrate carrier; CLA, conjugated linoleic acid; NAFLD, non-alcoholic
fatty liver disease; PPAR, peroxisome proliferator-activated receptor; SREBP-1, sterol
regulatory element-binding protein-1.
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side (13). In addition, the amino and carboxy terminals of
mitochondrial CIC are both exposed in the intermembrane
space (16,17). A short sequence, called the carrier signature
[PX(D/E)XX(K/R)], has been identified at the end of the
first, third, and fifth «a-helices of mitochondrial CIC from
rat (14) and yeast (18), as well as in the majority of other
members of the carrier family (19,20). This carrier signature
plays a fundamental role in the tridimensional structure and
the function of the mitochondrial metabolite carriers, as
clearly demonstrated with the ADP/ATP carrier, the most
abundant member of this family. It has also been proposed
that the members of the carrier family are functional homo-
dimers in the inner mitochondrial membrane (16,21,22),
but this aspect has been questioned by others (23).

Mitochondrial CIC has been sequenced in several spe-
cies, including animal, plant, and yeast. Human CIC is
highly expressed in liver, adipocytes, prostate, lung, and
thyroid but is present in low amount in other tissues,
such as heart, skeletal muscle, brain, pancreas, and kidney.
The protein is encoded by nuclear DNA (SLC25A1 gene)
and is therefore synthesized on cytosolic ribosomes.
After its cytosolic synthesis, the precursor protein is im-
ported into mitochondria by a specialized import ma-
chinery, thereby reaching its final destination in the
inner membrane. It is interesting to note that the CIC
precursor protein from mammals and eels possess a
short amino-terminal presequence that is absent in other
organisms (24-26).

Mitochondrial CIC catalyzes an electroneutral exchange
across the inner mitochondrial membrane of a tricarboxylate
(citrate, isocitrate, cis-aconitate) plus a proton for another
tricarboxylate, a dicarboxylate (malate), or phosphoenolpyr-
uvate (27). In this way, the citrate synthesized in the matrix
is transported outside mitochondria in exchange for L-malate
(Fig. 2). Alternative pathways of exchange have also been
proposed as illustrated in Figure 2 (dotted lines). CIC trans-
port activity has been investigated both in native intact
mitochondria and after functional reconstitution of the pu-
rified protein into liposomes (28—-30). The kinetic properties
and the molecular mechanism of the catalyzed reaction were
characterized in detail previously (for a review, see reference
31).

Therefore, the main function of mitochondrial CIC is the
transport of the molecule of citrate outside mitochondria to
channel the carbon units derived from catabolism toward
FA and cholesterol biosynthesis. Alternatively, mitochon-
drial CIC may catalyze the exit of phosphoenolpyruvate
from mitochondria for the synthesis of glucose by glucone-
ogenesis (data not shown in Fig. 2). Very interestingly, other
functions were associated recently with mitochondrial CIC,
such as a role in inflammation (32), tumorigenesis (33),
glucose-stimulated insulin secretion (34), sperm capacitation
and acrosome reaction (35), and genome stability (36). All
these findings underline the importance of this mitochondrial
transporter that is involved not only in intermediary metab-
olism but also in apparently distant and distinct cellular
processes.



Intermembrane

n—6 and n-3 dietary PUFAs decrease the activity of
mitochondrial CIC. It is well known from the literature
that dietary PUFAs of the n—3 and n—6 series are potent in-
hibitors of hepatic FA synthesis (3). The degree of inhibition
depended on the amount of PUFAs added to the diet and on
the length of dietary treatment (37-39). Most of these stud-
ies investigated the variations in the activity and expression
of cytosolic lipogenic enzymes, acetyl-CoA carboxylase, and
FA synthetase. In recent years, several experiments were per-
formed to investigate the effects of PUFA dietary supple-
mentation on the transport activity of mitochondrial CIC
(Table 1).

The effects of n—6 PUFAs on the function of this mito-
chondrial transporter were investigated by feeding rats for
4 wk with a diet containing 15% safflower oil (40), an oil
particularly rich (70.4%) in linoleic acid (C18:2) and con-
taining only minor amounts of oleic (C18:1) and palmitic
(C16:0) acid. To the best of our knowledge, the results ob-

Matrix

FIGURE 1 Schematic representation of the
secondary structure of the citrate carrier, which
consists of 6 transmembrane helices (H1-H6),
connected by 3 loops on the matrix side
(M1-M3) and 2 loops on the intermembrane
space (C1, C2). Matrix loops contain short
amphipatic helices (hy_5, h3_4, and hs_g). CS,
carrier signature.

space

tained in this study demonstrated, for the first time, that the
activity of CIC of liver mitochondria was noticeably in-
hibited (~40%) by n—6 PUFA administration in rats. The
n—6 FA-mediated inhibition was due to a decrease in the
CIC mRNA and, consequently, in the content of the protein
in the inner mitochondrial membrane of treated rats
(40,41). Kinetic analysis of CIC activity showed a decrease
in the Vi, of citrate transport but no change in the K,
value, indicating that the dietary treatment did not modify
the affinity of CIC for its substrate. Very interestingly, in an-
imals fed a diet enriched in n—6 PUFAs, a parallel decrease in
the activities of mitochondrial CIC and the cytosolic lipo-
genic enzymes was found (40), suggesting a coordinated
modulation of the function of all these enzymes by PUFAs.

Similar results were obtained in mice fed a diet containing
7.5% corn oil (42) or 7.5% pine nut oil (43), 2 oils rich
(about 50%) in linoleic acid, a PUFA of the n—6 series. How-
ever, differently from corn oil, pine nut oil contains pinolenic
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FIGURE 2 Schematic model depicting the key role of CIC in hepatic lipogenesis. CIC, citrate carrier; CL, ATP-citrate lyase; CS, citrate
synthase; IDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; ME, malic enzyme; NADH, reduced nicotinamide adenine
dinucleotide hydrate; NAD™, oxidized nicotinamide adenine dinucleotide; OGC, oxoglutarate carrier; PC, pyruvate carboxylase; Pi,

inorganic phosphate; PYC, pyruvate carrier.
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TABLE 1 Effects of PUFA dietary supplementation on activity, kinetic variables, protein, and mRNA levels of mitochondrial CIC’
Oil FA CIC Protein
References Source composition Amount Experimental design activity K., Vmax concentrations mRNA
n-6 %
Zara et al. (40) Safflower C16:0 7.7 Rats fed a diet containing 1 40% ! 1 30% 1 35%
Siculella et al. (41) C16:1 0.1 15% safflower oil for 4 wk | 50% 1 35%
180 29
181 152
182 704
c183 03
C20:0 03
C20:1 02
221 0.1
Ferramosca et al. (42) Corn 160 121 Mice fed a diet containing | 60% 1 70%
C180 30 7.5% corn oil for 8 wk
181 274
182 519
C183 27
Ferramosca et al. (43) Pine nut C16:0 8.0 Mice fed a diet containing 1 40%
C180 22 7.5% pine nut oil for 8 wk
181 232
182 51.1
c183 2.1
C183 (59,12 88
Ferramosca et al. (51) CLA C16:0 120 Mice fed a diet containing T 70% 1 1 70% 1 30%
C180 2.7 1% CLA for 16 wk
181 42.5
182 30.5
c183 29
CLA cis-9,trans-11 35
CLA trans-10,cis-12 37
n-3
Giudetti et al. (45) Fish C14:0 6.5 Rats fed a diet containing 1 60% ! 1 50% 1 40%
c16.0 176 15% fish oil for 3 wk
c16:1 9.1
c180 34
181 179
c182 14.0
183 24
C20:5 135
Q225 23
226 118
Ferramosca et al. (46) Fish C14:0 17 Rats fed a diet containing 1 65% l 1 70% 1 30%
C16:0 174 2.5% fish oil for 6 wk
180 37 Rats fed a diet containing 1 30% ! 1 30% -
C18:1 309 2.5% fish oil for 3 wk
182 54.0
c183 53
€205 35
225 05
226 50
Ferramosca et al. (46) Krill C140 2.5 Rats fed a diet containing 1 65% ! 1 70% 1 30%
Ferramosca et al. (48) C16:0 18.2 2.5% krill oil for 6 wk
180 28 Rats fed a diet containing 1 55% l 1 60% 1 25%
C18:1 258 2.5% krill oil for 3 wk
182 544 Rats fed a high-fat (35% fat) | 60% l 1 55%
183 4.9 diet containing 2.5% krill
C20:5 53 oil for 12 wk
€225 23
226 30

' CIC, citrate carrier; CLA, conjugated linoleic acid; 1, increase; |, decrease; <>, no change.
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acid or all-cis-5,9,12-octadecatrienoic acid (Table 1). The latter
is a quite unusual n—6 PUFA, characterized by polymethylene-
interrupted double bonds (44), which seems to be able to re-
duce body weight gain of treated animals and to decrease lipid
concentration in liver and plasma, without any influence on
CIC or the enzymes of the de novo FA synthesis in mice
(43). Indeed, the significant reduction of mitochondrial
CIC activity found in mice fed both diets (supplemented
with corn oil or pine nut oil) can be ascribed to the high
content of linoleic acid present in both oils (Table 1) but
not to pinolenic acid present only in pine nut oil.

The effects of dietary n—3 PUFAs on mitochondrial CIC
activity were also investigated. Rats fed for 3 wk a diet con-
taining 15% fish oil, rich in n—3 PUFAs such as EPA (C20:5)
and DHA (C22:6), showed a strong reduction of CIC activ-
ity, CIC protein, and mRNA levels (45). No change in the
affinity of the carrier protein for its substrate was observed
in the same study. A significant decrease in citrate transport
was also observed when rats were fed a diet contain a small
percentage (2.5%) of fish oil (46). This concentration of fish
oil added to a standard diet was sufficient to provide a daily
amount of n—3 PUFAs comparable with the dietary intake of
n-3 PUFAs in Western countries (47). Very interestingly,
when rats were fed the same dose of n—3 PUFAs in the
form of krill oil, a stronger decrease in the activities of mi-
tochondrial CIC, cytosolic acetyl-CoA carboxylase, and FA
synthetase was observed at relatively short periods of dietary
treatment (2—3 wk) (46). Krill oil is a novel dietary supple-
ment extracted from Antarctic krill (Euphausia superba), a
shrimp-like zooplankton. This oil shows some peculiar
characteristics, such as a high amount of phospholipids
rich in long-chain n—3 PUFAs, which should guarantee a
better bioavailability of these FAs, a different ratio of EPA-
to-DHA, and the presence of specific antioxidants. There-
fore, the krill oil-induced inhibition of CIC activity was
more pronounced than that found in fish oil-fed rats, at
least at short feeding times. It is also interesting to note
that in krill oil-fed animals, the decrease in CIC activity
was due to a reduced amount of the protein in the inner mi-
tochondrial membrane, and this effect was obtained by both
transcriptional and posttranscriptional mechanisms (46).
Very recently, it was found that the potency of this effect is
not lost in the presence of high fat (35%) in the diet, suggest-
ing that krill oil has an intrinsic capability of reducing hepa-
tic lipogenesis (48).

Opverall, these findings indicate that dietary n—6 and n—3
PUFAs are potent inhibitors of mitochondrial CIC activity
and consequently of hepatic lipogenesis. Accordingly, in
cell culture experiments performed in H4IIE hepatoma
cells, PUFAs, such as n—6 arachidonic acid (C20:4) and
n-3 DHA (C22:6), reduced CIC mRNA content ~50%
and 70%, respectively (49). However, as shown below,
some studies performed in rodent models suggested that
not all PUFAs exert the same effect. This is a particularly
intriguing aspect, because the knowledge of molecular
mechanisms responsible for the regulation of FA metabo-
lism mediated by PUFAs highlights a possible role for some

dietary fats as a potential cause of hepatic fat accumulation
or as a potential treatment for non-alcoholic fatty liver
disease (NAFLD) (50). Nevertheless, additional studies in
humans are required to confirm this view.

Some unusual PUFAs increase the activity of mitochondrial
CIC. Surprisingly, it was found recently that some PUFAs,
such as conjugated linoleic acids (CLAs), are able to strongly
increase CIC transport activity (51). A great deal of current
interest in CLAs, mainly found in dairy products in the form
of cis-9,trans-11-octadecadienoic acid, is due to their posi-
tive effects in cancer, cardiovascular diseases, diabetes, and
obesity (52). However, these beneficial effects are in some
instances associated with adverse effects, such as hepatic
fat deposition and insulin resistance (53). Nevertheless,
CLAs strongly prevent fat accumulation in adipose tissue.
Few clinical studies have been performed in humans, and
the results available are not readily comparable. Therefore,
the understanding of molecular mechanisms responsible
for the regulation of lipid metabolism mediated by CLA ad-
ministration in animal models could give new insights about
the beneficial (on adiposity phenotypes) or negative (on he-
patic syteatosis) effects derived from the use of this dietary
supplement in humans. In this context, an interesting study
was performed to investigate a possible modification of mi-
tochondrial CIC activity in mice fed a diet supplemented
with 1% CLAs and composed mainly of a 1:1 mixture of
cis-9,trans-11-octadecadienoic acid and trans-10,cis-12-
octadecadienoic acid (51). A strong time-dependent in-
crease in the transport activity of mitochondrial CIC was
found unexpectedly. An almost doubling of CIC activity
was observed after 16 wk of CLA feeding. A parallel increase
in the expression of CIC protein and in relative mRNA in
CLA-treated animals was also observed. A strict correlation
between the increase in CIC activity and expression and the
stimulation of the cytosolic lipogenic enzymes was also
found (51). Therefore, the stimulation of the citrate export
from the mitochondrial matrix toward the cytosol and, con-
sequently, of hepatic lipogenesis, may play a role in the onset
of hepatic steatosis observed during CLA administration.

Specific combinations of PUFAs modulate CIC activity
and hepatic lipogenesis. Because specific PUFAs influence
mitochondrial CIC activity in a unique manner, could a com-
bination of appropriate FAs be used to modulate hepatic lip-
ogenesis? In this context, an interesting study was performed
to investigate the effects of a dietary combination of CLAs and
pine nut oil on hepatic lipogenesis in mice (54). The starting
point of this investigation was the finding that a 1:1 mixture of
cis-9,trans-11-CLA and trans-10,cis-12-CLAs greatly increase
de novo FA synthesis in mouse hepatocytes (51), whereas
pine nut oil decreases lipid concentration in liver (43). There-
fore, the rationale of this study was to check whether the as-
sociation between these 2 dietary fats would be able to
maintain the beneficial effects of CLAs, such as body fat re-
duction, but avoid adverse effects, such as liver steatosis and
insulin resistance. To this end, mice were fed for 16 wk a
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diet enriched in a mixture of 1% CLAs (composed mainly of a
1:1 mixture of cis-9,trans-11-octadecadienoic acid and trans-10,
cis-12-octadecadienoic acid) plus 7.5% pine nut oil. Very in-
terestingly, a peculiar 2-phase behavior of CIC activity was
found in these animals: at week 8 of dietary treatment, al-
though mitochondrial CIC activity started to increase in
CLA-fed mice, that of CLAs plus pine nut oil-fed mice started
to decrease, thus leading, at week 16, to values even lower than
the controls (25% decrease). Also, CIC protein expression
showed the same trend. The changes in CIC mRNA were
less evident than those found in CIC activity and in the
amount of CIC protein, suggesting that dietary treatments
influence not only the transcription of the CIC gene but
also mRNA stability and/or translation efficiency. Moreover,
the behavior of the lipogenic enzyme activities over time was
consistent with that of mitochondrial CIC (54). Overall,
these results indicate that the coadministration of CLAs
with pine nut oil is able to positively modulate CIC activity
and hepatic lipogenesis.

Some attempts were made in the past to overcome the
adverse effects of CLA in hepatic lipogenesis (55,56). How-
ever, these studies provided very limited information on the
effects of the dietary combinations tested, because the length
of treatments was limited to 3—4 wk and only cytosolic lip-
ogenic enzymes activity and expression were investigated.

Effect of MUFAs and SFAs on CIC activity. The effects of
diets enriched with SFAs or MUFAs on the activity and ex-
pression of mitochondrial CIC were also investigated. When
rats were fed for 3 wk a basal diet enriched with 15% coco-
nut oil or 15% beef tallow, abundant in medium-chain and
long-chain SFAs, respectively, no appreciable effect on both
CIC activity and expression was found compared with con-
trol diet—fed animals (45,57). No effect of SFAs on CIC
mRNA content was also observed in H4IIE hepatoma cells
(49).

Additional experiments demonstrated also that MUFAs,
such as oleic acid (C18:1, n-9), do not inhibit either the
activity or expression of mitochondrial CIC. In fact, the
administration of a basal diet enriched with 15% of olive
oil for 3 wk to rats or the addition of exogenous oleic
acid to H4IIE cells had no effect on hepatic lipogenesis
(49,57). Conversely, some authors observed that an olive
oil-enriched diet stimulated hepatic lipogenesis (58,59)
and induced fat accumulation in liver (60). However, in
these studies, the activities of lipogenic enzymes in olive
oil-fed animals were compared with those found in PUFA-
treated animals. Therefore, the observed increase in hepatic
lipogenesis was probably due to the type of diet fed to con-
trol animals. In this context, the results reported in a recent
investigation (42) indicate a significant increase in the con-
centration of hepatic TGs in mice fed for 8 wk with an olive
oil-enriched diet compared with corn oil-fed animals.
Interestingly, this change in the hepatic lipid profile was
not correlated with changes in the activity of mitochondrial
CIC and the cytosolic lipogenic enzymes, which remained
unaltered over time in olive oil-fed mice. On the contrary,
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a decrease in the activity of carnitine palmitoyltransferase I,
the rate-limiting step for FA oxidation, was observed in olive
oil-treated mice. Therefore, this impairment in the oxidation
of FAs may play a role in the accumulation of TGs in the liver
of mice fed a diet enriched in olive oil.

In another study (61), the effects of some C18 FAs on he-
patic FA metabolism were analyzed. Male rats received a diet
with stearic acid (C18:0), oleic acid (C18:1 cis), or elaidic
acid (C18:1 trans) for 14 d. The experimental diets used in
this study were formulated using hydrogenated soybean-
oil preparations and olive oil in a concentration of 6% and
18%, respectively. The authors found that CIC activity was
lower in the oleic acid—fed and C18:1 trans isomer—fed
rats when compared with the rats fed stearic acid. However,
it must be noted that these different results among nutri-
tional studies could depend on the experimental conditions
used in each investigation, such as dietary fat amount, rela-
tive concentration of different FAs, and duration of feeding.
According to this last observation, dramatic changes in he-
patic lipogenesis, consisting of a strong inhibition of CIC
and lipogenic enzyme expression and activity, was found
in rats fed a high-fat diet rich in SFAs and MUFAs. This in-
hibition, in agreement with recent studies (5), was time- and
concentration-dependent (7,48). Therefore, an excessive
amount of dietary fat seems to be able to overtake the spe-
cific effect of single FAs on hepatic lipogenesis (7). This
highlights the importance of the total amount of fat in the
diet in addition to the molecular characteristics of each FA.

Regulation of mitochondrial CIC expression by dietary
FAs. Therefore, it is clear that dietary FAs are able to influ-
ence differently the transport activity of mitochondrial CIC.
This is a long-term effect that is mainly mediated by gene
transcriptional regulation, thereby resulting in the modula-
tion of the expression levels of this mitochondrial carrier. In
particular, the analysis of CIC mRNA and protein expression
levels, which varied according to the activity of the carrier
protein, suggested the presence of complex mechanisms of
regulation at the transcriptional and posttranscriptional
levels. The mechanism by which FAs, and PUFAs in partic-
ular, affect CIC gene expression in liver is only partially
known and involves distinct transcription factors, such as
sterol regulatory element-binding protein-1 (SREBP-1)
and peroxisome proliferator-activated receptors (PPARs).
This does not exclude that other still unidentified transcrip-
tion factors may regulate CIC gene expression, especially if
we consider that this protein participates in a multiplicity
of cellular processes beyond hepatic lipogenesis.

Recent studies indicate that PUFAs of the n—3 or n—6 se-
ries reduce the transcriptional activity of SREBP-1. Because
CIC promoter activity is stimulated by this transcription
factor, the presence of PUFAs, but not MUFAs or SFAs, re-
duces CIC gene expression in both HepG2 cells and hepato-
cytes (49,62—64).

The structural and functional analysis of the rat CIC gene
promoter revealed the presence of a PUFA response region,
which is a cluster of putative binding sites for several



transcription factors, composed of a nuclear factor-Y site, an
E-box-like site, a sterol regulatory element-1-like site, and
4 stimulatory protein-1 sites (12). In particular, the E-box—
like site seems to be responsible for both SREBP-1c transac-
tivation and PUFA inhibition of the CIC promoter (49).
Interestingly, SREBP-1 and nuclear factor-Y are also impli-
cated in the PUFA inhibition of the transcription of several
lipogenic genes. Furthermore, PUFAs cause a reduction
of CIC gene expression by inhibiting the splicing process
of CIC mRNA (49,62-64). On the contrary, PUFAs activate
CIC gene expression in hepatocytes and adipocytes by inter-
acting with PPARa and PPARvYy, respectively (63). A func-
tional PPAR response element, conferring responsiveness
to activation by PPARs, was indeed identified recently in
the CIC promoter (63). Furthermore, PUFA-mediated
PPARe activation stimulates FA oxidation in liver, in addi-
tion to CIC gene expression. The physiologic significance
of these effects is currently unclear, because PPAR« is the
master regulator of B oxidation enzymes (64). Even if a
role for transcriptional activation of CIC by PPAR« in glu-
coneogenesis was proposed recently (63), many molecular
aspects remain to be elucidated. In particular, it has been
suggested that regulation of CIC expression by PPAR« is
highly controlled by FA cell content (64). Nevertheless, it
seems that the main regulator of CIC gene expression is
SREBP-1, which, as stated previously, is inhibited by very
low concentrations of dietary PUFA.

Very recently, a new role was proposed for CIC in im-
mune cells in the production of inflammatory mediators
(32), whose amounts are controlled by PUFA. It seems
that, during inflammation, PUFAs suppress the amount of
the nuclear transcription factor NF-«B, which is a pivotal
orchestrator of this event (65), and at the same time, control
the expression of a subset of NF-«kB-regulated genes, includ-
ing the CIC gene. CIC gene expression is upregulated
by NF-kB, leading to an increased availability of cytosolic
acetyl-CoA and NAD(P)H plus H*, needed for the synthesis
of several inflammation mediators (32). Therefore, PUFAs
are able to reduce inflammation by influencing the expres-
sion and transport activity of CIC. These findings suggest
that the transcriptional regulation of the CIC gene is very
complex, because other factors that are not strictly related
to lipid metabolism are involved.

The transcriptional factor forkhead box protein Al (FOXA 1)
is also a strong activator of CIC gene expression in pan-
creatic cells (66). This factor does not seem to be con-
trolled directly by FAs; however, it plays a specific role
in hormonal regulation, because it induces insulin secretion,
which in turn controls SREBP amounts and consequently
hepatic lipogenesis (3). It is noteworthy that insulin reg-
ulates CIC expression and function in liver (67) and
that, conversely, mitochondrial CIC function is critical
in pancreatic B-cells for insulin secretion, as demon-
strated previously (34).

Mitochondrial CIC as a sensor of changes in energetic
metabolism. In this review, we focused our attention on

the nutritional regulation of CIC, a mitochondrial transport
protein that may serve multiple functions: 1) it supplies cy-
tosol with the carbon units in the form of citrate for FA and
cholesterol synthesis; 2) it may provide cytosol with phos-
phoenolpyruvate, an intermediate of gluconeogenesis; 3) it
provides, via malic enzyme, NAD(P)H for lipogenesis or,
via malate dehydrogenase, nicotinamide adenine dinucleo-
tide (NAD") for glycolysis; and 4) it modulates the amounts
of citrate, which acts as an allosteric modulator of key en-
zymes involved in distinct metabolic pathways, such as
phosphofruttokinase-1, acetyl-CoA carboxylase, the com-
plex of the pyruvate dehydrogenase, and citrate synthase.
Therefore, variations in the transport activity of mitochon-
drial CIC may have dramatic effects on cellular metabolism.

Overall, the molecule of citrate, whose amounts depend
on the transport activity of mitochondrial CIC, represents
an intermediate of metabolism with its carbon backbone
and a fundamental regulator of energetic metabolism. In
fact, an excess amount of citrate is able to decrease both glycol-
ysis and the Krebs cycle by inhibiting phosphofruttokinase-1,
the pyruvate dehydrogenase complex, and citrate synthase.
Conversely, an excess amount of citrate stimulates FA syn-
thesis and gluconeogenesis, thereby promoting the use of
ATP and NAD(P)H plus H'. These last anabolic pathways
are increased by a citrate-induced activation of both acetyl-
CoA carboxylase, the first enzyme involved in FA synthesis,
and fructose 1,6 bisphosphatase, an enzyme involved in the
gluconeogenesis pathway.

As shown in Figure 2, citrate transferred into the cytosol
is broken back to oxaloacetate and acetyl-CoA by ATP-
citrate lyase. Oxaloacetate is reduced to malate, and this is
converted to pyruvate, which reenters mitochondria by the
pyruvate carrier. Malate may also be transported into the
mitochondrial matrix (where it could give further oxaloace-
tate) using CIC. Therefore, this carrier catalyzes a proton-
compensated electroneutral exchange of citrate with malate,
which is at concentrations sufficient to react with the trans-
port protein. A link between citrate export, malate import,
and the pool of the Krebs cycle intermediates is then possi-
ble. Moreover, a separate cycle of malate export might use
another mitochondrial carrier (68), thereby positioning
CIC at the intersection of many pathways inside the cell. Be-
cause of the involvement of mitochondrial CIC in several
cellular pathways, we can consider this transport protein
as a sort of sensor of metabolic changes depending on the
increase or decrease in the amount of the molecule of citrate
or other metabolic intermediates in specific subcellular
compartments.

Therefore, the knowledge of the mechanisms by which
different nutritional and hormonal factors control CIC
expression and its function in the inner mitochondrial
membrane are crucial. These studies may in fact provide
insight into the interconnection existing between cata-
bolic and anabolic pathways inside the cells and, in partic-
ular, in liver in which most of the reactions of the
metabolism occurs and in which mitochondrial CIC is
primarily expressed.
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In conclusion, as it has been reported widely, different
FAs exert distinct effects on the transcription of specific
genes involved in hepatic lipid metabolism. Although a great
deal of data are currently available on the hormonal and di-
etary modulation of the lipogenic enzymes, comparatively
little is known about the regulation of mitochondrial CIC
activity. Some studies performed in the past decade revealed
that PUFAs were able to differently modulate CIC activity by
influencing its expression by transcriptional and posttrans-
criptional mechanisms. Interestingly, a covariance of the ac-
tivities of mitochondrial CIC and the cytosolic lipogenic
enzymes was found. This indicates that an alteration of
the metabolic flux across the inner mitochondrial mem-
brane is strictly connected to a similar alteration of the met-
abolic pathway to which the substrate is channeled.
Therefore, by acting on cytosolic citrate channeling, dietary
fats may not only influence the pathogenesis of liver dis-
eases but may also prevent and/or reverse their expression.
We believe that understanding the biochemical mechanisms
underlying fat accumulation in liver of animal models will
lead to more targeted and effective therapeutics for hepatic
steatosis in humans. In this context, it is important to
note that, in some studies discussed in this review, PUFA ad-
ministration to rodents was sufficient to provide a daily
amount of n—3 PUFAs comparable with the dietary intake
of n—-3 PUFAs in Western countries (46—48). Nevertheless,
additional studies in humans are needed to translate the re-
sults obtained in animal studies into the development of
novel treatment strategies for NAFLD. This is a particularly
intriguing topic because NAFLD is an increasingly prevalent
disease that, to date, has no proven pharmacologic treatment
to prevent or reverse its course.

Mitochondrial CIC may represent an important target for
the regulation of hepatic lipogenesis, especially because this
transport protein represents the necessary link between the
2 main fuels for energetic metabolism: carbohydrate and
lipid. Moreover, the effects of a possible modulation of mito-
chondrial CIC function are not exclusively confined to the de
novo FA synthesis but also extend to other cellular pathways,
such as glucose-stimulated insulin secretion, inflammation,
tumorigenesis, genome stability, and sperm metabolism.
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