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Abstract

The chronic induction of inflammation underlies multiple pathological conditions, including
metabolic, autoimmune disorders and cancer. The mitochondrial citrate carrier (CIC), encoded by
the S_.C25A1 gene, promotes the export of citrate from the mitochondria to the cytoplasm, a
process that profoundly influences energy balance in the cells. We have previously shown that
SLC25A1 is a target gene for lipopolysaccharide signaling and promotes the production of
inflammatory mediators. We now demonstrate that SLC25A1 is induced at the transcriptional level
by two key pro-inflammatory cytokines, tumor necrosis factor-a (TNFa) and interferon-y (IFNy),
and such induction involves the activity of the nuclear factor kappa B and STAT1 transcription
factors. By studying the down-stream events following SLC25A1 activation during signals that
mimic inflammation, we demonstrate that CIC is required for regulating the levels of nitric oxide
and of prostaglandins by TNFa or IFNy. Importantly, we show that the citrate exported from
mitochondria via CIC and its downstream metabolic intermediate, acetyl-coenzyme A, are
necessary for TNFa or IFNy to induce nitric oxide and prostaglandin production. These findings
provide the first line of evidence that the citrate export pathway, via CIC, is central for cytokine-
induced inflammatory signals and shed new light on the relationship between energy metabolism
and inflammation.
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1. Introduction

Tumor necrosis factor-a (TNFa) and interferon-y (IFNy) are endogenous pro-inflammatory
cytokines produced by a variety of cells under various conditions of stress or cell damage.
Abnormal or excessive cytokine activation is involved in various chronic inflammatory
diseases such as Crohn's disease, rheumatoid arthritis, or asthma, as well as in cancer and in
metabolic diseases [1,2]. Following tissue injury, the inflammatory response is primarily
generated by activation of local macrophages and is subsequently amplified by migrating
blood cells. Several key signal pathways are involved in this process, which induce dramatic
changes in gene expression patterns in activated macrophages, in turn leading to the
production of inflammatory molecules [3]. This process is energetically expensive, not only
requiring the generation of a substantial amount of ATP but also involving a metabolic shift
from oxidative phosphorylation to glycolysis [4]. As discussed in several recent reviews,
this connection between metabolism and inflammation plays a role in various pathological
conditions including autoimmune disorders, cancer, aging and cancer therapy [5].

Citrate is a key molecule for the generation of energy [6]. After its synthesis in the
mitochondrion, citrate can have different fates supporting various pathways of energy
production. In the mitochondrion citrate enters the Krebs cycle and promotes oxidative
phosphorylation (OXPHOS), thus generating ATP. In the cytoplasm it is cleaved to acetyl-
coenzyme A (acetyl-CoA), which is not only the precursor for fatty acid and sterol
biosynthesis but also the universal donor for acetylation reactions [7]. A second metabolic
product generated from the cleavage of citrate is oxaloacetate (OAA), which is reduced to
malate and converted to pyruvate via malic enzyme in a reaction that generates cytosolic
NADPH plus H* (necessary for fatty acid and sterol synthesis) [6]. Thus, CIC plays a
pivotal role in energy metabolism by regulating the amount of mitochondrial citrate and
cytosolic citrate. We and others have also shown that CIC inhibition in the model organism
zebrafish, or in children harboring germ line SLC25A1 mutations that inactivate the citrate
export pathway, leads to severe mitochondrial dysfunction [8-10]. Therefore, CIC plays a
key role in both the mitochondrial and cytoplasmic pathways of energy production.

The regulation of S_.C25A1 expression by various signals is primarily achieved at the
transcriptional level [11]. For example, fatty acids and insulin modulate hepatic SLC25A1
expression levels through the sterol response element-binding protein 1 (SREBP1) [12]. In
addition, in the liver and pancreas, the SLC25A1 gene is also regulated by forkheadbox Al
(FOXAZ1) [13,14]. Interestingly, the human SLC25A1 proximal promoter encompasses
multiple active Sp1 responsive elements, which can be targeted by epigenetic modifications
[15]. Moreover, the repressor factor ZNF224 may play a role in controlling SLC25A1 gene
expression during development [16]. This body of evidence clearly indicates the existence of
a high extent of molecular plasticity and diversity in the signaling pathways that regulate

S C25A1 expression and activity.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 March 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Infantino et al.

Page 3

There is currently little knowledge on the role played by the citrate export pathway in
chronic inflammatory diseases and in the wider context of immune-metabolism. In this work
we have investigated the role of CIC in inflammatory responses triggered by TNFa and
IFNYy cytokines. We show that SLC25A1 gene expression is upregulated in TNFa- and
IFNy-induced macrophages and that CIC is required for important downstream events that
follow cytokine stimulation. This role of CIC in pro-inflammatory cytokine signaling
provides new insights on the relationship between energy metabolism and inflammation.

2. Materials and methods

2.1. Cell culture

Human monocytic/macrophage cells from histiocytoma, U937 cells (HTL 94002, Interlab
Cell Line Collection, Genoa, Italy), were cultured in Roswell Park Memorial Institute 1640
(RPMI 1640) medium supplemented with 10% (v/v) fetal bovine serum, 2 mM c-glutamine,
100 U penicillin and 100 pg/ml streptomycin at 37 °C in 5% CO, in a water-saturated
atmosphere. U937 cells were differentiated with 10 ng/ml phorbol-12-myristate-13-acetate
(PMA, Sigma-Aldrich, St. Louis, MO, USA).

2.2. Activating stimuli

U937/PMA (differentiated U937) cells were treated with 5 ng/ml TNFa (Sigma-Aldrich), 10
ng/ml IFNy (ImmunoTools GmbH, Friesoythe, Germany) or combined IFNy and TNFa in
the presence or absence of 0.1 ug/ml cycloheximide. At various time periods after
activation, U937/PMA cells were harvested and analyzed to detect CIC expression levels.
Where indicated U937/PMA cells were treated with 20 pM IKK inhibitor VII (IKK VII,
Millipore, Billerica, MA, USA), 10 uM nifuroxazide (NIFU, Sigma-Aldrich), 5 mM sodium
acetate (Sigma-Aldrich) or 1 uM 4-chloro-3-{[(3-nitrophenyl)amino]sulfonyl}benzoic acid
(CNFASB, Millipore), 1 h before stimulation with TNFa, IFNy, or combined cytokines.

2.3. Cell viability

Cell viability was evaluated by a modified MTT assay (CellTiter 96® Non-Radioactive Cell
Proliferation Assay, Promega, Madison, WI, USA), as described previously [17]. In brief,
U937/PMA cells growing in 96-well plates were treated for 48 h with CNFASB (1, 5, 10,
20, 50 uM) or vehicle. The level of formazan product was determined by measuring its
absorbance at 570 nm using a 96-well plate reader (GloMax, Promega).

2.4. Transient transfection

To measure SLC25A1 gene promoter activity, U937/PMA cells were transiently transfected
as described previously [18] using 0.5 pg of pGL3 basic-LUC vector containing the
-1785/-20 bp region of the S_.C25A1 gene promoter. Twenty-four hours after transfection,
U937/PMA cells were treated with TNFa or IFNy in the presence or absence of IKK VII
and NIFU, respectively. The day after, cells were lysed in the luciferase cell culture lysis
buffer provided with the Luciferase Assay Kit (Promega) and 15 pl of supernatant was
analyzed for firefly luciferase activity [19]. Luminescence was measured as relative light
units, taking the reading of luciferase assay substrate alone and then with lysate in GloMax
plate reader (Promega). The extent of transfection was normalized by -galactosidase
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activity [20]. RNA interference experiments were performed as described previously [21].
After 24 h, small interfering RNA-transfected U937/PMA cells were treated with TNFa and
IFNYy alone or in combination. Reactive oxygen species (ROS) and nitric oxide (NO) were
measured 24 h after the addition of inducers.

2.5. Real-time PCR, SDS-PAGE and Western blotting

Total RNA was extracted and reverse transcribed as reported [22]. Real-time PCR was
performed by using human SL.C25A1 (Hs00761590) and human B-actin (4326315E)
TagMan® assays (Life Technologies). For immunoblot analysis, U937 cells were rinsed
with ice-cold PBS and lysed as described previously [23]. Thirty micrograms of total
proteins were heated at 100 °C for 5 min, separated on 4-12% SDS polyacrylamide gels and
transferred to nitrocellulose membranes. The membranes were then blocked for 1 h in a PBS
solution containing 2% bovine serum albumin and 0.1% Tween 20, and then treated at room
temperature with anti-CIC (specific for the C-terminus of the human mitochondrial CIC
protein) or anti-B-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies. The
immunoreaction was detected by Immobilon Western Chemiluminescent HRP (horseradish
peroxidase) Substrate (Millipore).

2.6. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) experiments were performed as previously reported
[24] with slight modification. The chromatin was immunoprecipitated for 2 h at 4 °C using
protein G MicroBeads (MACS Miltenyi Biotec, Bergisch Gladbach, Germany) on a rocking
platform with p65- (sc-109 X, Santa Cruz Biotechnology) or STAT1- (sc-346 X, Santa Cruz
Biotechnology) specific antibodies. Mock samples were prepared by the
immunoprecipitation procedure without antibody. Input (total chromatin extract) and mock
samples were recovered and then used for PCR analysis. Magnetically labeled protein/DNA
complexes were retained and washed in p columns (MACS Miltenyi). After reverse cross-
linking, DNA was purified and analyzed by PCR using a forward primer (5’-
ACAACCGGGAAAGGTGTG GG-3') and a reverse primer (5
CTCCGAGCAGTGGGTCAAGGT-3) that amplify a 289 bp region (at about =400 bp) or a
forward primer (5-AGGTTCTCTGGCTGACCCCACGC-3) and a reverse primer (5'-
TTAGTAACTCTGCAGGTAGGGTG-3) that amplify a 324 bp region (at about — 1300 bp)
on the CIC gene promoter. The enriched DNA fragments in ChIP were quantified by real-
time PCR (gPCR) using Fast SYBR Green Master Mix (Life Technologies). The data from
each immunoprecipitate were normalized to the corresponding inputs of chromatin and
expressed as relative to the control.

2.7. Quantification of citrate

Cytosolic citrate levels were determined with the citrate assay kit (Biovision, Mountain
View, CA, USA) following the manufacturer's protocol. Briefly, triplicate samples of treated
and untreated U937/PMA cells were collected by centrifugation at 4 °C and washed twice in
chilled water. Cell lysis was carried out in hypotonic buffer (20 mM Tris—HCI, pH 7.4, 10
mM NacCl, 0.5% Nonidet P40, 3 mM MgCly). Then, cytoplasmatic fractions were isolated
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by centrifugation at 4 °C for 10 min at 600 xg. Cytosolic extracts, deproteinized in Amicon
Ultra column (10 kDa cutoff), were analyzed for citrate levels.

2.8. NO, ROS and PGE2 detection

Nitrite formation was detected by using 1H-naphthotriazole from 2,3-diaminonaphthalene
(DAN, Life Technologies) [25]. For ROS analysis, U937/PMA activated cells were
incubated with 10 uM DCFH2-DA (Life Technologies) for 30 min. The fluorescence was
revealed by GloMax plate reader (Promega). Prostaglandin (PGE2) was detected by the
PGE2 Enzyme Immunoassay Kit (Arbor Assays, Ann Arbor, MI, USA) according to the
manufacturer's instructions.

2.9. Statistical analysis

3. Results

Statistical significance of difference was determined using oneway ANOVA. Data are
expressed as means * standard error and differences were considered as significant (P <
0.05; *); very significant (P < 0.01; **) and highly significant (P < 0.001; ***).

3.1. The pro-inflammatory cytokines TNFa and IFNy induce SLC25A1 gene expression

levels

To shed light on the relationship between the mitochondrial citrate carrier (CIC), which is
the only protein responsible for the efflux of citrate from the mitochondrial matrix to the
cytosol [6], and inflammation we first investigated whether pro-inflammatory cytokines can
modulate S_C25A1 gene expression. To this end, we employed the human differentiated
U937 (U937/PMA) cells which provide an ideal model being representative of a large
repertoire of macrophage functions [26,27]. Moreover, when appropriately stimulated with
cytokines, U937 cells also mimic the inflammatory response of activated macrophages [28].
Thus, we induced an inflammatory response by treating U937 cells with TNFa and IFNy
either alone or in combination, and we subsequently performed time course experiments to
analyze the SLC25A1 mRNA levels. In U937/PMA cells treated with TNFa alone, the levels
of the SLC25A1 mRNA were unchanged for the first hours of treatment, began to slightly
increase at nine hours, and reached a maximum peak at 16 h after treatment (Fig. 1A). At
this time point a consistent 4-fold activation was seen followed by a decline of the SLC25A1
MRNA levels after 24 h of continuous TNFa treatment (Fig. LA). When IFNy was used as
stimulus to trigger inflammation, an increase of SLC25A1 mRNA levels was also seen at
nine hours after treatment (Fig. 1B). However and interestingly, the combination of TNFa
and IFNy changed the kinetics of SLC25A1 gene expression. Indeed, in this case we
observed a first increase of the SLC25A1 mRNA earlier compared to treatment with either
agents alone, specifically at one hour after stimulation, followed by a delayed but robust
peak 16 h later (Fig. 1C). These experiments suggested that TNFa and IFNy can induce

S C25A1 gene expression through distinct cellular signals.

To better understand the mechanisms underlying CIC activation in cytokine-triggered
inflammation, we next determined the time-dependent expression profile of SLC25A1 under
the same conditions described above in the presence of cycloheximide, a potent inhibitor of
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protein synthesis [29]. As illustrated in Fig. LA-B (light gray bars), the ability of either
TNFa or IFNy alone to upregulate SLC25A1 was abolished when U937/PMA cells were
treated with cycloheximide. Of note, when macrophages were induced with a combination
of TNFa and IFNy, cycloheximide did not impair the early response of SLC25A1 gene
expression (Fig. 1C, light gray bars). On the contrary, de novo protein synthesis was
required for the late SLC25A1 activation during a costimulation with TNFa plus IFNy (Fig.
1C, light gray bars).

These results show that the TNFa and IFNy pro-inflammatory cytokines activate S C25A1
gene expression in macrophages. They also indicate that TNFa and IFNy, when co-
produced during the inflammatory response, generate an early and late activation of
S_C25A1. Furthermore, our findings show a role of the de novo protein synthesis in CIC
gene upregulation during inflammation.

3.2. TNFa induces SLC25A1 expression via the transcription factor NFkB

It is well established that TNFa signaling acts through the nuclear factor kappa B (NFkB)
[30]. We previously showed that the human SLC25A1 promoter contains two NFkB
responsive elements at positions —414/-405 bp and —1314/-1305 bp [21], but it is still
unknown whether these elements actually play a role in the regulation of S_.C25A1
expression by cytokines. Therefore, we tested the hypothesis that TNFa induces activation
of SLC25A1 via NFKkB. Several approaches were employed to test this possibility. First, we
used a well-known inhibitor of the 1xB kinase, whose activity is required for NFkB function,
specifically IKK inhibitor VII [31]. We found that the addition of inhibitor VII to
U937/PMA cells co-treated with TNFa led to a reduction of both the SLC25A1 mRNA and
protein levels compared to treatment with TNFa alone (Fig. 2A).

To verify that such differences were due to alterations in the transcription rate of the
S_C25A1 promoter, we conducted luciferase assays by employing the previously described
S C25A1-promoter encompassing the —1785/-20 bp region of the SLC25A1 gene, cloned
upstream of the luciferase reporter gene (SLC25A1pGL3) [12]. Fig. 2B shows that TNFa
induces an increase of S.C25A1 promoter activity of more than 50%, which is completely
abolished by co-treatment with IKK inhibitor VI1I. Finally, we performed ChIP assays to
directly test the idea that NFKkB binds to its responsive elements in the SLC25A1 gene
promoter. We detected a strong binding activity of NFkB p65 subunit to the S.C25A1 gene
promoter when macrophages were activated with TNFa (Figs. 2C and S1). This interaction,
however, disappeared in the presence of IKK inhibitor VII (Figs. 2C and S1). The binding of
p65 increased about 4-fold relative to input in TNFa-induced cells (Fig. 2D). IKK inhibitor
VI abolished this effect when added to TNFa-induced cells (Fig. 2D). Similar results were
obtained when a p50-specific antibody was used (data not shown). Thus, our experiments
clearly demonstrate that TNFa induces SLC25A1 upregulation through NFkB.

3.3. IFNy induces SLC25A1 transcriptional activation via STAT1

In response to type Il interferon (IFNY), the transcription factor STAT1 is phosphorylated
and forms a homodimer. In this dimeric form STAT1 migrates into the nucleus and binds to
the IFNy-activated sequence (GAS) to drive the expression of target genes, thereby inducing
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a cellular inflammatory state [32]. Consistent with our findings that IFNy activates S.C25A1
expression (Fig. 1), an in silico analysis of the human S_C25A1 gene promoter revealed
indeed the presence of one GAS element at position —440/-450 bp. Therefore, we verified
its involvement in IFNy-mediated activation of SLC25A1. To this end, we treated
U937/PMA cells with IFNy in the presence or absence of nifuroxazide, a specific inhibitor
of STAT signaling, and evaluated SLC25A1 promoter activity and SLC25A1 mRNA
expression. Real-time PCR and Western-blot experiments showed a strong reduction of both
CIC mRNA and protein levels in cells co-treated with nifuroxazide and IFNy compared to
cells treated with IFNy alone (Fig. 3A). Moreover, we again performed luciferase reporter
assays by employing the SLC25A1pGL3 vector in the presence or absence of nifuroxazide.
As seen in Fig. 3B, SLC25A1 promoter activity increased in IFNy-activated U937/PMA
cells and such enhancement was reduced upon treatment with nifuroxazide. We also
detected STAT1 binding to the GAS sequences of the SLC25A1 promoter in U937/PMA
cells treated with IFNy (Fig. 3C). Importantly, nifuroxazide abrogated STAT1 binding
activity to the promoter, thus demonstrating the specificity of this interaction (Fig. 3C).
STAT1 immunoprecipitation increased of about 1,2-fold relative to input in IFNy-induced
cells (Fig. 3D). This effect disappeared when nifuroxazide was added to IFNy-induced cells
(Fig. 3D). Collectively, these results demonstrate that IFNy activates SLC25A1 gene
expression in macrophages via STAT signaling.

3.4. Cytosolic citrate levels increase in U937/PMA cells stimulated by cytokines

To assess the significance of the CIC-dependent citrate export pathway, in the next set of
experiments we monitored the cytosolic levels of citrate in U937/PMA cells treated with
TNFa, IFNy or both in the presence or absence of a CIC inhibitor, CNFASB [33]. In these
experiments 1 uM CNFASB inhibitor was used, because this concentration had no influence
on cell viability but was still able to inhibit CIC activity (Fig. S2). Interestingly, the amounts
of citrate determined in the cytosol at different time periods parallel the time course of
9.C25A1 mRNA presented in Fig. 1A-C. In fact, a significant increase in cytosolic citrate
in TNFa- and IFNy-exposed cells at 16 and 9 h, respectively, was found as compared to
controls (Fig. 4A-B). Furthermore, when inflammation was triggered by both cytokines, two
peaks of cytosolic citrate levels (one hour and 16 h after cytokine addition) were observed
(Fig. 4C). In addition, the increase in cytosolic citrate levels induced by TNFa and/or IFNy
was prevented by the addition of CNFASB (Fig. 4A-C, light gray bars). These data prove
that cytosolic citrate levels in cytokine triggered-inflammation are dependent on SLC25A1
upregulation.

3.5. Effect of CIC inhibition on PGE2 production

In keeping with the above findings, in the next set of experiments we assessed the
physiological significance of SLC25A1 upregulation in the inflammatory response induced
by cytokines as well as the effect of the CIC inhibitor CNFASB on important downstream
signaling events that follow macrophage activation. The inflammatory response in
U937/PMA cells was triggered by treatment with TNFa and IFNy employed alone or in
combination. First we measured the secretion of PGE2, which is the principal mediator of
inflammatory responses, after 24 h of cytokine treatment [34,35]. As shown in Fig. 5A-C, a
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marked reduction in PGE2 production was seen in cells treated with CNFASB compared to
untreated cells.

It is known that acetate is permeable through the plasma membrane and excess acetate can
promote the synthesis of acetyl-CoA through the action of acetyl-CoA synthase [36,37].
Therefore, to more specifically probe the role of the citrate export pathway in PGE2
synthesis, we performed an additional set of experiments where cells treated with the CIC
inhibitor CNFASB were exposed to supra-physiological levels of acetate. As shown in Fig.
5A-C, the addition of exogenous acetate nearly entirely prevented the inhibition of PGE2
synthesis by CNFASB. These results provide a strong mechanistic link between the CIC-
dependent citrate export pathway, and consequent citrate-derived acetyl-CoA production,
and PGE?2 synthesis. They also imply that the citrate export activity of CIC is required for
the production of key inflammatory molecules.

3.6. Effects of CIC inhibition on TNFa.- and IFNy-induced ROS production

To further explore CIC function in cytokine-activated macrophages we monitored the levels
of inflammatory mediators closely associated with cellular energy state after 24 h of
cytokine treatment. NO is synthesized from c-arginine in a reaction catalyzed by inducible
nitric oxide synthase (iNOS). The conversion of c-arginine to NO and .-citrulline requires
NADPH and O as substrates. Inhibition of CIC activity by CNFASB caused a marked
reduction in NO levels in immune cells induced with both cytokines alone or together (Fig.
6A-C).

Next, the effect of CNFASB on ROS production, which also requires NADPH, was tested.
ROS are generated by the NADPH oxidase complex in the presence of molecular oxygen
and NADPH [38]. While this reaction initiates a key step in immune defense response,
overproduction of ROS, however, frequently due to excessive stimulation of NADPH
oxidase by pro-inflammatory stimuli, results in oxidative stress [39,40].

As shown for NO, when U937/PMA cells were treated as above in the presence of both
cytokines, the CNFASB inhibitor was able to reduce ROS to control levels (Fig. 6D-F).
These observations imply that citrate transported by CIC is required for ROS production in
cytokine-activated macrophages.

3.7. SLC25A1 knocking down and inflammatory mediators' production

In order to deepen the role of CIC in cytokine-triggered inflammation, we performed

S C25A1 gene silencing experiments by using the RNA interference approach. A specific
small interfering RNA (siRNA) against SLC25A1 or a non targeting siRNA negative control
was used in U937/PMA cells. The efficacy of sSiRNA in inducing SLC25A1 knock-down
was confirmed by the significant decrease of CIC mRNA and protein levels (data not
shown). In SLC25A1-silenced cells induced with TNFa and IFNy, alone or in combination,
there was a prominent decrease in PGE2, NO and ROS levels (Fig. 7A-C). These findings
strengthen the effects of the CIC inhibitor CNFASB described above and highlight CIC
ability to control the production of main inflammatory mediators.
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4. Discussion

In this study we demonstrate the importance of CIC, encoded by the S.C25A1 gene, and of
the CIC-mediated citrate export pathway in cytokine-triggered inflammatory signals. Our
findings suggest that the TNFa and IFNy pro-inflammatory cytokines, alone or together,
induce SLC25A1 gene expression and activity in macrophages through different molecular
pathways. The prototypic pro-inflammatory cytokine TNFa exerts its effect on S .C25A1
gene expression through NFkB signaling. In support of this conclusion we have shown that
NFKB binds to two consensus elements located in the S.C25A1 gene promoter in TNFa-
activated macrophages. Moreover, TNFa induces a stark increase in SLC25A1 promoter
activity, which is eliminated when NFKB is inhibited.

The STAT1 pathway is responsible for IFNy-induced SLC25A1 upregulation as
demonstrated by its binding to the GAS site of the SLC25A1 gene promoter in ChIP analysis
when IFNy triggers inflammation. We also report the specific involvement of STAT1 in
S.C25A1 promoter activation given that when STAT1 signaling is blocked IFNY is not able
to exert its effect.

The early and late activations of SLC25A1 expression observed upon cell treatment with
both TNFa and IFNy cytokines warrant some comments. It can be hypothesized that the
S_C25A1 rapid upregulation involves nuclear translocation of both STAT1 and NFkB
transcription factors induced by the presence of both TNFa and IFNy cytokines. This is
consistent with the well-known synergic effect of TNFa and IFNy cytokines by different
mechanisms such as increase in NFkB nuclear translocation and STAT1-NFKB p65 subunit
interaction [41,42].

Regarding the late de novo protein synthesis-dependent S_.C25A1 upregulation, this finding
might be accounted for by an increase in STAT1 and IFNy expression levels upon IFNy
treatment as well as by an increase in TNFa expression via NFKB [41,43]. Secretion of
newly synthesized IFNy and TNFa would lead to an amplification of the proinflammatory
stimuli and to the second phase of the cellular immune response. However, other factors
such as turnover of IFNy and TNFa receptors cannot be excluded in the de novo protein
synthesis-dependent late S_LC25A1 activation.

Based on the available data, CIC plays a key role in multiple aspects of metabolism. Thus,
its upregulation in cytokine-triggered inflammation may be necessary to provide energy as
well as the intermediate metabolites necessary for the metabolic switches needed for
macrophage activation and/or for the inflammatory response. Consistently, both CIC
inhibition and SLC25A1 gene silencing strongly reduce NO, PGE2, and ROS levels in
TNFa- and IFNy-induced macrophages. This result strongly implies that NADPH produced
by oxaloacetate, one of the two products of cytosolic citrate cleavage, is an important
cofactor in the generation of ROS (by NADPH-oxidase) and NO (by iNOS), whereas acetyl-
CoA can be directly used for fatty acid biosynthesis, providing a precursor for PGE2
synthesis (depicted in Fig. 8). Taken together, these findings, provide the first line of
evidence that the citrate export pathway, via CIC, is central for cytokine-induced
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inflammation and shed light on the relationship between energy metabolism and
inflammation.

It is noteworthy that the TNFa pro-inflammatory cytokine is not usually detectable in
healthy individuals, but elevated serum and tissue levels are found in inflammatory
infectious conditions (lung diseases, rheumatoid arthritis, Crohn's disease) as well as in
cancer [44]. While the biological effects of TNFa have been extensively explored in the
context of inflammatory signal pathways, very little is known about the metabolic effects of
this important molecule [44]. Our work, although performed only in culture cells, clearly
demonstrates that CIC is essential for inflammatory responses in TNFa-induced
macrophages, leading us to propose a central role for mitochondria-derived citrate in many
inflammatory conditions. Once inflammation is initiated, IFNy is produced and subsequently
acts through various molecules and pathways of the immune system to amplify the
inflammatory cascade [45]. Overwhelming evidence has implicated IFNy to be crucially
involved in various chronic inflammatory diseases, such as rheumatoid arthritis [46]. Herein
we show that CIC activity is also engaged in IFNy-triggered inflammation.

5. Conclusion

In conclusion, this work shows that 1) TNFa and IFNy, alone or together, induce SLC25A1
gene expression and activity in U937 cells through different molecular pathways and
different timing patterns; 2) the early activation of SLC25A1 expression (at 1 h) by TNFa
and IFNy together is de novo protein synthesis-independent, whereas the late activation (at
16 h) is de novo protein synthesis-dependent; 3) the biphasic cytosolic citrate level increase
parallels the biphasic SLC25A1 upregulation; 4) silencing of S.C25A1 gene or inhibition of
citrate efflux from mitochondria abolish NO, ROS and PGE2 production and 5) acetate, a
citrate by-product, restores the increase of PGE2 when the efflux of citrate is inhibited. All
together these data provide clear evidence for the existence of a “citrate pathway” required
in pro-inflammatory signals and in inflammatory mediator production (Fig. 8). This study
also highlights the important role of the intermediary metabolism in inflammation. In
keeping with the deleterious role played by inflammation in disorders of the immune system
and in cancer, CIC inhibition may offer new therapeutic strategies for the treatment of
chronic inflammatory diseases and, as we previously showed [9], of cancer.
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Time course of CIC mRNA levels in activated macrophages. U937/PMA cells were treated
with 5 ng/ml TNFa (A), 10 ng/ml IFNy (B), a combination of 10 ng/ml IFNy and 5 ng/ml
TNFa (C) or vehicle for 1, 3, 9, 16, and 24 h in the presence (light gray bars) or absence
(dark gray bars) of cycloheximide (CHX). Then, cells were lysed and used to quantify CIC

mMRNA by real-time PCR. CIC mRNA levels of induced cells at each time point were

normalized against vehicle-treated controls. Real-time PCR values represent mean * s.e.m.

(N =5). *** P <0.001 versus time 0.
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Fig. 2.
Molecular mechanism of TNFa-triggered SLC25A1 upregulation. (A) CIC mRNA (upper

panel) and protein (lower panel) levels from U937/PMA untreated () or treated (+) with
TNFa and incubated with (+) or without (-) IKK VII inhibitor. Real-time PCR values
represent mean = s.e.m. (N = 6). Western blot data are representative of three independent
experiments with similar results. (B) U937/PMA cells transfected with the pGL3 basic-LUC
vector containing the —1785/-20 bp region of the CIC gene promoter and incubated with (+)
or without (=) IKK VII inhibitor were treated with TNFa and assayed for luciferase activity.
Luciferase values represent mean + s.e.m. (N = 5). (C) ChIP analysis was done with anti-
p65 in TNFa-treated U937/PMA cells incubated as above. Lane Mock, PCR of
immunoprecipitates without antibody; lane I, PCR of input DNA. (D) gPCR-ChIP was
quantified by real-time PCR. Data are expressed as fold change versus control. gPCR values
represent mean £ s.e.m. (N = 3).
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M?)Iecular mechanism of IFNy-triggered SLC25A1 upregulation. (A) CIC mRNA (upper
panel) and protein (lower panel) levels from U937/PMA untreated () or treated (+) with
IFNy and incubated with (+) or without (-) nifuroxazide. Real-time PCR values represent
mean + s.e.m. (N = 6). Western blot data are representative of three independent
experiments with similar results. (B) U937/PMA cells transfected with the pGL3 basic-LUC
vector containing the —1785/-20 bp region of the CIC gene promoter and incubated with (+)
or without (=) nifuroxazide were treated with IFNy and assayed for luciferase activity.
Luciferase values represent mean + s.e.m. (N = 5). (C) ChlIP analysis was done with anti-
STATL in IFNy-treated U937/PMA cells incubated as above. Lane Mock, PCR of
immunoprecipitates without antibody; lane I, PCR of input DNA.(D) gPCR-ChIP was
quantified by real-time PCR. Data are expressed as fold change versus control. gPCR values
represent mean £ s.e.m. (N = 3).
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Fig. 4.

Ti?ne course of cytosolic citrate levels in cytokine-induced U937/PMA cells. U937/PMA
cells were treated with 5 ng/ml TNFa (A), 10 ng/ml IFNy (B), a combination of 10 ng/ml
IFNy and 5 ng/ml TNFa (C) or vehicle for 0, 2, 6, 10, 16, and 24 h in the presence (light
gray bars) or absence (dark gray bars) of 1 uM CNFASB. The amount of cytosolic citrate in
each sample was normalized to cell number. Cytosolic citrate levels of induced cells at each
time point were normalized against vehicle-treated controls. Values represent mean + s.e.m.
(N = 3). *** P < 0.001 versus time 0.
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Fig 5.

Ef'%ect of SLC25A1 inhibition on PGE2 production. U937/PMA cells untreated (black bar) or
treated with TNFa (A), IFNy (B), a combination of TNFa and IFNy (C) in the presence (+)
or absence (=) of 1 uM CNFASB or 5 mM sodium acetate were assayed for PGE2 secretion.
Values represent mean = s.e.m. (N =5).
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Fig. 6.
Analysis of NO and ROS production in CIC-inhibited macrophages. U937/PMA cells

untreated (black bar) or treated with TNFa (A), IFNy (B), a combination of TNFa and IFNy
(C) in the presence (+) or absence (=) of 1 uM CNFASB, were assayed for NO production.
U937/PMA cells untreated (black bar) or treated with TNFa (D), IFNy (E), a combination of
TNFa and IFNy(F) in the presence (+) or absence (=) of 1 yM CNFASB were assayed for
ROS production. Values represent mean = s.e.m. (N =5).
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Effect of S.C25A1 silencing on inflammatory response. U937/PMA cells untreated (black
bar) or treated with TNFa, IFNy or a combination of TNFa and IFNy, and transfected with
the siRNA targeting human CIC (+) or control siRNA (=) were assayed for PGE2 (A), NO
(B) and ROS (C) production. Values represent mean = s.e.m. (N = 5).
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Fig. 8.
Proposed mechanism for mitochondria-derived citrate in cytokine-induced inflammation.

Tumor necrosis factor-a (TNFa) induces CIC gene activation through NFkB signaling.
Interferon-y (IFNY) acts through STAT transcription factors. Then, CIC activity supplies
acetyl-CoA for prostaglandin (PGE2) synthesis and NADPH for reactive oxygen species
(ROS) and nitric oxide (NO) production.
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