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Abstract

Previous results indicated that LPS treatment of human macrophages is associated with the induction of glutamate-ammonia-
ligase (GLUL), the enzyme that synthesizes glutamine (Gln), although the effects on cell Gln level were not assessed by those
studies. Here, we show that M1 polarization of human THP-1 macrophage-like cells with LPS and interferon c (IFNc) induces not
only GLUL but also the exchange Gln transporter ASCT2 and the bidirectional carrier SNAT5. Consequently, Gln influx markedly
increases, with ASCT2 and SNAT5 inhibitors suppressing the effect. Notwithstanding these changes, cell Gln is comparable in
human M0 and M1 macrophages. However, under Gln-free conditions, Gln efflux is threefold faster in M1 macrophages. With the
same approach, we have demonstrated that cell glutamate (Glu) mostly derives from extracellular Gln. Furthermore, Glu efflux is
markedly higher in M1 macrophages, consistent with the induction of the Glu-cystine exchanger xCT. Induction of GLUL, SNAT5,
and xCT, along with SNAT5-dependent stimulation of Gln transport, are clearly detectable also in primary human macrophages,
derived from monocytes of peripheral blood and M1-polarized with LPS/IFNc. These data indicate that, through a stimulation of
Gln and Glu efflux, M1-polarized human macrophages can increase the concentration of both amino acids in the extracellular
microenvironment.

NEW & NOTEWORTHY M1 polarization of human macrophages promotes the induction of glutamate-ammonia-ligase (GLUL) and
of the Gln transporters SNAT5 and ASCT2, leading to a faster efflux of the amino acid into the extracellular compartment. Under
the same conditions, induction of the transporter xCT mediates the increased efflux of glutamate. Therefore, M1 macrophages
can increase the extracellular concentrations of both glutamine and glutamate, potentially influencing the metabolic and func-
tional behavior of other cell populations present in the microenvironment.

GLUL; glutamate; glutamine synthetase; LPS; SLC38A5

INTRODUCTION

Activation and polarization of human macrophages are
associated with specific metabolic changes, with M1-like
macrophages displaying enhanced glycolysis, whereas, in
contrast, M2-like cells are more oxidative (1).

Glutamine (Gln) metabolism is also affected, with con-
sumption of the amino acid increasing during M1 activation
(2). In macrophages infected withMycobacterium tuberculo-
sis, Gln serves as a carbon and nitrogen source for metabolic
reprogramming and the synthesis of succinate, aspartate,
and itaconate (3). However, Gln plays a variety of metabolic
roles, and, therefore, the functional significance of these
changes inmacrophage biology is not yet fully understood.

Previous results (4, 5) have demonstrated that long-term
exposure of human macrophages to LPS causes an increase

in the expression of glutamate-ammonia-ligase (GLUL), the
enzyme that obtain Gln from glutamate (Glu) and ammo-
nium. This change requires at least 24 h of exposure to endo-
toxin and is attributable to the induction of GLUL. GLUL
expression and activity relate to metabolic changes occur-
ring during macrophage activation and polarization, with
GLUL inhibition driving cells towardM1 polarization (6).

GLUL activity is a determinant for the intracellular level
of Gln, and its shelf-life is inversely regulated at the protein
level by the amino acid availability (7). However, cell Gln
content is determined not only by the enzymes that synthe-
size or consume the amino acid but also by its membrane
transport and, therefore, by its extracellular concentration.
In human cells, transmembrane Gln fluxes are mediated by
several carriers, which operate exchange or unidirectional
fluxes (8–10). Among these, system A transporters of the
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SLC38 family, such as SNAT1 and SNAT2 (coded by SLC38A1
and SLC38A2, respectively), are unidirectional, secondary
active, sodium-dependent carriers (11). ASCT2, coded by
SLC1A5, is a sodium-dependent exchanger (12). SNAT3 and
SNAT5, coded by SLC38A3 and SLC38A5, respectively, are
system N carriers, which can mediate both net efflux and
influx of their substrates depending on their transmembrane
gradients (13). Notably, SLC38A5/SNAT5 has been found to
be involved in several metabolic cross talks involving inter-
cellular Gln and asparagine fluxes (14, 15). Alkaline medium
pH stimulates both SNAT2 and SNAT5 (11, 16).

To achieve a better understanding of changes in Gln
metabolism and transport associated with macrophage acti-
vation and polarization, we have polarized two humanmac-
rophage models: the monocytic cell line THP-1 and primary
macrophages from peripheral blood monocytes (MDMs),
under a typical M1-promoting condition, consisting of the
combined treatment with LPS and interferon c (IFNc). Along
with GLUL induction, the incubation of human macro-
phages with LPS and IFNc elicits expression changes of sev-
eral Gln transporters, leading to an increase in Gln
membrane transport that is sensitive to SNAT5 inhibitors.
Overall, these changes do not appear to significantly modify
cell Gln content but, rather, the efflux of Gln and Glu into
the extracellular compartment.

MATERIALS AND METHODS

Cells and Treatments

Acute monocytic leukemia THP-1 cells (male, 1 yr),
obtained from the Cell Bank of the Istituto Zooprofilattico
Sperimentale della Lombardia ed Emilia-Romagna (Brescia,
Italy), were cultured in RPMI 1640 (Euroclone, Milan, Italy)
supplemented with 2 mM Gln (Sigma-Aldrich), antibiotics
(100 U/mL penicillin and 100 lg/mL streptomycin), and 10%
fetal bovine serum (Gibco, Thermo Fisher Scientific, Milan,
Italy). Macrophage-like differentiation was obtained by incu-
bating THP-1 cells in phorbol myristate acetate (80 nM) for
3 h. After three washes in phosphate-buffered saline (PBS),
cells were rescued in fresh medium for 24 h before treat-
ment. For the experiments, Gln concentration was kept at
0.6 mM, in the physiological range of human plasma Gln.
Macrophage stimulation was performed by adding LPS
(Escherichia coli strain O55:B5; Sigma-Aldrich, 100 ng/mL)
and interferon c (IFNc; R&D Systems, Bio-Techne, Milan,
Italy, 20 ng/mL) to the culture medium for the periods speci-
fied in each experiment.

The protocol for isolation and use of primary human
macrophages was reviewed and approved by the Ethical
Committee AVEN (325/2024/TESS/UNIPR). Written informed
consent was obtained from all the donors. Peripheral blood
mononuclear cells (PBMCs) were isolated from peripheral
blood aliquots obtained from healthy subjects. Aliquots of 30
mL of blood were diluted 1:3 in PBS, and equal volumes of the
solution (22 mL) were carefully dispensed on 15 mL of Ficoll-
Paque Plus (GE Healthcare Life Sciences, Pittsburgh, PA) in
four sterile conical tubes. After 30 min of centrifugation at
400 g in a swinging-bucket rotor without brake, buffy coat
fractions of PBMCwere harvested and pulled into a new tube.
Cells were then suspended, centrifuged at 200 g for 10 min,

and repeatedly washed with 50 mL of PBS to remove red
blood cells and platelet contamination. Purified PBMCs were
resuspended in RPMI 1640 culture medium supplemented
with 5% of A/B human serum at a density of 3 � 105 cells/mL
and seeded in either a 24-well culture plate (1 mL/well) to per-
form RT-PCR experiments, Western blot, and amino acid
determination or a 96-well culture dish (200 lL/well) for
influx experiments. After 30 min of incubation in standard
culture conditions (37�C at 5% CO2), adherent monocytes
were rinsed three times with PBS to remove residual lympho-
cytes and platelets. Culture medium was then renewed, and
cells were incubated for 7 days in the presence of macro-
phage-colony stimulating factor (M-CSF) (R&D Systems,
50 ng/mL) to achieve differentiation into monocyte-derived
macrophages (MDM). For M1 polarization, MDMwere stimu-
lated with LPS (5 ng/mL) and IFNc (20 ng/mL).

Gene Expression

The extraction of total RNA was performed using the
GeneJET RNA Purification Kit (Life Technologies, Thermo
Fisher Scientific, Milan, Italy), following the manufacturer’s
instructions. In brief, 250 ng of total RNA were reverse-tran-
scribed, and aliquots of 12 ng of cDNA were amplified in a
total volume of 10 lL with PowerUp SYBR Green Master mix
(Thermo Fisher Scientific, Milan, Italy), along with the for-
ward and reverse primers (5 pmol each), reported in Table 1.
Real-time PCR (RT-PCR) was performed in a QuantStudio 3
apparatus (Life Technologies, Thermo Fisher Scientific), set-
ting a denaturation step at 95�C for 15 s, which was followed
by the annealing (15 s) and extension (1 min) steps at a tem-
perature characteristic for each pair of primers (Table 1).
Fluorescence was monitored at the end of each extension.
Melting curve analysis was added at the end of each amplifi-
cation cycle. Data analysis was made according to the rela-
tive standard curve method. Expression data were reported
as the ratio between each investigated cDNA and RPL15
cDNA.

Western Blot

Macrophages were rinsed once in PBS and covered with
80 lL of NuPAGE LDS Sample Buffer 4X (Thermo Fisher

Table 1. Primers for RT-PCR experiments

Gene Primers Temperature, �C

GLUL for 5 0 TCATCTTGCATCGTGTGTGTG 3 0
rev 5 0 CTTCAGACCATTCTCCTCCGG 3 0

56

SLC38A5 for 5 0 AACCTGAGTCTGAGTTGCGG 3 0
rev 5 0 AGGGAGGGCTCCATTCATCT 3 0

57

SLC7A11 for 5 0 TGTCCACAAGCACACTCCTC 3 0
rev 5 0 CTGCCAGCCCCATAAAAAGC 3 0

57

SLC38A2 for 5 0 ATGAAGAAGGCCGAAATGGGA 3 0
rev 5 0 TGCTTGGTGGGGTAGGAGTAG 3 0

57

SLC3A2 for 5 0 TGAATGAGTTAGAGCCCGAGA 3 0
rev 5 0 GTCTTCCGCCACCTTGATCTT 3 0

60

SLC7A5 for 5 0 GTGGACTTCGGGAACTATCACC 3 0
rev 5 0 GAACAGGGACCCATTGACGG 3 0

60

GLS for 5 0 GCTGTGCTCCATTGAAGTGA 3 0
rev 5 0 GCAAACTGCCCTGAGAAGTC 3 0

57

TNFA for 5 0 ATGAGCACTGAAAGCATGATCC 3 0
rev 5 0 GAGGGCTGATTAGAGAGAGGTC 3 0

56

RPL-15 for 5 0 GCAGCCATCAGGTAAGCCAAG 3 0
rev 5 0 AGCGGACCCTCAGAAGAAAGC 3 0

57
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Scientific), previously diluted to the working concentra-
tion in lysis buffer 1X (Cell Signaling Technology, Milan,
Italy). Cell lysates were boiled for 10 min, and protein con-
centration was determined with the micro-Lowry method.
Volumes of lysate corresponding to 20–35 lg of protein
were loaded onto 4%–12% polyacrylamide Bolt Bis-Tris
Plus Mini Protein Gels (Thermo Fisher Scientific, Milan,
Italy), separated at 200 V for 70 min, and then transferred
for 1 h to PVDF membranes. After one washing in tris-buf-
fered saline (TBS; 50 mM tris base, 150 mM NaCl, pH 7.5),
membranes were incubated for 1 h in TBS containing 10%
of blocking solution (Western Blocking Reagent, Roche,
Merck, Milan, Italy) before being exposed overnight at 4�C
to primary antibodies (Table 2) diluted in TBS-T (TBS with
0.1% Tween) containing 5% BSA. Membranes were then
rinsed three times in TBS-T and incubated for 1 h at RT in
horseradish peroxidase (HRP)-conjugated secondary anti-
mouse or anti-rabbit antibodies (Table 2), both diluted
1:10,000 in blocking solution. After that, membranes
underwent three washes of 15 min each with TBS-T before
being exposed to ECL Chemiluminescent HRP Substrate
(Millipore, Merck, Milan, Italy) for 1 min. Visualization of
the protein bands was performed using the iBright FL1500
automated system (Life Technologies, Thermo Fisher
Scientific, Milan, Italy). b-actin or b-tubulin were used as a
loading control.

Validation of Anti-SNAT5 Antibody Through SLC38A5
Silencing

Silencing of SLC38A5 in human macrophages was per-
formed using the HiPerFect Transfection Reagent (Qiagen,
Milan, Italy). Mixtures of transfection reagents of either ON-
TARGETplus Human SLC38A5 siRNA-SMARTp or scrambled
ON-TARGETplus Non-targeting Pool (Horizon Discovery,
Cambridge, UK) were used according to the manufac-
turer’s instructions. The experiment (Supplemental Fig.
S1) confirmed that SLC38A5 silencing strongly lowered
SNAT5 immunofluorescence.

Immunofluorescence

For staining, macrophages were rinsed twice in PBS and
fixed for 15 min with 4% paraformaldehyde in PBS. After two
further washes in PBS, fixed cells were permeabilized for
15 min with 0.2% Triton in PBS, blocked for 1 h in PBS con-
taining 2% BSA plus 2% normal goat serum, and incubated
overnight at 4�C with mouse anti-human GLUL (1:100), rab-
bit anti-human glutaminase (GLS, 1:100), or rabbit anti-
SNAT5 (1:100) primary antibodies diluted in blocking solu-
tion. The specificity of the anti-SNAT5 antibody was also

confirmed through the evaluation of SNAT5-silencedmacro-
phages (Supplemental Fig. S1).

After three washes in PBS, cells were incubated for 1 h in the
presence of AlexaFluor 488 anti-mouse for GLUL and
AlexaFluor 546 anti-rabbit for SNAT5 (both from Thermo
Fisher Scientific), diluted 1:400 in blocking solution. For
nuclei counterstaining, 1 g/mL of Hoechst 33258 (Merck,
Milan, Italy) was added. Slides were thenmounted with a cov-
erslide in Glycergel medium (DAKO, Santa Clara, CA) and
observed with the confocal laser scanningmicroscopy (CLSM)
system STELLARIS 5 (LeicaMicrosystems,Wetzlar, Germany),
using a Plan-Apo 63� oil immersion objective (numerical
aperture 1.4). Single confocal sections were acquired using
independent configuration settings to avoid signal cross talk.
Setting 1 for nuclei acquisition was excitation at UV 405 nm
laser line (LL) and spectral detection ranging from 420 to 468
nm; setting 2 for the detection of GLUL and SNAT5 was,
respectively, excitation at 485 nm white laser line (WLL) with
a spectral detection range of 500–530 nm and excitation at
549 nm WLL with a spectral detection range of 570–610 nm.
Data were analyzed with LAS-X 4.7.0 software.

Transport Studies

The influx of Gln in THP-1 cells andMDMwas determined
in the absence or in the presence of preferential inhibitors of
selected transport systems. Macrophages were washed with
Earle’s Balanced Salt Solution (EBSS; NaCl 117 mM, KCl
5.3 mM, CaCl2 1.8 mM, MgSO4·7H2O 0.81 mM, NaH2PO4·H2O
1 mM, HEPES 25 mM, glucose 5.5 mM, supplemented with
0.02% phenol red, adjusted to pH 7.4) and incubated in the
same solution for 30 min. Cells were then incubated in an
EBSS supplemented with 1 mM 3H-Gln (2,3-3H-L-glutamine;
PerkinElmer, 10 lCi/mL) for 2 min, with the pH maintained
at 7.4 or adjusted at 8.0 with 5 N NaOH, as specified for each
experiment, in the absence or in the presence of preferential
inhibitors of transporters: L-histidine (His, 10mM, for system
N and systemA transporters of the SLC38 family), L-glutamic
acid c-monohydroxamate (GlucHA, 1 mM, for system N
transporters of the SLC38 family), or glutamine (Gln, 10 mM,
for the inhibition of all the saturable transport systems).
Saturable Gln uptake was calculated by subtracting uptake
detected in the presence of 10 mM Gln from the uptake val-
ues. At the end of the transport assay, cells were washed
twice with ice-cold 300 mM urea and extracted in ice-cold
ethanol. Radioactivity of the extracts was determined with a
MicroBeta2 liquid scintillation spectrometer (PerkinElmer,
Milan, Italy). Protein content in the well was determined
with a modified Lowry assay. Data were expressed as
nmol/mg of protein/min.

Table 2. Antibodies used for Western blot (WB) and immunofluorescence (IF)

Antibody Company Name Dilution Source Cat. No.

ASCT2 Cell Signaling Technology 1:2,000, WB Rabbit, monoclonal Cat. No. 8057, RRID:AB_10891440
b-ACTIN Sigma-Aldrich 1:10,000, WB Rabbit, polyclonal Cat. No. A2066, RRID:AB_476693
b-TUBULIN Sigma-Aldrich 1:10,000, WB Mouse, monoclonal Cat. No. T5168, RRID:AB_477579
GLS1 Cell Signaling Technology 1:100, IF Rabbit, polyclonal Cat. No. 88964, RRID:AB_2800133
GLUL BD Biosciences 1:1,000, WB Mouse, monoclonal Cat. No. 610518, RRID:AB_39788
SNAT5 Abcam 1:100, IF Rabbit, polyclonal Cat. No. ab72717, RRID:AB_10563479
xCT Abcam 1:1,000, WB Rabbit, polyclonal Cat. No. ab37185, RRID:AB_778944
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Efflux Studies and Amino Acid Determination

Cells were cultured for 24 h in the absence or in the pres-
ence of LPS/IFNc in RPMI 1640 medium at 0.6 mM Gln,
0.137 mM Glu, and 0.208 mM cystine. Cell media was then
replaced with freshmediumwithout Gln (RPMI free-Gln) for
further 24 h, maintaining LPS/IFNc stimulation where
required. After the treatment, cells were extracted in abso-
lute ethanol. Amino acids in cell extracts and conditioned
media were analyzed with liquid chromatography tandem
mass spectrometry (LC-MS/MS). LC analyses were carried
out with an ExionLC pump coupled with a QTRAP 6500þ
System (SCIEX), as previously described (15).

Statistics

Data are reported asmeans ± SD of at least three biological
replicates. Difference between the experimental conditions
was evaluated with a two-tailed, unpaired t test, as specified
in the figure legends. Differences were considered significant
when P < 0.05. Statistics were evaluated with Prism 8.0
(GraphPad, La Jolla, CA).

RESULTS

LPS/IFNc Increase the Expression of Glutamate-
Ammonia-Ligase and Gln Transporter SNAT5 in THP-1
Cells

Treatment of differentiated THP-1 macrophages with LPS/
IFNc is associated with M1 polarization, as demonstrated

by the early induction of the gene for TNFa (TNFA)
(Supplemental Fig. S2). Under the same conditions, a sub-
stantial change in the expression of genes involved in gluta-
mine (Gln) transport andmetabolismwas detected (Fig. 1 and
Supplemental Fig. S2). Both GLUL, for glutamate-ammonia-
ligase (GLUL), and SLC38A5, for the transporter SNAT5, were
significantly induced already after 6 h of LPS/IFNc stimula-
tion, with a further increase at 24 h (Fig. 1A). The induction
was confirmed at the protein level for GLUL (Fig. 1B).

At the same incubation times, the treatment caused a
modest induction of GLS1, for the kidney-type glutamin-
ase (Supplemental Fig. S2). Three other transporters for
Gln, SNAT2 (SLC38A2), ASCT2 (SLC1A5), and SNAT7
(SLC38A7), were also markedly upregulated but only at
24 h (Supplemental Fig. S2). The treatment with LPS/IFNc
was performed at a [Gln] of 0.6 mM, in the physiological
range of plasma Gln, but the enzyme induction was still
clearly detectable at the supraphysiological Gln concentra-
tion present in most culture media (2 mM) or under condi-
tions of relative (0.4 mM) or absolute (no Gln) depletion of
the amino acid (Supplemental Fig. S3). Under the same
conditions, induction of ASCT2 by LPS/IFNc was con-
firmed at the protein level and found to be insensitive to
extracellular Gln deprivation.

Although SNAT5 protein detection with Western blot was
not feasible due to the lack of validated antibodies for this
technique, M1 macrophages showed an increased expres-
sion of both GLUL and SNAT5 with immunofluorescence,
which, in addition, highlighted a substantial change in cell

Figure 1. Effect of LPS/IFNc on GLUL expression. Differentiated THP-1 cells were exposed to LPS/IFNc for the indicated times and then extracted for the
assessment ofGLUL and SLC38A5mRNA (6–24 h, A) or of GLUL protein (24–48 h, B). A representative Western blot (WB) is reported (B, top), performed
four times with comparable results. The densitometric analysis is shown in B (bottom). For both panels, data are presented as means of four determina-
tions ± SD (n ¼ 4). ��P < 0.01; ���P < 0.001; and ����P < 0.0001 vs. control at the same times; two-tailed, unpaired t test. GLUL, glutamate-ammonia-
ligase; IFNc, interferon c.
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morphology (Fig. 2). Moreover, several treated cells exhib-
ited evident peripheral localization of SNAT5 signal.
Supplemental Fig. S4 compares the intracellular distribu-
tion of GLUL and GLS1, showing the uneven cytoplasmic
localization of the latter.

M1 Polarization Increases Gln Transport in THP-1
Macrophages

The preferential substrates of the transporter SLC38A5/
SNAT5 are Gln, histidine (His), and, with a much lower affin-
ity, asparagine (Asn). In the experiment shown in Fig. 3, the
activity of the SNAT5 transporter was evaluated, measuring
the saturable Gln influx, which was found markedly stimu-
lated by LPS/IFNc at both pH 7.4 and 8, a condition in which
the operation of the transporter is favored (11). At pH 7.4, His
had a modest effect under control conditions, whereas it

inhibited almost half of the influx in M1-polarized macro-
phages. The analog L-glutamate-c-hydroxamate (GlucHA),
which is a synthetic SNAT5 inhibitor (17), was without signif-
icant effects in control macrophages, whereas it markedly
inhibited Gln entry in cells polarized by LPS/IFNc. Gln trans-
port was stimulated by LPS/IFNc also at pH 8.0. Compared
with pH 7.4, the inhibition by His was more evident in
untreated cells and still marked in M1 macrophages. In the
presence of GlucHA, no difference was observed between
control and stimulated cells, indicating that the analog com-
pletely suppressed the uptake component stimulated by LPS
and IFNc.

The effect of M1 polarization on Gln transport was further
characterized by using the preferential inhibitors for other
transport systems (Supplemental Fig. S5). In the presence of
10 mM Gln, the transport of the amino acid was comparable

Figure 2. Effect of LPS/IFNc on SNAT5 and GLUL distribution. THP-1 macrophages were exposed to LPS/IFNc for 48 h and then processed for SNAT5
and GLUL staining as described in MATERIALS AND METHODS. The images reported are the maximum projection of confocal sections taken in a representa-
tive field, highlighting the distribution of SNAT5 (red, left) and GLUL (green, middle). Arrows indicate areas of marginalization of SNAT5 signal. Nuclei
were counterstained with Hoechst 33258 in the merged image. The inset highlights some cells in which membrane localization of SNAT5 is evident.
Bar¼ 50 lm. In the bottom panels, the intensities of SNAT5 and GLUL signals, expressed as ratio on the average of nuclear intensities in the same field,
were obtained from four different fields (n ¼ 4) and are presented as means ± SD in either experimental condition. ���P < 0.001; ����P < 0.0001 vs.
untreated cells; two-tailed, unpaired t test. GLUL, glutamate-ammonia-ligase; IFNc, interferon c.
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in cells polarized by LPS/IFNc and in control macrophages,
indicating that M1 polarization only affected saturable Gln
influx. A major component of Gln influx, in both control
and M1 macrophages, was threonine-inhibitable, whereas
a-(methylamino) isobutyric acid (MeAIB), the specific
inhibitor of SNAT1/2 transporters, was ineffective in either
experimental condition. Asparagine at high concentration
markedly inhibited Gln influx in both cells, suppressing
the stimulation.

M1 Polarization Does Not Change Intracellular Gln but
Enhances the Efflux of Gln and Glu

Since SNAT5 is a bidirectional transporter (11), its late
induction in M1-polarized macrophages may lead to the
increase of either Gln influx or efflux. Moreover, the
exchange transporter ASCT2 and two important Gln-
related enzymes with opposite effects on Gln cell content,
glutamate-ammonia-ligase and glutaminase, are also
induced by LPS/IFNc (Fig. 1 and Supplemental Fig. S2).
Therefore, to evaluate the net effect of these changes, we
have determined the cell content and the extracellular
concentration of Gln, together with those of its main
metabolite L-glutamate (Glu) (Figs. 4 and 5).

Upon 24 h of incubation at 0.6 mM Gln, the intracellular
amount of Gln (Fig. 4A) was not significantly different in
control and M1 macrophages. After further 24 h of incuba-
tion in a Gln-free medium, cell Gln was much lower but still
comparable under the two conditions, whereas the extracel-
lular amino acid was markedly higher in M1-polarized cul-
tures (Fig. 4B), indicating a threefold higher efflux (Fig. 4C).
The sum of intra- and extracellular amino acid indicated
that the treatment increased total Gln content of the culture
by 50% (Fig. 4D).

In addition, cell Glu (Fig. 5A) was comparable in M0
and M1 macrophages, although Gln-free incubation

produced a marked decrease in both conditions. The
extracellular Glu concentration was much higher in LPS/
IFNc-treated cells (Fig. 5B) and, importantly, higher than
the initial medium concentration (137 lM) in both M0 and
M1 macrophage cultures. Therefore, a net Glu efflux had
occurred in either case, which was 2.4-fold higher in M1-
polarized macrophages (Fig. 5C). Total Glu content of the
culture system was not significantly different under the
two conditions.

M1 Polarization Induces the Transporter xCT

In several cell models, Glu efflux is mediated by the trans-
porter xCT, an anionic amino acid exchanger that, under
physiological conditions, operates cystine influx coupled
with Glu efflux (18–20). An increased expression of SLC7A11,
coding for xCT, was detected in LPS/IFNc-stimulated THP-
1 cells at 6 h and, more evidently, at 24 h of treatment.
Gene induction was followed by increased abundance of
the carrier protein at 24 and 48 h (Fig. 6). Consistently, the
xCT inhibitor sulfasalazine significantly lowered extracel-
lular Glu in LPS/IFNc-treated but not in control cells
(Supplemental Fig. S6).

LPS/IFNc Treatment Promotes Both GLUL and SLC38A5
Expression in Primary Human Macrophages

A 24-h incubation with LPS/IFNc markedly stimulated
SLC38A5, GLUL, and SLC7A11 expression in human pri-
mary macrophages derived from peripheral blood mono-
cytes (MDM) (Fig. 7, A–C). At 48 h of treatment, Gln
transport was increased in M1-polarized macrophages
with the stimulation abolished by high concentrations of
the SNAT5 inhibitors His and GlucHA. Consistently, a sig-
nificant increase in SNAT5 protein expression on the
plasma membrane of M1-polarized MDM was observed
(Fig. 8).

Figure 3.Glutamine influx in LPS/IFNc-treated or untreated THP-1 cells. After 48 h of LPS/IFNc treatment, cells were exposed to 1 mM 3H-Gln (10 lCi/mL)
for 2 min in EBSS-HEPES at pH 8 or pH 7.4 in the absence or in the presence of the indicated inhibitors. The intracellular content was then extracted and
processed for the determination of radiolabeled Gln (see MATERIALS AND METHODS). Data are presented as means of three independent determinations ±
SD (n ¼ 3). The experiment was performed twice with comparable results. ��P < 0.01, ����P< 0.0001 vs. untreated cells under the same conditions of
transport assay; ###P< 0.001, ####P< 0.0001 vs. LPS/IFNc-treated cells without inhibitors; $P< 0.05, $$$P< 0.001 vs. control cells without inhibitors;
two-tailed, unpaired t test. EBSS, Earle’s Balanced Salt Solution; Gln, glutamine; IFNc, interferon c.
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DISCUSSION

This study demonstrates that M1 polarization of human
macrophages promotes the intracellular synthesis of Gln
through glutamine synthetase (GLUL) and enhances Gln
efflux into the extracellular medium.

As far as GLUL is concerned, previous studies from this
laboratory (5) found that the enzyme was induced by LPS.
Others demonstrated that GLUL induction was also observed
with the combined treatment with LPS/IFNc (6), ascribing
the regulation to a metabolic rewiring associated with M2
polarization. It is known, however, that M2 macrophages
activate glutamine catabolism and that glutamine depriva-
tion hampered M2 polarization (21). It should be considered
that the metabolic changes associated with M1-like pheno-
type, such as activation of glycolytic flux, occur early after
exposure to pathogens (22, 23). In the present work, GLUL
expression has been investigated at 24 and 48 h of LPS/IFNc,
M1 mimicking treatment, when the metabolic phenotype
may represent a transitional state towardM2 polarization, as
suggested by Jiang et al. (3). Following macrophage activa-
tion for an extended period, a biphasic change can be indeed

detected (24), withM1metabolic phenotype prevailing in the
early phases with a later shift toward M2. If this is true,
GLUL induction could be a marker of the metabolic shift
fromM1 toM2metabolic phenotype.

GLUL regulation may involve transcriptional (through
GLUL induction) and posttranslational mechanisms, with
GLUL shelf life inversely dependent on Gln availability (25,
26). In our experiments, the transcriptional activation of
GLULwas evident, but we also considered the other mecha-
nism (Supplemental Fig. S3). At 2 mM, the Gln concentration
usually adopted in conventional media, GLUL protein
expression was suppressed in control cells, with a dramatic
induction upon LPS/IFNc treatment. Instead, at the physio-
logical extracellular concentration of 0.6 mM, the expression
in control cells was already sizable, although LPS/IFNc stim-
ulation was still clear (Supplemental Fig. S3). Therefore, to
better adhere to the physiological situation, we performed
macrophage activation at 0.6 mMGln.

At variance with GLUL regulation, the role of changes in
Gln transport in M1 polarization of human macrophages
has not been thoroughly investigated thus far. The results
presented here indicate, however, that Gln transport is

Figure 4. Intracellular and extracellular Gln upon LPS/IFNc treatment. Cells were incubated 24 h in the absence or presence of LPS/IFNc. The incubation
was prolonged for further 24 h in the absence of Gln, maintaining the stimulation where indicated. After the experimental treatment, cell culture media
were collected and stored at �80�C along with the intracellular contents extracted in ethanol. Gln was determined in the two fractions with LC-MS/MS
(see MATERIALS AND METHODS). For intracellular amino acid (A), data at 24 and 48 h are normalized for the cell protein of the same well. Extracellular amino
acid (B) is expressed as Gln concentration. In C, the extracellular concentrations (B) has been converted into the amount of amino acid secreted by cells
and expressed as efflux (nmol/h). D: represents the total amount of Gln in the culture system, summing cell Gln and the extracellular amino acid obtained
from the concentration corrected for the incubation volume. For all panels, results are means of four independent determinations ± SD (n ¼ 4). ����P<
0.0001 vs. untreated cells; two-tailed, unpaired t test. Gln, glutamine; IFNc, interferon c; LC-MS/MS, liquid chromatography tandemmass spectrometry.
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markedly increased at later times of M1 polarization
(Figs. 4 and 7). Looking at the transporter(s) responsible
for the change, we observed a significant induction of
SLC38A2/SNAT2 at 24 h of treatment with LPS/IFNc
(Supplemental Fig. S2), but MeAIB inhibition is very low in
both control and M1-polarized THP-1 cells (Supplemental
Fig. S5). SNAT2 is regulated at many levels, and changes in
SLC38A2 expression are not always followed by membrane
targeting of the carrier and increase in transport activity
(27). SLC1A5/ASCT2 is considered themajor Gln transporter of
macrophages, and its inhibition has been proposed as an
effective anti-inflammatory strategy (28). Consistently, ASCT2
seems to play a leading role in Gln transport also in THP1
cells, since its preferential substrate L-threonine exerts a
marked inhibition (Supplemental Fig. S5). The transporter is
strongly induced by LPS/IFNc at the gene (Supplemental Fig.
S2) and protein level (Supplemental Fig. S3). Gln is also a sub-
strate of system N, which includes bidirectional SNAT trans-
porters. One of these transporters, SNAT5, also interacts with
L-threonine (29), at variance with its homologous SNAT3 (11).
In agreement with SNAT5 involvement, the M1-dependent
stimulation of Gln transport is markedly lowered by the sys-
temN inhibitors His and c-glutamylhydroxamate (GlucHA) at
pH 7.4 and completely suppressed at pH 8, a condition in
which systemN activity is stimulated (30, 31). Among system

N transporters (11), SLC38A5/SNAT5 is clearly induced during
M1 polarization (Figs. 1 and 2), whereas SNAT3 expression is
exceedingly low (data not shown). SNAT7 is sizably expressed
in macrophages and appreciably induced by LPS/IFNc
(Supplemental Fig. S2) but prevalently localized in intracellu-
lar compartments (11). For these reasons we conclude that the
system N transporter responsible for increased Gln transport
inM1-polarized THP-1 cells is SNAT5.

Therefore, M1 polarization induces at least two transport-
ers that may account for Gln efflux, such as ASCT2 and
SNAT5. However, the operational conditions and the pH
dependence of the two carriers are different. ASCT2 is an
obligatory Naþ -dependent exchanger and is inhibited by
alkalinization, whereas SNAT5 mediates a Naþ -dependent
unidirectional influx stimulated at pH 8. The experiment
shown in Fig. 3 indicates that the preferential SNAT5 inhibi-
tor GlucHAdoes not completely suppress Gln transport stim-
ulation at pH 7.4, when the activity of ASCT2 is optimal, but
it abolishes stimulation at pH 8, when SNAT5-dependent
influx is promoted and ASCT2 is hindered (32). These results
suggest that both transporters contribute to the stimulation
of Gln efflux, with the relative contribution depending
on the availability of counter substrates for ASCT2 and
the transmembrane gradient of Gln and pH for SNAT5.
Interestingly, it is known that M1-activation produces a

Figure 5. Intracellular and extracellular Glu upon LPS/IFNc treatment. Glu was measured under the same conditions described in the legend of Fig. 4.
Data were expressed and panels were defined as described in the legend of Fig. 4. In C, the medium Glu concentration (137 lM) was subtracted from
the extracellular concentration before efflux calculation. For all panels, results are means of four independent determinations ± SD (n¼ 4). ��P< 0.01 vs.
untreated cells; two-tailed, unpaired t test. Glu, glutamate; IFNc, interferon c.
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significant decrease of extracellular pH (33), a condition that
should promote SNAT5-mediated Gln efflux. This considera-
tion could be particularly relevant in specific pathological
situations associated with low pH, such as inflammatory
infiltrates and tumor microenvironment. On the contrary,
the experiment shown in Fig. 4 has been performed in the
absence of extracellular Gln to highlight different rates of
efflux in control and M1-polarized cells. Under this condi-
tion, the contribution of ASCT2 to Gln efflux is expected to
be emphasized due to lack of competition with other
ASCT2 substrate for influx. However, in a real-life situa-
tion, extracellular Gln would be present, so that the net
contribution of ASCT2 to Gln efflux would be less evident.
These possibilities require experimental validation in
advanced culture systems.

The function of this bidirectional transporter has never
been specifically investigated in M1 human macrophages,
and no information is yet available on its role in the meta-
bolic changes related to M1 polarization. In Protein Atlas, the
gene is not considered appreciably expressed in cells of the
monocyte-macrophage lineage (34), but these data refer to
unstimulated cells. Instead, previous results indicated that a
strong induction of the gene occurs upon the activation of
human macrophages by LPS (35, 36). However, both these
papers reported the change of transporter expression at
mRNA level in the context of a genome-wide transcriptomic
analysis, and the effect was neither described in the text nor
involved in functional changes. Here, we demonstrate that

the transporter is markedly induced in a typical M1-polariz-
ing condition and that, upon its induction, Gln transport
markedly changes, suggesting that SNAT5 induction has a
functional role. Both GLUL and SLC38A5 are induced, indi-
cating that macrophages treated with LPS/IFNc increase
both the synthesis of Gln and its transmembrane fluxes.
Moreover, glutaminase, the major Gln-catabolizing enzyme,
and two other Gln transporters, SNAT2 and ASCT2, are also
induced under the same conditions (Supplemental Figs. S2
and S3). Therefore, the overall effect of these changes on cell
Gln would be hardly predictable.

Measuring both intracellular and extracellular Gln (Fig. 4),
we found that the overall functional outcome of M1-associ-
ated changes is the increased extrusion of the amino acid.
Indeed, upon a Gln-free incubation of 24 h, the extracellular
concentration of the amino acid wasmarkedly higher in M1-
polarized than in control cultures (Fig. 4B), corresponding to
a threefold increased efflux (Fig. 4C). Nevertheless, the
intracellular content of Gln was not different in control
and treated cells (Fig. 4A), independently of substantial
changes in single enzymes or transporters induced by
inflammatory stimuli. This paradoxical finding can be
explained only by GLUL-dependent synthesis of Gln, given
the absence of extracellular amino acid. Gln plays several
roles in cell metabolism, including anaplerosis, nucleotide
synthesis, synthesis of glutamate and asparagine (directly)
and of other nonessential amino acids (through glutamine-
derived glutamate), synthesis of hexosamines, prevention of

Figure 6. LPS/IFNc effect on xCT transporter in THP-1 macrophages. Differentiated THP-1 cells were exposed to LPS/IFNc for the indicated times. mRNA
(A) and proteins (B) were analyzed for SLC7A11/xCT expression. A representative WB is reported (B, top), with densitometric analysis shown in B (bottom).
For both panels, data are presented as means of four independent determinations ± SD (n ¼ 4). �P < 0.05; ��P < 0.01, ���P < 0.001; ����P < 0.0001
vs. untreated cells; two-tailed, unpaired t test. IFNc, interferon c.
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oxidative stress, and control of cell volume. An unbalanced
change in Gln content, associated with different func-
tional states, may have profound consequences for cell
homeostasis, thus highlighting the importance of an over-
all equilibrium among changes of different Gln enzymes
and transporters.

Similarly to the homolog SNAT3, SNAT5 engages in Gln
efflux from glial cells (37). More recently, the transporter has
been repeatedly indicated as the efflux route for the typical
system N substrates, Gln and Asn, to sustain amino acid
cross talks between different cell types (14). For instance,
bone marrow mesenchymal stromal cells exploit SNAT5
transporter to internalize Gln, in particular under hypoxic
conditions (38), but at the same time to mediate asparagine
efflux and metabolic support to acute lymphoblastic leuke-
mia blasts (39). Similarly, in multiple myeloma bonemarrow
niche, mesenchymal cells are driven to use the transporter
to mediate Gln efflux that is then used by GLUL-negative
myeloma plasma cells (40). Most recently, it has been
shown that glutamine produced by M2 macrophages is
taken up by oral squamous carcinoma cells through
SLC38A5, although the transport system for Gln secretion
by macrophages was not identified (41). As far as nontu-
mor models are concerned, GLUL-dependent secretion of

Gln from macrophages has been proposed to play an
important role in muscle regeneration (42). However, in
that contribution, the efflux route exploited to secrete the
amino acid was not investigated.

Glutamate (Glu) is the primary metabolite of Gln in
many cell types. Although Glu is present in the medium,
Glu content of THP-1 cells markedly fell after Gln-free
incubation (Fig. 3), suggesting that a substantial quote of
the amino acid derives from extracellular Gln. The extrac-
ellular concentration of the anionic amino acid was much
higher in cultures treated with LPS/IFNc, highlighting an
increased efflux, attributable to the cystine/Glu exchanger
xCT, induced by the same treatment (Fig. 6). Upregulation
of xCT/SLC7A11 by inflammatory stimuli is a well-known
feature of the transporter (18), although evidence in
human macrophages is limited (43). In our hands, the
induction of SLC7A11 was associated with that of its chap-
erone SLC3A2 (Supplemental Fig. S2). This regulation has
been usually associated with the cell response to oxidative
stress and implied in contrast to ferroptosis through the
Glu-dependent influx of cystine (44). The stimulation of
Glu efflux increased the extracellular concentration of the
anionic amino acid well over the level present in the
medium (138 lM; Fig. 5B).

Figure 7. LPS/IFNc effects on primary human macrophages. Differentiated primary human macrophages from peripheral blood monocytes were
exposed to LPS (5 ng/mL)/IFNc (20 ng/mL) for 24 (A–C) or 48 h (D). A–C: the expression of SLC38A5 (A), GLUL (B), and SLC7A11 (C) was determined
at 24 h. D: the saturable transport of 3H-Gln (1 mM, 10 lCi/mL, 2 min, pH 8) was determined after 48 h of treatment in the presence or in the absence
of the indicated inhibitors. Data are presented as means of three (A–C, n ¼ 3) or four (D, n ¼ 4) independent determinations ± SD. ��P < 0.01,
����P < 0.0001 vs. untreated cells; ##P < 0.01, vs. LPS/IFNc-treated cells without inhibitors; two-tailed, unpaired t test. GLUL, glutamate-ammonia-
ligase; IFNc, interferon c.
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The physiological relevance of these findings is
strengthened by the demonstration that primary human
MDM also induce GLUL, SLC38A5, and SLC7A11 at late
times of M1 polarization induced by LPS/IFNc. In conclu-
sion, these results suggest that M1-polarized human mac-
rophages can modify the extracellular concentrations of
both Gln and Glu, thus potentially influencing the behav-
ior of other cells present in the immune microenviron-
ment. The implications of this hypothesis in real-life
contexts, such as immune, inflammatory, or tumor micro-
environments, will require further experiments in cocul-
ture or in vivo models.
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Figure 8. Effect of LPS/IFNc on SNAT5 and GLUL distribution in primary human macrophages. Macrophages were exposed to LPS/IFNc for 48 h and
then processed for SNAT5 and GLUL staining as described in MATERIALS AND METHODS. The images reported are the maximum projection of confocal sec-
tions taken in a representative field, highlighting the distribution of SNAT5 (red, left) and GLUL (green,middle). Nuclei were counterstained with Hoechst
33258 in the merged image. Bar ¼ 20 lm. In the bottom panels, the intensities of SNAT5 and GLUL signals, expressed as a ratio to the average of
nuclear intensities in the same field, were obtained from three different fields (n¼ 3) and are presented as means ± SD in either experimental condition.
��P< 0.01; ����P< 0.0001 vs. untreated cells; two-tailed, unpaired t test. GLUL, glutamate-ammonia-ligase; IFNc, interferon c.
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