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BCAT1 affects mitochondrial metabolism independently of leucine
transamination in activated human macrophages
Jeong-Hun Ko1, Antoni Olona1, Adonia E. Papathanassiu2,*, Norzawani Buang1, Kwon-Sik Park3,
Ana S. H. Costa4, Claudio Mauro5, Christian Frezza4 and Jacques Behmoaras1,*

ABSTRACT
In response to environmental stimuli, macrophages change their
nutrient consumption and undergo an early metabolic adaptation that
progressively shapes their polarization state. During the transient, early
phase of pro-inflammatory macrophage activation, an increase in
tricarboxylic acid (TCA) cycle activity has been reported, but the relative
contribution of branched-chain amino acid (BCAA) leucine remains to
be determined. Here, we show that glucose but not glutamine is amajor
contributor of the increase in TCA cycle metabolites during early
macrophage activation in humans. We then show that, although uptake
of BCAAs is not altered, their transamination by BCAT1 is increased
following 8 h lipopolysaccharide (LPS) stimulation. Of note, leucine is
not metabolized to integrate into the TCA cycle in basal or stimulated
human macrophages. Surprisingly, the pharmacological inhibition
of BCAT1 reduced glucose-derived itaconate, α-ketoglutarate and
2-hydroxyglutarate levels without affecting succinate and citrate levels,
indicating a partial inhibition of the TCA cycle. This indirect effect is
associated with NRF2 (also known as NFE2L2) activation and anti-
oxidant responses. These results suggest amoonlighting role of BCAT1
through redox-mediated control of mitochondrial function during early
macrophage activation.
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INTRODUCTION
Toll-like receptor (TLR) activation by lipopolysaccharide (LPS)
reprogrammes mononuclear phagocytes, which utilize glucose, fatty
acids and amino acids in a coordinated way to mount a context-
dependent immune response. Classically activated macrophages
increase their glycolytic rate (Jha et al., 2015), undergo an early
increase in tricarboxylic acid (TCA) cycle activity (Lauterbach et al.,
2019; Seim et al., 2019) and mitochondrial reactive oxygen species
(ROS) (Cameron et al., 2019), and progressively accumulate lactate.

Hence, the temporally controlled TCA cycle and glycolysis-derived
metabolites, together with ROS, participate collectively into early and
late transcriptional and epigenetic regulation of pro-inflammatory
macrophage polarization (Bambouskova et al., 2018; Lauterbach
et al., 2019; Mills et al., 2016; Murphy and O’Neill, 2018; Zhang
et al., 2019).

Amino acid availability is essential for efficient metabolic
reprogramming of classically activated macrophages (Kelly and
Pearce, 2020). Amino acid synthesis or usage can utilize shunts
from glycolysis or the TCA cycle and participate in LPS-driven
metabolic reprogramming. For instance, de novo serine biosynthesis
is a glycolytic shunt required for inflammasome-independent
production of IL-1β in LPS-stimulated macrophages (Rodriguez
et al., 2019). Similarly, arginine is metabolized to nitric oxide (NO)
and L-citrulline, which can intersect with the TCA cycle through the
arginosuccinate shunt in classically activated macrophages (Jha
et al., 2015). Furthermore, the anti-oxidant defence mechanisms,
which are normally triggered to limit LPS-driven oxidative stress,
use amino acids. The glutathione (GSH) pathway uses amino acids,
such as cysteine, serine, glycine and methionine, in order to ensure
cytoprotective responses against oxidative stress.

Amino acid catabolism can also feed into the TCA cycle and
support ATP production through transamination reactions. These are
responsible for the deamination of most amino acids and result in the
formation of α-ketoacids, which could be used as precursors to enter
the TCA cycle at α-ketoglutarate (αKG), succinyl-CoA, fumarate,
oxaloacetate, pyruvate or acetyl-CoA. Essential amino acids comprise
leucine, valine and isoleucine, also known as branched-chain amino
acids (BCAAs) (Neinast et al., 2019). Their transamination is catalysed
by BCAA transaminase (BCAT) enzymes encoded by cytoplasmic
(BCAT1) and mitochondrial (BCAT2) genes (Sivanand and Vander
Heiden, 2020). BCAAs can fuel the TCA cycle through
transamination and production of glutamate and respective
α-ketoacids that can undergo decarboxylation to provide succinyl-
CoA (valine metabolism) or acetyl-CoA (leucine or isoleucine
metabolism). The role of BCAAs in immunity has been studied in
more detail through investigating leucine metabolism. Leucine can
activate mammalian target of rapamycin complex 1 (mTORC1) (Hara
et al., 1998; Sancak et al., 2008), and BCAT1 is an activator of
mTORC1 (Ananieva et al., 2014;Martin et al., 2020). Inmacrophages,
an uptake of leucine has been linked with LPS stimulation in RAW
264.7 cells (Meiser et al., 2016), and α-ketoisocaproate (KIC), the
α-ketoacid derived from leucine transamination, was shown to inhibit
macrophage phagocytosis (Silva et al., 2017). These studies suggest
that both leucine uptake and BCAT1-mediated transamination are
associated with macrophage function.

We have previously shown that BCAT1 is the most abundant
isoform in human macrophages and its pharmacological inhibition
by a leucine analogue (ERG240) is associated with decreased
oxidative phosphorylation and with suppressed IRG1 (also known
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as ACOD1) and itaconate levels during early activation of
macrophages with LPS (3–8 h) (Papathanassiu et al., 2017).
ERG240 was anti-inflammatory when injected into the
peritoneum of mice together with LPS, and it reduced sterile
inflammation in crescentic glomerulonephritis and rheumatoid
arthritis models (Papathanassiu et al., 2017). The effect of BCAT1
inhibition on the TCA cycle during early human macrophage
activation suggested a link between the cytoplasmic BCAT1
function and mitochondrial TCA cycle activity, which leads to an
overall anti-inflammatory phenotype. Hence, the exact role of
leucine catabolism in the control of mitochondrial activity in human
macrophages remains to be determined.
Here, we sought to determine the link between BCAT1 activity and

mitochondrial function during early human macrophage polarization
with LPS. We first show that glucose but not glutamine is utilised as
part of the major anaplerotic pathway in these cells. Metabolic tracing
experiments in conditioned media and cell extracts showed an early
consumption of arginine and tryptophan, but the BCAAwere not taken
up, despite an increase in BCAT1 activity. We show an increase
in TCA cycle volume upon early LPS stimulation in human
macrophages. BCAT1 inhibition reversed this upregulation in TCA
cycle activity by drastically reducing glucose-derived itaconate, αKG,
glutamate and 2-hydroxyglutarate (2-HG) levels.We show that leucine
is not catabolized byBCAT1 to integrate into the TCA cycle in basal or
LPS-stimulatedmacrophages. Interestingly, BCAT1 inhibition triggers
an NRF2 (NFE2L2)-mediated anti-oxidant response, indicating a
possible moonlighting role of this enzyme through redox-mediated
control of mitochondrial function during early macrophage activation.

RESULTS
Glucose drives the early increase in TCA cycle activity
in pro-inflammatory human macrophages
Glucose and glutamine are major energy sources that control
macrophage function, but their relative contribution to the early
phase of macrophage activation in humans is not well described.
Using stable isotope tracing followed by liquid chromatography-
mass spectrometry (LC-MS), we thus measured the contribution of
glucose and glutamine to TCA cycle activity in human monocyte-
derived macrophages (hMDMs) isolated from healthy donors
during early activation.
In the presence of uniformly labelled [U-13C]-glucose,

incubation with LPS for 8 h resulted in an upregulation of
glucose-derived itaconate (M+1, single 13C-labelled itaconate), as
well as an overall increase in TCA cycle and αKG-derived
metabolites (Fig. 1A–C; Fig. S1).
To test whether basal activity or early activation with LPS rely on

glutamine usage, we next used uniformly labelled [U-13C]-glutamine
and followed its potential incorporation into the TCA cycle in human
macrophages (Fig. 1D). Incubation with [U-13C]-glutamine led to
13C-labelled itaconate, TCA cycle and αKG-derived metabolites
(Fig. 1D–F; Fig. S1). However, glucose catabolism contributed
significantly more than glutamine to citrate, itaconate, αKG,
glutamate, 2-HG, succinate and malate levels upon early LPS
stimulation (Fig. S2). Taken together, these results showed that
glucose but not glutamine is a major source for the increased TCA
cycle volume during early macrophage activation with LPS.

Short-term LPS exposure increases leucine transamination
without inducing BCAA uptake and catabolism
The increased TCA cycle activity upon early LPS stimulation in
human macrophages suggested that these cells may use extracellular
amino acids (in particular BCAAs) as energy sources additional to

glucose, in order to support the rise in mitochondrial activity. To test
this hypothesis, we incubated hMDMs from healthy donors with
uniformly labelled [U-13C]-glucose and evaluated the uptake or
secretion by measuring different metabolites in the conditioned
culture media (CCM) and cell extracts. We first confirmed that M+6
glucose uptake is increased upon 8 h LPS stimulation and that
glucose-derived pyruvate (M+3 pyruvate) and lactate (M+3 lactate)
accumulate rapidly in the CCM (Fig. 2A,B). Early LPS stimulation
did also result in an increase in the uptake of tryptophan and arginine,
whereas BCAA levels did not differ between the cell extracts and the
CCM in hMDMs (Fig. 2C). Although BCAAuptakewas not induced
by early LPS stimulation, the transamination of leucine, measured by
quantifying [15N]-glutamate in hMDMs incubated with [15N]-
leucine, showed increased BCAT1 activity (Fig. 2D). To test
whether leucine–KIC–acetyl-CoA is a possible anaplerotic
pathway, we incubated hMDMs with [U-13C]-leucine, and
followed its fate in basal and LPS-stimulated human macrophages.
We found negligible contribution of leucine-derived 13C atoms to the
measured TCA cycle intermediates (i.e. citrate, αKG, succinate,
fumarate and malate) in basal or stimulated macrophages (Fig. 3A).
This indicates that leucine is not fully oxidized in the mitochondria of
human macrophages (Fig. 3B).

BCAT1 inhibition decreases TCA cycle activity
independently of leucine transamination
We have previously shown that BCAT1 inhibition results in reduced
IRG1 mRNA and protein levels and decreased itaconate levels
during early activation of human macrophages (Papathanassiu et al.,
2017). In order to have a comprehensive measurement of the effect
of BCAT1 on mitochondrial activity, we next measured itaconate,
TCA cycle and αKG-derived metabolites in hMDMs following
BCAT1 inhibition. The leucine analogue ERG240 inhibits BCAT1
transamination activity and completely rescues its upregulation
upon LPS stimulation, leading to a transient intracellular
accumulation of leucine (Fig. S3). By incubating human
macrophages with ERG240, we showed decreased glucose-
derived M+1 itaconate (Fig. 4A). Interestingly, BCAT1 inhibition
was associated with marked reductions in specific metabolites
derived from TCA cycle activity, such as M+2 αKG, M+2
glutamate and M+2 2-HG, whereas M+2 succinate and M+2
citrate levels were not significantly affected (Fig. 4A). Although
BCAT1 inhibition had no apparent effect on the unlabelled pool of
these metabolites, there was a significant effect on mostly glucose-
derived itaconate, αKG and glutamate isotopologues (Fig. S4).
Furthermore, glucose-derived pyruvate and lactate levels were not
affected by BCAT1 inhibition in activated human macrophages
(Fig. S5). These results indicated that BCAT1 inhibition primarily
affects metabolites positioned between citrate and succinate within
the TCA cycle in human macrophages (Fig. 4B).

Inhibition of BCAT1 activity activates NRF2 and triggers
anti-oxidant responses
In order to identify pathways that link BCAT1 activity to the control
of TCA cycle activity in mitochondria, we next performed RNA
sequencing (RNA-seq) in human macrophages stimulated with LPS
(8 h) in presence or absence of the BCAT1 inhibitor. Interestingly,
the top upregulated gene following BCAT1 inhibition was
GCLM [log2 fold change of 2.43, Benjamini–Hochberg adjusted P
(Padj)=8.56×10−29], which encodes the rate-limiting enzyme in GSH
synthesis (Fig. 5A). A closer look at the set of the most significantly
upregulated transcripts revealed genes belonging to oxidative stress
response pathways, namely GSH and NRF2 (Fig. 5A,B), whereas
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inflammatory and innate immune response pathways were
downregulated (Fig. 5B). The NRF2–KEAP1 protein complex acts
a cellular redox sensor andmaintains redox homeostasis by regulating
the transcription of anti-oxidant genes involved in GSH synthesis and
reduction. The latter is dependent on NADPH produced by the
pentose phosphate pathway (PPP) enzymes, which are NRF2 targets

(Fig. 5C). Genes belonging to PPP and GSH pathways, as well as
those that interact with NRF2 or the NRF2 complex (KEAP1,
SQSTM1) were significantly upregulated upon BCAT1 inhibition
(Fig. 5C).We confirmed enhancedNRF2 protein levels uponBCAT1
inhibition in LPS-stimulated hMDMs (Fig. 5B) and showed that
BCAT1 inhibition and silencing upregulates NQO1 protein levels

Fig. 1. Glucose but not glutamine is a major carbon source for TCA cycle metabolites during early human macrophage activation. (A) Diagram of
uniformly labelled [U-13C]-glucose catabolism, highlighting the TCA cycle metabolites and their expected glucose-derived 13C atoms (filled circles).
(B,C) Glucose-derived and M+0 metabolites measured by LC-MS in control and LPS (8 h; 100 ng/ml)-stimulated hMDMs; n=6 donors. See Fig. S1 for individual
data points. Glu, glutamate; Succ, succinate. (D) Diagram of uniformly labelled [U-13C]-glutamine catabolism, highlighting the TCA cycle metabolites and their
expected glutamine-derived 13C atoms (filled circles). (E,F) Glutamine-derived and M+0 metabolites measured by LC-MS in control and LPS (8 h; 100 ng/ml)-
stimulated hMDMs; n=6 donors. See Fig. S1 for individual data points.
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Fig. 2. See next page for legend.
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and mRNA of NRF2 target genes, respectively (Fig. S5).
Interestingly, a brief exposure (30 min) to the BCAT1 inhibitor
induced ∼50% rise in mitochondrial ROS (Fig. S5). To further
strengthen evidence for the induction of the GSH pathway upon
BCAT1 inhibition, we performed LC-MS analysis and showed a
general increase in the metabolites of this pathway in LPS and
ERG240 co-treated human macrophages (Fig. 5D). In keeping with
the induction of the NRF2-mediated anti-oxidant response, BCAT1
inhibition reduced NADPH oxidase (NOX)-derived ROS in activated
human macrophages (Fig. 5E). We also used ferritin levels as an
additional readout of intracellular oxidative stress, as previously
established (Orino et al., 2001). ERG240 reduced LPS-induced
ferritin accumulation (Fig. 5F), confirming the overall anti-oxidant
response due to BCAT1 inhibition.

DISCUSSION
In this study, we describe the metabolic rewiring following early
activation of human macrophages with LPS and focus on leucine
metabolism and its regulation through BCAT1 activity. As expected,
we have shown that glucose is rapidly taken up by humanmacrophages
stimulated for 8 h with LPS and used in glycolysis. This early
activation period is also characterized by a general increase in TCA
cycle activity, which preferentially uses glucose-derived substrates.
Glutaminolysis is a pathway that uses hydrolysis of glutamine to
glutamate, which can then integrate into the TCA cycle through αKG.
Thus, both glucose and glutamine are energy sources and initiate
mitochondria-derived signalling events in activated macrophages
(Martinez-Reyes and Chandel, 2020; van Teijlingen Bakker and
Pearce, 2020). Glutamine has been previously shown to be utilized by
M1,M2 and phospholipid-exposedM1murinemacrophages (DiGioia
et al., 2020; Jha et al., 2015; Palmieri et al., 2020; Tannahill et al., 2013;
Wallace and Keast, 1992). Furthermore, macrophages can also secrete
glutamine and participate in muscle regeneration (Shang et al., 2020).
Here we report that glutamine is not a major contributor to TCA cycle
activity during the early phase of human macrophage activation with
LPS, which suggests that glutamine-dependent metabolic pathways are
time-, context- and species-dependent. In linewith this, a recent elegant
study showed that glutamine-based anaplerosis is a compensatory
response to nitric oxide-mediated inhibition of the TCA cycle in
murine macrophages (Palmieri et al., 2020). Inflammatory human
macrophages produce very little NO in vitro (Weinberg et al., 1995),
and, unlike mice, human macrophages do not show a robust
upregulation of NOS2 upon LPS stimulation, because of epigenetic
silencing of the human gene (Gross et al., 2014). Thus the lack of
glutamine-based anaplerosis in classically activated human
macrophages could be attributed to the absence of robust NO
production or an NOS2 response in these cells.
Early LPS stimulation is also characterized by an uptake of

tryptophan and arginine, two amino acids that are described within
the context of macrophage polarization through their respective key
metabolic enzymes: indoleamine 2,3-dioxygenase 1 (IDO1) for

tryptophan and arginase 1 (ARG1) for arginine (Saha et al., 2017;
Viola et al., 2019). Although the expression of ARG1 has been
associated with alternative macrophage activation, the uptake of
arginine increases upon 8 h LPS stimulation, in line with the initial
burst in NO sustained by arginine uptake from the medium in
activated macrophages (Mori and Gotoh, 2000). In keeping with our
results, 70–80% of tryptophan has been reported to be depleted from
cell culture supernatants following 24 h LPS stimulation in human
macrophages (Regan et al., 2018). Interestingly, sequential activation
of ARG1 and IDO1 promotes a potent immunoregulatory phenotype
in conventional dendritic cells, highlighting an interplay between
tryptophan and argininemetabolisms (Mondanelli et al., 2017). Thus,
the interplay between tryptophan and arginine metabolisms could be
a feature of early LPS stimulation in human macrophages. We report
no increase in BCAA uptake during the early activation period of
human macrophages, despite an increase in BCAT1 activity. Because
leucine does not participate in the increased LPS-driven TCA cycle
activity in human macrophages, the increase in BCAT1 activity can
therefore reflect an alternative function of this enzyme. The absence
of the contribution of leucine to the TCA cycle is consistent with a
previous report where the authors investigated the fate of leucine-
derived 1,2-13C2-KIC in human macrophages (Silva et al., 2017). In
accordance with our findings, the authors did not find any labelled
TCA cycle intermediate, further supporting an alternative usage of
BCAT1 activity during early macrophage activation in humans.

BCAT1 inhibition results in a partial inhibition of the TCA cycle
associatedwith an oxidative stress response driven byNRF2.Our study
presents two limitations. First, the molecular origin of the anti-oxidant
responses triggered by the inhibition of BCAT1 remains to be
identified. Second, themechanisms throughwhich theNRF2-mediated
anti-oxidant responses are linked to TCA cycle activity, specifically
between citrate and succinate, warrant further investigation. BCAT1 is
a redox-acting protein that contains thiol residues allowing oxidation,
S-nitrosylation and S-glutathionylation reactions, which are possibly
responsible for itsmoonlighting role (Conway et al., 2008; Conway and
Lee, 2015; Harris et al., 2020; Hindy and Conway, 2019).
Subsequently, BCAT1 inhibition per se, rather than secondary
effects on GSH biosynthesis (McBrayer et al., 2018), could initiate
an oxidative stress that triggers an anti-oxidant response. In keeping
with this, we have observed that BCAT1 inhibition rapidly induced
mitochondrial ROS (within 30 min) in humanmacrophages. Although
the link between cytoplasmic leucine metabolism and mitochondrial
function is intriguing, mitochondrial ROS has been recently shown to
activate NRF2 in macrophages (Wang et al., 2019b) and could explain
the reduction of TCA cycle activity upon BCAT1 inhibition. Indeed,
among the TCA cycle enzymatic steps influenced by BCAT1, the
citrate–isocitrate interconversion is catalysed by mitochondrial
aconitase (ACO2), whose activity is tightly dependent on ROS
levels. Under oxidative stress, aconitase iron–sulfur clusters participate
in a Fenton-type reaction and lose their activity (Chang et al., 2016;
Gardner et al., 1994), and acute iron deprivation blocks mitochondrial
aconitase activity and TCA cycle activity in human macrophages
(Pereira et al., 2019).

In summary, a rapid mitochondrial oxidative stress generated by
BCAT1 inhibition is likely to cause the NRF2 response and the
downregulation of metabolites positioned between citrate and
succinate through the inhibition of ACO2 activity. NRF2 induction
is anti-inflammatory in mouse macrophages (Kobayashi et al., 2016;
Mills et al., 2018), and peritoneal injection of ERG240 in mice also
confers a largely anti-inflammatory phenotype, supporting the
existence of an anti-inflammatory BCAT1–NRF2 pathway. Further
studies will have to establish the exact immunomodulatory effects of

Fig. 2. Short-term LPS exposure increases leucine transamination
without inducing BCAA uptake and catabolism. (A) Schematic of glucose-
derived pyruvate and lactate adducts in macrophages treated with uniformly
labelled [U-13C]-glucose. Filled circles indicate glucose-derived 13C atoms.
(B) Uptake and secretion profiles by LC-MS shown for M+6 glucose, M+3
pyruvate and M+3 lactate in basal (control) and LPS (8 h; 100 ng/ml)-
stimulated hMDMs. (C) Tryptophan, arginine and BCAA uptake in basal
(control) and LPS (8 h; 100 ng/ml)-stimulated hMDMs. (D) Leucine
transamination by BCAT1 (left) and [15N]-glutamate amount measured by LC-
MS in hMDMs incubated with [15N]-leucine in control and LPS (8 h; 100 ng/ml)-
stimulated hMDMs. Mean±s.e.m and individual data points are shown for at
least n=5 donors. *P<0.05; ***P<0.001; ns, not significant (paired t-test).
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NRF2 inhibition in human macrophages in order to study the NRF2
pathway in the context of BCAT1 inhibition. Our proposed
mechanistic link assumes an activation of NRF2, independently of
itaconate, a metabolite which is linked to BCAT1 activity
(Papathanassiu et al., 2017), capable of inducing NRF2 in activated

macrophages (Mills et al., 2018). In fact, recent reports have shown
that natural endogenous itaconate behaves differently from
electrophilic derivatives such as 4-octyl itaconate (Sun et al.,
2020a; Swain et al., 2020). Swain et al. (2020) showed that
endogenous itaconate is not a robust NRF2 inducer, which supports

Fig. 3. Leucine is not metabolized to integrate into the TCA cycle in basal or stimulated human macrophages. (A) LC-MS for unlabelled and [U-13C]-
leucine-derived (Leu) metabolites in control (Ctrl) and LPS (100 ng/ml; 8 h)-treated hMDMs. (B) Diagram of uniformly labelled [U-13C]-leucine catabolism,
highlighting the possibly entry to the TCA cycle through acetyl-coA (AcoA). The TCA cycle is shown in grey to indicate there were no leucine-derived 13C atoms
(filled circles) found in any of the metabolites. Mean±s.e.m and individual data points are shown for at least n=5 donors. **P<0.01; ***P<0.001; ****P<0.0001; ns,
not significant (one-way ANOVA followed by Tukey’s test).
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Fig. 4. BCAT1 inhibition results in partial inhibition of the TCA cycle between citrate and succinate. (A) Glucose-derived isotopologues (citrate M+2,
itaconate M+1, αKG M+2, glutamate M+2, 2-HG M+2, succinate M+2, malate M+2) levels were measured in control, ERG240-treated, LPS-stimulated (8 h;
100 ng/ml) and LPS-stimulated and ERG240-treated (8 h; LPS+ERG240) hMDMs. (B) Diagram of the TCA cycle metabolites and their derivative metabolites,
highlighting the reactions affected by BCAT1 inhibition (grey box). For eachmetabolite, the statistical significance of the effect of BCAT1 inhibition is shown. Mean
±s.e.m and individual data points are shown for n=5 donors. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns, not significant (one sample t-test).
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the assumption that BCAT1-mediated NRF2 induction is
independent of itaconate and may arise from mitochondrial ROS in
activated human macrophages.

A crosstalk between leucine metabolism and the mitochondria-
derived itaconate has been proposed in Mycobacterium tuberculosis
through the identification of a novel bifunctional enzyme involved in

Fig. 5. BCAT1 inhibition activates NRF2 and is anti-oxidant in humanmacrophages. (A) Volcano plot for RNA-seq analysis of hMDMs treated with LPS (8 h;
100 ng/ml) or LPS and ERG240 (8 h; LPS+ERG240); n=3 donors. The dotted lines show the thresholds used to define differentially expressed genes (fold
change<1.5, fold change>1.5; Padj<0.01). (B) Gene Set Enrichment Analysis (GSEA) for RNA-seq analysis (left panel; LPS versus LPS+ERG240)
and NRF2 western blotting (right panel) in hMDMs. Actin is shown as a loading control. (C) Schematic representation of the pathways affected in the RNA-seq
analysis. The genes in red are upregulated in LPS+ERG240 when compared to LPS in hMDMs. (D) LC-MS quantification of serine, glycine, methionine andGSH/
glutathione disulfide (GSSG) in basal (control), LPS-treated (8 h; 100 ng/ml) and LPS+ERG240-treated hMDMs. Mean±s.e.m and individual data
points are shown for n=12 donors. (E) Flow cytometry analysis of live hMDMs (n=2 donors). Mean fluorescence intensity (MFI) was quantified as a measure of
cellular ROS production (Cell ROX) in control, PMA only (PMA) and ERG240 pre-treated (ERG240+PMA) cells. ERG240 pre-treatment was for 16 h; PMA
stimulation was for 30 min. (F) Ferritin heavy chain (Ferritin H) western blotting in control (Ctrl), ERG240, LPS (16 h; 100 ng/ml) and LPS+ERG240 hMDMs. Actin
is shown as a loading control. *P<0.05; **P<0.01; ***P<0.001; ns, not significant (one sample t-test).
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itaconate dissimilation and L-leucine catabolism (Wang et al., 2019a).
Furthermore, a possible moonlighting role of BCAT enzymes has
been previously suggested in yeast. Kingsbury et al. (2015) found that
yeast mitochondrial branched-chain amino acid transferase Bat1
interacts withmitochondrial aconitase and controls TCA cycle activity
and TORC1 signalling independently of its catalytic function; a
finding that endorses an association between cytoplasmic leucine
metabolism and mitochondrial function in macrophages. In keeping
with this, a screening assay in yeast identified non-catalytic functions
for the cytosolic branched-chain amino acid transferase Bat2
(Espinosa-Cantu et al., 2018), and the presence of a redox-active
CXXC motif in BCAT enzymes has been linked to a possible
moonlighting role (Conway, 2020; Conway and Lee, 2015) that could
involve the regulation of redox homeostasis. Indeed, human peripheral
blood mononuclear cells incubated with high concentration of
BCAAs (a scenario equivalent to BCAT inhibition) show elevated
production of ROS (Zhenyukh et al., 2017), and Caenorhabditis
elegans bcat-1 knockdown induces oxidative damage in neurons
(Mor et al., 2020). It is also important to consider species- and stimuli-
specific differences in the generation of oxidative stress because,
unlike PMA, LPS is not a strong inducer of ROS in humanmonocytes
(Bulua et al., 2011). This is particularly important in the context of
immunomodulatoy effects of NRF2 induction, which can be distinct
in human macrophages when compared to mouse cells.
Growing evidence shows that leucine transport and/or metabolism

affect macrophage function (Grajeda-Iglesias et al., 2018; Meiser
et al., 2016; Papathanassiu et al., 2017; Silva et al., 2017; Wuggenig
et al., 2020; Yoon et al., 2018). Therefore leucine degradation
through BCAT1 coupled with redox homeostasis and the control
of mitochondrial function may provide a new angle to study
macrophage immunometabolism. Furthermore, the in vivo
consequences of the results presented in this study can be evaluated
within the skeletal homeostasis context. We have recently shown that
Bcat1, as part of a network enriched for mTORC1 genes, is essential
for osteoclast multinucleation, and its deletion is associated with
increased bone mass due to an osteoclast-related effect (Kang et al.,
2014; Pereira et al., 2020). Osteoclasts are metabolically active and
mitochondria-rich cells, and it is therefore likely that BCAT1–NRF2-
mediated mitochondrial activity is essential for osteoclast formation.
A recent report corroborates this hypothesis (Sun et al., 2020b).
In conclusion, we show a possible moonlighting role of BCAT1

in early macrophage activation. Our results suggest that BCAT1
inhibition could be used as a therapeutic way of inducing anti-
oxidant and anti-inflammatory responses in macrophage-dependent
inflammatory disease.

MATERIALS AND METHODS
Reagents
The antibodies used in western blot analyses were as follows: anti-NRF2
(1:1000; D1Z9C; #12721; Cell Signaling Technology), anti-ferritin H
(1:1000; heavy chain antibody; Y-16; sc14416; Santa Cruz
Biotechnology), anti-ACTB [1:2000; β-Actin (C4); sc-47778; Santa Cruz
Biotechnology]. Lipopolysaccharide (LPS; Escherichia coli serotype O111:
B4; Cat No L4391; 100 ng/ml) and phorbol 12-myristate 13-acetate (PMA;
Cat No P1585; 1 µM) were purchased fromSigma. ERG240was produced by
Ergon Pharmaceuticals and used at 20 mM.

hMDM culture and stimulation
Human monocyte-derived macrophages (hMDMs) were differentiated from
de-identified buffy cones from anonymous healthy donors (no identifiable
private information) using gradient separation (Histopaque 1077, Sigma)
and adhesion purification. Following Histopaque separation, peripheral
blood mononuclear cells were resuspended in RPMI (Life Technologies),

and monocytes were purified by adherence for 1 h at 37°C and 5%CO2. The
monolayer was washed three times with HBSS (Invitrogen) to remove
non-adherent cells, andmonocytes were matured for 5 d in RPMI containing
100 ng/ml macrophage colony-stimulating factor (M-CSF; PeproTech,
London, UK) and 10% foetal calf serum (Labtech International). hMDMs
were treated with LPS (100 ng/ml, 8 h) or with LPS and ERG240 (20 mM,
8 h) unless otherwise stated in the figure legends.

RNA extraction, library preparation and data analysis
Total RNA was extracted from hMDMs using Trizol (Invitrogen) and an
RNeasy mini kit (Qiagen) according to the manufacturer’s instructions, with
an additional purification step by on-column DNase treatment using an
RNase-free DNase Kit (Qiagen) to ensure elimination of any genomic
DNA. The integrity and quantity of total RNA was determined using a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific) and Agilent
2100 Bioanalyzer (Agilent Technologies). Total RNA (500 ng) was used to
generate RNA-seq libraries using an NEBNext Ultra II Directional RNA
Library Prep kit for Illumina, according to the manufacturer’s instructions.
Briefly, RNA was purified and fragmented using poly-T oligo-attached
magnetic beads using two rounds of purification followed by the first and
second cDNA strand synthesis. Next, cDNA 3′ ends were adenylated and
adapters ligated followed by 11 cycles of library amplification. The libraries
were size selected using AMPure XP Beads (Beckman Coulter), purified,
and their quality was checked using an Agilent 2100 Bioanalyzer. Samples
were randomized to avoid batch effects, and multiplexed libraries were run
on a single lane (eight samples per lane) of a HiSeq 2500 platform (Illumina)
to generate 100-bp paired-end reads.

An average depth of 50.6 M reads per sample was achieved. Sequencing
adapters were removed using Trimmomatic (v.0.36) and the read quality was
checked using FastQC (v.0.11.2) before and after trimming. Readswere aligned
to the human genome (GRCh38.primary_assembly.genome.fa; annotation:
gencode.v25.annotation.gtf) using the tophat2 package (v.2.1.0: -b2-sensitive,–
library-type fr-firststrand). The average mapping percentage of 97% was
achieved, and the average number of properly paired readswas 48.7 M (∼92%).
Mapping quality, read distribution, gene body coverage, GC content and
rRNA contamination were checked using picard (v.2.6.0) software. Gene level
read counts were computed using HT-Seq-count (v.0.6.1, annotation:
gencode.v25.annotation.gtf) in strict ‘-m intersection-strict’ mode.
Differential gene expression analysis between groups was performed using
DESeq2 (v.1.14.1), and significantly differentially expressed genes were
reported using a threshold of fold change at 1.5× and a Benjamini–Hochberg
adjusted P-value (Padj) below 1%. Volcano plots of differentially expressed
genes were generated using ggplot2 (v.3.0.0; https://cran.r-project.org/web/
packages/ggplot2/index.html) package. All raw RNA-seq data processing steps
were performed in the Cx1 high-performance cluster computing environment,
Imperial College London. Further analyses were conducted in R/Bioconductor
environment v.3.4.4 (https://www.r-project.org/). The human macrophage
RNA-seq data has been deposited in the NCBI’s Gene Expression Omnibus
database (GEO GSE148701).

Gene Set Enrichment Analysis (GSEA v5.2; http://software.
broadinstitute.org/gsea/index.jsp) was utilized to further assess whether
specific biological pathways or signatures were significantly enriched
between different treatment groups. GSEA determines whether an a priori
defined gene set shows statistically significant cumulative changes in gene
expression between phenotypic subgroups. In brief, all differentially
expressed genes were ranked according to the fold change of expression
between two groups. Next, an enrichment score was calculated for a given
gene set based on its position in the ranked differential list. One thousand
random permutations of the phenotypic subgroups were used to establish a
null distribution of enrichment score against which a normalized enrichment
score (NES) and false discovery rate (FDR)-corrected q values were
calculated. All gene sets with an FDR less than 0.25 were considered as
statistically significant.

Stable isotope tracing by liquid chromatography-mass
spectrometry
hMDMs were incubated for 8 h with SILAC medium (GIBCO, A2494201;
lacking glucose and Phenol Red) with addition of L-glutamine (0.5 mM),

9

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs247957. doi:10.1242/jcs.247957

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://cran.r-project.org/web/packages/ggplot2/index.html
https://cran.r-project.org/web/packages/ggplot2/index.html
https://cran.r-project.org/web/packages/ggplot2/index.html
https://www.r-project.org/
https://www.r-project.org/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148701
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp


arginine (200 mg/l), lysine (40 mg/l) and uniformly labelled glucose (2 g/l D-
Glucose U-13C, 99%; Cambridge isotope laboratories). For labelled glutamine
experiments, the SILAC medium was supplemented with L-glutamine (13C5,
99%; Cambridge Biosciences). For labelled leucine experiments, leucine-
deprived RPMI1640 (R1780, Sigma) was supplemented with arginine and
lysine andwith either [15N]-leucine (98%; Cambridge Biosciences) or [U-13C]-
leucine (99%; Cambridge Biosciences).

Cells were then washed three times with phosphate-buffered saline (PBS)
and 200 µl of extraction buffer (50% LC-MS grade methanol, 30%
acetonitrile and 20% ultrapure water) was added per 106 cells. Following
15 min incubation in dry ice, the cells were scraped off and kept under
vigorous shaking for 15 min at 4°C, then left for 1 h incubation at −20°C.
Following centrifugation, the supernatant was stored at −80°C until further
analysis. For the cell supernatant analysis, the same procedure was
performed with supernatant obtained from 106 cells.

Samples were randomized in order to avoid bias due to machine drift and
were processed blindly. LC-MS analysis was performed using a Q Exactive
mass spectrometer coupled to a U3000 UHPLC system (Thermo Fisher
Scientific). The liquid chromatography system was fitted with a Sequant ZIC-
pHILIC column (150 mm×2.1 mm) and guard column (20 mm×2.1 mm)
from Merck Millipore (Germany) and temperature maintained at 40°C. The
mobile phase was composed of 20 mM ammonium carbonate and 0.1%
ammonium hydroxide in water (solvent A), and acetonitrile (solvent B). The
flow rate was set at 200 µl/min, with the gradient as described previously
(Mackay et al., 2015). The mass spectrometer was operated in full MS and
polarity switching mode. The acquired spectra were analysed using XCalibur
Qual Browser and XCalibur Quan Browser software (Thermo Fisher
Scientific).

Analysis of proteins
hMDMs were lysed in Laemmli sample buffer supplemented with protease
inhibitors [Thermofisher, Halt™ Protease Inhibitor Cocktail (100×)] and
resolved by SDS-PAGE, transferred onto PVDFmembranes, then subjected to
immunoblotting with the primary antibodies described above and secondary
detection antibodies. The probed proteins were detected using SuperSignal
West Femto chemiluminescent substrate (Thermo Fisher Scientific, Rockford,
IL, USA).

RNA interference
Human macrophages were re-plated in six-well plates (1×106 cells per well)
in RPMI (Invitrogen) overnight and transfected with siGENOME
SMARTpool for human BCAT1 (100 nM, Dharmacon SMART pool)
or non-targeting siRNA pool, as the scrambled control siRNA, using
Dharmafect 1 (1:50, Dharmacon) as a transfection reagent in OPTIMEM
medium (Invitrogen).

Quantitative reverse transcription PCR
Total RNA was extracted from human macrophages using TRIzol reagent
(Invitrogen), according to the manufacturer’s instructions, and cDNA was
synthesized using an iScript cDNA Synthesis kit (Bio-Rad). A total of 5 ng
cDNA for each sample was used. All quantitative PCRs were performed on a
ViaA 7 Real-Time PCR System (Life Technologies) using Brilliant II SYBR
Green QPCRMaster Mix (Agilent), followed by ViiA 7 RUO Software for the
determination of Ct values. Results were analysed using the comparative Ct
method, and each sample was normalized to the reference mRNA level of the
HPRT gene, to account for any potential cDNA loading differences. Primer
sequences are available upon request.

Cellular and mitochondrial ROS
Cultured hMDMs were washed twice with PBS and incubated with
CellROX Deep Red reagent (Invitrogen, C10422) or MitoSOX Red reagent
(Invitrogen, M36008) at 5 μM for 30 min at 37°C to detect intracellular
oxidative stress. hMDMs were harvested using cell dissociation buffer
(Sigma), then washed and stained with LIVE/DEAD Fixable Aqua
(Invitrogen, L34957) for 10 min without light before being resuspended
in PBS containing 1% BSA and assayed using a LSR Fortessa Flow
cytometer (BD Biosciences). Data were analysed using FlowJo software,

version 7.6.5 (TreeStar Inc, Ashland, OR, USA). PMA (1 µm) was added to
the cells for 30 min before acquiring the mean fluorescence intensity (MFI).
ERG240 pre-treatment was for 16 h.

Statistical analyses
Data are presented as mean±s.e.m. and analysed using GraphPad
Prism software (version 7.02; GraphPad). Differences in LC-MS
metabolites were tested by paired t-test or one-way ANOVA followed by
a post-test as indicated. One sample t-tests were used when mean values
were compared to the reference value of 100%. For the statistical analysis
of the RNA-seq data, please refer to the RNA extraction, library
preparation and data analysis section above.
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