






24 hours) or PI3K (10 mM, 2 hours) and the flavonoids
luteolin or methoxyluteolin (50 mM, 2 hours) and then
stimulated by NT (10 mM) or SP (1 mM) for 24 hours. The

release of TNF, CXCL8, and VEGF significantly decreased in
the presence of the flavonoids (P , 0.0001) after stimulation
by either NT (Fig. 2, A–C) or SP (Fig. 2, D–F).

Fig. 1. Inhibitors of mTOR signaling dose-dependently decrease SP-stimulated proinflammatory mediator release from human MCs. (A and B) LAD2
MCs (0.5 � 106 cells) were pretreated with the mTOR inhibitor rapamycin (0.05–0.2 mM, 24 hours) or the ATP-competitive mTOR inhibitor Torin1
(0.05–0.2 mM, 24 hours) prior to stimulation with SP (1 mM) for 24 hours to measure release of TNF (A) and CXCL8 (B) by ELISA. (C) LAD2 MCs
(0.5 � 106 cells) were also pretreated with the upstream PI3K inhibitor LY294002 (1–10 mM, 2 hours) prior to stimulation with SP (1 mM) for
24 hours to measure release of TNF and CXCL8 mediators. All inhibitors were dissolved in water or DMSO with a final concentration of ,0.1%. All
conditions were performed in triplicate for each data set and were repeated three times. Results are presented as means 6 S.D. Significance of
comparisons was assessed for stimulated cells without any inhibitor (control) and for those with an inhibitor/flavonoid, as denoted by the horizontal
lines that indicate significance at P, 0.001 for each comparison made. All inhibitor/flavonoid treatments were also compared among themselves, and
the vertical brackets indicate the corresponding levels of significance when present (*P , 0.05; **P , 0.001; ***P , 0.0001).

Fig. 2. Human MC proinflammatory mediator release in response to NT or SP is attenuated by PI3K/mTOR inhibitors and the flavonoids luteolin and
methoxyluteolin. (A–F) LAD2 MCs (0.5 � 106 cells) were pretreated with the mTOR inhibitors rapamycin (Rap) and Torin1 (0.2 mM, 24 hours), the
upstream PI3K inhibitor LY294002 (LY; 10 mM, 2 hours), or the natural flavonoids luteolin (Lut) and methoxyluteolin (Methlut; 50 mM, 30minutes) and
then stimulated with NT (10 mM) (A–C) or the positive control trigger SP (1 mM) (D–F) for 24 hours to measure release of TNF, CXCL8, and VEGF
mediators by specific ELISAs. All conditions were performed in triplicate for each data set and were repeated three times, with results presented as
means 6 S.D. Significance of comparisons was assessed for stimulated cells without any inhibitor (control) and for those with an inhibitor/flavonoid, as
denoted by the horizontal lines that indicate significance at P, 0.0001 for each comparison made. All inhibitor/flavonoid treatments were also compared
among themselves, and the horizontal brackets indicate the corresponding levels of significance when present (*P , 0.05; **P , 0.001; ***P , 0.0001).
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Neuropeptide-Stimulated Proinflammatory Media-
tor Gene Expression in Human MCs Is Decreased by
the PI3K or mTOR Inhibitors and by Luteolin and
Methoxyluteolin. We further investigated whether mTOR
signaling is involved in the gene transcription of proinflam-
matory mediators in human MCs stimulated by either NT or
SP. LAD2 MCs were pretreated with the mTOR inhibitors
rapamycin and Torin1 (0.2 mM, 24 hours) and the upstream
PI3K inhibitor LY294002 (10mM, 2 hours) prior to stimulation
withNT (10mM) or SP (1mM) for 6 hours. Stimulation of LAD2
MCs by eitherNT (Fig. 3, A–C) or SP (Fig. 3, D–F) significantly
increased (P , 0.001) gene expression of TNF, CXCL8, and
VEGF, which decreased (P, 0.0001) after treatment with the
PI3K/mTOR inhibitors (Fig. 3).
Pretreatment with either luteolin or methoxyluteolin

also significantly decreased (P, 0.0001) gene expression of
TNF, CXCL8, and VEGF in response to NT or SP (Fig. 3).
Methoxyluteolin (50 mM) was more potent (P , 0.05) than

luteolin or thePI3K inhibitorLY294002 (P,0.001) for inhibition
of TNF and CXCL8, but not for VEGF gene expression (Fig. 3,
C and F).
Neuropeptide Stimulation of Human MCs Activates

Signaling via mTOR That Is Inhibited by Methoxylu-
teolin. To investigate the specific mTOR complex activated
in response to NT or SP stimulation, Western blot analysis
was performed to detect the total and phosphorylated levels of
mTOR (pmTORSer2448, an indicator of signaling via mTORC2)
and the mTORC1 substrates p70S6K (pp70S6KThr389) and
4EBP1 (p4EBP1Thr37/46) proteins (Fig. 4A). Densitometric
analysis revealed that stimulation of LAD2 MCs with either
NT (10 mM) or SP (1 mM) increased (P , 0.0001) the levels of
pmTORSer2448 (Fig. 4, A andD) and the downstreammTORC1
substrate, pp70S6KThr389 (Fig. 4, B andE) after 20minutes,
compared with control cells. To note, stimulation with NT or
SP had no effect on the levels of p4EBP1Thr37/46, as shown by
Western blotting (Fig. 4, C and F).

Fig. 3. Human LAD2 MC proinflammatory mediator gene expression in response to NT or SP is inhibited by the PI3K/mTOR inhibitors luteolin and
methoxyluteolin. (A–F) LAD2 MCs (1 � 106 cells) were pretreated with the mTOR inhibitors rapamycin (Rap) and Torin1 (0.2 mM, 2 or 24 hours), the
upstream PI3K inhibitor LY294002 (LY; 10 mM, 2 hours), or the natural flavonoids luteolin (Lut) and methoxyluteolin (Methlut; 50 mM, 30 minutes)
prior to stimulation with NT (10 mM) (A–C) or the positive control trigger SP (1 mM) (D–F) for 6 hours to measure gene expression of TNF, CXCL8, and
VEGF by quantitative real-time polymerase chain reaction. All inhibitors were dissolved in water or DMSO with a final concentration of ,0.1%. All
conditions were performed in triplicate for each data set and were repeated three times, with results presented as means 6 S.D. Significance of
comparisons was assessed for stimulated cells without any inhibitor (control) and for those with inhibitor/flavonoid, as denoted by the horizontal lines
that indicate significance at P , 0.0001 for each comparison made. All inhibitor/flavonoid treatments were also compared among themselves, and the
horizontal brackets indicate the corresponding levels of significance when present (*P , 0.05; **P , 0.001; ***P , 0.0001).

466 Patel and Theoharides

 at A
SPE

T
 Journals on M

ay 30, 2017
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Since PI3K upstream of mTOR signaling has been implicated
in the activation ofMCs (Kim et al., 2008b), we further evaluated
the inhibitory effects of luteolin and methoxyluteolin on
mTOR inNT- or SP-stimulated LAD2MCs. LAD2MCswere
preincubated with rapamycin or Torin 1 (0.2 mM, 24 hours),
LY294002 (10 mM, 2 hours), or luteolin and methoxyluteolin
(50mM,2hours) prior toNT (10mM) (Fig. 5,A–C)orSP (1mM) (Fig.
5, D–F) stimulation for 20 minutes. The PI3K/mTOR and flavonoid
inhibitors significantly decreased levels of pmTORSer2448
and pp70S6KThr389, compared with those of neuropeptide-
stimulated LAD2 MCs.
To further quantify the levels of phosphorylated mTOR and

its substrates, phospho-ELISAs were also performed on LAD2
MCs pretreated with the PI3K/mTOR inhibitors or luteolin

and methoxyluteolin prior to stimulation with NT or SP. Levels
of pmTOR Ser2448 (Fig. 5, A and D) and pp70S6K Thr389
proteins (Fig. 5, B and E) increased in response to stimulation
with NT or SP but significantly decreased (P , 0.001) after pre-
treatment with all of the inhibitors. To note, methoxyluteolin showed
a greater reduction in pmTORSer2448 and pp70S6KThr389
levels, comparedwith the PI3K inhibitor LY294002 (P, 0.0001)
or luteolin at equimolar flavonoid concentrations (P, 0.001)
(Fig. 5).

Discussion
A novel finding reported here is the involvement of mTOR

signaling in the synthesis and release of TNF, CXCL8, and

Fig. 4. NT and SP stimulate mTOR activation in human LAD2 MCs. (A–F) LAD2 MCs (1 � 106 cells) were stimulated with NT (10 mM) (A–C) or the
positive control trigger SP (1 mM) (D–F) for 0–60minutes to probe for the total and phosphorylated levels of mTOR and substrates p70S6K and 4EBP1 by
Western blot analysis. Peak mTOR activation was denoted at 20 minutes for pmTORSer2448 and pp70S6KThr389 proteins, whereas the levels of
p4EBP1Thr37/46 protein remained unchanged. Results were quantified using densitometric analyses for pmTORSer2448 to mTOR levels (B and D) and
pp70S6KThr389 to p70S6K levels (B and E) in response to NT (10 mM) or SP (1 mM). All conditions were performed in triplicate for each data set and
were repeated three times, with results presented as means 6 S.D. Significance of comparisons was assessed for unstimulated cells without NT or SP
treatment and for those stimulated by the neuropeptides (*P , 0.05; **P , 0.001; ***P , 0.0001).
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VEGF from cultured human MCs in response to stimulation
by neuropeptides. Stimulation of LAD2 MCs by either NT or
SP markedly increases levels of pmTORSer2448, the mTOR
site phosphorylated by upstream PI3K signaling and the

mTORC1-dependent p70S6K Thr389 site, indicating activa-
tion of mTOR. In addition, the dual mTORC1 and mTORC2
inhibitor Torin1 ismore potent than the predominantmTORC1
inhibitor rapamycin, suggesting that both complexes may be

Fig. 5. NT- or SP-stimulated mTOR activation in LAD2 MCs is inhibitable by luteolin and methoxyluteolin. (A–F) LAD2 MCs (1 � 106 cells) were
pretreated with the mTOR inhibitors rapamycin (Rap) and Torin1 (0.2 mM, 24 hours), the upstream PI3K inhibitor LY294002 (LY; 10 mM, 2 hours), or
the natural flavonoids luteolin (Lut) and methoxyluteolin (Methlut; 10 or 50 mM, 30 minutes) prior to stimulation with NT (10 mM) (A–C) or SP (1 mM)
(D–F) for 20 minutes to probe for the total and phosphorylated levels of mTOR and substrates p70S6K and 4EBP1 by both phospho-ELISA kits and
Western blot analysis (lower image). The protein levels of mTOR and pmTOR Ser2448 (A and D) and the downstream mTORC1 substrates p70S6K and
pp70S6K Thr389 (B and E) and 4EBP1 and p4EBP1 Thr37/46 (C and F) were measured using specific total or phospho-ELISA kits for equal amounts of
protein lysates, with normalized ratios of phosphorylated to total proteins. All conditions were performed in triplicate for each data set and were
repeated three times, with results presented as means 6 S.D. Significance of comparisons was assessed for stimulated cells without any inhibitor
(control) and for those with inhibitor/flavonoid, as denoted by the horizontal lines that indicate significance at P, 0.0001 for each comparison made. All
inhibitor/flavonoid treatments were also compared among themselves, and the horizontal brackets indicate the corresponding levels of significance when
present (*P , 0.05; **P , 0.001; ***P , 0.0001).
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involved in TNF, VEGF, and CXCL8 gene expression in LAD2
MCs. Our results are also in agreement with the previous
report that rapamycin blocks Fc«RI-mediated PI3K-dependent
activation of mTORC1 signaling and de novo synthesized
interleukin-6 and CXCL8 release from murine MCs (Kim
et al., 2008b).
Signaling via mTORC1 was previously implicated in Fc«RI-

mediated allergic cytokine release (Smrz et al., 2011) and in the
regulation of normalMChomeostasis (Kim et al., 2008a). In fact,
constitutively activated mTORC1 (Kim et al., 2008a) is critical
for the survival of LAD2 MCs (Smrz et al., 2011). Although
LAD2 MCs were derived from a patient with MC leukemia
(Kirshenbaum et al., 2003), these cells have repeatedly been
shown to behave like primary human MCs (Guhl et al., 2010;
Zhang et al., 2012a; Weng et al., 2015). One could argue that the
findings presented here should be validated in primary human
MCs and in somemousemodels. However, normal primaryMCs
derived from the skin were recently shown to have enormous
variability in responsiveness (Theoharides et al., 2016) and
murine models are now considered to poorly mimic human
inflammatory diseases (Seok et al., 2013).
To allow for the de novo synthesis of TNF, CXCL8, and

VEGF in human MCs stimulated by either SP or NT,
proinflammatory mediator gene expression was measured
after 6 hours, whereasmediator protein release wasmeasured
after 24 hours to enable protein translation and secretion from
MCs. An important new finding reported here is that the
flavonoid methoxyluteolin significantly inhibits gene expres-
sion and release of all of the proinflammatory mediators, as
well as activation of mTOR. Moreover, methoxyluteolin is more
potent than luteolin, rapamycin, or Torin1. These findings
suggest that mTOR signaling is involved in the transcriptional
regulation of mediator induction in human LAD2 MCs in
response to stimulation by NT and SP. Luteolin was previously
shown to inhibit nuclear factor-kB (NF-kB)–mediated proin-
flammatory TNF synthesis in murine macrophages (Xagorari
et al., 2001), whereas our laboratory previously showed that
methoxyluteolin inhibits SP-stimulated TNF release from
LAD2 MCs and induction of NF-kB (Weng et al., 2015).
Hence, we speculate that methoxyluteolin could target in-
hibition of PI3K/mTOR signaling that is upstream of NF-kB
(Dan et al., 2008) and/or the signal transducer and activator
of transcription (Laplante and Sabatini, 2013; Saleiro and
Platanias, 2015) and could, in effect, inhibit these critical
transcriptional regulators of proinflammatory cytokines and
chemokines (Weichhart et al., 2008). In fact, PI3K/mTOR,
NF-kB, and the signal transducer and activator of transcrip-
tion have all been implicated in Fc«RI-mediated allergic
activation of human MCs (Kim et al., 2008b; Blatt et al.,
2012; Siegel et al., 2013), whereas rapamycin was previously
shown to inhibit TNF gene expression in rat MCs (Park et al.,
2012).
Unlike the mTOR inhibitors, luteolin and methoxyluteolin

also inhibited MC degranulation. This inhibition is even
better than that of the PI3K inhibitor LY294002, which is
known to be involved in the regulation of MC degranulation
(Takayama et al., 2013). Instead, the preferential mTORC1
inhibitor rapamycin and the dual mTORC1/mTORC2 inhibi-
tor Torin 1 did not inhibit NT- or SP-stimulated humanMC
degranulation, which is in agreement with a recent report
showing that Fc«RI-mediated allergic MC degranulation is
regulated by the rictor protein alone, and not via intact

mTORC2 signaling (Smrz et al., 2014). Our findings suggest
that the flavonoids luteolin and methoxyluteolin could target
inhibition of MC degranulation in an mTOR-independent
manner. One such mechanism could involve inhibition of
intracellular calcium levels in human MCs, which is required
for activation of PI3K and other signaling proteins such as
phospholipase C (Gilfillan and Rivera, 2009) and contributes
to the regulation of granule exocytosis (Holowka et al., 2012).
We previously showed that methoxyluteolin inhibits intracel-
lular calcium levels in human MCs (Weng et al., 2015). In
addition, the flavonoids could target specific proteins involved
in vesicle fusion, such as soluble N-ethylmaleimide-sensitive
factor attachment proteins (Yang et al., 2015), implicated in
MC degranulation.
Patients with systemic mastocytosis (Metcalfe and Akin,

2001; Theoharides et al., 2015) have increased mTOR gene
expression in bone marrow mononuclear cells (Smrz et al.,
2011), and it has been suggested that selectively targeting
mTOR complexes could effectively reduce proliferation of MCs
associated with inflammation and MC disorders. Rapamycin
was previously reported to inhibit the survival of Proto-Oncogene
Receptor Tyrosine Kinase KIT D816V mutated MCs in culture
(Gabillot-Carré et al., 2006), a mutation characteristic in
almost 80% of patients with systemic mastocytosis, render-
ing the encoded tyrosine kinase receptor and mTOR consti-
tutively active. However, treatment using everolimus, an
oral mTOR inhibitor, resulted in toxicity and side effects in
patients with systemic mastocytosis (Parikh et al., 2010).
More recently, dual inhibitors of PI3K/mTOR that inhibit
activation of neoplastic human MCs (Blatt et al., 2012) have
been proposed as a treatment for systemic mastocytosis but
could have poor tolerability. In addition to treating masto-
cytosis (Metcalfe and Akin, 2001; Theoharides et al., 2015),
methoxyluteolin could also be used for asthma (Galli and
Tsai, 2012), atopic dermatitis, (Vasiadi M et al., 2012), and
psoriasis (Theoharides et al., 2012a).
Our findings of neuroimmunoendocrine interactions involv-

ing the neuropeptides NT and SP and activation of MCs could
be important in the pathology of skin disorders (Caraffa et al.,
2016). For instance, activation of human MCs via Fc«RI
upregulates the surface expression of the SP neurokinin
receptors (Kulka et al., 2008). We previously showed that SP
(Asadi et al., 2012) and NT (Alysandratos et al., 2012) induce
the expression of corticotropin-releasing hormone receptor
1 in human MCs, through which NT synergistically with
corticotropin-releasing hormone stimulates VEGF release
(Donelan et al., 2006) and MC degranulation (Pang et al.,
1998). LAD2MCs express NT receptor 1 (Alysandratos et al.,
2012), whereas other human MC lines also synthesize pre-
cursor NT peptides (Cochrane et al., 2011). MCs can also
degrade NT (Piliponsky et al., 2008), indicating tight regu-
lation. Moreover, SP induces adhesion molecules on endo-
thelial cells, resulting in infiltration of other immune cells such
as neutrophils and eosinophils (Quinlan et al., 1999). Hence,
the elevated circulating levels of SP and/or NT in patients with
psoriasis and atopic dermatitis (Vasiadi M et al., 2012) could
have relevance in pathophysiologic settings. Furthermore,
we recently reported increased levels of TNF, SP, and the SP
structural analog hemokinin A in patients with fibromyalgia
(Tsilioni et al., 2016). Interestingly, hemokinin A was reported
to be secreted from rodentMCs and to have an autocrine action
on MCs (Sumpter et al., 2015).

Neuropeptide Stimulation of Human Mast Cells via mTOR 469

 at A
SPE

T
 Journals on M

ay 30, 2017
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


The ability of NT to stimulate mTOR activation in MCs
reported here is additionally intriguing, given the increased
levels of NT in patients with autism spectrum disorders
(ASDs) (Angelidou et al., 2010; Tsilioni et al., 2014) who also
have skin allergies (Theoharides et al., 2016). Communication
between MCs and microglia has been invoked in brain in-
flammation brain (Skaper et al., 2014), and increasing evidence
indicates that MCs and brain inflammation (Esposito et al.,
2002) are involved in the pathogenesis of ASD (Theoharides
et al., 2016). Microglia, the resident immune cells of the brain,
are stimulated byMC-derived histamine (Dong et al., 2014) and
tryptase (Zhang et al., 2012b). Moreover, about 1%–5% of ASD
cases have gene mutations in regulatory proteins upstream of
mTOR(WillseyandState, 2015), removingany innate inhibition of
this signaling complex.We recently showed thatNT can stimulate
cultured humanmicroglia, an action inhibited bymethoxyluteolin
(Patel et al., 2016).
Our findings of mTOR activation in neuropeptide-stimulated

MCs and its inhibition by methoxyluteolin have clear thera-
peutic potential. In fact, two open-label clinical studies reported
that a luteolin-containing dietary formulation significantly
improved attention and sociability in children with ASD
(Theoharides et al., 2012b; Taliou et al., 2013), while a combina-
tion of luteolin with palmitoylethanolamide was further reported
to have significant benefit in cerebral ischemia in humans
(Caltagirone et al., 2016). Therapeutically, methoxyluteolin
could be superior to luteolin for treating patients with MC
disorders not only because it is a more potent inhibitor of MC
and mTOR activation, but its four additional methyl groups,
compared with luteolin, increase its solubility, absorption, and
metabolic stability (Walle, 2007). Moreover, since flavonoids
typically have low oral bioavailability of less than10% inhumans
(Williamson and Manach, 2005), utilizing novel drug delivery
systems (e.g., encapsulation of methoxyluteolin into liposomes
coated with a targeting ligand) could improve bioavailability and
enhance delivery to sites of inflammation where activated MCs
are present.
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