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ABSTRACT

The isoquinoline alkaloid berberine possesses many pharmacological activities
including antibacterial infection. Although the direct bactericidal effect of berberine
has been documented, its influence on the antibacterial functions of macrophages is
largely unknown. As inflammasome activation in macrophages is important for the
defense against bacterial infection, we aimed to investigate the influence of berberine
on inflammasome activation in murine macrophages. Our results showed that
berberine significantly increased ATP-induced inflammasome activation as reflected
by enhanced pyroptosis as well as increased release of caspase-1p10 and mature
interleukin-1B (IL-1B) in macrophages. Such effects of berberine could be suppressed
by AMP-activated protein kinase (AMPK) inhibitor compound C or by knockdown of
AMPKa expression, indicating the involvement of AMPK signaling in this process. In
line with increased IL-1p release, the ability of macrophages to kill engulfed bacteria
was also intensified by berberine. This was corroborated by the in vivo finding that
the peritoneal live bacterial load was decreased by berberine treatment. Moreover,
berberine administration significantly improved survival of bacterial infected mice,
concomitant with increased IL-1f levels and elevated neutrophil recruitment in the
peritoneal cavity. Collectively, these data suggested that berberine could enhance
bacterial killing by augmenting inflammasome activation in macrophages through
AMPK signaling.

Published: December 12, 2016

INTRODUCTION

Berberine is an isoquinoline alkaloid present in
many medicinal herbs including Rhizoma coptidis and
Cortex phellodendri as their major active ingredient [1].
Although possessing a variety of pharmacological effects
including antidiabetic, anti-hyperlipidemic, antimicrobial,
anti-inflammatory, and antioxidant activities, berberine has
long been used mainly as an agent against gastroenteritis,
dysentery, and abdominal pain [2]. Several reports have
showed that its anti-gastroenteritic and anti-dysenteric
effects are largely attributed to its direct antimicrobial
effect on bacterial pathogens [3-7]. However, it is
unknown whether berberine has potentiated the bacterial

killing ability of the host’s phagocytes including
macrophages.

Macrophages are one type of innate immune
cells distributed widely in different tissues, acting as
the first line of defense against pathogenic infection.
They not only kill bacteria by phagocytosis and present
bacterial antigens to T and B lymphocytes, but also are
responsible for damaged tissue repair [8]. When ingested
by macrophages, bacterial pathogens become trapped in
the phagosome, which is then fused with the lysosome
to form the phagolysosome. Subsequently, hydrolytic
enzymes and toxic peroxides kill the pathogens within
the phagolysosome [9]. Engulfment of bacteria by
macrophages may also cause the assembly and activation
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of large cytosolic multi-protein complexes known as
inflammasomes [10, 11]. As a major consequence of
inflammasome activation, the macrophages undergo
pyroptosis while releasing inflammatory cytokines and
danger signals, including interleukin-1p (IL-1f) and high
mobility group box 1 (HMGBI1). These molecules in turn
recruit and activate other phagocytes such as neutrophils
and monocytes [12], as well as enhancing their phagocytic
and bacterial killing capacities [10]. Thus, induction
of inflammasome activation is a robust mechanism for
macrophages to fight against bacterial infection.

A variety of inflammasome pathways have been
identified and one of the mostly investigated pathways
is the nucleotide and oligomerization domain, leucine-
rich repeat containing protein family, pyrin containing
domain 3 (NLRP3) inflammasome [13]. It has been
reported that the following two steps (signals) are
required for the full activation of NLRP3 inflammasomes
in murine macrophages [14]. Firstly, pattern recognition
receptors (PRRs) expressed on macrophages recognize
and bind to pathogen-associated molecular patterns
(PAMPs) of bacteria, leading to the expression of critical
components of the inflammasome, such as NLRP3 and
pro-IL-1B. One well-known PAMP of Gram-negative
bacteria is lipopolysaccharide (LPS). LPS stimulation of
macrophages (i.e. LPS priming) induces a rapid expression
of NLRP3 and pro-IL-1p, both of which are not expressed
in unprimed macrophages [15]. Secondly, bacterial
infection leads to the release of several danger signaling
molecules termed damage-associated molecular patterns
(DAMPs), which constitute an additional triggering signal
for the assembly of NLRP3 inflammasomes. Following
the assembly of NLRP3 inflammasomes, caspase-1 is
recruited to the complex leading to its cleavage and
activation, which subsequently catalyze the conversion
of pro-interleukin-1f (pro-IL-1p) into mature IL-1p [14].
Activated caspase-1 can also lead to pyroptosis, which is
required for the release of mature IL-1B [16, 17].

ATP is one well-known DAMP that can activate the
NLRP3 inflammasome. ATP can be released by both the
host innate immune cells and bacteria during microbial
infection: upon PRR stimulation, monocytes/macrophages
can release endogenous ATP into extracellular milieu [18],
and macrophages can produce carbon monoxide (CO) to
enhance ATP production by bacteria [19]. Extracellular
ATP binding to its cell membrane receptor P2X R
activates NLRP3 inflammasomes and caspase-1, leading
to the maturation and secretion of IL-1p [12], which in
turn intensifies bacterial killing by the macrophages [19].
In support of this, recent studies revealed that caspase-
1-deficient mice are more vulnerable to Escherichia coli
infection [20], while bacterial pathogens can produce
virulence factors that subvert inflammasome activation
to benefit their persistence in the host [21-23]. Thus,
ATP-induced inflammasome activation is critical for the
clearance of bacterial pathogens [24].

In view of the pivotal role of ATP-induced
inflammasome activation in the defense against bacterial
infection and our preliminary data showing that berberine
increased cell death in macrophages upon ATP treatment,
we aimed to explore the effects of berberine on NLRP3
inflammasome activation in murine macrophages in
response to ATP stimulation. We found that berberine
treatment markedly enhanced ATP-induced inflammasome
activation. Berberine also up-regulated AMP-activated
protein kinase (AMPK) signaling, which was associated
with inflammasome activation. Suppressing the
AMPK activity significantly attenuated ATP-induced
inflammasome activation. Importantly, berberine treatment
intensified the bacterial killing ability of the macrophages
in vitro and in vivo, thus increasing the survival of mice
with bacterial infection. Our findings highlight the indirect
antimicrobial effects of berberine against bacterial
infection by promoting NLRP3 inflammasome activation
and thus augmenting the functions of macrophages.

RESULTS

Berberine enhances ATP-induced inflammasome
activation in murine J774A.1 macrophages

As a common in vitro bacterial infection cellular
model, J774A.1 cells are often first primed with LPS (first
signal), and then stimulated with ATP (second signal)
to activate NLRP3 inflammasome. Our preliminary
experiments showed that berberine incubation for 48 h at
doses lower than 20 uM had no significant cytotoxicity on
J774A.1 cells (data not shown). Hence, the berberine doses
were lower than 20 uM in the following experiments. As
cells undergoing pyroptosis after NLRP3 inflammasome
activation can be monitored by propidium iodide (PI)
staining [25], we used this approach to assay ATP-induced
pyroptosis. After LPS priming, ATP treatment could induce
pyroptosis in ~30% of J774A.1 cells (Figure 1A and 1B).
Notably, berberine treatment before ATP stimulation
markedly increased the pyroptosis in a dose-dependent
manner as compared with ATP (alone) group (Figure 1B).
This was corroborated by increased release of HMGB1
into the culture supernatants accompanied by a decrease
of HMGBI levels in the cell lysates (Figure 1C). Without
ATP triggering, however, berberine per se did not induce
pyroptosis and HMGBI release into the supernatants.
Although pro-IL-1B expression was up-regulated after
LPS priming, mature IL-1p (17 kDa) was undetectable in
all the culture supernatants by western blotting. Therefore,
we detected the mature IL-1B levels in the supernatants
by using a bead-based immunoassay (CBA), and found
that berberine dose-dependently increased IL-1f release
(although at low levels) upon ATP stimulation (Figure
1D). Together, these results indicated that berberine could
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augment the NLRP3 inflammasome activation in murine In either TGPMs (Figure 2C) or BMDMs (Figure

J774A.1 macrophages upon ATP stimulation. 2D), both pro-IL-1p and NLRP3 proteins were highly

induced after LPS priming, whereas pro-caspase-1 was
Berberine enhances ATP-induced inflammasome constitutively expressed regardless of LPS priming. Upon
activation in primary macrophages further stimulation with ATP, both mature IL-1B (17 kDa)

and active caspase-1p10 were released into the culture
supernatants, indicating inflammasome activation. Again,
berberine treatment increased the release of these contents
upon ATP stimulation in these cells (Figure 2C and 2D).
Berberine alone caused a slight decrease in pro-IL-1§

To confirm the results observed in J774A.1 cell
line, we next sought to explore whether berberine had
similar effects on NLRP3 inflammasome activation

and pyroptosis in primary murine macrophages. Both levels but no significant changes in pro-caspase-1 levels
thioglycollate (TG)-elicited peritoneal macrophages in the cell lysates; it could further decrease pro-IL-1B
(TGPMs) and bone marrow-derived macrophages levels in ATP-treated BMDMs but not TGPMs. Without
(BMDMs) were used as primary macrophage models. The ATP treatment, however, both TGPMs and BMDMs did
former cells represent inflammatory macrophages while not display inflammasome activation (Figure 2C and 2D).
the latter are unstimulated ones. These cells were first Altogether, these results indicated that berberine enhanced
primed with LPS, and then pre-treated with graded doses ATP-induced NLRP3 inflammasome activation in a dose-

of berberine prior to ATP treatment. Similar to the results dependent manner in both TGPMs and BMDMs, in line
from J774A.1 cells, berberine dose-dependently enhanced with the results from J774A.1 cells.

ATP —induced.pyroptosis in both TGPMs apd BMDMs, Two additional assays were performed in BMDMs,
but it alone did not cause any cell death (Figure 2A and which further confirmed that berberine enhanced
2B). Morphologically, berberine-enhanced cell death was ATP-induced  inflammasome  activation.  Firstly
similar to ATP -induced pyroptosis., with rapid membrgne immunofluorescence microscopy was used to analyze the
permeab.lhzatlon and cellula.r swelling but no condensation percentages of cells containing ASC specks (a marker of
of nuclei (Supplementary Figures S1 and S2). inflammasome activation). ASC was distributed evenly in
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Figure 1: Berberine enhanced ATP-induced inflammasome activation in murine J774A.1 macrophages. A. Cells were
primed with LPS (500 ng/ml) for 4 h and then pre-treated with graded concentrations of berberine for 1 h, followed by incubation with ATP
(3 mM) for 1 h in the absence of LPS. Cell death was assayed by propidium iodide (PI) (red; staining dead cells) and Hoechst 33342 staining
(blue; staining all cells). The fluorescent images were captured by fluorescence microscopy, merged with bright-field images. One set of
representative images of three independent experiments are shown. Scale bar, 50 um. B. PI-positive cells in 5 randomly chosen fields each
containing ~100 cells were quantified. Data are shown as mean + SD (n = 5). C. Cells were treated as in A.. Western blotting was used to
assess the expression levels of indicated proteins in the cell lysates and culture supernatants, respectively. f-Tubulin was used as a loading
control for cell lysates. D. Quantification of soluble IL-1 levels in the culture supernatants by cytometric bead array (CBA) assay. Data are
shown as mean + SD (n = 3). ¥*P < 0.05; **P < 0.01; ***P <(0.001; BBR, berberine.
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LPS and vehicle-treated cells, whereas ASC specks were
formed in ~20% of the cells upon ATP treatment (Figure
3A and 3B). Pre-treatment with berberine before ATP
stimulation increased the percentages of cells containing
ASC specks to ~40%, corroborating enhanced activation
of NLRP3 inflammasomes by berberine. Secondly, the
CBA assay was used to measure the soluble IL-1f in
the culture supernatants. The results showed that ATP
treatment induced IL-1f release from LPS-primed
BMDMs, while berberine treatment further increased the
IL-1B level in the supernatant (Figure 3C), thus confirming
the result of the western blot analysis of IL-1p (Figure
2D).

Berberine increases AMPK
macrophages upon ATP treatment

signaling in

As berberine has been reported to be an AMPK
agonist [26, 27], we next explored whether AMPK
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activation by berberine contributed to potentiating
ATP-induced inflammasome activation. AMPK activity
can be evaluated by the phosphorylation at Thr172 of
AMPKa, the kinase subunit of AMPK heterotrimeric
complex [28]. Western blot analysis showed that the
AMPK activity was suppressed by LPS in J774A.1 cells,
TGPMs and BMDMs (Figure 4A and 4B). ATP treatment
induced AMPK re-activation in all these LPS-primed
macrophages. As expected, berberine treatment activated
AMPK in TGPMs and BMDMSs, despite the presence of
LPS. Notably, ATP-induced AMPK activation was greatly
enhanced by berberine pre-treatment in all these cells
(Figure 4A and 4B), whereas the levels of total AMPKa
protein were unaffected by these treatments (Figure 4A
and 4C). Together with the above-mentioned data, these
results suggested that berberine-induced AMPK signaling
was associated with the augmentation of ATP-induced
inflammasome activation.
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Figure 2: Berberine increased ATP-induced inflammasome activation in primary murine macrophages. Thioglycollate-
elicited peritoneal macrophages (TGPMs) and bone marrow-derived macrophages (BMDMs) were first primed with LPS (500 ng/ml) for 4
h and then pre-treated with indicated doses of berberine for 1 h, followed by incubation with ATP (2 mM) for 30 min without LPS. A. and
B. Cell death in TGPMs A. and BMDMs B. was assayed by propidium iodide (PI) (for dead cells) and Hoechst 33342 (for all cells) staining
and quantified by counting 5 randomly chosen fields each containing ~100 cells. Data are shown as mean + SD (n = 5). **P <(0.01; ***P
< 0.001. C. and D. Western blot analysis was used to assess the expression and secretion of caspase-1, IL-1f and other proteins in the cell
lysates and culture supernatants in TGPMs C. and BMDMs D., respectively. -Tubulin was used as a loading control for cell lysates. BBR,

berberine.
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Blocking AMPK signaling attenuates berberine-
mediated augmentation of ATP-induced
inflammasome activation

To further confirm that berberine promoted
inflammasome activation by inducing AMPK signaling,
specific AMPK inhibitor compound C (C.C) or small-
interfering RNA (siRNA) were used to suppress the AMPK
activity. Firstly, J774A.1 macrophages and TGPMs were
primed with LPS, and then treated with C.C for 1 h. After
incubation with berberine for 1 h, the cells were treated
with ATP to induce NLRP3 inflammasome activation and

A
LPS-primed

pyroptosis. The results showed that both ATP-induced
pyroptosis and berberine-mediated augmentation of ATP-
induced pyroptosis were significantly attenuated by C.C
pre-treatment (Figure SA and Supplementary Figure S3;
Figure 5B and Supplementary Figure S4). In line with the
pyroptosis data, berberine-promoted release of mature IL-
1B (17 kDa) into the culture supernatants of TGPMs was
also markedly decreased by C.C pre-treatment (Figure
5C and 5D). The pro-IL-1f level appeared to be reduced
by ATP and berberine co-treatment but was recovered
by C.C treatment (Figure 5C). These results indicated
that berberine-mediated enhancement of inflammasome
activation was reversed by pharmacological inhibition of
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Figure 3: Berberine increased ATP-induced ASC speck formation and IL-1P release in bone marrow-derived
macrophages (BMDMs). Mouse BMDMs were primed with LPS (500 ng/ml) for 4 h and then pre-treated with berberine (3 pM)
for 1 h, followed by incubation with ATP (2 mM) for 30 min without LPS. A. Representative immunofluorescence images showing ASC
sub-cellular distribution. Cells were stained with anti-ASC antibody (red) and Hoechst 33342 (blue). The images for ASC and nuclei were
captured respectively and merged together. Arrows indicate ASC specks and the insets show the enlarged cells with an ASC speck. Scale
bar, 20 um. B. The percentages of cells containing ASC specks were calculated by the number of cells with ASC specks relative to the
total number of cells from 5 random fields each containing ~50 cells. Data are shown as mean + SD (n = 5). C. Quantification of soluble
IL-1P levels in the culture supernatants by CBA assay. Data are shown as mean + SD (n = 3). **P < 0.01; ***P <0.001; BBR, berberine.
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AMPK activity.

Secondly, the expression of AMPKa (the kinase
subunit of AMPK) in J774A.1 cells was knocked down
by siRNA. Western blotting showed that the expression
of AMPKa protein was reduced approximately 70%
after knockdown (Figure 6A and 6B). Consistent with
the pharmacological observation, AMPKa knockdown
also attenuated berberine’s effect on promoting the
inflammasome activation (as reflected by pyroptosis)
in response to ATP stimulation (Figure 6C and 6D).
Notably, although berberine was present, the pyroptosis
rate induced by ATP treatment in the cells with AMPKa
knockdown was comparable to that in the cells treated with
negative control (NC)-siRNA in the absence of berberine.
As ATP treatment induced AMPK activation, AMPKa
knockdown also reduced ATP-induced pyroptosis in the
absence of berberine (Figure 6C and 6D). Altogether,
these results indicated that AMPK signaling at least partly
contributed to berberine-mediated augmentation of ATP-
induced inflammasome activation.

Berberine administration enhances bacterial
killing and prolongs mouse survival against
bacterial infection

We next examined the effect of berberine on
bacterial killing by macrophages. Equal amounts of E.
coli were added to and phagocytosed by macrophages and
the colony-forming units (CFUs) of the engulfed bacteria
within the macrophages after berberine treatment were
analyzed. As shown in Figure 7A, berberine significantly
increased bacterial killing by macrophages in a dose-
dependent manner.

Finally, we explored whether berberine augmented
inflammasome activation and IL-1p secretion in vivo in
the context of bacterial infection in the peritoneal cavity
of mice, which is a commonly used bacterial infection
model. Mice were administered intragastrically with
berberine (50 or 100 mg/kg body weight) or vehicle once
a day for 3 consecutive days followed by intraperitoneally
injection with a lethal dose of viable E. coli (2x10° CFU/
mouse). Such a dose of bacteria killed control mice
within 30 h, whereas berberine pre-treatment significantly
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Figure 4: Berberine enhanced AMPK signaling in macrophages upon ATP treatment. Mouse macrophage J774A.1 cells,
thioglycollate-elicited peritoneal macrophages (TGPMs) and bone marrow-derived macrophages (BMDMs) were treated as described in
Figure 1 and Figure 2, respectively. Western blotting was used to assess protein expression in the cell lysates A. B-Tubulin was recruited as
a loading control. Quantifications of p-AMPKa relative to AMPKa are shown in B., while quantifications of AMPKa relative to f-tubulin
are shown in C., respectively (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant; BBR, berberine.
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prolonged their survival (Figure 7B). In low-dose (50 mg/
kg) and high-dose (100 mg/kg) berberine groups, 10%
and 30% of mice survived the period of observation (96
h), respectively. This prolonged survival of mice might
be due to enhanced bacterial killing and clearance by
the peritoneal macrophages and/or neutrophils because
berberine significantly decreased the bacterial load (CFUs)
in the peritoneal cavity when compared with vehicle
(Figure 7C). In line with enhanced bacterial killing, the
secreted mature IL-1p was markedly elevated at the time
points of 2 h and 8 h in the peritoneal lavage fluids of
berberine-administered mice as compared with vehicle-
treated ones, albeit there was no significant difference
at the time point of 4 h (Figure 7D); this suggested that
berberine augmented inflammasome activation in vivo
upon bacterial infection. Consistent with this, the levels
of mature IL-1f (17 kDa) in the colonic tissues were also
significantly increased in berberine-treated mice compared
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with vehicle (Figure 7E and 7F). These results suggested
that berberine administration prolonged mouse survival by
enhancing inflammasome activation and bacterial killing
in the infected sites.

As IL-1B release was increased by berberine
treatment in the mouse model, we examined whether
berberine increased neutrophil recruitment in the
peritoneal cavity upon bacterial infection. Indeed, flow
cytometric analysis revealed that the percentages of
neutrophils (CD11b*Gr-1%) in the peritoneal cavity of mice
were markedly increased by berberine administration as
compared with vehicle (Figure 8A and 8B). Consistent
with the increase of mature IL-1f levels in the colonic
tissues of berberine-treated and bacterial-infected mice,
inflammatory foci with a large number of inflammatory
cells could be observed beneath the colon wall of
these mice but not those treated with vehicle (Figure
8C). These infiltrated cells in the foci were mainly
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Figure 5: AMPK signaling blockade attenuated berberine-mediated enhancement of ATP-induced inflammasome
activation. A. After primed with LPS (500 ng/ml) for 4 h, J774A.1 cells were pre-treated with AMPK inhibitor compound C (C.C)
(20 uM) for 1 h before incubation with indicated concentrations of berberine for 1 h followed by co-treatment with ATP (3 mM) for 1 h.
Cell death was assayed by propidium iodide staining. Data are shown as mean + SD (n = 5). B. TG-elicited peritoneal macrophages were
sequentially treated with LPS (500 ng/ml for 4h), C.C (20 uM for 1 h), berberine (indicated doses, for 1 h) and ATP (2 mM for 30 min).
Cell death was assayed by propidium iodide staining. C. TG-elicited peritoneal macrophages were treated as B. except that berberine
concentration was 3 uM. Western blotting was used to evaluate the expression and secretion of IL-1f in the cell lysates and culture
supernatants (Sup), respectively. B-Tubulin was used as a loading control for cell lysates. D. Histograms showing the relative gray values of
IL-1B in C. (n = 3). The gray value of IL-1P band in ATP group was set as 1.0. The gray values of the other groups were calculated relative

to the ATP group. *P < 0.05; **P < 0.01; ***P < 0.001; BBR, berberine.

www.impactjournals.com/oncotarget

Oncotarget



neutrophils as judged by their polymorphonuclear feature
(Supplementary Figure S5). However, berberine did not
increase the infiltration of inflammatory cells in the liver
(Supplementary Figure S6). These results suggested that
berberine might promote the recruitment of inflammatory
cells by augmenting inflammasome activation in the
infected sites.

DISCUSSION

Berberine possesses many pharmacological
activities, including anti-gastroenteritic and anti-dysenteric
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mice markedly elevated the levels of soluble IL-1f in the
lavage fluids of their peritoneal cavities upon bacterial
infection. Moreover, treatment with berberine enhanced

bacterial killing within macrophages. Importantly,
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Figure 6: AMPKa knockdown attenuated ATP-induced inflammasome activation in macrophages. J774A.1 cells were
transfected with negative control (NC) siRNA or AMPKaI-specific siRNA for 72 h. Then the cells were primed with LPS (500 ng/ml)
for 4 h, and pre-treated with berberine (3 pM) for 1 h followed by co-treatment with ATP (3 mM) for 1 h without LPS. A. Cell lysates
was analyzed by western blotting. B-Tubulin was recruited as a loading control. B. Histograms show the quantification of AMPKa levels
relative to B-tubulin in A. (n = 3). C. Cell death was assayed by propidium iodide (PI) (red) and Hoechst 33342 (blue) staining, and
fluorescent images were captured by fluorescence microscopy, merged with bright-field images. One representative set of images of three
independently performed experiments are shown. Scale bars, 50 pm. D. PI-positive cells in 5 randomly chosen fields each containing ~100
cells were quantified. Data are shown as mean + SD (n = 5). ***P < 0.001; ns, not significant; BBR, berberine.
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berberine administration not only reduced the bacterial
load in the peritoneal cavity but also increased the
survival of bacterial infected mice. These data indicated
that berberine could indirectly exhibit its antimicrobial
activity by enhancing the functions of macrophages upon
microbial infection.

Inflammasome activation is a critical defense
mechanism of the innate immune system against microbial
infection [12]. One outcome of inflammasome activation
is maturation and release of IL-1B, as well as other
inflammatory cytokines [12]. These cytokines not only
promote the functions of phagocytes by increasing their
phagocytic and bacterial killing abilities [18, 30, 31], but
also are necessary for the recruitment of other immune
cells including neutrophils and monocytes/macrophages
[32, 33]. Consequently, induction of inflammasome
activation and IL-1f release can intensify the host defense
against bacterial infection in murine models [10, 19, 33,
34]. Another study revealed that bacterial infection induces
carbon monoxide (CO) production in macrophages, which

in turn promotes their bacterial killing and phagocytosis
abilities both in vitro and in vivo through increasing the
activation of NLRP3 inflammasome and the secretion
of active IL-1B [19]. Consistent with these studies,
we observed that berberine treatment increased IL-1(3
production (suggestive of inflammasome activation) upon
bacterial infection in vivo or upon LPS+ATP stimulation
in vitro which resembles the circumstance of bacterial
infection. The bacterial killing ability of macrophages
was significantly enhanced by berberine treatment. More
neutrophils were recruited into the peritoneal cavity and
colonic inflammatory foci of berberine-administered
mice upon bacterial infection, which increased bacterial
clearance. The survival of these mice was significantly
improved by berberine. Therefore, our data demonstrated
that berberine could enhance bacterial killing by
augmentation of inflammasome activation in macrophages
during bacterial infection.

Recent studies have indicated that the release of
mature IL-1p, is dependent on pyroptosis [35], another
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Figure 7: Berberine enhanced bacterial killing and prolonged mouse survival during bacterial infection. A. J774A.1
cells infected with E. coli for 2 h, followed by incubation with various concentrations of berberine for 4 h. Then the engulfed bacteria were
freed from the cells and the colony-forming units (CFUs) were measured by Luria Broth (LB) agar culture. B.-F. C57BL/6 mice were
administered (i.g.) with berberine (50 and 100 mg/kg body weight B. or 100 mg/kg body weight C.-F.) or vehicle (2% Tween-80 in PBS)
once a day for 3 consecutive days prior to infection (i.p.) with viable E. coli (2x10° CFU/mouse). B. Mouse survival was monitored every
6 h for 4 days. Kaplan-Meier survival curves were used to analyze the data (10 mice per group). The significance was evaluated by the log-
rank (Mantel-Cox) test. C. Viable bacterial counts (CFUs) in the peritoneal cavity of E. coli-infected mice were measured by using LB agar
culture. D. The levels of IL-1p in the peritoneal exudates from the mice were measured by CBA assay (n = 5). E. Western blotting of colonic
tissue lysates (8 h post bacterial infection). f-Actin was used as a loading control. F. Quantification of IL-1f levels relative to B-actin in E.
(n=3). *P <0.05; **P<0.01; ***P <0.001; ns, not significant; BBR, berberine.
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consequence of inflammasome activation. In line
with this, we found in this study that the extracellular
levels of IL-1P consistently correlated with the rate of
pyroptosis, and berberine treatment increased both IL-
1B release and pyroptosis upon ATP stimulation. Other
products of the inflammasome pathway might also be
released dependently on pyroptosis, such as HMGBI1
(having been shown to be released by macrophages
in this study) and gasdermin D N-terminal fragments
(GSDMD-N). HMGBI1 is an important danger signal
acting like a cytokine to stimulating immune cells [36].
And GSDMD-N is produced by active caspase-1 or

caspase-11, with pore-forming activity to kill bacterial
pathogens directly [16, 17]. Although it remains to be
discovered whether such direct bacterial killing plays a
role in controlling in vivo infection, we presumed that the
release of GSDMD-N should be enhanced by berberine
due to increased pyroptosis during bacterial infection.
Yet more sophisticated approaches are needed to observe
the in vivo pyroptosis and the accompanied products that
directly kill bacteria during microbial infection.

In seeking for the mechanism underlying berberine’s
beneficial effects on diabetes and insulin-resistance, it has
been found that berberine is an agonist of AMP-activated
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nt in the peritoneal cavity and the colon. C57BL/6 mice were

administered (i.g.) with berberine (100 mg/kg body weight) or vehicle (2% Tween-80 in PBS) once a day for 3 consecutive days prior to
injection (i.p.) with viable E. coli (2x10° CFU/mouse). After indicated time periods, cells in the peritoneal cavity were harvested by 1.5 ml
PBS and double stained with FITC-CD11b and PerCP-Gr-1 antibodies for flow cytometric analysis, and the colon was collected and fixed
in 4% neutral formaldehyde for histological analysis. A. Representative flow cytometric dot-plots of three independent experiments. B.
Quantification of CD11b" Gr-1" cells (neutrophils) within the gate in A. Data are expressed as mean + SD (n = 3). *P <0.05; ***P <0.001;
ns, not significant. C. Hematoxylin and eosin (H&E) staining of the colon sections 8 h after infection (n = 3). Representative images from
each mouse are shown. Arrows indicate infiltrated inflammatory cells in the colon tissues. Scale bar, 100 pum; BBR, berberine.
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protein kinase (AMPK) [26, 27]. AMPK is a master
regulator for cellular energy homeostasis, being activated
under stresses that deplete cellular ATP supplies such as
low glucose, hypoxia, ischemia, inflammation and heat
shock [37]. In addition, multiple cellular activities other
than energy homeostasis can be regulated by AMPK
signaling, including cell proliferation, polarization, protein
translation and lipid metabolism [38, 39]. Activation of
AMPK by berberine may improve cellular glucose
and lipid metabolism in patients with diabetes [26],
although this remains debatable [40]. Previous studies
have indicated that AMPK activation can enhance the
phagocytic and bacterial killing abilities of neutrophils
and macrophages [30, 31, 41]. This suggested that
activation of AMPK by berberine might have correlated
with its effect on enhancing inflammasome activation,
pyroptosis and release of IL-1B. Two lines of evidence
in this study have supported this hypothesis. First, ATP
triggering induced AMPK activation while berberine
simultaneously augmented AMPK signaling and
inflammasome activation, as well as pyroptosis and IL-
1B release, upon ATP treatment. Second, AMPK signaling
blockade by specific inhibitor compound C or AMPKa
knockdown markedly attenuated ATP-induced pyroptosis
and reversed the augmentation of pyroptosis by berberine.
Our results highlight a potential link between berberine-
mediated AMPK signaling and augmentation of ATP-
induced NLRP3 inflammasome activation, which deserves
further investigation to elucidate the precise mechanism
underlying this process.

In conclusion, we found that berberine could
markedly augment ATP-induced inflammasome activation,
as well as pyroptosis and IL-1p release, in macrophages.
This activity of berberine might be attributed to enhancing
AMPK signaling. More importantly, berberine-mediated
augmentation of inflammasome activation increased the
bactericidal ability of macrophages and/or neutrophils in
vitro and in vivo, leading to increased survival of mice
upon bacterial infection. These findings highlight an
indirect antimicrobial effect of berberine against bacterial
infection by enhancing the functions of macrophages and
probably other immune cells.

MATERIALS AND METHODS

Reagents and antibodies

Berberine (B3251), adenosine triphosphate (ATP)
(A6419), dimethyl sulfoxide (DMSO), propidium iodide
(PI), Hoechst 33342, Tween-80, lipopolysaccharide (LPS)
(Escherichia coli O111:B4) (L4391), and compound C
(C.C) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Berberine was dissolved in DMSO at 50
mM, stored at -20°C. ATP was dissolved in phosphate-

buffered saline (PBS) and stored at -20°C. Thioglycollate
medium (Brewer modified) (TG) was obtained from
Becton Dickinson (Sparks, MD, USA). Opti-MEM,
Dulbecco’s Modified Eagle’s Medium (DMEM) medium
with high glucose, fetal bovine serum (FBS), streptomycin
and penicillin were products of ThermoFisher/Gibco
(Carlsbad, CA, USA). Antibodies against caspase-1p10
(sc-514) and actin (sc-1616-R) were obtained from Santa
Cruz (Dallas, TX, USA). The antibody to NLRP3 (AG-
20B-0014) was purchased from Adipogen AG (Liestal,
Switzerland). Specific antibodies against IL-1p (#12242),
HMGBI1 (#3935), AMPKa (#5832), phospho-AMPKa
(Thr172) (#2535), ASC (#67824), B-tubulin (#2128)
and horse-radish peroxidase (HRP)-conjugated goat
anti-mouse/rabbit IgG were bought from Cell Signaling
Technology (Danvers, MA, USA). CF568 goat-anti-
rabbit [gG (H+L), highly cross-adsorbed (#20103-1) was
obtained from Biotium (Hayward, CA, USA). Anti-mouse
CDI11b FITC (#11-0112) and anti-mouse F4/80 PE (12-
4801) were obtained from eBioscience (San Diego, CA,
USA). Anti-mouse Ly-6G (Gr-1) PerCP (#127653) was
bought from BioLegend (San Diego, CA, USA).

Experimental animals

Female C57BL/6 mice (6-8 weeks of age) were
purchased from the Experimental Animal Center of
Southern Medical University (Guangzhou, China). All
animal experiments were performed in accordance with
the guidelines for the care and use of animals approved
by the Committee on the Ethics of Animal Experiments of
Jinan University.

Cell culture

The murine macrophages cell line J774A.1 was
obtained from the Kunming Cell Bank of Type Culture
Collection Chinese Academy of Sciences (Kunming,
China). Cells were maintained in DMEM supplemented
with 10% FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine (complete DMEM
medium) at 37°C in a humidified incubator of 5% CO,
and sub-cultured every 2-3 d by using a cell scraper to
detach cells.

Isolation of TG-elicited peritoneal macrophages

The separation of TG-elicited peritoneal
macrophages (TGPMs) was performed as described
previously [42]. Briefly, mice were administered
intraperitoneally with 1 ml of 3% TG medium and
sacrificed 4 d later. Peritoneal macrophages were isolated
with 2 ml washing buffer (germ-free PBS containing 0.5
mM EDTA and 5% calf serum). The cells were collected
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by centrifugation at 300 xg for 10 min, re-suspended in
complete DMEM medium and seeded in plates. After
2-h incubation at 37°C in a humidified incubator of 5%
CO,, the unattached cells were removed and the adherent
macrophages were used for experiments. The purity of
TGPMs was assessed by flow cytometry using FITC-
labeled anti-mouse CDI11b and PE-labeled anti-mouse
F4/80 antibodies and was routinely > 95% (Supplementary
Figure S7A). Their morphological characteristics are
shown in Supplementary Figure S7B.

Bone marrow-derived macrophage culture

Mouse bone marrow-derived macrophages
(BMDMs) were differentiated as reported previously [15].
In brief, mice were sacrificed and the bone marrow in hind
femora and tibias was flushed out with 10 ml of sterile
PBS and collected by centrifugation at 300 xg for 5 min
at 4°C. The bone marrow cells were re-suspended in BM-
Mac medium (DMEM supplemented with 10% FBS and
20% M-CSF-conditioned medium from L929 cells) and
5x10%cells in 10 ml BM-Mac medium were cultured in a
10-cm petri dish at 37°C in a humidified incubator of 5%
CO,. Each petri dish was replenished with 5 ml BM-Mac
medium after 2 days. The culture medium was removed
and replaced with 10 ml of fresh BM-Mac medium after
4 days. BMDM cells were ready for experiments after
6 days. The cells were collected with a cell-scraper and
cultured in complete DMEM medium overnight in 24-
well plates at 1.5%10° cells/well (0.5 ml) or in 6-well
plates at 1.5x10¢ cells/well (2.0 ml). The BMDM purity
was assessed by flow cytometry using FITC-labeled
anti-mouse CDI11b and PE-labeled anti-mouse F4/80
antibodies and was routinely > 95% (Supplementary
Figure S7A). Their morphological characteristics are
shown in Supplementary Figure S7B.

Flow cytometry

For phenotyping analysis, peritoneal exudate cells
were isolated and washed with PBS-F (PBS containing
0.1% NaN, and 3% calf serum), followed by staining
with FITC labeled anti-mouse CDI11b in conjunction
with PerCP labeled anti-mouse Ly-6G (Gr-1) at 4°C for
30 min. After washing with PBS-F, cells were fixed with
4% paraformaldehyde in PBS and then analyzed on a flow
cytometer (FACSCalibur; Becton Dickinson). Data were
acquired and analyzed by using the CELLQuest software
(Becton Dickinson).

Cell death assay

Cell death was measured by PI incorporation
as described previously [25, 42]. Cells were seeded

in 24-well plates and primed with 500 ng/ml LPS
for 4 h. Subsequently, the cells were treated with
various concentrations of berberine for 1 h followed
by appropriate concentration of ATP for indicated time
periods in Opti-MEM. PI (2 pg/ml) solution containing
Hoechst 33342 (5 pg/ml) was added to cell culture
media at room temperature for 10 min, and cells were
observed immediately by live imaging using Zeiss Axio
Observer D1 microscope equipped with a Zeiss LD Plan-
Neofluar 20%/0.4 Korr M27 objective lens (Carl Zeiss
Microlmaging GmbH, Goéttingen, Germany). Fluorescence
images were captured with a Zeiss AxioCam MR R3
cooled CCD camera controlled with ZEN software (Carl
Zeiss).

Small interfering RNA (siRNA)

The siRNA (5'-GCA GAA GUG UGU AGA GCA
A-3") duplexes targeting mouse AMPKal and negative
control (NC) siRNA were designed and synthesized
by RiboBio (Guangzhou, China). siRNA transfection
was performed using Lipofectamine RNAIMAX
(ThermoFisher) according to the instruction manual. The
siRNA was added to each well at a final concentration
of 100 nM. Cells were cultured in DMEM medium
containing 10% FBS for 72 h.

Precipitation of soluble proteins

Soluble protein secreted into culture supernatants
(equal volume for each sample) were precipitated with
0.15% sodium deoxycholate plus 7.2% trichloroacetic
acid as previously described [43]. The precipitated
proteins were re-dissolved in equal volume of 1x sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample loading buffer and subjected to western
blot analysis for released HMGB1, mature IL-1p and
caspase-1p10.

Western blot analysis

Western blotting was performed essentially as
previously described [44]. Total proteins were separated by
SDS-PAGE followed by electrotransfer to polyvinylidene
difluoride (PVDF) membranes (Hybond-P; GE Healthcare
Life Sciences, Piscataway, NJ, USA). The membranes
were blocked and incubated with primary antibody
(1:1000), followed by incubation with appropriate
HRP-conjugated secondary antibody (goat anti-mouse/
rabbit/rat IgG). Bands were revealed with an enhanced
chemluminescence kit (BeyoECL Plus; Beyotime,
Haimen, China) and recorded by X-ray films (Carestream,
Xiamen, China). The blot images were captured by
FluorChem8000 imaging system (Alphalnnotech, San
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Leandro, CA, USA).

Immunofluorescence microscopy

Immunofluorescence analysis was performed as
previously described [45]. Briefly, BMDMs were seeded
in glass-bottomed dishes (4x10° cells/dish) and cultured
at 37°C overnight. Cells were primed with 500 ng/ml
LPS for 4 h. Then the cells were treated with berberine
or vehicle for 1 h followed by treatment with 2 mM ATP
for 30 min in Opti-MEM. After these treatments, the
cells were fixed in 4% paraformaldehyde for 15 min, and
permeabilized with 2 ml cold methanol (-20°C) for 10 min.
Then the cells were incubated with ASC antibody (1:300)
overnight, followed by staining with CF568-conjugated
goat-anti-rabbit IgG for 1 h. After Hoechst 33342
solution (5 pg/ml in PBS) was added to stain the nuclei
for 10 min, the cells were observed under a Zeiss Axio
Observer D1 microscope with a Zeiss LD Plan-Neofluar
40%/0.6 Korr M27 objective (Carl Zeiss Microlmaging
GmbH, Géttingen, Germany). Fluorescence images were
captured by a Zeiss AxioCam MR R3 cooled CCD camera
controlled with ZEN software (Carl Zeiss).

Bacterial infection

Bacterial infection was performed as previously
described [19, 45]. Briefly, E. coli strain DH50 was
grown in Luria Broth (LB) media and bacterial cell
density was determined using an ultraviolet-visible
spectrophotometer (NanoDrop2000, Thermo Scientific)
and the corresponding colony-forming units (CFUs) were
determined on LB agar plates. Mice were acclimated for
one week and intragastrically administered with berberine
solution or vehicle (2% Tween-80 in PBS) once a day
for 3 consecutive days. Viable E. coli cells (2x10° CFU/
mouse) in 0.5 ml of PBS were injected into the peritoneal
cavity (i.p.). Mouse survival was monitored every 6 h for
4 days. In a separate experiment, mice were sacrificed at
indicated time points and peritoneal lavage fluids were
collected with 1.5 ml PBS. Serial dilutions of the lavage
fluids were incubated overnight at 37°C on LB agar
plates; CFUs of bacteria were counted. The colon tissues
were collected for western blotting and histopathological
analysis, respectively.

Detection of soluble cytokines

Soluble IL-1B in mouse peritoneal lavage fluids and
in culture supernatants of macrophages was determined
by Cytometric Bead Array (CBA) Mouse IL-1f Flex Set
(BD Biosciences, San Jose, CA, USA) according to the
manufacturer’s instructions. Data were acquired using
CELLQuest software on a flow cytometer (FACSCalibur;

Becton Dickinson).

Histopathology

After mice were sacrificed, the liver and colon
were fixed in 4% neutral formaldehyde, and stained with
hematoxylin and eosin (H&E). Images were captured by
the Zeiss Axio Observer D1 microscope armed with a
color CCD (Zeiss Axio Observer D1).

Statistical analysis

All experiments were performed three times
independently, with one representative experiment shown.
Data were expressed as mean + standard deviation (SD).
Statistical analysis was performed using GraphPad Prism
5.0 (GraphPad Software Inc, San Diego, CA, USA). One-
way analysis of variance (ANOVA) followed by Tukey
post-hoc test and unpaired Student’s #-test were used
to analyze the statistical significance among multiple
groups and between two groups, respectively. Kaplan-
Meier survival curves were adopted for analysis of mouse
survival, and the statistical difference between 2 groups
was determined using the log-rank (Mantel-Cox) test.
P-values < 0.05 were considered statistically significant.

ACKNOWLEDGMENTS

This work was supported by the grants from the
National Natural Science Foundation of China (No.
81673664 (Zha Q), No. 81373423 and No. 81173604
(Ouyang D)).

CONFLICTS OF INTEREST

The authors declare that they have no competing
interests.

REFERENCES

1. TangJ, Feng Y, Tsao S, Wang N, Curtain R, and Wang
Y. Berberine and Coptidis rhizoma as novel antineoplastic
agents: a review of traditional use and biomedical
investigations. J Ethnopharmacol. 2009; 126: 5-17. doi:
10.1016/j.jep.2009.08.009.

2. Vuddanda PR, Chakraborty S, and Singh S. Berberine: a
potential phytochemical with multispectrum therapeutic
activities. Expert Opin Investig Drugs. 2010; 19: 1297-307.
doi: 10.1517/13543784.2010.517745.

3. WangD, YuL, Xiang H, Fan J, He L, Guo N, Feng H, and
Deng X. Global transcriptional profiles of Staphylococcus
aureus treated with berberine chloride. FEMS
Microbiol Lett. 2008; 279: 217-25. doi: 10.1111/.1574-
6968.2007.01031.x.

www.impactjournals.com/oncotarget

107

Oncotarget



11.

12.

13.

14.

15.

Kong WJ, Xing XY, Xiao XH, Zhao YL, Wei JH, Wang JB,
Yang RC, and Yang MH. Effect of berberine on Escherichia
coli, Bacillus subtilis, and their mixtures as determined by
isothermal microcalorimetry. Appl Microbiol Biotechnol.
2012; 96: 503-10. doi: 10.1007/s00253-012-4302-y.

Kang S, Li Z, Yin Z, Jia R, Song X, Li L, Chen Z, Peng
L, Qu J, Hu Z, Lai X, Wang G, Liang X, et al. The
antibacterial mechanism of berberine against Actinobacillus
pleuropneumoniae. Nat Prod Res. 2015; 29: 2203-6. doi:
10.1080/14786419.2014.1001388.

Karaosmanoglu K, Sayar NA, Kurnaz IA, and Akbulut BS.
Assessment of berberine as a multi-target antimicrobial: a
multi-omics study for drug discovery and repositioning.
OMICS. 2014; 18: 42-53. doi: 10.1089/0mi.2013.0100.
Peng L, Kang S, Yin Z, Jia R, Song X, Li L, Li Z, Zou
Y, Liang X, Li L, He C, Ye G, Yin L, et al. Antibacterial
activity and mechanism of berberine against Streptococcus
agalactiae. Int J Clin Exp Pathol. 2015; 8: 5217-23.

Murray PJ, and Wynn TA. Protective and pathogenic
functions of macrophage subsets. Nat Rev Immunol. 2011;
11:723-37. doi: 10.1038/nri3073.

Gordon S. Phagocytosis: An  Immunobiologic
Process. Immunity. 2016; 44: 463-75. doi: 10.1016/j.
immuni.2016.02.026.

Descamps D, Le Gars M, Balloy V, Barbier D, Maschalidi
S, Tohme M, Chignard M, Ramphal R, Manoury B, and
Sallenave JM. Toll-like receptor 5 (TLRS), IL-1beta
secretion, and asparagine endopeptidase are critical factors
for alveolar macrophage phagocytosis and bacterial killing.
Proc Natl Acad Sci U S A. 2012; 109: 1619-24. doi:
10.1073/pnas.1108464109.

Wellington M, Koselny K, Sutterwala FS, and Krysan DJ.
Candida albicans triggers NLRP3-mediated pyroptosis
in macrophages. Eukaryot Cell. 2014; 13: 329-40. doi:
10.1128/ec.00336-13.

Lamkanfi M, and Dixit VM. Mechanisms and functions of
inflammasomes. Cell. 2014; 157: 1013-22. doi: 10.1016/j.
cell.2014.04.007.

de Zoete MR, Palm NW, Zhu S, and Flavell RA.
Inflammasomes. Cold Spring Harb Perspect Biol. 2014; 6:
a016287. doi: 10.1101/cshperspect.a016287.

Man SM, and Kanneganti TD. Regulation of inflammasome
activation. Immunol Rev. 2015; 265: 6-21. doi: 10.1111/
imr.12296.

Kayagaki N, Wong MT, Stowe IB, Ramani SR, Gonzalez
LC, Akashi-Takamura S, Miyake K, Zhang J, Lee WP,
Muszynski A, Forsberg LS, Carlson RW, and Dixit VM.
Noncanonical inflammasome activation by intracellular
LPS independent of TLR4. Science. 2013; 341: 1246-9. doi:
10.1126/science.1240248.

Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, and
Lieberman J. Inflammasome-activated gasdermin D causes
pyroptosis by forming membrane pores. Nature. 2016; 535:
153-8. doi: 10.1038/nature18629.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, Sun H,
Wang DC, and Shao F. Pore-forming activity and structural
autoinhibition of the gasdermin family. Nature. 2016; 535:
111-6. doi: 10.1038/nature18590.

Piccini A, Carta S, Tassi S, Lasiglie D, Fossati G, and
Rubartelli A. ATP is released by monocytes stimulated with
pathogen-sensing receptor ligands and induces IL-1beta and
IL-18 secretion in an autocrine way. Proc Natl Acad Sci U
S A.2008; 105: 8067-72. doi: 10.1073/pnas.0709684105.

Wegiel B, Larsen R, Gallo D, Chin BY, Harris C, Mannam
P, Kaczmarek E, Lee PJ, Zuckerbraun BS, Flavell R, Soares
MP, and Otterbein LE. Macrophages sense and kill bacteria
through carbon monoxide-dependent inflammasome
activation. J Clin Invest. 2014; 124: 4926-40. doi: 10.1172/
jci72853.

Joshi VD, Kalvakolanu DV, Hebel JR, Hasday JD, and
Cross AS. Role of caspase 1 in murine antibacterial host
defenses and lethal endotoxemia. Infect Immun. 2002; 70:
6896-903. doi: 10.1128/1ai.70.12.6896-6903.2002.

Waldhuber A, Puthia M, Wieser A, Cirl C, Durr S,
Neumann-Pfeifer S, Albrecht S, Rommler F, Muller
T, Zheng Y, Schubert S, Gross O, Svanborg C, et al.
Uropathogenic Escherichia coli strain CFT073 disrupts
NLRP3 inflammasome activation. J Clin Invest. 2016; 126:
2425-36. doi: 10.1172/jci81916.

LaRock CN, and Cookson BT. The Yersinia virulence
effector YopM binds caspase-1 to arrest inflammasome
assembly and processing. Cell Host Microbe. 2012; 12:
799-805. doi: 10.1016/j.chom.2012.10.020.

Kobayashi T, Ogawa M, Sanada T, Mimuro H, Kim M,
Ashida H, Akakura R, Yoshida M, Kawalec M, Reichhart
JM, Mizushima T, and Sasakawa C. The Shigella OspC3
effector inhibits caspase-4, antagonizes inflammatory cell
death, and promotes epithelial infection. Cell Host Microbe.
2013; 13: 570-83. doi: 10.1016/j.chom.2013.04.012.

Jorgensen I, and Miao EA. Pyroptotic cell death defends
against intracellular pathogens. Immunol Rev. 2015; 265:
130-42. doi: 10.1111/imr.12287.

Py BF, Jin M, Desai BN, Penumaka A, Zhu H, Kober M,
Dietrich A, Lipinski MM, Henry T, Clapham DE, and Yuan
J. Caspase-11 controls interleukin-1beta release through
degradation of TRPC1. Cell Rep. 2014; 6: 1122-8. doi:
10.1016/j.celrep.2014.02.015.

Lee YS, Kim WS, Kim KH, Yoon MJ, Cho HJ, Shen Y, Ye
IM, Lee CH, Oh WK, Kim CT, Hohnen-Behrens C, Gosby
A, Kraegen EW, et al. Berberine, a natural plant product,
activates AMP-activated protein kinase with beneficial
metabolic effects in diabetic and insulin-resistant states.
Diabetes. 2006; 55: 2256-64. doi: 10.2337/db06-0006.
Turner N, Li JY, Gosby A, To SW, Cheng Z, Miyoshi
H, Taketo MM, Cooney GJ, Kraegen EW, James
DE, Hu LH, Li J, and Ye JM. Berberine and its more
biologically available derivative, dihydroberberine, inhibit
mitochondrial respiratory complex I: a mechanism for the
action of berberine to activate AMP-activated protein kinase

WWW

.impactjournals.com/oncotarget

108

Oncotarget



28.

29.

30.

31.

32.

33.

34.

35.

36.

and improve insulin action. Diabetes. 2008; 57: 1414-8. doi:
10.2337/db07-1552.

Hawley SA, Davison M, Woods A, Davies SP, Beri
RK, Carling D, and Hardie DG. Characterization of the
AMP-activated protein kinase kinase from rat liver and
identification of threonine 172 as the major site at which it
phosphorylates AMP-activated protein kinase. J Biol Chem.
1996; 271: 27879-87.

Li GX, Wang XM, Jiang T, Gong JF, Niu LY, and Li N.
Berberine prevents damage to the intestinal mucosal barrier
during early phase of sepsis in rat through mechanisms
independent of the NOD-like receptors signaling
pathway. Eur J Pharmacol. 2014; 730: 1-7. doi: 10.1016/j.
ejphar.2014.02.006.

Park DW, Jiang S, Tadie JM, Stigler WS, Gao Y, Deshane
J, Abraham E, and Zmijewski JW. Activation of AMPK
enhances neutrophil chemotaxis and bacterial killing. Mol
Med. 2013; 19: 387-98. doi: 10.2119/molmed.2013.00065.

Bae HB, Zmijewski JW, Deshane JS, Tadie JM, Chaplin
DD, Takashima S, and Abraham E. AMP-activated protein
kinase enhances the phagocytic ability of macrophages and
neutrophils. FASEB J. 2011; 25: 4358-68. doi: 10.1096/
fj.11-190587.

Guarda G, Braun M, Staehli F, Tardivel A, Mattmann C,
Forster I, Farlik M, Decker T, Du Pasquier RA, Romero
P, and Tschopp J. Type I interferon inhibits interleukin-1
production and inflammasome activation. Immunity. 2011;
34:213-23. doi: 10.1016/j.immuni.2011.02.006.

Reboldi A, Dang EV, McDonald JG, Liang G, Russell
DW, and Cyster JG. Inflammation. 25-Hydroxycholesterol
suppresses interleukin-1-driven inflammation downstream
of type I interferon. Science. 2014; 345: 679-84. doi:
10.1126/science.1254790.

Hepburn L, Prajsnar TK, Klapholz C, Moreno P, Loynes
CA, Ogryzko NV, Brown K, Schiebler M, Hegyi K,
Antrobus R, Hammond KL, Connolly J, Ochoa B, et al.
Innate immunity. A Spaetzle-like role for nerve growth
factor beta in vertebrate immunity to Staphylococcus
aureus. Science. 2014; 346: 641-6. doi: 10.1126/
science.1258705.

Cullen SP, Kearney CJ, Clancy DM, and Martin SJ. Diverse
Activators of the NLRP3 Inflammasome Promote IL-1beta
Secretion by Triggering Necrosis. Cell Rep. 2015; 11:
1535-48. doi: 10.1016/j.celrep.2015.05.003.

Sobesky JL, D’Angelo HM, Weber MD, Anderson ND,
Frank MG, Watkins LR, Maier SF, and Barrientos RM.
Mediate Short-Term High-Fat Diet
Induction of Neuroinflammatory Priming, the NLRP3

Glucocorticoids

Inflammasome, and the Danger Signal HMGBI1. eNeuro.
2016; 3. doi: 10.1523/eneuro.0113-16.2016.

37.

38.

39.

40.

41.

42.

43.

44,

45.

O’Neill LA, and Hardie DG. Metabolism of inflammation
limited by AMPK and pseudo-starvation. Nature. 2013;
493: 346-55. doi: 10.1038/nature11862.

Hardie DG, and Pan DA. Regulation of fatty acid synthesis
and oxidation by the AMP-activated protein kinase.
Biochem Soc Trans. 2002; 30: 1064-70. doi: 10.1042/
bst0301064.

Hardie DG. AMP-activated protein kinase: an energy sensor
that regulates all aspects of cell function. Genes Dev. 2011;
25:1895-908. doi: 10.1101/gad.17420111.

Xu M, Xiao Y, Yin J, Hou W, Yu X, Shen L, Liu F, Wei
L, and Jia W. Berberine promotes glucose consumption
independently of AMP-activated protein kinase activation.
PLoS One. 2014; 9: ¢103702. doi: 10.1371/journal.
pone.0103702.

Moon JS, Hisata S, Park MA, DeNicola GM, Ryter SW,
Nakahira K, and Choi AM. mTORCI-Induced HKI-
Dependent Glycolysis Regulates NLRP3 Inflammasome
Activation. Cell Rep. 2015; 12: 102-15. doi: 10.1016/j.
celrep.2015.05.046.

Lin QR, Li CG, Zha QB, Xu LH, Pan H, Zhao GX, Ouyang
DY, and He XH. Gossypol induces pyroptosis in mouse
macrophages via a non-canonical inflammasome pathway.
Toxicol Appl Pharmacol. 2016; 292: 56-64. doi: 10.1016/j.
taap.2015.12.027.

Kayagaki N, Warming S, Lamkanfi M, Vande Walle
L, Louie S, Dong J, Newton K, Qu Y, Liu J, Heldens S,
Zhang J, Lee WP, Roose-Girma M, et al. Non-canonical
inflammasome activation targets caspase-11. Nature. 2011;
479: 117-21. doi: 10.1038/nature10558.

Zhao GX, Xu LH, Pan H, Lin QR, Huang MY, Cai JY,
Ouyang DY, and He XH. The BH3-mimetic gossypol and
noncytotoxic doses of valproic acid induce apoptosis by
suppressing cyclin-A2/Akt/FOXO3a signaling. Oncotarget.
2015; 6: 38952-66. doi: 10.18632/oncotarget.5731.

Pan H, Xu LH, Huang MY, Zha QB, Zhao GX, Hou
XF, Shi ZJ, Lin QR, Ouyang DY, and He XH. Piperine
metabolically regulates peritoneal resident macrophages
to potentiate their functions against bacterial infection.
2015; 6: 32468-83. doi: 10.18632/
oncotarget.5957.

Oncotarget.

www.impactjournals.com/oncotarget

109

Oncotarget



