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Dietary quercetin ameliorates experimental colitis in mouse by remodeling the
function of colonic macrophages via a heme oxygenase-1-dependent pathway

Songwen Jua,c,#, Yan Geb,#, Ping Lic, Xinxin Tiand, Haiyan Wangb, Xiaocui Zhengb, and Songguang Ju b

aCentral Laboratory, Affiliated Suzhou Hospital of Nanjing Medical University, Suzhou Municipal Hospital, Suzhou, Jiangsu Province, China;
bDepartment of Immunology, School of Biology and Basic Medical Sciences, Medical College, Soochow University, Suzhou, Jiangsu Province, China;
cSuzhou Digestive Diseases and Nutrition Research Center, Affiliated Suzhou Hospital of Nanjing Medical University, Suzhou Municipal Hospital,
Suzhou, Jiangsu Province, China; dNanjing Municipal Government Hospital, Nanjing, Jiangsu Province, China

ARTICLE HISTORY
Received 28 August 2017
Revised 27 September 2017
Accepted 29 September 2017

ABSTRACT
Inflammatory bowel disease (IBD) results from a chronic intestinal inflammation and tissue destruction via
an aberrant immune-driven inflammatory response towards an altered gut microbiota. Dietary
intervention is becoming an attractive avenue for the therapy of colitis because diet is a key determinant
of the mucosal immune response. Quercetin (QCN) is the most common in nature and the major
representative of dietary antioxidant flavonoids, which has been demonstrated to influence the
progression of colitis. However, the underlying mechanism of QCN on intestinal immunomodulation
remains unclear. Here, our study demonstrated dietary QCN could ameliorate experimental colitis in part
by modulating the anti-inflammatory effects and bactericidal capacity of macrophages via Heme
oxygenase-1 (Hmox1, HO-1) dependent pathway. It suggested that QCN might restore the proper
intestinal host-microbe relationship to ameliorate the colitis via rebalancing the pro-inflammatory, anti-
inflammatory and bactericidal function of enteric macrophages. Hence, modulating the function of
intestinal macrophages with dietary administration of QCN to restore the immunological hemostasis and
rebalance the enteric commensal flora is a potential and promising strategy for IBD therapy.

KEYWORDS
Inflammatory bowel disease;
colitis; Quercetin;
macrophage; immunological
hemostasis; enteric
commensal flora; HO-1

Introduction

Inflammatory bowel disease (IBD), comprising Crohn’s dis-
ease and ulcerative colitis, is a chronic intestinal inflamma-
tory condition caused by multiple factors. The etiology and
pathogenesis of IBD are poorly understood, but immune dys-
regulation, barrier dysfunction, and a loss of immune toler-
ance toward enteric flora are thought to lead to an
exacerbated immune response with an imbalance of inflam-
matory cytokines [1,2]. In active IBD, innate immune cells,
such as neutrophils, macrophages, and dendritic cells, are the
main protagonists [3]. Migration and activation of these cells
into the target mucosal tissues depend on the expression of
Th-1 and Th-2 cytokines, chemokines, and adhesion mole-
cules [4–6]. Macrophages are plastic cells whose phenotypes
depend on the anatomical location of the cells, as well as on
the physiological or pathological context [7]. An imbalance
in the functional subsets of macrophages was found to con-
tribute to the development of colitis in mice [8–11]. In dex-
tran sodium sulfate (DSS) and interleukin (IL)-10 KO models
of colitis, the intestinal macrophages were found to play
opposing roles in experimental models of intestinal inflam-
mation [12,13]. Classically activated type (M1) macrophages
are involved in intestinal tissue destruction during the

pathogenesis of colitis, primarily by secreting proinflamma-
tory cytokines such as interleukin (IL)-6, tumor necrosis fac-
tor (TNF)-a, and interferon (IFN)-g. However, alternatively
activated type (M2) macrophages, which mediate anti-inflam-
matory function and tissue reparation, are essential for the
resolution of colitis by primarily expressing low levels
of proinflammatory cytokines, but high levels of arginase 1
(Arg-1), FIZZ1, YM-1, and IL-10 [14,15]. Thus, macrophage
polarization is implicated in the pathogenesis of human and
experimental colitis, suggesting that restoration of the proper
function of macrophages might be a major requisite for the
resolution of chronic intestinal inflammation [16].

Microbial colonization is vital for the development and homeo-
stasis of the intestinal immune system [17]. Accumulating evidence
revealed the profound changes in gut microbial ecology in IBD
patients and mouse models. The intestinal microbiota has been
identified as a key contributor to the development of IBD 18–20].
In the intestine, immune reactivity toward commensal flora must
be restrained to prevent pathological inflammation [21]. Of the
immunological parameters involved, macrophages cooperate to
promote tolerance toward commensal flora, while they permit
reactivity to pathogens. An imbalance of immune defense and tol-
erance between intestinal microbiota and macrophages might
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initiate and promote the pathological process underlying IBD [22];
hence, rebalancing the commensal microbiota and remodeling
macrophage functions may serve as an effective strategy for IBD
treatment.

Dietary antioxidant flavonoids that are ubiquitously present in
vegetables and fruits are a family of polyphenolic compounds.
Their potential prophylactic and therapeutic activity has been
intensively studied in the last decade [23,24]. The bioactivity of
the antioxidation and inflammation alleviation in various organs
[25] partly account for the potential and promising therapeutic
options for inflammatory bowel disease [26,27]. Among the fla-
vonoids, QCN (3,30,40,5,7-pentahydroxyflavone; quercetin) is the
most commonly found in nature and it is the major representa-
tive of the flavonol subclass [28], exerting both antioxidative and
anti-inflammatory functions. When administered orally, QCN
exhibits protective and beneficial effects on chronic intestinal
inflammation [29–31]. Moreover, the therapeutic effects of QCN
have been confirmed in inflammatory disorders such as asthma,
arthritis, and lung injury [32,33]; however, the mechanism of
dietary QCN involved in a chronic colitis model remains unde-
termined. Furthermore, the cell types involved in QCN-mediated
protection have not yet been thoroughly investigated. Previously,
the anti-inflammatory effects of QCN were speculated to be
related to the expansion of CD4C T cells in the murine colon
[34]. Here, we assessed the effect of QCN in the inflamed
murine intestinal tract in a na€ıve T cell transfer model of colitis,
as well as in an oral DSS colitis model. We showed that treat-
ment with QCN led to a reduction in inflammation and to

alterations in the composition of gut microbiota; these effects
were dependent on HO-1 activity in intestinal macrophages.

Results

Administration of QCN reduces gut inflammation
in colitic mice

To determine the effect of QCN on a T cell-dependent colitis
model induced by the adoptive transfer of naive T cells into
Rag1-deficient mice (Rag1–/– mice), QCN was orally adminis-
tered at a dose of 10 mg/kg body weight for 7 weeks after trans-
fer. As expected, 7 weeks after T cell reconstitution, the mice
manifested clinical signs of colitis (Figs. 1A–1D). Systemic
delivery of QCN significantly reduced the severity of chronic
intestinal inflammation evidenced by histological inflammation
scores, body weight/colon length ratios, mucosal wall thickness,
and a loss of colonic goblet cells (Figs. 1A–1D). Flow cytomet-
ric analysis showed that QCN significantly reduced the percent-
age of CD4C T cells (Supplementary Figure 1A) and the
percentages of IFN-g and TNF-a-positive CD4C T cells in
colonic lamina propria lymphocytes (cLP) and mesenteric
lymph nodes (MLN) (Fig. 1E) at 45 days after T-cell transfer.
We also found that QCN inhibited the expression of the T-cell
activation markers CD69, CD40L, and 4-1BB, whereas it upregu-
lated the expression of IL-10 (Supplementary Figure 1B). Real-
time polymerase chain reaction (PCR) results confirmed that the
expression of TNF-a, IFN-g, IL-17A, and IL-6 were decreased

Figure 1. QCN administration reduces gut inflammation in T-cell mediated colitic mice. Rag1–/– mice were given QCN orally at a dose of 10 mg/kg/body weight for 7
weeks following the adoptive transfer of na€ıve CD4C T cells (0.5 £ 106, injected intraperitoneally). (A) Representative histology staining of colon and histologic score. (B)
Ratio of colon weight to length. (C) Colonic mucosal thickness. (D) Alcian blue staining of the colon. (E) Representative FACS plots of intracellular staining of IFN-g and
TNF-a in CD3CCD4C T cells from colonic cLP and MLN. (F) Real-time PCR analysis of the expression of genes encoding pro- or anti-inflammatory cytokines in the colon
from PBS- and QCN-treated mice with colitis. Data are represented as the mean § SEM. �P<0.05, ��P<0.01 (Student’s t-test).
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and that IL-10 was enhanced in the colon of QCN-treated mice
compared with vehicle-treated mice (Fig. 1F). The enzyme-
linked immunosorbent assay (ELISA) data demonstrated that
the concentrations of TNF-a, IFN-g, and IL-6 in the colon were
significantly reduced after the administration of QCN compared
with controls (Supplementary Figure 1C). The data suggested
that QCN treatment could affect the profile of proinflammatory
and anti-inflammatory cytokines.

QCN alters the enteric flora and restores its hemostasis in
colitic mice

To verify the effects of QCN on the commensal bacterium-
mediated inflammation in T-cell-dependent colitis, we used
16S rDNA real-time PCR to examine four major intestinal
bacteria: Bacteroidetes, Firmicutes, Actinobacteria, and Pro-
teobacteria. Real-time PCR analysis revealed a significant
decrease of 16S rDNA in the luminal bacterial flora of
colons in QCN-treated mice compared to that in PBS-
treated mice at day 45 of the CD4C T-cell transfer Fig. 2A).
We also observed that 5 weeks of QCN feeding increased
the Bacteroidetes/Firmicutes ratio and led to a proportional
decrease in the gram-negative Proteobacteria and gram-pos-
itive Actinobacteria Fig. 2B). Specifically, we observed an
increase in the Bacteroides (BACT) and decreases in the
segmented filamentous bacteria (SFB) groups in QCN-
treated mice, as compared to phosphate buffered saline
(PBS)-treated mice Fig. 2C). Interestingly, the number of E.
coli was also decreased in the intestinal luminal specimens
of QCN-treated mice Fig. 2C). To confirm whether QCN
suppresses the translocation of microbiota to the basolateral
surface of intestinal epithelial cells (IECs), we performed
colon tissue staining with the antibody against lipopolysac-
charide (LPS), which exists in gram-negative bacteria such

as E. coli. A reduced LPS signal was observed in the
basolateral side of the IECs after CD4C T cell-mediated epi-
thelial damage in QCN-treated mice compared with PBS-
treated mice Fig. 2D).

QCN suppresses colitis by inducing the anti-inflammatory
effects of macrophages

Given the phagocytic nature of lamina propria (LP) macro-
phages [35], we hypothesized that LP macrophages might con-
tribute to restricting the access of commensal bacteria to the LP
during an inflammatory condition of the intestines. To assess
the influence of QCN on macrophage phenotypes in colitic
mice, we compared our in vivo-derived colonic macrophages
from QCN-treated animals with those from untreated mice,
both in the inflammatory phase of colitis. In the T-cell transfer
model of colitis, fluorescence-activated cell sorting (FACS)
analysis of the pan-macrophage marker F4/80 and CD11b
revealed a significant increase in the percentage of macrophages
in both the small and large intestines of QCN-treated mice
compared to that of PBS-treated mice Fig. 3A). The absolute
number of CD11bC macrophages isolated from the inflamed
intestine of QCN-treated mice increased significantly when
compared with that from the PBS-treated mice Fig. 3B). Flow
cytometry phenotypic analysis further revealed that QCN treat-
ment inhibited the expression of maturation markers CD86,
CD80, CD40, and 4-1BBL Fig. 3C), which are molecules associ-
ated with T-cell activation and oral tolerance development. To
gain insight into the CD11bC macrophage genes induced as a
result of QCN treatment, we performed gene expression profil-
ing by real-time PCR. We found that QCN-derived CD11bC

macrophages expressed a higher level of genes associated with
regulatory M2 macrophage signatures, such as Ym1, Fizz1,
Arg1, TGF-b1, and IL-10 Fig. 3D), and there was also a

Figure 2. QCN alters enteric flora in mice with T-cell-mediated colitis. (A) Real-time PCR analysis of 16S rDNA in the feces of colon at day 45 in PBS or QCN-treated Rag1–/–

mice after T-cell transfer. (B) The relative abundance of fecal bacteria phylum (the exact percentage is indicated by the color bars) of colitic Rag1–/– mice with or without
QCN treatment. (C) Real-time PCR analysis of 16s rDNA of indicated bacteria in feces of the colon at day 45 in PBS- or QCN-treated Rag1–/– mice after T-cell transfer. (D)
LPS staining of the representative colons from colitic Rag1–/– mice with or without QCN treatment. Data are represented as the mean § SEM. �P<0.05, ��P<0.01
(Student’s t-test).
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concomitant increase in the mRNA associated with the antioxi-
dation substrates, including GCLC, GCLM, HO-1, SRXN1, and
NQO1 Fig. 3E). Collectively, these data showed that QCN is
important for inducing the expression of mRNAs that encode
the proteins required for anti-oxidation and anti-inflammation.
Compared with the colitic mice that only received PBS, the
secretion of proinflammatory cytokines TNF-a, IL-23, and IL-
12 from the colonic macrophages of QCN-treated colitic mice
was greatly reduced, whereas anti-inflammatory molecule IL-
10 was increased Fig. 3F).

To assess the biological effects of QCN-treated macrophages
to CD4C T cells, naive CD4C T cells from the MHC class II-
restricted T-cell receptor (TCR) transgenic line specific for
ovalbumin (OT-II) mice, loaded with carboxyfluorescein succi-
nimidyl ester (CFSE), were co-cultured with colonic

macrophages pretreated with QCN or PBS in the presence of
ovalbumin (OVA). A significant decrease in the proliferation
and secretion of TNF-a and IFN-g Fig. 3H) by CD4C T cells
was detected in the QCN-pretreated group when compared
with the PBS-pretreated group. FACS assay showed that CD69
and CD25, the T-cell activation markers, exhibited reduced
expression on the CD4C T cells of the QCN-pretreated group
when compared with the PBS-pretreated group Fig. 3I). Collec-
tively, it suggested that QCN could induce the regulatory phe-
notype of CD11bC macrophages, which favor the inhibition of
T-cell activation.

To demonstrate the protective effects of QCN on colitis that
result from regulating the immunological function of macro-
phages, we depleted macrophages in mouse colons by injecting
clodronate-containing liposomes (CDLs). The in vivo depletion

Figure 3. QCN induces the functional alteration of enteric macrophages in experimental colitis. (A–B) The frequency (A) and cell number (B) of CD11bC macrophages
isolated from the large intestine (LI) and small intestine (SI) in na€ıve CD4C T-cell-mediated colitis. (C) Phenotypic characterization of macrophages from the colon in CD4C

T-cell-mediated colitis. (D–E) Real-time PCR for the expression of genes in CD11bC F4/80C sorted from pooled colonic LPL in CD4C T-cell-mediated colitis. (F) Cytokine
levels in the LPS-stimulated colonic macrophages that were collected at day 45 following T-cell transfer. (G–H) CFSE-labeled OT-II T cells were co-cultured with PBS or
QCN-pretreated lamina propria macrophages and OVA peptide (5 mg/mL). Proliferation of CFSE-labeled CD4C T cells (G) and the level of IFN-g and TNF-a (H) in the super-
natant of co-cultured cells were examined. T-cell activation molecules (I) were analyzed by FACS after 4 days in culture. Data (B–D, H) are presented as the mean § SEM.
�P<0.05, ��P<0.01 (Student’s t-test).
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of macrophages partially counteracted the therapeutic effects of
QCN in a T-cell-induced colitic mouse model in terms of the
colon weight/length ratio Fig. 4A), mucosal wall thickness
Fig. 4B), and histological score Fig. 4C).

QCN enhances the anti-inflammatory and bactericidal
effects of macrophages via the Nrf2/HO-1 pathway

It is well established that the expression of antioxidant-related
genes is regulated by nuclear factor-erythroid 2-related factor 2
(Nrf2) [36], including HO-1. HO-1 has attracted particular

interest since it is finely upregulated by enteric microbiota and
generates metabolites to enhance macrophage bactericidal activ-
ity and bacterial clearance in vivo [37]. Our studies indicated
that HO-1 induction in intestinal macrophages during QCN
treatment is associated with decreased iNOS and M1 cytokine
expression and increased IL-10 expression Fig. 3D) in mice with
colitis. Hence, we speculated that QCN may directly affect mac-
rophage responses via Nrf2/HO-1. Consistently, our data showed
that QCN increased the expression of Nrf2 and HO-1 in the
colon of mice with colitis Fig. 5A). In addition, stimulation with
QCN also led to the accumulation of Nrf2 in the nucleus and
enhanced the expression of HO-1 in macrophages Fig. 5B).

Figure 4. Macrophage depletion reduces the therapeutic effects of QCN on colitic mice. Mice transferred with CD4C T cells were administrated with PBS or QCN and intra-
rectally administered CDLs or PBS. (A) Ratio of colon weight to length. (B) Colonic mucosal thickness. (C) Histologic score. Data (A–C) are presented as the mean §
SEM. �P < 0.05 (one-way ANOVA).

Figure 5. The HO-1 pathway involved in the effects of QCN on the immune regulation and bactericidal capacity of macrophages. (A) T-cell-transferred mice were adminis-
trated with PBS or QCN. Colonic lysates were prepared and analyzed for the expression of Nrf2 and HO-1 by Western blotting. (B) QCN induction of HO-1 protein expres-
sion in a time-dependent manner. BMDMs were treated with QCN (100 mM) for 8 hours, 12 hours, and 24 hours, and the expression of HO-1 and the nuclear Nrf2 protein
was detected by Western blotting. (C) Hmox1 siRNA or Scr-transfected BMDMs were treated by PBS or QCN for 6 hours and stimulated by LPS (50 ng/mL) and IFN-g
(10 ng/mL) for 4 hours. Gene expression was examined with real-time PCR analysis. (D–E) Hmox1 siRNA or Scr-transfected BMDMs (D) or SnPP (30 mM)-treated BMDMs
(E) were analyzed for their macrophage bactericidal activity against E. coli in the presence of PBS or QCN using a gentamicin protection assay. (F) Hmox1 siRNA or
Scr-transfected BMDMs were incubated with PBS or QCN; the cells were then treated with LysoTracker (100 nmol/L) and exposed to E. coli. The cells were subsequently
fixed and the nuclei were stained with 5 nmol/L of Topro-3 (Invitrogen, Carlsbad, CA, USA). LysoTracker-positive cells were calculated as a percentage of total cells. The
data are presented as the mean § SEM. �P<0.05, ��P<0.01 (Student’s t-test). (G) Bacterial titers in MLN were determined in PBS- or QCN-treated mice with T-cell-medi-
ated colitis.
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To clarify the role of macrophage HO-1 on QCN-induced
anti-inflammation effects, bone marrow-derived macrophages
(BMDMs) were infected with retroviral Hmox1 siRNA (named
BMDMHmox1siRNA) or control scrambled siRNA (named
BMDMScr), and they then induced M1 polarization with IFN-g
and LPS in the presence of QCN. The genes encoding M1
markers iNOS, TNF-a, and IL-12p40 were significantly sup-
pressed and M2 markers IL-10 and Arg1 were significantly
enhanced by QCN in BMDMScr cells Fig. 5C). Such effects of
QCN on macrophage polarization were counteracted in
BMDMHmox1siRNA cells Fig. 5C).

The gasotransmitter carbon monoxide (CO) is generated by
the stress-responsive enzyme HO-1, which is highly induced in
macrophages in response to bacterial infection [38]. Based on
our in vivo findings, we speculated that the HO-1/CO pathway
might be involved in the QCN-enhanced bacteria clearance
capacity of macrophages. Our data demonstrated that QCN
increased bactericidal activity by erasing intracellular E. coli in
the BMDMScr cell group, whereas it failed to do so in the
BMDMHmox1siRNA cell group Fig. 5D). The fact that the QCN-
strengthened bactericidal capacity of BMDMs was neutralized
by Sn-protoporphyrin (SnPP), which could prevent endoge-
nous CO formation, confirmed the participation of CO in the
QCN-induced HO-1 pathway Fig. 5E).

Phagolysosomal maturation is an indicator of the bacteri-
cidal activity of macrophages. To further verify the ability of
HO-1 to mediate the QCN-enhanced bacterial clearance of
macrophages, BMDMs were incubated with LysoTracker�

Red DND-99, a weak base that permeates cell membranes
and fluoresces upon protonation in low-pH environments,
to detect phagolysosome. Compared with PBS control,
QCN significantly increased phagolysosomal formation in

BMDMScr cells that were challenged with E. coli, but they
failed in BMDMHmox1siRNA cells challenged with E. coli
Fig. 5F).

Given the phagocytic nature of LP macrophages, and their
significant induction in QCN-treated mice, we hypothesized
that QCN-treated macrophages will enhance the clearance of
commensal bacteria that gain access to MLNs. To test this, we
analyzed the MLNs from these mice to assess them for signs of
bacterial translocation. The total MLN cell suspensions cul-
tured on LB agar plates revealed the presence of lower numbers
of bacteria in mice after QCN treatment Fig. 5G).

Collectively, these data revealed that HO-1 and its bioactive
product, CO, are involved in the QCN-induced bacterial clear-
ance of macrophages.

QCN-treated macrophages suppress DSS-induced colitis
via the HO-1 pathway

To further confirm that the HO-1 pathway is involved in
the protective effects of QCN on colitis, QCN or PBS-
treated BMDMs were transferred into mice at day 1 and
day 4 after DSS administration. At day 6, mice transferred
with QCN-treated BMDMs were significantly protected
from colitis compared with those transferred with PBS-
treated BMDMs Fig. 6A). In contrast to BMDMScr, the
transfer of BMDMHmox1siRNA showed no detectable effect on
modulating DSS-induced colitis Figs. 6A–6C). The expres-
sion of proinflammatory cytokines IFN-g, IL-17A, and
TNF-a in the colon were downregulated following the
transfer of QCN-treated BMDMScr than PBS-treated
BMDMScr, while cytokine downregulations could not be
detected when silencing HO-1 expression Fig. 6D). In

Figure 6. QCN-treated macrophages suppress DSS-induced colitis via the HO-1 pathway. Hmox1 siRNA or Scr-transfected BMDMs were treated with a gut bacteria anti-
gen (20 mg/mL) in the presence of PBS or QCN for 24–48 hours. Then, 3 £ 106 cells were injected intravenously into C57BL/6 mice at days 1 and 4 with 2.5% DSS admin-
istration. (A) Body weight was measured at the indicated time points following the transfer of BMDMs. (B) Representative histology staining of the colon from BMDM
recipient mice with DSS-induced colitis. (C) The colonic length of colitic mice. (D) The real-time PCR analysis of the expression of genes encoding cytokines in the colon
from PBS- and QCN-treated mice with colitis was examined. (E) Real-time PCR analysis of 16S rDNA in the feces of colon in PBS- or QCN-treated mice after DSS was orally
administered. Data are presented as the mean § SEM. �P<0.05, ��P < 0.01 (Student’s t-test).

58 S. JU ET AL.



addition, the number of E. coli was less pronounced in the
colon from mice transferred with QCN-treated BMDMScr

than in that of the PBS-treated BMDMScr transfer group.
However, there is no significant difference between the
number of E. coli between QCN-treated and PBS-treated
BMDMHmox1siRNA transfer groups Fig. 6E).

Discussion

In this study, we report that the treatment of QCN limits exper-
imental chronic intestinal inflammation in mice by modifying
the tissue cytokine milieu and inducing macrophage polariza-
tion and bacterial killing. The incidence of IBD has been grow-
ing over the past few decades and new therapeutic strategies
are needed. A number of studies have investigated the possibil-
ity of antioxidant compounds, such as flavonoids, to restore
and maintain intestinal epithelial health in several models of
experimental colitis [39,40]. Among these flavonoids, QCN
reportedly exerts intestinal anti-inflammatory effects associated
with the downregulation of the production of different inflam-
matory mediators, including cytokines (TNF-a, IL-1b), as well
as reactive oxygen and nitrogen metabolites [39–41]. Immune
cells involved in inflammatory responses, such as monocytes
[42], macrophages [43], and T cells [34], are modulated by
QCN through its inhibition of the proinflammatory transcrip-
tion factors activating protein 1 (AP-1) and nuclear factor kB
(NF-kB) [43,44], or through the inhibition of IL-12 signaling,
including the tyrosine phosphorylation of JAK2 and STAT3
[34]. Recent work by Mascaraque et al [45] demonstrated that
one important target of rutin/QCN in colitis may be IFN-
g-producing cells, probably lymphocytes of the Th1 phenotype
[45]. However, the biologic impact of QCN on macrophages
during intestinal inflammation has never been investigated. In
this report, we found that QCN treatment enhanced the bacte-
rial clearance and anti-inflammatory capacity of macrophages
in the mouse colitis model of Rag1–/– mice transferred with
CD4C-na€ıve T cells (Figs. 1–2). Depletion of macrophages with
CDLs partially abolished these therapeutic effects of QCN
Fig. 4), suggesting that macrophages are the target cells of
QCN.

Activated macrophages can be functionally divided into M1
and M2 in response to the different stimuli of the microenvi-
ronment [46]. M1 macrophages mediate the host’s defense
from a variety of bacteria, protozoa, and viruses, whereas M2
macrophages regulate anti-inflammatory function and wound
healing [47]. Therefore, balancing the immune defense and the
tolerance of macrophages is essential for intestinal hemostasis
[48]. Intestinal macrophages have long been considered an
important, destructive force behind IBD inflammation through
the production of proinflammatory cytokines and chemokines
[49,50]. Our data revealed that QCN induced the macrophages’
preference for a M2 phenotype with low levels of co-stimula-
tory molecules Fig. 3C), a high expression of M2 signature
genes Fig. 3D), and genes encoding antioxidation proteins
Fig. 3E), the reduced secretion of proinflammatory cytokines,
and a higher production of anti-inflammatory molecule IL-10
Fig. 3F). During the immune response, macrophages are vital
regulators for helper CD4C T cells. Our data showed that

QCN-pretreated colonic macrophages could inhibit CD4C T-
cell activation Fig. 3I) and proliferation Fig. 3G), as well as
inflammatory cytokine TNF-a and IFN-g secretion Fig. 3H).
QCN administration lessened the enteric bacteria flora
Fig. 2A), increased the Bacteriodetes/Firmicutes ratio with a
proportional decrease in the Gram-negative Proteobacteria and
Gram-positive Actinobacteria Fig. 2B), increased the Bacter-
oides (Bact), decreased segmented filamentous bacteria (SFB)
groups and E. coli Fig. 2C), and reduced the LPS distribution in
the basolateral side of IECs Fig. 2D). These findings indicated
that QCN were not only able to clear the harmful bacteria, but
it restored the hemostasis of the enteric commensal flora. This
interesting effect of QCN might partially result from the mac-
rophages Figs. 5D–5G). Increasing evidence revealed that intes-
tinal microbes influence the host’s immune development,
immune responses, and susceptibility to human IBD, diabetes
mellitus, and obesity. Conversely, host factors can affect
microbes which, in turn, modulate disease susceptibility. Dysre-
gulation of host–microbe interactions breaks the balance of the
host defense and tolerance, leading to the development of intes-
tinal inflammation and IBD[ 22]. Thus, our data suggested that
QCN might restore the proper intestinal host-microbe relation-
ship to ameliorate colitis by adjusting the balancing between
the anti-inflammatory and bactericidal functions of enteric
macrophages.

QCN administration enhanced Nrf2 and HO-1 expression
in the colon tissues of colitic mice Fig. 5A), similar to what
was found in a previous report where QCN was potent in
the stimulation of Nrf2-induced HO-1 protein expression in
murine microglial cells [51]. The accumulation of NRF2 in
the nucleus and the enhanced expression of HO-1 in macro-
phages treated with QCN Fig. 5B) suggested that the Nrf2/
HO-1 pathway is involved in the biological effects of QCN
on colitis. Silencing HO-1 expression resulted in decreased
anti-inflammatory effects Fig. 5C), M2 polarization Fig. 5C),
bactericidal capacity Fig. 5D), and phagolysosome formation
Fig. 5F) of the QCN-treated macrophages; it also inhibited
the aberrant bacterial translocation Fig. 5G). These results
confirmed that HO-1 is critical for the signal transduction of
QCN stimulation in intestinal macrophages. CO, down-
stream molecular of HO-1 pathway, mediated bacterial clear-
ance and anti-inflammation cytokine production in
macrophages [38]. Inhibition of endogenous CO production
with SnPP significantly blocks the bactericidal ability of LP
macrophages from QCN-treated mice Fig. 5E), demonstrat-
ing that CO is a critical effector molecule of QCN-induced
protection for colitic mice. Amelioration of DSS-induced
colitis with QCN-treated BMDMs Fig. 6) verified that mac-
rophages mediate the protective effect of QCN. Silencing
HO-1 in BMDMs impairs the protective function of QCN
Fig. 6), further demonstrating the role of the HO-1 pathway
in QCN-mediated protection for colitis.

Hence, our study demonstrated that QCN could ameliorate
experimental colitis, in part, by modulating the anti-inflamma-
tory effects and bactericidal activity of macrophages via an
HO-1 dependent pathway. The dietary administration of QCN
to restore intestinal immune hemostasis and enteric commen-
sal flora balance is a potential and promising strategy for IBD
therapy.
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Materials and methods

Animals and treatments

OT-II mice and Rag1–/– mice in a C57BL/6 background and
C57BL/6 mice were purchased from Nanjing Biomedical
Research Institute of Nanjing University (Nanjing, People’s
Republic of China). All animal protocols were approved by the
Institutional Laboratory Animal Care and Use Committee at
Soochow University (Suzhou, People’s Republic of China).

Induction of colitis

Adoptive T-cell transfer model of chronic colitis. T-cell-mediated
colitis was induced in Rag1–/– mice by adoptively transferring
CD4CCD25¡CD62LC T cells that were sorted using a FACSA-
ria II flow cytometer (BD Biosciences, San Jose, CA, USA). The
Rag1¡/– recipients were given 5 £ 105 CD4CCD25¡CD62LC T
cells via intraperitoneal injection, and the mice were euthanized
at 6–7 weeks after transfer. Some recipient mice also orally
received 10 mg/kg of body weight of QCN or PBS once every
3 days for 7 weeks after the transfer of CD4CCD25¡CD62LC T
cells. The Disease Activity Index (DAI) and histology scores
were determined as previously described [52–55].

Chemically induced colitis model. Colitis was induced in 8-
to 12-week-old C57BL/6J mice by the addition of 2.5% (wt/vol)
DSS (36–50 KD molecular weight; MP Biomedicals, Solon,
OH, USA) in their drinking water. For the transfer of BMDMs,
BMDMHmox1siRNA or BMDMScr were treated with a gut bacte-
rial antigen (20 mg/mL) for 48 hours in the presence of PBS or
QCN. BMDMs were injected intravenously (3 £ 106) into each
recipient mouse at days 1 and 4 of DSS treatment. Body
weights, stool consistency, and GI bleeding were monitored
daily. Clinical scores and colonic damage scores were esti-
mated, as detailed previously [56]. Colons were collected imme-
diately after sacrifice, and the mucosa was scraped to isolate
total RNA or proteins.

Reagents, antibodies, and flow cytometry

QCN and LPS were purchased from Sigma-Aldrich Co. (St
Louis, MO, USA). SnPP (30 mM) were purchased from Fron-
tier Scientific Inc. (Logan, UT, USA). Fluorochrome-labelled
antibodies were purchased from Biolegend, unless otherwise
noted: IL-17A (TC11–18H10.1; eBioscience, San Diego, CA,
USA); anti-IL-4 (11B11); anti-IL-10 (JES5–16E3, eBioscience);
anti-IFN-g (XMG1.2), anti-Foxp3 (FJK-16s, eBioscience); anti-
CD11b (M1/70); anti-CD4 (RM4-5); anti-CD3 (145-2C11);
anti-Gr-1 (RB6-8C5); anti-Ly6G (1A8); and anti-CD45 (30-
F11). For the analysis of surface markers, the cells were stained
in PBS containing 2% (wt/vol) BSA. The cells were stained with
the appropriate mixture of antibodies. For the detection of
intracellular cytokines, cells were first stimulated for 4 hours
with 50 ng/mL of PMA and 1 mg/mL of ionomycin in the pres-
ence of Brefeldin A (5 mg/mL; all obtained from Sigma-Aldrich
Co.), followed by staining for surface markers. The cells were
then fixed and permeabilized using the Foxp3 Fix/Perm Buffer
Set (eBioscience) and stained for intracellular cytokines. Flow
cytometry data were acquired on FACSCalibur (BD

Biosciences) and analyzed using FlowJo software (Tree Star,
Inc., Ashland, OR, USA). Cell sorting was performed using
FACSAria II.

Histology and immunohistochemistry

Tissue specimens were fixed in 10% formalin, dehydrated, and
then embedded in paraffin; 2–4 mm-thick sections were stained
with hematoxylin and eosin. For the immunofluorescence anal-
ysis, tissue sections were subjected to antigen retrieval by boil-
ing the slides in Antigen Unmasking Solution (Vector
Laboratories, Burlingame, CA, USA) for 10 minutes, according
to the manufacturer’s instructions. Sections were then blocked
for 1 hour at 22�C with 5% BSA in PBS and incubated with
antibodies against Ki67 (eBioscience), mouse monoclonal anti-
E-cadherin, anti-CD11c, F4/80 and CD11b (BD Biosciences),
and they were used at a dilution of 1/250, followed by
Alexa488-conjugated anti-goat immunoglobulin (Ig)G or
Alexa594-labelled anti-rabbit IgG (1:600; Invitrogen, Carlsbad,
CA, USA). Tissues were counterstained with DAPI and images
were captured on a Leica SP5 II confocal microscope (Leica
Microsystems, Wetzlar, Germany). For the immunohistochem-
ical analysis of dendritic cells or macrophages, OCT (Sakura
Finetek)-embedded tissue cryosections (5 mm thick) were
stained with CD11c or F4/80 (BM8; eBioscience).

16S rDNA genetic analysis of bacteria

DNA was extracted from the colon contents of QCN-treated
and untreated mice, and analyzed by quantitative real-time
PCR using general 16S rDNA primers (ACTCCTACGG-
GAGGCAGCAGT and ATTACCGCGGCTGCTGGC). The
relative abundance of 16S rDNA for each targeted bacterial
group was calculated by the DCT method and normalized to
the amount of total 16S rDNA in the sample.

RNA extraction and PCR

Total RNA was prepared from isolated small intestinal epithe-
lial cells using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) in accordance with the manufacturer’s instructions. Total
RNA (1 mg) was subjected to reverse transcription using ran-
dom hexamers and Superscript II (Invitrogen), followed by
quantitative PCR analysis. To quantify the genes of interest,
cDNA samples were amplified in a LightCycler 480 Real-Time
PCR System (Roche Diagnostics, Mannheim, Germany) with
SYBR Green Master Mix (Invitrogen) and specific primers
(Supplemental Table 1), according to the manufacturer’s
instructions. Fold changes in mRNA expression between treat-
ments and controls were determined by the DCT method, as
described [57]. Error bars on the plots represent § standard
error of the mean (SEM), unless otherwise noted. The data
were normalized to a GAPDH reference. All primers were pur-
chased from Sangon Biotech (Shanghai, People’s Republic of
China).
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ELISA

The quantity of IL-17A, IL-6, TNF-a, IL-10, and IFN-g (eBio-
science) were determined in culture supernatants, the small
intestine, and colon using ELISA kits, according to the manu-
facturer’s instructions. The sensitivity of the assay was <20 pg/
mL.

Cells and cell culture conditions

Cells were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS) and 100 U/mL of penicillin/streptomycin.
All cells were grown in a humidified atmosphere of 5% CO2 at
37�C. For macrophage–T-cell co-cultures, the macrophages
were treated by PBS or QCN (100 mM) for 24 hours and
washed. Then, 2 £ 105 macrophages and 8 £ 105 OT-II T cells
were further mixed in the presence of cognate peptide (5 mg/
mL; OVA). After 4 days of culture, live T cells were collected
and stimulated with PMA (phorbol 12-myristate 13-acetate;
50 ng/mL) and ionomycin (1 mg/mL; Sigma-Aldrich Co.) plus
brefeldin A (10 mg/mL; Sigma-Aldrich Co.) for intracellular
cytokine staining or for mRNA analysis. mRNA was assessed
by real-time PCR and supernatants were used for cytokine
measurement by ELISA.

Isolation of Lamina propria lymphocytes (LPLs)

The method used to isolate LPLs has been previously described
[58]. In brief, fat tissues and PPs were removed from the small
intestine. The intestine was opened and cut into pieces 1 cm
long and incubated in an HBSS solution containing 5 mM
EDTA and 10 mM Hepes for 30 minutes at 37�C with slow
rotation (180 rpm min¡1). Pieces were then further cut and
incubated in an HBSS solution containing 0.5 mg ml¡1 DNase
I (Roche, Basel, Switzerland) and 1 mg/ml¡1 of Collagenase
type IV (Worthington Biochemical, Lakewood, NJ, USA).
Finally, the solution containing digested tissue was passed
through a 100 mm cell strainer and LPLs were recovered at the
interface of the 40% and 80% Percoll (GE Healthcare, Pitts-
burgh, PA, USA) solutions. For flow cytometry analysis, the
cells were labelled using standard procedures, as described
above.

Isolation of gut bacteria antigens for in vitro cell culture

Fresh fecal content was collected and carefully resuspended in
PBS (0.01 g/mL). The obtained suspension was centrifuged at
400 £ g for 5 minutes to remove the larger particle from the
bacteria. Bacterial suspensions were then lysed by physical dis-
ruption through sonication. The protein concentration of the
lysate was quantified with the Bradford protein assay. We used
20 mg/mL of total GBA for in vitro stimulation.

Western blot analysis

Western blotting was performed with standard protocols using
BMDMs or colon tissue. Primary antibodies reactive to rabbit
anti-mouse HO-1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rabbit anti-mouse Nrf2 polyclonal antibody (Santa Cruz

Biotechnology), rabbit monoclonal anti-GAPDH antibody
(D16H11, Cell Signaling Technology, Danvers, MA, USA), and
b-actin (Sigma-Aldrich Co., St Louis, MO, USA) were used.
Blots were washed three times in TBST for 30 minutes, incu-
bated with horseradish peroxidase-conjugated secondary anti-
bodies (1:5,000 dilution; Jackson ImmunoResearch, West
Grove, PA, USA) for 20 minutes, washed three times in TBST,
and visualized with enhanced chemiluminescence.

Generation of BMDMs

For the generation of mouse macrophages, bone marrow cells
were harvested from the femurs and tibias of mice and cultured
in six-well tissue culture plates (Costar) for 8 days in complete
medium supplemented with 20 ng/mL of M-CSF. PBS or QCN
was added to some wells from day 5.

Small interfering RNA transfection

BMDMs were transfected with Hmox1 small interfering RNA
(siRNA) (Thermo Fisher Scientific, Waltham, MA, USA) using
lipofectamine RNAiMAX Transfection Reagent (Thermo
Fisher Scientific). Control scrambled siRNA was purchased
from Thermo Fisher Scientific.

Phagolysosomal acidification assay

BMDMs fromWT mice were incubated with SnPP (30 mM) for
1 hour. Cells then were treated with LysoTracker Red DND-99
(Invitrogen, Carlsbad, CA, USA) at a concentration of
100 nmol/L for 30 minutes, as well as with E. coli for 1 hour,
fixed in 4% paraformaldehyde, and stained with nuclear stain
Topro-3 (5 nmol/L; Invitrogen). Cells were visualized using
confocal microscopy with a Leica SP5 II (Leica Microsystems)
confocal microscope. At least 10 high-powered fields and 100
cells were counted.

Gentamicin protection assay

BMDMs (1 £ 106) were cultured in the presence of PBS or
QCN and then incubated with E. coli at a 10:1 ratio in antibi-
otic-free medium for 1 hour. Cells then were washed with PBS
plus gentamicin (200 mg/mL) and incubated in medium sup-
plemented with gentamicin (200 mg/mL) at 37�C for an addi-
tional hour to eliminate extracellular bacteria. New medium
supplemented with gentamicin (100 mg/mL) was added to the
cells. In some experiments, SnPP (30 mM) was added to the
cells following elimination of the extracellular bacteria. Cells
were lysed with 1% Triton X-100, diluted, plated on brain heart
infusion agar plates, and incubated at 37�C. Colony-forming
units (CFUs) calculated at 1 hour reflected the total uptake of
bacteria (phagocytosis). CFUs recovered at 12 hours represent
the percentage survival of total bacteria phagocytosed at the 1-
hour time point.

Statistical analysis

Values are shown as the SEM, except where otherwise indi-
cated. A comparison of multiple experimental groups was
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performed by two-way analysis of variance. A t-test was used to
compare the means of two groups. P-values <0.05 were consid-
ered statistically significant. Sample sizes were calculated to
ensure statistical power.
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