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Background/Aims: Heme oxygenase-1 (HO-1) plays a central role in cellular defense against 
inflammatory insults, and its induction in macrophages potentiates their efferocytic activity. In 
this study, we explored the potential role of macrophage HO-1 in the resolution of experimentally 
induced colitis. 
Methods: To induce colitis, male C57BL/6 mice were treated with 2% dextran sulfate sodium 
(DSS) in the drinking water for 7 days. To investigate efferocytosis, apoptotic colon epithelial CCD 
841 CoN cells were coincubated with bone marrow-derived macrophages (BMDMs). 
Results: Administration of the HO-1 inhibitor zinc protoporphyrin IX (ZnPP) blunted the resolu-
tion of DSS-induced intestinal inflammation and expression of the proresolving M2 macrophage 
marker CD206. BMDMs treated with apoptotic colonic epithelial cells showed significantly el-
evated expression of HO-1 and its regulator Nrf2. Under the same experimental conditions, the 
proportion of CD206-expressing macrophages was also enhanced. ZnPP treatment abrogated 
the upregulation of CD206 expression in BMDMs engulfing apoptotic colonic epithelial cells. This 
result was verified with BMDMs isolated from HO-1-knockout mice. BMDMs, when stimulated 
with lipopolysaccharide, exhibited increased expression of CD86, a marker of M1 macrophages. 
Coculture of lipopolysaccharide-stimulated BMDMs with apoptotic colonic epithelial cell debris 
dampened the expression of CD86 as well as the pro-inflammatory cytokines in an HO-1-depen-
dent manner. Genetic ablation as well as pharmacologic inhibition of HO-1 significantly reduced 
the proportion of efferocytic BMDMs expressing the scavenger receptor CD36. 
Conclusions: HO-1 plays a key role in the resolution of experimentally induced colitis by modu-
lating the polarization of macrophages. (Gut Liver 2022;16:246-258)

Key Words: Acute colitis; Dextran sulfate sodium; Efferocytosis; Macrophage polarization; Res-
olution of inflammation

INTRODUCTION

Acute inflammation, a protective immune response 
provoked by infection- or injury-associated danger signals, 
should be terminated properly to restore the tissue homeo-

stasis.1-3 Failure of resolution of acute inflammation causes 
the development of chronic diseases including arthritis, 
asthma, and atherosclerosis.4 Inflammatory bowel disease 
(IBD) is one of chronic inflammation-associated disorders 
influenced by environmental stressors, intestinal bacteria, 
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an abnormal immune reaction, some genetic factors, etc.5-7  
In a steady state, intestinal epithelial monolayer serves as a 
barrier between enteric microbiota and immune cell com-
partment in lamina propria. The chronic inflammatory 
conditions impair the entire gastrointestinal tract, render-
ing the underlying tissues more susceptible to pathogen 
infection continuously.5,8,9

Macrophages have important roles in preparative pro-
cesses during the inflammation. Macrophages exert func-
tions in inflamed tissues by converting themselves from 
a pro-inflammatory (M1) to an anti-inflammatory/pro-
resolving (M2) phenotype. M2 macrophages secrete anti-
inflammatory cytokines such as interleukin 10 and growth 
factors. They also control extracellular matrix turnover and 
remodeling.3,7,10-15

Apoptotic cells are largely produced in infected and in-
jured tissues.8,16 Phagocytic clearance of the apoptotic cell 
debris, termed “efferocytosis,” is essential for preventing 
additive inflammatory reactions and autoimmunity.17-19 
Notably, uptake of apoptotic cells promotes reprogram-
ming of phagocytic macrophages toward the proresolving 
phenotype.20-23 Macrophage polarization during efferocyto-
sis involves non-canonical mitochondrial response associ-
ated with fatty acid metabolism20 and autophagy.21

Heme oxygenase-1 (HO-1) is an inducible anti-oxidant 
and anti-inflammatory enzyme, and its expression is main-
ly regulated by nuclear factor-E2-related factor 2 (Nrf2), 
a master regulator of stress-responsive gene expression.24 
HO-1 has been reported to regulate inflammation by mod-
ulating production of anti-/pro-inflammatory cytokines in 
immune cells.25-29 Furthermore, HO-1 induction in mac-
rophages promotes their phagocytic activity,30 and conver-
sion of macrophages to an anti-inflammatory/proresolv-
ing phenotype.25,27,31-33 In this study, we explored the role 
of HO-1 expressed in macrophages engulfing apoptotic 
colonic epithelial cells in the resolution of experimentally 
induced murine colitis. 

MATERIALS AND METHODS

1. Animals
Male C57BL/6 mice (6-week-old) were purchased from 

Raon Bio (Seoul, Korea) and maintained according to the 
institutional animal care guidelines. Animal experimental 
procedures were approved by the Institutional Animal 
Care and Use Committee of Seoul National University (IA-
CUC number: SNU-170725-7) and the University of Ul-
san Animal Care and Use Committee (reference number: 
HTC-14–030).

2. Reagents 
Dulbecco’s Modified Eagle’s Medium, Minimum Es-

sential Media, and fetal bovine serum (FBS) were obtained 
from Gibco (Grand Island, NY, USA). Zinc protoporphyrin 
IX (ZnPP) and a primary antibody against HO-1 were the 
products of Enzo Life Sciences (Farmingdale, NY, USA). 
Primary antibodies for detecting Nrf2 (ab137550) and 
CD11b (ab8878) were obtained from Abcam (Cambridge, 
MA, USA). Anti-rabbit and anti-mouse horseradish per-
oxidase-conjugated secondary antibodies were provided by 
Thermo Fisher Scientific (Eugene, OR, USA). Antibodies 
for TruStain FcX (anti-mouse CD16/32), CD45, CD11b, 
F4/80, Ly6C, Ly6G, CD86, CD36, and CD206 for flow cyto-
metric analysis were purchased from Biolegend (San Diego, 
CA, USA). 4’,6-Diamidino-2-phenylindole and phenyl-
methylsulfonyl fluoride were purchased from Thermo 
Fisher Scientific and Sigma-Aldrich (St. Louis, MO, USA), 
respectively.

3. Induction of acute dextran sulfate sodium (DSS)-
induced colitis 
Seven-week-old male C57BL/6 mice were treated with 

2% DSS (36–50 kDa; MP Biomedicals; Santa Ana, CA, 
USA) dissolved in drinking water for 7 days. Mice were 
euthanized by CO2 asphyxiation at various time intervals. 
When necessary, mice were daily injected intraperitoneally 
with vehicle or ZnPP (25 mg/kg) for 2 weeks after DSS ad-
ministration.

4. Histologic analysis
Colons were removed from mice and rinsed with cold 

phosphate buffered saline (PBS) to remove luminal con-
tent. Tissue sections were fixed in 10% buffered formalin 
and embedded in paraffin. The sections were stained with 
hematoxylin and eosin. The histological scores were deter-
mined based on inflammatory cell infiltrates and integrity 
of the intestinal architecture according to the guideline 
described elsewhere.34

5. Immunofluorescence
Immunofluorescence was performed on murine colon 

tissue and isolated leukocytes. Colon-infiltrating myeloid 
cells were detected using rat monoclonal CD11b antibody 
(Abcam). Colonic epithelial cells were detected using rat 
Alexa FluorⓇ 594 anti-mouse CD326 (EpCAM) antibody 
(Biolegend). Immunofluorescence signals were visualized 
with secondary antibodies: Alexa FluorTM 488 goat anti-rat 
immunoglobulin G (IgG) (Thermo Fisher Scientific).

6. Isolation of leukocytes from lamina propria
To isolate lamina propria leukocytes, colons were 
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flushed of their luminal content and opened longitudinally 
and cut into 1-cm pieces. Epithelial cells were removed by 
30-minute incubation with PBS containing 5% FBS (Gib-
co), 2 mmol/L EDTA at 37℃ under shaking at 275 rpm. 
Subsequent processes were performed as described previ-
ously.35

7. Preparation of bone marrow-derived macrophages 
(BMDMs)
Bone marrow was harvested from femur and tibia 

of 8- to 12-week old mice by flushing marrow out with 
cold PBS. The cells from bone marrow were then filtered 
through a 70 μm nylon cell strainer. Red blood cells were 
then removed by red blood cell lysis buffer (iNtRON 
Biotechnology; Seongnam, Korea). The remaining cells 
were resuspended in Dulbecco’s Modified Eagle’s Medium 
(Gibco) containing 10% FBS and 20 ng/mL macrophage 
colony-stimulating factor (Biolegend), seeded in petri 
dishes and incubated at 37℃ for 7 days in a humidified 
incubator containing 5% CO2. Medium containing macro-
phage colony-stimulating factor (10 ng/mL) was changed 
once after 3 days of incubation.

8. Measurement of CD206, CD86, and CD36 in BMDMs 
cocultured with apoptotic colon epithelial cells
Apoptosis was induced in CCD 841 CoN colon epi-

thelial cells by exposure to 180 mJ ultraviolet radiation 4 
times and kept overnight at 37℃ and 5% CO2 for 24 hours. 
Cells were centrifuged at 1,200 rpm for 2 minutes, and pel-
lets were washed 3 times with PBS. The apoptotic colon 
epithelial cells were added to the BMDMs (5:1 ratio) for 48 
hours at 37℃. To inhibit HO-1 activity, BMDMs were pre-
incubated with ZnPP (10 μM) for 1 hour before the effero-
cytosis assay. After incubation, the mixtures were washed 
with PBS to remove free apoptotic cells and subjected to 
flow cytometry for the measurement of CD206 and CD36. 
After generating M1-like macrophages incubated with 100 
ng/mL of bacterial lipopolysaccharide (LPS) for 24 hours, 
the expression of CD86 was measured.

9. Quantitative RT-PCR (qPCR) analysis
Total RNA was isolated from cells with Trizol Reagent 

(Thermo Fisher Scientific) according to the manufacturer’s 
protocol, and 1 μg of RNA was reverse transcribed using 
the Moloney murine leukemia virus reverse transcriptase 
(Promega; Madison, WI, USA). Real-time quantitative 
PCR was performed on a 7300 Real-Time PCR instrument 
(Thermo Fisher Scientific) using the RealHelix Premier 
Quantitative PCR Kit (NanoHelix Co., Ltd.; Daejeon, 
Korea). The primers used for each RT-PCR reactions 
are as follows (forward and reverse, respectively): Tnf-α, 

CCCTCACACTCAGATCATCTTCT and GCTACGAC-
GTGGGCTACAG; Il12b, TGGTTTGCCATCGTTTT-
GCTG and ACAGGTGAGGTTCACTGTTTG. Gapdh 
gene was amplified as internal control. Data was analyzed 
using the comparative Cτ method.

10. Flow cytometry
BMDMs and single cells isolated from colon tissue 

were incubated with TruStain FcX (anti-mouse CD16/32) 
(Biolegend) in staining buffer containing 1% FBS and 0.1% 
NaN3 in PBS to block nonspecific binding to Fc receptor. 
Specific antibodies for membrane markers (anti-mouse 
CD45 APC, CD11b Alexa FluorTM 700, F4/80 PerCP/Cy5, 
Ly6C PE/Cy7, Ly6G APC/Cy7 and CD206 FITC) (Biole-
gend) were added to samples in the presence of CD16/32 
antibody and incubated for 1 hour at 4℃. 4’,6-Diamidino-
2-phenylindole was added to the samples about 10 minutes 
before flow cytometry analysis to gate out dead cells. Gat-
ing strategies to identify intestinal macrophages are illus-
trated in Supplementary Fig. 1. Sequential gating was used 
to identify specific cell populations. The dead cells were 
excluded using the viability dye, 4’,6-diamidino-2-phenyl-
indole. The leukocytes were identified and gated by the 
expression of CD45. The myeloid cells were then further 
identified and gated by the expression of CD11b. The 
F4/80 positive macrophages were gated into Ly6G negative 
and Ly6C negative population to exclude granulocytes and 
undifferentiated monocytes respectively.

To measure the efferocytic activity of macrophages 
isolated from colon tissue, EpCAM was used as a marker 
of colonic epithelial cell debris. Cells were fixed with 4% 
formaldehyde in PBS for 30 minutes at room temperature 
and stained with the macrophage marker, F4/80. After 
permeabilization with fixation/permeabilization buffer set 
(Thermo Fisher Scientific; Waltham, MA, USA), the cells 
were stained with anti-mouse EpCAM FITC (Biolegend).

To evaluate the expression of HO-1 in colonic macro-
phages, cells were fixed and permeabilized as described 
above. Cells were then incubated with HO-1 primary anti-
body and goat anti-mouse IgG Fc Cross-Adsorbed second-
ary antibody (Invitrogen; Rockford, IL, USA). Cells were 
analyzed by FACS Calibur, LSR Fortessa X-20 and FACS 
Aria III (BD; Franklin Lakes, NJ, USA) machines. FlowJo 
software (Ashland, OR, USA) was used to analyze the data.

11. Western blot analysis
Mouse colon tissues were homogenized in ice-cold 1X 

lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl,  
1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium 
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 
1 mg/mL leupeptin) supplemented with a protease inhibi-
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tor and 0.1 mM phenylmethylsulfonyl fluoride. After pe-
riodical vortex mixing for 2 hours at 4℃, the lysates were 
centrifuged for 15 minutes at 12,000 g. 

BMDMs were collected and treated with the same cell 
lysis buffer containing 0.1 mM phenylmethylsulfonyl fluo-
ride and protease inhibitor for overnight at 4℃, followed 
by centrifugation for 15 minutes at 12,000 g. The cell 
lysates were subjected to SDS-polyacrylamide gel electro-
phoresis according to the standard protocol. 

12. Statistical analysis
All data are presented as mean±standard error of the 

mean. Statistical significance was performed using the 
Student t-test or one-way analysis of variance with Tukey’s 
multiple-comparisons post hoc test. All experiments were 
repeated at least 3 times unless specified. Differences were 
considered statistically significant at p<0.05.

RESULTS

1. Mice recover from DSS-induced acute colitis
Murine colitis was induced according to the schedule as 

described in Materials and Methods. DSS-induced intesti-
nal inflammation damages epithelial monolayer lining of 
colonic wall.36,37 The histological assessment of hematoxy-

lin and eosin-stained tissue sections revealed massive dis-
ruption of the epithelial crypt shape which was gradually 
restored from day 10 (Fig. 1A). DSS-induced acute colitis 
was almost completely resolved by day 21. DSS-treated 
mice lost body weight from day 5 to 9, which was recov-
ered gradually thereafter (Fig. 1B). Body weight loss was 
also associated with shortening of the colon (Supplemen-
tary Fig. 2). 

2. DSS-induced acute colitis and its resolution are 
accompanied by differential profiles of leukocyte 
recruitment 
Immune cells in lamina propria were isolated from colon 

tissue of mice after DSS administration. The proportion 
of leukocyte subsets in live cells was analyzed by flow 
cytometry. The leukocyte gating strategy is schematically 
presented in Supplementary Fig. 1. The increased 
proportion of CD45+ total leukocytes was sustained from 
days 10 to 17. The percentage of CD45+CD11b+ myeloid 
lineage cells gradually increased from day 7 to 14. The 
proportion of CD45+CD11b+Ly6C+ infiltrated monocytes 
and CD45+CD11b+Ly6G+ granulocytes escalated from day 
7 and peaked on day 14, while that of macrophages peaked 
on day 14 and then decreased (Fig. 1C). 

Fig. 1.Fig. 1. The resolution of dextran sulfate sodium (DSS)-induced colitis. (A) Representative hematoxylin and eosin staining of colonic tissue sections. 
Scale bars correspond to 200 μm (upper) and 40 μm (lower). (B) Body weight changes. (C) Relative ratio of infiltrated leukocytes in colonic tissue 
from the indicated group of mice. Data are expressed as the mean±SEM (n=3). 
NS, no significance; SEM, standard error of the mean. *p<0.05, †p<0.01, ‡p<0.001.
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3. HO-1 is involved in resolution of DSS-induced colitis 
HO-1 catalyzes the reaction that degrades the heme 

group present in various proteins including hemoglobin. 
HO-1 has been shown to ameliorate the damaging im-
mune response in several models of intestinal inflamma-
tion.38 DSS administration resulted in transient upregula-
tion of HO-1 expression in the colonic mucosa of mice (Fig. 
2A) as part of host adaptive survival response to colitis. To 
examine the role of HO-1 during the resolution of colitis, 
we utilized the HO-1 inhibitor, ZnPP. After exposure to 
DSS for 7 days, ZnPP was intraperitoneally injected daily 
for 2 weeks. As shown in Fig. 2B, the survival rate was dra-
matically decreased in ZnPP-treated mice while none of 
mice administered DSS alone died. The mice in the ZnPP-
treated group restored their body weight, which had been 
lost by the DSS administration, to a much lesser extent 

than did those in the vehicle-treated group (Fig. 2C). Phar-
macologic inhibition of HO-1 also delayed the recovery 
from inflammatory injuries in colonic mucosa as assessed 
by histologic examination (Fig. 2D). The elevated infiltra-
tion of leukocytes caused by DSS gradually returned to 
the control level in vehicle-treated mice, but ZnPP-treated 
mice showed a higher level of infiltrated total leukocytes 
and cells of myeloid lineages. Among the myeloid lineage 
cells, macrophages were mainly accumulated in the colon 
tissue of ZnPP-treated mice during the resolution phase 
(Supplementary Fig. 3). 

Macrophages orchestrate restoration of the tissue 
structure and homeostasis by changing their phenotypes 
from a pro-inflammatory (M1) to an anti-inflammatory/
proresolving (M2) state. Macrophage reprogramming for 
tissue repair is a dynamic and plastic process and can be 

Fig. 2.Fig. 2. The inhibition of heme oxygenase-1 (HO-1) activity delays the resolution of dextran sulfate sodium (DSS)-induced colitis. Mice were provided 
drinking water containing 2% DSS for 7 days, followed by regular water for another 14 days. Mice were daily injected with vehicle or 25 mg/kg 
bodyweight of zinc protoporphyrin IX (ZnPP) after termination of DSS administration. (A) Western blot analysis was performed to detect the expres-
sion of HO-1 in whole colon tissue. (B) Survival rates. (C) Body weight changes. (D) Histologic scores. Data are expressed as the mean±SEM (n=3). 
SEM, standard error of the mean. Significantly different from the control (*p<0.05, †p<0.01, ‡p<0.001); Significantly different from the DSS + vehicle 
group (§p<0.05, ‖p<0.001).
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promoted by phagocytosing dead cells.3,16,20-22,39 In DSS-
induced colitis, the expression of an M2 marker (CD206) 
in colonic macrophages gradually increased until day 14 
and then decreased (Fig. 3A). As shown in Fig. 3B, expres-
sion of macrophage CD206 was significantly repressed in 
the colon of ZnPP-treated mice. 

4. The expression of HO-1 is upregulated in 
macrophages engulfing apoptotic colonic 
epithelial cells
Our previous studies have demonstrated that HO-1 

plays a vital role in efferocytic40 and phagocytic41 activities 
of macrophages. It has been reported that colonic mucosal 
CX3CR1+ macrophages are the main producer of HO-1 in 
intestinal inflammation.29 In line with this notion, the pro-
portion of colonic macrophages expressing HO-1 was also 
escalated concomitantly with beginning of resolution (Fig. 
3C). 

5. M2 macrophage polarization is controlled by 
HO-1 during the engulfment of apoptotic colonic 
epithelial cells
In the resolution phase, phagocytic removal of apoptotic 

cells through efferocytosis prevents secondary necrosis of 
apoptotic cells which triggers an additive inflammatory 
reaction.1,3,7,42 Immunofluorescence staining performed on 
fixed leukocytes isolated from murine colitis showed that 
myeloid cells from both normal and inflammatory colonic 
tissue similarly participated in engulfing epithelial cells 
(Fig. 4A 2nd and 4th panels). However, the number of my-
eloid cells was found to be higher in inflamed colonic tis-
sue compared with that of normal colonic tissue on day 10 
(Fig. 1C 2nd panel, and Fig. 4A 1st and 3rd panels). There 
was a concomitant increase in the proportion of macro-
phages phagocytosing epithelial cells at the beginning of 
the resolution phase (Fig. 4B).

To confirm the direct association between efferocytosis 
and HO-1 induction in macrophages, BMDMs isolated 
from mouse femurs were treated with apoptotic colonic 
epithelial cells generated by ultraviolet irradiation. Ultravi-
olet-induced cell death was confirmed by the poly (ADP-
ribose) polymerase cleavage (Fig. 4C). As a result, the ex-
pression of HO-1 and its regulator, Nrf2 was significantly 
upregulated (Fig. 4D). Coculture of BMDMs with apoptot-
ic colonic epithelial cell debris enhanced expression of the 
M2 macrophage marker, CD206 (Fig. 5). However, BM-

Fig. 3.Fig. 3. The enhanced expression of CD206 and heme oxygenase-1 (HO-1) in macrophages of dextran sulfate sodium (DSS)-treated mouse colons. 
(A) Flow cytometric analysis of CD206 expression in macrophages from the colonic tissue of mice with or without DSS administration. (B) Effects 
of zinc protoporphyrin IX (ZnPP) on the expression of CD206 in colonic tissue macrophages of DSS-treated mice. Mice were injected intraperitone-
ally daily with vehicle or ZnPP (25 mg/kg) for 2 weeks after DSS administration. (C) Flow cytometric analysis of HO-1 expression in F4/80+ macro-
phages. Data are expressed as the mean±SEM (n=3). 
gMFI, geometric mean fluorescence intensity; SEM, standard error of the mean. *p<0.05, †p<0.01, ‡p<0.001.
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DMs engulfing apoptotic colonic epithelial cells attained 
phenotypic characteristics of M2 macrophages to a lesser 
extent in the presence of ZnPP (Fig. 5A). The mechanistic 
dependency of macrophages engulfing dead epithelial cells 
on HO-1 in their polarization was verified by using BM-
DMs isolated from HO-1 knockout (KO) mice (Fig. 5B). 
In contrast, the expression of an M1 macrophage marker 
CD86 was reduced in LPS-stimulated BMDMs cocultured 
with apoptotic colonic epithelial cells, which was abrogated 
in HO-1 deficient mice (Fig. 6A). 

M1 macrophages secrete tumor necrosis factor α and 
interleukin-12, two major macrophage-derived mediators 
of inflammatory responses in mammals.25 After coculture 
of LPS-stimulated wild type murine BMDMs with apop-
totic CCD 841 CoN cell debris, there was a marked de-
crease in the expression of messenger RNA transcripts of 
pro-inflammatory M1 markers, Tnf-α  (Fig. 6B) and Il12b 
(Fig. 6C), but this was attenuated in the BMDMs from 
HO-1 knockout mice. 

CD36 is a prototypic scavenger receptor that is involved 
in the recognition of apoptotic cells by macrophages. CD36 
present on the surface of macrophages mediates efferocy-
tosis following tissue injury and thereby prevents excessive 
inflammation that could compromise tissue repair.43 The 

role of CD36 in the pathophysiology of IBD has been sug-
gested.44 CD36 deficiency aggravated DSS-induced colitis. 
Interestingly, we found that CD36 expression is upregu-
lated in wild type BMDMs stimulated by the apoptotic epi-
thelial cell debris, and this was blunted in BMDMs treated 
with the HO-1 inhibitor, ZnPP and also in those from 
HO-1 knockout mice (Fig. 7).

DISCUSSION

In order to investigate the pathophysiological features 
and therapeutic strategies for the treatment of IBD, several 
animal models have been developed.45 DSS is one of the 
most widely used chemical colitogens. This high molecular 
weight sulfated polysaccharide, when administered to mice 
as a dissolved form in drinking water, causes disruption of 
intestinal epithelial monolayer. The resulting pathological 
features mimic the superficial inflammation seen in ulcer-
ative colitis (UC).35,36,40

The recruitment as well as origin of intestinal macro-
phages is highly dynamic.46 In other organs, tissue resident 
macrophages are not derived from monocytes, but rather 
from embryonic progenitors arising from the yolk sac and/

Fig. 4.Fig. 4. Engulfment of apoptotic epithelial cells upregulates heme oxygenase-1 (HO-1) expression in macrophages. (A) Immunofluorescence im-
ages of fixed colonic tissue sections (1st and 3rd panels) and fixed single myeloid cells (2nd and 4th panels). Myeloid cells isolated from colitis 
tissues of dextran sulfate sodium (DSS)-treated mice or normal colon tissues were cytospun onto glass slides and subjected to immunofluores-
cence analysis for detection of colon epithelial cell debris (EpCAM+, red) engulfed by myeloid cells (CD11b+, green). Arrows indicate myeloid cells 
engulfing colonic epithelial cells. (B) Flow cytometric analysis of macrophages engulfing colonic epithelial cells. (C) Verification of apoptotic death 
in colonic epithelial cells by Western blot analysis of cleaved PARP. (D) Bone marrow-derived macrophages (BMDMs) were cocultured with colonic 
epithelial cell debris killed by ultraviolet (UV) radiation and then subjected to Western blot analysis to measure the expression of HO-1 and its tran-
scription factor nuclear factor-E2-related factor 2 (Nrf2). Data are expressed as the mean±SEM (n=3). 
PARP, poly (ADP-ribose) polymerase; SEM, standard error of the mean. *p<0.05.
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or fetal liver. They have been known to have a key function 
in homeostasis and inflammation.46-48 However, intestinal 
macrophages are largely replaced by Ly6Chigh monocytes-

derived macrophages in adulthood,49 implying that em-
bryonic macrophages and BMDMs are present together 
in the gut wall.46 Especially in an inflammatory environ-

Fig. 5.Fig. 5. Role of heme oxygenase-1 (HO-1) in M2-polarized bone marrow-derived macrophages (BMDMs) engulfing apoptotic colonic epithelial cells. 
CD206 expression in BMDMs mixed with apoptotic epithelial cells in two ways to examine the role of HO-1 in vitro. (A) Murine BMDMs were treated 
with a pharmacological HO-1 inhibitor, zinc protoporphyrin IX (ZnPP) (10 mM), 1 hour prior to the addition of apoptotic epithelial cells. After incuba-
tion for 48 hours, the proportion of BMDMs expressing CD206 was measured by flow cytometry. (B) BMDMs from HO-1 knockout (KO) mice were 
treated with apoptotic epithelial cells and subjected to flow cytometry. Data are expressed as the mean±SEM (n=3). 
WT, wild type; SEM, standard error of the mean. *p<0.01, †p<0.001.

%
o

f
F

4
/8

0
C

D
2

0
6

+
+

60

40

20

0
Colon epithelial

cell debris
+ +

WT HO-1 KO

A
C

D
2
0
6

10
2

10
4

10
5

10
1

10
3

1
0

5
1
0

4
1
0

3
1
0

2
1
0

1

BMDMs

10
2

10
4

10
5

10
1

10
3

1
0

5
1
0

4
1
0

3
1
0

2
1
0

1

BMDMs+colon
epithelial cell debris

%
o

f
F

4
/8

0
C

D
2

0
6

+
+

80

60

40

20

0

Colon epithelial
cell debris

*

ZnPP

+

+ +

+

20.4% 63.8%

10
2

10
4

10
5

10
1

10
3

1
0

5
1
0

4
1
0

3
1
0

2
1
0

1

BMDMs+ZnPP

10
2

10
4

10
5

10
1

10
3

1
0

5
1
0

4
1
0

3
1
0

2
1
0

1

BMDMs+colon
epithelial cell debris

+ZnPP

F4/80

21.7% 44.1%

B

C
D

2
0
6 10

2
10

4
10

5
10

1
10

3

1
0

5
1
0

4
1
0

3
1
0

2
1
0

1

WT BMDMs

10
2

10
4

10
5

10
1

10
3

1
0

5
1
0

4
1
0

3
1
0

2
1
0

1

WT BMDMs+colon
epithelial cell debris

29.6% 49.5%

F4/80

10
2

10
4

10
5

10
1

10
3

1
0

5
1
0

4
1
0

3
1
0

2
1
0

1

HO-1 KO BMDMs

10
2

10
4

10
5

10
1

10
3

1
0

5
1
0

4
1
0

3
1
0

2
1
0

1

HO-1 KO BMDMs+colon
epithelial cell debris

15.4% 22.9%



Gut and Liver, Vol. 16, No. 2, March 2022

254  www.gutnliver.org

ment including DSS-induced colitis, colonic tissues show 
intense accumulation of monocytes and immature macro-
phages.46,50,51 Consistent with these observations, leukocyte 
dynamics in the present study also show the accumulation 
of infiltrated cells of myeloid lineage, including monocytes, 
granulocytes and macrophages during resolution of DSS-
induced colitis. 

Macrophage infiltration and recruitment are com-
mon features of the early phase of inflammatory insult 
responsible for tissue injury, but these also lead to resolu-
tion of inflammation and tissue repair.52 Depending on the 
inflammatory milieu, macrophages undergo polarization 
to one of two phenotypes, classical or pro-inflammatory 
M1-like and alternatively activated or anti-inflammatory/
proresolving M2-like macrophages. Elevated M1 and 
concomitantly decreased M2 macrophages are commonly 
observed in the colonic tissues of UC patients.53 Likewise, 
macrophages have opposing roles in DSS-induced murine 
colitis that mimics UC. Thus, M1 macrophages contrib-
ute to the pathogenesis of colitis whilst M2 macrophages 

elicit protective functions by promoting tissue repair and 
by driving epithelial cell regeneration and proliferation.54 
When macrophages fail to switch from M1 to M2 polariza-
tion, severe colitis arises in mice.55

Our present study demonstrated the accumulation 
of phagocytic M2 macrophages (F4/80+CD206+) in the 
mouse colon during the resolution of DSS-induced intesti-
nal inflammation and also polarization of isolated BMDMs 
engulfing colonic epithelial cell debris toward the M2 phe-
notype, which appeared to be associated with the macro-
phage HO-1 activity. BMDMs, when stimulated with LPS, 
exhibited the increased expression of CD86, one of the 
typical M1 markers. Coculture of LPS-stimulated BMDMs 
with apoptotic colonic epithelial cell debris dampened the 
expression of CD86 as well as the genes encoding pro-
inflammatory cytokines (tumor necrosis factor α and IL-
12p40) in an HO-1-dependent way. 

HO-1 induction occurs in cells and tissues where 
hemoglobin is degraded by macrophages.38 Bacterial en-
dotoxins or invasive pathogens can also induce HO-1 ex-

Fig. 6.Fig. 6. Role of heme oxygenase-1 (HO-1) in M1-polarized bone marrow-derived macrophages (BMDMs) phagocytosing colonic epithelial cell de-
bris. (A) BMDMs from wild type (WT) or HO-1 knockout (KO) mice were cocultured with or without CCD 841 CoN colon epithelial cell debris. After 
48 hours of incubation, the proportion of macrophages expressing CD86 was assessed by flow cytometry. (B, C) BMDMs derived from WT or HO-1 
KO mice were treated with lipopolysaccharide (LPS) (100 ng/mL) for 24 hours. The messenger RNA expression levels of Tnf-α (B) and Il12b (C) in 
the same macrophages cocultured with or without apoptotic epithelial cell debris for 48 hours were measured by quantitative reverse transcrip-
tion polymerase chain reaction. *p<0.01, †p<0.001.
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pression.32,56,57 We found that engulfment of inflammatory 
apoptotic epithelial cells stimulated HO-1 expression in 
macrophages. HO-1 induction in macrophages phagocy-

tosing dead cells is considered to compromise the oxida-
tive stress which often accompanies during acute inflam-
mation.21 Notably, pharmacological inhibition of HO-1 

Fig. 7.Fig. 7. Role of heme oxygenase-1 (HO-1) in the expression of CD36 in bone marrow-derived macrophages (BMDMs) engulfing apoptotic colonic 
epithelial cells. CD36 expression in BMDMs mixed with apoptotic epithelial cells in two ways to examine the role of HO-1 in vitro. (A) Murine BM-
DMs were treated with a pharmacological HO-1 inhibitor, zinc protoporphyrin IX (ZnPP) (10 mM), 1 hour prior to the addition of apoptotic epithelial 
cells. After incubation for 48 hours, the proportion of BMDMs expressing CD36 was measured by flow cytometry. (B) BMDMs from HO-1 knockout 
(KO) mice were treated with apoptotic epithelial cell debris and subjected to flow cytometry. Data are expressed as the mean±SEM (n=3). 
WT, wild type; SEM, standard error of the mean. *p<0.01, †p<0.001.
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activity delayed the resolution of DSS-induced colitis by 
hampering the M2 macrophage polarization. 

In agreement with our observations, administration 
of an HO-1 inducing agent, hemin ameliorated intestinal 
inflammation and remedied intestinal mucosal barrier 
damage by correcting abnormal intestinal macrophage 
polarization. In addition, hemin inhibited the M1 po-
larization while enhancing M2 polarization in BMDMs, 
and these effects were abrogated by silencing HO-1.58 The 
above findings suggest the therapeutic potential of HO-1 
inducers capable of modulating the macrophage functions 
in the management of IBD. Based on the known contribu-
tion of macrophages to intestinal homeostasis, macrophage 
therapy has been proposed as a means of treating IBD. The 
transferring purified bone marrow-derived M2 macro-
phages to mice subjected to DSS-induced colitis was shown 
to attenuate disease severity.59 Under the same principle, 
effectively regulating macrophage polarization in vivo may 
become a potential therapeutic strategy for treating UC.60 

Whilst DSS administration induced HO-1 expression in 
both entire colonic mucosa and tissue macrophages, their 
kinetics are apparently different. HO-1 is a stress-respon-
sive enzyme, and its expression in the colonic mucosa is 
induced relatively rapidly upon acute inflammation caused 
by DSS as adaptive response. In contrast, HO-1 in colonic 
macrophages is likely to be induced after they engulf the 
apoptotic epithelial cells. This may account for the delay in 
the onset of HO-1 expression in macrophages compared 
with that in the entire colon. Therefore, the epithelial HO-1 
induction does not necessarily represent the macrophage-
specific HO-1 increased in a recovery phase, but might 
rather be a result of inflammatory reaction. 

In summary, engulfment of apoptotic colonic epi-
thelial cells significantly induces HO-1 expression in 
macrophages. The HO-1 induction accelerates the resolu-
tion of DSS-induced colitis by inducing polarization of 
macrophages phagocytosing apoptotic colonic epithelial 
cells. According to Lee et al.,61 an elevated accumulation 
of apoptotic cells resulting from impaired efferocytosis 
contributes to the excessive and prolonged colonic inflam-
mation. Of interest, restoration of efferocytosis by adop-
tive transfer of BMDMs to the inflamed colonic tissue 
promotes resolution of DSS-induced colitis. In this regard, 
transfer of HO-1 overexpressing macrophages would be a 
new therapeutic strategy in the management of IBD, which 
requires clinical validation.
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