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Abstract 

Heme oxygenase-1 induction in 

macrophages through engulfment of 

apoptotic colonic epithelial cells 

accelerates the resolution of dextran 

sulfate sodium-induced murine colitis 

 

Shin-Young Gwak 

Department of Molecular Medicine  

and Biopharmaceutical Sciences  

Graduate School of Convergence Science and Technology  

Seoul National University  

 

An injured and infected tissue goes through several steps to restore homeostasis 

during the resolution of inflammation. One of them, clearance of dead cells, termed 

‘efferocytosis’, could be an essential step that changes the inflammatory 

environment from pro-inflammatory to pro-resolving state. Clearance of dead cells 

is mainly accomplished by phagocytes. After efferocytosis, macrophages are 

polarized to the M2 phenotype, thereby transmiting immunosuppressive signaling. 
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However, the underlying molecular mechanisms of macrophage polarization after 

efferocytosis remain largely unraveled. In the present study, bone marrow derived 

macrophages (BMDMs) treated with apoptotic colonic epithelial cells showed 

significantly increased expression of heme oxygenase-1 (HO-1) and nuclear factor-

like 2 (Nrf2). The expression of CD206, a pro-resolving macrophages marker, was 

also increased. Interestingly, genetic ablation or pharmacologic inhibition of HO-1 

with zinc protoporphyin IX (ZnPP) abrogated the upregulation of CD206 on 

macrophages treated with apoptotic colonic epithelial cells. Dextran sulfate sodium 

(DSS) is a chemical reagent inducing colitis in mice by damaging colonic epithelium. 

I found that the recovery of body weight started at 3 days after termination of DSS 

treatment, which was accompanied by upregulation of HO-1. ZnPP treatment 

hampered the normalization of the numbers of infiltrated total leukocytes, myeloid 

lineages, monocytes and granulocytes during the resolution of DSS-induced murine 

colitis. The expression of CD206 on macrophages also decreased. Furthermore, the 

survival rate decreased dramatically in mice treated with ZnPP. These results suggest 

that the resolution of DSS-induced colitis is mediated by HO-1 inactivation in 

macrophages. In conclusion, HO-1 induction during the efferocytosis plays a key 

role in the resolution of DSS-induced colitis by modulating the polarization of 

macrophages. 

 

Keywords: acute colitis; efferocytosis; M2 macrophages; resolution of 

inflammation 

Student number : 2016-26002 
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Introduction 

Acute inflammation is a protective reaction initiated by infection- or injury-

associated danger signals (1,2). After the host defense, resolution phase of 

inflammation is important to restore the tissue homeostasis and make a bridge 

between innate and adaptive immunity (1,3,4). Failure in resolution of acute 

inflammation cause the development of chronic disease including arthritis, asthma 

and atherosclerosis (2).  

Inflammatory bowel disease (IBD) is one of chronic inflammatory disorders 

influenced by genetics, environmental stressors, intestinal bacteria and an abnormal 

immune reaction (5-7). In steady state, intestinal epithelial monolayer is a barrier 

between enteric microbiota and immune cell compartment in lamina propria. The 

chronic inflammatory conditions impair the entire gastrointestinal tract, allowing the 

underlying tissues to be exposed to pathogens continuously (5,8,9). Therefore, it is 

a promising strategy to accelerate restoration of tissue structure and functionality in 

the management of IBD.  

   Previous studies have shown that macrophages have important roles in reparative 

processes during the resolution of inflammation. Macrophages exhibit apposite 

activities in inflamed tissue by converting themselves from pro-inflammatory (M1) 

to anti-inflammatory and pro-resolving (M2) phenotype. M2 macrophages secrete 

anti-inflammatory cytokine like IL-10 and growth factors that stimulate fibroblast 

differentiation and proliferation and angiogenesis. They also control extracellular 

matrix turnover and remodeling (4,7,10-15). For those functions of M2 

macrophages, successful conversion of macrophages to the pro-resolving phenotype 

is considered as a central subject in the resolution phase of inflammation. 
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   Apoptotic dead cells are largely produced in infected and injured tissue (8,16). 

Clearance of the apoptotic cell debris, termed ‘efferocytosis’, is essential to eliminate 

danger signals that induce additive inflammatory reaction and autoimmunity (17-

19). Furthermore, uptake of apoptotic cells promotes reprogramming phagocytosing 

macrophages toward the pro-resolution phenotype (20-23). Recent studies explain 

underlying molecular mechanisms of macrophage polarization after efferocytosis 

from different perspectives, including non-canonical autophagy (20) and lipid 

metabolism (21). The latter, which revealed an association between fatty acid 

oxidation and mitochondrial respiration during apoptotic cell metabolism in 

macrophages, implies that macrophages phagocytosing dead cells lie under oxidative 

stress. 

   Heme oxygenase-1 (HO-1) is an inducible anti-oxidant and cytoprotective 

enzyme regulated by nuclear factor-E2-related factor 2 (Nrf2), a master regulator of 

oxidative stress (24). HO-1 has been reported to regulate inflammation by 

modulating production of anti- and pro-inflammatory cytokines in immune cells (25-

29). Furthermore, HO-1 induction in macrophages promotes their phagocytic 

activity (30) and conversion of macrophages to an anti-inflammatory phenotype 

(25,27,31-33). Based on these findings, HO-1 is considered to play a key role in 

bridging mechanistic gap between efferocytic activity of macrophages and their 

phenotype change.  

   In this study, I examined the role of HO-1 expressed in macrophages upon 

engulfment of apoptotic colonic epithelial cells in the resolution of chemically 

induced murine colitis. The results from this study reveal mechanistic dependency 

on HO-1 activity of phagocytosing macrophages, suggesting that inhibiting HO-1 

actions may delay resolution of inflammation. 
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Materials and Methods 

Animals 

C57BL/6 mice (6 week old) were purchased from Raon Bio (Seoul, South Korea). 

All the animals were maintained according to the institutional animal care 

guidelines. Animal experimental procedures were approved by the Institutional 

Animal Care and Use Committee at Seoul National University. 

 

Reagents 

Dulbecco’s modified Eagle’s medium (DMEM), Minimum Essential Media (MEM) 

and fetal bovine serum (FBS) were obtained from Gibco(Grand Island, NY, USA). 

Penicillin, streptomycin and Trypsin-Ethylenediaminetetraacetic acid (EDTA) were 

provided by Welgene (Gyeongsan-si, Gyeongsangbuk-do, South Korea). Zinc (Ⅱ) 

protoporphyrin Ⅸ (ZnPP) and primary antibody against HO-1 were the products of 

Enzo Life Sciences (Farmingdale, NY, USA). Primary antibodies against Nrf2 

(ab137550) and CD11b (ab8878) were products of Abcam (Cambridge, MA, USA). 

Anti-rabbit and anti-mouse horseradish peroxidase-conjugated secondary antibodies 

were provided by Thermo Fisher Scientific (Eugene, OR, USA). Polyvinylidene 

difluoride (PVDF) membranes were supplied by Pall Corp (Port Washington, NY, 

USA). The enhanced chemiluminescence (ECL) detection kit was obtained from 

AbClon (Seoul, South Korea). Antibodies against TruStain FcX (anti-mouse 

CD16/32), CD45, CD11b, F4/80, Ly6C, Ly6G and CD206 for cytometric analysis 

were provided by Biolegend (San Diego, CA, USA) and 4′,6-diamidino-2-

phenylindole (DAPI) was the product of Thermo Fisher Scientific (Eugene, OR, 

USA). 
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Induction of acute dextran sulfate sodium (DSS)-induced colitis and inhibition 

of HO-1 activity during resolution phase 

Seven-week-old C57BL/6 mice were treated with 2% DSS (36–50 kDa; MP 

Biomedicals, Santa Ana, CA, USA) in their drinking water for 7 days. After DSS 

administration, mice were daily injected with vehicle or 25 mg/kg bodyweight of 

ZnPP (25 mg/kg) during 2 weeks. To assess the severity of colitis, body weight and 

stool consistency were monitored daily. 

 

Histologic analysis 

Colons were removed from mice and rinsed with cold phosphate buffered saline 

(PBS) to remove luminal content. Tissue sections were fixed in 10% buffered 

formalin and embedded in paraffin. The sections were stained with hematoxylin and 

eosin (H&E). 

 

Immunofluorescence 

Immunofluorescence was performed on murine colon tissue and isolated leukocytes. 

Colon-infiltrating myeloid cells were detected using rat monoclonal CD11b 

antibody. HO-1 was detected using rabbit polyclonal antibody. Colonic epithelial 

cells were detected using rat Alexa Fluor®  594 anti-mouse CD326 (Ep-CAM) 

antibody (Biolegend, San Diego, CA, USA). Immunofluorescence signals were 

visualized with secondary antibodies: Alexa FluorTM 488 goat anti-rat 

immunoglobulin G (IgG) and R-phycoerythrin goat anti-rabbit IgG (Thermo Fisher 

Scientific, Eugene, OR, USA). 
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Isolation of leukocytes from lamina propria 

To isolate lamina propria leukocytes, colons were flushed of their luminal content 

and opened longitudinally and cut into 1-cm pieces. Epithelial cells were removed 

by 30-min incubation with PBS containing 5% FBS, 2 mmol/L EDTA at 37℃ under 

shaking at 275 rpm. The obtained cell suspension was filtered through 100-mm cell 

strainer. Colon pieces were then digested in PBS containing 5% FBS, 0.5 mg/mL 

DNase Ⅰ (Roche, Indianapolis, IN, USA), 3 mg/mL dispase Ⅱ (Sigma-aldrich, St. 

Louis, MO, USA) and 0.5 mg/mL collagenase D (Roche, Indianapolis, IN, USA) for 

40 min at 37℃ under shaking at 275 rpm. The obtained cell suspension was filtered 

through 40-mm cell strainer. Cells were centrifuged for 5 min, 800g, at 4℃ and used 

for the subsequent analysis. All processes followed a previously described protocol 

(34). 

 

Generation of bone marrow-derived macrophages (BMDMs) 

Bone marrow was harvested from femur and tibia of 8-12week 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 (RBCs) were then removed by RBC 

lysis buffer (iNtRON, Seongnam-si, Gyeonggi-do, South Korea). After that, the 

remaining cells were resuspended in DMEM containing 10% FBS and 20 ng/mL 

macrophage colony-stimulating factor (M-CSF) (Biolegend, San Diego, CA, USA), 

seeded in petri dishes and incubated at 37°C for 7 days in a humidified incubator 

containing 5% CO2. Medium containing M-CSF (10 ng/ml) was changed once after 

3 days of incubation. 
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Efferocytosis assay 

Apoptosis was induced in CCD 841 CoN cells using 180 mJ UV radiation 3-5 times 

and kept overnight at 37℃ and 5% CO2 for 24 h. Cells were centrifuged at 1,200 

rpm for 2 min, and pellets were washed three times with PBS. The apoptotic colon 

epithelial cells were added to the BMDMs (5:1 ratio) for 24-48 h at 37℃. To inhibit 

HO-1 activity, BMDMs were pre-incubated with ZnPP (10 μM) for 1 h before the 

efferocytosis assay. In some experiments, media suspended with dead cells also 

included ZnPP (10 μM) to inhibit HO-1 activity. After incubation, the BMDMs were 

washed with PBS to remove free apoptotic cells. They were subsequently analyzed 

by flow cytometry and Western blotting. 

 

Flow cytometry 

BMDMs and single cells isolated from colon tissue were incubated with CD16/32 

antibody in staining buffer containing 1% FBS and 0.1% sodium azide (NaN3) in 

PBS to block nonspecific binding to Fc receptor (FcR). Specific antibodies for 

membrane markers (anti-mouse CD45 APC, CD11b Alexa Fluor™ 700, F4/80 

PerCP/Cy5.5, Ly6C PE/Cy7, Ly6G APC/Cy7 and CD206 FITC) were added to 

samples in the presence of CD16/32 antibody and incubated for 1 h at 4℃. DAPI 

was added to the samples about 10 min before flow cytometry analysis to gate out 

dead cells.  

   To detect the efferocytic activity of macrophages isolated from colon tissue, I 

used EpCAM as a marker of colonic epithelial cell debris. Cells were fixed with 4% 

formaldehyde in PBS for 30 min at room temperature and stained with membrane 

marker, F4/80. Then, they were permeabilized with fixation/permeabilization buffer 
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set (Thermo Fisher Scientific, Waltham, MA, USA) and stained with anti-mouse 

EpCAM FITC.  

To evaluate the expression of HO-1 in macrophages, Cells were fixed and 

permeabilized by following the above protocol. They were incubated with HO-1 

primary antibody and Gt anti-mouse IgG Fc Cross- Adsorbed secondary 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. 

 

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 beta-glycerophosphate, 1 mM Na3VO4, 1 mg/ml leupeptin] 

(Cell Signaling Technology, Danvers, MA, USA) supplemented with protease 

inhibitor (F. Hoffmann-La Roche, Basel, Switzerland) and 0.1 mM 

phenylmethylsulfonyl fluoride (PMSF). It is followed by periodical vortex mixing 

for 2 h at 4℃ and then centrifuged for 15 min at 12,000 g. BMDMs were collected 

and lysed by same cell lysis buffer containing 0.1 mM PMSF and protease inhibitor 

for overnight at 4℃, followed by centrifuging for 15 min at 12,000 g. The protein 

concentration was determined with bicinchoninic acid (BCA) protein assay reagents 

(Thermo Fisher Scientific, Rockford, IL, USA). Ten mg of protein was 

electrophoresed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) under reducing conditions and transferred to PVDF membranes. The 

membranes were then blocked with 3% w/v nonfat dry milk in PBS containing 0.1% 
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Tween-20 for 1 h at room temperature. Afterwards, the blots were incubated with 

the primary antibody diluted in PBS–Tween-20 buffer overnight at 4°C. After 

washing, the blots were incubated with the proper horseradish peroxidase–

conjugated secondary antibody. The immunoblots with protein–antibody complexes 

were detected using an ECL detection kit according to the manufacturer’s instruction 

and visualized with LAS 4000. 

 

Statistical analysis 

All data are presented as mean±SEM. Statistical significance was performed using 

the student’s t test or One-way analysis of variance (ANOVA) 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 (* , 

P < 0.05; **, P <0.005; ***, P < 0.0005. n.s., not significant.). 
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Results 

Mice recover from DSS-induced acute colitis. 

To induce acute murine colitis and analyze the resolution phase, I administered one 

cycle of DSS administration for 7 days as schematically presented in Fig. 1A. DSS-

treated mice lost about 20% of body weight from day 5 to 9. By day 10, mice started 

to recover body weight and there was no significant difference between control and 

DSS-treated group from day 18. (Fig. 1B). Body weight loss was also associated 

with shortening of the colon. Colon length decreased until day 10 compared with 

normal one and recovered from their shortening thereafter (Fig. 1C). The mechanism 

by which DSS induces intestinal inflammation is unclear but is likely to damage 

epithelial monolayer lining in colonic wall (35,36). The histological assessment of 

H&E-stained tissue section revealed that massive disruption of the epithelial crypt 

shape was gradually recovered from day 10. (Fig. 1D). Based on these results, DSS-

induced acute colitis was almost resolved at day 21 in mice.  

 

Resolution of DSS-induced acute colitis is accompanied by emigration of 

leukocytes and M2 macrophage polarization. 

In inflammation, recruitment of leukocytes begins with production of soluble 

mediators and adhesion molecules promoting influx of neutrophils and monocytes 

from blood. During successful resolution, the infiltrated innate immune cells are 

eliminated by apoptosis or emigrating to the draining lymph node for antigen 

presentation to adaptive immune cells (1,4). 

   Immune cells in lamina propria were isolated from colon tissue of mice at each 

time point. The percentages of leukocyte subset in live cells were analyzed by flow 
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cytometry. The evaluated values of the experimental group were normalized by the 

value of the control group, and the relative ratio was expressed as ‘fold change’ in 

quantitative graphs. The leukocytes gating strategy is presented in Fig. 2A. The 

increased percentage of total leukocytes was sustained from day 10 to 17. The 

percentage of myeloid lineages gradually increased from day 7 to 14. The 

percentages of monocytes and granulocytes highly increased from day 7 and led to 

peak at day 14. The percentage of macrophages led to peak at day 14 and then 

decreased (Fig. 2B). Infiltrated myeloid lineages including monocytes, granulocytes 

and macrophages were downregulated in 2 weeks after quitting 7 days-DSS 

administration as the resolution of colitis progressed. M2-polarized macrophages 

have been known to orchestrate reparative process of inflamed tissue during the 

resolution of inflammation (1,3,4). In DSS-induced colitis, the expression of a M2 

marker (CD206) on macrophages gradually increased until day 14 and then 

decreased (Fig. 2C).  

 

The expression of HO-1 is upregulated in macrophages engulfing apoptotic 

colonic epithelial cells 

In the resolution phase, efferocytotsis of inflammatory apoptotic cells prevents 

secondary necrosis of apoptotic cells that triggers additive inflammatory reaction 

(1,4,37,38). Immunofluorescence staining performed on fixed leukocytes, which 

were isolated from murine colitis, showed that myeloid cells from normal and 

inflammatory colonic tissue similarly participated in engulfing epithelial cells. 

However, the number of myeloid cells was much higher in inflamed colonic tissue 

compared with normal colonic tissue at day 10. (Fig. 3A). Engulfment of epithelial 

cells by macrophages was analyzed and quantified by flow cytometry-based method. 



 11 

The relative ratio of phagocytosing macrophages increased during the resolution 

phase (Fig. 3B). In addition, HO-1 expression was also gradually upregulated in 

macrophages in accordance with the efferocytosis (Fig. 3D). In a recent study, 

colonic mucosal CX3CR1+ macrophages were found to be the main producer of HO-

1 in intestinal inflammation (29). Therefore, induction of HO-1 in colonic tissue 

could be mainly explained by an increased level of HO-1 in macrophages (Fig. 3C, 

D). 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 killed with UV radiation (Fig. 3E). The expression of HO-1 

and its transcription factor, Nrf2 were significantly upregulated (Fig. 3F). These in 

vivo and in vitro results suggested that efferocytosis of apoptotic colonic epithelial 

cells significantly induced HO-1 expression in macrophages. 

 

Inactivation of HO-1 impairs resolution of DSS-induced colitis in mice 

To examine the role of HO-1 during the resolution of colitis, I administrated the 

pharmacological inhibitor, ZnPP following DSS-induced colitis. After DSS 

administration for 7 days, ZnPP was intraperitoneally injected daily during 2 weeks 

(Fig. 4A). The survival rate was gradually decreased in ZnPP-treated mice (Fig. 4B). 

The mice in the ZnPP-treated group also failed to recover their body weight at day 

21 (Fig. 4C). Although the elevated infiltration of leukocytes gradually returned to 

the control level in vehicle-treated colitis mice, ZnPP-treated colitis mice showed a 

higher level of infiltrated total leukocytes and myeloid lineages. Among the myeloid 

lineages, macrophages were mainly accumulated in the colon tissue of ZnPP-treated 

mice at the late resolution phase (Fig. 4D). Taken together, inhibition HO-1 activity 
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not only delayed the resolution, but triggered death of DSS-induced colitis mice. In 

addition, a macrophage subset was closely related to these unresolved inflamed 

colon tissue. 

 

M2 macrophage polarization is controlled by HO-1 induction during the 

engulfment of apoptotic colonic epithelial cells 

Macrophages orchestrate restoration of the tissue structure and homeostasis by 

changing their phenotype from pro-inflammatory to pro-resolving state. Macrophage 

reprogramming for tissue repair is promoted by phagocytosing dead cells (4,16,20-

22,39). At all time points of resolution, relative ratios of macrophages engulfing 

colonic epithelial cells showed no significant difference between ZnPP-treated and 

vehicle-treated mice (Fig. 5A). However, the expression of a M2 marker (CD206) 

on macrophages was significantly repressed in ZnPP-treated mice (Fig. 5B). Thus, 

highly accumulated macrophages in the colonic tissue of ZnPP-treated mice (Fig. 

4D) were considered to fail to convert their phenotype toward M2 macrophages 

although they participated in efferocytosis.  

   To confirm the mechanistic dependency on HO-1 in regulating polarization of 

macrophages engulfing dead cells, I conducted an efferocytosis assay in two ways 

by treating normal BMDMs with ZnPP or by using BMDMs isolated from HO-1 

knock out (K/O) mice. As a result, BMDMs treated with colonic epithelial cell debris 

were polarized to a M2 phenotype represented by CD206 expression. The 

polarization of macrophages was abrogated by genetic ablation or pharmacologic 

inhibition of HO-1 (Fig. 5C, D). Therefore, HO-1 is considered a potential mediator 

of M2 macrophage polarization during efferocytosis. 
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Figure 1. 

The resolution of DSS-induced colitis. (A) Experimental scheme for analyzing 

the resolution of DSS-induced murine colitis. (B) Body weight changes. (C) 

Representative photographs of mouse colon and quantification of the colon 

length at each time point during the DSS-induced intestinal inflammation and 

resolution. (D) Representative H&E staining of colonic tissue sections at 4x 

(upper panel) or 20x (lower panel) magnification. Scale bars correspond to 200 

μm. Data are expressed as mean ± SEM.; n = 3-4 per group. *P < 0.05, **P < 

0.01, ***P < 0.001. n.s.; no significance. 
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Figure 2. 

Leukocyte trafficking and polarization of M2 macrophages during the 

resolution of DSS-induced colitis. (A) Gating strategy for analysis of leukocytes 

recruited in colon of normal and DSS-treated mice. (B) Relative ratio of 

infiltrated leukocytes in colonic tissue from the indicated group of mice. (C) 

Representative histograms of flow cytometry and quantitative analysis that 

analyze CD206 expression on F4/80+ macrophages at labeled time points. Data 

are expressed as mean ± SEM.; n = 3-4 per group. *P < 0.05, **P < 0.01, ***P < 

0.001. n.s.; no significance. 
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Figure 3. 

Engulfment of apoptotic epithelial cells upregulates HO-1 expression in 

macrophages. Mice were provided drinking water containing 2% DSS for 7 

days, followed by regular water for 14 days. (A-D) (A) Immunofluorescence of 

myeloid cells phagocytosing epithelial cell debris. Myeloid cells were isolated 

from colon tissue of normal and DSS-treated mice at day 10. (B) Representative 

scatter plots and quantitative analysis of flow cytometry detecting macrophages 

that engulfed colonic epithelial cells at labeled time points with a flow cytometry–

based method. (C) Western blot analysis to detect the expression of HO-1 in 

whole colon tissue. (D) Representative scatter plots of flow cytometry and 

quantitative analysis of HO-1 expression in F4/80+ macrophages at labeled time 

points. (E) BMDMs were cultured with colonic epithelial cells killed by UV 

radiation. (F) Western blot analysis to measure HO-1 expression and its 

transcription factor, Nrf2 in BMDMs phagocytosing apoptotic colonic epithelial 

cells. Data are expressed as mean ± SEM.; n = 3-4 per group. *P < 0.05, **P < 

0.01, ***P < 0.001. n.s.; no significance. 
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Figure 4. 

The inhibition of HO-1 activity delays the resolution of DSS-induced colitis. 

In DSS-treated groups, mice were provided drinking water containing 2% DSS 

for 7 days, followed by regular water for 14 days. Mice were daily injected with 

vehicle or 25 mg/kg bodyweight of ZnPP. (A) Experimental scheme of the 

DSS/ZnPP protocol in mice. (B) Survival rates. (C) Body weight changes. (D) 

Relative ratio of each leukocyte isolated from colonic tissue in labeled group of 

mice. Data are expressed as mean ± SEM.; n = 3-4 per group. *P < 0.05, **P < 

0.01, ***P < 0.001. n.s.; no significance. 
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Figure 5. 

The inhibition of HO-1 activity abrogates the expression of CD206 on 

macrophage phagocytosing apoptotic epithelial cells. (A) Representative 

scatter plots and quantitative analysis of flow cytometry that analyze 

macrophages that engulfed colonic epithelial cells in labeled groups of mice at 

each time point. (B) Representative histograms of flow cytometry and 

quantitative analysis that analyze CD206 expression on macrophages at each time 

point and in each treatment group of mice. (C, D) Flow cytometric analysis of 

CD206 expression on BMDMs treated with apoptotic epithelial cells in two ways 

to examine the role of HO-1 in vitro. (C) BMDMs were treated with a 

pharmacological HO-1 inhibitor, ZnPP, and (D) BMDMs were generated from 

HO-1 K/O mice. Data are expressed as mean ± SEM.; n = 3-4 per group. *P < 

0.05, **P < 0.01, ***P < 0.001. n.s.; no significance. 
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Discussion 

This study shows that HO-1 activity plays a critical role in the resolution of DSS-

induced colitis by modulating macrophage polarization. In acute colitis mice 

administrated with a HO-1 pharmacological inhibitor, ZnPP, the resolution of colitis 

was delayed by decreasing M2 macrophage polarization. Uptake of apoptotic cells 

from inflammatory tissue makes conversion of macrophages to an 

immunosuppressive and pro-resolving phenotype in HO-1 dependent manner. 

   To investigate the pathophysiological features and therapeutic strategies for the 

treatment of inflammatory bowel diseases, several animal models have been 

developed. DSS is the most widely used chemical colitogen. This sulfated 

polysaccharide with highly variable molecular weight is treated to mice as a 

dissolved form in drinking water and thought to induce disruption of intestinal 

epithelial monolayer. The pathological features mimic the superficial inflammation 

seen in ulcerative colitis (35,36,40). 

   The origin of intestinal macrophages is highly dynamic (41). In other organs, 

tissue resident macrophages are not originally derived from monocytes, but rather 

from embryonic progenitors arising from the yolk sac and/or fetal liver. They have 

been known to have a key function in homeostasis and inflammation (41-43). 

However, intestinal macrophages are largely replaced by Ly6Chi monocytes-derived 

macrophages in adulthood (44), implying that embryonic macrophages and BMDMs 

are present together in the gut wall (41). Especially in inflammatory environment 

including DSS-induced colitis model, colonic tissues show intense accumulation of 

monocyte and immature macrophages (41,45,46).   
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   Consistent with these reports, leukocytes dynamics in the present study also 

shows the largely infiltrated myeloid lineage including monocytes, granulocytes and 

macrophages during resolution of DSS-induced colitis, although there is limitation 

that sampled population is expressed by the fold change from normal one. It could 

be modified by converting the results to absolute numbers to verify exact total 

number of the leukocytes in total colonic tissues. 

   In steady state, lamina propria macrophages strongly regulate the adaptive 

immunity by depending on IL-10 secretion (15). They restrict the Th1, Th17 

differentiation and promote the Foxp3+ Treg differentiation to obtain tolerance to 

commensal organisms and food antigens (15). These regulatory T cells have been 

shown to control intestinal inflammation in mice (47). Furthermore, a recent study 

has shown that phagocytosis of apoptotic cells upregulates the co-inhibitory pathway 

of T cell activation on the macrophages (39). Although I demonstrated the 

polarization of macrophages engulfing colonic epithelial cell debris to the M2 

phenotype in the resolution phase, the underlying mechanism of efferocytosis needs 

to be explored in connection with modulation of T cell differentiation in the post-

resolution phase of intestinal inflammation. 

   HO-1 induction was discovered in the cell and tissue where hemoglobin was 

degraded by macrophages, such as spleen, liver, bone marrow and kidney (48). 

Bacterial endotoxins or invasive pathogens can also induce HO-1 expression 

(32,49,50). The present study showed that engulfment of inflammatory apoptotic 

epithelial cells stimulated HO-1 expression in macrophages. HO-1 induction in 

macrophages phagocytosing dead cells was considered to occur as a result of 

oxidative stress (21). In this study, during the resolution of DSS-induced colitis, 

pharmacological inhibition of HO-1 activity altered polarization of macrophages 
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without significantly influencing their ability of efferocytosis (Fig. 5A, B). A recent 

study showed that tumor associated macrophages (TAMs) adapted LC3-associated 

phagocytosis (LAP) to regulate TAM polarization into an anti-inflammatory 

phenotype in response to the engulfment of dying tumor cells (20). This mechanism 

could be applied to macrophages infiltrated in inflamed tissue. They are also 

considered to convert their phenotype into pro-resolving state after phagocytosing 

inflammatory dying cells in LAP dependent manner. Thus, HO-1 induction in 

macrophages during efferocytosis has potential to participate in regulating LAP. In 

other words, HO-1 activity is considered important in intracellular process after 

phagocytosis rather than modulating efferocytotic activity.  

   In summary, I demonstrated that engulfment of apoptotic colonic epithelial cells 

significantly induced HO-1 expression in macrophages. The HO-1 induction plays a 

key role in resolution of DSS-induced colitis by facilitating polarization of 

macrophages phagocytosing apoptotic colonic epithelial cells. 
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요약(국문 초록) 

염증의 해소는 감염 및 손상이 발생한 조직이 항상성을 회복하기 위하여 

여러 단계를 거치는 과정을 포함한다. 그 중 efferocytosis라 불리우는 

세포사멸이 발생한 세포를 청소하는 과정은 염증 환경을 염증 

유도성에서 해소성으로 바꾸는데 필수적인 과정이라고 여겨진다. 

대부분의 죽은 세포 청소 과정은 대식세포에 의해 수행된다. 

Efferocytosis 후에 대식세포는 M2 표현형으로 극성 변화를 

일으킴으로써 면역 억제를 일으키는 신호를 전달하게 된다. 그러나 

efferocytosis에 의한 대식세포 극성 변화의 분자적인 메커니즘은 아직 

뚜렷하지 않다. 이번 연구에서 세포사멸 과정을 거친 대장 상피 세포를 

골수 유래 대식세포에 처리하였을 때 제 1 형 헴산화효소 와 그 

전사인자인 nuclear factor (erythroid-derived 2)-like 2 의 발현이 

증가하는 것을 확인하였다. 또한, 염증 해소에 중요한 인자로 작용하는 

CD206 발현 M2 표현형의 비율도 증가하였다. 이 때, 제 1 형 

헴산화효소가 유전자적으로 Knock out 된 쥐에서 유래된 골수 유래 

대식세포의 경우와 제 1형 헴산화효소의 활성을 약물학적으로 억제한 

경우에는 같은 조건의 세포사멸된 대장 상피 세포의 처리에도 

대식세포의 CD206 발현이 현저하게 감소하였다. Dextran sulfate sodium 

(DSS) 은 대장 상피세포를 손상시킴으로써 대장염을 유발하는 약물이다. 

7일동안 DSS를 처리한 후 유발된 대장염의 염증 해소를 관찰한 결과 

3일 후 제 1형 헴산화효소의 발현이 증가하는 것을 확인하였다.  제 

1형 헴산화 효소의 활성을 억제하는 약물인 Zinc (Ⅱ) protoporphyrin을 
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염증 해소 기간 동안 투여할 경우, 생존률의 급격한 감소와 함께 조직 

내로 침투한 과립구와 골수성 면역세포를 포함한 백혈구의 수치가 정상 

수치로 감소하지 않았다. M2 표현형 대식세포의 CD206을 발현하는 양 

또한 감소하였다. 이러한 결과는 대장염의 해소가 제 1형 헴산화효소에 

의하여 조절될 수 있음을 시사한다. 결론적으로 efferocytosis 가 

발생하는 과정에서 유도된 제 1 형 헴산화효소는 대식세포의 극성을 

조절함으로써 DSS로 유발된 대장염의 해소를 완화하는데 중요한 역할을 

한다고 여겨진다. 

 

주요어 : 급성 대장염,  Efferocytosis, M2 표현형 대식세포, 염증 해소 
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