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ABSTRACT 

 

Protective effects of 17-oxo-docosahexaenoic acid 

and taurine chloramine on experimentally 

induced inflammation and carcinogenesis 

 

SEONG HOON KIM 

 

Under the supervision of Professor Young-Joon Surh 

at the College of Pharmacy, Seoul National University 

 

Taurine protects tissues from oxidative damage and inflammation through 

up-regulation of anti-oxidant and anti-inflammatory gene expression and 

accelerates the biological and structural repair of damaged tissues. During the 

oxidative burst, hydrogen peroxide (H2O2) is produced, which is converted to 

highly reactive hypochlorous acid (HOCl) by the myeloperoxidase activity of 

the activated neutrophils in the presence of chloride ion. HOCl has 

bactericidal activity, but at the site of acute inflammation, but it can also be 

detrimental to host. At the inflamed site, taurine reacts with residual HOCl, 

resulting in the formation of taurine chloramine (TauCl). From previous 

studies, TauCl is known to inhibit the production of pro-inflammatory 



ii 

mediators of tissue damage, such as chemokines and cytokines in various cells 

and tissues. 

In this study, I investigated the protective effect of TauCl against colitis 

caused by 2,4,6-trinitrobenzene sulfonic acid (TNBS). TauCl administration 

attenuated oxidative stress as assessed by 4-hydroxy-2-nonenal (4-HNE) 

production and expression/production of pro-inflammatory factors such as 

tumor necrosis factor-α, interleukin- 6, and cyclooxygenase-2 (COX-2). TauCl 

also inhibited the activation of two key transcription factors, NFκB and 

STAT3 mediating pro-inflammatory signaling. Specifically, the protective 

effects of TauCl against oxidative stress and inflammation in the colon of 

TNBS-treated mice were associated with increased activation of Nrf2 and 

upregulation of its target genes and proteins. 

  To further elucidate the protective role of TauCl under inflammatory 

conditions, an experimentally induced murine dermatitis model was 

employed. Excessive exposure to solar radiation, especially ultraviolet rays, 

causes extensive photodamage, a major cause of dermatitis and skin cancer. 

Upon irradiation of ultraviolet B (UVB) at an intensity of 180 mJ/cm2 induced 

oxidative damage and cell death in the epidermis of mice. These symptoms 

were alleviated through the topical application of TauCl. In addition, the 

UVB-induced expression of pro-inflammatory cytokines was lower in the skin 

of TauCl treated mice than that of the vehicle-treated control group. 

 The anti-inflammatory effects of TauCl are related to the inhibition of 

STAT3 signaling with concomitant activation of Nrf2 and induction of 
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antioxidant enzymes such as heme oxygenase-1 and NAD(P)H:quinone 

oxidoreductase 1. Taken together, these results suggest that TauCl exerts 

protective effects against colitis and dermatitis through the upregulation of 

Nrf2-dependent cytoprotective gene expression while downregulation of 

proinflammatory signaling mediated by NFκB and STAT3. 

Docosahexaenoic acid (DHA) is one of the prototype omega-3 (ω-3) 

polyunsaturated fatty acids and has been reported to inhibit inflammatory and 

carcinogenic processes. 17-Oxo-DHA is an electrophilic fatty acid metabolite, 

produced from DHA via a series of steps involving COX-2 and 

dehydrogenase in activated macrophages. 17-Oxo-DHA was found to play an 

important role in UVB-induced dermatitis and photocarcinogenesis. In the 

present study, it was confirmed that UVB-induced phosphorylation of Tyr705, 

which is essential for the activation of STAT3, was inhibited by topically 

applied 17-oxo-DHA in mouse skin in vivo. Topical application of 17-oxo-

DHA reduced the expression of oxidative stress markers in UVB-irradiated 

mouse skin. These protective effects were associated with the inhibition of 

inflammatory cytokines and acceleration of the resolution of inflammation 

through activation of Nrf2 and concurrent upregulation of anti-inflammatory 

and antioxidant proteins.  

Macrophages play an essential role in the resolution of inflammation by 

exerting the phagocytic activity. Treatment with 17-oxo-DHA enhanced the 

engulfment of dead epidermal cells by macrophages. These effects were 

attributable to increased expression of the scavenger receptor, CD36 induced 
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by Nrf2. In conclusion, 17-oxo-DHA inhibits oxidative stress and 

inflammation as well as enhances the efferocytosis activity of macrophages to 

accelerate the resolution phase. These effects were associated with elevated 

expression of antioxidant and anti-inflammatory/proresolving proteins via the 

activation of the Nrf2 signal pathway. Thus, 17-oxo-DHA is an endogenous 

molecule with the potential as a therapeutic agent to alleviate inflammatory 

symptoms. 
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Potential 
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1. Introduction 

Inflammation is an immediate host response to microbial infection and 

mechanical injury, ultimately aimed to restore the tissue function and structure 

[1, 2]. This response is referred to as the innate-adaptive immune response 

which represents a major essential element of the host's defense system [3, 4]. 

Innate immunity serves as the first line of defense against noxious stimuli. It 

provides the necessary signals to direct the adaptive immune system to initiate 

a response after recognizing an external harmful substance [5]. In addition to 

the innate immune responses, the inflammatory response is accompanied by 

the infiltration of adaptive immune cells that convey specific immune 

responses to antigens by T cells and B cells which are differentiated into 

plasma cells with specific antibody production [6]. 

In contrast to acute or physiological inflammation which is health 

beneficial, prolonged inflammation leads to undesirable consequences, which 

are implicated in the pathogenesis of various chronic diseases. In addition to 

the accumulation of monocyte-derived macrophages and lymphocytes, this 

long-term reaction to an inflammatory stimulus is characterized by changes in 

wound healing functions, such as the proliferation of fibroblasts and blood 

vessels. The therapeutic strategy of chronic inflammation is hence important 

in the management of autoimmune diseases including, rheumatoid arthritis, 

atherosclerosis, asthma, psoriasis, and cancer. [7-9]. 
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 Acute inflammation is an essential protective response to injury or 

infection, and its timely initiation and resolution are critical for restoring 

tissue homeostasis [10]. The response is a coordinated effort of multiple cell 

types that work together to eliminate pathogens and promote tissue repair 

(Fig. 1). The process can be divided into two phases: initiation and resolution. 

The involvement and regulation of intrinsic mechanisms are essential for this 

type of self-limiting inflammatory response [11]. Acute inflammation requires 

constant activation of the adaptive immune system, so it is vital to precisely 

reinforce the resolution of inflammation [12-14]. 

Chemoprevention is defined as a pharmacological approach used to 

inhibit, retard, or even revserse the multi-stage carcinogenesis. Many fruit- 

and vegetable-derived substances, collectively termed phytochemicals, have 

anti-inflammatory and antioxidant properties which contribute to their 

chemopreventive potential [15], and various in vitro/in vitro studies have been 

conducted to assess their chemopreventive effects [16-19]. Many natural 

compounds have shown the ability to potentiate cellular antioxidant and anti-

inflammatory defense, which is mainly mediated by Nrf2, without cytotoxic 

effects in a normal state. Although activation of anti-inflammatory as well as 

antioxidant signaling by Nrf2 [20-22] has been extensively investigated, its 

involvement in resolution of inflammation remains poorly understood.  

A series of endogenous proresolving mediators, including resolvins and 

maresins, have been identified [23] and their therapeutically applicable forms 
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have been or are being developed. By accelerating the resolution of 

inflammation beyond simple inhibition of a chronic inflammatory process, 

these endogenous fire extinguishers may exert cancer chemopreventive effects 

as well. In this thesis, I investigated the chemoprorective and 

chemopreventive effects of two endogenously formed antioxidant and anti-

inflammatory substances, taurine chloramine and 17-oxo-docosahexaenoic 

acod in relation to the resolution of inflammation. 

 

2. NF-κB and STAT3 as two representative proinflammatory signaling 

molecules 

NF-κB is a redox-sensitive transcription factor that regulates inflammatory 

responses and immune processes. NF-κB is composed of five functional 

members, including NF-κB1 (p50), NF-κB2(p52), RelA (p65), RelB, and c-

Rel. Under normal physiologic conditions, NF-κB is kept inactive in the 

cytoplasm by binding to IκB protein [24, 25]. The activation of NF-κB 

involves two pathways: the canonical and noncanonical (Fig. 2). The 

canonical pathway responds to proinflammatory stimuli such as tumor 

necrosis factor-alpha (TNFα) and interleukin 1β (IL-1β). The activation of the 

IκB kinase (IKK) complex, consisting of IKKα, IKKβ catalytic subunits and 

IKKγ regulatory subunit, triggers phosphorylation of IκB and its subsequent 

degradation through ubiquitination, leading to nuclear translocation of NF-κB. 

In contrast, the non-canonical NF-κB pathway is activated through IKKα-
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mediated processing of the inactive p100 protein into its active form p52. 

IKKα is a crucial component of this pathway [26]. 

Signal transducer and activator of transcription 3 (STAT3) is a member of 

the STAT family and involved in the proinflammatory responses in various 

disease including brain injury [27], dermatitis [28], colitis [29], and even 

cancer [30, 31]. Activation of STAT3 proceeds through overexpression or 

sustained induction of growth factor receptors and cytokine receptors related 

to the Janus kinase family and is referred to as the intrinsic pathway. In 

addition, the extrinsic pathway is activated through these receptors and non-

receptor tyrosine kinases by environmental factors such as stress, ultraviolet 

rays, and various infections [32]. The activated tyrosine kinases in both 

intrinsic and extrinsic pathways phosphorylate STAT3 on tyrosine kinase 705. 

This results in the formation of a dimer that translocates to the nucleus and 

regulates gene expression. STAT3 upregulates genes encoding proteins 

involved in cell cycle progression (e.g., Cyclin D1) and survival (e.g., 

survivin), and also those associated with cancer-promoting inflammation, 

such as IL-6 and COX-2 [33, 34]. Therefore, inhibition of STAT3 activation is 

recognized as an important preventice/therapeutic approach in the 

management of inflammation-associated cancer, while reducing the severity 

of apoptosis and restoring tissue homeostasis. 
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3. Taurine chloramine  

Taurine is one of the most abundant free amino acids in the body, 

accounting for about 0.1% of body weight in most mammals [35]. Taurine 

was initially considered an inactive endpoint metabolite of a simple sulfur-

containing amino acid, but later studies revealed that it has diverse 

physiological functions [36-38]. It is known to be involved in osmotic 

pressure regulation, membrane stabilization, reproduction, and detoxification 

and also has anti-inflammatory and protective effects against oxidative stress 

and cytotoxicity [39-42]. 

When inflammation occurs due to external stimuli or oxidative stress, the 

primary defense proceeds through neutrophils which accumulate in the 

inflamed sites, engult invading microorganisms, and kills them with oxidizing 

agents and bactericidal proteins [43, 44]. Neutrophils that swallow the 

invading microorganism activate nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase to form a superoxide anion (O2
-), which is then 

converted to hydrogen peroxide (H2O2) by superoxide dismutase. Hydrogen 

peroxide also has a strong sterilization ability. It is converted into substances 

with more vital sterilization ability, such as hypochlorite (HOCl/OCl-) in the 

presence of chloride ion by myeloperoxidase (MPO) overexpressed in the 

activated neutrophils [43, 45, 46].  

Though HOCl can fight microbial infection due to its bactericidal and other 

cytotoxic activities, its excessive production can also be detrimental to the 
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host. Taurine, as a trap for excessive HOCl, forms taurine chlroramine, which 

is more stable and less toxic than HOCl. Notably, taurine chlroramine has a 

strong anti-inflammatory as well as antioxidant activity [47, 48, 62] 

The accumulation of taurine chloramine in neutrophils is increased 

within an acceptable range upon inflammation. These results suggest that 

inhibition of oxidative stress by taurine chloramine in activated phagocytic 

cells such as neutrophils and macrophages may result from its inhibitory 

effect on the assembly of functional NADPH oxidase, which may then serve 

as a self-limiting protective mechanism. Thus, the generation of taurine 

chloramine plays an essential role in the cytoprotective effects of phagocytic 

cells against inflammatory damage by inhibiting secondary oxidative damage 

by ROS and hypochlorite. According to previous studies, taurine chloramine 

released from apoptotic neutrophils at inflamed sites increases efferocytic 

activity via upregulation of Nrf2-mediated HO-1 expression. Especially, 

treatment of macrophages with carbon monoxide, the byproduct of HO-1 

catalyzed reaction, also enhanced the taurine chloramine-induced 

phagocytosis [49, 50]. All these results suggest that taurine chloramine has 

pronounced pro-resolving and anti-inflammatory effects (Table 1), and has a 

therapeutic potential as a regulator of inflammatory disorders.  
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4. 17-Oxo-docosahexaenoic acid (17-Oxo-DHA) 

   Dietary omega-3 polyunsaturated fatty acids (n−3 PUFAs) are known to 

alleviate various inflammatory disorders, including cardiovascular and asthma 

[51-53]. Docosahexaenoic acid (C22:6, DHA), one of the representative 

omega-3 fatty acids, is converted to a hydroxy and ketone derivative, 17-oxo-

DHA by COX-2 and dehydrogenase activities, which protects cells from 

oxidative stress and inflammatory damage [54]. 17-Oxo-DHA and other 

electrophilic fatty acid metabolites can directly react with proteins through 

Michael reaction to modulate their activity [55].  

As previously mentioned, 17-oxo-DHA is an endogenous electrophilic α,β-

unsaturated ketone derivative of DHA produced by activated macrophages. 

The efficacy of 17-oxo-DHA has been evaluated against chronic diseases and 

inflammatory responses (Table 2). This substance induces expression of an 

anti-inflammatory enzyme, HO-1 in mouse skin in vivo and cultured murine 

epidermal cells [56] through activation of Nrf2. In expoloring the 

proresolving effects of 17-oxo-DHA, I found the association between Nrf2 

and CD36 by using Nrf2 knockout and wildtype mice. In addition, 17-oxo-

DHA treatment enhanced the efferocytic activity of bone marrow-derived 

macrophages by increasing the expression of CD36 (S.-H. Kim & Y.-J. Surh, 

unpublished observation). Based on these findings, I extended the work to a 

long-term in vivo experiment to evaluate the chemoprevemtive effects of 17-

oxo-DHA on inflammation-associated carcinogenesis.   
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5. Regulation of the Nrf2 signaling pathway through taurine chloramine 

and 17-oxo-DHA 

Under normal conditions, the redox-sensitive transcription factor Nrf2 binds 

to Keap1 to form a structural complex in the cytoplasm. When cells are 

exposed to various internal/external stimuli and stresses, cysteine thiol 

residues present in Keap1 undergo oxidative modification, which promotes 

the dissociation of Nrf2 [57, 58]. Nrf2 released from Keap1 translocates to the 

nucleus and binds to a DNA sequence known as an antioxidant element 

(ARE). This binding increases the expression of Nrf2 target proteins such as 

HO-1, NADPH:quinone oxidoreductase and thioredoxin [59-61]. 

It was confirmed that taurine chloramine and 17-oxo-DHA promote the 

nuclear translocation of Nrf2 and increase the expression of antioxidant and 

anti-inflammatory enzymes and other cytoprotective proteins [56]. The 

treatment with taurine chloramine upregulates cytoprotective gene expression 

through Nrf2 activation in mouse skin and colon [62, 63]. In addition, an 

increase in Nrf2 expression was confirmed in TauCl treated macrophages. 

This contributed to resolution of inflammation through phagocytosis [50].  

Previous studies demonstrated the molecular mechanisms underlying 

Nrf2-mediated induction of cytoprotective effects upon 17-oxo-DHA 

treatment [56]. In addition, compared to the non-electrophilic precursor DHA, 

17-oxo-DHA is a more potent activator of Nrf2 in inducing expression of 

antioxidant/anti-inflammatory proteins (Table3).  
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Figure 1-1. Differences between acute and chronic inflammation.  
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Figure 2-1. NF-κB signaling: Canonical and noncanonical pathways. 
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Table 1 Effects of taurine chloramine on the anti-inflammation pathway 

Cell and Tissue Stimuli Effects References 

Lymphocytes (Isolated 

from rats) 

Concanavalin A ↓ The expression level of TNFα [64] 

Murine macrophages 

(RAW 264.7, Primary) 

Zymosan A ↑ Phagocytic activity [65] 

Mouse bone marrow 

cells 

Lipopolysaccharide 

(LPS)  

↓ LPS-induced TNFα, IL-1β [66] 

Murine macrophages 

(RAW 264.7) 

Zymosan, IFN-γ ↓ Production of NO and TNFα [67] 

Human adipose tissue Lipopolysaccharide 

(LPS),  

↓ Induction of IL-6, TNFα, and IL-

8 

[68] 

Mouse lung tissue Lipopoysaccharide 

(LPS) 

↓ LPS-induced IL-6 [69] 

Mouse lung tissue Lipopolysaccharide 

(LPS) 

↓ LPS-induced IL-6, TNFα [70] 

Mouse skin tissue Ultraviolet B (UVB) ↓ The expression of COX-2, iNOS 

and proinflammatory cytokines 

[63] 

Mouse colon tissue 2,4,6-Trinitrobenzene 

sulfonic acid (TNBS) 

↓ Production of COX-2 and 

activation of STAT3 

[62] 

Mouse arthritis model Bovine type II collagen ↓ Infiltration of inflammatory cells 

and synovial cells 

[71] 
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Table 2 Effects of 17-oxo-DHA on the anti-inflammation pathway 

Cell Stimuli Effects References 

Human macrophages 

(THP-1) 

Cigarette smoke 

extract (CSE) 

↓ CSE-induced TNFα, IL-1β [72] 

  ↓ CSE-induced ROS generation  

Bronchial epithelial cell 

(16HBE) 

Lipopolysaccharide 

(LPS) 

↓ LPS-induced TNFα, IL-1β [72] 

Human macrophages 

(THP-1) 

Lipopolysaccharide 

(LPS),  

↓ LPS-induced TNFα, IL-1β [66] 

Human macrophages 

(THP-1) 

Ca2+ ionophore ↓ Production of 5-HETE and LTB4 [73] 

 

 

 

 

Table 3 Effects of 17-oxo-DHA on the antioxidant pathway 

Model of studies Cell and Tissue Effects References 

Cell culture studies Human non-small 

cell lung cancer 

(NSCLC) cell lines 

↓ Cell proliferation [74] 

  ↑ Induction of apoptosis and 

expression of caspase-8, caspase-3/7 

 

 Mouse epidermal 

cell (JB6 Cl 41) 

↑ Regulation of Nrf2 and Nrf-mediated 

signaling 

[56] 

Animal studies SKH1-Hrhr mice ↑ Nuclear translocation of Nrf2 and 

induction of Nrf-mediated proteins 

[56] 
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STATEMENT OF PURPOSE 

 

Although many research papers have reported the protective effect of TauCl, 

the detailed signaling mechanism, including the expression of pro-

inflammatory enzymes in colitis and dermatitis, still needs to be solved. While 

studying the cytoprotective effects of metabolites against acute inflammation, 

I focused on lipid metabolites, one of that is omega-3 fatty acids. It was 

confirmed that a small amount of 17-oxo-DHA was generated after DHA 

treatment. Other groups have conducted in vitro studies using 17-oxo-DHA, 

but there is no report on animal experiments. Previous studies in our 

laboratory confirmed the antioxidant effect of 17-oxo-DHA in mouse 

epidermis and cultured murine epidermal cells. This prompted me to explore 

the possible protective effect of this antioxidative and anti-inflammatory 

bioactive fatty acid metabolite against UVB-induced dermatitis and 

photocarcinogenesis. 

Consequently, this study aims to investigate whether the up-regulation of 

anti-inflammatory/antioxidant protein induced by the administration of TauCl 

and 17-oxo-DHA can contribute to protective effects against experimentally 

induced inflammation-associated disorders and to elucidate the underlying 

molecular mechanisms. 
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Chapter Ⅱ 

 
Protective Effects of Taurine Chloramine on 

Experimentally Induced Colitis: NFκB, STAT3, and Nrf2 

as Potential Targets 
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1. Abstract 

Taurine chloramine (TauCl) is an endogenous anti-inflammatory substance 

which is derived from taurine, a semi-essential sulfur-containing β-amino acid 

found in some foods including meat, fish, eggs and milk. In general, TauCl as 

well as its parent compound taurine downregulates production of tissue-

damaging proinflammatory mediators, such as chemokines and cytokines in 

many different types of cells. In the present study, we investigated the 

protective effects of TauCl on experimentally induced colon inflammation. 

Oral administration of TauCl protected against mouse colitis caused by 2,4,6-

trinitrobenzene sulfonic acid (TNBS). TauCl administration attenuated 

apoptosis in the colonic mucosa of TNBS-treated mice. This was 

accompanied by reduced expression of an oxidative stress marker, 4-hydroxy-

2-nonenal and proinflammatory molecules including tumor necrosis factor-α, 

interleukin-6 and cyclooxygenase-2 in mouse colon. TauCl also inhibited 

activation of NFκB and STAT3, two key transcription factors mediating 

proinflammatory signaling. Notably, the protective effect of TauCl on 

oxidative stress and inflammation in the colon of TNBS-treated mice was 

associated with elevated activation of Nrf2 and upregulation of its target 

genes encoding heme oxygenase-1, NAD(P)H:quinone oxidoreductase, 

glutamate cysteine ligase catalytic subunit, and glutathione S-transferase. 

Taken together, these results suggest that TauCl exerts the protective effect 

against colitis through upregulation of Nrf2-dependent cytoprotective gene 



２４ 
 

expression while blocking the proinflammatory signaling mediated by NFκB 

and STAT3. 

 

Keywords 

Taurine; Taurine chloramine; Colitis; Heme oxygenase-1; 2,4,6-

Trinitrobenzene sulfonic acid; NFκB; STAT3; Nrf2 
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2. Introduction 

  Inflammatory bowel disease belongs to a distinct group of disorders 

characterized by prolonged systemic inflammation in the digestive tract. 

Crohn’s disease (CD), together with ulcerative colitis (UC), represents a 

prototypic form of inflammatory bowel disease (IBD). CD commonly affects 

the tail end of the small intestine (the ileum) and proximal colon while UC 

involves inflammation of the large intestine [1]. The pathogenesis of CD as 

well as UC involves complex interactions among environmental factors, 

dysregulated immune response, gut microbiota, and disease susceptibility 

genes [2,3].  

Chronic transmural inflammation of the intestinal wall provokes aberrant 

activation of the immune system. The hyper-reactive immune response often 

accompanies massive intracellular production of reactive oxygen species 

(ROS) with a concomitant decrease in the antioxidant defense. The resulting 

imbalance between ROS production and the antioxidant capacity causes 

oxidative stress [3]. Oxidative stress leads to mucosal layer damage and 

bacterial invasion, which in turn further stimulate the immune response. This 

amplifies a pathogenic cascade and exacerbates colonic inflammation [2]. 

While much effort has been directed at clinical trials to help CD, the disease is 

still incurable.  

2,4,6-Trinitrobenzene sulfonic acid (TNBS)-induced inflammation in 

mouse colon is one of the most commonly utilized animal models that 
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replicate human CD [4–6]. In this model, intrarectal administration of TNBS 

produces symptoms similar to that of CD. These include bloody diarrhea, 

rectal bleeding, body weight loss, large bowel wall thickening, more diffuse 

intestinal inflammation, occasional adhesions, fibrosis, vascularized 

ulceration, etc. [5,6]. This experimental model has provided valuable insights 

to the molecular basis of the disease development and progression and also 

the preclinical testing of various anti-inflammatory and/or anti-oxidative 

compounds in regards to their potential to prevent the development or delay 

the progress of CD [5].  

Despite remarkable progress in our understanding of the pathophysiology 

of CD, a cost effective and efficacious therapy has yet to be developed. 

Considering oxidative stress and inflammatory damage as prime etiological 

factors for CD, search for safe and easily accessible substances with 

pronounced antioxidant and anti-inflammatory activities can be a pragmatic 

approach in the management of the disease. Taurine, an amino sulfonic acid, 

is one such candidate. It is abundant in muscle meat (e.g., chicken and beef), 

fish (salmon) and eggs. Taurine has a wide spectrum of biological functions, 

such as conjugation of bile acids, antioxidation, osmoregulation, membrane 

stabilization, and modulation of calcium signaling [7].  

Taurine reaches particularly high concentrations in some immune cells of 

inflamed tissues exposed to elevated levels of oxidants (e.g., neutrophils 

undergoing oxidative burst). This suggests that taurine may have a vital role in 

https://www.urmc.rochester.edu/encyclopedia/content.aspx?contenttypeid=19&contentid=Taurine
https://en.wikipedia.org/wiki/Bile_acid
https://en.wikipedia.org/wiki/Antioxidant
https://en.wikipedia.org/wiki/Osmoregulation
https://en.wikipedia.org/wiki/Membrane_stabilizing_effect
https://en.wikipedia.org/wiki/Membrane_stabilizing_effect
https://en.wikipedia.org/wiki/Calcium_signaling
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inflammation associated with oxidative stress. Indeed, at the site of 

inflammation, taurine reacts with and neutralize hypochlorous acid generated 

by the myeloperoxidase (MPO)-hydrogen peroxide (H2O2)-halide system of 

the neutrophils. This reaction results in the formation of less toxic, but 

biologically active taurine chloramine (TauCl) [8]. The antioxidative and anti-

inflammatory properties of TauCl have been reported [9–11]. In this study, we 

investigated the effects of TauCl on TNBS-induced murine colitis and 

underlying molecular mechanisms. 

 

 

 

 

 

 

 

  



２８ 
 

3. Materials and Methods 

Materials  

TauCl as a crystalline sodium salt (MW 181.57) was prepared as described 

previously [12]. Primary antibodies for protein modified with 4-

hydroxynonenal (4-HNE) was purchased from Japan Institute for the Control 

of Aging (JaICA), Nikken SEIL Co., Ltd. (Shizuoka, Japan). Primary 

antibodies for cyclooxygenase-2 (COX-2), Signal transducer and activator of 

transcription (STAT3), phospho-STAT3Y705, cyclin D1, α-tubulin, Kelch-like 

ECH-associated protein 1 (Keap1) and lamin B1 were provided by Cell 

Signaling Technology (Danvers, MA, USA), and those for Nrf2 and heme 

oxygenase-1 (HO-1) were supplied from Abcam (Cambridge, MA, USA) and 

Enzo Life Sciences (Farmingdale, NY, USA), respectively. Nuclear factor-κB 

(NFκB) p65 and phospho-NFκB p65 were obtained from Santa Cruz 

Biotechnology (Dallas, TX, USA). Antibodies for caspase-3 & cleaved 

caspase-3 were purchased from Cell Signaling Technology (Danvers, MA, 

USA). 

 

Animals 

Male C57BL/6 mice (5 to 6 weeks of age) were purchased from Orient Bio 

Inc. (Seongnam-si, South Korea). Mice were housed in plastic cages under 

controlled conditions of temperature (23 ± 2 °C), humidity (50 ± 10%) and 

light (12/12 h light/dark cycle). All animal experiments were complied with 
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the Guide for the Care and Use of Laboratory Animals and approved by the 

Institutional Animal Care and Use Committee (IACUC) at Seoul National 

University (IACUC number; SNU-170823-2-2). 

 

TNBS-Induced Colitis in Mice 

Mice were anaesthetized with ketamine and xylazine. Colitis was induced by 

intrarectal administration of 2.5% TNBS (Sigma-Aldrich; St. Louis, MO, 

USA) in 50% ethanol via a thin round-tip needle equipped with a 1 ml 

syringe, and the animals were then kept in a vertical position for 30 s. The 

total injection volume was 100 μL. TauCl (20 mg/kg/day) was given by 

gavage for 10 days before induction of colitis and thereafter until the end of 

the study. The mice were euthanized 3 days after TNBS administration. The 

colons were removed, opened longitudinally and washed with phosphate-

buffered saline (PBS). Immediately after washing, an inflamed segment was 

cut for histopathological examination, whereas another portion was flash 

frozen in liquid nitrogen and kept at −70 °C until use.  

 

Macroscopic Assessment 

After 3 days of TNBS administration, the body weight of mice was measured 

every day. Disease activity index (DAI) was determined as the sum of scores 

of weight loss, rectal bleeding and stool consistency. Collected colon tissues 

were cut longitudinally, and the colon length was measured.  
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Histology  

The mice were euthanized 3 days after TNBS administration. The isolated 

colons were washed with PBS. Immediately after washing, an inflamed 

segment was cut for histopathological examination, whereas another portion 

was flash frozen in liquid nitrogen and kept at −70 °C until use. Specimens of 

distal parts of the colon were fixed with 10% phosphate buffered formalin, 

and embedded in paraffin. Each section was stained with hematoxylin and 

eosin (H&E). The fixed sections were examined by light microscope (Nikon; 

Tokyo, Japan) for the presence of lesions.  

 

Measurement of MPO Activity 

The MPO activity in mouse colon tissues was measured by using the 

Myeloperoxidase Colorimetric Activity Assay Kit (Sigma-Aldrich; St. Louis, 

MO, USA) according to the manufacturer’s instructions.  

 

Immunohistochemical Analysis 

Immunohistochemical analysis of 4-hydroxy-2-nonenal (4-HNE)-modified 

protein was performed according to the standard protocols. Briefly, the freshly 

dissected colon tissues were fixed with 10% formalin, and the tissue block 

was embedded in paraffin. The paraffin-embedded tissues sections (5 μm 

thick) were then deparaffinised in xylene and transferred through graded 
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ethanol for rehydration. Using microwave, the deparaffinized and rehydrated 

sections were heated twice for 6 min each in 10 mM citrate buffer (pH 6.0) for 

antigen retrieval. To extinguish endogenous peroxidase activity and diminish 

background staining, each section was treated with 3% hydrogen peroxide and 

4% peptone casein blocking solution for 15 min. The slides were incubated 

with diluted primary antibody at room temperature for 40 min in Tris-HCl-

buffered saline containing 0.05% Tween 20. After removing antibody solution 

and washing three times, the sections were incubated with horseradish 

peroxidase-conjugated mouse secondary antibody (Dako; Glostrup, 

Denmark). The tissues were treated with 3,3′-diaminobenzidine 

tetrahydrochloride substrate solution to reveal the color of stained antibody. 

Finally, counterstaining was carried out using Mayer’s hematoxylin. 

 

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) 

Assay 

Apoptotic DNA fragmentation was detected by the TUNEL assay with the 

ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Chemicon; Temecula, 

CA, USA). The isolated colon tissues were rinsed with PBS, and fixed in 10% 

buffered formalin (Sigma-Aldrich; St. Louis, MO, USA) for the TUNEL 

assay. The apoptotic cells were visualized by light microscope (Nikon; Tokyo, 

Japan).  
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Immunofluorescence Staining 

Colorectal specimens were fixed, paraffin-embedded and sectioned, and the 

sections were deparaffinized and rehydrated by serial washes with graded 

xylene and alcohol. For immunofluorescence staining, tissue sections were 

boiled in 10 mM sodium citrate (pH 6.0) for antigen retrieval, subjected to 

serial washing and permeabilized for 45 min at room temperature using 0.2% 

Triton X-100 in PBS and blocked with 3% bovine serum albumin (BSA) in 

PBS for 1 h at room temperature. The tissue sections were stained with 

primary antibodies for p65, p-p65, STAT3 and p-STAT3 (Cell Signaling 

Technology; Danvers, MA, USA) diluted at 1:250 in 3% BSA overnight at 

4 °C. After washing three times each 5 min to remove primary antibodies, 

tissues were incubated with appropriate secondary antibodies. Nuclei were 

counterstained with DAPI (Invitrogen; Carlsbad, CA, USA). 

Immunofluorescence images were collected on a fluorescence microscope 

(Nikon; Tokyo, Japan). 

 

Tissue Lysis and Protein Extraction 

Colon tissues were homogenized with the 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 μg/mL 

leupeptin] including ethylenediaminetetraacetic acid (EDTA)-free protease 

inhibitor cocktail tablet and 1 mM phenylmethyl sulfonylfluoride (PMSF)] in 
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ice bath. The whole lysates were voltexed every 10 min for 3 h on the ice. The 

supernatants were collected and kept at −70 °C until use. 

 

Preparation of Cytosolic and Nuclear Extracts 

For preparation of cytosolic extraction, tissues were homogenized with buffer 

A [10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 

7.8), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol (DTT), 0.2 mM 

PMSF] followed by vortex every 10 min for 3 h in ice bath. The lysates were 

mixed with 10% Nonidet P-40 (NP-40) 30 min before centrifuge. After 

centrifugation at 13,000 g for 15 min, the supernatants (the cytosolic extracts) 

were collected. Precipitated pellets were washed with buffer A containing 

10% NP-40 three times to remove a residual cytosolic fraction. Nuclear 

pellets were resuspended in buffer C [20 mM HEPES, pH 7.8, 420 mM NaCl, 

1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF and 20% 

Glycerol]. The nuclear lysates were voltexed every 10 min for 1 h, followed 

by centrifugation at 13,000 g for 15 min. The supernatants (nuclear extracts) 

were collected and stored at −70 °C until use. 

 

Western Blot Analysis  

The total protein concentration was measured by using the PierceTM BCA 

Protein Assay Kit (Thermo Fisher Scientific; Rockford, IL, USA). Protein 

lysates (20 μg) were electrophoresed by SDS-polyacrylamide gel 
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electrophoresis (PAGE) and transferred to the polyvinylidene difluoride 

membrane (Gelman Laboratory; Ann Arbor, MI, USA). The blots were 

blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.1% 

Tween 20 (TBST) for 1 h at room temperature. The membranes were 

incubated overnight at 4 °C with diluted primary antibodies. The blots were 

rinsed three times with TBST buffer for 10 min each. Washed blots were 

incubated with 1:5000 dilution of respective horseradish peroxidase-

conjugated secondary antibodies (Invitrogen; Carlsbad, CA, USA) for 1 h and 

washed again three times with TBST buffer. The proteins were visualized with 

an enhanced chemiluminescence detection kit (Absignal) (Abclon; Seoul, 

South Korea) and LAS-4000 image reader (Fujifilm; Tokyo, Japan). 

 

Reverse Transcription-Polymerase Chain Reaction Analysis (RT-PCR) 

Total RNA was isolated from mouse colon tissues using TRIzol® reagent 

(Invitrogen; Carlsbad, CA, USA) according to the manufacturer’s protocol. To 

synthesize the complementary DNA (cDNA), 1 μg of total RNA was reverse 

transcribed with murine leukemia virus reverse transcriptase (Promega; 

Madison, WI, USA) for 50 min at 42 °C and again for 15 min at 72 °C. About 

1 μL of cDNA was amplified with a SolgTM 2X Taq PCR Smart mix (SolGent 

Co., Ltd.; Daejeon, South Korea) in sequential reactions. The primers used for 

each RT-PCR reactions are as follows: tnf-α, 5′-TGA ACT TCG GGG GTG 

ATC GGT C-3′ and 5′-AGC CTT GTC CCT TGA AGA GAA-3′; il-6, 5′-AGT 
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TGC CTT CTT GGG ACT GA-3′ and 5′-TCC ACG ATT TCC CAG AGA 

AC-3′; cox-2, 5′-CTG GTG CCT GGT CTG ATG ATG-3′ and 5′-GGC AAT 

GCG GTT CTG ATA CTG-3′; actin, 5′-AGA GCA TAG CCC TCG TAG AT-

3′ and 5′-CCC AGA GCA AGA GAG GTA TC-3′; ho-1, 5′-TAC ACA TCC 

AAG CCG AGA AT-3′ and 5′-GTT CCT CTG TCA GCA TCA CC-3′; nqo1, 

5′-AGG ATG GGA GGT ACT CGA ATC-3′ and 5′-AGG CGT CCT TCC TTA 

TAT GCT A-3′; gclc, 5′-GGC TAC TTC TGT ACT AGG AGA GC-3′ and 5′-

TGC CGG ATG TTT CTT GTT AGA G-3′; gss, 5′-CCC ATT CAC GCT TTT 

CCC CT-3′ and 5′-GGG CAG TAT AGT CGT CCT TTT TG-3′; nrf2, 5′-CTT 

TAG TCA GCG ACA GAA GGA C-3′ and 5′-AGG CAT CTT GTT TGG 

GAA TGT G-3′ (forward and reverse, respectively). Amplification products 

were analyzed by 2% agarose gel electrophoresis, followed by staining with 

SYBR Green (Invitrogen; Carlsbad, CA, USA) and photographed using 

fluorescence in LAS-4000 (Fujifilm; Tokyo, Japan).  

 

Statistical Analysis 

All the values were expressed as the mean ± standard deviation (SD) of at 

least three independent experiments. Statistical significance was determined 

by the Student’s t-test and p < 0.05 was considered to be statistically 

significant. All the statistical analyses were applied using GraphPad Prism 8.0 

(GraphPad Software; San Diego, CA, USA).  
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4. Results 

TauCl Protects against TNBS-Induced Colitis in Mice  

Administration of TNBS (Fig. 2-1A) via intra-rectal instillation caused severe 

body weight loss (Fig. 2-1B), rectal bleeding and stool inconsistency (Fig. 2-

1C) and shortening of the colon (Fig. 2-1D). All these abnormalities were 

ameliorated by administration of TauCl. Histopathological analysis showed 

that TNBS administration completely disrupted the architecture of colonic 

mucosa as evidenced by colitis exhibiting epithelial degeneration, crypt loss 

and inflammatory cell infiltration (Fig. 2-2A). Administration of TauCl 

attenuated TNBS-induced mucosal damage of colon (Fig. 2-2A). 

Myeloperoxidase (MPO) is lysosomal enzyme abundant in neutrophils that 

are recruited to the inflamed site. The levels of MPO, as biomarkers of 

oxidative damage and inflammation, are often escalated in the inflammatory 

disorders, including IBD [13,14]. There was a robust increase in the colonic 

MPO activity in TNBS-treated mice, and this was dampened by TauCl 

administration (Fig. 2-2B). 4-HNE is a reactive lipid peroxidation product that 

can modify protein. The TNBS-induced accumulation of 4-HNE-modified 

proteins in the colonic mucosa was attenuated by TauCl administration as 

assessed by immunohistochemical (Fig. 2-2A) and immunoblot (Fig. 2-2C) 

analyses. TauCl also protected against TNBS induced colonic cell death via 

apoptosis as assessed by immunohistochemical (Fig. 2-2A) and Western blot 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/colon-mucosa
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/colon-mucosa
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(Fig. 2-2D) analyses in terms of TUNEL staining and cleavage of caspase-3, 

respectively. 

 

TauCl Administration Attenuates the Expression of Proinflammatory 

Cytokines and Enzymes in the Colon of TNBS-Treated Mice 

TNBS-induced colitis was accompanied by elevated colonic expression of 

genes encoding representative proinflammatory cytokines (TNFα and IL-6) 

and enzymes (COX-2), which was suppressed by TauCl administration (Fig. 

2-3). Transcriptional regulation of these proinflammatory genes is mainly 

mediated by nuclear factor kappa B (NFκB). Under normal physiologic 

conditions, NFκB forms an inactive complex in the cytoplasm with the 

inhibitory protein IκBα. When cells are challenged with the inflammatory 

stimuli, IκBα underges phosphorylation which facilitates its proteasomal 

degradation via ubiqubiquitination. We noticed the significant reduction in the 

levels of IκBα in the TNBS-treated mouse colon and this was restored by 

TauCl administration (Fig. 2-4A). The degradation of IκBα allows release of 

NFκB for translocation into nucleus. p65 is a functionally active subunit of 

NFκB, and its phosphorylation is known to facilitate the nuclear translocation 

of NFκB and recruitment of coactivators, such as p300/CBP. As illustrated in 

Figure 4B, there was pronounced localization of phosphorylated p65 (p-p65) 

as well as p65 in the colon of TNBS treated mice, and this was abrogated by 

TauCl administration. 
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TNBS-Induced Colonic STAT3 Phosphorylation Was Inhibited by TauCl 
Administration 

Besides NFκB, STAT3 is another key player in inflammation and 

inflammation-associated carcinogenesis. One of the essential events in STAT3 

activation is phosphorylation on tyrosine 705, which facilitates its nuclear 

translocation and transcriptional activity. TauCl administration significantly 

inhibited TNBS-induced phosphorylation of STAT3 and expression of its 

major target protein cyclin D1 (Fig. 2-5).  

 

TauCl Administration Upregulates Antioxidant and Antiinflammatory Gene 

Expression 

The cellular redox balance is maintained by a battery of antioxidant enzymes 

that counteract ROS. Many of these antioxidant enzymes also have anti-

inflammatory functions. Administration of TauCl markedly enhanced the 

colonic expression of HO-1 (Fig. 2-6A) and its mRNA transcript (Fig. 2-6B). 

Expression of genes encoding some other representative antioxidant/anti-

inflammatory enzymes as well as Nrf2 was also upregulated in the colon of 

mice administered TauCl (Fig. 2-6C). Nrf2 is a master switch in the 

transcriptional regulation of many antioxidant and anti-inflammatory genes. 

In unstressed conditions, Nrf2 is sequestered in the cytoplasm by Keap1 that 

degrades Nrf2 through ubiquitination. TauCl administration resulted in 

marked reduction in the cytoplasmic levels of Keap1 (Fig. 2-7A) with 

concomitant increase in the nuclear accumulation of Nrf2 (Fig. 2-7B, C). 
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Figure 2-1. Effects of TauCl on inflammatory damage in the colon of 

TNBS-treated mice.  

(A) TauCl (20 mg/kg) was given on daily basis by gavage for 10 days before 

and for 3 days after intrarectal administration of 2.5% TNBS in EtOH. The 

comparison of body weight change (B), DAI (C), and colon length (D). Data 

are expressed as means ± SD (n = 3 for each group). *, **, *** Significantly 

different between groups compared (* p < 0.05; ** p < 0.01; *** p < 0.001). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/body-weight-change
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Figure 2-2. Attenuation of TNBS-induced colonic cell death, MPO 

activity, and oxidative damage by administration of TauCl.  

(A) Microscopic examination of H&E stained colonic mucosa from control 

mice and those treated with TNBS alone for 3 days, TNBS plus TauCl and 

TauCl alone. Immunohistochemical detection of TUNEL-positive cells and 4-
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HNE-modified proteins (brown spots) in mouse colon. Magnifications; ×100. 

(B) MPO activity in colonic mucosa. The enzyme assay was conducted as 

described in Materials and Methods. ** Significantly different between 

groups compared (** p < 0.01). (C) Western blot analysis of 4-HNE-modified 

protein expression in the colon strips of mice. Actin was used as an equal 

loading control. * p < 0.05. (D) Cleavage of caspase-3 was assessed by 

Western blot analysis. * p < 0.05. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/western-blot
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-expression
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Figure 2-3. Effects of TauCl administration on expression of 

proinflammatory cytokines and COX-2 in mouse colonic mucosa.  

(A) RT-PCR analysis of mRNA expression of proinflammatory cyokines (tnf-

α, il-6) and cox-2. (B,C) Colonic expression of cox-2 and COX-2 expression 

was assessed by RT-PCR and Western blot analysis, respectively. Data are 

expressed as means ± SD (n = 3 for each group). *, **, *** Significantly 

different between groups compared (* p < 0.05; ** p < 0.01; *** p < 0.001). 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/reverse-transcription-polymerase-chain-reaction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/western-blot
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Figure 2-4. Inhibitory effects of TauCl on TNBS-induced p65 

phosphorylation and nuclear localization of NFκB.  

(A) Expression of the phosphorylated NFκB p65 subunit was determined by 

Western blot analysis using nuclear extracts. (B) Accumulation of the 

phosphorylated as well as the total form of p65 was measured by 

immunofluorescence staining. The same tissue sections were stained with 

H&E. Scale bar, 200 μm. Results are presented as means ± SD. * p < 0.05; ** 

p < 0.01. 
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Figure 2-5. Inhibitory effects of TauCl on phosphorylation of STAT3 and 

its target protein expression in the colonic tissue of TNBS-treated mice. 

(A) Expression of P-STAT3 and cyclin D1 was measured by Western blot 
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analysis. Actin was used as an equal loading control. *, ** Significantly 

different between groups compared (* p < 0.05; ** p < 0.01). (B) 

Phosphorylated as well as total STAT3 was detected by immunofluorescence 

staining. The same tissue sections were stained with H&E. Scale bar, 200 μm. 
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Figure 2-6. Upregulation of antioxidant signaling molecules induced by 

TauCl administration in mouse colon. The expression of HO-1 (A) and its 

mRNA transcript (B) was determined by Western blot analysis and RT-PCR, 

respectively. (C) Expression of other antioxidant genes and Nrf2 was 

measured by RT-PCR. *, **, *** Significantly different between groups 

compared (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 2-7. Induction of Keap1 degradation and nuclear translocation of 

Nrf2 by TauCl in mouse colon. Cytoplasmic levels of Nrf2 and Keap1 (A) 

and nuclear accumulation of Nrf2 (B) were measured by Western blot 

analysis. Nuclear localization of Nrf2 was verified by immunofluorescence 

staining (C). *, ** Significantly different between groups compared (* p < 

0.05; ** p < 0.01). Scale bar, 200 μm. 
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Figure 2-8. Molecular mechanisms by which TauCl protects against 

experimentally induced colitis. Abbreviations: MPO, myeloperoxidase; 

HOCl, hypochlorous acid. 
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5. Discussion 

Taurine (2-aminoethylsulphonic acid), derived from the methionine and 

cysteine metabolism, plays an important role in various essential biological 

processes. Taurine is presented in neutrophilic granulocytes, lymphocytes and 

monocytes. Taurine is one of the most abundant free amino acids in our body 

with diverse health benefits [7]. The beneficial effects of taurine have been 

generally attributable to its antioxidant and anti-inflammatory effects 

[8,15,16]. The tissue-protective potential of taurine has been assessed in 

various animal models of oxidative and/or inflammatory injuries. In an early 

study, oral administration of taurine by gavage following TNBS treatment 

ameliorated colitis and related symptoms in rats [17]. In another study, rats 

given taurine (1.5% w/v) in drinking water for 15 days before and 15 days 

after administration of TNBS solution developed less severe colitis and 

oxidative colonic mucosal damage in rats. In addition, taurine reduced the 

expression of Bax and prevented the loss of Bcl-2 proteins in colon tissue of 

rats with TNBS-induced colitis [18]. Taurine supplementation significantly 

attenuated the weight decrease, diarrhea severity, colon shortening, and the 

increase in the colonic tissue MPO activity induced by dextran sulfate sodium 

(DSS) in mice, another animal model, mimicking clinical IBD. Taurine also 

significantly inhibited the increase in the expression of a pro-inflammatory 

chemokine, macrophage inflammatory protein 2 [19,20]. In a murine model of 

IBD-associated carcinogenesis, taurine administered in drinking water 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/taurine
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significantly suppressed azoxymethane plus DSS-induced colon 

carcinogenesis [21].  

Neutrophils are predominant immune cells that protect the human body 

against pathogenic microbes and other harmful agents through phagocytosis. 

In fighting exogenous pathogens, neutrophils utilize one powerful weapon in 

their arsenal: the generation of the strong oxidant, hypochlorous acid (HOCl) 

which is nature's germ killer [22]. HOCl is produced from H2O2 during the so-

called oxidative burst by the MPO activity of the activated neutrophils in the 

presence of chloride ion. The escalation of MPO activity with concomitant 

generation of excessive HOCl, at the site of acute inflammation, can also be 

detrimental to host [22]. So it is necessary to detoxify or eliminate the residual 

excess HOCl as part of resolution of inflammation. 

Taurine can act as a trap for HOCl forming the long-lived oxidant TauCl, 

which is more stable and less toxic than HOCl. Moreover, TauCl down-

regulates the generation of pro-inflammatory mediators by phagocytic cells 

[15]. So taurine exerts an anti-inflammatory as well as antioxidant action by 

preventing cytolytic damage caused by HOCl generated by inflammatory 

cells, particularly neutrophils. At the beginning of inflammation occurs, 

neutrophils infiltrated into infected sites fight invaders and eventually die 

through apoptosis as a consequence of collateral host damage during oxidative 

burst. As the activated neutrophils undergo apoptosis, TauCl released into 

inflamed site stimulates the proresolving as well as anti-inflammatory action 

https://www.sciencedirect.com/topics/immunology-and-microbiology/apoptosis
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of macrophages [23,24]. We have previously reported that TauCl upregulates 

HO-1 expression in macrophages and thereby facilitating the engulfment of 

apoptotic neutrophils as well as pathogenic agents derived from infectious 

microbes [25–27]. 

Though taurine has been extensively investigated with regards to its anti-

inflamma tory and antioxidative effects [8–10,28–30], there is paucity of data 

demonstrating the tissue-protective potential of TauCl in vivo. This may be 

partly due to the limitations on the availability of relatively large amounts of 

the compound. Based on the previous studies which evaluated the protective 

effects of taurine on experimentally induced colitis, we attempted to 

investigate the capability of its reactive metabolite, TauCl on TNBS-induced 

colonic inflammation in mice. Inflammatory cells, such as macrophages and 

neutrophils, secrete various cytokines and other signaling molecules that 

activate NFκB and STAT3 in epithelial cells. In the present study, oral 

administration of TauCl inhibited the activation of these two proinflammatory 

transcription factors, NFκB and their target proteins, COX-2 and cyclin D1, 

respectively in the colon of TNBS-treated mice. Besides anti-inflammatory 

activity, TauCl possesses antioxidant properties [8–10]. We have previously 

reported that TauCl can activate Nrf2 and thereby upregulate the expression of 

HO-1, which account for its potentiation of macrophage-mediated phagocytic 

removal of apoptotic neutrophils during the resolution of acute inflammation 

[24,25]. We report here that TauCl activates Nrf2 signaling by inducing its 
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nuclear translocation and upregulation of its target HO-1 in the colonic 

mucosa.  

Taken these findings all together, TauCl protects against experimentally 

induced colitis by inhibiting proinflammatory signaling while augmenting 

anti-inflammatory and possibly proresolving mechanisms (Figure 8). To the 

best of our knowledge, this is the first report on the protective effects of TauCl 

on experimentally induced colitis in vivo. Though TauCl is formed 

endogenously, its production is transient during inflammation and limited to 

some immune cells, synthetic TauCl or its derivative in a more sustainable 

form may have a therapeutic potential in the management of IBD. 
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1. Abstract 

Excessive exposure to solar light, especially its UV component, is a principal 

cause of photoaging, dermatitis, and photocarcinogenesis. In searching for 

candidate substances that can effectively protect the skin from photodamage, 

the present study was conducted with taurine chloramine (TauCl), formed 

from taurine in phagocytes recruited to inflamed tissue. Irradiation with 

ultraviolet B (UVB) of 180 mJ/cm2 intensity caused oxidative damage and 

apoptotic cell death in the murine epidermis. These events were blunted by 

topically applied TauCl, as evidenced by the lower level of 4-hydroxynonenal-

modified protein, reduced proportions of TUNEL-positive epidermal cells, 

and suppression of caspase-3 cleavage. In addition, the expression of two 

prototypic inflammatory enzymes, cyclooxygenase-2 and inducible nitric 

oxide synthase, and transcription of some pro-inflammatory cytokines (Tnf, 

Il6, Il1b, Il10) were significantly lower in TauCl-treated mice than vehicle-

treated control mice. The anti-inflammatory effect of TauCl was associated 

with inhibition of STAT3 activation and induction of antioxidant enzymes, 

such as heme oxygenase-1 and NAD(P)H:quinone oxidoreductase 1, through 

activation of nuclear factor erythroid 2-related factor 2.  

 

  



６２ 
 

Keywords 

Taurine; Taurine chloramine; Skin inflammation; Heme oxygenase-1; STAT3; 

Nrf2 

  



６３ 
 

2. Introduction 

The skin is the largest organ constituting the outermost part of the human 

body, and it is vulnerable to external stressors [1–3]. Despite the important 

role of skin, intractable skin diseases are gradually increasing in modern 

society. Solar radiation is associated with the majority of skin disorders. Acute 

exposure to sunlight accounts for erythema/sunburn, tanning, and allergic 

contact dermatitis, whereas chronic exposure causes actinic keratosis, 

immunosuppression, premature aging of the skin, and melanoma [4,5]. 

Among the ultraviolet rays, ultraviolet A (UVA) and ultraviolet B (UVB) are 

the main causes of oxidative stress and inflammation on the skin [6]. UVA has 

weak energy intensity, but when exposed for a long period of time, it can 

provoke skin erythema, wrinkles, and pigmentation. UVB directly damages 

the skin, causing apoptosis, inflammation, and photoaging [7,8], and can also 

induce photocarcinogenesis [9,10]. Adequate exposure to sunlight helps to 

synthesize vitamin D, which facilitates calcium metabolism, improves 

immunity, supports cellular redox balance, and maintains homeostasis 

[8,11,12]. However, unbalanced and excessive production of reactive oxygen 

species (ROS), as a consequence of severe exposure to solar radiation, 

triggers various types of inflammatory responses. 

Human bodies are equipped with a distinct set of substances that counteract 

oxidative stress and inflammatory tissue damage. Taurine, an amino sulfonic 

acid, is one such compound that has both antioxidant and anti-inflammatory 
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properties (reviewed in [13] and referenced therein). It also plays a vital role 

in various physiological processes [14]. Taurine is ubiquitously present in 

mammalian cells and tissues, and it is present at high concentrations in 

organs, such as the liver, heart, kidneys and brain, as well as in skeletal 

muscle and blood cells. Since the activity of cysteine sulfinate decarboxylase 

involved in the biosynthesis of taurine is low in humans, taurine is mainly 

supplied as part of a food or dietary supplement. It is abundant in fish and 

seafood and can also be obtained from meat and dairy products [15]. 

Human leukocytes contain 20–50 mM of taurine, and when inflammation 

occurs, its concentration in the inflamed site and surrounding tissues further 

increases [16]. Activated phagocytes, such as neutrophils, produce hydrogen 

peroxide (H2O2) in the process of defending against invading pathogens, 

which, in the presence of chloride, produces hypochlorous acid (HOCl) by 

myeloperoxidase (MPO) activity. HOCl then reacts with taurine to generate 

taurine chloramine (TauCl) that has strong anti-inflammatory as well as 

antioxidant properties [17]. The protective effects of TauCl on oxidative 

stress, metabolic syndrome, and inflammation have been reported [18,19]. In 

this study, we investigated the effect of topically applied TauCl on UVB-

induced inflammation as well as oxidative stress in mouse skin. 
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3. Material and Methods 

Materials   

The crystalline sodium salt form of TauCl (MW 181.57) was prepared as 

described previously [20]. The primary antibody for detecting protein 

modified with 4-hydroxynonenal (4-HNE) was purchased from the Japan 

Institute for the Control of Aging (JaICA), Nikken SEIL Co., Ltd. (Shizuoka, 

Japan). Primary antibodies for Signal transducer and activator of transcription 

(STAT3), P-STAT3Y705, cyclin D1, and lamin B1 were provided by Cell 

Signaling Technology (Danvers, MA, USA). Antibodies for detecting 

cyclooxygenase-2 (COX-2) and Nrf2 were purchased from Abcam 

(Cambridge, MA, USA). Antibodies for heme oxygenase-1 (HO-1) and 

inducible nitric oxide synthase (iNOS) were supplied by Enzo Life Sciences 

(Farmingdale, NY, USA) and BD Biosciences (San Jose, CA, USA), 

respectively. Antibodies for caspase-3 and its cleaved form were purchased 

from Cell Signaling Technology (Danvers, MA, USA). 

 

Animals   

Female SKH1-Hrhr mice (5 to 6 weeks of age) were purchased from Orient 

Bio Inc. (Seongnam-si, Korea). Mice were randomly divided into four groups 

(n = 3 per group). Female SKH1 hairless mice have been shown to be more 

sensitive to inflammatory response, as determined by skin fold thickness and 

myeloperoxidase activity, as compared with males [21]. Mice were housed in 
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plastic cages under controlled conditions of temperature (23 ± 2 °C), humidity 

(50 ± 10%), and light (12/12 h light/dark cycle). All animal experiments 

complied with the Guide for the Care and Use of Laboratory Animals and 

were approved by the Institutional Animal Care and Use Committee (IACUC) 

at Seoul National University (IACUC number; SNU-160720-11-2). 

 

UVB Irradiation and Treatment 

For UVB irradiation, tubes (5 x 8 Watts) that emit wavelengths mainly in the 

UVB region, with a peak at 312 nm were used. The intensity of UVB 

irradiation to mouse skin was 180 mJ/cm2 as measured by a Biolink BLX-312 

(Vilber Lourmat; Marne-la-Vallée, Paris, France). The hairless mice were 

topically administered TauCl (10 μmol) dissolved in 200 μL of water: 

propylene glycol: ethanol solution (2:1:2, v/v) or vehicle to the dorsal skin 30 

min prior to UVB irradiation. The dorsal epidermis samples of the euthanized 

mice were collected 6 h later. To obtain dorsal epidermis, skin was grasped 

with forceps, and an incision was made with scissors from the tail, past the 

flank, to the neck. The tissues were stored at −70 °C until use. 

 

Histology 

Parts of collected skin were fixed with 10% phosphate-buffered formalin and 

embedded in paraffin. Each section was stained with hematoxylin and eosin 
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(H&E). The H&E stained sections were examined under a light microscope 

(Nikon; Tokyo, Japan) to detect the presence of lesions.  

 

Immunohistochemical Analysis  

The dissected skin tissues were prepared for immunohistochemical analysis 

with antibodies directed against 4-HNE (JaICA; Shizuoka, Japan), COX-2 

(Cell Signaling Technology; Danvers, MA, USA), and P-STAT3 (Cell 

Signaling Technology; Danvers, MA, USA). Five-micrometer sections of 10% 

formalin-fixed, paraffin-embedded tissues were deparaffinized and rehydrated 

in a series of xylene and ethanol. The deparaffinized sections were heated in a 

microwave and boiled twice for 6 min in a 10 mM citrate buffer (pH 6.0) for 

antigen retrieval. To diminish nonspecific staining, each section was treated 

with 3% hydrogen peroxide and 4% peptone casein blocking solution for 15 

min. The slides were incubated with a diluted primary antibody at room 

temperature for 40 min in Tris-HCl-buffered saline containing 0.05% Tween 

20, then incubated with a horseradish peroxidase-conjugated secondary 

antibody (Dako, Glostrup, Denmark). The tissues were treated with 3,3′-

diaminobenzidine tetrahydrochloride to detect the peroxidase binding sites. 

Finally, counterstaining was performed using Mayer’s hematoxylin.  

 

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) 

Assay 
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Apoptotic DNA fragmentation was detected by the TUNEL assay with the 

ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Chemicon; Temecula, 

CA, USA). The isolated skin tissues were rinsed with phosphate-buffered 

saline (PBS) and fixed in 10% buffered formalin (Sigma-Aldrich; Saint Louis, 

MO, USA) for the TUNEL assay. The apoptotic cells were visualized under a 

light microscope (Nikon; Tokyo, Japan). 

 

Immunofluorescence Staining 

The skin specimens were fixed, paraffin-embedded, and sectioned, and the 

sections were deparaffinized and rehydrated by serial washes with graded 

xylene and alcohol. For immunofluorescence staining, tissue sections were 

boiled in 10 mM of sodium citrate (pH 6.0) for antigen retrieval, subjected to 

serial washing, and permeabilized for 45 min at room temperature using 0.2% 

Triton X-100 in PBS and blocked with 3% bovine serum albumin (BSA) in 

PBS for 1 h at room temperature. The tissue sections were stained with 

primary antibodies for P-STAT3 and Nrf2 (Cell Signaling Technology; 

Danvers, MA, USA) and diluted at 1:250 in 3% BSA overnight at 4 °C. After 

washing three times with PBS each 5 min to remove primary antibodies, 

tissues were incubated with appropriate secondary antibodies. Nuclei were 

counterstained with DAPI (Invitrogen; Carlsbad, CA, USA). 

Immunofluorescence images were collected on a fluorescence microscope 

(Nikon; Tokyo, Japan).  
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Tissue Lysis and Protein Extraction 

The UVB-irradiated dorsal skin of mice was collected as described above, and 

fat was removed on ice to attain the epidermis. Collected epidermis was 

homogenized with the 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 μg/mL leupeptin, 1 mM 

phenylmethyl sulfonylfluoride (PMSF), and an EDTA-free cocktail tablet) in 

an ice bath. The lysates were vortexed every 10 min for 3 h on the ice, 

followed by centrifugation (13,000× g, 15 min at 4 °C). The supernatants 

were collected and stored at −70 °C until use. 

 

Preparation of Cytosolic and Nuclear Extracts 

The fat-free dorsal skin tissues were homogenized with 1 mL buffer A (10 

mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.8), 

1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol (DTT), 0.2 mM PMSF) 

followed by vortex-mixing every 10 min for 3 h in an ice bath. The lysates 

were mixed with 0.1% Nonidet P-40 (NP-40) 30 min before centrifugation. 

After centrifugation at 13,000× g for 15 min, the supernatants (the cytosolic 

extracts) were collected. The precipitated nuclear pellets were washed three 

times with buffer A containing 0.625% NP-40 to remove a residual cytosolic 

fraction. Nuclear pellets were then resuspended in 300 μL of buffer C (20 mM 
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HEPES (pH 7.8), 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM 

DTT, 0.2 mM PMSF and 20% glycerol). The nuclear lysates were vortexed 

every 10 min for 1 h, followed by centrifugation at 13,000× g for 15 min. The 

supernatants (nuclear extracts) were collected and kept at −70 °C until use. 

 

Western Blot Analysis 

The protein concentration in lysates was measured by using the PierceTM BCA 

Protein Assay Kit (Thermo Fisher Scientific; Rockford, IL, USA). The protein 

lysates were loaded on 7–15% SDS-polyacrylamide gel, and electrophoresis 

was performed under reducing conditions. Protein was transferred to the 

polyvinylidene difluoride membrane (PALL Life Sciences; Washington, NY, 

USA). The membranes were blocked with 5% non-fat, dry milk in Tris-

buffered saline containing 0.1% Tween 20 (TBST) for 1 h at room 

temperature. After overnight incubation at 4 °C with diluted primary 

antibodies, the membranes were washed three times with TBST buffer for 10 

min each. Then, membranes were incubated with a 1:5000 dilution of 

horseradish peroxidase-conjugated secondary antibody (Invitrogen; Carlsbad, 

CA, USA) for 1 h at room temperature, and washed again three times with 

TBST buffer. The protein expression was visualized with an enhanced 

chemiluminescent (ECL) detection kit (Absignal) (Abclon; Seoul, Korea) and 

LAS-4000 image reader (Fujifilm; Tokyo, Japan).  
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Real-Time Quantitative PCR (qPCR) 

Total RNA was isolated from mouse skin tissues using TRIzol® reagent 

(Invitrogen; Carlsbad, CA, USA), according to the manufacturer’s protocol. 

To synthesize the complementary DNA (cDNA), 1 μg of total RNA was 

reverse-transcribed with Moloney murine leukemia virus reverse transcriptase 

(Promega; Madison, WI, USA) for 50 min at 42 °C and again for 15 min at 

72 °C. qPCR analysis was carried out in a 7500 Fast Real-Time PCR 

Instrument System (Applied Biosystems; Foster City, CA, USA) using the 

RealHelixTM qPCR Kit (Green) (NanoHelix Co., Ltd.; Daejeon, Korea). The 

primers used for each qPCR reactions are as follows: Il6, 5′-TCT ATA CCA 

CTT CAC AAG TCG GA-3′ and 5′-GAA TTG CCA TTG CAC AAC TCT 

TT-3′; Ptgs2, 5′-TTC CAA TCC ATG TCA AAA CCG T-3′ and 5′-AGT CCG 

GGT ACA GTC ACA CTT-3′; Nos2, 5′-GTT CTC AGC CCA ACA ATA CAA 

GA-3′ and 5′-GTG GAC GGG TCG ATG TCA C-3′; Tnf, 5′-CAG GCG GTG 

CCT ATG TCT C-3′ and 5′-CGA TCA CCC CGA AGT TCA GTA G-3′; Il1b, 

5′-TTC AGG CAG GCA GTA TCA CTC-3′ and 5′-GAA GGT CCA CGG 

GAA AGA CAC-3′; Il10, 5′-GCT GGA CAA CAT ACT GCT AAC C-3′ and 

5′-ATT TCC GAT AAG GCT TGG CAA-3′; Hmox1, 5′-AGG TAC ACA TCC 

AAG CCG AGA-3′ and 5′-CAT CAC CAG CTT AAA GCC TTC T-3′; Nqo1, 

5′-AGG ATG GGA GGT ACT CGA ATC-3′ and 5′-TGC TAG AGA TGA 

CTC GGA AGG-3′; Gclc, 5′- GGC TAC TTC TGT ACT AGG AGA GC-3′ 

and 5′- TGC CGG ATG TTT CTT GTT AGA G-3′; Gss, 5′- CCC ATT CAC 
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GCT TTT CCC CT-3′ and 5′-GGG CAG TAT AGT CGT CCT TTT TG-3′; 

Gapdh, 5′-AGG TCG GTG TGA ACG GAT TTG-3′ and 5′-TGT AGA CCA 

TGT AGT TGA GGT CA-3′ (forward and reverse, respectively). The analysis 

was performed in a 20 μL final volume of reaction mixtures containing 10 μL 

of 2X Premix (Green) and 300 nM of each primer (forward and reverse). After 

an enzyme activation at 95 °C for 15 min, 40 cycles for amplification were 

performed at 95 °C for 20 s for denaturation and at 60 °C for 40 s for 

annealing, extension, and fluorescence acquisition.  

 

Statistical Analysis 

All the values were expressed as the mean ± standard deviation (SD) of at 

least three independent experiments. Statistical significance was determined 

by the Student’s t-test, or one-way ANOVA, followed by Tukey’s multiple 

comparisons for post-hoc test, and p < 0.05 was considered to be statistically 

significant. All the statistical analyses were applied using GraphPad Prism 8.0 

(GraphPad Software; San Diego, CA, USA).  
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4. Results 

UVB-Induced Oxidative Stress and Apoptosis Were Attenuated in TauCl-

Treated Mice 

Exposure to UVB irradiation leads to cutaneous inflammation and oxidative 

stress [6–8]. The images of H&E stained epidermal skin sections 

demonstrated attenuation of the skin hyperplasia and infiltration of 

inflammatory cells in TauCl-treated mice (Fig. 3-1A). ROS-mediated 

oxidative stress causes lipid peroxidation and apoptotic DNA fragmentation 

[22,23]. The accumulation of 4-HNE, the end-product of lipid peroxidation, 

was abrogated by topical application of TauCl (Fig. 3-1A, B). TauCl treatment 

also reduced the production of TUNEL-positive apoptotic cells (Fig. 3-1A) 

and the cleavage of caspase-3, a hallmark of apoptotic cell death, in whole 

lysates (Fig. 3-1C). 

 

UVB-Induced Acute Skin Inflammation Was Ameliorated in TauCl-Treated 

mice skin  

Aberrant overexpression of COX-2 and iNOS has been reported in murine 

models of dermatitis and photocarcinogenesis induced by UVB irradiation 

[24,25]. Immunohistochemical analysis was performed for detecting the 

expression level of COX-2 in mouse skin. As shown in Fig. 3-2A, topical 

application of TauCl ameliorated UVB-induced expression of COX-2, and 

this was verified by Western blot analysis (Fig. 3-2B). The UVB-induced 
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expression of iNOS, another prototypic pro-inflammatory enzyme, was also 

attenuated by topically applied TauCl (Fig. 3-2B). The analyses were 

performed with total protein lysates. Similarly, expression of genes encoding 

inflammation-associated cytokines (Tnf, Il6, Il1b and Il10), as well as Ptgs2 

and Nos2 encoding COX-2 and iNOS, respectively, was diminished by TauCl 

treatment (Fig. 3-3). 

 

UVB-Induced Phosphorylation of STAT3 Was Blunted by Topical 

Application of TauCl 

STAT3 is a key transcription factor that regulates immunity and inflammation 

by promoting pro-inflammatory factors [26,27]. The phosphorylation of the 

tyrosine 705 residue of STAT3 facilitates its translocation into the nucleus, 

where it regulates the transcription of the target genes. The topical application 

of TauCl reduced the expression of phosphorylated STAT3 (P-STAT3) in 

mouse skin, as measured by immunohistochemical analysis (Fig. 3-4A) and 

immunofluorescence staining (Fig. 3-4B), which was confirmed by Western 

blot analysis (Fig. 3-5A). TauCl also inhibited the nuclear translocation of P-

STAT3 in UVB-irradiated mouse skin (Fig. 3-5B). The expression of cyclin 

D1, a major target of P-STAT3, was also decreased in the same tendency (Fig. 

3-5C). 
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Topical Application of TauCl Upregulates Cytoprotective Gene Expression 

through Nrf2 Activation 

Homeostatic imbalance is implicated in the pathogenesis of various disorders, 

such as autoimmune disease, inflammation, and tumorigenesis [28]. The 

master transcription factor Nrf2 plays a prominent role in the transcriptional 

regulation of stress-responsive genes, many of which encode antioxidant and 

anti-inflammatory proteins, including HO-1. The elevated expression of Nrf2 

in the TauCl-treated mouse skin tissue was revealed by immunofluorescence 

staining (Fig. 3-6A), and the localization of Nrf2 in the nucleus was 

confirmed by Western blot analysis (Fig. 3-6B). There was a pronounced 

increase in the expression of HO-1 (Fig. 3-6C) and its mRNA transcript, as 

well as transcription of other Nrf2 target antioxidant genes (Fig. 3-6D). 
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Figure 3-1. UVB-induced oxidative stress and apoptotic cell death were 

ameliorated in TauCl-treated mouse skin. (A) Skin thickness (double-

headed arrow) and leukocyte infiltration (arrow head) were detected by H&E 

staining. Immunohistochemical analysis of 4-HNE-modified proteins (brown 

spots) and TUNEL-positive apoptotic cells in mouse epidermis. Magnification 

× 100. (B) The expression levels of 4-HNE-modified protein in UVB-

irradiated mouse skin tissue with and without TauCl application were 

determined by Western blot analysis. Actin was used as an equal loading 

control. (C) Apoptosis was detected by measuring cleavage of caspase-3 by 

Western blot analysis. Data are analyzed by one-way ANOVA and expressed 

as means ± SD (n = 3 per group). *, ** Significantly different between groups 

compared (* p < 0.05; ** p < 0.01).  
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Figure 3-2. The expression of UVB-induced inflammatory enzymes was 

attenuated by topical application of TauCl. (A) Immunohistochemical 

analysis was performed for detecting COX-2 as described in Materials and 

Methods. (B) The expression levels of pro-inflammatory enzymes COX-2 and 

iNOS were measured by Western blot analysis of whole protein lysates. Actin 

was used as an equal loading control. Results are analyzed by one-way 

ANOVA and expressed as means ± SD (n = 3 per group. *, ** Significantly 

different between groups compared (* p < 0.05; ** p < 0.01). 
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Figure 3-3. TauCl application inhibited UVB-induced expression of pro-

inflammatory cytokines and enzymes in mouse skin. qPCR analysis of 

mRNA transcripts for pro-inflammatory cytokines (Tnf, Il6, Il1b, Il10) and 

enzymes (Ptgs2, Nos2). The treatment conditions and other experimental 

details are as described in Materials and Methods. Results are analyzed by 

one-way ANOVA and expressed as means ± SD (n = 3 per group). *, **, *** 

Significantly different between groups compared (* p < 0.05; ** p < 0.01; *** 

p < 0.001). 
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Figure 3-4. Topically applied TauCl attenuated UVB-induced 

phosphorylation of STAT3 in mouse skin. (A,B) Expression of P-STAT3 

was measured by immunohistochemical analysis (A) and 

immunofluorescence staining (B). Scale bar, 200 μm. 
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Figure 3-5. UVB-induced phosphorylation of STAT3 was diminished in 

TauCl-treated mouse skin. (A,B) The expression (A) and nuclear 

accumulation (B) of the phosphorylated STAT3 was measured by Western blot 

analysis. (C) The expression of Cyclin D1, a principal target protein of P-

STAT3, was measured by Western blot analysis. Actin was used as an equal 

loading control. Data are expressed as means ± SD (n = 3 per group), 

analyzed by one-way ANOVA. *, *** Significantly different between groups 

compared (* p < 0.05; *** p < 0.001). 
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Figure 3-6. The Nrf2-mediated expression of antioxidant enzymes was 

elevated in TauCl-treated mice. (A,B) Nuclear localization of Nrf2 was 

assessed by immunofluorescence staining (A) and Western blot analysis (B). 

(C) The expression of HO-1 was determined by Western blot analysis. (D) 

Nrf2-mediated antioxidant gene expression was measured by qPCR. Results 
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are expressed as means ± SD (n = 3 for each group), analyzed by Student’s t-

test. **, *** Significantly different between groups compared (** p < 0.01; 

*** p < 0.001). Scale bar, 200 µm.
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Figure 3-7. A proposed molecular mechanism underlying the protective 

effects of TauCl against UVB-induced dermatitis. Exposure to UVB causes 

inflammatory injury to the skin. Activated neutrophiles recruited to the 

inflamed site generate ROS, such as hydrogen peroxide, with concomitant 

release of myeloperoxidase (MPO). MPO catalyzes the reaction of hydrogen 

peroxide and chloride ion to produce hypochlorous acid (HOCl). HOCl is a 

strong oxidant and is neutralized by reacting with taurine, which produces 

TauCl. TauCl exerts antioxidant and anti-inflammatory effects by activating 

Nrf2 and blocking STAT3 signaling, leading to protection against UVB-

induced skin damage. 
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5. Discussion 

 Taurine, also called 2-aminoethylsulfonic acid, is one of the amino sulfonic 

acids involved in various physiologic and pharmacologic processes 

[14,29,30]. It is found in organs through which a large amount of blood flow 

passes including the brain and heart, and it is also in high concentrations in 

some immune cells, especially neutrophils and monocytes [14]. From a 

microscopic point of view, taurine regulates the balance of electrolytes and 

minerals in cells, but from a more expanded macro point of view, it supports 

the immune system through antioxidant and anti-inflammatory functions. The 

health beneficial effects of taurine have been extensively investigated and 

well documented, and dietary supplements containing taurine are popular 

[30,31]. 

Though taurine provides diverse health benefits, there is a paucity of data in 

regard to its photoprotective effects. In one study, accumulation of taurine 

protected keratinocytes from UVB-induced apoptosis by regulating the 

osmosis through taurine transporter (TAUT) in human skin [32]. In cases of 

psoriasis patients, it was confirmed that the concentration of neutrophil 

taurine was lower as compared with normal subjects, suggesting the role for 

taurine in the body’s defense against skin inflammation [33]. Taurine reduced 

the generation of malondialdehyde, a marker for oxidative stress, and 

enhanced the collagen synthesis and the tensile strength, thereby accelerating 

wound healing [34]. 
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Unlike chemically induced skin inflammation, the UVB-induced murine 

dermatitis model is useful in identifying the photoprotective substances and 

investigating their underlying molecular mechanisms [5,35,36]. Local skin 

inflammation caused by UVB irradiation is often associated with activation of 

NF-κB and STAT3 responsible for transcriptional regulation of diverse 

proinflammatory cytokines and enzymes, including COX-2 and iNOS [37–

39]. ROS is inevitably produced by oxidative phosphorylation in mitochodria 

as well as metabolism of xenobiotics and some endogenous substances, 

particularly those undergoing redox cycling. Under physiological conditions, 

the generation of ROS is balanced by the cellular antioxidant defense system. 

However, the redox balance is disrupted by external factors, such as air 

pollution, ionizing radiation, microbial infection, chemicals, etc., which lead 

to DNA damage or cell death [40–42]. In the short term, ROS-mediated 

oxidative stress evokes oxidative damage to biomolecules, including 

membrane lipids. In the long term, it causes photoaging and 

photocarcinogenesis. 

While it is unclear how taurine exerts a protective effect against oxidative 

damage to various tissues in the human body including the skin, its efficacy 

has been evaluated largely in animal studies. Under excessive oxidative stress 

or inflammatory conditions, the human body responds by stimulating immune 

cells and modulating expression/production of pro- and anti-inflammatory 

mediators [43]. ROS are formed in the process of inflammation-mediated 
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tissue damage. Among these, hydrogen peroxide (H2O2) is converted to highly 

toxic HOCl through reaction with chloride ion, which is catalyzed by MPO 

[44,45]. Taurine reacts with HOCl to form TauCl, which is less toxic and has a 

strong antioxidant effect. TauCl not only ameliorates oxidative stress, but also 

suppresses the production of inflammatory mediators and stimulates the 

proliferation of activated immune cells [16,18,46,47]. 

Based on the research on antioxidant and anti-inflammatory actions exerted 

by taurine [13,14,48], we attempted to investigate the protective effect of 

TauCl on UVB-induced skin inflammation and underlying mechanisms. ROS 

production as a consequence of sustained UVB irradiation can cause oxidative 

stress and cell death [10]. In the present study, topical application of TauCl 

inhibited the expression of 4-HNE, the product of lipid peroxidation; cleavage 

of caspase-3, a marker for apoptosis; and activation of the pro-inflammatory 

transcription factor STAT3 and expression of its target protein, cyclin D1. It 

also suppressed the expression of COX-2, iNOS, and selected pro-

inflammatory cytokines. 

TauCl was found to regulate Nrf2-mediated antioxidant gene expression 

[18,49]. Our previous studies have demonstrated that TauCl potentiates the 

phagocytic and efferocytic capability of macrophages through Nrf2-mediated 

HO-1 upregulation [50,51]. In this study, the topical application of TauCl 

induced the accumulation of Nrf2 in the nucleus, thereby increasing the Nrf2-

mediated anti-oxidant gene expression. The role of TauCl in phagocytic 
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removal of apoptotic neutrophils, as well as dying epidermal cells in the 

context of resolution of UVB-irradiated mouse skin, merits further 

investigation. 

In conclusion, TauCl reduces the expression of proinflammatory factors by 

fortifying antioxidant systems and inhibiting oxidative cell death in mouse 

skin. Thus, it protects against UVB-induced skin inflammation by promoting 

the expression of Nrf2-mediated antioxidant/anti-inflammatory enzymes, 

while suppressing pro-inflammatory gene expression (Fig. 3-7). The amount 

of TauCl that is produced in response to inflammation is not sufficient enough 

to resolve inflammation effectively. In this context, direct application of 

exogenous TauCl onto skin can potentiate the cytoprotection against UVB-

induced inflammation as well as oxidative tissue injury. The results of our 

present work suggest the possibility of TauCl as a lead compound in the 

development of effective therapeutics targeting dermatitis.
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1. Abstract 

Docosahexaenoic acid (DHA), a representative omega-3 (ω-3) 

polyunsaturated fatty acids, undergoes metabolism to produce biologically 

active electrophilic species. 17-Oxo-DHA is one such metabolite generated 

from DHA by cyclooxygenase-2 and dehydrogenase in activated 

macrophages. The present study was aimed to investigate the effects of 17-

oxo-DHA on ultraviolet B (UVB)-induced oxidative stress, inflammation, and 

carcinogenesis in mouse skin. UVB-induced epidermal cell death was 

ameliorated by topically applied 17-oxo-DHA. Topical application of 17-oxo-

DHA onto hairless mouse skin inhibited UVB-induced phosphorylation of 

STAT3 on tyrosine 705. The 17-oxo-DHA treatment also reduced the levels of 

oxidative stress markers, 4-hydroxynonenal-modified protein, 

malondialdehyde, and 8-oxo-2’-deoxyguanosine. The protective effects of 17-

oxo-DHA against oxidative damage in UVB-irradiated mouse skin were 

associated with activation of Nrf2. 17-Oxo-DHA enhanced the engulfment of 

apoptotic JB6 cells by macrophages, which was related to the increased 

expression of the scavenger receptor CD36. The 17-oxo-DHA-mediated 

potentiation of efferocytic activity of macrophages was attenuated by the 

pharmacologic inhibition or knockout of Nrf2. The pretreatment with 17-oxo-

DHA reduced the UVB-induced skin carcinogenesis and tumor angiogenesis. 

It was also confirmed that 17-oxo-DHA treatment significantly inhibited the 

phosphorylation of the Tyr705 residue of STAT3 and decreased the expression 
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of its target proteins in cutaneous papilloma. In conclusion, 17-oxo-DHA 

protects against UVB-induced oxidative cell death, dermatitis, and 

carcinogenesis. These effects were achieved through activation of Nrf2 and 

subsequent upregulation of the expression of antioxidant and anti-

inflammatory proteins. 
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2. Introduction 

Skin interacts with the environment and is the first barrier against noxious 

stimuli such as chemical toxicants, infectious pathogens, and solar radiation. 

The skin constantly adapts to external changes and maintains internal balance 

by regulating hormones, cytokines, and microbiota [1-3]. When such 

homeostasis is imbalanced due to excessive noxious stimuli and/or 

insufficient self-protection, this can cause skin rash, skin aging, immune 

system disorder, and cancer [4, 5].  

Continuous exposure to solar light, especially ultraviolet B (UVB), results 

in physical and biological changes in the skin barrier which can induce 

dermatitis and photocarcinogenesis [6, 7]. In this process, the stimulated 

epithelial cells transmit the signals to tissue-resident cells. As a result, 

phagocytes including macrophages and neutrophils directly recognize and 

destroy the pathogens, while dendritic cells mediate adaptive immune 

signaling by modulating T cell differentiation [8]. Neutrophils have long been 

considered short-lived frontliner cells of innate immunity, with a primary 

function against acute inflammation. Since neutrophils have a short lifespan, 

the subsequent reactions are mainly regulated by macrophages [9]. 

Acute inflammation is a self-limiting process for tissue repairing and the 

restoration of homeostasis [10]. If acute inflammation is not adequately 

resolved, the inflammatory response can persist and trigger the pathogenesis 

of several chronic disorders such as asthma, arthritis, atherosclerosis, and 
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even cancer [11]. Apoptosis is the most prominent process of programmed 

cell death observed in the resolution phase of tissue. Since the accumulation 

of dead or dying cells triggers or exacerbates a persistent inflammatory 

response, the elimination of apoptotic cells is essential for the proper 

termination of acute inflammation [12].  

Efferocytosis is a process by which dead/dying cells are removed by the 

phagocytic activity of macrophages [13, 14]. Various scavenger receptors, 

including CD36, present on the surface of macrophages recognize those cells 

that are supposed to be phagocytosed. Efferocytosis is hence critical in 

preventing secondary necrosis and intensification of inflammation, 

contributing to the resolution of inflammation. 

Nrf2 is an essential transcription factor that plays a pivotal role in 

chemoresistance and biological defense by upregulating the expression of 

many antioxidative and anti-inflammatory enzymes, such as heme oxygenase-

1 (HO-1) and NAD(P)H:quinone oxidoreductase 1 (NQO1), and other 

cytoprotective proteins [15]. Under oxidative stress and inflammatory 

conditions, the Nrf2 translocates to the nucleus and binds to the antioxidant 

response element (ARE), resulting in the expression of cytoprotective proteins 

[16]. Signal transducer and activator of transcription 3 (STAT3), a 

representative proinflammatory transcription factor, promotes cell growth by 

upregulating target proteins including c-Myc and Cyclin D1 [17]. Activated 

STAT3 augments inflammatory signaling and disrupts the balance of 



１０４ 
 

homeostasis, thereby contributing to chronic inflammation and carcinogenesis 

[18]. 

The acute inflammatory response can be divided into initiation and 

resolution phases. A group of specialized pro-resolving mediators (SPMs) has 

emerged as endogenous substances involved in the resolution of acute 

inflammation. SPMs are enzymatically synthesized from ω-3 polyunsaturated 

fatty acids, including docosahexaenoic acid (DHA) [19, 20]. They are capable 

of limiting polymorphonuclear neutrophil infiltration and enhancing 

macrophage clearance of apoptotic cells [21]. In a previous study, we 

demonstrated that topically applied DHA alleviated UVB-induced 

inflammation and carcinogenesis in mouse skin [22]. DHA undergoes 

alternative metabolism to produce a series of biologically reactive 

electrophilic fatty acids [23]. 17-Oxo-DHA is one such electrophilic 

metabolite generated by cyclooxygenase-2 and dehydrogenase activity 

activities of macrophages recruited in the inflamed sites. Though 17-oxo-

DHA was reported to inhibit the inflammatory signaling [24-26], its anti-

inflammatory and chemoprotective/chemopreventive effects in vivo have not 

been reported yet. In the present study, we explored the effects of 17-oxo-

DHA on UVB-induced oxidative cell death, dermatitis and carcinogenesis in 

mouse skin. 
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3. Materials and Methods 

Chemicals and reagents 

17-Oxo-DHA (4Z,7Z,10Z,13Z,15E,19Z-17-oxo-docosahexaenoic acid) was 

purchased from Cayman Chemical Co. (Ann Arbor, MI, USA). Dulbecco’s 

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

bovine serum (FBS), sodium pyruvate, and gentamicin were supplied by 

Gibco (Grand Island, NY, USA). Trypsin and ethylenediaminetetraacetic acid 

(EDTA) were purchased from Welgene (Gyeongsan-si, Gyeongsangbuk-do, 

South Korea). The primary antibodies for detecting 4-hydroxynonenal (4-

HNE) and malondialdehyde (MDA) were provided by the Japan Institute for 

the Control of Aging (JaICA), Nikken SEIL Co., Ltd. (Shizuoka, Japan). Anti-

8-hydroxy-2’-deoxyguanosine (8-oxo-dG) antibody was purchased from 

TREVIGEN® (Gaithersburg, MD, USA). Antibodies for STAT3, P-STAT3Y705, 

and c-Myc were supplied by Cell Signaling Technology (Danvers, MA, USA). 

The antibodies for NQO1, β-actin and CD36 were obtained from Santa Cruz 

Biotechnology (Dallas, TX, USA). Anti-Nrf2 and Anti-HO-1 were the 

products of Abcam (Cambridge, MA, USA) and Enzo Life Sciences 

(Farmingdale, NY, USA), respectively. pHrodo Red and 4’,6-diamidino-

2phenylindole (DAPI) were obtained from Thermo Fisher Scientific 

(Waltham, MA, USA). The antibody against F4/80, recombinant mouse M-

CSF, and red blood cell lysis buffer were supplied by Biolegend (San Diego, 

CA, USA). ML385 (N-[4-[2,3-Dihydro-1-(2-methylbenzoyl)-1H-indol-5-yl]-
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5-methyl-2-thiazolyl]-1,3-benzodioxole-5-acetamide) was the product of 

Sigma-Aldrich Co. (St. Louis, MO, USA).  

 

UVB-induced dermatitis 

Female SKH1-Hrhr mice (5 to 6 weeks of age) were obtained from Orient 

Bio Inc. (Seongnam-si, Gyeonggi-do, South Korea). Mice were randomly 

divided into four groups (n = 3 per group) and housed in plastic cages under 

the controlled conditions of temperature (23 ± 2 °C), humidity (50 ± 10%), 

and light (12/12 h light/dark cycle). All experiments on animals complied with 

the Guide for the Institutional Animal Care and Use Committee (IACUC) at 

Seoul National University (Approval number; SNU-190812-2). For the UVB 

irradiation, 5 x 8 Watts tubes were used, which emit wavelengths mainly in 

the 312 nm UVB region. Mice were irradiated with UVB (180 mJ/cm2 and 

500 mJ/cm2) using the Biolink BLX-312 UV crosslinker (Vilber Lourmat; 

Marne-la-Vallée, Paris, France). 17-Oxo-DHA (20 nmol) was dissolved in 

200 μL of acetone and topically treated onto the dorsal skin of mice. The 

degree of UVB-induced inflammation was identified by the clinical skin score 

system based on the symptoms consisting of erythema, scarring, edema, and 

erosion. Each of these symptoms was rated on a scale of 0 to 3. The thickness 

of the dorsal skin was measured by a caliper.  

 

UVB-induced skin carcinogenesis 
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Female SKH1-Hrhr mice (5 to 6 weeks of age) were randomly divided into 

three groups (n = 7 per group). The mice were irradiated with UVB (180 

mJ/cm2) using the Biolink BLX-312 UV crosslinker (Vilber Lourmat; Marne-

la-Vallée, Paris, France) three times a week for 26 weeks. 17-Oxo-DHA (20 

nmol) dissolved in 200 μL of acetone was topically applied onto the dorsal 

skin of mice 30 min prior to each UVB exposure. Mice were euthanized and 

their skin tissues were collected for adequate analysis. 

 

Histological analysis 

The parts of skin biopsies were fixed with 10% phosphate-buffered formalin 

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

and eosin (H&E). The H&E stained tissue sections were visualized under a 

light microscope (Nikon; Tokyo, Japan) to verify the presence of 

inflammatory lesions. 

 

Immunohistochemical analysis 

The dissected mouse skin tissues were prepared for immunohistochemical 

analysis with primary antibodies against 4-HNE, MDA (JaICA; Shizuoka, 

Japan), and 8-oxo-dG (TREVIGEN®; Gaithersburg, MD, USA). Four-

micrometer sections of 10% formalin-fixed, paraffin-embedded tissues were 

deparaffinized and rehydrated in a series of xylene and ethanol buffer. The 

sections were heated in a microwave and boiled twice for 6 min in a 10 mM 
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citrate buffer (pH 6.0) for antigen retrieval. To reduce nonspecific staining, 

each section was treated with 3% hydrogen peroxide and 4% peptone casein 

blocking solution for 15 min. The slides were incubated with a diluted 

primary antibody at room temperature for 40 min in Tris-HCl-buffered saline 

containing 0.05% Tween 20, followed by incubation with a horseradish 

peroxidase-conjugated secondary antibody (Dako; Glostrup, Denmark). The 

tissues were treated with 3,3′-diaminobenzidine tetrahydrochloride to detect 

the peroxidase binding sites. Finally, counterstaining was performed with 

Mayer’s hematoxylin. 

 

Immunofluorescence staining  

The mouse skin specimens were fixed, paraffin-embedded, and sectioned, and 

the sections were deparaffinized and rehydrated by serial washes with graded 

xylene and alcohol. For immunofluorescence staining, tissue sections were 

boiled in 10 mM of sodium citrate (pH, 6.0) for antigen retrieval, subjected to 

serial washing with phosphate-buffered saline (PBS), and permeabilized for 

45 min at room temperature using 0.2% Triton X-100 in PBS and blocked 

with 3% bovine serum albumin (BSA) in PBS for 1 h at room temperature. 

The skin tissue sections were stained with primary antibodies for P-STAT3, 

Nrf2 (Cell Signaling Technology; Danvers, MA, USA), and F4/80 

(Biolegend; San Diego, CA, USA) diluted at 1:250 in 3% BSA overnight at 

4 °C. After washing three times with PBS each 5 min, tissues were incubated 
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with appropriate secondary antibodies. Nuclei were counterstained with DAPI 

(Invitrogen; Carlsbad, CA, USA). Immunofluorescence images were 

visualized under a fluorescence microscope (Nikon; Tokyo, Japan). 

 

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) 

assay 

The apoptotic DNA fragmentation was measured by the TUNEL assay with 

the ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Chemicon; 

Temecula, CA, USA). The isolated mouse skin tissues were rinsed with PBS 

and fixed in 10% buffered formalin (Sigma-Aldrich; Saint Louis, MO, USA) 

for the TUNEL assay. The apoptotic cells were detected under a light 

microscope (Nikon; Tokyo, Japan). 

 

Lysis of tissue and protein extraction  

The UVB-treated mouse dorsal skin was collected, and fat was removed on 

ice to attain the epidermal layer. Collected epidermis was homogenized with 

the 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 μg/mL leupeptin, 1 mM phenylmethyl 

sulfonylfluoride (PMSF), and an EDTA-free cocktail tablet) in an ice bath. 

The whole lysates were vortexed every 10 min for 3 h on the ice, followed by 
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centrifugation (13,000× g, 15 min at 4 °C). The supernatants were collected 

and stored at −70 °C until use. 

 

Cytosolic and nuclear extraction 

The fat-free dorsal skin tissues were homogenized with 1 mL buffer A [10 

mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.8), 

1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol (DTT), 0.2 mM PMSF] 

followed by vortex-mixing every 10 min for 3 h in an ice bath. The lysates 

were mixed with 0.1% Nonidet P-40 (NP-40) 30 min before centrifugation. 

After centrifugation at 13,000× g for 15 min, the supernatants (the cytosolic 

extracts) were obtained. The precipitated nuclear pellets were washed three 

times with buffer A containing 0.625% NP-40 to remove a residual cytosolic 

fraction. Nuclear pellets were then resuspended in 300 μL of buffer C [20 mM 

HEPES (pH 7.8), 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM 

DTT, 0.2 mM PMSF and 20% glycerol]. The nuclear lysates were vortexed 

every 10 min for 1 h, followed by centrifugation at 13,000× g for 15 min. The 

supernatants (nuclear extracts) were collected and kept at −70 °C until use. 

 

Western blot analysis 

The protein concentration of lysates was measured by the PierceTM BCA 

Protein Assay Kit (Thermo Fisher Scientific; Rockford, IL, USA). The lysates 

were loaded on 8-15% SDS-polyacrylamide gel for performing 
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electrophoresis under reducing conditions. Protein was transferred to the 

polyvinylidene difluoride membrane (PALL Life Sciences; Washington, NY, 

USA). The membranes were blocked with 5% non-fat dry milk in Tris-

buffered saline containing 0.1% Tween 20 (TBST) for 1 h at room 

temperature. Each blot was incubated with its respective primary antibody 

diluted in TBST at 4 °C overnight. The membranes were rinsed three times 

for 10 min with TBST buffer. Then, washed blots were probed with 1:5000 

dilution of horseradish peroxidase-conjugated secondary antibody (Invitrogen; 

Carlsbad, CA, USA) for 1 h at room temperature and washed three times 

again with TBST buffer. The immunoblots with protein-antibody complexes 

were visualized with an enhanced chemiluminescent (ECL) detection kit 

(Abclon; Seoul, South Korea) and LAS-4000 image reader (Fujifilm; Tokyo, 

Japan). 

 

Quantitative real-time polymerase chain reaction (qPCR) 

Total RNA was isolated from mouse skin tissues with Trizol® (Invitrohen; 

Carlsbad, CA, USA), and the reverse transcription reaction was conducted 

using the Moloney murine leukemia virus (M-MLV) reverse transcriptase 

(Promega; Madison, WI, USA) to synthesize the complementary DNA 

(cDNA). qPCR was carried out with a 7500 Real-Time PCR instrument 

(Applied Biosystems; Foster City, CA, USA) using the RealHelixTM qPCR Kit 

(Green) (NanoHelix Co. Ltd.; Daejeon, South Korea). The primers used for 
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each qPCR reactions are as follows; il-6, 5’-TCT ATA CCA CTT CAC AAG 

TCG GA -3’and 5’- GAA TTG CCA TTG CAC AAC TCT TT-3’; tnf-α, 5’-

CAG GCG GTG CCT ATG TCT C -3’and 5’- CGA TCA CCC CGA AGT 

TCA GTA G -3’; actin, 5’-GGC TGT ATT CCC CTC CAT CG -3’and 5’-

CCA GTT GGT AAC AAT GCC ATG T -3’ (forward and reverse, 

respectively). Target gene expression was normalized to actin. The relative 

gene expression was analyzed by the comparative cycle threshold (Ct) (ΔΔCt) 

method. 

 

Cytokines analysis 

The lysate of mouse skin tissues was analyzed using ELISA kits according to 

the manufacturer’s instruction. Mouse IL-6 and TNF-α ELISA kits were 

obtained from RayBiotech (Norcross, GA, USA). 

 

Isolation of bone marrow-derived macrophages (BMDMs) 

The femur and tibia were harvested from mice. After cutting both ends of the 

bone, bone marrow was flushed out by cold PBS. The cells from bone marrow 

were filtered through a 100 μm FALCON nylon cell strainer (Thermo Fisher 

Scientific; Waltham, MA, USA) and centrifuged at 500× g for 5 min at 4 °C. 

The cell pellet was resuspended and incubated with red blood cell lysis buffer 

for 1 min at room temperature. After discarding the lysis buffer, the isolated 

cells were plated in DMEM containing 20 ng/mL M-CSF and incubated at 



１１３ 
 

37 °C in a humidified incubator containing 5% CO2 for 4 days. Cells were 

then switched to media supplemented with 10 ng/mL M-CSF for 3 days. 

 

Efferocytosis assay 

The mouse epidermal JB6 Cl4 cells (American Type Culture Collection; 

Manassas, VA, USA) were incubated with 5% MEM media. JB6 Cl4 cells 

were irradiated with UVB (200 mJ/cm2) and incubated at 37 ℃ and 5% CO2 

for 24 h. Apoptotic cells induced by UVB radiation were collected and stained 

with pHrodo Red for 30 min at 37 ℃. The dead epithelial cells were 

centrifuged at 300× g for 3 min and washed twice with PBS. To the 1×106 

BMDMs in a 60 mm plate, 3×106 pHrodo-labelled apoptotic cells were added 

followed by co-incubation at 37 °C for 1 h. After the incubation, these plates 

were washed twice with PBS to remove residual apoptotic cells.  

 

Estimation of hemoglobin  

The tissue lysate was used to measure the amount of hemoglobin with 

Drabkin’s reagent (Sigma-Aldrich; St. Louis, MO, USA). After the mixed 

well with the reagent, absorbance at 540 nm was detected to estimate the 

content of hemoglobin in mouse skin tissue. 

 

Flow cytometry assay 
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Adherent cells were detached from the plates by treating 5 mM EDTA and 

spun down at 500 g for 5 min at 4 °C. Following the removal of unwanted 

debris-free isotype control antibody, incubation with CD16/32 antibody was 

performed to block the non-specific binding of other antibodies. After 

blocking, F4/80 antibody was added and incubated for 30 min at 4 °C. 

Prepared samples were detected by FACS Calibur™ flow cytometer (Becton, 

Dickinson and Company; Franklin Lakes, NJ, USA) and analyzed with 

FlowJo software. 

 

Sample preparation for LC-MS/MS analysis 

Recombinant STAT3 protein (Abcam; Cambridge, MA, USA) treated with 

17-oxo-DHA was digested by the in-solution method. To this, 6 M urea in 50 

mM ammonium bicarbonate (pH 8.0) was added to denature the proteins. The 

proteins were incubated for 1 h at 37 ℃ with 10 mM DTT and then alkylated 

with 30 mM iodoacetic acid (IAA). The MS-grade trypsin protease was added 

and incubated at 37 ℃ overnight (enzyme-to-protein ratio = 1: 10). The 

peptides were desalted using Pierce® C-18 spin columns and dried using 

Speed-Vac. 

 

Direct infusion mass spectrometry (DIMS) analysis of 17-oxo-DHA 

17-Oxo-DHA was reconstituted in 50% methanol and loaded in a Hamilton 

syringe. The sample was injected by a syringe pump with a flow rate of 5 
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µL/min into the heated electrospray ionization (HESI) source and measured 

for 30 s on a Q-Exactive HF-X Hybrid Quadrupole orbitrap mass 

spectrometer (Thermo Fisher Scientific; San Jose, CA, USA). The source 

conditions for MS scan in the negative ESI mode were optimized: spray 

voltage, 3.8 kV; heated capillary temperature, 320 ℃; nitrogen was used as 

damping gas. MS scans were acquired for the mass range of 340.2-342.2 m/z 

at a resolution of 60,000 in MS1 level and 15,000 for HCD experiments and 

normalized collision energies (NCE) was set at 27. 

 

LC-MS/MS analysis 

For LC-MS/MS analysis, Ultimate 3000 UHPLC system (Thermo Fisher 

Scientific; San Jose, CA, USA) was coupled to Q-Exactive HF-X Hybrid 

Quadrupole orbitrap mass spectrometer (Thermo Fisher Scientific) equipped 

with analytical columns (EASY-Spray™ LC Columns, C18, 75 µm × 50 cm, 

2 µm, 100 Å; Thermo Fisher Scientific) and trap columns (C18, 75 µm × 2 

cm, 3 µm, 100 Å, Thermo Fisher Scientific). The peptide samples were 

separated by the mobile phase comprising of 0.1 % formic acid in water 

(solvent A) and 0.1 % formic acid in 90 % acetonitrile (solvent B). The 

gradient condition was set as follows: (T min/% of solvent B) 0/2, 6/2, 10/10, 

65/40, 90/60, 99/90, 104/90, 105/2, 120/2. The column temperature was set at 

60 ℃ and the flow rate of the mobile phase was 300 nL/min. 
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The source conditions for MS scan in the positive ESI mode were optimized: 

spray voltage, 1.5 kV; heated capillary temperature, 250 ℃; nitrogen was used 

as damping gas. The MS1 scan range was set of 350-2,000 m/z and the 

resolution was set at 60,000. The 12 most abundant ions were selected from 

MS1 scan and fragmented by data-dependent mode at a resolution of 15,000. 

MS2 scans were acquired with the dynamic exclusion for 30 s, an isolation 

window of 1.2 m/z and NCE of 27. 

 

Statistical analysis 

 All the data were analyzed by mean ± standard deviation (SD) of at least 

three independent experiments. The Student’s t-test determined statistical 

significance. All the statistical analyses were applied using GraphPad Prism 

8.0 (GraphPad Software; San Diego, CA, USA). The value of p < 0.05 was 

considered statistically significant. 
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4. Results 

UVB-induced dermatitis and oxidative stress were attenuated in 17-oxo-

DHA treated mice  

In order to assess the anti-inflammatory effects of 17-oxo-DHA, the UVB-

induced mouse dermatitis model was employed (Supplementary Fig.1). Four 

days after UVB irradiation, when the severity of the inflammation peaked, 17-

oxo-DHA (20 nmol) was topically applied to mouse dorsal skin. On the fifth 

day of the experiment, mice were euthanized, and the lysates of skin tissue 

were prepared for subsequent analyses. The clinical skin score evaluated the 

degree of UVB-induced dermatitis based on symptoms of erythema, edema, 

scarring, and erosion. The topical application of 17-oxo-DHA accelerated 

resolution of inflammation (Fig. 4-1A). Mice treated with 17-oxo-DHA had a 

lower skin severity score and the reduced thickness of dorsal skin measured 

by a digital caliper (Fig. 4-1B), which was verified by H&E staining (Fig. 4-

1C). The UVB irradiation can cause apoptosis (Supplementary Fig. 2), lipid 

peroxidation and DNA fragmentation. 4-HNE and MDA are ubiquitous 

markers of oxidative tissue damage, and the formation of 8-oxo-dG was used 

as a biomarker of DNA damage. Topically applied 17-oxo-DHA attenuated 

the expression of 4-HNE, MDA, and 8-oxo-dG in mouse epidermis (Fig. 4-

1D, E). 
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17-Oxo-DHA enhanced the expression of cytoprotective proteins through 

Nrf2 activation in mouse skin 

The redox-sensitive transcription factor Nrf2 is involved in cellular protection 

against oxidative and inflammatory stresses. To investigate whether the 17-

oxo-DHA-induced potentiation of cytoprotective capacity contributes to the 

reduction of oxidative and inflammatory damage caused by UVB irradiation, 

we first measured the level of Nrf2 in the skin of 17-oxo-DHA-treated mice. 

The expression level of Nrf2 was elevated in the both cytoplasm and nucleus 

of 17-oxo-DHA treated mouse skin as measured by immunoblot (Fig. 4-2A) 

and immunofluorescence (Fig. 4-2B) analyses. The expression of Nrf2 was 

transiently upregulated upon treatment with 20 nmol 17-oxo-DHA, which was 

accompanied by upregulation of its major target proteins, HO-1 and NQO1 in 

a time-dependent manner (Fig. 4-2C). 

 

UVB-induced phosphorylation of STAT3 was reduced by topical application 

of 17-oxo-DHA 

Aberrant overactivation of STAT3 is implicated in dermatitis and 

photocarcinogenesis [27]. STAT3 is activated through phosphorylation of its 

Tyr705 residue which facilitates the dimerization. The dimerized STAT3 

translocates to the nucleus and binds to the promotor regions of target genes. 

The topical application of 17-oxo-DHA diminished the Tyr705 

phosphorylation of STAT3 in mouse epidermis, as confirmed by the 
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immunofluorescence staining (Fig. 4-3A) and Western blot analysis (Fig. 4-

3B). Inhibition of nuclear translocation of phosphorylated STAT3 (STAT3) 

was also demonstrated by immunoblot analysis (Fig 4-3C). 

 

The resolution of inflammation induced by UVB-irradiation was increased 

by 17-oxo-DHA 

According to previous studies, UVB irradiation induced the generation of 

inflammatory cytokines in mouse skin [22]. The production of TNF-α and IL-

6 (Fig. 4-4A), two prototypic proinflammatory cytokines, and expression of 

their gene transcripts (Fig. 4-4B) were diminished by topical application of 

17-oxo-DHA. Under the same experimental conditions, there was no 

significant difference in the proportion of macrophages in mouse epidermis 

(Fig. 4-4C). CD36 is one of the scavenger receptors required for macrophages 

to detect damaged cells for adequate clearance (Fig. 4-4D). As shown in Fig. 

4-4E, the expression of CD36 was significantly elevated in 17-oxo-DHA 

treated mouse skin. 

 

17-Oxo-DHA potentiated the efferocytic activity of macrophages by 

augmenting the expression of CD36 in BMDMs 

In the resolving phase of acute inflammation, a series of steps are involved. 

Phagocytic removal of damaged cells by macrophages, termed ‘efferocytosis’, 

is critical to prevent the persistence of inflammation. To clarify whether 17-
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oxo-DHA could affect the capability of macrophages engulfing apoptotic 

cells, we utilized BMDMs isolated from the same strain of mice used in the in 

vivo experiments. For this purpose, JB6 murine epithelial cells were irradiated 

with UVB, and the resulting apoptotic JB6 cells were stained with pHrodo 

and co-incubated with BMDMs in the absence or presence of 5 μM 17-oxo-

DHA (Fig. 4-5A). BMDMs with positive staining for both F4/80 (macrophage 

marker) and pHrodo (apoptotic cell marker) were selectively sorted by flow 

cytometry. As shown in Fig. 4-5B, 17-oxo-DHA treatment enhanced the 

proportion of BMDMs engulfing apoptotic epidermal cells (F4/80+/pHrodo+). 

BMDMs treated with 17-oxo-DHA displayed elevated expression of CD36 

(Fig. 4-5C) and Nrf2 (Fig. 4-5D). To confirm the association between CD36 

and Nrf2, immunofluorescence staining was performed with skin tissues from 

Nrf2 knockout (KO) and wildtype (WT) mice. F4/80 showed no significant 

difference between the two groups, but the expression of CD36 was decreased 

in Nrf2 KO mice (Fig. 4-5E).  

 

The inhibition of Nrf2 restrained the effecrocytic capability of mouse 

BMDMs 

ML385 is a chemical inhibitor of Nrf2, which is widely used to interrupt the 

transcription of this transcription factor. In line with this notion, the 

expression of Nrf2 was inhibited by pretreating BMDMs with ML385 (Fig. 4-

6A). The proportion of BMDMs engulfing apoptotic epidermal cells was 
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diminished by treatment with ML385 (Fig. 4-6B). To verify the role of Nrf2 

in efferocytosis, BMDMs from Nrf2 KO mice were also employed. The 17-

oxo-DHA-induced potentiation of efferocytosis was abrogated in BMDMs 

isolated from Nrf2 KO mice (Fig. 4-6C). The increase in efferocytosis activity 

expedites the resolution of inflammation, and this often accompanies the 

reduced level of inflammatory cytokines. Thus, there was significant 

dampening of the inhibitory effect of 17-oxo-DHA on the production of 

proinflammatory cytokines, TNF-α (Fig. 4-6D) and IL-6 (Fig. 4-6E), in the 

skin of Nrf2 KO mice.  

 

17-Oxo-DHA protected against UVB-induced mouse skin tumor 

development 

After confirming that the topical application of 17-oxo-DHA to the dorsal skin 

of mice increased the Nrf2-mediated expression of cytoprotective proteins and 

accelerated the resolution of inflammation, we conducted a long-term 

experiment to assess its chemopreventive potential against 

photocarcinogenesis. The results showed that UVB-induced tumor 

development was diminished by 17-oxo-DHA pretreatment. The body weight 

loss of UVB-irradiated mice was also attenuated by 17-oxo-DHA treatment 

(Fig. 4-7A). Repeated topical application of 17-oxo-DHA before irradiation of 

UVB significantly reduced the number of papillomas per mouse (Fig. 4-7B) 

and the cumulative number of tumors in mouse skin (Fig. 4-7C). At the 
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termination of the experiment, the number of total tumor burden was 

significantly decreased by 42.37% in the 17-oxo-DHA-treated group 

compared to the vehicle treated control counterparts. Notably, the number of 

large-sized tumors was more markedly reduced compared to that of small-

sized tumors (Fig. 4-7D). For the growth and maintenance of tumor, blood 

vessels expand around the tumor, which is called angiogenesis. The topical 

application of 17-oxo-DHA suppressed angiogenesis (Fig. 4-7E), and this was 

corroborated by the reduced amount of hemoglobin accumulated in the skin 

(Fig. 4-7F). 

 

17-Oxo-DHA inhibited oxidative damage and activation of STAT3 in UVB-

induced mouse skin carcinogenesis 

Repeated exposure to UVB radiation can lead to aggregation of the epidermal 

layer as verified by H&E staining (Fig. 4-8A). The resulting thickening of the 

mouse epidermis was attenuated by topically applied 17-oxo-DHA. Likewise, 

oxidative tissue and DNA damage were ameliorated as evidenced by the 

reduced expression of 4-HNE, MDA, and 8-oxo-dG (Fig. 4-8A). Repeated 

UVB irradiation resulted in overactivation of STAT3 in mouse skin through 

phosphorylation of Tyr705. 17-Oxo-DHA treatment significantly dampened 

the phosphorylation of STAT3 on Try705 and the expression of c-Myc, a 

major STAT3 target oncoprotein, in the skin tumor tissues (Fig. 4-8B).  
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17-Oxo-DHA directly binds to cysteine 718 residue in STAT3 through the 

Michael addition reaction 

The modification of proteins at critical cysteine thiols can affect the functions 

of many redox-sensitive proteins [28, 29]. We speculated that the electrophilic 

α,β-unsaturated carbonyl group of 17-oxo-DHA could modify the cysteine 

residue of STAT3 (Fig. 4-9A), which might impede the phosphorylation and 

transcriptional activity of STAT3. As shown in Fig. 4-9B, STAT3 has 

characteristic domains and several cysteine residues. 

 To identify the binding site(s) of 17-oxo-DHA to STAT3 protein, MS/MS 

analysis was performed with recombinant STAT3 protein treated with 17-oxo-

DHA. First, the 17-oxo-DHA was analyzed by DIMS in the negative 

electrospray ionization (ESI) mode. Fragmentation MS scans were acquired 

by higher-energy collision dissociation (HCD) of the precursor ion 

corresponding to 17-oxo-DHA. The MS/MS spectrum shows the information 

on 17-oxo-DHA (m/z 342.21) fragmentation during HCD (Supplementary 

Fig.3). Secondly, peptide samples of STAT3 protein treated with 17-oxo-DHA 

were analyzed by LC-MS/MS. Based on the fragmentation information of 17-

oxo-DHA (Supplementary Fig.3), we were able to confirm that 17-oxo-DHA 

bound tryptic peptide derived from STAT3 protein. The molecular ion 

matching to [M+2H]2+ (m/z 1270.1322) of 710-

FICVTPTTCSNTIDLPMSPR-729 was acquired, indicative of STAT3 

modified by 17-oxo-DHA at the cysteine 718 residue (Fig. 4-9C). 



１２４ 
 

 

 

 



１２５ 
 

D

 

 

 

Figure 4-1. Protective effects of topically applied 17-oxo-DHA on UVB-

induced inflammation and oxidative stress in mouse skin.  
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17-Oxo-DHA (20 nmol) was topically applied for four days onto the dorsal 

skin of hairless female SKH1-Hrhr mice after single UVB irradiation (500 

mJ/cm2). Twenty-four hours later, skin tissues were collected for histological 

and biochemical analyses. (A) The photographic images represent the wound 

of each group after the UVB irradiation. (B) Skin severity was scored based 

on the symptoms, and skin thickness was measured with a caliper. (C) 

Paraffin-embedded skin tissue blocks were stained with H&E. Magnification, 

100×. Female hairless mice were topically applied with 17-oxo-DHA (20 

nmol) 30 min before UVB irradiation (180 mJ/cm2). (D) The paraffin sections 

of epidermal tissue were immunostained for 4-HNE, MDA, and 8-oxo-dG. 

(E) The protein levels of 4-HNE in UVB-induced mouse skin with or without 

17-oxo-DHA treatment were measured by Western blot analysis. Data are 

expressed as means ± SD (n=3 per group). * p < 0.05; ** p < 0.01; *** p < 

0.001. 
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Figure 4-2. Enhanced nuclear translocation of Nrf2 and its target protein 

expression in 17-oxo-DHA treated mice. 

(A, B) The accumulation of Nrf2 in cytoplasm and nucleus was verified by 

immunoblot analysis (A) and immunofluorescence staining (B). (C) Dorsal 

skins of mice were applied with 20 nmol 17-oxo-DHA for the indicated time. 

Protein lysates were isolated and subjected to Western blot analysis to 

measure the expression levels of Nrf2 and target proteins. Data are expressed 

as means ± SD (n=3 per group). * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 4-3. Attenuation of UVB-induced STAT3 phosphorylation in 

mouse skin treated with 17-oxo-DHA. 
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(A) The expression of P-STAT3 was measured by immunofluorescence 

staining. (B, C) Total protein lysate (B) and nuclear extract (C) were used for 

Western blot analysis to determine the levels of P-STAT3. Data are expressed 

as means ± SD (n=3 per group). ** p < 0.01; *** p < 0.001. 
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Figure 4-4. 17-Oxo-DHA-mediated acceleration of the resolution of UVB-

induced inflammation in mouse skin. 

(A) The amounts of TNF-α and IL-6 in mouse skin were determined by 

ELISA. (B) Tissue lysates were subjected to Real-Time Quantitative PCR to 

determine the mRNA levels of the same targets. (C) The macrophages were 

visualized by immunofluorescence staining. Magnification, 200×. Scale bars 

correspond to 200 µm. (D) The biological functions of CD36, a representative 

scavenger receptor present in macrophages. (E) The expression level of CD36 

was measured by immunoblot analysis. Data are expressed as means ± SD 

(n=3 per group). * p < 0.05; ** p < 0.01. 
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Figure 4-5. Nrf2-mediated enhancement of efferocytosis activity of 

macrophages by 17-oxo-DHA. 

(A) BMDMs were treated with 17-oxo-DHA (5 µM) for 12 h, and co-

incubated with apoptotic JB6 mouse epidermal cell debris for 1 h. (B) The 

flow cytometric analysis to assess the efferocytosis capability of 

macrophages. BMDMs were treated with 17-oxo-DHA (5 µM) for 24 h. The 

expression of CD36 (C) and Nrf2 (D) was measured by immunoblot analysis. 

(E) Fixed skin tissues were stained with anti-CD36 (green) or anti-F4/80 (red) 

antibody, and counterstained with DAPI (blue). Magnification, 200×. Scale 

bars correspond to 200 µm. Data are expressed as means ± SD (n=3 per 

group). * p < 0.05; ** p < 0.01. 
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Figure 4-6. Effects of pharmacologic and genetic inhibition of Nrf2 on 

effecrocytic activity of macrophages. 

BMDMs were co-cultured with apoptotic epidermal JB6 cells. Before the co-

incubation with dead cells, macrophages were pre-treated with a 

pharmacological Nrf2 inhibitor, ML385 (20 µM) for 90 min. 17-Oxo-DHA (5 

µM) was added, after the wash-out with PBS for removing ML385. Twelve-

hours after the incubation, BMDMs were co-cultured with pHrodo-SE-

labelled apoptotic epidermal JB6 cells for 1 h. (A) The pharmacological 

inhibition of Nrf2 by ML385 in BMDMs was confirmed by Western blot 

analysis. (B) The engulfment of dead cells by macrophages was measured by 

flow cytometry. (C) BMDMs isolated from Nrf2 WT and KO mice were 
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compared for their capability to engulf the apoptotic JB6 cells. (D, E) The 

mouse skin epidermis lysates were subjected to ELISA to measure the 

concentration of TNF-α (D) and IL-6 (E). Data are expressed as means ± SD 

(n=3 per group). * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 4-7. Protective effects of 17-oxo-DHA against UVB-induced tumor 

development in hairless mouse skin.  

Female hairless mice were topically applied to dorsal skin with 17-oxo-DHA 

(20 nmol) 30 min prior to UVB irradiation (180 mJ/cm2) three times a week 

until termination of the experiment on the 26th week. (A) Body weight 

changes during UVB-induced carcinogenesis. (B) The average number of 

tumors per mouse in different groups. (C) Comparison of the cumulative 
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number of papillomas among tumor-bearing mice. (D) Tumors were counted 

according to the size, and the distribution of each size calculated at the 

termination of the experiment is shown. (E) Photographic images represent 

angiogenesis, the formation of new blood vessels, around the skin tumors. (F) 

Amount of hemoglobin in UVB-induced mouse skin tissues was measured by 

Drabkin’s reagent as described in Materials and Methods. Data are expressed 

as means ± SD (n=7 per group). ** p < 0.01; *** p < 0.001. 
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Figure 4-8. Attenuation of long-term UVB-induced oxidative skin damage 

in 17-oxo-DHA treated mice.  

Tissues collected mice from the long-term tumor experiments were saved and 

subjected to histological, immunohistochemical and immune blot analyses. 

(A) Skin thickness and hyperplasia were confirmed by H&E staining. 

Immunohistochemical analysis of 4-HNE, MDA, and 8-oxo-dG in mouse 

epidermis. (B) The phosphorylation of STAT3 and expression of its target 

protein, c-Myc was measured by immunoblot analysis. Data are expressed as 

means ± SD (n=3 per group). * p < 0.05. 
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Figure 4-9. Mass spectrometric analysis of covalent modification of 

STAT3 by 17-oxo-DHA. 

(A) The expected interaction between a thiol group of STAT3 and 17-oxo-

DHA. (B) Schematic domain structure of STAT3, which contains six different 

unique functions. (C) Identified mass spectrum of STAT3 peptide 

(FICVTPTTCSNTIDLPMSPR) covalently modified by 17-oxo-DHA. 

Annotated LC-MS/MS spectrum illustrating the binding of 17-oxo-DHA to 

STAT3 protein at cysteine 718 residues. The precursor ion for a peptide with 

17-oxo-DHA binding is [M+2H]2+ (m/z 1270.1322). The list of elucidated 17-

oxo-DHA fragmentation is inserted into the spectrum as a table. The 

molecular symbol labeled with y ion on the spectrum represents the fragment 

ion of 17-oxo-DHA bound to Cys718.  
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Figure 4-10. A schematic representation of the molecular mechanism 

underlying protective effects of 17-oxo-DHA against UVB-induced 

dermatitis and skin carcinogenesis.  
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Supplementary Fig.1 The changes in inflammatory severity for 7 days 

after UVB irradiation.   

(A) To confirm the severity change of the inflammation, mice were 

euthanized every day until the 7th day after UVB radiation (500 mJ/cm2). (B) 

The clinical skin score of mouse UVB-induced dermatitis which was 

evaluated by the sum of the main symptoms of inflammation. (C) Skin 

thickness was determined by H&E staining. Magnification × 100. Scale bars 

correspond to 500 µm. 
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Supplementary Fig. 2. Attenuation of UVB-induced inflammation and 

apoptosis in mouse skin by topically applied 17-oxo-DHA.  

 After the UVB radiation (180 mJ/cm2), skin thickness and apoptotic cells in 

the skin epidermis were detected by H&E staining. The dorsal application of 

17-oxo-DHA reduced the generation of TUNEL-positive apoptotic cells. 

Magnification × 100. Scale bars correspond to 100 µm. 

. 
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Supplementary Fig. 3. Cleavage information of 17-oxo-DHA was 

acquired by DIMS analysis.  

 MS/MS spectrum for direct infusion of 17-oxo-DHA. The fragment spectra 

of 17-oxo-DHA were scanned in negative ESI mode. 

 

  



１５２ 
 

5. Discussion 

The chemopreventive and anti-carcinogenic activities of DHA have been 

reported [30, 31]. In this study, we conducted a series of experiments focusing 

on UVB-induced dermatitis and carcinogenesis. Because the skin is composed 

of several layers that constitute a strong barrier to drug penetration, proper 

drug delivery to the skin is a major goal of pharmaceutical therapy, and 

penetration of topical drugs is essential for efficacy [32]. Fatty acids such as 

oleic acid, lauric, and capric acid have been demonstrated to enhance the 

penetrating effect by selectively acting on extracellular lipids constituting key 

regulatory channels [33]. Fish oils containing DHA can penetrate the 

cutaneous barrier and subsequently exert anti-inflammatory effects [34].  

17-Oxo-DHA is an endogenous electrophilic derivative of DHA which is 

produced in activated macrophages via sequential enzymatic reactions 

catalyzed by COX-2 and dehydrogenase [23]. When DHA was topically 

applied onto mouse skin, 17-oxo-DHA as well as an intermediary metabolite 

17-hydroxy-DHA was generated (S.-H. Kim & Y.-J. Surh, unpublished 

observation). Because of the electrophilic α,β-unsaturated carbonyl moiety, 

17-oxo-DHA is anticipated to covalently bind to a sensor cysteine residue of 

Keap1, thereby activating Nrf2. In our previous study, 17-oxo-DHA was 

found to inhibit the Keap1-dependent ubiquitination of Nrf2 through 

modification of the Cys151 or Cys273 residues of Keap1 [35]. As a result, 

nuclear translocation and transcriptional activity of Nrf2 were enhanced, 
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followed by upregulation of HO-1 expression in murine epidermal cells. 

Notably, direct topical application of 17-oxo-DHA exerted anti-inflammatory 

effects in UVB-irradiated mouse skin at much smaller dose than that of the 

parent compound, DHA [35]. 

Failure to resolve acute inflammation (unresolving inflammation) leads to 

chronic disorders, such as arthritis, asthma, psoriasis, and carcinogenesis [36-

39]. The resolution of inflammation relates to the capacity of macrophages to 

use the substances derived from the phagolysosomal hydrolysis of apoptotic 

cells as the fuel of efferocytosis [40, 41]. Through this efferocytic ability, 

activated macrophages accelerate the resolution of inflammation, prevent cell 

destruction and release of toxic substances, and increase the production of 

anti-inflammatory cytokines, including IL-10 and TGF-β [42]. 17-Oxo-DHA 

suppresses the release of the proinflammatory cytokine, IL-1β through 

inhibition of NLRP3 inflammasomes [25] and exerts antioxidant effects 

immune and structural cells [24]. Though in vitro studies using 17-oxo-DHA 

have been conducted, the anti-inflammatory response using the drug in vivo 

has not been reported yet. 

Proinflammatory cytokines, chemokines and other mediators, such as IL-6 

and TNF-α are involved in the inflammatory tumor microenvironment [43], 

and STAT3 is essential for regulating their expression [27, 44, 45]. The 

extrinsic inflammatory factors such as chemical carcinogens, pathogens and 

UVB can activate STAT3 via different pathways [46-49]. Thus, inhibition of 
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aberrant STAT3 activation is considered a practical therapeutic approach for 

achieving the prevention of carcinogenesis. Repression of STAT3 

overactivation can be achieved not only through inhibition of upstream 

signaling pathways such as Janus kinase, epidermal growth factor receptor, 

and IL-6R [50], but also through direct covalent modification of specific 

cysteine thiol residues.  

STAT3 contains 14 highly conserved cysteine residues of which nine are 

reported to be redox-sensitive and critical in controlling its transcriptional 

activity [51]. Previous studies in our laboratory demonstrated that the cysteine 

259 residue of STAT3 was directly modified by the natural polyphenolic 

compound curcumin harbouring an α,β-unsaturated carbonyl moiety [52] or 

some electrophilic prostaglandin metabolites of arachidonic acid, which 

hampered the phosphorylation and consequently the activation of STAT3 [53, 

54]. Unlike these compounds, however, 17-oxo-DHA was found to 

preferentially bind to the Cys718 residue of STAT3. To the best of our 

knowledge, this is the first demonstration of the posttranslational modification 

of STAT3 at this particular amino acid.  

The STAT3 protein consists of 6 domains with different functions and roles 

[55]. Cys718 is present in the highly conserved but intrinsically disordered C-

terminal transactivation domain (TAD) that is important for dimerization, 

nuclear translocation, and full transcriptional activity of STAT3 [56]. STAT3 

activation is dependent on the Tyr705 residue, an essential site for 
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phosphorylation and dimerization of STAT3 [57]. We speculate that covalent 

modification of Cys718 by 17-oxo-DHA may induce a change in the structure 

of STAT3, which hinders accessibility to the upstream kinase, Janus kinase 

(JAK), thereby protecting the Tyr705 residue from phosphorylation. In 

support of this speculation, cysteine thiol modification in the TAD domain 

inhibited phosphorylation and nuclear localization of STAT3 without 

influencing the expression/activity of JAK1 and 2 [58]. Of note, Cys718 has 

been suggested to be involved in STAT3 dimerization and also in interaction 

with other proteins such peroxiredoxin-2 [59]. Further studies will be 

necessary to clarify the mechanisms underlying how Cys718 modification by 

17-oxo-DHA can affect the STAT3 signaling. 

Macrophages detect and engulf apoptotic cells through sequential 

mechanisms including the recognition of phosphatidylserine via scavenger 

receptors [60]. The association between CD36, one of the principal scavenger 

receptors present in macrophages, and resolution of inflammation has been 

continuously reported [61, 62]. In the present study, the role of Nrf2 in CD36-

mediated effecrocytosis was assessed by use of an Nrf2 inhibitor and Nrf2 

knockout mice. BMDMs subjected to chemical inhibition and genetic 

deficiency of Nrf2 exacerbated efferocytic activity of macrophages, which 

was ascribed to repression of CD36 expression. HO-1, which is upregulated 

via the Nrf2 signal pathway, has been reported to potentiate the efferocytic 
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activity of macrophages by elevating the expression of scavenger receptors 

including CD36 and dectin-1 [63, 64]. 

In conclusion, the topical application of 17-oxo-DHA protects against 

UVB-induced dermatitis and carcinogenesis via suppression of the STAT3 

pathway, and activation of the Nrf2/ARE signaling. Nrf2 activation promoted 

the resolution of skin inflammation through potentiation of efferocytic activity 

of macrophages phagocytosing apoptotic epidermal cells which was attributed 

to upregulated CD36 expression responsible for recognition and elimination 

of dead/dying cells. Therefore, 17-oxo-DHA can be suggested as a candidate 

for the chemoprotection/chemoprevention of UV-induced dermitis and 

photocarcinogenesis. 
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CONCLUSION 

 

If the resolution of inflammation is not well achieved, it can cause chronic 

inflammation and metabolic syndrome, and if this state persists, there is a 

possibility of developing cancer. Before chronic inflammation occurs, 

appropriate and timely resolution of acute inflammation is required. Recent 

studies have unraveled the metabolome of endogenous molecules directly 

involved in the proresolving response. In addition, recent studies have focused 

not only on the inhibition of inflammation, but also on the resolution of 

inflammation. In this regard, evaluating the anti-inflammatory/proresolving 

effects of endogenous molecules and their potential ability to accelerate 

phagocytic capacity of macrophages, is worthwhile. In this thesis, I 

investigated the proresolving/anti-inflammatory as well as antioxidant effects 

of taurine chloramine and 17-oxo-DHA in the context of their 

chemopreventive potential against inflammation-associated cancer. 
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국 문 초 록 

 

Taurine chloramine (TauCl)은 육류, 생선, 계란 및 우유를 

포함한 일부 식품에서 발견되는, 준필수 황 함유 β-아미노산인 

Taurine 에서 대사된 내인성 항염증 물질이다. 일반적으로 

TauCl 과 Taurine 은 다양한 유형의 세포에서 조직 손상에 의해 

유발되는 염증 매개체의 생성을 감소시킨다. 본 논문연구에서 

실험적으로 유도된 대장염에 대한 TauCl 의 보호 효과를 

확인하였다. 2,4,6-Trinitrobenzene sulfonic acid (TNBS)에 의해 

유도된 대장염증은 TauCl 의 경구 투여에 의해 경감되었다. 또한 

TauCl 의 투여는 TNBS 로 유도된 마우스의 대장 점막에서 

세포자멸사를 감소시켰다. 이는 necrosis factor-α, interleukin-6 

와 cyclooxygenase-2 (COX-2)를 포함하는 염증성 인자와 4-

hydroxy-2-nonenal (4-HNE)을 포함하는 산화적 스트레스 

인자의 억제를 통해 확인되었다. TauCl 은 또한 염증 신호전달을 

매개하는 두 가지 주요 전사 인자인 nuclear factor kappa light 

chain enhancer of activated B cells (NFκB) 및 signal 

transducer and activator of transcription 3 (STAT3)의 활성화를 

억제하였다. 특히, TNBS 로 유도된 마우스의 대장에서 산화적 

스트레스 및 염증에 대한 TauCl 의 보호 효과는 nuclear factor 

erythroid 2-related factor 2 (Nrf2)의 높은 활성화 및 heme 
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oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 

(NQO1)과 같은 표적 유전자의 발현 량 증가와 관련이 있음을 

관찰할 수 있었다. 이러한 결과는 TauCl 이 Nrf2 에 의해 유도되는 

항산화 유전자 발현의 상향조절을 통해 대장염에 대한 보호효과를 

보임과 동시에, NFκB 와 STAT3 에 의해 매개되는 염증성 신호를 

억제함을 나타낸다.  

태양광, 특히 자외선에 대한 과도한 노출은 광노화를 일으키며 

피부염 및 피부암 발생의 주요 원인이다. 본 연구는 광손상으로부터 

피부를 효과적으로 보호할 수 있는 후보 물질을 찾기 위해 염증 

조직으로 집중된 대식세포의 Taurine 으로부터 생성되는 TauCl 을 

사용하여 수행되었다. 180 mJ/cm2 강도의 Ultraviolet B (UVB) 

조사는 마우스 표피에서 산화적 손상과 세포 사멸을 유발하였다. 

TUNEL-양성 표피 세포의 감소 및 세포사멸 억제 단백질인 Bcl-

xL 의 발현량 증가, cleaved caspase-3 의 감소 및 4-HNE 의 

억제에 의해 입증된 바와 같이 이러한 피부염증은 국소 도포 

처리된 TauCl 에 의해 경감됨을 확인하였다. 또한 두 가지 주요 

염증 효소인 COX-2 와 inducible nitric oxide synthase (iNOS)의 

발현은 TauCl 처리된 마우스에서 유의하게 낮음을 확인하였고, 

염증성 사이토카인 (Tnf, Il6, Il1b, Il10)의 전사 또한 유사한 

경향성을 나타내는 것을 확인하였다. 또한 TauCl 의 항염증 효과는 

STAT3 의 활성화 억제 및 Nrf2 의 활성화를 통한 HO-1, 

NQO1 과 같은 항산화 효소의 유도 와도 관련 있음을 확인하였다. 
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이러한 연구 결과들을 통해 대장염 및 피부염에 대한 TauCl 의 

화학적 암예방효과는 염증을 매개하는 표적 단백질들의 활성화를 

경감시킴과 동시에 활성산소종의 제거와 관련된 항산화 단백질들의 

증가된 발현을 통해 매개된다고 할 수 있다.  

급성 염증은 조직 복구와 항상성 회복을 위한 자기 한정적 

과정이다. 급성 염증이 적절하게 해소되지 않으면 염증 반응이 

지속되어 천식, 관절염, 동맥경화증, 심지어 암 과도 같은 여러 만성 

질환을 유발할 수 있다. 세포자연사는 조직의 염증 해소 단계에서 

관찰되는 세포예정사의 가장 중요한 과정이다. 죽거나 죽어가는 

세포의 축적은 지속적인 염증 반응을 일으키거나 악화시키기 

때문에 세포 사멸 세포의 제거는 염증 조절에 필수적인 역할을 

한다. 포식작용은 대식세포의 식세포 작용에 의해 죽거나 죽어가는 

세포가 제거되는 과정이다. CD36 을 포함한 다양한 식세포 

수용체는 식균 작용을 하는 것으로 여겨지는 세포를 인식함으로써 

이 과정에 관여한다. 포식작용은 염증의 해소에 기여함으로써 2 차 

괴사, 염증의 심화, 그리고 만성 염증을 예방하는데 필수적인 

역할을 한다.  

외부 및 내부 염증 자극에 반응하여 항상성을 유지하는 가장 

중요한 관문이자 기관으로서 피부의 중요성은 아무리 강조해도 

지나치지 않는다. 표피에서 급성 염증의 해소가 제대로 이루어지지 

않으면 염증의 중증도를 악화시킬 수 있다. Docosahexaenoic acid 

(DHA)는 오메가 3 불포화지방산 중 하나로, 대사과정을 거쳐 
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생물학적으로 활성화된 친전자성 대사체를 생성한다. 그 대사체중 

하나인, 17-oxo-DHA 는 활성화된 대식세포에서 COX-2 와 

탈수소효소에 의해 DHA 로부터 생성된다. STAT3 는 UVB 로 

유도된 피부염증 및 피부암 발생에서 중요한 역할을 한다. 

STAT3 의 활성화에 필수적인 Tyr705 의 인산화는 17-oxo-

DHA 로 처리된 무모 마우스에서 유의하게 감소하였다. 또한 UVB 

조사로 인해 유도된 세포 사멸의 발생은 17-oxo-DHA 의 국소 

도포로 인해 경감되었으며 이는 TUNEL-양성 세포의 비율 감소로 

입증하였다. 17-oxo-DHA 의 처리는 또한 산화적 스트레스의 지표 

단백질 발현을 감소시켰고, Nrf2 의 발현과 관련 항염증 및 항산화 

단백질 발현을 증가시켜 염증성 사이토카인 생성을 약화시키고, 

염증의 해소를 가속화하였다. 포식작용은 대식세포의 식균활동에 

의해 수행되는 염증의 해소에 중추적인 역할을 한다. 이 실험에서 

17-oxo-DHA 에 의한 골수 유래 대식세포의 포식작용 능력의 

변화를 관찰하였고, 그 결과 17-oxo-DHA 의 처리에 의해 골수 

유래 대식세포의 포식작용이 증가함을 확인하였다. 또한 이 결과는 

스캐빈저 수용체인 CD36 및 Nrf2 의 발현량의 증가와 관련 있음을 

Nrf2 knockout 마우스들을 통해 확인할 수 있었다. 결론적으로, 

17-oxo-DHA 의 도포는 산화적 스트레스를 억제하고 대식세포의 

포식작용 능력을 강화하여 염증의 해소 단계를 활성화시켜 UVB 에 

의해 유도된 피부염 및 피부암으로부터 보호효과를 나타내었고, 

이러한 효과는 Nrf2 의 활성화와 그에 따른 항산화 단백질 발현의 
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증가를 통해 확인되었다. 따라서 17-oxo-DHA 는 UVB 로 인한 

피부 손상을 해결할 수 있는 치료제로서의 가능성이 있음을 

시사한다.  
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