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초록

MUDENG의 과발현이 마우스의 간과 피부 조직에 미치는

영향

저자: 명승현

지도 교수: 김태형 교수

조선대학교 대학원 의과학과

유전자의 기능을 연구하는 것은 인간의 생명 현상을 탐구하는 가장 기초적이고

근본적인 연구이면서, 나아가 관련된 질병들에 대해 이해하고 약물을 개발하는데

도움을 줄 수 있다. 많은 유전자의 기능이 밝혀져 왔지만, 아직까지 기능이 완전히

알려지지 않은 유전자가 상당히 존재한다. 그러한 유전자 중 하나가 MUDENG 

MUDENG (Mu-2-related death-inducing gene, MuD, and called also as Adaptin Protein (AP) 5 mu 

subunit (AP5M1)) 이다. MUDENG은 Fas라고 하는 세포 사멸을 유도하는 인자에 의한

세포 사멸 시 관련된 유전자 발굴 작업을 통해 처음 발굴되었고, 김태형 교수

실험실에서 유전자 클로닝과 세포에서의 기능연구를 통해 처음으로 알려지게 되었다. 

이후로 MUDENG과 세포 사멸과의 연관성에 대한 논문이 나왔지만, 정확한 기능에

대해서는 아직까지 완벽하게 이해하지 못하고 있다. 

본 논문에서는 MUDENG 단백질을 과발현하는 형질전환 마우스를 이용하여

처음으로 동물 모델에서 MUDENG에 의한 생리학적인 변화를 관찰하였다. Human 

MUDENG을 발현하는 동물 모델 (hMUDENG Tg) 은 상동 유전자 재조합 시스템을

이용한 방법으로 생식 줄기세포에서 제작하여 마우스의 다양한 조직에서 발현할 수

있게 되었고, 이를 이용하여 피부와 간에서 hMUDENG의 과발현에 의한 표현형의
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변화를 관찰 할 수 있었다. MUDENG Tg 마우스의 두드러진 표현형의 변화는 탈모와

느린 성장이다. 탈모와 느린 성장의 원인은 간 조직에서의 대사 문제로 확인되었다.

MUDENG Tg 마우스는 생후 약 2주차에 미성숙한 간을 갖는 것으로 확인 되었다.

미성숙한 간은 지방 대사를 포함한 대사 문제와 산화 환원 반응에 관여하는 많은

유전자 발현이 감소하는 것으로 알려졌다. 또한 MUDENG Tg 마우스는 간 조직에 염증

반응이 일어나는 것을 관찰할 수 있었고, 이러한 결과는 간 섬유화와 밀접하게

관련되어 있다. 이러한 추측과 일치하게 MUDENG Tg 마우스의 간 조직에서는 많은

섬유성 단백질과 초기 염증 유발 인자인 transforming growth factor-β (TGF-β)의 발현이

증가한 것을 관찰하였다. 간 염증에 대해 추가적인 관찰 결과 hMUDENG의 과발현

만으로 간 조직에 경미한 염증을 유발하고, 외부 자극 특히 사염화탄소에 민감하게

만드는 것을 관찰하였다. 사염화탄소에 의한 자극으로 간 섬유화가 정상 마우스보다

더욱 빠르고 강하게 악화되는 것을 관찰하였다. 그리고 기존에 간과 심혈관 섬유화에

중요하다고 알려진 Interleukin11 (IL11)도 hMUDENG Tg 마우스에서 상향 발현 되고

있었지만, 추가적인 IL11의 공급 혹은 IL11 mutein (길항제)의 공급에도 큰 영향을 받지

않는 것을 확인하였다.

MUDENG은 Adaptor protein (AP) 5 complex의 mu 소단위체로써 엔도좀, 후기 엔도좀, 

골지체로 수송에 관여하는 것으로 알려졌으며, 이러한 수송은 특히 지방 대사에

중요하게 관련되어 있으며, NAFLD 발달에 밀접하게 관련되어 있다.

본 연구 결과 hMUDENG의 과발현이 피부 조직에서 탈모의 발단에 중요한 영향을

미치고, 간 조직에서 염증 반응을 유발하고 간 섬유화의 발달에 매우 중요한 역할을

할 수 있다. 또한 NAFLD를 포함한 여러 간 질환에서도 중요한 영향을 미칠 것이라

생각한다. 앞으로 추가적인 연구에서 MUDENG과 여러 간 질환과의 연관성 연구가 간

조직에서 유발될 수 있는 많은 질환들을 이해하는데 도움을 줄 수 있을 것이라

생각한다.
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ABSTRACT

The effects of overexpression of MUDENG on liver and skin of 

mice

By: Seung Hyun Myung 

Advisor: Prof. Tae Hyoung Kim

Department of biomedical science,

Graduate Schoo of Chosun University

Studying gene function is fundamental and essential research that explores human biological 

phenomena, and it can provide insights into related diseases and aid in drug development. While the 

functions of many genes have been elucidated, there still exist genes whose functions are not fully 

understood. One such gene is MUDENG (Mu-2-related death-inducing gene, MuD), also known as 

Adaptin Protein (AP) 5 mu subunit (AP5M1). MUDENG was initially discovered using a ribozyme 

library related to cell death induced by Fas. Professor Tae-Hyung Kim's laboratory conducted gene 

cloning and functional studies in cells, leading to its initial characterization. Subsequently, papers 

have been published on the association between MUDENG and cell death, but the precise function 

remains incompletely understood. 

In this study, physiological changes induced by MUDENG were observed for the first time in 

an animal model using transgenic mice overexpressing the MUDENG protein. The animal model 

overexpressing human MUDENG (hMUDENG Tg) was generated through germline production 

using a homologous recombination system, allowing for its expression in various tissues of mice. 

Using this model, phenotypic changes caused by overexpression of hMUDENG were observed in 

the skin and liver. The prominent phenotypic changes in MUDENG Tg mice are hair loss and slow 

growth. The underlying cause of hair loss and slow growth was identified as metabolic issues in liver 
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tissue. At approximately 2 weeks of age, MUDENG Tg mice exhibited immature livers, and it is 

known to involve a decreased expression of many genes related to metabolism, including lipid 

metabolism and oxidative-reduction reactions. Additionally, inflammation was observed in the liver 

tissue of MUDENG Tg mice, which is closely associated with liver fibrosis. Consistent with this 

hypothesis, increased expression of fibrous proteins and the initial inflammatory inducer TGF-β were 

observed in the liver tissue of MUDENG Tg mice. Additional observations regarding liver 

inflammation revealed that overexpression of hMUDENG alone induces mild inflammation in liver 

tissue and renders it particularly susceptible to external stimuli, especially Carbon tetrachloride 

(CCl4). The stimulation by CCl4 resulted in faster and more severe liver fibrosis in MUDENG Tg 

mice compared to normal mice. Furthermore, IL11, known to be important for liver and vascular 

fibrosis, was upregulated in hMUDENG Tg mice. However, its expression was not significantly 

affected by additional IL11 supply or the administration of IL11 mutein (an antagonist) in MUDENG 

Tg mice. 

MUDENG is known as the mu subunit of the AP5 complex involved in trafficking to endosomes, 

late endosomes, and the Golgi apparatus. Such trafficking is particularly relevant to lipid metabolism 

and is closely associated with developing non-alcoholic fatty liver disease (NAFLD). 

The results of this study suggest that overexpression of hMUDENG exerts a significant 

influence on the onset of hair loss in skin tissue and induces inflammation in liver tissue, playing a 

crucial role in liver fibrosis development. Moreover, it is anticipated to have important implications 

in various liver diseases, including NAFLD. Further investigations into the relationship between 

MUDENG and diverse liver diseases can enhance understanding of the broad spectrum of disorders 

caused by liver dysfunction.
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CHAPTER1

INTRODUCTION
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1.1 The novel protein, MUDENG (Mu-2-related death-inducing gene, MuD)

MUDENG (Mu-2-related death-inducing gene, MuD) was first named by Tae-Hyoung Kim (1). 

For the first time, Kawasaki and Taira found 43 unknown genes that are thought to be involved in 

the Fas-mediated death signaling pathway using randomized hammerhead-structure hybrid ribozyme 

libraries. The ribozyme is a type of RNA sequence that has the ability to cleave RNA. The ribozyme 

library is a comprehensive collection of ribozymes fused with random sequences, each approximately 

20 nucleotides in length. This library facilitates the identification of genes associated with cell death 

by cleaving RNA molecules of target genes when the cells are induced to undergo cell death under 

specific circumstances such as exposure to cell death ligands like FasL TRAIL and TNF-alpha 

(Figure 1-1). Kawasaki and Taira provided sequences of about 20 nucleotides of 7 known genes and 

43 unknown genes related to Fas-induced cell death (2). Tae-Hyoung Kim's lab investigated the ORF 

of the 43 unknown genes using the blast search program in Genbank and successfully amplified 7 

unknown genes using RT-PCR from total RNAs isolated from HeLa cells. For the investigation of 

functions of 7 unknown genes, 7 unknown genes were co-transfected with GFP. One of these 7 

unknown genes was MUDENG. MUDENG significantly induced cell death in HCT116 (human 

colon cancer cells), HeLa (human cervical carcinoma cells), and Jurkat (human T lymphocytes) when 

it was overexpressed in their cell lines (1). 

The MUDENG is encoded on human chromosome 14q22.3, and the Genbank accession number 

is AK001675. MUDENG consists of 1473 nucleotide base pairs (Figure 1-2) and 490 amino acids 

(Figure 1-3). It contains a domain (residues 197-417) that exhibits similarity to the mu2 subunit of 

the AP1 (adaptor protein) complex (Figure1-4) (1). That’s why AK001675 was named the mu2-

related death-inducing gene, MUDENG. The MUDENG has a significantly conserved sequence from 

mammals to amphibians. It could be thought MUDENG could have conserved and important roles 

in cells. But the functions of MUDENG are not revealed well so far. In cell experiments, MUDENG 

seems to be involved in apoptosis in both ligand-induced cell death and cell survival (1, 3-8). This 

conflicted result in cell death could be thought to depend on cell type. The functions of MUDENG 
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in cell death will be discussed in more detail following sections. 

MUDENG is also known as AP5 complex mu1 subunit (AP5M1). The AP5 complex was 

identified relatively later than other AP complexes (9). The AP complexes are involved in 

transporting substances, and the Mu subunit plays a role in recognizing the cargo. The substrates 

transported by AP5 have not yet been discovered. Recently, one of the roles of the AP5 complex was 

discovered that is involved in late endosome to Golgi retrieval (10). The retrieval plays a crucial role 

in maturation, signaling, and membrane trafficking (11, 12). Pathological diseases such as hereditary 

spastic paraplegia and other neurodegenerative disorders caused by endosome/lysosome dysfunction 

show the importance of AP5 and retrieval (10). In addition, it is observed that overexpression of 

AP5M1 in mouse tissues, especially the liver, induced liver fibrosis more quickly and strongly. The 

liver is also vital in transporting lipids and proteins and retrieving late endosomes to the Golgi 

apparatus. These results emphasize the importance and necessity of the continuous study of AP5M1, 

namely MUDENG.
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Figure 1-1. Schematic illustration of extrinsic and intrinsic cell death. Cells can undergo death due 

to intracellular damage or external stimuli, such as TNFα, FasL, and TRAIL. Ribozymes have the 

ability to cleave RNA molecules, and cleaving mRNA associated with cell death signals may lead to 

cell survival although cell death signals are sent by death ligands. Black arrow represent cell death 

signal pathway. Red dotted arrow represent blocking of cell death and cell survival. 
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5’-ATGGCGCAGCGGGCAGTGTGGCTCATAAGCCACGAACCGGGAACTCCACTTTGTGGCACCGTGA

GATTCTCCAGACGGTATCCAACTGTTGAAAAACGAGCCAGAGTCTTCAATGGAGCAAGTTATGTGCCT

GTTCCTGAAGATGGTCCCTTTCTTAAAGCACTGCTCTTTGAACTTAGATTATTGGATGATGATAAAGACT

TCGTTGAGAGTCGTGATAGCTGTTCACGCATCAATAAAACATCCATTTATGGACTCCTGATAGGAGGTG

AAGAACTCTGGCCAGTTGTTGCTTTTCTGAAGAATGACATGATATATGCTTGTGTTCCACTAGTTGAAC

AAACTCTGTCCCCTCGTCCGCCACTAATTAGTGTCAGTGGAGTTTCACAAGGCTTTGAATTTCTTTTTG

GGATACAGGATTTTCTTTATTCAGGTCAAAAAAATGACTCTGAGCTGAATACAAAATTGAGCCAGTTG

CCTGACTTGCTTCTGCAGGCTTGTCCATTTGGTACTTTATTAGATGCCAACTTACAGAATTCATTAGATA

ATACCAATTTTGCATCTGTGACTCAGCCACAGAAACAGCCAGCTTGGAAAACTGGGACGTACAAAGG

AAAACCACAAGTTTCTATTTCTATCACTGAAAAGGTAAAATCCATGCAATATGATAAACAGGGTATAGC

AGATACATGGCAAGTTGTTGGAACAGTGACTTGCAAGTGTGATTTGGAAGGAATCATGCCAAATGTTA

CCATCAGCTTGAGTCTCCCCACCAATGGATCTCCACTTCAGGATATTCTAGTTCACCCTTGTGTAACTTC

TCTTGACTCTGCAATTCTGACTTCTAGTAGTATTGATGCAATGGATGACTCTGCATTTAGTGGGCCTTAC

AAATTTCCATTCACTCCACCTTTAGAGTCATTCAACTTATGCTTCTACACTTCCCAGGTCCCTGTCCCAC

CAATTTTGGGTTTTTATCAAATGAAGGAGGAAGAAGTACAACTAAGAATAACCATTAATTTAAAACTT

CATGAAAGTGTGAAAAATAATTTTGAATTCTGTGAAGCCCATATACCTTTTTACAATAGAGGTCCAATTA

CACATTTGGAATACAAAACTAGTTTTGGCCAGCTTGAAGTATTTCGAGAGAAAAGCTTATTGATCTGG

ATTATTGGCCAGAAGTTCCCAAAATCAATGGAAATTAGTCTTTCTGGAACTGTAACTTTTGGAGCCAAG

AGCCATGAGAAGCAGCCATTTGACCCAATTTGTACTGGAGAAACAGCATATTTAAAGCTTCATTTTAG

GATCTTAGATTACACACTTACTGGATGTTATGCAGATCAGCATTCAGTTCAAGTTTTTGCATCAGGAAA

ACCAAAAATAAGTGCACACCGGAAACTAATTTCTTCTGATTATTACATCTGGAATTCTAAAGCCCCTGC

TCCAGTAACATATGGATCATTATTATTGTAA-3’

Figure 1-2. DNA sequence of human MUDENG. Human MUDENG has 1473 nucleotide base pair.
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MAQRAVWLISHEPGTPLCGTVRFSRRYPTVEKRARVFNGASYVPVPEDGPFLKALLFELR ··60

LLDDDKDFVESRDSCSRINKTSIYGLLIGGEELWPVVAFLKNDMIYACVPLVEQTLSPRP··120

PLISVSGVSQGFEFLFGIQDFLYSGQKNDSELNTKLSQLPDLLLQACPFGTLLDANLQNS··180

LDNTNFASVTQPQKQPAWKTGTYKGKPQVSISITEKVKSMQYDKQGIADTWQVVGTVTCK··240

CDLEGIMPNVTISLSLPTNGSPLQDILVHPCVTSLDSAILTSSSIDAMDDSAFSGPYKFP··300

FTPPLESFNLCFYTSQVPVPPILGFYQMKEEEVQLRITINLKLHESVKNNFEFCEAHIPF··360

YNRGPITHLEYKTSFGQLEVFREKSLLIWIIGQKFPKSMEISLSGTVTFGAKSHEKQPFD··420

PICTGETAYLKLHFRILDYTLTGCYADQHSVQVFASGKPKISAHRKLISSDYYIWNSKAP··480

A P V T Y G S L L L * 

Figure 1-3. Protein sequence of human MUDENG. Human MUDENG has 490 amino acids. The 

underlined region (197 to 417 amino acids) represents the adaptin domain region.

Adaptin domain
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Figure 1-4. Sequence alignment of MUDENG (197~417 residues) with AP2M1. MUDENG was first 

named by Tea-Hyoung Kim due to MUDENG has similar sequence and domain with AP2 mu subunit 

(AP2M1).
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1.2. The functions of MUDENG in cellular perspective

When initially discovered, MUDENG was observed to trigger apoptosis upon overexpression 

in HeLa and Jurkat cell lines. However, during TRAIL-induced cell death, it was observed that 

MUDENG protein was partially cleaved by caspase 3, resulting in the loss of its cell-killing function 

(3). The caspase cleavage site was identified to be located on the adaptin domain, D276 and D290, 

of MUDENG, which is considered to be a crucial region for cell killing. It is not yet fully understood 

how the loss of MUDENG's cell-killing ability by caspase-mediated cleavage affects TRAIL-induced 

cell death in BJAB and Jurkat cell lines. In contrast to the results observed in Jurkat, HeLa, and BJAB 

cells, it has been noted that MUDENG overexpression inhibits TRAIL-induced cell death in 

astroglioma cell lines, specifically U251MG and T98G cells (5). Moreover, during TRAIL-induced 

cell death in astroglioma cell lines, MUDENG appears to undergo cleavage. This cleaved form of 

MUDENG appears to lose its inhibitory function on TRAIL-induced cell death (Characterization of 

MUDENG, a novel anti-apoptotic protein) (Figure1.5). These two contradictory results have yet to 

be fully interpreted. 

In cervical carcinoma cell lines, it was found that BAX plays a significant role in the cell death 

mechanism caused by MUDENG overexpression. Knocking out BAX was observed to significantly 

inhibit cell death caused by MUDENG overexpression (7). Furthermore, low mRNA levels of 

MUDENG, BAX, and BAK were observed in patient cervical carcinoma tissues (13). However, in 

astrocytes, a major glial cell line, MUDENG was found to inhibit TRAIL-induced and Bid-mediated 

cell death, which conflicts with its cell-killing ability in HeLa, BJAB, and Jurkat cell lines (1, 3, 14). 

Thus, it appears that MUDENG's role in cell death can differ depending on the cell type (Figure1.5).

MUDENG expression is thought related to survival of cancer patients. Although survival curves 

is little different depends on cancer types, Patients with kidney renal clear cell carcinoma (KIRC) 

have a poor prognosis when MUDENG expression is low. Confidence in breast invasive carcinoma 

(BRIA) (A) and lung adenocarcinoma (LUAD) was slightly less reliable, but unlike KIRC patients, 

high MUDENG expression seemed to have a poor prognosis (13). This result suggest that MUDENG 
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could be used for diagnostic marker and therapeutic target for cancer. 

In addition, MUDENG may have a significant impact on cellular homeostasis in terms of the 

AP5 complex mu subunit, AP5M1. AP complex is crucial protein complex in several process in cell 

such as signal transduction and transports of vesicles and cargoes through vesicle formation and 

trafficking (9, 15). Almost all cells express AP complex proteins and deficiency of one of this proteins 

could lead to severe and various diseases such as neurodegenerative disorders by defect of AP3, 

developmental disorder by defect of AP1, immune disorder, and cancer (15). It is still unknown 

whether cell death activity of MUDENG is caused by a problem with the subunit of the AP5 complex 

or whether it is an independent function of MUDENG apart from the AP5 complex.
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Figure 1-5. Schematic diagram illustrating the effects of MUDENG overexpression and silencing in 

different cell types. In the Jurkat, BJAB, HeLa, and HCT116 cell lines, overexpression of MUDENG 

can induce cell death. These cell death can be blocked by silencing Bax expression in HeLa cells. In 

addition MUDENG could be cleaved by caspase 8 (in BJAB cells) and caspase 3 (in HeLa, Jurkat, 

and BJAB cells) during TRAIL signal transduction. These cleaved MUDENG lose cell killing 

activity in HeLa, Jurkat cells. However, MUDENG overexpression can inhibit TRAIL-induced cell 

death in astroglioma cell lines, and MUDENG silence can significantly induce TRAIL-induce cell 

death in astroglioma cell lines, U251MG and T98G cells (3, 5, 7).
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1.3 The roles of Adaptin Protein (AP) complex

The Adaptin Protein (AP) complexes have significantly important role in various process of cell 

such as metabolism, developments and cell survival. The major functions of the AP complex are 

known to sort substrates such as proteins and lipids into vesicles and to transfer cargo to their specific 

locations. Among AP complex family, the AP5 complex including AP5M1 was discovered relatively 

recently. All AP complexes are known to consist of a heterotetramer, two large subunits, a medium 

subunit, and a small subunit. As well as AP complex, some protein complex that is related to AP 

complex and acts to similar functions was known. One of them is the F subcomplex of the coat 

protein complex I (F-COPI), which consists of heterotetramers and is involved in retrograde 

trafficking from the Golgi apparatus to the ER (16). The AP1-3 complex is known to play a classical 

role that is binding to clathrin and transporting intracellular proteins (15). However, there is a slight 

difference in the location where the substance is transported, and recently, it has been reported that 

clathrin is not necessarily required for AP2 to transport the substance (17-19). AP4 has been 

discovered, and subsequently AP5 has also been identified. To understand their functions, further 

research is still needed. The functional studies of the AP1 to AP5 complexes have been elucidated by 

observing changes in phenotype due to mutations or deletion of their subunits.

Adaptor Protein 1 (AP1) is a crucial protein complex involved in clathrin-dependent protein

transportation from the trans-golgi network (TGN) to endosomes (Figure 1.6), as well as in 

basolateral transport from the TGN in epithelial cells. Knockout of the AP1 complex is embryonically 

lethal, and mutations in the complex cause severe developmental deficiencies (15, 20-22). In addition, 

deficiency and mutation of one of AP1 could lead to severe disorders such as neurological defects, 

cancer, and cardiac arrest (22-26). Furthermore, AP1 also appears to contribute an important role in 

the immune system against viral infections (27, 28).

AP2 is known to be involved in clathrin-dependent endocytosis from the plasma membrane to 

the cytoplasm (Figure 1.6). However, some studies have suggested that the AP2 complex may not be 

necessary for this process (17-19). AP2 is still considered to be very important for development and 
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endocytosis. Deficiency of AP2 leads to embryonic lethal, and mutations or deficiency of certain 

isoforms of AP2 subunit proteins are associated with various diseases, such as cancer, Alzheimer's 

disease, obesity, coronary disease, chronic bronchitis, and nicotine withdrawal (29-36). Additionally, 

due to its ability to transport substances into the cell through endocytosis, AP2 may contribute to 

infection and drug resistance (37-42).

It is known that AP3 is involved in the trafficking of endosomes, lysosomes, lysosome-related 

organelles, and synaptic vesicles (43) (Figure 1.6). Unlike AP1 and AP2, the deficiency of AP3 did 

not result in embryonic lethality but instead led to the formation of abnormal lysosome-associated 

organelles (44). AP3 plays a crucial role in various biological processes such as development 

especially Notch signaling (45), melanocyte trafficking (46), neural development disorders (47), 

Alzheimer’s disease (48), immune defense (49-52), and cancer (53-55).

AP4 is expressed ubiquitously in human tissues and performs important functions despite being 

expressed in smaller amounts than AP1-3 (56-58). Mutations or deficiencies in AP4 are associated 

with many diseases, especially intellectual disabilities and neurological symptoms (59-61). Through 

various studies, AP4 has been shown to be involved in sorting and transporting substances in the 

trans-Golgi network (TGN), particularly from the basolateral surface to endosomes, and in some 

cases directly to the plasma membrane (62-64) (Figure 1.6). Boehm and colleagues demonstrated 

that AP-4 is recruited to the TGN primarily by ARF1 and circulates between the membrane-bound 

and cytoplasmic states (65). Proteomic analysis of AP-4-enriched vesicle fractions revealed the 

presence of a protein called Tepsin, in addition to ARF1 (66).

AP5 was identified later than other AP complexes, and its functions are only partially understood. 

Therefore, further studies are needed to fully understand the roles of AP5 in cell and biophysics. The 

localization of AP5 has been observed in late endosomes and lysosomes, suggesting that it may be 

involved in late endosome retrieval (9) and recycling lysosomal proteins to the Golgi complex (67)

(Figure1.6). AP5 is known to be related to SPG11 and SPG48, and mutations in AP5Z1 have been 

reported in patients with hereditary spastic paraplegia (68-70), which have been suggested to partly 
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contribute to axonal mitochondrial defects (71). It has been observed that patients with sporadic 

spastic paraplegia have low levels of AP5M1 (70), and patients with allergic diseases have AP5B1 

variants (72-75). AP5M1 has also been reported to be significantly related to cell death (1, 3, 5, 7, 8, 

14). The trafficking at late endosome and endo-lysosome could affect to NALFD in liver (76). In 

addition, the liver is involved in various metabolic processes, regulates the recycling of various 

proteins and minerals, including iron in RBCs, and is crucial for the removal of toxins and 

microorganisms. Many of its functions require processing in the late endosome, lysosome, and Golgi, 

making the liver one of the most important organs for these tasks. This paper suggests that AP5M1 

is also involved in liver fibrosis and may be involved in hair loss. Taken together, defects in AP5 

could lead to other diseases related to lysosomal recycling (70), and lysosomal recycling may have 

far-reaching effects throughout the body.
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Figure 1-6. The location of AP complex (15). AP1~5 complexes are known until now. Transport 

between trans-golgi network (TGN) and endosome is mediated by AP1 complex. Transporting cargo 

by AP2 complex is involved in between plasma membrane and cytoplasm. AP3 is known to mediate 

trafficking of endosomes, lysosomes, lysosome-related organelles, and synaptic vesicles. Transport 

by the AP1–3 complex is known as clathrin-mediated transport. AP4 complex has been known to 

play a role in the sorting and transportation of substances within the TGN, and from the basolateral 

surface to endosomes. AP5 complex initially observed in endosome and recently observed that AP5 

complex play a role in late endosome-to-golgi retrieval (9, 10, 15). 
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1.4 Liver

The liver is the largest organ and gland in the mammalian body and has many vital functions in 

mammals. These functions include bile production, the synthesis of serum proteins like albumin, 

regulation of blood clotting, neutralization and removal of toxins and bacteria from the blood, as well 

as the metabolism and storage of lipids, carbohydrates, vitamins, and minerals, and the regulation 

and removal of bilirubin (77). Liver damage can be fatal for mammals due to the many essential 

functions that the liver performs in their bodies. Despite various efforts to develop artificial liver 

replacements, none have been successful. Fortunately, unlike other tissues, the liver has a remarkable 

regenerative capacity and can partially recover even if up to 70% of its tissue is removed (78, 79). 

This is why liver diseases often reach an advanced stage before symptoms appear, c. Researchers are 

making significant efforts to discover indicators of liver damage to detect it at an early stage (80-82). 

Among them, ALT/AST is the most commonly used index to predict liver damage. However, The 

levels of ALT/AST don't always reflect the extent of liver damage (83). There are various other 

factors that can cause an increase in ALT/AST levels, such as muscle damage or stress. Therefore, 

further testing is usually required when the ALT/AST level increases by about 5 times or more than 

the reference level (84). In addition to ALT/AST, liver function is also assessed by measuring ALP, 

bilirubin, albumin, and prothrombin levels (83, 84).

The liver can be damaged by various factors such as infections, toxins, obesity, alcohol, 

inherited genetic disorders, and cancer. These dangerous factors could lead to cell death especially 

hepatocyte that is parenchymal cell of liver. Once liver tissue was damaged, liver tissue effort to 

repair the damage and eliminate the cause of the damage. In this process, the inflammation reaction 

is accompanied, and hepatic stellate cells and immune cells such as kupffer cell could be activated 

and involved in liver repair process (85, 86). During the liver repair process, hepatic stellate cells 

(HSCs) produce fibrous proteins (87). The accumulation of fibrous proteins in liver tissue during 

repetitive damage and repair processes is known as liver fibrosis. If liver damage continues to 

progress, it can lead to liver cirrhosis, liver failure, and even liver cancer (88). This study revealed 
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that in mice with overexpression of the MUDENG protein in liver tissue, there was an accelerated 

accumulation of fibrotic proteins induced by the hepatotoxin CCl4 compared to normal mice. 

Furthermore, liver fibrosis progressed even in the absence of any stimuli. These findings suggest that 

MUDENG may play a significant role in the progression of liver fibrosis.

1.5 Liver fibrosis

Liver fibrosis results from scarring during the recovery process from chronic liver damage. It is 

a condition where extracellular matrix proteins accumulate and collagen proteins typically 

accumulate in the tissue, causing the liver to harden. Chronic liver damage can be classified into two 

major categories: hepatotoxic injuries and cholestatic injuries (89, 90). Hepatotoxic injuries include 

damage caused by bacterial or viral infections such as HBV and HCV, damage caused by toxic 

substances and alcohol, while cholestatic injury can be caused by defects in bile flow or fat 

accumulation in liver tissue due to genetic factors (89, 91). In the stage of liver fibrosis, if the 

underlying cause of liver damage is not removed and continuous liver injury persists, it can develop 

to cirrhosis. Liver cirrhosis is characterized by the excessive accumulation of fibrous proteins in liver 

tissue, resulting in liver stiffness. This condition can obstruct the flow of blood and bile, leading to 

portal hypertension. Moreover, these circulatory disturbances and ongoing liver damage can cause 

excessive cell death, leading to liver failure. Consequently, the loss of liver function, which is 

responsible for detoxification, various metabolic activities, can lead to metabolic disorders. 

Additionally, toxins may infiltrate other tissues and accumulate, causing damage to other organs such 

as hepatic encephalopathy and potentially leading to intra-abdominal infections. Furthermore, it is 

well-known that the progression of liver cirrhosis is strongly associated with the development of 

hepatocellular carcinoma (Figure1.7).

There are several methods for diagnosing liver fibrosis. Initially, additional tests can be 

performed when liver damage indicators are out of the normal range through blood tests (83, 84, 92). 
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More precise methods for confirming liver fibrosis include liver tissue biopsy, liver stiffness 

measurement using sound waves, and MRI (93-95). Various systems such as Knodell, Ishak, 

METAVIR, and Scheuer are utilized to determine the stages of liver fibrosis (96, 97). In Korea, the 

Korean Society of Gastrointestinal Pathology has established a grading system that quantifies liver 

fibrosis (Table 1.1). The Korean classification system ranges from stage 0 to stage 4. Stage 0 indicates 

no fibrosis, stage 1 indicates fibrosis expansion from the portal vein but not spreading to the septa, 

stage 2 indicates brief spreading of fibrosis to the septa and around the portal, stage 3 indicates 

spreading of fibrosis to the surrounding portal tracts and hepatic venule, and stage 4, also known as 

cirrhosis, is the stage in which fibrosis progresses from the portal vein to the central hepatic vein, 

and fibrous crystals are observed.

Liver fibrosis can occur due to various causes, but it is defined by the acculmulation of fibrous 

proteins. Excessive accumulation of these fibrous proteins can eventually lead to the development of 

cirrhosis. Fibrotic proteins accumulate in the liver tissue, especially in the sinusoid, during hepatic 

fibrosis, and the main source of these proteins is myofibroblasts. Although myofibroblasts are rarely 

found in healthy livers, they could be increased when liver damage occurs (98). Myofibroblasts have 

a spindle or stellate shape and express abundant fibrous proteins. They originate from various cells, 

mainly hepatic stellate cells (HSCs) and portal fibroblasts, as well as some transformed cells from 

bone marrow-derived cells (99). In cases of liver damage caused by toxins, HSCs dominate the 

myofibroblast population and contribute to the fibrotic response in the centrilobular and 

perisinusoidal regions (100). However, in cholestatic liver fibrosis, both HSCs and portal fibroblasts 

are involved. In experimental cholestatic liver fibrosis induced by bile duct ligation (BDL), portal 

fibroblasts initially account for more than 70% of myofibroblasts, and activated HSCs gradually 

increase after approximately 17 days (98, 100).

HSCs, the main cells contributing to liver fibrosis, are normally located in the space of Disse in 

a dormant state. HSCs in a quiescent state store retinoid lipid droplets and are a major store of vitamin 

A, which is required to maintain their quiescent state (87, 98). During liver damage, cytokines and 
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other factors convert HSCs from a resting state to an activated state. TGF-β is the main cytokine 

responsible for this conversion (101, 102). Activated HSCs express ECM proteins such as Col1a1, 

Col1a2, Activin, and Pail in response to TGFβ. ECM proteins such as Col1a1 are also produced 

through the JAK-STAT3 pathway by Leptin, IL-6, and IL-17 (102, 103). Additionally, connective 

tissue growth factor (CTGF) and IL-13 can induce the expression of Col1a1 independently of TGFβ 

(104). A recent study showed that IL11 activates HSCs through an ERK-dependent pathway in the 

NASH model and can directly affect liver fibrosis (Figure1.8) (105). The current study on MUDENG 

suggests that it enhances the expression of TGFβ and IL11, which may be related to diseases such as 

liver fibrosis. 
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Figure 1-7. Development of liver fibrosis and cirrhosis. Normal liver can progress to fibrosis due to chronic injuries caused by factors such as 

viruses, alcohol, toxins, NASH (nonalcoholic steatohepatitis), and other inflammatory disorders. During the process of fibrosis, the liver tissue 

undergoes the deposition of extracellular matrix. Numerous fibrous proteins, particularly Collagen type 1 protein, are accumulated in the liver tissue. 

Unless the underlying causes of liver damage are removed, liver fibrosis can develop to cirrhosis. Cirrhosis is characterized by the excessive 

accumulation of fibrous proteins, which impede the flow of blood and bile acids. It could lead to portal hypertension. The portal hypertension could 
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result in varicose veins, ascites that increase risk of infection, hepatic encephalopathy, Splenomegaly that could decreased platelet count and 

increased risk of bleeding. In addition, the excessive death of hepatocytes by chronic damages, hypoxic condition due to impaired blood stream, 

and toxins such as bile acid also lead to liver failure. It can be cured only by liver transplantation so far. Cirrhosis can also developed hepatocellular 

carcinoma. The progression to cirrhosis has a very poor prognosis for the patient. It can lead to various complications that can result in death, and 

it can also progress to hepatocellular carcinoma (HCC) (106).
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Descriptive diagnosis Score Definition

No fibrosis 0 Normal connective tissue

Portal fibrosis 1 Fibrous portal expansion without septa

Periportal fibrosis 2 Periportal fibrosis with short septa extending into lobules or 

rare porto-portal septa(intact architecture)

Septal fibrosis 3 Fibrous septa reaching adjacent portal tracts and terminal 

heptic venule (architectural distortion but no obvious 

cirrhosis)

Cirrhosis 4 Diffused nodular formation

Table 1-1. Stage of liver fibrosis (adapted from Joon Mee kim, Pathologic Dianosis of Hepatic Fibrosis).

Score 1 corresponds to portal fibrosis, characterized by the deposition of fibrous proteins limited to the 

portal vein without extending into the septa. Score 2 corresponds to periportal fibrosis, characterized by 

periportal fibrosis with short septa extending into lobules or rare porto-portal septa, while maintaining 

an intact liver structure up to the present. Score 3 corresponds to septal fibrosis, characterized by fibrous 

septa reaching adjacent portal tracts and terminal hepatic venules, indicating architectural distortion 

without obvious cirrhosis. Score 4 corresponds to cirrhosis, characterized by diffuse nodular formation. 
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Figure 1-8. Schematic illustration of the phenotypic changes of HSCs during the development and 

regression of liver fibrosis. In normal physiological conditions, hepatic stellate cells (HSCs) exist 

in a quiescent state within the liver's microvasculature called sinusoids. Quiescent HSCs can be 

activated by cytokines like TGFβ1, IL11, IL6, and external stimuli such as LPS. Activated HSCs 

secrete numerous fibrotic proteins for repair scar in liver tissue. When the inflammatory response 

subsides, approximately half of the activated HSCs undergo apoptosis and are eliminated. IFNβ1 

and IL22 promote the senescence of activated HSCs. Additionally, HSCs that do not undergo 

apoptosis enter an inactivation with a similar phenotype to the quiescent state. Vitamin D and 

PPARγ can induce the transition of activated HSCs to an inactive state. The yellow boxes represent 

genes expressed by activated HSCs, while the red boxes represent the transcription factors that are 

expressed in activated HSC (90).
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1.6 Liver fibrosis caused by toxin-induced liver injury

Liver damage caused by viruses, specifically HBV and HCV, has been recognized as the 

primary cause of chronic liver damage for several decades. These viruses can be transmitted 

through blood and body fluids and constantly replicate within liver cells, leading to the destruction 

of infected cells and subsequent damage to liver tissue. HBV has a surface antigen (HBsAg), while 

HCV utilizes E1 and E2 envelope glycoproteins to enter cells and contains the minimal information 

required for gene replication and expression. These HBsAg, E1, and E2 proteins become 

inflammatory mediators and can continuously cause an inflammatory response in liver tissue, and 

also cause damage to liver tissue through cell death of hepatocytes infected with the virus (107, 

108). A large number of patients with liver cirrhosis caused by HBV and HCV infections are at risk 

for developing hepatocellular carcinoma, since approximately 70% of HCC patients are HBV and 

HCV patients (109). In viral hepatitis, excessive hepatic fibrosis occurs within the portal vein and 

extends into the liver parenchyma, causing persistent portal inflammation (110).

Alcohol liver disease (ALD) is one of the main causes of liver cirrhosis, liver failure, and liver 

cancer. Liver damage can occur due to the metabolites of alcohol, such as acetaldehyde and ROS, 

as well as the accumulation of fat resulting from alcohol metabolism. This damage can lead to the 

development of steatohepatitis and fibrosis, which in turn can progress into hepatocellular 

carcinoma (HCC). Alcohol enters the liver through the digestive system and is broken down by 

alcohol dehydrogenase and CYP450 2E1 enzymes into acetaldehyde, a toxin that damages the liver 

(111, 112). Alcohol-induced damage to liver cells is related to the secretion of cytokines such as 

IL-8, IL-17, and CXCL1, which activate immune cells in liver tissue and bone marrow-derived 

immune cells, leading to an inflammatory response (113). Alcohol intake also can causes the 

accumulation of fatty droplets in the liver tissue through the synthesis of SREBP1 and SREBP2, 

which are involved in cholesterol expression in the liver (114, 115). During the inflammatory 

response, TGFβ, an important regulator of fibrosis, is secreted, which can activate hepatic stellate 

cells (HSCs) and can more exacerbate liver fibrosis.
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1.7 Liver fibrosis caused by Cholestatic liver damage

Cholestatic liver damage is primarily caused by problems with bile secretion. Bile is produced 

by liver cells and stored in the gallbladder through bile ducts before being secreted into the small 

intestine. Problems with bile secretion can result from genetic defects, such as Alagille syndrome 

(116), or dysregulation of the immune response, such as primary biliary cholangitis or primary 

sclerosing cholangitis, which can lead to liver damage (117). Normally, bile flows along the bile 

ducts without harming liver tissue. However, if there is a problem with bile secretion, such as 

obstruction or rupture of the bile duct, bile may leak into the liver tissue and the hepatic vein. Bile 

that leaks into liver tissue can cause liver damage and progress to liver fibrosis (118). Moreover, 

bile that leaks through the hepatic vein can spread throughout the body and cause symptoms such 

as jaundice (168).

The incidence of non-alcoholic fatty liver disease (NAFLD) in the United States is 

approximately 25%, equivalent to more than 84 million people (119). In Korea, according to the 

announcement of the Korean Association for the Study of the Liver in 2018, one out of every three 

adults has NAFLD (120). Of these patients, approximately 20% can develop non-alcoholic 

steatohepatitis (NASH) (90), which is associated with metabolic disorders, obesity, and diabetes. 

The pathological features of NASH include hepatocyte inflammatory response, hepatocyte 

ballooning degeneration, peri-sinosoidal fibrosis, and cirrhosis (121). There are two main causes 

of NASH. The first is due to diet-induced obesity, where excessive accumulation of triglycerides, 

fatty acids, or cholesterol disrupts the balance of resistin or leptin, leading to adipose tissue 

accumulation in the liver and mediating inflammatory response, resulting in liver fibrosis (122). 

The second cause has not yet been precisely identified but is thought to be related to bacteria, toxins, 

and reactive oxygen species (ROS) originating from the large intestine (123, 124). NASH patients 

are rapidly increasing in recent years, and research is actively being conducted to develop 

treatments for this condition.
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1.8 Mouse model of liver fibrosis

To study liver fibrosis, both in vitro cell models and in vivo animal experiments can be used. 

Animal models are particularly useful for histological and physiological observations, and various 

animal models have been developed and utilized for studying liver fibrosis and liver cirrhosis, with 

rats and mice being the most commonly used. Different methods are used in animal experiments, 

including chemical methods using drugs, diet control methods, surgical methods such as bile duct 

ligation, methods using genetically mutated mice, and methods using viruses (89, 125). 

The chemical method is reproducible, relatively short in duration, and easy to perform, 

making it a popular choice. Representative chemical agents used include ethanol, carbon 

tetrachloride (CCl4), thioacetamide, dimethylnitrosamine (DMN), and diethylnitrosamine (DEN).

To observe liver fibrosis in rodents caused by alcohol consumption, various methods have 

been used, such as feeding alcohol in water or directly into the stomach (126). However, these 

methods have limitations in reaching liver fibrosis and do not reflect human ALD caused by alcohol 

consumption. To overcome this, methods using a combination of alcohol intake with diet or drugs 

have been introduced, but these methods have the disadvantage of complicating the cause of liver 

fibrosis and making it difficult to analyze the results.

Carbon tetrachloride, an old and widely used liver toxin, is effective in inducing liver fibrosis 

in rodents. It has high reproducibility and shows characteristics close to human liver fibrosis (125). 

Carbon tetrachloride is metabolized by cytochrome p450 2E1 to generate trichloromethyl radical 

(CCl3-), which induces lipid peroxidation, necrosis of liver cells, and the inflammatory response in 

liver tissue (125, 127, 128). It is widely used in mice and rats, and the sensitivity of mice to CCl4

depends on the strain. The liver fibrosis induction model using C57BL/6 mice has been 

standardized by intraperitoneal injection twice a week for 6 weeks or 3 times a week for 4 weeks 

at a dose of about 0.5 to 0.7 μl/g. Other methods of administration, such as oral administration, 

subcutaneous injection, and inhalation, have limitations such as granuloma formation or requiring 

specialized equipment and skills (125).
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Thioacetamide (TAA) is metabolized by CYP450 in the liver and becomes cytotoxic. The 

precise mechanism by which TAA's sulfur dioxide, produced via CYP450 in liver cells, leads to 

liver fibrosis is not yet fully understood. However, a proteomic analysis of thioacetamide-induced 

hepatotoxicity and cirrhosis in rat livers revealed changes in enzymes involved in β-oxidation of 

fatty acids, degradation of amino acids and methionine, and factors related to lipid peroxidation 

and oxidative stress (129). TAA can be used to induce liver fibrosis in both rat and mouse models, 

and TAA is more commonly used in rats. The standard dose in rats is 100-200 mg/kg body weight, 

administered intraperitoneally three times a week for 6-12 weeks to induce liver fibrosis. 

Additionally, an oral administration method is available, which takes about 2-4 months to induce 

liver fibrosis in C57BL/6 mice (125).

Dimethylnitrosamine (DMN) and diethylnitrosamine (DEN) are carcinogenic substances that 

induce HCC via liver fibrosis. Like the other chemicals described above, they generate ROS and 

oxidize nucleic acids, proteins, and lipids, leading to liver cell death and inflammation of liver 

tissue. Rat and mouse models can be generated, and sensitivity varies according to the strain, with 

the R16 strain being more susceptible to carcinogenic chemicals. DMN can be injected 

intraperitoneally at a dose of 10 μg/g body weight, three times a week for 3 weeks, to generate a 

liver fibrosis model, while DEN can be injected once a week at a dose of 40-100 mg/kg body 

weight for 2 weeks to generate a liver fibrosis model. Oral administration and oral gavage 

administration are also possible (125, 130, 131).

Various methods are used to create a NASH model that does not involve chemical intervention, 

including the use of a methionine-deficient and choline-deficient (MCD) diet, a choline-deficient 

L-amino acid deficient diet, and a high-fat diet. The MCD diet induces liver stress and steatosis, 

resulting in increased triglyceride in the liver tissue of mice and promotes liver fibrosis and 

lipotoxicity (132). However, this model does not entirely represent human NASH, as it does not 

exhibit human-like characteristics such as obesity and insulin resistance. The choline-deficient L-

amino acid deficient diet has a similar phenotype to the MCD diet, with added benefits of weight 
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gain and insulin resistance, which can progress to HCC with continuous feeding. The high-fat diet 

overcomes the drawbacks of the MCD diet, but it takes about 50 weeks to create NASH model in 

mice (133), and NASH cannot be induced in rats using only a high-fat diet. A NASH model in rats 

can be created by using a high-cholesterol diet, which takes about 9 weeks, but this model does not 

exhibit obesity or insulin resistance (134).

The surgical procedure is bile duct ligation, which is an effective animal model for biliary 

fibrosis. This method is applicable to both rats and mice and involves inducing hepatic fibrosis by 

tying the bile duct leading to the small intestine, resulting in the accumulation and concentration 

of bile in the liver tissue. The occlusion of the bile duct increases pressure in the biliary tract, 

causing stasis and regurgitation. This, in turn, causes portal fibrosis to develop first, which then 

progresses to perisinusoidal fibrosis. Bile contains toxic substances, such as bile acids and bilirubin, 

which can cause inflammation when they escape the bile duct and accumulate in the liver tissue. 

Eventually, the number of B cells and T cells increases in the portal tract, and activated HSCs 

secrete fibrous proteins significantly. In the bile duct ligation model in mice, portal fibrosis can be 

observed after about 1 week, perisinusoidal fibrosis after 10 days, and the mortality rate reaches 

about 20% after 5 to 6 weeks (125, 135-137).

Other methods for making animal models of liver fibrosis include genetic mutation models 

and virus infection. Genetic mutation models utilize mice that have been genetically engineered to 

overexpress genes associated with liver fibrosis, such as TGF-b, PDGF, TIMP-1, Mdr2, and Alms1 

(138, 139). Virus infection models, on the other hand, require transgenic mice with immune system 

deficiencies, as hepatitis viruses do not induce liver fibrosis in mice (140)
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1.9 Treatment of liver fibrosis

Liver fibrosis, if not progressed to cirrhosis, has the possibility of recovery to some extent 

through the removal and management of substances that cause liver damage. However, in cases 

where fibrosis has significantly progressed, treatment is difficult as there is no approved drug 

available for treating liver fibrosis even after removing the cause of liver damage. An effective 

drug has been developed to suppress the replication of HBV and HCV viruses, allowing for the 

maintenance of a relatively healthy liver through consistent management along with the medication. 

However, since there is currently no drug that can completely eliminate HBC and HCV viruses, 

continuous management is still necessary. Acetyl-CoA carboxylase inhibitors can reduce 

triglycerides in patients with NASH-related syndrome and improve liver fibrosis (141). 

Additionally, IL-11 has been suggested as an important mediator of the fibrosis process, including 

in recent NASH models, with the possibility of development as a therapeutic agent (105). The 

FGF21 receptor A antagonist has shown the ability to improve insulin resistance and obesity, cause 

weight loss, and improve liver fibrosis (142). Several drugs are currently being studied to relieve 

symptoms in people with NAFLD before they develop NASH. Most of these drugs aim to inhibit 

the absorption and secretion of cholesterol and fat, suppressing the accumulation of fat in liver 

tissue. However, to date, there are no FDA-approved drugs for treating NAFLD (Table 1-2).
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Drug class Drug name FDA approved Effectivity
Gallstone 
solubilizing agents

Ursodiol Not approved 7.7
Actigall Not approved 9.0
Urso Not approved -
Urso Forte Not approved -

Nutraceutical 
products

Betaine Not approved -
Cystadane Not approved -

Thiazolidinediones Pioglitazone Not approved -
Actos Not approved -
Avandia Not approved -
rosiglitazone Not approved -

Peripherally acting 
antiobesity agent

Orlistat Not approved 5.5

Table 1-2. The medications for NAFLD (This table was created by referring to information from 

https://www.drugs.com/.) Although there are currently no FDA-approved drugs specifically for the

direct treatment of liver fibrosis, ongoing research and medical-grade studies are investigating 

potential drugs aimed at alleviating symptoms associated with liver conditions.
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1.10 Hair loss

Hair plays a crucial role in the survival of animals, as it regulates body temperature, shields 

the skin from the sun, and acts as the primary defense against external physical damage (143-145). 

Additionally, depending on the species, hair can aid in camouflage and enhance the senses through 

touch. Hair color in skin is determined by the quantity, quality, and distribution of eumelanin and 

pheomelanin within the hair follicle, with eumelanin producing black or brown hues and 

pheomelanin yielding reddish or yellow tones. Therefore, hair color can vary depending on the 

type and distribution of melanin in each individual. When hair is formed due to aging or stress, 

gray hair grows due to a lack of melanin pigment.

The process of hair growth and loss can be divided into three stages: anagen, catagen, and 

telogen. Anagen is the hair growth phase, catagen is the hair loss phase, and telogen is the resting 

phase (Figure1-9). The duration of each phase varies depending on species and age, and may be 

influenced by internal or external factors (146-148). To study hair regrowth and loss, researchers 

have established a standardized hair cycle, which was summarized by studying C57BL/6 stain mice 

(147). However, in humans, the hair regrowth cycle is generally unsynchronized, with hair follicles 

of anagen, catagen, and telogen phases existing in a mosaic arrangement, with the anagen phase 

accounting for about 90% and 1-2% of catagen phase, and 8-9% of the telogen phase (146, 149).

Although the phenotype of hair loss is similar, hair loss can occur due to various factors, and 

it is common for the hair growth phase, known as the anagen phase, to not resume and instead 

remain in the resting phase, called the telogen phase. Furthermore, damage to the hair follicle, 

where the stem cells necessary for hair formation are located, can impair further hair growth. The 

causes of hair loss contain nutrient deficiencies, scalp heat, stress, hormones, infections, immune 

diseases, or genetic mutations. Therefore, although the hair loss phenotype is similar, the treatment 

may also be different depending on various causes. For this reason, research on hair loss is 

important, and it is still an active research field.

A recent study has reported on the relationship between immature liver and hair loss. It found 
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that immature livers in mice exhibited hair loss during the initial hair cycle in the early stages of 

growth. At the age of four weeks, the anagen phase started, triggering hair growth, and there were 

no further occurrences of hair loss observed.Iron homeostasis (150). These immature livers show 

a significant increase in the expression of fetal liver markers and are characterized by poor lipid 

metabolism and oxyreductase activity (151). Other cases of hair loss are impaired iron homeostasis 

in liver (152, 153), vitamins and minerals (154). In this paper, it was observed that overexpression 

of hMUDENG can induce temporary hair loss similar with result of immatured liver. 

Since there are various causes of hair loss, different treatments are required depending on the 

cause. Although many folk remedies exist, most of them have not been proven, and it is not 

recommended to try them recklessly due to the potential risks. 

Currently, there are some of FDA-approved hair loss treatments: Rogaine (minoxidil), 

Propecia (finasteride), Olumiant (baricitinib). Minoxidil can be purchased without a prescription, 

and its effect may vary depending on the individual. It is thoght that minoxidil has a hair loss 

prevention effect by activating ERK and Akt, signal transduction factors related to cell survival, 

and preventing cell death in human dermal papilla cells (DPC). Additionally, when used as a 

vasodilator, minoxidil opens potassium channels sensitive to adenosine triphosphate in smooth 

muscle cells, causing vasodilation. Vascular contraction, one of the causes of male pattern baldness, 

is thought to have been affected by minoxidil through its vasodilatory effect. It is also thought that 

minoxidil has a hair loss relief effect by inducing the production of prostaglandin endoperoxide 

synthase-2 (PGHS-2) observed in the hair follicles during the growth phase. Although the clear 

mechanism of action of minoxidil is still unknown, it has been shown to shorten the telogen phase 

and prolong the anagen phase in animal studies, and it is believed that a similar result may be 

observed in humans (155-158).

Finasteride is an antiandrogenic compound used only in men and is not prescribed for women 

due to the risk of infertility or birth defects. Its mechanism of action involves inhibiting steroid 

type II 5α-reductase, an enzyme that converts testosterone to 5α-dihydrotestosterone (DHT). 
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Finasteride is more effective for early to moderate hair loss than in cases where hair loss has 

progressed significantly. It can be used in combination with hair transplant surgery to enhance its 

effect (159, 160)

Baricitinib was approved as a systemic treatment for severe alopecia areata in adults on June 

13th, 2022. It has previously been approved as a safe treatment for rheumatoid arthritis and 

COVID-19. Baricitinib competitively blocks signals by Janus kinase (JAK) 1, 2, and 3, thereby 

preventing various cytokines that transmit signals through JAK from delivering their signals. In 

the pathophysiology of alopecia areata (AA), various cytokines, such as IL2, IL7, IL15, and IL21, 

are involved, and effective inhibition of these cytokines has shown improvement in hair loss (161-

163).
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Figure 1-9. Schematic illustration of the hair cycle of mice. In the hair cycle, which consists of 

repeated stages of anagen, catagen, and telogen, the catagen phase is the shortest while the anagen 

phase is the longest. The duration of each stage may vary among different species and individuals. 

In mice, the average duration of the anagen phase is approximately 3 weeks. Mice exhibit mostly 

synchronized hair cycles, whereas humans have unsynchronized cycles, mosaic arrangement of 

hair follicles. The majority of the hair cycle (about 90%) is spent in the anagen phase, with catagen 

accounting for 1-2% and telogen accounting for 8-9% in human. During the catagen and telogen 

phases, the epidermis becomes progressively thinner, with telogen being the thinnest phase (147).
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CHAPTER2

Materials and Methods
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2.1. Reagents

Dulbecco’s Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were purchased 

from GenDEPOT (Barker, USA). Hematoxylin (MA0101010MIRA01) and Eosin 

(MA0101015MIRA01) was purchased from Mirax (Suwon-si, Korea). Picrosirius red staining kit 

(24901) was purchased from Polysciences (Warrington, USA). Olive oil (o1514) was perchased 

from Sigma-Aldrich (St. Louis, MO, USA)

2.2, Cell Culture

Lenti x 293T cells were purchased from Takara Bio (Kusatsu, Japan). Lenti x 293T cells were 

cultured in DMEM contained 10% FBS, 100 units/ml penicillin, and 100 mg/ml streptomycin at 

37 � in a humidified 5% CO2atm.

2.3. Lenti virus production

To produce lentivirus, the HEK293T cell line, known for its efficient virus packaging 

capability, was cultured in DMEM medium supplemented with FBS and antibiotics. The cell 

culture procedures followed previous protocols. When the cells reached approximately 80-90% 

confluency, they were co-transfected with the desired gene-containing vector (plenti-x-puro-

IL11(WT) and plenti-x-puro-IL11 mutein) along with vectors containing viral envelope proteins 

and packaging proteins (psPAX2 and pMD2.G). After 12 hours of transfection, to eliminate 

potential interference from FBS during virus purification, the medium was replaced with EGF-

containing DMEM medium without FBS. Following a 2-3 day incubation period, the supernatant 

was collected from the cell culture, and debris was removed by centrifugation at 10000 xg for 10 

minutes. The collected supernatant was then filtered through a 0.45 μm filter to remove any 

remaining cell fragments. To precipitate the virus, the culture supernatant containing the virus was 

mixed with 5% PEG6,000 and 0.5M NaCl, and centrifuged at 20,000 xg for 20 minutes. The virus 



- 36 -

pellet was resuspended in saline, and stored in an ultra-low temperature freezer until needed. The 

virus was subsequently utilized according to the desired quantity.

2.4. Animals

Specific pathogen-free C57BL/6 mice (male, 6weeks old) were purchased from ORIENT BIO 

Inc. (seongnam, Korea). Animals were housed under normal laboratory conditions (21–24 C, 40–

60% RH) under a 12-h light/dark cycle with free access to standard rodent food and water.

2.5. CCl4-induced liver fibrosis model

Animal experiments were performed according to our institutional guidelines. For observation 

of survival rate of hMUDENG Tg mouse against carbon tetrachloride (CCl4)-induced liver damage, 

the CCl4 was mixed with Olive oil in a ratio of 1:7. And 6 μl/g of CCl4-olive oil mixture was 

injected intraperitoneally to mouse twice a week for 10 weeks. For histologic and molecular 

biologic observation of CCl4-induced liver fibrosis, the CCl4 was mixed with Olive oil in a ratio of 

1:7. 2 μl/g of CCl4-olive oil mixture was injected intraperitoneally to mouse twice a week for 

indicated period (0, 2, 4, 6 weeks). To infect the Lenti virus (the Lenti-mIL11 and Lenti-mIL11 

mutein virus) were injected intraperitoneally into 6-week-old mice, and injected intranasally into 

the mouse after a week. Injection of CCl4 began at 8-week-old mice for 6 weeks. 

2.6. RNA sequencing of liver tissue

To investigate the transcriptome changes in the liver tissue of hMUDENG Tg mice, liver 

tissues of hMUDENG Tg mice and C57BL/6 mice were harvested at postnatal day 18 and 30, 

respectively, and immediately snap-frozen to prevent degradation. To perform RNA sequencing, i 

sent the liver samples to the LAS company and requested their analysis services. A summary of the 

RNA sequencing analysis process performed by LAS company is as follows (Figure 2-1) : “To 

ensure the strand-specificity of the sequencing libraries prepared using Illumina’s strand-specific 
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library preparation kit, the mapping process applied the strand-specific library option, --library-

type=fr-firststrand. Cuffquant in Cufflinks ver 2.2.1 was used to quantify the mapped reads on the 

reference genome into gene expression values, using the same strand-specific library option and 

other default options. Gene annotation of the reference genome mm10 from UCSC genome 

(https://genome.ucsc.edu) in GTF format was used as gene models and expression values were 

calculated in Fragments Per Kilobase of transcript per Million fragments mapped (FPKM) unit. 

Differentially expressed genes between the two biological conditions were identified by Cuffdiff 

in Cufflinks package, using the same strand-specific library option and other default options. 

Scatter plots for the gene expression values and volcano plots for the expression-fold changes and 

p-values between the two selected samples were generated using in-house R scripts. To gain insight 

into the biological functional role of the differentially expressed genes, a gene set overlapping test 

was performed between the analyzed differentially expressed genes and functional categorized 

genes, including biological processes of Gene Ontology, KEGG pathways, and other functional 

gene sets, using g:Profiler2 ver 0.2.0.” (referenced from data and instruction given by LAS 

bioinformatics company)
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Figure 2-1. Overview scheme of process of LAS company's RNA sequencing (Adapted from figure 

given by LAS bioinformatics company)
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2.7. PCR

The primer sequence is summarized in table1. To identify transcription of AM5M1 in various 

tissues, reverse transcription (RT) PCR was executed. Total RNA was extracted from various 

tissues using TRIZOL (#12183555, Invitrogen, Waltham, Massachusetts, USA). The concentration 

of RNA was measured using TECAN Infinite M200 nanoquant. 



- 40 -

Table 2-1. For identification of the transgenic mice, the PCR was performed using tail genomic 

DNA. The primers P1 and P2, derived from mouse chromosome 3, are located in the 5' and 3' 

regions outside the MUDENG open reading frame (ORF), respectively. The primer P3 is designed 

to target the promoter region within the MUDENG ORF. By utilizing these primers, MUDENG Tg 

mice can be identified through selective amplification of their genomic DNA via PCR. Specifically, 

the combination of P1 and P3 primers is used to amplify DNA from MUDENG Tg mice, while the 

combination of P1 and P2 primers is used for amplification from C57BL/6 mice. Primers P4 and 

P5 were designed for RT-PCR analysis to assess the expression of MUDENG using the internal 

sequence of the CMV promoter within the MUDENG ORF. The combination of GAPDH primers 

serves as a reference primer set for quantification in RT-PCR.

Primer name Primer sequence

P1 5’ AGTTACAGCCTTTCCCATCCGAG 3’

P2 5’ GCTTTTGTCCTGTGCATGATAGG 3’

P3 5’ GCCATTTACCGTAAGTTATGTAACG 3’

P4 (For RT PCR) 5’ GCAGTGTGGCTCATAAGC 3’

P5 (For RT PCR) 5’ CACCTCCTATCAGGAGTC 3’

GAPDH Forward 5’ ACCACAGTCCATGCCATCAC 3’

GAPDH Reverse 5’ CACCACCCTGTTGCTGTAGCC 3’
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2.8. Histological Analysis

For the paraffin section, tissues from skin, kidney, lung, liver, and fibrosis-induced liver were 

fixed for 48 hours at 4  in 4% formalin (JUNSEI, Tokyo, Japan), dehydrated and embedded in ℃

the paraffin (Leica, Wetzlar, Germany). The paraffin-embedded tissues were cut to 4 μm thickness. 

The sections were stained with Hematoxilin and Eosin, Masson’s trichrome, and Picrosirius red 

according to the manufacturer’s manual. And images of collagen stained by Sirius red were isolated 

same color using adobe photoshop program. The graph of % collagen area was indicated using the 

prism7 program.

2.9. Western blot analysis

For immunoblot analysis, the liver tissues were harvested from fibrosis induced mice at 

indicated time point. The liver tissue in RIPA buffer were homogenized with homogenizer. Protein 

concentration were quantified with the bicinchoninic acid (BCA) assay method (ThermoFisher 

Scientific, Waltham, MA, USA). The equal amount of protein samples was separated by SDS-

PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (GE Healthcare Life 

Science, Marlborough, MA, USA). The mmbrane blocked with 4% skim milk (BD; Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA) for 1 hour and incubated with primary 

antibodies; IL11 (sc-133063, SantaCruz, Dallas, Texas, USA), α-SMA (14-9760-82, Invitrogen, 

Waltham, Massachusetts, USA), TGF-β (ab92486, abcam, Cambridge, UK), GAPDH (2118, Cell 

Signaling, Danvers, Massachusetts, USA), Collagen type1 (PA1-26204, Invitrogen, Waltham, 

Massachusetts, USA). To visualize the protein level, the chemiluminescent horseradish peroxidase 

substrates (Millipore, Burlington, Massachusetts, USA) were used.
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2.10. Statistical Analysis 

All data values were indicated as mean ± standard deviations. And statistical differences 

between groups were analyzed by Student’s t-test; p value less than 0.5 were considered 

statistically significant.
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CHAPTER3

Results and Discussion
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3.1 The generation of human AP5M1 transgenic mice

To investigate MUDENG function in mice, vectors containing the MUDENG ORF were 

constructed called as pDEST-MUDENG-Flag vector (Figure 3-1). First Human MUDENG 

(hMUDENG) gene was fused with Flag tag at 3’ of hMUDENG gene to verify expression using 

Flag tag. And the hMUDENG fused with Flag tag has CMV promoter to transcribe independently 

using hMUDENG ORF. The hMUDENG ORF fragment (approximately 2.3 kb) was obtained from 

the pDEST-MUDENG-Flag vector using Pci and Ssp1 restriction enzymes (Figure 3-1). The 

fragment was then inserted into the germ cells of mice using electroporation, and the resulting mice 

were bred with female mice to obtain transgenic mice. Some mice may have multiple copies of the 

gene, while others may not have the hMUDENG ORF at all. Through continuous breeding with 

C57BL/6 mice as the control group, a single transgenic strain was selected until only one copy of 

the hMUDENG ORF remained. 

To check insertion site and copy number of hMUDENG ORF, we performed whole genomic 

DNA sequencing. We found that two copies of the hMUDENG ORF were inserted into 

chromosome 3 in opposite direction (Figure 3-2). hMUDENG Tg mice can be screened by PCR 

using two primer pairs, two primers (P1 and P2) on chromosome 3 and an internal primer (P3) on 

the 5' position of the hMUDENG ORF (Figure 3-3). hMUDENG Tg mouse (Tg-a1, Tg-a2, and Tg-

a3) were identified by PCR using primer 1 and primer 3 that could amplify 328 bp of PCR product 

between chromosome 3 and 5’ region of the hMUDENG ORF, but not amplified in C57BL/6 

mouse (WT-a1 and WT-a2). And, hMUDENG Tg mouse were not amplified 318 bp of internal 

sequence on chromosome 3 using primer 1 and primer 2 but C57BL/6 mouse were amplified 

(Figure 3-3). To determine whether the hMUDENG is transcribed in tissues of hMUDENG Tg 

mice, we performed RT-PCR using mRNA extracted from various tissues using primers (P4 and 

P5), which prime the CMV promoter site (P4) and the hMUDENG site (P5). The hMUDENG was 

transcribed in various tissues such as brain, lung, liver, skin, testis, and blood cells (Figure 3-4).
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Figure 3-1. Diagram illustrating the structure of the pDEST-hMUDENG-Flag vector. hMUDENG-

Flag ORF was obtained by cut with Pci1 and Ssp1 restriction enzyme, and that size is 2.3 kilobase 

pair. The hMUDENG-Flag ORF was inserted into germ stem cells to generate MUDENG Tg mice.

Figure 3-2. The location of hMUDENG-Flag ORF and each primers (P1~P5). Approximately 100 

base pairs of the sequence on chromosome 3 were substituted with two copies of the hMUDENG 

ORF inserted in opposite directions.
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Figure 3-3. Identification of hMUDENG Tg mice. C57BL/6 and hMUDENG Tg were identified 

by PCR using different primer set, WT; primer1 (P1) and primer2 (P2), and AP5M1 Tg; primer1

(P1) and primer3 (P3), respectively.

Figure 3-4. Identification of transcription of hMUDENG-Flag in various tissues of hMUDENG Tg

mice. Transcribe mRNA was verified by reverse transcription (RT) – PCR using primer4 (P4) and 

primer5 (P5). 
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3.2 Hair loss in hMUDENG Tg mice

After selecting hMUDENG Tg mice until one copy of the hMUDENG-Flag ORF remains in 

the genome of the hMUDENG Tg mouse, I observed that most of the hairs fell out around 2 weeks 

of age in mice, except for a part at the tip of the head and tail (Figure 3-5). The catagen phase of 

C57BL/6 mice is about 2 weeks of age, and they enter the anagen phase from about 4 weeks of 

age, and hair growth can be observed in about 4.5 weeks (Figure 3-5). Although the hair cycle was 

in the catagen phase at 2 weeks of C57BL/6 mouse, they mouse was not undergo total skin hair 

loss. However, hMUDENG Tg mouse undergo total hair loss at about 2 weeks except for a part at 

the tip of the head and tail for about 4 weeks unlike C57BL/6 mouse. Hair starts to grow at about 

4.5 weeks and grows to full growth at about 6 weeks in hMUDENG Tg mouse. Although hair 

follicles return to the catagen phase, after that hair loss is no longer observed in hMUDENG Tg. I 

thought that hMUDENG could affect hair loss from hair follicle at 2 weeks. I observed the skin 

tissue of hMUDENG-Tg during the hair loss process using the Hematoxylin and Eosin staining 

method (Figure 3-6). I observed that hMUDENG-Tg mice entered the catagen phase slightly earlier 

than the control C57BL/6 mice. Moreover, the length of the telogen phase in hMUDENG-Tg mice 

was longer than that of C57BL/6 mice, and they entered the anagen phase more slowly (Figure 3-

6). In addition, the skin of C57BL/6 mice gradually becomes thinner after catagen phase IV, and 

has the thinnest skin just before the anagen phase starts again (147). However, the skin of 

hMUDENG-Tg mice did not become relatively thin even in the catagen and telogen phases (Figure 

3-7). In addition, although the C57BL/6 mouse is in the catagen phase, traces of the hair root and 

the appearance of the follicle remain, but in the hMUDENG Tg mouse, almost all hair follicles are 

damaged, so the hair follicle is almost invisible, and the hair root is also swollen and all hairs are 

lost. (Figure 3-7). It could be hypothesized that there were two major causes of hair loss in 

hMUDENG Tg mice. One cause was an inflammatory reaction caused by hMUDENG 

overexpressed in skin tissue, and the second cause could be a problem with nutrient supply in liver 

tissue (164, 165).

I checked whether there were problems such as inflammation in other tissues as in the skin 
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tissue (Figure 3-8). In the Lung and kidney tissue, no detectable difference between C57BL/6. But, 

I observed that in the liver tissue of hMUDENG Tg mice, the liver cells were less dense than 

normal liver cells on day 15, and on day 24, there were more blood cells in the liver tissue of 

hMUDENG Tg mice than in normal liver tissue (Figure 3-8, 9). In addition, it was observed that 

hMUDENG Tg mice had a slower growth rate than C57BL/6 mice (Figure 3-10). In general, slow 

growth is also closely related to poor supply of nutrients. In addition, liver per body weight of 

hMUDENG Tg mouse were heavier than that of C57BL/6 mice (Figure 3-11). It strongly indicates 

that MUDENG Tg mice may have issues in their liver tissue around the age of two weeks after 

birth.

Taken together, these findings suggest that overexpression of hMUDENG may have an 

impact on the liver, leading to immune cell infiltration into liver tissue, and which could potentially 

contribute to the slow growth observed in hMUDENG Tg mice. To investigate the changes in 

transcripts between the liver tissue of hMUDENG Tg mice and C57BL/6 mice, total RNA 

sequencing was performed on the liver tissue of hMUDENG Tg mice.
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Figure 3-5. Photographs of hMUDENG Tg mice taken between 2 and 6 weeks of age. These are 

dorsal and ventral photographs of hMUDENG Tg mice exhibiting progressive hair loss at various 

time points. Hair loss is a notable phenotypic alteration that initiates around 2 weeks of age and 

persists until approximately 4 weeks, after which hair regrowth ensues. Subsequently, no additional 

instances of hair loss were observed.
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Figure 3-6. Histological examination of skin tissue from hMUDENG Tg mouse at postnatal day 12 (P12) to postnatal day 36 (P36). These are 

photographs of the dorsal side of C57BL/6 mice and hMUDENG Tg mice taken at different ages ranging from 12 days to 36 days postnatal. 

Additionally, histological examination of the skin tissue was performed using H&E staining. The skin samples were rolled from the head to the 

tail, fixed horizontally with paraffin, sectioned at a thickness of 5 micrometers, and stained with hematoxylin and eosin. The hair cycle of 

hMUDENG Tg mice progressed differently from that of C57BL/6 mice. It was observed that the catagen phase progressed early and the anagen

phase started late in skin of hMUDENG Tg mice than that of C57BL/6 mice.
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Figure 3-7. Photographs of H&E staining of the skin of C57BL/6 mice and hMUDENG Tg mice 

at postnatal day 24 (P24). The blue arrows point to hair root sites and presumed follicles. The red 

arrow points to where the hair root may have been. In contrast to C57BL/6 mice, hMUDENG Tg

mice exhibit thick dermis during the telogen phase.
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Figure 3-8. H&E staining of Kidney, Lung, and Liver of hMUDENG Tg and WT mouse. H&E 

staining was performed in the kidney, lung, and liver tissues for each period and comparative 

observations were made. No differences were found in the kidneys and lungs between MUNDEG 

Tg mice and C57BL/6 mice. However liver tissue of MUDENG Tg has difference with that of 

C57BL.6 mice. Liver cells of MUDENG Tg mice were less dense than normal liver cells on day 

15, and it can be seen that immune cells are infiltrated into the liver tissue of 24-day-old MUDENG 

Tg mice. Immune cells are indicated by red arrows.
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Figure 3-9. H&E staining of liver of hMUDENG Tg and WT mouse at postnatal day 24. The black 

arrow points to immune cells infiltrated in liver tissue.
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Figure 3-10. The Body weight of hMUDENG Tg and C57BL/6 mouse. The p-value was lower than 0.5 (represented by asterisk, *). Body weight 

measurements were conducted on MUDENG Tg mice starting from 2 weeks after birth, and on C57BL/6 mice starting from 3 weeks after birth.

Both males and females of MUDENG Tg mice grow slower than males and females of normal mice.
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Figure 3-11. Liver weight (L.W) per body weight (B.W) of mice at 6-weeks. It was observed that 

MUDENG Tg mice weighed less than C57BL/6 mice, but had similar or heavier liver weights. The 

p-value was lower than 0.01 (represented by asterisk, **).
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3.3 Total RNA sequencing in liver

To investigate the mRNA expression profiles in livers of hMUDENG Tg and C57BL/6 

normal mice, transcriptome analysis in liver tissues were performed (Figure 3-12a~g). 

Transcriptome data showed many changes in the livers of hMUDENG Tg compared to C57BL/6 

mice. The changes in gene expression in the liver tissue of MUDENG Tg mice were prominently 

observed from the perspective of cellular components, specifically in the alterations of gene 

expression related to extracellular factors (Figure 3-12a, b). From a cellular physiological 

standpoint, significant changes were observed in genes associated with lipid and fatty acid 

metabolism, iron homeostasis, as well as oxidation and reduction processes (Figure 3-12c~g). It 

suggest that overexpression of hMUDENG could affect significantly to mouse liver functions. And 

the transcripts levels changed in liver of hMUDENG Tg include many metabolic proteins 

especially lipid and fatty acid metabolism at postnatal day 18 (Figure 3-12e). This could affect the 

hair loss phenotype of hMUDENG Tg mice. The vitamin D receptor (VDR) is one of the transcripts 

related to lipid metabolism. And there is a research report suggesting that hair loss may be related 

to a problem with VDR (262-264). In addition, in 2020, Suzuki and his colleagues reported that 

immaturity of the liver affects the hair cycle in early life in mice (150). The immature liver showed 

decreased expression of genes related to oxyreductase and lipid metabolism, and significantly 

increased expression of genes mainly expressed in the early fetal liver such as Alpha-fetoprotein 

(Afp), H19, Insulin like growth factor 2 (Igf2) (151). At postnatal day 18, the liver tissue of 

MUDENG Tg mice showed an increase in the expression of fetal liver gene markers (Figure 3-14) 

and a notable decrease in the expression of genes associated with lipid metabolism, oxidation, and 

reduction (Figure 3-13). These findings strongly suggest that the hair loss observed in MUDENG 

Tg mice is a result of immature liver function. Additionally, changes were observed in the 

expression of genes Hamp1 and Hamp2, known to be associated with iron homeostasis and 

previously linked to hair loss (Figure 2-15) (166).

Taken together, it is difficult to pinpoint a single underlying cause for the hair loss observed 

in MUDENG Tg mice. The overexpression of MUDENG is thought to impair various liver 
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functions such as metabolisms, iron homeostasis, and detoxification, ultimately leading to hair loss.

In Figure 3-9, infiltration of immune cells within the liver tissue was observed at postnatal 

day 24. Interestingly, similar results were obtained from the transcriptome analysis conducted on 

the liver of MUDENG Tg mice. Increased expression of factors associated with liver inflammation 

was observed (Figure 3-16), along with the presence of various immune cell markers (Figure 3-

17). In Figure 3-9, infiltration of immune cells within the liver tissue was observed at postnatal day 

24. Interestingly, similar results were obtained from the transcriptome analysis conducted on the 

liver of MUDENG Tg mice. Increased expression of factors associated with liver inflammation 

was observed (Figure 3-16), along with the presence of various immune cell markers (Figure 3-

17). These findings indicate the occurrence of an inflammatory response within the liver tissue, 

which is closely associated with liver fibrosis. Interestingly, the expression levels of genes involved 

in liver fibrosis (265-267) such as transforming growth factor (TGF)-β and fibrous proteins such

as collagen type1, collagen type3, and α-Smooth muscle actin (α-SMA) were increased in liver of 

hMUDENG Tg than C57BL/6 mice (Figure 3-18). These alterations could potentially lead to liver 

damage and subsequent fibrosis (Figure 3-18). 

Taken together, these results suggest that overexpression of hMUDENG can induce a mild 

inflammatory response and promote fibrosis in liver tissue. Although the direct cause of hair loss 

in hMUDENG Tg mice was not identified, changes of expression levels of lipid metabolism, 

oxidation and reduction-related factors, iron homeostasis factors, and fetal liver markers could be 

a contributing factor to hair loss. Moreover, inflammatory reaction in liver could be closely 

involved in liver fibrosis. 
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Figure 3-12. The result of total RNA sequencing in liver of C57BL/6 and hMUDENG Tg mice. 

The enriched biological terms from the 402 Differential Expression Genes (DEGs) of (|Fold-

Change| ≥ 2) ∩ (P-value ≤ 0.05) in liver of hMUDENG Tg per C57BL/6 mice at postnatal day 

18(P18) and 30 (P30).
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Figure 3-13. Heat map of RNA transcripts levels related to lipid metabolism, detoxification, and 

oxidation and reduction in liver of hMUDENG Tg per C57BL/6 mice at postnatal day 18 (P18) 

and 30 (P30). At day 18 postnatal, the liver tissue of hMUDENG Tg mice showed lower expression 

of multiple genes associated with fat metabolism, detoxification, oxidation, and reduction 

compared to C57BL/6 mice.
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Figure 3-14. The changes of fetal liver markers in liver of MUDENG Tg mice. These genes such 

as alpha fetoprotein (Afp), insulin growth factor2 (Igf2), Krüppel-like factor 6 (Klf6), CD44, 

Bicaudal C homolog 1 (Bicc1), Aldoa genes are known expressed during fetal liver development. 

The FL(Log2) typically refers to the Fold Change (Log2) value.

Figure 3-15. The changes of iron homeostasis related genes in liver of MUDENG Tg mice. The 

FL(Log2) typically refers to the Fold Change (Log2) value. There is no significant difference in 

the expression level of Hamp between hMUDENG Tg mice and C57BL/6 mice, but Hamp2 

showed an FC(Log2) approximately 5-fold lower in hMUDENG Tg mice compared to C57BL/6 

mice. This value indicates that the actual expression level can decrease by up to 33-fold.
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Figure 3-16. The changes of inflammation related factors in liver of MUDENG Tg mice. Some 

immune response-related cytokines exhibit increased expression in hMUDENG Tg mice. The 

FL(Log2) typically refers to the Fold Change (Log2) value.

Figure 3-17. The changes of immune cells markers in liver of MUDENG Tg mice. CD14 is a 

marker of monocytes, and CD68 is a marker of macrophages. CD80 and CD86 are markers of type 

1 macrophages, while CD163 is a marker of type 2 macrophages. CD63 is a marker gene expressed 

in activated natural killer (NK) cells and basophils, and CD16 is a marker gene expressed in NK 

cells and neutrophils. CD83 is a marker of activated dendritic cells (DCs). The FL(Log2) typically 

refers to the Fold Change (Log2) value.
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Figure 3-18. The heat map of RNA transcripts levels of representative genes in liver fibrosis in 

liver of hMUDENG Tg per C57BL/6 mice at postnatal day 18 (P18) and 30 (P30). At 18 and 30 

days postnatal, the liver tissues of hMUDENG Tg mice exhibited significantly increased 

expression of numerous genes known to be involved in liver fibrosis compared to those of C57BL/6 

mice.
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3.4 The Liver of hMUDENG Tg mice

In the liver tissue of hMUDENG Tg mice, the expression of immune cell markers and pro-

inflammatory factors such as TGF-β, IL-6, and IL-11 was increased without any stimulation, and 

it was observed that factors related to fibrosis such as CTGF, collagen proteins, alpha smooth 

muscle actin, STAT3, and CYP family were also increased (Figure 3-16~18). This strongly 

supports the close association between overexpression of hMUDENG and liver fibrosis in mice. 

To investigate whether there are changes in the liver tissue of hMUDENG Tg mice as the results 

of RNA sequencing, I observed the degree of fibrosis in the liver tissues of hMUDENG Tg and 

C57BL/6 mice by Masson's trichrome staining method (Figure 3-19). The Masson's trichrome stain 

method is used to stain collagen protein, which is responsible for fibrosis, in blue or green color. 

Keratin and muscle fibers are stained in red, cytoplasm in bright red or pink, and cell nuclei in dark 

brown or black. It was observed that hMUDENG overexpression could induce mild sinusoidal 

fibrosis in the liver tissue even without any additional stimulation. 

In summary, the transcriptome analysis of liver tissue in MUDENG Tg mice revealed a close 

association between the overexpression of MUDENG and liver fibrosis, and the results of Masson's 

trichrome staining strongly support the speculation of a link between MUDENG and liver fibrosis.
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Figure 3-19. Masson’s trichrome staining of liver of hMUDENG Tg and C57BL/6 mouse. In 

hMUDENG-Tg mice, accumulation of weak fibrous proteins in the sinoid was observed, and some 

necrotic cell death was observed.
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3.5 The effect of hMUDENG onCCl4-induced liver fibrosis

Since transcriptome data suggested that overexpression of hMUDENG in hMUDENG Tg 

may lead to liver damage, the liver fibrosis in hMUDENG Tg was further examined. To investigate 

whether hMUDENG Tg is more susceptible to the liver damage or not, I induced liver damage by 

injecting carbon tetrachloride (CCl4) mixed with olive oil into hMUDENG Tg and C57BL/6 mice 

for 10 weeks to induce liver fibrosis (Figure 3-20). While all C57BL/6 mice survived the CCl4

treatment, hMUDENG Tg mice exhibited 90% mortality between 7 and 10 weeks after the 

treatment. This finding may support the hypothesis that hMUDENG Tg mice are susceptible to 

liver damage such as CCl4 toxin (Figure 3-21). For histologic and molecular biologic observation, 

I decreased CCl4 concentration from 0.7 μl/g body weight to 0.25 μl/g body weight. I injected CCl4

mixed with olive oil intraperitoneally (I.P.) twice a week for 2, 4, and 6 weeks to hMUDENG Tg and 

C57BL/6 mouse (Figure 3-22). The collagen accumulation shown by Sirius red staining was 

monitored in the liver tissues of hMUDENG Tg and C57BL/6 mice upon CCl4 injection twice a 

week, and I found that the collagen in the liver of hMUDENG Tg mice was more rapidly 

accumulated than that in the liver of C57BL/6 mice (Figure 3-23). The collagen panels in Figure 

3-23a are a color-isolated region from an area stained with Sirius red using the Adobe Photoshop 

program (Figure 3-23a). The collagen accumulation area quantitatively measured by NIH image J 

analysis tools from the collagen panels in Figure 3-23a clearly showed that hMUDENG Tg mice 

are more susceptible to CCl4-induced liver fibrosis compared to normal C57BL/6 mice (Figure 3-

23b). Furthermore, the liver in hMUDENG Tg mice contained accumulated collagen area even 

without CCl4 injection, indicating that overexpression of hMUDENG in liver causes liver to be 

susceptible to the liver damage. It is worth to note that the expression levels of TGF-β and IL11 

were higher in the liver of hMUDENG Tg mice, even, without the treatment of CCl4 (Figure 3-

23c). Western blot analysis further proved that the level of TGF-β in hMUDENG Tg mice without 

the treatment of CCl4 were increased in consistent to transcriptome data shown in Figure 3-18 

(Figure 3-23c). In addition, α-SMA, one of the major fibrous proteins absorbed in fibrotic liver, 

was also rapidly accumulated in the liver of hMUDENG Tg mice upon on the treatment of CCl4
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(Figure 3-18c). The activated form of TGF-β, the key protein in liver fibrosis, also showed the 

increased level in hMUDENG Tg than in C57BL/B mice. Moreover, the expression level of IL11 

showed the similar pattern to that of TGF-β, suggesting that rapid increase of TGF-β and IL11 in 

response to CCl4-induced liver damage may play a role in susceptibility of liver fibrosis (Figure 3-

18c). Taken together, overexpression of hMUDENG in mouse liver may cause the increased 

background gene expression of TGF-β and IL11, resulting in rapid increase of collagen, α-SMA, 

TGF-β and IL11 in response to CCl4. 
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Figure 3-20. Designing a CCl4-induced liver fibrosis model for the observation of susceptibility to 

CCl4 in hMUDENG Tg mice. hMUDENG Tg and C57BL/6 mouse were injected with 0.7 μl/g 

body weight of CCl4 mixed with olive oil in 1:7 (CCl4:1, olive oil:7) ratio for 10 weeks.

Figure 3-21. Survival rate of hMUDENG Tg after treatment of CCl4. When hMUDENG Tg and 

C57BL/6 mice were injected with CCl4 at a concentration of 6 μl/g twice a week for 10 weeks, no 

mortality was observed in C57BL/6 mice, whereas hMUDENG Tg mice exhibited rapid lethality 

starting from week 7.
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Figure 3-22. Schematic diagram of CCl4-induced liver fibrosis model. hMUDENG Tg and 

C57BL/6 mouse were injected with 2 μl/g body weight of CCl4 mixed with olive oil in 1:7 (CCl4:1, 

olive oil:7) ratio for 2, 4, and 6 weeks.



- 73 -



- 74 -

Figure 3-23. The effect of hMUDENG on CCl4-induced liver fibrosis. (a)Comparison of 

histological staining (hematoxylin and eosin (H&E) and picrosirius red (sirius red)) of CCl4-

induced fibrotic liver of C57BL/6 and hAP5M1-Tg mice. For the collagen panel, only the collagen 

stained from the Sirius Red panels were isolated. (b)Percentage area of collagen in picrosirius red-

stained tissue sections of CCl4-induced fibrotic liver. (c) The fibrous proteins (collagen type1 and 

α-Smooth muscle actin (α-SMA)), IL11, and TGF-β was determined by western blot. The bottom 

panel of IL11 was short exposed, and upper panel was long exposed. Scale bars: 0.3 mm, *<0.05, 

**<0.01.
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3.6 The effect of mIL11 and mIL11 mutein on CCl4-induced liver fibrosis of C57BL/6

Based on the results shown in Figure 3-17, mIL11 was thought to be a key player in CCl4-

induced liver fibrosis in both hMUDENG Tg and C57BL/6 mice. I assumed that mIL11 blocking 

could mitigate progression of liver fibrosis in hMUDENG Tg as well as C57BL/6 mice damaged 

by CCl4. The mIL11 mutein, mIL11 antagonist that is first generated by Heath’s group, has high 

affinity to their receptor, mIL11R; however, it could not bind to gp130, resulting in no signal 

transduction of mIL11 into intracellular downstream signaling pathway (Figure 3-24) (167). I 

designed lentivirus expression system that expresses mouse wild type IL11 (lenti mIL11) and 

mouse IL11 mutein (lenti mIL11 mutein) construct (Figure 3-25a,b). The mIL11 and mIL11 mutein 

genes were fused with human growth hormone signal sequence for secretion and furin cleavage 

site at the N-terminal region of mIL11 gene for elimination of unnecessary sequence (Figure 3-25a,

b). To verify that both lenti mIL11 and lenti mIL11 mutein have infectivity, I infected 293 cells 

with lenti mIL11 and lenti mIL11 mutein. I expected that both mIL11 and mIL11 mutein were 

secreted to the medium from 293 cells; indeed, both mIL11 and mIL11 mutein were detected from 

conditioned media by western blot analysis (Figure 3-25c). These results indicate that lenti mIL11 

and lenti mIL11 mutein can infect 293 cells and secrete mIL11 and mIL11 mutein.
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Figure 3-24. Signal of IL11 wild type and IL11 mutein. The wild type IL11 functions as a dimer 

and binds to both gp130 and IL11 receptors. The intracellular region of gp130 recruits Jak, and this 

complex transduces signals involved in angiogenesis, cell survival, proliferation, and 

differentiation through the stat3 and PI3K signaling pathways. However, the IL11 mutein can bind 

to IL11 receptors but not gp130, as it contains a mutation at residue 147 where tryptophan is 

replaced by alanine, which is a critical residue for gp130 binding. Therefore IL11 mutein cannot 

transduce a signal intracellularly and it can acts as antagonist of IL11 wild type.
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Figure 3-25. Schematic diagram of lenti mIL11 and lenti mIL11 mutein vector construction. The 

gene of mouse IL11 (a) and IL11 mutein (b) was fused with human growth hormone signal 

sequence for secretion and furin cleavage site for elimination of unnecessary sequence. (c)To 

determine the infectivity of lenti mIL11 virus and lenti mIL11 mutein virus, and the secretion of 

the proteins of mIL11 and mIL11 mutein in mammalian cells, 293T cells were infected with 10 μg 

of lenti viruses. And secreted mIL11 and mIL11 mutein proteins were examined by Western blot 

in the conditioned medium.
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To investigate whether lenti mIL11 and lenti mIL11 mutein works in the liver damaged by 

CCl4 treatment in C57BL/6 mice, I injected mice with lenti mIL11 and lenti mIL11 muteins 

intraperitoneally at 6 weeks and intranasally (I.N.) at 7 weeks. After 1 week, C57BL/6 normal 

mouse were intraperitoneally injected with CCl4 mixed with olive oil twice a week for 6 weeks 

(Figure 3-26). The degree of CCl4-induced liver fibrosis in C57BL/6 mice infected with lenti

mIL11 and lenti mIL11 mutein was monitored by H&E staining and Sirius red staining (Figure 3-

27a). I verified no difference in the degree of liver damage in the absence of CCl4 between mice 

infected with or without lenti mIL11or the lenti mIL11 mutein (Figure 3-27a, b). The lenti mIL11

mutein but not lenti mIL11 significantly reduced collagen accumulation in the liver tissues of 

C57BL/6 normal mice damaged by CCl4 treatment (Figure 3-27a). Although the accumulation of 

collagen stained with Sirius red was not increased in the fibrotic liver damaged by CCl4 of lenti

mIL11-infected mice more than that of CCl4-only treated mice, the result in Figure 3-29 shows that 

the accumulation of α-SMA was increased in CCl4-induced fibrotic liver of lenti mIL11-infected 

mice (Figure 3-29). The decreased collagen accumulation in the liver tissues were further supported 

by quantitative measurement of Sirius Red staining by NIH image J software (Figure 3-27b). These 

data indicate that mIL11 mutein acts as a competitive inhibitor against mIL11 as shown in previous 

report (167), and overexpression mIL11 also could act on inducing fibrotic liver tissue by 

accumulation of α-SMA although overexpressed mIL11 does not increase collagen accumulated 

area in the liver treated with CCl4.
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Figure 3-26. Schematic diagram of CCl4-induced liver fibrosis model mice following injection of 

lenti mIL11 viruses and lenti mIL11 mutein for data shown in (Figure 3-21a, b). The lenti mIL11 

virus and lenti mIL11 mutein virus were intraperitoneally (I.P.) injected into mice at 6 weeks of 

age. After a week, the lenti mIL11 virus and lenti mIL11 mutein virus were intranasally (I.N.)

injected into mice at 7 weeks of age. The injection of CCl4 was started at 8 weeks of age for 6 

weeks.
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Figure 3-27. The effect of lenti mIL11 and lenti mIL11 mutein on CCl4-induced liver fibrosis in 

C57BL/6 mouse. (a) Comparison of histological staining (hematoxylin and eosin (H&E) and 

picrosirius red (sirius red)) according to the presence or absence of lenti mIL11 virus, lenti mIL11 

mutein virus, and CCl4 in C57BL/6 mice. (b) Percentage area of collagen in picrosirius red-stained 

tissue sections of CCl4 -induced fibrotic liver of C57BL/6 mice. Scale bars: 0.3 mm, *<0.05, 

**<0.01, ***<0.001.
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3.7 mIL11 mutein is not sufficient to block the liver fibrosis in hMUDENG Tg induced 

by CCl4.

To investigate whether mIL11 mediates liver fibrosis in hMUDENG Tg, i injected mice with 

lenti mIL11 and lenti mIL11 mutein intraperitoneally at 6 weeks and intranasally at 7 weeks; after 

1 week, hMUDENG Tg mice were intraperitoneally injected with CCl4 mixed with olive oil twice 

a week for 6 weeks as shown in Figure 3-26. The level of fibrotic liver induced by CCl4 in 

hMUDENG Tg mice infected with with lenti mIL11 and lenti mIL11 mutein was monitored by 

H&E staining and Sirius red staining (Figure 3-28a). I verified no difference in levels of fibrosis 

in the liver in the absence of CCl4 between mice infected with or without lenti mIL11 or the lenti

mIL11 mutein (Figure 3-28a, b). However, unlike the results observed in C57BL/6 (Figure. 3-27b), 

when lenti mIL11 or lenti mIL11 mutein was injected into hMUDENG Tg mice treated with CCl4, 

quantitative analysis of collagen accumulation and Sirius Red staining area showed no significant 

difference (Figure 3-28a, b). Also, the expression levels of collagen, α-SMA, and TGF-β were

higher in the liver of hMUDENG Tg mice challenged with CCl4 than that of C57BL/6 mice (Figure 

3-29). These results indicate that the overexpression of hMUDENG in the liver make the liver to 

be more susceptible to liver damage, resulting in severe liver fibrosis by increasing the expression 

of fibrous proteins such as collagen and α-SMA. Taken together, these results suggest that blocking 

of mIL11 action in hMUDENG Tg mice is not sufficient to reduce collagen accumulation in the 

liver, implicating that AP5M1causes liver damage not just through the axis of TGF-β and IL11 but 

also through unknown pathway.
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Figure 3-28. . The effect of lenti mIL11 and lenti mIL11 mutein on CCl4-induced liver fibrosis in 

hMUDENG Tg mouse. (a)Comparison of histological staining (hematoxylin and eosin (H&E) and 

picrosirius red (sirius red)) according to the presence or absence of lenti mIL11 virus, lenti mIL11 

mutein virus, CCl4 in hAP5M1-Tg mice. (b)Percentage area of collagen in picrosirius red-stained 

tissue sections of CCl4 -induced fibrotic liver of hAP5M1-Tg mice. Scale bars : 0.3 mm. 
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Figure 3-29. The proteins levels of collagen, α-SMA, and TGF-β in fibrotic liver induced by CCl4 

in hMUDENG Tg and C57BL/6 mouse. The fibrous proteins (collagen type1 and α-Smooth muscle 

actin (α-SMA)) and TGFβ were examined by western blot. Although IL11 did not induce 

significant liver fibrosis in histological assays that stained collagen fibers in C57BL/6 mice, the 

expression of α-SMA was increased in the liver injected with lenti mIL11 virus in C57BL/6 mice 

treated with CCl4. In liver of hMUDENG-Tg mice, collagen type1, α-SMA, and TGFβ were highly 

expressed whether IL11 and IL11 mutein were injected or not.



- 84 -

CHAPTER4

Conclusion
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In this study, a transgenic mouse was generated to investigate how the functions of MUDENG 

observed in previous studies affect various tissues in mice. Although overexpression of non-tissue-

specific genes can have unexpected side effects, in this study, transgenic mice were made by 

inserting the hMUDENG gene into the germ line to observe changes in various tissues caused by 

hMUDENG overexpression. 

I identified that the hMUDENG mRNA could be transcribed in brain, lung, liver, skin, testis 

and blood cells of hMUDENG Tg mice. A prominent phenotypic change in hMUDENG Tg mice 

was hair loss, which appeared to affect the first hair cycle at about postnatal week 2. The exact 

mechanism is not yet known, but it is believed to be a result of immature liver. Immature liver is 

characterized by a decrease in expression of various genes related to lipid metabolism and 

oxidation-reduction processes. Moreover, the pronounced increase in expression of fetal liver 

markers in the liver of MUDENG Tg mice suggests their association with immature liver (Figure4-

1). The issue of iron homeostasis is also closely related to hair loss, further supporting the notion 

that hair loss in MUDENG Tg mice could be multifactorial.

No pathological changes were observed in the kidney and lung as a result of H&E staining. 

However, weak fibrosis and inflammatory reactions were observed in the liver tissue of 

hMUDENG Tg mice. RNA transcriptome analysis supported these findings, revealing upregulation 

of many factors related to fibrosis such as CTGF, collagen proteins, alpha smooth muscle actin, 

STAT3, and CYP family, and inflammatory responses such as TGF-β, IL-6, and IL-11. These 

results suggest that overexpression of hMUDENG may cause an inflammatory response in liver 

tissue, which may also lead to a fibrotic process (Figure 4-1). However, overexpression of 

hMUDENG alone did not strongly promote liver fibrosis.

I observed that hMUDENG overexpression had an impact on CCl4-induced liver fibrosis. 

Specifically, hMUDENG Tg mice exhibited a greater sensitivity to liver damage by CCl4 compared 

to C57BL/6 mice, leading to a more rapid and severe progression of liver fibrosis. I thought that 

TGF-b and IL-11 may important in CCl4-induced liver fibrosis in hMUDENG Tg mice. But, 
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hMUDENG Tg mice did not show a significant response to additional mIL11 and mIL11 mutein 

through infection with lenti mIL11 virus and lenti mIL11 mutein virus (Figure 4-1).

Two hypotheses were developed to explain this. The first hypothesis was that hMUDENG Tg 

mice already express sufficient amounts of IL-11 and do not respond to additional IL-11. Even in 

the C57BL/6 mice, it was found that there was no significant difference in the fibrosis response 

only with the additional supply of IL-11 by infection with Lenti mIL11 virus. However, when CCl4

stimulation was added to the supply of IL-11, the response of fibrosis was intensified in C57BL/6 

mice, suggesting that IL-11 could accelerate the changes caused by CCl4 stimulation. Since liver 

fibrosis by CCl4 stimulation was already sufficiently accelerated by sufficient IL-11 in hMUDENG 

Tg, the acceleration of fibrosis reaction was not further progressed by additional IL-11, and  it is 

difficult to antagonistically block with IL-11 mutein already much IL-11 in hMUDENG Tg mice. 

The second hypothesis was that there may be additional hepatic fibrosis-inducing mechanisms 

independent of IL-11. This hypothesis has not yet been tested due to lack of data, and more research 

is needed to verify it.

MUDENG, also known as AP5M1, is a protein involved in reverse transport from the late 

endosome to Golgi. It has been reported that problems with late endosomes and endo-lysosomes 

are associated with non-alcoholic fatty liver disease (NAFLD), indicating that MUDENG may play 

a role in liver disease as the mu subunit of the adaptin protein 5 complex. Further studies are needed 

to elucidate the relationship between MUDENG and liver diseases. 
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Figure 4-1. Summary figure depicting the physiological changes resulting from overexpression of hMUDENG. hMUDENG-Tg mice exhibit 
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immature liver at about postnatal day 18, characterized by decreased lipid metabolism, increased oxidoreductase activity, and upregulation of fetal 

liver genes. Additionally, immature liver in these mice can lead to early-onset hair loss during the hair cycle initiation. Moreover, hMUDENG-Tg 

mice show inflammatory responses and infiltration of immune cells in liver tissue, which ultimately leads to liver fibrosis. The liver tissue of 

hMUDENG-Tg mice demonstrates mild fibrosis progression and increased sensitivity to hepatotoxins like CCl4, resulting in accelerated fibrotic 

development. 
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