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Chapter I 

Introduction 

 

1.1. Experimental Disease Models 

     Experimental disease models are commonly used for studies of fundamental and pre-

clinical research. This experimental disease research can be conducted with both in vitro 

and in vivo models with animals, tissue, and cell cultures [1]. Disease models are the means 

of pre-clinical studies that use animals or cells to exhibit all or some of the pathological 

manifestations that are observed in relevant human disease which are either induced or 

naturally occur [2]. Disease models are essential for the understanding of disease states, 

pathogenesis, evaluating of pharmaceutical efficacy, developing of novel therapeutics and 

drug discovery [3,4]. Thus, the appropriate experimental in vivo and in vitro models are 

important for the human disease related studies. However, these experimental models are 

not always perfect in reflecting the actual human disease due to various reasons. For 

example, tightly controlled in vivo and in vitro models are difficult to be expected to human 

physiological environment. In addition, variation such as individual biology, genetics, 

biochemistry, and metabolism are different between experimental animals and human [5,6]. 

These limitations need to be considered and solutions that could bridge the discrepancy 

are needed. 
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1.1.1. Advantages of In Vivo Animal Studies 

     The term “in vivo” is a Latin word which means “within the living”, which means the 

experiments are performed within a whole, living organism. Humans and mammals have 

phylogenetic and physiological similarities, and it leads that experimental animals are 

widely used in pre-clinical models in investigation of disease before applying to humans 

[7,8]. Herein, in vivo animal models address a variety of scientific issues of human disease, 

from basic science to the elucidation of toxicological, oncological, pharmacological, 

pathological mechanism, and prevention or novel therapeutic strategies [8]. Among 

experimental animals, mice are the most commonly used animal model, as more than 95% 

of the genes are homologous to humans [8,9]. Experimental mice as an animal model offer 

a number of advantages. For instance, mice volume is small and therefore, easy to maintain 

and ship with lower expense than other large animals. Mice have short gestation periods 

around twenty days with large numbers of offspring. One of the most significant 

advantages of mice models is that they have proved useful in studies of renal function, 

stroke, vascular function, atherosclerosis and hypertension [10,7,11,]. 

     The use of mice as in vivo models for human disease is not only based on the genetic 

and physiological similarities between the species but also being able to mimic human 

disease or condition by genetic engineering. 
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1.1.2. Disadvantages of In Vivo Animal Studies 

     Although animal models have offered valuable contribution on the research of human 

disease, they still show some disadvantages and limitations are noticeable. Firstly, despite 

high similarities, there are still significant differences between the species which might be 

related to the animal selection [12]. Inbreeding and genetic drift cause limited genetic 

diversity and low experimental replicability [13]. Adoption of outbred mice such as ICR 

strain that have a genetic condition that is similar to humans might dissolve the limitation 

[14,15]. Regarding the ethical and animal welfare consideration, 3R rules for replacement, 

reduction and refinement of animal experiments is required to practice [8,13]. Animal use 

and number must be prudent, considered and calculated carefully. The procedure of animal 

experiments must be considered throughout to minimize any stress, pain and harm inflicted 

to the animals [8, 16]. However, these limitations could be altered by an in vitro model. 

 

1.1.3. Advantages of In Vitro Studies 

     “In vitro” means “within the glass” in Latin. Therefore, the studies are done in glass or 

Petri dishes. In vitro models are used to study the cell behavior in a simple environment 

free of normal homeostasis and stress of an experiment that occurs in an animal model 

[17].  

     In vitro models have many advantages compared to in vivo models, such as precise 

control of chemical and physical environment (such as pH, temperature, oxygen, and 

carbon dioxide), reduced animal numbers, less animal welfare issues, lower expense on 

animal maintenance and care and shorter time period with higher throughput [18].      
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Mammalian cell in vitro model provides a defined platform for investigation of cell biology, 

development of tissue engineering, understanding of the pathological underlying 

mechanisms of diseases and cellular drug response [19,20].  

 

1.1.4. Disadvantages of In Vitro Studies 

     However, the results obtained from in vitro models have often failed to adequately 

represent the in vivo situation. One of the biggest issues is that the typical culture system 

on flat substrate or petri dishes receives completely different environments that lack the 

complex environment of the extracellular matrix (ECM) in native tissues, including nano- 

to micrometer scale structures [17,21]. In fact, all tissue and living cells in vivo are 

surrounded by other cells and ECM in an environment with micro- to nano-scale structure 

[22]. However, cells are cultured as monolayers on the typical culture flat surfaces. These 

differences result in cell flattening and remodeling of its internal cytoskeleton. Such 

changes affect cell morphological change, cellular responses, functions and gene 

expression changes, resulting in failing to reflect in vivo cell behavior [19]. These cultured 

cells do not mimic the natural structures of tissues and result in discrepancy between the 

in vitro and in vivo studies [20] which is thought to be a critical point to the high failure 

rate in drug discovery. Figure 1.1 illustrated the discrepancy between the in vivo and in 

vitro.  
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1.2. Advanced Culture System Could Bridge the Discrepancy Between the In Vivo 

and In Vitro 

     Cell cultures from all the cell types are commonly used in in vitro models providing 

wide contributions on the biomedical investigation, diseases mechanisms and new drug 

discovery. Nevertheless, cell cultures still have many disadvantages and limitations.  

     Advanced cell culture system are allowed cells to grow and interact with surrounding 

extracellular framework in three dimensions [23]. It has been shown that cell responses in 

three-dimensional (3D) cultures are closer to the behavior in vivo compared to those 

cultured on flat substrates [24]. 

 

1.2.1. Three-dimensional Culture Models 

     There are two classified 3D culture models, scaffold-free and scaffold-based culture 

systems for a specific application [23,25]. Scaffold-free 3D culture systems allow the cells 

to self-assemble forming self-aggregation called spheroids. Spheroids could produce their 

own ECM that closely mimics the structural and physiological environment, prompting 

the spheroids to be useful in basic tumor biology [26,27]. In scaffold-based 3D culture 

systems, cells are grown on artificial structure that acted as a simple mechanical support 

to induce cells to produce native-mimic ECM of human tissues [26,28].  
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1.2.2. TiO2-based Nanostructured Biomaterials  

     It is very important to investigate the cell-environment interactions that regulate cellular 

behavior and function [29]. The in vivo complex micro/nanoenvironment consists of cell 

populations, ECM components that form an intricate system that includes chemical and 

physical properties, which are critical for modulating cell fate, such as tissue-specific 

differentiation and promoting developmental morphogenesis [30,31]. Cells sense their 

immediately surrounding area via interacting with ECM architecture that adopts many 

topographical features [32,33]. To address these issues, nanotechnology provides a 

powerful means of fabricating the biomaterials that better mimic in vivo environment by 

controlling scaffold nanotopographical features such as grooves, ridges and pores [34,35]. 

Among the nanofabrication techniques, electron beam lithography (EBL) provides high 

stability and resolution for 10-nm scale lithography which offers novel tools to perform 

the nanostructured biomaterials [36,37].  

     Nanostructured biomaterials are synthetic or natural and are designed to be used in 

medical applications. For example, in the medical implants field, nanostructured 

biomaterials are used to mimic the natural tissues structural and physiological functions, 

which can replace or regenerate the lost or failed structure/function in different parts of the 

human body such as the heart, blood vessels, elbows, knees, and dental structures [31,38]. 

Nanostructured biomaterials are also used in medical devices such as surgical sutures [39]. 

More recently, nanostructured biomaterials are applied in molecular probes as biosensors 

and drug delivery system [40,41]. These advantages improve the quality and longevity of 

human life. In general, these biomaterials are in direct contact with biological systems, and 
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thus they should be nontoxic and biocompatible without eliciting adverse responses in the 

body [42]. 

     Titanium dioxide (TiO2) is an inorganic titanium compound and has been commonly 

used as coating material in biomedical applications over the past 10 years [43]. TiO2 is 

well-known to be non‐toxic, photoreactive, low cost and a biologically stable or inert 

material [44]. The most key functional feature is that TiO2 exhibits an excellent 

biocompatibility to improve cell attachment, differentiation, and proliferation [45,46]. 

Over the past decades, TiO2-based nanostructured biomaterials have exhibited large 

specific surface area, proper electronic band structure, ion-changeable ability, and 

chemical stability, which make these TiO2-based nanostructured biomaterials to have been 

extensively applied in biomedical applications [43,46,47].  

 

Figure 1. 1. Discrepancy between the in vivo and in vitro. All tissue and living cells in vivo are surrounded 

by other cells and ECM in an environment with micro- to nano-scale structure. The environment of the 

typical culture system is completely different from the in vivo nanoenvironment, which results in discrepancy 

between the in vitro and in vivo studies. Mimicking the natural nanoenvironment by nanopattern could bridge 

the discrepancy between in vivo and in vitro models. 

In vivo
(Animals)

Natural  nano-environment
Natural-mimic nanoenvironment

In vitro
(Cells)

Traditional 
cell culture 
system

Completely  different from 
in vivo nanoenvironment

Bridging
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     Based on these advanced techniques, I asked a question that if the natural 

nanoenvironment could be mimicked by nanopattern use for in vitro model, it could bridge 

the discrepancy between in vivo and in vitro models. 

 

1.3. Hypothesis  

In this Doctoral dissertation, I hypothesized that mimicking the natural nanoenvironment 

by nanopattern could bridge the discrepancy between in vivo and in vitro models. Figure 

1.2 illustrated the hypothesis of this dissertation. To examine my hypothesis, both in vivo 

model by dextran sulfate sodium (DSS)-colitis mice model and in vitro disease model by 

disease-mimic nanopattern were established to induce the cellular responses mimicking 

the renal disease condition. This Doctoral thesis has achieved 1) investigated the 

glomerular structural change in the experimental mice with DSS-induced colitis, 2) 

evaluated the effects of disease-mimic nanopattern on mesangial cells (MCs) proliferation 

and matrix change, and 3) evaluated physical and chemical cues on disease-mimic culture 

system as a drug screening platform. 

 

 
Figure 1. 2. The hypothesis of this dissertation that mimicking the natural nanoenvironment by nanopattern 

could bridge the discrepancy between in vivo and in vitro models. 
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Chapter II 

Establishment of An In Vivo Experimental Model of 

IBD-associated Renal Disease Studies 

 

2.1. Introduction 

     Inflammatory bowel disease (IBD) is a chronic, excessive and relapsing inflammatory 

disorder of the gastrointestinal tract characterized by inflammation and mucosal tissue 

damage and is associated with significant morbidity. Ulcerative colitis and Crohn’s disease 

are the two most common forms of IBD. Ulcerative colitis and Crohn’s disease differ from 

each other in physiology, but show similar symptoms such as severe diarrhea, rectal 

bleeding, abdominal pain, fever, and weight loss [1,2]. The pathogenesis of IBD is still 

largely unknown. However, defective immunological responses in IBD patients are 

reported, especially inflammatory cytokine network abnormalities caused by chronic and 

excessive inflammation of the gastrointestinal tract can lead to active inflammation [3]. 

Increased level of inflammatory cytokines such as tumor necrosis factor-α (TNF-α), 

interleukin-6 (IL-6), transforming growth factor-β1 (TGF-β1), and inflammatory 

mediators including inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-

2) were found in patients with IBD [3–6]. This disturbance of inflammatory cytokines and 

mediators results in tissue damage which plays a critical role in the pathogenesis of IBD 

[7].  
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     Clinical and epidemiological evidence suggest that the long-term inflammatory 

condition of IBD is accompanied by various extraintestinal manifestations and 

complications. These extraintestinal manifestations and complications can affect almost 

every organ system, including the musculoskeletal system, skin, eyes, liver, lungs, kidneys, 

immune system, hematologic system, and cardiovascular system [2,8].  

     Mammalian kidneys play critical roles in controlling blood pressure, filtering blood and 

concentrating metabolic waste through formation of urine [9]. Renal manifestations and 

complications in patients with IBD are not rare, and numerous clinical studies have 

reported that 4–23% of IBD patients experience renal disease such as tubulointerstitial 

nephritis, nephrolithiasis, and glomerulonephritis [10–17], which eventually induce renal 

disease. The appropriate experimental animal model of IBD-associated renal disease thus 

has clinical importance for related studies, including pathological mechanisms, prevention 

and treatment strategies for IBD. 

     Dextran sulfate sodium (DSS) is a water-soluble sulfated polysaccharide. Oral 

administration of DSS to trigger acute colitis has been widely used in experimental animal 

models for preclinical studies of IBD, because the pathophysiology resembles human 

Ulcerative colitis [18–20]. Recent studies have reported that mice with colitis induced by 

DSS show renal tubular injury that might be associated with increased neutrophil 

infiltration and expressions of cytokines and chemokines in both intestines and kidneys 

[21,22]. However, these studies of DSS-related renal injury have not mentioned structural 

changes to the glomeruli. On the other hand, the renal glomerulus is included in the 

nephron with the tubule, and tubular necrosis has been reported to potentially lead to 
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declines in glomerular function [23,24], suggesting that glomerular damage might be 

accompanied by tubular injury.  

     The glomerulus contains a highly specialized filtration barrier structure that is essential 

for maintaining normal plasma ultrafiltration, and loss of glomerular filtration function can 

lead to poor blood filtration, resulting in renal disease [25,26]. The electively permeable 

glomerular filtration barrier (GFB) is a three-layered structure that separates the capillaries 

and Bowman’s space, and comprises the interdigitating foot processes of the podocytes, 

the intervening glomerular basement membrane (GBM), and the fenestrated endothelium, 

as illustrated in Figure 2.1 [27,28]. The GBM is constituted of specialized extracellular 

matrix (ECM) components, namely IV collagen (COL4), laminin and other proteoglycans, 

which are essential for providing a complete structural scaffold to the glomeruli, and are 

important for establishing and maintaining the integrity of the GFB [29,30]. Disrupted 

GBM has been demonstrated to lead to filtration barrier damage and eventual glomerular 

disease [30,31]. However, whether GFB-related protein changes are involved in IBD 

associated renal disease has not yet been clarified. Herein, this chapter is aimed to establish 

an in vivo experimental model of IBD-associated renal disease studies. This study 

investigated the glomerular structural change in the experimental mice with dextran sulfate 

sodium (DSS)-induced colitis. The glomerular structural changes were focused on specific 

types of glomerular collagens and GFB-related proteins after DSS administration, to 

demonstrate the coexistence of glomerular structural changes and IBD in a DSS-induced 

colitis mouse model. This study should help establish an experimental animal model for 

further elucidation of the clinical pathological mechanisms of IBD-associated renal disease. 
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Figure 2. 1. Illustration of nephron and glomerulus in kidney. Nephron is the filtration unit of kidney, and it 

has a barrier structure called glomerulus. Cells of the glomerular tuft include MCs, endothelial cells, and 

podocytes are shown, along with the GBM. The GFB is a highly specialized structure mainly constituted by 

mesangial, endothelial, podocytes and GBM.  

 

 

2.2. Materials and Methods 

2.2.1. Laboratory Animals 

     Seven-week-old male Slc:ICR strain mice weighing 28–30 g (Japan SLC, Hamamatsu, 

Japan) were housed in the Central Animal House at the University of Tsukuba under 

climate-controlled conditions (room temperature, 22 ± 2 ◦C; 12-h light/dark cycle; relative 

humidity, 65%). Cages were cleaned and sterilized every week. All mice were given free 

access to food and water. Animal experiments were conducted in strict accordance with 

the recommendations of the Guide for the Care and Use of Laboratory Animals of the 

Science Council of Japan and Ministry of Education, Culture, Sports, Science and 

Technology of Japan. The protocol was approved by the Committee on the Ethics of 
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Animal Experiments of the University of Tsukuba (Permit Number: 14-047; May 2016) 

based on the Institutional Animal Care and Use Committee (IACUC). All surgery was 

performed under sodium pentobarbital anesthesia, and all efforts were made to minimize 

suffering. 

 

2.2.2. Induction of DSS-colitis in Mice  

     As a widely used model of IBD, the DSS-induced colitis mouse model was used in this 

study to investigate changes to renal glomerular collagens and GFB-related proteins. This 

mouse model was established by inducing colitis with the administration of DSS in 

drinking water for eight days (Figure 2.2), following the previously described method [21]. 

Briefly, mice were administered 3.5% (w/v) DSS (MW 36,000–50,000 Da; MP 

Biomedicals, Solon, OH, USA) dissolved in drinking water for eight days. Six mice per 

group were used in each experiment, and were not allowed access to any other source of 

water. Mouse weights were monitored daily to quantify the systemic consequences of 

colitis. Mice were fed with normal water in place of DSS water on Day 8 and euthanized 

on Day 9. Colon length and kidney weight were measured for each mouse at harvest, then 

fixed in 10% neutral buffered formalin (Wako, Osaka, Japan) or stored at −80 ◦C for 

further use. Mice receiving only distilled water were used as controls.  
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Figure 2. 2. Investigating mouse glomerular structural changes associated with dextran sulfate sodium 

(DSS)-induced colitis. Slc:ICR mice were administered 3.5% DSS in drinking water for eight days, then 

allowed intake of filtered water on Day 8. Control mice were given filtered water. All mice were sacrificed 

on Day 9 and further assessments were performed. Abbreviation: GFB, glomerular filtration barrier. 

 

2.2.3. Disease Activity Index (DAI)  

     Weight loss, stool consistency, and rectal bleeding were recorded daily to assess the 

severity of DSS-colitis. DAI was determined based on the methods described previously 

[32]. Briefly, DAI was scored from 0 to 4 for each parameter, and then averaged for each 

group, as shown in Table 2.1. Parameters were body weight loss (0 = no weight loss; 1 = 

1–5% weight loss; 2 = 6–10% weight loss; 3 = 11–15% weight loss; and 4 = ≥ 15% weight 

loss), stool consistency (0 = normal stools; 2 = loose stools; 4 = diarrhea) and gross 

bleeding (0 = negative, 2 = positive occult blood in stools, 4 = rectal bleeding). DAI was 

calculated as the sum of the weight loss, stool consistency and gross bleeding scores.  
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          Table 2. 1. Criteria for scoring disease activity index (DAI). 

 
          The sum of the scores of two parameters was defined as the DAI score.  

          *Normal stools = well-formed pellets; loose stools = pasty stool that does not stick to the anus;  

            and diarrhea = liquid stools that sticks to the anus. 

 

2.2.4. Histological Investigation 

     To detect injury to the colon and renal tissues, prepared tissues were cut into 2-μm thick 

sections using a microtome (Thermo Fisher Scientific, Waltham, MA, USA) and stained 

with hematoxylin and eosin (HE) for histological investigations. To assess the GBM, 

periodic acid-Schiff (PAS) was used to estimate the glomerular deposition of matrix 

glycoprotein [33]. Briefly, 3-μm-thick sections were stained using a PAS staining kit 

(Merck, Darmstadt, Germany) and counterstained with hematoxylin according to the 

instructions from the manufacturer. To detect collagen fiber deposition [34], 3-μm sections 

were stained with a Masson’s trichrome staining kit (Muto Pure Chemicals, Tokyo, Japan) 

according to the manufacturer’s instruction. Microscopic images were acquired using a 

light microscope with a charge-coupled device camera (Olympus, Tokyo, Japan).  

 

Score Weight loss (%) Stool consistency* 
Occult blood or 
gross bleeding 

0 None Normal Negative
1 1-5 Loose stools Negative
2 6-10 Loose stools Hemoccult positive
3 11-15 Diarrhea Hemoccult positive
4 >15 Diarrhea Gross bleeding
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2.2.5. Immunofluorescence Staining and Confocal Imaging 

     Immunofluorescence staining was performed by following the method described 

previously [35]. Briefly, kidneys were embedded in optimal cutting temperature compound 

(Sakura Finetek, Tokyo, Japan), and frozen in liquid nitrogen. Sections of 5-μm thickness 

were cut by a cryostat (CM3050; Leica, Wetzlar, Germany); then incubated with primary 

antibodies against type I collagen (COL1, Acris Antibodies, Germany), COL4, type V 

collagen (COL5), synaptopodin, VE-cadherin (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), nephrin, and podocalyxin (R&D Systems, Minneapolis, MN, USA), respectively, 

at 4 ◦C overnight, and followed by secondary antibodies conjugated to Alexa Fluor® 488 

or 568 (Invitrogen, Carlsbad, CA, USA); double-stained with rhodamine-conjugated 

phalloidin (Life Technologies, Gaithersburg, MD, USA) for F-actin; and finally 

submerged in fluoroshield mounting medium containing 4’,6-diamidino-2-phenylindole 

(DAPI) (Abcam, Cambridge, UK). Confocal imaging was performed according to the 

method described previously [36] with a confocal microscope (LSM700; Carl Zeiss, Jena, 

Germany). Alexa Fluor® 488, and 568 signals were detected at laser excitation 

wavelengths of 488 nm and 543 nm, respectively. The antibodies used in this study were 

listed in Table 2.2. 

 

2.2.6. Renal Glomerular Isolation 

     Kidney cortex tissue from each mouse was removed, glomeruli were isolated using a 

serial sieving method described previously [37], and then washed with phosphate buffered 

saline (PBS, pH 7.4, Sigma-Aldrich, St. Louis, MO, USA) to remove small tubular 
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fragments. The isolated glomeruli were re-suspended by PBS for further use or dissolved 

in lysis buffer for protein extraction.  

 

2.2.7. Protein Isolation and Western Blot Analysis 

     Renal cortices (~50 mg) or isolated glomeruli from kidney cortices of each mouse were 

homogenized in lysis buffer (50 mM Tris pH 7.4, 250 mM NaCl, 5 mM EDTA, 2 mM 

Na3VO4, 1 mM NaF, 20 mM Na4P2O7, 0.02% NaN3, 1% Triton X-100, 0.1% SDS and 1 

mM PMSF) with 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) by 

sonication (Qsonica, Newtown, CT, USA), followed by incubation on ice for 10 min and 

centrifugation at 10,000 rpm for 10 min. Supernatant was collected and protein 

concentration was quantitated using the Micro BCA Protein Assay kit (Thermo Fisher 

Scientific, Waltham, MA, USA) according to the instructions from the manufacturer. 

Thirty micrograms of total protein were loaded per lane and separated by 7.5% 

polyacrylamide gels, followed by transferring onto methanol-activated PVDF membrane 

(Millipore, Billerica, MA, USA). Protein-transferred membranes were incubated with 

primary antibodies against COL1, COL4, COL5, synaptopodin, VE-cadherin, nephrin, 

podocalyxin, TNF-α, IL-6, iNOS, COX-2 (Cell Signaling Technology, USA), TGF-β1 

(Santa Cruz Biotechnology) and β-actin, respectively, at 4 ◦C overnight, followed by 

incubation with horseradish peroxidase-conjugated secondary antibody for 2 h at room 

temperature. Blots were visualized with chemiluminescence substrate for 1 min and 

detected using a luminescent image analyzer (LAS-4000 mini; Fujifilm, Tokyo, Japan). 

Band density was quantitated densitometrically with Image J software (National Institutes 

of Health, MD, USA) by calculating the average optical density in each band. Relative and 
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normalized protein expressions were calculated using the ratio of each protein density to 

β-actin density. The antibodies used in this study are listed in Table 2.2. 

 

2.2.8. Statistical Analysis 

     Statistical analyses were performed using Prism software (GraphPad, San Diego, CA, 

USA). All data are expressed as mean ± standard error of the mean (SEM) from 6 replicates 

(n = 6 mice per group) in at least 3 independent experiments. The significance of 

differences between groups were analyzed using Student’s t-test. A probability level of p 

< 0.05 was considered significant.  

 

Table 2. 2. List of antibodies used in immunofluorescence staining and western blotting 

 

 

 

Primary antibodies used  Source Host Molecular weight (kDa)

Type I collagen Acris Antibodies (R1038) Rabbit 150

Type IV collagen Santa Cruz Biotechnology (sc-11360) Rabbit 160-190

Type V collagen SantaCruz Biotechnology (sc-20648) Rabbit 220

Synaptopodin SantaCruz Biotechnology (sc-515842) Goat 100

VE-Cadherin SantaCruz Biotechnology (sc-28644) Rabbit 130

Nephrin R&D Systems (AF3159) Goat 185

Podocalyxin R&D Systems (AF1556) Goat 130

β-actin Thermo Fisher Scientific (MA5-15739) Mouse 42

Secondary antibodies used  Source Host 

Anti-Rabbit IgG Alexa Fluor 488 Invitrogen (A11034) Goat

Anti-Goat IgG Alexa Fluor 488 Invitrogen (A27012) Rabbit

Anti-Goat IgG Alexa Fluor 568 Invitrogen (A11079) Rabbit
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2.3. Results 

2.3.1. Progression of DSS-colitis 

     After DSS administration (Figure 2.2), significant body weight loss was observed on 

Days 4–8 as compared to those of controls (water only) (p < 0.05) (Figure 2.3A). DAI 

scores showed elevating values after three days of DSS administration, reaching a peak on 

Day 8 (figure 2.3B). 

     Colon shortening, a marker of the severity of colorectal inflammation [20], was 

significantly greater in DSS-colitis mice as compared to the control group by Day 8 (Figure 

2.3C). Histological observation of the colon was subsequently performed using HE-

staining, which showed a normal morphology of crypts, abundant goblet cells, muscular 

layer, submucosa and mucosa in the control mice. However, DSS-colitis mice revealed 

severe epithelial damage with mucosa thickening, massive cellular infiltration into the 

lamina propria and colon mucosa, crypt distortion, goblet cells loss, and complete 

destruction of the architecture (Figure 2.3D). These histological changes indicated severe 

inflammatory colitis. 
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Figure 2. 3. Macro- and microscopic changes to bowel in mice with DSS-induced colitis. Changes in body 

weight (A) and disease activity index (DAI) (B) were evaluated daily. Colon length was measured after 

sacrifice (C). Hematoxylin and eosin (HE) staining (D) showed distortion of crypts (arrowhead), loss of 

goblet cells (arrow), and infiltration of inflammatory cells (red circle) in colon sections from DSS-treated 

mice. All values are given as mean ± SEM (n = 6 mice per group); * p < 0.05, ** p < 0.01, and *** p < 0.001 

vs. control. Scale bars: 200 μm (a,b); and 100 μm (c,d). Abbreviation: DSS, dextran sulfate sodium. 
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Figure 1. Investigating mouse glomerular structural changes associated with dextran sulfate sodium
(DSS)-induced colitis. Slc:ICR mice were administered 3.5% DSS in drinking water for eight days,
then allowed intake of fi ltered water on Day 8. Control mice were given fi ltered water. A ll mice
were sacrificed on Day 9 and further assessments were performed. Abbreviation: GFB, glomerular
fi ltration barrier.
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3A,B). To detect structural histological damage, glomerular morphology was examined in tissue 

sections by PAS and Masson’s trichrome staining. Deep pink color (PAS-positive matrix) 

representing deposition of matrix glycoprotein was apparent at the GBM and mesangium, 

confirming increased matrix in the glomeruli of DSS-colitis mice (Figure 3C). Masson’s trichrome 

staining was performed to detect the collagen deposition and fibrosis associated with renal disease, 

and blue to blue-violet staining indicated the presence of collagen in tissues. The result showed 

lightly stained collagen in the GBM and tubular basement membrane. On the other hand, significant 

collagen deposition among the glomerular capillaries and surrounding the Bowman’s capsules were 

observed in DSS-colitis mice after eight days of DSS administration (Figure 3D) compared to control 

mice. 

 

Figure 1. Investigating mouse glomerular structural changes associated with dextran sulfate sodium 

(DSS)-induced colitis. Slc:ICR mice were administered 3.5% DSS in drinking water for eight days, 

then allowed intake of filtered water on Day 8. Control mice were given filtered water. All mice were 

sacrificed on Day 9 and further assessments were performed. Abbreviation: GFB, glomerular filtration 

barrier. 

 

Figure 2. Macro- and microscopic changes to bowel in mice with DSS-induced colitis. Changes in body
weight (A) and disease activity index (DAI) (B) were evaluated daily. Colon length was measured
after sacrifice (C). Hematoxylin and eosin (HE) staining (D ) showed distortion of crypts (arrowhead),
loss of goblet cells (arrow), and infi ltration of inflammatory cells (red circle) in colon sections from
DSS-treated mice. A ll values are given as mean ± SEM (n = 6 mice); * p < 0.05, ** p < 0.01, and
*** p < 0.001 vs. control. Scale bars: 200 µm (a,b); and 100 µm (c,d).

2.2. Renal Morphology and Histological Changes in DSS-Colitis Mice

Human and mouse studies have indicated the involvement of non-intestinal organs in IBD [4–9].
We therefore investigated renal changes in DSS-colitis mice. Kidney size and weight of DSS-colitis mice
were decreased in mice after eight days of treatment as compared to those in controls (Figure 3A,B).
To detect structural histological damage, glomerular morphology was examined in tissue sections by
PASand Masson’s trichrome staining. Deep pink color (PAS-positive matrix) representing deposition
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2.3.2. Renal Morphology and Histological Changes in DSS-colitis Mice 

     Human and mouse studies have indicated the involvement of non-intestinal organs in 

IBD [10–15]. I therefore investigated renal changes in DSS-colitis mice. Kidney size and 

weight of DSS-colitis mice were decreased in mice after eight days of treatment as 

compared to those in controls (p < 0.01) (Figure 2.4A, B). To detect structural histological 

damage, glomerular morphology was examined in tissue sections by PAS and Masson’s 

trichrome staining. Deep pink color (PAS-positive matrix) representing deposition of 

matrix glycoprotein was apparent at the GBM and mesangium, confirming increased 

matrix in the glomeruli of DSS-colitis mice (Figure 2.4C). Masson’s trichrome staining 

was performed to detect the collagen deposition and fibrosis associated with renal disease, 

and blue to blue-violet staining presence of collagen in tissues. The result showed lightly 

stained collagen in the GBM and tubular basement membrane. On the other hand, 

significant collagen deposition among the glomerular capillaries and surrounding the 

Bowman’s capsules were observed in DSS-colitis mice after eight days of DSS 

administration (Figure 2.4D) compared to control mice. 
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Figure 2. 4. Macro- and microscopic changes to the kidney and glomeruli in mice after DSS. Mouse kidney 

appearance (A) and weight (B) were determined at harvest. Histological manifestations were determined by 

PAS staining to assess the basement membrane of glomeruli (C), and MT staining to assess collagen 

deposition (D), respectively. Compared to control mice, glomerular accumulation of PAS-positive matrix 

(arrow) was prominent in matrix (arrow) was prominent in DSS-treated mice (C). Blue staining indicates the 

presence of collagen fibers in tissues (D). All values are given as mean ± SEM (n = 6 mice per group); **p 

< 0.01 vs. control. Abbreviation: PAS, periodic acid-Schiff; MT, Masson’s trichrome. 
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2.3.3. Collagen Changes in Glomeruli 

     Glomerular collagens including COL4 (a typical collagen of the basement membrane 

matrix), COL1 (an interstitial matrix collagen) and COL5 (a typical collagen that only 

appears at kidney development and in kidney diseases such as collagenofibrotic 

glomerulopathy) [36,37] were investigated by immunofluorescent microscopy and 

Western blot analysis. The results showed decreased COL4 in GBM and Bowman’s 

capsules (Figure 2.5A-a’) in DSS-colitis mice as compared to controls (Figure 2.5A-a). In 

contrast to COL4, COL1 and COL5 increased in the glomerular and renal interstitium 

(Figure 2.5A-b’,-c’) of DSS-colitis mice as compared to those in controls (Figure 2.5A-b,-

c). 

     Consistent with immunofluorescent microscopy results, Western blotting analysis also 

showed declining expressions of COL4 (p < 0.05) (Figure 2.5B-a), and increasing 

expressions of COL1 and COL5 (p < 0.05) (Figure 2.5B-b,-c) in the renal cortex of DSS-

administered mice, indicating the influence of DSS on changes in glomerular collagens. 

The above results are illustrated in Figure 2.5C. 
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Figure 2. 5. Changes in glomerular collagens in mice after DSS administration. Immunofluorescent 

microscopy (A) and Western blot analysis of protein expression (B) for COL4 (A-a, A-a’; B-a; 160–190 

kDa), COL1 (A-b, A-b’; B-b; 150 kDa), and COL5 (A-c, A-c’; B-c; 220 kDa) were conducted for control 

and DSS-colitis mice. Representative bands (B, left) and relative band intensity ratios were analyzed (B, 

right). (C) Illustration of glomerular collagens changes in this study. All values are means ± SEM (n = 6); * 

p < 0.05 and ** p < 0.01 vs. control. Scale bars = 10 μm. Abbreviations: GBM, glomerular basement 

membrane; BC, Bowman’s capsule. Abbreviation: GBM, glomerular basement membrane; BC, Bowman’s 

capsule. COL4, type IV collagen; COL1, type I collagen; COL5, type V collagen. 
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2.3.4. Changes in GFB-related Proteins 

     The GFB comprises glomerular endothelial cells, the GBM and podocytes [28,29]. 

Podocytes and glomerular endothelial cells are located on opposite side of the GBM. 

Immunofluorescent investigation of podocyte-associated proteins in glomeruli (including 

synaptopodin, podocalyxin, and nephrin) were performed to detect changes in podocytes. 

The results showed that synaptopodin, podocalyxin, and nephrin were significantly 

expressed at capillary tufts of normal glomeruli in the control mice (Figure 2.6A-a, -b, -c), 

but declined in DSS-colitis mice after DSS administration (Figure 2.6A-a’, -b’, -c’). 

Similarly, the vascular-specific junctional molecule VE-cadherin in endothelial cells on 

the GBM, which is associated with the regulation of vascular permeability and glomerular 

filtration, showed lower immunofluorescence and discontinuous expression in DSS-colitis 

mice (Figure 2.6A-d’) as compared to that in controls (Figure 2.6A-d).  

     Western blot analysis of these four proteins in glomeruli showed declines in all proteins 

(p < 0.05) (Figure 2.6B), consistent with the results from immunofluorescence (Figure 

2.6A). 

     These findings confirmed that DSS administration caused podocyte damage (reductions 

in synaptopodin, podocalyxin and nephrin) and changes to endothelial adherens junctions 

in glomerular endothelium (reductions in VE-cadherin). These results are shown in Figure 

2.6C. 
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Figure 2. 6. Changes in GFB-related proteins in mice after DSS administration. Immunofluorescent 

microscopy (A) and Western blot analysis of protein expression (B) against synaptopodin (A-a, A-a’; B-a; 

100 kDa), podocalyxin (A-b, A-b’; B-b; 130 kDa), nephrin (A-c, A-c’; B-c; 185 kDa) and VE-cadherin (A-

d, A-d’; B-d; 130 kDa) in glomeruli were conducted for control and DSS-colitis mice. (B) Representative 

bands (left), and relative band intensity ratios (right) were analyzed. (C) Illustration of GFB-related proteins 

changes in this study. All values are means ± SEM (n = 6), * p < 0.05 and ** p < 0.01 vs. control. Scale bars 

= 10 μm (A-a, A-a’, A-b, A-c, A-c’); 20 μm (A-b’, A-d, A-d’). Abbreviation: SYNPO, synaptopodin; 

PODXL, podocalyxin; VE-Cad, VE-cadherin; FP, foot processes. 
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that in controls (Figure 5A-d).
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2.3.5. Inflammatory Cytokines and Mediators in Kidneys after DSS Administration 

     To investigate inflammation in the kidney after DSS administration colitis, western blot 

analysis against inflammatory cytokines and mediators were performed. The results 

showed that protein levels of inflammatory cytokines TNF-α, IL-6 and TGF-β1, as well as 

inflammatory mediators COX-2 and iNOS, were higher than those in controls (Figure 2.7). 

These data indicated that increasing expression of proinflammatory cytokines in renal 

tissue were involved in DSS-induced colitis mouse model. 

 
Figure 2. 7. The protein expressions of inflammatory cytokines and mediators in renal cortex after DSS 

administration. Western blot analysis of protein expression against TNF-α (a), IL-6 (b), TGF-β1 (c), iNOS 

(d) and COX-2 (e) in renal cortex from each group were detected. Representative bands are shown (A), and 

the relative band intensity ratio was analyzed (B). All the values are expressed as mean ± SEM (n = 6 mice), 

*p < 0.05, **p < 0.01 vs. the control. Abbreviation: TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; 

TGF-β1, transforming growth factor-β1 (TGF-β1). 
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2.4. Discussions 

     Renal manifestations and complications in patients with IBD have been reported in 

several clinical and experimental studies from recent years [10–17,39]. However, the 

coexistence of renal disease and IBD, and the related glomerular structural changes in 

particular, have rarely been discussed. This study provided novel data showing not only 

the changes in renal glomerular collagen types in a DSS-induced colitis mouse model, but 

also revealed the interesting fact that proteins located on both the glomerular podocyte slit 

diaphragm and endothelial junction declined in expression in DSS-colitis mice, reflecting 

GFB damage. 

     This study adopted the DSS-induced colitis mouse model and confirmed symptoms of 

DSS-induced colitis such as body weight loss, diarrhea, gross bleeding and colon 

architecture destruction (Figures 1, 2), similar to IBD symptoms in humans [18,40]. 

Although some previous reports have mentioned that DSS might influence kidney function 

in mice after observing acute inflammatory responses associated with pro-inflammatory 

cytokine and chemokine expression in both intestines and kidneys, as well as renal tubular 

injury [21,22], the glomerular damage, especially the GFB damage in this DSS model still 

lacks detailed evidence. In this study, detailed investigations into changes in the renal 

glomerular histology, GBM, and GFB-related protein expression were conducted, to 

illustrate renal damage in the DSS-induced colitis mouse model. 

     I noticed that kidney size and weight were decreased in DSS-colitis mice after DSS 

administration (Figure 3), since kidney size and weight are important indicators of renal 

pathology during disease development [41]. The decreased kidney size may correlate with 

body weight loss [41,42], and this phenomenon has been found in human patients with 
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IBD [43]. Moreover, PAS staining revealed increasing deposition of glycoprotein matrix 

in GBM and mesangium, and Masson’s trichome staining revealed collagen deposition 

was markedly increased around the glomerulus and Bowman’s capsules in DSS-colitis 

mice. Such matrix and collagen depositions in glomeruli were also found in glomerular 

impairment, implicating excess ECM production as a factor in glomerular disease 

[38,44,45]. These observations suggest the DSS mice might show some glomerular 

abnormality. 

     To clarify the assumption that DSS induces renal structural change, the changes in 

specific types of collagens in the glomeruli were investigated. The results in this study 

showed that COL4 was decreased in the GBM, whereas COL1 and COL5 increased in the 

renal glomerular capillary loops and interstitium of DSS-colitis mice (Figure 4). COL4 is 

well known to be the major component of the ECM in GBM, Bowman’s capsule and 

tubular basement membranes in normal kidneys [46]. Decreased expression of COL4 in 

GBM has been reported with the increased GBM degradation associated with kidney 

dysfunction [46–49]. On the other hand, COL1 and COL5 belong to interstitial ECM and 

excessive deposition is known to form scar tissue in the interstitial space during fibrosis 

[50,51]. In fact, COL1 seldom appears in renal vessels and glomeruli under normal 

conditions but is deposited in the early stage of renal fibrosis [38,50]. COL5 has been 

reported to spread widely in glomeruli during glomerulopathy, wound healing and kidney 

development [37,52,53]. This present study of a decrement in COL4 in GBM and 

increments in both COL1 and COL5 in renal glomerular capillary loops and interstitium 

suggested that DSS administration could cause these collagens changes, which may lead 

to glomerular structure damage. 
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     Renal disease has been reported in human IBD patients, but GFB-related protein 

changes have not been closely investigated. The present study investigated four proteins 

(synaptopodin, podocalyxin, nephrin and VE-cadherin) to clarify GFB damage, because 

these proteins have not been investigated in the kidneys of DSS-colitis mice, and the 

relevance of GBM damage in the DSS-induced colitis mouse model has not been reported 

yet. This present study showed declined expression of all four proteins in glomeruli after 

DSS administration (Figure 5). Podocytes locating on the GBM are known to serve as the 

final filtration barriers of glomeruli and contain the special proteins synaptopodin, 

podocalyxin and nephrin. These proteins have been suggested to represent important 

biomarkers of podocyte deficiency [54]. Synaptopodin is known to maintain podocyte foot 

processes and downregulation of the podocyte actin cytoskeleton has been observed in 

human and rodent glomerular diseases [54]. Decreased synaptopodin expression in 

podocytes reflects the foot processes are associated with a loss of cytoskeletal destruction 

[55]. Podocalyxin is a highly electronegative sialoglycoprotein located at the apical surface 

of podocyte foot processes and functions to maintain the negative charge of the glomerular 

filtration slit diaphragm and podocyte shape by linking to the actin cytoskeleton [56]. In 

vivo and in vitro studies have reported that decreased podocaylxin is associated with 

reduced adhesiveness of cells to the GBM [54,56]. Moreover, the loss of nephrin, a 

structural protein located between the podocyte foot processes, causes decreased podocyte 

integrity of slit diaphragms, resulting in eventual damage to the GFB [25,57]. Furthermore, 

glomerular endothelial cells serve as the first filtration barrier through their tight adhesion 

to the basement membrane, and a decrease in endothelial cells can therefore worsen renal 

failure [26,27]. VE-cadherin is an adherens junction protein between endothelial cells that 
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maintains vascular integrity and decreased VE-cadherin expression has been observed in 

the glomerular endothelium of end-stage renal disease patients [58–60]. 

     Abnormal immune response as shown by the high levels of the inflammatory cytokines 

and mediators such as TNF-α, IL-6, TGF-β1, iNOS and COX-2 were investigated in 

inflamed biopsy areas from both Ulcerative colitis and Crohn’s disease IBD patients [39, 

61–64]. The effect of these cytokines on the intestine has been directly related to the 

induction of tissue injury. However, the influence of the above inflammatory cytokines on 

renal injury of IBD patients still remains unclear. In this study, higher expression of 

inflammatory cytokines including TNF-α, IL-6 and TGF-β1, as well as inflammatory 

mediators iNOS and COX-2 were discovered in the renal tissue of DSS-colitis mice. Those 

inflammatory cytokines and mediators have been detected in serum of IBD patients. Thus, 

this study revealed that renal inflammation was involved in this DSS-induced colitis mouse 

model. 

     Taken together, the results in this chapter imply that DSS administration could cause 

the glomerular collagen changes, including decreased COL4 as a supporting ECM of GBM 

structure and deposition of COL1 and COL5 in renal interstitium. These collagen changes 

might lead to structural damage to podocytes such as a loss of polarity and detachment 

from the GBM, as well as loss of endothelial cell junctions, eventually causing renal 

disease. Loss of the podocyte cytoskeletal proteins synaptopodin and podocalyxin and the 

slit diaphragms protein nephrin, as well as the defective endothelial cells adherens junction 

protein (VE-cadherin) which may be associated with podocyte damage. On the other hand, 

renal inflammation may involve in IBD related extraintestinal manifestations and 

complications through the increased levels of inflammatory cytokines and mediators.  
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     Based on these findings, the lack or insufficiency of these GFB-related proteins in DSS-

colitis mice might cause glomerular structural damage, and consequently lead to damage 

not only to podocytes, but also to adherens junctions in the vasculature, which might result 

in GFB damage.  

 

 2.5. Conclusion 

     In conclusion, this study used the DSS-induced colitis mouse model, a very common 

experimental model of colitis, and clarified changes in glomerular collagens and GFB-

related proteins after DSS administration. This study showed similar phenomena to the 

IBD patients with renal disease, which indicated that this DSS-induced colitis mouse 

model could lead to novel uses of the animal model for further investigations into IBD-

associated renal disease. 
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Chapter III 

Development of an In Vitro Renal Disease Model to 

Study the Influence on Mesangial Cell Behavior 

 

3.1. Introduction 

     Kidney disease due to acute kidney injury and/or chronic kidney diseases is frequent in 

different diseases and disorders, such as glomerulonephritis, inflammatory bowel diseases 

(IBD), diabetic nephropathy and renal fibrosis [1–3]. It is characterized by reduced kidney 

function, which includes mesangial cell (MC) proliferation and glomerular and tubular 

damage with loss of glomerular filtration function [3].  

     Mesangium expansion, caused by aberrant mesangial cell proliferation, is a common 

histopathological abnormality widely found, not only in glomerular diseases, but also in 

IBD-associated renal disease [1,2]. Over-proliferation of MCs can lead to accumulation of 

excessive extracellular matrix (ECM) in the mesangial matrix (MM) [4,5]. The 

accumulated ECM then results in renal fibrosis, and finally leads to end-stage renal failure 

[6].  

     MCs are specialized cells of the renal glomerulus and are located in the center of the 

intercapillary region that sits between the capillary loops. Figure 3.1 shows the illustration 

of glomerulus morphology and structure in normal and diseased glomeruli. MCs are 
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embedded in the MM that they secrete and are attributed an important role in controlling 

blood flow by contracting themselves to regulate the size of the capillary lumen [1,7]. 

Normal MCs have an irregular stellate shape with numerous pseudopods extending into 

the MM and are connected to the glomerular basement membrane in vivo [8]. Fusiform 

and elongated MCs indicate a high proliferative rate, whereas the stellate cells have a very 

humble growth response [9]. In addition, normal adult MCs extend actin filament 

contained bundles beneath the endothelium toward the mesangial angles of the glomerular 

basement membrane (GBM) where they are attached to the GBM [10-11]. This process in 

normal differentiated MCs is limited to express the subtype of actin protein, β- and γ-

cytoplasmic actins [12]. There is little or no alpha-smooth muscle actin (α-SMA) expressed 

in normal adult MCs in vivo. However, MCs express α-SMA during embryonic 

development and in experimental and human glomerular disease [13]. MCs form 

myofibroblasts and express α-SMA, which is considered a marker of MC activation and 

proliferation during glomerular injury and disease [1,10–12]. Activated and proliferated 

MCs in injured glomeruli secrete inflammatory mediators and produce excessive abnormal 

ECM components which lead to mesangium expansion [1,4,5]. Hence, MCs are critical 

players in the initiation and progression of several glomerular diseases [1,14].  

     MCs are also responsible for generating and controlling MM turnover, which provides 

structural support for the glomerular capillary structure [15]. MM is a basement 

membrane-like structure that is predominantly composed of type IV collagen (COL4), 

laminin, fibronectin and heparan sulfate proteoglycan under normal conditions in vivo 

[9,16]. Within these ECM components, COL4 forms the major skeleton of MM [16,17]. 

In diseased conditions, interstitial matrix components, such as type I collagen (COL1) and 

fibronectin, have been reported to accumulate in MM, and they directly result in 
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mesangium expansion and contribute to a variety of glomerular diseases [2,9]. COL1 is 

the main interstitial ECM component, and does not appear in normal MM [18]. My 

previous study indicated that altered glomerular collagen components, including an 

increase in COL1 and a decrease in COL4, are involved in an IBD animal model [2]. Other 

previous studies using in vitro flat 2D culture systems have demonstrated that MCs 

cultured on COL1 gels result in increased proliferation and increased expression of COL1, 

fibronectin and transforming growth factor beta 1 (TGF-β1), compared to those cultured 

on COL4 gels [19–22], suggesting that abnormal MM components can alter cell functions.      

TGF-β1 is recognized as a key pro-fibrotic mediator that initially stimulates MC 

proliferation and promotes MM production, resulting in mesangium expansion [21]. Thus, 

modulation of TGF-β1 expression might be a physiologically based strategy to attenuate 

mesangium expansion and glomerular fibrosis. 

 
Figure 3.  1. Illustration of normal glomerulus morphology and structural changes in diseased glomerulus. 

Abbreviation: COL4, type IV collagen; COL1, type I collagen 

Cell shape: Stellate 

Mesangial matrix: COL4, Laminin

Cell shape: Fusiform and elongated

Cell proliferation ↑

Mesangial matrix : COL1↑, Fibronectin ↑

Normal glomerulus Diseased glomerulus
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     Since the components of MM play a critical role in maintaining MC morphology, the 

structure of MM is important to regulate MC behavior, even for renal function [16]. 

However, the influence of a diseased MM 3D nanostructure on MC behavior is not yet 

understood. Native collagen fibers are arranged into a 3D structure and are around 300 nm 

to 1 μm in diameter [23,24]. They are hierarchically structured from collagen fibrils in 40 

to 100 nm diameters that are identifiable in the MM [25]. In addition, the renal basement 

membrane consists of a meshwork-forming structure with pores ranging from 4 to 50 nm 

[26]. The varying diameter of collagen fibers is correlated with health and disease 

conditions [27]. Thus, it is very important to investigate the cell behavior response to native 

nano-topologies. To address these issues, advanced nanofabrication techniques, such as 

electron beam lithography (EBL), offer novel tools to closely mimic the in vivo natural 

structure and to elucidate the mechanisms that influence cell responses to ECM by creating 

various nanopatterned topographical features [28–30]. Although the precise mechanism 

underlying the cell behavior as influenced by nano-topography is still unclear, it is possible 

that cells recognize the changed microenvironment by sensing the ECM nano-topography, 

triggering ECM remodeling [31]. Therefore, mimicking the abnormal nano-topography in 

diseased environments is critical to understanding how cells modulate their cellular 

function and activities to respond to pathological change.  

     This chapter is aimed to develop an in vitro renal disease model to study the influence 

on mesangial cell behavior. Nanopatterning to mimic the diseased MM nano-topography 

was performed on a titanium dioxide (TiO2) substrate by EBL and atomic layer deposition 

(ALD), as previously reported [32]. The influence of disease-mimic nanopatterned 

topographies on MC functions, including proliferation and expressions of specific types of 

ECM components, and comparing them with those of a normal-mimic nanopattern were 
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investigated. In addition, the possible mechanisms by which disease-mimic nano-

topographical features influence MC behavior were also investigated. The results showed 

that the disease-mimic nanostructure guides MCs to display disease-like behavior. These 

findings are important for further establishing a disease model that mimics MM to study 

the molecular mechanisms of its pathogenesis, as well as to screen for and develop new 

drugs specific for patients with glomerular disease. 

 

3.2. Materials and Methods 

3.2.1. Fabrication of Nanopatterned TiO2 Substrates 

     TiO2 substrates were fabricated as previously described [33,34]. ZEP-520A positive-

tone EBL resist (Nippon Zeon Co. Japan) was spin-coated on cleaned Si (100) substrates 

diluted in anisole (1:2 ratio) by a spin coater (Mikasa 1H-D7) at 6000 rpm, and then pre-

baked at 180 °C for 3 min. Once the sample cooled to room temperature, a water-soluble 

conductive material called Espacer (Showa Denko Co. Japan) was spin-coated at 2000 rpm 

to obtain a very thin layer (10–20 nm). Next, the lithography patterns were written on the 

substrate with an EBL system (Elionix ELS-7500EX, acceleration voltage = 50 kV, 

electron beam (EB) amperage = 220 pA). The precise size of the fabricated substrate 

resulting from each EB was confirmed by scanning electron microscopy (SEM, FEG-SEM, 

Hitachi SU8230, Toronto ON, Canada). The exposed resist film was developed using n-

amyl acetate and methyl isobutyl ketone (89%) /isopropyl alcohol (11%) (Wako Co. Japan), 

then rinsed by H2O and dried with nitrogen gas. The substrates were then etched by 

inductively coupled plasma-reactive ion etching at antenna power 50 W, bias 5W and 
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tetrafluoromethane flue with 6.5 standard cubic centimeter/minute (SCCM), followed by 

removing the resist film using O2 plasma, dimethyl acetamide and SPM solution (H2SO4 

+ H2O2, 3:1), respectively. The substrates were then coated with a photoresist (AZ-5214E, 

Germany) which is used as the mask for ALD, subjected to UV irradiation with a 

photomask, reversal baking at 120 °C, flood exposure to UV, and development by 

hexamethyl disilazane and 2.38% tetramethyl ammonium hydroxide (Wako Co. Japan) for 

1 min, then rinsed with deionized water. Finally, the TiO2 thin films were deposited on Si 

substrates using atomic layer deposition (Picosun SUNALE R-150) with 500 Pa of the 

chamber pressure and at 100 °C. The thickness of the TiO2 layer was controlled by the 

number of cycles: 70 cycles gave a thickness of 5 nm. The TiO2 precursor 

[tetra(dimethylamino)titanate] was pumped into the chamber, followed by argon gas to 

remove the undeposited precursor. Next, H2O vapor was pumped in to form the inorganic 

TiO2 layer from the organic precursor, and then argon gas was pumped in to remove 

residual H2O. Fabricated TiO2 nanopattern surfaces were characterized by SEM (SU8230) 

and atomic force microscopy (AFM, Ti950, Hysitron, MN, USA). Further experiments 

were performed using the fabricated substrates after dry heat sterilization of the substrate 

at 170 °C for 1 h. A non-patterned flat surface was used as a control. The fabrication 

process of Nanopatterned TiO2 substrates is illustrated in Figure 3.2. 
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Figure 3. 2. Illustration of the steps required for nanopatterned TiO2 substrates fabrication process. 

 

3.2.2. Cell Culture 

     A mouse immortalized mesangial cell line, SV40MES13 (MES13), was purchased 

from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in 

a 3:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F12 medium 

(Nacalai Tesque, Kyoto, Japan) with supplemented 5% fetal bovine serum (FBS) (Corning 

Life Sciences, NY, USA), 14 mM HEPES (Gibco, MD, USA), 2 mM glutamine (Gibco) 

and 100 U/mL penicillin/streptomycin (Nacalai Tesque). Cells were incubated in a 

humidified incubator at 37 °C with 5% CO2. All experiments were performed between 

passages 8 and 9 to minimize the effects of phenotypic variation in continuous culture. 

Cells were serum-starved with 1% FBS for 24 h or 48 h prior to examination. 
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3.2.3. Cell Proliferation Assay 

     The proliferation of cells grown on the nanopattern was evaluated by EdU incorporation 

using an EdU proliferation kit (iFluor 488) (Abcam, Cambridge, UK) and detected 

according to the manufacturer’s instructions. Briefly, cells were seeded on various TiO2 

nanopatterns or flat substrate at a concentration of 4 × 104 cells/well with serum-starved 

medium (1% FBS) for 24 and 48 hours in 24-well plates, then incubated with 10 μM EdU 

solution for 2 h at 37 °C in 5% CO2. Subsequently, the cells were fixed with 4% 

formaldehyde for 15 min. After rinsing with 3% bovine serum albumin (BSA) in phosphate 

buffered saline (PBS, pH 7.4, Sigma-Aldrich, St. Louis, MO, USA), cells were permeated 

with 0.5% Triton X-100 in PBS, incubated with iFluor 488 azide, and stained with 300 nM 

4′, 6-diamidino-2-phenylindole (DAPI, Abcam) for 30 min. All images were acquired with 

a Zeiss LSM 510 META confocal microscope system (Carl Zeiss, Jena, Germany). At least 

400 nuclei were counted per experiment. 

 

3.2.4. Immunofluorescence Staining and Confocal Imaging 

     Immunofluorescence staining was performed using a previously described method [2]. 

Briefly, cells were grown on TiO2 nanopatterns for 24 or 48 h, then washed three times 

with PBS. Cells were fixed in 4% formaldehyde at room temperature for 20 min, 

permeabilized by 0.05% saponin (Sigma-Aldrich) in Tris-buffered saline (TBS, 50 mM 

Trizma, 150 mM NaCl, pH 7.6) for 15 min, then blocked by 3% BSA (Sigma, USA) in 

TBS for 1 h at room temperature. Then cells were sequentially incubated with primary 

antibodies against COL1, COL4, α-SMA (Abcam), fibronectin, laminin α1 (Santa Cruz 
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Biotechnology, CA, USA), vinculin (Sigma-Aldrich), TGF-β1 (R&D Systems, 

Minneapolis, MN, USA) and integrin α5β1 (Merck, Darmstadt, Germany), respectively, at 

4 °C overnight followed by incubation with secondary antibodies conjugated to Alexa 

Fluor® 488 or 594 (Invitrogen, Carlsbad, CA, USA). Nuclei were stained with 1.5 μM 

DAPI and double-stained with rhodamine-conjugated phalloidin (Life Technologies, 

Gaithersburg, MD, USA) to label the actin filament. All images were acquired with a Zeiss 

LSM 510 META confocal microscope system. The antibodies used in this study were 

listed in Table 3.1. 

 

Table 3. 1. List of antibodies used in immunofluorescence staining. 

 

 

3.2.5. SEM for Cell Morphology 

     SEM images (SU8230) were used to investigate cellular morphology by following the 

method described previously [34]. After being grown on TiO2 nanopatterns for 24 h, the 

cells were washed three times with PBS, fixed with 2.5% glutaraldehyde (Wako, Osaka, 

Primary antibodies used  Source Host 

Type I collagen (COL1) Abcam (ab34710) Rabbit

Type IV collagen (COL4) Abcam (ab6586) Rabbit

α-SMA Abcam (ab5694) Rabbit

Fibronectin SantaCruz (sc-271098) Mouse

Laminin α1 SantaCruz (sc-6017) Goat

Vinculin Sigma-Aldrich (V9131) Mouse

TGF-β1 R&D Systems (MAB240) Mouse

Integrin α5β1  Merck (MAB2514) Rabbit

Secondary antibodies used  Source Host 

Anti-Rabbit IgG Alexa Fluor 488 Invitrogen (A11008) Goat

Anti-mouse IgG Alexa Fluor 488 Abcam (ab150113) Goat

Anti-Goat IgG Alexa Fluor 568 Invitrogen (A11079) Rabbit
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Japan) at 4 °C for 2 h, followed by post-fixation in 1% osmium tetroxide in PBS for at 

least 24 h, and then dehydrated in gradient concentrations of ethanol (50% to 100%) for 

10 min. Finally, cells were dried with hexamethyldisilazane and air-dried before 

observation by SEM. 

3.2.6. Statistical Analysis 

     Statistical analyses were performed using Prism 8 software (GraphPad, CA, USA). All 

data are expressed as means ± standard error of the mean (SEM) from five replicates from 

each group in at least three independent experiments. The significance of differences 

between groups was analyzed using one-way Analysis of Variance (ANOVA) and Tukey’s 

post hoc test for multiple comparisons. A probability level of p < 0.05 was considered 

significant. 

 

3.3. Results 

3.3.1. Design and Fabrication of Disease- and Normal-mimic Nanopatterned TiO2 

Substrates 

     In this study, whether disease-mimic nano-topographical features would influence MC 

behavior by affecting cell morphology was examined. To investigate MC behavior 

influenced by disease-mimic nano-topographical features, three different fibril-forming 

nanopatterns were designed. In addition, one network-forming nanopattern and an 

unpatterned flat control were also used.  
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     The nanopatterning in this study was inspired by the fact that the diameters of collagen 

fibrils in natural MM are 40 to 100 nm [25]. However, due to the limitations of the ALD 

of samples on the patterns fabricated by EBL, approximately 80 nm was the minimum 

dimension. The dimensions and topographical variations of fabricated nanopatterns were 

characterized with SEM and AFM as shown in Figure 3.3. To optimize the disease-mimic 

nanopattern, three different nano-gratings of fibril-forming nanopatterns were used: 1) 

F80/80 nanopattern with ridges and grooves of 80 nm in width; 2) F80/200 nanopattern 

with 80 nm ridges and 200 nm grooves and 3) F200/80 nanopattern with 200 nm ridges 

and 80 nm grooves, which mimic the collagen fibril and fibril spacing. The network-

forming nanopattern mimics the normal MM nanostructure (normal-mimic) with pores 

approximately 50 nm in diameter, 80 nm spacing, and 80 nm in depth. All the nanopatterns 

were 80 nm in depth. The unpatterned flat substrate presented a comparatively smooth 

surface. SEM and AFM images showed that the dimensions of the ridge/groove-

nanopatterns were highly uniform and well defined, without obvious defects. 
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Figure 3. 3. Characterization of each fabricated titanium dioxide (TiO2) nanopatterns used in this study 

including groove/ridge width and depth. Scanning electron microscopy (SEM) was utilized to confirm the 

morphologies of three disease-mimic nanopatterns, normal-mimic nanopattern, and the flat control. 

Illustrations show the approximate dimensions of ridge/groove pattern arrays. Scale bar = 1 µm. 

Abbreviations: SEM, scanning electron microscopy; AFM, atomic force microscopy. 
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3.3.2. MES13 Cell Proliferation on Disease-mimic Nanopatterns 

     Aberrant MC proliferation in mesangium is commonly observed in patients with 

glomerular disease [35,36]. To screen for nano-topographical features that closely mimic 

diseased MM, 5-ethynyl-2′-deoxyuridine (EdU) proliferation assays were performed by 

counting the percentage of MES13 cells with incorporated EdU, which indicates newly 

synthesized DNA (shown in green). Fluorescence images shown in Figure 3.4A and Figure 

3.5A revealed EdU incorporation in the nuclei of cells after 24 and 48 hours of seeding on 

disease-mimic nanopatterns, including F80/80 (Figure 3.4a; 3.5a), F80/200 (Figure 3.4a; 

3.5a), F200/80 (Figure 3.4c; 3.5c), normal-mimic nanopattern (Figure 3.4d; 3.5d) and flat 

control (Figure 3.4e; 3.5e). Figure 3.4B shows the percentage of EdU-positive cells after 

24 hours of seeding. The results showed that a significant increase in cell proliferation was 

observed in cells cultured on disease-mimic nanopatterns, including F80/80, F80/200 and 

F200/80 after 24 hours of seeding. In addition, the proliferation of cells cultured on the 

F80/200 nanopattern was significantly higher than that of cells cultured on F80/80 and 

F200/80 nanopatterns. In contrast, cells grown on the normal-mimic nanopattern showed 

cell proliferation as low as those on the flat control.  

     Moreover, after 48 hours of seeding, the proliferation of cells cultured on the F80/200 

nanopattern was significantly higher than that of cells cultured on other nanoptterns and 

flat control (p <0.005), whereas the decreased proliferation was shown in cell cultured on 

flat control. Figure 3.5B shows the percentage of EdU-positive cells after 48 hours of 

seeding.  

     These results revealed that the disease-mimic nanopattern F80/200 dramatically 

enhanced MES13 cell proliferation. 



 58 
      
 

 

 
Figure 3. 4. Proliferation of MES13 cells cultured on disease- and normal-mimic nanopatterns. (A) Cells 

were cultured on F80/80 (a), F80/200 (b), F200/80 (c), normal-mimic (d) and flat control (e) for 24 h, and 

then proliferation was determined by the 5-ethynyl-2’-deoxyuridine (EdU) assay. Fluorescence images show 

EdU incorporation into the nuclei of cells. EdU-positive cells are green, and nuclei stained with 4',6-

diamidino-2-phenylindole (DAPI) are blue. (B) Percentage of EdU-positive cells. Data are reported as means 

± SEM for three independent experiments. Statistically significant at * p < 0.05, *** p < 0.001, and # p < 

0.0001 analysis of variance (ANOVA). Scale bar = 20 μm. 
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Figure 3. 5. Proliferation of MES13 cells cultured on disease- and normal-mimic nanopatterns. (A) Cells 

were cultured on F80/80 (a), F80/200 (b), F200/80 (c), normal-mimic (d) and flat control (e) for 48 h, and 

then proliferation was determined by EdU assay. (B) Percentage of EdU-positive cells. Data are reported as 

means ± SEM for three independent experiments. Statistically significant at * p < 0.05, ** p < 0.01, *** p < 

0.001, and # p < 0.0001 analysis of variance (ANOVA). Scale bar = 20 μm. 
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3.3.3. Expressions of Specific ECM Components in MES13 Cells 

     One critical role of mesangial cells is to synthesize MM to provide support to 

glomerular capillaries [1]. To examine the influence of disease-mimic nanopatterns on 

ECM component expression in MES13 cells, immunofluorescence staining was performed 

for abnormal ECM component, COL1 and fibronectin and normal ECM component, COL4 

and laminin α1, after cells were grown on TiO2 nanopatterns for 48 h.  

     As the results show in Figure 3.6, increased COL1 (Figure 3.6A) and fibronectin 

(Figure 3.6B) expressions were detected in cells on the F80/80, F200/80 and particularly 

the F80/200 nanopattern, when compared to the normal-mimic nanopattern and flat control. 

In contrast, decreased COL4 expression was detected in cells grown on F80/80, F80/200 

and F200/80 nanopatterns, compared to those grown on the normal-mimic nanopattern and 

flat control (Figure 3.7A). Consistently, an obvious decrease in laminin α1 expression was 

observed in cells on F80/80, F80/200 and F200/80 nanopatterns (Figure 3.7B).  

     These results indicated that MES13 cells expressed disease-like MM components when 

grown on the F80/200 fibril nanopattern, which is similar to diseased MCs. 
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Figure 3. 6. Expressions of diseased ECM components in MES13 cells cultured on disease- and normal-

mimic nanopatterns. Cells were cultured on various TiO2 nanopatterns for 48 h and immunostained for the 

following ECM components: COL1 (A, green) and fibronectin (B, green). The nuclei were stained with 4′,6-

diamidino-2-phenylindole (DAPI) (blue), and the fluorescence images were taken with a confocal 

microscope. Scale bar = 20 μm. Abbreviations: COL1, type I collagen. 

 

 

Figure 3. 7. Expressions of normal ECM components in MES13 cells cultured on disease- and normal-

mimic nanopatterns. Cells were cultured on various TiO2 nanopatterns for 48 h and immunostained for the 

following ECM components: COL4 (A, green) and laminin α1 (B, red). The nuclei were stained with 4′,6-

diamidino-2-phenylindole (DAPI) (blue), and the fluorescence images were taken with a confocal 

microscope. Scale bar = 20 μm. Abbreviations: COL4, type IV collagen. 
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3.3.4. MES13 Cell Morphological and Cytoskeletal Changes 

     The altered morphology of MCs may affect cell functions such as cell adhesion, 

proliferation and MM component secretion [4,9,37]. To investigate the influence of nano-

topographical features on MES13 cell morphology and cytoskeletal changes after 24 h of 

seeding on TiO2 nanopatterns, a qualitative assessment of the morphology was performed 

using SEM, and results showed cell attachment and spreading on all nanopatterns (Figure 

3.8). MES13 cells exhibited a fusiform and elongated morphology, which is characteristic 

of activated myofibroblasts, when grown on the F80/200 nanopattern (Figure 3.8B), 

revealing that cells orient along the direction of the nanopattern 80 nm wide and 200 nm 

apart. However, cells did display a multipolar and stellate morphology on the F80/80, 

F200/80, normal-mimic and flat control nanopatterns (Figures 3.8A, C–E).  

     In immunofluorescent images, actin stress fibers and vinculin can be observed on 

MES13 cells growing on TiO2 nanopatterns. The staining of F-actin filaments by 

rhodamine-conjugated phalloidin revealed a cytoskeletal arrangement that corresponds to 

the cell morphology stretched along the long axis of the cells. Cells grown on the F80/200 

nanopattern showed an elongated morphology consistent with SEM images, and were 

mostly parallel to one another (Figure 3.8G). In addition, fewer stress fibers were observed 

in cells grown on the flat control (Figure 3.8J) compared to the other nanopatterns Figure 

3.8F–I).  

     The actin-binding protein vinculin has been reported to associate with the actin 

cytoskeleton via focal adhesion (FA) [38]. Vinculin immunostaining was performed to 

further characterize cell morphology during growth on various nanopatterns. The results 

showed that cells grown on the F80/80, F80/200 and F200/80 nanopatterns (Figures 3.8K–
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M) had diffused vinculin staining in the cytosol, whereas clear FA spots were distributed 

throughout the cell bodies. However, slightly diffused vinculin staining in the cytosol and 

smaller FA spots appeared in cells grown on the F80/200 nanopattern (Figure 3.8L). Less 

vinculin diffusion was detected in cells on the normal-mimic nanopattern, with clear FA 

spots distributed both at the cell periphery and throughout the cell bodies (Figure 3.8N). 

Cells grown on the flat control displayed diffused vinculin staining in the cytosol, and FA 

spots were distributed only at the cell periphery (Figure 3.8O). Diffused localization of 

vinculin is indicative of limited FA maturation in cells. These findings revealed that the 

F80/200 nanopattern reduced FA maturation, whereas the normal-mimic nanopattern 

promoted cells to form mature FAs. These findings indicated that the disease-mimic 

F80/200 nanopattern affected cellular morphology and focal adhesion. 

 

3.3.5. α-SMA Expression in MES13 Cells 

     α-SMA has been identified as a marker of MC activation that is expressed during 

glomerular injury [10,39]. To determine whether the disease-mimic nanopatterns 

influenced MES13 cell activation, α-SMA expression and localization were performed by 

immunofluorescence staining. The results showed that the cells had a higher expression of 

α-SMA when grown on the F80/200 nanopattern than when grown on the other 

nanopatterns (Figure 3.9). In addition, α-SMA is localized to the cytoplasm in cells 

(indicated by arrow) grown on the F80/200 nanopattern. Large α-SMA localization to the 

nuclei of cells grown on F200/80, the normal-mimic and the flat control nanopattern, 

revealed that the F80/200 nanopattern induced MES13 cell activation similar to the 

diseased condition. 
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Figure 3. 8. MES13 cell morphological and cytoskeletal changes in disease- and normal-mimic nanopatterns. 

Cells were adhered to various TiO2 nanopatterns for 24 h, and cellular morphology was observed by SEM 

micrographs (A–E). Confocal microscopy images show the actin cytoskeleton (F–J, red), the cytoskeletal 

protein vinculin (K–O, green) and nuclei (blue) in cells after culturing on TiO2 nanopatterns for 24 h. The 

inlay highlights the focal adhesion spots. Scale bar = 20 μm (A–E) or 10 μm (F–O). The white arrow 

indicates the direction of the nano-gratings. 
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Figure 3. 9. Alpha-smooth muscle actin (α-SMA) expression in MES13 cells influenced by disease- and 

normal-mimic nanopatterns. Confocal microscopy images show α-SMA (green) and nuclei (blue) in cells 

after culturing on TiO2 nanopatterns for 24 h. Scale bar = 10 μm. Abbreviation: α-SMA, alpha-smooth 

muscle actin. 

 

3.3.6. TGF- β1 Expression in MES13 Cells 

     TGF-β1 is a key mediator in the progression of renal fibrosis [20]. It has been 

demonstrated that TGF-β1 stimulates α-SMA expression in MCs during the progression 

of the disease [12,41]. Thus, to further examine whether TGF-β1 is involved in the 

influence of the disease-mimic nanopattern on ECM components and α-SMA expression, 

TGF-β1 expression and localization were determined by immunofluorescence staining. As 

a result, higher TGF-β1 expression was detected along the cell leading edge when grown 

on the F80/200 nanopattern compared to the other nanopatterns (Figure 3.10), revealing 
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that the F80/200 nanopattern-induced ECM component and α-SMA expression changes 

could be mediated by TGF-β1. 

 

 

Figure 3. 10. Transforming growth factor beta 1 (TGF-β1) expression in MES13 cells influenced by disease- 

and normal-mimic nanopatterns. Confocal microscopy images show TGF-β1 (green), actin cytoskeleton 

(red), and nuclei (blue) in cells after culturing on TiO2 nanopatterns for 24h. Scale bar =10μm. Abbreviation: 

TGF-β1, transforming growth factor beta 1. 
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3.3.7. Integrin α5β1 Expression in MES13 Cells 

     Integrin α5β1 is a crucial molecule in mediating human mesangial cell adhesion to 

fibronectin [42]. To assess the correlation of fibronectin matrix production in MES13 cells 

when grown on various nano-topographical scaffolds, the expression of integrin α5β1 was 

determined by immunofluorescence staining. The results showed an obvious expression of 

integrin α5β1 in cells (indicated by arrow) grown on the F80/200 nanopattern compared to 

the other nanopatterns (Figure 3.11), revealing that F80/200-nanopatterned topography-

induced fibronectin accumulation could be mediated by integrin α5β1. 

 

 

Figure 3. 11. Integrin α5β1 expression in MES13 cells influenced by disease- and normal-mimic 

nanopatterns. Confocal microscopy images show integrin α5β1 (Int α5β1, green) and nuclei (blue) in cells 

after culturing on TiO2 nanopatterns for 24 h. Scale bar =10 μm. Abbreviation: Int α5β1, integrin α5β1. 
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3.4. Discussion 

     In this chapter, TiO2-based nanopatterns with specific sizes of topographic ridges and 

grooves that mimic the diseased native MM 3D structure that influences MES13 cell 

functions, including cell proliferation, ECM components and morphological changes, were 

investigated. 

     To better mimic the in vivo native nanostructure, nano-fabrication techniques such as 

EBL can create the patterns at the nanoscale [28,29]. However, there are still some 

challenges with the throughput of electron beam projection systems, which are severely 

limited by the available optical field size and can only pattern relatively small areas with 

a long writing time. EB irradiation-induced defects also need to be considered. Thus, to 

overcome these challenges, approximately 80 nm was the minimum dimension used in this 

study to closely mimic the native collagen scaffold of MM. In this study, highly uniform 

and well-defined nanostructures with 80 to 200 nm lateral dimensions and various 

geometries without obvious defects were fabricated. A substrate with dimensions smaller 

than 80 nm is difficult to achieve due to the EBL and ALD limitations. 

     Five different TiO2-based nanopatterns, disease-mimic nanopatterns F80/80, F80/200 

and F200/80, a normal-mimic and an unpatterned flat control, were fabricated to test the 

hypothesis in this study that disease-mimic nano-topographical features influence MC 

function by controlling cell morphology. The nanopatterns with different ridges/grooves 

were designed to mimic COL1 fiber-forming structures in diseased MM. One normal-

mimic nanopattern with pores approximately 50 nm in diameter, 80 nm spacing, and 80 

nm in depth was also created to mimic the COL4 network-forming structure in normal 

MM.  
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     In mammals, the diameter of collagen fibers, bundles of closely packed collagen fibrils, 

depends on the tissue and stage of development [43]. It has been found that COL1 fibers 

are located in parallel with one another, and are about 77 nm in diameter in the MM of 

diabetic nephropathy patients [44,45]. Moreover, a previous clinical study indicated that a 

significantly loosened, enlarged meshwork structure is detected in nephropathy MM [45]. 

These reports are consistent with my finding that the disease-mimic nanopattern F80/200, 

which is 80 nm wide with enlarged spacing (200 nm), closely mimics the diseased MM 

structure. MC proliferation and ECM accumulation are the major features in a variety of 

glomerular diseases [1,2,5,46]. The results of this chapter showed that cultured MES13 

cells grown on the F80/200 nanopattern had higher proliferation, decreased normal MM 

components (COL4 and laminin α1) and secreted excessive abnormal ECM components 

(COL1 and fibronectin). On the other hand, cells grown on the normal-mimic nanopattern 

exhibited normal MC functions, such as low proliferation, and produced normal MM 

components (Figures 3.2, 3.4 and 3.5). In fact, COL1 is absent in glomeruli under normal 

conditions, and excessive COL1 deposition is usually found in the early stage of renal 

fibrosis [47]. In addition, the accumulation of COL1 and fibronectin in mesangium by 

proliferating MCs is the direct result of mesangial expansion in many in vivo models and 

types of glomerular disease [2,18,48–50]. Laminin α1 is an essential ECM component in 

MM and plays a critical role in mesangial homeostasis by regulating the MC population 

and MM deposition through TGF-β/Smad signaling [15]. Downregulated laminin α1 in 

MM has been shown to affect MC function and result in mesangium expansion [50]. 

Increased TGF-β1-mediated fibronectin accumulation in MM is also involved in several 

renal diseases [51]. 
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     MM components can cause MC morphology alterations and differentiation, as well as 

affect the MC secretion of ECM [9]. MCs maintain the structural integrity of the 

glomerular microvascular to regulate blood flow by their contractile cytoskeleton, which 

is formed by F-actin-containing stress fibers [52]. F-actin forms FA protein complexes at 

stress fiber ends and co-localizes with the actin-binding protein vinculin [38]. The results 

of this chapter demonstrated that MES13 cells grown on the F80/200 nanopattern showed 

elongated and fusiform morphologies with diffused vinculin, which was slightly different 

from those grown on other nanopatterns, indicating that the F80/200 nanopattern 

influenced MC activation, but had less effect on FA maturation [53]. Compared with the 

normal-mimic, F80/80 and F200/80 nanopatterns showed cells that were stellate in shape 

with abundant F-actin stress fibers with vinculin, suggesting that cells were more 

developed on these nanopatterned topographies than on the flat control. These findings 

suggested that the disease-mimic nanopattern (F80/200) influence on cell proliferation and 

altered MM components might be related to the change in cell morphology. 

     Although the phenomenon of cellular responses to nano-topography has been known 

for decades [29,34,54], the underlying mechanism remains poorly understood. One 

possible mechanism is that cells sense nano-topography of ECM by integrin molecules, 

and trigger integrins assemble to form integrin clusters, following signal processes such as 

a clustered adhesion complex formation and also linking the cell cytoskeleton to ECM, 

and then trigger ECM remodeling that modulate cell morphology [31,55,56]. Hence, 

nanopatterns with different ridges, grooves and pores could influence cellular integrin 

clusters formation. Figure 3.12 illustrated the possible mechanisms that cells sense 

nanopattern substrates. 
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Figure 3. 12. The possible mechanism of cells sense nanopatterned substrates through the integrins assembly 

and integrin clusters formation. 

 

     To further clarify the possible mechanism of MES13 changes in cell behavior when 

cultured on various nano-topographies, the expressions of three proteins, α-SMA, TGF-β1 

and integrin α5β1 were evaluated. The α-SMA expressed in mesangium region is 

associated with the mesangial cell proliferation and represents a marker of cell activation 

[13]. MCs express α-SMA, during proliferation and repair processes after severe injury 

[10–12]. However, α-SMA is absent in normal MCs [10,39]. α-SMA is also known as a 

marker of MC myofibroblast activation and differentiation in glomerular disease, and is 

mediated by TGF-β1, a key mediator in the progression of renal fibrosis [40,57,58]. 

Moreover, TGF-β1 has been demonstrated to induce α-SMA expression by upregulating 

the fibronectin receptor, integrin α5β1, in human MCs during renal fibrosis in vivo and in 

vitro [42,59,60]. Increased expression of TGF-β1 by MCs has also been demonstrated 

when MCs are cultured on COL1 gels [19]. In this chapter, the F80/200 nanopattern 

induced higher α-SMA, TGF-β1, and integrin α5β1 expressions in MES13 cells, which is 
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similar to MCs under disease status, revealing that increased COL1 and fibronectin might 

be modulated by TGF-β1 produced by activated MCs. 

     MCs also act to regulate the glomerular filtration rate (GFR) by modulating the 

capillaries’ surface area [1]. Injured MCs could trigger TGF-β1 release, and this then 

results in ECM accumulation in mesangium and tubular damage, and finally contributes to 

renal insufficiency [61]. As a limitation of this study, the exact molecular pathway 

correlating with inflammatory effect and ECM accumulation in disease-like MCs induced 

by the disease-mimic nanopattern has not been identified yet. However, additional 

experiments to further validate this speculation need to be conducted. 

 

3.5. Conclusions 

     The results in this chapter showed that disease-mimic nano-topographies influence 

MES13 cell functions, including changes in cell proliferation and altered MM components. 

A disease-mimic nanopattern with 80 nm depth, 80 nm ridges and enlarged grooves (200 

nm apart) guided cells to adopt disease-like behaviors, including increased proliferation, 

excessive abnormal MM component production, decreased normal MM component 

production and changed cell morphologies. These phenomena are consistent with the 

glomerular structural change in the DSS-induced colitis mouse model I established 

previously. These findings could be important to further establish a disease-mimic culture 

system for elucidating the molecular mechanisms underlying glomerular disease, and also 

important for a drug screening platform.  
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Chapter IV 

Evaluation of Physical and Chemical Cues on Disease-

mimic Culture System as a Drug Screening Platform 

 

4.1. Introduction 

     Discovery of new drugs is a highly complex and multidisciplinary process [1]. During 

the initial discovery process, an intensive screening is performed to find a small synthetic 

molecule or large biomolecule, typically called a drug candidate that will further progress 

into pre-clinical and clinical development, and ultimately be a marketed medicine [2]. 

Hence, drug screening is important to obtain the evidence of drug safety, efficacy and 

mechanism of response on representative biological models [3]. 

     Over the past few decades, most in vitro studies have been performed to examine the 

effects of candidate drug compounds on cell-based culture system on the flat plastic 

surfaces [4,5]. Mammalian cell cultures provide a wealth of benefits for in vitro studies as 

a platform, to investigate cellular responses to stimulations from biophysical and 

biochemical cues to disease processes [6-8]. Nevertheless, these culture systems poorly 

reflect the natural microenvironment and lack the complex environment of the 

extracellular matrix (ECM) in native tissues, including nano- to micrometer scale 

structures such as collagen fibrils [9]. In addition, the complex micro/nanoenvironment 
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consists of cell populations and ECM molecules, which forms an intricate system that 

includes chemical properties such as cytokines and physical properties such as topography, 

which are critical for cell fate, inducing tissue-specific differentiation, and promoting 

developmental morphogenesis [10]. Furthermore, numerous animal/cell-based disease 

models have been developed, and aimed to understand the etiologies of human diseases 

and treatment strategies [11,12]. Therefore, developing an appropriate disease-mimic 

model as a screening platform for human diseases is necessary for use in drug discovery. 

Figure 4.1 illustrated the scheme of the drug screening platform using a disease-mimic 

model for new drug discovery. 

 

 
Figure 4. 1. Scheme of drug screening platform using a disease-mimic model for new drug discovery. 

Abbreviations: TGF-β1, transforming growth factor-beta 1; DEX, dexamethasone; ROS, reactive oxygen 

species. 
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     A biomarker is an objectively measured and evaluated indicator of the biological 

process, pathological process or a cellular response to a therapeutic intervention, to verify 

that the test is reliable, reproducible and of adequate sensitivity and specificity [13]. 

Biomarkers thus play a critical role in improving the diagnosis, monitoring drug activity 

and therapeutic response in drug development process for various diseases [14,15]. These 

biomarkers need to be detectable, measurable and stable through a variety of methods 

including physical examination, laboratory assays, and medical imaging [16].  

     Reactive oxygen species (ROS) are derived from many sources including mitochondria, 

xanthine oxidase, uncoupled nitric oxide synthases and NADPH oxidase [17]. ROS play 

an important role in mediating transforming growth factor-beta 1 (TGF-β1) induced ECM 

induction and pro-fibrotic activity during kidney injury and in the progression of renal 

diseases [15]. Therefore, the present study used ROS as a biomarker for the disease-mimic 

model. 

     The human kidney regulates fluid homoeostasis, electrolyte balance, and waste product 

removal by filtering the blood through glomeruli, the specialized filtration barrier structure 

within each nephron [18,19]. Blood enters the glomerulus from an afferent arteriole and 

passes through a fenestrated endothelial capillary bed surrounded by podocytes. Mesangial 

cells (MCs) are specialized cells of the renal glomerulus and are located in the center of 

the intercapillary space that sits between the capillary loops. MCs and mesangial matrix 

(MM) are attributed the important role of controlling blood flow by contracting themselves 

to regulate the size of the capillary lumen [20].  

     In my previous study, the TiO2-based disease-mimic nanopattern with 80 nm depth, 80 

nm ridges and 200 grooves, has been shown to induce MES13 cell proliferation and 
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diseased MM components such as type I collagen (COL1) [21], which suggests this 

disease-mimic nanopattern as a physical cue inducing disease-like cell behavior. TGF-β1 

has been shown to mediated COL1 synthesis in MES13 cells on disease-mimic nanopattern 

[21]. Thus, TGF-β1 is also an important factor as a chemical cue in regulating cell fate 

under disease situation.  

     This chapter is aimed to evaluate the disease-mimic culture system using physical and 

chemical cues for establishing the drug screening platform. Development of a new drug 

screening platform using disease-mimic condition including chemical and physical cues 

was evaluated by cell proliferation and diseased matrix components synthesis. A83-01, a 

selective inhibitor of TGF-β type I receptor ALK5 kinase, and Glucocorticoids anti-

inflammatory drug, dexamethasone (DEX), were used as model drug (positive control). 

ROS production was evaluated for use as a biomarker in this disease-mimic culture system. 

 

4.2. Materials and Methods 

4.2.1. Fabrication of Nanopatterned TiO2 Substrates 

     TiO2 substrates were fabricated as previously described [21]. ZEP-520A positive-tone 

EBL resist (Nippon Zeon Co. Japan) was spin-coated on cleaned Si (100) substrates diluted 

in anisole (1:2 ratio) by a spin coater (Mikasa 1H-D7) at 6000 rpm, and then pre-baked at 

180 °C for 3 min. Once the sample cooled to room temperature, a water-soluble conductive 

material called Espacer (Showa Denko Co. Japan) was spin-coated at 2000 rpm to obtain 

a very thin layer (10–20 nm). Next, the lithography patterns were written on the substrate 

with an EBL system (Elionix ELS-7500EX, acceleration voltage = 50 kV, electron beam 
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(EB) amperage = 220 pA). The precise size of the fabricated substrate resulting from each 

EB was confirmed by SEM (FEG-SEM, Hitachi SU8230, Toronto ON, Canada). The 

exposed resist film was developed using n-amyl acetate and methyl isobutyl ketone (89%) 

/isopropyl alcohol (11%) (Wako Co. Japan), then rinsed by H2O and dried with nitrogen 

gas. The substrates were then etched by inductively coupled plasma-reactive ion etching 

at antenna power 50 W, bias 5W and tetrafluoromethane flue with 6.5 standard cubic 

centimeter/minute (SCCM), followed by removing the resist film using O2 plasma, 

dimethyl acetamide and SPM solution (H2SO4 + H2O2, 3:1), respectively. The substrates 

were then coated with a photoresist (AZ-5214E, Germany) which is used as the mask for 

ALD, subjected to UV irradiation with a photomask, reversal baking at 120 °C, flood 

exposure to UV, and development by hexamethyl disilazane and 2.38% tetramethyl 

ammonium hydroxide (Wako Co. Japan) for 1 min, then rinsed with deionized water. 

Finally, the TiO2 thin films were deposited on Si substrates using atomic layer deposition 

(Picosun SUNALE R-150) with 500 Pa of the chamber pressure and at 100 °C. The 

thickness of the TiO2 layer was controlled by the number of cycles: 70 cycles gave a 

thickness of 5 nm. The TiO2 precursor [tetra(dimethylamino)titanate] was pumped into the 

chamber, followed by argon gas to remove the undeposited precursor. Next, H2O vapor 

was pumped in to form the inorganic TiO2 layer from the organic precursor, and then argon 

gas was pumped in to remove residual H2O. Fabricated TiO2 nanopattern surfaces were 

characterized by SEM (SU8230, Hitachi) and AFM (Ti950, Hysitron, MN, USA). Further 

experiments were performed using the fabricated substrates after dry heat sterilization of 

the substrate at 170 °C for 1 h. A non-patterned flat surface was used as a control.  
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4.2.2. Cell Culture 

     A mouse immortalized mesangial cell line, SV40MES13 (MES13), was purchased 

from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in 

a 3:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F12 medium 

(Nacalai Tesque, Kyoto, Japan) with supplemented 5% fetal bovine serum (FBS) (Corning 

Life Sciences, NY, USA), 14 mM HEPES (Gibco, MD, USA), 2 mM glutamine (Gibco) 

and 100 U/mL penicillin/streptomycin (Nacalai Tesque). Cells were incubated in a 

humidified incubator at 37 °C with 5% CO2. All experiments were performed between 

passages 8 and 9 to minimize the effects of phenotypic variation in continuous culture. 

Cells were serum-starved with 1% FBS for 24 h or 48 h prior to examination. 

 

4.2.3. Cell Viability Assay 

     MES13 cell viability was measured by WST-1 Cell Proliferation Reagent (a salt of 4-

[3-(4-iodophenyl)-2- (4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) according 

to the manufacturer's protocol. This method is based on the ability of viable cells to 

metabolize water-soluble tetrazolium salt WST-1 to formazan by mitochondrial 

dehydrogenases. Briefly, 1×105 cells per well were seeded onto 96-well plate (Iwaki 

Laboratories, Iwaki, Japan) and the plate was preincubated overnight in 5% CO2 incubator 

at 37 ◦C. Following exposure of cells to various concentrations of TGF-β1 (0–1 µg/mL), 

TGF-β type I receptor inhibitors, A83-01 (0–100 µM) or glucocorticosteroid drug, 

dexamethasone (DEX, 0–100 µM) with growth medium containing 1% FBS for 24 or 48 

hours. Control (untreated, 0) cells received an equivalent volume of phosphate buffered 
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saline (PBS, pH 7.4, Sigma-Aldrich, St. Louis, MO, USA). After incubation, the culture 

medium was first removed from each well of the 96-well plate and replaced with fresh 

culture medium solution containing 10% WST-1 reagent (Roche Diagnostics GmbH, 

Germany) was then added per well and incubated in a 37 °C humidified CO2 incubator for 

2 h. For the background control, the same volume per well of growth medium and WST-1 

was used. After 2 hours the absorbance was read by a scanning microplate 

spectrophotometer (Spark 10M; Tecan Japan) under a wavelength of 450 nm and a 

reference wavelength of 630 nm for the cleavage of the tetrazolium salt WST-1 to 

formazan. The absorbance values were then used to calculate the cells’ viability.  

 

4.2.4. Cell Proliferation Assays 

     The proliferation of cells grown on the nanopattern was evaluated by EdU incorporation 

using an EdU proliferation kit (iFluor 488) (Abcam, Cambridge, UK) and detected 

according to the manufacturer’s instructions. Briefly, cells were seeded on TiO2 

nanopatterns, which mimics the disease or normal MM at a concentration of 4 × 104 

cells/well with serum-starved medium (1% FBS) and preincubated overnight in 5% CO2 

incubator at 37 °C. Unpatterned flat substrate was used as control. Cells were pretreated 

with A83-01 or DEX for 1 hour before TGF-β1 stimulation. After treatment with or 

without TGF-β1 for 24 h, cells were then incubated with 10 μM EdU solution for 2 h at 

37 °C in 5% CO2. Subsequently, the cells were fixed with 4% formaldehyde for 15 min. 

After rinsing with 3% BSA in PBS, cells were permeated with 0.5% Triton X-100 in PBS, 

incubated with iFluor 488 azide, and stained with 300 nM 4’,6-diamidino-2-phenylindole 

(DAPI, Abcam) for 30 min. All images were acquired with a Zeiss LSM 510 META 
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confocal microscope system (Carl Zeiss, Jena, Germany). At least 400 nuclei were counted 

per experiment.  

 

4.2.5. Immunofluorescence Staining and Confocal Imaging 

     Immunofluorescence staining was performed using a previously described method [21]. 

Briefly, cells grown on TiO2 nanopatterns were treated with or without TGF-β1for 24 or 

48 h. Cells were pretreated with A83-01 or DEX for 1 hour before TGF-β1 stimulation.  

And then washed three times with PBS. Cells were fixed in 4% formaldehyde at room 

temperature for 20 min, permeabilized by 0.05% saponin (Sigma-Aldrich) in Tris-buffered 

saline (TBS, 50 mM Trizma, 150 mM NaCl, pH 7.6) for 15 min, then blocked by 3% BSA 

(Sigma, USA) in TBS for 1 h at room temperature. Then cells were sequentially incubated 

with primary antibodies against type I collagen (COL1) and type IV collagen (COL4) 

(Abcam), respectively, at 4 °C overnight followed by incubation with secondary antibodies 

conjugated to Alexa Fluor® 488 (Invitrogen, Carlsbad, CA, USA). Nuclei were stained 

with DAPI and double-stained with rhodamine-conjugated phalloidin (Life Technologies, 

Gaithersburg, MD, USA) for F-actin filaments. All images were acquired with a Zeiss 

LSM 510 META confocal microscope system. The antibodies used in this study were 

listed in Table 4.2. 

     Table 4. 1. List of antibodies used in immunofluorescence staining. 
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4.2.6. Evaluation of ROS Content in MES13 Cells 

     The level of ROS in MES13 cells were determined using CellROX® Green reagent 

(Thermo Fisher Scientific, Waltham, MA), according to the manufacturer’s instructions 

onto a 96 well plate reader and confocal fluorescence microscopy. CellROX® is a cell-

permeable and non-fluorescent while in the reduced state. Upon oxidation, the reagent 

binds DNA and exhibits a strong fluorogenic signal that has absorption/emission maxima 

of 508/525 nm and remains localized to the nucleus and cytoplasm. Briefly, MES13 cells 

were seeded onto a black 96-well flat bottom plate (Thermo Fisher Scientific Inc. USA) at 

a concentration of 1×105 cells per well and allowed to adhere overnight. Following 

exposure of cells to the presence or absence of 1 ng/ml TGF-β1 with growth medium 

containing 1% FBS for 1 to 24 hours. Cells were pretreated with A83-01 or DEX for 1 

hour before TGF-β1 stimulation. After treatment, CellROX® reagent was added to a final 

concentration of 5 µM with fresh culture medium, and cells were incubated for 30 min at 

37 °C. After incubation, cells were then rinsed with Hank's balanced salt solution (HBSS). 

The fluorescence intensity of CellROX® reagent was measured at excitation/emission 

maxima at 488/585 nm using a multimode microplate reader (Spark 10M; Tecan Japan)  

     For microscopy images, cells were incubated with CellROX® reagent after treatment. 

After incubation, cells were fixed with 4% formaldehyde at room temperature for 20 min 

and then stained with 1.5 μM DAPI to label the nuclei. Confocal imaging of ROS indicator 

CellROX® was performed on the Zeiss LSM META 510 confocal microscope (Carl Zeiss, 

Jena, Germany) and with an excitation of 488nm. The laser excitation power and detector 

gain were kept constant for all measurements.  
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     For image quantitative, expressions of COL1, COL4 and ROS production were shown 

as mean ± SEM by analyzing mean fluorescence intensity (MFI) in three separate 

experiments using Fiji ImageJ (NIH Image, MD, USA)  

 

4.2.7. Statistical Analysis 

     Data analysis was performed using Prism 8 software (GraphPad, CA, USA). All data 

are expressed as means ± standard error of the mean (SEM) from six replicate sample from 

each group in at least three independent experiments. Statistical analysis was performed 

using one-way Analysis of Variance (ANOVA) and Tukey’s post hoc test for multiple 

comparisons. Differences between variables were considered statistically significant for p-

values < 0.05. p-Values are represented as follows: *p < 0.05, **p < 0.01 and ***p < 0.001. 

 

 

4.3. Results 

4.3.1. Cell Viability in TGF–β1 Treated MES13 Cells 

This chapter is aimed to evaluate the effects of a chemical cue (TGF-β1) and a physical 

cue (disease-mimic nanopattern) on MES13 cells for establishing a drug screening 

platform. Experiments on concentration and incubation time were performed from dose 

response experiments and time course experiments (24 and 48 h) to optimize the 

appropriate concentration of TGF-β1, A83-01 and DEX for MES13 cell response. First of 
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all, in order to identify the optimum dosage of TGF-β1, the present study determined the 

cell viability with and without TGF-β1 treatment by WST-1 cell viability assay. The results 

showed that the cell viability gradually decreased when TGF-β1 concentration increased 

from 0.1 ng/ml to 1 µg/ml, with the lowest cell viability (64.26 %) at 1 µg/ml (Figure 4.2A) 

after 24 h of treatment. After 48 h of treatment, the cell viability did not change 

significantly at the concentration of TGF-β1 from 0.1 to 10 ng/ml. Cell viability decreased 

to 95.25 % and 94.18 % after 48 h of treatment with 100 ng/ml and 1 µg/ml (Figure 4.2B). 

The optimum concentration of TGF-β1-mouse recombinant protein (1 ng/ml) with 79.56 % 

cell viability was selected for subsequent TGF-β1 stimulation experiments.  

 

 

Figure 4. 2. Effect of various concentrations of TGF-β1 on MES13 cell viability in 96-well plates. MES13 

cells were treated with TGF-β1 at the indicated concentrations for (A) 24 h and (B) 48 h. All the values are 

expressed as means ± SEM for three independent experiments. Statistically significant at * p < 0.05, ** p < 

0.005 and *** p < 0.001 vs. control analysis of variance (ANOVA). Abbreviation: TGF-β1, transforming 

growth factor-beta 1. 
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     To examine the cytotoxic effect of the TGF-β type I receptor kinase inhibitor IV, A83-

01, on MES13 cells, cell viability assay with A83-01 concentrations ranging from 0–

100 μM for 24 and 48 h was performed. As shown in Figure 4.3, A83-01 dose dependently 

decreased the cell viability from 1–100 μM concentration (p < 0.05) after 24 and 48 h of 

treatment. All further experiments were carried out with A83-01 at 1 μM concentration. 

 

 

Figure 4. 3. Effect of various concentrations of A83-01 on MES13 cell viability in 96-well plates. MES13 

cells were treated with A83-01 at the indicated concentrations for (A) 24 h and (B) 48 h. All the values are 

expressed as means ± SEM for three independent experiments. Statistically significant at *** p < 0.001 

analysis of variance (ANOVA). 

 

     In this study, DEX, an anti-inflammatory glucocorticosteroid drug, was used as a model 

drug to assess the efficacy of this in vitro disease model. In order to determine whether 

DEX contributed directly to MES13 cell cytotoxicity, cell viability assay with varying 

concentrations of DEX were performed. As shown in Figure 4.4A, DEX significantly 

decreased the cell viability at the concentration from 10 nM–100 μM (p < 0.05) after 24 h 
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of treatment. After 48 h of treatment, the cell viability was gradually decreased as DEX 

concentration was increased (Figure 4.4B). To avoid the cytotoxicity caused by DEX 

(<70% viability), all further experiments were carried out with DEX at 10 nM 

concentration. 

 

 

Figure 4. 4. Effect of various concentrations of DEX on MES13 cell viability in 96-well plates. MES13 cells 

were treated with DEX at the indicated concentrations for (A) 24 h and (B) 48 h. All the values are expressed 

as means ± SEM for three independent experiments. Statistically significant at *** p < 0.001 analysis of 

variance (ANOVA). Abbreviation: DEX, dexamethasone. 

 

4.3.2. The Effect of Disease-mimic Culture System on MES13 Cells Proliferation  

     Aberrant MC proliferation in mesangium is commonly observed in patients with 

glomerular disease and is initially stimulated by TGF-β1 [22]. To assess the effect of the 

disease-mimic culture system including chemical cue and physical cue on MES13 cells 

proliferation, disease-mimic nanopattern with 80 nm ridges and 200 nm grooves and 80nm 

depth as physical cue and MES cell treated by TGF-β1 as chemical cue were used. On the 



 93 
      
 

other hand, normal-mimic nanopattern with pores approximately 50 nm in diameter, 80 

nm spacing, and 80 nm in depth, and unpattern flat control were also used. Cell 

proliferation was performed by 5-ethynyl-2’-deoxyuridine (EdU) proliferation assays and 

counting the percentage of MES13 cells with incorporated EdU, which indicates newly-

synthesized DNA (shown in green). Fluorescence images shown in Figure 4.5 revealed 

EdU incorporation into the nuclei of cells after 24 hours of seeding on disease-mimic 

nanopatterns (Figure 4.5A), normal-mimic nanopattern (Figure 4.5B) and flat control 

(Figure 4.5C). The results showed that a significant higher in cell proliferation (60.62 %) 

was observed in cells cultured on disease-mimic nanopatterns than those cultured on 

normal-mimic nanopattern (45.23 %) and flat control (38.21 %) after 24 hours of seeding 

without TGF-β1 treatment. After treatment with TGF-β1 (1 ng/ml), cell proliferation was 

significantly increased when cells were cultured on disease-mimic nanopatterns (68.50 %), 

whereas TGF-β type I receptor inhibitor A83-01 and anti-inflammatory 

glucocorticosteroid drug DEX pretreatment markedly reduced the cell proliferation 

(23.46 % and 34.77 %, respectively) induced by not only TGF-β1, but also disease-mimic 

nanopatterns. However, there was no significant change in cell proliferation when cultured 

on normal-mimic nanopattern and flat control after treatment with TGF-β1. These results 

revealed that TGF-β1 and disease-mimic nanopatterns enhanced MES13 cell proliferation 

significantly, but this effect was abrogated by pretreatment with A83-01 and DEX. TGF-

β1 did not induce significant change in proliferation when MES13 cells were grown on the 

normal-mimic nanopattern. These findings indicated that chemical cues strongly effected 

MES13 cell proliferation compared to physical cues alone on disease-mimic nanopattern. 

This effect did not influence cells on disease-mimic nanopattern and flat control. 
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Figure 4. 5. Effect of disease-mimic culture system on MES13 cell proliferation. Cells were cultured on (A) 

disease-mimic nanopattern, (B) normal-mimic nanopattern and (C) flat control surface and treated by 1 ng/ml 

of TGF-β1 with or without pretreatment with TGF-β type I receptor inhibitor, A83-01, or glucocorticosteroid 

drug, DEX, for 24 h. Then proliferation was determined by the 5-ethynyl-2’-deoxyuridine (EdU) assay. 

Fluorescence images show EdU incorporation into the nuclei of cells. EdU-positive cells are green, and 

nuclei stained with 4',6-diamidino-2-phenylindole (DAPI) are blue. (D) Percentage of EdU-positive cells. 

Data are reported as means ± SEM for three independent experiments. Statistically significant at ***p < 

0.001 vs. disease-mimic nanopattern analysis of variance (ANOVA). Scale bar = 20 μm. Abbreviations: 

TGF-β1, transforming growth factor-beta 1; DEX, dexamethasone; P, physical cue; C, chemical cue. 
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4.3.3. The Effect of Disease-mimic Culture System on MES13 Cells ECM Component 

Change 

     MCs act to synthesize MM and provide support to glomerular capillaries [21, 23]. TGF-

β1 is involved in mediating the biosynthesis activity of MM production [17]. To assess the 

effect of physical and chemical cues on matrix component expression in MES13 cells when 

cultured on disease-mimic nanopattern, immunofluorescence staining was performed to 

detect abnormal ECM component, COL1, and normal ECM component, COL4 (as shown 

in green color), after cells were grown on TiO2 nanopatterns for 48 h. Confocal microscopy 

images of expression of COL1 (Figure 4.6A–C) showed that in the absence of TGF-β1, 

cells cultured on the disease-mimic nanopatterns had slightly increased expression of 

COL1, whereas there was no obvious expression in those cells cultured on normal-mimic 

nanopattern and flat control. After treatment with 1 ng/mL of TGF-β1, significantly 

increased COL1 expression was detected in cells cultured on disease-mimic nanopattern. 

In contrast, there were no significant differences noted between the presence or absence of 

TGF-β1 in those cells cultured on normal-mimic nanopatterns and flat control. However, 

significantly decreased COL1 was detected in cells cultured on disease-mimic nanopattern 

after pre-treating with A83-01 DEX, even lower than disease-mimic nanopattern induced 

COL1 expression. The quantitative MFI for COL1 expression is shown in Figure 4.6D.  

     On the other hand, cells cultured on the disease-mimic nanopatterns had lower COL4 

expression when compared to those on normal-mimic nanopatterns and flat control in the 

absence of TGF-β1. After treatment with TGF-β1, COL4 expression was significantly 

reduced when cells were cultured on the disease-mimic nanopatterns and flat control. 

Meanwhile, there were no significant differences observed between the presence or 
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absence of TGF-β1 in those cells cultured on normal-mimic nanopatterns (Figure 4.7A–

C). The quantitative MFI for COL4 expression is shown in Figure 4.7D.  

     These results revealed that TGF-β1 and disease-mimic nanopatterns significantly 

enhanced COL1 production in MES13 cell, but this effect was markedly abrogated by 

pretreatment with A83-01 or DEX. TGF-β1 did not induced significant change in COL1 

production when MES13 cells were grown on the normal-mimic nanopattern. In addition, 

COL4 production in MES13 cells grown on normal-mimic nanopattern were not 

influenced by treatment of TGF-β1.  

     These observations indicated the presence of chemical cues resulting in increased 

abnormal ECM and decreased normal ECM compared to physical cues alone. However, 

this effect did not influence cells on normal-mimic nanopattern. 
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Figure 4. 6. Effects of TGF-β1 and disease-mimic nanopattern on expression of type I collagen (COL1) in 

MES13 cells. Cells were cultured on (A) disease-mimic nanopattern, (B) normal-mimic nanopattern and (C) 

flat control surface and treated by 1 ng/ml of TGF-β1 with or without pretreatment with A83-01 or DEX for 

48 hours. (D) Quantification of COL1 fluorescent images was shown in mean fluorescence intensity per 

nucleus. All the values are expressed as means ± SEM for three independent experiments. Statistically 

significant at * p < 0.05, ** p < 0.005 and *** p < 0.001 vs. control analysis of variance (ANOVA). 

Abbreviations: TGF-β1, transforming growth factor-beta 1; DEX, dexamethasone; COL1, type I collagen; 

P, physical cue; C, chemical cue. 
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Figure 4. 7. The expression of type IV collagen (COL4) in MES13 cells cultured on (A) disease-mimic 

nanopatterns, (B) normal-mimic and (C) flat control surface after treatment with 1 ng/mL of TGF-β1 with 

or without pretreatment with A83-01, or DEX for 48 hours. (D) Quantification of COL4 fluorescent images 

was shown in mean fluorescence intensity per nucleus. All the values are expressed as means ± SEM for 

three independent experiments. Statistically significant at ** p < 0.005 and *** p < 0.001 vs. control analysis 

of variance (ANOVA). Abbreviations: TGF-β1, transforming growth factor-beta 1; COL4, type IV 

collagen; P, physical cue; C, chemical cue. 
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4.3.4 The Effect of Disease-mimic Culture System on MES13 Cells Intracellular ROS 

Production 

     ROS play an important role in mediating TGF-β1 induced ECM induction and pro-

fibrotic activity during kidney injury and in the progression of renal diseases [24]. To 

evaluate whether ROS can be the appropriate biomarker in this disease-mimic culture 

system, intracellular ROS levels were performed by the membrane-permeant fluorogenic 

probe, CellROX®.  

     It is important to study the time-course changes in ROS production due to treatments 

to understand the temporal changes leading to oxidative stress production. For the time-

course studies, MES13 cells were incubated with 1 ng/ml TGF-β1, 1 µM A83-01, or 10 

nM DEX for 5 different time durations (1, 3, 6, 12 and 24 h) onto the 96-well plates. 

Intracellular ROS levels were performed by the membrane-permeant fluorogenic probe, 

CellROX®. As shown in Figure 4.8, intracellular ROS levels were significantly raised in 

cells treated with 1 ng/mL TGF-β1 for 12 h. Cells treated with neither A83-01 or DEX 

showed no significant change. Therefore, 12 h was selected as the upper-limit time point 

in the time-course results. 
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Figure 4. 8. ROS proliferation in MES13 cells treated with TGF-β1 (1ng/ml), A83-01 (1 µM), DEX (10nM) 

or untreated (0) at indicated time points in 96-well plates. All the values are expressed as means ± SEM for 

three independent experiments. Statistically significant at *** p < 0.001 vs. control analysis of variance 

(ANOVA). Abbreviations: TGF-β1, transforming growth factor-beta 1; DEX, dexamethasone; ROS, 

reactive oxygen species. 

  

     Moreover, the effect of TGF-β1 on intracellular ROS production in MES13 cells 

cultured on disease-mimic nanopattern were further investigated using the CellROX® 

fluorogenic probe and the confocal microscope images was measured as the mean 

fluorescence intensity. As shown in Figure 4.9A-C, slightly increased ROS production was 

detected in cells cultured on disease-mimic nanopattern without TGF-β1treatment, 

whereas no obvious ROS induction was detected in cells cultured on normal-mimic 

nanopattern and flat control. After treatment with TGF-β1, ROS production was 

dramatically enhanced when cells were cultured on the disease-mimic nanopatterns. In 

contrast, ROS production was gently raised in those cells cultured on normal-mimic 

nanopatterns and flat control. Both A83-01 and DEX markedly reduced the ROS 

production induced by TGF-β1, even by disease-mimic nanopatterns. The quantitative 

MFI for ROS production was shown in Figure 4.9D. 
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     These findings indicated ROS production reflected the cell suffered from a disease 

situation that could be the appropriate biomarker in this disease-mimic culture system. 

 

 

Figure 4. 9. Effects of TGF-β1 and disease-mimic nanopattern on ROS generation in MES13 cells. Cells 

were cultured on (A) disease-mimic nanopattern, (B) normal-mimic nanopattern and (C) flat control surface 

and treated by 1 ng/ml of TGF-β1 with or without pretreatment with A83-01 or DEX for 24 h. (D) 

Quantification of CellROX fluorescent images was shown in mean fluorescence intensity per nucleus. 

Values represent means ± SEM for three independent experiments. Statistically significant at * p < 0.05, ** 

p < 0.005 and *** p < 0.001 vs. control analysis of variance (ANOVA). Abbreviations: TGF-β1, 

transforming growth factor-beta 1; DEX, dexamethasone; ROS, reactive oxygen species; P, physical cue; C, 

chemical cue. 
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4.4. Discussion 

     In this chapter, the effects of chemical cue (TGF-β1) and physical cue (disease-mimic 

nanopattern) on MES13 cell proliferation and ECM components change were evaluated. 

The appropriate biomarker ROS production, in this disease-mimic culture system was also 

evaluated. The present results also noted that both A83-01 and DEX markedly abrogated 

the MES13 cells proliferation, COL1 synthesis and ROS production which was induced 

by TGF-β1 and normal-mimic nanopattern. 

     This in vitro disease-mimic culture system was established to mimic the in vivo renal 

disease condition cellular responses. The TiO2-based disease-mimic nanopattern with 80 

nm depth, 80 nm ridges and 200nm grooves I previously established, was used as the 

physical cue for establishing the drug screening platform. This disease-mimic nanopattern 

had been shown to induce MES13 cells proliferation and alter MM components in my 

previous study [21]. Additionally, the present study designed TGF-β1 as a chemical cue to 

mimic an in vivo disease biological response as closely as possible. Treatment of TGF-β1 

showed to aggravate the cellular responses mentioned above in MES13 cells cultured on 

disease-mimic nanopattern. However, there were no significant changes noticed in those 

cells cultured on normal-mimic nanopattern.  

     Currently, most novel culture systems with nanostructure focus on optimizing 

mechanical and structural properties of scaffolding matrices to better mimic the in vivo 

condition, with minimal integration of physical and chemical cues into the in vitro culture 

systems [4,25,26]. Thus, the appropriate selection of physical and chemical cues for the 

disease model is essential for mimicking the native environment.  
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     The accumulation of ECM is a common phenomenon in the progression of glomerular 

disease [27]. Previous investigations have shown that TGF-β1 is a key mediator closely 

associated with progressive renal fibrosis that constitutes the final common pathway in 

numerous clinical and experimental glomerular injury response in progressive kidney 

diseases [27,28]. Increasing evidence indicates TGF-β1 promotes MC proliferation, 

upregulates MC expression of COL1, which could cause glomerular disease such as 

glomerulosclerosis [28,29]. My previous data demonstrated that MES13 cells expressed 

high proliferation and COL1 and fibronectin production when cultured on disease-mimic 

nanopattern [21]. The present study showed that 1 ng/ml of TGF-β1 significantly 

intensified the MES13 cells proliferation, COL1 production and ROS production when 

cultured on disease-mimic nanopattern. These results indicated that both TGF-β1 and 

disease-mimic nanopattern led MES13 cells display disease-like behavior, which has been 

demonstrate in several clinical and experimental studies on glomerular disease. These 

results suggest that the disease-mimic nanopattern and treatment of TGF-β1 should be 

appropriate for establishing a disease-mimic culture system. 

     Oxidative stress refers to the elevated intracellular ROS such as hydrogen peroxide 

(H2O2), superoxide anion (O2·-), and hydroxyl radical (OH˙) that can cause damage to 

lipids, proteins and DNA [24,30]. In the kidney, ROS can be generated in MCs [30]. 

During the initial period of inflammation, the glomerular mesangium reacts by generating 

superoxide and hydrogen peroxide, mainly by NADPH oxidase [31,32]. In addition, during 

the disease states, elevated Angiotensin II could further induce generation of ROS in MCs 

[30,33]. Furthermore, TGF-β1 increases ROS production and suppresses antioxidant 

enzymes, leading to the development of fibrosis [24,33]. The present study showed TGF-

β1 increases ROS production in MES13 cells on a disease-mimic model, even higher than 
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those induced by disease-mimic nanopattern, suggesting that ROS production reflect the 

MES13 cells were suffering from a disease-like situation.  

     A83-01 is a TGF-βR1 ALK5 kinase inhibitor which can block TGF-β-induced ECM 

overexpression via the downregulation of Smad2 phosphorylation levels [34]. 

Glucocorticoids are widely used as antiinflammatory and antifibrotic agents such as DEX 

are known to block the TGFβ1-induced expression of ECM proteins both in vitro and in 

vivo model [35]. The present study showed that pretreatment with A83-01 and DEX 

respectively reduced cell proliferation, COL synthesis and ROS production in MES13 cells 

which was induced by TGF-β1 and disease-mimic nanopatterns. These results suggested 

that both A83-01 and DEX could attenuate the diseased condition induced by TGF-β1 and 

disease-mimic nanopatterns. 

     An important step of drug discovery process is screening the compound libraries, which 

basically contain hundreds of thousands of compounds, required by the high-throughput 

screening (HTS) [36,37]. HTS allows automatic and rapid testing of the biological or 

biochemical activity of large scale compound libraries for a specific biological target [38]. 

The present study not only provides a novel disease-mimic model for establishing a HTS 

platform in the future, but also offers a new insight into the therapeutics targeting TGF-β-

induced and ROS-dependent cellular signaling, which represents a novel approach in the 

specific pharmacological control of the inflammatory process or fibrotic disorders within 

glomerular mesangium. 
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4.5. Conclusion 

     This chapter evaluates the effect of a disease-mimic culture system with chemical cue 

(TGF-β1) and physical cue (disease-mimic nanopattern) on MES13 cells for establishing 

the drug screening platform.  

     The chemical cue showed to aggravate the diseased cellular responses such as cell 

proliferation, increased abnormal MM component, COL1, decreased normal ECM, COL4, 

and raised ROS proliferation in MES13 cells compared to the physical cue. In contrast, 

normal-mimic nanopattern seems to extenuate MES13 cells these effects. The model drugs, 

both A83-01 and DEX markedly reduced the COL4 and ROS production induced by TGF-

β1, even by disease-mimic nanopatterns. This disease-mimic culture system with chemical 

cue (TGF-β1) and physical cue (disease-mimic nanopattern) showed to induced disease-

like condition in cells. These results indicated that this disease-mimic culture could be used 

as a drug screening platform.  
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Chapter V 

Conclusions and Future Perspectives 

 

5.1. Conclusions 

     Experimental disease models with the purpose to elucidate the pathogenesis, 

mechanism, pharmaceutical efficacy and developing therapeutics of human disease can be 

achieved by in vivo and in vitro models [1-3]. However, both in vivo and in vitro models 

have limitations that result in discrepancy between the in vitro and in vivo studies. The one 

biggest limitation of in vitro models is that petri-dish flat surfaces with a monolayer on 

which cells are cultivated poorly reflect the in vivo nano-environment, which is a complex 

environment of the ECM that provides physical and chemical cues to regulate the cell 

behavior [4, 5]. In order to address these issues, advanced nanofabrication techniques offer 

novel tools to better mimic the in vivo nano-environment [6, 7]. This dissertation consists 

of five chapters. 

     Chapter I introduced the advantages and disadvantages of in vivo and in vitro 

experimental models and its importance in the human diseases related studies. Bridging 

the discrepancy between in vivo and in vitro models due to the difference in the natural 

nanoenvironment and using nanopattern to mimic the natural nanoenvironment could 

dissolve this issue. Herein, I firstly hypothesized that mimicking the natural 
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nanoenvironment by nanopattern could bridge the discrepancy between in vivo and in vitro 

models.  

     Chapter II established an in vivo disease experimental model of IBD-associated renal 

disease studies. The results clarified that a DSS-induced colitis mouse model induced 

changes in glomerular structure and renal inflammation that was consistent with the 

clinical reports of IBD patients with renal disease, which indicated that this DSS-induced 

colitis mouse model could lead to novel uses of the animal model for further investigations 

into IBD-associated renal disease. 

     Chapter III developed an in vitro renal disease model that mimicking the disease-like 

cell behavior which is consistent with the DSS-induced colitis mouse model. The results 

showed a disease-mimic nanopattern guided MES13 cells in adopting disease-like 

behaviors including increased cell proliferation, abnormal MM components (COL1 and 

fibronectin), higher expression of α-SMA, TGF-β1 and integrin α5β1, which indicated that 

this disease-mimic nanopattern could be important to further establish a disease-mimic 

culture system for elucidating the molecular mechanisms underlying glomerular disease 

     Chapter IV evaluated the physical and chemical cues on disease-mimic culture system. 

The results showed that disease-mimic culture system with chemical cue (TGF-β1) and 

physical cue (disease-mimic nanopattern) aggravated the diseased cellular responses such 

as cell proliferation, increased abnormal MM component, COL1, decreased normal ECM, 

COL4, and raised ROS proliferation in MES13 cells, which indicated that this disease-

mimic culture system could induced disease-like condition in MES13 cells and could be 

used as a drug screening platform.  
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     In conclusions, an in vivo IBD animal model, DSS-colitis mice model, showed 

consistent results with clinical reports of IBD patients who have renal disease. In addition, 

an in vitro disease-mimic culture system with chemical cue (TGF-β1) and physical cue 

(disease-mimic nanopattern) showed the consistent results with DSS-colitis mice model, 

which indicated that this disease-mimic culture system could provide a platform to study 

cell behaviors that mimic in vivo diseased conditions. These results verified my hypothesis 

that mimicking the natural nanoenvironment by nanopattern could bridge the discrepancy 

between in vivo and in vitro models. This work could be beneficial for the future pre-clinal 

in vivo studies. 

 

 

Figure 5. 1. Illustration of summary that the consistent results from in vivo and in vitro models developed a 
disease-mimic culture system that could be used for drug screening platform. 
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5.2. Future Perspectives 

     For improvements of related studies using this disease-mimic culture system, I arranged 

some future prospects based on this work. The glomerular filtration barrier consists of MCs, 

endothelial cells, and podocytes along with the glomerular basement membrane. They act 

in different roles to maintain the glomerular filtration function. Herein, the further research 

objective will be divided 1) to modify the parameters of the nanopattern to better mimic 

the specific ECM properties for each cell such as podocytes and endothelial cells; 2) to use 

the co-culture system to establish the disease model for elucidation of cell-cell interaction 

under glomerular disease; and 3) to adjust the parameters of the nanopattern according to 

organ-specific nanostructure and to establish the organ-specific in vitro fibrosis models. 

Figure 5.2 illustrates the future prospects based on the results obtained from this work.  

     In addition to the technical limitations and demands of nanopattern manufacturing, 

observations of nanopatterned samples sometimes suffered due to the sample color causing 

light blocking and resulting in technical difficulties. Finding substitutable biomaterials for 

better observing the unstained cell morphology under inverted light microscope could 

dissolve this limitation. 

 



 114 
      
 

 

Figure 5. 2. Illustration of the future prospects to establish the organ-specific in vitro fibrosis model using 

nanopatterning. 
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