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摘要	 

糖尿病是一種代謝異常疾病，主要原因是由於體內胰島素缺乏或胰島素阻

抗性而所造成血糖高於標準值。其中第一型糖尿病(胰島素依賴型糖尿病)的病人因

為體內胰島素缺乏，所以可透過胰島素注射治療，但是要達到長期有效的調控及

維持血糖，可能的治療方法為胰島移植。然而，胰島移植的兩項瓶頸是胰島來源

的絕對缺乏，以及移植後的胰島存活及功能不佳，使得此項治療還未能廣泛應用

在治療第一型糖尿病的患者。本篇論文的主要目標以胰島移植來治療糖尿病為基

礎下探討可能的改善方式，在研究的第一個部分，我們首先分析並發現人體必需

的營養素維他命 A 在胚胎發育時期是重要影響因子。我們進一步發現全反式維甲

酸,	 維他命 A 酸代謝活性產物，對於胰臟發育扮演重要角色。因此，我們透過探

討母體維生素Ａ缺乏時如何影響胎兒時期的胰島細胞發育，發現全反式維甲酸藉

由調控胰島細胞自行分泌血管內皮生長因子促成胰島內微血管網的生成。根據這

樣的結果，我們進一步探討是否全反式維甲酸能夠用於改善糖尿病治療，結果顯

示全反式維甲酸能夠逐漸透過增加β細胞的數量，以及修復血管層粘連蛋白的表

現來改善糖尿病小鼠的血糖控制，主因是全反式維甲酸能藉由調控胰島細胞自行

分泌血管內皮生長因子促成糖尿病鼠胰島內微血管網的生成、血管層粘連蛋白的

表現和β細胞增生。重要的是發現全反式維甲酸也可以增進移植胰島內微血管網

的生成細及胰島素分泌功能，而能夠有效改善糖尿病小鼠的高血糖症狀。而在研

究的第二個部分，我們試著在三維的細胞培養系統來重新編程肝臟細胞成為表現

Sox9 的肝前驅細胞，這些表現 Sox9 的肝前驅細胞能在聚乙烯醇(Polyvinyl	 alcohol,	 

PVA)受質上形成球體狀的結構；進一步結合表現 Pdx1,	 Ngn3	 與	 MafA 三個轉錄因

子將其重新編程成為製造胰島素的細胞團塊，當這些能產生胰島素的球體細胞團
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塊移植到糖尿病小鼠，發現也能夠有效改善糖尿病小鼠的高血糖症狀。為了改善

胰島來源的絕對缺乏以及移植後的胰島存活及功能不佳的兩項問題，本論文研究

發現可透過維甲酸來增加胰島微血管，來改善移植胰島的存活與功能，更進一步

可透過肝細胞重新編程產製具備胰島素分泌功能的細胞團塊，以改善胰島來源缺

乏的問題。	 
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Abstract 

Diabetes mellitus is a metabolic disorder resulted from insulin deficiency or 

insulin resistance. The primary treatment for patients with type I diabetes (or 

insulin-dependent diabetes mellitus) that are absolutely deficient in insulin is insulin 

injection. However, insulin injection as a regimen for treating diabetes is unable to 

long-termly control blood sugar levels. Instead, islet transplantation is the potential way 

to sustainably modulate glycemic status. However, the shortage of donor islets and poor 

islet graft survival and function limit the potential use of islet transplantation to treat 

patients with type 1 diabetes. The major goal of the PhD thesis is trying to overcome the 

barrier of application of islet transplantation. 

 In the first part of the thesis, we analyzed and found that an essential 

micronutrient, vitamin A, is an important factor in embryogenesis. All-trans retinoic 

acid (atRA), the active metabolite of vitamin A, plays an essential role in regulating 

pancreatic development. We initially investigated how maternal vitamin A deficiency 

may affect fetal islet development and revealed that atRA is involved in regulating 

vascularized islet formation via modulating vascular endothelial growth factor secretion. 

Based on the observation, we next evaluated whether treatment with atRA can 

ameliorate diabetes. We found that administration of atRA could gradually decrease the 

blood glucose levels of diabetic mice, increase the amount of β-cells, and restore the 

vascular laminin expression. Furthermore, atRA induced the expression of vascular 

endothelial growth factor-A from the pancreatic islets, which mediated the restoration 

of islet vascularity and recovery of β-cell mass. Importantly, we showed atRA treatment 



doi:10.6342/NTU201603601

	   V	  

significantly improved grafted islet functionality and vascularity and the combination of 

islet transplantation and atRA administration could rescue hyperglycemia in diabetic 

mice. The findings suggest vitamin A derivatives can potentially be used as a 

supplementary treatment to improve diabetes management and glycemic control. 

In the second part of the thesis, we tried to reprogram primary hepatocytes to 

Sox9-expressing progenitor cells in a three dimensional (3D) culture system. We found 

these Sox9-expressing progenitors could form spheroid on polyvinyl alcohol (PVA) 

substrates. In combination with overexpressing Pdx1, Ngn3 and MafA, these 

hepatocytes could further be reprogramed to insulin-producing clusters. Transplantation 

of insulin-producing clusters into diabetic mice was found to rescue hyperglycemia. In 

conclusion, these current works discovered that atRA treatment could improve survival 

and functionality of the grafted islets. Moreover, these works further developed a novel 

strategy to generate insulin-secreting cell clusters via hepatocyte reprogramming for 

transplantation. 
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Chapter 1. General Introduction 

 

1.1. Diabetes mellitus and treatment options 

The prevalence of diabetes mellitus (DM), a chronic disease, is markedly 

increasing worldwide. DM is a chronic disorder of glucose metabolism characterized 

by elevation of blood glucose and subsequently developing insulin resistance and/or 

insulin secondary deficiency resulted from failure of pancreatic β -cells [1]. Type 1 

diabetes (T1DM) is an disorder characterized by the destruction of pancreatic β-cells, 

which results into failure of insulin production. Type 2 diabetes (T2DM) is 

characterized by insulin resistance and associated with deficient insulin secretion. 

Although present medicine has made significant progress in the treatment of diabetes, 

the eventual treatment regimen is exogenous insulin therapy for management of 

T1DM and T2DM. Nevertheless, the regimen contribute to increasing the occurrence 

of infection, ketoacidosis, hypoglycemia, chronic complications, as well as retinal, 

nervous, renal, cardiovascular and cerebrovascular illnesses [2]. Therefore, it is urgent 

to discover the curative or supportive therapy that helps to regulate physiologic 

glycemic control.  

An alternative approach to regulate physiologic glycemic control in DM patients 

is the manipulation of the natural in vivo β-cell regenerative capacity, primarily by 

stimulating β -cell self-replication [3-5]. However, pancreatic β-cells have an 

extremely limited regenerative potential, so there are major efforts to promote β-cell 
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regeneration in T1DM and T2DM. Unfortunately, this approach is insufficient for 

treating patients with completely or near-completely absent of β-cells, as reported in 

many T1DM patients. 

Islet transplantation is another promising way and has remarkable progress to 

alleviate T1DM [2, 6], but the shortage of donor islets for transplantation and islet 

graft failure which is associated with increased islet cell death and loss of islet cell 

function [7] hinder its extensive development. Recent studies have identified several 

systemic factors and signaling pathways implicated in β -cell replication during 

increased metabolic demand and following injury [8, 9], but the role of local islet 

molecular and cellular factors in regulating β -cell regeneration, and in particular 

human β -cell regeneration, remains unknown. Therefore, methods that can increase 

the number of pancreatic β-cells and improve the survival and function of existing 

islet and enhance the existing β-cell regeneration will be critical for the improvement 

on diabetic treatment. 

 

1.2. Pancreatic islets: anatomy and function 

 Pancreas is a glandular organ that regulates blood glucose and aids in food 

digestion. It lies inferior to stomach, attaches to duodenum via pancreatic duct and is 

vascularized via superior mesenteric artery and vein. Pancreas is a complex organ that 

consists of two functionally and morphologically distinct cell populations, exocrine 

and endocrine cells, derived from endoderm [10].  
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 The exocrine compartment is made up of acinar cells that produce digestive 

enzymes, such as amylases, lipases, proteases, and nucleases, which are emptied into 

the pancreatic duct through an elaborately branched network of ductules composed of 

epithelial cells and at last into duodenum. Acinar cells also produce bicarbonate ions 

and electrolytes into duodenum where they contribute to food processing [11, 12].  

 The endocrine pancreas contributes only 2-3% to the total pancreas mass and is 

composed of scattered cell clusters known as the Islets of Langerhans. Islets are made 

up of at least five types of cells that secrete insulin (β-cells), glucagon (α-cells), 

somatostatin (δ-cells), pancreatic polypeptide (PP cells) and ghrelin (ε-cells). In 

human islets, β-cells and α-cells make up most of the islet (54% and 36%, 

respectively), with a few δ, ε and PP cells [10]. Meanwhile, mouse islets are primarily 

made up of β-cells (~87%), where α-cells (7%) make up the periphery of the islet, and 

a few δ, ε and PP cells [10]. All these hormones are involved in the regulation of 

nutrient metabolism and glucose homeostasis [13]. In normal islets, the role of β-cells 

is to secrete insulin when blood glucose becomes too high. Subsequently, this insulin 

in circulation will stimulate insulin receptors on hepatocytes, adipocytes and 

myocytes. Stimulation of the insulin receptor allows glucose uptake and promotes 

glycogen or fatty acid synthesis. Conversely, α-cells secrete glucagon in response to 

low blood glucose, which will stimulate liver to produce and secrete glucose into 

circulation.  
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1.3. Islet transplantation 

Islet transplantation is an established therapeutic procedure in which islets 

isolated from the pancreas of donors are transplanted into the portal vein of patients 

with T1DM to improve glycemic control. The statistic results in 2014 indicated that 

more than 850 islet transplants have been performed in more than 30 international 

transplant centers according to the International Islet Transplant Registry [14]. 

Clinical islet transplantation achieves insulin independence for up to 5 years 

post-transplant and the islet-transplanted patients have well glycemic control and 

efficiently reduce DM-related complications. Furthermore, patients that have been 

transplanted with islets are shown to have a reduction of hemoglobin A1c levels and 

a decrease in the progression of vascular complications [15]. Though clinical success 

in islet transplantation has been improved obviously over the past years, there are still 

obstacles to overcome for a widespread implementation in the diabetic population. 

Challenges include a short supply of donor tissue and the improvement of the function 

and viability of islets in grafts. For the first challenge, new strategies to obtain 

alternative islet sources have been tried, but they still could not reach the stage of 

clinical application. For the second challenge, chronic hypoxia and inflammation at 

the intraportal transplantation site resulting in progressive loss of the survival and 

function of the grafted islets remains the most severe challenge in islet transplantation 

[16, 17]. To overcome this problem, researchers have tried to improve the niches and 

hence to prolong the functions of the grafted islets. These approaches included the 

implantation of hypoxia-resistant islets, stimulation and sprouting of vessels around 
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the grafted islets, and an intracellular oxygen carrier as well as local oxygen 

production by electrochemical processes or photosynthesis in the grafted islets [18]. 

However, none of these methods has been able to ensure an adequate physiological 

oxygen supply or to allow an adequate immunoprotective environment. Future studies 

will be focused on how to improve the quality of the transplanted islets to allow this 

therapy to be applied in all diabetic patients. 

A promising alternative source of functional insulin-producing cells for 

transplantation is in vitro differentiation of human induced pluripotent stem cells 

(iPSC) that are derived from normal somatic cells such as fibroblasts. Although this 

approach can theoretically provide unlimited number of insulin-producing cells, high 

possibility of graft rejection remains unsolved [19, 20]. Thus, further researches on 

designing optimal delivery methods (encapsulation devices) [21] and developing 

genetically-modified insulin-producing cells from autologous patient-specific iPSCs 

are urgently warranted [22]. Nevertheless, most cell differentiation protocols from 

iPSCs have  common problems that the derived cells are heterogeneous and the risk 

of tumorigenesis after transplantation [23-25]. 

 

1.4. Thesis objectives 

 Islet transplantation is the alternative cell replacement therapy to treat diabetes. 

However, shortage of donor tissue and frequent islet graft failure have been shown to 

be the major obstacles for its application. The objective of this thesis is to provide 
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potentially better strategies for the treatment of diabetes based on β-cell replacement 

therapy.  

 Firstly, to solve the problem of islet graft failure, vitamin A metabolite which 

participate in regulating function of pancreatic β-cells was evaluated. Recent 

accumulating evidences suggest that alterations in the status of vitamin A metabolism 

contribute to the pathogenesis of obesity and diabetes. Patients with T1DM are 

associated with impairment in vitamin A metabolism. Deficiency in vitamin A is 

possibly one of the major causes of fetal growth restriction and subsequent risk of 

insulin resistance and glucose intolerance in adulthood. Maternal vitamin-A 

deficiency during pregnancy affects fetal islet development but the mechanisms have 

not been clearly determined. We validated the effects of rerinoic acid (RA), one 

vitamin A metabolite, on regulating islet development and investigated whether 

treatment with RA can attenuate diabetes. Secondly, to solve the problem of donor 

shortage, we utilized the dedifferentiated hepatocytes into sphere-type hepatic 

progenitor cells and transdifferentiated them into insulin-producing cells. 

 The hypotheses in the thesis are: 1) RA regulate vascularized islet development 

via modulating the VEGF-A level in embryonic pancreas. 2) RA can increase 

vascularization of islet graft to enhance the islet graft function. 3) transdifferentiated 

insulin-producing cells derived from sphere-type hepatic progenitor cells as a source 

of cell replacement therapy for diabetes treatment. 
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The objectives of Chapter 2 are 1) to investigate how maternal vitamin A deficiency 

affects fetal islet development and 2) to evaluate whether treatment with all-trans 

retinoic acid (atRA) can ameliorate diabetes. 

 The objective of Chapter 3 is to evaluate whether treatment with induced 

insulin-producing cells transdifferentiated from sphere-type hepatic progenitor cells 

can attenuate diabetes. 
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Chapter 2.  All-trans Retinoic Acid Ameliorates Glycemic Control in 

Diabetic Mice via Modulating Pancreatic Islet Production of 

Vascular Endothelial Growth Factor-A  
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2.1. Introduction  

As the increasing diabetic incidence worldwide, it has been noted that vitamins A 

as the major “agents of influence” in the development of diabetes. Vitamin A is an 

essential vitamin that is essentially derived from vitamin-A-rich foods as well as 

foods containing the carotenoid β-carotene [26]. Retinoic acid (RA), the active 

metabolite of vitamin A, is a critical signaling molecule during the development of 

vertebrates [27]. Retinoids have long been considered as key factors to control the 

differentiation program of certain epithelial cells and have critical effects on vision, 

growth, reproduction and resistance to infection. Vitamin A deficiency would induce 

impairment of cellular differentiation, reduction of resistance to infection, anemia and 

ultimately, death. The studies by Wolbach and Howe [28] in 1925 indicated that in 

rats fed with vitamin A deficient diet, increased proliferation and neoplasm-like 

growth in epithelial tissues would been seen. Conversely, many aquatic species (such 

as shark) show a scarcity of neoplasms because of their high content of vitamin A 

[29]. Currently, RA is medically used as the primary treatment for acute 

promyelocytic leukemia [30]. There are several studies focusing on the 

relationships between RA metabolism and embryogenesis and carcinogenesis. 

Recently, growing evidences have demonstrated that vitamin A can regulate 

metabolic pathways implicated with the pathogenesis of diabetes [31, 32]. However, 

the fundamental question is whether vitamin A can contribute to alleviate diabetes. 

The thesis investigated the mechanisms of RA on the regulation of islet development 

or diabetes. Here, we briefly review the recent researches in RA metabolism and 
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its relationships with islet development and diabetes from the clinical and scientific 

perspectives. 

 

2.1.1. Overview of retinoic acid (RA) metabolism 

Vitamin A is a lipophilic micronutrient. Vitamin A cannot be synthesized in 

human; it can only be obtained from diet to meet the need. Vitamin A is existed in 

two forms: 1) retinol or retinol esters from animal sources such as milk, liver and eggs 

and 2) provitamin A carotenoids which are from plant sources such as carrots and red 

pepper [33]. Target cells can take retinol from the circulation through spontaneous 

diffusion across plasma membrane, which are dictated by its extracellular to 

intracellular concentration gradient [34], or through STRA6, a cell surface receptor 

[35]. Intracellularly, vitamin A metabolism is regulated by a serious of enzymes and 

proteins involved in transportation, production, and catabolism of retinol [36]. The 

physiological functions of vitamin A are mainly mediated by its metabolites, namely 

retinal and RA (retinoids). Two oxidation steps occur during the conversion from 

retinol to retinal (retinaldehyde). Intracellularly, retinol is associated with 

retinol-binding protein (RBP) and is oxidized to retinaldehyde (rate-limiting) by two 

types of enzymes: alcohol dehydrogenase (ADH) of the medium-chain ADH family 

and short-chain dehydrogenase/reductase (SDR) [37-39]. Retinaldehyde is further 

irreversibly oxidized to atRA by retinaldehyde dehydrogenase (RALDH) [40]. 

RALDH1-4 proteins are expressed in the mouse liver and the expression of RALDH1 

is also detectable in lipid-engorged cells [41]. The expression of Raldh1 (also known 
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as Aldh1a1) mRNA was detected weakly in the rat liver [42] which appears to be the 

predominant enzyme for RA biosynthesis [43]. RA biosynthesis is controlled 

by downregulating RALDH1 through modulation of retinoic acid receptor a (RAR𝛼) 

and the CCAAT/enhancer-binding protein β (C/EBPβ) [44, 45]. In addition, estrogen 

receptor alpha can regulate the expression of Raldh1 in rat anterior pituitary cells 

[46]. Besides, the expression of RALDH2 and RALDH3 can be detected in the 

developing anterior pituitary glands of rats [47].  

RA plays an essential role in regulating cell growth, cell differentiation, cell 

cycle arrest, and apoptosis [48-51]. Such characteristic enables RA to suppress 

carcinoma cell proliferation and to be clinically used for treatment of malignancies 

(e.g., promyelocytic leukemia, Kaposi’s sarcoma, and premalignancies) [52]. The 

transcriptional activities of RAs are mediated by nuclear receptors RARs and RXRs 

that belong to a large family of steroid hormone nuclear receptors exhibiting 

tissue-restricted patterns of expression [53, 54]. AtRA, the bioactive form of RA, is a 

small lipophilic molecule (300 daltons) that circulates in blood and is bound to 

albumin at a concentration of 1 to 10 nmol/L [55]. AtRA can regulate the expression 

of multiple genes [56] and RAR α, β, and γ are high affinity receptors for atRA. The 

transcriptional activity of RA-RAR is dependent on the formation of the RAR/RXR 

heterodimer that contains ligand-binding domain (LBD) and DNA-binding domain 

(DBD). Upon ligand binding, the DBD of the receptors would bind to RA response 

elements (RAREs) locating in the regulatory regions of target genes and subsequently 

modulate the transcription of these target genes [57, 58].  
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Each RAR exhibits a spatially and temporally specific expression pattern during 

embryonic development [59]. RARα is almost ubiquitously expressed [53, 60]. RARβ 

and RARγ are expressed in more restricted patterns [53, 61]. This phenomenon 

indicates that RARα, RARβ, and RARγ may have their own specific functions. Mice 

null for RARα display some of the features of vitamin A deficiency with decreased 

viability, growth deficiency, and male sterility [62]. However, most of the defects in 

RARα-null mice can be reversed by RA treatment. Null mice for RARβ display a 

selective loss of striosomal compartmentalization in the rostral striatum and 

locomotor defects, which are correlated with dopamine signaling and indicates 

that RA plays an important role in the regulation of brain [63, 64]. RARγ is highly 

expressed in skin and RARγ-null mice display some defects associated with vitamin 

A deficiency, which can be reversed by RA treatment, indicating that RARγ 

mediates some of the retinoid functions in vivo [65, 66]. Signaling pathways initiated 

by Cdk7 and PKA are involved in the positive control of retinoid-regulated 

transcription [67, 68]. Conversely, PKC, Akt and JNK-induced phosphorylation lead 

to degradation and repression of RAR/RXR [69-71]. Several evidences indicate that 

phosphorylation of RAR/RXR to suppress downstream signaling has a crucial role in 

the development of certain cancers [72, 73]. Besides, RA is essential in the 

development of brain, heart, lung and limb formation during embryogenesis [74]. 

Deregulated retinoid signaling contributes to a serious of diseases, including cancer 

and metabolic diseases [31, 75-77]. Retinoids have been extensively investigated for 

their use in cancer prevention and treatment [78].  
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2.1.2. Vitamin A deficiency in diabetes 

Several investigations have indicated that vitamin A metabolism is altered in 

diabetic patients, including decreased levels of plasma retinol and RBP [79-81], 

elevated serum carotenoids [80, 82], decreased RBP mRNA, reduced hepatic retinyl 

ester hydrolase activity [83] and increased urinary excretion of the RBP [84]; all these 

indicate decreased metabolic availability of vitamin A in diabetic patients [81, 83].  

Experimental models of T1DM in rodents have been shown to be consistent with 

human patients. Serum vitamin A and hepatic levels of retinyl-palmitate (RP) are 

significantly decreased in streptozotocin (STZ)-induced diabetic rats and biobreeding 

(BB) rats [79-81]. Nevertheless, it has been shown that decrease in pancreatic levels 

of vitamin A in adult mice would result in loss of β cell mass with concomitant 

hyperglycemia [85]. In addition, vitamin A deficiency was shown to cause a reduction 

of β-cell mass in the fetal pancreas [86].  

On the other hand, diets rich in vitamin A have the potential to reduce the onset 

and pathogenesis of autoimmune diabetes [87]. Retinol could potentiate 

glucose-stimulated insulin secretion (GSIS) with the modulation of the concentration 

in the isolated rat pancreatic islets [88]; and GSIS would be restored with repletion of 

vitamin A [89]. Besides, the effects of vitamin A on insulin secretion are dependent 

on its active metabolites as well. AtRA can increase insulin secretion and insulin 

content in insulin–secreting cells as well [90, 91]. These studies suggest that vitamin 

A is important for the regulation of insulin secretion and maintain glucose 
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homeostasis. 

 

2.1.3. Vitamin A deficiency in islet development during embryogenesis 

Vitamin A deficiency (VAD), which is generally associated with decreased 

dietary intake of vitamin A together with a high prevalence of infectious diseases such 

as measles and diarrhea, appears to be an important public-health issue in developing 

countries. Maternal VAD appears to be widespread in developing countries. The 

World Health Organization has estimated nearly 20 million pregnant women are 

vitamin A deficient [92, 93]. Vitamin A is an essential micronutrient that is required 

during vertebrate embryogenesis [94]. Deficiency in vitamin uptake is widely 

prevalent in developing countries during pregnancy and gestation resulting in lower 

infant birth weight, a surrogate marker of poor fetal growth and nutrition [93], defects 

in organogenesis involving ocular, genitourinary tract, kidneys, diaphragm, lung, 

aortic arch and heart [95], and increased risk for insulin resistance, glucose 

intolerance and hypertension in adulthood [93]. However, the knowledge for the 

association between fetal vitamin A deficiency and the development of β-cell in islets 

remains limited. Recent publications only demonstrated that maternal deficiency of 

vitamin A in rat lead to reduction in β-cell mass and number in the offsprings [86], 

but the mechanisms that how vitamin A regulates the differentiation of β-cells still 

remain to be elucidated.  
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atRA is essential for morphogenesis, cell differentiation, cell growth and 

apoptosis during embryonic development [48-51]. Genetic studies in zebrafish and 

mice revealed atRA was generated by RALDH2 in mesoderm [96-98]. Moreover, 

Raldh1 mRNA is expressed in mouse and human pancreas at stages as mature β-cells 

are generated during pancreatic organogenesis [99], suggesting the role of atRA in 

β-cell differentiation. Inhibition of atRA signaling at gastrula stage in Xenopus results 

in loss of dorsal pancreas [100] suggesting that atRA functions as an essential 

endocrine signal in pancreas [96-100]. AtRA not only plays an essential role in the 

specification of the embryonic pancreas, but also regulates endocrine differentiation 

in later stage of pancreatic development [101]. Several recent studies revealed that 

atRA enhanced the generation of Ngn3-positive endocrine progenitor cells in 

embryonic pancreas [86, 99] as well as the proportion of insulin-expressing cells in 

embryonic chicken pancreas [102]. In adult pancreas, atRA has also been shown to 

increase the activity of glucokinase in adult pancreatic β-cells [103] and increase 

insulin secretion in a pancreatic insulinoma cell line [90]. In contrast, vitamin A 

deficiency impairs islet development in rats and hens [86, 104].  

The biological effects of RA are mediated by RARs and/or RXRs that were first 

identified in mouse pancreas. During embryogenesis, RARα starts to be expressed in 

the pancreatic mesenchyme at around embryonic day 12 (E12), whereas RXRα is 

expressed in the epithelium of ducts and acini after E15 [105], suggesting that isomers 

of RAR may exert differential effects during pancreatic organogenesis. Knock out of 
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RARβ has been shown to cause a reduction in Ngn3 expression level as embryonic 

stem cells were differentiated into pancreatic endocrine cells [106]. Together, these 

studies indicated the multiple pivotal roles of RA during islet development. However, 

the importance of retinoids in the maturation of pancreas and islet cells is not well 

established and conflicting data exist regarding the relative affects of RA on 

endocrine differentiation. For example, addition of atRA was shown either exerting 

no effect [107] or significantly increasing [108] the proportion of insulin cells in 

mouse pancreas. 

 

2.1.4. Vascular basement membrane in pancreatic islet 

Extracellular matrix (ECM) is a three-dimensional, non-cellular structure 

containing unique components in all tissues. ECM is dynamic and is generated from 

early embryonic stages to adult life. The function of ECM is providing support for 

tissue integrity and elasticity [109]. Components of ECM serve as ligands for cell 

surface receptors such as integrins, thereby transmitting signals to regulate cell 

adhesion, migration, differentiation, proliferation, apoptosis, and survival [110]. 

Basically, ECM can be divided into basement membrane (BM), the tight 

networks of specialized glycoproteins that not only act as a barrier to separate tissue 

compartments but also direct cellular processes, and the looser interstitial matrix (IM) 

which is the typical stroma of most organs conferring flexibility and elasticity to 

tissues[109, 111, 112]. In pancreas, BM is predominantly occurring around acinar 
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cells of the exocrine pancreas, surrounding blood vessels and ducts, and encasing 

pancreatic islets. In particular, a specialized ECM from the islet BM can attach the 

cells at the periphery of islets via integrin-matrix protein interactions [113-115]. 

Laminin and collagen type IV networks are the major components of the BM. They 

self-assemble into networks that are interconnected by heparan sulfate proteoglycan 

(HSPG)s [116] or by nidogens [117-120]. Collagen type IV is considered to be the 

basic structure of BM, whereas laminins transduce specific signals that have impact 

on the proliferation, migration, and differentiation of cells attached to or moving 

through BM and thereby laminins are considered as the biological active components. 

Laminins are heterotrimers composed of α, β, and γ chains and are named according 

to their chain composition (e.g., laminin 111 is α1, β1, γ1); 18 different isoforms are 

known with differential expression patterns and functions [121] mediated by direct 

binding to a variety of different integrins and non-integrin receptors [122]. Pancreatic 

islets are highly vascularized and each intraislet capillary is surrounded by 8-10 

β-cells [123, 124]. Besides, each β-cell is in contact with an endothelial cell-derived 

BM referring to as vascular endothelial BM. This BM is important for islets [113, 

125]. The two layers of BM surrounding capillaries within human islets also confirm 

this notion [126]. Vascular endothelial BM within pancreatic islets is rich in laminin 

α4 and α5 both in mouse [127] and in human [127, 128]. Both laminin components 

are required for β-cell adhesion, proliferation, and insulin secretion [129].  
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Several evidences proved for the vascular basement membrane being implicated 

in islet function. The so-called 804G-extracellular matrix [130-133] contains major 

basement membrane components including collagens and laminins. When purified rat 

β-cells were plated on 804G-matrix, these β-cells secreted more insulin in response to 

glucose and exhibited a better survival rate [130]. Furthermore, it has been 

demonstrated that the 804G-matrix enhanced insulin secretion via NFκB as well as 

the Rho/ROCK pathway [131, 132]. The basement membrane components can further 

influence cell growth, survival and replication via activating ERK and Akt/PKB 

pathways [130, 133].  Besides, it also indicated that the interaction of laminin with 

α6β1-integrin exhibited an improved insulin secretion from rat islets as plated on 

804G-matrix [130, 134]. Specific knockdown of α6- or β1-integrin or usage of a 

blocking antibody against β1-integrin demonstrated that α6β1 integrin heterodimer is 

a laminin receptor that promotes insulin gene transcription. Studies in vitro showed 

that laminin positively influence insulin transcription as plating VEGF-A-/-islets [129] 

and MIN6 cells [135], a mouse tumor cell line derived from pancreatic β -cells, on 

laminin. The strongest effect of elevating transcriptional level of insulin was observed 

when MIN6 cells were plated on laminin-111, laminin-411, and laminin-511. These 

observations demonstrated that β-cell-laminin matrix interaction can modulate insulin 

expression of β-cells and the sensitivity of β-cells to glucose. 
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2.1.5. The roles of VEGF in pancreatic islets 

Pancreatic islets are highly vascularized and contain a 5-fold denser capillary 

networks that are thicker and more tortuous than vessels of the exocrine tissue [136]. 

Besides, pancreatic islets have a structurally and functionally unique capillary 

networks [136, 137]. There is an intimate association between β-cells and the islet 

vasculature where each β-cell is in cellular proximity to endothelial cells [136, 137], 

with one cell domain bordering an afferent capillary, whereas another neighbors an 

efferent capillary [129, 138, 139].  

Much work to understand the mechanisms directing normal islet vascularization 

has been focused on the roles of islet-derived angiogenic factors. Several recent 

studies proposed that requirements for blood vessel-derived signals might differ 

between early and later stages of pancreas development [140-143]. VEGF-A produced 

by islet endocrine cells is a predominant regulator of islet-specific angiogenesis and 

vascularization. Conversely, endothelial cells also appear to signal back to β-cells to 

mediate proper pancreatic organogenesis and β-cell function [136, 144-146] and to 

promote islet development and maintain β-cell homeostasis [146-149]. Inactivation of 

VEGF-A either in the early pancreas [146] or newly formed differentiated β -cells 

[136] leads to immaturities of intra-islet capillary plexus and vascular permeability, 

resulting in substantial defects in islet function including insulin secretion and glucose 

intolerance. Gene deletion studies have shown that VEGF-A produced by β-cells is 

necessary for the maintenance of intra-islet endothelial cells and islet-specific 

capillary fenestrations, which are necessary for normal β-cell function and insulin 
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secretion [136, 145, 146, 149, 150]. Interestingly, genetic overexpression of Vegfa in 

β-cells resulted in islet hypervascularization, but the effects on β-cell mass and 

function differed among studies [140, 141, 148, 151]. On the contrary, overexpression 

of VEGF-A in developing pancreata [141, 148] or β-cells [140] is detrimental to 

pancreatic vascularization, β -cell mass expansion, and islet hyperplasia. However, a 

recent report indicated that VEGF-A-stimulated intra-islet endothelial cell expansion 

in adult islets is associated with reduced β-cell mass [151]. In general, the 

physiological effects of VEGF-A are known to be dosage-dependent over a fairly 

narrow physiologic range [152, 153]. It was shown that a 2-fold deviation (increase or 

decrease) in Vegfa levels could lead to significant defects in some developmental 

systems [154, 155]. In addition, absence or overexpression of Vegfa may change the 

expression of other VEGF family members, or activate other compensatory pathways 

[145, 152, 153, 156]. These epiphenomena can diminish the power of Vegfa gene 

deletion or overexpression models because the relatively extreme changes in VEGF-A 

levels in such studies do not normally occur physiologically, which may explain the 

discrepancies between the previous studies [140, 141, 148, 151]. Therefore, VEGF-A 

expression must be precisely controlled in the developing pancreas for proper islet 

development and long-term glucose homeostasis. Increasing evidence suggests that 

local organ-specific vascular niches are determinant in organ repair where ECs 

produce tissue-specific paracrine growth factors, defined as angiocrine factors [157]. 

VEGF-A signaling through its obligatory VEGFR2 receptor plays a critical role in 

this process.
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2.2. Material and Methods  

2.2.1. Reagents 

All-trans retinoic acid (atRA), (E)-4-[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl- 

2-naphthylenyl)-1-propenyl] benzoic acid (TTNPB), 4-Diethylamino- benzaldehyde 

(DEAB), SU5416 and streptozotocin (STZ) were purchased from Sigma (St. Louis, 

MO). VEGF-A was obtained from R&D System Inc. (Minneapolis, MN). atRA, 

TTNPB, DEAB and SU5416 were dissolved in DMSO (Sigma) and added to the 

cultures at the concentrations indicated in the text. VEGF-A was dissolved in 

phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin and added at 

a final concentration of 10 ng/ml. 

 

2.2.2. Animals, diets and experimental design 

All animal experiments were approved by Academia Sinica Institutional Animal 

Care and Utilization Committee. Mice were housed under specific pathogen free 

facility conditions. Wild type C57BL/6JNarl mice were purchased from National 

Laboratory Animal Center (NLAC). Tie2-Cre (B6.Cg-Tg (Tek-Cre) 12Flv and Z/EG 

mice (B6.Cg-Tg (ACTB-Bgeo/GFP) 21Lbe) were imported from The Jackson 

Laboratory. Tie2-Cre; Z/EG mice [158] were bred and utilized to analyze changes in 

the ratio of pancreatic endothelial cells under Vitamin-A deficient conditions.  

Randomly selected 6-10 week old female C57BL/6JNarl or Tie2-Cre; Z/EG 

mice were fed with D13001 Vitamin A Deficient Rodent Diet (Research Diets, New 

Brunswick), a modified AIN-76A diet without addition of vitamin A ( table 1), 2 
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weeks before mating and throughout pregnancy. We then collected pancreatic tissues 

from vitamin-A deficient embryos at E15.5, E19.5 and newborn postnatal day 2 (P2) 

vitamin-A deficient mice. 

Diabetic mice from male six-to-eight week old CD-1 mice were induced by 5 

continuous injections of 40 mg/kg/day STZ. In some experiments, diabetic mice were 

administrated intraperitoneally with 1 mg/kg atRA every other day. 

 

2.2.3. System for ex vivo culture of mouse embryonic pancreatic buds 

Embryonic pancreata were isolated and cultured as described previously [100, 

106, 108]. We dissected the dorsal pancreas from E11.5 mouse embryos obtained by 

timed mating CD-1 mice purchased from BioLASCO Taiwan Co. Ltd. Detection of 

the vaginal plug was considered as stage E0.5 in the timing of embryo collection. The 

pancreatic buds were plated directly on fibronectin coated coverslips with MEM 

medium (Invitrogen) containing 20% fetal bovine serum (Hyclone), 2 mM 

L-glutamine (Sigma), 100 unit/ml penicillin and 100 µg/ml streptomycin (Sigma) for 

culture. Cultures were maintained for up to 7 days at 370C in 5% CO2, with a change 

of medium every two day. AtRA (1 µM), DEAB (100 µM), TTNPB (1 µM), VEGF 

(10 ng/ml), and SU5416 (10 nM), was added from the third day of culture. All 

treatments were applied to at least three explants from at least two to three litters of 

embryos, and all experiments were performed under low-light conditions to avoid 

retinoid photoisomerization.  
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2.2.4. Pancreatic islet isolation 

Islets from six-to-eight-week-old male CD-1 mice were isolated using 

collagenase digestion as described previously [159] and cultured in RPMI 1640 

medium containing 11.1 mM glucose, 100 units/ml penicillin, 100 mg/ml 

streptomycin, and 10% FCS (Invitrogen, Carlsbad, CA). atRA (1 µM) and 

anti-integrin α6 antibody (10µg/ml, Millipore, Billerica, MA) was added from the 

second day of culture. All experiments were performed under low-light conditions to 

avoid retinoid photoisomerization. 

 

2.2.5. Histology and immunohistochemistry 

 Pancreatic tissue sections were deparaffinized in xylene and rehydrated in 

descending ethanol series to water. For routine histology, 5 µm sections of 

formalin-fixed, paraffin-embedded tissue were prepared and stained with hematoxylin 

and eosin. For immunohistochemical staining of sections, the avidin-biotin-peroxidase 

complex (ABC) method was applied. Paraffin sections were initially deparaffinized, 

rehydrated, incubated with 3% H2O2, and subjected to antigen retrieval by heating in 

citrate buffer (10 mM, pH 6.0). The slices were blocked with blocking serum, 

followed by incubation with primary antibodies in appropriate dilutions at 4°C 

overnight. Controls were incubated with either phosphate buffered saline and/or 

purified mouse IgG standard in the same dilution as the primary antibodies. After 

washing three times with PBS the slices were incubated with a second antibody. 

Slides were then counterstained with hematoxylin and mounted with glycergel 
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mounting medium (Dako) for light microscopy. 

 For morphometric analysis, E15.5, E19.5 and P2 pancreata were fixed in 4% 

paraformaldehyde and paraffin embedded. Each pancreas was sectioned at seven 

different levels and for each 5 µm section was collected on a slide. Total pancreatic 

area identified was quantified using a ScanScope slide scanner, analyzed by 

ImageScope viewer (Aperio Technologies, USA) and expressed in µm2. The average 

pancreatic area was determined on at least six pancreata for each group. All results are 

expressed as mean± standard deviation (SD) and significance of differences between 

control and VAD groups was evaluated with Student’s t test. 

 

2.2.6. Immunofluorescence staining  

Pancreatic buds were fixed in MEMFA (10% formaldehyde, 0.1 M MOPS, pH 

7.4, EGTA 2 mM, MgSO4 1 mM) for 30 minutes or fixed in cold acetone/methanol 

for 10 minutes, then permeabilized with 1% Triton X-100 for 30 minutes, and blocked 

with 2% blocking buffer (Roche) which contained 0.1% Triton X-100 for 3 hours. 

Then sequentially incubated pancreatic bud with primary antibodies overnight at 4oC 

and followed by incubation with secondary antibodies for 1 hour in a dark place. In 

addition, nuclei were stained using 4,6-diamidine-2-phenylindol-dihydrochloride 

(DAPI, Sigma, USA) for 10 minutes. Cover slips were mounted in Prolong Gold 

anti-fade reagent (Molecular Probes, Eugene, OR).  

For immunofluorescent staining on pancreatic sections, pancreatic tissue from P2 

newborn mice were dissected and fixed in 4% paraformaldehyde overnight at 4oC. 
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Prior to immunofluorescent staining, sections were deparaffinized in xylene and 

rehydrated through a graded alcohol series and then subjected to heat-induced antigen 

retrieval using citrate buffer. The sequential immunofluorecent staining was 

performed in the same manner as described above. The antibodies were diluted and 

obtained as follows: rabbit anti-Amylase (Sigma, 1:200), mouse anti-Glucagon 

(Sigma, 1:300) and rabbit polyclonal anti-laminin (Sigma, 1:100); rat anti-CD31 (BD, 

1:100); mouse anti-Insulin (Biodesign, 1:300) and rabbit anti-C-peptide (Biodesign, 

1:200); rabbit anti-Pdx-1 antibody (Millipore, 1:200); horse anti-mouse IgG Texas 

Red conjugate (Vector, 1:200), rabbit anti-rat IgG FITC conjugate (Vector, 1:100), 

and goat anti-rabbit IgG FITC conjugate (Vector, 1:100); the specimens were 

observed with a Leica Confocal microscope SP2 (Milton, Keynes, UK). Image 

collection from Leica was performed with LW4000 software and the images collated 

with Adobe Photoshop. 

For the expression of total insulin-positive or vascular area (CD31-positive) from 

pancreatic buds grown in culture medium for 2 days and supplemented without and 

with atRA for next 5 days were also determined with double staining. Pancreatic 

PDX-1, insulin CD31 and laminin expression pattern in islets derived from each 

experimental group, including STZ-induced diabetic mice without and with atRA 

treatment and neonatal mice from feeding female mice with vitamin A deprived diet 

prior to mating and during pregnancy, were determined with double 

immunofluorescence labeling. The images were visualized with the Zeiss or Leica 

Confocal Microscope and analyzed by MetaMorph software (Universal Imaging, 
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Downington, PA). Data were then transferred to Excel Software (Microsoft, Redmond, 

WA) for analysis. 

 

2.2.7. Insulin and VEGF-A secretion assays 

Six pancreatic buds were grown on fibronectin-coated 24-well plates for 7 days 

in medium supplemented with 1 µM atRA or 1 µM TTNPB from day 3 of culture. 

For measurement of VEGF secretion, the medium was collected at the end of the 

culture period (i.e. the final 24hr collection).  

For measuring insulin secretion, bud cultures were rinsed with Krebs-Ringer 

buffer (119 mM NaCl, 4.74 mM KCl, 2.54 mM CaCl2, 1.19 mM MgSO4, 1.19 mM 

KH2PO4, 25 mM NaHCO3, 10 mM HEPES, and 0.1% bovine serum albumin, pH 7.4), 

and then incubated in Krebs-Ringer buffer containing 20 mM glucose for 2 h. At the 

end of the incubation period, collected the supernatant was used for measuring insulin 

secretion.  

To isolate plasma from mice, blood samples were collected by heart puncture 

into heparinized tubes at the end of the experiment. The blood samples were collected 

in the tubes. The blood was centrifuged at 1,500 g for 10 min at 25°C, and the plasma 

was aliquots and stored immediately at –20°C until assayed. All of the samples were 

thawed at 4°C only at the time of the enzyme-linked immunosorbent assay (ELISA) 

analysis. 

VEGF production by pancreatic buds or islets or plasma VEGF was measured 

using VEGF-A ELISA kit according to the manufacturer’s instructions (Raybiotech, 
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Norcross, GA). Measurement of insulin secretion was carried out with an insulin 

ELISA kit according to the manufacturer’s instructions (Mercodia, Uppsala, Sweden).   

 

2.2.8. Measurement of insulin content 

For each independent experiment, ten islets were plated and exposed to the 

treatment condition as indicated above. Islets were lysed in protein lysis buffer and 

the amount of whole islet protein was measured by BCA protein assay. Insulin 

content was determined with mouse insulin ELISA kit (Mercodia) and normalized to 

total protein.  

 

2.2.9. RNA preparation, RT-PCR and quantitative PCR analysis 

Total RNA was prepared from using cultured pancreatic buds the TRI reagent 

(Sigma, Poole, U.K.) following manufacturer's instructions. The total RNA samples 

were digested with DNase I (Promega, Southampton, UK) to remove any 

contaminating genomic DNA and stored at -80°C until analysis. The cDNA was 

synthesized for PCR by using SuperScript III reverse transcriptase (Invitrogen). The 

PCR products were analyzed by agarose gel electrophoresis using 1.5% agarose gels 

and detected with EtBr (Sigma). Primer sequences used are list in Table 2. Real-time 

PCR was performed using an ABI 7900 PCR machine with the KAPA SYBR master 

mix (Kapabiosystem). The relative expression levels were normalized to GAPDH. 
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2.2.10. Islet transplantation 

After STZ treatment, diabetic mice (blood glucose levels >350 mg/dl) were 

randomly assigned to three groups and were transplanted with islet mass (200 islets). 

At the time of transplantation, a breach was made in the kidney capsule, and a 

polyethylene catheter was introduced through the breach along the kidney capsule to 

generate a subcapsular space. Freshly isolated islets were injected through the catheter 

into the subcapsular space and implanted beneath the renal capsule on the dorsal side 

of the left kidney of STZ-induced diabetic mice that had been anaesthetized by 

intraperitoneal injection of Avertin (0.02 ml/g of a 2.5% [vol/vol] solution of 10 g 

97% [vol/vol] 2,2,2,-tribromoethanol in 10 ml of 2-methyl-2-butanol). After removing 

the catheter, the opening was cauterized, and the kidney was repositioned, followed 

by suturing of muscle and skin [160, 161]. At the end of the experiment, the 

graft-containing kidneys were removed and fixed in 10% (vol/vol) buffered formalin, 

dehydrated and embedded in paraffin. Embedded tissues were consecutively 

sectioned with 5 µm thick. 

 

2.2.11. Statistical analyses  

The data are presented as mean ± SD. Statistical analysis was performed using 

Student’s t test or one-way ANOVA followed by Bonferroni's multiple comparison 

test post hoc analysis as appropriate with Prism software. Differences were 

considered statistically significance at p<0.05 in all cases. 
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2.3. Results 

2.3.1. Vitamin A deficiency impairs vascularization during endocrine pancreas 

development  

To determine the role of vitamin A in mouse pancreas development, female mice 

were fed with a chemically-defined diet lacking vitamin A prior to mating and during 

pregnancy. We initially found vitamin A deficiency during fetal development resulted 

in 50~70% reduction in the size of pancreata although pancreatic morphogenesis and 

exocrine differentiation as judged by amylase expression appeared normal (Fig. 

1A-C). Notably, although pancreatic β-cells were present, the levels of insulin and 

C-peptide expression in islet-like clusters were significantly reduced in VAD mice 

compared to neonatal control mice (Fig. 1B). Previous studies have demonstrated that 

endothelial cells participate in pancreatic islet development [148, 162, 163]. As 

dietary deprivation of vitamin A leads to impairment in β-cell differentiation, we 

asked whether vitamin A deficiency affect endothelial differentiation in pancreas. 

Although small mall vessels could occasionally be identified in the region adjacent to 

islet-like clusters in the pancreas of VAD mice, markedly positive for smooth muscle 

actin (SMA) in Fig. 2A, however, capillary endothelial cells marked by GSL II were 

rarely detected in the islet region of VAD mice (Fig. 2A). On the contrary, capillary 

endothelial cells could be found within pancreatic islets in control neonatal mice 

(arrows in Fig. 2A). To further determine whether vitamin A regulates the endothelial 

differentiation during pancreas development, Tie2-Cre/ZEG transgenic mice was 

utilized in which expression of Cre recombinase is driven by an endothelial-specific 
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promoter/enhancer [158] and expression of EGFP is activated only after Cre-mediated 

recombination [164]. Utilizing FACS analysis, we revealed that pancreatic 

GFP-positive endothelial cells were significantly reduced by 30~80% in VAD mice 

(6.44% vs 12.27% in normal diet mice). In addition, the levels of laminin and insulin 

were also examined. Laminin is located within the vascular basement membrane of 

pancreatic islet and is utilized as a marker for visualizing vasculature. Islet 

vasculature in neonatal mice showed an increased the laminin level expressing by 

immunofluorescence staining (Fig. 2C), whereas the percentage of laminin expressing 

capillary in islets were significantly lower in VAD neonatal mice (Fig. 2D). 

 

2.3.2. Inhibition of endogenous retinoic acid biosynthesis reduced vascular 

laminin level and suppressed β-cell differentiation in embryonic pancreas 

Deletion of VEGF-A in pancreatic islets resulted in an impairment in β-cell 

proliferation and insulin expression [146] suggesting that an interaction between 

endocrine pancreatic cells and endothelial cells modulates endocrine pancreas 

development. Therefore, we hypothesized that abnormal differentiation of β-cells may 

be resulted from poor capillary endothelial differentiation during islet development. 

Previously, ex vivo culture of dorsal pancreatic buds was utilized to investigate 

pancreatic organogenesis [108, 165, 166]. Using the system for ex vivo culture of 

mouse embryonic pancreas, we found that clumps of endocrine cells resembling 

nascent islets development which were positive for insulin and glucagon staining (Fig. 

3A) were observed in the 7-day embryonic pancreas culture (Fig. 3A). In order to 
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investigate whether the formation of endocrine cells is associated with pancreatic 

vascularization, we examined the expression of the endothelial marker-PECAM 

(CD31 antigen) and insulin at different time points in culture using 

immunofluorescent staining. Here, we found that endothelial cells were already 

present by day 3 of culture (Fig. 3B). Between days 5 to 7, the endothelial network 

was further developed (Fig. 3B). This makes the embryonic pancreas culture system a 

suitable model to study endothelial-endocrine interactions. In order to determine 

whether endogenous RA is involved in regulating β-cell differentiation during 

endocrine pancreas development, DEAB, an inhibitor of aldehyde dehydrogenase 

[167] resulting in suppressed endogenous RA production from retinaldehyde 

conversion, was added to embryonic pancreas cultures. Compare to day 7 culture 

without DEAB treatment, we found DEAB inhibited both development of endothelial 

network and formation of β-cell clumps (Fig. 3C). RT-PCR and quantitative PCR 

further confirmed the mRNA level of vascular basement component gene Laminin a4 

(Lama4) was significantly suppressed (Fig. 3E). RT-PCR and quantitative PCR 

analysis also showed that DEAB treatment reduce levels of Insulin1, Insulin2, 

Prohormone convertase 2 (Pc2) and Vegfa, (Fig. 3D, F). These results validated an 

essential role of retinoids in endocrine pancreas development and explained why 

reduction of endogenous RA synthesis caused impairment in both β-cell and 

endothelial cell differentiation. 
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2.3.3. Retinoic acid receptor-mediated signaling enhances β-cell differentiation in 

embryonic pancreas  

Most of the biological effects of RA are mediated through two classes of nuclear 

receptors, retinoid X receptors (RXRα, β and γ) and retinoic acid receptors (RARα, β 

and γ). AtRA has been identified as RAR-specific ligand [168]. To investigate 

whether atRA mediated activation of RAR plays a role in regulating β-cell 

differentiation and development of endothelial cell networks during pancreatic 

organogenesis, a specific agonist of RARs, TTNPB, was utilized [169]. We 

determined the expression of PECAM-1 (CD31 antigen) and insulin in the presence 

of atRA or TTNPB from day 3 to day 7. As shown in Fig. 4A-D, there was a 

significant increase in CD31-positive area (Fig. 4A–D; n=8 and p value=0.00017) 

indicating the atRA treatment significantly enhanced endothelial differentiation. The 

expression level of Lama4 was also found to upregulated upon addition of atRA or 

TTNPB (Fig. 4E). The differentiation status of endocrine pancreas was further 

assessed utilizing glucose-stimulated insulin-release assay and immunofluorescent 

staining. The result shows that atRA or TTNPB treatment increased the proportion of 

Pdx-1–posititive cells expressed C-peptide (Fig. 5). Importantly, the capability of 

endocrine cell clumps to secret insulin in response to glucose stimulus was 

significantly enhanced after treating with atRA or TTNPB (Fig. 4F). Gene expression 

level of RARα, β and γ was analyzed in order to investigate which of the retinoic 

receptor was involved in atRA or TTNPB treatment. Addition of atRA or TTNPB 

was found to cause an increase in the levels of Rarα, Rarβ and Rarγ in embryonic 
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pancreas (Fig. 4G-I). The result suggests RAR-mediated signaling play a role in 

mediating the effect of atRA or TTNPB on pancreas development. In order to 

determine if atRA directly regulates β-cells to produce VEGF-A, we examined the 

effect of atRA treatment on NIT-1 cells, a pancreatic β-cell line derived from 

transgenic NOD mice [170]. RT-PCR and quantitative PCR analysis showed that, 

although NIT-1 cells constantly express Vegfa, 8-hour treatment of atRA could 

increase the level of both RARβ and Vegfa (Fig. 6A-B). And 48-hour treatment of 

NIT-1 cells with atRA not only upregulated the levels of RARβ and Vegfa, but also 

significantly increased capability of NIT-1 cells to secret VEGF-A (Fig. 6C-F). The 

results indicate that atRA can regulate production of VEGF-A from pancreatic 

β-cells.  

 

2.3.4. Retinoic acid regulates vascularization and β-cell differentiation via 

enhancing production of vascular endothelial growth factor-A   

Since more pronounced vascularization was observed in embryonic pancreas 

cultures treated with atRA or TTNPB, we next investigated if the level of angiogenic 

factor-VEGF-A was affected by RA treatment. The secretion of VEGF-A in 

embryonic pancreas was found to significantly increased in atRA or TTNPB-treated 

condition (Fig. 7A; n=3 and p value=0.00473) suggesting RA regulates endocrine 

pancreas vascularization possibly achieved through upregulating production of 

VEGF-A. To further address the hypothesis, SU5416, a selective inhibitor of the 

VEGFR2/Flk-1 tyrosine kinase, was added to embryonic pancreas cultures. The 
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results show that SU5416 treatment suppressed β-cell and endothelial cell 

differentiation (Fig. 7B). The percentage of insulin-positive cells was decreased in the 

presence of SU5416 inhibitor and fewer C-peptide-positive clusters were generated 

(Fig. 7B). To further determine whether the effect of RA on vascularization was 

mediated by VEGFR2 signaling, TTNPB was supplemented in combination with 

SU5416 to embryonic pancreas culture. As shown in Fig. 7B, TTNPB-mediated 

vascularization enhancement was suppressed by SU5416 treatment. Although 

endocrine clusters were formed (Fig. 7B), C-peptide positive clusters were almost 

diminished (Fig. 7B). The result suggested the effect of RA on vascularization in 

embryonic pancreas is mediated through VEGFR2 signaling via enhancing production 

of VEGF-A in embryonic pancreas. To further investigate whether ectopic addition of 

RA or VEGF-A would be sufficient to restore vascularization and formation of 

insulin-producing β-cell clusters in reduced endogenous RA condition. We examined 

the glucose-stimulated insulin release ability of embryonic pancreas treated with 

either DEAB, VEGF-A, TTNPB, DEAB/VEGF-A or DEAB/TTNPB. As expected, 

TTNPB treatment resulted in a 3-fold increase in glucose-stimulated insulin secretion 

(Fig. 8; n=3, p value=0.024). Moreover, VEGF-A treatment also significantly 

enhanced insulin secretion compared to control embryonic pancreas cultures (Fig. 8; 

n=6, p value=0.0022). In contrast, insulin secretion was reduced by 65% when treated 

with DEAB, and the suppressed ability to secrete insulin by DEAB treatment could be 

significantly restored by combined treatment with TTNPB (Fig.8; n=3, p 

value=0.0066). These results suggest RA regulates β-cell differentiation via an 
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endothelial-dependent mechanism.  

 

2.3.5. AtRA administration reduced the level of blood glucose of diabetic mice 

To evaluate whether treatment of atRA, the biologically active metabolite of 

vitamin A, can ameliorate diabetes, diabetes was induced in CD-1 mice by 

administrating with multiple low-dose STZ. One half of the diabetic mice were 

administrated intraperitoneally with 1 mg/kg atRA every other day. The other half 

mice were used as control. The fasting glucose level was examined every other day. 

The average levels of fasting glucose of control CD-1 mice were below 150 mg/dL 

(Fig. 9A). After five continuous injections of STZ, the average levels of fasting 

glucose of STZ-treated mice were over 350 mg/dL. We then divided STZ-treated 

mice into two groups: without or with treatment with atRA. After 10 days, compared 

to the non-atRA-treated diabetic mice with average fasting glucose level over 500 

mg/dL, atRA-treated diabetic mice were found to have significant lower levels of 

fasting glucose. In order to validate the effect of atRA treatment, we further measured 

plasma concentrations of insulin and found atRA-treated diabetic mice had higher 

levels of plasma insulin (Fig. 9B) that explains why atRA treatment can improve 

glycemic control. Immunofluorescent staining showed that atRA treatment partially 

restored insulin and Pdx1 expression in the injured islet of STZ-treated mice (Fig. 9C). 

Identification of islet cells co-expressing PDX1 and insulin indicated atRA treatment 

can possibly enhance β-cell regeneration in diabetic mice (Fig. 9D). To validate if 

atRA treatment can activate RAR signaling in islets of diabetic mice, we determine 
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the expression of nuclear RARs and found that the atRA-treated group had elevated 

levels of nuclear RARs compared to control group and STZ-treated only group (Fig. 

9E). The results suggested enhancement of β-cell regeneration in islets of diabetic 

mice by atRA treatment is possibly mediated by activated RAR signaling.  

 

2.3.6. AtRA enhances islet vascularization in diabetic mice  

Since previous works have demonstrated that pancreatic islet production of 

VEGF-A can regulate islet vascularity and consequently affect the amount of insulin 

delivered into the circulation. We hypothesized that atRA can improve hyperglycemia 

through enhancing islet vascularization. To assess islet vascularization, expression of 

CD31 and vascular laminin in islets of STZ-treated mice were determined using 

immunofluorescent staining. As shown in Fig. 2, STZ treatment not only caused islet 

damage, but also significantly reduced the level of CD31 and vascular laminin. In 

contrast, treatment of atRA could restore the level of CD31 and vascular laminin in 

STZ-induced diabetic mice (Fig. 10A-D). Quantitation analysis revealed that atRA 

treatment caused significantly increases in the percentage of CD31 and 

laminin-expressing areas in the islet region of diabetic mice (Fig. 10A, C). Because 

restoration of islet vascularity was observed, we then examined if plasma levels of 

VEGF-A would be altered by atRA treatment. As shown in Figure 2E, atRA 

treatment elevated circulating level of VEGF-A. Taken together, the results suggest 

atRA enhances islet vascularization in diabetic mice possibly via elevating VEGF-A 

levels. 
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2.3.7. AtRA elevates VEGF-A production in islets 

To validate whether atRA can regulate pancreatic islet production of VEGF-A, 

islets were isolated from 6~8-week-old mice and cultured in medium without or with 

addition of 1 µM atRA for 3 days. To assess VEGF secretion, medium was collected 

to measure the level of VEGF-A. As shown in Figure 3A, the amount of VEGF-A 

released into the culture medium was significantly increased by 36% in atRA-treated 

group (Fig. 11A). This increase was accompanied by enhanced laminin production 

(Fig. 11B,C) and insulin content (Fig. 11D,E). In an attempt to determine how atRA 

can enhance insulin expression, we examined if upregulation of laminin by atRA 

treatment is the key factor that increase insulin content in islets. Since previous works 

demonstrated laminin can stimulate integrin α6β1 to promote β-cell differentiation 

and upregulate insulin gene expression [129]. We tried to block laminin-integrin 

interactions by adding neutralizing anti-integrin α6 antibodies to the islet cultures. As 

shown in Figure 12A-D, upregulation of laminin expression and insulin content by 

atRA treatment was significantly inhibited by addition of neutralizing antibodies 

against integrin α6 to islet cultures. The average insulin content in the control islets 

was 3418 ± 307 ng/mg protein after 3-day culture. For the atRA-treated islets, the 

insulin content was increased 29% to 4402 ± 405  ng/mg protein  (Fig. 11E). In 

contrast, addition of neutralizing antibodies against integrin α6 downregulated the 

insulin content to 3639 ± 124  ng/mg protein (Fig. 12D). The results suggest the 

enhancement in laminin expression by atRA treatment can possibly mediate the 
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promoting β-cell differentiation and/or restoring β-cell mass in the residual islets of 

diabetic mice. 

 

2.3.8. AtRA improves islet graft vascularization and ameliorates hyperglycemia 

in diabetic mice 

To further analyze the beneficial effects of atRA treatment on modulation of islet 

vasculature and enhancement of the function of transplanted islets, the model of 

diabetic mice with islet transplantation was utilized. STZ-induced diabetic mice were 

transplanted with 200 islets and one half of the islet-transplanted diabetic mice were 

also treated with atRA every other day (STZ w/islet+atRA group). Levels of fasting 

blood glucose of each experimental group were measured on day 0, 4 and 10 post islet 

transplantation. As shown in Figure 13A, the levels of blood glucose of diabetic mice 

receiving islet transplantation and atRA treatment has been restored to the normal 

range (124 mg/dl) since day 4. In contrast, diabetic animals only receiving islet 

transplantation still suffered from moderate hyperglycemia (354~328 mg/dl) (Fig. 

13A). To examine whether atRA can improve functional performance of islet grafts, 

the plasma levels of insulin were determined after glucose injection at 10 days 

post-islet transplantation. In response to glucose challenge, levels of plasma insulin in 

the islet-transplanted diabetic mice were significantly higher by 3.17 folds in those 

received atRA treatment (2.09 vs. 0.66 ug/l in STZ w/ islet group; P <0.05) (Fig. 

13B). To determine if atRA treatment also enhance VEGF-A production in the 

islet-transplanted diabetic mice, plasma levels of VEGF-A were determined. As 
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shown in Fig 4C, higher levels of plasma VEGF-A also increased by 6.06 folds in 

diabetic mice that received islet transplantation and atRA treatment (147 vs. 24 pg/ml 

in STZ-only group) (Fig. 13C). These results indicate atRA can possibly increase 

VEGF-A production from the grafted islets and resulte in a significant elevation in 

systemic VEGF-A levels. Since atRA treatment was shown to enhance islet 

vascularity, we assumed atRA treatment can also enhance grafted islet vascularity 

thus improve grafted islet survival and function. As shown in Figure 13, we not only 

observed improvement in glycemic control and upregulation of plasma insulin, but we 

also found hyperglycemic condition can actually be attenuated to normoglycemic 

status. Importantly, atRA treatment largely improved grafted islet functionality and 

vascularity as judged by enhanced expression of C-peptide and laminin (Fig. 13D, E) 
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2.4. Discussion 

This present study firstly explained why maternal VAD during pregnancy would 

cause impairment in endocrine pancreas development. Utilizing the VAD mice model, 

we demonstrated that intra-islet vasculature is markedly impaired by reduced number 

of insulin producing β-cells and diminished capillary formation in neonatal mice. To 

better understand the involvement of retinoids in regulating endothelial and β-cell 

differentiation in embryonic pancreas, the effects of RA on pancreatic vascularization 

and β-cell differentiation were investigated using ex vivo cultures of embryonic 

pancreas. The results revealed reduction of RA biosynthesis by inhibiting 

RA-generation enzyme suppressed β-cell differentiation [97, 171] and disrupted 

formation of endothelial network. Conversely, addition of either atRA or RAR 

agonist enhances β-cell differentiation and vascularization in the embryonic pancreas. 

The findings suggest the effect of atRA on β-cell differentiation and development of 

intraislet vascularization is possibly mediated through enhanced production of 

VEGF-A and the observation explains why maternal vitamin A is crucial for proper 

development of endocrine pancreas.   

Several studies have reported a regulatory role of retinoids on angiogenesis 

although the results obtained are inconclusive due to differences in methodology, 

experimental conditions and RA concentrations. [172-174]. Studies utilizing bovine 

aortic endothelial cells or human umbilical vein endothelial cells have demonstrated 

that atRA as well as the RAR agonists Am80 or TTNPB significantly enhanced 

neovascularisation [173, 174] suggesting that retinoids has a pro-angiogeneic effect. 
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The present work showed that the expression level of RARα, RARβ and RARγ were 

elevated by atRA treatment especially for RARβ. This RAR-mediated signaling 

possibly controls the communication between endothelial cells and β-cells via 

modulating VEGF-A secretion. Indeed, pancreatic islets are highly vascularized and 

VEGF-A is a major regulator for vascularization during islet neogenesis [146]. 

Pancreatic production of VEGF-A [136, 163, 175] and development of the 

microvasculature occurs concomitantly with islet development [136]. Importantly, 

deletion of VEGF-A not only suppresses β-cell proliferation and reduces the insulin 

level, but also impairs glucose-stimulated insulin secretion [136], which suggests the 

formation of islet microvasculature regulated by VEGF-A plays an essential role in 

generating mature and functional islets. The present study further identifies a 

regulatory role of retinoid in modulating islet production of VEGF-A. The findings 

not only explain why maternal vitamin A deficiency affects fetal islet development, 

but also raise a possibility of endogenously modulating VEGF-A during β-cell 

differentiation. 

Vitamin A deficiency is known to cause hyperglycemia, loss of β-cell mass and 

impairment in GSIS. In contrast, GSIS and β-cell mass can be restored upon repletion 

with atRA [85, 89]. Moreover, atRA has also be found to be able to enhance insulin 

secretion and to increase insulin content of pancreatic β-cells [90]. The current work 

revealed islet production of VEGF-A upregulated by atRA treatment mediated 

restoration of islet vascularity and recovery of β-cell mass. And combination of islet 

transplantation and atRA administration significantly rescued hyperglycemia in 
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diabetic mice. The findings provide evidences to support the idea that vitamin A 

derivatives can potentially be used as a supplementary treatment to improve diabetes 

management and glycemic control. 

Several previous studies have revealed that both islet development and 

maintenance of islet survival after transplantation required signals produced from 

endothelial microenvironment [163, 176]. In fact, proper vessel formation is known to 

be a necessary step for generating functional islets [126, 176]. Among matrix 

components and vascular factors produced by endothelial microenvironment, laminin 

can stimulate integrin α6β1 to promote β -cell differentiation and upregulate insulin 

gene expression [129]. In the current work, expression of vascular laminin was found 

to be increased after atRA treatment in STZ-induced diabetic mice (Fig. 12A) and this 

suggested atRA treatment may activate laminin-integrin interaction in STZ-induced 

diabetic mice. In an attempt to determine the roles of laminin produced by endothelial 

cells in the upregulation of insulin expression in residual β-cells, we tried to block 

laminin-integrin interactions with neutralizing anti-intergrin α6 antibodies in islet 

cultures. Laminin was found exclusively surrounding endothelial cells and islets in 

endocrine clusters originated from pancreatic bud cultures (Fig. 12C). Addition of 

neutralizing antibodies against intergrin α6 was found to be able to inhibit increases in 

insulin content triggered by atRA treatment in islet culture (Fig. 12C-D). The results 

indicate a potential role of enhancing laminin expression mediated by atRA treatment 

in promoting β-cell differentiation and upregulating insulin gene expression in 

residual β-cells of diabetic mice.  
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Studies utilizing bovine aortic endothelial cells or human umbilical vein 

endothelial cells have demonstrated that atRA as well as the RAR agonists 

significantly enhanced neovascularization [172-174] suggesting that retinoids can 

regulate angiogenesis. In the current work, we showed that atRA treatment can 

upregulate plasma level of VEGF-A in STZ-induced diabetic mice. Indeed, RA is 

known to regulate the expression of VEGF in human retinal pigment epithelial cells, 

glioma cells and breast cancer cells [177-179] possibly through RAR signaling [174]. 

In addition, HIF-1α has been recognized as a key regulator for VEGF-A expression in 

glioma cells. Previous works hypothesized that atRA can regulate VEGF expression 

via upregulating HIF-1α expression [179]. Utilizing isolated islets, we actually 

validated that atRA can upregulate islet production of VEGF-A. Indeed, pancreatic 

islets are highly vascularized and are known to express VEGF-A [129, 163] and 

development of the microvasculature occurs concomitantly with islet neogenesis 

[174].  
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Chapter 3             

 Reprogramming of Hepatocytes Into Insulin-Producing Cell 

Cultures In 3D Spheroid Cultures 
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3.1. Introduction 

 Islet transplantation is considered to be an ideal treatment for patients with 

T1DM, but it is constrained by the shortage of qualified donors [180]. The primary 

task is to identify one or more precursor populations that can be further lineage 

restricted to islet cells or pancreatic β-cells [181].  

At the stage of organogenesis, pancreatic β-cells and hepatocytes are similarly 

derived from endoderm [182] and both of them share many of their epigenomes, such 

as glucose transporter-2 and glucokinase [183], that are responsible for GSIS. A 

shared stem⁄progenitor for liver, biliary epithelium, and pancreas exists at the 

developmental stages as the anterior endoderm is forming foregut and expressing 

Sox9 [184-187]. Recent studies further found the existence of multiple stem cell pools 

composed of different stem/progenitor cells that are common progenitors of both liver 

parenchyma and biliary epithelium [188-191]. This suggested a new source for 

generating β-cells by conversion from hepatocytes through fewer genetic changes.  

Somatic cells or tissue-specific progenitor cells are in charge of normal cell 

renewal and tissue repair and have low potential for tumor formation [192]. Recently, 

it has been demonstrated that mature hepatocytes can be forced to revert back to a 

stem cell-like state during liver repair in chronic liver diseases [193]. The property of 

hepatocytes can be applied for generating pancreatic β-cells rapidly in an appropriate 

microenvironment or with genetic manipulation.  

It has been known that hepatocytes can be converted into insulin-producing cells 

by the introduction with key pancreatic transcription factor Pdx1 [194, 195]. Other 
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pancreatic transcription factors Ngn3 and NeuroD involved in β-cell development 

have also been shown to induce transdifferentiation of hepatocytes into 

insulin-producing cells [196-198]. Unfortunately, the efficiency of reprogramming 

hepatocytes into insulin-producing cells using these transcription factors was reported 

to be low [196, 199]. Moreover, these cells were shown unable to respond to glucose 

stimulation and unable to fully or partially ameliorate hyperglycemia in rodents. This 

may indicate that the current protocols cannot efficiently generate differentiated 

insulin-producing cells capable of producing and secreting insulin in a normal 

physiological way. To overcome these obstacles, a new source of cells with a 

combination of pancreatic transcription factors and the development of functional 

insulin-producing cells is needed. 

 

3.1.1. Potential role of reprogramming hepatocytes in pancreas regenerative 

medicine 

Liver regeneration ability has been studied for decades and it is well known that 

mature hepatocytes can expand enormously in response to liver injury. Even if 

three-quarters of a liver is surgically removed, the liver can grow and return to its 

normal functioning mass. Recently, the research indicates that there is a second mode 

of regeneration that may be activated to repair less basic, but more constant liver 

damage, and challenge a long-held theory that there's a pool of hepatic 

stem/progenitor cells in the liver waiting to be activated as the normal regeneration in 

hepatocyte were prohibited. That makes the stem/progenitor cells from hepatocyte 
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dedifferentiation would be taken as promising potential for clinical programs in the 

treatment of diabetes and other pancreatic diseases. 

Several previous studies have demonstrated the effects of overexpressing 

specific β-cell transcription factors in the liver. The first experiment was done by 

utilization of Pdx1 alone [194, 200]. Subsequent experiments used Pdx1 [201], 

NeuroD, and betacellulin [196] and Pdx1VP16 with NeuroD [202]. Recently, in a 

landmark study, Melton and his colleagues did a breakthrough study in islet 

regeneration. They ectopically expressed a most efficient combination of 

pancreas-associated transcription factors including Pdx1 (required during early 

pancreas development as well as for β -cell maintenance), Ngn3 (required for islet 

endocrine progenitor fate allocation), and MafA (required for β -cell maturation) in 

directly reprogramming non-pancreatic β-cells into insulin producing cells that 

closely resemble endogenous β-cells [203]. In a long-term study, the induced β -like 

cells could be persistently kept for up to 13 months and they could aggregate to form 

the islet-like structures [204]. In the liver, hepatocytes transduced with Ngn3 and 

β-cellulin by adeno-associated virus (AAV) transduction have been shown to express 

insulin for a few weeks and the insulin+ cells with a longer lifetime were located in 

the periportal region [198]. Another study demonstrated that transdifferentiation done 

by a single adenovirus vector encoding the combination of Pdx1, Ngn3 and MafA 

was able to convert bile duct-located Sox9+ cells into glucose-sensing 

insulin-producing cells in diabetic mice [205]. These studies indicated it is possible of 

using combined transcriptional factors to produce β-like cells from liver cells. 



doi:10.6342/NTU201603601

	   48	  

 

3.1.2. Reprograming hepatocytes via 3D culture on Polyvinyl alcohol (PVA) 

conjugate membrane  

Hepatocytes are ideal cell source for liver tissue engineering. However, the 

major concerns for this application are rapid loss of their functions, low proliferative 

capability and poor maintenance in culture with dedifferentiation into an immature 

progenitor-like state [206] and subsequent cell detachment and apoptosis [207]. 

Studies on spheroid culture, collagen sandwich gel culture and 

microencapsulated culture of hepatocytes have concluded that three dimensional (3D) 

culture offers advantages over 2D culture in recapitulating in vivo 3D geometry of 

hepatocytes and maintaining these cells functions [208-210]. Recently, spheroid 

culture has been applied as an in vivo cell-delivery vehicle in order to increase the cell 

survival [211] and function [212] as compared to the implantation of cells isolated 

from monolayer culture. Evidences in vitro demonstrated that hepatocytes cultured as 

spheroids would increase their survival, proliferation and differentiation [213]. 

Cell-cell and cell-matrix interactions and restoration of cell polarity are enhanced in 

spheroid culture and these advantages cannot be gained in traditional monolayer 

culture. Despite such promising studies, the application is still hindered by the lack of 

a reliable method to generate such kind of spheroids with consistent characteristics 

and the lack of a method that allows easy application for in vivo transplantation. 

Notably, studies exploring the use of hepatocyte spheroids for transplantation are still 
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limited [214, 215] and to our knowledge, none were dealing with dedifferentiated 

hepatic progenitor cell (HPC) spheroids.  

Polyvinyl alcohol (PVA) has been proven to be a suitable material which 

provides a 3D micro-environment for maintenance of mature hepatocytes [216]. 

Researches also indicated hepatoblasts could be cultured in 3D environment 

containing growth factors to form hepatic spheres [217]. It was also indicated that 

sphere-forming assay in a serum-free defined medium containing growth factors 

could be used to culture hepatic progenitors from 3,5-diethoxycarbonyl-1, 

4-dihydro-collidine (DDC)-injured liver and these yielded progenitors could be 

isolated by FACS [218]. 

 

3.1.3. Key factors regulating dedifferentiation of periportal hepatocytes 

One of the most key factors of sphere-forming culture is the optimal culture 

medium. The culture medium used in 3D sphere culture is generally different from 

that used in monolayer culture. 3D sphere culture medium is characterized with 

serum-free and supplemented with several growth factors including epidermal growth 

factor (EGF), basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), 

B27 supplement, and others. Besides, different types of cells need different 

concentration of growth factors, and the influence of respective growth factor is also 

different [219].  

The accumulating evidences indicate that hepatic progenitor cell activation and 

direction for lineage differentiation depend on the signals provided by the 
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tissue-specific stem cell niche [220-222]. Among these, epidermal growth factor 

receptor (EGFR) is the key mediator of hepatic homeostasis [223]. The roles of 

EGFR in liver regeneration have been investigated in liver- or hepatocyte-specific 

knockout mouse models [224, 225], dominant negative mutants of EGFR expressed in 

transgenic mice [226], RNAi injection into rats [227] and application of EGFR 

inhibitors in mice [228]. The decrease in hepatocyte survival after partial hepatectomy 

in EGFR-deficient mice demonstrated that EGFR is a critical regulator in liver 

regeneration [224]. In line with this, negative mutant of EGFR in transgenic mouse 

model revealed a critical role for the catalytic activity of EGFR during early stages of 

liver regeneration following partial hepatectomy [226]. EGF and EGFR also have 

been suggested to have important roles in liver transformation [224, 229]. Extensive 

studies implicated EGFR plays roles in regulating stemness properties in many types 

of stem cells [230, 231]. EGFR is known to play an essential role in supporting 

pluripotency in neuroglioma stem cells as well [232]. EGFR is also known to play a 

principal role in creating spheres [233]. There are also some studies exploring the 

roles of EGFR in hepatic progenitor cell biology. The expressions level of EGF and 

EGFR is highly elevated in human cirrhotic livers [234]. It has been demonstrated that 

EGFR was activated and functional to promote hepatic progenitor cell hyperplasia as 

in the state of severe liver injury [235-237].  

FGF is another key mediator for hepatic homeostasis. As mice expressing a 

dominant-negative FGFR2 mutant in hepatocytes were subjected to two-third (partial) 

hepatectomy (PH), hepatocyte proliferation was impaired due to delayed G1/S 
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transition [238]. Liver regeneration impairment was also demonstrated in zebrafish 

expressing a dominant-negative FGFR mutant [239]. Mice lacking FGFR1 and 

FGFR2 in hepatocytes would induce severe necrosis of the remaining liver tissue and 

showed a remarkable increase in mortality rate after PH [240]. Combined 

siRNA-mediated knochdown of FGFRs in hepatocytes caused liver failure after PH 

indicating FGFR signaling is essential for liver regeneration [241]. 

Wnt/β-catenin signaling pathway is another essential factor which plays multiple 

critical roles in regulating various aspects of liver biology including liver zonation 

and hepatic carcinogenesis [242]. Besides, the roles of Wnt/β-catenin signaling in 

fetal liver stem/progenitor cells have also been extensively studied [243]. The 

Wnt/β-catenin signaling pathway plays an essential role in controlling proliferation, 

differentiation, and self-renewal of fetal liver stem/progenitor cells. Recently, 

activation of Wnt/β-catenin pathway in adult liver stem/progenitor cells has also been 

implicated by two groups using rodent models of oval cell activation [244, 245] On 

the other hand, Wnt signaling was down-regulated with the coincidence of the 

specification and differentiation events in mouse hepatic stem cells [246]. 
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3.2. Material and Methods  

3.2.1. Isolation of periportal hepatocytes and formation of sphere-type hepatic 

progenitor cells  

Adult hepatic cells were isolated from livers of male C57BL/6 mice (6-8 weeks 

old) by a modified in situ collagenase perfusion via portal vein using air bubble to 

restrict the perfusion only in the front-end of the portal vein. Briefly, hepatocyte 

isolation was performed using modified two-step enzymatic method of Seglen [247]. 

After perfusion buffer has flowed into the liver, the pump was stopped and 0.7 ml of 

perfusion buffer was aspirated from cannula and then the tube was reconnected to 

continue the flow to limit the perfusion in the periportal region in situ. Then the 

perfusion was changed to use the buffer containing collagenase to dissociate liver 

cells apart from the connective tissue. Hepatocytes were isolated from the yielded 

total liver cells by using percoll gradient centrifugation.  

Isolated hepatocytes were suspended in Dulbecco's modified Eagle's 

medium/F12 (Sigma-Aldrich, St. Louis) with penicillin/streptomycin, B27, ITS 

(Gibco, Grand Island, NY), 10 mM HEPES (Nacalai Tesque Inc., Kyoto, Japan,), 20 

ng/ml EGF 20 ng/ml bFGF, and 10 ng/ml HGF (Peprotech, Rocky Hill, NJ), and 

cultured on PVA-coated 6-well plate at a density of 5x104 cells per milliliter for adult 

hepatic cells in the standard medium. Hepatic spheres bigger than 70 um in diameter 

were count at day 2. 
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3.2.2. FACS analysis and sorting  

Dissociated single cells were resuspended in Hank’s buffer with 2% FBS at the 

density of 107 cells/ml. Cells isolated from CK19-CreERT2;CAG-Bgeo-GFP were 

analyzed by FACSCalibur with the CellQuest program (BD Bioscience, Franklin 

Lakes, NJ). Dead cells were excluded by propidium iodide staining. Cells isolated 

from Alb-Cre;R26R-CAG-Brainbow2.1 were analyzed and sorted by FACS Aria cell 

sorter (BD Bioscience). 

 

3.2.3. Immunofluorescent staining 

Cells were fixed in 4% paraformaldehyde for 30 minutes at 4oC. The sequential 

immunofluorecent staining was performed in the same manner as described above. 

The antibodies were diluted and obtained as follows: mouse anti-ASGPR (Thermo, 

1:200), rabbit anti-Sox9 (Millopore, 1:500); chicken anti-GFP (Abcam, 1:200) and 

rabbit anti-Pdx-1 antibody (Abcam, 1:100); mouse anti-Insulin (Biodesign, 1:300) and 

rabbit anti-C-peptide (Biodesign, 1:200); anti-mouse IgG Alexa488 conjugate 

(Invitrogen, 1:300), anti-rabbit IgG Alexa555 conjugate (Invitrogen, 1:300), and 

anti-chicken Dylight488 conjugate (Jackson ImmunoResearch, 1:300); the specimens 

were observed with a Zeiss LSM 780 confocal microscope (Zeiss, NY, USA).  

 

3.2.4. EdU labeling and staining of cultured hepatic spheres  

Dissociated periportal hepatocytes were cultured on PVA-coated plates at a 

density of 5x104 cells per milliliter. EdU at a concentration between 2 to 10 uM was 
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added into the culture media for 4 to 48 hours with every 4 hour-intervals. After 

labeling, the cells were immediately fixed by using 4% paraformaldehyde for 30 

minutes at room temperature and followed by PBS rinse and stored at 4 °C. EdU 

staining was carried out using Click-iT labeling kit (Invitogen). Cell nuclei were 

counterstained with Hoechst (Sigma-Aldrich). The staining reaction was imaged 

under a Zeiss LSM 780 confocal microscope. 

 

3.2.5. Ilumina mouse whole genome expression BeadChip 

Total mRNA isolated from periportal hepatocytes, 2-day cultured spheres and 

hepatoblasts were used for gene expression analysis using the Mouse Whole-Genome 

Expression BeadChip (Illumina, San Diego, CA, USA) that contains more than 25000 

mouse transcripts. All Illumina-related services were provided by National Taiwan 

University YongLin Biomedical Engineering Center (Taipei, Taiwan). Chip 

hybridization, washing, Cy3-streptavidin staining and scanning were performed on a 

BeadArray Reader (Illumina) platform. The reagents and protocols were provided by 

the manufacturer. Log2 expression score was used to determine gene expression 

levels.  

 

3.2.6. Mouse experiment 

All animal experiments were approved by the Academia Sinica Institutional 

Animal Care and Utilization Committee. C57BL/6 mice were obtained from the 

National Laboratory Animal Center (Taipei, Taiwan). A single intraperitoneal 
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injection of STZ (180 mg/kg body weight) was used to induce diabetes in C57BL/6 

mice. On day4 after STZ injection, hyperglycemia was defined as a non-fasting blood 

glucose level higher than 350 mg/dL. Next, GFP+ sphere-type insulin-producing cells 

were transplanted into the kidney capsule of diabetic mice. Blood glucose levels were 

measured every 2 days post-transplantation, and glucose tolerance assay was 

performed on day 8 post-transplantation.  

For induction of liver injury, mice at 6 weeks of age were intraperitoneally 

injected with 10 µl of CCl4 (Sigma-Aldrich, St Louis, MO) diluted 1:1 in sterilized 

olive oil twice a week for 4 weeks. 

 

3.2.7. Statistical analyses  

The data presented as the mean ± SD. Statistical analysis was calculated the p 

value by using Student’s t test or one-way ANOVA followed by Bonferroni's multiple 

comparison test post hoc analysis as appropriate with Prism software. Differences 

were statistically significance at p<0.05 in all cases. 
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3.3. Results 

3.3.1. Reprogramming of periportal hepatocytes into Sox9–expressing progenitor 

cells  

In order to efficiently isolate hepatocytes in periportal region, a modified 

three-step collagenase perfusion procedure following Seglen’s method [247] was used. 

This modified procedure used a combination of artificial gas embolization of the 

portal vein and the standardized collagenase enzymatic perfusion to isolate periportal 

hepatocytes (Figure. 14A). To verify these isolated hepatocytes were from the 

periportal region, flow cytometry analyses were performed and the results showed 

that over 95% of the cells were positive for CPS1 (a marker for periportal hepatocytes) 

and these cells only express very low levels of CYP7A1 (a marker for pericentral 

hepatocytes) (Figure. 14B).  

In order to establish an in vitro system for deriving hepatic progenitor cells by 

dedifferentiation of hepatocytes, the cultured hepatocytes have to be kept in a 

microenvironment simulating what happens in a chronic liver injury status that would 

induce dedifferentiation of hepatocytes. After careful analysis, seven efficient culture 

systems were selected. In these culture media, cells generally formed non-adherent 

3D sphere clusters. We estimated the effects of EGF, bFGF, and HGF under 

B27-supplemented and serum-free conditions on the hepatocytes seeded on 

PVA-conjugated membrane. RT-qPCR analyses showed that supplement with EGF 

and bFGF could reduce Asgpr and G6pase expression in these cells. (Fig. 15A, B). 
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Thus, EGF was the most effective individual growth factor in inducing the loss of 

mature hepatocyte markers. Surprisingly, a combination of EGF, bFGF, and HGF not 

only significantly downregulated the expression level of Asgpr and G6pase (Fig. 15A, 

B) and overexpressed the expression level of Epcam and Afp, but also led to highest 

expression level of Sox9, the hepatic progenitor marker (Fig. 15D, F). Ccdn1, the 

downstream of β-catenin, was also expressed at a higher level under the combination 

of the three growth factors (Fig. 15C). We finally concluded the culture system 

containing DMEM/F12 medium, B27 with EGF, bFGF, and HGF is the most suitable 

formula to culture periportal hepatocytes into sphere clustersthat induces the 

dedifferentiation process (Fig.  15A–F).  

To determine the optimal matrix for the activation of hepatocyte 

dedifferentiation, we compared various matrices to culture hepatocytes, including 

PVA-coated membrane, the commonly used ultra-low attachment surface and 

conventional collagen coating for supporting hepatic spheroids. According to the 

results of immunofluorescent staining for ASGPR and Sox9, hepatocytes cultured on 

the PVA-conjugated membrane with defined serum-free medium showed 

significantly higher dedifferentiation potential than those cultured on the ultralow 

attachment surface or on the conventional collagen coating with serum containing 

medium (Fig. 16A). Quantitative gene expression analyses also showed that cells 

cultured on the PVA-conjugated membrane could more efficiently reduce G6pase 

(mature hepatocyte marker) expression and conversely increase higher levels of 

Epcam, Afp and Ccnd1 (progenitor hepatocyte markers, Fig. 16B) than those cells 
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cultured on the other matrix. These results are consistent with the results of 

immunofluorescent staining of ASGPR and Sox9. 

To investigate whether Wnt/β-catenin is a potent regulator to mediate the 

dedifferentiation of periportal hepatocytes in our 3D defined culture system, 

kenpaullone, a positive regulator of Wnt/β-catenin signaling, was added to the culture 

medium in the ultralow attachment plates. Hepatocytes cultured on the ultralow 

attachment plates expressed higher level of Asgpr and lower level of Sox9 than those 

cultured on PVA-conjugated culture environment (Fig. 16B). When kenpaullon was 

added into the hepatocyte culture on the ultralow attachment plates, the expression of 

progenitor marker genes Ccnd1, Sox9 and Afp was increased while the expression of 

the mature hepatocyte marker Asgpr was decreased (Fig. 16B). These results 

indicated Wnt/β-catenin is an important regulator to induce hepatocyte 

dedifferentiation. 

 

3.3.2. Characterization of Sox9–expressing progenitor cells derived from 

periportal hepatocyte reprogramming  

To determine whether the sphere clusters of hepatocytes cultured on 

PVA-conjugated membrane and in the defined medium were generated from clonal 

cell expansion or cell aggregation, time-lapse microscopy was used to observe the 

formation of the sphere clusters. It was obviously the sphere clusters were formed by 

cell aggregation within 24 hours to display a ball-like structure (40-150 µm in 

diameter) (Fig. 17A). Furthermore, Albumin-Cre;Brainbow transgenic mice whose 
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hepatocytes would respectively express CFP, YFP,GFP and RFP were used to isolate 

periportal hepatocytes using the techniques described above. All the hepatic spheres 

thereafter formed on the 3D culture were shown to be composed of hepatocytes 

respectively expressing all the 4 color genes. (Fig. 17B). Time-lapsed EdU labeling 

showed that less than 0.1% of cells in the hepatic spheres were labeled by EdU (Fig. 

17B). Taken together, all these results indicated the hepatic spheres were formed 

mainly by cell aggregation. 

The efficiency of sphere formation from the isolated hepatic cells was evaluated 

at increasing densities from 5x101 to 5x104 cells per milliliter (Fig. 17C). The results 

showed that the efficiency of forming hepatic spheres was around 6 spheres per 103 

cells in the 3D defined culture system with PVA conjugated membrane.  

Microarray analysis of the expression of 25,697 mouse transcripts was 

performed to examine the RNAs respectively from primary periportal hepatocytes, 

day-2 hepatic spheres in the defined 3D culture system and hepatoblasts. 

Unsupervised hierarchical clustering analysis on the 25,697 transcripts by Pearson 

correlation among these three groups revealed that hepatic spheres derived under the 

3D defined conditions were clustered together with hepatoblasts (Fig. 18A), 

indicating activation of the hepatic reprograming in the hepatic spheres. Furthermore, 

a set of genes related to various HPCs markers and signaling were expressed in the 

hepatic spheres at levels similar to those in hepatoblasts (Figure 18B). We further 

compared the global transcriptomes between hepatic spheres, primary periportal 

hepatocytes, and hepatoblasts (Figure 18C). We found that a number of genes related 
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to HPC markers were highly enriched in the reprogrammed hepatic spheres. Taken 

together, our data indicated that the global gene expression pattern of hepatic spheres 

is similar to that of hepatoblasts.  

 We also utilized liver injury model to verify the niche signals that regulate the 

fate of cells reside in the periportal region of the liver. Mice were maintained for 2 

weeks on a diet containing DDC to activate hepatic progenitor cells [248] and the 

liver cell populations were compared to those in normal livers. After DDC treatment, 

hepatic progenitor cells were identified to emerge from periportal regions and form 

the duct-like structures, which was detectable based on the expression of Sox9. 

Keeping in line with previous works, strong up-regulation of the hepatic progenitor 

cell markers including CK19, EpCAM [249] and Sox9 [250] was found in the ductal 

region of the mice fed with DDC diet for 2 weeks. These markers express as well in 

bile duct cells in the normal liver (Fig. 19) [251]. Cells which are abundant in 

periportal regions adjacent to primitive bile duct cells are phenotypically similar to 

hepatocytes, but they lose the mature hepatocyte markers CPS1 and ASGPR and 

express bile duct cell markers Sox9 and EpCAM (Fig. 19). These cells were negative 

for CK19 [250] suggesting that periportal hepatocytes have higher potential of giving 

rise to hepatic progenitors in response to liver injury.  

β-catenin, a component of the cell adhesion complex in hepatocytes, is expressed 

at a basal level with a relatively constant distribution pattern in the normal liver [244, 

245]. In damaged livers, nuclear β -catenin was expressed in the bile ducts as 

previously reported (Fig. 20A). The damaged liver also exhibited the expression 
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pattern of nuclear β -catenin and Sox9 in the periportal hepatocytes (Fig. 20B). In 

addition, hepatocytes close to periportal region with Sox9 or EpCAM positive 

expression also display other signals, including EGFR, HGFR, phospho-ERK and 

phospho-AKT (Fig. 20B). 

Hepatocytes isolated from periportal region experienced a rapid decrease in 

hepatic mature markers, Asgpr and G6pase, during the following incubation. Besides, 

adult hepatic spheres from periportal hepatocytes resulted in an enrichment of 

expression of Sox9 and lower expression of Epcam as they were cultured on PVA 

conjugated membrane within a defined serum-free medium. In addition, hepatic 

spheres from periportal hepatocytes expressed lower levels of mature hepatocyte 

markers ASGPR and higher level of HPC marker Sox9 in comparison with spheres 

from total hepatocytes (Fig. 21). The results convinced that hepatic spheres have 

experienced dedifferentiation in our defined 3D microenvironment. 

We further investigated whether β-catenin signaling is the key mediator in our 

defined culture system, which closely resembled the in vivo liver where liver tissue is 

under regeneration, to regulate the activation of sphere-type hepatic progenitor cells. 

The immunofluorescence staining and quantitative RT-PCR data showed that marked 

cytoplasmic/nuclear expression of β-catenin in HPC-like hepatic spheres, but only 

membrane distribution of β-catenin was found in freshly isolated primary hepatocytes 

and hepatocytes cultured in serum-containing medium in 3D culture on PVA-coated 

plate (Fig. 22A). Next, we conducted a TopFlash luciferase reporter assay to examine 

the β-catenin activity within hepatic spheres. The significantly higher level of 
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TOP/FOP ratio in culturing cells in defined serum-free culture system comparing to 

cells in hepatocyte culture medium implicated that β-catenin signaling was activated 

in our culture system (Fig. 22B). To evaluate the potential role that Wnt/β-catenin 

pathway is involved in hepatocyte dedifferentiation, the small molecule, kenpaullone, 

was added to the defined culture system. Addition of kenpaullone stimulates 

hepatocyte dedifferentiation by activating the expression level of HPCs markers, 

including Ck19, Epcam, Cd49f, Cd133 and Sox9 (Fig. 22D-E). On the other hand, 

PKF118-310, a Wnt/β-catenin signaling specific antagonist, could efficiently decline 

of formation of hepatic spheres and maintain the differentiated hepatocytes (Fig. 22C, 

E). These data suggested that the activation of Wnt/β-catenin signaling is the key 

regulator on hepatocyte dedifferentiation in our defined 3D culture system.   

To further investigate whether sphere-type hepatic progenitors have the capacity 

to differentiate into functional hepatocyte in vivo, GFP-labeled hepatic spheres were 

transplanted into the liver of CCl4-treated mice. CCl4-treated mice transplanted with 

hepatic spheres restore the damaged liver function, as evidenced by a significantly 

lower level of aspartate aminotransferase (AST), alanine aminotransferase (ALT), and 

total bilirubin compared with only CCl4-treated mice (Fig. 23A). Besides, a reducing 

network pattern of fibrosis was observed after 2 weeks post-transplantation with 

GFP-labeled hepatic spheres (Fig. 23B). Quantitative image analysis indicated that a 

significant reduction of liver fibrosis was observed in the liver transplanted with 

hepatic spheres in CCl4-treated mice (Fig. 23B). These results suggested that 

transplantation of hepatic spheres would attenuate liver injury. In addition, the 
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location of GFP-positive cells was found adjacent to or along with fibrosis, which 

were determined by double immunofluorescence staining for GFP and α-smooth 

muscle actin (Fig. 23C). The liver 2 weeks post-transplantation with hepatic spheres	  

was analyzed with immunocytochemistry, and the results showed that hepatic spheres 

could persist in CCl4-injured liver and further differentiated into hepatocytic lineage 

co-expressing albumin and CYP3A1 with GFP, which were close to the blood vessels 

in the liver (Fig. 23D, E). The results suggested that engraftment of hepatic spheres 

into the recipient liver parachyma reduced liver fibrosis and the transplanted cells 

further differentiate into both hepatocytes and bile duct cells in vivo.  

We also investigate whether the hepatic spheres possessed the bipotency of the 

hepatic progenitor cells, which could differentiate into both hepatocytes and bile duct 

cells in vitro. Differentiation protocol is described in material and methods with 

induction medium and by co-culture with murine embryonic stromal feeders to 

generate bile duct cells was used. Immunofluorescence staining showed GFP-labeled 

cells expressed mature hepatocyte markers, CYP3A1 and Albumin (Fig. 24C, D), and 

loss the marker of hepatic progenitor cells, AFP (Fig. 24B), after hepatocyte 

differentiation in vitro. Besides, spheres differentiated into bile duct cells with ductal 

ring-like structure and expressed bile duct cell marker, CK19, after 5 days of 

induction (Fig. 24A). Collectively, these findings suggested that hepatic spheres 

exhibited the feature of progenitor cells which have an ability to differentiate into 

hepatocytes and bile duct cells. 

To confirm the dedifferentiated cells were directly derived from the hepatocyte, 
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the parenchymal and non-parenchymal cells were seeded in our defined culture 

system after collagenase digestion and low G centrifugation. Only parenchymal cells 

have the sphere-forming ability (Fig. 25A). Nevertheless, parenchymal fraction 

revealed a low constitutive level of contamination by non-parenchymal cells by FACS 

analysis of EpCAM-positive cells (Fig. 25B). We separated the two populations by 

FACS purification and culture the cells on our defined 3D culture system. The results 

indicated that only hepatocytes have the ability to form sphere under our defined 3D 

culture system. We also labeled putative HPCs and ductal cells with GFP by utilizing 

CK19-CreERT2: CMV-LacZ-eGFP double transgenic mice. After tamoxifen 

injection, CK19-positive cells can be labeled with GFP that is confirmed with 

histochemical staining for GFP and CK19 in serial sections (Fig. 25C). Besides, 

GFP-positive cells were specifically located in ducal region, which harbors biliary 

duct/oval cell in the liver. The proportion of CK19-positive cells within isolated 

parenchymal cells is about 1.68% done by FACS analysis (Fig. 25C). Double 

immunofluorescence staining for GFP/Sox9 in the hepatic spheres showed none of the 

Sox9‒expressing cells in the hepatic spheres expressed GFP (Fig. 25D). The results 

indicated that CK19-positive cells did not participate in the formation of hepatic 

spheres.   
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3.3.3. Transplantation of sphere-type insulin-producing cells improves glycemic 

control  

We examined whether transduction of hepatic spheres with Ad-Pdx1, Ad-Ngn3, 

and Ad-MafA and culturing with induction medium containing GLP-1, exendin-4 and 

high glucose could enhance the cells in the hepatic spheres to transdifferentiate into 

insulin-producing cells. The gene expression profile analyzed by RT-PCR confirmed 

the pancreatic differentiation of hepatic spheres transduced with Pdx1, Ngn3 and 

MafA (Fig. 26). As shown in figure 19A, hepatic spheres would express endoderm 

marker, Foxa2 and Sox9, which indicated that hepatocytes have been dedifferentiated 

into state of endodermal progenitors. Pancreatic developmental transcription factors, 

including Pdx-1, Ngn3 and MafA (PNM), were upregulated and gene expression of 

Sox9 was downregulated after PNM were transduced into hepatic spheres. These 

factors were low or undetectable in the non-transduced cells (Fig. 26A). The 

pancreatic β -cell-specific hormone, insulin and C-peptide, was expressed in the 

hepatic spheres afterthe spheres were transduced with the transcription factors and 

cultured in the induction medium (Fig. 26C). Furthermore, quantitative RT-PCR 

confirmed these gene expression profiles, including Insulin 1,Insulin 2, Kir6.2 and 

Sox9 (Fig. 26B). By contrast, there was no expression of non-β-cells genes in these 

cells, including glucagon and amylase (Fig. 26A). All of these data supported the 

concept that hepatic spheres can be differentiated into pancreatic β-like cells under 

pancreatic induction. 
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To evaluate whether induced insulin-producing cells reprogramed from 

spheres-type hepatic progenitor cells exhibited in vivo function for the treatment of 

diabetes, the model of STZ-induced diabetic mice with sphere transplantation was 

utilized. STZ-induced diabetic mice were transplanted with approximately 5 x 104 

cells in the form of hepatic spheres. Fasting blood glucose levels were measured on 

day 2, 4, 6, and 8 days post sphere transplantation. As shown in Figure 27A, the level 

of blood glucose in diabetic mice which received PNM-GFP spheres has been 

restored to the normal range since day 2 (Fig. 27A). In contrast, the glucose level did 

not change and remained high in the sham-operated mice and in diabetic mice only 

received nGFP spheres. To further confirm the function of the transplanted PNM-GFP 

spheres, intraperitoneal glucose tolerance test (IPGTT) was performed 8 days post 

transplantation. All the mice transplanted with the PNM-GFP spheres possessed large 

numbers of induced insulin-producing cells and exhibited elevated blood glucose 

levels after 15 min, but returned to normal blood glucose level after 120 min (Fig. 

27B). 

We then performed a histological analysis of the xenograft transplant and found 

that the cells of the PNM-GFP spheres were successfully engrafted under the kidney 

capsule, as they could be identified positive for GFP. Pdx1, Ngn3, MafA, insulin, 

C-peptide and Kir 6.2 were expressed in the transplanted graft as well (Fig. 27C). 

These results indicated that insulin-producing cells derived from hepatic spheres 

transduced with PNM-GFP could improve the glycemic control and ameliorate the 

hyperglycemia to normoglycemic status in vivo. 
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3.4. Discussion 

In this study, we developed a novel cell source which derived from 

dedifferentiated hepatocytes into sphere-type hepatic progenitor cells and transduced 

with PNM to generate functional sphere-type insulin-producing cells for islet 

transplantation. We established a 3D culture system for dedifferentiation of extensive 

expansion of hepatic progenitor cells from normal primary hepatocytes. We examined 

several culture components, including growth factors, culture matrix, and serum-free 

medium, for the formation of expanding sphere-type hepatic progenitor cells. The 

resulting novel methods yielded more expanding spheroids containing 

dedifferentiated HPCs without the use of fluorescence-activated cell sorting (FACS) 

than those produced by previous systems. We also found that the periportal 

hepatocytes have high ability to be dedifferentiated and as a unique biopotential 

hepatic progenitor cells in vitro by culturing cells to be hepatic spheres with the 

defined serum-free, growth factor-containing medium in 3D micro-environment. The 

dedifferentiated potential was implicate by the reduction in mature hepatocyte maker, 

ASGPR, and elevation in hepatic progenitor cell marker, Sox9. The Sox9-positive 

hepatic spheres could be transduced with pancreatic transcription factors, Pdx1, Ngn3 

and MafA, and cultured in the insulin-induction medium to force the sphere-type 

hepatic progenitor cells to reprogram into insulin-producing cells. The beneficial 

effects of the induced sphere-type insulin-producing cells	   on	  glycemic control were 

proven using the model of STZ-induced diabetic mice. 

It was demonstrated that FGF signals play an essential role in tissue development 
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and organization, wound repair, as well as the regulation of adult stem cells in various 

organs, including hepatic progenitor cells [252-254]. HGF/c-Met signaling has been 

reported to augment the extent of the hepatic progenitors-mediated liver regeneration 

in the mouse liver injury model which is induced with DDC diet [255]. It also has 

been implicated persistent HGF and EGF signaling was sufficient to establish and 

maintain the self-renew of hepatic progenitors [218]. Our findings showed that 

peripotal hepatocytes have the ability to dedifferentiate into hepatic progenitors as the 

defined culture system mimics the in vivo microenvironment containing FGF, 

HGF/MET and EGFR signaling (Fig. 22) [256] [257] that activates and maintains 

survival of hepatic progenitor cells. The results supported the view that manipulation 

of the key factors that affect liver regeneration can stimulate hepatocyte to 

dedifferentiate into liver progenitor cells. Notch [218] and PI3K [252] signaling 

induced by activation of EGFP and MET was also an essential element in the process 

of activation of hepatic progenitor cells. It can be further studied to develop a culture 

system that can continuously propagate and expand the hepatic progenitor cells in 

culture. 

Only very few hepatic progenitor cells exist in healthy livers, which forced 

researchers to use hepatotoxins to induce HPCs activation and proliferation to 

increase their overall yield. Many groups have succeeded to isolate HPCs by cell 

sorting or magnetic activated cell separation techniques using antibodies against 

various hepatic progenitor cell markers for cell purification and followed by in vitro 

cultivation [258-264]; however, the yielded cell number is still limited. On the other 
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hand, the therapeutic value of any cultured cells as a source for cell transplantation 

depends on the fidelity of the cells in a normal status [264]. Here we report, for the 

first time, the application of defined serum-free medium in 3D culture environment to 

establish highly enrichment of functional hepatic progenitor cells from 

dedifferentiation of hepatocytes isolated from normal mice. This method excluded 

usage of toxin administration in mice and usage of FACS sorting which would reduce 

cell yielding. Thus this method is highly reproducible to achieve a high yield of 

hepatic progenitor cells. 

The results of this study also demonstrated that 3D culture by using 

PVA-conjugated membrane to culture sphere-type hepatic progenitor cells could 

efficiently enhance differentiation of HPCs into insulin-producing cells. In this study, 

the existence of insulin-producing cells was confirmed by morphology analysis, 

expression pattern analysis of islet-specific genes in vitro and insulin synthesis and 

secretion in vivo. The induced insulin-producing cells were morphologically similar to 

pancreatic islet-like cells. Sphere cells in the 3D culture with PNM transduction 

showed insulin and C-peptide in their cytoplasm. More interestingly, they not only 

produced insulin to regulate glycemic control but also secreted insulin in response to 

glucose stimulation in a regulated manner in the STZ-induced diabetic mice.  

The lack of donor pancreas tissue has led researchers attempting to develop new 

sources of insulin-producing cells. Alternative sources include embryonic stem cells 

(ES cells) [265-267], iPSCs [268, 269], mesenchymal stem cells (MSCs) from bone 

marrow or cord blood [269], adipose tissue or amniotic fluid-derived stem cells [270, 
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271], transdifferentiation of acinar cells to pancreatic β-cells by genetic 

manipulations[203, 272]. It is remarkable that lineage differentiation of ES cells, 

iPSCs or MSCs into the fate of pancreatic β-cells requires transfection with key 

transcription factors (e.g., PDX1, Ngn3 or NeuroD1) and followed by treatments with 

growth factors and matrix components for 4 to 6 weeks [266, 273].  

Liver is characterized with its highly regenerate capacity by the proliferation of 

mature hepatocytes [263]. In addition, both liver and pancreas are derived from the 

primitive foregut endoderm during development. These two tissues have many similar 

characteristics, including responding to glucose, and expressing the same set of 

specific transcription factors [264, 265]. It has been suggested that developmental 

redirection is most likely to occur between liver and pancreas that are similar and 

related during the development [267]. Thus, liver cells are taken as a potential 

candidate for generating pancreatic β-cell surrogates. 

Several studies have reported overexpression of pancreatic β -cell transcription 

factors in the liver or hepatocytes to redirect the cells into insulin-producing cells. The 

first report indicated that transduction of Ad-PDX1 into mouse liver in vivo led to 

generation of considerable amounts of insulin [274]. Serial researches have been 

carried out to transduce pancreatic β-cell transcription factors by virus-mediated gene 

delivery system to investigate the in vitro transdifferentiation of adult liver cells from 

rodents [254, 267, 268, 275, 276] and humans [269, 277] into insulin-producing cells, 

and took them as a potential source of β -cells for transplantation to treat type 1 

diabetes. However, the major obstacle is the functional limitations in these 
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transdifferentiated insulin-producing cells, though these cells could redirect and 

express insulin.  

Hepatic progenitor cells were used in this study because they are known to 

exhibit highly differentiation and extensive expansion potential [248, 252] than adult 

liver cells in culture. In our experiment, the hepatic progenitor cells are 

dedifferentiated from periportal hepatocytes under 3D defined culture system. In 

addition, the expression of markers of immature cells, including AFP and Sox9 were 

observed in the sphere-type hepatic progenitor cells. The presence of cell populations 

expressing Foxa2, Sox9 implicated that the sphere-formed hepatic progenitor cells are 

tailored to biliary stem-like cells and displayed a higher ability to differentiate into 

pancreatic endocrine lineage cells compared to adult hepatocytes. Therefore, we 

transduced the sphere-type hepatic progenitor cells with pancreatic transcription 

factors, Pdx1, Ngn3 and MafA, and culture these cells in an appropriate 

microenvironment to generate insulin-producing cells capable of expressing insulin 

and C-peptide. 

Although it has been well known that chronic liver injury induces the activation 

of hepatic progenitor cells which was evidenced in rodent models and in human 

disease for decades, the underlying origin and mechanisms remain unclear. In our 

study, we demonstrated that dedifferentiation of isolated periportal hepatocytes into 

bipotential hepatic progenitor cells in the presence of defined serum-free medium 

reinforced the fundamental role for the specific microenvironment in HPCs activation. 

We also demonstrated that Wnt/β-catenin signaling pathway plays an essential role in 
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the activation of sphere-type hepatic progenitor cells. The controlled manner for 

hepatocytes in vitro may be taken as a therapeutic approach for the development of 

cell-based liver disease-related clinical applications. And the spheres also are 

promisingly applicable for the alternative source of cell replacement therapy as they 

transduced with PNM to induced as insulin-producing cells and further ameliorate 

hyperglycemia.
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Chapter 4. Final Discussion and Future Perspectives 

The thesis is an investigation of the potential strategy for the treatment of 

diabetes based on the β-cells replacement therapy.  

In the first section, we provide insights that maternal vitamin A deficiency 

affects fetal islet development and supports an essential role of retinoid signaling in 

regulating vascularized islet development. Besides, these data reported here suggest 

that vitamin A metabolism and signaling could be further explored for the therapeutic 

effects on the treatment of diabetic mellitus. Thus, we further demonstrated that 

vitamin A derivatives, atRA, have potentially to be used as a supplementary treatment 

to improve diabetes management and function of islet graft in diabetic mice.  

Several investigations have indicated VAD could be possibly linked to the 

pathogenesis of diabetes [85]. Patients with diabetes mellitus were found to associate 

with changes in vitamin A metabolism including decreased levels of plasma retinol 

and retinol binding protein (RBP) [79, 82]. Previous studies demonstrated that 

Vitamin A deficiency leads to the defect in glucose-stimulated insulin secretion in the 

pancreas [89], and this defect could be restored with repletion of vitamin A. We 

demonstrated in the current work that retinoid signaling potentially regulates 

pancreatic production of VEGF-A which therefore aids to modulate intraislet 

vascularization. Since recent studies showed the potential of promoting β-cell 

regeneration via modulating islet microenvironment utilizing VEGF-A [176] and the 

possibility of improving the survival of islets following transplantation using 
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VEGF-A-based treatment [160]. The current work implies a possibility of regulating 

pancreatic production of VEGF-A through modulating retinoid signaling for the 

purpose of preserving and/or restoring of pancreatic β-cell mass and function in 

individuals with diabetes mellitus. 

VEGF-A has been shown to be a major regulator of islet vascularization 

during pancreatic development. Deletion of VEGF-A not only suppresses pancreatic 

β-cell proliferation and insulin expression, but also impairs glucose-stimulated insulin 

secretion [176] suggesting VEGF-A plays an integral role in islet neogenesis. 

Furthermore, as the failure of pancreatic β-cells to secret insulin in diabetes, islet 

transplantation is considered a suitable therapeutic option. However, isolated islets 

have lost their natural vascularized and specialized extracellular matrix [278, 279] and, 

for successful transplantation, islets must receive enough nutritional and physical 

supports from the host through the formation of new blood vessels around and within 

the graft to restore islet function. Besides, the density of newly formed vessels after 

transplantation is much lower than that in native islets[280, 281]. Indeed, the 

possibility of using angiogenic factor(s) together with pancreatic endothelial cells to 

improve the survival of islets following transplantation has recently been examined 

[160]. Therefore, factors modulating islet vascularity may regulate grafted islet 

survival and function. In the current work, we have tried to combine islet 

transplantation together with atRA treatment. We not only observed improvement in 

glycemic control and upregulation of plasma insulin, but also found hyperglycemic 

condition could actually be restored to normoglycemic status. Importantly, atRA 
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treatment largely improved grafted islet functionality and vascularity. The findings 

thus imply vitamin A derivatives can potentially be used as a supplementary treatment 

to improve diabetes management and glycemic control. 

In the second part, we develop a functional sphere-type insulin producing cells 

from dedifferentiated hepatocyte into hepatic progenitor cells through a novel 3D 

culture system to induced periportal hepatocytes dedifferentiation in a spheres type. 

We demonstrate that sphere derived hepatic progenitor cells can potentially be used as 

an alternative cell source treatment to for cell replacement therapy in diabetes. 

Though many studies have indicated that cells can be differentiated into 

pancreatic β-like cells, these differentiated cells were still not functional similar to the 

states in vivo. A 3D culture is beneficial for simulating the in vivo microenvironment 

by increasing cell–cell and cell–matrix interactions and intercellular signaling 

transmission [274-277]. The intercellular interactions are critical to maintain the 

functional ability of the β -cell, which includes the upregulation of insulin gene 

expression in the β-cell clusters [282]. It has been demonstrated that re-aggregation of 

β-cells improves the cell survival and the glucose-stimulated insulin secretion in vitro 

[283-285]. It also has been convinced that 3D culture is important for the generation 

of mature insulin-producing cells [286].  

In our culture conditions, we utilized sphere-type hepatic progenitor cells with 

transduction of pancreatic transcription factors, Pdx1, Ngn3 and MafA and continuing 

induction in 3D culture condition. The insulin producing cells that formed sphere-type 

clusters in the 3D-induction microenvironment resembled islet-like clusters. Other 



doi:10.6342/NTU201603601

	   76	  

report also indicated that 3D biodegradable scaffold could enhance adipose stem cells 

to differentiate into islet-like clusters [287]. The sphere-type insulin producing cells 

not only express insulin and C-peptide in vitro, but also regulate glycemic control in 

diabetic mice. Several researches suggested that insulin secretion in response to 

glucose challenge of insulin-producing cells on the 3D scaffold was significantly 

higher 3.8 to 5-fold than the 2D culture [288, 289]. Furthermore, the glucose tolerance 

test (IPGTT) also indicated that the sphere-type insulin producing cells have the 

function to challenge the change of glucose level. We suggest that the thesis offers 

some scientific reports that have potential benefits in pharmacological or cell 

replacement therapy for treatment of T1DM. 
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Figure 1. Vitamin A-deficiency during embryogenesis impairs pancreas development.  

Eight-week-old C57BL/6JNarl female mice were fed with normal diet (Control) or 

D13001 Vitamin A Deficient Rodent Diet (VAD) 2 weeks before mating and during 

pregnancy. Pancreata were isolated either from E15.5, E19.5 embryos or from P2 
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neonatal mice. (A) H&E staining was performed on pancreatic sections of from E15.5, 

E19.5 embryos or P2 neonatal mice. Pancreata are outlined in black dashed lines. 

Higher magnified images of the box region were provided at the bottom panel. (B) 

Immunocytochemistry staining for insulin, C-peptide, glucagon and amylase on 

pancreatic section of P2 mice breastfed by mother with normal or vitamin A deficient 

diet. The scale bars are 50 µm. (C) Morphometric analysis of E15.5, E19.5 and P2 

pancreata was performed using ImageScope viewer. Bars are standard deviations. 

**p<0.01, ***p<0.005 indicates the difference between control and VAD groups was 

statistically significant. 
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Figure 2. Vitamin A-deficiency during embryogenesis affected endothelial 

differentiation in the endocrine pancreas.  

Eight-week-old C57BL/6JNarl female mice were fed with normal diet (Control) or 
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D13001 Vitamin A Deficient Rodent Diet (VAD) 2 weeks before mating and during 

pregnancy. Pancreata were isolated from P2 neonatal mice. (A) 

Immunocytochemistry staining for Insulin, GSL II and SMA was performed on 

pancreatic sections of P2 mice breastfed by mother fed with normal or vitamin A 

deficient diets. (B) Tie2-Cre/ZEG transgenic mice fed with normal or vitamin A 

deficient diets. Islets were isolated from pancreas of adult Tie2-Cre;Z/EG mice and 

stained for insulin (red) and GFP (green). Cell nuclei were stained with Hoechst dye 

in blue. FACS analysis was performed to analyze GFP-positive endothelial cells 

within pancreata of P2 mice. Quantification was carried out using Prism software. 

Bars are standard deviations. *p<0.05 indicates the difference between control and 

VAD groups was statistically significant. (C) Immunofluorescent staining of laminin 

(green) and insulin (red) was performed on pancreatic sections of P2 mice breastfed 

by mother fed with normal or vitamin A deficient diets. The scale bars are 50 µm. (D) 

The ratio of vascular (Laminin-positive) area in neonatal islet was measured and 

quantified by MetaMorph software. Bars are standard deviations. ***p<0.005 

indicates the difference between control and VAD groups was statistically significant
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Figure 3. Depletion of retinoic acid suppressed vasculature development in embryonic 

pancreas cultures 



doi:10.6342/NTU201603601

	   111	  

Embryonic pancreata isolated from E11.5 embryos were grew on fibronectin coated 

coverslips for 3, 5, 7 days without or with DEAB treatment. (A) Immunofluorescent 

staining of amylase (green), insulin (red) and glucagon (blue) was performed on 7-day 

embryonic pancreas cultures. (B-C). Immunostaining of CD31 (green) and Insulin 

(red) for embryonic pancreas which, cultured for 3 days, 5 days, and 7 days (B) or in 

the absence of any exogenous treatment for 2 days and then treated with DEAB for 5 

days (C). The scale bars are 50 µm. (D) RT-PCR analysis was perform to determine 

expression of Vegf-a (the pair of primers used can detect VEGF121, VEGF164 and 

VEGF185), lama4, insulin 1, insulin 2, Raldh2, Pc-2 and Gapdh mRNA levels in 

embryonic pancreas cultured for 7 days with or without 5-day DEAB treatment.   

(E) Real-time quantitative RT-PCR analysis was perform to determine expression of 

for Vegfa, lama4, insulin 1, insulin 2, Raldh2, and Pc-2 in embryonic pancreas 

cultured for 7 days with or without 5-day DEAB treatment. 
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Figure 4. Retinoic acid promoted β-cell differentiation and formation of vasculature 

in embryonic pancreas  

(A-C) Embryonic pancreata isolated from E11.5 embryos were cultured in the 

absence of any exogenous stimuli for 2 days and then cultured for a further 5 days 

without (A) or with 1mM of atRA (B) or TTNPB (RARs agonist, C) and 

Immunofluorescent staining of CD31 (green) and Insulin (red) was performed. The 

scale bars are 50 µm. (D) The ratio of vascular (CD31-positive) area in the embryonic 

pancreas culture was quantified with MetaMorph software. (E) Levels of lama4  of 

embryonic pancreas cultured with atRA or TTNPB were determined by real-time 
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quantitative RT-PCR. (F) Glucose-stimulated insulin release assay on 7-day 

embryonic pancreas cultures with atRA or TTNPB treatment was carried out using an 

insulin ELISA kit. (G-I) Levels of Rara, b, and g of embryonic pancreas cultured with 

atRA or TTNPB were measured by real-time quantitative RT-PCR. Bars are standard 

deviations. **p<0.01 and ***p<0.005 indicate the difference between control and 

atRA/TTNPB-treated groups was statistically significant.  
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Figure 5. RA and TTNPB treatment enhanced formation of islet-like clusters 

(A-F) Embryonic pancreata isolated from E11.5 embryos were cultured in the absence 

of any exogenous stimuli for 2 days and cultured for a further 5 days without (A, D) 

or with atRA (B,E) or TTNPB (C, F) and then immunostained for (A-C) Pdx-1, and 

(D-F) C-peptide(green). Cell nuclei were stained with Hoechst dye in blue. 
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Figure 6. atRA treatment enhanced VEGF expression and secretion in NIT-1 cells 

(A-B) Real-time quantitative RT-PCR analysis was performed to determine 

expression of Rarb in NIT-1 pancreatic β-cell line cultured without or with atRA 

treatment for 8 hours. *p<0.05, ***p<0.005 indicate the difference between control 

and atRA-treated groups was statistically significant. (C) RT-PCR analysis was 

performed to determine expression of Vegfa, insulin 1, insulin 2, lama4 and gapdh in 

NIT-1cells cultured without or with atRA treatment for 48 hours. (D, E) Real-time 

quantitative RT-PCR analysis was performed to determine expression of Rarb and 

Vegfa in NIT-1 pancreatic β-cell line cultured without or with atRA treatment for 48 

hours. *p<0.05, ***p<0.005 indicate the difference between control and atRA-treated 

groups was statistically significant. (F) VEGF secretion assay was carried out on 
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NIT-1 cells cultured without or with atRA treatment for 48 hours using a VEGF 

ELISA kit. Bars are standard deviations. ***p<0.005 indicate the difference between 

control and atRA-treated groups was statistically significant. 
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Figure 7. Pancreatic production of VEGF-A modulated by retinoic acid regulated 

b-cell differentiation and vasculature formation in embryonic pancreas 

(A) Embryonic pancreata isolated from E11.5 embryos were cultured in the absence 
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of any exogenous stimuli for 2 days and then cultured for a further 5 days without or 

with 1mM of atRA or TTNPB (RARs agonist) treatment. VEGF secretion assay was 

then carried out using a VEGF ELISA kit. Bars are standard deviations. *p<0.05 and 

***p<0.005 indicate the difference between different group was statistically 

significant. (B) Embryonic pancreata isolated from E11.5 embryos were cultured in 

the absence of any exogenous stimuli for 2 days and then cultured for a further 5 days 

with 1mM TTNPB or 10nM SU5416 (VEGFR inhibitor) or both. Immunofluorescent 

staining was performed for CD31 (green)/insulin (red) and C-peptide (green)/ 

glucagon (red). The scale bars are 50 µm. 
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Figure 8. Ectopic addition of TTNPB or VEGF-A rescued pancreatic vascularization 

and formation of islet-like clusters in retinoic-acid-depleted status 

Embryonic pancreata isolated from E11.5 embryos were cultured in the absence of 

any exogenous stimuli for 2 days and then cultured for a further 5 days without or 

with 100µM DEAB, 10ng/ml VEGF-A, 1µM TTNPB, 100µM DEAB and 10ng/ml 

VEGF-A or 100µM DEAB and 1µM TTNPB. The measurement of 

glucose-stimulated insulin release from embryonic pancreas cultures was carried out 

using an insulin ELISA. ***p<0.005 indicates the difference between control and 

treated groups was statistically significant. 
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Figure 9. AtRA treatment ameliorated glycemic control in the STZ-induced diabetic 
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mice 

Non-diabetic (control) and STZ-induced diabetic CD-1 mice were treated with or 

without 1 mg/kg atRA every other day. (A) Fasting blood glucose levels of mice in 

control, STZ, and STZ+atRA groups were determined on day 0, 2, 6, and 10. Values 

are mean ± SEM. ** p<0.01 and *** p<0.005 indicate statistically significant 

differences as compared to the STZ-treated group. (B) Plasma insulin levels of mice 

in control, STZ, and STZ+atRA groups were determined on day 10. Values are 

mean ± standard error per group. ** p<0.01 indicates that the difference was 

statistically significant as compared to the STZ-treated mice. (C) The pancreas of 

control, STZ-treated, and STZ/atRA-treated mice was immunostained with anti-Pdx1 

(green) and anti- insulin (red) antibodies. Nuclei were counterstained with Hoechst 

dye (blue). Scale bar, 50 mm. (D) The amount of Pdx1-positive cells and (E) 

Pdx1/insulin-double positive cells in an islet were calculated. Values are presented as 

percentage of the total insulin-positive cells in an islet and expressed as mean ± SD. 

***p<0.005 indicates statistically significant difference as compared to the 

STZ-treated mice. (F) The pancreas of control, STZ-treated, and STZ/atRA-treated 

mice was immunostained with anti-RAR (green) and anti-insulin (red) antibodies. 

Nuclei were counterstained with Hoechst dye (blue). Scale bar, 50 mm. 
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Figure 10. AtRA enhanced islet vascularization in diabetic mice  

STZ-induced diabetic CD-1 mice were treated with or without 1 mg/kg atRA every 

other day. The pancreas of STZ-treated and STZ/atRA-treated mice was collected on 

day 10, immunostained with anti-CD31 (green) and anti-insulin (red) (A-B) or 

anti-laminin (green) and anti-insulin (red) (C-D) antibodies. Nuclei were 

counterstained with Hoechst dye (blue). Scale bar, 50 mm. The vascular areas that 

stained positively for CD31 (A) or laminin (C) were determined by using MetaMorph 

software. The percentage of CD31-positive area (A) and laminin-positive area in an 

islet was calculated. Values are presented as percentage of the total laminin-positive 

area in an islet and expressed as mean ± SD. *p<0.05 indicates statistically significant 

difference as compared to the STZ-treated mice. (E) Plasma VEGF levels of control, 

STZ, and STZ+atRA mice groups were determined on day 10. Values are 
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mean ± standard error of each experimental group.  
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Figure 11. AtRA treatment elevated laminin expression and VEGF-A production in 

islets.  

Islets were isolated from 6-8 week old CD-1 mice and cultured in RPMI 1640 

medium containing serum. Islets were then treated with or without 1 mM atRA for 3 
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days. (A) Subsequently, the culture medium was collected and the level of VEGF-A 

in the medium was determined using VEGF165 ELISA kit. Values were normalized 

to the total cell lysate proteins and presented as pg/mg total protein ± SD. *p<0.05 

indicates statistically significant difference as compared to the untreated control islet 

culture. (B-D) Immunofluorescent staining was performed on the pancreatic islets 

treated with or without atRA for laminin (C, green) or insulin (D, red). Cell nuclei 

were stained with Hoechst dye (blue). Scale bar, 50 mm (B) Vascular areas that 

stained positively for laminin in (C) were determined using MetaMorph software. The 

percentage of laminin-positive area in the islets was calculated. Values are presented 

as percentage of total laminin-positive area in an islet and expressed as mean ± SD. 

*p<0.05 indicates statistically significant differences as compared to the untreated 

control islet culture. (E) The total insulin content of islets treated with or without 1 

mM atRA for 3 days was determined using insulin ELISA kit. Values were 

normalized to the total cell lysate protein and presented as ng/mg total protein ± SD. 

***p<0.005 indicates statistically significant difference as compared to the untreated 

control islet culture. 
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Figure 12. Integrin-laminin interaction upregulated by atRA enhances the insulin 

expression in islets  

Islets were isolated from 6-8 week old CD-1 mice and cultured in RPMI 1640 

medium containing serum. Islets were then treated with or without 1 mM atRA or 1 
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mM atRA+anti-integrina6 antibodies for 3 days. (A, C) Immunofluorescent staining 

was performed on the pancreatic islets treated without or with 1 mM atRA or 1 mM 

atRA+anti-integrina6 and antibodies for laminin (A, green) or insulin (C, red). Cell 

nuclei were stained with Hoechst dye (blue). Scale bar, 50 mm (B) Vascular areas that 

stained positively for laminin in (A) were determined using MetaMorph software. The 

percentage of laminin-positive areas in the islets was calculated. Values are presented 

as percentage of the total insulin-positive area in an islet and expressed as mean ± SD. 

*p<0.05 indicates statistically significant difference as compared to the untreated 

control islet cultures. (D) The total insulin content of islets treated without or with 1 

mM atRA or 1 mM atRA+anti-integrina6 and antibodies for laminin was determined 

using insulin ELISA kit. Values were normalized to the total cell lysate protein and 

presented as ng/mg total protein ± SD. ***p<0.005 and *p<0.01 indicate statistically 

significant differences between the compared groups. 
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Figure 13. AtRA improves islet graft vascularization and ameliorates hyperglycemia 

in diabetic mice 

STZ-induced diabetic mice were randomly divided into three groups. In two 

experimental groups (STZ w/islet, STZ w/islet+atRA), each STZ-induced diabetic 

mouse was transplanted with 200 islets. Half of the islet-transplanted diabetic mice 

were also administered with 1 mg/kg atRA every other day (STZ w/islet+atRA group). 

(A) Fasting blood glucose levels of each experimental group (STZ, STZ w/ islet, STZ 

w/islet+atRA) were measured on day 0, 4, and 10 post islet transplantation. Values 

are mean ± SEM. *** p<0.005 indicates statistically significant difference between 

the compared groups. (B-C) The plasma insulin and VEGF-A levels of all 
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experimental groups (STZ, STZ w/ islet, STZ w/islet+atRA) were determined on day 

10. Values are mean ± standard error per group. *p<0.05 and ** p<0.01 indicate 

statistically significant differences as compared to the atRA-treated groups. (D, E) 

The kidney islet grafts of corn-oil treated (D) or atRA-treated (E) diabetic recipient 

mice were collected 10 days post-transplantation and immunostained with 

anti-C-peptide (red) and anti-Laminin (green) antibodies. Nuclei were counterstained 

with Hoechst dye (blue).



doi:10.6342/NTU201603601

	   130	  

 

Figure 14. Isolation of periportal hepatocytes 

(A) Schematic diagram of the experimental procedure of isolation periportal 

hepatocytes. An 18-gauge angiocath is inserted into the portal vein of liver, then 

connect the perfusion buffer. Before collagenase treatment, inject 200ul air into the 

perfusate tubing and then perfuse with collagenase to dissect the liver into single cells. 

(B) Flow cytometric analysis of hepatocyte purity using an anti-CPS1 (periportal 

zonation) and CYP7A1 (pericentral zonation) antibodies. Over 95% of cells were 

CPS1 positive.  
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Figure 15. Optimization of the suitable dedifferentiation formula for hepatocytes 

Fresh periportal hepatocytes were isolated as single cells and culture on 

PVA-conjugated membrane with medias formula. Hepatic sphere formed on 3D 

culture environment and collected at day 2 culture. (A-F) Levels of (A) Asgpr, (B) 

G6pase, (C) Ccnd1, (D) Sox9, (E) Epcam and (F) Afp in hepatic spheres that were 

culture for 2 days within 3D defined culture environment were measured by real-time 

quantitative RT-PCR. Bars are standard deviations. **p<0.01 and ***p<0.005 

indicate the difference among different culture formula was statistically significant.  
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Figure 16. Characterization of optimal matrix is to activate hepatocyte 

dedifferentiation  

(A) Morphological examination and marker expression of primary mouse hepatic 

sphere created using the PVA-conjugated membrane or ultralow attachment surface 

or a collagen-coated culture dish. Hepatocytes were cultured on the PVA-conjugated 

membrane (3D) or ultralow attachment surface (3D) and a collagen-coated culture 

dish (2D monolayer culture). A total of 105 cells were seeded and cultured for 2 days. 

A 35-mm plastic culture dish was used as the bottom part of the culture. The 

morphology of the hepatocyte in 3D culture is shown (A and B). The morphology of 

the hepatocytes treated with 2D monolayer culture is shown after 2 day of culture (A 

C). (A-C) Fluorescent photomicrographs for hepatic sphere after staining with 

ASGPR and SOX9. Scale bars is 50 µm. Real-time quantitative RT-PCR analysis was 

perform to determine expression for (D) Asgpr, (E) G6pase, (F) Ccnd1, (G) Sox9, (H) 

Epcam and (I) Afp in hepatic sphere cultured for 2 days. Bars are standard deviations. 

**p<0.01 and ***p<0.005 indicate the difference among different culture matrix was 

statistically significant.  
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Figure 17. Formation of hepatic spheres derive from periportal hepatocytes in the 

defined spheroid culture system  

(A) Stem/progenitor-like cells can be cultured as suspension spheres. Periportal 

hepatocytes were cultured in SFM [DMEM/F12, B27 supplement 20 ng/ml EGF, 

bFGF and HGF] in a 6-well tissue culture plate for 2 days. Typical floating spheres 

formed were photographed (bright field images) at 50X magnifications at various 

time point during the culture period. (B) Image of hepatic sphere derived from 

Alb-Cre; R26R-brainbow mice. (C) Representative images of EdU incorporating into 
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hepatic spheres. Proliferation in hepatic sphere was determined by EdU incorporation 

for various time points indicates that sphere cells did form from cell aggregation. (D) 

Sphere-forming efficiency of hepatic sphere cultures. The phase-contrast images of 

adult hepatic spheres inoculated at different densities after culture for 2 days with 

defined medium and quantification of hepatic spheres in different seeding densities. 

Quantification of primary sphere formation was carried out using 6-well plates (102, 

103, 104, and 105 cells/well seeded). Each condition was counted for three repeats. 

Data were presented as mean ± SD. 
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Figure 18. Characterization of hepatic spheres derive from periportal hepatocytes in 

the defined spheroid culture system by microarray analysis 

(A) Heatmap of 8849 genes differentially expressed between periportal hepatocytes, 

hepatic spheres, and freshly isolated hepatoblast. Multiple isolated cells were pooled 

to generate a sample. Hierarchical clustering was performed with the R project. (B) 

Heatmap of 131 genes which are related to the marker for mature hepatocyte, hepatic 

progenitor cell and the signaling pathway suggested to promote hepatocyte 

dedifferentiation differentially expressed between periportal hepatocytes, hepatic 

spheres, and freshly isolated hepatoblast. (C) Heatmap of 15 genes which are related 

to the marker for hepatic progenitor cell and the wnt/b-catenin pathway differentially 
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expressed between periportal hepatocytes, hepatic spheres, and freshly isolated 

hepatoblast. 
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Figure 19. Periportal hepatocytes showed dedifferentiation potential in 

DDC-induced liver injury mouse model.  

Immunofluorescence staining for periportal hepatocyte (CPS1), hepatocyte (ASGPR), 

hepatic progenitor cells (SOX9, and EpCAM), and ductal cells (CK19) in liver 

specimens of mice after DDC-induced liver injury.  
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Figure 20. Cellular signaling is activated in the portal region of the liver after 

DDC treatment 	  

(A) Liver was analyzed using double immunofluorecent staining for SOX9 or 

EpCAM (green) /related cell signaling (b-catenin, EGFR, C-met, phospho-ERK, 

phospho-AKT ) (red). Remarkable SOX9 or EpCAM(+) periportal hepatocytes with 

signaling activation were observed after DDC-induced liver injury. (B) A 

representative area of the liver section circumscribed by a box is shown enlarged to 
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illustrate the b-catenin, EGFR, C-met, phospho-ERK, phospho-AKT in the SOX9 or 

EpCAM(+) periportal hepatocytes.  
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Figure 21. Periportal hepatocytes have higher potential to induce 

dedifferentiation in the defined culture medium  

(A) Double immunofluorescence staining for markers of mature hepatocyte (ASGPR) 

and hepatic progenitor cell (SOX9) in hepatic spheres from periportal hepatocytes and 

total ones which were quantified with MetaMorph software. Cell nuclei were 

counterstain with Hoechst dye (blue). (B) Asgpr, G6pase, Sox9, and Epcam mRNA 

expression were detected in hepatocytes isolated from whole liver and periportal zone 

culture on PVA-conjugated defined 3D microenvironment. Fold-changes relative to 

peripotal hepatocytes for 2 days culture. 
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Figure 22. β-catenin signaling pathway mediated the dedifferentiation of hepatic 

spheres 

(A) Immunofluorescence staining of β-catenin in freshly isolated hepatic cells and 

hepatic spheres culture with hepatocyte medium, and liver dedifferentiation medium; 

quantification of the β-catenin by MetaMorph software to calculate the percentage of 

nuclear β−catenin. (B) β-catenin activity was upregulated in hepatic spheres culture 

with hepatic dedifferentiation medium confirmed with higher TOP/FOP ration (C) 

Phase-contrast image of hepatic spheres as treated with kenpaullone 5uM and 

PKF118-310 1uM for 2 days. (D) RT-PCR for LSPC-specific genes to characterize 

hepatic spheres with kenpaullone treatment. Lane 1. Hepatic spheres culture on 

PVA-coated plate. Lane 2. Hepatic spheres culture on PVA-plate with kenpaullone 
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treatment. (E) Asgpr and (F) Sox9 mRNA expression was detected in hepatic sphere 

without or with kenpaullone and PKF118-310 treatment. 
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Figure 23. Hepatic spheres have rescue effect on the CCl4-induced liver injury 

and have the capacity of differentiation in vivo  

(A) AST, ALT, and total bilirubin assay were performed to monitor liver function 

with sera extracted from peripheral blood. The sera from WT mice, mice treated with 

CCl4, and mice treated with CCl4 and transplanted with hepatic spheres are shown. 

The data represented as means ±SD. *P<0.05; **P<0.01; ***P<0.001. (B) Picro 

Sirius Red staining for collagen disposition after hepatic spheres transplantation with 

continuous CCl4 treatment on mice; quantitative analysis of liver fibrosis after hepatic 

sphere transplantation. Liver fibrosis was evaluated by morphometric analysis with 

sirius red staining. To quantify Sirius red staining, 10 randomly selected, 20x 

fields/section were analyzed by metaphorph software. Tissues from all mice were 

chosen for analysis. Statistic results are expressed as mean ±SD. ***P<0.001. (C) 

Grafted cells were detected by GFP fluorescence in liver fibrosis area with a-SMA 

expression. GFP+ cells in transplanted liver, which indicated by arrows, co-express 

Albumin (D) and CK19 (E) by dual immunofluorescence staining. 
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Figure 24. The hepatic spheres could differentiate into hepatic and 

cholangiocytic lineages in vitro.  

(A-C) Immunofluorescence staining of AFP (A), Albumin (B) and CYP3A1 (C) on 

hepatic spheres labeled with GFP, which treated with hepatocyte-induction medium 

for 5 day and taken fetal liver as feeders. (D) Immunofluorescence staining of CK19 
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on hepatic sphere, which co-culture with fetal liver in basal medium to differentiate. 
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Figure 25. Non-parachymal cells could not dedifferentiate into HPCs in our 

defined 3D culture system.  

(A) Parachymal cells (hepatocytes) and non-parachymal cells were isolated and 

separated by low G centrifugation. These cells were cultures on 3D defined culture 

system by PVA-conjugated membrane. (B) FACS analysis and purification of 

hepatocytes by EpCAM expression. The purified cells were on 3D defined culture 
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system by PVA-conjugated membrane. (C) Schematic diagram of the generation of 

CK19-CreERT2;Z/G transgenic mice. The CK19-CreERT2;Z/G transgenic mice was 

confirmed by serial section staining of IHC for CK19 and GFP. The FACS analysis 

for GFP expression on the isolated liver cells from CK19-CreERT2;Z/G transgenic 

mice. (D) Immunofluorescence staining for GFP and SOX9 in hepatic spheres derived 

from periportal hepatocytes of CK19-CreERT2;Z/EG transgenic mic 
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Figure 26. Induced insulin-producing cells originated from sphere-type hepatic 

progenitor cells in 3D culture environment  

Sphere-derived hepatic progenitor cells were cultured in induction medium for 

insulin-producing cells for 1, 3 5 days with or without PNM-GFP transduction. (A) 

RT-PCR analysis was performed to determine gene expression of Pdx1, Ngn3, Mafa, 

Insulin1, Insulin2, Kir6.2, Glucagon, Amylase, Sox9, foxa2, Albumin and Gapdh 

mRNA levels in hepatic spheres cultured in induction medium for insulin-producing 
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cells for 1, 3 5 days with or without PNM-GFP transduction. (B) Real-time 

quantitative RT-PCR analysis to determine expression levels of Insulin1, Insulin2, 

kir6.2 and Sox9 in hepatic spheres cultured in induction medium for insulin-producing 

cells for 1, 3 5 days transducing with PNM-GFP or GFP. (C) Immunostaining was 

performed on the hepatic spheres cultured in induction medium for insulin-producing 

cells for 3 days transducing with PNM-GFP for GFP (green) and Pdx1 (red), GFP 

(green) and Ngn3 (red), GFP (green) and MafA (red), GFP (green) and Insulin (red) 

and GFP (green) and C-peptide (red). Nuclei were counterstained with Hoechst dye 

(blue). Scale bar, 50mm.  
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Figure 27. Induced insulin-producing cells could attenuate hyperglycemia in 

STZ-induced diabetic mice 

Transplantation of induced insulin-producing cells into STZ-treated diabetic C57BL6 

mice. (A) The blood glucose level of mice in STZ mice that did not receive any cells 

(control) and STZ mice transplanted with GFP only spheres  (GFP) or PNM-GFP 

spheres (PNM) were determined on day 0, 2, 4, 6, 8 post- transplantation. Values are 

mean ± SEM. *** p<0.005 indicate statistically significant differences as compared to 

the control group. (B) Glucose tolerance test in control, GFP and PNM group were 

determined on day 8 post-transplantation. Values are mean ± SEM. *** p<0.005 

indicate statistically significant differences as compared to the control group. (C) 

Immunohistochemistry analyses for the expression of GFP, Pdx1, Ngn3, MafA, 
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insulin, C-peptide and Kir6.2 on kidney graft as mice were transplanted with 

PNM-GFP spheres.
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Table 1 Composition of vitamin A deficient rodent diet D13001  
 
gm % D13001 AIN-76Aa kcal 

Protein 20 20.3 20.8 

Carbohydrate 66.0 66.0 67.7 

Fat 5.0 5.0 11.5 

Total   100.0 

kcal/gm 3.9 3.9  

 

 D13001 AIN-76A kcal 

Ingredient (gm)    

Casein, Alcohol Extracted 200 200 800 

DL-Methionine 3 3 12 

Corn Starch 150 150 600 

Sucrose 500 500 2000 

Cellulose 50 50 0 

Cottonseed Oil 50 50 450 

Mineral Mix S10001 35 35 0 

Vitamin Mix V10001 (containing Vitamin A)  10  

Vitamin Mix V13001  (No Vitamin A) 10 0 40 

Choline Bitartrate 2 2 0 

Total  1000 3902 
a AIN-76A- widely used, balanced, purified rodent diet. 

 
  



doi:10.6342/NTU201603601	   156	  

Table 2 Primers used in RT-PCR and qRT-PCR to assess the genes expression 

Gene Primer sequences 
Product  

size (bp) 

Laminin α4 
FP: CTATGTCTCAGACCAAGAAG 

RP: GCTAAACGTTTGAGAAGCGG 
381 

VEGF-A 
FP: GACCCTGGTGGACATCTTCCAG 

RP: GGTGAGAGGTCTGGTTCCCGA 
534, 462, 330 

RALDH2 
FP: GAATGGCAGAACTCAGAGAG 

RP: GGTGTTACCACAGCACAATG 
486 

Insulin II 
FP: TCTTCCTCTGGGAGTCCCAC 

RP: CAGATGCTGGTGCAGCACTG 
258 

Insulin I 
FP: TAGTGACCAGCTATAATCAGAG 

RP:  ACGCCAAGGTCTGAAGGTCC 
288 

PC2 
FP: AGAGATTCCATTGTGTGGGA 

RP: CAAAATGGACTTGGTGCCCA 
216 

Kir6.2 
FP:  AAGAA AGGCA ACTGC AACGT 

RP:  CCCCA TAGAA TCTCG TCAGC 
823 

Glucagon 
FP:  GCACATTCACCAGCGACTAC 

RP:  CTGGTGGCAAGATTGTCCAG 
327 

Sox9 
FP:  CACCC CGATT ACAAG TACCA G 

RP:  TGCTC AGTTC ACCGA TGTCC A 
333 

Albumin 
FP:  GCTACGGCACAGTGCTTG 

RP:  CAGGATTGCAGACAGATAGTC 
266 

GAPDH 
FP: AAGGTCGGTGTGAACGGATT 

RP: TGGTGGTGCAGGATGCATTG 
450 
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Gene Primer sequences Product size (bp) 

VEGF-A 
FP:AACGATGAAGCCCTGGAGTG 

RP:GACAAACAAATGCTTTCTCCG 
203 

Laminin a4 
FP: CCCCTGAGGACACTGTGTTT 

RP: GGGCACTGACTTTGATGGAT 
175 

RALDH2 
FP:ACATCAACAAGGCTCTCA 

RP: CCAAACTCACCCATTTCTC 
138 

RARα 
FP: CTGGACTGCTCAGTGCCATCT 

RP: TGCAGCATGTCCACCTTGTC 
81 

RARβ 
FP: ACAGATCTCCGCAGCATCAG 

RP: GCATTGATCCAGGAATTTCCA 
76 

RARg 
FP: CCAGGAGACTTTTCCCTCAC TCT 

RP: GCTGCACCCG GTGATCTG 
73 

ASGPR 
FP:  GTCGAAGCTGGAAAAACAGC 

RP:  GGTCAGTTAGGCCAATCCAA 
331 

Sox9 
FP:  GTACCCGCATCTGCACAAC 

RP:  CTCCTCCACGAAGGGTCTCT 
93 

G6pase 
FP:  TGCATTCCTGTATGGTAGTG G 

RP:  GAATGAGAGCTCTTGGATGG 
317 

EpCAM 
FP:  AGAATACTGTCATTTGCTCCAAACT 

RP:  GTTCTGGATCGCCCCTTC 
109 

AFP 
FP:  CTTCCCTCATCCTCCTGCTAC 

RP: ACAAACTGGGTAAAGGTGATGG 
144 

Cycin D1 
FP: CAGAAGTGCGAAGAGGAGGTC 

RP: TCATCTTAGAGGCCACGAACAT 
129 

Kir6.2 
FP:  GCTGCATCTTCATGAAAACG 

RP:  TTGGAGTCGATGACGTGGTA 
297 

GAPDH 
FP: ACCCAGAAGACTGTGGATGG 

RP: CACATTGGGGGTAGGAACAC 
170 
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