

  ijms-24-08125




ijms-24-08125







Int. J. Mol. Sci. 2023, 24(9), 8125; doi:10.3390/ijms24098125




Review



The Values and Perspectives of Organoids in the Field of Metabolic Syndrome



Chen Tan 1, Min Ding 1 and Yun-Wen Zheng 1,2,3,4,*[image: Orcid]





1



Institute of Regenerative Medicine, Department of Dermatology, Affiliated Hospital of Jiangsu University, Jiangsu University, Zhenjiang 212001, China






2



Department of Medicinal and Life Sciences, Faculty of Pharmaceutical Sciences, Tokyo University of Science, Noda 278-8510, Japan






3



School of Medicine, Yokohama City University, Yokohama 234-0006, Japan






4



Center for Stem Cell Biology and Regenerative Medicine, Institute of Medical Science, The University of Tokyo, Tokyo 108-8639, Japan









*



Correspondence: zheng.yunwen.ld@alumni.tsukuba.ac.jp







Academic Editor: Carolyn M. Ecelbarger



Received: 24 March 2023 / Revised: 21 April 2023 / Accepted: 29 April 2023 / Published: 1 May 2023



Abstract

:

Metabolic syndrome (MetS) has become a global health problem, and the prevalence of obesity at all stages of life makes MetS research increasingly important and urgent. However, as a comprehensive and complex disease, MetS has lacked more appropriate research models. The advent of organoids provides an opportunity to address this issue. However, it should be noted that organoids are still in their infancy. The main drawbacks are a lack of maturity, complexity, and the inability to standardize large-scale production. Could organoids therefore be a better choice for studying MetS than other models? How can these limitations be overcome? Here, we summarize the available data to present current progress on pancreatic and hepatobiliary organoids and to answer these open questions. Organoids are of human origin and contain a variety of human cell types necessary to mimic the disease characteristics of MetS in their development. Taken together with the discovery of hepatobiliary progenitors in situ, the dedifferentiation of beta cells in diabetes, and studies on hepatic macrophages, we suggest that promoting endogenous regeneration has the potential to prevent the development of end-stage liver and pancreatic lesions caused by MetS and outline the direction of future research in this field.
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1. Introduction


With the progress of modernization and the improvement of living standards, more and more people are suffering from metabolic syndrome. The main characteristic components of metabolic syndrome (MetS) include high blood pressure, increased triglycerides, hyperglycemia, poor HDL cholesterol, and obesity (especially central obesity). Insulin resistance and hyperinsulinemia brought on by obesity, particularly central obesity, define its pathophysiology [1]. Its pathology is characterized by insulin resistance and hyperinsulinemia caused by obesity, especially central obesity [2]. The development of MetS has led to the emergence of many diseases, such as diabetes, cardiovascular disease, fatty liver, and certain cancers [3,4], which are becoming increasingly dangerous global health issues. Many contributing factors and mechanisms have been proposed, including insulin resistance, adipose tissue dysfunction, chronic inflammation, oxidative stress, circadian rhythm disorders, effects of gut microflora, genetic factors, and maternal influences [5]. These mechanisms are redundant and complex, and there are still no effective intervention strategies for the prevention and treatment of diabetes and cardiovascular disease caused by MetS.



MetS is a comprehensive and holistic disease that affects multiple systems in the human body due to its complex causes and effects. Previous studies on metabolic syndrome have mostly used animal and in vitro 2D models, which have their limitations [6,7]. Due to its single monolayer cell plane, 2D cell culture is distant from the actual human body in terms of physiology, biochemistry, and biomechanics, especially in the study of comprehensive diseases such as metabolic syndrome, and is unable to elaborate well on the disease mechanism of the interactions between cells. Cell lines usually do not respond well to glucose stimulation and cannot mimic the interaction between β-cells and other types of cell interactions, which are crucial in islet function and diabetes pathogenesis. In contrast to humans, animal models differ substantially in metabolic pathways, immune systems, and other microenvironments [8]. In many cases, drug candidates developed from mouse trials either had no effect on obesity in humans or, when they did, resulted in significant adverse side effects that were only seen in humans. A particularly notorious example is the appetite-suppressant drug fenfluramine. After successful trials in mice, fenfluramine was approved in the U.S. in 1973, however, in 1997, one-third of patients taking the drug were diagnosed with pulmonary hypertension and heart valve disease [9,10].



In terms of metabolic functionality, gene and protein expression, and microstructure, 3D organoids are more similar to primary organs than previous research methods. This makes organoids a more effective research tool for advancing our understanding of MetS. There are three defining characteristics of organoids: (1) multiple cell types that contain the organ; (2) structural features that compose the organ; and (3) functions that the organ performs [11]. Thus, organoids mimic cellular interactions more comprehensively than 2D-cultured cellular models due to the organoids’ characteristic of multiple cell types. In addition, compared to organ models taken directly from the human body, organoids are more readily available and can be personalized; in contrast to animal models, organoids can originate directly from humans, so there is no need to extrapolate findings from model animals to humans [11,12].



However, organoid technology is still in its infancy and has a long way to go before it can be utilized effectively in disease modeling and regenerative medicine [13]. With the combination of organoid and CRISPR-based gene editing technology, 3D scaffolding and 3D bioprinting technology, a microfluidic device system, organoid chip technology [14], and further refinement of in vitro organoid research, there is hope to create an in vitro research system that gradually approximates the real environment in the human body, providing more accurate and convenient technical support for various diseases, not only MetS.



In this review, we will discuss the significance and potential applications of pancreatic and hepatobiliary organoids in the field of MetS based on their current research status. So far, pancreatic and hepatobiliary organoids have more mature culture protocols and are closely related to MetS.



There has been much evidence that exercise and dietary strategies, to some extent, can reverse insulin resistance, blood pressure, and lipid levels in metabolic syndrome [15,16,17]. Furthermore, in 2021, an observational study also noted that in patients with non-alcoholic steatohepatitis and obesity, bariatric surgery was associated with a significantly lower risk of serious adverse liver outcomes and major adverse cardiovascular events compared to nonsurgical treatment [18]. Therefore, this review also addresses the following question: Based on the research and application of hepatobiliary and pancreatic organoids, is the search for effective external interventions to promote endogenous regeneration a viable strategy for preventing the progression of hepatobiliary and pancreatic MetS to end-stage?




2. Pancreatic Organoids


The metabolic syndromes and pancreatic functions have an interdependent and interactive relationship. On the one hand, free fatty acids (FFA) in MetS stimulate body cells as a result of increased production of highly active reactive nitrogen clusters (RNS) and reactive oxygen species (ROS), which in turn initiate oxidative stress mechanisms. These reactive molecules can directly oxidize and damage lipids, proteins, and DNA, as well as act as mobile molecular signals, activating a variety of stress-sensitive intracellular signaling processes that are closely linked to impaired β-cell function [19,20]. On the other hand, the MetS-induced damage to β-cells decreases the function of insulin secretion, which is responsible for glycogen synthesis, protein synthesis, promoting GLUT4 translocation and adipogenesis, as well as hepatic gluconeogenesis and inhibiting apoptosis. Consequently, the decrease in insulin secretion exacerbates the metabolic disorder and promotes the progression of MetS [21].



Multiple cells have been shown to contribute to the development and insulin-secreting function of β-cells, including α-cells, δ-cells, and polypeptide (PP) cells, different subtypes of β-cells [22], and the ecological microenvironment in which they are located. Therefore, a single study of human planar cells cannot generalize the effect of MetS on pancreatic insulin secretion. On the other hand, in human, the stochastic behavior of insulin-releasing β-cells may reflect their unique cytoarchitectonic alignment along the laminar epithelial sheet. Rodents are not an ideal model for studying human pancreatic β-cell dysfunction due to differences in cellular arrangement morphology and the ratio of individual cells within human islets [8,23,24,25].



In addition to β-cells, the endocrine pancreas has α-cells, which produce glucagon; δ-cells, which produce somatostatin; and PP cells, which produce the pancreatic polypeptide. These hormones regulate blood glucose levels in precise balance with insulin and promote energy metabolism [6,26,27]. Therefore, the study of MetS also requires that the impact of other endocrine cells in pancreatic islets on human metabolism be considered, and the generation of homogenous, intact, scaled-up islets in vitro may facilitate the study of MetS. Stem cell-derived organoid technology offers the possibility of achieving this purpose.



2.1. The Secretion of Insulin Requires the Cooperation of Different Cells


Blood glucose homeostasis is an important component of metabolic homeostasis, and it is known that insulin is the most important hormone regulating blood glucose in the body [21]. Pancreatic β-cells are the only insulin-producing cells in humans and almost all other vertebrates.



However, multiple types of β-cells are involved in insulin secretion, and many studies have shown that β-cells in pancreatic islets are heterogeneous [28]. Dorrell’s group classified human β-cells into four subpopulations since human β-cells can synthesize different levels of the cell surface proteins ST8SIA1 and CD9. Importantly, the relative abundance of the different subtypes was dependent on metabolic status, with different frequencies observed in T2D. Hence, the diabetic state may lead to a redistribution of β-cell subtypes and even alter the subtype pattern, contributing to the pathogenesis of T2D [29].



Several studies have shown that β-cell heterogeneity has a significant impact on glucose-responsive insulin secretion (GSIS). For example, enteroendocrine L-cells and K-cells release glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinophilic polypeptide (GIP), which enhance GSIS to counteract postprandial hyperglycemic spikes. Studies have shown that GLP-1 recruits a highly coordinated heterogeneous subnetwork of β-cells to enhance GSIS, which is the target of the lipotoxic attack to reduce insulin secretion. Donor body mass index (BMI) is negatively correlated with GLP-1-coordinated β-cell levels, indicating a link between circulating adiposity and insulin secretion levels in humans [30]. In addition, hub cells, a special type of pacemaker β-cells, exert disproportionate control over the islet’s response to glucose. The islets are connected into a network by hub cells and follower cells to produce rhythmic activity for insulin release. The β-cell network is disrupted when hub cells are silenced, whereas calcium dynamics and insulin secretion are unaffected when follower cells are silenced. Notably, these hub cells are sensitive to pro-inflammatory and glycolipotoxic injury and lead to β-cell dysfunction [31].



The regulation of blood glucose metabolism in humans requires the involvement of both β-cells and other endocrine cells in the pancreas [32]. In 2018, Diaz et al. showed that in humans, glucagon secreted by α-cells is as important as β-cells in contributing to the glucose set point and that the action of neighboring α-cells must augment β-cell secretion to establish the human glucose set point. These findings have implications for diabetes transplantation and regenerative therapies, as restoring normal blood glucose levels may require more than just replacing β-cells. In addition, therapeutic strategies using glucagon receptor antagonists as hypoglycemic agents need to be reevaluated because they may reset the overall glucagon level in the organism [27]. Therefore, for studying MetS disease mechanisms and therapeutic strategies for diabetes, it may be more advantageous to generate intact islet-like organs in vitro than to differentiate cells into specific cell types.




2.2. Progress of Pancreatic Organoids


Pancreatic islet-like organs are derived from two types of stem cells: pluripotent stem cells (PSCs) and adult stem cells (ASCs) [33], and the more maturely studied organoid development strategies are mainly derived from PSCs. In 2006, Shinya Yamanaka et al. successfully reprogrammed adult fibroblasts to induced pluripotent stem cells (iPSC). Human iPSC possess pluripotent stemness like human embryonic-derived stem cells, but they do not have to be obtained from human embryos, avoiding ethical issues [34].



Pancreatic organoid development focuses on islet-like organs that generate GSIS, and pancreatic β-cells are considered the most crucial component of islet function. Previous research has focused on the generation of stem cell-derived β (SC-β) cells.



The basic principle of islet-like organogenesis from pluripotent stem cells is the progressive differentiation of hESCs or iPSCs through defined developmental stages, from the final endoderm, primitive intestinal duct, hind foregut, pancreatic progenitor, and endocrine progenitor to β-cells [35,36,37,38], with genetic markers identified for each cellular stage, such as PDX1 and NKX6.1, typical markers for pancreatic progenitors, and NGN3, typical endocrine precursor markers [39,40], as well as differentiation by exposing cells to various growth factors and small molecules that activate or inhibit embryonic signaling pathways in specific doses and sequences, such as lymph node activator, WNT, retinoic acid, FGF, bone morphogenetic protein (BMP), and Notch [41,42,43] (Figure 1).



However, in previous studies, immaturity of SC-β cells was demonstrated by poor glucose responsiveness, multihormonal features, and a preference of multihormonal cells for α-cells over β-cells, as cell–cell interactions play an important role in the regulation of cell fate specification and islet function [44,45,46]. Therefore, 3D culture systems for pancreatic tissue were developed, mainly including suspension 3D and scaffold 3D culture systems. The suspension 3D culture system takes advantage of intercellular self-organization. Pagliuca et al. used a stir plate to generate 100–200 um clusters of cells from hPSCs cultured in rotating flasks. Morphologically and functionally, these cell clusters resemble native human islets. Unfortunately, few non-β endocrine cells were detected compared to human islets [42]. Scaffold 3D culture systems utilize extracellular matrix (ECM) components as scaffolds to facilitate three-dimensional structure formation and cell–matrix interactions. Islet-like organs cultured in microporous scaffolds by Youngblood et al. in 2019 showed improved control of islet-like organ size and cell–cell interactions. These islet-like organs had more mature marker expression and performed better in GSIS than their counterparts in suspension culture [47]. Recent findings show that Yoshihara et al. successfully generated immune-evading human islet-like organs (HILOs) from iPSCs. HILOs overexpressing the immune checkpoint protein programmed death-ligand 1 (PD-L1) were shielded from immune destruction and could maintain cellular homeostasis in immunized mice for approximately 50 days [48].



Vascularization of islet organoids is essential for promoting GSIS, on the one hand, because the pancreas is one of the most vascularized organs, with most β-cells having at least one point of contact with the capillary bed [49]. On the other hand, contractile cells in the islets, including pericytes and smooth muscle cells, also play an important role in insulin secretion and glycemic control [50]. It has been demonstrated that activating β-cells by raising the blood glucose level inhibits pericytes, dilates islet capillaries, and boosts regional blood flow. In type 2 diabetes, pericyte coverage of islet capillaries decreases dramatically, suggesting that in diabetic conditions, islets lose the mechanism to control their own blood supply, which may lead to an insufficient release of insulin into the circulation, further worsening glycemic control [50]. In addition, the vascularization of pancreatic islet-like organs can solve the problem of insufficient nutrition and oxygen supply to deep cells in the in vitro culture of islet-like organs. The majority of islet-like organ vascularization is accomplished by co-culturing endothelial and endocrine cells. In 2018, Taniguchi’s team reported that cell lines, native tissue fragments, and iPSC spheroids co-cultured with human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells (MSCs) in Matrigel were able to form vascularized pancreatic organoids. This method is still underdeveloped for in vitro organoid formation, but clearly improves vascularization in mice after transplantation and the efficacy of diabetes [51,52]. In 2020, Palikuqi et al. transformed mature human endothelial cells into “reset” vascular endothelial cells (R-VECs), which form a perfusable and plastic vascular plexus, perfuse glucose-responsive insulin-secreting human islets, and establish an adaptive vascular ecotone that differentially regulates and adapts to organoids in a tissue-specific manner. The 3D R-VECs vascular plexus established by this type of method is self-organizing, high volume, and maintains its angiogenic potential in a wide range of serum-free medium compositions, with the characteristic that it can be cultured for long periods of time [53] (Table 1).



In general, however, the pancreatic organoids that have been grown so far are still not mature enough. The main problems are the low capacity for glucose-responsive insulin secretion, which leads to low efficiency after transplantation, and the impossibility of long-term culture, which limits further research, all of which are challenges that need to be solved for the further development of islet-like organs.




2.3. Pancreatic Organoids and Endogenous Regeneration of Metabolic Syndrome


There are numerous studies aimed at improving the maturation of β-cells in pancreatic organoids, whereas the lack of maturation of the produced pancreatic organoids is a significant issue in the study of islet-like organoids [45]. On the other hand, β-cell dysfunction is highly correlated with the severity of MetS, and improving β-cell dysfunction is an important strategy to improve MetS and prevent the progression of MetS to diabetes [54]. Therefore, strategies to promote further maturation of pancreatic organoids may provide new insights and ideas to improve β-cell dysfunction in MetS.



An important mechanism leading to β-cell injury in vivo under metabolic stress is the dedifferentiation of β cells. Early in 2012, Talchai’s group demonstrated that the re-emergence of endocrine progenitor-like cells in adulthood results from β-cell dysfunction [55]. For example, β-cells in T1DM [56] and T2DM [55] adapt to immune and metabolic stressors by reverting to an immature state, respectively, which partially explains the loss of β-cell population function in diabetes. Thus, adaptation to a dedifferentiated, immature cell state may be an aggressive, protective process that allows β-cells to escape immune assaults or metabolic stress-induced cell death and induces the redifferentiation of immature β-cells into mature β-cells, possibly providing a new direction for improving MetS and diabetes treatment.



Exploring whether pluripotent stem pancreatic β-progenitor cells still exist in the adult pancreas and can stimulate the redifferentiation and maturation of this adult stem cell is essential to solving this problem. Due to the similarity between in vitro organoid culture and the in vivo developmental pathway, the in vitro case of promoting islet organoid maturation may provide inspiration for finding a suitable differentiation pathway to promote the redifferentiation and maturation of damaged and dedifferentiated β-cells.



2.3.1. Islet Regeneration


Strategies for endogenous islet regeneration are derived either from the mitosis of preexisting cells or from the mature differentiation of islet progenitor cells with the ability to proliferate and expand. There are molecular mechanisms that directly manipulate β-cells regarding the cell cycle that can force human β-cells to proliferate; however, genetic mutations in cell cycle genes can also lead to rare pancreatic endocrine hyperplasia, such as insulinoma in humans [57,58,59]. Therefore, the search for progenitor cell populations of β-cells in the adult pancreas could potentially promote endogenous regeneration of pancreatic islets.



Presently, the prevailing view is that the replenishment of adult pancreatic β-cells is mainly dependent on their self-replication [60], and the existence of progenitor cells that support β-cell regeneration has been a controversial topic.



Some specific cell populations are considered pancreatic progenitor or progenitor-like cells that have the ability to differentiate into insulin-secreting cells in vitro, including nestin-positive cells isolated from mouse pancreas [61], Ucn3-negative primitive β-cells from adult mice [62], P2RY1+/ALK3+ cells isolated from human pancreatic ducts [63], and high aldehyde dehydrogenase activity from human fetal and adult pancreatic cells [64]. Recently, a new population of Procr+ endocrine progenitor cells was found in the pancreatic islets of adult mice [65].



It is still unknown whether progenitor cells for β-cell regeneration exist in the adult pancreas, as the majority of these studies were conducted on animal or human fetal islets, or there was no genealogical tracing, making it impossible to determine whether these cells reflect the regeneration of new β-cells or dedifferentiation of existing cells.




2.3.2. Oxidative Stress


In MetS, a high-energy diet can increase the metabolic load of mitochondria [66], which can form excess ROS as a byproduct, and ROS can lead to oxidative stress, which can result in cellular damage [67]. It has been found that the estrogen-related receptor (ERR) can act as a novel redox sensor and effector for ROS defense programs, and notably, increased ERRγ expression/activation is a hallmark of oxidative stress triggered by mitochondrial disruption [68]. In parallel, in a research strategy to promote islet-like organoids’ maturation, researchers have discovered that induced expression of ERR in iPSC-derived β-like cells improves maturation for function in vitro and glucose-responsive production of human insulin in vitro [69]. Recent studies have demonstrated that ERRγ maintains pancreatic alveolar cell function by regulating cellular metabolism and that ERRγ deficiency-induced mitochondrial dysfunction further triggers autophagy dysfunction, stress on the endoplasmic reticulum, and the generation of reactive oxygen species, leading to cell death [70]. Therefore, ERRγ may be a good target for restoring islet function and treating metabolic diseases.




2.3.3. Circadian Rhythm


Islet cells have an internal clock that coordinates the circadian oscillations of the transcriptome. The CLOCK/BMAL1 heterodimer binds to the key islet transcription factor PDX-1 and recruits islet cell-specific enhancers. This process regulates insulin secretion. Disruption of the β-cell-specific clock also inhibits β-cell replication and promotes DNA damage-induced apoptosis, ultimately resulting in pancreatic failure [71]. Studies of insulin-like organoids have identified epigenetic and molecular circuit mechanisms of circadian rhythms and demonstrated that circadian rhythms induce the maturation of insulin-like organs and multiply the efficiency of insulin secretion. In 2020, Alvarez-Dominguez et al., in an epigenetic study investigating the fate of islet cells of stem cell origin, unexpectedly found that the activation site opened at week 3 of SC-β cell differentiation had core biological clock activators (CLOCK and ARNTL/BMAL1) in the most abundant TF binding motif. They also verified that a key function of SC-β cells, glucose responsiveness, could be improved by circadian regulation [72], possibly indicating that regular exercise in MetS patients has the potential to restore the function of damaged β-cells.






3. Hepatobiliary Organoids


The liver also plays an important role in regulating blood glucose and lipids. Insulin resistance in MetS leads to hepatic steatosis, and the resulting steatotoxicity can induce mitochondrial dysfunction, endoplasmic reticulum stress, and hepatocyte injury and death, progressing from non-alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis (NASH), hepatocirrhosis, and hepatocellular carcinoma (HCC) [3,73]. NAFL and NASH are uniformly referred to as “non-alcoholic fatty liver disease” (NAFLD), a representative event of MetS in the liver. NAFLD activity is defined by scoring the severity of three histologic features (steatosis, inflammation, and hepatocyte expansion), and the disease stage is defined by the fibrosis stage [74]. End-stage liver failure associated with cirrhosis due to the progressive damage of NAFLD has become the second most common reason for liver transplantation.



3.1. The Formation of Liver Fibrosis Requires the Cooperation of Different Cells


Recent findings suggest that long-term accumulation of hepatic fat is not strongly related to hepatitis progression but is causally linked to liver fibrosis, which is a major determinant of clinical outcome in patients with NAFLD [75,76,77,78], and that preventing the progression of liver fibrosis may be a key step in preventing the progression of MetS to cirrhosis or even liver cancer.



Hepatic fibrosis is the formation of fibrous scarring due to the accumulation of extracellular matrix (ECM) proteins, most of which are type I and type III cross-linked collagens that replace damaged normal tissue [79,80]. Its formation involves the involvement of multiple cells in the liver, mainly hepatic stellate cells (HSCs), Kupffer cells, portal fibroblasts, hepatocytes, and bile duct reactions of bile duct cells [80].



HSCs are considered the main cellular component of the cause of liver fibrosis and are located in the space of Disse. When the liver is injured by inflammation or mechanical stimulation, hepatic stellate cells are activated or transdifferentiated into myofibroblast-like cells. Myofibroblasts produce excessive amounts of synovial actin and collagen, which are involved in the formation of liver fibrosis and the reconstruction of intrahepatic structures, and, on the other hand, increase the intrahepatic sinusoidal pressure through cellular contraction [81].



Kupffer cells are the resident macrophages in the liver. They can be derived from hematopoietic stem cells and are part of the mononuclear phagocyte system. In response to liver damage, Kupffer cells release large amounts of inflammatory cytokines and chemokines, which play multiple roles in the pathogenesis of NAFLD [82].



Portal vein inflammation is associated with fibrosis progression, possibly due to the production of portal vein-proliferating myofibroblasts by portal vein fibroblasts. Activation of hepatic myofibroblasts due to chronic liver injury is an important factor in developing hepatic fibrosis and can produce fibrous scarring in liver fibrosis [83].



The ductal response (DR) is characterized by reactive bile duct hyperplasia induced by liver injury. The proliferating bile ducts mediate the proliferation and activation of stellate cells through various signaling pathways, promoting the formation of hepatic fibrosis. Bile duct reactive lesions can arise not only from preexisting bile duct cells but also from bile duct chemotaxis of hepatocytes or activated and differentiated hepatic progenitor cells. The higher the degree of hepatic fibrosis, the higher the DR score in NASH patients [84].



In summary, the above cellular components are essential if liver-like organ models are to mimic NAFLD disease progression, liver fibrosis outcomes, and treatment strategies.




3.2. Progress of Hepatobiliary Organoids


3.2.1. Hepatobiliary Organoids


The liver is an important organ with multiple functions, including detoxification, digestion, and metabolism, provided by hepatic parenchymal and nonparenchymal hepatocytes organized into functional units called lobules. Although the liver comprises many different types of cells, hepatocytes and biliary epithelial cells make up the majority of them. The bile ducts, which run throughout the liver, play an important role in both the metabolic functions and the fibrotic process of the liver; therefore, this paper focuses on the hepatobiliary organoids, which, like the pancreatic organoids, have both PSC and ASC sources.



ASC-derived hepatobiliary organoids are predominantly derived from epithelial cells. In mice, the WNT pathway has emerged as a major driver of epithelial ASC. In epithelial cells, Lgr5 marks the majority of active ASC. Injury-induced Lgr5+ cells, after isolation from tissues, can be clonally expanded into organoids in an environment that mimics a stem cell ecotone, consisting mainly of the early bile duct and hepatocyte markers. The human adult liver organoid is derived from liver tissue [85]. Human adult liver-like organs are derived from EpCAM+ bile duct epithelial cells within liver tissue and maintain genomic stability after long-term cultivation [86].



PSC-based liver-like organoids are built using a developmental process in such a way that the development of the liver begins with an endocytic mass, which then gradually develops into an embryo, and the hind foregut of the endoderm develops into the liver when the triple germ layer is formed. The liver is formed by the growth of the ventral foregut epithelium, which first develops into the hepatic bud structure. The liver buds give rise to hepatocytes and bile duct epithelial cells, while the adjacent mesenchyme comprises hepatic fibroblasts and hepatic stellate cells [7]. Therefore, the development of hepatobiliary organoids requires the combined action of endoderm and mesoderm. A portion of PSC cells is first induced to generate endodermal cells, and then another portion is induced to become mesodermal cells, which self-organize into hepatobiliary organoids under the combined action of both stem cell types. This approach originated in 2013, when Takebe et al. used cross-signaling between endodermal epithelial cells, mesenchymal cells, and endothelial progenitor cells to generate human liver bud-like tissue. In 2017, Takebe’s group further advanced liver organoid development so that both endoderm and mesoderm were derived exclusively from multifunctional induced stem cells (iPSCs) [87,88] In 2019, Wu et al. induced both endodermal and mesodermal differentiation to outline key aspects of early hepatogenesis in a parallel manner, more in line with the developmental sequence in vivo, and demonstrated the role of cholesterol and the herbal small molecule MIX in promoting hepatobiliary organoid maturation [89]. In the same year, Ouchi et al. developed a method to generate a multi-tissue liver organoid via PSC that includes hepatic stromal subtype cells in addition to hepatobiliary cells. The presence of hepatocytes, cholangiocytes, hepatic stellate cells, Kupffer cells, and parthenogenetic hepatic progenitor cells with dual differentiation abilities of hepatocyte and cholangiocyte lineages was confirmed using single-cell RNA sequencing (SCRNA-seq) [90]. In 2020, Ramli et al. reported the generation of PSC-derived hepatic epithelial-like organs containing functionally interconnected hepatic and biliary compartments, and their study was the first to show that hepatocytes and biliary cells can be generated from hepatoblast cells and can generate organoids of consistent shape, size, and structure with high throughput. Furthermore, the method generates liver-like organs in the absence of Matrigel, allowing easy retrieval of analogs for downstream applications, but unfortunately, other cell types, such as Kupffer cells and hepatic stellate cells, are missing from this liver-like organelle [91]. In the same year, Shinozawa et al. reported the generation of iPSC-derived hepatobiliary organoids. They used a high-speed real-time imaging platform for high-throughput drug screening and analysis of multiple readouts of interactions between other factors, such as mitochondrial stress [92].



The differentiation approach also mimics the progenitor ecological niche, where the organoid is exposed to various growth factors and small molecules that activate or inhibit embryonic signaling pathways in specific doses and sequences.




3.2.2. NAFLD Modelling


Although rodent models have played an important role in the study of liver development and NAFLD disease mechanisms, as mentioned earlier, animals and humans still differ in many ways. Little overlap was found between the two at the genetic level when comparing the liver gene expression profiles of different NASH mouse models and NASH patients [93].



In 2018, Lyall et al. developed a NAFLD model of hepatocyte-like cells (HLCs) derived from human embryonic stem cells, where exposure to lactate, pyruvate, and octanoic acid induced a NAFLD phenotype in HLCs with a transcriptional and metabolomic dysregulation consistent with that present in human NAFLD [94]. Subsequently, Sinton et al. demonstrated that this model possesses transcriptional and metabolic features associated with human hepatic steatosis and that this model of hepatic steatosis is replicable, scalable, and highly simulates transcriptomic, epigenomic, metabolomic, and proteomic effects in real humans [95]. This model demonstrates that PSC-derived models can replace animal models and primary hepatocytes for the study of NAFLD but cannot be called “organoid” due to their single-cell nature. In contrast, hepatobiliary organoids developed in recent years have proven to be superior models of NAFLD due to their multicellular nature. For example, the hepatobiliary organoid developed by Ouchi in 2019 reproduced the main features of steatohepatitis, including steatosis, inflammation, and fibrosis phenotypes, after free fatty acid (FFA) treatment and reflected the severity of fibrosis [90]. In 2020, the gene expression profile of the organoid developed by Ramli’s group that was co-incubated with FFA was similar to that of liver tissue from NASH patients and led to structural changes associated with NAFLD, such as attenuation of the bile duct network and ductal response [91]. In 2021, the McCarron group derived and differentiated bifunctional conduit-like organs from stem cells isolated from the irreversibly damaged livers of NASH patients. The transcriptome of organoids derived from NASH livers but not healthy livers showed significant upregulation of pro-inflammatory and cytochrome P450-related pathways as well as known liver fibrosis and tumor markers, with the degree of upregulation dependent on patient specificity. Functionally, NASH liver-like organs exhibit reduced transmission/growth capacity and characteristics of NASH livers, including reduced albumin production, increased free fatty acid-induced lipid accumulation, increased sensitivity to apoptotic stimuli, and increased cytochrome P450 metabolism. After hepatic differentiation, NASH liver organoids exhibit a reduced ability to dedifferentiate back to a biliary state, which is consistent with the known reduced regenerative capacity of NASH livers [96].



The study of NAFLD hepatobiliary organoids provides a new approach, thus facilitating the discovery of effective treatments, while the exploitation of liver organoids directly from NAFLD patients with irreversibly damaged livers opens new experimental avenues for personalized disease modeling and drug development (Table 2).





3.3. Hepatobiliary Organoids and Endogenous Regeneration of Metabolic Syndrome


NASH and liver fibrosis can be reversed when harmful substances are removed from the liver, which has a high regenerative capacity. Interventions in the early stages of NAFLD, such as a healthy diet, regular exercise, and moderate exercise, have a good chance of reversing NASH and liver fibrosis [97]. Although there are no FDA-approved effective anti-fibrotic drugs, studies have demonstrated the efficacy of the peroxisome proliferator-activated receptor γ (PPARγ) agonist pioglitazone, vitamin E [98], and the cognate bile acid receptor (FXR) agonist obeticholic acid [99]. Clinical trials have confirmed improvements in both disease activity and fibrosis in patients. Unfortunately, trials using direct anti-fibrotic agents (e.g., simtuzumab) to inhibit fibrosis have been unsuccessful [100], and fibrosis regression in advanced fibrosis and cirrhosis remains a challenge. Patients with advanced cirrhosis have severe fibrosis and diminished liver regeneration, and liver transplantation has many problems that are difficult to overcome, mainly donor shortage and immune rejection [101].



3.3.1. Liver Regeneration


The regenerative capacity of the adult liver is amazing. Under normal conditions, less than 2% of hepatocytes and bile duct cells proliferate. However, after injury, the liver demonstrates a strong proliferative response to regeneration and can rapidly re-generate within a few days in many species as long as more than 2/3 of the liver is not removed [102,103]. The regenerative mechanism of the liver is primarily mitotic; therefore, regeneration after partial hepatectomy is characterized by typical phenotypic fidelity [102].



However, when one of the hepatocytes or biliary cells loses the ability to regenerate, their alternative regeneration scheme as reciprocal stem cells is activated, and progenitor cells with hepatobiliary properties originate from biliary cells and gradually transform into hepatocytes in the case of liver regeneration where hepatocyte proliferation is inhibited; similarly, in the case of inhibited biliary cell proliferation, periportal hepatocytes transform into biliary cells in situ, mimicking a similar transformation that occurs during embryonic development [104].



A team of researchers has observed dual-phenotype cells in human chronic liver disease, suggesting a cell identity switch between hepatocytes and bile duct cells or parthenogenetic liver progenitor cells (LPCs). This observation suggests another purpose for injury-induced cellular plasticity: An escape mechanism that allows cells to retain regenerative capacity after injury. This hypothesis is supported by a chimeric lineage tracing model that redifferentiates back to hepatocytes after injury cessation [105].



In 2013, Hattoum et al. discovered that in fulminant liver failure, a large number of proliferating EpCAM+ bile duct epithelial cells could be observed when 80% of hepatocytes were lost [106]. Subsequently, Huch’s group found that EpCAM+ bile duct epithelial cells could be easily grown in vitro as bipotent stem cells into 3D-like organoids [86].



This year, Gao’s group identified a new biphenotypic EpCAM+Gli1+ cell population located in peribiliary and periportal pericyte ecological niches that facilitates hepatocyte regeneration during chronic liver injury. Genetic lineage tracing using a dual recombinase showed that the Gli1+ non-hepatocyte population could give rise to hepatocytes after chronic liver injury. EpCAM+Gli1+ cells have a greater ability to form functional hepatocytes as organoids in vitro and exhibit greater liver regeneration when transplanted into FRG mice in vivo [107].



Overall, these findings suggest that there are parthenogenic progenitor cells in the liver that can serve as a new source of liver progenitor cells that not only contribute to liver repair and regeneration but are also a major source of cells for the cultivation of ASC-derived hepatobiliary organoids. But can these liver progenitor cells, which can be used to cultivate hepatobiliary organoids, use their regenerative capacity to promote endogenous regeneration of the MetS and the regression of liver fibrosis? So far, these issues have become hot topics in related fields, such as the in vitro injection of mesenchymal hepatocytes (MSCs), macrophages, and exosomes secreted by MSCs, all of which have been shown to promote the regeneration of progenitor cells in the liver and the regression of liver fibrosis in MetS [108], while the hepatobiliary organoids provide a more superior model for such studies.




3.3.2. Regression of Liver Fibrosis


The regression of liver fibrosis is associated with a decrease in the production of pro-inflammatory or fibrogenic cytokines, the disappearance of hepatic myofibroblasts, the inhibition of ECM production, an increase in collagenolytic activity, and the dissolution of fibrous scarring [97]. The shutdown of the inflammatory response is key to liver regeneration after acute liver injury (ALI) and fibrosis reconstruction after chronic injury. In addition, phagocytosis is a key process in the elimination of any inflammatory response, and in the case of liver damage, macrophages are phagocytes specifically responsible for the removal of large numbers of dead cells from the liver [109].



The study of hepatic macrophages has shown increasing importance in recent years, including not only liver-resident macrophages, that is, Kupffer cells, but also macrophages derived from monocytes. Macrophages can support biliary tract regeneration, promote fibrotic remodeling by inhibiting hepatic stellate cell activation, and promote liver regeneration by removing dead cells [82,110]. Tsuchiya’s group analyzed the therapeutic potential of small extracellular vesicles (sEVs) derived from interferon-γ (IFN-γ)-pretreated MSCs (γ-sEVs). In vitro, γ-sEVs were effective in inducing the aggregation of anti-inflammatory macrophages with high motility and phagocytic capacity in damaged areas, and γ-sEVs were more effective than sEVs in ameliorating inflammation in a mouse model of cirrhosis [111]. Although the study confirmed the anti-inflammatory and regenerative potential of MSCs and macrophages in vivo, MSC-γ- sEVs did not directly reduce the activation of HSCs, which are the main cells involved in the progression of liver fibrosis. Their apoptosis or transformation is also a key factor in the regression of liver fibrosis. The study was conducted mainly in mice, and whether it can be extended to humans still needs to be explored. Hepatobiliary organoids can provide a complementary study in this regard.



For example, Kimura et al. designed human organoid combinations for steatohepatitis from a multi-donor human progenitor cell bank and found that the GCKR-rs1260326-T allele increased disease severity only in the diabetic state but prevented fibrosis in the non-diabetic state [112].






4. Perspectives of Metabolic Syndrome-Related Organoids


Organoids are spontaneously formed multicellular structures that provide a reliable model for studying early development and certain diseases. MetS is a systemic disease that affects multiple organs and tissues throughout the human body. A single organoid is not a good model for studying metabolic syndrome, as it lacks the organ-to-organ and system-to-system interactions necessary to study the disease. Secondly, the current immaturity of organoids and the inability to produce them on a large scale and in a standardized manner have created significant limitations for the study of various diseases, especially systemic diseases such as Mets. However, the combination of organoids with other technologies is expected to break the metabolic syndrome research bottleneck. Some of the latest research results on engineered organoids are presented below (Figure 1).



4.1. CRISPR-Based Gene Editing


Compared to animal models and primary cell models, PSC-derived organoids can be altered by CRISPR-Based, an efficient gene editing technology, to alter the expression of a gene in organoids. This method can help to improve the efficiency or maturity of organoid construction and can also be used to explore the impact of the gene on the whole process of disease development, providing strong support for the molecular pathogenesis of related diseases and the subsequent development of gene therapy.



For example, l’Hortet et al. used this technique to confirm the important role of the SIRT1 gene in human fatty liver formation, found that increased fatty acid biosynthesis exacerbated fat accumulation by differentiating edited iPSCs into hepatocytes and knocking out SIRT1, and established a human fatty liver model with human SIRT1 knockout iPSC-derived hepatocytes that obtained a pro-inflammatory phenotype and shared a similar lipid and metabolic profile to the human fatty liver [113]. Just recently, Hendriks’ group used this technique to knock out the APOB and MTTP genes in human fetal hepatocyte-derived organoids, deletions of which are responsible for two monogenic lipid disorders predisposing to NAFLD: familial hypolipoproteinemia and abetalipoproteinemia. APOB−/− and MTTP−/− mutant organoids constitute a natural steatosis organ model and can be maintained in long-term culture at levels that maintain a stable level of steatosis. The group used the lipotropic organoids to build a CRISPR-Based screening platform, through which FADS2 was found to be a key regulator of lipotrophy. While FADS2 deficiency exacerbated the steatosis phenotype, overexpression of FADS2 resulted in reduced steatosis [114].




4.2. 3D Synthetic Scaffolds


Currently, effective expansion of organoids requires matrix or basement membrane extraction (BME). However, most organoid cultures use Matrigel as BME. Matrigel is derived from mouse sarcomas, and its composition is heterogeneous and varies significantly from batch to batch, making it impossible to standardize organoid models for large-scale culture and the reproduction of results more difficult [115]. Compared to animal-derived matrices, protein- or polysaccharide-based biopolymers can be recombinantly produced with reduced variability. In addition, synthetic matrices offer the opportunity to experimentally isolate the stiffness, bioactivity, and variability of the environment in which the organoid grows, allowing screening methods to be developed to investigate the impact of each parameter on stem cell fate [116,117,118].



For example, enrichment of certain ECM components, such as laminin, promotes the conversion of bipotential pancreatic progenitor cells to endocrine cell specification, whereas exposure to other ECM components induces ductal cell differentiation, implying that stage-specific scaffolds may promote endocrine differentiation in vitro and improve induction efficiency [119].




4.3. 3D Bioprinting


Bioprinting is a promising and innovative biomanufacturing strategy for precisely locating biological agents, including living cells and extracellular matrix (ECM) components, in defined 3D layered tissues to create artificial multicellular tissues/organs [120]. An engineering approach using bioprinting to control initial cell density, size, and shape of cell aggregates, cell–ECM interactions, and biochemical gradients will provide more precise guidance for the generation of PSC-derived organoids [121].



It has been demonstrated that the effectiveness of differentiating hPSCs into SC-β cells is closely related to cell density, cell line, and induction protocol [122,123]. In 2018, Memon et al. were able to improve the induction efficiency of PDX1+/NKX6.1+ pancreatic progenitor cell populations by manipulating the replating density [124]. In 2019, Bernal et al. demonstrated that volumetric bioprinting via optical tomography could shape gelatin hydrogels containing organoids into complex centimeter-scale 3D structures in less than 20 s [125]. Last year, Daly et al. demonstrated a bioprinting method that transfers high-resolution spheroids into homogeneous supporting hydrogels, allowing them to be patterned and fused into high-cell-density microtissues with defined spatial organization [126].




4.4. Organoids in a Microfluidic Device


The problem of inaccessibility during organoid culture has been a major problem for researchers, and the usual solution is to periodically disassemble and reseed the organoids onto the culture medium, which makes them unsuitable for long-term research observations. Microfluidic devices are a promising tool for integrating channels for nutrient supply and waste removal within organoids and enabling autonomous control of experimental conditions.



In 2020, Liu et al. developed a droplet microfluidic system for the regulated fabrication of hybrid hydrogel capsules, which permits large-scale 3D culture and the formation of functional and uniform islet-like organoids derived from hiPSC. The produced hybrid capsules exhibit high homogeneity and are stable, biocompatible, and infiltrative [127].




4.5. Organoids on a Chip


In 2018, Koike’s team developed a scheme for the sequential construction of liver, biliary, and pancreatic (HBP) structures from three-dimensionally cultured human pluripotent stem cells (PSCs). Unfortunately, such a scheme cannot yet be clearly discernible spatially and requires further development of maturation [128], which, in combination with organoid microarray technology, may be used to model connectivity between organoids from other stem cell sources [129].



In 2022, Tingting Tao’s team designed a liver and islet-like organ co-culture system on a chip capable of studying organ–organ interactions under perfusion co-culture conditions for up to 30 days. The system provides a powerful method to study the feedback loop within the human liver–pancreatic islet axis that maintains glucose levels in the normoglycaemic range in vitro, a result that cannot be achieved in single organ culture; both liver and islet organoids exhibit mitochondrial dysfunction and reduced glucose transport capacity under hyperglycaemic conditions, which can be alleviated by metformin treatment, suggesting that the liver-islet organoids system is able to mimic the key pathological features of T2DM. A distinct advantage of this system is its ability to mimic the human-relevant functional coupling of liver and islet organs in response to external hyperglycemic stimuli and drugs, which is not easily studied in monolayer cell cultures or animal models [130].




4.6. Biobanks and MetS


MetS and genetic susceptibility are closely related, and genetic polymorphisms play an important role in MetS [131,132]. Extracted ASC-derived organ tissues from MetS patients can preserve the inherited characteristics of the disease, and the resulting organ tissues can be used for the construction of biobanks. This will facilitate global MetS research and personalized treatment, such as the development of appropriate diet, exercise, and medication plans for a particular nucleotide polymorphism. As early as 2008, genome-wide association scans identified PNPLA3 (rs738409[G], encoding I148M) to be closely associated with increased levels of liver fat and liver inflammation [133]. In a newly published paper by Hendriks’ group, demonstrating that genetic susceptibility to NAFLD affects the efficacy of relevant drugs, they found that carrying the PNPLA3 I148M variant attenuates organ response to fatty liver drugs, which is particularly evident in the FXR–FGF19 drug axis, and this study provides evidence for possible future personalized medicine for NAFLD [114].



The establishment of such biobanks has been the subject of global efforts. Zeng et al. created isogenic human ESCs (hESCs) with mutations in type 2 diabetes susceptibility genes identified by genome-wide association studies (GWAS). In pancreatic β-like cells derived from these cell lines, CDKAL1, KCNQ1, and KCNJ11 mutations were found to cause impaired glucose secretion in vitro and in vivo, consistent with defective glucose homeostasis [128]. Recently, Kimura et al. designed combinations of human organoids for steatohepatitis from a multi-donor human progenitor cell bank to investigate the effect of metabolic status on genotype–phenotype associations. Precision hepatology is supported by a comprehensive arsenal of mechanistic, discriminative, and therapeutic reasoning [112].





5. Conclusions and Perspectives


MetS has gradually become a focus of medical research due to its widespread prevalence in populations worldwide and the serious dangers of its derivatives, diabetes, cirrhosis, and cardiovascular disease [1,2,4]. Due to the complexity of the disease itself and the limitations of research models, effective external interventions and treatments for this group of diseases have not yet been developed.



Since the invention of iPSC and the discovery of various in situ stem cells in vivo, organoid research has flourished and has many advantages that primary cell culture and animal models cannot reach. However, due to the limitations of current technology, organoids continue to have numerous, insurmountable limitations that prevent them from completely replacing other models. These shortcomings include, but are not limited to, the following: (1) insufficient maturity of the resulting organoid, which is approximately equivalent to the human fetal level but still differs significantly from the adult phenotype; (2) insufficient complexity of organoid construction, primarily incomplete cell types, such as the lack of immune cells that are important in disease progression; (3) difficulty controlling multicellular co-culture conditions, which prevents large-scale standardized production; (4) contradiction between organoid volume and nutrient supply, which prevents long-term cultivation; and (5) the ability to introduce spontaneous mutations at a relatively high rate compared to primary cell culture [134]. However, it is believed that as organoids are combined with other engineering-based technologies, they are expected to become superior to other models of existence, especially for complex and comprehensive diseases like MetS.



However, it is also important to recognize that more complex and more complete organoids are not superior and that both simple and complex organoid systems have their advantages and disadvantages. The cultivation and production of simple organoids are simpler and more resource efficient, but they lack fidelity for complex diseases. Complex organoids are closer to the actual level of the human body but are difficult and labor-intensive to cultivate. Consequently, it is essential to use the most appropriate level of complexity in different studies; however, there are still no standardized guidelines for these issues.



Returning to the question posed at the beginning, can endogenous regeneration be an effective means of preventing the progression of hepatobiliary and pancreatic MetS to end-stage? The authors believe this is a promising strategy based on previous research on organoid disease models. In terms of pancreatic regeneration, many studies have demonstrated that the dysfunction of β-cells in the MetS is due to their dedifferentiation, and coupled with the fact that many studies have demonstrated that stem cells may still exist in situ in the pancreas, the strategies used in pancreatic organoid studies to promote pancreatic differentiation and maturation may also be used to promote β-cell regeneration in the MetS. In terms of liver regeneration, the presence of EpCAM+ bile duct epithelial cells in the liver as bipotent stem cells and strategies to promote endogenous liver regeneration by promoting the regression of liver fibrosis with in vitro injections of mesenchymal hepatocytes (MSCs), macrophages, and exosomes secreted by MSCs are also hot topics of current research. However, it has to be acknowledged that there are still major difficulties in this field. In terms of pancreatic regeneration, the main issue is that the presence of β-progenitor cells in the adult pancreas is not yet conclusive, and the target signaling pathways that drive the redifferentiated β-progenitor cells in MetS and diabetes to develop and mature again have not been identified. Due to the high regenerative potential of the liver itself, the promotion of fibrous regression and liver regeneration has become a focal point for relevant drug and regeneration research. However, some major issues remain: Valid markers or methods to enhance fibrogenesis assessment during regeneration have not yet been identified, and the mechanisms underlying the inactivation of myofibroblasts derived from HSCs or portal fibroblasts, particularly the epigenetic changes that shape the phenotype, remain to be determined. These unresolved challenges provide directions for future research.
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Figure 1. Formation and improvement of pancreatic organoids and hepatobiliary organoids. The iPSC-derived organoids are easy to retrieve and avoid ethical issues, while the ASC-derived organoids taken from MetS patients can retain the genetic characteristics of the disease, and the resulting organoids can be used for the construction of biobanks. 
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Table 1. Comparison of different pancreatic organoids.
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	Initial Cells
	Advantages
	Disadvantages
	Year





	hPSCs
	The first strategy for producing functional cells from hPSCs developed a 6-step process by including predetermined components.
	Insufficient maturity; GSIS is not high enough.

Not suitable for long-term cultivation.
	2014 [42]



	hPSCs
	It was demonstrated that endocrine cell clustering is a crucial stage in the development of hPSC-derived cells in culture.
	Insufficient maturity; GSIS is not high enough.

Not suitable for long-term cultivation.
	2019 [43]



	hPSCs
	Improved control over islet organoid size and cell–cell interactions was demonstrated in islet organoids cultivated in a microporous scaffold.
	Insufficient maturity; GSIS is not high enough.

Not suitable for long-term cultivation.
	2019 [47]



	iPSCs
	In vitro, WNT4 enhanced GSIS and markedly boosted mitochondrial content and oxidative metabolism.

Ex vivo interferon stimulation led to reduced T cell activation and graft rejection as well as endogenous PD-L1 expression.
	Insufficient maturity.
	2020 [48]



	iPSC, HUVECs,

hMSCs
	Compared to non-vascularized islets, the gene expression patterns of vascularized islet organoids more closely resemble those of native islets.
	Insufficient maturity, GSIS is not high enough.
	2018 [51,52]







Note: GSIS: glucose-responsive insulin secretion; hPSCs: human pluripotent stem cells; HUVECs: human umbilical vein endothelial cells; iPSCs: induced pluripotent stem cells; MSCs: mesenchymal stem cells; PD-L1: programmed death-ligand 1.
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Table 2. Comparison of different hepatobiliary organoids.
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	Initial Cells
	Advantages
	Disadvantages
	Year





	Adult human EpCAM+ ductal cells
	Demonstrate how primary human bile duct cells can be easily differentiated into 3D organoids in vitro using bipotent stem cells and how long-term cultured cells can maintain their genetic integrity.
	Simple function and simple cell composition.
	2015 [86]



	Ductal cells derived from NASH patients’ liver
	In contrast to organoids made from healthy sources, it accurately captures the pathological traits of NASH.
	Only for the NASH study.
	2015 [96]



	hiPSCs
	Improve the repeatability and scalability of organoids and provide a fully hiPSC-based platform for the generation of organ buds.
	Simple function and simple cell composition.
	2017 [88]



	hiPSCs
	IPSCs should be encouraged to co-differentiate into the hepatic, biliary, and mesodermal lineages.
	Lack of HSCs and Kupffer cells.

Insufficient maturity.
	2019 [89]



	hiPSCs
	Create a repeatable procedure to produce multicellular human liver organoids with hepatocyte, stellate, and Kupffer-like cell types.

Organoids that had received FFA therapy replicated important aspects of steatohepatitis, including steatosis, inflammation, and fibrosis phenotypes.
	Its functional activity remained undetermined.

The inter- or intra-batch organoid variability affects the sHLO phenotype such as fibrosis.
	2019 [89]



	hiPSCs
	The use of patient-specific iPSC, the foregut stage’s storage capability, assay throughput, and multiplexed readouts for examining how other parameters, such as mitochondrial stress, interact.
	Insufficient maturity.

Lack of adaptive immune components.
	2020 [92]



	hiPSCs, HUVECs, hMSCs
	The initial study demonstrated that PSC-derived human organoids could be vascularized and functional.
	Simple function and simple cell composition.
	2013 [87]



	hPSCs
	The first to demonstrate that hepatic and biliary cells may develop from hepatoblast cells and the first to produce organoids at a high rate that are uniform in terms of size, shape, and composition.
	Lack of HSCs and Kupffer cells.

Insufficient maturity.
	2020 [91]







Note: FFA: free fatty acids; hiPSCs: human induced pluripotent stem cells; HLO: human liver organoid; HUVECs: human umbilical vein endothelial cells; hMSCs: human mesenchymal stem cells; NASH: non-alcoholic steatohepatitis.
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