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Introduction

In past studies, animal models and two-dimensional cell lines 
have been successfully applied in the biomedical field, however, 
the differences between animal and human species and the lack 
of hierarchy, dimension and diversity of two-dimensional cell 
lines are obstacles to further promoting the development of basic 
medicine. With the emergence of organoids, the morphogenesis, 
development and differentiation of stem cells are explained in 
detail. Organoids have broad prospects for biomedical research 
and drug research. In this review, we discuss the latest research 
progress of organoids and describe the main categories of 
organoids.

Heart organoids

The heart is the first organ to initiate formation during the 
embryonic stage of development, and its continued functioning 
is critical for the progression of an animal from early embryos 
to adulthood [1,2]. However, adult mammalian cardiomyocytes 
do not exhibit effective regenerative capabilities following injury 
[3]. Furthermore, both animal models and non-cardiomyocyte cell 
lines are insufficient in evaluating drug efficacy and cardiotoxicity 
[4,5]. Despite substantial investments of time and resources, 90% 
of newly developed drugs fail during the first phase of clinical trials,  

 
with cardiotoxicity being a common cause [6-8]. Thus, research on 
cardiac organoids has become increasingly important. The use of 
3D culture techniques has led to the development of two artificial 
tissues that exhibit functional and structural characteristics that 
are reminiscent of the native heart.

The human-engineered heart tissue (hEHT) is a well-known 
organoid consisting of diverse heart cell types and biological 
components [9]. Compared to animal models, hEHT provides a 
more human-relevant disease modeling approach. Furthermore, 
hEHT can replicate the atria, ventricles, or bipolar structures 
of the heart, enabling improved disease modeling and cardiac 
regeneration, as well as more effective research on cardiomyocyte-
based cardiac pumping [10].

The alternative to human-engineered heart tissue (hEHT) 
is the human heart organoid, generated from stem cells specific 
to the organ or pluripotent stem cells (PSCs). Unlike hEHT, the 
cardiac organoids are produced through the differentiation of 
stem cells. These cardiac organoids have the potential to grow 
and mature into cardiomyocytes over time [11]. Researchers 
use various components, such as cardiomyocytes that mimic the 
cardiac architecture, as well as endothelial layers and epicardium-
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lining, to replicate the cardiac architecture of the heart. This 
allows them to investigate potential mechanisms behind cardiac 
development impairment, such as cryo-damage, and congenital 
heart malformations [12].

Brain Organoids

The human brain is a complex organ composed of various 
cell types, including neurons, astrocytes, oligodendrocytes, and 
microglia [13]. The development and dysfunction of the human 
brain have been a major focus in the field of neurobiology. However, 
acquiring human brain tissue samples for research purposes 
can be challenging due to difficulties in obtaining samples and 
limitations in tissue culture methods, making it difficult to fully 
understand the molecular mechanisms behind brain diseases 
[14,15]. The advent of brain organoids offers a more promising 
platform for studying human brain development and diseases.

To date, various regions of the human brain have been studied 
using organoids, including the hippocampus [16], midbrain [17], 
hypothalamus [18], and cerebellum [19]. Brain organoids can serve 
as developmental models of the nervous system and provide insight 
into various aspects of human neurodevelopment. For example, 
brain organoids can be used to recreate cell types and structural 
features of the human brain and as a tool for investigating the 
mechanisms and phenotypes of brain diseases, potentially leading 
to improved diagnosis and treatment strategies. One such example 
is the discovery of primary microcephaly, a congenital genetic 
disorder, in brain organoids generated from pluripotent stem cells 
of a patient carrying a truncating mutation in the microcephaly 
gene CDK5RAP2 [20]. The compromised functioning of the 
CDK5RAP2 gene leads to altered division patterns of progenitor 
cells, resulting in premature nervous system development, stem 
cell depletion, and ultimately cerebellar malformations [21].

Liver Organoids

The liver is predominantly composed of epithelial cells, 
including hepatocytes and cholangiocytes, which perform 
essential metabolic and secretory functions for human physiology 
and homeostasis [22]. Historically, liver development research 
has relied primarily on animal models, which can exhibit 
significant biological differences from the human body. Recently, 
researchers have succeeded in maintaining the long-term culture 
of hepatocytes, preserving their morphological and functional 
characteristics [23]. Liver organoids serve as effective models for 
studying human prenatal development, tissue maintenance, and 
pathology.

Initially, liver organoids were used to model monogenic liver 
diseases, but recent studies have demonstrated their application 
in analyzing complex acquired liver diseases, such as primary 
liver cancer (PLC). Conventional studies of PLC have been limited 
by the use of two-dimensional cell culture and transgenic animal 
models, which cannot accurately simulate tumor tissue structure 
or are time-consuming and expensive [24]. However, a research 

group has successfully cultivated primary liver tumor organoids 
(also known as tumoroids) using tumor tissue specimens from 8 
PLC patients, preserving the original tissue characteristics even 
after prolonged culture time. The transplantation of tumoroids 
into immunocompromised mice showed that they retained the 
metastatic potential of the original tumor [25]. With the ability to 
continuously differentiate and expand, liver organoids have the 
potential to serve as an alternative source of transplanted cells, 
resolving the challenge of donor shortages and limitations of 
immunosuppressive therapy in orthotopic liver transplantation 
[26]. These studies demonstrate the potential of liver organoids to 
shed light on the key features of liver-related diseases and provide 
deeper insight into disease initiation and progression.

Kidney Organoids

The kidney is a very complex tissue that already has more 
than 25 different cell types after birth. The functions of the 
kidney include fluid homeostasis, removal of nitrogenous 
waste from the body, and regulation of blood pressure [27]. The 
gradual development of kidney organoids started in early 2014, 
accompanied by the publication of a series of articles. According 
to Taguchi’s article, a method for culturing kidney organoids has 
been identified for the first time. The article carefully describes 
that mesenchymal cells can be induced to become nephrons, the 
latter of which also contains glomeruli, and can be a source of 
Wnt signaling [28]. Kidney organoids can now mimic the cellular 
complexity of the kidney and have great potential for being used 
in studying human diseases in vitro.

Kidney organoids are mainly used to study the regenerative 
medicine of the kidney and the establishment of disease models. 
Recent advances have revealed the generation of nephron 
progenitors from human embryonic stem cells (hESCs) and 
human induced pluripotent stem cells (hiPSCs). Therefore, human 
induced pluripotent stem cells (hiPSC) can be easily differentiated 
from tissues of patients with kidney disease. After inducing and 
culturing kidney organoids, specific models of kidney disease 
patients can be established [29]. Furthermore, kidney organoids 
that are cultured using HPSCs can be combined with bioengineered 
kidneys, a strategy that will possibly lead to the replacement of 
current dialysis and kidney transplantation therapies.

Lung Organoids

The respiratory system, which is comprised of the lungs 
and trachea, originated from the endoderm of the foregut [30]. 
The main function of the lungs is to facilitate gas exchange. The 
gas exchange in the lungs is mainly carried out in the alveolar 
epithelium, which accounts for more than 99% of the inner surface 
area of the lung. The alveolar epithelium is mainly composed of 
alveolar epithelial type I cells (Alveolar type 1, AT1) and alveolar 
epithelial type II cells (Alveolar type 2, AT2). AT1 cells are flat 
and closely connected with the pulmonary capillary plexus. They 
are responsible for the gas-liquid exchange. AT2 cells are cuboid 
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and they secrete a pulmonary surfactant, which reduces alveolar 
surface tension, in addition to maintaining the alveolar shape. The 
airways are mainly composed of goblet, ciliated, secretory, and 
basal cells.

The concept of mouse lung organoids was proposed by Aaron 
E. Freeman in 1980 [31]. Although cultured organoids are not 
suitable for human research because they cannot simulate the 
real internal environment, they also lay a solid foundation for 
the cultivation of organoids in vitro. In recent years, researchers 
successfully cultivated airway organoids that can be expanded for 
long periods without losing the main characteristics of epithelial 
cells in vivo [32]. This makes these organoids a powerful tool for 
modeling lung diseases and studying molecular mechanisms.

The latest study shows that researchers successfully grew lung 
cancer organoids using tissue samples from lung cancer patients, 
prior to identifying cancer-associated gene mismatches and 
oncogenic mutations in primary tumor tissue [32]. These studies 
accurately highlighted the histopathology and mutation status of 
primary lung cancer, also contributed to xenotransplantation and 
in vitro drug screening. On the other hand, fibrosis-limited disease 
features were also found in airway organoids from cystic fibrosis 
patients. Airway organoids provide new options for in vitro 
functional models of cystic fibrosis [32].

 Gastrointestinal Organoids

The main functions of the gastrointestinal (GI) tract are 
digestion, absorption, excretion, and protection. The stomach 
and intestines are fundamentally responsible for digestion and 
absorption in the body [33]. Until the advent of GI organoids, cell 
lines and explanted tissues have been used for modeling. However, 
both approaches have significant limitations [34]. For instance, the 
immortalization of our intestinal cell lines is usually performed 
using malignant tissue specimens or by the introduction of 

oncogenes, and this limits their application in redevelopment, 
physiology, and regeneration research [35]. Intestine and stomach 
organoids in the gastrointestinal tract were first discovered in 
2009 and 2010, respectively [36, 37].

Today, intestinal organoid technology, including classical 
organoid models, has great application prospects in medical 
research and the development of new therapies. For example, 
Toshiro Sato’s research group analyzed the mutations of ulcerative 
colitis epithelial cells using organoids, which can also be used 
to analyze the molecular basis of the chronic inflammatory 
microenvironment [38]. Additionally, gastrointestinal organoids 
are also applicable in cancer research. Interestingly, cancer stem 
cells can also cultivate organoids because of their self-renewal and 
differentiation capabilities. The same Toshiro Sato research group 
established a colorectal tumor organoid library, which is made up 
of 55 different tumor organoid clones [39]. These can be further 
used to culture and compare the differences between precancerous 
lesion cells and tumor ones, in human patients. Second, intestinal 
organoids are also of great importance in regenerative medicine. 
In 2012, researchers demonstrated that colon organoids that were 
differentiated from adult stem cells could regenerate a damaged 
epithelium after transplantation into mice [40]. All these provide 
important strategies for the treatment of various diseases such as 
short bowel syndrome or intestinal failure.

Retinal Organoids

Vision is one of the senses that are of paramount importance in 
daily life activities. The retina is known as the window to the brain, 
and dysfunction of its neurons is the leading cause of blindness 
[41]. Using animal models to study the overall morphology, 
physiology, and molecular characteristics of the human retina is 
impractical. Therefore, there is a great need for in vitro models 
that are based on human stem cells to make studying the retina 
feasible (Table 1).

Table 1: The main functional cells of each organ and Organoid culture methods

Organ Cells References

Heart Cardiocytes, Cardiac endothelial cells, Cardiac 
fibroblasts [43, 44]

Brain Neuron, neurogliocyte [20, 45, 46]

Liver Hepatocyte, Cholangiocytes [47]

Kidney
Endothelial cells of glomerular capillaries, 
Glomerular capillary epithelial cells Renal 

interstitial fibroblasts
[48]

Lung AT1, AT2, Abnormal basaloid cells [49-51]

Gastrointestinal Intestinal stem cell, Basal stem cells of the sinus 
gland [36,37]

Retinal outer retinal pigment epithelium, the inner 
neural retina [42,52]

In 2011, Sasai’s group cultured retinal organoids in vitro from 
mouse embryonic stem cells [42]. This is regarded as a milestone 
toward the cultivation of central nervous system organoids. Retinal 

organoids can be used as disease models as was the case when 
they were used for disease modeling in patients with mutations 
in the splicing factor PRPF31 (RP11) [43]. Moreover, researchers 
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are continuously improving retinal organoid culture methods to 
obtain small molecular compounds for the treatment of the optic 
nervous system.

Discussion and Outlook

Organoids provide a powerful tool for researchers, as they 
can be used to study complex biological processes in a controlled, 
laboratory setting and can help to advance our understanding of 
human physiology and disease. Although organoid technology 
is still in its infancy, organoid technology has great potential 
application in bioregenerative medicine, precision medicine, 
and drug toxicity disciplines. There are still some challenges for 
organoids in clinical translational research, including limited 
maturity and complexity in mimicking actual organs, heterogeneity 
within the organoids, the need for standardized protocols, and 
high costs. However, the rapid technological advances in this 
field increase the hope that human organoid systems will offer 
unprecedented opportunities for improving human health.
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