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From gut to liver: organoids as platforms 
for next‑generation toxicology assessment 
vehicles for xenobiotics
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Abstract 

Traditional toxicological assessment relied heavily on 2D cell cultures and animal models of study, which were inad-
equate for the precise prediction of human response to chemicals. Researchers have now shifted focus on organoids 
for toxicological assessment. Organoids are 3D structures produced from stem cells that mimic the shape and func-
tionality of human organs and have a number of advantages compared to traditional models of study. They have 
the capacity to replicate the intricate cellular microenvironment and in vivo interactions. They offer a physiologically 
pertinent platform that is useful for the researchers to monitor cellular responses in a more realistic manner and evalu-
ate drug toxicity. Additionally, organoids can be created from cells unique to a patient, allowing for individualized toxi-
cological research and providing understanding of the inter-individual heterogeneity in drug responses. Recent devel-
opments in the use of gut and liver organoids for assessment of the xenobiotics (environmental toxins and drugs) 
is reviewed in this article. Gut organoids can reveal potential damage to the digestive system and how xenobiotics 
affect nutrient absorption and barrier function. Liver is the primary site of detoxification and metabolism of xenobi-
otics, usually routed from the gut. Hence, these are linked and crucial for evaluating chemical or pollutant induced 
organ toxicity, forecasting their metabolism and pharmacokinetics. When incorporated into the drug development 
process, organoid models have the potential to improve the accuracy and efficiency of drug safety assessments, 
leading to safer and more effective treatments. We also discuss the limitations of using organoid-based toxicological 
assays, and future prospects, including the need for standardized protocols for overcoming reproducibility issues.
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Introduction
Organoids are multicellular, three-dimensional cultures 
made from stem cells. They assemble themselves into 
structures with cell types specific to each organ and imi-
tate some of the in  vivo cell structure and functions of 
the original organ [1, 2]. Organoids have a lot of poten-
tial for use in basic research and personalized therapy as 
our knowledge of organogenesis and tissue engineering 

develops [3]. Organoids also serve as disease models 
and facilitate drug screening through genetic altera-
tions, exposure to disease-relevant stimuli, and toxicity 
and efficacy testing of medicinal substances, providing 
a closer-to-natural system than 2D cultures or animal 
models. This is because the traditional two-dimensional 
(2D) cell cultures failed to replicate the natural cell mor-
phology and interactions found in vivo as they lose their 
normal shape, undergo aberrant splitting and flattening, 
and disrupt the differentiation phenotype over time [4]. 
This limits their relevance for studying human biology 
and disease mechanisms. Epidemiological studies also 
have their own limitations as they rely on observational 
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data and can be influenced by confounding factors, such 
as lifestyle, genetics, and co-exposures [5, 6]. Establish-
ing causal relationships between environmental toxicant 
exposure and health outcomes can be complex and may 
require large sample sizes and long-term follow-up [7, 
8]. Additionally, epidemiological studies lack mechanis-
tic insights into the toxicity of environmental pollutants. 
Systems toxicology approaches, which model the absorp-
tion, distribution, metabolism, and excretion (ADME) of 
chemicals, can also be limited in their predictive accu-
racy [9]. Similarly, animal models remain widely used in 
toxicology research but they have intrinsic drawbacks in 
predicting human responses to toxins due to species-spe-
cific differences in anatomy, physiology, and metabolism 
[10, 11]. These differences often lead to discrepancies in 
toxicity outcomes, making the extrapolation of animal 
data to human health risks challenging and potentially 
unreliable. Hence, 3D cultures or organoids are a promis-
ing alternative for overcoming these limitations [12]. By 
better recapitulating human tissue architecture and cellu-
lar interactions, they can significantly contribute to toxi-
cological studies aimed at cellular interaction processes, 
assessment of the detrimental effects of toxins on cellu-
lar functions like adhesion, migration, differentiation etc. 
and drug response with improved accuracy [13–15].

However, while organoid models have made significant 
strides in replicating human tissues, they still fall short 
of fully replicating the complexity of native organs. One 
major limitation is the incomplete differentiation of cer-
tain cell types. For instance, in gut organoids, differentia-
tion into all intestinal cell types, including Paneth (with 
a role in antimicrobial defense) and M cells (essential for 
immune surveillance), is often incomplete [16]. Addi-
tionally, the characteristic crypt-villus architecture of the 
intestine remains underdeveloped, limiting the ability of 
the organoid to fully model physiological processes such 
as nutrient absorption, immune interactions, and micro-
biome dynamics [17]. Similarly, liver organoids typically 
feature hepatocytes with fetal-like characteristics, lacking 
mature functions such as drug metabolism, bile secre-
tion, and albumin production [18]. Both organoid models 
also struggle with insufficient vascularization and inad-
equate interaction with other crucial cell types, such as 
immune cells and fibroblasts, which are necessary for 
tissue maturation. Advancements in culture conditions, 
co-culture systems, genetic engineering, and microphysi-
ological models are essential to improving the maturity 
and functionality of these organoids, ultimately mak-
ing them more accurate and reliable models for disease 
research and drug testing.

Organoid technology is becoming instrumental in toxi-
cology research as organoids provide a versatile platform 
for studying the toxicity of drugs, chemicals, and natural 

environmental toxins, offering human-relevant models 
that facilitate high throughput screening, mechanistic 
insights, and dose–response assessments [19–21]. As 
they can replicate the cellular makeup and structure of 
many organs, including the liver, kidney, brain, colon, and 
lung, they are being used to predict chemical exposures 
with greater precision by bridging the gap between tradi-
tional in vitro models and in vivo systems [20]. Research-
ers can apply specific toxin concentrations to organoids 
and observe how exposure affects cellular morphology, 
viability, and function [22]. This approach enables the 
identification of potentially harmful substances and pro-
vides insights into the fundamental mechanisms under-
lying toxicity at the cellular level. Organoids have been 
used to study the toxicity of environmental contaminants 
as well as the efficacy and impact of various drugs [23–
25]. Pluripotent stem cell (PSC) derived organoids from 
patients offer the potential to test vast libraries of thera-
peutic compounds, bridging the gap between monolayer 
cell culture and animal models, enabling toxicity studies 
at a more physiologically relevant scale [26]. Processes 
such as cell migration, adhesion, differentiation, and 
apoptosis can now be studied in a context that closely 
mimics in  vivo conditions. Recent innovations in co-
culture systems allows researchers to include a broader 
range of cell types within the organoid models, such as 
immune cells or certain microbes alongside toxins, which 
can aid in recapitulating the full complexity of human tis-
sue response to toxic substances.

Generation of organoids
Stem cell sourcing is the initial step in organoid creation, 
with options including adult stem cells (ASCs), induced 
pluripotent stem cells (iPSCs), or embryonic stem cells 
(ESCs) (Table  1). The choice of the source is based on 
specific organoid requirements [27]. ESCs are ideal for 
creating organoids that require multiple cell lineages due 
to their pluripotency, meaning they can differentiate into 
any cell type in the body [28]. However, ethical concerns 
surround ESC research due to the destruction of a blas-
tocyst [29]. ASCs are multipotent and found in various 
adult tissues like bone marrow or fat [30]. They can dif-
ferentiate into a limited number of cell types specific to 
their origin and this focused differentiation allows for 
more targeted organoid models. Hence, ASCs are readily 
available and avoid ethical issues, but their regenerative 
capacity is limited. iPSCs are reprogrammed from adult 
cells and share similar properties to ESCs, offering pluri-
potency and the potential to create any cell type [31]. 
They provide a solution to ethical concerns but may carry 
reprogramming-related risks. Depending on the repro-
gramming method, their availability and the consistency 
of cell quality can vary.
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Several methods for generating organoids from stem 
cells or biopsies (in case of tumor derived organoids) 
have been developed to replicate essential aspects of 
organ function (Fig.  1). It typically takes a few weeks 
to produce mature organoids from iPSCs/ESCs and 
few days to produce from ASCs [34]. Stem cells or pro-
genitors are seeded in 3D matrices, such as Matrigel or 
hydrogels, to provide a supportive microenvironment. 
Specific growth factors and small molecules are added to 
the culture medium to induce differentiation towards the 
desired cell types [41]. Cells self-organize into 3D struc-
tures that resemble the architecture of the target organ. 
However, the successful generation and maturation of 
organoids depend not only on biochemical cues but also 
on physical culture conditions, particularly agitation and 
oxygen availability [12]. Provision of nutrients and oxy-
gen becomes increasingly challenging as organoid size 
increases. In static culture systems, organoids often face 
diffusion limitations, where nutrients and oxygen fail to 
penetrate efficiently to the core of larger structures [42]. 
This results in a gradient of nutrient availability, with cells 
at the periphery receiving sufficient sustenance while 
those in the center may experience hypoxia or nutri-
ent deprivation. Consequently, organoids grown under 
static conditions typically exhibit a size limitation, rarely 
exceeding 100–200  μm in diameter [43, 44]. This con-
straint not only affects their growth but also limits their 
ability to fully model the complexity and functionality 
of native tissues. Agitation-based systems, such as bio-
reactors and orbital shakers, enhance organoid growth 
by improving nutrient and oxygen diffusion, ensuring 
uniform distribution, and reducing gradients [45]. This 
dynamic environment supports larger organoids while 
preserving structural integrity and preventing exces-
sive aggregation. However, excessive mechanical stress 

can disrupt organoid organization, and careful calibra-
tion of agitation parameters is needed to balance growth 
enhancement with structural preservation [46]. Hence, 
further refinement of these systems is needed to fully 
harness their potential in organoid research. Different 
organoid models require tailored culture conditions to 
accurately replicate their in vivo counterparts since vari-
ations in tissue architecture, cellular composition, and 
functional requirements influence their growth and mat-
uration. This review is focused on gut and liver organoids 
so an overview of their generation is provided in the sub-
sequent text.

Gut organoids are derived from gut epithelial cell lin-
eage (initially from mouse Lgr5 + adult stem cells and 
also known as enteroids), resembling the pyloric epi-
thelium organized around a central lumen [47]. Human 
adult stem cell derived gastric organoids were later devel-
oped from various regions of the stomach, forming bud-
ding or cystic structures composed mainly of mucous 
gland, chief, and enteroendocrine cells surrounding a 
central lumen [1, 48]. Although gut organoids can grow 
in vitro without a mesenchymal niche, they rely on spe-
cific factors and extracellular components that mimic 
this environment. Key elements include Matrigel and 
a combination of biological enhancers such as Noggin, 
epidermal growth factor, R-spondin-1, and Wnt3a [49]. 
To better replicate physiological conditions, hypoxic 
environments (typically 5% O2 or less) are often used 
to mimic the physiological oxygen levels in the gut [50]. 
To maintain growth and prevent spontaneous differen-
tiation, organoids are mechanically or enzymatically dis-
sociated and re-embedded in fresh Matrigel every 7–10 
days [51].

Additionally, human gastric organoids can be fur-
ther differentiated into various gastric cell lineages by 

Table 1  Comparison of embryonic, adult, and iPSCs for generating organoids

Feature ESCs ASCs iPSCs References

Origin Inner cell mass of a blastocyst (early 
embryo)

Various adult tissues (bone marrow, 
fat, etc.)

Reprogrammed adult cells [32]

Pluripotency Yes—Can differentiate into all three 
germ layers (endoderm, mesoderm, 
ectoderm) and become any cell type 
in the body

No (Multipotent)—Can differentiate 
into a limited number of cell types 
specific to their tissue of origin

Yes (Similar to embryonic)—Can 
potentially differentiate into all three 
germ layers

[33, 34]

Self-renewal Yes—Can divide indefinitely 
while remaining undifferentiated

Yes (Limited)—Can divide for many 
cycles but eventually lose ability 
to self-renew

Yes—Can divide for extended 
periods

[35, 36]

Ethical Concerns Yes—Destroys a blastocyst, raising 
ethical questions

No—No embryos harmed Can vary—Depends on the method 
used for reprogramming

[29, 37]

Availability Limited—Requires strict regulations 
and may not be readily available

More readily available—Can be 
isolated from various tissues

Potentially more readily available 
than embryonic

[38]

Immune Rejection High risk—Cells are not genetically 
identical to the recipient

Lower risk—Can be obtained 
from the same patient (autologous)

Similar to embryonic (depends 
on reprogramming method)

[39, 40]
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modifying culture conditions [21]. Structurally, gut orga-
noids feature a luminal region where apoptotic entero-
cytes and metabolites are expelled [52]. However, unlike 
the gut mucosa, where enterocytes face the external envi-
ronment apically, organoids have an inverted polarity, 
with the apical side facing inward. Recent advancements 
have enabled the reversal of this polarity, allowing the 
apical surface to be exposed to the culture medium, thus 
facilitating better interaction with external stimuli [53].

Liver organoids are commonly cultured in Matrigel 
(comprising collagen, nestin, fibronectin etc.), supple-
mented with specific growth factors. They are generally 
maintained under normoxic conditions (21% O2) but can 
also be adapted to hypoxic conditions to model certain 
pathological states [54]. Passaging is done every 7–14 
days, depending on their growth rate, by dissociating 
them into smaller clusters or single cells and re-embed-
ding them in fresh Matrigel. The pioneering work of Huch 

Fig. 1  Common steps in organoid generation from stem cells. Stars depict addition of a matrigel for common extracellular matrix (ECM), synthetic 
hydrogel (collagen or fibrin-based matrices) and growth factors like Wnt, Notch, BMP, EGF (depending on organ type) along with maturation 
factors such as HGF (hepatocyte growth factor) for liver organoids, and EGF for gut organoids. Cells are isolated using techniques such as enzymatic 
digestion, mechanical dissociation, or fluorescence-activated cell sorting (FACS) to enrich the desired cell population. Organoids are cultured 
for several weeks to ensure proper differentiation
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et  al. demonstrated the generation of liver organoids 
from Lgr5 + hepatocytes, which possess both prolifera-
tive and differentiation potential [55]. Subsequent stud-
ies established hepatocyte-derived organoids from single 
mature hepatocytes in both mice and humans, exhibiting 
key hepatic functions and gene expression profiles simi-
lar to in vivo hepatocytes, with sustained proliferation for 
at least six months [56, 57]. Further advancements have 
led to the development of vascularized liver buds through 
the co-culture of human hepatic endoderm and stromal 
cells. These structures express early liver-specific markers 
such as alpha-fetoprotein and albumin and demonstrate 
drug metabolism capabilities [58, 59]. More recently, 
hepatobiliary organoids (exhibiting functions of both 
hepatocytes i.e., drug metabolism and albumin produc-
tion and bile duct cells) have been established [60, 61]. 
Additionally, hepatocyte-like organoids resembling adult 
liver tissue have been successfully fabricated using organ-
on-chip technology, further enhancing their potential for 
disease modeling and drug testing [61].

The development of organoids for specific applications, 
such as modeling various cancers or generating patient-
derived organoids for precision oncology, requires opti-
mized protocols that refine differentiation procedures 
and adjust culture conditions to better reflect disease 
complexity [62, 63]. This process involves multicellu-
lar self-organization and patterning, coordinated with 
tightly regulated differentiation, proliferation, and apop-
tosis, ultimately leading to the formation of mature, func-
tional tissues [2]. For long-term maintenance, organoids 
are cultured with regular medium changes and passaging 

to sustain their viability and functionality [64]. Their 
characterization relies on various techniques, including 
immunohistochemistry, gene expression analysis, func-
tional assays, and advanced imaging methods [65, 66]. 
In general, organoid production requires a multidiscipli-
nary approach, integrating expertise from developmental 
biology, tissue engineering, stem cell biology, and bioin-
formatics. Over time, protocols have been continuously 
optimized and refined, evolving alongside our expanding 
understanding of organoid biology and the molecular 
mechanisms governing organ development and function.

Metabolic potential of organoids
The organoids can be used for metabolic assessment of 
chemicals (Fig. 2). In particular, liver organoids exhibit 
significant metabolic potential, serving as biofacto-
ries capable of reproducing detoxification and meta-
bolic replication. When liver organoids are embedded 
in low stiffness gelatins and cultured under perfusion 
conditions, they can effectively metabolize ammonia, 
reflecting the metabolic activity observed in  vivo [67]. 
They retain the ability to perform gluconeogenesis, a 
key metabolic function of the liver [68]. Furthermore, 
liver organoids exhibit metabolic stress responses to 
high glucose levels, showing mitochondrial membrane 
potential alterations, lipid accumulation, and reactive 
oxygen species formation, akin to in  vivo conditions 
[69]. Liver organoids also effectively model metabolic 
diseases. Exposure to lactate, pyruvate, and octanoic 
acid replicates key features of fatty liver disease, includ-
ing intracellular lipid accumulation and metabolic 

Fig. 2  Metabolic assessment of organoids at various time points (T1, T2, T3) using techniques such as GC–MS, LC–MS, and mass spectrometry 
could be used to determine metabolites under specific conditions and exposure to xenobiotics
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dysregulation [70]. Their response to pharmacological 
agents further underscores their utility in drug metabo-
lism studies. For instance, in a co-culture system, Doc-
etaxel exposure resulted in varying survival rates among 
undifferentiated, differentiated, and cytochrome P450-
induced differentiated organoids, demonstrating the 
significance of cytochrome induction in drug metabo-
lism and toxicity [71]. At the molecular level, liver orga-
noids express hepatic markers such as albumin (ALB), 
α-fetoprotein (AFP), CYP2C9, and CYP7A1, indicat-
ing differentiation towards hepatic function [72]. They 
have also proven effective in detecting drug-induced 
toxicity. An example is of indomethacin (Cmax: 8.38 
μmol/L) and zileuton (Cmax: 13.12 μmol/L), which 
exhibited measurable cytotoxicity at concentrations of 
10 μmol/L and 100 μmol/L, respectively. Collectively, 
these findings illustrate the metabolic plasticity of liver 
organoids, enabling them to respond dynamically to 
environmental cues and mimic pathological conditions. 
Their ability to replicate key metabolic and toxicologi-
cal responses underscores their potential as powerful 
platforms for disease modeling and drug testing.

Gut or intestinal organoids also hold considerable 
promise for studying intestinal epithelial cell metabo-
lism of xenobiotics and nutrient absorption. 3D co-cul-
ture intestinal organoid systems have been developed to 
explore glucose metabolism, with glucose uptake, utili-
zation, and production by different cell types, providing 
insights into the complex metabolic processes occur-
ring in the gut [73, 74]. A common finding across stud-
ies is that dietary factors impact the gut function [75]. 
It has been successfully demonstrated that high sucrose 
can lead to systemic changes in zinc distribution, with 
enhanced expression of the zinc transporter ZIP14 in 
the basolateral membrane of intestinal epithelial cells, 
which in turn causes tight junction dysregulation and 
increased permeability [76]. These findings emphasize 
how dietary components can directly influence gut 
barrier integrity and nutrient absorption. Addition-
ally, research has demonstrated that gut organoids can 
simulate drug metabolism similarly to the human intes-
tine. Induction of CYP3A4 and ABCB1 gene expression 
has been observed in the organoids, suggesting their 
capability to metabolize drugs similarly to the human 
intestine [77]. Hence, gut organoids can recapitulate 
the complex architecture and functions of the intestinal 
epithelium, providing a physiologically relevant system 
for investigating nutrient metabolism, drug absorption, 
and host-microbiome interactions. Recent advances in 
CRISPR/Cas9 and metabolic programming technolo-
gies have further expanded the potential of organoids 
for studying metabolism under chemical stress behav-
ior [30].

Role in xenobiotic toxicology assessment
Xenobiotics are foreign chemical substances that are not 
naturally produced by an organism. They include a wide 
range of man-made and natural substances like phar-
maceuticals, industrial chemicals, preservatives, artifi-
cial colors and flavors, plasticizers etc. [78]. Naturally 
produced chemicals in this category may include fun-
gal, plant or bacterial toxins. High levels of metals like 
lead, mercury, and arsenic can be toxic and are consid-
ered xenobiotics when they enter the body at excessive 
amounts [79]. These toxins and contaminated food/water 
pose significant public health risks. However, studying 
human-specific responses and long-term effects of such 
toxins remains challenging [80]. Factors such as route 
of exposure, duration, and frequency can vary widely 
among individuals, making it difficult to establish dose–
response relationships [81]. Biomonitoring data, which 
measures the presence of toxicants in biological sam-
ples, may not always reflect the internal dose or the tar-
get organ concentration, leading to uncertainties in risk 
assessment [82]. Recent advances have highlighted the 
potential of organoids as a more physiologically relevant 
and efficient tool for assessing the hazards and risks 
associated with xenobiotics. Compared to traditional 
in vitro experiments and animal models, organoids pro-
vide a more accurate representation of human-specific 
responses, making them a promising platform for study-
ing toxicological effects and improving risk assessments 
(Table 2).

Studying the effects of toxicants on organoid develop-
ment, gene expression, and signaling pathways provides 
valuable insights into the underlying mechanisms of tox-
icity [102]. Organoids offer potential advantages over 
traditional in  vitro and animal models for environmen-
tal toxicology research and offer the ability to study the 
effects of environmental toxicants on specific organs, 
such as the liver, kidney, or brain. Here, we focus on gut 
and liver organoids due to their key roles in toxin absorp-
tion and detoxification. The intestinal epithelium is the 
first line of defense against many ingested toxins. Expo-
sure of gut organoids to toxicants can serve as a model 
for identifying potential damage to the digestive system, 
such as compromised nutrient uptake and weakened bar-
rier function [87]. Liver is the primary detox center of 
the body and metabolizes/eliminates xenobiotics [103]. 
Liver organoids allow researchers to study the impact of 
toxins on hepatotoxicity and provide valuable insights 
into liver-specific toxic effects [104]. Focusing on organ-
specific toxicity using organoids creates a more targeted 
understanding of potential health risks. Moreover, orga-
noids offer a unique opportunity to explore the cellular 
and molecular mechanisms that underlie these toxic 
effects, enhancing our ability to predict long-term health 
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consequences and refine environmental safety assess-
ments. Here is an overview of these organoid systems 
and their potential applications in assessing toxin hazards 
and risks:

Liver organoids
Liver organoids express key metabolic enzymes and 
transporters, making them suitable for studying the 
metabolism and toxicity of chemicals [105]. They have 
been used to assess the hepatotoxicity of various com-
pounds, including drugs and environmental pollutants.

Environmental toxin study
Different classes of toxins exhibit distinct toxicity pro-
files, and researchers have utilized liver organoids to 
investigate these effects by examining varying concentra-
tions and elucidate their mechanisms through molecular 
pathways. Heavy metals such as lead, mercury, thallium, 
and glyphosate have been tested for their cytotoxic effects 
on liver organoids. Thallium has exhibited the highest 
toxicity, with an IC50 of 13.5  µM, followed by mercury 
(30.8  µM), glyphosate (10.53  mM), and lead (2.98  mM) 
[106]. These toxins induced significant cellular damage, 
as assessed by viability assays and ATP activity measure-
ments. Per-and polyfluoroalkyl substances (PFAS) have 
also been investigated in liver organoids. The short-chain 
PFAS, such as heptafluorobutyric acid (HFBA) and pen-
tafluoropropionic anhydride (PFPA), caused cytomor-
phological aberrations and enzyme disruption but did 
not induce acute toxicity or apoptosis [107]. In contrast, 
long-chain PFAS, including perfluorooctane sulfonate 
(PFOS) and perfluorooctanoic acid (PFOA), displayed 
EC50 values exceeding 650 µM and were associated with 
significant enzyme disruptions, caspase activation, and 
architectural disintegration at higher concentrations 
(500–1000 µM).

Emerging contaminants, such as microplastics, nanofi-
bres and endocrine-disrupting chemicals have shown 
adverse effects on liver organoids. A diminished prolif-
erative capacity of organoids in nanofiber (HYDROX) 
culture has been observed, with a significant improve-
ment in the gene expression levels of drug-metabolizing 
enzymes [108]. Microplastics and tetrabromobisphenol A 
have shown no effect on healthy donor-derived organoids 
but ALD organoids have exhibited altered gene expres-
sion patterns related to liver sinusoidal endothelial cells 
(STAB2, LYVE1) and metabolic dysfunctions [109]. RNA 
sequencing further revealed enrichment of pathways 
associated with oxidative phosphorylation and cytoplas-
mic translation. Similarly, the impact of 1 µm polystyrene 
microplastics and bisphenol A has been studied on liver 
organoids at human internal exposure level. An increased 
hepatotoxicity due to co-exposure, leading to oxidative 

stress, lipid metabolism disruption, and epigenetic altera-
tions, was observed [110]. The combined adverse effects 
of microplastics and bisphenol were synergistic, worsen-
ing hepatotoxicity and disrupting gene panels associated 
with various lipid metabolism processes, alongside the 
proteins HNF4A, CD36, ACC1, CPT1A, CYP2E1, ERα, 
and ERβ. Microplastics did not alter ERα or Erβ alone but 
co-exposure with bisphenol significantly and synergisti-
cally elevated ERα levels. A potential adverse outcome 
pathway predicting hepatic steatosis was proposed for 
the co-exposure. These findings underscore the meta-
bolic health risks associated with co-exposure to micro-
plastics and BPA, even at low doses. Further research has 
shown the effects of pristine polystyrene microplastics 
(pPS) and aged polystyrene microplastics (aPS) [111]. 
aPS exhibited higher cytotoxicity, inducing mitochon-
drial dysfunction, lipid peroxidation, and iron transport 
disruption. Elevated SLC7A11 and FTL expression indi-
cated oxidative stress and iron metabolism dysregulation.

Drug related toxicity assessment
Drug-induced liver injury, and other adverse outcomes 
are a major contributor to late-stage clinical trial failures 
and post-marketing withdrawals [112]. Current preclini-
cal testing relies on 2D cell cultures and animal models 
with known limitations in predicting human-specific 
toxicity. Liver organoids offer an advanced platform to 
evaluate drug-induced toxicity with enhanced physiolog-
ical relevance. Human liver organoids have been used to 
investigate the biological responses and hepatotoxicity 
of pharmaceutical compounds. The antiepileptic drug 
magnesium oxide and the nanoparticle valproate have 
indicated reduced cell viability, decreased ATP produc-
tion, and increased reactive oxygen species in liver orga-
noids [84, 113]. Exposure to troglitazone, amiodarone, 
and acetaminophen have shown upregulation in the drug 
metabolizing enzymatic activity [108, 114]. Wu et  al. 
demonstrated that liver organoids exposed to acetami-
nophen, fialuridine, methotrexate, and fasiglifam exhib-
ited phenotypic changes concordant with human clinical 
data, highlighting their predictive potential in drug safety 
testing [115]. Chronic exposure to troglitazone, trova-
floxacin, acetaminophen, and steatosis-inducing agents 
such as oleate and palmitate resulted in inflammation, 
hepatotoxicity, and hepatic steatosis [116]. A multiplexed 
readout system to measure viability, cholestatic, and 
mitochondrial toxicity of drugs for mechanistic stud-
ies has also been developed [72] which demonstrates 
that CYP2C9*2 mutation is predisposed to Bosentan-
induced cholestasism, underscoring the potential of liver 
organoids in precision medicine and personalized drug 
screening.
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Furthermore, IC50 and benchmark doses for various 
drugs, including 5-Fluorouracil, carbofuran, valproate, 
paracetamol, troglitazone, and voriconazole have been 
assessed for potential hepatotoxicity in fatty liver mod-
els. Notably, troglitazone exhibited cytotoxicity in liver 
organoids but not in 2D cultures, demonstrating the 
superior sensitivity of organoid models [117]. The effects 
of triptolide, honokiol, and doxorubicin in HepG2 liver 
cell organoids have also been explored [118]. Triptolide 
and honokiol reversed the epithelial-mesenchymal tran-
sition process but doxorubicin did not, reinforcing the 
efficacy of tumor organoid-like models in screening anti-
tumor agents. These findings collectively highlight the 
advantages of liver organoids in assessing drug-induced 
toxicity, providing a human-relevant platform for hepa-
totoxicity studies, and advancing drug safety evaluations.

Gut organoids
Gut organoids are derived from intestinal stem cells 
and can form the various cell types found in the intesti-
nal epithelium, including absorptive enterocytes, goblet 
cells, and Paneth cells [119]. These organoids can be used 
to study the effects of environmental toxicants on intes-
tinal barrier function, nutrient absorption, and immune 
responses.

Environmental toxin study
Despite lacking enteric nerve and immune cells, intes-
tinal or gut organoids have been instrumental in vari-
ous studies due to stable cell culture conditions [52]. 
Gut organoids are particularly relevant for assessing the 
toxicity of ingested toxicants, such as heavy metals and 
pesticides. Metal toxicity analysis with repeated admin-
istration of cadmium, lead, hexavalent chromium, and 
inorganic trivalent arsenic has shown a reduced cell via-
bility and differentiation along with apoptosis induction, 
mucus production dysfunction, and damage to the epi-
thelial barrier [120]. The morphological features induced 
by each metal were specific and mediated by distinct 
signaling pathways, including Wnt, bone morphogenetic 
protein, apoptosis induction, and Notch pathways.

Gut organoids have been instrumental in studying the 
genotoxicity and cytotoxicity of various compounds. For 
instance, exposure to the carcinogen benzo[a]pyrene 
induced cytotoxicity, upregulated xenobiotic-metaboliz-
ing enzyme genes (CYP1A1, NQO1), and activated the 
DNA damage response pathway, leading to the forma-
tion of DNA adducts and metabolites [21, 102]. Stud-
ies on dietary compounds have demonstrated diverse 
effects. Caffeic acid inhibited organoid growth in a con-
centration-dependent manner, while curcumin produced 
variable effects, and vitamin C showed no impact [121]. 
Long-term exposure to the sweetener rebaudioside A 

upregulated enteroendocrine-specific markers, includ-
ing chromogranin A, glucagon, Pyy, and cholecystokinin 
[122]. Similarly, alcohol at even 0.2% significantly inhib-
ited small intestinal organoid growth [123].

Toxicity assessments have revealed the impact of vari-
ous nanoparticles and food additives. High concentra-
tions of niobium carbide (Nb2C) nanosheets suppressed 
organoid growth [124] while food-grade titanium dioxide 
(TiO₂) exposure altered differentiation markers such as 
muc2, vilin 1, and chromogranin A in a dose-depend-
ent manner [125]. Further, fg-TiO₂ induced apoptosis, 
genotoxicity, and a decline in antimicrobial peptide and 
tight junction-related gene expression, highlighting its 
potential impact on intestinal barrier integrity. Sunset 
yellow, a common food additive, disrupted cell prolif-
eration and differentiation while inducing oxidative and 
ER stress [126]. Additionally, graphene quantum dots 
reduced organoid size [127]. Beyond toxicity studies, 
gut organoids have been employed to assess apoptosis 
in intestinal epithelial cells exposed to 5-Fluorouracil, 
using microscopic and colorimetric analyses [126]. Their 
predictive accuracy has also been validated in evaluating 
ricin transport and toxicity in vivo [128].

Drug related toxicity assessment
Early-life antibiotic exposure has been shown to impact 
epithelial cell maturation and barrier function. Amoxicil-
lin, vancomycin, and metronidazole have been observed 
to decrease intestinal permeability, altered epithelial 
defense, transepithelial sensing capacity and reduced 
the number of specialized vacuolated cells essential for 
milk macromolecule absorption in neonatal mice [129]. 
Rifampicin treatment of intestinal organoid epithelial 
cells under CYP3A4-induced conditions have led to a 
decline in N-(4-hydroxyphenyl)retinamide cytotoxicity 
[130]. Similarly, intestinal and gut epithelial cell-derived 
organoids have been used to investigate the effect of baci-
tracin against Clostridium difficile Toxin B (TcdB) [131]. 
It inhibits TcdB by preventing its pH-dependent trans-
port across membranes, thereby blocking its interaction 
with Rac1 in human epithelial cells. Organoids have also 
shown strong predictive capabilities for gastrointesti-
nal toxicity. A human gut organoid model demonstrated 
90% accuracy in predicting drug-induced gastrointes-
tinal toxicity across a reference set of 31 drugs, sur-
passing traditional rodent models [87]. Drug treatment 
altered the expression of key gut epithelial markers such 
as lysozyme, chromogranin A, mucin, and sucrase-
isomaltase. The study highlighted the importance of 
incorporating toxicologically relevant dosing schedules, 
including daily drug administration and washout peri-
ods, to enhance assay predictability. Organoid models 
have also contributed to infectious disease research and 
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antiviral drug evaluation. Gut organoids susceptible to 
SARS-CoV-2 infection have shown that viral infection 
led to significant organoid deterioration except in goblet 
cells lacking ACE2 expression [132]. Remdesivir reduced 
SARS-CoV-2 infection by 86% at 500 nM and nearly abol-
ished it at 5 μM. However, its potency was lower in orga-
noids than in monolayer cell cultures, highlighting the 
importance of model selection in toxicology assessments.

Cystic fibrosis patient-derived organoids have been 
used to assess drug responsiveness. Forskolin-induced 
swelling in these organoids is entirely dependent on 
CFTR mutations, reflecting clinical therapy outcomes 
[133]. Additionally, organoids have been employed 
to assess antiviral drug efficacy. Masmoudi et  al. have 
tested enviroxime, rupintrivir, and 2′-C-methylcytidine 
(2′CMC) against enterovirus 71 [134]. Organoids exhib-
ited greater sensitivity to infection and drug treatment 
compared to conventional cell lines. However, 2′CMC 
displayed a poor selectivity index, failing to achieve 100% 
viability even at the highest tested concentration, sug-
gesting potential low-grade toxicity to host cells. These 
findings reinforce the value of gut organoids as physi-
ologically relevant models for drug toxicity assessment, 
offering improved predictive accuracy compared to tradi-
tional in vitro and in vivo models.

Limitations
In spite of several advantages, organoids have several 
limitations as well. Even though they mimic organ struc-
tures and functions to some extent, they fall short of rep-
licating the complexity of the human body [135, 136]. 
They may not fully recapitulate the diversity and inter-
actions found in  vivo, often resembling developmental 
stages of organs rather than fully matured tissues [137]. 
This immaturity can affect their response to toxicants, 
as mature tissues may exhibit different sensitivities or 
detoxification mechanisms. Additionally, organoid cul-
tures can display significant variability between batches 
and within the same batch, posing challenges for draw-
ing consistent conclusions from experiments. Limited 
lifespan in culture restricts long-term toxicological stud-
ies, and the establishment and maintenance of organoid 
cultures can be costly and resource-intensive, requiring 
specialized equipment, reagents, and expertise [138].

Furthermore, the absence of vascularization in orga-
noids hinders nutrient and oxygen availability, as blood 
arteries in vivo exhibit complex structures with variations 
in size, layers, and constituent cell types [139]. Although 
generating human blood vessels in  vitro is feasible, 
achieving organoid vascularization remains challenging 
but is being worked upon in addition to standardiza-
tion of protocols as they are lacking at the moment and 
contribute to variability between studies and hindering 

result comparison across different laboratories. Another 
limitation in organoid culture systems is the discrepancy 
between physiological oxygen levels and those main-
tained in standard laboratory conditions [140, 141]. Gut 
and liver experience varying degrees of hypoxia, particu-
larly in regions like the intestinal crypts and periportal 
zones of the liver [142]. These low-oxygen environments 
play a crucial role in maintaining tissue homeostasis, 
regulating cellular metabolism, stem cell function, and 
responses to injury or toxins. In contrast, most organoid 
cultures are maintained under normoxic conditions (21% 
O₂), which do not accurately replicate the oxygen gra-
dients present in  vivo [143]. This discrepancy can lead 
to alterations in cellular behavior, gene expression, and 
metabolic activity, potentially limiting the translational 
relevance of organoid-based studies. Hypoxia-inducible 
factors (HIFs) and other oxygen-sensitive pathways may 
not be adequately activated under normoxic conditions 
[144, 145]. Therefore, organoid models may show altered 
responses to toxins and xenobiotics under these condi-
tions, as these pathways affect drug metabolism, oxida-
tive stress, and cellular repair mechanisms. To address 
this limitation, researchers have explored hypoxia-
mimicking culture systems and specialized bioreactors 
designed to maintain physiologically relevant oxygen 
levels [146, 147]. However, these approaches are not yet 
standardized and introduce additional challenges, such 
as variability in oxygen gradients and potential impacts 
on organoid viability. Future studies should focus on 
optimizing these systems to better integrate hypoxic con-
ditions, thereby enhancing the physiological relevance 
of organoid models. Research efforts are also desired 
to improve organoid culture techniques, enhance their 
physiological relevance, and validate their utility for toxi-
cological studies.

Future perspective
Organoids are advantageous in environmental toxicol-
ogy research due to their ability to be cultured in micro-
plates, enabling high-throughput screening of multiple 
toxicants and concentrations simultaneously [148]. This 
approach enhances research efficiency and cost-effective-
ness by expediting the identification of hazardous com-
pounds and prioritizing them for further investigation. 
Moreover, organoids closely mimic native tissue archi-
tecture and function, providing increased translational 
relevance by utilizing human-derived cells to offer more 
accurate insights into human responses to environmen-
tal toxins. Beyond toxicity assessment, organoids show 
promise in reducing reliance on animal testing, offering 
more human-relevant models and yielding crucial data 
for evaluating the safety of environmental chemicals 
[149]. As organoid technology advances, one of the most 
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promising developments is the emergence of assembloids 
(Table  3), which integrates multiple organoid types or 
incorporates additional cell populations such as immune, 
endothelial, or neural cells to better replicate in vivo tis-
sue interactions [12]. Assembloids enhance physiological 
relevance by enabling the study of intercellular commu-
nication, vascularization, and systemic toxicity, which 
are often absent in conventional organoid models [84]. 
However, their development presents challenges, includ-
ing precise control over cell ratios, spatial organization, 
and culture conditions to ensure functional maturation. 
Additionally, issues of scalability and reproducibility 
remain critical due to biological variability [12]. Emerg-
ing technologies are being explored to refine assembloid 
systems and improve their standardization.

Looking ahead, the organoid-on-chip approach, which 
incorporates microfluidic technology, holds promise for 
recreating near-physiological conditions, particularly in 
gut and liver organoids. Culturing organoids within inter-
connected microfluidic platforms allows for dynamic 
interactions between multiple organ systems, mimicking 
real-life scenarios such as the effect of liver metabolism 
on heart function. This innovation enables earlier detec-
tion of potential toxic effects, reducing reliance on animal 
testing. For instance, a double-layered microfluidic chip 
has been developed to create an intestine-liver model, 
facilitating investigations into drug absorption, transport, 
and metabolism [168]. By enabling multi-organ toxicity 
assessments, this technology provides a comprehensive 
understanding of adverse effects early in drug devel-
opment. Moreover, organoids derived from a patient’s 
cells hold potential for predicting individual responses 
to xenobiotics, leading to personalized risk assessment 
and treatment strategies. Moreover, advances in genetic 
engineering, such as the use of CRISPR/Cas9 technology, 
allow for the creation of organoid models with specific 
mutations or disease phenotypes, providing insights into 
how genetic factors influence the toxicological response. 
However, as these models become more widely adopted, 
ethical considerations surrounding the use of human-
derived organoids in research must also be addressed 
[37].

Some of the challenges related to the lack of mature tis-
sue organization and vascularization in organoid mod-
els are actively being addressed, offering hope for more 
accurate and reliable systems in toxicology and drug test-
ing. One of the critical limitations, particularly in liver 
organoids, is the persistence of fetal-like hepatocytes, 
which exhibit limited functionality, such as subopti-
mal cytochrome P450 enzyme activity essential for drug 
metabolism. However, ongoing research is focused on 
refining culture conditions and incorporating advanced 
bioengineering techniques to enhance the maturation 

of hepatocytes, ensuring they replicate the metabolic 
capabilities of adult liver tissue. For example, the use of 
bioreactors and vascularization strategies, including 
the integration of endothelial cells and blood vessel-like 
structures within liver organoids, is progressing rapidly. 
These advancements will enable a more comprehensive 
understanding of systemic toxicity and better prediction 
of drug interactions and metabolic profiles in a human-
specific context.

Similarly, in gut organoids, the inability to fully repli-
cate the gut microbiome and the complex interactions 
between gut epithelial cells and immune cells remains a 
challenge. However, future efforts are directed towards 
creating more sophisticated models that incorpo-
rate microbial communities and simulate the immune 
responses observed in the human gut. With the devel-
opment of organ-on-a-chip technologies and improved 
co-culture systems, it is becoming increasingly possible 
to mimic the dynamic microenvironment of gut, includ-
ing its barrier function and immune system interactions. 
These innovations are expected to greatly enhance the 
ability of gut organoids to model real-world exposure 
scenarios, providing a more accurate representation of 
how environmental toxins, pharmaceuticals, and dietary 
compounds interact with human gastrointestinal tissues. 
The organoid market is projected to grow significantly 
due to their applications in drug discovery, personalized 
medicine, and disease modeling. The CAGR (Compound 
Annual Growth Rate) of 21.5% reflects strong demand 
(Table  3). As a newer and more specialized technology, 
assembloids do not yet have a separate market projec-
tion. They are often considered part of the broader orga-
noid market. Organ-on-chip technology is expected 
to grow at a higher CAGR (36.7%) due to its scalability, 
high-throughput capabilities, and increasing adoption in 
pharmaceutical and biotechnology industries.

Conclusion
In conclusion, organoids offer several advantages 
over traditional in  vitro and animal models for chemi-
cal toxicology research, including improved physi-
ological relevance, personalized responses, reduced 
animal use, high-throughput screening, organ-specific 
toxicity assessment, mechanistic insights, and transla-
tional potential. Both gut and liver organoids are valuable 
tools in research, but their immature states often hinder 
their full potential. Hence, despite their many advantages, 
organoids also present challenges and limitations, includ-
ing variability in development and function, limited 
lifespan in culture, and the absence of vascularization 
and immune system representation. Addressing these 
limitations will be crucial for further advancing the util-
ity of organoids in toxicology research. Future directions 
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for research should focus on strategies for improving 
organoid complexity and functionality, integration with 
microfluidic technology, regulatory acceptance of orga-
noid-based toxicology data, and ethical considerations 
surrounding the use of human-derived organoids. These 
advancements are expected to overcome current limita-
tions, providing more sophisticated models for studying 
systemic toxicity, drug metabolism, and human-specific 
disease mechanisms in the near future.
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