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Abstract:  The biology of aging is focused on the identification of novel pathways that regulate the 

underlying processes of aging to develop interventions aimed at delaying the onset and progression 

of chronic diseases to extend lifespan. However, the research on the aging field has been conducted 

mainly in animal models, yeast, Caenorhabditis elegans and cell culture. Thus, it is unclear to what 

extent this knowledge is transferable to humans since they might not reflect the complexity of aging 

in people. Organoid culture is an in vitro 3D cell-culture technology that reproduces the physiolog-

ical and cellular composition of the tissues and/or organs. This technology is being used in the can-

cer field to predict the response of a patient-derived tumor to a certain drug or treatment serving as 

patient stratification and drug-guidance approaches. Modeling aging with patient-derived organ-

oids has a tremendous potential as a preclinical model tool to discover new biomarkers of aging, to 

predict adverse outcomes during aging and to design personalized approaches for prevention and 

treatment of aging-related diseases and geriatric syndromes. This could represent a novel approach 

to study chronological and/or biological aging paving the way to personalized interventions target-

ing the biology of aging. 

Keywords: organoids; aging; precision medicine. 

 

1. Introduction: Organoids, spheroids and matrix-embedded 3D cultures. 

Patient-derived organoids (PDOs) are self-organized 3D tissue cultures that are derived 

from stem cells. Isolated patients’ stem cells differentiate to form an organ-like tissue com-

prising multiple cell types. Organoids have self-renewal and self-organization capabilities 
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and retain the characteristics of the physiological structure and function of their source. 

[1,2]. Recent culturing advances aim to create the right environment for the stem cells so 

they can follow their own genetic instructions to self-organize, forming organoid struc-

tures that resemble miniature organs composed of many cell types. This approach pro-

vides tractable in vitro models of human physiology and pathology, thereby enabling in-

terventional studies that are difficult or impossible to conduct in human subjects [1, 3]. 

Attempts to model the biology of human organs — including the differentiation of human 

stem cells in 2D, in either the presence or absence of a 3D matrix; bio-printing of human 

cells; and the culture of cells in a microfluidic device (‘organ-on-a-chip’) — were made 

prior to the emergence of organoids and have shown some potential for drug screening 

or human disease research.  

 

During the late twentieth and early twenty-first centuries, the use of classical cell 

lines and animal model systems in biomedical research has helped to improve our under-

standing of cellular signaling pathways, to identify potential drug targets and to guide 

the design of candidate drugs for pathologies including cancer and infectious diseases, 

among others [3, 4]. Recent studies have identified biological processes that are specific to 

the human body, such as brain development, metabolism and the test of drug efficacy that 

cannot be modeled in animal or cell models. Nevertheless, extrapolating results from 

these model systems to humans has become a major bottleneck in the drug discovery pro-

cess. Therefore, the emergence of human in vitro 3D cell cultures, such as organoids, sphe-

roids and matrix-embedded 3D cultures has received widespread attention due to the po-

tential to overcome these limitations [4-6]. These 3D structures of cultured cells recapitu-

late important aspects of in vivo organ development and biological function. Such cul-

tures can be crafted to replicate much of the complexity of an organ or to express selected 

aspects of its physiology like producing only certain types of cells [1-3].  

 

Spheroids form by spontaneous aggregation of cells followed by binding of cell sur-

face integrins to the extracellular matrix (ECM). After initial cell–cell contact, cells upreg-

ulate E-Cadherin which accumulates on the cell surface and then the spheroid becomes a 

compact structure through strong intercellular E-cadherin interactions [6]. Different sphe-

roid models have been described based on their cellular sources. Multicellular tumor 

spheroids (MCTS) are often made from cancer cell lines, but rarely from tumor tissues. 

MCTS show little histological resemblance to the original tumor, but they mimic metabolic 

and proliferation gradients of the in vivo tumor and model clinically relevant resistance 

to chemotherapy. The advantages of MCTS are that they are clonal, simple to expand into 

large cultures and suitable for high-throughput systems [5-7]  

 

In contrast, organoids grow from stem cells, that can divide indefinitely and produce 

different types of cells as part of their progeny. Organoids allow genetic and pharmaco-

logical manipulation in a complex cellular context that reflects human biology and enable 

investigations of the early stages of organ development and disease onset. They comple-

ment (and may eventually replace) animal models in many areas of preclinical drug de-

velopment. Moreover, they provide patient-specific ‘avatars’ for drug development and 

precision therapies, including treatments for cancer, rare genetic diseases (such as cystic 

fibrosis) and complex multifactorial disorders (such as epilepsy). Finally, they promise to 

contribute to regenerative medicine, with the goal of producing functional biological 

structures that can be transplanted into patients [3-9]. 

 

2. Approaches to generate a patient-derived human organoid: surgical resections, 

liquid biopsy and iPSC-derivation. 

First organoids were developed from tissues of animal models. However, some biological 

aspects are unique to humans and as a consequence, these models show limitations reca-

pitulating human pathology. In that sense, PDOs emerged as a model to study cancer, 

infectious diseases and inheritable genetic disorders [10-13]. The generation of organoids 
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requires the use of stem cells which can be either (a) pluripotent stem cells (PSCs) – em-

bryonic stem cells (ESC) and induced pluripotent stem cells (iPSCs) - or (b) adult stem 

cells (ASCs) [7-9,13]. For instance, the source of PSC is restricted to iPSCs that are gener-

ated through the reprogramming of somatic cells avoiding the ethical concerns of the use 

of ESC. iPSCs have the potential to generate all three germ layers. Differentiation into 

distinct cell and tissue types can be controlled in vitro by the sequential use of different 

factors that mimic in vivo organ development [7,11]. In contrast, ASCs can be obtained 

from tissues with regenerative ability and have a limited differentiation potential. In that 

case, the starting material for the generation of the organoids is normal or malignant hu-

man tissue that can be obtained from surgical resection or biopsy [10]. In fact, the genera-

tion of organoids from these sources allow the expansion and maintenance of this valuable 

material. Development of the organoids require the use of specific growth factors depend-

ing on the tissue of origin and are mainly restricted to the growth of epithelial cells [14]. 

For that reason, the ASC-derived organoids are less complex than the iPSCs-derived 

which might include mesenchymal and epithelial constituents [12]. On the other hand, 

tissue derived organoids may recapitulate the genetic and epigenetic signature of the orig-

inal organ [14] but iPSCs can lose this kind of information due to the dedifferentiation 

process required for the establishment of the cell line [15] thus hampering the use of iPSCs 

for preclinical models. In addition, liquid biopsies contain circulating tumor cells (CTCs), 

that although scarce in material could be good candidates to generate 3D structures ex-

panding the approaches that could be used to generate organoids [16]. In any case, the 

procedures to establish organoids rely on the self-renewal and differentiation of tissue-

resident stem cells that expand in culture and self-organize into complex three-dimen-

sional structures. Once established, organoids can be initiated from cryopreserved mate-

rial, cultured using largely traditional cell culture techniques and equipment, and then 

expanded and cryopreserved for future use [17]. 

 

3.  Organoids as a model to study aging signature across tissues 

 

Organoids provide a new valuable tool to model the changes that occur during aging 

across tissues and to study the development of age-associated diseases. Impaired pro-

cesses and/or damage at the molecular and cellular levels accumulate as we age leading 

to a decrease in the reserve capacity or resilience, ultimately developing the so-called ag-

ing phenotypes, that have been divided into four domains: body composition, energetic 

imbalance between availability and demand, homeostatic dysregulation, and neuro-

degeneration [18-20]. For instance, aging is associated with a progressive loss of muscle 

mass and strength and a decline in neurophysiological functions, due to a gradual loss of 

motor neurons [21]. Recently neuromuscular 3D organoids in vitro have been developed 

successfully to examine the roles of human autoantibodies in the pathogenesis of myas-

thenia gravis [22]. Therefore, with this model we could test whether changes in the neu-

romuscular junction precede or follow the decline of muscle mass and strength associated 

with aging. One of the most common approaches to study aging with organoids is deriv-

ing organoids from young and old donors. Reduced organoid formation efficiency has 

been described for aged mice and humans compared to their younger counterparts, asso-

ciated with stem cell dysfunction and epigenetic changes resulting in a reduction of Wnt 

signaling [23–27]. Aged organoids also show increased levels of senescence markers such 

as p21 and p16, as well as decreased DNA methyltransferases [4]. Fasting and calorie re-

striction have been proposed as an anti-aging strategy and have been validated in organ-

oids. Mihaylova et al [27] showed that fasting for 24 h increased organoid formation and 

self-renewal potential of organoids derived from old mice. Similarly, improved organoid 

formation efficiency was observed in calorie-restricted mice, identifying the mTORC1 sig-

naling in Paneth cells [28] and SIRT1 in intestinal stem cells [29,30] as key pathways to 

ameliorate stem cell function. On the other hand, long-term inflammation has also been 
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modeled in intestinal organoids and NF-κB signaling has been proposed as a driver of 

cellular transformation [31]. 

 

Skin equivalents (SE) consisting of a 3D culture of fibroblasts and keratinocytes have 

been developed to study skin aging, either by inducing senescence in vitro or by isolating 

cells from aged donors. SE have successfully modeled some features of skin aging such as 

decreased ECM synthesis, cellular loss, and thinner epidermal layer [32]. SE derived from 

aged donors show some of these histological features of aging [33,34], and p16 has been 

identified as a driver of these changes, as demonstrated by the modulation of p16 levels 

in young- and old-derived SE [33]. Extended culture of SE also recapitulates normal skin 

aging, including p16 induction [35]. Moreover, Metral et al [34] showed that the addition 

of adipose-derived stem cells delayed the expression of senescence markers in SE. SE have 

also been used to analyze the role of the microenvironment in age-associated changes in 

the skin. Collagen fragmentation has been described as an important factor for skin aging. 

Aged fibroblasts detach from the ECM, resulting in impaired TGF-β signaling and ulti-

mately leading to a decrease in the synthesis of ECM components [36,37], further aggra-

vating skin aging and fragility. Senescent melanocytes contribute to skin aging by induc-

ing telomere damage and decreased proliferation of keratinocytes in a paracrine manner 

[38], while senescent fibroblasts induce changes in the secretome of SE, increasing IL-6, 

IL-1α, and granulocyte macrophage colony-stimulating factor levels, which contribute to 

a decreased epidermal layer [39]. ECM age-associated changes have also been analyzed 

with tendon-derived organoids. Yan et al [40] observed decreased organoid formation ef-

ficiency in organoids from aged donors, lower cell density, and decreased matrix deposi-

tion. These changes were associated with higher levels of the senescent markers p21 and 

p16 and stem cell dysfunction.  

 

Some reports show that human intestinal organoids preserve their original DNA 

methylation pattern and their epigenetic age when cultured in vitro [41,42]. Notably, 

Lewis et al [41] found that the epigenetic age of colon-derived organoids matched the 

actual age of the donor, while organoids derived from the small intestine showed a slight 

decrease in epigenetic age. Moreover, cultured mouse colon organoids seem to recapitu-

late age-associated epigenetic changes [43], further validating organoids as an aging 

model. Lower organoid formation efficiency was also observed in organoids derived from 

aged alveolar epithelial type II cells. Furthermore, fibrotic cells and cells with shortened 

telomeres also decreased the organoid formation rate, which was associated with in-

creased senescence and decreased stem cell function due to the activation of the Wnt sig-

naling pathway [44]. Organoids have also been used to model age-associated diseases. For 

instance, 3D cultures have been developed to study osteoarthritis [45], macular degener-

ation [46], uterine leiomyoma [47], or Alzheimer’s disease [48], which will be discussed in 

the next section.  Before organoids can become important aging models, some issues 

must be considered such as the lower efficiency found when reprogramming cells to form 

organoids from aged donors compared to young ones, or the increase in senescence rate 

when cultured for long time [ 49,50, 51].  

 

 

 

4.  Application of organoids in age-related diseases: Cancer, Alzheimer’s and Par-

kinson’s Disease    

 

As we have stated along the review, organoids have emerged as an invaluable tool 

in biomedical research and have been extensively developed in the cancer field [52,53]. 

Other age-related diseases, such as Alzheimer’s Disease (AD) and Parkinson’s Disease 

(PD) could benefit from this technology. 

 

4.1. Cancer  
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Cancer is considered an age-related disease because its incidence might be explained 

by the combination of (a) the accumulation of mutations in tissues throughout life and (b) 

the alterations of the tissue microenvironment that play a role as a selective pressure over 

them [54]. Also, the technical developments primarily achieved in organoid-based cancer 

research paves the way to the study of other age-related diseases by a patient-derived 

organoid approach [55]. In that sense, the expansion of clonal organoids from a single 

stem cell generates distinct mutational signatures which allow the study of tumor ge-

nomic evolution [53]. Blokzijl and colleagues assessed the mutation accumulation in ASCs 

of colon, small intestine and liver showing similar rates among them (36 mutations per 

year) but with tissue-specific mutational profiles and different cycling rates [56].  

Once the candidate driver mutations are described, organoids have the potential to 

functionally validate them. Thus, wild-type organoids can be genetically engineered to 

model cancer initiation and progression recapitulating the oncogenic process. 

CRISPR/Cas9 technology was first used to introduce mutations in the most frequently 

mutated genes in colorectal cancer (APC, P53, KRAS and SMAD4) in human small intes-

tinal organoids in order to recapitulate the development of colorectal cancer [57]. Simi-

larly, the knockout of tumor suppressor genes can recapitulate tumorigenesis in liver and 

breast human-derived organoids [58, 59]. Interestingly, organoids can also, in part, repro-

duce the growth factor dependency of tumor cells within their microenvironment. With 

this approach the genotype-phenotype correlation of the growth factor dependency was 

described in gastric cancer and pancreatic tumors allowing the description of tumor sub-

types [60, 61]. Finally, it is known that a link exists between cancer and infectious agents 

to which we can be exposed during our lifespan. Thus, the co-culture of organoids with 

pathogens renders the opportunity to mimic the host-pathogen interactions and patho-

genic-induced oncogenesis. In this regard, human gastric organoids were microinjected 

with Helicobacter pylori to model the role of the microorganism in epithelial signaling and 

proliferation [62]. Recently, the role of human papillomavirus (HPV) in carcinogenesis 

was studied in ecto- and endocervical-derived organoids [63]. Besides, organoids can be 

co-cultured with microbiota [64] which is relevant due to its role in cancer and other ag-

ing-related processes [65]. 

 

4.2. Alzheimer’s Disease and Parkinson’s Disease 

 

Even though Alzheimer’s Disease (AD) is one of the leading causes of death world-

wide, especially in late life, to date there are currently no available drug treatments to cure 

the disease. Similarly, Parkinson’s Disease (PD) is the second most frequent neurodegen-

erative disorder after AD. Organoid systems based on human pluripotent stem cells 

(hPSCs) and neural stem/precursor cells (NSCs) have shown a promising potential to 

model neurodegenerative diseases, including AD and PD [66- 69]. 3D brain organoid sys-

tems generated from hPSCs can recapitulate important features of AD pathophysiology, 

such as amyloid plaques and neurofibrillary tangle-like structures [66, 70].  Similarly, 

NSCs utilized to derive human midbrain-specific organoids (hMO) show abundant neu-

rons with dopaminergic identity, thus electrophysiologically functional neurons, as well 

as astroglia and oligodendrocyte differentiation [69]. Most of the reports using brain or-

ganoids in PD or AD have been focused on genetic risk factors, relying on CRISPR/Cas9 

gene editing. In both cases, these organoids models have been used to test the efficacy of 

pharmacological agents in disease progression [67,68]. 

 

5. Precision medicine: using organoids systems as a tool to screening anti-aging 

drugs/ patient-specific drug testing 

 

Precision Medicine, the so-called ‘personalized medicine’, has emerged as an ap-

proach for disease treatment and prevention adapted to the individual variability and 

personal characteristics allowing to predict or find the best treatments for a particular 
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condition or disease [71]. This approach requires the integration of all the clinical data, 

including all the ‘omics’ and molecular information as well as the environment, and life-

style for each individual. Although this will be the future, the use of precision medicine 

in a daily basis in healthcare is almost restricted to some clinical fields, specifically cancer 

research, which uses this approach for patient-specific tumor drug testing. Creating com-

prehensive collections of organoids biobanks might be useful in the near future as a tool 

to validate candidate drug efficacy and safety as well as to support pre-clinical studies 

aimed at personalized medicine [72]. 

 

Despite advances in the treatment of age-related diseases, the burden of deaths re-

mains high. A key limitation in age-related diseases treatment is the lack of valid predic-

tive biomarkers, which reduces the efficacy of treatments. As in other diseases like cancer, 

gerontologists are largely unable to predict treatment response for individual patients, 

resulting in patients receiving ineffective treatment with unnecessary exposure to toxic 

side effects and high treatment costs. Effective predictive biomarkers are needed to enable 

personalized medicine and increase survival for patients [73]. Personalized medicine 

strategies include protein-, RNA-based and genome-based stratification, though in oncol-

ogy, precision medicine has been largely based on genomic biomarkers [74]. However, 

less than half of patients are eligible for genetically matched treatment and for the majoity 

of anticancer agents no genetic markers are available. A promising predictive biomarker 

is individualized tumor response testing using PDOs, in which anticancer agents are 

screened ex vivo on PDOs to predict clinical response. PDOs represent a superior preclin-

ical model system compared to previous models through their inherent heterogeneity, 

long-term stability, applicability for high throughput screens and enhanced capacity to 

capture tumor characteristics [73, 74]. 

 

In this regard, the description of potential aging-related biomarkers such as telomere 

length, DNA damage, mitochondrial dysfunction, reactive oxygen species, autophagy 

and epigenetic marks [20] opens the possibility to use PDOs as a predictive tool of disease 

outcome. In addition, the discovery and validation of new aging-related biomarkers using 

PDOs is a promising field. PDOs could be exposed to panels of clinically relevant anti-

aging drugs in order to identify better treatment schemes in bench-to-bedside approaches 

(Figure 1).   

 

 

 
 

Figure 1. Patient-derived organoids (PDOs) as a Personalized Aging Tool. PDOs can be obtained from reprogramming 

adult stem cells into uncommitted induced pluripotent stem cells (iPSCs), that through a series of differentiation steps 
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result in the generation of the desired tissue type organoid. Alternatively, tumor resection or liquid biopsy /circulating-

tumor cells (CTC) can be the source of the Adult stem cell (ASCs) required to establish the organoid. Modeling aging with 

PDOs have a tremendous potential as a preclinical model tool to discover new biomarkers of aging, to predict adverse 

outcomes during aging and to design personalized approaches for prevention and treatment of aging-related diseases and 

geriatric syndromes. This could represent a novel approach to study chronological and/or biological aging paving the way 

to personalized interventions targeting the biology of aging. 

 

 

For the past decades several compounds have been found to delay the onset of age-

related diseases and increase healthspan and lifespan [18,19, 75] These compounds target 

several pathways such as growth factor and insulin signaling pathways (e.g.: mTOR in-

hibitors), carbohydrate and fat metabolism (e.g.: metformin), NAD+-dependent sirtuins 

and NAD pathways (e.g.: resveratrol, sirtuins, NAD2), autophagy (e.g.: spermidine), se-

nescence (e.g.: senolytics and senomorphics). Some of these drugs are currently used to 

treat other age-related diseases such as cancer (senolytics and mTOR inhibitors) or type 2 

diabetes (metformin) but they have been recently proposed also as ‘anti-aging’ drugs [75]. 

Since organoids recapitulate the histological architecture of human tissues in vivo they 

can also be used to test potential anti-aging drugs that target one or more of the domains 

and hallmarks of aging. This could also help to identify the molecular signatures related 

to treatment efficacy and toxicity. To date and to our knowledge, the specific use of these 

drugs in organoids with the main goal to directly address the aging mechanism in absence 

of disease has not been yet sufficiently studied.    

 

Aging has been associated with a decrease in NAD+ levels [76,77]. NAD+ precursors 

such as nicotinamide mononucleotide (NMN) and nicotinamide riboside (NR) have been 

proposed as potential anti-aging drugs [78]. Aged intestinal organoids treated with NMN 

showed improvement in cell proliferation and a decrease in senescence markers [23]. Sim-

ilarly, NR treatment improved organoid formation from crypts isolated from old mice 

through activation of SIRT1 [30]. NMN has also been tested in cerebral organoids derived 

from AD patients with different genetic backgrounds. Some organoids showed an in-

crease in mitophagy, while others showed mitochondrial biogenesis induction. In this 

study, an inhibitor of the unfolded protein response, ISRIB, also showed potential as a 

drug to protect against proteotoxic stress [79]. Some reports also tested different well-

known drugs in skeletal muscle organoids and validated this model to screen potential 

drugs to treat age-associated sarcopenia [80, 81]. Senolytic drugs, drugs that eliminate se-

nescent cells, have also been evaluated with organoids. Navitoclax, also known as ABT-

263, is an anti-cancer drug that has senolytic activity. It successfully removed senescent 

cells in a model of uterine leiomyoma in a time-dependent manner [47]. Fisetin, another 

senolytic compound, has been found to decrease the levels of IL-6 and TNF-α, which have 

been involved in inflammaging (age related inflammation) [82], in skin models [83]. Lam-

mermann et al [84] tested a plant extract with senolytic properties in SE and prevented 

the effects of the senescence-associated secretory phenotype (SASP). Similarly, the 

senolytic compound ABT-737 also blocked the effects of the SASP, while mitoQ prevented 

telomere damage and senescence induction in SE [38]. Another tested anti-aging com-

pound is the synthetic jasmonic acid derivative LR2412, which increased ECM proteins 

deposition in SE, improving some of the aging effects on the skin [85]. 

 

 

 

6. Limitations, challenges and future prospects 

 

Even though organoids could potentially become relevant aging models, there are 

some issues that need to be addressed. Some reports show a lower efficiency of repro-

gramming cells to form organoids from aged donors compared to young ones, and 
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reprogramming cells from an aged donor into iPSCs may erase some aging epigenetic 

marks [49,50]. This would introduce unacceptable bias when performing side-by-side ex-

periments. Another important limitation is the lack of a standardized protocol to establish 

organoids for many organs, which inevitably leads to high variability of this system from 

one lab to another. Moreover, it is important to obtain stable organoids resembling the 

adult, mature tissue to study aging. However, a protocol for long-term maintenance of 

organoids, especially for those derived from non-epithelial sources, is yet to be developed 

and accepted. Notably, it has been described that mesenchymal stem cells show acceler-

ated senescence when cultured for an extended time [51]. 

Other limiting factors are the absence of a physiological niche, namely innervation 

and vascularization of organoids. Some important physiological functions are under the 

control of the nervous system. Thus, for some applications such as modeling normal func-

tion and disease, organoids need to include innervation. Some authors have successfully 

generated innervated organoids [86,87] and several strategies are being studied [88]. On 

the other hand, the intricate architecture of veins and arteries is difficult to include in the 

organoid culture, although some studies are currently underway [89]. Overcoming this 

issue would allow the co-culture of several types of organoids in order to mimic a complex 

tissue organization and even multi-organ systems for the study of inter-organ communi-

cation, including the role of hormones and cytokines that are known to be involved in the 

aging process.  

Furthermore, some culture conditions may favor the selection of certain cell types, 

and in the case of tumor organoids, cellular clones, that are able to survive in this envi-

ronment. The effect of unintended clonal selection when establishing the organoid would 

hamper the reproducibility of the experiments and hinder precision medicine applica-

tions. In this regard, culture conditions must be closely monitored and results should be 

replicated in multiple clones per experiment. On the other hand, the microenvironment is 

usually absent in organoid culture, and thus, cell-stromal interaction is missing. In this 

sense, extracellular matrix composition, specific cell types, and microbiome, which can be 

critical for tissue function, are still to be defined to better model the complexity of the 

studied tissue. Finally, not all tissues have been successfully engineered into organoids, 

as some cell types are difficult to obtain and culture in vitro, especially those deriving 

from a mesenchymal origin. Moreover, organoid culture is costly and generating a com-

prehensive collection representative of a patient’s complexity could be very time-consum-

ing which hinders the use of organoids for clinical and translational applications.  

 

Despite all caveats, we believe that in the forthcoming era of the precision medicine, 

modeling aging with patient-derived organoids will help to find biological biomarkers 

that could capture the inter-individual variability of biological processes of aging before 

it becomes clinically detectable. 

 

 

 

 
Author Contributions: Conceptualization and methodology, M.G.F. and C.B.; writing—original 

draft preparation, M.G.F and C.B.; writing—review and editing, M.G.F., C.B., M.T.M., C.M.P.R., 

C.N.E.,L.I., A.S.P., P.R., J.J.S.S., L.M; supervision, M.G.F. and C.B.; project administration and fund-

ing acquisition, M.G.F and C.B.. All authors have read and agreed to the published version of the 

manuscript.  

Funding: This research was funded by the Miguel Servet Program (MS19/00201 and MS19/00100) 

(M.G.F. and C.B.), Instituto de Salud Carlos III (ISCIII), Madrid; the Health Research Grant- ISCIII 

(PI20/01267) (C.B.); COVID grant-ISCIII (COV20/00571) (C.B.); Margalida Comas Program 

(PD/050/2020), Comunidad Autonoma de las Islas Baleares (M.T.M) ; FOLIUM fellowship Program 

(FOLIUM 19/01), Impost turisme sostenible/Govern de les Illes Balears (C.M.P.R.); and TECH fel-

lowship Program, Impost turisme sostenible/Govern de les Illes Balears (TECH19/03) (L.Y.). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2021                   doi:10.20944/preprints202109.0182.v1

https://doi.org/10.20944/preprints202109.0182.v1


 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

 

Data Availability Statement: Not applicable 

Conflicts of Interest: The authors declare no conflict of interest 

References 

1. Barbuzano. https://hsci.harvard.edu/organoids 

 

2.Yang, Huayu et al. “Patient-derived organoids: a promising model for personalized cancer treatment.” Gastroenterology report 

vol. 6,4 (2018): 243-245. http://doi:10.1093/gastro/goy040 

 

3.Bock, C., Boutros, M., Camp, J.G. et al. The Organoid Cell Atlas. Nat Biotechnol 39, 13–17 (2021). https://doi.org/10.1038/s41587-

020-00762-x 

 

4.Christoph Bock, Michael Boutros, J. Gray Camp, Laura Clarke, Hans Clevers, Juergen A. Knoblich, Prisca Liberali, Aviv Regev, 

Anne C. Rios, Oliver Stegle, Hendrik G. Stunnenberg, Sarah A. Teichmann, Barbara Treutlein, Robert G. J. Vries and the Human Cell 

Atlas ‘Biological Network’ Organoids.  Nat Biotech. 39 , 13–17 (2021) 

https://doi.org/10.1038/s41587-020-00762-x 

 

5.Kim, J., Koo, BK. & Knoblich, J.A. Human organoids: model systems for human biology and medicine. Nat Rev Mol Cell Biol 21, 

571–584 (2020). https://doi.org/10.1038/s41580-020-0259-3 

 

6. Gunti, S.; Hoke, A.T.K.; Vu, K.P.; London, N.R., Jr. Organoid and Spheroid Tumor Models:    Techniques and Applications.    

Cancers (2021) 13, 874.  

https://doi.org/ 10.3390/cancers13040874 

 

7. Nunes, Ana S.; Barros, Andreia S.; Costa, Elisabete C.; Moreira, André F.; Correia, Ilídio J. (2018). 3D tumor spheroids as in vitro 

models to mimic in vivo human solid tumors resistance to therapeutic drugs. Biotechnology and Bioengineering, –. 

doi:10.1002/bit.26845  

 

8. Rossi, G., Manfrin, A. & Lutolf, M. P. Progress and potential in organoid research. Nat. Rev. Genet. 19, 671–687 (2018). 

 

9. Yu J, Vodyanik MA, Smuga-Otto K, et al. Induced pluripotent stem cell lines derived from human somatic cells. Science. 

2007;318(5858):1917-1920. doi:10.1126/science.1151526 

 

10. Lancaster MA, Huch M. Disease modelling in human organoids. Dis Model Mech. 2019;12(7):dmm039347. Published 2019 Jul 29. 

doi:10.1242/dmm.039347 

 

11. Kim J, Koo BK, Knoblich JA. Human organoids: model systems for human biology and medicine. Nat Rev Mol Cell Biol. 

2020;21(10):571-584. doi:10.1038/s41580-020-0259-3 

 

12. Azar J, Bahmad HF, Daher D, et al. The Use of Stem Cell-Derived Organoids in Disease Modeling: An Update. Int J Mol Sci. 

2021;22(14):7667. Published 2021 Jul 17. doi:10.3390/ijms22147667 

 

13. Clevers H. Modeling Development and Disease with Organoids. Cell. 2016;165(7):1586-1597. doi:10.1016/j.cell.2016.05.082 

 

14. Fuijii M, Sato T. Somatic cell-derived organoids as prototypes of human epithelial tissues and diseases. Nat Mater. 2021;20(2):156-

169. doi:10.1038/s41563-020-0754-0 

 

15. Liang G, Zhang Y. Genetic and epigenetic variations in iPSCs: potential causes and implications for application. Cell Stem Cell. 

2013;13(2):149-159. doi:10.1016/j.stem.2013.07.001 

 

16. Yang C, Xia BR, Jin WL, Lou G. Circulating tumor cells in precision oncology: clinical applications in liquid biopsy and 3D organ-

oid model. Cancer Cell Int. 2019;19:341. Published 2019 Dec 18. doi:10.1186/s12935-019-1067-8 

 

17. Clinton J, McWilliams-Koeppen P. Initiation, Expansion, and Cryopreservation of Human Primary Tissue-Derived Normal and 

Diseased Organoids in Embedded Three-Dimensional Culture. Curr Protoc Cell Biol. 2019 Mar;82(1):e66. doi: 10.1002/cpcb.66. Epub 

2018 Sep 28. PMID: 30265443. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2021                   doi:10.20944/preprints202109.0182.v1

https://doi.org/10.20944/preprints202109.0182.v1


 

18. Ferrucci L, Gonzalez-Freire M, Fabbri E, et al. Measuring biological aging in humans: A quest. Aging Cell. 2020;19(2):e13080. 

doi:10.1111/acel.13080 

 

19. Gonzalez-Freire M, Diaz-Ruiz A, Hauser D, et al. The road ahead for health and lifespan interventions. Ageing Res Rev. 

2020;59:101037. doi:10.1016/j.arr.2020.101037 

 

20. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. 2013;153(6):1194-1217. 

doi:10.1016/j.cell.2013.05.039 

 

21. Gonzalez-Freire M, de Cabo R, Studenski SA, Ferrucci L. The Neuromuscular Junction: Aging at the Crossroad between Nerves 

and Muscle. Front Aging Neurosci. 2014;6:208. Published 2014 Aug 11. doi:10.3389/fnagi.2014.00208 

 

22. Faustino Martins JM, Fischer C, Urzi A, et al. Self-Organizing 3D Human Trunk Neuromuscular Organoids published correction 

appears in Cell Stem Cell. 2020 Sep 3;27(3):498. Cell Stem Cell. 2020;26(2):172-186.e6. doi:10.1016/j.stem.2019.12.007 

 

23 Uchida, R.; Saito, Y.; Nogami, K.; Kajiyama, Y.; Suzuki, Y.; Kawase, Y.; Nakaoka, T.; Muramatsu, T.; Kimura, M.; Saito, H. Epige-

netic silencing of Lgr5 induces senescence of intestinal epithelial organoids during the process of aging. npj Aging Mech. Dis. 2019, 

5, 1–5, doi:10.1038/s41514-018-0031-5. 

 

24. He, D.; Wu, H.; Xiang, J.; Ruan, X.; Peng, P.; Ruan, Y.; Chen, Y.G.; Wang, Y.; Yu, Q.; Zhang, H.; et al. Gut stem cell aging is driven 

by mTORC1 via a p38 MAPK-p53 pathway. Nat. Commun. 2020, 11, 1–13, doi:10.1038/s41467-019-13911-x. 

 

25. Nalapareddy, K.; Nattamai, K.J.; Kumar, R.S.; Karns, R.; Wikenheiser-Brokamp, K.A.; Sampson, L.L.; Mahe, M.M.; Sundaram, N.; 

Yacyshyn, M.B.; Yacyshyn, B.; et al. Canonical Wnt Signaling Ameliorates Aging of Intestinal Stem Cells. Cell Rep. 2017, 18, 2608–

2621, doi:10.1016/j.celrep.2017.02.056. 

26. Pentinmikko, N.; Iqbal, S.; Mana, M.; Andersson, S.; Cognetta, A.B.; Suciu, R.M.; Roper, J.; Luopajärvi, K.; Markelin, E.; Gopala-

krishnan, S.; et al. Notum produced by Paneth cells attenuates regeneration of aged intestinal epithelium. Nature 2019, 571, 398–402, 

doi:10.1038/s41586-019-1383-0. 

 

27. Mihaylova, M.M.; Cheng, C.W.; Cao, A.Q.; Tripathi, S.; Mana, M.D.; Bauer-Rowe, K.E.; Abu-Remaileh, M.; Clavain, L.; Erdemir, 

A.; Lewis, C.A.; et al. Fasting Activates Fatty Acid Oxidation to Enhance Intestinal Stem Cell Function during Homeostasis and 

Aging. Cell Stem Cell 2018, 22, 769-778.e4, doi:10.1016/j.stem.2018.04.001. 

 

28.Yilmaz, Ö.H.; Katajisto, P.; Lamming, D.W.; Gültekin, Y.; Bauer-Rowe, K.E.; Sengupta, S.; Birsoy, K.; Dursun, A.; Onur Yilmaz, V.; 

Selig, M.; et al. MTORC1 in the Paneth cell niche couples intestinal stem-cell function to calorie intake. Nature 2012, 486, 490–495, 

doi:10.1038/nature11163. 

 

29. Igarashi, M.; Guarente, L. mTORC1 and SIRT1 Cooperate to Foster Expansion of Gut Adult Stem Cells during Calorie Restriction. 

Cell 2016, 166, 436–450, doi:10.1016/j.cell.2016.05.044. 

 

30. Igarashi, M.; Miura, M.; Williams, E.; Jaksch, F.; Kadowaki, T.; Yamauchi, T.; Guarente, L. NAD+ supplementation rejuvenates 

aged gut adult stem cells. Aging Cell 2019, 18, 1–10, doi:10.1111/acel.12935. 

 

31. Hibiya, S.; Tsuchiya, K.; Hayashi, R.; Fukushima, K.; Horita, N.; Watanabe, S.; Shirasaki, T.; Nishimura, R.; Kimura, N.; Nishimura, 

T.; et al. Long-term Inflammation Transforms Intestinal Epithelial Cells of Colonic Organoids. J. Crohns. Colitis 2017, 11, 621–630, 

doi:10.1093/ecco-jcc/jjw186. 

 

32. Diekmann, J.; Alili, L.; Scholz, O.; Giesen, M.; Holtkötter, O.; Brenneisen, P. A three-dimensional skin equivalent reflecting some 

aspects of in vivo aged skin. Exp. Dermatol. 2016, 25, 56–61, doi:10.1111/exd.12866. 

 

33. Adamus, J.; Aho, S.; Meldrum, H.; Bosko, C.; Lee, J.M. P16INK4A influences the aging phenotype in the living skin equivalent. J. 

Invest. Dermatol. 2014, 134, 1131–1133, doi:10.1038/jid.2013.468. 

 

34. Metral, E.; Dos Santos, M.; Thépot, A.; Rachidi, W.; Mojallal, A.; Auxenfans, C.; Damour, O. Adipose-derived Stem Cells Promote 

Skin Homeostasis and Prevent its Senescence in an In vitro Skin Model. J. Stem Cell Res. Ther. 2014, 4, 194, doi:10.4172/2157-

7633.1000194. 

 

35. Dos Santos, M.; Metral, E.; Boher, A.; Rousselle, P.; Thepot, A.; Damour, O. In vitro 3-D model based on extending time of culture 

for studying chronological epidermis aging. Matrix Biol. 2015, 47, 85–97, doi:10.1016/j.matbio.2015.03.009. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2021                   doi:10.20944/preprints202109.0182.v1

https://doi.org/10.20944/preprints202109.0182.v1


 

36. Quan, T.; Wang, F.; Shao, Y.; Rittié, L.; Xia, W.; Orringer, J.S.; Voorhees, J.J.; Fisher, G.J. Enhancing structural support of the dermal 

microenvironment activates fibroblasts, endothelial cells, and keratinocytes in aged human skin in vivo. J. Invest. Dermatol. 2013, 

133, 658–667, doi:10.1038/jid.2012.364. 

 

37. Fisher, G.J.; Shao, Y.; He, T.; Qin, Z.; Perry, D.; Voorhees, J.J.; Quan, T. Reduction of fibroblast size/mechanical force down-regu-

lates TGF-β type II receptor: Implications for human skin aging. Aging Cell 2016, 15, 67–76, doi:10.1111/acel.12410. 

 

38. Victorelli, S.; Lagnado, A.; Halim, J.; Moore, W.; Talbot, D.; Barrett, K.; Chapman, J.; Birch, J.; Ogrodnik, M.; Meves, A.; et al. 

Senescent human melanocytes drive skin ageing via paracrine telomere dysfunction. EMBO J. 2019, 38, 1–18, 

doi:10.15252/embj.2019101982. 

 

39. Weinmüllner, R.; Zbiral, B.; Becirovic, A.; Stelzer, E.M.; Nagelreiter, F.; Schosserer, M.; Lämmermann, I.; Liendl, L.; Lang, M.; 

Terlecki-Zaniewicz, L.; et al. Organotypic human skin culture models constructed with senescent fibroblasts show hallmarks of skin 

aging. npj Aging Mech. Dis. 2020, 6, doi:10.1038/s41514-020-0042-x. 

 

40. Yan, Z.; Yin, H.; Brochhausen, C.; Pfeifer, C.G.; Alt, V.; Docheva, D. Aged Tendon Stem/Progenitor Cells Are Less Competent to 

Form 3D Tendon Organoids Due to Cell Autonomous and Matrix Production Deficits. Front. Bioeng. Biotechnol. 2020, 8, 406, 

doi:10.3389/fbioe.2020.00406. 

 

41. Lewis, S.K.; Nachun, D.; Martin, M.G.; Horvath, S.; Coppola, G.; Jones, D.L. DNA Methylation Analysis Validates Organoids as 

a Viable Model for Studying Human Intestinal Aging. Cmgh 2020, 9, 527–541, doi:10.1016/j.jcmgh.2019.11.013. 

 

42. Kraiczy, J.; Nayak, K.M.; Howell, K.J.; Ross, A.; Forbester, J.; Salvestrini, C.; Mustata, R.; Perkins, S.; Andersson-Rolf, A.; Leenen, 

E.; et al. DNA methylation defines regional identity of human intestinal epithelial organoids and undergoes dynamic changes during 

development. Gut 2019, 68, 49–61, doi:10.1136/gutjnl-2017-314817. 

 

43. Tao, Y.; Kang, B.; Petkovich, D.A.; Bhandari, Y.R.; In, J.; Stein-O’Brien, G.; Kong, X.; Xie, W.; Zachos, N.; Maegawa, S.; et al. Aging-

like Spontaneous Epigenetic Silencing Facilitates Wnt Activation, Stemness, and Braf V600E -Induced Tumorigenesis. Cancer Cell 

2019, 35, 315-328.e6, doi:10.1016/j.ccell.2019.01.005. 

 

44. Lehmann, M.; Hu, Q.; Hu, Y.; Hafner, K.; Costa, R.; van den Berg, A.; Königshoff, M. Chronic WNT/β-catenin signaling induces 

cellular senescence in lung epithelial cells. Cell. Signal. 2020, 70, 109588, doi:10.1016/j.cellsig.2020.109588. 

 

45. Lozito, T.P.; Alexander, P.G.; Lin, H.; Gottardi, R.; Cheng, A.W.; Tuan, R.S. Osteoarthritis is a disease of the osteochondral junc-

tion. 2010, 4, 1–6. 

 

46. Shokoohmand, A.; Jeon, J.E.; Theodoropoulos, C.; Baldwin, J.G.; Hutmacher, D.W.; Feigl, B. A Novel 3D Cultured Model for 

Studying Early Changes in Age-Related Macular Degeneration. Macromol. Biosci. 2017, 17, 2–9, doi:10.1002/mabi.201700221. 

 

47. Xie, J.; Xu, X.; Yin, P.; Li, Y.; Guo, H.; Kujawa, S.; Chakravarti, D.; Bulun, S.; Kim, J.J.; Wei, J.J. Application of ex-vivo spheroid 

model system for the analysis of senescence and senolytic phenotypes in uterine leiomyoma. Lab. Investig. 2018, 98, 1575–1587, 

doi:10.1038/s41374-018-0117-5. 

 

48.Papaspyropoulos, A.; Tsolaki, M.; Foroglou, N.; Pantazaki, A.A. Modeling and Targeting Alzheimer’s Disease With Organoids. 

Front. Pharmacol. 2020, 11, 1–8, doi:10.3389/fphar.2020.00396. 

 

49. Mahmoudi, S.; Brunet, A. Aging and reprogramming: A two-way street. Curr. Opin. Cell Biol. 2012, 24, 744–756, 

doi:10.1016/j.ceb.2012.10.004. 

 

50. Lo Sardo, V.; Ferguson, W.; Erikson, G.A.; Topol, E.J.; Baldwin, K.K.; Torkamani, A. Influence of donor age on induced pluripotent 

stem cells. Nat. Biotechnol. 2017, 35, 69–74, doi:10.1038/nbt.3749. 

 

51. Zhang, W.; Qu, J.; Liu, G.H.; Belmonte, J.C.I. The ageing epigenome and its rejuvenation. Nat. Rev. Mol. Cell Biol. 2020, 21, 137–

150, doi:10.1038/s41580-019-0204-5. 

 

52. Drost J, Clevers H. Organoids in cancer research. Nat Rev Cancer. 2018;18(7):407-418. doi:10.1038/s41568-018-0007-6 

 

53. Lo YH, Karlsson K, Kuo CJ. Applications of Organoids for Cancer Biology and Precision Medicine. Nat Cancer. 2020;1(8):761-773. 

doi:10.1038/s43018-020-0102-y 

 

54. Laconi E, Marongiu F, DeGregori J. Cancer as a disease of old age: changing mutational and microenvironmental landscapes. Br 

J Cancer. 2020;122(7):943-952. doi:10.1038/s41416-019-0721-1 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2021                   doi:10.20944/preprints202109.0182.v1

https://doi.org/10.20944/preprints202109.0182.v1


 

 

55. Xu H, Lyu X, Yi M, Zhao W, Song Y, Wu K. Organoid technology and applications in cancer research. J Hematol Oncol. 

2018;11(1):116. Published 2018 Sep 15. doi:10.1186/s13045-018-0662-9 

 

56. Blokzijl F, de Ligt J, Jager M, et al. Tissue-specific mutation accumulation in human adult stem cells during life. Nature. 

2016;538(7624):260-264. doi:10.1038/nature19768 

 

57. Drost J, van Jaarsveld RH, Ponsioen B, et al. Sequential cancer mutations in cultured human intestinal stem cells. Nature. 

2015;521(7550):43-47. doi:10.1038/nature14415 

 

58. Artegiani B, van Voorthuijsen L, Lindeboom RGH, et al. Probing the Tumor Suppressor Function of BAP1 in CRISPR-Engineered 

Human Liver Organoids. Cell Stem Cell. 2019;24(6):927-943.e6. doi:10.1016/j.stem.2019.04.017 

 

59. Dekkers JF, Whittle JR, Vaillant F, et al. Modeling Breast Cancer Using CRISPR-Cas9-Mediated Engineering of Human Breast 

Organoids. J Natl Cancer Inst. 2020;112(5):540-544. doi:10.1093/jnci/djz196 

 

60. Nanki K, Toshimitsu K, Takano A, et al. Divergent Routes toward Wnt and R-spondin Niche Independency during Human 

Gastric Carcinogenesis. Cell. 2018;174(4):856-869.e17. doi:10.1016/j.cell.2018.07.027 

 

61. Seino T, Kawasaki S, Shimokawa M, et al. Human Pancreatic Tumor Organoids Reveal Loss of Stem Cell Niche Factor Dependence 

during Disease Progression. Cell Stem Cell. 2018;22(3):454-467.e6. doi:10.1016/j.stem.2017.12.009 

 

62. McCracken KW, Catá EM, Crawford CM, et al. Modelling human development and disease in pluripotent stem-cell-derived 

gastric organoids. Nature. 2014;516(7531):400-404. doi:10.1038/nature13863 

 

63. Lõhmussaar K, Oka R, Espejo Valle-Inclan J, et al. Patient-derived organoids model cervical tissue dynamics and viral oncogenesis 

in cervical cancer. Cell Stem Cell. 2021;28(8):1380-1396.e6. doi:10.1016/j.stem.2021.03.012 

 

64. Puschhof J, Pleguezuelos-Manzano C, Martinez-Silgado A, et al. Intestinal organoid cocultures with microbes published online 

ahead of print, 2021 Aug 11. Nat Protoc. 2021;10.1038/s41596-021-00589-z. doi:10.1038/s41596-021-00589-z 

 

65. Boehme, M., Guzzetta, K.E., Bastiaanssen, T.F.S. et al. Microbiota from young mice counteracts selective age-associated behavioral 

deficits. Nat Aging 1, 666–676 (2021). https://doi.org/10.1038/s43587-021-00093-9 

 

66. Papaspyropoulos A, Tsolaki M, Foroglou N, Pantazaki AA. Modeling and Targeting Alzheimer's Disease With Organoids. Front 

Pharmacol. 2020;11:396. Published 2020 Mar 31. doi:10.3389/fphar.2020.00396 

 

 

67. Garcia-Leon JA, Caceres-Palomo L, Sanchez-Mejias E, et al. Human Pluripotent Stem Cell-Derived Neural Cells as a Relevant 

Platform for Drug Screening in Alzheimer's Disease. Int J Mol Sci. 2020;21(18):6867. Published 2020 Sep 18. doi:10.3390/ijms21186867 

 

 

68.Gonzalez C, Armijo E, Bravo-Alegria J, Becerra-Calixto A, Mays CE, Soto C. Modeling amyloid beta and tau pathology in human 

cerebral organoids. Mol Psychiatry. 2018;23(12):2363-2374. doi:10.1038/s41380-018-0229-8 

 

69. Smits LM, Schwamborn JC. Midbrain Organoids: A New Tool to Investigate Parkinson's Disease. Front Cell Dev Biol. 2020;8:359. 

Published 2020 May 19. doi:10.3389/fcell.2020.00359 

 

 

70. Choi, S. H., Kim, Y. H., Hebisch, M., Sliwinski, C., Lee, S., D'Avanzo, C., et al. (2014). A three-dimensional human neural cell 

culture model of Alzheimer’s disease. Nature 515 (7526), 274–278. doi: 10.1038/nature13800 

 

71. Hou YC, Yu HC, Martin R, et al. Precision medicine integrating whole-genome sequencing, comprehensive metabolomics, and 

advanced imaging. Proc Natl Acad Sci U S A. 2020;117(6):3053-3062. doi:10.1073/pnas.1909378117 

 

72. Botti G, Di Bonito M, Cantile M. Organoid biobanks as a new tool for pre-clinical validation of candidate drug efficacy and safety. 

Int J Physiol Pathophysiol Pharmacol. 2021;13(1):17-21. Published 2021 Feb 15. 

 

73. Wensink, G.E., Elias, S.G., Mullenders, J. et al. Patient-derived organoids as a predictive biomarker for treatment response in 

cancer patients. npj Precis. Onc. 5, 30 (2021). https://doi.org/10.1038/s41698-021-00168-1 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2021                   doi:10.20944/preprints202109.0182.v1

https://doi.org/10.20944/preprints202109.0182.v1


 

74. Letai, A. Functional precision cancer medicine—moving beyond pure genomics. Nat Med 23, 1028–1035 (2017). 

https://doi.org/10.1038/nm.4389 

 

75. Longo VD, Antebi A, Bartke A, et al. Interventions to Slow Aging in Humans: Are We Ready?. Aging Cell. 2015;14(4):497-510. 

doi:10.1111/acel.12338 

 

76. Katsyuba E, Romani M, Hofer D, Auwerx J. NAD+ homeostasis in health and disease. Nat Metab. 2020;2(1):9-31. 

doi:10.1038/s42255-019-0161-5 

 

77. Verdin E. NAD⁺ in aging, metabolism, and neurodegeneration. Science. 2015;350(6265):1208-1213. doi:10.1126/science.aac4854 

 

78. Bonkowski MS, Sinclair DA. Slowing ageing by design: the rise of NAD+ and sirtuin-activating compounds. Nat Rev Mol Cell 

Biol. 2016;17(11):679-690. doi:10.1038/nrm.2016.93 

 

79. Pérez, M.J.; Ivanyuk, D.; Panagiotakopoulou, V.; Di Napoli, G.; Kalb, S.; Brunetti, D.; Al-Shaana, R.; Kaeser, S.A.; Fraschka, S.A.K.; 

Jucker, M.; et al. Loss of function of the mitochondrial peptidase PITRM1 induces proteotoxic stress and Alzheimer’s disease-like 

pathology in human cerebral organoids. Mol. Psychiatry 2020, doi:10.1038/s41380-020-0807-4. 

 

 

80. Vandenburgh, H.; Shansky, J.; Benesch-Lee, F.; Barbata, V.; Reid, J.; Thorrez, L.; Valentini, R.; Crawford, G. Drug-screening plat-

form based on the contractility of tissue-engineered muscle. Muscle and Nerve 2008, 37, 438–447, doi:10.1002/mus.20931. 

 

81.Madden, L.; Juhas, M.; Kraus, W.E.; Truskey, G.A.; Bursac, N. Bioengineered human myobundles mimic clinical responses of 

skeletal muscle to drugs. Elife 2015, 2015, 1–14, doi:10.7554/eLife.04885. 

 

 

82. Minciullo, P.L.; Catalano, A.; Mandraffino, G.; Casciaro, M.; Crucitti, A.; Maltese, G.; Morabito, N.; Lasco, A.; Gangemi, S.; Basile, 

G. Inflammaging and Anti-Inflammaging: The Role of Cytokines in Extreme Longevity. Arch. Immunol. Ther. Exp. (Warsz). 2016, 

64, 111–126, doi:10.1007/s00005-015-0377-3. 

 

83. Chamcheu, J.C.; Esnault, S.; Adhami, V.M.; Noll, A.L.; Banang-Mbeumi, S.; Roy, T.; Singh, S.S.; Huang, S.; Kousoulas, K.G.; 

Mukhtar, H. Fisetin, a 3,7,3’,4’-Tetrahydroxyflavone Inhibits the PI3K/Akt/mTOR and MAPK Pathways and Ameliorates Psoriasis 

Pathology in 2D and 3D Organotypic Human Inflammatory Skin Models. Cells 2019, 8, doi:10.3390/cells8091089. 

 

84. Lämmermann, I.; Terlecki-Zaniewicz, L.; Weinmüllner, R.; Schosserer, M.; Dellago, H.; de Matos Branco, A.D.; Autheried, D.; 

Sevcnikar, B.; Kleissl, L.; Berlin, I.; et al. Blocking negative effects of senescence in human skin fibroblasts with a plant extract. npj 

Aging Mech. Dis. 2018, 4, doi:10.1038/s41514-018-0023-5. 

 

85. Tran, C.; Michelet, J.F.; Simonetti, L.; Fiat, F.; Garrigues, A.; Potter, A.; Segot, E.; Watson, R.E.B.; Griffiths, C.E.M.; De Lacharrière, 

O. In vitro and in vivo studies with tetra-hydro-jasmonic acid (LR2412) reveal its potential to correct signs of skin ageing. J. Eur. 

Acad. Dermatology Venereol. 2014, 28, 415–423, doi:10.1111/jdv.12113. 

 

 

86. Workman, M.J.; Mahe, M.M.; Trisno, S.; Poling, H.M.; Sundaram, N.; Chang, C.; Schiesser, J.; Stanley, E.G.; Elefanty, A.G.; 

Miyaoka, Y.; et al. Engineered human pluripotent-stem-cell-derived intestinal tissues with a functional enteric nervous system. Nat 

Med 2017, 23, 49–59, doi:10.1038/nm.4233.Engineered. 

 

87. Adine, C.; Ng, K.K.; Rungarunlert, S.; Souza, G.R.; Ferreira, J.N. Engineering innervated secretory epithelial organoids by mag-

netic three-dimensional bioprinting for stimulating epithelial growth in salivary glands. Biomaterials 2018, 180, 52–66, 

doi:10.1016/j.biomaterials.2018.06.011. 

 

88. Das, S.; Gordián-Vélez, W.J.; Ledebur, H.C.; Mourkioti, F.; Rompolas, P.; Chen, H.I.; Serruya, M.D.; Cullen, D.K. Innervation: the 

missing link for biofabricated tissues and organs. npj Regen. Med. 2020, 5, doi:10.1038/s41536-020-0096-1. 

 

89. Grebenyuk, S.; Ranga, A. Engineering organoid vascularization. Front. Bioeng. Biotechnol. 2019, 7, 1–12, 

doi:10.3389/fbioe.2019.00039. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2021                   doi:10.20944/preprints202109.0182.v1

https://doi.org/10.20944/preprints202109.0182.v1

