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Abstract

Neurodegeneration—driven by oxidative stress, chronic inflammation, and protein
aggregation—underlies disorders such as Alzheimer’s disease, Parkinson’s disease, Hunt-
ington’s disease, and stroke. Current pharmacological treatments are largely symptomatic
and do not restore lost neural circuitry, motivating regenerative approaches. Mesenchymal
stem cells (MSCs) provide neurotrophic and immunomodulatory benefits and can support
synaptic repair, yet robust conversion into mature, electrophysiologically functional neu-
rons remain challenging and often depends on complex inducer cocktails with translational
limitations. Crocin, a saffron-derived carotenoid, is reported to enhance neurogenesis and
neuroprotection in preclinical models through pathways including Wnt/ 3-catenin, Notchl,
CREB/BDNF, and modulation of GSK-3f3, while reducing apoptosis and inflammatory
signaling. Here, we synthesize evidence supporting crocin’s neuroprotective and proneu-
rogenic activity and propose a testable hypothesis that crocin-based or crocin-modified
formulations could be evaluated as adjuncts to guide MSC neuronal lineage commitment.
Importantly, direct evidence that crocin alone can drive MSC trans-differentiation into
fully functional neurons is currently insufficient; future work should define functional
benchmarks (electrophysiology, synaptogenesis, and phenotypic stability) and rigorously
validate safety, dosing, and delivery strategies for neuroregenerative translation.

Keywords: crocin; retinoic acid; human mesenchymal stem cells; neuronal trans-differentiation;
Acetylcholinesterase; neuroregenerations

1. Introduction
1.1. Neurodegeneration: Pathophysiology and Unmet Clinical Need

Neurodegeneration relates to the gradual loss of neuronal structure and function
within the central nervous system (CNS), leading to cellular death. It is the basis of many
long-term, debilitating diseases, such as Alzheimer’s, Parkinson’s, Huntington’s disease,
and stroke [1]. These diseases all have the same basic pathological features, even though
they show up in different ways in people. Common symptoms include cognitive decline,
memory loss, slower processing speed, and trouble with speech and movement skills, all of
which make life much worse. Neurodegeneration at the cellular and molecular levels often
indicates an imbalance between reparative mechanisms and harmful processes, such as
oxidative stress, chronic inflammation, and aberrant protein aggregation. In Alzheimer’s
disease, extracellular amyloid-f plaques and intracellular hyperphosphorylated tau tangles
disrupt synaptic signaling, impair neuronal function, and accelerate cell death. Other
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neurodegenerative illnesses involve distinct proteins or processes, sometimes affected by
disease-specific genetic factors. Excess reactive oxygen species (ROS) are a major cause
of damage to neurons [2,3]. Neurons are especially vulnerable since they need a lot of
energy, rely heavily on mitochondria, and have a limited ability to fight against oxidative
stress. Oxidative stress that lasts for a long time causes mitochondria to stop working,
lipids to break down, DNA to be damaged, and finally leads to cell death by apoptosis or
necrosis. At the same time, long-lasting neuroinflammation makes the injury worse because
microglia and astrocytes release pro-inflammatory cytokines when they are damaged or
when protein aggregates form. This keeps the cycle of stress and degeneration going.
Together, these mechanisms speed up the death of neurons and make it harder for the brain
to repair or rebuild functional neural circuits.

Despite intensive research spanning several decades, effective disease-modifying
therapies for neurodegenerative disorders remain elusive. Most medications just treat
symptoms. For example, cholinesterase inhibitors can briefly improve memory and think-
ing in people with Alzheimer’s disease [4], while dopaminergic medicines can lessen motor
symptoms in those with Parkinson’s disease [5]. But none of them stop neurons from
dying or fix broken neural circuits. This difference has led to more interest in regenerative
therapies, especially those that use stem cells to rebuild brain tissue and restore function.

1.2. Mesenchymal Stem Cells (MSCs) in Neuroregeneration: Promise and Limitations

Mesenchymal stem cells (MSCs) are particularly fascinating because of their biological
characteristics and practical uses. MSCs are versatile stromal cells capable of differentiating
into osteoblasts, chondrocytes, adipocytes, and, under some conditions, neuron-like cells.
They can be readily obtained from sources such bone marrow, adipose tissue, and umbilical
cord, and expanded in culture, facilitating therapeutic use. Their reduced immunogenicity
also lowers the chance of rejection after transplantation. Along with lineage differentiation,
MSCs have strong immunomodulatory and trophic effects that change the local environ-
ment by lowering harmful inflammation and encouraging the survival, protection, and
repair of brain tissue. This makes them a complete way to help with functional recovery [6].

Recent preclinical studies reveal the methods via which MSCs provide benefits to the
injured or degenerating CNS via multiple, synergistic routes. MSCs produce numerous
neurotrophic factors, notably brain-derived neurotrophic factors (BDNF) and glial cell line-
derived neurotrophic factors (GDNF), which support neuronal survival, augment synaptic
plasticity, and encourage axonal regeneration [7]. They let out exosomes that have proteins,
lipids, and microRNAs in them. These change how genes are expressed and how cells talk
to each other, which helps protect neurons and heal tissue. At the same time, MSCs reduce
maladaptive neuroinflammation by lowering the release of pro-inflammatory cytokines
from activated microglia and astrocytes and increasing anti-inflammatory pathways. In
combination, these actions reduce neuronal loss, stimulate intrinsic pathways, and improve
functional outcomes in animal models of cerebral injury and neurodegeneration.

Even with these skills, there are still a lot of problems. A primary limitation is the
difficulty in prompting MSCs to develop into completely mature, electrophysiologically
active neurons that integrate into established brain networks. Although MSCs can have
neuron-like morphologies and express neuronal markers under some conditions, authen-
tic functional differentiation characterized by cells that can consistently generate action
potentials and facilitate synaptic transmission remains unclear. To address this challenge,
researchers frequently utilize combinations of small molecules or growth factors to gen-
erate neuronal phenotypes in vitro. Nevertheless, numerous approaches rely on poorly
defined combinations that may pose safety risks or lead to incomplete and unstable neural
characteristics. These inaccuracies and safety concerns highlight the necessity for more
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meticulously designed mechanistically informed differentiation procedures to direct MSCs
into stable, functional neural lineages appropriate for therapeutic integration.

Future innovations are anticipated to emerge from the integration of MSC-based thera-
peutics with targeted molecular or genetic engineering to augment their neurogenic capacity
and overall efficacy [8-10]. Strategies include changing the signaling pathways that control
neuronal differentiation, such as Wnt/ 3-catenin, Notch, and CREB/BDNE, or genetically
altering MSCs to make neurotrophic factors more active to improve survival, engraftment,
and integration. At the same time, advanced biomaterial scaffolds and three-dimensional
culture platforms that closely mimic the brain microenvironment by imitating the composition,
architecture, and mechanical properties of the extracellular matrix can send signals that help
MSCs grow, choose their lineage, and mature into functional neural phenotypes [11].

Again, the combination of donepezil with NSC transplantation yields synergistic ad-
vantages in Alzheimer’s disease models by enhancing cognition, synaptic density, and the
viability of transplanted cells. Donepezil seems to augment neurogenesis, facilitate neuronal
differentiation, and safeguard engrafted cells in the adverse environment of the Alzheimer’s
disease brain. The therapeutic impact was partially associated with enhanced BDNF ex-
pression and cholinergic signaling, both of which facilitate synaptic plasticity and neural
integration. Given that diminished neurogenesis and synaptic degeneration are fundamental
characteristics of Alzheimer’s disease, this integrated approach presents a possible therapy
opportunity. These findings underscore the potential of combining pharmaceutical treatments
with stem cell therapy to enhance outcomes in Alzheimer’s disease [12].

2. Crocin and Retinoic Acid as Proneurogenic Modulators
2.1. Crocin: Source, Chemistry, and Neuroprotective Profile

Saffron is obtained from the stigma of Crocus sativus L. and contains various bioactive
substances, such as carotenoids like crocetin and its glycosylated form crocin, flavonoids such
as quercetin and kaempferol, and monoterpenoids like safranal. Crocin is a water-soluble
carotenoid that is found in a variety of forms with one or two sugar moieties, mainly gentio-
biosyl and glycosyl groups and the most prevalent of which is trans-crocin-1 (digentiobiosyl
ester). It has been proven to have therapeutic effects for multiple types of organ systems,
including the neurological, cardiovascular, immunological, and endocrine systems [13].

2.2. Retinoic Acid: Canonical Differentiation Signal and Delivery Strategies

Retinoic acid (RA) induces redox-sensitive alterations that promote early neuronal
differentiation in SH-SY5Y cells. In numerous proteins, it induces the reversible oxidation
of cysteine residues and NOX2 dependent ROS generation. This redox shift underscores
its critical function in neuronal development by affecting neuronal marker expression,
neurite outgrowth, retinoic acid homeostasis, and cytoskeletal dynamics [14]. Retinoic acid
in RA-PEI complex nanoparticles have a dual function: it creates stable nanostructures
with polyethyleneimine and acts as a bioactive signal to direct stem cell destiny. Con-
trolled release of RA under varying pH circumstances facilitates the effective stimulation
of neuronal differentiation from embryonic stem cells, underscoring its therapeutic poten-
tial [15]. Retinoic acid promotes cellular differentiation across various lineages, including
myoblasts, neuroblasts, and epithelial cells. In neuroblastoma models, it enhances neurite
outgrowth and the expression of neural markers. This study demonstrates that retinoic
acid-triazolyl derivatives amplify these effects, with certain molecules exhibiting superior
neuronal differentiation capacity, indicating enhanced therapeutic prospects compared to
retinoic acid alone [16]. Retinoic acid administered by nanoparticles promotes neurogene-
sis in subventricular zone stem cells. Upon internalization, these nanoparticles augment
NeuN-positive neuronal populations and facilitate the development of functioning neurons
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that respond to depolarization and express the NMDA receptor subunit NR1. Conse-
quently, retinoic acid serves as a crucial proneurogenic agent with therapeutic promise
in cerebral [17]. Vitamin K, particularly in its MK-4 variant, exhibits neuroprotective and
differentiation functions, which are amplified when combined with retinoic acid. The al-
tered molecule stimulates nuclear receptors and mGluR1, facilitates neuronal development,
traverses the blood-brain barrier, and converts into MK-4, underscoring its therapeutic
promise for neurodegenerative disorders [18]. Retinoic acid facilitates neuronal develop-
ment in SH-SY5Y cells by augmenting BDNF production, promoting neurite outgrowth,
and elevating dopamine release. These results underscore its critical role in facilitating
neurogenesis and functional development. Nevertheless, silver nanoparticles interfere
with this mechanism by provoking oxidative stress and compromising mitochondrial activ-
ity [19]. Carotenoids and retinoids possess a fundamental resemblance, such as polyenes
with conjugated double-bond structures, imparting unique optical and electrical properties
crucial for biological activity. Both derive from the same biological family, as retinoids are
metabolites of carotenoids via the activity of carotenoid-cleaving enzymes (CCEs). This
structural relationship elucidates their concurrent biological importance. In photosynthetic
organisms, carotenoids like lutein and zeaxanthin facilitate light absorption, energy transfer,
and photoprotection, while simultaneously serving as antioxidants by neutralizing ROS.
In both humans and animals, retinoids such as vitamin A and its derivatives (retinoic
acid, retinal) utilize their polyene chains to facilitate vision, embryonic development, im-
munological response, and cellular homeostasis. Both groups function as protective agents
against oxidative stress, thereby preserving tissue integrity and health.

2.3. Shared Structure—Activity Features of Carotenoids/Retinoids

A further similarity resides in their pharmacological and therapeutic potential. Carotenoids
serve as dietary precursors of vitamin A, essential for averting deficiency-related problems,
whereas synthetic retinoids are extensively researched for cancer treatment, metabolic disor-
ders, and neurodegeneration. Furthermore, both families regulate genes via nuclear receptors
(e.g., RAR, RXR), affecting cellular differentiation, survival, and death [20]. Retinoic acid and
crocin exhibit activity via their conjugated polyene structures (Figure 1), facilitating redox
modulation and gene expression regulation. Retinoic acid operates primarily through nuclear
receptors (RAR/RXR), regulating the transcription of genes associated with cell differentiation,
neurogenesis, and embryonic development. Crocin demonstrates activity via antioxidant
effects, neutralizing reactive oxygen species and safeguarding lipids, proteins, and DNA.
RA’s structure-activity relationship depends on its carboxyl group for receptor binding and
transcriptional control, whereas crocin’s sugar moieties improve solubility and bioavailability.
Both emphasize how the length of polyenes and their functional groups determine biological
activity in development and neuroprotection.
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Figure 1. The chemical structures of Retinoic acid and Crocin.

3. Evidence for Crocin-Linked Neurogenesis and Pathway Modulation
3.1. Wnt/B-Catenin Activation and Adult Neurogenesis

Crocin has shown promising antidepressant effects that seem to be related to its capacity
to control hippocampus neurogenesis and turn on the Wnt/ 3-catenin signaling pathway.
In mice with chronic stress-induced depression, therapy with crocin improved behavioral
symptoms, boosted the growth and maturation of hippocampal neurons, and improved
synaptic plasticity. Experimental data corroborated that the suppression of Wnt/ 3-catenin
signaling attenuated crocin’s neurogenic and antidepressant properties, indicating that this
pathway is essential for its efficacy. Interestingly, crocin helped neurons stay alive when
they were under stress, but it did not change the regular rate at which neurons die and are
replaced. This shows that crocin is selective and may be safer than typical antidepressants like
fluoxetine. These results provide a molecular foundation for crocin’s antidepressant properties
and endorse its potential as an effective treatment for depression [21].

Crocin has been getting more attention for its neuroprotective and neurogenic char-
acteristics. One of its main ways of working is by activating the Wnt/ 3-catenin signaling
pathway [21], which speeds up the growth and maturation of neural progenitor cells and
increases hippocampus neurogenesis. Research on mice has shown that crocin increases
the number of Ki67* proliferating cells in the dentate gyrus, helps BrdU-labeled precursors
turn into NeuN* mature neurons, and encourage changes in shape, such as more dendritic
branching, spine density, and synaptic plasticity. These changes in structure help cognitive
and behavioral models of depression and neurodegeneration get better at what they do [21].

3.2. CREB/BDNF and Pro-Survival Signaling

Crocin might protect neurons from damage and behavioral problems caused by al-
cohol by changing the CREB/BDNF and Akt/GSK pathways to lower oxidative stress,
inflammation, and apoptosis [22]. Recent reports suggested that crocin enhances in vitro
neurogenesis in human adipose-derived mesenchymal stem cells by regulating gene ex-
pression and increasing neural protein levels via Notch and CREB/BDNF signaling path-
ways [23]. Nonetheless, more in vivo and clinical investigations are required to examine
alternative signaling systems and to ascertain if crocin alone, in the absence of neural
inducers, can facilitate neurogenesis. Again, isolated Epidermal neural crest stem cells
(EPI-NCSCs) were subjected to different concentrations of lithium carbonate, crocin, and
their combination, subsequently evaluated for BDNF and GDNF expressions [24]. The
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findings suggested that although these agents may not significantly facilitate the generation
of new neurons, they improve cell viability, reduce cell mortality, and promote neuronal dif-
ferentiation by activating Wnt/MAPK, ERK, and CREB pathways, resulting in heightened
expressions of neurotrophic factors such as BDNF and GDNF at the site of injury.

A recent study showed that 5% crocin-embedded PVA /gelatin nanofiber scaffolds,
when mixed with (3-carotene, greatly boosted the growth and metabolic activity of C6 cells
and effectively pushed MSCs from human bone marrow to become neurons. SEM imaging
and molecular data substantiate the increased expression of MAP-2 mRNA, Nestin, and
proteins in human mesenchymal stem cells generated from bone marrow (hBMMSCs) after
a duration of 10 days [25].

3.3. Notch1 Signaling and Post-Injury Neural Repair

In addition to activating Wnt/ 3-catenin, crocin also affects other signaling pathways
that are important for protecting the nervous system. In models of ischemic injury, crocin
was demonstrated to turn on Notchl signaling [23,26], which helped endogenous neural
stem cells grow and move around while also lowering apoptosis and neuroinflammation.
This dual effect shows that crocin can both boost regenerative responses and lessen harm
caused by disease.

4. GSK-3f3 as a Mechanistic Node for MSC Neuronal Commitment

A key part of how crocin works is that it controls glycogen synthase kinase-3(3 (GSK-
3B) [27], a serine/threonine kinase that is found in large amounts in the central nervous
system. GSK-3f3 is very important in pathogenic processes, such as tau hyperphosphoryla-
tion and amyloid precursor protein (APP) processing, which are both signs of Alzheimer’s
disease. Additionally, GSK-3f3 inhibits the Wnt/ 3-catenin pathway by promoting [3-catenin
degradation [28], which restricts neurogenesis. Inhibition of GSK-3f activity has demon-
strated a reduction in tau phosphorylation, a decrease in amyloid-beta buildup, and an
enhancement of adult hippocampus neurogenesis in both in vitro and in vivo models.

Synthetic GSK-34 inhibitors, including SG145C [29], can replicate similar results by
stabilizing phosphorylated 3-catenin and facilitating the trans-differentiation of mesenchy-
mal stem cells into neuronal lineages. However, these drugs generally need to be given
with growth hormones, which raises questions about their long-term safety. Crocin, on
the other hand, is a natural alternative that has less side effects and may change many
neurogenic and neuroprotective pathways at the same time.

5. In Silico Prioritization and Comparative Analyses

Crocin was given priority because it was one of the best binders in a high-throughput
in silico screen of 313 phytochemicals against (3-catenin (PDB:1JDH). Crocin had a binding
energy of about —8.1 kcal/mol when tested with PyRx version 0.8/ AutoDock Vina version
2.0 blind docking. This was better than the reference Wnt/3-catenin inhibitors IWP-4
(—7.1) and cardionogen-1 (—6.3), and it was the same as several other top “front-runners”.
Comparative ADMET profiling then put this potency in context by pointing out that crocin
is not a good oral drug candidate because it violates Lipinski’s rules multiple times. This
suggests that crocin is more of a mechanistic lead or scaffold than a drug-like oral candidate.
Its choice also shows that it is bioactive in plants and can be used in follow-up biochemical
and cellular validation studies [30].

To validate this, Molecular docking was employed to predict the binding interactions
and free binding energy (AGg) of both crocin and retinoic acid with GSK3f3. This was
conducted to evaluate its potential as a competitive inhibitor of the natural pheromone.
The three-dimensional structure of GSK3{ was obtained from the RCSB Protein Data Bank
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(A)

(PDB ID: 1Q4L) [29] to elucidate the molecular basis of ligand recognition. Employing the
Merck Molecular Force Field (MMFF94), Avogadro42 (version 1.2.0) [31] constructed and
energy-minimized the two ligands. The structures were subsequently saved in Mol2 format
for future docking analysis. We employed CB-Dock (version 2), a web-based blind docking
tool utilizing AutoDock Vina to identify potential binding cavities in the protein and to rank
docking poses according to Vina scores, for our docking studies [32]. CB-Dock (version 2)
and LigPlot+ (version 2.2.9) were utilized to examine and analyze the docked protein-ligand
complexes. This facilitated a deeper understanding of the interactions between ligands and
proteins, including hydrogen bonding and residue contacts within the binding pocket.

Molecular docking analyses utilized CB-Dock to predict the binding interactions and
binding free energies (AGg) of GSK3f with crocin and retinoic acid. For each ligand,
the docking poses generated included five configurations. The pose that exhibited lig-
and binding within the largest predicted hydrophobic pocket, with binding energies of
—8.6 kcal/mol for crocin and —8.3 kcal/mol for retinoic acid, was selected for comparison
(Figure 2). The selected poses were utilized to compare ligand conformations, energetic
profiles, and significant molecular interactions (Figure 2).

Crocin interacts primarily with residues Val61, lle62, Gly63, Asn64, Gly65, Ser66,
Phe67, Gly68, Val69, Val70, Tyr71, Ile84, Lys85, Lys86, Val87, Leu88, GIn89, Asp90, Arg92,
Phe93, Lys94, Asn95, Arg96, Glu97, Leu98, Phel16, Ser118, Ser119, Gly120, Asp124, Glu125,
Tyr127, Leul28, Asn129, Tyr134, Val135, Pro136, Glu137, Thr138, Tyr140, Arg141, Arg180,
Aspl81, Lys183, Pro184, GIn185, Asn186, Leu188, Asp200, Phe201, Gly202, Ser203, Ala204,
Lys205, Val214, Tyr216, lle217, Cys218, Ser219, Arg220, Tyr221, Tyr222, Arg223, and GIn265,
whereas retinoic acid engages with residues Ile62, Gly63, Asn64, Gly65, Ser66, Val70, GIn72,
Ala83, Ile84, Lys85, Glu97, Vall10, Leul32, Asp133, Tyr134, Val135, Pro136, Glul37, Thr138,
Tyr140, Argl41, Argl44, Lys183, Pro184, GIn185, Asn186, Leul88, Cys199, Asp200, Ser219,
Arg220, Tyr221, and Tyr222 (Figure 2).

The Ligplot+ analysis indicates that Crocin interacts with GSK3f via 14 hydrogen
bonds. The interacting residues include Asn64 (one hydrogen bond: 3.09&), Lys94 (one
hydrogen bond: 3. 0416%) Asn95 (three hydrogen bonds: 2.96, 2.98, and 3. 191&) Arg96
(one hydrogen bond: 3. O9A), Glu97 (two hydrogen bonds: 2.95 and 3. 32A), Lys183 (two
hydrogen bonds: 3.03 and 3. 28A) Asp200 (one hydrogen bond: 2. 81A) Ser219 (two
hydrogen bonds: 2.88 and 3. 07A) and Arg220 (one hydrogen bond: 2. 83A) In contrast,
retinoic acid does not form any hydrogen bonds with GSK3f (Figure 2C,D).

Figure 2. Cont.
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Figure 2. Molecular docking studies of retinoic acid and crocin with GSK-33 (PDB ID: 1Q4L). (A) Docked
pose of retinoic acid within the GSK-3p binding pocket and Close-up view of retinoic acid-binding
site within GSK-33. (B) Docking pose of crocin within the same binding pocket and Close-up of the
crocin-binding site within GSK-3f3. (C) LigPlot representation showing 2D interaction of retinoic acid
with GSK-3f3. and (D) LigPlot representation showing 2D interaction of crocin with GSK-343.
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6. Working Model and Testable Hypothesis

While crocin has demonstrated the capacity to decrease GSK-3f3 activity and pro-
mote neurogenesis and neuronal survival, direct data supporting its role in facilitating
the trans-differentiation of hMSCs into fully functional neurons is still insufficient. This
signifies a significant and intriguing deficiency in the existing comprehension of crocin’s
neurogenic capabilities, presenting a valuable prospect for additional exploration. We
hypothesize that crocin may promote neuronal lineage commitment in hMSCs would yield
significant molecular insights and facilitate the advancement of stem cell-based treatments
for neurodegenerative illnesses.

7. Translational Considerations

Crocin’s beneficial biological features make it a good candidate for translational uses,
in addition to its direct effects on cells. Crocin’s noncytotoxic properties, bioavailability,
and capacity to traverse the blood-brain barrier (BBB) [33] indicate that crocin or crocin-
modified formulations may function as safe and efficacious adjuncts to stem cell therapies
(Figure 2). These kinds of drugs could make differentiation regimens more useful for the
body and less dependent on chemical inducers that might be harmful. To make the most
of crocin’s therapeutic potential, it will be important to optimize its distribution to neural
progenitor populations in vivo while keeping effective concentrations.

Several human studies have investigated how crocin can be used in real life. The
most common and well-tolerated dose is 30 mg/day (15 mg twice a day). These doses
are a good way to see how crocin might be useful in a clinical setting. It is still not
clear what the right doses are to cause trans-differentiation or neuroregenerative effects,
but this dose seems to be safe. Specifically, pharmacokinetic characteristics, blood—-brain
barrier permeability, and tissue-level exposure pertinent to neurodegenerative disorders
necessitate additional examination. Consequently, to ascertain whether the identified
trans-differentiation effects occur at doses achievable within clinically acceptable dosage
ranges, additional research must incorporate dose-response analyses in pertinent cellular
and in vivo neurodegenerative models [34].

8. Future Directions and Experimental Benchmarks

Subsequent investigations ought to concentrate on the thorough validation of crocin-
induced trans-differentiation in hMSCs, encompassing comprehensive characterization
of neuronal marker expression, functional electrophysiology, and synaptic connections.
Simultaneously, clarifying the exact signaling mechanisms that mediate crocin’s effects,
especially its interactions with the Wnt/3-catenin, Notch, CREB/BDNEF, and GSK-3f3
pathways will establish a molecular foundation for informed treatment design. Moreover,
investigations aimed at optimizing dosage, delivery methods, and combinatorial tactics
utilizing biomaterials or supporting growth factors will be essential for the translation of
these findings into therapeutically pertinent therapies.

Success in this area could lead to a new generation of crocin-based regenerative
therapies that are safer and more in line with how the body works. These therapies could
help repair damaged neural circuits, stop neurodegeneration, and bring back cognitive
and motor function in people with neurodegenerative diseases. Crocin has the potential
to be an important part of future treatment efforts since it connects natural neurogenic
substances with stem cell technologies.

While crocin has demonstrated neuroprotective effects and has been associated with
enhanced neurogenesis in neural progenitors and in vivo models, these findings do not
directly establish neuronal trans-differentiation of human mesenchymal stem cells (hMSCs).
Neural progenitors and MSCs represent distinct cellular states, and increased neurogen-
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esis in endogenous neural lineages cannot be assumed to translate into MSC-to-neuron
conversion. Therefore, we present the following schematic (Figure 3) as a conceptual
framework that integrates published pathway-level evidence (e.g., Wnt/3-catenin, Notchl,
CREB/BDNF, and GSK-33 modulation) and highlights a focused knowledge gap: whether
crocin can reproducibly support hMSC neuronal commitment and maturation under de-
fined conditions. This framework is intended to guide future experimental testing rather
than to summarize demonstrated outcomes.

OH
HO,, WOH

Neurons
/ — \

Transplantation

Diseased brain Healthy brain

Figure 3. Conceptual schematic of hypothesized crocin-mediated signaling nodes that may support
hMSC neuronal lineage commitment and maturation.

9. Conclusions

In summary, symptom-focused therapies do not adequately address neurodegener-
ative disorders, highlighting the necessity for regenerative strategies that restore func-
tional neural circuitry. MSC-based interventions are appealing due to their trophic and
immunomodulatory properties; however, the consistent production of mature, electro-
physiologically functional neurons from MSCs continues to be a significant challenge. The
literature consistently supports crocin’s neuroprotective and proneurogenic effects in pre-
clinical settings, including the modulation of Wnt/3-catenin, Notch1, CREB/BDNF-related
signaling, and pathways associated with GSK-3f3, a crucial negative regulator of canonical
Wnt/ 3-catenin signaling, and crocin may promote hMSC-to-neuron trans-differentiation
by blocking it. Strong binding of crocin to GSK3f (~—8.6 kcal/mol) is predicted from
our blind-docking data, which is somewhat better than retinoic acid (~=—8.3 kcal/mol). In
line with stable pocket engagement, LigPlot+ shows a large amount of hydrogen bond-
ing (14 H-bonds; for example, Asn64, Lys94/183, Asn95, Arg96, Glu97, Asp200, Ser219,
and Arg220). Functionally, GSK3f inhibition would raise pro-neurogenic transcription,
stabilize -catenin, and direct hMSCs toward indicators of neuronal lineage commitment
and maturation. Nevertheless, these data predominantly indicate the safeguarding of
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pre-existing neural cells or the augmentation of neurogenesis in neural progenitors, lacking
direct evidence that crocin can facilitate functional MSC-to-neuron trans-differentiation.

Consequently, crocin ought to be regarded as a plausible, testable adjunct candidate
rather than a confirmed trans-differentiation agent. Future research must (i) establish clear
functional criteria for MSC-derived neurons (including action potentials and voltage-gated
currents, synaptic activity, and phenotype stability following the cessation of inducers),
(ii) differentiate the effects of crocin alone from those of combination systems (such as
scaffolds, 3-carotene, lithium, or other co-treatments), and (iii) refine dosing and delivery
methods appropriate for in vivo application. If validated according to these criteria, crocin-
based formulations may enhance safer, physiologically compatible differentiation protocols
and fortify stem cell-mediated neuroregenerative therapy.
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