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Abstract

Metabolic engineering of mesenchymal stem/stromal cells (MSCs) represents a compelling frontier
for advanced cellular therapies, enabling the precise tuning of their biological outputs. This feature
paper examines the critical role of engineered culture microenvironments, specifically 3D platforms,
hypoxic preconditioning, and other priming approaches, as synthetic biology strategies to guide and
optimize MSC metabolic states for desired functional outcomes. We show that these non-genetic
approaches significantly enhance MSC survival, immunomodulatory capacity, and regenerative
potential by shifting their metabolism toward a more glycolytic phenotype. Furthermore, we propose
a new paradigm of "designer" MSCs, which are programmed with synthetic circuits to sense and
respond to the physiological cues of an injured microenvironment. This approach promises to
transform regenerative medicine from an inconsistent field into a precise, predictable, and highly
effective therapeutic discipline.

Keywords: mesenchymal stem/stromal cells; metabolism; reprogramming; glycolysis; culture
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1. Introduction: The Metabolic Imperative in Mesenchymal Stem Cell Therapy
and Research

Despite their immense therapeutic promise in regenerative medicine and their critical role as
models in biomedical research, the full potential of mesenchymal stem/ stromal cells (MSCs) often
remains elusive due to challenges in controlling their behavior. Could precise metabolic engineering,
guided by tailored culture environments, be the missing link to consistently robust and predictable
cellular therapies and more accurate research models?

Since their initial discovery by Friedenstein and colleagues [1] as plastic-adherent, fibroblast-like
cells within bone marrow, MSCs have captivated the scientific community, emerging as one of the
most intensely investigated therapeutic agents in regenerative medicine. The excitement surrounding
these cells stems from a unique constellation of biological properties that position them as powerful,
multifaceted "living drugs". Mesenchymal stem cells are multipotent stromal cells characterized by
their adherence to plastic, specific surface marker expression (e.g., CD73, CD90, CD105), and capacity
for self-renewal and differentiation into various mesodermal lineages, including osteocytes,
chondrocytes, and adipocytes [2,3]. While MSCs are multipotent, and their differentiation potential
is still important, especially in specific tissue engineering applications, the therapeutic potential of
MSCs is now widely attributed more to their non-progenitor regulatory properties. The true "magic”
of MSCs lies predominantly in their profound paracrine activity and their dynamic interactions with
the host immune system. By secreting a rich cocktail of trophic factors, cytokines, and extracellular
vesicles, MSCs orchestrate a pro-regenerative, anti-inflammatory, and anti-fibrotic
microenvironment [4-6]. Crucially, they possess a remarkable immunomodulatory capacity [7-9],
enabling them to suppress aberrant inflammatory responses by modulating the function of both
innate and adaptive immune cells, including T cells, B cells, NK cells, and dendritic cells. This,
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combined with their low intrinsic immunogenicity, makes allogeneic "off-the-shelf" therapies
feasible. This broad therapeutic potential has fueled their investigation in hundreds of clinical trials
for a vast spectrum of debilitating conditions, including cardiovascular diseases, stroke,
osteoarthritis, graft-versus-host disease (GvHD), and a range of autoimmune disorders [10,11].
Furthermore, their accessibility and multipotency make them invaluable tools in fundamental
biomedical research, serving as in vitro models for disease mechanisms, drug screening, and
understanding developmental processes [12,13].

Despite decades of promising preclinical data and fervent research, the widespread clinical
translation of MSC therapies has been hampered by a stark discrepancy between their expected and
actual efficacy [14,15]. The majority of clinical trials, while demonstrating a favorable safety profile,
have yielded inconsistent and often modest therapeutic benefits, falling short of the transformative
outcomes observed in animal models. This translational gap is not a singular issue but rather the
result of several fundamental biological hurdles that collectively undermine the therapeutic potency
of administered MSCs. The therapeutic efficacy of MSCs, and their utility as consistent research
models, are not solely determined by their inherent multipotency or secretome, but are profoundly
influenced by their metabolic state. Cellular metabolism, far from being a mere energy source, acts as
a fundamental regulator of cell fate, function, and therapeutic potency [16,17]. The balance between
key metabolic pathways, such as glycolysis and oxidative phosphorylation, dictates MSC
proliferation rates, their capacity to differentiate along specific lineages, their survival under stress,
and, therefore, their therapeutic potential [18-21]. Suboptimal metabolic conditioning in
conventional in vitro culture can lead to reduced viability, impaired differentiation, and diminished
paracrine activity, ultimately limiting their clinical success and hindering the reproducibility and
relevance of research findings. This problem is exacerbated by the inherent biological variability of
MSCs. Far from being a homogenous product, MSCs represent a heterogeneous population of cells
whose functional properties are highly dependent on donor-specific attributes (e.g., age, sex, health
status) [23-27] and the tissue of origin (e.g., bone marrow, adipose tissue, umbilical cord) [28-30].
This functional heterogeneity introduces significant batch-to-batch variability, making the
therapeutic potency of any given MSC preparation unpredictable and clinical outcomes difficult to
reproduce. Furthermore, a central paradox exists in the current manufacturing paradigm: to obtain
the large cell numbers required for clinical dosing (often 1-5 million cells per kilogram of body
weight), extensive ex vivo expansion is necessary. However, this prolonged culture period degrades
the quality and potency of the final cell product.

To overcome these formidable challenges and finally unlock the full potential of MSCs, a
paradigm shift is required —a move away from the passive administration of minimally manipulated
cells toward the active, rational engineering of MSCs to create “designer” MSCs, more robust,
functional, or specialized for a particular purpose, when they are later introduced into a complex in
vivo environment or used in specific research assays. Culture-priming strategies are attractive as a
promising tool to augment MSC functionality, and the most fundamental and effective leverage point
for this engineering effort is cellular metabolism, a central regulator of cell fate, survival, and
functional properties. The ability of an MSC to survive ischemic insults and to perform its therapeutic
functions is inextricably linked to its metabolic plasticity to meet environmental demands. Within the
context of synthetic biology, metabolic engineering involves the intentional design and manipulation
of cellular metabolic pathways to achieve desired biological outcomes. This goes beyond simple
observation, embracing a proactive approach to "program" cells for enhanced therapeutic
performance or for predictable cellular models for research.

This feature paper will highlight how various synthetic biology approaches, particularly
engineered culture environments such as 3D microenvironments and hypoxic preconditioning,
alongside other targeted interventions like nutritional and genetic modifications, can precisely
reprogram MSC metabolism. By detailing these strategies, we aim to underscore their potential to
unlock and optimize the full therapeutic potential of MSCs for advanced regenerative medicine
applications and to enhance their utility as robust models in biomedical research.
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2. The Metabolic Landscape of MSCs: A Target for Engineering

The metabolic plasticity of MSCs is the engine that drives their therapeutic potential, allowing
them to adapt to diverse microenvironments and execute specific functions. Understanding this
metabolic landscape is therefore critical to engineering more potent and reliable cell therapies. The
Figure 1 visually explains the fundamental metabolic "switches" that dictate MSC function.

Glycolytic Phenotype Oxidative Phenotype
Native Niche / Hypoxic Conditions Standard Culture State

Key Characteristics: Therapeutic Functions: Key Characteristics:  Therapeutic Functions:
+ Stemness + Immunomodulation + Proliferation + Osteo/Adipo-

« Self-renewal + Enhanced Survival * Heterogeneity differentiation

* Quescence « Angiogenesis « Cellular Senescence

+ Stress Resistance + Homing + Vulnerability to

oxidative stress

Figure 1. Metabolic phenotypes dictate msc fate and function.

2.1. The Native Niche’'s Metabolic Cues

Many native stem cell niches are characterized by relatively low oxygen tension [31, 32]. In their
native niche MSCs exist in a largely quiescent state [33,34]. To maintain the state of low proliferation
while preserving their multipotent potential, MSCs primarily rely on glycolysis for energy [35, 36].
This metabolic profile is a crucial adaptation to their low-oxygen environment, minimizing
mitochondrial oxidative phosphorylation (OxPhos) and, therefore, the production of reactive oxygen
species (ROS) [16] that are byproducts of mitochondrial respiration and can induce premature
differentiation or senescence. The other benefit affecting cellular lifespan is the switch of
mitochondria to cataplerotic reactions which helps to balance the various biochemical processes
within the cell by regulating the flux of metabolites through the tricarboxylic acid (TCA) cycle,
prevents the buildup of potentially harmful compounds, and ensures biosynthetic activity. The
reliance on glycolysis also supports the cellular antioxidant pool through the pentose phosphate
pathway (PPP). In other words, this glycolytic phenotype allows MSCs to maintain long-term self-
renewal capacity.

2.2. Metabolic Changes Under Standard 2D Culture Expansion of MSCs

The conventional 2D culture expansion, which is critical for generating sufficient cell numbers
for research and therapeutic applications, alters the bioenergetic landscape of the cells and can
ultimately impact their function and quality.

Freshly isolated hMSCs are characterized by a highly glycolytic metabolism [37], a state that is
known as the "Warburg-like" effect, where glucose is converted to lactate even in the presence of
oxygen. Upon transfer to the standard 2D culture environment, which is characterized by a high
oxygen tension (21% O2), a nutrient-rich medium with pH levels in a range of 7.2-7.4, a static, rigid,
two-dimensional surface of the culture dish, which fails to replicate the complex 3D architecture,
mechanical cues, and cellular interactions found in the native niche, the cells' metabolic strategy
undergoes a profound change. The expansion under culture conditions induces a metabolic shift
toward a state dominated by OxPhos, resulting in metabolic heterogeneity of MSCs [38]. This
transition, driven by the artificial culture environment, is not a simple switch but rather a complex
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reprogramming of energy metabolism, involving an increased coupling between the glycolytic and
TCA cycles. This metabolic and phenotypic heterogeneity becomes more pronounced with each
passage, meaning that the expanded cell population is no longer uniform. Instead, it becomes a
mixture of clonogenic, glycolytic cells and more mature, OXPHOS-based cells [38,39]. This
heterogeneity, which exists even at the clonal level, reflects the accumulated replicative stress and
the influence of the non-physiological culture environment.

These metabolic changes have significant consequences for MSC biology and can lead to a loss
of their functional capacities. The increased reliance on mitochondrial respiration in a high-oxygen
environment leads to a surge in ROS production, which can overwhelm the cell's antioxidant
defenses. This oxidative stress, coupled with dysfunctional mitochondria and reduced
autophagic/mitophagic activity contributes to a breakdown of cellular homeostasis, an acceleration
of cellular senescence, a notable decrease in proliferative capacity and therapeutic efficacy [40,41].

2.3. Metabolic " Switches” Dictate Function

Upon activation, MSCs undergo profound metabolic reprogramming, shifting their energy
production pathways to fuel specific functions. These metabolic "switches" are not random but are
tightly regulated responses to environmental cues.

2.3.1. Glycolytic Shift for Immunomodulation.

The potent immunomodulatory capacity of MSCs is metabolically demanding and is directly
linked to a switch toward aerobic glycolysis [42,43]. When MSCs encounter inflammatory signals
such as interferon-gamma (IFN-vy), they ramp up their glycolytic rate via PI3-kinase/AKT pathway
and its downstream effector mTORC]1, increasing the production of indoleamine 2,3-dioxygenase
(IDO) and prostaglandin E2 (PGE2), key immune-regulatory factors [43]. mTORC1 increased both
the levels of HIF-1a protein and its transcriptional activity [37] resulting in activation of glycolytic
enzymes [44]. The role of peroxisome proliferator-activated receptor (PPAR) family members in
regulation of glucose metabolism and immunosuppressive properties of MSCs was demonstrated by
Contreras-Lopez et al. [45] revealed that PPARB/0 deficiency increases MSC glycolytic activity and
notably enhanced their immunosuppressive capacities. Enhancement of MSC immunomodulatory
abilities under the action of interferon (IFN) was also shown to be associated with glycolysis
activation. Thus, upregulation of glycolytic enzymes (GLUTS5, hexokinase (HK) II) caused by priming
MSCs with the IFN-y was described by Wobma et al. [46], which is consistent with the findings of
mitochondprial activity decrease in MSCs after IFN-y exposure [43].

2.3.2. Metabolism and Differentiation.

The commitment of an MSC to a specific lineage is accompanied by a distinct metabolic
signature. Differentiation into both osteogenic [18,32,47,48] and adipogenic [19,48] directions require
a significant increase in mitochondrial OxPhos to meet the high energetic and biosynthetic demands
of these processes. In contrast, MSCs differentiated towards the chondrogenic lineage was shown to
possess the reduced oxygen consumption indicating a shift towards glycolysis [32]. Chondrogenesis
is particularly sensitive to the metabolic environment; MSCs differentiated under hypoxic conditions
have been detected to enhance chondrogenesis while decreasing in endochondral ossification
compared to cell pellets under normoxia, demonstrating how metabolic programming can precisely
direct cell fate [49].

2.3.3. Metabolic Adaptation to Stress.

When transplanted into sites of injury, MSCs face a hostile microenvironment characterized by
hypoxia and nutrient deprivation. Their survival hinges on their ability to rapidly adapt their
metabolism. In these ischemic conditions, MSCs switch to anaerobic glycolysis to generate ATP. This
survival response is critically dependent on the availability of glucose and is orchestrated by the
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master regulator of oxygen sensing, hypoxia-inducible factor 1-alpha (HIF-1a), which activates the
transcription of genes necessary for cellular adaptation [50]. It was shown [51] that the altered
metabolism in MSC-based aggregates with reduced mitochondrial potential significantly enhanced
cell resistance to in vitro ischemic stress compared to adherent MSCs. These findings demonstrate
that metabolic reconfiguration can be considered as a versatile tool to upregulate pro-survival
pathways and increase stress resistance.

3. Engineering MSC Metabolism Through Culture Parameter Modulation

Synthetic biology's core principles are based on applying engineering concepts to biological
systems, creating novel functions or optimizing existing ones [52]. While genetic engineering offers
powerful tools for direct manipulation of cellular processes, its application in MSC reprogramming,
particularly for clinical translation, often raises safety concerns related to potential immunogenicity,
off-target effects, and long-term genomic stability [53]. Therefore, exploring alternative, non-genetic
strategies for metabolic modulation becomes crucial. The metabolic state and subsequent therapeutic
potential of MSCs can be profoundly influenced by modulating their ex vivo culture parameters. This
strategy, often referred to as "priming" or "preconditioning," offers a powerful, non-genetic approach
to engineer MSCs to be more resilient and functionally potent upon transplantation. By carefully
controlling the culture environment, it's possible to guide MSCs into specific metabolic states that
enhance their survival, immunomodulatory capacity, and differentiation potential.

3.1. Advanced Culture Systems: Mimicking the 3D Niche Physiological Complexity

The native stem cell niche is a sophisticated architecture composed of supportive cells and
extracellular matrix (ECM) components, featuring a specific 3D topography, controlled mechanical
stiffness, and gradients of oxygen and growth factors [31, 54]. Traditional 2D cultures lack these
crucial cell-cell and cell-matrix interactions, provide conditions only for adhesions restricted to 2D
plane, resulting in overspreading and forced apical-basal polarity [55,56], which can lead to a loss of
stemness during passaging and contribute to the functional heterogeneity and inconsistent
therapeutic outcomes seen in clinical trials. To address these limitations, advanced 3D culture
systems have been developed to more accurately recapitulate the in vivo niche, thereby enhancing
the therapeutic potential of MSCs [56-58]. These systems generally fall into two categories: scaffold-
free and scaffold-based methods.

Scaffold-free methods induce MSCs to self-aggregate into multicellular spheroids. This 3D
arrangement promotes extensive cell-cell and cell-ECM interactions [59], creating in vivo resembling
microenvironment and spheroid zonation that regulate cellular function. As spheroids form, natural
gradients of oxygen and nutrients form, often resulting in a hypoxic core that mimics the low-oxygen
conditions of the native niche [60]. This mild hypoxia was shown [61] to upregulate HIF-1a and to
trigger pro-survival signaling pathways and enhance the secretion of immunomodulatory and pro-
angiogenic factors, effectively "priming" the cells for transplantation into injured tissue. The
significant consequence of spheroidal formation is a metabolic reconfiguration. Studies have shown
that MSCs in spheroids decrease their overall metabolic activity while simultaneously increasing
their survival ability [51,62, 63]. Moreover, Liu et al. in their impressive report [64] demonstrated that
3D culture of MSCs within spheroids changes mitochondrial morphology, decreases mitochondrial
membrane potential, increases glycolytic and anaplerotic flux, which is crucial for reacquiring a more
stem-like phenotype. Numerous studies [56-59,61,64—70] have shown that MSCs cultured as
spheroids exhibit enhanced stemness, viability, differentiation potential, immunomodulatory,
angiogenic, and therapeutic effects compared to their 2D counterparts . These findings highlight
spheroid culture as an effective approach to creating a native-like microenvironment and inducing
metabolic reprogramming in MSCs, thereby potentiating their therapeutic potential.

Scaffold-based systems utilize biomaterials, such as hydrogels or porous solid scaffolds, to
provide structural support and present defined biochemical and biophysical cues to the cells [68,71—
76]. MSCs are able to sense cues from local mechanical microenvironment and transduce them into
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intracellular biochemical responses, a process known as mechanotransduction [77,78]. Biomaterials
can be engineered to impact MSC metabolism, affecting thereby their survival and function. Thus,
the significant reduction of basal metabolic activity after MSC encapsulation into alginate hydrogel
has been demonstrated in numerous reports [72,76,79-82]. The higher glycolytic activity and lactate
production were shown for MSCs within non-adhesive alginate hydrogel compared to cells in
oxidized alginate hydrogels with the GHK peptide that promote adhesion [83]. Culturing of MSCs in
alginate/hyaluronic acid hydrogel was supported both with cell amount and metabolic activity
increase [84]. The MSCs encapsulated in non-adhesive alginate were found to have reversibly
arrested cell cycle [81,85], to be more resistant to oxidative stress [68,76,81], more survivable
[68,79,81,82], and to preserve their stemness [75,80]. It was also shown that encapsulated MSCs have
enhanced paracrine activity [68,86,87]. The basal metabolic activity of MSCs cultured inside porous
3D scaffolds seems to be dependent on both the scaffold material and the porosity level which
determines cell-cell interactions, but generally is higher compared to spheroid or encapsulated
cultures. Thus, the metabolic activity of MSCs cultured in 3D porous scaffolds made of poly-((D,L)-
lactide-e-caprolactone)dimethacrylate (LCM) was found to be higher compared to cells in compact
LCM scaffolds [71]. The basal metabolic activity of MSCs cultured for three days within plasma-based
porous cryogel scaffold was similar to 2D monolayer cultures [72], however, the revealed differences
in cell shape (less stretched) and reduced actin component of cytoskeleton can reflect a possible
metabolic reprogramming in cells within the scaffolds. The study [88] demonstrated high metabolic
activity of MSCs in polyelectrolyte multilayer film scaffold with poly-l-lysine and hyaluronic acid.
Gorodetsky et al. [89] showed that during the storage of MSCs within fibrin microbeads at room
temperature, pH and gas levels did not change, reflecting a reduced cell metabolism, while viability
was better supported compared to cells in polystyrene carriers. The culture in porous scaffolds
enhances functional properties of MSCs. It was shown [90], that MSCs in porous scaffold
demonstrated the notable increase of gene expression of such growth factors and cytokines as VEGF,
HGF, IGF1, FGF2, and IL10. Lian et al. [91] revealed that the paracrine effects of MSCs were
stimulated by hierarchical porous structures through mechanotransductive pathways, with the
specific signaling molecules involved in this mechanism being focal adhesion kinase (FAK), AKT,
and yes-associated protein (YAP).

These findings collectively show that advanced 3D culture systems, such as scaffold-free
spheroids and scaffold-based constructs, enhance the therapeutic potential of MSCs. They achieve
this by better mimicking the native niche's physical and biochemical cues, which induces metabolic
reprogramming and improves cell function compared to traditional 2D cultures.

3.2. Metabolic Modulation via Hypoxic Preconditioning

Standard laboratory culture conditions of atmospheric oxygen (~20% O2), or normoxia, are not
relevant to the physiological concentrations ranging from 1% to 15% depending on in vivo niche [92],
and can alter MSC metabolism and function. Culturing MSCs under hypoxic conditions (typically 1-
5% O3) that mimic their native conditions has been shown to be a better choice for expansion due to
the increased proliferative activity and clonogenic properties [31,32,93-96]. Moreover, MSCs cultured
under hypoxic conditions display limited DNA damage [94], and upregulated expression of
stemness-related genes as OCT4 and CXCR?7 [96]. It was shown [16,94,97-99], that metabolic profile
in MSCs under hypoxia is characterized by increased glycolysis, decreased OxPhos, and reduced
oxidative stress, therefore is closer to the physiological metabolic mode. In addition, this metabolic
shift in MSCs cultured under low oxygen tension markedly increases lifespan [94,98,100]. The
underlying mechanism for the hypoxia-mediated metabolic reprogramming is stabilization of the
transcription factor HIF-1a, which in turn orchestrates a metabolic shift toward glycolysis via
upregulation of glycolytic enzymes [50,101]. At the same time HIF-1a decreases OxPhos by inducing
pyruvate dehydrogenase kinase 1 (PDK1) which phosphorylates and, in such a way, inhibits
pyruvate dehydrogenase (PDH), thereby stopping the formation of acetyl coenzyme A for TCA cycle
work [101,102]. Additionally, HIF-1a upregulates the synthesis of lactate dehydrogenase (LDH)
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[102], which converts pyruvate to lactate and regenerates NAD~ to support glycolysis. This switch
prevents excessive ROS production, while HIF-1a-null cells die from ROS toxicity under hypoxia
[103]. An emerging benefit of MSC hypoxic preconditioning is their increased survivability due to
reduced glucose and oxygen consumption, allowing them to live longer in an environment with
limited resource availability. Increased HIF-1a also was shown to protect MSCs against cell death
under conditions of oxygen-glucose deprivation via phosphorylation of PI3K, AKT and mTOR [104].
Metabolome analysis of MSCs cultured under hypoxia has identified several amino acids, fumaric
acid, lactose, pyrophosphate, cholesterol, as possible mediators for enhanced cell survival [105].
Elevation of levels of essential amino acids can also reflect activation of autophagy, an important pro-
survival mechanism in MSCs. HIF-1a overexpression was shown to improve in vivo survival of
transplanted MSCs via autophagy induction [104,106]. HIF-1la can also upregulate protective
enzymes to mitigate oxidative stress. Heme oxygenase-1 (HO-1) is transcriptionally activated by HIF-
la in response to low oxygen tension [107]. However, Beegle at al. [105] reported decreased
expression of HO-1 in hypoxic-preconditioned cells. The expression of superoxide dismutase (SOD),
a key antioxidant enzyme, was higher in hypoxic-preconditioned MSCs than in normoxia group
[108]. Higher expression of glycolytic enzyme alpha-enolase (Enol), glucose-6-phosphate 1-
dehydrogenase (G6PD), the key enzyme in the PPP, and enzymes involved in oxidative stress
resistance (peroxiredoxin-6 (Prdx6) and SOD1) in hypoxic-preconditioned MSCs was shown by
Haneef et al. [109]. Interestingly, Li et al. [110] demonstrated that HIF-1« protects cells from oxidative
stress-induced apoptosis through non-transcriptional mechanism. This mechanism includes HIF-1«
translocation to the mitochondria, which reduces mitochondrial membrane potential, ROS
production, and alters the expression of mitochondrial DNA-encoded mRNA.

Hypoxic preconditioning not only increases cell survival but also significantly affects the
secretory activity of MSCs, a major contributor to their therapeutic effect. Thus, MSCs exhibited an
increased expression of proangiogenic factors (VEGF, ANG, HIF-la, PDGF) after hypoxic
pretreatment [111-113]. HIF-1a activation in hypoxic-preconditioned MSCs has been shown to
enhance angiogenic effects of the transplanted cells in a murine hindlimb ischemia model [114,115].
The upregulation of NRG-1 and involvement of NRG-1/PI3K/AKT pathway in the angiogenesis
enhancement was also detected [115]. In addition, the metabolism manipulation via hypoxic
preconditioning provides a promising target to enhance the immunomodulatory potential of MSCs.
It promotes the reduction of pro-inflammatory cytokines (IL-6, IL-8) [116], the reduction of tumor
necrosis factor-alpha (TNF-a), the increase of anti-inflammatory cytokine IL-10 and
immunosuppressive factors (IDO, PGE2, PD-L1, HLA-E, HLA-G) secretion by MSCs [117,118].
Lactate production linked to hypoxia-mediated switch to glycolysis causes T-cell inhibitory action
[118]. Hypoxic preconditioning also enhances the production and modify the cargo of MSC-derived
exosomes and other extracellular vesicles (EVs), which carry proteins, microRNAs, and lipids that
influence recipient cells [119-124]. Proteomic analysis of hypoxic preconditioned MSCs and released
from them EVs showed upregulation of pathways related to glycolysis, the immune system and
extracellular matrix organization [124].

The culture under low oxygen tension also affects the differentiation of MSCs. After hypoxic
preconditioning, MSCs retained and even increased their ability to differentiate into chondrocytes
[99,125] and adipocytes [99]. In contrast, other studies [126,127] revealed inhibited adipogenesis
under hypoxia. Osteogenesis was shown to be promoted by exposure to hypoxia in some works
[95,126,127], while others [128-130] reported reduced osteogenic differentiation. The specific hypoxic
conditions (the level of oxygen tension, exposure duration, cell culture stage (proliferation or
differentiation induction)) used in different studies are a major source of conflicting results.

The homing ability of MSCs is critical for their therapeutic success because it allows the
transplanted cells to effectively reach and interact with damaged tissue. MSCs exposed to hypoxic
conditions show increased homing ability [131,132], which can be mediated by the HGF/c-Met
signaling axis [132].
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Therefore, hypoxic preconditioning is a powerful and promising tool for metabolic engineering,
allowing for the strategic manipulation of MSCs to improve their survival, homing, and functional
output. By mimicking the native niche, this approach enhances the quality and consistency of MSCs,
moving them one step closer to becoming a reliable and effective therapeutic option in regenerative
medicine.

3.3. Nutrient and Media Composition

The composition of the culture medium can be strategically manipulated to control MSC
metabolism.

Standard MSC culture media, such as Minimum Essential Medium alpha-modification (a-MEM)
and low-glucose DMEM, typically contain glucose at concentrations of 4-5.6 mM to more closely
mimic the physiological conditions of the human body, helping to maintain a balanced and more "in
vivo-like" cellular metabolism. Culture in high glucose (11-25 mM) medium profoundly impacts
MSCs: disturbs mitochondrial function [133], decreases proliferation rates [134,135], induces their
aging [134-136], increases apoptosis [134], declines their immunosuppressive capabilities [137]. The
underlying mechanisms involve mTOR-PI3K-Akt signaling dysregulation together with the
dropping of mitochondrial membrane potential, decrease in ATP production, increased oxidative
stress, and damaging of cellular structures [138]. The levels of integral regulators of glycolysis (AMP-
activated protein kinase (AMPK) and phosphofructokinase-1 (PFK-1)) were found to be significantly
declined under high glucose exposure [137]. High glucose also causes the decline of migration ability
and osteogenic differentiation of MSCs mediated by the downregulation of SDF1, CXCR4, RUNX2,
OSX, OCN, and COL1A [139]. The use of galactose as a metabolic fuel in culture media composition
increases TCA cycle turnover, intracellular ROS generation, and results in aging induction in MSCs
[140], and higher cell death rate in H9C2 cell lines [141]. Therefore, culture in media with high
glucose, or galactose, create a pathological environment and can be used as model systems in
researches addressed to cell behavior under hyperglycemia analysis, mitochondrial dysfunction
study, search for novel pharmacological targets in metabolic diseases treatment, etc. Interestingly,
the resistance of MSC to the short-term exposure of high glucose was with unaffected secretory
activity and proliferation was reported by Weil and colleagues [142]. Beltran et al. [141] demonstrated
that short-term exposure with high glucose (10 mM) can be used as a metabolic modulation
procedure which increases glycolysis, reduces ROS production, and protects HIC2 cells against
simulated ischemia-reperfusion injury.

Managing serum levels is a powerful tool for metabolic reprogramming in MSC culture.
Reducing serum, or transitioning to serum-free media (SFM), can push MSCs away from an over-
proliferative, metabolically stressed state. Thus, five day culture in SFM results in 50% reduction of
MSC basal metabolic activity compared to standard culture medium with fetal calf serum (FCS) [143].
An impairment of mitochondrial metabolism was revealed [144] in MSCs exposed for 72 h to serum
deprivation with ROS accumulation and upregulation of SOD as a protective mechanism. Serum
deprivation during 24 h was found to causes no impact on MSC morphology, phenotype,
differentiation, immunomodulatory capacities, and metabolic activity [145]. In response to serum
deprivation MSCs improve their immunomodulation potency by stronger secretion of IDO and PGE2
[146], increase angiogenic factors secretion [147], and enhance exosomes production [148]. It has also
been reported [149] that long-term (more than 3 weeks) serum deprivation of MSCs selects a
subpopulation of early progenitor cells with longer telomeres and enhanced expression of OCT-4.
SFM with high glucose was found to possess the highest fibrochondrogenic potential [150]. Reduced
serum levels (5%) have been reported [151] to support osteogenic differentiation more effectively
than standard concentration of 10% FCS, demonstrating the potential of media composition
management in optimizing MSC differentiation strategies for advanced tissue engineering. The MSC
metabolic modulation with shift to OxPhos via supplementation of culture media with 1 mM L-
ascorbic acid-2-phosphate was shown [152] to improve cell growth and chondrogenic potential,
essential for the articular cartilage replacement constructs manufacturing.
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3.4. Cytokine Priming

The cytokine priming is a powerful strategy for metabolic reprogramming of MSCs, making
them more effective for therapeutic use. This approach involves briefly exposing MSCs to
inflammatory cytokines like IFN-y and TNF-a before transplantation. The goal is to "educate” the
cells to behave in a specific, beneficial way, as usual, to acquire enhanced immunomodulatory and
immunosuppressive abilities [153]. It has been reported that the exposure of MSCs to IFN [154] or to
the mixture of IFN-y, TNFa, IL-1§, and IL-17 [155] led to markedly increased glycolytic rate, and
boosted immunosuppressive, immunomodulatory and homing capacities in primed MSCs. The work
[156] reported that priming of MSCs with the mixture of IFN-y, TNF-a and IL-1f3 for 24 h enhances
their immunomodulatory capacity and do not impact on viability, differentiation, and phenotype.
However, there are some conflicting results in the literature about the type of glucose metabolism
involved in the regulation of MSC immunomodulatory potential in response to IFN-y stimulation.
Yao et al. [157] found that IFN-vy treatment reprograms human umbilical cord derived MSCs towards
and reduced glycolysis and increased aerobic oxidation, which modulates the immunosuppressive
function of the primed MSCs by increasing STAT phosphorylation.

3.5. Pharmacological Priming

Pharmacological priming uses small molecules or drugs to directly target specific metabolic
pathways, offering a precise and controllable way to enhance the therapeutic potential of MSCs by
modulating their metabolism. Current evidences demonstrate that the switch of MSC to glycolytic
metabolism enhanced their therapeutic potential can be achieved by several ways. The direct
inhibition of OxPhos with oligomycin, an inhibitor of ATP synthase, was shown to induce an AMPK-
dependent glycolytic switch [158] resulting in the reduction of PPAR[3/0 expression level [45] and the
enhancement of immunosuppressive property in treated MSCs. The glycolytic reprogramming via
the induction of HIFla by MSC treatment with O-cyclic phytosphingosine-1-phosphate, a novel
chemically synthesized sphingosine metabolite, was demonstrated by Lee et al. [159].
Rhynchophylline (Rhy), a plant-derived alkaloid, enhances kinetic parameters of crucial glycolysis-
associated enzymes (HK, G6PD, phosphofructokinase-1 (PFK1), and LDH), decreases PDH activity,
and supports the Warburg Effect (aerobic glycolysis, increased ATP content, maintained
mitochondrial membrane potential, but reduced cytochrome c oxidase activity) resulting in enhanced
stemness of MSCs after Rhy treatment [160]. The possibility to induce MSC glycolytic reprogramming
mediated by lysine demethylase via sodium lactate treatment with stemness enhancement was
shown by Sun et al. [161].

Some studies have shown the potential of hypoxia mimetic agents for MSC metabolism
modulation. Thus, the preconditioning of MSCs with deferoxamine (DFX) notably upregulated HIF-
la expression in MSCs, reprogramming their metabolic status and increasing their
immunomodulatory and antioxidant capacities [162,163]. Low concentrations of desferrioxamine
(DFO), a hypoxia-mimetic that inhibits HIF-1a hydroxylation via inhibition of prolyl-hydroxylases,
were found [164] to reduce mitochondrial activity and apoptosis in MSCs, and to upregulate the
glycolytic genes expression (HK2, PDK1, BCL2-interacting protein 3 (BNIP3), LDH).

4. Future Directions: The Next Generations of "Smart" MSCs

The metabolic engineering of MSCs, guided by synthetic biology principles, is poised to move
beyond basic priming and into the realm of designing "smart," context-aware MSCs populations.
Current studies reviewed here provide scientific background for future developing the next
generation of metabolically engineered MSCs (Figure 2).
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Figure 2. The future vision: "smart" MSCs programmed to sense and respond. SM-small molecule.

Synthetic biology provides a framework to design a "Phoenix" MSCs engineered for superior
survival in ischemic tissues. This "smart" cell would be equipped with a synthetic genetic circuit that
senses the low oxygen tension and high lactate levels characteristic of an ischemic environment. In
response, this circuit would activate a rapid and robust metabolic shift from OxPhos to anaerobic
glycolysis, ensuring a steady, albeit less efficient, supply of ATP for cellular function [165].
Simultaneously, the circuit would upregulate a suite of pro-survival genes (e.g., those encoding heat
shock proteins and anti-apoptotic factors), enabling the cell to withstand the severe stress. This
programmed resilience would allow the "Phoenix" MSC to survive the initial insult, home to the site
of injury, and begin its regenerative work, a task that has proven difficult for conventional MSC
therapies. A crucial extension of the "Phoenix" concept is to engineer a cell that can withstand the
logistical challenges of storage and transport. By introducing a new synthetic circuit, the MSC could
be placed in a state of metabolic dormancy in response to specific ambient conditions. This "ambient-
stable" MSC would reduce its metabolic activity to a minimal level, effectively putting itself into a
hibernation-like state [62,63,79,81,82,89]. This would eliminate the need for cumbersome and
expensive cryopreservation and cold-chain logistics, allowing for an "off-the-shelf" MSC product that
can be stored at room temperature and be readily available for immediate use in emergency settings.

The "Guardian" MSCs can be designed to sense and actively counter the inflammation. This MSC
would switch its metabolism towards the massive production and secretion of powerful
immunosuppressive molecules like IDO and PGE2 [43,117,118,146], effectively creating a localized,
highly potent "living drug factory" that suppresses the damaging inflammatory cascade.

The "Fix-It" MSCs would be engineered to sense specific chemokines released by damaged
tissue, such as SDF-1, to improve their homing abilities, and to release key pro-angiogenic factors for
effective "jump-start” of new blood vessels formation to support tissue regeneration.

The "Chameleon" MSC would be a next-generation tool for tissue engineering, where
differentiation is not a fixed, one-way process but is instead a highly tunable and inducible program.
This MSC would be engineered with a synthetic regulatory system that links its metabolic state to a
specific external trigger. For example, the medium composition and culture conditions customization
could activate a metabolic program and differentiation pathway for more intensive chondrogenesis
[150] or osteogenesis [151].

The "Patho-Mimetic" MSCs can be engineered to function as a highly representative in vitro
models for specific diseases. For example, we could engineer a hyperglycemic environment by
culture in high glucose to mimic a cell living in a diabetic state, including increased oxidative stress
and impaired regenerative capacity. Similarly, we could create an "aged" MSC, making it a perfect
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model for studying age-related decline and testing senolytic drugs. This approach provides a more
physiologically relevant system for research and drug development, allowing for more accurate and
predictive screening of new therapies.

5. Conclusions

This feature paper has highlighted that the full potential of MSCs is not an inherent property but
is, in large part, determined by their metabolic state. By applying the principles of synthetic biology,
we can move beyond passive administration to the intentional engineering of MSCs, creating "smart"
cells programmed for superior performance. We have demonstrated that a paradigm shift from
traditional 2D culture to advanced 3D culture platforms, hypoxic preconditioning, nutrient
composition management, and targeting the metabolism with chemokines or small molecules, offers
a powerful, non-genetic avenue for metabolic reprogramming, which enhances the MSCs' survival,
immunomodulatory capacity, and regenerative potential.

The development of the next generation of "designer" MSCs represents a compelling future for
regenerative medicine. By integrating multi-functional synthetic circuits, these cells can be
programmed to sense their environment, home to the site of injury, withstand hostile conditions, and
orchestrate a multi-faceted repair response. While significant challenges remain, including the need
for robust and scalable manufacturing processes, this approach holds the promise of transforming
regenerative medicine from an inconsistent, trial-and-error field into a precise, predictable, and
highly effective therapeutic discipline. The metabolic engineering of MSCs, therefore, is not just a
scientific curiosity; it is the crucial next step towards unlocking their full potential and finally
bringing transformative cellular therapies to the clinic.
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