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Increasing evidence demonstrates a close relationship between daily diet and homeostasis of the body’s internal environment, particularly hematopoietic system homeostasis. Hematopoietic stem cells (HSCs) are located at the top of the hematopoietic system and have the ability to self-renew and differentiate into various types of immune cells. They play an important role in maintaining body stability and health. Studies have shown that different diets can lead to changes in HSC homeostasis, thereby affecting immune function and overall health status of the body. However, there is a scarcity of comprehensive reviews on how different diets affects HSC function. Therefore, this review summarizes the current progression in research on the effects of a high-fat diet (HFD) and energy-restricted diet on HSC function. HFD has a predominantly negative effect on HSCs, as does severe energy-restricted diet (SERD). Conversely, moderate energy-restricted diet (dietary restriction, DR) promotes the repopulation of HSCs but seriously impairs the differentiation of HSCs into lymphoid lineage. Further study of the influence of different diets on HSCs may aid in designing rational dietary guidelines to optimize the hematopoietic and immune functions of the body, which has significant implications for clinical medical practices.
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1 Introduction

Hematopoietic stem cells (HSCs), renowned for self-renewal and multilineage differentiation capabilities, are pivotal in sustaining the body’s homeostatic balance. More than 90% of HSCs in adults are in a state of quiescence (1), and most of the hematopoiesis in the body is completed by hematopoietic cells with a higher degree of differentiation. HSCs (Lin-Sca1+c-Kit+) (2) include long-term HSCs (LT-HSCs) and short-term HSCs (ST-HSCs), each with different self-renewal abilities and differentiation potentials. LT-HSCs represent the most primitive state of HSCs, mainly in the cell-cycle-quiescent (G0 phase), and are located at the top of the hematopoietic system with an enduring self-renewal capacity (3). They are essential for maintaining the lifelong activity of the stem HSC pool. LT-HSCs differentiate into ST-HSCs and multipotent progenitors (MPPs). ST-HSCs possess some self-renewal abilities, reconstructing the blood pool and maintaining hematopoiesis, while MPPs cannot rebuild the bone marrow (BM) but can differentiate into common lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs). CLPs and CMPs further differentiate into mature blood cells (4). LT-HSCs, ST-HSCs, and MPPs collaborate synergistically within the hematopoietic system, each playing a distinct yet complementary role in the production and maintenance of diverse blood cell lineages, collectively known as hematopoietic stem and progenitor cells (HSPCs).

Liggett and Sankaran have proposed models for HSC differentiation, including a “classical model,” a “continuum model,” and a “punctuated continuum model.” Particularly, the latter two models suggest different lineage biases in the differentiation of MPPs (5). In these models, MPPs are classified into four main groups: MPP1 are considered as ST-HSCs; MPP2 and MPP3 are myeloid-biased cells, which mainly differentiate into granulocytes and monocytes; and MPP4 refers to lymphoid-biased cells, responsible for the production of T, B lymphocytes, and NK cells (6). However, after 2 weeks of irradiation, HSCs temporarily overproduce myeloid-biased MPPs, accompanied by the fate of MPP4 reprogramming to the myeloid lineage, to support the expansion of myeloid cells and the rebuilding of the hematopoietic system (7). In addition, other pathological conditions such as inflammation (8, 9) and aging (10, 11) can also lead to a myeloid differentiation bias in HSCs. Beyond traditional flow cytometry, innovative single-cell multimodal approaches are revolutionizing the analysis of HSCs (12). Moreover, the single-cell transcriptome landscape of HSPCs is progressively being elucidated, offering crucial insights into the in-depth study of hematopoietic cell heterogeneity and developmental processes (13).

HSCs are considered to be the “roots” of the hematopoietic and immune systems, ensuring the proper functioning of critical physiological processes such as oxygen transport, hemostasis, immune defense, and tissue repair. The precise regulation of these processes is essential for maintaining health and is of paramount importance in disease treatment (14). However, the self-renewal capacity and differentiation potential of HSCs are not permanently maintained. With aging and interference from harmful external stimuli, HSCs undergo a process of senescence (15). For instance, chronic inflammation may cause a progressive and irreversible depletion of HSC function, resulting in a sustained inhibitory effect over time (16). Many features of HSC aging have now been identified, including a significant decrease in the number of quiescent HSC cells (i.e., G0 phase) (17); accumulation of DNA damage and mutations in HSCs (18–20); a decrease in self-renewal capacity; impaired hematopoietic reconstitution; clonal proliferation; and myeloid-biased hematopoiesis (21). Given the critical role of HSCs in hematopoiesis and immunity, investigating the factors that regulate their activity is of particular importance.

In recent years, the impact of diets on the body has been one of the research hotspots, and numerous studies have reported that different diets profoundly affect the functional homeostasis of HSCs. Specifically, in mice, a high-fat diet (HFD) refers to a dietary pattern in which fat provides at least 35% of the total energy intake (22), and can even reach up to 60% (23). This kind of diet often leads to obesity, indicating that mice are prone to excessive energy intake when fed an HFD. In contrast, in a normal diet, fat typically accounts for 10% of the energy intake (24). A 10-30% reduction in energy intake is defined as a moderate energy-restricted diet or dietary restriction (DR) (25). Severe energy-restricted diet (SERD) is commonly defined as a substantial reduction in daily caloric intake, such that it falls significantly below the threshold necessary to sustain basal metabolic functions and routine physical activities, and specifically, the energy restriction can exceed more than 40% of the normal caloric requirement (26–28). Here, we aim to provide an overview of the current understanding regarding the impact of HFD and energy-restricted diet on HSCs (Table 1). We anticipate that this review will not only clarify the existing knowledge but also inspire novel clinical applications, such as more refined nutritional interventions for patients with hematopoietic disorders, and ultimately lead to improved therapeutic outcomes and patient well-being in the clinical setting.


Table 1 | Effects of HFD* and Energy-Restricted Diet on HSCs*: phenotypes and mechanisms.






2 Effects of HFD on HSCs

Recent studies have reported that HFD significantly impacts the health of HSCs (Figure 1). Studies on the effects of HFD on HSCs are primarily conducted using mouse models. Both short-term and long-term HFDs trigger a transition in self-renewing HSCs towards differentiation into MPPs, and even enhance the ex vivo colony-forming ability of lymphoid and myeloid cells. Furthermore, prolonged exposure to HFD (18 weeks) significantly diminishes the hematopoietic reconstitution capability of HSC in mouse BM, indicating functional impairment of HSC (2). A 12-week HFD has been proven to have adverse effects on HSPCs within the interscapular brown adipose tissue (iBAT) and BM of mice, implicating a connection between HSPCs and metabolic dysfunction (29). In addition, long-term HFD increases the expression of hepatic insulin-like growth factor-1 (IGF-1) in mice, which may promote the activation of HSCs and exert deleterious effects (30). Berg et al. have reported that even after the removal of the obesogenic stimulus following long-term HFD, myeloid-biased progenitor cells continue to be produced, suggesting that the effects of long-term HFD on HSCs are difficult to reverse (2).
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Figure 1 | Mechanisms by which a high-fat diet (HFD) affects hematopoietic stem cells (HSCs). (A) HFD induces clustering of lipid rafts (LRs) on the cell membrane, thereby suppressing the transforming growth factor-β (TGF-β)/Smad2/3 signaling pathway, which in turn triggers the exit of HSCs from the quiescent state. (B) Obesity-related chronic inflammation caused by HFD changes the HSC niche. (C) HFD can cause the accumulation of cholesterol in LRs, thereby inducing the myeloid lineage bias of HSCs. (D) HFD promotes the adipogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) by activating the peroxisome proliferator-activated receptor γ(PPARγ) signaling pathway, thereby inhibiting the production of HSCs. (E) HFD leads to alterations in the gut microbiota and the downregulation of related gene expressions detrimental to HSC homeostasis. (Created by Figdraw). *The full names of other abbreviations appearing in Figure: IFN-γ, interferon-γ; IL-1β, interleukin-1β; IL-3, interleukin-3; IL-6, interleukin-6; TLR4, toll-like receptor 4; GM-CSF, granulocyte-macrophage colony-stimulating factor; Ang-1, angiopoietin-1; SDF-1, stromal cell-derived factor-1.





2.1 HFD induces an imbalance in HSC quiescence via lipid rafts

The quiescent state of HSCs plays a crucial role in maintaining their functional integrity and hematopoietic homeostasis. Appropriate quiescence serves to preserve the HSC pool by preventing exhaustion, regulates lineage differentiation balance, and ensures the stability of the hematopoietic system. Multiple mechanisms participate in the regulation of the HSC quiescence, including modulating cell cycle-related factors, transcription factor networks, cellular metabolic states, and signaling pathways related to the hematopoietic microenvironment (31). Among them, forkhead box O (FOXO) transcription factors and transforming growth factor-β (TGF-β) are two pivotal regulators of HSC quiescence and cell cycle control. Specifically, FOXO inhibits the expression of cell cycle proteins (such as Cyclin D) and promotes the expression of cell cycle inhibitors (such as p21 and p27), thereby preventing HSCs from prematurely entering the proliferative cycle. However, after the activation of the phosphatidylinositol 3-kinase - protein kinase B (PI3K-AKT) pathway, AKT induces a conformational change in FOXO protein through phosphorylation, thereby inhibiting its function in maintaining cell quiescence (32). Under physiological conditions, TGF-β acts as a guardian against HSC activation and cell cycle entry by engaging with TGF-β receptor type I (TGF-βR1), thereby maintaining the stem cell activity of HSCs. TGF-β regulates HSC cell cycle through multiple mechanisms, including upregulating cell cycle inhibitors such as p21 (33) and p57Kip2 (34), downregulating cytokine receptors such as interleukin-1 (IL-1) and granulocyte-macrophage colony-stimulating factor (GM-CSF), and interacting with the stromal cell-derived factor-1 (SDF-1) signaling pathway. These mechanisms collectively ensure that HSCs can maintain their quiescent state while also entering the cell cycle to proliferate in response to the body’s needs (35).

Additionally, lipid raft (LR), a membrane structure, plays a critical role in regulating HSC quiescence. LRs contain glycosphingolipids and protein receptors that form glycoprotein microdomains floating freely within the membrane bilayer (36). These LRs cluster signaling molecules with surface receptors such as C-X-C chemokine receptor 4 (CXCR4), the α4β1 integrin (VLA-4) that binds vascular cell adhesion molecule-1 (VCAM-1), and the c-kit receptor for stem cell factor (SCF). This molecular clustering is essential for retaining HSCs in the BM niche and maintaining their quiescent state. Evidence shows that inhibiting LR clustering leads to sustained elevation of FOXO nuclear concentration and induces murine HSC quiescence ex vivo (37).

Recent evidence has revealed that HFD modulates HSC quiescence through LR-mediated mechanisms. Research by François Hermet et al. has revealed that a short-term HFD (1˜4 weeks) leads to the formation of LR clusters on the membrane of HSCs and a pronounced condensation of TGF-βR1 within these LR clusters. This finding results in a consequent decrease in the phosphorylation of SMAD2/3, a downstream molecule of the TGF-β signaling pathway, indicating that HFD-induced condensation of TGF-βR1 in the HSC LR cluster leads to inefficient and impaired TGF-β-mediated signal transduction. This transduction, in turn, causes HSCs’ re-entry into the cell cycle and the loss of their ability to maintain quiescence (Figure 1A) (38). This effect in turn results in the altered transcriptional regulation of the aforementioned genes, thereby disrupting HSC quiescence (39–41).

Additionally, fms-like tyrosine kinase 3 (FLT3) plays a critical role in HSCs by regulating their proliferation and differentiation under physiological conditions, which is essential for maintaining hematopoietic homeostasis (42). Another study has shown that a short-term HFD induces the clustering of FLT3 receptors within LR on the membrane of HSCs, thereby enhancing the downstream JAK3/STAT3 signaling pathway and subsequently leading to a decrease in the content of primitive HSCs and an increase in the incidence rate of acute myeloid leukemia (AML) in a mixed lineage leukemia (MLL-AF9) knock-in mouse model (43). However, how short-term HFD affects LR content, and whether short-term HFD affects HSC function through other factors, needs to be further investigated.




2.2 HFD-induced chronic inflammation and metabolic disorders disrupt HSCs’ homeostasis

Long-term HFD (more than 16 weeks) leads to metabolic abnormalities such as obesity and hyperlipidemia. Obesity manifests as a chronic low-grade inflammation characterized by increased circulating levels of inflammatory factors such as tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-1β (IL-1β), and interleukin-6 (IL-6). The specific mechanisms by which inflammatory factor-related signaling pathways affect the HSC niche have been well elucidated (Figure 1B) (44, 45). Researchers have observed that activation of inflammatory pathways in HSCs leads to enhanced myeloid hematopoiesis with HSC expansion. Moreover, chronic inflammatory cytokine signaling can lead to HSC failure and may contribute to the development of hematopoietic malignancies, indicating that signaling pathways and BM niche impact both normal and malignant HSCs (46).

Inflammation activates associated signaling pathways, leading to oxidative stress in HSCs. The accumulation of ROS may disrupt the RAS-MAPK pathway- a signaling axis critical for maintaining the self-renewal capacity of HSCs through tightly controlled activation. This dysregulation subsequently induces excessive DNA damage and senescence, as well as apoptosis of HSCs (47). Spred1, a negative regulator of the RAS-MAPK signaling pathway, negatively modulates the self-renewal and adaptive capacity of HSCs under homeostatic conditions. However, under HFD conditions, Spred1 protects the homeostasis of HSCs, preventing HSC dysfunction induced by diet-induced systemic stress. Specifically, the protective effect of Spred1 on HSCs under HFD conditions is achieved by inhibiting the activity of the extracellular regulated protein kinases (ERK) and RhoA/Rho kinase (ROCK) pathway. ROCK pathway controls actin polymerization, which can lead to abnormal activation and proliferation of HSCs in Spred1-deficient mouse models (48).

When being exposed to HFD, the toll-like receptor 4 (TLR4) of HSPCs can be activated by sensing endogenous ligands such as damaging associated molecular patterns (DAMPs) (49), which are released during inflammation caused by hypercholesterolemia. This activation of TLR4 consequently inhibits the expression of apolipoprotein E (apoE) and ATP-binding cassette (ABC) transporters A1 and G1, which are indispensable for the efflux of cholesterol in cells. The insufficiency of these proteins results in the accumulation of cholesterol within the LRs of HSCs, and thereby promotes the activation of GM-CSF and interleukin-3 (IL-3) signaling, which aids in the proliferation of HSCs, especially in the production of inflammatory myeloid cells (Figure 1C). The production of inflammatory myeloid cells may drive their differentiation into macrophages with a pro-inflammatory phenotype, thereby exacerbating the development of atherosclerosis and forming a vicious cycle (50, 51). Furthermore, under hypercholesterolemia, sterol regulatory element binding protein 2 (SREBP2) activation is enhanced, and Notch1 is upregulated in human HSPCs, which contribute to HSPC emergence (52). However, exendin-4 (EX-4) prevents HSC proliferation induced by hypercholesterolemia via regulating cholesterol metabolism and inhibiting inflammation (53). In summary, we propose that cholesterol metabolism exerts a significant influence on the regulation of HSCs, offering new perspectives for the treatment of related diseases.




2.3 HFD modulates HSCs via BM niche remodeling

The BM niche is composed of a variety of cell types and extracellular matrix, including stromal cells, immune cells, and extracellular matrix. Specifically, it refers to the local tissue microenvironment in the BM that provides support and regulation for HSCs (54). A critical aspect of the BM niche is the dynamic balance between osteoblasts and adipocytes, which collectively govern HSC functional regulation. Bone marrow adipocytes (BMAs) secrete factors, such as neuropilin1 (55) and lipocalin 2 (56, 57), have been shown to impair hematopoiesis (58). Meanwhile, BM osteoblasts, considered as key regulators of the HSC niche, express SDF-1, Notch, and jagged 1 (Jag1) (59), facilitating HSC mobilization and differentiation and thus protecting hematopoiesis (23, 58, 60).

HFD leads to the activation of peroxisome proliferator-activated receptor γ (PPARγ), which increases the adipogenic differentiation of bone marrow mesenchymal stem cells (BMSCs). This results in overproduction of BMAs, which in turn inhibits osteoblastogenesis and negatively affects hematopoiesis (60) (Figure 1D). Consistently, long-term HFD increases adipogenic progenitor cells’ expansion in the BM, inhibiting HSC repopulation (61).




2.4 HFD influences HSCs by manipulating the gut microbiota

Gut microbiota has a tremendous influence on HSCs and immune homeostasis (62, 63). The metabolic byproducts of the gut microbiota, inflammatory signals, and their interactions with the BM niche have profound implications for the function and fate of HSCs (64, 65). HFD, as an energetic stressor, can indirectly affect gut microbiota, leading to a loss of HSC stemness (Figure 1E). In a healthy body, gut microorganisms promote hematopoiesis through complex mechanisms. In both mice and humans, distal gut microbiota is comprised of two major bacterial phyla: Bacteroidetes and Firmicutes (66, 67). A report showed that the abundance of Bacteroidetes and Firmicutes decreased in the cecum and ileum of mice after HFD, while the abundance of Verrucomicrobia, Proteobacteria, and Actinobacteria increased. Correspondingly, the expression levels of angiopoietin-1 (Ang-1), SDF-1, and Notch1 decreased, and the expression of kit ligand (KitL) increased, which was detrimental to HSC homeostasis. Moreover, the gut microbiota promotes myeloid-biased differentiation by enhancing the number and differentiation potential of GMP in the BM. Transplantation of gut microbes from normal mice was able to restore the adverse effects of HFD on HSCs (68). Moreover, the defective phenotype of aging HSCs is ameliorated by the fecal microbiota transplantation from young mice. This phenomenon indicates the significant importance of intestinal microbial barrier integrity for HSC function (69).




2.5 Impact of HFD on embryonic hematopoiesis

Epidemiologic and experimental evidence suggests that overweight mothers and long-term prenatal HFD can lead to fetal reproductive defects, growth restriction, hypothalamic developmental defects (70), cardiac abnormalities, and endocrine dysfunction (71–74). Studies have shown that in addition to its negative effects on the maternal BM HSCs and hematopoiesis, HFD also impacts the hematopoiesis of unborn offspring. A study of pregnant mice fed on HFD has demonstrated that a short-term HFD leads to an increase in HSPCs in fetal liver, but these fetal liver HSCs exhibit decreased proliferative potential. Meanwhile, long-term HFD in pregnant mice decreases fetal liver HSCs, and maternal weight loss cannot reverse it. Both pregnant and neonatal mice receiving HFD show a myeloid bias in HSCs, thus leading to hematopoietic dysplasia (75). It is worth noting that in another study, the impact of maternal obesity on offspring HSPCs was found to be sex-related. Specifically, male offspring exhibited reduced HSPC numbers and impaired engraftment, whereas female offspring showed no significant alterations in HSPC numbers or engraftment efficiency, but an increase in immune-related gene expression in HSPCs (76) (Figure 2A). Overall, these findings suggest that habitual intake of high-fat foods during pregnancy or prenatal obesity may impair the function of fetal liver HSCs. Late in gestation, the fetus establishes its initial immune function through hematopoiesis in the BM. However, this study did not focus on whether HFD negatively affects HSC function in the fetal BM of fetal mice, which requires further investigation.
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Figure 2 | High-fat diet (HFD) and energy-restricted diet modulate the function of hematopoietic stem cells (HSCs). (A): HFD causes HSCs to leave their quiescent state and generate myeloid differentiation. HFD feeding during pregnancy leads to impaired engraftment capacity and decreased numbers of HSPCs in offspring. (B): Dietary restriction (DR) promotes the self-renewal of aging HSCs by reducing serum insulin-like growth factor-1 (IGF-1) levels and inhibiting the mitochondrial unfolded protein response (UPRmt). DR downregulates lymphoid-specific gene expression, which can lead to an increased myeloid differentiation of HSCs. (C): Severe energy-restricted diet (SERD) leads to a reduction in the number of bone marrow (BM) cells and erythroid progenitor cells, resulting in BM atrophy and suppression of hematopoiesis. The absence of the seizure threshold 2 (SZT2) and tuberous sclerosis complex 1 (TSC1) leads to the activation of reactive oxygen species (ROS) and mechanistic targeting of rapamycin complex 1 (mTORC1) signaling pathways, which causes depletion of HSCs. (Created by Figdraw).






2.6 Exercise reverses the detrimental effects of HFD on HSCs

There is evidence that exercise can reverse the negative effects of HFD on HSCs, primarily by altering the BM microenvironment, thereby benefiting hematopoiesis. Experiments conducted in both mice and humans have shown that exercise can increase the number of HSPCs in the BM and peripheral blood (77), and decrease BM adipose tissue (78). These phenomena have been associated with the regulation of adipogenic and osteogenic differentiation of MSCs. Mechanistically, exercise decreases the levels of miR-193 in extracellular vesicles within the BM of mice fed with HFD. These microRNAs are implicated in the inhibition of osteoblastogenesis (79). Specifically, high mobility group box protein-1 (HMGB1) is targeted by miR-193a to inhibit osteogenic differentiation of human BM-derived stromal cells (80), and the upregulation of miR-193b in HSCs can prevent the exhaustion of human HSCs by limiting proliferation and self-renewal (81). Moreover, a study also suggests that exercise reduces the production of inflammatory cells, as well as the abnormal proliferation and differentiation of HSCs (82). Adipose tissue is an important source of leptin in the BM microenvironment (83), and leptin promotes the maintenance of inflammation (84, 85). Exercise reduces leptin production in adipose tissue, thereby enhancing leptin receptor-positive BMSCs to produce hematopoietic factors that promote HSC quiescence. The reduction of leptin also increases CXCL12 expression (54, 86), which interacts with CXCR4 to anchor HSCs in the BM niche, thus facilitating the hematopoietic function of HSCs (87, 88). Additionally, researchers found that although exercise reduces circulating leukocytes in the blood, it does not lead to a decrease in the body’s resistance to external infections (78). Therefore, exercise not only reduces HFD-induced obesity and systemic inflammation but also mitigates the negative effects of HFD on HSC function.





3 Effects of moderate energy-restricted diet on HSCs

DR, also referred to as calorie restriction (CR), is a well-recognized anti-aging intervention that extends lifespan. Currently, there are differences in the specific experimental approaches to moderate energy-restricted diet across different studies. Omodei and Fontana have stated that experimental DR does not lead to nutritional deficiencies (25). In animal studies, control animals are typically fed an ad libitum (AL) diet. This controlled approach allows researchers to better understand the effects of dietary intake on health and longevity.

Current DR studies rarely specify precise limitations for the three major macronutrients (carbohydrates, proteins, fats). Research on the effects of a diet solely restricting carbohydrates on HSC function remains limited. Protein restriction may lead to protein-energy malnutrition (PEM) in mice and is excluded from typical DR research. Regarding fat restriction, limited studies show that a fat-free diet promotes HSPC mobilization (89, 90). However, the impact of fat restriction on HSC remains largely unknown. Based on existing evidence from DR studies, we propose that an effective moderate energy-restricted diet requires balanced, moderate limitation of all three macronutrients, aligned with normal dietary nutrient composition.



3.1 DR promotes HSC quiescence and rejuvenation

Abundant evidence demonstrates that DR is instrumental in delaying or even reversing immune aging and bolstering immune function (91). For instance, thymic immature T-cell precursors were more effectively preserved in mice subjected to DR compared to those with AL feeding, thus sustaining a stable reservoir of naïve T cells (92). Another study demonstrated that DR mitigated the accumulation of dysfunctional, aging T cells over time (93), implying a link between immune aging delay and DR. In addition, DR has been shown to enhance the protective function of memory T cells against secondary infections (94). Furthermore, a two-year DR regimen, reducing caloric intake by approximately 14% in a healthy cohort, was found to enhance human thymic function (95). DR has also been proven to alleviate the reduction in the diversity of the B cell receptor repertoire associated with aging in mice (96). Additionally, time-restricted feeding (TRF), characterized by a daily 10-hour feeding window followed by a 14-hour fast, has exhibited potential in preserving immune cell homeostasis in the BM and peripheral circulation, particularly in the context of obesity induced by HFD (97). Although the overall impact of DR on the immune system is perceived as beneficial, the precise mechanisms remain largely unelucidated.

Several studies have reported that DR can promote the repopulation of aging HSCs and enhance their functionality (Figure 2B) (98). DR has been shown to increase HSC quiescence and reduce their proliferation in response to stress, in contrast to the AL group (99). Furthermore, the duration of DR influences its effects on the function of HSCs. Short-term DR, lasting for 4 months, rejuvenated aging HSCs but did not significantly impact cell chimerism after BM transplantation. In contrast, long-term DR, extending for 9 months, not only rejuvenated aging HSCs and their associated hematopoietic progenitor cells but also enhanced cell chimerism following BM transplantation, indicating a substantial improvement in the body’s medullary hematopoietic function (17). This indicates that the long-term reconstitution capacity of HSCs is significantly influenced by the duration of DR. Still, there is a need for more systematic and comprehensive research to elucidate the impact of DR on HSCs.

The molecular mechanisms of how DR promotes the rejuvenation of aging HSCs are gradually being elucidated. DR has been observed to partially reverse the age-related increase in ST-HSCs, yet the impact of DR on HSCs varies among individuals with different genetic backgrounds (100). While DR ameliorates hematopoietic aging, this effect does not appear to rely on telomerase regulation (101). Improvements in HSC quiescence and regeneration under DR conditions are implicated to be linked to a decrease in serum IGF-1 level, as evidenced by the observation that IGF-1 supplementation reduces both the HSC proportion of G0 phase and the long-term reconstitution capacity to levels those observed with an AL diet (99). However, the precise molecular mechanisms through which IGF-1 regulates these HSC properties remain to be fully elucidated.

Mitochondria, as pivotal players in energy metabolism, significantly influence HSC functions. The mitochondrial unfolded protein response (UPRmt) has been shown to have negative effects on HSC homeostasis, which is activated during the transition of HSCs from quiescence to proliferation (102). Long-term DR has been proven to restore the expression of UPRmt-related genes, such as heat shock protein-10 (HSP10), HSP60, and sirtuin7 (SIRT7), to normal levels, thus promoting the rejuvenation of HSCs (Figure 2B) (17). Specifically, heat shock factor 1 (HSF1) is essential for the activation of mitochondrial chaperone protein genes, including HSP60 and HSP10. The occupancy of HSF1 is significantly enhanced during UPRmt activation (103). SIRT7 has been identified as a key regulator of a branch of the UPRmt pathway, with its inactivation leading to impaired HSC regeneration (104, 105). Furthermore, the accelerated accumulation of oxidized by-products with ROS stimulates mitochondrial dynamics through mitochondrial proteases and UPRmt (106), which aggravates the aging of HSCs. Nevertheless, the precise mechanisms by which DR modulates HSC homeostasis via the alteration of mitochondrial function still require further investigation.




3.2 Fasting promotes the self-renewal capacity of HSCs

Fasting, as a form of DR, is one of the most prominent energy-restricted diet manipulation methods. This type of caloric restriction is typically achieved through periodic fasting, intermittent fasting, fasting mimicking diet (FMD, which includes very low calorie and low protein intake (107, 108). Current evidence indicates that fasting exerts pleiotropic effects on HSCs, enhancing their functional competence via coordinated modulation of self-renewal, stress adaptation, and lineage differentiation capacities.

Fasting has been recognized as a modality capable of promoting hematopoietic regeneration in both mice and humans (109, 110), which modulates metabolic homeostasis and mitigates inflammatory injury, thereby enhancing the functional capacity of HSCs. For instance, a study in mice indicated that prolonged fasting (lasting 48–120 hours) reduces circulating IGF-1 levels and protein kinase A (PKA) activity, thereby triggering signaling changes in LT-HSCs, which in turn modulate cellular stress resistance, self-renewal capacity, and balanced lineage regeneration (111). In another study, researchers demonstrated that aging-induced remodeling of the BM niche leads to suppressor of cytokine signaling 3 (Socs3)-mediated inhibition of the AKT/FOXO signaling axis, thereby suppressing glycolytic activity in HSCs. During this process, autophagy is activated as a protective mechanism to enable HSCs to adapt to this metabolic change and maintain quiescence. A short-term fasting (lasting 24 hours)/refeeding paradigm not only normalizes glycolytic flux but also enhances the regenerative potential of aging HSCs through autophagy induction (112). Additionally, regulation of inflammatory signaling may also be one of the important factors through which fasting affects the function of HSCs. The aberrant activation of the NLR family pyrin domain-containing protein 3 (NLRP3) inflammasome induced by mitochondrial stress regulates the functional deterioration associated with HSC aging (113). Since fasting has been proven to activate SIRT3 in monocytes, reduce the production of ROS, and thereby suppress the activation of the NLRP3 inflammasome and mitigate inflammatory responses in humans (114), we postulate that fasting may modulate HSC function via analogous mechanisms. However, additional experimental validation is necessary to confirm this hypothesis.

While fasting has traditionally been regarded as beneficial for overall health, emerging evidence suggests that cycles of fasting and refeeding may adversely affect peripheral immune function. Mechanistically, this immune impairment appears to be mediated through activation of the NLRP3 inflammasome and NF-κB signaling pathways, along with the induction of endotoxemia (114). Moreover, fasting triggers corticosterone-dependent Ly-6Chi monocyte homing to BM via CXCR4 upregulation in mice, causing post-refeeding inflammatory bursts (115). Although direct evidence linking fasting/refeeding cycles to HSC dysfunction remains limited, the observed effects on peripheral immune cells suggest that such dietary interventions may not uniformly enhance immune competence. These findings underscore the necessity for more comprehensive investigations to elucidate the precise impact of intermittent fasting on immune regulation.




3.3 DR disrupts balanced lineage differentiation in HSCs

While DR has been shown to promote HSC regeneration-demonstrating its beneficial effects-emerging evidence suggests it may also disrupt balanced lineage differentiation (Figure 2B). For instance, Tang et al. demonstrated that the long-term DR promotes HSC quiescence while reducing CLP frequency, impairs lymphopoiesis, but enhances myeloid differentiation. However, supplementation with IGF-1 fails to restore balanced lineage differentiation, suggesting that the decline in IGF-1 is not the primary driver of the lineage differentiation imbalance observed under DR condition. Moreover, long-term DR progressively downregulates lymphoid-specific genes (e.g., Blnk, Rag1, IL-7Rα, and Ly6d) in lymphoid-biased HSCs within the BM of aged mice, sequentially impairing lymphoid lineage differentiation in a stepwise manner - first affecting CLPs (IL-7Rα+Flt3+c-Kitmid/lowSca-1mid/lowlineage−), followed by pro-B cells (B220+CD24+AA4.1+TER-119−Gr-1−CD11b−CD3−), and ultimately compromising mature B cell development. However, no alterations in other immune cells, such as T cells or NK cells, are observed, highlighting lineage-specific impacts (99). These findings challenge the notion that DR universally delays immune aging, instead revealing its time-dependent detrimental effects on B-lymphopoiesis that contrast sharply with its protective thymic effects, suggesting DR may exert lineage-specific regulation of lymphocyte development through distinct mechanisms governing T-cell versus B-cell homeostasis, though the current lack of data on DR’s effects on BM T-cell precursors represents a critical knowledge gap in understanding its differential immune modulation.

DR-induced imbalanced lineage differentiation in HSCs has been confirmed by other studies. For example, long-term DR has been shown to more markedly decrease lymphoid lineage-biased HSCs (CD150lo HSCs and CD41- HSCs) (17). Consistently, fasting leads to the accumulation of naïve B cells in the BM. This phenomenon was attributed to the migration of peripheral naïve B cells into the BM, rather than an enhanced differentiation of B cells in the BM, because CLP, B220+ B cell precursors, as well as immature B (B220+lgM-lgD-) cells in the BM decreased during fasting (116). Additionally, research demonstrated that DR alters gut microbiota composition, increases intestinal butyrate levels, downregulates glycolytic pathway genes in BM B cells, reduces glucose uptake, and ultimately decreases lymphocyte counts (117).

Although DR impairs B-lymphoid differentiation and negatively affects the adaptive immune system, particularly in aging contexts - these effects are thought to be reversible. Dietary interventions such as refeeding represent effective strategies: when mice initially subjected to DR were subsequently returned to an AL diet, DR-induced myeloid bias in HSCs was reversed, while changes in myeloid differentiation genes remained insignificant (99). One study demonstrated that prolonged fasting/refeeding increases lymphocyte counts and reverses myeloid bias in mice (111). Additionally, IL-6/IL-7 supplementation has been shown to restore the impaired B lymphopoiesis in mice under DR, suggesting a link between cytokines and the hematopoietic changes (99). Besides, broad-spectrum antibiotic treatment (e.g. ampicillin) has been shown to reduce bacterial richness and the abundance of Lactobacillus and Bacteroides in DR mice, significantly increasing the number of CLPs, pro-B cells, and B cells (especially immature B cells) in the BM, with increased peripheral B and T cell levels (117). Another study showed that during starvation, serum leptin (a nutritional status sensor regulating hypothalamic energy homeostasis) decreases, while hypothalamic neuropeptide Y (NPY) increases, elevating corticosterone. After 48 hours of fasting, B-cell development in the BM was impaired, but intracerebroventricular leptin injection normalizes corticosterone levels and rescues B-cell defects. Oral administration of the glucocorticoid receptor antagonist RU486 has the same effect as intracerebroventricular leptin injection (118). Taken together, these results reveal that dietary or pharmacologic interventions represent promising approaches to restore DR-induced imbalanced lineage differentiation. Mechanisms regulating lymphoid differentiation in HSC are being further clarified—for instance, expression of key transcription factors like FOS, IKZF1, and KLF9 enhances lymphoid differentiation potential in human induced pluripotent stem cell (hiPSC)-derived hematopoietic stem and progenitor cells (iHSPCs). These findings may facilitate developing new strategies to improve lymphoid differentiation (119).





4 Effects of SERD on HSCs

SERD, which excessively restricts the body’s energy intake, may impair the body’s immune function. Nutritional intake is known to modulate immune cell activity through the action of adipokines. For example, adiponectin and leptin, both adipokines predominantly secreted by white adipose tissue, play pivotal roles in modulating immune functions. Leptin tends to promote inflammation, while adiponectin exerts a potent anti-inflammatory effect (120, 121). Under conditions of SERD, a decline in leptin levels is observed, while adiponectin levels remain stable. This imbalance can lead to a reduction in the number and functionality of effector immune cells (122). The compromised immune response associated with severely insufficient energy intake may also be partially due to a decline in medullary hematopoiesis.

SERD can lead the body to break down proteins for energy supply (123). If the body remains in severe energy deficiency for a long time, it can result in PEM (124). Protein serves as a crucial structural component for functional biomolecules, and its deficiency can adversely impact hematopoietic function (125). It is noteworthy that while the adequacy of protein intake from vegetarian diets has been a subject of debate, classic vegetarian diets are capable of providing enough protein for adult individuals (126). However, it is also observed that human vegetarians may be at a higher risk of being underweight (127). Mice on a 4% low-protein diet exhibited a reduction in BM cells, a depletion of progenitor cells, and an increase in cells in the G0/G1 phase. These malnourished mice also showed a decrease in reticulocytes, leukopenia, and indicators of anemia compared to the control group fed with a 20% protein diet (128). In another study, malnourished mice displayed severe BM atrophy, diminished expression of proliferating cell nuclear antigen, and evidence of gelatinous degeneration, as well as a reduction in hematopoietic tissue and an abnormal deposition of extracellular matrix components. This indicated a compromised hematopoietic microenvironment, which was further evidenced by a reduced capacity of the hematopoietic stroma to support the growth of HSCs (CD34+) in vitro (129). During PEM, the downregulation of cell cycle protein D1 inhibited the cell cycle in hematopoietic progenitor cells; however, this does not imply that PEM increases the quiescence of HSCs, but rather reflects the detrimental effects of protein deficiency on hematopoiesis (130). Furthermore, PEM leads to a reduction in erythroid progenitor cells, thereby causing anemia (131). These findings highlight the detrimental impact of PEM on the structural integrity and functional capacity of the hematopoietic microenvironment (Figure 2C).

PEM exerts a particularly pronounced impact on HSCs at the metabolic level. The homeostasis of HSCs is regulated by nutrient sensing and the mechanistic target of rapamycin complex 1 (mTORC1) signaling pathway (132). Seizure threshold 2 (SZT2) and tuberous sclerosis complex 1 (TSC1), as inhibitory molecules of mTORC1, play a crucial role in the homeostasis of HSCs during nutrient deficiency. Specifically, SZT2 is an essential protein for the downregulation of mTORC1 during nutrient scarcity, and its absence can lead to a reduction in HSC reserves and impaired regenerative capacity. Furthermore, the dual loss of SZT2 and TSC1 results in rapid exhaustion of murine HSCs, a decrease in all blood cell types, and premature death. Mechanistic studies indicate that the single loss of SZT2 or TSC1 only leads to a mild increase in mTORC1 activity and ROS production in HSCs, whereas the simultaneous loss of both results in a significant synergistic effect, causing a substantial increase in mTORC1 activity and ROS production, which rapidly depletes the HSC pool (133) (Figure 2C). PEM also compromises the activation of the MAPK signaling pathway in HSCs, with a marked effect on ERK1/2 activation, by perturbing intracellular metabolic homeostasis, particularly through disruptions in amino acid availability and energy supply. This metabolic dysregulation results in the suppression of the key hematopoietic transcription factors, such as GATA1/2, PU.1, C/EBPα, NF-E2, and IKZF3, thereby impairing the proliferative and differentiation capacities of HSCs and ultimately contributing to the pathogenesis of BM dysplasia (134). Elucidating the mechanisms by which PEM affects HSCs contributes to a deeper understanding of the metabolic regulation and functional impairments of HSCs under nutritional stress and provides potential therapeutic targets for the prevention and treatment of hematopoietic disorders caused by SERD.




5 Conclusion and perspective

In summary, the influence of different diets on HSC function is substantial. Excessive dietary fat is recognized as a detrimental stressor for HSCs, and exposure to HFD may result in the loss of HSC stemness, consequently diminishing their proliferative capacity and differentiation potential. Although DR may disrupt the balance between myeloid-biased and lymphoid-biased cells, it has been shown to promote the rejuvenation of aging HSCs. The precise mechanisms underlying these effects warrant further investigation. SERD, which can lead to PEM, also negatively impacts HSCs and the immune function of the body.

However, numerous critical questions remain unresolved. For example, how do high-sugar or high-protein diets impact the function of HSCs? Whether restricting a single nutrient category (e.g., carbohydrates, proteins, or fats) selectively affects HSC activity also requires clarification. Additionally, it remains unclear whether altering dietary patterns can promote HSC homeostasis, thereby contributing to the maintenance of organismal homeostasis. With advancing research, new dietary patterns have been shown to confer benefits to human health, offering new non-pharmacological avenues for promoting hematopoietic system health and managing related disorders (135). The dietary approaches to stop hypertension (DASH) diet, characterized by a low glycemic index and high nutrient density, enhances satiety and reduces food intake, thus aiding in the control of human obesity (136). The ketogenic diet (KD), meanwhile, mitigates endoplasmic reticulum stress, improving HFD-induced skeletal muscle insulin resistance (137). Notably, however, direct research on the effects of these alternative dietary regimens on HSC function remains scarce.

Furthermore, hematopoietic stem cell transplantation (HSCT) is a pivotal treatment for hematological diseases. Though the regulation of energy metabolism can significantly impact HSC function, clinical research in this field remains relatively limited, and numerous challenges persist. For instance, ensuring that patients adhere to energy restriction criteria without falling into severe energy deficiency and minimizing the negative effects on immune function are critical issues. For example, studies could explore how to enhance the self-renewal and regenerative capacity of HSCs by modulating energy metabolism, thereby improving the success rate of HSCT and reducing post-transplant complications. A multitude of studies have demonstrated a strong correlation between nutritional status and the prognosis of patients undergoing HSCT (138–140). Therefore, further clinical research on the energy metabolism regulating HSC function is urgently needed. Besides, omics analysis could be employed to assess the energy metabolism status of patients with hematopoietic system diseases, enabling the development of personalized treatment plans to optimize HSC function, ameliorate symptoms, and enhance therapeutic outcomes. Optimizing dietary intervention strategies to enhance post-transplant BM hematopoiesis and improve patient outcomes may open new auxiliary therapeutic pathways for the treatment of blood disorders, holding significant translational medical value.





Author contributions

ZC: Conceptualization, Funding acquisition, Visualization, Writing – original draft, Writing – review & editing. HA: Conceptualization, Funding acquisition, Visualization, Writing – original draft, Writing – review & editing. JL: Visualization, Writing – review & editing. MY: Visualization, Writing – review & editing. XC: Conceptualization, Supervision, Writing – review & editing. LW: Conceptualization, Funding acquisition, Supervision, Visualization, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This review was supported by the National Natural Science Foundation of China, grant number 32470987, and the National Innovation and Entrepreneurship Training program for college students, grant number 202390035030.




Acknowledgments

We would like to thank Profs Xi Luo and Xie-wan Chen (Medical English Department, College of Basic Medical Sciences, Army Medical University) for language editing and critical reading. We thank the National Natural Science Foundation of China and the National Innovation and Entrepreneurship Training program for college students for their support. Figures were created by Figdraw. During the preparation of this manuscript, the authors utilized Kimi Chat (version 1.7.6) for English translation and language polishing. This tool was developed by Moonshot AI. The authors have conducted a rigorous review of the content generated by the AI and take full responsibility for the final published content.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that Generative AI was used in the creation of this manuscript. During the preparation of this manuscript, the authors utilized Kimi Chat (version 1.7.6) for English translation and language polishing. This tool was developed by Moonshot AI. The authors have conducted a rigorous review of the content generated by the AI and take full responsibility for the final published content.





References

1. Kasbekar, M, Mitchell, CA, Proven, MA, and Passegué, E. Hematopoietic stem cells through the ages: A lifetime of adaptation to organismal demands. Cell Stem Cell. (2023) 30:1403–20. doi: 10.1016/j.stem.2023.09.013

2. Berg, SM, Seijkens, TTP, Kusters, PJH, Beckers, L, Toom, M, Smeets, E, et al. Diet-induced obesity in mice diminishes hematopoietic stem and progenitor cells in the bone marrow. FASEB J. (2016) 30:1779–88. doi: 10.1096/fj.201500175

3. Fuchs, E, and Blau, HM. Tissue stem cells: architects of their niches. Cell Stem Cell. (2020) 27:532–56. doi: 10.1016/j.stem.2020.09.011

4. He, N, Liu, M, and Wu, Y. Adipose tissue and hematopoiesis: Friend or foe? Clin Lab Anal. (2023) 37:e24872. doi: 10.1002/jcla.24872

5. Liggett, LA, and Sankaran, VG. Unraveling hematopoiesis through the lens of genomics. Cell. (2020) 182:1384–400. doi: 10.1016/j.cell.2020.08.030

6. Noetzli, LJ, French, SL, and Machlus, KR. New insights into the differentiation of megakaryocytes from hematopoietic progenitors. ATVB. (2019) 39:1288–300. doi: 10.1161/ATVBAHA.119.312129

7. Pietras, EM, Reynaud, D, Kang, YA, Carlin, D, Calero-Nieto, FJ, Leavitt, AD, et al. Functionally distinct subsets of lineage-biased multipotent progenitors control blood production in normal and regenerative conditions. Cell Stem Cell. (2015) 17:35–46. doi: 10.1016/j.stem.2015.05.003

8. Bousounis, P, Bergo, V, and Trompouki, E. Inflammation, aging and hematopoiesis: A complex relationship. Cells. (2021) 10:1386. doi: 10.3390/cells10061386

9. Li, X, Li, C, Zhang, W, Wang, Y, Qian, P, and Huang, H. Inflammation and aging: signaling pathways and intervention therapies. Sig Transduct Target Ther. (2023) 8:239. doi: 10.1038/s41392-023-01502-8

10. Ross, JB, Myers, LM, Noh, JJ, Collins, MM, Carmody, AB, Messer, RJ, et al. Depleting myeloid-biased haematopoietic stem cells rejuvenates aged immunity. Nature. (2024) 628:162–70. doi: 10.1038/s41586-024-07238-x

11. Walters, H. Rebalancing the aged immune system. Nat Aging. (2024) 4:613–3. doi: 10.1038/s43587-024-00637-9

12. Zhang, X, Song, B, Carlino, MJ, Li, G, Ferchen, K, Chen, M, et al. An immunophenotype-coupled transcriptomic atlas of human hematopoietic progenitors. Nat Immunol. (2024) 25:703–715. doi: 10.1038/s41590-024-01782-4.

13. Zhang, Y, Xie, X, Huang, Y, Liu, M, Li, Q, Luo, J, et al. Temporal molecular program of human hematopoietic stem and progenitor cells after birth. Dev Cell. (2022) 57:2745–2760.e6. doi: 10.1016/j.devcel.2022.11.013

14. King, KY, and Goodell, MA. Inflammatory modulation of HSCs: viewing the HSC as a foundation for the immune response. Nat Rev Immunol. (2011) 11:685–92. doi: 10.1038/nri3062

15. Lee, J, Yoon, SR, Choi, I, and Jung, H. Causes and mechanisms of hematopoietic stem cell aging. IJMS. (2019) 20:1272. doi: 10.3390/ijms20061272

16. Bogeska, R, Mikecin, AM, Kaschutnig, P, Fawaz, M, Büchler-Schäff, M, Le, D, et al. Inflammatory exposure drives long-lived impairment of hematopoietic stem cell self-renewal activity and accelerated aging. Cell Stem Cell. (2022) 29:1273–1284.e8. doi: 10.1016/j.stem.2022.06.012

17. Tao, S, Wang, Y, Wu, J, Zeng, T, Cui, H, Tao, Z, et al. Long-term mid-onset dietary restriction rejuvenates hematopoietic stem cells and improves regeneration capacity of total bone marrow from aged mice. Aging Cell. (2020) 19:e13241. doi: 10.1111/acel.v19.10

18. McNeely, T, Leone, M, Yanai, H, and Beerman, I. DNA damage in aging, the stem cell perspective. Hum Genet. (2020) 139:309–31. doi: 10.1007/s00439-019-02047-z

19. Li, T, Zhou, ZW, Ju, Z, and Wang, ZQ. DNA damage response in hematopoietic stem cell ageing. Genom Proteomics Bioinf. (2016) 14:147–54. doi: 10.1016/j.gpb.2016.04.002

20. Walter, D, Lier, A, Geiselhart, A, Thalheimer, FB, Huntscha, S, Sobotta, MC, et al. Exit from dormancy provokes DNA-damage-induced attrition in haematopoietic stem cells. Nature. (2015) 520:549–52. doi: 10.1038/nature14131

21. Wang, J, Morita, Y, Han, B, Niemann, S, Löffler, B, and Rudolph, KL. Per2 induction limits lymphoid-biased haematopoietic stem cells and lymphopoiesis in the context of DNA damage and ageing. Nat Cell Biol. (2016) 18:480–90. doi: 10.1038/ncb3342

22. Amin, KA, Kamel, HH, and Abd Eltawab, MA. Protective effect of Garcinia against renal oxidative stress and biomarkers induced by high fat and sucrose diet. Lipids Health Dis. (2011) 10:6. doi: 10.1186/1476-511X-10-6

23. Doucette, CR, Horowitz, MC, Berry, R, MacDougald, OA, Anunciado-Koza, R, Koza, RA, et al. A high fat diet increases bone marrow adipose tissue (MAT) but does not alter trabecular or cortical bone mass in C57BL/6J mice. J Cell Physiol. (2015) 230:2032–7. doi: 10.1002/jcp.v230.9

24. Yang, Y, Smith, DL, Keating, KD, Allison, DB, and Nagy, TR. Variations in body weight, food intake and body composition after long-term high-fat diet feeding in C57BL/6J mice: Variations in Diet-Induced Obese C57BL/6J Mice. Obesity. (2014) 22:2147–55. doi: 10.1002/oby.20811

25. Omodei, D, and Fontana, L. Calorie restriction and prevention of age-associated chronic disease. FEBS Lett. (2011) 585:1537–42. doi: 10.1016/j.febslet.2011.03.015

26. Areta, JL. Physical performance during energy deficiency in humans: An evolutionary perspective. Comp Biochem Physiol Part A: Mol Integr Physiol. (2023) 284:111473. doi: 10.1016/j.cbpa.2023.111473

27. Ibrahim, MK, Zambruni, M, Melby, CL, and Melby, PC. Impact of childhood malnutrition on host defense and infection. Clin Microbiol Rev. (2017) 30:919–71. doi: 10.1128/CMR.00119-16

28. Ahmed, SI, and Carbone, S. Energy restriction or improvements in diet quality: identifying the best pathway for a longer and healthier life. Minerva Cardiol Angiol. (2023), 10.23736/S2724-5683.23.06298-1 doi: 10.23736/S2724-5683.23.06298-1

29. Mincham, KT, Panchal, K, Hart, PH, Lucas, RM, Feelisch, M, Weller, RB, et al. Metabolic dysfunction induced by a high-fat diet modulates hematopoietic stem and myeloid progenitor cells in brown adipose tissue of mice. Immunol Cell Biol. (2021) 99:749–66. doi: 10.1111/imcb.12460

30. Kundu, D, Kennedy, L, Zhou, T, Ekser, B, Meadows, V, Sybenga, A, et al. p16 INK4A drives nonalcoholic fatty liver disease phenotypes in high fat diet fed mice through biliary E2F1/FOXO1/IGF-1 signaling. Hepatology. (2023) 78:243–57. doi: 10.1097/HEP.0000000000000307

31. Chen, Z, Guo, Q, Song, G, and Hou, Y. Molecular regulation of hematopoietic stem cell quiescence. Cell Mol Life Sci. (2022) 79:218. doi: 10.1007/s00018-022-04200-w

32. Tothova, Z, Kollipara, R, Huntly, BJ, Lee, BH, Castrillon, DH, Cullen, DE, et al. FoxOs are critical mediators of hematopoietic stem cell resistance to physiologic oxidative stress. Cell. (2007) 128:325–39. doi: 10.1016/j.cell.2007.01.003

33. Yamasaki, M, Kang, H, Homer, RJ, Chapoval, SP, Cho, SJ, Lee, BJ, et al. P21 regulates TGF-β1 –induced pulmonary responses via a TNF-α–signaling pathway. Am J Respir Cell Mol Biol. (2008) 38:346–53. doi: 10.1165/rcmb.2007-0276OC

34. Sinuani, I, Weissgarten, J, Beberashvili, I, Rapoport, MJ, Sandbank, J, Feldman, L, et al. The cyclin kinase inhibitor p57kip2 regulates TGF- -induced compensatory tubular hypertrophy: effect of the immunomodulator AS101. Nephrol Dialysis Transpl. (2009) 24:2328–38. doi: 10.1093/ndt/gfn742

35. Vaidya, A, and Kale, VP. TGF-β signaling and its role in the regulation of hematopoietic stem cells. Syst Synth Biol. (2015) 9:1–10. doi: 10.1007/s11693-015-9161-2

36. Simons, K, and Ikonen, E. Functional rafts in cell membranes. Nature. (1997) 387:569–72. doi: 10.1038/42408

37. Yamazaki, S, Iwama, A, Takayanagi, SI, Morita, Y, Eto, K, Ema, H, et al. Cytokine signals modulated via lipid rafts mimic niche signals and induce hibernation in hematopoietic stem cells. EMBO J. (2006) 25:3515–23. doi: 10.1038/sj.emboj.7601236

38. Hermetet, F, Buffière, A, Aznague, A, Pais De Barros, JP, Bastie, JN, Delva, L, et al. High-fat diet disturbs lipid raft/TGF-β signaling-mediated maintenance of hematopoietic stem cells in mouse bone marrow. Nat Commun. (2019) 10:523. doi: 10.1038/s41467-018-08228-0

39. Zou, P, Yoshihara, H, Hosokawa, K, Tai, I, Shinmyozu, K, Tsukahara, F, et al. p57Kip2 and p27Kip1 Cooperate to Maintain Hematopoietic Stem Cell Quiescence through Interactions with Hsc70. Cell Stem Cell. (2011) 9:247–61. doi: 10.1016/j.stem.2011.07.003

40. Aksoz, M, Albayrak, E, Aslan, GS, Turan, RD, Alyazici, LY, Siyah, P, et al. c-Myc inhibitor 10074-G5 induces murine and human hematopoietic stem and progenitor cell expansion and HDR modulator Rad51 expression. CCDT. (2019) 19:479–94. doi: 10.2174/1568009618666180905100608

41. Matsumoto, A, Takeishi, S, Kanie, T, Susaki, E, Onoyama, I, Tateishi, Y, et al. p57 is required for quiescence and maintenance of adult hematopoietic stem cells. Cell Stem Cell. (2011) 9:262–71. doi: 10.1016/j.stem.2011.06.014

42. Halilovic, M, Abdelsalam, M, Zabkiewicz, J, Lazenby, M, Alvares, C, Schmidt, M, et al. Selective degradation of mutant FMS-like tyrosine kinase-3 requires BIM-dependent depletion of heat shock proteins. Leukemia. (2024) 38:2561–72. doi: 10.1038/s41375-024-02405-5

43. Hermetet, F, Mshaik, R, Simonet, J, Callier, P, Delva, L, and Quéré, R. High-fat diet intensifies MLL-AF9-induced acute myeloid leukemia through activation of the FLT3 signaling in mouse primitive hematopoietic cells. Sci Rep. (2020) 10:16187. doi: 10.1038/s41598-020-73020-4

44. Bowers, E, and Singer, K. Obesity-induced inflammation: The impact of the hematopoietic stem cell niche. JCI Insight. (2021) 6:e145295. doi: 10.1172/jci.insight.145295

45. Yan, J, Zhang, P, Liu, X, Pan, C, Shi, G, Ye, P, et al. Obesity modulates hematopoietic stem cell fate decision via IL-1β induced p38/MAPK signaling pathway. Stem Cell Res Ther. (2024) 15:336. doi: 10.1186/s13287-024-03915-w

46. Schuettpelz, LG, and Link, DC. Regulation of hematopoietic stem cell activity by inflammation. Front Immunol. (2013) 4:204/abstract. doi: 10.3389/fimmu.2013.00204/abstract

47. Rezatabar, S, Karimian, A, Rameshknia, V, Parsian, H, and Majidinia, M. RAS/MAPK signaling functions in oxidative stress, DNA damage response and cancer progression. J Cell Physiol. (2019) 234:14951–65. doi: 10.1002/jcp.v234.9

48. Tadokoro, Y, Hoshii, T, Yamazaki, S, Eto, K, Ema, H, Kobayashi, M, et al. Spred1 safeguards hematopoietic homeostasis against diet-induced systemic stress. Cell Stem Cell. (2018) 22:713–725.e8. doi: 10.1016/j.stem.2018.04.002

49. Ma, M, Jiang, W, and Zhou, R. DAMPs and DAMP-sensing receptors in inflammation and diseases. Immunity. (2024) 57:752–71. doi: 10.1016/j.immuni.2024.03.002

50. Murphy, AJ, Dragoljevic, D, and Tall, AR. Cholesterol efflux pathways regulate myelopoiesis: A potential link to altered macrophage function in atherosclerosis. Front Immunol. (2014) 5:490/abstract. doi: 10.3389/fimmu.2014.00490/abstract

51. Stiekema, LCA, Willemsen, L, Kaiser, Y, Prange, KHM, Wareham, NJ, Boekholdt, SM, et al. Impact of cholesterol on proinflammatory monocyte production by the bone marrow. Eur Heart J. (2021) 42:4309–20. doi: 10.1093/eurheartj/ehab465

52. Gu, Q, Yang, X, Lv, J, Zhang, J, Xia, B, Kim, JD, et al. AIBP-mediated cholesterol efflux instructs hematopoietic stem and progenitor cell fate. Science. (2019) 363:1085–8. doi: 10.1126/science.aav1749

53. Yan, C, Ma, X, Lam, SM, Zhang, Y, Cao, Y, Dong, Y, et al. Exendin-4 attenuates atherosclerosis progression via controlling hematopoietic stem/progenitor cell proliferation. J Mol Cell Biol. (2023) 15:mjad014. doi: 10.1093/jmcb/mjad014

54. Morrison, SJ, and Scadden, DT. The bone marrow niche for haematopoietic stem cells. Nature. (2014) 505:327–34. doi: 10.1038/nature12984

55. Belaid-Choucair, Z, Lepelletier, Y, Poncin, G, Thiry, A, Humblet, C, Maachi, M, et al. Human bone marrow adipocytes block granulopoiesis through neuropilin-1-induced granulocyte colony-stimulating factor inhibition. Stem Cells. (2008) 26:1556–64. doi: 10.1634/stemcells.2008-0068

56. Miharada, K, Hiroyama, T, Sudo, K, Danjo, I, Nagasawa, T, and Nakamura, Y. Lipocalin 2-mediated growth suppression is evident in human erythroid and monocyte/macrophage lineage cells. J Cell Physiol. (2008) 215:526–37. doi: 10.1002/jcp.v215:2

57. Yan, QW, Yang, Q, Mody, N, Graham, TE, Hsu, CH, Xu, Z, et al. The adipokine lipocalin 2 is regulated by obesity and promotes insulin resistance. Diabetes. (2007) 56:2533–40. doi: 10.2337/db07-0007

58. Naveiras, O, Nardi, V, Wenzel, PL, Hauschka, PV, Fahey, F, and Daley, GQ. Bone-marrow adipocytes as negative regulators of the haematopoietic microenvironment. Nature. (2009) 460:259–63. doi: 10.1038/nature08099

59. Yin, T. The stem cell niches in bone. J Clin Invest. (2006) 116:1195–201. doi: 10.1172/JCI28568

60. Ambrosi, TH, Scialdone, A, Graja, A, Gohlke, S, Jank, AM, Bocian, C, et al. Adipocyte accumulation in the bone marrow during obesity and aging impairs stem cell-based hematopoietic and bone regeneration. Cell Stem Cell. (2017) 20:771–784.e6. doi: 10.1016/j.stem.2017.02.009

61. Boroumand, P, and Klip, A. Bone marrow adipose cells – cellular interactions and changes with obesity. J Cell Sci. (2020) 133:jcs238394. doi: 10.1242/jcs.238394

62. Khosravi, A, Yáñez, A, Price, JG, Chow, A, Merad, M, Goodridge, HS, et al. Gut microbiota promote hematopoiesis to control bacterial infection. Cell Host Microbe. (2014) 15:374–81. doi: 10.1016/j.chom.2014.02.006

63. Krambs, JR, Monlish, DA, Gao, F, Schuettpelz, LG, and Link, DC. Microbiota signals suppress B lymphopoiesis with aging in mice. Front Immunol. (2021) 12:767267. doi: 10.3389/fimmu.2021.767267

64. Zheng, K, Wei, Z, and Li, W. Ecological insights into hematopoiesis regulation: unraveling the influence of gut microbiota. Gut Microbes. (2024) 16:2350784. doi: 10.1080/19490976.2024.2350784

65. Liu, X, Zhang, H, Shi, G, Zheng, X, Chang, J, Lin, Q, et al. The impact of gut microbial signals on hematopoietic stem cells and the bone marrow microenvironment. Front Immunol. (2024) 15:1338178. doi: 10.3389/fimmu.2024.1338178

66. Turnbaugh, PJ, Bäckhed, F, Fulton, L, and Gordon, JI. Diet-induced obesity is linked to marked but reversible alterations in the mouse distal gut microbiome. Cell Host Microbe. (2008) 3:213–23. doi: 10.1016/j.chom.2008.02.015

67. Devaraj, S, Hemarajata, P, and Versalovic, J. The human gut microbiome and body metabolism: implications for obesity and diabetes. Clin Chem. (2013) 59:617–28. doi: 10.1373/clinchem.2012.187617

68. Luo, Y, Chen, GL, Hannemann, N, Ipseiz, N, Krönke, G, Bäuerle, T, et al. Microbiota from obese mice regulate hematopoietic stem cell differentiation by altering the bone niche. Cell Metab. (2015) 22:886–94. doi: 10.1016/j.cmet.2015.08.020

69. Zeng, X. Fecal microbiota transplantation from young mice rejuvenates aged hematopoietic stem cells by suppressing inflammation. Blood. (2023) 141:1691–707. doi: 10.1182/blood.2022017514

70. Furigo, IC, and Dearden, L. Mechanisms mediating the impact of maternal obesity on offspring hypothalamic development and later function. Front Endocrinol. (2022) 13:1078955. doi: 10.3389/fendo.2022.1078955

71. Bellver, J, and Mariani, G. Impact of parental over- and underweight on the health of offspring. Fertil Steril. (2019) 111:1054–64. doi: 10.1016/j.fertnstert.2019.02.128

72. Sanchez-Garrido, MA, Ruiz-Pino, F, Velasco, I, Barroso, A, Fernandois, D, Heras, V, et al. Intergenerational influence of paternal obesity on metabolic and reproductive health parameters of the offspring: male-preferential impact and involvement of Kiss1-mediated pathways. Endocrinology. (2018) 159:1005–18. doi: 10.1210/en.2017-00705

73. Sertorio, MN, Estadella, D, Ribeiro, DA, and Pisani, LP. Could parental high-fat intake program the reproductive health of male offspring? A review. Crit Rev Food Sci Nutr. (2023) 63:2074–81. doi: 10.1080/10408398.2021.1970509

74. Lane, M, Zander-Fox, DL, Robker, RL, and McPherson, NO. Peri-conception parental obesity, reproductive health, and transgenerational impacts. Trends Endocrinol Metab. (2015) 26:84–90. doi: 10.1016/j.tem.2014.11.005

75. Kamimae-Lanning, AN, Krasnow, SM, Goloviznina, NA, Zhu, X, Roth-Carter, QR, Levasseur, PR, et al. Maternal high-fat diet and obesity compromise fetal hematopoiesis. Mol Metab. (2015) 4:25–38. doi: 10.1016/j.molmet.2014.11.001

76. Denizli, M, Ropa, J, Beasley, L, Ghosh, J, DeVanna, K, Spice, T, et al. Glucose intolerance as a consequence of hematopoietic stem cell dysfunction in offspring of obese mice. Mol Metab. (2024) 88:102008. doi: 10.1016/j.molmet.2024.102008

77. Shen, B, Tasdogan, A, Ubellacker, JM, Zhang, J, Nosyreva, ED, Du, L, et al. A mechanosensitive peri-arteriolar niche for osteogenesis and lymphopoiesis. Nature. (2021) 591:438–44. doi: 10.1038/s41586-021-03298-5

78. Kaastrup, K, and Grønbæk, K. The impact of sedentary lifestyle, high-fat diet, tobacco smoke, and alcohol intake on the hematopoietic stem cell niches. HemaSphere. (2021) 5:e615. doi: 10.1097/HS9.0000000000000615

79. Vanhie, JJ, Kim, W, Ek Orloff, L, Ngu, M, Collao, N, and De Lisio, M. The role of exercise-and high fat diet-induced bone marrow extracellular vesicles in stress hematopoiesis. Front Physiol. (2022) 13:1054463. doi: 10.3389/fphys.2022.1054463

80. Wang, SN, Zhao, XQ, Yu, B, and Wang, BW. miR-193a inhibits osteogenic differentiation of bone marrow-derived stroma cell via targeting HMGB1. Biochem Biophys Res Commun. (2018) 503:536–43. doi: 10.1016/j.bbrc.2018.05.132

81. Issa, H, Bhayadia, R, Klusmann, J-H, Swart, LE, Winkler, R, and Heckl, D. Preclinical testing of miRNA-193b-3p mimic in acute myeloid leukemias. Leukemia. (2023) 37:1583–7. doi: 10.1038/s41375-023-01937-6

82. Frodermann, V, Rohde, D, Courties, G, Severe, N, Schloss, MJ, Amatullah, H, et al. Exercise reduces inflammatory cell production and cardiovascular inflammation via instruction of hematopoietic progenitor cells. Nat Med. (2019) 25:1761–71. doi: 10.1038/s41591-019-0633-x

83. Trinh, T, and Broxmeyer, HE. Role for leptin and leptin receptors in stem cells during health and diseases. Stem Cell Rev Rep. (2021) 17:511–22. doi: 10.1007/s12015-021-10132-y

84. Frühbeck, G. Intracellular signalling pathways activated by leptin. Biochem J. (2006) 393:7–20. doi: 10.1042/BJ20051578

85. Fernandez-Riejos, P, Najib, S, Santos-Alvarez, J, Martın-Romero, C, Perez-Perez, A, Gonzalez-Yanes, C, et al. Role of leptin in the activation of immune cells. Mediators Inflamm. (2010) 2010:568343. doi: 10.1155/2010/568343

86. Asada, N, Takeishi, S, and Frenette, PS. Complexity of bone marrow hematopoietic stem cell niche. Int J Hematol. (2017) 106:45–54. doi: 10.1007/s12185-017-2262-9

87. Asada, N, Kunisaki, Y, Pierce, H, Wang, Z, Fernandez, NF, Birbrair, A, et al. Differential cytokine contributions of perivascular haematopoietic stem cell niches. Nat Cell Biol. (2017) 19:214–23. doi: 10.1038/ncb3475

88. Miao, R, Lim, VY, Kothapalli, N, Ma, Y, Fossati, J, Zehentmeier, S, et al. Hematopoietic stem cell niches and signals controlling immune cell development and maintenance of immunological memory. Front Immunol. (2020) 11:600127. doi: 10.3389/fimmu.2020.600127

89. Suzuki, T, Ishii, S, Shinohara, M, Kawano, Y, Wakahashi, K, Kawano, H, et al. Mobilization efficiency is critically regulated by fat via marrow PPARδ. haematol. (2021) 106:1671–83. doi: 10.3324/haematol.2020.265751

90. Kollet, O, Khatib-Massalha, E, and Lapidot, T. The doctor prescribed a fat-free diet for stem cell mobilization. Haematologica. (2020) 106:1512–3. doi: 10.3324/haematol.2020.278239

91. Chen, J, Astle, CM, and Harrison, DE. Hematopoietic senescence is postponed and hematopoietic stem cell function is enhanced by dietary restriction. Exp Hematol. (2003) 31:1097–103. doi: 10.1016/S0301-472X(03)00238-8

92. Chen, J, Astle, CM, and Harrison, DE. Delayed immune aging in diet-restricted B6CBAT6 Fl mice is associated with preservation of naive T cells. J Gerontol Ser A: Biol Sci Med Sci. (1998) 53A:B330–7. doi: 10.1093/gerona/53A.5.B330

93. Spaulding, CC, Walford, RL, and Effros, RB. The accumulation of non-replicative, non-functional, senescent T cells with age is avoided in calorically restricted mice by an enhancement of T cell apoptosis. Mech Ageing Dev. (1997) 93:25–33. doi: 10.1016/s0047-6374(96)01808-8

94. Collins, N, Han, SJ, Enamorado, M, Link, VM, Huang, B, Moseman, EA, et al. The bone marrow protects and optimizes immunological memory during dietary restriction. Cell. (2019) 178:1088–1101.e15. doi: 10.1016/j.cell.2019.07.049

95. Spadaro, O, Youm, Y, Shchukina, I, Ryu, S, Sidorov, S, Ravussin, A, et al. Caloric restriction in humans reveals immunometabolic regulators of health span. Science. (2022) 375:671–7. doi: 10.1126/science.abg7292

96. Monzó, C, Gkioni, L, Beyer, A, Valenzano, DR, Grönke, S, and Partridge, L. Dietary restriction mitigates the age-associated decline in mouse B cell receptor repertoire diversity. Cell Rep. (2023) 42:112722. doi: 10.1016/j.celrep.2023.112722

97. Kim, Y, Lee, Y, Lee, MN, Nah, J, Yun, N, Wu, D, et al. Time-restricted feeding reduces monocyte production by controlling hematopoietic stem and progenitor cells in the bone marrow during obesity. Front Immunol. (2022) 13:1054875. doi: 10.3389/fimmu.2022.1054875

98. Novak, JSS, Baksh, SC, and Fuchs, E. Dietary interventions as regulators of stem cell behavior in homeostasis and disease. Genes Dev. (2021) 35:199–211. doi: 10.1101/gad.346973.120

99. Tang, D, Tao, S, Chen, Z, Koliesnik, IO, Calmes, PG, Hoerr, V, et al. Dietary restriction improves repopulation but impairs lymphoid differentiation capacity of hematopoietic stem cells in early aging. J Exp Med. (2016) 213:535–53. doi: 10.1084/jem.20151100

100. Ertl, RP, Chen, J, Astle, CM, Duffy, TM, and Harrison, DE. Effects of dietary restriction on hematopoietic stem-cell aging are genetically regulated. Blood. (2008) 111:1709–16. doi: 10.1182/blood-2007-01-069807

101. Al-Ajmi, N, Saretzki, G, Miles, C, and Spyridopoulos, I. Dietary restriction ameliorates haematopoietic ageing independent of telomerase, whilst lack of telomerase and short telomeres exacerbates the ageing phenotype. Exp Gerontol. (2014) 58:113–9. doi: 10.1016/j.exger.2014.07.010

102. Mohrin, M, Widjaja, A, Liu, Y, Luo, H, and Chen, D. The mitochondrial unfolded protein response is activated upon hematopoietic stem cell exit from quiescence. Aging Cell. (2018) 17:e12756. doi: 10.1111/acel.2018.17.issue-3

103. Katiyar, A, Fujimoto, M, Tan, K, Kurashima, A, Srivastava, P, Okada, M, et al. HSF1 is required for induction of mitochondrial chaperones during the mitochondrial unfolded protein response. FEBS Open Bio. (2020) 10:1135–48. doi: 10.1002/2211-5463.12863

104. Mohrin, M, Shin, J, Liu, Y, Brown, K, Luo, H, Xi, Y, et al. A mitochondrial UPR-mediated metabolic checkpoint regulates hematopoietic stem cell aging. Science. (2015) 347:1374–7. doi: 10.1126/science.aaa2361

105. Wrighton, KH. SIRT7, the UPR and HSC ageing. Nat Rev Mol Cell Biol. (2015) 16:266–7. doi: 10.1038/nrm3981

106. Guo, Y, Guan, T, Shafiq, K, Yu, Q, Jiao, X, Na, D, et al. Mitochondrial dysfunction in aging. Ageing Res Rev. (2023) 88:101955. doi: 10.1016/j.arr.2023.101955

107. Choi, IY, Lee, C, and Longo, VD. Nutrition and fasting mimicking diets in the prevention and treatment of autoimmune diseases and immunosenescence. Mol Cell Endocrinol. (2017) 455:4–12. doi: 10.1016/j.mce.2017.01.042

108. Choi, IY, Piccio, L, Childress, P, Bollman, B, Ghosh, A, Brandhorst, S, et al. A diet mimicking fasting promotes regeneration and reduces autoimmunity and multiple sclerosis symptoms. Cell Rep. (2016) 15:2136–46. doi: 10.1016/j.celrep.2016.05.009

109. Longo, VD, and Cortellino, S. Fasting, dietary restriction, and immunosenescence. J Allergy Clin Immunol. (2020) 146:1002–4. doi: 10.1016/j.jaci.2020.07.035

110. Li, X, Zeng, X, Xu, Y, Wang, B, Zhao, Y, Lai, X, et al. Mechanisms and rejuvenation strategies for aged hematopoietic stem cells. J Hematol Oncol. (2020) 13:31. doi: 10.1186/s13045-020-00864-8

111. Cheng, CW, Adams, GB, Perin, L, Wei, M, Zhou, X, Lam, BS, et al. Prolonged fasting reduces IGF-1/PKA to promote hematopoietic-stem-cell-based regeneration and reverse immunosuppression. Cell Stem Cell. (2014) 14:810–23. doi: 10.1016/j.stem.2014.04.014

112. Dellorusso, PV, Proven, MA, Calero-Nieto, FJ, Wang, X, Mitchell, CA, Hartmann, F, et al. Autophagy counters inflammation-driven glycolytic impairment in aging hematopoietic stem cells. Cell Stem Cell. (2024) 31:1020–1037.e9. doi: 10.1016/j.stem.2024.04.020

113. Luo, H, Mu, WC, Karki, R, Chiang, HH, Mohrin, M, Shin, JJ, et al. Mitochondrial stress-initiated aberrant activation of the NLRP3 inflammasome regulates the functional deterioration of hematopoietic stem cell aging. Cell Rep. (2019) 26:945–954.e4. doi: 10.1016/j.celrep.2018.12.101

114. Traba, J, Kwarteng-Siaw, M, Okoli, TC, Li, J, Huffstutler, RD, Bray, A, et al. Fasting and refeeding differentially regulate NLRP3 inflammasome activation in human subjects. J Clin Invest. (2015) 125:4592–600. doi: 10.1172/JCI83260

115. Janssen, H, Kahles, F, Liu, D, Downey, J, Koekkoek, LL, Roudko, V, et al. Monocytes re-enter the bone marrow during fasting and alter the host response to infection. Immunity. (2023) 56:783–796.e7. doi: 10.1016/j.immuni.2023.01.024

116. Nagai, M, Noguchi, R, Takahashi, D, Morikawa, T, Koshida, K, Komiyama, S, et al. Fasting-refeeding impacts immune cell dynamics and mucosal immune responses. Cell. (2019) 178:1072–1087.e14. doi: 10.1016/j.cell.2019.07.047

117. Tao, S, Wang, Y, Yu, C, Qiu, R, Jiang, Y, Jia, J, et al. Gut microbiota mediates the inhibition of lymphopoiesis in dietary-restricted mice by suppressing glycolysis. Gut Microbes. (2022) 14:2117509. doi: 10.1080/19490976.2022.2117509

118. Tanaka, M, Suganami, T, Kim-Saijo, M, Toda, C, Tsuiji, M, Ochi, K, et al. Role of central leptin signaling in the starvation-induced alteration of B-cell development. J Neurosci. (2011) 31:8373–80. doi: 10.1523/JNEUROSCI.6562-10.2011

119. Li, F, Zhu, Y, Wang, T, Tang, J, Huang, Y, Gu, J, et al. Characterization of gene regulatory networks underlying key properties in human hematopoietic stem cell ontogeny. Cell Regen. (2024) 13:9. doi: 10.1186/s13619-024-00192-z

120. Kubota, N, Yano, W, Kubota, T, Yamauchi, T, Itoh, S, Kumagai, H, et al. Adiponectin stimulates AMP-activated protein kinase in the hypothalamus and increases food intake. Cell Metab. (2007) 6:55–68. doi: 10.1016/j.cmet.2007.06.003

121. Saxena, A, Chumanevich, A, Fletcher, E, Larsen, B, Lattwein, K, Kaur, K, et al. Adiponectin deficiency: Role in chronic inflammation induced colon cancer. Biochim Biophys Acta (BBA)  Mol Basis Dis. (2012) 1822:527–36. doi: 10.1016/j.bbadis.2011.12.006

122. Wensveen, FM, Valentić, S, Šestan, M, Turk Wensveen, T, and Polić, B. Interactions between adipose tissue and the immune system in health and malnutrition. Semin Immunol. (2015) 27:322–33. doi: 10.1016/j.smim.2015.10.006

123. Patkova, A, Joskova, V, Havel, E, Kovarik, M, Kucharova, M, Zadak, Z, et al. Energy, protein, carbohydrate, and lipid intakes and their effects on morbidity and mortality in critically ill adult patients: A systematic review. Adv Nutr. (2017) 8:624–34. doi: 10.3945/an.117.015172

124. Sullivan, DH, Bopp, MM, and Roberson, PK. Protein-energy undernutrition and life-threatening complications among the hospitalized elderly. J Gen Intern Med. (2002) 17:923–32. doi: 10.1046/j.1525-1497.2002.10930.x

125. Santos, EW, Oliveira, DC, Silva, GB, Tsujita, M, Beltran, JO, Hastreiter, A, et al. Hematological alterations in protein malnutrition. Nutr Rev. (2017) 75:909–19. doi: 10.1093/nutrit/nux041

126. Mariotti, F, and Gardner, CD. Dietary protein and amino acids in vegetarian diets—A review. Nutrients. (2019) 11:2661. doi: 10.3390/nu11112661

127. Elliott, LJ, Keown-Stoneman, CDG, Birken, CS, Jenkins, DJA, Borkhoff, CM, Maguire, JL, et al. Vegetarian diet, growth, and nutrition in early childhood: A longitudinal cohort study. Pediatrics. (2022) 149:e2021052598. doi: 10.1542/peds.2021-052598

128. Borelli, P, Barros, FEV, Nakajima, K, Blatt, SL, Beutler, B, Pereira, J, et al. Protein-energy malnutrition halts hemopoietic progenitor cells in the G0/G1 cell cycle stage, thereby altering cell production rates. Braz J Med Biol Res. (2009) 42:523–30. doi: 10.1590/S0100-879X2009000600008

129. Xavier, JG, Favero, ME, Vinolo, MAR, and Rogero, MM. Protein-energy malnutrition alters histological and ultrastructural characteristics of the bone marrow and decreases haematopoiesis in adult mice. Histol Histopathol. (2007) 22:651–60. doi: 10.14670/HH-22.651

130. Nakajima, K, Crisma, AR, Silva, GB, Rogero, MM, Fock, RA, and Borelli, P. Malnutrition suppresses cell cycle progression of hematopoietic progenitor cells in mice via cyclin D1 down-regulation. Nutrition. (2014) 30:82–9. doi: 10.1016/j.nut.2013.05.029

131. Borelli, P, Blatt, S, Pereira, J, Beutler De Maurino, B, Tsujita, M, Cristina De Souza, A, et al. Reduction of erythroid progenitors in protein–energy malnutrition. Br J Nutr. (2007) 97:307–14. doi: 10.1017/S0007114507172731

132. Jiang, C, Tan, X, Liu, N, Yan, P, Hou, T, and Wei, W. Nutrient sensing of mTORC1 signaling in cancer and aging. Semin Cancer Biol. (2024) 106–107:1–12. doi: 10.1016/j.semcancer.2024.08.001

133. Yin, N, Jin, G, Ma, Y, Zhao, H, Zhang, G, Li, MO, et al. SZT2 maintains hematopoietic stem cell homeostasis via nutrient-mediated mTORC1 regulation. J Clin Invest. (2022) 132:e146272. doi: 10.1172/JCI146272

134. Santos, EW, Dias, CC, Fock, RA, Paredes-Gamero, EJ, Zheng, YM, Wang, YX, et al. Protein restriction impairs the response activation/responsivity of MAPK signaling pathway of hematopoietic stem cells. Nutr Res. (2023) 116:12–23. doi: 10.1016/j.nutres.2023.05.006

135. Chen, X, Liu, C, Wang, J, and Du, C. Hematopoietic stem cells as an integrative hub linking lifestyle to cardiovascular health. Cells. (2024) 13:712. doi: 10.3390/cells13080712

136. Suri, S, Kumar, V, Kumar, S, Goyal, A, Tanwar, B, Kaur, J, et al. DASH dietary pattern: A treatment for non-communicable diseases. CHYR. (2020) 16:108–14. doi: 10.2174/1573402115666191007144608

137. Ma, Q, Jiang, L, You, Y, Ni, H, Ma, L, Lin, X, et al. Ketogenic diet ameliorates high-fat diet-induced insulin resistance in mouse skeletal muscle by alleviating endoplasmic reticulum stress. Biochem Biophys Res Commun. (2024) 702:149559. doi: 10.1016/j.bbrc.2024.149559

138. Eglseer, D, Bauer, S, Huber-Kraßnitzer, B, and Greinix, H. Malnutrition risk prior to hematopoietic stem cell transplantation predicts mortality in adults. Bone Marrow Transpl. (2021) 56:2268–71. doi: 10.1038/s41409-021-01292-z

139. Hirose, EY, De Molla, VC, Gonçalves, MV, Pereira, AD, Szor, RS, Da Fonseca, ARBM, et al. The impact of pretransplant malnutrition on allogeneic hematopoietic stem cell transplantation outcomes. Clin Nutr ESPEN. (2019) 33:213–9. doi: 10.1016/j.clnesp.2019.05.005

140. Amiri Khosroshahi, R, Barkhordar, M, Talebi, S, Imani, H, Sadeghi, E, Mousavi, SA, et al. The impact of malnutrition on mortality and complications of hematopoietic stem cell transplantation in patients with acute leukemia. Clin Nutr. (2023) 42:2520–7. doi: 10.1016/j.clnu.2023.10.018




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Chen, Ang, Li, Yu, Chen and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1576118-g001.jpg
HFD
(—
LR clustering i

C{tﬂ i mm # (C) (D)

Metabolic disorders
TGF-B-R1 and
condensation :

Obesity Inflammatory responses Activation
A) (B) l | )
Cholesterol BMSC
Chroric accumulation ®
inflammation n LR

TLR4 o
i l activation /\, Changes in gutimicrobiota

Smad2/3 ® ® J
phosphorylation ®e0 ®e ®

® ® o
l INF-y ”llﬁ IL-6 GM'CiF IL-3 Adipocytes Osteoblasts
P
¥y X /\\ Changes in Mvelo I D ° ~ Neuropilin 1 Ang-1 SDF-1 Notch1
: ' Ivlyelold lineage ) :
\\J/\ ) HSC niche g/ == .) - Lipocalin 2

oo w'
L2 ot

leave quiescence

HsC
= " € |5ss of stemness

HSC dysfunctlon






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The influence of high-fat diet and energy-restricted diet on hematopoietic stem cells: mechanisms and implications

      

        		

          1 Introduction

        



        		

          2 Effects of HFD on HSCs

        

          		

            2.1 HFD induces an imbalance in HSC quiescence via lipid rafts

          



          		

            2.2 HFD-induced chronic inflammation and metabolic disorders disrupt HSCs’ homeostasis

          



          		

            2.3 HFD modulates HSCs via BM niche remodeling

          



          		

            2.4 HFD influences HSCs by manipulating the gut microbiota

          



          		

            2.5 Impact of HFD on embryonic hematopoiesis

          



          		

            2.6 Exercise reverses the detrimental effects of HFD on HSCs

          



        



        



        		

          3 Effects of moderate energy-restricted diet on HSCs

        

          		

            3.1 DR promotes HSC quiescence and rejuvenation

          



          		

            3.2 Fasting promotes the self-renewal capacity of HSCs

          



          		

            3.3 DR disrupts balanced lineage differentiation in HSCs

          



        



        



        		

          4 Effects of SERD on HSCs

        



        		

          5 Conclusion and perspective

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2025.1576118_cover.jpg
’ frontiers | Frontiersin Immunology

The influence of high-fat diet and
energy-restricted diet on hematopoietic
stem cells: mechanisms and implications





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1576118-g002.jpg
(A) HFD (B) DR (C) SERD

35-60% Kcal Fat ‘ 10-30% Energy Restriction ‘ More than 40% Energy Restriction

Aging HSC ‘ Bone marrow cells

<’5 Erythroid progenitor cells l
Myeloid o

Quiescent state l differentiation Self-renew Myeloid lineage bias]

A - 9 Bone marrow atrophy
-— ’ and
| Hematopoiesis inhibition

Serum IGF1 | &

SZT2 %
—~ T ‘ .
MIN =T -

‘ Lymphoid-specific genes l o ]
expression Absence Activation HSC depletion ]

Loss of stemness Rejuvenation and Lineage bias Immune dysfunction






OEBPS/Images/table1.jpg
Negative Effects Other

Observed Changes e e

Dietary Intervention Duration et Mechanism

Increased bone marrow

Inbibion of HSC production: | PPARY actvrion, o e AT
10 days Not detected Redhiced FISG numbers due fo sdipogenic Increased DPP4* secretion and | Mice (C57BL/6) Asbroal e,
increased bone differentiation £ 017) (60)
the inhibition of bone
marrow adipocytes. of BMSCs* .
regeneration capacity.
Loss of HSC quiescence: HSCs
exit the quiescent state and
o ‘ht:r‘\lz;ys:::;\lmmg “ L it anzﬁ‘:y‘.ﬁ:c::‘;::g;\::dy Mice (C57BL/6 & Hermetet et al.
A weeks Not detected Myeloid bias: Increased TGE*p/Smad2/3 Increased LDL*-cholesterol | congenic B6.SJL) 2019) (38)

i
differentiation toward mycloid | $81in8 suppression

lineage at the expense of
Iymphoid lineage.

levels in plasma;

Loss of HSC stemness: Reduced

ability of HSCs to self-renew. Tncrested Body weighitind

. e Gut body mass index; o e
HED 6 weeks Not detected Myeloid bias: Increased microbiota alteration Reduced bone volume and Mice (C57BL/6) Luo et al. (2015) (68)
differentiation toward
trabecular number
myeloid lincage.
anif ing
HSC dysfunction: Impaired Signtfioant velght gain
Accumulation of pro-
self-renewal and diferentiation
capacity. Chronic inflammation; tigmmatoryecls
16+ weeks Not detected Faki. " | Increase in adipocytes in the | Mice (CS7BLI6) | Bowers et al. (2021) (44)
Myeloid bias: Increased Oxidative stress
s bone marrow;
production of myeloid cells, .
leading to immune imbalance. Insulin resistance and
abnormal glucose metabolisn.
HSC dysfunction: Excessive S'g“‘ﬁ“““:“i:f* 1a'bady
proliferation of HSCs, leading S
R Cholesterol Atherosdlerosis i i
16+ weeks Not detected naustion. accumulation in Hlevated total cholesterol and | Mice (CS7BL/G) ey
Myeloid bias: Increased S (2014) (49)
: lipid rafts reduced HDL-
production of inflamimatory
P Inflammatory myelo
¥e 2 cell production
Increased HSC
quiescence: HSCs
';::“:’ r‘:‘!:r‘:::";""‘: Impaired lymphoid Weight loss;
Energy- i 3 weeks, 6 months, Siligincpn diftereniston: Reduced Reduction i serum | Increasedred lood el and o e oot 99y
Restrcted Diet 1 year production of Iymphoid lincage IGF-1* levels hemoglobin
Improved repopulation
: cells (eg. B cells, T cells). Impaired immune function
capacity: Enhanced
ability of HSCs to
repopulte the bone
marrow
after transplantation.
Reduction in the
Reduce myeloid
Daily 10-hour fecding ~ diflrentiation of HSCs: ‘“‘Z::‘;:'::i:: Sabpa | Sehupey s P, g
window for 6 weeks | Reduced the number of Not detected 8 r S Mice (CS7BL/6]) | Kim et al. (2022) (97)
factor essential for insulin resistance index
(afer 6 weeks of HFD) | MPPs", Pre-GMs", ° :
myeloid differentiation HOMA-IR*;
and GMPs* &
in BM cells)
Rejuvenation of aging
HSCs: Improved T Reduced DNA damage
function of aged HSCs e signaling;
9 months Improved regenerative - UPR™ restoration Improved mitochondrial Mice (C57BL/6)) | Tao et al. (2020) (17)
. CDI50"" HSCs (lymphoid-
capacity: Enhanced biased HSCs) function;
ability to regenerate Reduced ROS*
blood cells.
Improved HSC Inhibited Socs3*- Increased fatty acid oxidation;
24 hours of fasting | "Eeneration: Enhanced Not detected mediated ART/FOXO™- Decreased glycolysis; Mice (C57BL/6) Dellocisse S0t
ability of HSCs to dependent signaling: (2024) (112)
: Reduced chronic inflammation
recover from sress. Autophagy induction
Inflammatory response upon
reeeding Increased Increased serum corticosterones ——
24 hours of fasting Not detected inflammation after refceding, | CXCR4 upregulation Decreased blood glucose; | Mice (CS7BLI6]) :
: . (2023) (115)
potentially harming Blevated free fatty acids
DR (fasting) HSC function,

Enhanced HSC
regeneration: Improved
ability of HSCs to

Reduce DNA damage caused
by chemotherapeutic drugs;
Restore the lymphoid/myeloid

48-120 boymiol Tegenerale dfet sirest Not detected IGPI/PEA cell ratio imbalance caused by Mice (C57BL/6]) Chengie 4l
prolonged fasting  Increase the number of signaling reduction (@o14) (11)
HSCs: LT-HSCs*, ST- chemotherapy.
HSCs* are Enhance the survival rate of

ice after ch the s
significantly increased. mice after chemotherapy.

Significant weight loss;

Cell cycle arrest in progenitor Decreases in serum protein,
5 weeks of low protein . els: Progenitor cells are halted | Downregulation of the albumin, and glucose; Nakajima et al.
SHRDF (2%) diet ot detectd. in the GO/G1 phase, cell cycle protein Reductions in insulin and IGE. | Mi%® (CS7BLIGN (2014) (130)
reducing hematopoiesis. I

Increased serum corticosterone.

Not detected Mice (C57BL/6)
Impaired HSC function: Impaired MAPK ignificant weight loss (20%);
5 weeks of low protein Reduced LT-HSCs and ST- pathway activation; Reduced serum protein/ Santos et al.
(2%) diet HSCs; Impaired CFU-GM?/ | Reduced hematopoietic albumin; (2023) (134)
CFU-M" formation transcription factors Bone marrow hypoplasia
Not specified mTORCI activation due

Mice (C57BL/6]

(Knockout of nutrient Depletion of HSC pook Rapid | o the absence of SZT2 | Reduced blood cell types; e
status-related genes in Notdetected exhaustion of HSCs, and TSC1; Premature death lm;‘:‘:‘ i Yinetsl (2022).032)
mice for simulation) ROS production G

‘Table annotations: The abbreviations used in the table and their full names are as follows:

“HED, high-fat diet; *HSCs, hematopoietic stem cells; *PPAR ¥, peroxisome proliferator-activated receptor ¥; *BMSCs, bone marrow mesenchymal stem cells; *DPP4, dipeptidyl peptidase-4; *LR, lipid raft; *TGE-P, transforming growth factor-B; *LDL, low-density
lipoprotein; *HDL-C, high-density lipoprotein cholesterol; “DR, dietary restriction; *IG-1, insulin-like growth factor 1; *MPPs, multipotent blood progenitors; *Pre-GMs, pre-granulocyte/macrophage progenitors; “GMPs, granulocyte/macrophage progenitors;
“HOMA-IR, homeostatic model assessment of insulin resistance; *UPR™, mitochondrial unfolded protein response; *ROS, reactive oxygen species; “Socs3, suppressor of cytokine signaling 3; *AKT/FOXO, protein kinase B/forkhead box O; *CXCR4, C-X-C motif
chemokine receptor 4; “LT-HSCs, long-term HSCs; *ST-HSCs, short-term HSCs; *PKA, protein kinase A; “CFU-GM, colony-forming unit - granulocyte-macrophage; “CFU-M, colony-forming unit ~ macrophage; *SERD, severe energy-restricted diet; “mTORCI,
mechanistic target of rapamycin complex 15 *SZI2, seizure threshold 2; *ISCL, tuberous sclerosis complex 1.






