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Identifying transcriptomic profiles 
of iron–quercetin complex treated 
peripheral blood mononuclear 
cells from healthy volunteers 
and diabetic patients
Phattarawadee Innuan 1,2, Chonticha Sirikul 3, Nampeung Anukul 3, Gwenaël Rolin 4, 
Nathupakorn Dechsupa 1,2 & Jiraporn Kantapan 1,2*

Peripheral blood is an alternative source of stem/progenitor cells for regenerative medicine owing to 
its ease of retrieval and blood bank storage. Previous in vitro studies indicated that the conditioned 
medium derived from peripheral blood mononuclear cells (PBMCs) treated with the iron–quercetin 
complex (IronQ) contains potent angiogenesis and wound-healing properties. This study aims to 
unveil the intricate regulatory mechanisms governing the effects of IronQ on the transcriptome 
profiles of human PBMCs from healthy volunteers and those with diabetes mellitus (DM) using RNA 
sequencing analysis. Our findings revealed 3741 and 2204 differentially expressed genes (DEGs) 
when treating healthy and DM PBMCs with IronQ, respectively. Functional enrichment analyses 
underscored the biological processes shared by the DEGs in both conditions, including inflammatory 
responses, cell migration, cellular stress responses, and angiogenesis. A comprehensive exploration 
of these molecular alterations exposed a network of 20 hub genes essential in response to stimuli, 
cell migration, immune processes, and the mitogen-activated protein kinase (MAPK) pathway. 
The activation of these pathways enabled PBMCs to potentiate angiogenesis and tissue repair. 
Corroborating this, quantitative real-time polymerase chain reaction (qRT-PCR) and cell phenotyping 
confirmed the upregulation of candidate genes associated with anti-inflammatory, pro-angiogenesis, 
and tissue repair processes in IronQ-treated PBMCs. In summary, combining IronQ and PBMCs brings 
about substantial shifts in gene expression profiles and activates pathways that are crucial for tissue 
repair and immune response, which is promising for the enhancement of the therapeutic potential of 
PBMCs, especially in diabetic wound healing.

Keywords  Iron–quercetin complex, Peripheral blood mononuclear cells (PBMCs), Cell therapy, Tissue 
repair, Regenerative medicine, Angiogenesis

Tissue repair is a fundamental biological process for maintaining homeostasis and proper function in multicellu-
lar organisms. However, in severe injuries and chronic diseases, the body’s innate ability to regenerate and repair 
tissues may be limited, hindering the complete restoration of damaged structures1. Cell therapy is a pioneering 
strategy for overcoming these limitations; this approach involves introducing exogenous cells or stimulating the 
body’s endogenous cells to facilitate more efficient and effective tissue repair2. Cell therapy targets specific cellular 
mechanisms and pathways to sustain, replace, or repair damaged tissues through cell transplantation, manipu-
lation, or modification. Due to their remarkable regenerative capabilities, stem and progenitor cells are at the 
forefront of discussions in regenerative medicine3. Mesenchymal stem cells (MSCs) are particularly emphasized 
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for their regenerative potential, and beyond their differentiation into various cell types, these transplanted cells 
can locally release a diverse array of pro-regenerative substances at physiologically relevant quantities4. However, 
conventional methods for isolating these stem/progenitor cells can be invasive. An encouraging alternative lies 
in peripheral blood, an easily accessible source of stem/progenitor cells. Peripheral blood is recognized for its 
harboring of stem/progenitor cells with regenerative potential comparable to that of MSCs, and these cells can 
be isolated through minimally invasive or non-invasive procedures, thus representing a more straightforward 
and patient-friendly approach to promoting the healing process5,6.

Peripheral blood mononuclear cells (PBMCs) encompass a diverse population of immune cells, including 
lymphocytes (T cells, B cells, and NK cells) and monocyte-derived progenitor cells, which are promising for 
restoring damaged tissues and promoting regeneration. Their significance lies in their versatile functionality, 
which ranges from immune responses to regenerative properties7,8. PBMCs exhibit considerable promise in 
tissue repair mechanisms, as they actively engage in angiogenesis, tissue remodeling, and wound healing pro-
cesses. Blocki et al. shed light on the potential of spindle-shaped blood-derived angiogenic cells (BDACs) from 
peripheral blood cell cultures subjected to macromolecular crowding (MMC). These cells exhibited a remark-
able ability to secrete a diverse array of pro-angiogenic factors, underscoring their robust angiogenic activity. 
In a murine hind-limb ischemia model, an injection of BDACs effectively rescued affected tissues by expediting 
and enhancing revascularization9. Furthermore, when a nucleated cell fraction obtained from peripheral blood 
was cocultured with stem cell feeder cells, this gave rise to mesenchymal-like cells, which were termed “blood-
derived mesenchymal stem cells” (BD-MSCs). In a mouse model, BD-MSCs were used to treat critical-sized 
calvarial bone defects, which markedly improved bone healing outcomes10. Paracrine factors have demonstrated 
significant efficacy in wound healing mechanisms, marking a paradigm shift from sole reliance on stem cell 
transplantation in regenerative therapies11. Researchers have increasingly recognized the potential of utilizing 
stem cells’ diverse bioactive molecules. This complex mixture, which is collectively known as the secretome, holds 
immense therapeutic promise by modulating cellular processes, spurring tissue regeneration, and exerting immu-
nomodulatory effects12. Notably, the secretome derived from apoptotic PBMCs has shown heightened production 
of cytokines and chemokines—notably, IL8 and VEGF13. These findings have highlighted the accelerated wound 
healing potential of the PBMC secretome in mouse models of full-thickness skin wounds in vivo, along with 
demonstrating enhanced migration of human primary keratinocytes and fibroblasts and increased proliferation 
of endothelial cells in vitro14. Beyond cutaneous wound healing, the secretome derived from apoptotic PBMCs 
has revealed therapeutic potential in animal models of myocardial infarction15. Furthermore, in experimental 
animal models of autoimmune myocarditis, the PBMC secretome exhibited promising anti-inflammatory effects, 
effectively attenuating myocardial inflammation16.

We previously developed a methodology for cultivating myeloid angiogenic cells derived from human PBMCs 
by using a paramagnetic agent called the iron–quercetin complex, which is referred to as IronQ. Following a 
10-day culture period, the resultant cells exhibited a spindle-shaped morphology and expressed critical markers 
associated with angiogenesis, including CD11b, CD31, VEGFR2, and CD105. Additionally, they demonstrated 
the secretion of various cytokines and growth factors in a similar fashion to other blood-derived angiogenic 
cells. Interestingly, these cells displayed a pronounced pro-angiogenic potential and actively promoted fibroblast 
migration in vitro17. The paramagnetic IronQ has shown significant promise as a versatile theranostic agent, 
as it is both a contrast agent for magnetic resonance imaging and an invigorating therapeutic agent. This agent 
has demonstrated safety in cell tracking and therapy18. Given that our IronQ-PBMC-derived angiogenic cells 
originated from a readily accessible source and exhibited renewable tissue properties, as well as their cultivation 
using a versatile theranostic agent that was capable of stimulating PBMCs and enabling cell tracking via MRI, 
these cells hold tremendous promise for use in tissue repair strategies.

Diabetes, a chronic metabolic disorder, is often associated with delayed wound healing19. Autologous cell-
based therapy represents a promising frontier in the pursuit of adequate wound healing, particularly in individu-
als grappling with the complications of diabetes. This therapeutic approach involves harnessing a patient’s cells, 
which makes it attractive due to its potential for enhanced biocompatibility and reduced risk of immune rejec-
tion. This promising process involves utilizing autologous CD34+ cells obtained from peripheral blood, which 
is stimulated by granulocyte-colony-stimulating factor (G‐CSF). This method has shown safety and efficacy in 
addressing chronic non-healing ulcers in diabetic patients20. However, clinical trials involving freshly isolated 
CD34+ cells have faced significant cell isolation and expansion challenges21. Moreover, diabetic patients experi-
ence a marked reduction in both the number and functional capacity of progenitor cells, significantly hampering 
the clinical potential of autologous cell therapy22,23. Addressing these functional deficits and augmenting cell 
counts to a sufficient level is pivotal for the success of autologous cell therapy in diabetic patients. As mentioned 
earlier regarding the stimulating properties of IronQ in enhancing the therapeutic efficacy of healthy PBMCs, 
in this study, we also hypothesized that IronQ could rejuvenate the functionalities of human PBMCs obtained 
from patients with diabetes. We anticipated that these resulting cells (PBMCs‐IronQ) would demonstrate tissue 
reparative capacity.

This innovative contrast agent (IronQ) has been extensively studied and has shown promising results in 
various biomedical applications, including cell tracking and active biological interventions for promoting cell 
and tissue regeneration17,18,24. However, the interactions that affect transcriptome profiles and the underlying 
molecular mechanisms that enhance the therapeutic properties of PBMCs still need to be fully understood. In 
this study, we explored the interactions between IronQ and PBMCs and delved into transcriptome analysis to 
uncover alterations in gene expression and understand the activated cellular pathways. Our investigation revealed 
extensive modifications in the gene expression profile following IronQ treatment, which is a novel finding that 
has not been previously documented. Moreover, the analysis of gene expression patterns in IronQ-treated PBMCs 
unveiled significant vital genes and gene ontology (GO) pathways associated with anti-inflammatory and tis-
sue repair processes—specifically, in angiogenesis and wound healing. The RNA-seq results were substantiated 
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through quantitative real-time polymerase chain reaction (qRT-PCR) and cell phenotyping with immunocyto-
metric techniques, providing compelling evidence of IronQ’s capacity to modulate biological pathways in PBMCs 
and influence their therapeutic characteristics. Our findings delve into the immense potential of PBMCs for 
therapeutic applications, the exploration of their immunomodulatory properties, their role in tissue repair, and 
their applications in cell-based therapies to address a wide range of advanced regenerative medicine.

Results
Baseline characteristics of the sample and RNA sequencing information
RNA sequencing (RNA-Seq) was utilized to examine and describe alterations in gene expression patterns result-
ing from exposure to IronQ for a duration of 10 days in peripheral blood mononuclear cells (PBMCs) obtained 
from three persons diagnosed with diabetes mellitus (DM) and three age-matched healthy individuals serving as 
a control group. Over 81 million clean sequence reads were obtained on average across 12 samples, and the depth, 
quality, and alignment rates of the sequencing are displayed in Supplementary Table S1. The 12 samples shared a 
reasonably uniform distribution of gene expression levels, as shown by the box plot of the distribution of mRNA 
expression levels with respect to Fragments Per Kilobase of transcript per Million mapped reads (FPKM) among 
the four groups (Fig. 1a). As illustrated in Fig. 1b, the principal component analysis (PCA) plot revealed that in 
PC1, the pre-treatment of the healthy and DM samples was clustered together, indicating similar mRNA profiles 
between the pre-treatment groups. However, the mRNA profiles of the IronQ post-treatment group differed 

Figure 1.   Transcriptomic analysis. (a) A box plot displaying the mRNA expression levels (FPKM) 
distribution for each sample. The horizontal axis represents the sample name, while the vertical axis represents 
log2(FPKM + 1). (b) Principal Component Analysis (PCA) plot illustrating distinctions between different 
experimental groups. The horizontal (PC1) and vertical axes (PC2) depict the two most significant principal 
components. PCA delineated the pre-treatment group, NM-post, and DM-post into three distinct cluster 
regions. (c) Transcriptomic heatmap depicting hierarchical clustering of all differentially expressed genes 
(DEGs). The Log2FPKM value was used for clustering, with high-expression genes in red and low-expression 
genes in green. The horizontal axis depicts the sample, while the vertical axis denotes the differential gene. 
Genes are clustered on the left based on expression similarity, and each sample is clustered at the top based on 
expression profile similarity. The color spectrum from green to red signifies escalating gene expression levels. 
FPKM, Fragments Per Kilobase of transcript per Million mapped reads; PC, principal component; NM-post, 
IronQ-treated PBMCs from healthy donors; DM-post, IronQ-treated PBMCs from diabetes mellitus donors.
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significantly from the respective pre-treatment controls in both the healthy and DM samples. Additionally, it 
was demonstrated that there were some differences between the two post-treatment groups from the healthy 
samples and DM samples in PC2. By using an unsupervised hierarchical clustering approach, we created heat-
maps to reveal how the expression profiles of differentially expressed genes (DEGs) differed among the groups 
(Fig. 1c). It was observed that the samples from the four groups exhibited clustering tendencies when subjected 
to pairwise comparisons. The RNA-seq results mentioned above indicated that the DEG data were reliable and 
that the mRNA profiles of the IronQ post-treatment group were different from those of the pre-treatment group.

Differentially expressed genes in IronQ‑treated peripheral blood mononuclear cells (PBMCs) 
from healthy donors and related functional analysis
Initially, we examined the gene expression shifts between IronQ-treated PBMCs from healthy donors (NM-post) 
and untreated PBMCs (NM-pre). The volcano plot analysis highlighted a notable alteration in the expression of 
3741 genes, meeting the criteria of |log2 fold change |≥ 1 and adjusted p-value (padj) of less than 0.05. Among 
these, 1784 genes (47.7%) showed upregulation, while 1957 genes (52.3%) displayed downregulation in NM-post 
compared to NM-pre, as illustrated in Fig. 2a.

To comprehensively understand the impact of IronQ on PBMCs, we conducted a Gene Ontology (GO) 
enrichment analysis that covered three GO categories: biological processes (BPs), cellular components (CCs), and 
molecular functions (MFs). This analysis aimed to pinpoint crucial biological processes and pathways affected 
when PBMCs interacted with IronQ. The treatment of healthy PBMCs with IronQ resulted in a notable enrich-
ment of 390 GO terms (p < 0.05), which encompassed 351 GO terms related to biological processes (BPs), 27 GO 
terms related to cellular components (CCs), and 12 GO terms related to molecular functions (MFs) (sheet 1 of 
Supplementary Table S2). Furthermore, to emphasize the extensive impact of IronQ on PBMCs, we highlighted 
important GO terms with high significance (the lowest P-value) in each category. The findings, which are pre-
sented in Fig. 2b, demonstrated that biological processes related to leukocyte migration, the regulation of cell 
activation, and the positive regulation of cellular component movement were primary biological responses to 
IronQ exposure. In the cellular component category, the GO terms that exhibited a notable enrichment included 
the cytoplasmic vesicle lumen, endocytic vesicle, secretory function, focal adhesion, and lysosomal membrane. 
The DEGs encompassed a spectrum of molecular functions such as binding to fatty acids, coreceptor activ-
ity, cytokine binding, chemokine binding, oxidoreductase activity, and calcium channel activity (the complete 
information for the significantly enriched GO terms of DEGs up- and downregulated genes among the DEGs is 
shown in sheets 2 and 3 of Supplementary Table S2, respectively).

Our pathway analysis using Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations identified the 
top twenty enriched pathways. This significant finding includes lysosome, osteoclast differentiation, rheumatoid 
arthritis, and IL17 signaling pathways (Fig. 2c and sheet 4 of Supplementary Table S2). The KEGG enrichments 
found in the DEGs, explicitly focusing on up- and downregulated genes are visually represented in Supplementary 
Fig. S1a,b, respectively (for a comprehensive view, refer to sheets 5 and 6 of Supplementary Table S2).

The alterations, a key aspect of our study, induced by IronQ in healthy peripheral blood mononuclear cells 
(PBMCs) prompted us to investigate specific regulatory pathways. Thus, we thoroughly selected the top 200 
differentially expressed genes (DEGs) based on their p-values (see sheet 1 of supplementary Table S3). The 
expression patterns of these DEGs were visualized through a heatmap, as showcased in Figure S2. Recognizing 
the pivotal role of protein interactions in determining protein function, we further explored the functional rela-
tionships among the identified 200 DEGs by constructing a protein–protein interaction (PPI) network. Notably, 
most genes exhibited interactions with one another, with only 12 genes lacking such connections. To further 
understand the functional significance of the PPI network, we employed the advanced cytoHubba plugin in 
Cytoscape. This tool helped us identify hub genes, which are highly connected nodes within the PPI network. 
Our analysis revealed the top 10 hub genes, namely CCL19, CCL7, CCL8, CCR5, CXCR4, CXCL1, CXCL2, IL10, 

Figure 2.   The effects of IronQ on peripheral blood mononuclear cells (PBMCs) from healthy donors. (a) 
Volcano plot displaying the differentially expressed genes (DEGs) of IronQ-treated PBMCs (NM-post) vs. 
untreated PBMCs (NM-pre) from healthy donors, analyzed by DESeq2 (|log2 FC|≥ 1; adj p-value ≤ 0.05). 
The horizontal axis represents the log2 Fold Change of gene expression, where larger absolute values indicate 
more incredible fold changes between samples. The vertical axis represents the statistical significance of the 
expression difference. Green dots signify down-regulated DEGs; red dots indicate upregulated DEGs, and blue 
dots represent detected but not significantly differentially expressed genes. (b) Top 20 gene ontology (GO) 
enrichment analyses and (c) Top 20 KEGG enrichment analyses of the DEGs between NM-post vs. NM-pre. The 
horizontal axis represents the gene ratio, which is the ratio of DEGs annotated in the GO term/ KEGG pathways 
to the total number of genes in the reference data set. The vertical axis represents the GO term/ KEGG pathways. 
The dot color indicates the adjusted p-value, with lower values indicating more significant enrichment. The dot 
size reflects the number of genes enriched in the corresponding GO term/ KEGG pathways. (d) Protein–protein 
interaction (PPI) network analysis focusing on the top 200 DEGs (ranked by P-value). The top 10 ranked hub 
genes of PPI networks were obtained from CytoHubba analysis and are highlighted in red (upregulated genes) 
and yellow (downregulated genes). (e) MCODE clustering analysis of PPI networks using Cytoscape software, 
representing the first 5 functional clusters of the PPI network. (f) Bar plot illustrating GO functional and KEGG 
pathway enrichment of hub genes, showing the enriched terms of hub genes in response to IronQ treatment of 
healthy PBMCs. The vertical axis represents the significantly enriched terms, each bar describing the number 
of mapped annotated genes in the reference data set. The horizontal axis indicates each category’s significance 
(− log10 p-value). (g) Network of enrichment term analysis across the hub genes in response to IronQ treatment 
of healthy PBMCs.
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PF4, and IFNG (Fig. 2d). These hub genes are crucial in the context of IronQ treatment. Furthermore, we utilized 
the MCODE plugin to uncover highly interconnected regions, referred to as clusters, within the PPI network. 
The analysis revealed five distinct MCODE clusters with notable functional enrichments. Cluster 1, comprising 
21 nodes and 163 edges, was highly enriched in the chemokine-mediated signaling pathway. Cluster 2, with 15 
nodes and 30 edges, is primarily associated with glutathione metabolism. Cluster 3 displayed significant enrich-
ment in synaptic vesicle lumen acidification, featuring 13 nodes and 36 interactions. Cluster 4, encompassing 
5 nodes and 9 edges, exhibited gene enrichment primarily in the integrin-mediated signaling pathway and 
focal adhesion. Finally, cluster 5, consisting of 4 nodes and 6 interactions, showed notable enrichment in the 
ligand-gated ion channel signaling pathway (Fig. 2e). Functional and biological process enrichment analyses 
of the hub genes in response to IronQ treatment of healthy PBMCs were conducted by using Metascape. The 
results demonstrated that the identified genes were primarily associated with inflammatory response, positive 
regulation of locomotion, cell activation, and detoxification (Fig. 2f). The network diagram visually represents 
the interconnectedness of the most enriched terms (Fig. 2g).

The analysis highlights a significant enrichment of DEGs in diverse biological processes. These include chemo-
taxis, locomotion, response to stimuli, pathways in cancer, angiogenesis, and the immune system. These findings 
suggest that these hub genes, influenced by IronQ treatment, play pivotal roles in governing the migration, dif-
ferentiation, proliferation, immunoregulation, and regeneration of healthy PBMCs.

Differentially expressed genes in IronQ‑treated peripheral blood mononuclear cells (PBMCs) 
of diabetic donors and related functional analysis
Next, we analyzed and compared the gene expression patterns in IronQ-treated PBMCs obtained from donors 
with diabetes (referred to as DM-post) with those whose PBMCs remained untreated (referred to as DM-pre). 
The volcano plot in Fig. 3a graphically illustrates a significant alteration in the expression of 2204 genes, meet-
ing the criteria of |log2 fold change|≥ 1 and adjusted p-value (padj) less than 0.05, as revealed by our analysis 
of the DEGs. Within this gene set, 1143 (51.9%) exhibited upregulated expression, while 1061 (48.1%) showed 
downregulated expression in the DM-post group compared to the DM-pre group.

After identifying 2204 DEGs, we performed a DEG enrichment analysis by utilizing functional annotations 
from the GO and KEGG databases. This analysis revealed significant enrichment in 424 GO terms (371 GO 
terms related to biological processes, 29 GO terms related to cellular compartments, and 24 GO terms related to 
molecular functions). These enriched GO terms spanned various biological processes, including regulation of 
inflammatory response, wound healing, cellular detoxification, and negative regulation of leukocyte activation. 
Detailed information on these significantly enriched GO terms is provided on Sheet 1 of Supplementary Table S4. 
Figure 3b presents the top 20 GO terms that exhibited notable enrichment. Additionally, the upregulated genes 
showed substantial enrichment in processes related to cellular oxidant detoxification and lipid catabolic pro-
cesses, as illustrated in Supplementary Fig. S3a and detailed in Sheet 2 of Supplementary Table S4. Conversely, 
the enrichment analysis of downregulated genes within the DEG dataset was associated with processes related to 
the response to a bacterium, T cell activation, and antibacterial humoral response, as depicted in Supplementary 
Fig. S3b and outlined in Sheet 3 of Supplementary Table S3. The KEGG pathway analysis unveiled 16 prominently 
enriched pathways, as displayed in Fig. 3c and detailed in Supplementary Table S4 on sheet 4. These pathways 
encompass a range of biological processes, including glutathione metabolism, 2-oxocarboxylic acid metabolism, 
systemic lupus erythematosus, the cell cycle, the MAPK signaling pathway, and the PPAR signaling pathway. 
Among these pathways, the upregulated KEGG pathways were notably enriched in glycerolipid metabolism, 
glutathione metabolism, and the cell cycle, while the downregulated genes displayed enrichment in pathways 
related to systemic lupus erythematosus and neutrophil extracellular trap formation. For comprehensive details 
concerning the significantly enriched KEGG pathways of DEGs for both upregulated and downregulated genes, 
please refer to sheets 5 and 6, respectively, of Supplementary Table S4.

Figure 3.   The effects of IronQ on peripheral blood mononuclear cells (PBMCs) from diabetes donors. (a) 
Volcano plot displaying the differentially expressed genes (DEGs) of IronQ-treated PBMCs (DM-post) vs. 
untreated PBMCs (DM-pre) from diabetes donors, analyzed by DESeq2 (|log2 FC|≥ 1; adj p-value ≤ 0.05). 
The horizontal axis represents the log2 Fold Change of gene expression, where larger absolute values indicate 
more incredible fold changes between samples. The vertical axis represents the statistical significance of the 
expression difference. Green dots signify down-regulated DEGs; red dots indicate upregulated DEGs, and blue 
dots represent detected but not significantly differentially expressed genes. (b) Top 20 gene ontology (GO) 
enrichment analyses and (c) Top 20 KEGG enrichment analyses of the DEGs between DM-post vs. DM-pre. The 
horizontal axis represents the gene ratio, which is the ratio of DEGs annotated in the GO term/ KEGG pathways 
to the total number of genes in the reference data set. The vertical axis represents the GO term/ KEGG pathways. 
The dot color indicates the adjusted p-value, with lower values indicating more significant enrichment. The dot 
size reflects the number of genes enriched in the corresponding GO term/ KEGG pathways. (d) Protein–protein 
interaction (PPI) network analysis focusing on the top 200 DEGs (ranked by P-value). The top 10 ranked hub 
genes of PPI networks were obtained from CytoHubba analysis and are highlighted in red (upregulated genes). 
(e) MCODE clustering analysis of PPI networks using Cytoscape software, representing the first 5 functional 
clusters of the PPI network. (f) Bar plot illustrating GO functional and KEGG pathway enrichment of hub 
genes in response to IronQ treatment of diabetes PBMCs. The vertical axis represents the significantly enriched 
terms, each bar describing the number of mapped annotated genes in the reference data set. The horizontal axis 
indicates each category’s significance (-log10 p-value). (g) Network of enrichment term analysis across the hub 
genes in response to IronQ treatment of diabetes PBMCs.
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To further explore the specific biological pathway involved in IronQ treatment in diabetes PBMCs. We iden-
tified the top 200 DEGs (ranked by p-value) that exhibited significant alterations after IronQ treatment. These 
are crucial in understanding the specific biological pathways involved in IronQ treatment in diabetes PBMCs. A 
comprehensive list of these top 200 DEGs is provided on sheet 2 of Supplementary Table S3, and their expression 
patterns are graphically illustrated in the heatmap shown in Supplementary Fig. S4. To visualize the interactions 
among these DEGs, we constructed a PPI network, as depicted in Fig. 3d. Most of these genes exhibited intricate 
interactions with each other, and only nine genes lacked any such interactions. Furthermore, we utilized the 
cytoHubba plugin in Cytoscape to identify hub genes, which represent highly connected nodes within the PPI 
network. Particularly noteworthy were the top 10 hub genes exhibiting the highest connectivity degree. These 
hub genes included AURKA, CCNB1, CCNB2, CDC20, CDKN3, KIF23, CDT1, BUB1, BUB1B, and FOXM1 (see 
Fig. 3d). These genes are closely associated with the effects of IronQ treatment on diabetes PBMCs, highlighting 
their potential significance in mediating the observed biological responses. Moreover, we employed the MCODE 
plugin to investigate densely interconnected regions that were recognized as clusters within the PPI network. This 
enabled us to gain a deeper understanding of the relationships between the genes forming the network. Figure 3e 
shows the eight MCODE clusters characterized by the most elevated scores. Cluster 1, which comprised 17 nodes 
and 59 edges, exhibited significant enrichment in the cell cycle. Cluster 2, which involved 12 nodes and 17 edges, 
was primarily associated with the inflammatory response. Furthermore, Cluster 3, which featured 11 nodes and 
13 edges, displayed significant enrichment in sterol transport. Cluster 4, which encompassed 10 nodes and 18 
edges, showed genes that were primarily enriched in the vascular endothelial growth factor receptor signaling 
pathway and focal adhesion. Additionally, Cluster 5, which covered 10 nodes and 15 edges, exhibited notable 
enrichment in the biosynthesis of amino acids. Glutathione metabolism was significantly enriched for cluster 6, 
which involved 6 nodes and 15 edges. Cluster 7, with three nodes and three interactions, was mainly associated 
with oxygen and nitrogen transport. Lastly, Cluster 8 showed significant enrichment in cell function disassembly, 
featuring three nodes and three edges.

To understand the cellular processes related to the genes, functional and biological process enrichment analy-
ses of the hub genes in response to IronQ treatment of diabetes PBMCs were conducted by using Metascape. 
We found that the genes were enriched in several GO terms and KEGG pathways, as depicted in Fig. 3f. These 
enrichments were primarily associated with the cell cycle, cellular oxidant detoxification, focal adhesion, and 
positive regulation of cell development. The network diagram depicted in Fig. 3g provides a visual representa-
tion that depicts the intricate interconnections and associations among the highly enriched terms derived from 
the analysis.

These findings strongly suggest that these cluster genes may play pivotal regulatory roles in fundamental 
biological processes, including the precise orchestration of the cell cycle, active cell proliferation, cell develop-
ment, and precise immunoregulation. This underscores the potential significance of these genes in mediating 
the biological responses to IronQ treatment in DM-PBMCs.

Common differentially expressed genes in healthy and diabetic peripheral blood mononuclear 
cells under IronQ treatment conditions
After the IronQ treatment, 1481 DEGs were commonly pinpointed in healthy and diabetic PBMCs (Fig. 4a). This 
set encompassed 662 upregulated and 819 downregulated DEGs (Fig. 4b). Furthermore, it was notable that the 
number of downregulated genes exceeded that of the upregulated genes. The common DEGs displayed significant 
enrichments in various biological processes associated with immune system function, response to stimuli, cell 
activation, cell migration, cell population proliferation, small-molecule metabolism, and regulation of devel-
opmental processes (Supplementary Fig. S5a). Moreover, 11 KEGG pathways exhibited notable enrichments; 
these included systemic lupus erythematosus, glutathione metabolism, metabolic pathways, phagosomes, and 
biosynthesis of amino acids (Supplementary Fig. S5b). Additionally, the upregulated genes showed substantial 
enrichments in pathways related to glutathione metabolism, the PPAR signaling pathway, and lysosomes. How-
ever, the enrichment analysis of downregulated genes was associated with pathways related to systemic lupus 
erythematosus, neutrophil extracellular trap formation, and natural-killer-cell-mediated cytotoxicity, as depicted 
in Supplementary Fig. S5c,d, respectively.

Among the common 1481 DEGs, we carefully selected the top 120 DEGs, ranked by p-value, which exhibited 
the most pronounced effects from IronQ treatment in both PBMCs from healthy individuals and those with dia-
betes. These selected genes were utilized for constructing a PPI network analysis, as illustrated in Fig. 4c. Further-
more, to thoroughly explore genes potentially playing crucial roles in the context of IronQ treatment in PBMCs, 
we identified hub genes from this network using the cytoHubba plug-in in Cytoscape. This analysis identified 20 
hub genes, comprising ten upregulated DEGs and ten downregulated DEGs. Among the upregulated DEGs were 
IL18, CD80, FOXP3, CSF-1, IGF-1, CD209, CD274, PPARG, SCARB1, and APOE. Conversely, the downregulated 
DEGs included HIF1A, FASLG, GZMB, CCL5, CX3CR1, CCR2, CXCR4, CXCR2, CD69, and CD8A. We further 
identify interconnected clusters within the PPI network using the MCODE plugin. This analysis unveiled three 
distinct modules characterized by specific biological processes and pathways. The first cluster was associated 
with cellular senescence and pathways in cancer, indicating potential involvement in cellular aging processes 
and cancer-related pathways. The second cluster was linked to the cytokine-mediated signaling pathway, sug-
gesting a role in immune response regulation and inflammatory processes. The third cluster was associated with 
cell junction disintegration, indicating potential involvement in cell adhesion and migration processes (Fig. 4e). 
Of particular interest, we observed intricate interconnections among 20 hub genes in additional PPI network 
studies, as depicted in Fig. 4f. This underscores the complexity of interactions among the identified hub genes 
and highlights their potential roles in mediating biological processes related to IronQ treatment in PBMCs and 
are thus of particular interest for further investigation.
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Figure 4.   The common effects of IronQ on both healthy and diabetic peripheral blood mononuclear cells (PBMCs). (a) Venn diagram 
displaying the overlap of differentially expressed genes (DEGs), revealing 1481 common DEGs between the two groups NM-post vs. 
NM-pre and DM-post vs. DM-pre comparisons. (b) Heatmap representing the expression patterns of the 1481 DEGs common to both 
groups, with 662 genes upregulated and 819 genes downregulated. Genes are clustered at the bottom based on expression similarity, 
while each sample is clustered on the left based on profile similarity. (c) Protein–protein interaction (PPI) network was constructed 
using the top 120 DEGs, ranked by their p-values. The top 20 ranked hub genes of PPI networks, identified through CytoHubba 
analysis, are highlighted in red (upregulated genes) and yellow (downregulated genes). (d) Bar plot illustrating Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of hub genes common in response to IronQ treatment 
of PBMCs. (e) MCODE clustering analysis of PPI networks using Cytoscape software, representing the top 4 functional clusters of the 
PPI network. (f) The PPI network comprises the top 20 hub genes, with upregulated genes marked in red and downregulated genes 
highlighted in yellow, representing their protein–protein interaction degree. NM-post, IronQ-treated PBMCs from healthy donors; 
NM-pre, untreated PBMCs from healthy donors; DM-post, IronQ-treated PBMCs from diabetes mellitus donors; DM-pre, untreated 
PBMCs from diabetes mellitus donors.
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An enrichment analysis of biological pathways was conducted with the hub genes. Many pivotal biologi-
cal processes and pathways were elucidated within this network, and they included crucial aspects such as the 
inflammatory response, cell migration, cellular response to stress, and angiogenesis. Furthermore, the notably 
enriched pathways associated with upregulated genes included pathways in cancer and regulation of angiogenesis 
(Fig. 4d). The convergence of these pathways, together with the significant upregulation of critical cytokines and 
growth factor genes, such as IL18, CSF-1, and IGF-1, among others, strongly suggested a transcriptomic profile in 
IronQ-treated PBMCs that aligned with repair processes. Hence, it is reasonable to deduce that, whether applied 
to healthy or diabetic PBMCs, IronQ treatment consistently triggered the cellular immune response and exerted 
discernible immunomodulatory effects. Additionally, the stimulated cells underwent metabolic shifts that were 
conducive to enhancing their reparative properties.

Unique differentially expressed genes of healthy and diabetic peripheral blood mononuclear 
cells under IronQ treatment conditions
One of the primary objectives of this study was to examine the regenerative potential of PBMCs obtained from 
healthy individuals and those with diabetes mellitus under IronQ treatment conditions and to explore their 
suitability for autologous cell therapy. As observed in our study, IronQ treatment consistently elicited cellular 
immune responses and exerted discernible immunomodulatory effects in PBMCs, irrespective of whether they 
were obtained from healthy or diabetic individuals, as mentioned above. However, it is noteworthy that under 
the IronQ treatment conditions, PBMCs from normal and diabetic individuals exhibited differences in their 
mode of cell–cell signaling. This indicates potential variations in cellular responses to IronQ treatment between 
individuals with and without diabetes, which may have implications for the efficacy of autologous cell therapy 
in diabetic patients.

To ascertain the disparate effects of IronQ on healthy and DM PBMCs, we attempted to conduct a compre-
hensive exploration that involved identifying specific genes that were differentially expressed in response to 
IronQ treatment in healthy and DM PBMCs. Furthermore, we intended to elucidate the different processes and 
pathways associated with the impact of IronQ by using PPI analysis and KEGG enrichment analysis. We found 
that the PBMCs from healthy donors exhibited a notably heightened expression of unique genes in comparison 
with those from DM donors. A significant quantity of distinct DEGs were discernible in the PBMCs of healthy 
subjects after the IronQ treatment (NM-post). This cohort of DEGs encompassed 2260 genes, with 1122 dem-
onstrating upregulation and 1138 displaying downregulation. Conversely, the impact of IronQ on the PBMCs 
from DM donors (DM-post) revealed a comparatively diminished magnitude. In this specific context, a total 
of 723 genes were identified. Among these genes, 481 exhibited upregulation, while 242 were downregulated in 
comparison with the untreated controls (Fig. 5a).

For the healthy PBMCs, the treatment of IronQ exhibited a discernible impact on the DEGs that were enriched 
in many biological processes and pathways. These encompassed processes related to endocytosis, cell chemotaxis, 
regulation of cell migration, and lymphocyte differentiation (Fig. 5b). Moreover, distinct pathways exhibited 
significant enrichment in healthy PBMCs after the IronQ treatment; these notably included the lysosome, IL17 
signaling pathway, NF-kappa B signaling pathway, axon guidance, mTOR signaling pathway, B cell receptor 
signaling pathway, and natural-killer-cell-mediated cytotoxicity (Fig. 5c). Following this, cytoHubba analysis 
successfully revealed 20 hub genes from a pool of 2260 distinct DEGs (Fig. 5d). Among them, six DEGs dis-
played upregulation—namely, CCR5, IL10, CCL2, LAMP1, MMP9, and IDO. These upregulated hub genes were 
associated with angiogenesis and the immunomodulatory milieu. Conversely, the analysis revealed fourteen 
downregulated DEGs: IGFN, FCGR3B, CD19, PTPRC, IL15, SELL, CD38, GZMA, IL2RB, NCR3, KLRB1, CD226, 
CD48, and TLR2. Notably, these fourteen downregulated hub genes were predominantly enriched and actively 
involved in critical processes associated with inflammatory response, including neutrophil-mediated immunity, 
T cell differentiation, T cell activation, and cell adhesion molecules.

On the contrary, we observed a significant enrichment of cell cycle regulation, the p53 signaling pathway, and 
the MAPK signaling pathway derived from diabetes donors due to the IronQ treatment in PBMCs (Fig. 5e,f). 
In the PPI network, a total of 723 genes were filtered; the top 20 hub genes with the highest degrees were iden-
tified, namely, RRM2, KIF11, BUB1B, KIF2C, CDCA8, PBK, CDC45, KIF23, CDK1, KIF20A, BUB1, AURKB, 
TTK, DLGAP5, ASPM, CENPA, CENPF, CDC20, CCNB2, and CDCA5 (Fig. 5g). Notably, these 20 specific genes 
showed enrichments in cell-cycle-related terms, including such processes as cell division, spindle organization, 
nuclear division, the mitotic cell cycle checkpoint, and organelle fission. A noteworthy observation was made 
regarding DEGs in a smaller module, revealing a relationship with cholesterol metabolism. Specifically, genes 
such as CCL17, CD163, APOE, CYP27A1, and STAB1, some of which are recognized as anti-atherogenic and 
anti-inflammatory factors in diabetes patients, were identified within this module.

Validation of candidate genes of healthy and diabetic peripheral blood mononuclear cells 
under IronQ treatment conditions
Subsequently, we performed qRT-PCR to validate the gene expression changes identified through the RNA-seq 
analysis. We selected 10 DEGs that were associated with immunomodulation, angiogenesis, and wound healing 
for a focused validation across all experimental groups. The results in Fig. 6a demonstrate a high level of concord-
ance between the qRT-PCR and RNA-seq data. Specifically, we observed the upregulation of nine genes and the 
downregulation of one gene (LIF) following the IronQ treatment in healthy PBMCs. In the case of DM PBMCs, 
our results revealed a consistent elevation in the expression of nine genes and the downregulation of one gene 
(TGFB), confirming the findings from RNA sequencing. The consistency in expression patterns between RNA-seq 
and qRT-PCR further validated our results. We conducted a comparative analysis across the four experimental 
conditions to assess the mRNA expression levels of PBMC genes linked to immunomodulation, tissue repair, 
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Figure 5.   The unique effects of IronQ on healthy and diabetic peripheral blood mononuclear cells (PBMCs). 
(a) Venn diagram of the DEGs showing 2260 unique DEGs in healthy donor PBMCs and 723 unique DEGs 
in diabetes mellitus donor PBMCs. (b) Gene Ontology (GO) enrichment analysis and (c) Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis of unique DEGs in healthy donor PBMCs. (d) The 
PPI network of the top 20 hub genes among the unique DEGs in healthy donor PBMCs, representing their 
protein–protein interaction degree, with upregulated genes being marked in red and downregulated genes 
being highlighted in yellow. (e) Gene Ontology (GO) enrichment analysis and (f) Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analysis of unique DEGs in diabetic donor PBMCs. The horizontal axis 
represents the gene ratio, which is the ratio of DEGs annotated in the GO term/ KEGG pathways to the total 
number of genes in the reference data set. The vertical axis represents the GO term/KEGG pathways. The dot 
color indicates the adjusted p-value, with lower values indicating more significant enrichment. The dot size 
reflects the number of genes enriched in the corresponding GO term/ KEGG pathways. (g) The PPI network 
of the top 20 hub genes among the unique DEGs in diabetes mellitus donor PBMCs represents their protein–
protein interaction degree, with upregulated genes marked in red.



12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9441  | https://doi.org/10.1038/s41598-024-60197-1

www.nature.com/scientificreports/

Figure 6.   Validation of the RNA-sequencing analysis with quantitative real-time PCR (qRT-PCR). (a) 
Comparison plot displaying the Log2 fold change values for 10 candidate genes obtained from both RNA-Seq 
and the qRT-PCR analysis. (b) qRT-PCR results for 15 selected genes showing the relative fold change of each 
condition (NM: PBMCs from healthy donors; DM: PBMCs from diabetic donors). Statistical significance was 
assessed through ANOVA followed by Tukey’s post-hoc test. In the plots, the presence of (*) denotes statistically 
significant differences, signifying a significance level of p < 0.05.
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and autophagy in response to the IronQ treatment, as demonstrated in Fig. 6b. We found a notable impact of 
the IronQ treatment on the expression of CXCL3, IDO, LC3B, Atg7, Beclin1, and Bnip3L in comparison with the 
control group that did not undergo any treatment. DM PBMCs treated with IronQ showed a substantial change 
in the mRNA expression of TNFA, LIF, CCL17, and MMP2 in comparison with that in the untreated control 
group. Remarkably, the expression of CCL17 mRNA, a notable M2 marker, was significantly impacted by the 
IronQ treatment in PBMCs from individuals with diabetes. Notably, the upregulation of CCL17 expression in 
diabetic PBMCs was approximately double compared to that in PBMCs from healthy individuals. Conversely, in 
healthy PBMCs, we observed a significant upregulation of IDO with respect to the DM PBMCs after the treatment 
with IronQ. Furthermore, the levels of mRNA expression related to autophagic markers such as Bnip3L, LC3B, 
beclin1, and Atg7 were notably higher in the IronQ-treated healthy PBMCs than in those from DM donors. These 
findings suggest that in addition to its immunomodulatory and tissue repair properties, IronQ influences the 
autophagic pathway in PBMCs of healthy individuals, potentially enhancing their robustness to survival chal-
lenges during stress conditions. Conversely, for DM PBMCs, which are characterized by chronic inflammation, 
IronQ stimulates the polarization of M2 macrophages, creating an anti-inflammatory environment.

Characterizing cellular phenotypes in peripheral blood mononuclear cells of healthy and dia-
betic donors under IronQ treatment conditions
Finally, immunophenotypes were analyzed with flow cytometry to identify cell-surface markers associated with 
anti-inflammatory and angiogenic cell populations in the PBMCs from healthy donors and patients with DM 
following treatment with IronQ. The flow cytometric analysis of the scatter profile revealed a new population of 
cells with an increase in the side-scatter areas of PBMCs after the treatment with IronQ. Notably, the magnitude 
and appearance of the scatter profile did not differ between the healthy and DM groups in either the pre-IronQ 
or post-IronQ conditions (Supplementary Fig. S6). After the IronQ treatment, both healthy PBMCs and DM 
PBMCs displayed a heightened angiogenic and anti-inflammatory phenotype. We observed a substantial rise 
in the population of circulating endothelial progenitor cells (marked by CD11b+, CD31+, and CD105+), M2 
macrophage cells (CD206+), and regulatory T cells (Tregs). In contrast, there was a decrease in the count of M1 
macrophages and CD8 cells after the IronQ treatment. However, it is important to note that due to significant 
donor-to-donor variations, these differences did not reach statistical significance (Fig. 7).

Discussion
In this study, we investigated the impact of IronQ, a novel MRI contrast agent, on the gene transcription profiles 
of PBMCs obtained from healthy donors and individuals with diabetes. Our findings revealed significant altera-
tions in gene expression patterns induced by IronQ, which shed light on the critical pathways and genes involved 
in the therapeutic potential of PBMCs. The IronQ treatment led to the upregulation of genes associated with 
crucial regulatory mechanisms governing cell proliferation, migration, and tissue repair. We also conducted a 
comparative analysis to discern the similarities and differences in IronQ’s effects on PBMCs from healthy and 
diabetic donors. These insights suggest that preconditioning PBMCs with IronQ, which is intended for tracking 
purposes, and augmenting their reparative capabilities could be a viable strategy. Such preconditioning may 
enhance the therapeutic efficacy of cell therapy by intervening in the biological processes of cultured PBMCs 
and optimizing their potential for reparative treatment.

Our research team previously demonstrated the effectiveness and safety of labeling PBMCs with IronQ, high-
lighting its potential therapeutic benefits. PBMCs can be effectively labeled with IronQ at a low concentration of 
125 µg/mL, at which normal cell functions are maintained, allowing for extended cell culturing (up to 21 days). 
IronQ labeling of PBMCs at this concentration has been tested in vitro, and the successful application of IronQ 
labeling with detection facilitated through MRI has been confirmed23. Notably, internalizing IronQ in PBMCs at 
125 µg/mL triggers their differentiation into spindle-shaped cells that express vital proangiogenic markers and 
augment the secretion of therapeutic factors, including angiogenic and regenerative tissue factors17. Integrating 
IronQ labeling and MRI represents a robust approach with substantial diagnostic and therapeutic implications24. 
In this study, to explore the cellular response to IronQ, we examined alterations in gene expression in PBMCs after 
10 days of exposure to IronQ. The 10-day time point was deliberate, with the aim of comprehensively capturing 
cellular processes, including endocytic incorporation, proliferation, and early differentiation.

IronQ treatment was shown to slightly increase the production of reactive oxygen species (ROS)18, thus 
inducing oxidative stress and cellular activation. Our investigation demonstrated the upregulation of various 
stress-responsive and detoxifying genes, including MGST1, HPGDS, NQO1, PRDX1, TXN, TXNRD1, and EPX. 
These genes act as radical scavengers that protect cells from radical-induced damage. The heightened expression 
of these antioxidant genes indicates a cellular response to ’stress’ as the cells strive to mitigate the cytotoxic effects 
induced by iron-induced stress25. Specifically, microsomal glutathione S-transferase 1 (MGST1) upregulation 
offers protection against lipid peroxidation resulting from pro-oxidant stimuli26. Furthermore, the increase in 
ROS production following IronQ treatment suggests the successful uptake of IronQ by the cells. The internali-
zation of IronQ in cells may occur through receptor-mediated endocytosis or clathrin-dependent endocytosis, 
where IronQ enters cells via endocytosis and is subsequently transported to degradative machinery of the lyso-
some. As we observed, the generation of free radicals induced cellular stress, which likely resulted from the 
degradation of Fe3+ in IronQ due to the acidic environment of lysosomes and its subsequent release into the 
cytosol. In this study, we observed the upregulation of genes involved in clathrin-mediated endocytosis, including 
SCARB2, CLTA, AP2A2, AP1S1, AP2M1, FCGR1A, STEAP3, and SNX. These findings suggest that the uptake of 
IronQ in PBMCs may occur through the receptor-mediated endocytosis pathway.

Interactions between cells and nanoparticles are known to trigger a range of intracellular signaling events, 
including proliferation and differentiation27,28. In this study, we identified several enriched pathways that were 
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common to PBMCs from healthy and diabetic donors under IronQ treatment conditions. This similarity sug-
gests that PBMCs from these distinct sources respond similarly to IronQ, and these pathways likely play pivotal 
roles in IronQ induction and, resulting in the modulation of the biological processes of PBMCs. Our observa-
tions revealed notable enhancements in two key pathways—the mitogen-activated protein kinase (MAPK)/the 
extracellular-signal-regulated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) 
pathways—following IronQ treatment, which was evident through the increased expression of hub genes (IGF1, 
APOE, SCARB, PPARG​, and IL18) associated with these pathways. These findings demonstrated the pivotal role 
of the stress-activated MAPK/ERK and PI3K/Akt signaling pathways in the response of PBMCs to IronQ, which 
was in agreement with previous research findings29,30.

Figure 7.   Box plots of the results of the flow cytometric analysis illustrating the proportions of cells expressing 
angiogenic and anti-inflammatory phenotypes, including CD3+, CD4+, CD8+, CD11b+, CD14+, CD31+, CD34+, 
CD45+, CD105+, CD192+, CD206+, and CD4+/25+. Statistical significance was assessed through ANOVA 
followed by Tukey’s post-hoc test. In the plots, the presence of (*) denotes statistically significant differences, 
signifying a significance level of p < 0.05.
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After the IronQ treatment of PBMCs, a noteworthy log2 fold change (NM-post; log2FC = 3.67: DM-post; 
log2FC = 3.16) was observed in the expression of insulin-like growth factor 1 (IGF-1), a potent mitogenic agent 
that is known to bind to the IGF-1 receptor on targeted tissue cell surfaces. This binding initiated downstream 
signaling pathways—notably, the PI3K/Akt and the MAPK pathway. Activation of these signaling pathways is 
vital for various bioactivities of IGF-1, including cell proliferation, differentiation, and survival31. In addition to its 
mitogenic effects, IGF-1 also functions as an angiogenic factor. Studies have demonstrated that IGF-1 stimulates 
the migration of endothelial cells and promotes angiogenesis in vascular endothelial cells32. Furthermore, IGF-1 
plays a crucial role in promoting retinal angiogenesis, with an IGF-1 receptor antagonist suppressing retinal 
neovascularization by inhibiting vascular endothelial growth factor (VEGF) signaling33. Elevated monocyte 
expression of IGF-1 in ischemic tissue could contribute to the angiogenic process34. Additionally, it has been 
reported that IGF-1-stimulated VEGF production is mediated by the ERK pathway in multiple myeloma cells35. 
VEGFs are central regulators of vasculogenesis and angiogenesis. VEGF-D, a secreted glycoprotein, activates 
VEGFR-2/VEGFR-3, exhibiting a higher affinity for VEGFR-2 and, thereby, promoting the proliferation of lym-
phatic endothelial cells36. While VEGF-A has been extensively investigated as an angiogenic factor, recent studies 
have shown that VEGF-D exhibits comparable angiogenic properties to those of VEGF-A in glioblastoma and 
colorectal cancer. VEGF-D, which is equivalent to VEGF-A, elicits the proliferation of vascular endothelial cells, 
thus facilitating the expansion of blood vessels that express VEGFR-2. The VEGF-D/VEGFR-2 reaction is strong, 
but it takes time37. In our previous study, we characterized circulating pro-angiogenic cells derived from PBMCs 
treated with IronQ and revealed the overexpression of VEGFR-2 in these treated cells17. Consequently, in this 
study, the substantial increase in VEGF-D expression observed in both healthy and diabetic PBMCs after IronQ 
treatment aligned with our prior findings, thus highlighting the role of VEGFR-2 in this angiogenic response. 
Matrix metalloproteinases (MMPs) are proteolytic enzymes that play a crucial role in remodeling basement 
membranes and the extracellular matrix (ECM), thus facilitating endothelial cell migration and invasion into 
the surrounding tissue during angiogenesis. Previous studies reported that IGF-1 stimulated the upregulation of 
MMPs38,39, which aligned with our findings concerning the significant increase in MMP2 and MMP9 expression 
in PBMCs treated with IronQ. Therefore, we postulate that when IGF-1 stimulates the secretion of pro-angiogenic 
factors by PBMCs, it initiates endothelial cell growth, migration, and vascularization. Recent evidence indicated 
that dysfunction in endothelial progenitor cells (EPCs) in diabetic patients adversely affected vasculogenesis and 
hampered efficient wound regeneration22. Our study demonstrated that pre-treatment with IronQ can rejuvenate 
the pro-angiogenic functionality of PBMCs in diabetic patients.

The preconditioning of PBMCs—whether they were derived from healthy or diabetic donors—with IronQ 
significantly enriched their immune regulatory response. Research has shown that exposure to cellular-stress-
inducing stimuli activates repair mechanisms and immune regulatory responses in mesenchymal stem cells 
(MSCs) and macrophages40,41. In our study, treating PBMCs with IronQ led to a notable increase in the expression 
of colony-stimulating factor 1 (CSF-1), another critical hub gene identified in our analyses. CSF-1, also known as 
macrophage (M)-CSF, plays a central role in regulating macrophage differentiation, proliferation, and survival. It 
acts as a hemopoietic growth factor for the mononuclear phagocyte lineage and holds therapeutic potential for 
tissue repair. In the realm of tissue repair, CSF-1 presents therapeutic potential. Recent work by Alikhan et al. 
highlighted the ability of CSF-1 to promote renal repair following reversible ischemia. Their study demonstrated 
that CSF-1 treatment augmented macrophage recruitment, polarized cells toward an M2-like phenotype, and 
encouraged the production of growth factors, including IGF-142.

Moreover, monocytes treated with CSF-1 exhibited potential transdifferentiation into endothelium in vitro. In 
contrast, CSF-1 primarily promoted the production of pro-angiogenic growth factors in vivo43. It is well known 
that M2 macrophages have been attributed functions in immunosuppression and vascularization in tumor 
environments44. The regulation of the macrophage phenotype is crucial for coordinating tissue injury recovery 
and efficient wound healing in various tissues45–47. The IronQ treatment of PBMCs stimulated the polariza-
tion of M2-like macrophages, which was evident in the increased expression of M2 macrophage phenotypes 
(CD206, CD163, and CD209) and the upregulation of genes associated with anti-inflammatory cytokines and 
chemokines, including IL10, CCL-17, and IDO, after the treatment. Additionally, we noted the upregulation of 
crucial transcription factors such as PPARG​ (PPARγ), which regulates the expression of M2 macrophage genes48. 
These results align with our previous findings, where the IronQ preconditioning of MSCs exhibited its anti-
inflammatory effects by inhibiting the activity of the Mincle/syk signaling pathway, suppressing inflammatory 
factor production in macrophages, and promoting their polarization into M2 macrophages in mouse models of 
intracerebral hemorrhage (ICH)24.

In addition to promoting angiogenesis, the IGF-1 signaling pathway significantly influences reparative func-
tions by regulating the innate and adaptive immune systems. Evidence suggests that IGF-1 signaling orches-
trates anti-inflammatory and immunosuppressive responses49. Signal transducer and activator of transcription 3 
(STAT3), a central transcription factor in this context, plays a pivotal role in stimulating immunosuppressive cells, 
including myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs), particularly under conditions 
of chronic inflammation50,51. The key signaling pathways stimulated by IGF-1 that govern immunosuppression 
involve the activation of STAT3 via Akt kinase and the mammalian target of rapamycin (mTOR)52. In our study, 
a significant increase in FOXP3 expression was observed in PBMCs under IronQ treatment conditions. FOXP3 
is a crucial transcription factor involved in the genetic programming of CD4+CD25+ Treg differentiation and 
function53. Previous studies confirmed that STAT3 activation directly acts on CD4+ T lymphocytes to promote 
FOXP3 expression. These findings align with the observation of decreased Tregs following STAT3 ablation in 
hemopoietic cells54. Based on this, we hypothesize that the IronQ treatment of PBMCs stimulates an increase in 
Tregs by activating IGF-1 signaling and, thus, engaging in crosstalk with STAT3 signaling activation in T lym-
phocytes to promote the expression of Treg cells. Furthermore, we observed an upregulation of CD274, which 
is commonly referred to as PD-L1 (programmed death-ligand 1), following the IronQ treatment of PBMCs. 
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Previous studies demonstrated that PD-L1 and PD-L2 play a vital role in immune regulation by suppressing T cell 
activation and promoting the induction of Tregs55. It is known that, under pro-inflammatory stimulation, MSCs 
can increase the expression of PD-1 ligands, leading to enhanced suppression of T cell effector function56,57. In 
this study, we demonstrated that IronQ treatment significantly increased PD-L1 expression in PBMCs, resulting 
in an enhanced Treg population, as validated through cell phenotype analysis with immunocytometric tech-
niques. These findings emphasize the crucial role of PD-1 ligands in mediating Treg induction.

It is noteworthy that treatment with IronQ significantly increased the expression of interleukin18 (IL18)—
also known as interferon-gamma inducing factor—in PBMCs. IL18 is a versatile cytokine secreted by dendritic 
cells, macrophages, and epithelial cells, and it is crucial for interferon production by T cells and natural killer 
cells (NK)58. IL18 is unique, as it exhibits a duality in its effects. On the one hand, in conjunction with IL12, it 
stimulates robust host immune responses, and it mainly promotes Th1 responses, which are characterized by 
the activation and proliferation of cytotoxic T cells. Conversely, at lower doses and in the absence of IL12, IL18 
exerts pro-cancer effects by inducing immune evasion and promoting angiogenesis59. Recent findings indicated 
that IL18 treatment significantly augmented the proportion and absolute count of monocytic myeloid-derived 
suppressor cells (M-MDSCs) by differentiating CD11b- progenitor cells. This elevation in IL18-induced MDSCs 
led to the suppression of T cell proliferation and IFN production, thus contributing to the immunosuppressive 
properties associated with IL1860. The effective coordination of various immune cells that govern local immu-
nomodulation can reshape the molecular environment and amplify tissue repair processes61. These findings 
suggest that enhancing the immunomodulatory potential of PBMCs by preconditioning them with IronQ may 
significantly augment the therapeutic efficacy of PBMCs in the reparative context.

A notable observation in this study was that under IronQ treatment conditions, PBMCs from both healthy 
and diabetic donors exhibited a reduction in the expression of pro-inflammatory genes, such as CD8A, CD69, 
GZMB, CCL2, CX3CR1, and CCR5. These genes play critical roles in biological processes associated with the 
inflammatory response, including T cell proliferation and activation, leukocyte differentiation, and natural-killer-
cell-mediated cytotoxicity. The downregulation of these genes suggests a decrease in inflammatory activity. As 
described in the findings above, this potential reduction in the pro-inflammatory response may be linked to 
the immunosuppressive properties induced by IronQ treatment in PBMCs. This impact of IronQ on the immu-
nomodulatory function of PBMCs highlights their potential application in repairing tissues that are characterized 
by chronic inflammation.

It is intriguing to observe that the IronQ treatment affected different pathways in PBMCs from different 
sources. Notably, in PBMCs derived from diabetic donors, the IronQ treatment significantly enriched path-
ways related to the cell cycle, including those of cell division, cell proliferation, and cellular senescence, as 
evidenced by the increased expression of cell-cycle-related genes such as CCND1, PKMYT1, CDC20, BUB1B, 
CCNB2, BUB1, CDC45, CDK1, CDC25, and PTTG​. Moreover, the p53 signaling pathway, which is associated 
with cell senescence, was substantially enriched, with increased transcription of p53-related genes such as RRM2 
and CDK1. This distinction may be attributed to the persistent hyperglycemia seen in diabetic patients, which 
impacts the regulation of cell proliferation and metabolic processes. The protein O-linked N-acetylglucosamine 
(O-GlcNAc) modification, which is considered to play a significant role in the deleterious effects of hyperglyce-
mia, is implicated in this phenomenon62. Numerous cell cycle regulators, including cyclin D1, cyclin-dependent 
kinase 1 (CDK1), cyclin-dependent kinase 4 (CDK4), and cell division cycle-25 (CDC25), have been identified as 
O-GlcNAc substrates, and their functions are affected by O-GlcNAc levels63. Sustained hyperglycemia increases 
glycolytic efflux, leading to elevated O-GlcNAc production and, subsequently, causing abnormal cell prolifera-
tion in PBMCs from diabetic donors. Our findings align with those of previous research, which showed the 
upregulation of cell cycle genes in various types of cells from diabetic patients, including neurons, endothelial 
cells, and blood cells64–66. Importantly, our study indicated that IronQ did not influence the metabolic modifica-
tion processes of PBMCs from diabetic donors.

Another notable difference observed under IronQ treatment conditions was the significant enrichment of the 
IL17 signaling pathway among the DEGs unique to healthy PBMCs, with considerable upregulation of core genes 
in this pathway such as CXCL3, CCL2, MMP9, CXCL1, CCL7, MAPK13, TRAF2, TRAF3, IL17RE, CXCL2, and 
CHUK following the IronQ treatment. These changes were not observed in diabetic PBMCs. The activation of 
the IL17 signaling pathway was able to stimulate the downstream nuclear factor-кB (NF-кB) and MAPK signal-
ing pathways, resulting in the enhanced expression of antimicrobial peptides, cytokines, chemokines, and tissue 
remodeling compounds. This pathway plays a pivotal role in recruiting additional proinflammatory immune 
cells, promoting the proliferation of keratinocytes and, ultimately, aiding in acute wound healing. IL17 signaling 
has been shown in numerous studies to induce the release of proinflammatory cytokines such as tumor necrosis 
factor-alpha (TNF-α), IL6, and IL1, as well as TNF-α signaling, thus mediating the production of inflamma-
tory molecules that are crucial for epithelial wound healing. TNF-α/TNF-R2 signaling has been demonstrated 
to enhance epithelial migration and boost the survival and proliferation of intestinal epithelial cells (IECs)67. 
Furthermore, TNF-α promotes re-epithelialization and wound healing by upregulating the production of FGF-
768. Our validation results substantiate these findings, showing increased mRNA expression of CXCL3, CCL2, 
and TNF-α in PBMCs treated with IronQ. Improved local cell survival is typically associated with enhanced 
repair and recovery69. Interestingly, the term “pathways in cancer” was significantly enriched with upregulated 
genes after the IronQ treatment of PBMCs. Given the overlap in molecular mechanisms between cancer and 
regenerative biology, particularly in pathways such as mTOR and Wnt signaling, genes involved in these overlap-
ping pathways—such as PDGFB, TGFA, NRP1, EPHB2, WNT5A, RRAS, NCK1, WNT5B, PLXNA1, POU5F1, 
and LRP5—could potentially contribute to tissue repair. Our findings align with those of previous research that 
indicated the role of Wnt signaling in stem cell recruitment and differentiation during wound repair, suggesting 
that modulating Wnt signaling positively impacts tissue repair70,71. Our data indicated that the IronQ treatment 
of healthy PBMCs triggered more robust paracrine survival mechanisms than those in untreated healthy PBMCs. 
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Thus, enhancing the ability of PBMCs to support cell survival with IronQ before transplantation could lead to 
improved transplant-mediated tissue repair.

Finally, we validated the expression levels of anti-inflammatory, pro-angiogenic, and wound-healing-asso-
ciated genes to substantiate our findings from the RNA-seq analysis. Additionally, we characterized the cell 
phenotype of PBMCs after IronQ treatment using specific surface markers associated with anti-inflammatory 
and pro-angiogenic properties. As expected, our results indicated that PBMCs from diabetic patients exhibited 
a pro‐inflammatory state. At baseline, the numbers of cells that were positive for T cell and Treg markers did 
not differ significantly between healthy and diabetic PBMCs. However, diabetic PBMCs expressed higher levels 
of pro-inflammatory genes such as leukemia-inhibitory factor (LIF) and TNF-α. Intriguingly, we also observed 
lower levels of angiogenic T cell markers in diabetic PBMCs, suggesting that PBMCs from diabetic patients 
presented a highly inflammatory and antiangiogenic phenotype compared to those from healthy individuals. 
After the IronQ treatment, both healthy and diabetic PBMCs demonstrated an increase in angiogenic T cells, 
pro-angiogenic progenitors, M2 macrophages, and Treg cells. Conversely, there was a significant decrease in 
cytotoxic T cells (CD8+) after the IronQ treatment. This observation aligned with our qRT-PCR results, where 
we observed the upregulation of anti-inflammatory cytokines and genes associated with pro-angiogenesis and 
wound healing. The products of these genes likely act as positive regulators, accelerating vasculogenesis and tissue 
repair processes. Interestingly, we observed that diabetic PBMCs exhibited elevated levels of LIF following IronQ 
treatment. LIF, a cytokine in the IL6 superfamily, plays a crucial role in regulating cell division, proliferation, and 
survival72. Recent studies have highlighted the potential of upregulated LIF expression as a promising approach 
to enhancing the proangiogenic capabilities of MSCs73. In addition, the expression of autophagy-associated genes 
was noticeably upregulated in healthy and diabetic PBMCs after the IronQ treatment, with a more pronounced 
increase being observed in healthy PBMCs. Recent research has underscored the critical role of autophagy in 
enhancing the survival of transplanted stem cells and augmenting the therapeutic potential of stem-cell-based 
therapies74,75. In a recent study involving a rat model of ischemia–reperfusion myocardial injury, incubating 
bone-marrow-derived MSCs with rapamycin activated their autophagic processes, affording protection against 
apoptosis and improving their survival and differentiation after transplantation into ischemic myocardial areas76. 
Hence, pre-treating PBMCs with IronQ may activate the autophagic process, thus bolstering their survival in 
challenging microenvironments and amplifying their therapeutic potential in cell-based therapies.

Notably, there were no notable differences in the prospective angiogenic and tissue repair properties of 
IronQ-treated PBMCs from healthy donors and diabetic patients. These findings strengthen the rationale for 
considering the pretreatment of PBMCs from diabetic patients as a strategy for augmenting treatment efficacy, 
thus further emphasizing the promising potential of autologous cell therapy. Nevertheless, our study has certain 
limitations that warrant consideration in future research. These limitations include the small sample sizes, the 
necessity of assessing the therapeutic efficacy of PBMCs preconditioned with IronQ in both in vitro and in vivo 
settings, and the importance of involving more diverse and representative populations in subsequent studies to 
comprehensively grasp the potential applications of preconditioning with IronQ and PBMCs.

Materials and methods
Preparation and characterization of IronQ
Dr. Nathupakorn Dechsupa from the Molecular Imaging and Therapy Research Unit, Department of Radio-
logic Technology, Faculty of Associated Medical Sciences, Chiang Mai University generously provided the iron 
(III)–quercetin complex (IronQ). IronQ has a hydrodynamic dimension of 160.0 ± 2.4 nm in Milli-Q water and 
is known for its spherical morphology. Notably, its surface carries a negative charge, as evidenced by its mean 
zeta potential of − 24.53 ± 1.88 mV, indicating its moderate stability when suspended in water. This negative zeta 
potential reflects the ionic charge in IronQ, which generally extends the complex’s half-life in the bloodstream 
by facilitating electrostatic repulsion with plasma proteins. IronQ was dissolved in distilled water to produce an 
IronQ stock solution with an intended ultimate concentration of 2 mg/mL. Subsequently, the IronQ solution 
underwent filter sterilization with a sterile 0.2 µm syringe filter before use.

Human subject
A total of ten male patients, aged between 30 and 70 years, diagnosed with type 2 diabetes and having HbA1C 
levels below 8.0 g/dL, were recruited from the private healthcare clinic in the local area of Chiang Mai province, 
Thailand. Exclusion criteria encompassed patients with malignant tumors, those undergoing hemodialysis or 
peritoneal dialysis, and individuals suffering from infectious diseases, hematologic disorders, or severe heart 
failure. Additionally, we selected ten healthy male volunteers, aged between 30 and 70 years, as control subjects. 
This study’s design received approval from the Human Research Ethics Committee of the Faculty of Associated 
Medical Sciences at Chiang Mai University (protocol no. AMSEC-65EX-023, dated 7 July 2022). All experiments 
were conducted following the guidelines and regulations approved by the Review Board of this committee and 
adhered to the principles of the Declaration of Helsinki. Before they participated in this research, all participants 
provided informed consent.

Isolation and cell culture of peripheral blood mononuclear cells (PBMCs)
Healthy individuals and patients diagnosed with diabetes mellitus (DM) contributed 50 mL of whole blood 
samples; then, the density gradient centrifugation method was employed to successfully isolate the peripheral 
blood mononuclear cells (PBMCs). Specifically, phosphate buffer saline (PBS, pH 7.4) was used to dilute the 
blood samples in an equivalent proportion. Subsequently, the diluted blood was carefully layered on top of lym-
phocyte separation media (Lymphoprep™, Stem Cell Technologies, Vancouver, BC, Canada), and the mixture 
was then centrifuged. This process resulted in the formation of a distinct white layer consisting of mononuclear 
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cells. These mononucleated cells were gathered and cultured in Roswell Park Memorial Institute 1640 (RPMI 
1640) medium supplemented with L-glutamine (Caisson Lab, Smithfield, UT, USA), 10% fetal bovine serum 
(FBS) (Gibco, Waltham, MA, USA), and 1% penicillin/streptomycin (Gibco, Waltham, MA, USA). Afterwards, 
the cells were cultivated in an incubator with 5% CO2 in a humid atmosphere.

Treatment of PBMCs with IronQ and observation of their morphology
PBMCs that were freshly isolated from healthy and DM patients were cultured in cell culture flasks at 1 × 106 
cells/mL in RPMI 1640 culture media supplemented with 10% FBS. The cells were then exposed to IronQ at 
a concentration of 125 µg/mL. The selection of the IronQ concentration of 125 µg/mL for the treatment was 
based on a previous validation demonstrating the practical potential of PBMCs at this dosage17. Culturing was 
conducted at 37 °C in a humidified atmosphere with 5% CO2 and without any subculture or re-feeding. After 
10 days of incubation, the post-IronQ treatment cells were collected via careful pipetting, and the wells were 
rinsed with EDTA-PBS solution. Alterations in cell morphology were observed before collection on day 10 by 
using an inverted microscope. Subsequently, the collected cells were suspended in an appropriate medium for 
further experiments.

RNA‑sequencing analysis
After collection, the freshly isolated PBMCs and those treated with IronQ for ten days were processed as follows. 
The isolation of total RNA was performed by using the Nucleospin® RNA Kit (Macherey–Nagel, Düren, Germany) 
according to the manufacturer’s instructions. This extracted RNA was treated with rDNase—a product that was 
RNase-free—to eliminate any genomic DNA contamination. The RNA quantity was ascertained by utilizing a 
Nanodrop spectrophotometer (BioDrop™ μLITE, Cambridge, UK), while the integrity of the RNA was evaluated 
through the computation of the A260/A280 ratio. Messenger RNA (mRNA) was purified from total RNA via 
oligo dT selection and fragmentation. It was then reverse-transcribed into first-strand cDNA by using random 
hexamer primers and synthesized into double-stranded cDNA, with the first-strand cDNA as the template. After 
the end repair process, the double-stranded cDNA underwent polymerase chain reaction (PCR), amplification, 
and subsequent purification to create a cDNA library. Quantified libraries were combined and subjected to RNA 
sequencing on Illumina platforms, with a focus on optimal library concentration and data volume. The resulting 
reads had a length of 150 base pairs. The raw sequencing data were processed to generate clean reads by eliminat-
ing low-quality reads and reads containing ploy-N or adaptor sequences by using FastQC77. The clean data were 
then assessed for quality by calculating the Q20, Q30, and GC content. Subsequently, the high-quality filtered 
data were aligned with the human reference genome (GRCh38) by using Hisat2 (v2.0.5).

Gene expression was measured by using featureCounts v1.5.0-p3, and the results were displayed as FPKM or 
fragments per kilobase of transcript sequence per million mapped reads. A principal component analysis (PCA) 
algorithm was applied to evaluate variations in mRNA expression among the different groups. Differentially 
expressed genes (DEGs) were identified by using the DESeq2 R package (version 1.20.0), which assessed the data 
based on the negative binomial distribution. Significant DEGs were defined as those with a Q value (adjusted 
p-value calculated by using the Benjamini and Hochberg method) of less than 0.05 and an absolute log2-fold 
change (FC) greater than or equal to 1. Volcano plots and expression heatmaps were generated by using web-
based analytical tools (NovoMagic, a free Novogene platform).

Table 1.   List of primers used in quantitative real-time polymerase chain reaction (qRT-PCR).

Target Forward primer (5′–3′) Reverse primer (5′–3′)

CCL17 GAG​CCA​TTC​CCC​TTA​GAA​AGC​ CTC​TCT​TGT​TGT​TGG​GGT​CC

CCL2 CCA​GTC​ACC​TGC​TGT​TAT​AAC​ GTG​AGT​GTT​CAA​GTC​TTC​GG

CXCL3 CTA​GGG​ACA​GCT​GGA​AAG​GAC​ CTG​ACA​CAT​TAT​GGT​CTC​CCAC​

IDO CAG​CTA​TCA​GAC​GGT​CTG​GT CAG​GAA​GTT​CCT​GTG​AGC​TG

LC3B GCC​TGA​GTT​GTG​AAG​CGC​AA CTT​AGG​AGT​CAG​GGA​CCT​TC

IL10 CTG​AGC​TTC​TCT​GTG​AAC​GA CAG​CTA​GAA​AGC​GTG​GTC​AG

TNFA GTA​CCT​CAT​CTA​CTC​CCA​GG CAG​ATA​GAT​GGG​CTC​ATA​CC

TGFB GGT​ACC​TGA​ACC​CGT​GTT​GC CGC​ACA​ACT​CCG​GTG​ACA​TC

MMP2 GAC​GGA​AAG​ATG​TGG​TGT​GC CCC​CAT​AGA​GCT​CCT​GAA​TG

mTOR CCT​GTC​AGA​ATC​CAA​GTC​AAG​ GGG​ACT​TGA​AGA​TGA​AGG​TG

AKT CGG​AGA​AGA​ACG​TGG​TGT​ACC​ GGC​CGT​AGT​CAT​TGT​CCT​CC

ATG7 CTT​CTG​CAA​TGA​TGT​GGT​GGC​ CGT​CAC​TGC​TGC​TGG​CAA​TG

Beclin1 GAG​GCT​GAG​AGA​CTG​GAT​CAG​ GTG​GAA​GGT​TGC​ATT​AAA​GACG​

Bnip3l GGA​TGA​CCA​GTT​ATC​TCG​AG GGC​AAA​CCT​GTC​TGT​CAT​AG

LIF GCC​CCC​AGC​AAA​TTA​TCA​CC CCT​CCC​CAA​GAG​CCT​GAA​TG

GAPDH GTA​TCG​TGG​GAA​GGA​CTC​ATGAC​ GAA​CAT​CAT​CCC​TGC​CTC​TAC​
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Bioinformatic analysis of the differentially expressed genes (DEGs)
We comprehensively analyzed the DEGs obtained from the various comparisons in our study. We employed a 
Venn diagram tool to identify common DEGs across different comparisons. The functional enrichment analy-
sis of these DEGs was carried out by using the NovoMagic, a free Novogene platform for data analysis and the 
assessment of Gene Ontology (GO) terms and KEGG pathways78(http://​www.​genome.​jp/​kegg/). Significance 
was determined based on Q values (adjusted p-value) that were less than 0.05. Furthermore, we constructed 
a protein–protein interaction (PPI) network by using the STRING database (https://​www.​string-​db.​org/) and 
visualized it with Cytoscape version 3.8.2 (https://​cytos​cape.​org/). We utilized the Molecular Complex Detection 
(MCODE) and CytoHubba plug-ins in Cytoscape to identify key clusters and hub genes in the PPI network. The 
functions of genes in these clusters were further analyzed by using the Metascape database (http://​metas​cape.​
org). The results of these analyses were represented in heatmaps that highlighted enriched terms and provided 
valuable insights into the functional roles and interactions of the identified genes.

Quantitative real‑time polymerase chain reaction (qRT‑PCR)
Peripheral blood mononuclear cells (PBMCs) that were freshly isolated and those that were subjected to a ten-
day IronQ treatment were processed as follows. Total RNA isolation was performed ’by using the Nucleospin® 
RNA Kit (Macherey–Nagel, Düren, Germany) according to the manufacturer’s protocol. The isolated RNA was 
utilized to synthesize complementary DNA (cDNA) with the ReverTra Ace™ qPCR RT Master Mix, including 
a gDNA Remover (TOYOBO, Osaka, Japan), per the manufacturer’s instructions. Quantitative real-time poly-
merase chain reaction (qRT-PCR) was carried out on a CFX ConnectTM real-time system (Bio-Rad, California, 
USA) by using cDNA mixed with THUNDERBIRDTM Next SYBR® qPCR Mix (TOYOBO, Osaka, Japan), with 
the following cycling conditions: an initial denaturation at 95 °C for 60 s, followed by denaturation at 95 °C for 
10 s, annealing at 61.1, 62.4, 64.9, and 66.1 °C for 15 s, and extension at 72 °C for 30 s. This cycle was repeated 40 
times, and the reactions were performed in triplicate. The primer sequences used in this study are presented in 
Table 1. Normalization of the calculated Ct values of the target genes was performed by using the housekeeping 
gene GAPDH. The 2-∆∆Ct technique was utilized to assess the relative gene expression in order to quantify the fold 
changes in gene expression between the treatment and control groups. In total, 7 healthy donors and 7 diabetic 
donors were examined independently from RNA-Sequencing Analysis samples.

Analysis of cell surface markers using flow cytometry
Freshly isolated PBMCs and those treated with IronQ were collected in PBS and subsequently blocked for 30 min 
at 4 °C by using a blocking reagent (PBS containing 2.5% BSA). Cell suspensions were subjected to staining in PBS 
containing 0.1% BSA at a concentration of 5 × 105 cells. Each 100 µL sample of the cell suspension was incubated 
with the appropriate IgG isotype controls for each fluorescence channel or with specific antibodies, including 
FITC-labeled anti-CD34 (Elabscience), FITC-labeled anti-CD14 (Miltenyi), FITC-labeled anti-CD11b (eBiosci-
ence), PE/Cy5.5‐labeled anti-CD45 (eBioscience), FITC-labeled anti-CD31 (Life Technologies), PE-labeled anti-
CD105 (eBioscience), PE/Cy5.5‐labeled anti‐CD3(clone: UCHT1, Merck Millipore), APC‐labeled anti‐CD206 
(clone 15–2, Sigma-Aldrich), APC‐labeled anti‐CCR2 (CD192, Sino Biological), PE‐labeled anti‐CD8a (clone: 
RPA‐T8, Merck Millipore), PE‐labeled anti‐CD4 (clone: RPA‐T4, Merck Millipore), and Alexa Fluor‐488‐labeled 
anti‐CD25 (Clone: BC96, eBioscience). This incubation was performed at 4 °C in the dark for 30 min. After two 
washes containing 0.1% BSA with PBS, the cell suspension was subjected to analysis by using flow cytometry 
(Beckman Coulter, Epics XL-MCL, CA, USA). Data analysis was carried out by using the FlowJo10 software 
(Tree Star, Ashland, Oregon), and scattergrams were gated based on three different cell sizes.

Statistical analysis
The data from qRT-PCR and flow cytometry are presented as mean values accompanied by the standard devia-
tion (SD). Each study included ten individual donors per group. The analysis of statistical differences among the 
treatment groups was assessed through one-way ANOVA, followed by Tukey’s multiple-comparison post-hoc 
tests with OriginPro version 2023 (Origin Lab, Northampton, MA, USA). It was determined that a p-value below 
0.05 indicated significance.

Data availability
The datasets analyzed during the present study have been deposited in the National Center for Biotechnology 
Information Sequence Read Archive (NCBI SRA) under accession code PRJNA1090784. Additional data gen-
erated or analyzed during this study are included in its supplementary information files or available from the 
corresponding author on reasonable request.
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