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Diabetes is a systemic metabolic disorder primarily caused by insulin deficiency and insulin resistance, leading to chronic
hyperglycemia. Prolonged diabetes can result in metabolic damage to multiple organs, including the heart, brain, liver, muscles,
and adipose tissue, thereby causing various chronic fatal complications such as diabetic retinopathy, diabetic cardiomyopathy,
and diabetic nephropathy. Single-cell RNA sequencing (scRNA-seq) has emerged as a valuable tool for investigating the cell
diversity and pathogenesis of diabetes and identifying potential therapeutic targets in diabetes or diabetes complications. This
review provides a comprehensive overview of recent applications of scRNA-seq in diabetes-related researches and highlights
novel biomarkers and immunotherapy targets with cell-type information for diabetes and its associated complications.
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1. Introduction

Diabetes is a multisystem metabolic disorder characterized
by hyperglycemia, and it could be classified into early-
onset Type 1 diabetes (T1D) with immune-mediated beta
cell destruction and late-onset Type 2 diabetes (T2D) with
beta cell dysfunction and insulin resistance [1]. The latest
report revealed that there were 828 million adults with dia-
betes worldwide in 2022, which significantly increased to
630 million from 1990 [2]. Indeed, devastating macrovascu-
lar complications (cardiovascular disease) and microvascu-
lar complications (including diabetic nephropathy (DN),
retinopathy, and neuropathy) are major contributors to
mortality and an overall decreased quality of life among
patients with diabetes [3]. As we all know, diabetes is also
a complex and heterogeneous disease among patients, which

could cause multiple complications in different tissues at the
same time [4, 5]. There is an urgent need to utilize some new
advanced technologies to understand the cellular and molec-
ular heterogeneity behind diabetes and related complica-
tions, especially those microvascular complications.

Advances in single-cell RNA sequencing (scRNA-seq)
have allowed for comprehensive characterization of cell
complexity and heterogeneity in diverse diseases [6, 7]. After
isolating individual cells, scRNA-seq is employed to perform
whole-genome amplification and high-throughput sequenc-
ing on each cell, enabling the acquisition of genetic informa-
tion and gene expression profiles at a single-cell level [8, 9].
Cell heterogeneity plays a crucial role in various biological
processes including development, tissue homeostasis, dam-
age repair, and cellular regeneration [10, 11]. By using
scRNA-seq analysis, we could not only uncover hidden
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heterogeneity within cell populations but also identify novel
diagnostic biomarkers and therapeutic targets and gain
insights into disease pathogenesis and progression [12].
Importantly, scRNA-seq has also become a versatile tool
for investigating the cell diversity and underlying pathogen-
esis of diabetes [13, 14], and recent studies also provided
novel therapeutic targets for diabetes or diabetes-related
complications by using scRNA-seq method [15, 16].

This review primarily discusses the application of scRNA-
seq in diabetes and its associated complications and pro-
vides a comprehensive overview of the major results in these
latest researches by scRNA-seq in these diseases, including
diabetic retinopathy (DR), diabetic cardiomyopathy (DC),
DN, gestational diabetes, T1D, and T2D.

2. DR

DR is a prevalent microvascular complication of diabetes,
which is diagnosed in a third of people with diabetes and
remains a major cause of vision loss in middle-aged and
elderly people [17, 18]. However, the pathogenesis of DR is
still unknown.

Human retinas are commonly hard to obtain clinically,
and the formation of fibrovascular membranes (FVMs) is a
serious sight-threatening complication of proliferative dia-
betic retinopathy (PDR), which could cause retinal hemor-
rhage, detachment, and eventual blindness [19]. Recently,
two studies analyzed the comprehensive cell atlas of surgi-
cally harvested PDR-FVMs by performing scRNA-seq [20,
21]. Microglia was the major cell population in FVMs, and
a GPNMB+ subpopulation of microglia exhibited both pro-
fibrotic and fibrogenic properties in PDR-FVM [20]. Scheri
et al. found that pericytes were involved in fibrogenesis in
PDR-FVMs by scRNA-seq and validated that AEBP1 signal-
ing modulated pericyte–myofibroblast transformation [21].
Another two human studies profiled the expression signa-
tures of peripheral blood mononuclear cells (PBMCs) from
DR patients by scRNA-seq [22, 23]. JUND was found in
each subset of PBMCs in patients with Type 1 DR, and
downregulation of JUND in DR patient-derived PBMCs
could ameliorate the dysfunction in human retinal micro-
vascular endothelial cells. This study highlighted the signifi-
cance of JUND as a key regulator for PBMCs in participating
in the pathogenesis of DR [22]. Haliyur et al. analyzed the
single-cell landscape of vitreous and peripheral blood from
PDR and revealed inflammatory T-cell signatures in human
vitreous [23].

Unlike humans, retinas could be easily obtained from
diabetic mice with DR phenotype, including streptozotocin
(STZ)-induced diabetic models. The scRNA-seq found that
multiple genes and metabolic pathways were deregulated in
most types of retinal cells, including microglia, astrocytes,
and endothelial cells, which deciphered pathological alter-
ations of DR induced by STZ [24, 25]. Ben et al. also per-
formed scRNA-seq analysis on retinas from STZ-induced
DR model and revealed that diabetes-induced interactions
between microglia and endothelial cells mainly participated
in the inflammatory response and vessel development, with
CSF1 and its receptor CSF1R playing important roles in

early cell differentiation [26]. Wang et al. showed that
microglial subtypes had the most obvious differential expres-
sion changes in early DR by STZ model via scRNA-seq [27].
Except STZ model, other studies used different mutant
models to characterize retinal cell landscape and heterogene-
ity by scRNA-seq, respectively [28–30]. The ACER2 expres-
sion in endothelial cells [28], RLBP1 expression in Müller
glia [29], and WIF1 expression [30] in photoreceptor cells
provided cell-type–specific targeted interventions for DR.
These researches validated the important contributions of
the scRNA-seq method to find potential targets for DR.
Another two studies presented cell-type–specific transcrip-
tional changes and cell–cell interactions of retinas from rats
and cynomolgus monkeys by scRNA-seq [31, 32]. Interest-
ingly, Chen et al. integrated eight public datasets to exhibit
a comprehensive cell atlas of retinas from human and mouse
and uncovered the early pathological alterations in the retina
by combining genome-wide association study (GWAS) data
[33] (Table 1).

3. DC

DC is a diabetes-induced pathophysiological condition that
can result in heart failure [34]. Both hyperglycemia and
insulin resistance are risk factors for the development of
DC [35]. DC is a specific cardiac manifestation of patients
with diabetes, while these patients did not suffer coronary
artery disease, hypertension, and other types of heart dis-
eases [36]. Leveraging scRNA-seq enables us to have insights
on the cellular heterogeneity of hearts in DC and, thereby,
identify potential therapeutic targets for DC.

The scRNA-seq analysis of diabetic mouse hearts revealed
that diabetes-induced cellular responses synergistically con-
tribute to cardiac remodeling, encompassing cell-specific
activation of gene programs associated with fibroblast prolif-
eration and cell migration, as well as dysregulation of path-
ways involved in vascular homeostasis and protein folding
[37]. Another study also identified the heterogeneity of car-
diac fibroblasts within diabetic mice by scRNA-seq tech-
nique, highlighting the pivotal role of a cluster of fibroblasts
with high expression of Lox in the development of diabetic
heart disease–associated fibrosis [38]. Su et al. revealed that
decreased endothelial cells and macrophages, along with
increased fibroblasts and cardiomyocytes, were observed in
hearts of the DC group by integrating scRNA-seq and
scATAC-seq data, indicating augmented fibrosis and endo-
thelial damage in diabetic heart [39]. Phenotypically distinct
Hrchi and Postnhi subsets of fibroblasts associated with path-
ological extracellular matrix remodeling were characterized
in mouse diabetic hearts by scRNA-seq. Notably,Hrchi fibro-
blasts exhibited the highest propensity for inducing fibrosis
under diabetic conditions [40]. All of these scRNA-seq stud-
ies highlighted the heterogeneity of cardiac fibroblasts and
their roles in fibrosis of diabetic heart disease.

In addition, the latest scRNA-seq research of the diabetic
hearts found that M1 macrophages could mediate diabetic
myocardial fibrosis through IL-1β interaction with fibro-
blasts [41]. Ma et al. validated that metabolic reprogram-
ming induced by ischemia-reperfusion injury might be the
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main cause of increased myocardial vulnerability in diabetic
myocardium by scRNA-seq analysis [42] (Table 2).

4. DN

DN or diabetic kidney disease (DKD) occurs in 40% of
patients with diabetes, which is the leading cause of kidney
failure worldwide [16, 43]. However, the precise cellular
components and signaling pathways implicated in its patho-
genesis remain incompletely elucidated. Single-cell tran-
scriptome sequencing emerges as an indispensable tool for
interrogating transcriptional alterations underlying DN.

ScRNA-seq technology can facilitate the characterization
of cell atlas and investigation of cell-type–specific expression
alterations involved in DN. The single-cell landscape of
human diabetic kidney samples has been characterized by
single-nucleus RNA sequencing (snRNA-seq) technology,
and 11 kidney cell types and four immune cell types showed
cell-type–specific changes in gene expression which were
related to ion transport, angiogenesis, and immune cell acti-
vation in DN [44]. Wilson et al. also identified similar cell
types and cell-specific differentially expressed genes in the
kidney cortex between DKD patients and controls by
snRNA-seq and validated that glucocorticoid receptor inhi-
bition might mitigate the adverse metabolic effects of DKD
by integrating single nucleus ATAC sequencing analysis [45].

More studies adopted the mouse model of DKD to reveal
the cell heterogeneity and dynamic alterations by scRNA-
seq, including kidney immune cells [46] and glomerular cells

[47, 48]. Balzer et al. found that the ZSF1 rat DKD model
exhibited the phenotypic characteristics of human DKD
and showed a strong correlation with human single-cell
DKD data [49]. Zhou et al. integrated mouse and human
kidney single-cell expression data of DKD and validated
gene expression commonalities and differences in disease
states; interestingly, different disease models showed similar
changes when compared at a pathway level [50]. Lay et al.
also found several consistent changes (including genes, pro-
teins, and molecular pathways), occurring across all kidney
cell types or cell-line–specific changes in insulin-resistant
kidney models and human biopsies by integrating bulk-
and single-cell transcriptomic data [51].

Some studies used the scRNA-seq tool to explore the
treatment roles of specific genes or signaling pathways in
DKD. Sourris et al. revealed that distinct transcriptional
changes of kidney endothelial, proximal tubular (PT), podo-
cyte, and macrophage cells were induced in response to
pharmacologic activation of GLP-1R signaling at the
single-cell level [52]. The above ZSF1 rat DKD model was
also used to study the effect of pharmacological soluble gua-
nylate cyclase (sGC) modulation on multiple cell types by
scRNA-seq, and it validated that sGC was a promising
DKD drug target [49]. Similarly, Chen et al. analyzed the
ameliorative effect of rosmarinic acid on DN-induced kidney
injury in mice by scRNA-seq, which could further attenuate
the inflammatory response of macrophages, oxidative stress,
and cytotoxicity of natural killer cells [53]. Subramanian
et al. reported an expanding population of macrophages
with high expression of TREM2 in the DKD model by

TABLE 1: The application of scRNA-seq in diabetic retinopathy.

Species Sample type Sample number Group Cell type Cell number Reference

Human Fibrovascular membranes 5 Proliferative DR Cell atlas 6894 [20]

Human Fibrovascular membranes 4 Proliferative DR Cell atlas 4044 [21]

Human PBMCs 11 DR, non-DR, and control Peripheral immune cells 71,545 [22]

Human Vitreous cells and PBMCs 11 DR Immune cells 36,311 [23]

Mouse Retina 6 DR and control Cell atlas 14,000 [24, 25]

Mouse Retina 10 DR and control Cell atlas 31,256 [26]

Rat Retina 5 DR and control Cell atlas 35,910 [27, 31]

Mouse Retina 4 DR and control Endothelial cells 18,376 [28]

Mouse Retina 6 DR and control Cell atlas 85,568 [29]

Mouse Retina 3 DR, control, and WIF1 group Cell atlas / [30]

Monkey Retina 2 DR and control Cell atlas 10,263 [32]

TABLE 2: The application of scRNA-seq in diabetic cardiomyopathy.

Species Sample type Sample number Group Cell type Cell number Reference

Mouse Heart 7 DC and control Nonmyocytes 7811 [37]

Mouse Heart 8 DC and control Cell atlas 11,585 [38]

Mouse Heart / DC and control Cell atlas / [39]

Mouse Heart 12 DC and control Cell atlas 32,585 [40]

Mouse Heart / DC with different stages Cell atlas 58,050 [41]

Mouse Heart 12 DC and control with/without I/RI Cell atlas 40,645 [42]
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scRNA-seq, and Trem2 knockout mice had worsening kid-
ney filter damage and increased tubular epithelial cell injury
[54]. Set7 regulation was investigated in the DKD model by
scRNA-seq, which controlled the phenotype switching of
glomerular endothelial cell populations by transcriptional
regulation of IGFBP5 [55]. The effects of LRG1 loss in kid-
ney cells were examined in the DKD model by single-cell
transcriptomic analysis, and LRG1 loss might be an effective
approach to restrain glomerular TGF-β signaling to attenu-
ate DKD [56].

Currently, angiotensin receptor blockers (ARBs) and
sodium–glucose cotransporter 2 inhibitors (SGLT2i) are
established therapeutic approaches for patients with DN.
The study identified a novel PT subpopulation that could
be reversed through the treatments of ARB and SGLT2i
in DKD, revealing the potent antifibrotic and anti-
inflammatory effects of ARB, as well as the impact of SGLT2i
on mitochondrial function within the PT [57]. Schaub et al.
also reported that the SGLT2i treatment was related to sup-
pression of transcripts in the glycolysis, gluconeogenesis,
and tricarboxylic acid cycle pathways in PT, and SGLT2i
treatment could benefit the kidneys by mitigating kidney
tubular metabolic and mTORC1 perturbations [15]. Sen
et al. validated that the SGLT2i treatment could increase epi-
dermal growth factor expression and improve kidney out-
comes in patients with T2D [58]. Furthermore, SGLT2i has
demonstrated regulatory influence on selective splicing
events occurring in the proximal tubule in murine DKD
model [16]. Diabetes downregulated the splicing factor ser-
ine/arginine-rich splicing factor 7 (Srsf7) in the PT. In vitro
experiments demonstrated that knockdown of Srsf7 in the
proximal tubule elicited an inflammatory phenotype, indicat-
ing that selective splicing was a driving factor of DKD.
SGLT2i specifically salvaged this splicing action, suggesting
that SGLT2i-mediated regulation of selective splicing in the

proximal tubule could be one approach to treating DKD
[16] (Table 3).

5. T1D

T1D is a chronic autoimmune diabetes characterized by
insulin deficiency due to pancreatic beta-cell (β cell) loss
and leads to hyperglycaemia [59]. Single-cell transcriptomics
analysis provides an effective method to elucidate the under-
lying mechanisms governing β cell function in T1D. The
study found significant reduction in the expression of β cell
autoantigens and MHC Class I components in immature
beta cells by scRNA-seq, and IRE1α deletion could induce
β cell dedifferentiation to escape immune-mediated destruc-
tion and prevent T1D [60]. Except for autoantigens, the
deregulation of the chronic stress-adaptation program
affected the β cell’s adaptive plasticity, which contributed
to diabetes pathogenesis [61]. Deletion of Alox15 led to the
preservation of β cell mass, altered crosstalk with the
immune system, and protected against spontaneous T1D
[62]. The β cell-specific autoimmune CD8 T cells were iden-
tified to have stem-like features that could continuously seed
the pancreas to sustain β cell destruction; therefore, target-
ing these progenitors might be a novel immunotherapeutic
intervention for T1D [63].

In addition, some studies performed single-cell land-
scape analysis to reveal pancreatic biology and pathophysiol-
ogy of T1D, including human pancreas [64], pancreatic islets
of T1D patients [65, 66], and mouse islets [67]. Recently,
scRNA-seq technology was used to predict the therapeutic
efficacy or uncover transcriptional changes during the treat-
ment of T1D in some clinical trials, including in children
with new-onset T1D [68], in individuals at risk for T1D
[69], and in T1D patients with GAD-alum immunother-
apy [70].

TABLE 3: The application of scRNA-seq in diabetic nephropathy.

Species Sample type Sample number Group Cell type Cell number Reference

Human Kidney 6 DN and control Cell atlas 23,980 [44]

Human Kidney 11 DN and control Cell atlas 39,176 [45]

Mouse Kidney 2 DN and control CD45+ cells ~17,000 [46]

Mouse Kidney 16 DN and control with 6/12 weeks Cell atlas 70,944 [47]

Mouse Kidney 2 DN and control Cell atlas 644 [48]

Rat Kidney 12 DN and control with treatment Cell atlas 217,132 [49]

Mouse Kidney 42 Kidney disease models Cell atlas 280,521 [50]

Mouse Kidney 12 Normal, DKD, and treatment Cell atlas 16,015 [52]

Mouse Kidney 6 Normal, DKD, and DKD_RA Cell atlas 51,882 [53]

Human Kidney 12 DKD and control Cell atlas 48,154 [54]

Mouse Kidney 24 HFD, BTBR, and control Cell atlas 142,159 [54]

Mouse Kidney 8 Normal, DKD, and Set7KO Cell atlas / [55]

Mouse Kidney 9 Control, DKD, and LRG1_KO Cell atlas / [56]

Mouse Kidney 15 Control, DKD, and treatment Cell atlas 83,585 [57]

Human Kidney 22 Control, DKD, and treatment Cell atlas 40,535 [15]

Human Kidney 22 Control, DKD, and treatment Cell atlas 50,601 [58]

Mouse Kidney 70 DKD and treatment Cell atlas ~100,0000 [16]
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The single-cell transcriptomic data of PBMCs from T1D
patients validated that upregulated genes were involved in
WNT signaling, interferon signaling and migration of T/
NK cells, antigen presentation by B cells, and monocyte acti-
vation [71]. Ashton et al. analyzed dendritic cells from the
peripheral blood of T1D patients by single-cell gene expres-
sion assays and validated the decreased expression of the
regulatory genes PTPN6, TGFB, and TYROBP in T1D
[72]. However, this study selected a panel of 29 target genes
involved in dendritic cell function to explore transcriptional
signatures of dendritic cells, and it could not comprehen-
sively reflect the transcriptional heterogeneity among cells
or patients. Beyond these studies, a population of 127-hi
Th2 cells [73] and SIGLEC-1+ monocytes [74] from PBMCs
could serve as an important indicator for the diagnosis of
T1D.

Interestingly, Zhong et al. delineated the immune cell
landscape across patients in different T1D stages by
scRNA-seq, and two immune cell subsets TIGIT+CCR7−
Tregs and CD226+CD8+ T cells could serve as biomarkers
for monitoring T1D progression and targets for T1D treat-
ment [75]. Similarly, a single-cell atlas of murine islets from

different stages of autoimmune diabetes was explored, with
high transcriptional heterogeneity across the lymphoid and
myeloid compartments [76]. Fu et al. also used scRNA-seq
to investigate the evolutionary trajectories and molecular
mechanisms of β cells in STZ-treated T1D mice with distinct
ages of initiation, mitochondrial function, chromatin modi-
fication, and remodeling-related pathways that were impor-
tant in the dynamic transition of β cells [77] (Table 4).

6. T2D

The β cell dysfunction leads to an insufficient beta cell mass
to meet the demands of insulin resistance, which forms the
basis for T2D. By employing scRNA-seq technology to ana-
lyze the transcriptome of cells in T2D, we can investigate the
diversity in cell types and the heterogeneity of cell expression
signatures, thereby offering novel target cells, marker genes,
and pathways for understanding this disease.

In 2016, two back-to-back studies had sequenced the
transcriptomes of thousands of human islet cells from T2D
and defined the subpopulations and expression programs
of endocrine and exocrine cells, including α, β, and δ cells

TABLE 4: The application of scRNA-seq in T1D.

Species Sample type Sample number Group Cell type Cell number Reference

Mouse Islet 3 Control and T1D Cell atlas 2749 [60]

Mouse Islet 4 Control and T1D Cell atlas / [62]

Mouse PLN / Tcf7 expression CD8+ T cell / [63]

Human Islet 4 Human pancreas Langerhans / [64]

Human Islet 24 T1D Cell atlas ~80,000 [65]

Human Islet 6 Control and T1D Cell atlas 348 [66]

Human PBMCs 3 Baseline and posttreatment Treg / [68]

Human PBMCs 41 Baseline and posttreatment Immune cells ~20,000 [69]

Human PBMCs 77 Control and T1D Immune cells 117,737 [71]

Human PBMCs 11 Control and T1D Th2 cell / [73]

Human PBMCs 8 Control and T1D Immune cells / [74]

Human PBMCs 12 Control and T1D Immune cells 139,901 [75]

Mouse Islet / T1D stages Cell atlas 45,116 [76]

Mouse Islet / STZ treatment β cells 1092 [77]

TABLE 5: The application of scRNA-seq in T2D.

Species Sample type Sample number Group Cell type Cell number Reference

Human Islet 10 Control and T2D Cell atlas 2209 [13]

Human Islet 18 Control and T2D Cell atlas 1492 [78]

Human Islet 25 Control and T2D Cell atlas 1021 [66]

Human Islet 11 Control and T2D Cell atlas 20,437 [79]

Human Islet 52 Control and T2D Cell atlas 141,739 [80]

Human Islet 9 Control and T2D Cell atlas 39,905 [81]

Mouse Islet 4 NZO and OB Cell atlas / [82]

Mouse Islet 2 RD and HFD Cell atlas 10,582 [83]

Human Islet 3 Different treatment Cell atlas 6049 [85]

Human Islet 3 Human pancreas Cell atlas 5288 [88]
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[13, 78]. This laid the foundation of scRNA-seq utility for
uncovering the molecular profiling of T2D. After that, a
series of studies was devoted to explore cell heterogeneity
and transcriptional programs underlying dysfunction in
T2D by scRNA-seq methods, including in human pancreatic
islets [66, 79–81] and in mouse islets [67, 82].

In addition, multiple studies reported the novel patho-
genesis or potential therapeutic targets for T2D with the help
of scRNA-seq. The loss of a specific subset of β cells with
high CD63 expression was found in T2D mouse models
and in humans with T2D, which might lead to diabetes
[83]. The β cell-specific polycomb loss of function in mice
could trigger diabetes-like transcriptional signatures, indi-
cating that PRC2 dysregulation contributed to T2D [84].
PAR2 and mechanosignaling pathways were identified as
potential mediators of pancreatic elastase, which further
affected acinar-to-β cell communication to limit β cell via-
bility, leading to T2D [85]. Except β cells, a subpopulation
of endothelial cells with high proliferative activity decreased
in T2D, which might be a new therapeutic target for treating
endothelial damage in T2D [86]. Monocytes with highly
expressed CTSD were found in patients with T2D, and
genetic ablation of CTSD in the monocytes could exhibit
protective effects against the diabetes-induced cognitive
impairment in mice [87]. Moreover, Su et al. generated tran-
scriptomic and 3D epigenomic profiles of human pancreatic
acinar, α and β cells using single-cell multiomics, and iden-
tified 4750 putative causal-variant-to-target-gene pairs at
194 T2D-GWAS signals; this study provided key target
genes in pancreatic cells for understanding diabetes patho-
genesis [88]. Qi et al. applied the single-cell allele–specific
expression analysis to identify several differentially regulated
genes between patients and controls in pancreatic endocrine
cells [89] (Table 5).

7. Conclusion

In this review, we presented the latest research utilizing
scRNA-seq to elucidate the pathogenesis and biomarkers
of diabetes and its associated complications, including
DR, DC, DN, and gestational diabetes. These scRNA-seq
studies unveiled the intricate signaling pathways underlying
diabetes and its complications, validated cellular heteroge-
neity in individuals with diabetes and its complications,
and identified numerous potential therapeutic targets for
managing these diseases. Moreover, scRNA-seq technology
has facilitated the development of diverse diagnostic tech-
niques for diabetes and offered novel tools for preventing
and monitoring disease progression. Nevertheless, extensive
experimental and clinical studies are still needed to validate
these diagnostic and therapeutic targets revealed by the
scRNA-seq method prior to their implementation in clini-
cal practice.
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