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Abstract
Hyperglycemia is linked to many inflammatory, metabolic and malignant diseases. High glucose provides inflammatory and cancer cells with more abundant “fuel” 
that promotes the cell motility, proliferation and production of pro-inflammatory mediators. The “malicious behavior” of activated inflammatory cells and cancer 
cells is further exacerbated by over-expression of chemoattractant receptors, notably FPRs (mouse Fprs) and tyrosine kinase receptors (TKRs) that are traditionally 
discovered as mediators of cell migration in response to a number of pathogen and host-derived chemotactic molecular patterns (PMAPs and DAMPs) existing at 
the diseased sites. In addition, the M1 macrophage polarizing capacity of one of FPRs, Fpr2, acts as a double-edged sword that exacerbates the insulin resistance 
and obesity in high-fat diet-fed mice. Therefore, while controlling glucose to a physiological level is important, targeting cell surface FPRs and TKRs should also be 
critical to manage hyperglycemia-associated disease conditions.
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Introduction
Hyperglycemia (or high glucose, HG, as is often referred to), 

in addition to be a characteristic feature of diabetes mellitus, occurs 
when human body system fails to maintain the normal serum 
glucose under 6 mmol. Hyperglycemia initiates the release of cortisol, 
glucagon, and growth hormones leading to increased insulin resistance, 
hyperinsulinemia, lipolysis, gluconeogenesis, and glycogenolysis 
that, in turn, exacerbating hyperglycemia as a vicious circle. The 
insulin resistance, needing higher-than-normal concentrations of 
insulin to promote the transport of circulating glucose into the cells 
[1], triggers body responses detrimental to overall body metabolism. 
In the presence of hyperglycemia, excessive reactive oxygen species 
(ROS) are generated, resulting in oxidative stress. Hyperglycemia 
also stimulates calcium flux into the cell, causing mitochondrial 
fragmentation, further generating high levels of ROS. These events 
disrupt normal cell metabolism, signaling, and cell-to-cell interactions 
in association with activation of downstream transcription factors, 
including the nuclear factor-kappa B (NF-κB), which induces the 
overexpression of inflammatory cytokines (IL-6, TNFα, and IFNγ, as 
a few), chemokines (such as CXCL8 and CCL2), and prostaglandins 
[2]. These inflammatory molecules perturb the function of immune 
system with excessive cell adherence, chemotaxis, phagocytosis, and 
apoptosis, preventing normal detection and elimination of infectious 
pathogens and damaged tissue. Moreover, hyperglycemia-associated 
inflammatory responses are a major contributor to the progression of 
cancer [3-5]. 

The hallmark of inflammation is leukocyte infiltration at disease sites 
in response to pathogen- or damage-associated chemotactic molecular 
patterns (PAMPs and DAMPs), which are recognized by a superfamily 
of seven transmembrane, Gi-protein-coupled receptors (GPCRs) on 
cell surface. Chemotactic GPCRs consist of two major subfamilies: the 
classical GPCRs and chemokine GPCRs. Formyl-peptide receptors 
(FPRs) belong to the classical chemotactic GPCR subfamily with 
unique properties that are increasingly appreciated for their expression 
on diverse host cell types and the capacity to interact with a plethora of 
chemotactic PAMPs and DAMPs. Three members of FPRs have been 
identified in human: FPR1–FPR3, with putative corresponding mouse 
counterparts (Fprs) [6,7]. FPR expression was initially described in 
myeloid cells but subsequently in many non-hematopoietic cells, 
including cancer cells. Accumulating evidence demonstrates that FPRs 
possess multiple functions in addition to controlling inflammation and 
participate in the processes of many pathophysiologic conditions. They 
are not only critical mediators of myeloid cell trafficking, but are also 
implicated in tissue repair, angiogenesis, and inflammation-associated 
tumorigenesis. Recent discoveries have verified and expanded the 
scope of FPRs in pathophysiological conditions by using genetically 
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engineered mouse strains, indicating the essential roles of FPRs in step-
wise trafficking of myeloid cells, including neutrophils and dendritic 
cells (DCs), in host responses to bacterial infection, tissue injury and 
wound healing. Also of great interest is that FPRs are exploited by 
cancer cells for their growth, invasion and metastasis [7,8]. 

The cellular expression of FPRs is subject to regulation by 
various stimulants, including bacterial molecular patterns and pro-
inflammatory cytokines. The ability of high glucose (HG) to increase 
the transcription and translation of FPRs (mouse Fprs) in retinal Müller 
cells [9] and human glioblastoma multiforme (GBM) [10]  raises much 
interest that posting FPRs in the loop of HG-induced inflammatory 
responses and cancer progression. In this mini-review, we list examples 
of HG regulation of FPR expression by retinal Müller glial cells (MGCs) 
and human GBM cells, as well as one of the FPRs, FPR2 (mouse Fpr2), 
in sustaining M1 polarization of macrophages that normally are 
involved in positive host response to pathogen and cancer [11] but as 
a dark side, increases host insulin tolerance of mice on high fat diet, 
therefore promoting obesity (Figure 1) [12]. 

Fpr2 exacerbates HG-mediated proinflammatory 
responses of Müller glial cells (MGCs)

Diabetic retinopathy (DR) is a severe complication of diabetes and 
the leading cause of blindness. Many abnormalities seen in the retina of 
diabetes patients are associated with inflammation [13]. Consequently, 
anti-inflammatory therapies significantly reduce the progression of 
DR in animal models. DR is staged based on levels of severity to mild, 

moderate, and severe non-proliferative DR, followed by advanced 
proliferative DR (PDR). In PDR, proliferative neo-vasculature and 
fibrovascular tissues extend from the retina into the vitreous. Tractional 
forces originating within these tissues cause vitreous hemorrhage, 
retinal scars, and retinal detachment, leading to irreversible vision 
loss. Although the origin and the process of fibrovascular membrane 
formation remain unclear, it is believed that inflammation linked to 
hyperglycemia is the basis for DR [14].

In PDR, activated MGCs exhibit increased motility and a 
fibroblast-like proliferation phenotype that contribute to the formation 
of fibrovascular membrane. Our investigation of the capacity of HG to 
regulate the expression of cell surface receptors that may participate 
in the proinflammatory responses of MGCs revealed that moue 
MGCs express Fpr2 and fibroblast growth factor receptor 1 (FGFR1), 
which mediate MGC migration and proliferation in response to their 
respective ligands. HG upregulates Fpr2 in MGCs through an NF-κB 
mediated pathway, increased the activation of MAPKs coupled to Fpr2 
and FGFR1, which also further enhanced the production of vascular 
endothelial growth factor (VEGF) by MGCs.  In vivo, Fpr2 was more 
highly expressed by retina MGCs of diabetic mice and the human 
counterpart FPR2 was detected in the retina MGCs in fibrovascular 
membrane of PDR patients. To support the potential pathological 
relevance of Fpr2, an endogenous Fpr2 agonist cathelin-related 
antimicrobial peptide (CRAMP) was detected in mouse MGCs and the 
retinal tissues. CRAMP was further upregulated by HG [9]. It is also 
reported that FPRs mediate inflammation and angiogenesis in PDR 

Figure 1. The effect of high glucose (HG) on Müller glial, glioblastoma cell and macrophage function.
HG activates intracellular ROS, which through a PKC-MAPK-mediated signaling cascade triggers translocation of the transcription factors NFκB and/or AP1 that increases the expression 
of formylpeptide receptors (FPRs). In Müller glial cells, an FPR variant FPR2 (Mouse Fpr2) mediates increased cell chemotaxis, thus recruitment, and proliferation in the retina, in response 
to an endogenous Fpr2 agonist peptide CRAMP. This process exacerbates the inflammatory conditions and the progression of diabetic retinopacy. In human glioblastoma cells, HG increases 
the expression and function of the prototype formylpeptide receptor FPR1, which promotes tumor cell invasion, proliferation and production of the angiogenic factor vascular endothelial 
cell growth factor (VEGF), by interaction with an agonist Annexin 1 (Anx A1) released by necrotic tumor cells. HG also elevates the expression and function of EGFR on glioblastoma cells 
and bFGFR on Müller cells. Both TKRs cooperation with FPRs to promote cell chemotaxis and proliferation.
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vitreous, which paves the way for targeting FPRs for anti-inflammatory/
anti-angiogenic therapy of PDR [15]. 

HG promotes GBM cell invasion and growth by 
increasing the expression of FPR1 and EGFR on tumor 
cells

GBM is the most common and aggressive subtype of gliomas with 
poor patient survival despite the treatment [16]. Putative risk factors 
for gliomas include aging, male gender and white ethnicity, without 
effective means of prevention [17]. Studies suggest that elevated glucose 
is associated with increased malignancy and the rate of recurrence of 
gliomas [18]. HG triggers intracellular pathways in tumor cells, which 
promote cancer progression, such as increased leptin levels and pro-
cell survival AKT/mTOR, enhancement of WNT/β-catenin signaling, 
induction of epithelial mesenchymal transition (EMT), and up-
regulation of inflammatory cytokine levels in circulation [19].

Our studies of the effect of HG on the growth of human GBM 
cells demonstrate that HG promotes the proliferation and inhibited 
the apoptosis of a human GBM cell line. Mechanistically, HG 
upregulates the expression and function of FPR1 and EGFR on GBM 
cells, by triggering a signaling cascade that involves MAPKs and 
NFκB. FPR1 and EGFR, upon activation by their agonists, promote 
GBM cell migration, proliferation and colony formation. In addition, 
HG increases the invasiveness and the production of VEGF by GBM 
cells, which are further augmented by FPR1 and EGFR agonists. 
The tumor promoting activity of HG was substantiated by increased 
tumorigenicity and growth of xenograft tumors formed by GBM cells 
in nude mice with chemically induced diabetes mellitus [10]. Thus, HG 
is clearly demonstrated to promote GBM progression via enhancement 
of the function of chemoattractant receptor FPR1 and the growth factor 
receptor EGFR.

Fpr2 promotes diet-induced insulin resistance and 
obesity

Obesity and related inflammation are critical for the pathogenesis 
of insulin resistance. As discussed earlier, FPR2 (Mouse Fpr2) plays 
important roles in host immune responses and inflammation-associated 
diseases by mediating myeloid recruitment and M1 polarization of 
macrophages [11]. Studies of the contribution of Fpr2 to macrophage 
accumulation and polarization in white adipose tissue of high-
diet (HFD) fed obese mice [12] show that systemic deletion of Fpr2 
alleviated HFD-induced obesity, insulin resistance, hyperglycemia, 
hyperlipidemia, and hepatic steatosis. Furthermore, Fpr2 deletion 
in HFD-fed mice elevated body temperature, reduced fat mass, and 
inhibited inflammation by reducing macrophage infiltration and 
M1 polarization in metabolic tissues. Bone marrow transplantations 
between wild-type and Fpr2-/- mice and myeloid-specific Fpr2 deletion 
demonstrate the capacity of Fpr2-expressing myeloid cells to exacerbate 
HFD-induced obese syndrome. Mechanistically, HFD-fed Fpr2 
deletion mice manifest enhanced energy expenditure probably through 
increasing thermogenesis in skeletal muscle. Serum amyloid A3 and 
other factors secreted by adipocytes induce macrophage chemotaxis 
via Fpr2, and Fpr2 deletion attenuates macrophage chemotaxis 
and lipopolysaccharide-, palmitate-, and interferon-γ-induced M1 
polarization by inhibiting the signaling pathways coupled to signaling 
pathways of these molecules. Altogether, these results demonstrate 
Fpr2 in myeloid cells being critical for promoting obesity and related 
metabolic disorders.

Concluding remarks
Hyperglycemia has been linked to many inflammatory, metabolic 

and malignant diseases. High glucose per se provides inflammatory 
and cancer cells with more abundant “fuel” that promote the cell 
motility, proliferation and production of pro-inflammatory mediators. 
Meanwhile, the more active function of inflammatory cells and 
increased malignant behavior of cancer cells are further exacerbated 
by over-expression of chemoattractant GPCRs, notably FPRs, that are 
traditionally discovered as mediators of cell migration in response to a 
number of pathogen and host-derived chemotactic molecular patterns 
(PMAPs and DAMPs) existing at the diseased sites. In addition, HG 
also up-regulates the expression of functional TKRs (FGFR and EGFR) 
that act cooperatively with FPRs (Fprs) to enhance cell motility and 
growth. Furthermore, the M1 macrophage polarizing capacity of 
Fpr2 clearly indicates the receptors as a double-edged sword that 
requires careful tuning of its function in anti-tumor responses versus 
obesity promoting function. Therefore, the biological consequences of 
hyperglycemia are multi-facet with several layers of consideration in 
therapeutic development. To boil down, while controlling glucose to a 
physiological level is important, targeting cell surface FPRs and TKRs 
should also be critical to keep the inflammation and tumor progression 
in check.
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