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Abstract

:

Repetitive intermittent hyperglycemia (RIH) is an independent risk factor for complications associated with type-2 diabetes (T2D). Glucose fluctuations commonly occur in T2D patients with poor glycemic control or following intensive therapy. Reducing blood glucose as well as glucose fluctuations is critical to the control of T2D and its macro-/microvascular complications. The interferon regulatory factor (IRF)-5 located downstream of the nutrient sensor toll-like receptor (TLR)-4, is emerging as a key metabolic regulator. It remains unclear how glucose fluctuations may alter the IRF5/TLR4 expression and inflammatory responses in monocytes/macrophages. To investigate this, first, we determined IRF5 gene expression by real-time qRT-PCR in the white adipose tissue samples from 39 T2D and 48 nondiabetic individuals. Next, we cultured THP-1 macrophages in hypo- and hyperglycemic conditions and compared, at the protein and transcription levels, the expressions of IRF5, TLR4, and M1/M2 polarization profile and inflammatory markers against control (normoglycemia). Protein expression was assessed using flow cytometry, ELISA, Western blotting, and/or confocal microscopy. IRF5 silencing was achieved by small interfering RNA (siRNA) transfection. The data show that adipose IRF5 gene expression was higher in T2D than nondiabetic counterparts (p = 0.006), which correlated with glycated hemoglobin (HbA1c) (r = 0.47/p < 0.001), homeostatic model assessment of insulin resistance (HOMA-IR) (r = 0.23/p = 0.03), tumor necrosis factor (TNF)-α (r = 0.56/p < 0.0001), interleukin (IL)-1β (r = 0.40/p = 0.0009), and C-C motif chemokine receptor (CCR)-2 (r = 0.49/p < 0.001) expression. IRF5 expression in macrophages was induced/upregulated (p < 0.05) by hypoglycemia (3 mM/L), persistent hyperglycemia (15 mM/L–25 mM/L), and RIH/glucose fluctuations (3–15 mM/L) as compared to normoglycemia (5 mM/L). RIH/glucose fluctuations also induced M1 polarization and an inflammatory profile (CD11c, IL-1β, TNF-α, IL-6, and monocyte chemoattractant protein (MCP)-1) in macrophages. RIH/glucose fluctuations also drove the expression of matrix metalloproteinase (MMP)-9 (p < 0.001), which is a known marker for cardiovascular complication in T2D patients. Notably, all these changes were counteracted by IRF5 silencing in macrophages. In conclusion, RIH/glucose fluctuations promote the M1 polarization and inflammatory responses in macrophages via the mechanism involving TLR4-IRF5 pathway, which may have significance for metabolic inflammation.
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1. Introduction


Intermittent hyperglycemia is considered an independent risk factor for the occurrence of chronic diabetic complications [1]. In clinical practice, glucose fluctuations often occur in patients with poor glycemic control. Intermittent hyperglycemic episodes are also not uncommon soon after induced stress conditions, such as acute infections [2], sepsis [3], and trauma [4], all of which may impair the recovery process of critical conditions and may increase the rate of hospital mortality in critically ill patients [3,5]. Even, the daily glucose fluctuations affected vessel healing in coronary artery disease patients who received everolimus-eluting stent implantations [6].



Oxidative stress, inflammation, and apoptosis of cardiac endothelial cells are the potential mechanisms wielding the impact of intermittent hyperglycemia on vascular endothelial dysfunction and enhancing risks for macrovascular and microvascular complications in patients with type-2 diabetes (T2D) [7,8]. Intermittent hyperglycemia in the rat model induced increased monocyte adhesion to the endothelium compared to that observed in animals with stable glucose, mainly due to overexpression of adhesion molecules such as intercellular adhesion molecule (ICAM)-1 [9,10]. These studies recommended that not only lowering blood glucose but also reducing glucose fluctuations should be considered as an important target for controlling diabetes and related macro- or microvascular complications.



The interferon regulatory factor (IRF) family plays a significant role in the regulation and differentiation of immune cells and adipocytes through different pattern recognition receptors (PRR) including toll-like receptors (TLRs) as well as in the expression of type I interferons (INF α/β) [11,12]. IRFs are also known as the key regulators of metabolic inflammation, and their expression levels are expected to influence the immunobiological consequences in patients with obesity and T2D [13,14,15]. The role of IRF5 in proinflammatory M1 macrophage polarization has been well documented [16,17]. Macrophages are regarded as the central mediators of adipose inflammation and as regulators of adipose tissue homeostasis and insulin sensitivity, involving activation of innate immune receptors, transcription factors, and a shift in intracellular metabolism [18]. IRF5 has turned out to be a direct target gene of P53 that is upregulated in response to DNA damage [19,20]. IRF5 gene expression has also been shown to be induced by signaling through TLRs [21]. Recently, we reported significant correlations between the increased adipose IRF5 expression and the body mass index, inflammatory markers, and hyperglycemia in nondiabetic overweight/obese individuals [13]. As opposed to several studies investigating the impact of persistent hyperglycemia on monocyte/macrophage responses, still little is known about the effect of repetitive intermittent hyperglycemia (RIH) on monocytic cells and macrophage responses. Herein, we present data showing the induction of inflammatory markers and cytokines/chemokine in response to RIH in human monocytic cells and primary macrophages via an IRF5-dependent mechanism.




2. Materials and Methods


2.1. Study Population and Anthropometric Measurements


A total of 87 (48 nondiabetic and 39 T2D) individuals were recruited in the study. All participants gave written informed consent, and the study was approved (Protocol #: RA-2010-003) by ethics committee of Dasman Diabetes Institute, Kuwait, in accordance with the World Medical Association (WMA) Declaration of Helsinki—Ethical Principles for Medical Research Involving Human Subjects (Updated: 64th WMA General Assembly, Fortaleza, Brazil, October 2013). Anthropometric measurements were obtained using calibrated portable electronic weighing scales and portable inflexible height measuring bars; the waist circumference was measured using constant tension tape. The body composition was measured using IOI353 Body Composition Analyzer (Jawon Medical, South Korea). The body mass index (BMI) was calculated using the standard formula: BMI = body weight (kg)/height (m2). The characteristics of the participants are summarized in Supplementary Table S1.




2.2. Clinical Analyses


Peripheral blood was collected from overnight-fasting individuals, and samples were analyzed for fasting blood glucose (FBG), lipid profile, and glycated hemoglobin (HbA1c). Glucose and lipid profiles (plasma triglycerides, high-density lipoprotein (HDL), and cholesterol) were measured using Siemens Dimension RXL chemistry analyzer (Diamond Diagnostics Holliston, MA, USA). Glycated hemoglobin (HbA1c) was measured using Variant device (BioRad, Hercules, CA, USA). Homeostatic Model Assessment of Insulin Resistance (HOMA-IR), a measure of insulin resistance, was calculated from basal (fasting) glucose and insulin concentrations using the following formula: HOMA-IR = fasting insulin (μU/L) × fasting glucose (nM/L)/22.5. Clinical data of the participants are summarized in Supplementary Table S2.




2.3. Cell Cultures


Human monocytic THP-1 cells were purchased from the American Type Culture Collection (ATCC) and grown in Dulbecco’s modified Eagle’s medium (DMEM) culture medium (Gibco, Life Technologies, Grand Island, USA) supplemented with 10% fetal bovine serum (Gibco, Life Technologies, Grand Island, NY, USA), 5 mM D-glucose (Sigma), 2 mM glutamine (Gibco, Invitrogen, Grand Island, NY, USA), 1 mM sodium pyruvate, 10 mM HEPES, 100 μg/mL normocin, 50 U/ mL penicillin, and 50 μg/mL streptomycin (P/S; Gibco, Invitrogen, Grand Island, NY, USA) by incubation at 37 °C (with humidity) under 5% CO2 concentration [22,23,24]. Cells were differentiated into macrophages using phorbol 12-myristate 13-acetate (PMA) for 3 days, followed by overnight conditioning in 5 mM D-glucose serum-free DMEM medium before cell treatments. To investigate the effect of RIH (i.e., glucose fluctuations), THP-1 macrophages were cultured in serum-free DMEM medium supplemented with varying glucose concentrations as follows: (i) hypoglycemia (3 mM/L glucose); (ii) normoglycemia (5 mM/L glucose); (iii) persistent medium hyperglycemia (15 mM/L glucose); (iv) persistent strong hyperglycemia (25 mM/L glucose); and (v) RIH or glucose fluctuations (alternating between 3 mM/L and 15 mM/L glucose, every 12 h) to mimic the RIH conditions relevant to T2D patients. All cultures were incubated at 37 °C (5% CO2 with humidity) for 3 days with media changes at every 12 h. For osmolar control, macrophages were cultured in 25 mM/L mannitol under similar incubation and maintenance conditions.




2.4. Real-Time qRT-PCR


Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia. CA, USA) per the manufacturer’s instructions. The cDNA was synthesized using 1 μg of total RNA using high capacity cDNA reverse transcription kit (Applied Biosystems, Foster city, CA, USA) and following the manufacturer’s instructions [25]. Real-time qPCR was performed on 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using TaqMan® Gene Expression Master Mix (Applied Biosystems, Foster city). Each reaction contained 50 ng cDNA that was amplified with Inventoried TaqMan Gene Expression Assay products (IRF5 assay ID: Hs00158114_m1; ITGAX/CD11c assay ID: Hs00174217_m1; interleukin (IL)-1β assay ID: Hs01555410_m1; tumor necrosis factor (TNF)-α assay ID: Hs01113624_g1; IL-5 assay ID: Hs01548712_g1; IL-10 assay ID: Hs00961622_m1; and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) assay ID: Hs03929097_g1). The threshold cycle (Ct) values were normalized to GAPDH, and the amounts of targets’ mRNA relative to control were calculated using 2−ΔΔCt method [26,27]. Relative mRNA expression was expressed as fold change over the average of GAPDH expressions. The expression level in the control treatment was taken as 1.




2.5. Flow Cytometry


Cultured macrophages were treated as mentioned above. For analyzing surface markers expression, cultures were incubated with PBS-EDTA for 20 min to detach the cells. Cells were resuspended in fluorescence-activated cell sorting (FACS) staining buffer (BD Biosciences) and blocked with human IgG (Sigma; 20 μg) for 30 min on ice. Cells were washed and resuspended in 100 μL of FACS buffer and incubated with anti-CD11c (S_HCL-3)-PE (cat# 347637; BD Biosciences) or anti-CD11c PE-Cy7 (cat # 117317; BD Biosciences ), anti-CD206-APC (cat# 561763; BD Biosciences), anti-CD163-PE (cat# 556018; BD Biosciences), anti-CD14-APC (cat# 555399; BD Biosciences), and anti-TLR-4 FITC (cat#ab8378; Abcam) on wet ice for 30 min, with gentle mixing every 10 min. Cells were washed three times with FACS buffer and fixed by resuspending in 2% paraformaldehyde solution [28]. Cells were centrifuged and resuspended in FACS buffer for FACS analysis (FACSCanto II; BD Bioscience, San Jose, USA), and data were analyzed using BD FACSDivaTM Software 8 (BD Biosciences, San Jose, USA).



For analyzing intracellular markers expression, cells were seeded in 24-well plates and treated as mentioned above. Cells were detached using PBS-EDTA for 20 min, followed by 3 washes with PBS. Cells were incubated with fixation/permeabilization buffer (cat# 554714, eBioscience, San Diego, CA, USA) for 20 min on wet ice, followed by 3 washes with Perm/Wash™ buffer and incubated with anti-IL-1β-PE (cat# 340516; BD Biosciences), anti-IL-6-PE (cat# 551850; BD Biosciences), anti-IL-4-Alexa Fluor® 647 (cat#564084; BD Biosciences), or anti-IL-10-FITC (cat#11710182; BD Biosciences) for 30 min. Cells were washed thrice and resuspended in PBS supplemented with 2% FBS for FACS and data analysis as described before.




2.6. ELISA


Macrophages were cultured and treated as mentioned above, and supernatants were collected after the last 12 h incubation. Secreted IL-1β and MCP-1 proteins were measured in the supernatants using sandwich ELISA, following the manufacturers’ instructions (R&D systems, Minneapolis, MN, USA) [29].




2.7. Small Interfering RNA (siRNA) Transfections


Monocytes were washed and resuspended in 100 μL of nucleofector solution (Amaxa Nucleofector Kit V, Lonza, Germany) and transfected separately with IRF5-siRNA (30 nM; OriGene Technologies, Inc. Rockville, MD, USA) or scrambled-siRNA (negative control) (30 nM; OriGene Technologies, Inc. MD, USA) and pmaxGFP (0.5 μg; Amaxa Nucleofector Kit V, Lonza, Köln, Germany). All transfections were performed with Amaxa Cell Line Nucleofector Kit V (Lonza, Germany) and by using Amaxa Electroporation System (Amaxa Inc; Cologne, Germany) following the protocol as described elsewhere [30]. After 36 h of transfection, cells were plated for treatments as mentioned before. In IRF5 knockdown experiments, IRF5 protein expression was assessed by using standard protocol for Western blot.




2.8. Confocal Microscopy


For detecting protein expression by confocal microscopy, THP-1 cells were seeded on a coverslip and allowed to settle by incubation for 4 h. Cells were then transformed to macrophages and treated with different glucose concentrations as described before. Later, cells were treated with 4% paraformaldehyde for 20 min and stained as follows. Briefly, the samples were treated overnight at room temperature with rabbit polyclonal anti-human primary antibodies against MMP-9 (diluted 1:100, Abcam®ab76003). After 3 washes with PBS-Tween, samples were incubated for 1 h with secondary antibody Alexa Fluor®488-conjugated Ab (diluted 1:200, Abcam®ab150077), followed by three more washes. Cells were counterstained and mounted over slides using mountant containing DAPI (Vectashield, Vectorlab, H1500). Confocal images were obtained by using inverted Zeiss LSM710 spectral confocal microscope (Carl Zeiss, Gottingen, Germany) and EC Plan-Neofluar 40×/1.30 oil DIC M27 objective lens. After exciting samples with a 543 nm HeNe laser and 405 nm line of an argon ion laser, optimized emission detection bandwidths were configured by using Zeiss Zen 2010 control software [31]. All samples were analyzed using the same parameters, and the resulting color markup of analysis was confirmed for each sample.




2.9. Statistical Analysis


Data are shown as mean ± SEM values, and statistical analysis was performed using Prism 8.3.1 software (GraphPad Inc., San Diego, CA, USA). Group mean were compared using unpaired Student’s t-test, and the strength of the association between two variables was measured by Pearson’s correlation coefficient (r). All p-values ≤ 0.05 were considered as statistically significant.





3. Results


3.1. Demographic and Clinical Characteristics of the Study Population


The demographic and clinical characteristics of the study participants are summarized in Supplementary Tables S1 and S2, respectively. There were no significant differences between nondiabetic and diabetic groups regarding age, body weight, BMI, or fat percentage. As anticipated and compared with nondiabetics, T2D patients not only reflected insulin resistance as indicated by their elevated fasting glucose (p < 0.0001), insulin (p = 0.0006), and homeostatic model assessment of insulin resistance (HOMA-IR) (p = 0.042 but also had significantly high levels of triglycerides (p < 0.0001), a common marker of patients with uncontrolled T2D [32].




3.2. Elevated Adipose IRF5 Gene Expression in Diabetic Patients as Well as IRF5 Induction in Macrophages by Repetitive Intermittent Hyperglycemia (RIH)


Previously, we showed that adipose IRF5 expression was higher in obese individuals compared to lean and overweight, which was found to associate with several metabolic and inflammatory markers [13,14]. We further showed by confocal microscopy that the adipose tissue macrophages and not the adipocytes expressed IRF5 transcripts [13,14]. In line with these observations, first, we show that, in our T2D patient cohort, adipose IRF5 gene expression was significantly higher than their nondiabetic counterparts (p = 0.006, Figure 1A). This upregulation of IRF5 in T2D patients associated positively with the hyperglycemia-related clinical markers HbA1c (r = 0.47, p < 0.0001, Figure 1B) and HOMA-IR (r = 0.23, p = 0.03, Figure 1C) as well as with critical inflammatory markers including TNF-α (r = 0.56, p < 0.0001, Figure 1D), IL-1β (r = 0.40, p = 0.0009, Figure 1E), and C-C motif chemokine receptor (CCR)-2 (r = 0.49, p < 0.0001, Figure 1F).



We next asked whether the glycemic modulations could affect IRF5 expression in macrophages. Notably, both hyperglycemia [33,34] and hypoglycemia [35,36] have been implicated in the progression of T2D-associated pathologies. Therefore, to test the effects of both high and low glucose concentrations on IRF5 expression, we cultured the THP-1-derived macrophages under five different glycemic conditions as described in the Materials and Methods section. As shown in Figure 1G, IRF5 gene expression was significantly upregulated in macrophages cultured under hypoglycemia (p = 0.0003), persistent medium hyperglycemia (p = 0.003), and persistent strong hyperglycemia (p = 0.01) as compared to normoglycemic control. Interestingly, IRF5 expression was also upregulated in macrophages that were cultured under the RIH or glucose fluctuations as compared to normoglycemic control (p = 0.02), which was comparable (p > 0.05) to IRF5 expression under the persistent hyperglycemia at 15 mM/L and 25 mM/L concentrations. However, IRF5 expression remained unaltered in macrophages that were cultured in 25 mM/L mannitol, comparable with IRF5 expression in normoglycemia (p = 0.73). These data indicate that IRF5 gene expression in macrophages was upregulated by persistent or intermittent hyperglycemia as well as by hypoglycemia, whereas these changes were not related to the osmolar factor.




3.3. IRF5 Upregulation Is Paralleled by Expression of M1 Macrophage Polarization Markers and Pro-Inflammatory Cytokines


Increased IRF5 expression is related to macrophage polarization shift from an anti-inflammatory M2 to a pro-inflammatory M1 phenotype. We, therefore, asked if culturing under (i) hypoglycemia (3 mM/L), (ii) persistent hyperglycemia (15 mM/L), and (iii) RIH or glucose fluctuations (3–15 mM/L) could affect the M1/M2 markers expression in macrophages. To this end, flow cytometry data show a significant increase in the M1 markers (CD11c, IL-1β, and IL-6) and decrease in the M2 markers (CD206, CD163, and IL-4) under persistent hyperglycemia as well as RIH/glucose fluctuations as compared to normoglycemic control (Figure 2A); however, under hypoglycemia, only the CD11c expression was found to be significantly elevated compared to normoglycemic controls (Figure 2A). Selected histogram images of the changes in M1 markers (CD11c, IL-1β, IL-6, and TNF-α) and M2 markers (CD206, CD163, IL-4, and IL-10) are compared in RIH/fluctuating glycemia as compared to normoglycemia (Figure 2B). As expected, these changes in protein expression were found to be concordant with the transcriptional modulations in cultured macrophages which displayed upregulated gene expression of M1 (CD11c, TNF-α, and IL-1β) and downmodulated M2 (IL-5) markers under constant or fluctuating hyperglycemia (Figure 2C). Together, these data imply that M1 polarization is favored as macrophages are cultured under RIH or fluctuating hyperglycemia, with a similar macrophage markers expression when macrophages are cultured under constant hyperglycemia.



In addition to the phenotypic changes, we also evaluated the bio-functional response in hyperglycemia-exposed macrophages by measuring secretion of critical proinflammatory proteins, such as IL-1β and MCP-1 (CCL2). In line with our previous observations, IL-1β (Figure 2D) and MCP-1 (Figure 2E) levels were significantly elevated in supernatants from macrophages cultured under the constant hyperglycemia (IL-1β/p = 0.003; MCP-1/p = 0.001) or fluctuating hyperglycemia (IL-1β/p = 0.003; MCP-1/p = 0.001) as compared to respective normoglycemic controls. Interestingly, IL-1β and MCP-1 expression in macrophages cultured under hypoglycemia compared with their expression in the normoglycemic controls, respectively (p > 0.05).




3.4. IRF5 Suppression Prevents the Expression of M1 Markers and Inflammatory Cytokines/Chemokine in Macrophages Cultured under RIH/Glucose Fluctuations


We next asked if M1 polarization and inflammatory cytokines/chemokine expression could be prevented by genetic ablation of IRF5 in macrophages cultured under RIH or glucose fluctuations. To this end, we transfected macrophages with IRF5-specific siRNA and verified downmodulation of IRF5 protein compared to controls transfected with scrambled siRNA (p = 0.0006, Figure 3A). In this regard, our data show that IRF5-depleted cells had lower protein expression of M1 inflammatory markers including CD11c (p < 0.0001) and IL-1β (p = 0.0186) and, conversely, higher protein expression of anti-inflammatory M2 markers including CD206 (p = 0.0003), CD163 (p = 0.0151), IL-4 (p = 0.0177), and IL-10 (p < 0.0001) (Figure 3B,C). As expected, IRF5-defective macrophages displayed the reduced gene expression of a number of inflammatory genes including CD11c (p < 0.0001), IL-1β (p < 0.0001), and TNF-α (p = 0.0371). On the other hand, these cells showed elevated gene expression of anti-inflammatory cytokine IL-10 (p < 0.0001) (Figure 3D). Regarding the functional activity, macrophages transfected with IRF5-specific siRNA displayed the attenuated expression of signature inflammatory proteins including IL-1β (p = 0.023) (Figure 3E) and MCP-1 (p = 0.0024) (Figure 3F). These data collectively suggest that IRF5 deficiency in macrophages inhibits the M1 macrophage polarization and expression of inflammatory proteins in response to RIH/glucose fluctuations.




3.5. RIH Promotes the Expression of TLR4 on Monocytes/Macrophages


Given that TLR4 and IRF5 play a key role in metabolic inflammation and that our data showed that IRF5 expression was upregulated by glucose fluctuations, we asked whether RIH altered the TLR4 expression as well. There is a paucity of data examining the TLR4 expression changes in monocytes/macrophages following exposure to glycemic alterations. Herein, we determined TLR4 protein and mRNA expression in macrophages cultured under hypo- and hyperglycemia (RIH). To this end, our data show that RIH or glucose fluctuations promoted the TLR4 protein (p < 0001, Figure 4A,B) and gene expression (p = 0.005, Figure 4C) in macrophages, which differed non-significantly from TLR4 expression in macrophages cultured in persistent hyperglycemia (15 mM/L) (p > 0.05). Also, TLR4 changes under hypoglycemia were comparable to those of control (normoglycemia) (p > 0.05).




3.6. RIH Induces the Expression of Matrix Metalloproteinase (MMP)-9, Enhancing the Risk for Diabetes-Related Pathologies in a Clinical Setting


M1 to M2 macrophage phenotype transition is known to resolve inflammation and favor tissue repair. We earlier showed that IRF5 silencing in macrophages induced the M2 phenotypic reprogramming marked by ↓CD11c, ↑CD206, ↑CD163, ↑IL4, and ↑IL-10 as well as suppression of the inflammatory cytokines/chemokine (↓IL-1β, ↓TNF-α, and ↓MCP-1). Next, we tested whether the M2 reprogramming and induction of anti-inflammatory response following IRF5 ablation in macrophages could have significance regarding somatic disease pathophysiology, such as cardiovascular disease or cancer metastasis, both of which have increased incidence in obesity/T2D. To this end, first, we show that macrophages exposed to RIH as compared to control (normoglycemia) display the elevated expression of matrix metalloproteinase (MMP)-9 which is an endopeptidase involved in remodeling of extracellular matrix and adhesion proteins (p < 0.001, Figure 5A,B). These changes were similar to MMP-9 expression in macrophages that were cultured in persistent hyperglycemia (15 mM/L glucose concentration). However, MMP-9 secretion in macrophages was significantly diminished by IRF5 silencing as compared to controls that were transfected with scrambled siRNA (p = 0.003, Figure 5C). Together, these data imply that RIH induces the expression of MMP-9 in macrophages through an IRF5-dependenbt mechanism, downstream of TLR4.



Overall, the thematic illustration supporting our data is shown below (Figure 6):





4. Discussion


In this study, we present the data supporting IRF5-dependent mechanisms by which repetitive intermittent hyperglycemia (RIH) or glucose fluctuations orchestrate the M1 macrophage polarization as well as expression of inflammatory cytokines/chemokine and MMP-9 in the human monocytic THP-1-derived macrophages. First of all, we show that the expression of immune-metabolic transcriptional regulator IRF5 was found to be significantly upregulated in monocytes from diabetic patients compared to nondiabetic individuals and that these changes associated with the expression of hyperglycemia-induced clinical marker HbA1c and several inflammatory markers including TNF-α, IL-1β, and CCR2. These data are corroborated, at least in part, by our previous reports showing enhanced subcutaneous-adipose tissue IRF5 expression in individuals with obesity and/or T2D in association with an inflammatory immune profile in the adipose tissue as well as by the data showing that macrophages and not adipocytes were the IRF5 expressors [13,14]. In line with this, at least in part, an earlier study by Dalmas et al. also reported that IRF5 is the orchestral conductor of macrophage/lymphocyte activation in obesity and is involved in the crosstalk between inflammatory and prodiabetogenic factors. The authors showed that IRF5 deficiency induced a substantial reprogramming of inflammation in the visceral adipose tissue and a tissue remodeling limiting the expansion of intra-abdominal adipocytes with redistribution of lipids to the subcutaneous deposits [37,38].



A positive correlation between HbA1c and IRF5 expression implies that a loss of glycemic control is concomitant with increased IRF5 expression. Further, in this regard, our data show that the increased IRF5 expression also associated positively with HOMA-IR, which is an indicator of the loss of glucose homeostasis and induction of insulin resistance. A positive association between IRF5 expression and HbA1c in our diabetic cohort prompted us to test whether the RIH (glucose fluctuations) could induce or drive IRF5 expression in macrophages. To this end, our data show that glucose fluctuations significantly promote the IRF5 gene expression in THP-1-derived macrophages, with comparable induction by other forms of hyperglycemia, i.e., persistent hyperglycemia involving 15 mM/L and 25 mM/L glucose concentrations. Of note, hyperglycemia has been associated with chronic low-grade inflammation in T2D patients, exacerbating the associated pathologies such as diabetic retinopathy, macular edema, and cardiovascular disease [39,40]. Interestingly, we found that hypoglycemia, whether persistent or repetitive-intermittent, induced the expression of IRF5, nearly 2-fold, in THP-1 macrophages as compared to the normoglycemic control. This observation is novel to our knowledge and points to the plausible deleterious effects of RIH in metabolic inflammation via the induction of IRF5 in macrophages. In T2D patients, chronic low-grade inflammation and oxidative stress over time may impair insulin signaling and may induce a state of insulin resistance, marked by hyperglycemia. On the other hand, hypoglycemia may occur as an “often-neglected” complication of intensive glucose-lowering therapy in T2D patients. Besides, hypoglycemia can also be a complication related to other factors, such as organ failure, pancreatic or endocrine disease, autoimmune disorders, infections, sepsis, toxins, stress, and starvation [41]. Slight fluctuations in blood sugar are considered normal; however, recurrent and significant glycemic modulations in T2D patients are related with serious complications such as myocardial infarction, retinal degenerative changes, loss of vision, neurocognitive dysfunction, aggravation of acute cerebrovascular disease, and poor quality of life [42].



Next, our data show upregulation of the inflammatory M1 markers (CD11c, IL-1β, TNF-α, and IL-6) and downmodulation of the anti-inflammatory M2 markers (CD206, CD163, IL-5, and IL-10) in the macrophages cultured under RIH as compared to normoglycemic controls. In order to further understand the biological significance of this macrophage polarization shift, we measured inflammatory protein secretion by these macrophages and found that macrophages exposed to RIH expressed increased levels of IL-1β and MCP-1. Together, these data imply that glucose fluctuations per se, without additional metabolic factors, could act as a potent trigger for the differentiation and programming of macrophages, favoring an inflammatory M1 phenotype. In line with these observations, Grosick et al. reported that hyperglycemia induced priming effects in THP-1 macrophages, exacerbating the production of proinflammatory cytokines including TNF-α, IL-6, and MCP-1 [43]. Consistent with our data showing metabolic reprogramming effects of hyperglycemia in macrophages, Pavlou et al. also reported that the sustained high glucose exposure could sensitize macrophage responses, leading to enhanced expression of IL-1β and TNF-α but with a reduced phagocytic activity [44]. Interestingly, Nagareddy et al. demonstrated that, in obese mice, IL-1β expression from CD11c+ adipose tissue macrophages further promoted adipose inflammation by enhancing bone marrow myelopoiesis and monocytosis [45]. Similarly, another study also reported that proinflammatory CD11c+ macrophages associated positively with systemic insulin resistance in obese patients [46]. Our data showing the M1-like polarization effects of hyperglycemia are in agreement with another study reporting the increased CD11c expression and reduced CD206 and IL-10 expression in primary human monocytes/macrophages cultured under high glucose concentration as well as in circulating monocytes from patients with hyperglycemia [47]. The increased MCP-1 secretion by THP-1 macrophages that we observed following exposure to RIH implies that these macrophages could, in principle, influence the migration and infiltration of critical immune effectors, such as monocytes, memory T lymphocytes, and NK cells and could impact the inflammatory responses. Notwithstanding, it has also been pointed out that the possible local pathogenic role of MCP-1 may not be reflected by the increased systemic levels of MCP-1 in obesity or T2D [48]. Indeed, Amano et al. showed that, in the visceral white adipose tissue, MCP-1 could promote macrophage proliferation, independently of its chemokine function (i.e., monocyte chemoattraction) [49]. Interestingly, our data show that, though hypoglycemia could also drive a M1 polarization shift, unlike hyperglycemia-induced programming, these macrophages did not secrete increased levels of IL-1β and MCP-1.



In further elucidating the underlying mechanisms of M1-like macrophage polarization and inflammatory cytokines/chemokine production in response to RIH, we found that hyperglycemia-driven changes were counteracted as the expression of IRF5 was silenced in macrophages. Thus, IRF5-ablated macrophages displayed a M2 phenotype which was marked by a higher expression of anti-inflammatory (CD206, CD163, IL-4, and IL-10) and a lower expression of inflammatory markers (CD11c, IL-1β, and TNF-α). As expected, this reversal of macrophage polarization or reprogramming into a M2-phenotype in the IRF5-deficient macrophages was accompanied by a reduced expression of IL-1β and MCP-1secretroy proteins, implying that IRF5 was essentially required for the induction of M1 polarization and inflammatory changes triggered by glucose fluctuations. IRF5 transcription factor was originally implicated in antiviral response and type-I interferon production. Nonetheless, studies emerging over the last decade support the role of IRF5 as a key regulator of inflammation and it was found to be involved in the pathogenesis of several inflammatory or autoimmune diseases including inflammatory bowel disease, rheumatoid arthritis, and systemic lupus erythematosus [50,51,52,53,54]. The role of IRF5 as a key transcriptional regulator of M1 macrophage polarization and metabolic inflammation is also supported by other studies [18,55]. Consistent with our results supporting IRF5-dependent M1 polarization and inflammatory programming in macrophages, Wei et al. showed that IRF5 deficiency in myeloid cells could prevent the pathogenesis of necrotizing enterocolitis through inhibiting the M1 macrophage polarization [17]. Likewise, Krausgruber et al. also showed that IRF5 was involved in TNF-α secretion by human dendritic cells [56]. Interestingly, in a recently published review, Laviada-Molina et al. argued that overproduction of deleterious cytokines called “cytokine storm” following severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection was related to the increased glucose metabolism and IRF5 triggering, leading to hyperinflammation due to a massive inflammatory gene overexpression, induction of the ER stress, and a dysregulated cytokine profile, with increased risks of vascular hyperpermeability and multiorgan failure [57].



We further show that expression of the innate immune TLR4 receptor was enhanced in THP-1 macrophages exposed to RIH as compared to normoglycemia while it matched with the TLR4 expression induced by persistent hyperglycemia at a glucose concentration of 15 mM/L. This observation is intriguing in the perspective that TLR4 is emerging as a nutrient sensor and that elevated TLR4 expression has been documented in metabolic disorders including obesity and/or T2D. Consistent with our data showing TLR4 upregulation in macrophages in response to RIH, Wang et al. found that hyperglycemia induced the overexpression and activation of TLR4 in endothelial cells [58]. Of note, TLR4 expression is enhanced significantly in adipose tissue macrophages during obesity [59] and TLR4/TLR2 expression was found to be significantly higher in M1 compared to M2 macrophages [60]. Dasu et al. also reported that high glucose induced TLR2 and TLR4 expression in human monocytes [61]. Our data point to the novel finding of IRF5/TLR4 co-expression is induced by glucose fluctuations in THP-1 macrophages. These observations are congruent, at least in part, with increased expression of IRF5, TLR4, and critical endogenous TLR4 ligands found in murine model of systemic sclerosis, providing evidence that IRF5, after activation by TLR4, binds to the promoters of several key genes involved in the pathogenesis of systemic sclerosis [62]. Notably, activation of IRF-5 has been linked to all MyD88-restricted TLRs including the TLR4 [63]. Besides, hypoxic stress via induction of HIF-1α and inflammatory responses are also known to increase TLR4 expression in macrophages [64]. Nonetheless, the metabolic switching from oxidative to glycolytic metabolism during M2-to-M1 polarization may occur independently of HIF-1α [65].



Our data also show that exposure of THP-1 macrophages to RIH promoted the secretion of MMP-9 protein. MMP-9 is a pro-inflammatory protein belonging to a family of zinc-containing endoproteinases which are involved in cell migration, adhesion, apoptosis, and remodeling. In T2D patients, MMP-9 is involved in depletion of the components of extracellular matrix (ECM) and basement membranes, such as collagens, proteoglycans, elastin, laminin, fibronectin, and other glycoproteins [66]. MMP-9 is secreted by the activated polymorphonuclear leukocytes, and it leads to perpetuation of chronic inflammation and tissue destruction [67]. In line with our data showing hyperglycemia-induced MMP-9 secretion by macrophages, an association between blood glucose levels and MMP-9 was documented in patients with sepsis [68], acute ischemic stroke [69], acute coronary syndrome [70], and T2D [71]. MMP-9 is potentially involved in the pathogenesis and progression of obesity, atherosclerosis, cardiovascular disease, metabolic syndrome, and T2D, while the circulatory MMPs are potential biomarkers of cardiovascular disease in T2D patients [72]. Importantly, our data also show that IRF5 silencing in macrophages diminishes the RIH-induced MMP-9 production. It implies that IRF5 targeting may have significance for reducing metabolic inflammation and lowering risk for cardiovascular complications through the MMP-9-dependent mechanism. However, while commenting on the dynamic nature of macrophage polarity and their role in the biology of adipose tissue, Kraakman et al. argue that it is important to also consider a “non-glucose/insulin resistant-centric view” with regard to role of adipose tissue macrophages and that they could contribute significantly to the risk of other associated diseases such as cardiovascular disease and cancer [73].



The present data support for carrying out interventional studies with the aim to flatten the acute glucose fluctuations and to dampen the obesity/T2D-associated morbid changes. In addressing the potential existing inflammatory links between RIH and obesity/T2D, notably, only a few studies so far have explored effects of glycemic variability in truly normoglycemic individuals. Glucose fluctuations played a role in microvascular complications in T2D patients through stimulation of oxidative stress [74,75]. Consistent with these studies, glucose fluctuations were found to play a role in the development of microvascular disease, as suggested by data from human umbilical vein endothelial cells [76] and human retinal epithelial cells [77]. It was concluded that glucose fluctuations were more deleterious than consistently high glucose concentrations [77,78]. Several studies also point to an association between glycemic variability and cardiovascular disease [79,80]. High glucose variability was an independent predictor of poor vascular function and the data suggested that morbidly obese individuals with increased glucose fluctuations were at a greater risk of cardiovascular disease due to dysglycemia-induced oxidative stress and inflammation, even if they were normoglycemic by traditional criteria [81]. Similarly, daily glucose fluctuations or glucose swings, such as peaks and troughs, had a more potent triggering effect on oxidative stress than chronic sustained hyperglycemia [82]. Our data further corroborate that glycemic variability induces the M1 polarization and upregulation of inflammatory and cardiovascular disease markers in THP-1 macrophages.



However, our study involves a few shortcomings or caveats such as lack of additional inflammatory and cardiovascular markers data from primary human macrophages as well as the data depicting consequences of TLR4 silencing with or without IRF5 targeting. Unlike IRF5, activation of the IRF4 pathway induces an anti-inflammatory response as though both pathways share the MyD88 as common adapter protein required for TLR4-downstream signaling. Blocking the IRF5 pathway does not essentially promote the IRF4 pathway, suggesting that hypoglycemic conditions might trigger different pathways, which requires further investigations. It would also be interesting to see whether other patterns of glucose fluctuations could induce immunophenotypic and inflammatory changes in THP-1 monocytic cells and macrophages different than those herein presented. It also remains unclear whether hyperglycemia or glucose fluctuations promote the oxidative stress and reactive oxygen species (ROS) as an underlying mechanism of the TLR4-IRF5 upregulation in monocytes/macrophages. It would be of interest to see how the hypo- and hyperglycemic conditions affect the levels of oxidative stress and ROS in various cell types as well as how the IRF5 and IRF4 pathways crosstalk with other molecular components of respective signalosomes. All in all, further studies will be required to validate our preliminary findings and to address these concerns together with more research targeting the TLR4-IRF5 axis to evaluate its therapeutic significance in obesity/T2D.



In conclusion, we found that IRF5 upregulation in T2D patients’ monocytes was associated with indicators of hyperglycemia and inflammation. We further demonstrate that RIH or glucose fluctuations in vitro upregulate the expression of IRF5 together with markers of inflammation and the cardiovascular disease marker MMP-9. These data support the notion that controlling glucose fluctuations and/or IRF5 silencing could be beneficial to alleviate metabolic inflammation.
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Figure 1. Adipose IRF5 gene expression is upregulated in type-2 diabetic patients as well as in macrophages cultured under low, high, and repetitive intermittent hyperglycemia (RIH). Adipose tissue samples from nondiabetic (N = 48) and diabetic (N = 39) individuals were analyzed for transcripts of interferon regulatory factor (IRF5), tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and C-C motif chemokine receptor (CCR)-2 using real-time qRT-PCR as described in the Materials and Methods section. Glycated hemoglobin (HbA1c) levels were determent by biochemical analysis of whole blood samples. In addition, THP-1 monocytic cells were differentiated into macrophages and cultured for 3 days under conditions of hypoglycemia (3 mM/L), normoglycemia (5 mM/L), persistent medium and strong hyperglycemia (15 mM/L and 25 mM/L, respectively), and RIH/glucose fluctuations (3–15 mM/L). Macrophages were cultured with mannitol (25 mM/L) for osmolar control. (A) Adipose IFR5 mRNA expression was found to be higher in diabetic than nondiabetic individuals (p = 0.006). The increased adipose IRF5 expression correlated positively with (B) HbA1c (r = 0.47, p < 0.0001), (C) Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) (r = 0.23, p = 0.03), (D) TNF-α (r = 0.56, p < 0.0001), (E) IL-1β (r = 0.40, p = 0.0009), and (F) CCR2 (r = 0.49, p < 0.0001). (G) IRF5 gene expression was upregulated in THP-1 macrophages following exposure to hypoglycemia, persistent medium and strong hyperglycemia, and RIH/glucose fluctuations as compared to control (normoglycemia). All data are expressed as mean ± SEM values. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and NS: nonsignificant. 
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Figure 2. IRF5 upregulation is accompanied by increased M1 macrophage polarization markers and pro-inflammatory cytokines expression. THP-1 transformed macrophages were cultured for 3 days under conditions of hypoglycemia (3 mM/L), normoglycemia (5 mM/L), persistent medium hyperglycemia (15 mM/L), and RIH/glucose fluctuations (3–15 mM/L). Cells were harvested and stained with fluorescent antibodies against M1/M2 macrophage markers and selected pro-inflammatory and anti-inflammatory cytokines as described in the Materials and Methods section. IL-1β and monocyte chemoattractant protein (MCP)-1 levels in culture supernatants were measured by ELISA. Cells were also harvested for measuring gene expression of M1/M2 polarization and inflammatory markers using real-time qRT-PCR. (A) Representative flow cytometry data from three independent determinations with similar results are presented as bar graphs of mean staining index (SI). (B) Representative flow cytometry data from three independent determinations with similar results are presented as histograms. (C) Representative qRT-PCR data from three independent determinations with similar results are presented as bar graphs showing selected gene expression as fold change over control gene expression taken as 1. (D,E) Representative ELISA data from three independent determinations with similar results are presented as bar graphs showing secreted protein levels of IL-1β and MCP-1, respectively, in macrophage culture supernatants. All data are expressed as mean ± SEM values. * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001, and NS: nonsignificant. 
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Figure 3. IRF5 silencing prevents the expression of M1 markers and inflammatory cytokines/chemokine in THP-1 macrophages cultured under repetitive intermittent hyperglycemia (RIH). THP-1 monocytes were transfected with scrambled siRNA (mock/negative control) or IRF5 siRNA and incubated for 36 h for transformation into macrophages following standard protocol. THP-1 macrophages were then cultured for 36 h under conditions of normoglycemia (5 mM/L) and RIH/glucose fluctuations (3–15 mM/L). Cells were harvested and stained with fluorescent antibodies against M1/M2 macrophage markers and selected pro-inflammatory and anti-inflammatory cytokines as described in the Materials and Methods section. IRF5 protein expression in transfected cells was measured by Western blot. IL-1β and MCP-1 levels in culture supernatants were measured by ELISA. Cells were also harvested for measuring gene expression of M1/M2 polarization and inflammatory markers using real-time qRT-PCR as described in the Materials and Methods section. (A) Representative data from three independent determinations with similar results show the diminished IRF5 protein expression in transfected cells compared with the mock cells (p = 0.0006). (B) Representative flow cytometry data from three independent determinations with similar results are presented as histograms. (C) Representative flow cytometry data from three independent determinations with similar results are presented as bar graphs of protein expression, shown as mean staining index (SI). (D) Representative qRT-PCR data from three independent determinations with similar results are presented as bar graphs showing selected gene expression as fold change over control gene expression taken as 1. (E,F) Representative ELISA data from three independent determinations with similar results are presented as bar graphs showing secreted protein levels of IL-1β and MCP-1, respectively, in macrophage culture supernatants. All data are expressed as mean ± SEM values. * p ≤ 0.05, *** p ≤ 0.001, and **** p ≤ 0.0001. 
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Figure 4. Repetitive intermittent hyperglycemia (RIH) promotes the expression of TLR4 on THP-1 macrophages. THP-1 transformed macrophages were cultured for 3 days under conditions of hypoglycemia (3 mM/L), normoglycemia (5 mM/L), persistent medium hyperglycemia (15 mM/L), and RIH/glucose fluctuations (3–15 mM/L). Cells were harvested and stained with fluorescent antibodies against CD14 and TLR4 along with isotype matched controls. TLR4 gene expression were measured using real-time qRT-PCR as described in the Materials and Methods section. (A) Representative flow cytometry data from three independent determinations with similar results are presented as dot blot for TLR4 vs. CD14 expression in macrophages. (B) Representative flow cytometry data from three independent determinations with similar results are presented as bar graph of mean staining index (SI). (C) Representative qRT-PCR data from three independent determinations with similar results are presented as bar graphs showing TLR4 gene expression as fold change over control gene expression taken as 1. All data are expressed as mean ± SEM values. ** p ≤ 0.01, **** p ≤ 0.0001, and NS: nonsignificant. 
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Figure 5. Repetitive intermittent hyperglycemia (RIH) induces IRF5-dependent expression of matrix metalloproteinase (MMP)-9 in THP-1 macrophages. THP-1-derived macrophages grown on coverslips were cultured for 3 days under conditions of hypoglycemia (3 mM/L), normoglycemia (5 mM/L), persistent medium hyperglycemia (15 mM/L), and RIH/glucose fluctuations (3–15 mM/L). MMP-9 intracellular expression and MMP-9 secreted protein in culture supernatants were determined by confocal microscopy and ELISA, respectively, as described in the Materials and Methods section. In IRF5 silencing assays, THP-1 monocytes were transfected with scrambled siRNA (mock/negative control) or IRF5 siRNA and incubated for 36h. Later, THP-1 transformed macrophages were cultured for 36 h under conditions of normoglycemia (5 mM/L) and RIH/glucose fluctuations (3–15 mM/L), and supernatants were collected for measuring MMP-1 secreted protein expression by ELISA. (A) Representative ELISA data from three independent determinations with similar results are presented as bar graph of MMP-9 secreted protein expression (pg/mL) in culture supernatants. (B) Representative images from five independent determinations with similar results, showing MMP-9 protein expression in macrophages cultured under various glucose concentration in the medium. Images are shown at 40× magnification; Scale bar = 20 µM. (C) Representative ELISA data from three independent determinations with similar results are presented as bar graph showing MMP-9 secreted protein expression (pg/mL) in supernatants of macrophages cultured under normoglycemia and RIH/glucose fluctuations, with or without IRF5 silencing. All data are expressed as mean ± SEM values. ** p ≤ 0.01, *** p ≤ 0.001, and NS: nonsignificant. 
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Figure 6. This illustration represents a proposed model of metabolic inflammation in support of the data presented, wherein RIH or glucose fluctuations in vitro upregulate the expression of TLR4-IRF5 together with markers of inflammation and the cardiovascular disease marker MMP-9 in macrophages. These data support the notion that controlling glucose fluctuations and/or IRF5 silencing could be beneficial to alleviate metabolic inflammation. 
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