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Systemic inflammation is related to hyperglycemia in diabetes mellitus (DM). C-C chemokine motif ligand (CCL) 4 is upregulated in type 1 & type 2 DM patients. This study aimed to investigate if CCL4 could be a potential target to improve blood sugar control in different experimental DM models. Streptozotocin-induced diabetic mice, Leprdb/JNarl diabetic mice, and C57BL/6 mice fed a high fat diet were used as the type 1 DM, type 2 DM, and metabolic syndrome model individually. Mice were randomly assigned to receive an anti-CCL4 neutralizing monoclonal antibody. The pancreatic β-cells were treated with streptozotocin for in vitro experiments. In streptozotocin-induced diabetic mice, inhibition of CCL4 controlled blood sugar, increased serum insulin levels, increased islet cell proliferation and decreased pancreatic interleukin (IL)-6 expression. In the type 2 diabetes and metabolic syndrome models, CCL4 inhibition retarded the progression of hyperglycemia, reduced serum tumor necrosis factor (TNF)-α and IL-6 levels, and improved insulin resistance via reducing the phosphorylation of insulin receptor substrate-1 in skeletal muscle and liver tissues. CCL4 inhibition directly protected pancreatic β-cells from streptozotocin stimulation. Furthermore, CCL4-induced IL-6 and TNF-α expressions could be abolished by siRNA of CCR2/CCR5. In summary, direct inhibition of CCL4 protected pancreatic islet cells, improved insulin resistance and retarded the progression of hyperglycemia in different experimental models, suggesting the critical role of CCL4-related inflammation in the progression of DM. Future experiments may investigate if CCL4 could be a potential target for blood sugar control in clinical DM.
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Introduction

Systemic inflammation has been related to the progression of hyperglycemia and is suggested to be a potential therapeutic targets in clinical diabetes mellitus (DM) (1, 2). Given that both macro- and microvasculopathy are observed during the early progression of hyperglycemia, systemic inflammation is proposed to be a common background for the deterioration of blood sugar levels and the development of diabetic vasculopathy in clinical DM (3–5). However, systemic inflammation may be modified and varied in different types of DM as well as in metabolic diseases. The detailed inflammatory mechanisms and specified mediators have not been fully clarified.

Inflammatory chemokines are regarded as potential contributors and therapeutic targets in some cardiovascular and metabolic diseases (6). It was shown that C-C chemokine motif ligand (CCL) 4, a chemokine, could be upregulated to modulate the downstream inflammatory cytokines in type 1 DM (7). Circulating CCL4 levels were inversely related to proinsulin levels (8). Furthermore, circulating CCL4 levels are similarly elevated in both type 1 and type 2 DM patients, suggesting the general involvement of CCL4 in different types of DM (9). Recently, CCL4 inhibition was shown to improve ischemia-induced neovasculogenesis in different types of diabetic mice, suggesting the general role of CCL4 in vasculopathy in the presence of hyperglycemia (10). While CCL4 may be related to systemic inflammation and vasculopathy individually in different types of DM (11), the potential role of CCL4 in hyperglycemia has not been clarified.

In this study, both in vivo and in vitro experiments were conducted to investigate whether directly inhibiting CCL4 could retard the progression of hyperglycemia in different animal models and directly protect pancreatic β-cells. Our findings may hopefully elucidate the particular role of CCL4-related inflammation in the progression of hyperglycemia and provide some novel rationale to the potential strategy targeting on CCL4 to improve blood sugar control in clinical DM.



Materials And Methods


In Vivo Study


Animal Procedures

Six-week-old male BKS.Cg-Dock7m+/+ Leprdb/JNarl (db/db mice) mice, nondiabetic littermate control db/m mice (non-DM mice), C57BL/6 mice, FVB/NJNarl mice, and eight-week-old female NOD/ShiLtJNarl mice were purchased from the National Laboratory Animal Center (Taipei, Taiwan). FVB/NJNarl mice and C57BL/6 mice were acclimated for 2 weeks before being used to generate the type 1 DM and metabolic syndrome models. To generate hyperglycemia in the FVB/NJNarl mice, FVB/NJNarl mice were intraperitoneally injected with streptozotocin (40 mg/kg for 5 days). Blood glucose was evaluated after the mice were fasted for 4 hours. Overall, the mice showed a blood glucose level of at least 250 mg/dL. LabDiet Rodent 5001 [23.9% protein, 5% fat (ether extract), 5% fat (acid hydrolysis); LabDiet, St. Louis, MO, USA] was used as a standard diet. C57BL/6 mice were fed a high fat diet (23.6% protein, 34.9% fat, 25.9% carbohydrates, diet-induced obesity rodent-purified diet with 60% energy from fat-58Y1) for 14 weeks. The male BKS.Cg-Dock7m+/+ Leprdb/JNarl mice and female NOD/ShiLtJNarl mice were not treated with any drug and were allowed to acclimate for 2 weeks before receiving an anti-CCL4 neutralizing monoclonal antibody or isotype control. The female NOD mice were used because a marked gender difference was observed in the incidence of diabetic symptoms (12). The 4~5 mice were housed per cage. Animal experiments were conducted at National Yang-Ming University. Animals were raised according to the regulations of the Animal Care Committee of National Yang-Ming University. All animal-related work was performed under the Institutional Animal Care and Use Committee (IACUC) protocol approved by National Yang-Ming University (IACUC no. 1050909).

Some diabetic mice received an intraperitoneal injection of an anti-CCL4 neutralizing monoclonal rat IgG2A antibody (MAB451, 100 μg; R&D Systems, Minneapolis, MN, USA) 3 times per week for 2 or 4 weeks. In detail, the antibodies were injected after the fasting blood glucose levels were over than 250 mg/dL in STZ-induced type 1 DM model. In metabolic syndrome model, the antibodies were injected after C57BL/6 mice were fed a high fat diet for 14 weeks. In dbdb and NOD mice, the antibodies were injected at the beginning of 8-week-old and 12-week-old, respectively. The antibody was shown to have specific CCL4 lowering effects in STZ-induced diabetic mice model (10). The rat IgG2A isotype (MAB006, 100 μg; R&D Systems) was administered as a control. Body weights and blood sugar concentrations were measured.




Oral Glucose Tolerance Tests (OGTTs) and Areas Under the Curve (AUCs)

Mice were fasted for 6 hours and orally administered glucose at a dose of 2 g/kg body weight. Blood samples were obtained from tail vein at time 0 (just before glucose load) and at 15, 30, 60, 90 and 120 minutes after glucose administration. In detail, the Abbott Freestyle Optium glucometer was used for the measurements. The blood glucose levels were measured by Abbott Freestyle Optium glucometer strips in 5 seconds. The total and incremental AUCs for plasma glucose during the OGTT were determined by the trapezoidal method (13).



Homeostasis Model Assessment of Insulin Resistance (HOMA-IR)

Insulin resistance, insulin sensitivity and steady-state β-cell function were determined by the homeostasis model assessment of insulin resistance (HOMA-IR) using fasting glucose and insulin levels. HOMA analysis is an accepted surrogate for measuring insulin resistance in rodents (14). The HOMA-IR index was calculated as [fasting insulin (μU/mL) × fasting glucose (mmol/L)]/22.5 (15).



Measurement of Insulin Expression in the Pancreas

Histological analyses of insulin expression in the pancreas were performed. The tissues were incubated in a 30% sucrose solution for 24 hours, embedded in OCT compound (Sakura Finetek, Torrance, CA, USA), and frozen in liquid nitrogen. For the insulin expression measurement, the sections were fixed with methanol for 10 minutes, washed briefly with PBS, stained with a monoclonal rat anti-insulin antibody (1:400; Cell Signaling, Beverly, MA, USA) at 37°C for 2 hours, and incubated with an Alexa Fluor 594-conjugated goat anti-rat antibody (Jackson ImmunoResearch, West Grove, PA, USA). Hoechst 33258 (Merck & Co., Rogers, AR, USA), a blue fluorescent dye, was used for the nucleic acid stain. The insulin expressions were observed in six random microscopic fields by a qualitative analysis (n=4 in IgG2A-treated group; n=6~13 in the other groups).



Measurement of Ki-67 and Insulin Expression in the Pancreas

The tissues were fixed in 4% paraformaldehyde and then embedded in paraffin. Sections were deparaffinized and incubated with a rabbit- polyclonal antibody against the murine marker of proliferation Ki-67 (Novus, Centennial, CO, USA) and a guinea pig- polyclonal antibody against murine insulin (GeneTex, Irvine, CA, USA). Antibody distribution was visualized with the EnVision+ Single Reagents/HRP/Rabbit and Liquid DAB+ Substrate Chromogen System (Agilent/Dako, Santa Clara, CA, USA), followed by counterstaining with hematoxylin. The Ki-67- and insulin-positive areas are shown in dark brown. The Ki-67 and insulin expressions were observed in six random microscopic fields by a qualitative analysis (n=4 in IgG2A-treated group; n=6~13 in the other groups).



In Vitro Study


NIT-1 Cell Culture

The mouse pancreatic β-cell line NIT-1 was purchased from ATCC (no. CRL-2055) and cultured in Ham’s F12K medium supplemented with 10% fetal bovine serum at 37°C in a humidified incubator with an atmosphere of 5% CO2. The cell culture medium was exchanged every 48 hours. The NIT-1 cells were harvested and passaged by detaching, aspirating and separating the adherent cells, followed by incubation with cell dissociation buffer (an enzyme-free Hanks’-based solution).




Cell Proliferation Assay of NIT-1 Cells

Cells were seeded in 96-well plates at a concentration of 1×105 cells per well and preincubated overnight. After preincubation, NIT-1 cells were exposed to STZ (0, 0.75, 1.5, 3, or 6 mM) for 24 hours. The cytotoxicity of STZ on the NIT-1 cells was determined using an MTT assay. Additionally, NIT-1 cells were treated with STZ for 24 hours and then with or without a CCL4 antibody (R&D Systems) at a low dose (0.3 μg/mL) or a high dose (30 μg/mL) for 4 hours. NIT-1 cell proliferation was evaluated using an MTT assay.



Evaluation of Insulin and CCL4 Concentrations in NIT-1 Cell Supernatants

Equal numbers of NIT-1 cells were seeded in 6-well plates in Ham’s F12K medium supplemented with 5% FBS. NIT-1 cells were treated with STZ for 24 hours and then with or without a CCL4 antibody (R&D Systems) at a low dose (0.3 μg/mL) or a high dose (30 μg/mL) for 4 hours. Supernatant concentrations of insulin and CCL4 released from NIT-1 cells were determined by ELISA (Millipore, Temecula, CA, USA and R&D Systems) according to the manufacturers’ instructions. The ELISA from R&D Systems was designed to measure mouse CCL4 levels in cell culture supernatants, serum, and plasma.



Evaluation of TNF-α, IL-6, and Insulin Concentrations

Serum protein concentrations of TNF-α and IL-6 were determined by ELISA (R&D Systems) according to the manufacturer’s instructions. Serum concentrations of insulin were determined by ELISA (Millipore) according to the manufacturers’ instructions.



Transfection of ccr2 and ccr5 siRNA in NIT-1 Cells

NIT-1 cells were transfected with ccr2 and ccr5 siRNA (Santa Cruz Biotechnology, Dallas, TX, USA) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) in culture medium. Then, cells were treated with CCL4 (1 µg/mL; R&D Systems) for 24 hours.



Western Blot Analyses

Equal amounts of protein were separated by SDS-PAGE on 4–12% gradient gels under reducing conditions (Bio-Rad Laboratories, Berkeley, CA, USA) and then transferred to nitrocellulose membranes (GE Healthcare, Chicago, IL, USA). The membranes were incubated with antibodies against interleukin (IL)-6 (Santa Cruz Biotechnology), TNF-α, total IRS-1, and p-IRS-1 (Ser-307; Cell Signaling). The expression of IL-6 and TNF-α as determined by immunoblot was normalized to that of β-actin as determined using a mouse monoclonal anti-β-actin antibody.



Statistics

The results are presented as the means ± standard deviation (SD). Statistical analyses were performed using unpaired Student’s t-test or analysis of variance, followed by Scheffe’s multiple-comparison post hoc test. SPSS software (version 14; SPSS, Chicago, IL, USA) was used to analyze the data. A p value <0.05 was considered statistically significant.




Results


CCL4 Inhibition Protected Pancreatic Islet Function and Controlled Blood Sugar Levels in Type 1 Diabetic Mice

Blood sugar levels were increased in the STZ-induced diabetic mice and in the mice that received the CCL4 antibody injection for 2 weeks. The blood sugar levels were controlled in the mice that received the CCL4 antibody injection for 4 weeks (Table 1). Mice were fasted for 6 hours, and the serum concentrations of insulin were decreased in the STZ-induced diabetic mice compared with those in the non-DM mice. Insulin levels were increased in mice that received the CCL4 antibody injection for 4 weeks compared with those in IgG-treated diabetic mice (Figure 1A). In type 1 DM, loss of islet β-cells requires therapeutic intervention to restore the β-cell mass or stimulate β-cell proliferation (16). In this study, fluorescence microscopy revealed that the pancreatic levels of insulin (Figures 1B, C) and the marker of proliferation Ki-67 expression (Figure 1D) were increased and the pancreatic morphology was more intact, complete, and regular with large pancreatic volume and closely arranged pancreatic β-cells in the CCL4 inhibition group than in the IgG-treated diabetic group. To assess glucose homeostasis in these mice, OGTTs and insulin levels during the tests were evaluated. The blood sugar levels were lower in the CCL4 inhibition group at 30, 60, 90 and 120 minutes than those in the untreated diabetic group (Figure 1E). The AUCs of the OGTT were lower in the CCL4 antibody-treated group than those in the untreated diabetic group (Figure 1F). The insulin concentrations in the CCL4 inhibition group were increased time 0 to 30 minutes after oral glucose loading (Figure 1G). Taken together, the results from the OGTT implied that CCL4 inhibition could increase glucose clearance by increasing insulin secretion. These findings indicate the capability of inhibiting CCL4 to protect the pancreas in STZ-induced diabetic mice. Furthermore, the expression levels of IL-6 in pancreatic tissues were decreased in the CCL4 antibody injection group (Figure 1H). Moreover, we used female NOD mice as another type 1 DM model. The results revealed that the blood sugar levels were decreased in the mice that received the CCL4 antibody injection for 4 weeks compared with those in the untreated DM mice (Table 2).


Table 1 | Blood sugar levels in STZ-induced diabetic mice.






Figure 1 | The effects of CCL4 inhibition on pancreatic tissues from STZ-induced diabetic mice. Serum insulin levels in STZ-induced diabetic mice (n=9; A). The CCL4 inhibition groups showed more insulin (red; B) (dark brown; C) and Ki-67 (dark brown; D) expression in the pancreas than the IgG-treated STZ-induced diabetic mice. The OGTT was conducted after CCL4 antibody injections for 2 weeks (n=6; E). AUCs of the OGTT calculated from the original graph (n=6; F). Insulin levels during the OGTT (n=6; G). Western blot and statistical analyses of IL-6 expression in pancreatic tissue from STZ-induced diabetic mice (n=3; H). N represents the pancreas from each individual that was used for 3 independent experiments #P<0.05, ##P<0.01 compared with DM+IgG mice (A, H) or untreated DM mice (E–G).




Table 2 | Blood sugar levels in NOD mice.





CCL4 Inhibition Protected Pancreatic β-Cells Under STZ Treatment In Vitro

In the in vitro experiment, we added STZ to mimic the in vivo conditions in our type 1 DM model. NIT-1 cell viability was decreased after STZ treatment (Figure 2A). Interestingly, both relatively low and high doses of the CCL4 inhibitor enhanced NIT-1 cell proliferation after STZ stimulation (Figure 2B). Because of the toxicity of STZ, we standardized the CCL4 levels in the NIT-1 cell supernatant. The standardized data showed that CCL4 could be induced by STZ stimulation and that this enhanced CCL4 level could be neutralized by the CCL4 antibody (Figure 2C). Furthermore, insulin expression in the NIT-1 cell supernatants was decreased in the STZ-treated groups but reversed after CCL4 antibody treatment (Figure 2D). The above in vitro data suggested the direct protection provided by CCL4 inhibition on pancreatic β-cells, which was consistent with the in vivo findings.




Figure 2 | The effects of CCL4 on inflammation modulation in pancreatic β-cells. NIT-1 cell proliferation after STZ treatments at different doses (n=3; A). STZ-treated NIT-1 cells were then incubated with the CCL4 mAb at a low dose (L) and high dose (H). NIT-1 cell proliferation was evaluated using an MTT assay (n=3; B). The CCL4 levels in the supernatants of NIT-1 cells were standardized by the average MTT assay data (n=6; C). Insulin levels in the supernatants of NIT-1 cells (n=6; D). Western blot and statistical analyses of IL-6 and TNF-α expression in NIT-1 cells (n=3; E). #P<0.05, ##P<0.01 compared with the control group of NIT-1 cells. *P<0.05, **P<0.01 compared with the same STZ concentration-treated or CCL4-treated NIT-1 cell group.





CCL4 Caused Pancreatic β-Cell Inflammation Through CCR2 and CCR5 In Vitro

Moreover, CCL4 treatments could induce IL-6 and TNF-α expressions in NIT-1 cells. The induced expressions of the above inflammatory proteins could be reversed by siRNA of CC chemokine receptor (CCR) 2 and CCR5. And, co-treatment with CCR2 and CCR5 did not further decrease CCL4-induced IL-6 and TNF-α expressions in NIT-1 cells (Figure 2E). These results indicated that CCL4 could promote inflammation in pancreatic β-cells by different receptors.



CCL4 Inhibition Protected Pancreatic Islet Cell Function and Decreased Insulin Resistance in db/db Mice

Blood sugar concentrations were measured during experimental periods. The blood sugar levels of nontreated db/db mice were increased compared with those in the non-DM mice. The blood sugar levels in mice treated with a CCL4 antibody injection for 2 weeks were higher than those in the non-DM control group mice but relatively lower than those in the IgG-treated db/db mice. Interestingly, blood sugar levels were controlled in the group of mice that received the CCL4 antibody injection for 4 weeks (Table 3). Compared with those in IgG-treated db/db mice, the serum insulin levels in the db/db mice receiving the CCL4 antibody treatment were reduced (Figure 3A). The insulin-positive areas per islet cell were increased in pancreatic islets from the CCL4 antibody-treated db/db mice compared to those in pancreatic islets from IgG-treated db/db mice. The pancreatic morphology was more intact with large pancreatic volume and closely arranged pancreatic β-cells in the CCL4 inhibition group than in the IgG-treated db/db mice (Figure 3B). We performed the OGTT experiments using db/db mice. However, the blood sugar levels did not decline during the observation period, which might have been due to the high blood sugar levels in db/db mice at 12 weeks of age. In DM mice, the CCL4 inhibition group had lower levels of HOMA-IR than the IgG control group (CCL4 inhibition for 4 weeks group (32.76 ± 5.37) vs. DM+IgG group (180.28 ± 30.42), P<0.01). The levels of inflammatory markers, such as TNF-α and IL-6, which are the root causes of insulin resistance in type 2 diabetic patients with type 2 diabetes, were decreased in the CCL4 antibody injection group, compared with those in the IgG-treated DM group (Figure 3D). Insulin resistance to glucose transport and metabolism leads to the development of type 2 diabetes. The enhanced IRS-1 serine307 phosphorylation and defective IRS-1-dependent signaling results in reduced glucose transport activity (17–19). We also analyzed the changes in proteins related to insulin resistance, resulting in the inhibition of insulin signaling. CCL4 antibody-treated mice had decreased levels of phosphorylated IRS-1 in both skeletal muscle and liver tissues compared to those in the untreated db/db mice (Figures 3E, F), implying the beneficial effects of CCL4 inhibition on improving insulin resistance.


Table 3 | Blood sugar levels in db/db mice.






Figure 3 | The effects of CCL4 inhibition on pancreatic tissues from db/db mice. Serum insulin levels in db/db mice (n=6; A). The CCL4 inhibition groups showed more insulin expression (red) in the pancreas than the IgG-treated diabetic db/db mice (B). Serum TNF-α and IL-6 levels in db/db mice (n=6; C, D). CCL4 inhibition prevented the increased phosphorylation of IRS-1 in skeletal muscle and liver tissues (n=3; E, F) indicating the improvement of insulin signaling in db/db mice. #P<0.05, ##P<0.01 compared with DM+IgG mice (A, C, D) or untreated DM mice (E, F).





CCL4 Inhibition Protected Pancreatic Islet Function and Decreased Insulin Resistance in Mice Fed With a High-Fat Diet

C57BL/6 mice were fed a high-fat diet to mimic the clinical development of metabolic syndrome. This group of mice was defined as the metabolic syndrome model. The blood sugar levels were increased in metabolic syndrome mice (fed a high-fat diet) compared to those in nonmetabolic syndrome mice (fed a normal diet). Blood sugar levels were decreased in the groups that received the CCL4 antibody injection for 4 weeks (Table 4). In addition, mice receiving the CCL4 antibody showed lower serum insulin levels (Figure 4A), higher insulin-positive areas and more intact with large pancreatic volume and closely arranged pancreatic β-cells morphology (Figures 4B, C) than the IgG-treated metabolic syndrome mice. The OGTTs and insulin levels during the tests were evaluated. The blood sugar levels were lower in the CCL4 antibody-treated group at 30, 60, 90 and 120 minutes than in the untreated metabolic syndrome group (Figure 4D). The AUCs of the OGTT were lower in the CCL4 inhibition group (Figure 4E). The insulin concentrations in the CCL4 inhibition group were increased at 15 minutes but were significantly lower at 30 minutes compared to those in the untreated metabolic syndrome group during the OGTT (Figure 4F). Taken together, data from the OGTT revealed that CCL4 inhibition could increase glucose clearance and insulin sensitivity. In metabolic syndrome mice, the CCL4 inhibition group had lower levels of HOMA-IR than the IgG control group (CCL4 inhibition for 4 weeks group (89.33 ± 11.41) vs. DM+IgG group (161.17 ± 14.52), P<0.01). Furthermore, the TNF-α and IL-6 levels were decreased in the CCL4 antibody-treated group compared with those in the IgG-treated metabolic syndrome group (Figures 4G, H). CCL4 inhibition mice also had decreased levels of phosphorylated IRS-1 in both skeletal muscle and liver tissues compared to those in the untreated metabolic syndrome mice (Figures 4I, J), implying the beneficial effects of CCL4 inhibition on insulin signaling. The above data imply the beneficial effects of CCL4 inhibition on systemic inflammation, pancreatic islet cell function and insulin resistance in metabolic syndrome mice.


Table 4 | Blood sugar levels in C57BL/6 mice fed a high-fat diet.






Figure 4 | The effects of CCL4 inhibition on pancreatic tissues from metabolic syndrome mice. Serum insulin levels in high-fat diet metabolic syndrome mice (n=6; A). The CCL4 inhibition groups showed more insulin expression in the pancreas than the IgG-treated metabolic syndrome mice (red; B) (dark brown; C). The OGTT was conducted after CCL4 antibody injections for 2 weeks (n=6; D). AUCs of the OGTT calculated from the original graph (n=6; E). Insulin levels during the OGTT (n=6; F). Serum TNF-α and IL-6 levels in metabolic syndrome mice (n=6; G, H). CCL4 inhibition prevented the increased phosphorylation of IRS-1 in skeletal muscle and liver tissues (n=3; I, J), indicating the improvement of insulin signaling in metabolic syndrome mice. #>P<0.05, ##P<0.01 compared with DM+IgG mice (A, G, H) or untreated metabolic syndrome mice (D–F, I, J).






Discussion

There are several main findings in this study. First, blood sugar levels were increased in the STZ-induced diabetic mice (a model simulating type 1 DM), which were maintained by treatment with a CCL4 antibody. Furthermore, inhibition of CCL4 with an antibody decreased pancreatic IL-6 expression, increased β-cell proliferation, restored the β-cell mass, and increased pancreatic and circulating insulin levels in the STZ-induced diabetic mouse model. Additionally, in vitro treatment with a CCL4 antibody protected pancreatic β-cells from STZ stimulation, suggesting that the autocrine and/or paracrine effects of CCL4 can be directly inhibited by an antibody. Interestingly, direct administration of CCL4 resulted in enhanced inflammatory protein expressions such as IL-6 and TNF-α mainly via the CCR2 signaling pathway in pancreatic β-cells. Second, treatment with the CCL4 antibody could retard the elevation of blood sugar levels in db/db mice (a model simulating type 2 DM) and reduce the blood sugar levels in mice fed a high fat diet (a model simulating metabolic syndrome). In both the type 2 diabetes and metabolic syndrome models, treatment with the CCL4 antibody increased pancreatic insulin expression, and reduced circulating insulin, TNF-α, and IL-6 levels. It also increased the glucose clearance ability and insulin sensitivity and modulated the insulin resistance signaling pathway with decreased phosphorylation of IRS-1 in both skeletal muscle and liver tissues. Taken together, these results suggest that while reducing local inflammation and protecting pancreatic β cells via increased insulin expression in a type 1 DM animal model, inhibition of CCL4 with a specific antibody could also attenuate systemic inflammation, improve insulin resistance, and reduce circulating insulin levels in both type 2 diabetes animal models and metabolic syndrome animal models. The findings suggest the novel and common roles of CCL4-related inflammation in the progression of hyperglycemia in different experimental DM.

DM is suggested to be a metabolic disease related to inflammation and vascular complications resulting from reduced insulin production or a decreased tissue response to insulin (20, 21). Insulin resistance is a pathogenic feature of type 2 diabetes that contributes to cardiovascular diseases (22). CCL4 has the ability to attract macrophages, and these macrophages are implicated in the destruction of islet cells (23, 24). In islet cells, CD40-CD40L interactions induce the secretion of CCL4 and contribute to β-cell death and early islet graft loss (25). The circulating concentrations of CCL4 do not differ between patients with type 1 and type 2 diabetes, suggesting a general involvement of CCL4 in different types of diabetes (9). Insulin infusion could suppress the CCL4 expression in mononuclear cells from patients with type 2 diabetes (26). Circulating CCL4 levels are also reduced in association with decreased β-cell stress, as shown by a reversed association with proinsulin (8). In the current study, we demonstrated that CCL4 may be related to local inflammation in vitro as well as to systemic inflammation in vivo. While there are no previous articles mentioning about the production of CCL4 from NIT-1 cells (11), we observed for the first time that the pancreatic β-cell line NIT-1 could release CCL4 after STZ stimulation. More importantly, direct blockade of CCL4 could reverse pancreatic islet cell damage and/or systemic insulin resistance to stabilize the blood sugar levels in both the type 1 and type 2 diabetes models and in the metabolic syndrome animal model. Our findings provide both in vitro and in vivo evidence to the novel and common role of CCL4 for blood sugar deterioration in different types of diabetic animal models. It might be particularly important in clinical type 2 DM since a significant portion of the patients may finally require insulin supplement due to pancreatic islet failure despite the use of oral glucose lowering agents.

Phosphorylation of IRS-1 at Ser307, a potential mechanism underlying insulin resistance, attenuates insulin signaling pathways (19). It has been shown that targeting anti-inflammatory cytokines might restore insulin sensitivity (27, 28). Furthermore, diabetic drugs with anti-inflammatory properties protect against cardiovascular complications in patients with type 2 diabetes (29). On the other hand, anti-hypertensive drugs were shown to enhance insulin sensitivity (30, 31), implying that improving the cardiovascular system might exert beneficial effects on insulin resistance. In this study, we revealed for the first time that direct inhibition of CCL4 could reverse the impaired insulin signaling pathway by decreasing the phosphorylation of IRS-1 in skeletal muscle and liver tissues in mice with both type 2 DM and metabolic syndrome. These results suggested the direct beneficial effects of CCL4 inhibition on in vivo insulin resistance. Furthermore, systemic inflammation, indicated by serum TNF-α and IL-6 levels, was also decreased by CCL4 inhibition in type 2 DM and metabolic syndrome mouse models in this study. It has been indicated that inflammatory mediators such as TNF-α and IL-6 are increased with insulin resistance and play an important role in deregulating glucose homeostasis in type 2 DM (32). However, recent clinical studies failed to demonstrate the beneficial effect of TNF-α neutralization on insulin resistance, insulin sensitivity, and endothelial function in patients with type 2 diabetes (33, 34). While both TNF-α and IL-6 could be reduced by CCL4 inhibition, it will be interesting to elucidate whether a broader inhibition of systemic inflammation with a specific chemokine, such as CCL4, could improve insulin resistance in clinical diabetes.

In this study, CCL4 inhibition was shown to ameliorate inflammatory proteins in different DM models. The CCL4-mediated signal pathways should be further clarified. CCR5, the most well-known receptor of CCL4, is linked with obesity, inflammation, and insulin resistance (35, 36). Nevertheless, transient blockade of CCR5 or CCR5 deficiency accelerated rather than prevented type 1 diabetes in NOD mice (37, 38). CCL4 can also signal through CCR2 (39–41). Targeting of CCR2 may lead to therapies against type 1 DM in NOD mice. Dual blockade of CCR2 and CCR5 was thought to be a potential therapeutic approach for immunologic and cardiovascular diseases (42). In addition, dual CCR2/CCR5 antagonism could ameliorate insulin resistance and inflammation in high-fat diet-fed mice and decrease CCL2/CCL4‐induced migration of macrophage (43). However, clinical study of a dual chemokine CCR2/5 receptor antagonist related to the albuminuria in adults with diabetic nephropathy was discontinued despite the safety profile was shown (44). One of the possibility is that both CCR2 and CCR5 are responsible for multiple ligands (45). Given the unpredictable off-target effects, blockade of CCR2 and/or CCR5 might not the best option for therapy. Moreover, based on the CCL3/CCL4 and their NH2-terminal processing, several CCRs inclusive of CCR1, CCR2, CCR3 and CCR5 are recognized (46). As the result, further investigations are required to clarify the main receptor participating in the downstream inflammatory pathways and contributes to the beneficial effects of CCL4 inhibition in DM. In our study, the CCL4-induced inflammatory protein expressions could be abolished mainly by siRNA of CCR2 and only partially by siRNA of CCR5, suggesting both CCR2 and CCR5 may contribute to the effects of CCL4 on pancreatic β-cells. However, given the unsuccessful results in previous clinical trials with dual CCR2/5 receptor antagonist, the direct inhibition of CCL4 itself might be another potential strategy rather than targeting its receptors.

There are some limitations that should be mentioned in the current study. First, it has been previously indicated that CCL4 could be produced by neutrophils, monocytes, B cells, T cells, fibroblasts, endothelial cells, and epithelial cells in vivo (47, 48). We recently showed that either TNF-a or oxidized low-density lipoprotein could directly induce CCL4 expression in human coronary artery endothelial cells and macrophages (39). In the current study, the particular types of cells expressing CCL4 may be identified to explore the potential targets of CCL4 antibody in individual models of animals. However, given the general effects of CCL4 antibody on blood sugar in different animal models, one may speculate that the main target of CCL4 in vivo may be circulating CCL4 rather than individual types of cells. It should be further investigated in future studies. Also, in the current study, while the in vitro study showed a direct protective effect of CCL4 inhibition on pancreatic islet cells, it is possible that CCL4 might be also induced in pancreatic islet cells in vivo. Further experiments are required to elucidate the molecular mechanisms in detail. Second, while CCL4 inhibition could improve the phosphorylation of IRS-1 in skeletal muscle and liver tissues in type 2 DM and metabolic syndrome model mice, further experiments are needed to explore the role of CCL4-related inflammation in the development of insulin resistance, such as inflammation in adipose tissues. Interestingly, the level of serum IL-6 was obviously higher in the type 2 diabetic model but the level of serum TNF-α was relatively similar among different animal models. One speculation might be that the molecular signaling pathways are different between IL-6 and TNF-α and their sources of secretion are different. The accumulation of obese adipose tissue in the dbdb mice might lead to starkly enhanced level of IL-6 (49). In this study, we focused on the effects of CCL4 inhibition on the levels of TNF-α and IL-6, which may be related to the root causes of insulin resistance in type 2 diabetes. However, some other mechanisms involving the systemic insulin resistance and pancreatic inflammation such as IL-10 and so on should also be critical. Accordingly, a complete pattern of serum pro- and anti-inflammatory cytokines and an analysis of the inflammatory cell infiltration in the pancreas should be measured to fully understand the role of CCL4 in our future studies. Third, in the current study, mice were repeatedly injected by the antibody of different species. It may be necessary to consider the effects of the injected antibody on mice especially the impact of anti-CCL4 neutralizing antibody on immunophenotype of these mice during the experiment periods. Fourth, this study is limited to mouse models and hence the data should be interpreted in the light of those limiting factors. Further human studies are needed to validate the results. And, the binding affinity, specificity, and pharmacodynamics of the CCL4-specific antibody should be investigated before its application in the clinical treatment of DM. Accordingly, the current findings may serve as pilot proof-of-concept data. Additional experiments are required to determine the dose and time-dependent effects of CCL4-specific antibodies. If they exist, other substances or chemicals that may modify the effects of CCL4 should also be tested to validate and elucidate the role of CCL4-related inflammatory mechanisms in other animal models, especially in large animal models.

In conclusion, systemic and/or direct inhibition of CCL4 protected pancreatic islet cells, improved insulin resistance, and retarded the progression of hyperglycemia in different experimental DM models. Our findings not only elucidate the potential role of CCL4-related inflammation in the progression of hyperglycemia but also provide some novel mechanistic clues to the deterioration of blood sugar levels in the presence of DM. It may be particularly important in type 2 DM since a significant portion of the patients may progress to pancreatic islet failure and rely on insulin therapy despite the use of multiple oral glucose lowering agents. Future studies may be performed to evaluate whether CCL4 could be a potential therapeutic target, with either monoclonal antibody or small molecule drugs, to protect pancreatic islet and stabilize blood sugar in clinical DM.
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