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Abstract

Macrophage activation is increased in diabetes and correlated with the onset and progression of 

vascular complications. To identify drugs that could inhibit macrophage activation, we developed a 

cell-based assay and screened a 1,040 compound library for anti-inflammatory effects. Beta2 

adrenergic receptor (β2AR) agonists were identified as the most potent inhibitors of phorbol 

myristate acetate-induced tumor necrosis factor-α production in rat bone marrow macrophages. In 

peripheral blood mononuclear cells isolated from streptozotocin-induced diabetic rats, β2AR 

agonists inhibited diabetes-induced tumor necrosis factor-α production, which was prevented by 

co-treatment with a selective β2AR blocker. To clarify the underlying mechanisms, THP-1 cells 

and bone marrow macrophages were exposed to high glucose. High glucose reduced β-arrestin2, a 

negative regulator of NF-κB activation, and its interaction with IκBα. This subsequently enhanced 

phosphorylation of IκBα and activation of NF-κB. The β2AR agonists enhanced β-arrestin2 and 

its interaction with IκBα, leading to down-regulation of NF-κB. A siRNA specific for β-arrestin2 

reversed β2AR agonist-mediated inhibition of NF-κB activation and inflammatory cytokine 

production. Treatment of Zucker Diabetic Fatty rats with a β2AR agonist for 12 weeks attenuated 

monocyte activation as well as pro-inflammatory and pro-fibrotic responses in the kidneys and 

heart. Thus, β2AR agonists might have protective effects against diabetic renal and cardiovascular 

complications.
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Introduction

It has become clear that inflammatory processes play an important role in vascular 

complications in diabetes. Previous studies have shown that hyperglycemia activates 

differentiation of circulating monocytes into macrophages, resulting in their adherence to 

endothelial cells and migration into cardiovascular and renal tissues1,2. Once localized, the 

activated macrophages develop into foam cells and produce oxidants, oxidized lipids, and 

proinflammatory and profibrotic cytokines3. There is a great deal of evidence to support the 

critical role of monocytes/macrophages in facilitating some of the diabetic complications. It 

has been shown that monocytes from patients with both type 14,5 and type 25–7 diabetes 

exhibit increased proatherogenic activity, and the number of macrophages are increased in 

the renal tissues of these patients8,9. Similarly, increased adhesion of leukocytes or 

monocytes has been observed in the retinal circulation of diabetic animals10,11. Although the 

precise cascade that leads to tissue injury has yet to be determined, several lines of evidence 

support the idea that anti-inflammatory interventions such as specific antagonists of 

monocyte chemoattractant protein (MCP)-1 may inhibit the progression of diabetic vascular 

complications12,13.

The present study is designed to identify drugs with potential for use in targeting 

macrophage activation associated with diabetic vascular complications. We established a 

cell-based assay to assess macrophage activation and screened for anti-inflammatory effect 

in a 1,040 compound library of the US Food and Drug Administration (FDA)-approved 

drugs obtained from the National Institutes of Health (NIH). Beta2 adrenergic receptor 

(β2AR) agonists were discovered to have considerable anti-inflammatory effects in primary 

rat bone marrow (BM)-derived macrophages (BMMs) and this effect was further confirmed 

using experimental diabetic animal models.

RESULTS

High glucose (HG) and diabetes increased tumor necrosis factor (TNF)-α production and 
PKC activity in BMMs

We established a cell-based assay to assess macrophage activation by first determining if HG 

increases TNF-α production. Rat BMMs incubated with HG (25 mmol/L D-glucose) for 72 

h showed a 31% increase in TNF-α production (Figure 1A). Although the effect was 

statistically significant, the difference was too small for the screening purpose. In contrast, 

exposure to phorbol myristate acetate (PMA) for 48 h increased TNF-α production by 20-

fold more than the control levels and a chemical inhibitor of conventional and novel PKC 

isoforms, GF109203X (1 μM) completely suppressed its effect (data not shown). 

Furthermore, HG significantly enhanced PKC activity in rat BMMs (Figure 1B). We also 

observed higher PKC activity in BMMs isolated from diabetic mice at 12 weeks of disease 

than in those from normal controls (Figure 1C). Based on these and previous results 
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suggesting that PKC is an important mediator of the activation of monocytes/macrophages 

in diabetes14–16, we decided to use PMA as a stimulant in the initial screening.

Identification of positive hits

Out of 1,040 compounds, 145 affected cell viability and were considered toxic while 54 

increased TNF-α production by more than 2-fold without any stimulation. We analyzed 895 

compounds after excluding 145 toxic compounds. Of these, 33 were identified as positive 

hits since they inhibited PMA-induced TNF-α levels by ≥ 95%, 197 increased TNF-α 
production, and the rest inhibited by < 95%. The assignment of each compound to these 

groups was carried out before the identities of the compounds were revealed. Interestingly, 

23 compounds out of 33 positive hits were corticosteroids, known potent anti-inflammatory 

drugs, validating the reliability of our assay to detect compounds with anti-inflammatory 

actions. For the 10 non-corticosteroid positive hits, their effects were retested at five 

different doses from 1 nM–10 μM with PMA stimulation. After exclusion of compounds that 

had half-maximal inhibitory concentration (IC50) >100 nM, two remaining compounds were 

β2AR agonists, metaproterenol and terbutaline hemisulfate (IC50 68 and 45 nM, 

respectively) which were studied further.

The anti-inflammatory actions of the compounds were confirmed by testing their effects to 

neutralize lipopolysaccharide (LPS) stimulation of rat BMMs. We observed that TNF-α 
production was significantly increased after a 6- and 48-h incubation with LPS. Both 

metaproterenol and terbutaline hemisulfate decreased LPS-induced TNF-α production dose-

dependently (Figure 1D). We evaluated the relevance of these findings to diabetes by 

determining the effects of β2AR agonists on TNF-α production in peripheral blood 

mononuclear cells (PBMCs) isolated from streptozotocin (STZ)-induced diabetic rats vs 

control rats. As shown in Figure 1E, TNF-α production was significantly increased by 2.1-

fold in PBMCs from diabetic rats compared with control rats (P<0.001). Metaproterenol and 

terbutaline hemisulfate decreased diabetes-induced TNF-α production by 40 and 43%, 

respectively. When metaproterenol and terbutaline hemisulfate were administered in the 

presence of a selective β2AR blocker ICI118551 (Sigma-Aldrich, St Louis, MO), both 

compounds failed to reduce TNF-α production, suggesting that their effects were mediated 

by the β2AR pathway.

β2AR agonists inhibit HG-induced proinflammatory responses via β-arrestin2-nuclear 
factor (NF)-κB pathway in THP-1 cells and BMMs

To characterize the potential mechanisms, THP-1 cells were exposed to HG and the mRNA 

expressions of MCP-1, TNF-α, and interleukin (IL)-1β and protein expression of CD36 at 

72 h were measured. Metaproterenol or salbutamol (10 μM) significantly inhibited the 

effects of HG (Figure 2A–C). Since β-arrestin2 has been identified to be activated by G 

protein-coupled receptor (GPCR) to regulate NF-κB activation17,18, we examined the 

involvement of β-arrestin2 in the anti-inflammatory effect of β2AR agonists. Exposure of 

THP-1 cells to HG decreased β-arrestin2 protein expression and its interaction with inhibitor 

of NF-κB (IκB)α, which induced phosphorylation of IκBα and activation of NF-κB (Figure 

2D–H). Both metaproterenol and salbutamol significantly restored these changes by 

increasing β-arrestin2 protein expression and decreasing the activation of NF-κB. In rat 
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BMMs, similar findings were also observed (Figure 3). The role of β-arrestin2 and β2AR in 

these changes was further confirmed by the findings that siRNA-mediated knockdown of β-

arrestin2 or β2AR abolished the effects of the β2AR agonists (Figure 4).

Effect of β2AR agonist on monocyte activation in Zucker diabetic fatty (ZDF) rats

As shown in Table 1, both vehicle-treated and salbutamol-treated ZDF rats developed similar 

levels of hyperglycemia accompanied by elevated total cholesterol, triglyceride, and high-

density lipoprotein (HDL)-cholesterol levels. Plasma insulin and HOMA-IR (homeostatic 

model assessment-insulin resistance) were increased in ZDF rats without significant 

difference by salbutamol. Blood urea nitrogen was significantly higher in ZDF rats than the 

levels in control rats; however, creatinine and cystatin C levels were not different in all four 

groups. Urine volume as well as albumin/creatinine and MCP-1/creatinine ratios were 

significantly increased in ZDF rats compared with Zucker fatty (ZF) lean rats. Chronic 

treatment with salbutamol partially prevented the increase in albumin/creatinine and MCP-1/

creatinine ratios. The kidney/body weight and heart/body weight were higher in ZDF rats 

than they were in control rats. The heart/body weight ratio was reduced by salbutamol 

treatment. Blood pressure (BP) was not affected by salbutamol treatment.

We determined the reactivity of PBMCs from ZF lean and ZDF rats by performing 

monocyte adhesion test. Vehicle-treated ZDF rats showed a significant increase in monocyte 

attachment to the endothelial monolayers compared to the controls (Figure 5A). 

Furthermore, immunopositivity of both CD11b/c and C-C chemokine receptor (CCR) 2 and 

the LPS-induced upregulation of CD36 expression in PBMCs and BM mononuclear cells 

from ZDF rats were higher than those in cells from the lean controls by 4.0-, 2.1-, and 2.1-

fold, respectively; salbutamol effectively prevented all of these changes (Figure 5B and C). 

The role of β-arrestin2 was further studied by assessing the expression of β-arrestin2 and its 

association with IκBα in BMMs from ZF lean and ZDF rats. Compared with controls, the 

vehicle-treated ZDF rats showed decreased protein expression of β-arrestin2 as well as its 

interaction with IκBα and increased phosphorylation of IκBα in the BMMs following LPS 

treatment (Figure 5D–F). BMMs from vehicle-treated ZDF rats displayed increased NF-κB 

activity compared to control, which were all markedly attenuated by salbutamol treatment 

(Figure 5G and H).

Effect of β2AR agonist on renal changes in ZDF rats

The effects of the β2AR agonist on renal changes induced by diabetes were studied. 

Histological analysis exhibited an increase in the mesangial matrix area in the vehicle-

treated ZDF rats compared to ZF lean rats at 20 weeks of age. Although there was a trend 

toward less mesangial matrix, the effect of salbutamol was not statistically significant 

(Figure 6A). The expression of type I/IV collagen and fibronectin was significantly higher in 

the renal cortex from ZDF rats compared with ZF lean controls (Figure 6B–D). Masson’s 

trichrome staining confirmed a greater deposition of collagen in ZDF than in ZF lean rats 

(Figure 6E). Salbutamol treatment almost completely normalized these changes (Figure 6E). 

As shown in Figure 6F–I, ZDF rats exhibited a significantly higher number of CD68 positive 

cells and elevated levels of nitric oxide synthase (NOS) 2, MCP-1, TNF-α, and IL-1β 
mRNA as well as phosphorylation of p65 subunit of NF-κB than ZF lean controls. These 
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changes were attenuated in salbutamol-treated ZDF accompanied by enhancement of β-

arrestin2 (Fig 6K). In contrast, the expression of arginase-1 was decreased in vehicle-treated 

ZDF rats without significant difference following salbutamol treatment (Figure 6J).

Effect of β2AR agonist on cardiac changes in ZDF rats

The actions of β2AR agonist on cardiac changes associated with diabetes were studied. 

Compared with ZF lean rats, vehicle-treated ZDF showed an increased cardiac expression of 

collagen I/IV and fibronectin while salbutamol treatment significantly attenuated these 

changes (Figure 7A–C). Similarly, salbutamol treatment reduced ZDF-induced CD68 

positive macrophage infiltration, elevated levels of NOS2, MCP-1, TNF-α, and IL-1β 
mRNA expression, and phosphorylation of p65 subunit of NF-κB in the myocardium 

(Figure 7D–G). In contrast, no significant difference in the mRNA expression of arginase-1 

was observed between the ZDF and salbutamol-treated ZDF groups (Figure 7H). The 

functional cardiac consequences of diabetes and the treatments with salbutamol were 

evaluated using echocardiography. As shown in Figure 7I, ejection fraction (EF) and 

fractional shortening (FS) significantly decreased in vehicle-treated ZDF group compared to 

the ZF control group. However, salbutamol treatment improved both of these parameters.

Effect of short-term treatment with β2AR agonist on monocyte activation and renal and 
cardiac changes in ZDF rats

To test whether short-term treatment with β2AR agonist has similar protective effects, 15-

week-old ZDF rats were treated with salbutamol for 5 weeks (Supplementary Table S1). 

Five-week-treatment with salbutamol induced a qualitatively similar effect to 12-week 

treatment on ZDF-induced monocyte activation (Supplementary Figure S1), enhanced 

proinflammatory cytokine production, and influx of macrophages in renal and cardiac 

tissues (Supplementary Figure S2A and B and S3A and B). However, the increased 

expression of type I/IV collagen and fibronectin in ZDF renal cortex and albuminuria were 

not attenuated by salbutamol (Supplementary Table S1 and Figure S2C–E). Similarly, 

cardiac expression of type IV collagen and LV systolic dysfunctions were not significantly 

changed following short-term treatment with salbutamol (Supplementary Figure S3C and 

D).

DISCUSSION

In the present study, drug screen revealed that β2AR agonists were potential therapeutic 

agents targeting macrophage activation. The findings that β2AR agonists may have anti-

inflammatory actions were confirmed by multiple ways including inhibition of PMA or 

LPS-induced TNF-α production in rat BMMs and diabetes-induced TNF-α production in 

PBMCs isolated from STZ-induced diabetic rats. Furthermore, we demonstrated that β2AR 

agonists significantly reduced the expression of proinflammatory cytokines and CD36 in 

HG-treated THP-1 cells and rat BMMs. Beta adrenergic actions on the macrophages have 

been reported by Abrass et al. In 1985, Abrass et al. characterized βARs in rat peritoneal 

macrophages and suggested that beta adrenergic hormones may inhibit macrophage 

function19. Recently, Wang et al. reported that β2AR agonists can inhibit LPS-induced 

activation of THP-1 cells, similar to our findings20. However, the inhibition of HG and 
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diabetes-induced macrophage activation has not been reported with β2AR activation 

especially associated with improvement in renal and cardiac abnormalities related to 

diabetes. The results from our study suggested that enhancement of β2AR pathway can 

decrease diabetes or HG-induced activation of macrophage.

Monocytes/macrophages accumulation may contribute to renal and cardiovascular 

complications of diabetes. For example, there are correlations between the degree of 

macrophage accumulation in renal tissue and severity of kidney damage21,22. Studies 

performed in patients with acute myocardial infarction, diabetic patients have shown 

increased levels of macrophage in the vascular wall23. In addition, diabetic cardiomyopathy, 

a distinct entity independent of coronary atherosclerosis, also shows infiltration of 

macrophages in cardiac tissue24,25. The salient finding of the present study is that β2AR 

agonists improve both renal and cardiac inflammation. This was accompanied by decreased 

renal fibrosis in diabetic rodents, reduced albuminuria, and improved cardiac dysfunction.

Activated macrophages can be roughly categorized into two distinct phenotypes of M1 and 

M226,27. Activated M1 macrophages are generally characterized by high production of 

proinflammatory cytokines while alternatively activated M2 macrophages secret anti-

inflammatory cytokines. The expression of the M1 marker NOS2 was significantly elevated 

in vehicle-treated ZDF rats compared to ZF lean control but interestingly, it was reduced by 

salbutamol treatment. On the other hand, the expression of the M2 marker arginase-1 was 

decreased in ZDF rats without significant changes following salbutamol treatment. Our 

results showing an increase in the M1/M2 ratio have been similarly reported in the STZ-

induced diabetic kidney28 and peripheral blood of patients with diabetes29. These results 

suggest that the protective action of β2AR agonists involves abolishing the recruitment of 

M1-activated macrophages into the renal and cardiac tissues rather than induction of a 

phenotypic switch from M1 to M2.

The NF-κB pathway is a key factor linking inflammation and diabetic vascular 

complications30. In unstimulated states, the regulatory mechanism of the NF-κB pathway is 

its interaction with endogenous inhibitors, IκB proteins, which retain it in the cytoplasm31. 

However, following stimulation, the inhibitory proteins are phosphorylated and degraded via 

the ubiquitin-proteasome pathway31. This process induces NF-κB activation. Therefore, 

strategies targeting NF-κB activation have included stabilization of endogenous inhibitors. 

Recent evidence suggests that β-arrestin2 serves as an endogenous regulator of the NF-κB 

pathways17. This protein was originally discovered as a desensitizing molecule for 

GPCRs32; however, it interacts with IκBα and, thereby prevents the phosphorylation and 

degradation of IκBα17. In the present study, we demonstrated that HG and diabetes 

decreased the protein expression of β-arrestin2 and its association with IκBα while the 

β2AR agonists significantly reversed these changes. The involvement of β-arrestin2 in these 

changes was further confirmed by the finding that suppression of β-arrestin2 using siRNA 

significantly blocked the effects of β2AR agonists on NF-κB activation and 

proinflammatory cytokine production. It appears that our observations are consistent with a 

previous report33 where β2AR stimulation was shown to inhibit advanced glycation end 

products-induced adhesion molecule expression and cytokine production in human PBMCs.
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The interplay between inflammation and tissue fibrosis has been observed in various disease 

models. Data from numerous studies suggest that macrophages are invariably found at sites 

of tissue fibrosis and that the levels of macrophage accumulation significantly correlate with 

tissue fibrosis34–36. Our results indicated that β2AR agonist was able to reduce both 

inflammation and extracellular matrix deposition in renal and cardiac tissues, further support 

the association between inflammation and fibrosis. It is unclear whether the lack of anti-

fibrotic response with short-term treatment of ZDF rats was attributed to the short duration 

or late initiation of treatment.

It has been reported that β2AR agonist could activate renin angiotensin system37. However, 

in our experiment, renin levels were not detectable in all four groups and angiotensin II 

levels were significantly higher in ZDF rats (0.49±0.19 vs. 0.03±0.02 pg/ml, p<0.05) 

without difference following salbutamol treatment (0.48±0.29 and 0.06±0.01 pg/ml in ZDF

+salbutamol and ZF lean+salbutamol, respectively).

A limitation of our study is that we did not directly test whether macrophage activation is 

necessary for the β2AR agonist-mediated protection. Since macrophage depletion itself 

delays the onset of diabetes38 and attenuates diabetic renal injury28, there would be technical 

difficulties to demonstrate whether macrophage depletion abrogates the protective effects of 

salbutamol upon diabetic vascular injury in our experimental setting. Future experiments 

will need to address this issue.

In conclusion, we have identified and demonstrated the function of β2AR agonists as 

potential novel therapeutic agents targeting monocytes/macrophages activation in the 

treatment of diabetic renal and cardiovascular complications. These drugs are currently used 

for other medical purposes, indicating that they have already passed extensive toxicity 

testing. Therefore, we believe that further well-designed mechanistic animal studies and 

human trials including investigation of off-target tissue effects39 could lead to the rapid 

development of potentially effective therapies for diabetic renal and cardiovascular diseases.

MATERIALS AND METHODS

PART I: Drug screening

Isolation of BMMs—BMMs were prepared by flushing the dissected femur and tibia of 8–

12-week-old Sprague-Dawley (SD) rats (Charles River Laboratories (CRL), Wilmington, 

MA). Cells were cultured in RPMI containing 10% fetal bovine serum (FBS) and 20% L929 

cell (American Type Culture Collection [ATCC], Manassas, VA) conditioned media as a 

source of macrophage colony stimulating factor40. After 7 days, at least 97% of the cells 

were double positive for CD68 (Serotec, Oxford, UK) and CD11b/c (BD Biosciences, San 

Diego, CA). Mouse BMMs were similarly prepared. All experiments were conducted in 

accordance with the Joslin Diabetes Center’s Animal Care and Use Committee guidelines.

PKC activity—PKC activity was measured using a modified in situ PKC assay41.

Screening for anti-inflammatory effects—The NIH library of 1,040 FDA-approved 

compounds was screened to identify potential anti-inflammatory effects. BMMs were plated 
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in 24-well plates (5×104 cells/well) and subconfluent cells were stimulated with PMA (100 

nM). The compounds were treated 1 h before stimulation. After 48 h, conditioned media 

were analyzed for TNF-α using enzyme-linked immunosorbent assay (ELISA, Pierce, 

Rockford, IL). The library was screened in duplicate with test compounds at a final 

concentration of 10 μM. For each drug, the effect of the drug itself without stimulation was 

also tested. Data were expressed as a relative % of TNF-α production compared to the 

effects of PMA. The drugs that inhibited PMA-induced TNF-α production by ≥ 95% were 

defined as positive hits and were retested at five different doses (1, 10, and 100 nM and 1 

and 10 μM) with PMA stimulation and further confirmed with LPS (50 ng/mL) stimulation.

Isolation of PBMCs—Diabetes was induced in 8-week-old male SD rats by 

intraperitoneal injection of citrate-buffered STZ (70 mg/kg, Sigma-Aldrich). After 4 weeks, 

PBMCs were isolated using Histopaque 1077 (Sigma-Aldrich).

PART II: β2AR agonists study

Animals and drug treatment—Male 6-week-old ZDF rats and their normal littermates 

(ZF lean) purchased from CRL (Yokohama, Japan) were housed in a pathogen-free facility 

set on a 12-h light-dark cycle and given free access to water and Purina 5008 diet. From the 

age of 8 weeks, either salbutamol (0.5 mg·kg−1·d−1, Sigma-Aldrich), a β2AR agonist or 

vehicle was administered for 12 weeks using an osmotic minipump (Durect, Cupertino, CA). 

In some experiments, 15-week-old rats were treated for 5 weeks. All animal studies were 

conducted with the approval of the Institutional Care and Use Committee of the Soon Chun 

Hyang University Hospital, and our study complied with the NIH Guidelines for the Care 

and Use of Experimental Animals.

Blood and urine chemistry—Glucose and glycated hemoglobin levels were determined 

in whole blood using Gluco Dr. Plus2 (Allmedicus, Korea) and Quo-Lab (Quotient 

Diagnostics, Surrey, UK) analyzers, respectively. Plasma or urine creatinine, urea nitrogen, 

total cholesterol, triglyceride, and HDL-cholesterol were measured using a colorimetric 

method with a Hitachi 7600-110 analyzer (Hitachi, Tokyo, Japan). Plasma insulin (EMD 

Millipore, Temecula, CA) and renin (MyBiosource, San Diego, CA), and urinary albumin 

(Abcam, Cambridge, MA) and MCP-1 (Sigma-Aldrich) were measured using an ELISA kit. 

Plasma angiotensin II was measured using an enzyme immunoassay (EIA) kit (Sigma-

Aldrich). HOMA-IR was calculated as follows: fasting serum glucose (mmol/L) × fasting 

serum insulin (μU/ml)/22.542.

Cell culture—THP-1 monocytic cells (ATCC) were cultured in RPMI under 5.6 or 25 

mmol/L D-glucose (HG). BMMs and PBMCs were isolated as described previously.

NF-κB activity and luciferase assay—NF-κB activity was measured in nuclear protein 

extract using a TransAM™ NF-κB p65 protein assay (Active Motif, Carlsbad, CA). In some 

experiments, cells were transfected with luciferase reporter vector for NF-κB (Thermo 

Scientific, Rockford, IL) and luciferase activity was measured using a luminometer.
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siRNA—An effective predesigned siRNA of β-arrestin2 or β2AR (Applied Biosystems, 

Carlsbad, CA) was selected in a preliminary study. The sequence was as follows: β-

arrestin2, sense 5′-AGCCUUCUGUGCUAAAUCATT-3′ and antisense 5′-

UGAUUUAGCACAGAAGGCUCG-3′; β2AR, sense 5′-

GGGAGGAAUUGUAGUACAATT-3′ and antisense 5′-

UUGUACUACAAUUCCUCCCTT-3′. Cells were transfected with siRNA (50 nM/well) 

using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) reagent under serum- and 

antibiotic-free condition for 24 h.

RT-PCR—Total RNA was prepared using TRIzol reagent (Sigma-Aldrich). The cDNA 

product was synthesized and amplified by PCR using a 7900HT Fast Real-Time PCR 

System (Applied Biosystems). For PCR reactions, we used TaqMan Assays-on-Demand 

Gene Expression Products from Applied Biosystems: MCP-1, Hs00234140_m1 and 

Rn00580555_m1; TNF-α, Hs00174128_m1 and Rn01525859_g1; IL-1β, Hs01555410_m1 

and Rn00580432_m1; NOS 2, Rn00561646_m1; arginase-1, Rn00691090_m1; and β2AR, 

Hs00240532_s1. As an internal control, 18S ribosomal RNA expression, Hs99999901_s1 

and Rn03928990_g1, was quantified with the target genes.

Western blot analysis—Tissue and cell lysates were subjected to western blot analysis 

using a standard procedure. Membranes were immunoblotted with antibodies against β-

arrestin2 (Cell Signaling, Beverly, MA), phospho-IκBα (Cell Signaling), collagen I/IV 

(Southern Biotech, Birmingham, AL), fibronectin (DAKO, Glostrup, Denmark), p65 (Cell 

Signaling), and phosphorylated p65 (Cell Signaling) followed by appropriate secondary 

antibodies.

Immunoprecipitation—Approximately 1 mg of total proteins were incubated overnight at 

4°C with anti-β-arrestin2 antibody (Santa Cruz) followed by precipitation with 20 μL of 

protein A/G-Plus-Agarose (Santa Cruz) for 4 h at 4°C. The precipitated complexes were 

immunoblotted with anti-β-arrestin2 or anti-IκBα (Cell Signaling).

Flow cytometry—Cells were exposed to monoclonal antibodies against CD36 (Abcam), 

CD11b/c, or CCR2 (Novus Biologicals, Littleton, CO) followed by fluorescein 

isothiocyanate (FITC) or phycoerythrin (PE)-conjugated secondary antibody. Cells were 

analyzed using flow cytometry.

Monocyte adhesion assay—Human microvascular endothelial cells (HMVECs, 

Invitrogen) were allowed to grow to confluent monolayers. Then, 5-chloromethylfluorescein 

diacetate (Invitrogen)-labeled PBMCs were incubated with HMVECs for 30 min at 37°C. 

After incubation, the nonadherent cells were washed away with phosphate-buffered saline 

and the adherent cells were counted using an inverted microscope.

BP measurement—BP was measured by tail cuff method using automatic noninvasive BP 

system (AD Instruments, Sydney, Australia). Tail cuff and signal transducer were equipped 

to rats placed on holder. Average BP value was acquired from two readings. All 

measurements were performed between 2 and 4 PM.
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Echocardiography—Rats were anesthetized with tiletamine (25 mg/kg, Virbac, Carros, 

France)/zolazepam (25 mg/kg, Virbac)/xylazine (10 mg/kg, Bayer, Seoul, Korea) by 

intraperitoneal injection. An experienced cardiologist who was shielded to the treatments 

performed the echocardiography (iE33, Philips, Andover, MA).

Histology—Paraffin-embedded sections (3-μm) were subjected to periodic acid-Schiff 

(PAS) and Masson’s trichrome staining. On PAS-stained kidney sections, 150 different 

superficial glomeruli were randomly sampled for morphometric analysis and the percentage 

mesangial area was determined using the Image Scope software (Aperio, Vista, CA). 

Collagen deposition was determined on the trichrome-stained kidney sections. The positive 

area was quantitatively measured using the Image Scope software. For analysis of 

macrophage infiltration, paraffin-embedded sections were stained for CD68 (EMD 

Millipore). Diaminobenzidine was used for visualization of immunoreactivity followed by 

hematoxylin for nuclear counterstaining.

Statistical analyses—The mean values were compared using ANOVA followed by the 

Fisher’s least significant difference method. Unpaired two-tailed Student’s t-tests were used 

where appropriate. Data are presented as mean±standard error (SE). A P value <0.05 was 

considered statistically significant.
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Figure 1. 
High glucose (HG) and diabetes increase TNF-α production and PKC activity in BM-

derived macrophages (A–C). A: Rat BM-derived macrophages were cultured under control 

glucose (CG, 5.6 mM) or HG (25 mM) for 72 h. TNF-α production was measured in 

conditioned medium (n=17). B: PKC activity in rat BM-derived macrophages stimulated 

with HG for 72 h or PMA (100 nM) for 30 min (n=3). C: PKC activity in BM-derived 

macrophages isolated from control and diabetic mice at 12 weeks of diabetes (n=4, also 

indicates the number of mice studied individually). Diabetes was induced in 6-week-old 

male C57Bl6/J mice fasted for 12 h, with intraperitoneal injections of STZ in citrate buffer 

(90 mg/kg) for 2 consecutive days. D: β2AR agonists decreased LPS-induced TNF-α 
production in rat BM-derived macrophages. Cells were preincubated with metaproterenol or 

terbutaline hemisulfate for 1 h and then stimulated with LPS (50 ng/mL) for 6 or 48 h (n=3). 

E: β2AR agonists decreased diabetes-induced TNF-α production in rat PBMCs isolated 

from control and diabetic rats at 4 weeks of diabetes. Cells were incubated in RPMI medium 

with 10% FBS for 1 h, and then treated with 500 nM metaproterenol or terbutaline 

hemisulfate for an additional 16 h with or without 1 h pretreatment with ICI118551 (100 

nM), a selective β2AR blocker (n=9~11, also indicates the number of rats studied 

individually). * p < 0.001, †p < 0.01, and ‡p < 0.05 vs. control, §p < 0.01, ||p < 0.001, and ¶p 

< 0.005 vs. LPS or DM, #p < 0.05, and ** p < 0.001 vs. corresponding control without 

ICI118551.
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Figure 2. 
β2AR agonists inhibit high glucose (HG)-induced proinflammatory responses via β-

arrestin2-NF-κB pathway in THP-1 cells. A: Cells were treated with control glucose (CG, 

5.6 mM), HG (25 mM), or mannitol (25 mM) and real-time RT-PCR was performed to 

measure the level of gene expression (n=3). B–H: Cells were preincubated with 10 μM 

metaproterenol or salbutamol for 2 h and then stimulated with HG for 72 h (n=3–7). Real 

time RT-PCR and flow cytometry were performed to measure the level of mRNA 

expressions of MCP-1, TNF-α and IL-1β (B) and CD36 positive cells (C). Representative 

western blots show the protein levels of β-arrestin2 (D) and phospho-IκBα (F). Equal 

amounts of protein were subjected to immunoprecipitation with anti-β-arrestin2 antibody 

followed by immunoblotting with antibody against β-arrestin2 or IκBα (E). NF-κB activity 
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was measured in nuclear protein extract (G). Cells were transfected with luciferase reporter 

vector for NF-κB and luciferase activity was measured (H). * p < 0.001, ‡p < 0.05, ††p < 

0.01, and ‡‡p < 0.005 vs. CG, †p < 0.001, and §p < 0.05 vs. mannitol, ||p < 0.01, ¶p < 

0.005, #p < 0.05, and ** p < 0.001 vs. HG.
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Figure 3. 
β2AR agonists inhibit high glucose (HG)-induced proinflammatory responses via β-

arrestin2-NF-κB pathway in rat BM-derived macrophages. Cells were preincubated with 10 

μM metaproterenol or salbutamol for 2 h and then stimulated with HG for 72 h (n=3–6). 

Real time RT-PCR was performed to measure the level of mRNA expressions of MCP-1, 

TNF-α and IL-1β (A). Representative western blots show the protein levels of β-arrestin2 

(B) and phospho-IκBα (D). Equal amounts of protein were subjected to 

immunoprecipitation with anti-β-arrestin2 antibody followed by immunoblotting with 

antibody against β-arrestin2 or IκBα (C). NF-κB activity was measured in nuclear protein 

extract (E). Cells were transfected with luciferase reporter vector for NF-κB and luciferase 
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activity was measured (F). * p < 0.005, § p < 0.01, and ¶p < 0.05 vs. CG, †p < 0.001, ‡p < 

0.005, ||p < 0.05, and #p < 0.01 vs. HG.
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Figure 4. 
Suppression of β-arrestin2 or β2AR using siRNA significantly blocks effects of β2AR 

agonists on NF-κB activation and proinflammatory cytokine production. THP-1 cells were 

treated with high glucose (HG) for 72 h in the presence or absence of 10 μM metaproterenol 

or salbutamol pretreatment for 2 h (n=4–8). A: Representative western blot shows that 

protein level of β-arrestin2 was decreased by siRNA transfection. B and E: NF-κB activity 

was measured in nuclear protein extract. C and F: Real time RT-PCR was performed to 

measure the level of mRNA expressions of MCP-1, TNF-α and IL-1β. D: Quantitative RT-

PCR shows that mRNA level of β2AR was decreased by siRNA transfection. * p < 0.001, †p 

< 0.01, and § p < 0.05 vs. control siRNA.

Noh et al. Page 18

Kidney Int. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
β2AR agonist inhibits monocyte activation in ZDF rats (A–C). A: Monocyte adhesion to 

human microvascular endothelial cells was assessed in PBMCs isolated from ZF lean and 

ZDF rats with or without salbutamol treatment. B: CD11b/c and CCR2-positive cells were 

measured using flow cytometry in PBMCs and BM mononuclear cells. C: CD36 positive 

cells were measured in BM mononuclear cells after 24 h stimulation with LPS (1 μg/mL). 

β2AR agonist inhibits NF-κB pathway in BM-derived macrophages in ZDF rats (D–H). Rat 

BM-derived macrophages were differentiated for 7 days in RPMI medium containing L929 

cells conditioned medium and then stimulated with LPS (1 μg/mL) for an additional 24 h. 

Representative western blots show the protein levels of β-arrestin2 (D) and phospho-IκBα 
(F). Equal amounts of protein were subjected to immunoprecipitation with anti-β-arrestin2 

antibody followed by immunoblotting with antibody against β-arrestin2 or IκBα (E). NF-

κB activity was measured in nuclear protein extract (G). Cells were transfected with 

luciferase reporter vector for NF-κB and luciferase activity was measured (H). * p < 

0.001, ‡p < 0.005, §p < 0.05, and #p < 0.01 vs. vehicle-treated ZF lean, †p < 0.05, ||p < 0.001, 

and ¶p < 0.005 vs. vehicle-treated ZDF, n=6–9.
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Figure 6. 
β2AR agonist reduces renal changes in ZDF rats. Representative kidney sections stained 

with PAS (A), Masson’s trichrome (E) and immunohistochemical staining for CD68 positive 

macrophages (F), original magnification ×100 and ×400, scale bar: 200 and 50 μm. B–D, I, 

K: Protein expression of collagen I and IV, fibronectin, phosphorylated p65, and β-arrestin2 

was analyzed using immunoblot analysis. G, H, J: Real-time RT-PCR was performed to 

measure the mRNA expression of NOS2, MCP-1, TNF-α, IL-1β, and arginase-1. * p < 

0.05, †p < 0.005, and ||p < 0.001 vs. vehicle-treated ZF lean, ‡p < 0.005, §p < 0.001, ¶p < 

0.05, and #p < 0.01 vs. vehicle-treated ZDF, n=6–9.
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Figure 7. 
β2AR agonist reduces cardiac changes in ZDF rats. A–C, G: Protein expression of collagen 

I and IV, fibronectin, and phosphorylated p65 was analyzed using immunoblot analysis. 

Representative heart sections stained for CD68 positive macrophages by 

immunohistochemistry (D, original magnification ×100 and ×400). Scale bar: 200 and 50 

μm. E, F, H: Real-time RT-PCR was performed to measure mRNA expression of NOS2, 

MCP-1, TNF-α, IL-1β, and arginase-1. I: Representative M-mode echocardiograms and 

quantification of left ventricular ejection fraction and fractional shortening. * p < 0.001, §p < 

0.05, ||p < 0.005, and #p < 0.01 vs. vehicle-treated ZF lean, †p < 0.001, ‡p < 0.05, and ¶p < 

0.005 vs. vehicle-treated ZDF, n=6–9.
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TABLE 1

Characteristics of ZF lean and ZDF rats with or without salbutamol treatment

ZF lean+V ZF lean+S ZDF+V ZDF+S

N 6 6 6 9

BW (g) 376.4±6.6 402.0±7.0 405.0±9.2* 436.7±14.3†

Kidneys/BW (%) 0.74±0.05 0.80±0.02 1.11±0.06‡ 1.06±0.06‡

Heart/BW (%) 0.31±0.01 0.31±0.01 0.36±0.01* 0.29±0.02§

Systolic BP (mmHg) 115.0±1.2 106.5±7.6 109.0±9.0 104.0±4.6

Diastolic BP (mmHg) 93.0±2.1 77.0±13.4 87.0±8.2 78.0±8.0

Blood glucose (mg/dL) 106.6±3.4 106.6±2.9 507.8±35.5‡ 525.0±66.6‡

HbA1C (%) 4.5±0.1 4.7±0.1 14.9±0.9‡ 13.1±1.6‡

Insulin (ng/ml) 0.01±0.00 0.03±0.01 0.10±0.01‡ 0.16±0.05*

HOMA-IR 0.5±0.2 2.4±1.1 24.0±3.2* 29.5±6.0||

Total cholesterol (mg/dL) 95.0±4.6 104.3±5.6 260.2±33.6‡ 218.9±27.7‡

Triglyceride (mg/dL) 84.2±26.5 29.8±8.2 199.4±51.6* 169.0±49.7

HDL (mg/dL) 33.0±0.9 34.3±0.8 86.6±8.4‡ 74.6±9.0‡

BUN (mg/dL) 20.9±0.8 24.0±0.8 58.7±18.5* 42.5±13.0

Cr (mg/dL) 0.28±0.01 0.36±0.02 0.49±0.17 0.40±0.10

Cystatin C (mg/L) 0.15±0.02 0.11±0.01 0.18±0.04 0.10±0.02

Urine volume (ml/d) 7.6±0.3 10.5±1.2 80.0±30.0‡ 52.4±7.8||

Urine Alb/Cr (μg/mg) 0.18±0.01 0.22±0.06 29.87±18.95|| 11.90±3.04||†

Urine MCP-1/Cr (pg/mg) 90.9±7.1 155.8±32.6 12674.6±8125.1|| 5127.4±1330.5||†

Abbreviations: V, vehicle; S, salbutamol; BW, body weight; BP, blood pressure; HbA1C, glycated hemoglobin; HOMA-IR, homeostatic model 
assessment-insulin resistance; HDL, high-density lipoprotein; BUN, blood urea nitrogen; Cr, creatinine; Alb, albumin; MCP, monocyte 
chemoattractant protein; data are mean ± SE,

*
p < 0.05,

‡
p < 0.001, and

||
p < 0.005 vs. ZF lean+V,

†
p < 0.05, and

§
p < 0.005 vs. ZDF+V.

Kidney Int. Author manuscript; available in PMC 2018 July 01.


	Abstract
	Introduction
	RESULTS
	High glucose (HG) and diabetes increased tumor necrosis factor (TNF)-α production and PKC activity in BMMs
	Identification of positive hits
	β2AR agonists inhibit HG-induced proinflammatory responses via β-arrestin2-nuclear factor (NF)-κB pathway in THP-1 cells and BMMs
	Effect of β2AR agonist on monocyte activation in Zucker diabetic fatty (ZDF) rats
	Effect of β2AR agonist on renal changes in ZDF rats
	Effect of β2AR agonist on cardiac changes in ZDF rats
	Effect of short-term treatment with β2AR agonist on monocyte activation and renal and cardiac changes in ZDF rats

	DISCUSSION
	MATERIALS AND METHODS
	PART I: Drug screening
	Isolation of BMMs
	PKC activity
	Screening for anti-inflammatory effects
	Isolation of PBMCs

	PART II: β2AR agonists study
	Animals and drug treatment
	Blood and urine chemistry
	Cell culture
	NF-κB activity and luciferase assay
	siRNA
	RT-PCR
	Western blot analysis
	Immunoprecipitation
	Flow cytometry
	Monocyte adhesion assay
	BP measurement
	Echocardiography
	Histology
	Statistical analyses


	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	TABLE 1

