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Abstract 

A novel drug delivery system mediated by ultrasound (US) combined with microbubbles (MBs) (US+MB) could 

improve local drug concentration to enhance the efficacy. To investigate the influence of US+MB on 

methylprednisolone (MP), the effect of US+MB combined with MP (US+MB+MP) on lipopolysaccharide 

(LPS)-induced human mesangial cells (HMCs) and the underlying mechanism were explored in this study. The 

results revealed that HMCs treated with LPS underwent significant proliferation and exhibited an increase in 

NF-κB and TGF-β1 expression and a decrease in cellular apoptosis. This effect was significantly inhibited by 

MP (30 to 100 μg/mL), US combined with MBs (3.22×10
7
 and 8.05×10

7
 bubbles/mL), and US combined with 

both MBs (1.29×10
7
 bubbles/mL) and MP (12 μg/mL) (US+MB1+MP12). The effect of US+MB1+MP12 was 

better than the effect of 12 μg/mL of MP alone and was similar to the effect of 100 μg/mL of MP. Additionally, 

the intracellular free MP content was significantly higher in the US+MB1+MP12 group than in the MP12 group. 

In conclusion, the US combined with MBs not only inhibited LPS-induced HMC proliferation and NF-κB and 

TGF-β1 expression and increased cellular apoptosis but also synergized with the pharmacological effect of MP. 

The mechanism is partially due to the US-assisted MB local drug delivery and the anti-inflammatory effect 

induced by US combined with MBs. 
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Introduction 

As key glomerular cells that typically cover 30% of the glomerular capillaries, renal mesangial cells (RMCs) 

contribute to the regulation of glomerular filtration, the phagocytosis of immune complexes, and the production 

of the extracellular matrix (ECM) (Wu et al., 2011). However, RMCs also play an important role in the 

pathogenesis of several renal diseases (Radeke and Resch, 1992; Wu et al., 2011; Zhang et al., 2015). When 

activated by immunological and inflammatory stimulation, RMCs not only proliferate and produce ECM but 

also generate cytokines and chemokines that influence the progression of kidney disease (Sanchez-Lopez et al., 

2008). Abnormal RMC proliferation and ECM accumulation are generally characteristics of progressive kidney 

disease; both of these characteristics lead to glomerulosclerosis (Schocklmann et al., 1999; Jamba et al., 2015). 

Thus, modulating the mitogenic activity of RMCs might be important for determining whether glomerular injury 

progresses to advanced ECM accumulation or recovers from transient RMC proliferation. 

Glomerulonephritis is a group of renal diseases characterized by inflammation within the glomerulus, which is 

the major cause of end stage renal disease worldwide. Although the mechanism is poorly understood, immune 

and inflammatory factors play an important role in the pathogenesis of glomerulonephritis (Imig and Ryan, 

2013). Due to the powerful and effective anti-inflammatory and immunomodulatory activities, glucocorticoids 

(GCs) are the primary clinical therapy for several renal diseases with nephrotic syndromes. Among the GCs, 

methylprednisolone (MP) is widely used in glomerulonephritis treatments due to its advantages of a strong 

anti-inflammatory effect and immune suppression. However, GCs have serious side effects and are clinically 

ineffective in ~20% of children and ~50% of adults (Ponticelli et al., 1999; MacHardy et al., 2009). Therefore, 

methods to enhance the efficacy but lessen the toxicity of GCs are currently a critical issue. Recently, a novel 

drug or gene delivery system was rapidly developed in many experimental studies; this method was mediated by 

ultrasound (US) combined with microbubbles (MBs) as the ultrasound contrast agent (UCA) (Anderson et al., 
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2016; Wang et al., 2016; Zhu et al., 2016). In this delivery system, the drugs and genes of interest were often 

entrapped within the MBs and then delivered into the targeted region or penetrated into the targeted cells when 

these MBs were administered under US irradiation; the delivery was primarily mediated by sonoporation (Ren et 

al., 2015; Li et al., 2016). The studies showed that the gene transfection efficiency or recombinant tissue 

plasminogen activator (rt-PA) thrombolysis activity was obviously enhanced by the co-administration of the 

MBs and plasmid DNA or rt-PA under US exposure compared with the use of plasmid DNA or rt-PA alone 

through the local delivery of the gene or drug via sonoporation. However, the effect of MB and MP 

co-administration mediated by US in glomerulonephritis therapy is unclear. 

Lipopolysaccharide (LPS) is a main component of the outer membrane of Gram-negative bacteria and is 

commonly used to induce inflammatory responses in mesangial cells in vitro. In the present study, we explored 

to the effect of US combined with MBs on MP in a LPS-induced human mesangial cells (HMCs) inflammatory 

response model and evaluated the underlying mechanism. 

Materials and methods 

Cell culture 

The HMCs cell line was obtained from Professor Rong-Guo Fu (Department of Nephrology, Second Associated 

Hospital, School of Medicine, Xi'an Jiaotong University) and cultured in RPMI 1640medium (Thermo Fisher 

Biochemical Products Co., Ltd., Beijing, China) supplemented with 10% fetal bovine serum (Thermo Fisher 

Biochemical Products Co., Ltd., Beijing, China), penicillin (100 U/mL, Thermo Fisher Biochemical Products 

Co., Ltd., Beijing, China) and streptomycin (100 mg/mL, Thermo Fisher Biochemical Products Co., Ltd., 

Beijing, China) at 37˚C in a humid incubator containing 5% CO2 (Thermo Fisher Scientific, Waltham, MA). 

Treatment 

The HMCs were seeded into 96-well or 12-well plates (Corning Inc., New York, NY). After 24 h, the cells were 
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treated with 10 µg/mL of LPS (Sigma-Aldrich, St. Louis, MO), as shown in Table 2, and simultaneously treated 

without (LPS treated group) or with US (US group), US combined with different MBs concentrations (1.29×10
7
, 

3.22×10
7
, or 8.05×10

7
 bubbles/mL; US+MB1, US+MB2, and US+MB3 groups, respectively), US combined 

with both MBs (1.29×10
7
 bubbles/mL) and MP (12 µg/mL; Methylprednisolone Sodium Succinate for Injection, 

Pfizer Manufacturing Belgium NV, China; US+MB1+MP12 group), and different concentrations of MP alone 

(12, 30, 75, and 100 µg/mL; MP12, MP30, MP75, and MP100 groups, respectively) in the different experiment 

groups. Based on the effect of different parameter US on LPS-induced HMCs growth in vitro (data not shown), a 

frequency of 0.8 MHz and an intensity of 2.79 W/cm
2 

for 5 min at a 50% duty cycle was selected as the US 

parameters in present study using a commercial therapeutic US device (Dongjian Company, Beijing, China; 

ultrasound probe area: 2.8 cm
2
). Briefly, this therapeutic US probe was immobilized in a 1L-glass-beaker, which 

the probe surface was through the center hole of a planar cover. Then the treated well was placed on the surface 

of the US probe and the coupling gel was used to keep them in close contact with each other. The SonoVue™ 

microbubble echo-contrast agent (Bracco S.p.A, Milan, Italy) was reconstituted in 5 mL of sodium chloride 9 

mg/mL (0.9%) solution, and then proper volume of SonoVue MBs solution was added to the wells in the 

different experimental groups (three final concentrations of the MBs: 1.29×10
7
 bubbles/mL, 3.22×10

7
 

bubbles/mL, and 8.05×10
7
 bubbles/mL). Cells without any treatment were defined as the control. The cells were 

measured or harvested at 24 h and 48 h post-treatment. 

Cell proliferation 

Cell proliferation was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay. Briefly, 20 μL of the MTT reagent (5 mg/mL, Sigma-Aldrich, St. Louis, MO) was incubated with the cells 

for 4 h at 37˚C and subsequently removed. Then, 150 μL of dimethyl sulphoxide (DMSO, Guangdong Guanghua 

Chemical Factor Co., Ltd., Guanghua, China) was added to each well and agitated for 10 min. The optical 
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density (OD) was measured at a wavelength of 490 nm on a microplate reader (Thermo Scientific Multiskan GO, 

Waltham, MA). Next, the cell proliferation rate was calculated according to the following formula based on 

quadruplicate experiments: Cell Proliferation Rate (%) = (the mean OD treatment group－the mean OD control group)/the 

mean OD control group× 100.  

Cell apoptosis 

Apoptosis was measured using the FITC Annexin V Apoptosis Detection Kit II (Beyotime Biotechnology, 

Shanghai, China) according to the manufacturer’s instructions. The cells were harvested by trypsinization, 

centrifuged, and suspended with 1 mL of cold phosphate-buffered saline (PBS). Then, 5 µL of Annexin V-FITC 

was added and incubated for 15 min in the dark. Next, 10 µL of propidium iodide (PI) was added to the cells and 

incubated for 5 min on ice in the dark. Finally, the samples were analyzed using a flow cytometer (BD FACScan 

Flow Cytometer, Becton Dickinson and Company, Franklin Lakes, NJ), and the results were analyzed with the 

FACSDiva software 7.0 (Becton Dickinson and Company, Franklin Lakes, NJ). Analysis of the stained cells 

divided the cells into four groups as follows: viable (annexin V
− 

PI
−
), early apoptotic (annexin V

+ 
PI

−
), late 

apoptotic (annexin V
+ 

PI
+
) and necrotic (annexin V

− 
PI

+
) cells. A minimum of 10 000 cells was collected per 

sample, and the apoptosis rate was calculated according to the following formula based on triplicate experiments: 

Apoptosis Rate (%) = (early apoptotic cells percentage + late apoptotic cells percentage) × 100. 

Semiquantitative reverse transcription polymerase chain reaction (RT-PCR) analysis 

The cells were harvested and the total RNA was extracted using the RNAiso Plus reagent (TaKaRa 

Biotechnology (Dalian) Co., Ltd., Dalian, China) according to the manufacturer's instructions. cDNA was 

synthesized from 4 μg of total RNA using the PrimeScript
® 

1st Strand cDNA Synthesis Kit (TaKaRa 

Biotechnology (Dalian) Co., Ltd., Dalian, China) according to the manufacturer's instructions. Then, 

semiquantitative analysis of RNA expression was performed by PCR on a T100
TM

 Thermal Cycler (Bio-Rad 
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Laboratories Inc., Hercules, CA) compared with the control transcript (glyceraldehyde-3-phosphate 

dehydrogenase, GAPDH). The PCR protocol was as follows: initial denaturation (95˚C for 3 min), followed by 

30 cycles of denaturation (94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 1 min) and annealing and extension 

(72˚C for 5 min). The specific oligonucleotide primers were designed by Takara Bio Inc., and the primer 

sequences for the three genes (nuclear transcription factor-kappa B, NF-κB; transforming growth factor-beta 1, 

TGF-1; GAPDH) are listed in Table 3. To visualize gene expression, individual DNA fragments were 

electrophoresed on a 2% (w/v) agarose gel (Sigma-Aldrich, St Louis, MO) and treated with ethidium bromide.  

Western blotting analysis  

The cells were harvested using lysis buffer (Beyotime Biotechnology, Shanghai, China) at the indicated time 

points. The proteins were extracted, separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 

and transferred onto a nitrocellulose membrane. The membranes were blocked using Tris-buffered saline 

containing 0.1% Tween-20 and 5% non-fat milk for 1 h. The protein samples were probed with a rabbit 

polyclonal antibody specific for NF-κB (p65) (Abcam, Cambridge, UK; diluted 1:1 500), a mouse monoclonal 

antibody specific for TGF-β1 (Abcam, Cambridge, UK; diluted 1:500), and GAPDH (Boster, Wuhan, China; 

diluted 1:5 000) overnight at 4˚C. Subsequently, the membranes were incubated with a HRP-conjugated 

anti-rabbit or anti-mouse IgG (Cell Signaling Technology, Boston, MA; 1:1 000) for 1 h at 25˚C. GAPDH 

served as the control. The protein levels were visualized using an enhanced chemiluminescence solution 

(Millipore, Billerica, MA), and the band intensity was quantified using Image J. 

Intracellular MP content detection by reverse-phase high-performance liquid chromatography 

(RP-HPLC) 

A total of 1.4×10
5
 cells were seeded into 12-well plate and cultured for 24 h. Then, the cells were treated with 12 

μg/mL of MP alone or 12 μg/mL of MP combined with US (using the US parameters described above) with a 
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final MB concentration of 1.29×10
7 
bubbles/mL. At 24 h and 48 h post-treatment, the cells were harvested by 

trypsinization, centrifuged, and suspended in 1 mL of PBS. The cell suspension was frozen at -20˚C, thawed at 

room temperature two times and broken using a Sonifier cell disrupter (JY92-IIN, Ningbo Xinzhi Biotech Co., 

Ltd., Ningbo, China). After centrifugation, the supernatants were collected and the intracellular MP content was 

detected by RP-HPLC (Dalian Elite Analytical Instruments Co., Ltd., Dalian, China). The area under the curve 

was integrated, and the MP concentration was calculated based on a linear calibration curve.  

Statistical analysis 

All data are presented as the mean ± S.E.M. Tukey’s multiple comparison test was applied to compare cell 

proliferation, apoptosis, NF-κB (p65) and TGF-β1 expression, and the intracellular MP content between groups. 

The analysis was performed using GraphPad Prism 5.0. P values <0.05 were considered statistically significant. 

Results 

Effect of different treatments on LPS-induced HMC proliferation 

The effects of MP, US, and US combined with MBs with or without MP on LPS-induced HMC proliferation are 

presented in Figure 1. The cell proliferation rate was significantly increased in LPS treated group compared with 

the control group at 24 h and 48 h post-treatment (P<0.001). After MP treatment, the cell proliferation rates were 

significantly decreased in the MP30 (MP 30 µg/mL), MP75 (MP 75 µg/mL), and MP100 (MP 100 µg/mL) 

groups at 24 h (P<0.001, 0.01, or 0.05) but were significantly decreased in all MP treatment groups at 48 h 

(P<0.001, 0.01, or 0.05). The effects of 75 µg/mL and 100 µg/mL of MP on LPS-induced HMC proliferation 

were significantly better than the effects observed in the 12 µg/mL and 30 µg/mL MP treatment groups (P<0.001 

or 0.01), particularly in the MP100 group. This finding indicated that the effect of MP on LPS-induced HMC 

proliferation was dose-dependent. Similar to the effect of MP, the effect of US combined with MBs (US+MBs) 

on LPS-induced HMC proliferation was also dependent on the MB concentration. The cell proliferation rates 
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were significantly decreased in the US+MB2 (3.22×10
7
 bubbles/mL) and US+MB3 (8.05×10

7
 bubbles/mL) 

groups at 24 h (P<0.001, 0.01, or 0.05), and three US+MB treatment groups at 48 h (P<0.001, 0.01, or 0.05), 

particularly in the US+MB2 and US+MB3 groups, which were significantly better than US alone (P<0.01). 

Moreover, the combination of US, MBs at the 1.29×10
7 

bubbles/mL concentration, and 12 µg/mL of MP 

(US+MB1+MP12) significantly enhanced the anti-proliferative effect of MP because the HMC proliferation rate 

was significantly lower in the US+MB1+MP12 group than in the MP12 or US+MB1 (1.29×10
7 

bubbles/mL) 

group (P<0.01).  

Effect of different treatments on LPS-induced HMC apoptosis 

As shown in Figure 2, the MP, US, US combined with MBs, and US combined with MBs plus MP increased 

LPS-induced HMC apoptosis, but to varying extents. Treatment with 10 µg/mL of LPS decreased the cell 

apoptosis rate compared to the control group at 24 h and 48 h, although the difference was not significant 

(P>0.05, Figure 2). However, comparing to LPS treated group, the cell apoptosis rate was increased in the MP 

treatment groups at 24 h and 48 h, but there was only significant in the MP75 (75 µg/mL of MP) and MP100 

(100 µg/mL of MP) groups (P<0.001 or 0.01), particularly in the MP100 group, which was also significantly 

higher than both the MP12 (12 µg/mL of MP) and MP30 (30 µg/mL of MP) groups (P<0.001 or 0.01) at 24 h or 

than the MP12 group at 48 h (P<0.05). Otherwise, the cell apoptosis rates were higher at 48 h than at 24 h. The 

effect of MP on the LPS-induced HMC apoptosis rate occurred in a dose-dependent and time-dependent manner. 

Similar to the MP effect, US+MB increased HMC apoptosis in a dose-dependent and time-dependent manner. 

Among three US+MB treatment groups, the cell apoptosis rate was the highest in the US+MB3 group; the 

apoptosis rate in this group was significantly higher than the rate in LPS treated group and US or US+MB1 

group at 24 h and 48 h (P<0.001, 0.01, or 0.05). US combined with MBs at the 1.29×10
7 

bubbles/mL 

concentration and 12 µg/mL of MP significantly enhanced the effect of MP on HMC apoptosis (P<0.001 or 
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0.01), resulting in a higher cell apoptosis rate than the US+MB1 group or the MP12 group, particularly at 24 h 

post-treatment. 

Effect of different treatments on LPS-induced HMC NF-κB and TGF-β1 expression 

The NF-κB and TGF-β1 gene expression levels are shown in Figure 3. The results showed that NF-κB and 

TGF-β1 gene expression was significantly increased at 24 h or 48 h after treatment with 10 µg/mL of LPS 

(P<0.001, 0.01, or 0.05). However, the gene expression levels were decreased at 24 h and 48 h after MP 

treatment. Comparing to LPS treated group, the expression of the NF-κB and TGF-β1 genes was significantly 

inhibited by 75 or 100 µg/mL of MP at 24 h (P<0.01 or 0.05) and was additionally inhibited by 30 µg/mL of MP 

at 48 h (P<0.01 or 0.05); however, the differences between 24 h and 48 h were not significant. The NF-κB and 

TGF-β1 gene expression levels were significantly lower in the MP75 and MP100 groups than in the MP12 group 

at 48 h (P<0.01 or 0.05). These results indicated the MP could inhibit NF-κB and TGF-β1 gene expression in a 

dose-dependent manner in LPS-induced proliferative HMCs. After US or US+MB treatment, we observed that 

US combined with different MBs concentrations also inhibited NF-κB and TGF-β1 gene expression, especially 

in the US+MB2 and US+MB3 groups at 48 h. Additionally, US combined with MBs at the 1.29×10
7 
bubbles/mL 

concentration and 12 µg/mL of MP significantly decreased NF-κB and TGF-β1 gene expression (P<0.001 or 

0.01) to a level lower than the US+MB1 group or the MP12 group, particularly at 48 h post-treatment. The 

NF-κB (p65) and TGF-β1 protein expression levels are shown in Figure 4 and were consistent with the gene 

expression levels. 

Intracellular free MP content 

To explore the mechanism underlying the effect of US combined with MBs plus MP on LPS-induced 

proliferative HMC growth, the intracellular free MP content was measured using RP-HPLC. As shown in Table 

1, after US+MB treatment, the intracellular free MP content was significantly increased in the US+MB+MP12 
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group at 24 h to a level higher than the increase observed in the MP12 group (P<0.05); however, there was no 

significant difference between the contents at 48 h. 

Discussion 

UCA is thought to undergo oscillations that induce acoustic cavitation, thereby allowing an increase in the cell 

membrane, vessel, or blood-brain barrier permeability. The increased permeability enables drugs to cross the 

membrane, vessel or blood-brain barrier to penetrate into cells, the extracellular space or the brain and ultimately 

induce a therapeutic effect. The study showed that conventional MBs could accumulate in inflamed kidneys due 

to phagocytosis by leukocytes in inflamed tissues after intravascular injection into animals or humans (Lindner et 

al., 2000; Deelman et al., 2010). Because the kidneys receive approximately 25% of the cardiac output, a 

considerable number of MBs will enter the kidneys after intravenous or arterial injection. Thus, MBs are 

considered as a suitable vector for targeted drug or gene delivery to the diseased kidney (Deelman et al., 2010; 

Liang et al., 2010; Castle et al., 2013; Cao et al., 2016). Generally, there are two alternative approaches to 

US-assisted drug delivery. First, the drug can be entrapped into or attached onto the MBs and administered into 

the vasculature to achieve US-triggered drug release from the MBs and localized tissue deposition in response to 

US treatment of the target zone. Second, the drug can be co-administered with the MBs (Escoffre and Bouakaz, 

2016). Obviously, the second method is a very convenient approach due to the immediate availability of both the 

MBs and drug agents and thus is a straightforward continuation of the current use of clinically approved agents. 

This approach of drug delivery has been applied to treat diseases such as cardiovascular disease, central nervous 

system disease, and tumors (Ibsen et al., 2013; Aryal et al., 2014; de Saint Victor et al., 2014; Kotopoulis et al., 

2014; Rychak and Klibanov, 2014), but it has been rarely applied to treat kidney disease.  

RMC proliferation and ECM accumulation are universal morphological manifestations of renal diseases and are 

involved in the pathogenesis of many renal diseases (Yang et al., 2016). LPS is an endotoxin that can exacerbate 
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and accelerate nephritis in vivo and activates RMC in vitro to produce pro-inflammatory mediators, including 

IL-6, TGF-β1, NF-κB, and tumor necrosis factor-α (TNF-α) (Shui et al., 2007; Li et al., 2015). Therefore, in the 

present study, the LPS-induced inflammatory responses in HMCs were utilized to explore the potential effect of 

the co-administration of MBs and MP mediated by US for glomerulonephritis therapy. 

Numerous growth factors, cytokines, and signaling pathways are involved in the development of 

glomerulosclerosis. Among them, TGF-β1 is the key pro-fibrosis factor, with functions in cell growth, apoptosis, 

proliferation, and ECM production (Yang et al., 2016). TGF-β1 can induce RMC proliferation and stimulate the 

synthesis and inhibit the degradation of the ECM, leading to the relentless progression of glomerulosclerosis 

(Herrera et al., 2011). Moreover, the NF-κB pathway is the major signaling pathway that controls 

inflammation-associated gene expression. In the present study, we explored the effect of MB and MP 

co-administration mediated by US on LPS-induced HMC proliferation, apoptosis, and inflammatory mediator 

expression (NF-κB and TGF-β1) in vitro. Similar to previous studies (Xue et al., 2011; Li et al., 2015; Yang et al., 

2016), LPS markedly induced HMC proliferation, increased NF-κB and TGF-β1mRNA and protein expression, 

and reduced HMC apoptosis in the present study. The LPS-induced inflammatory response was inhibited in a 

dose-dependent manner by treatment with different concentrations of MP alone, especially in the 75 μg/mL and 

100 μg/mL MP groups compared to the 12 μg/mL and 30 μg/mL MP groups. Thus, the inhibition of LPS-induced 

HMC proliferation by 75 μg/mL and 100 μg/mL of MP might be associated with the increase in HMC apoptosis 

and the decrease in the expression of the NF-κB and TGF-β1 inflammatory mediators. When compared to MP12 

alone or US alone or US+MB1 in the absence of MP, the anti-inflammatory effect of MP at 12 μg/mL was 

significantly enhanced by co-treatment with MBs at the 1.29×10
7
 bubbles/mL concentration under US exposure 

(US+MB1+MP12), which was comparable to that of an >8-fold higher concentration of MP, (100 μg/mL, 

MP100 alone). Based on the current view of the US-assisted drug delivery mechanism, we hypothesized that the 
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MBs administration successfully induced sonoporation by US, thereby promoting drug entry into the cells for 

local drug delivery. This hypothesis was confirmed by the intracellular free MP content, which was significantly 

increased at 24 h after treatment with US combined with MBs and MP. Therefore, our data demonstrate that US 

combined with MBs could improve the anti-inflammatory effect of MP via US-assisted MB local drug delivery 

in LPS-induced HMC proliferation when co-administered. 

Additionally, we observed that US alone or combined with MBs at the 1.29×10
7
 bubbles/mL concentration in the 

absence of MP markedly reduced LPS-induced HMC proliferation at 48 h and US+MB1 inhibited LPS-induced 

NF-κB and TGF-β1 expression slightly better than US alone. Therefore, our data indicate that ultrasound in the 

presence of microbubbles can exhibit an anti-inflammatory effect on LPS-induced HMCs in vitro via a MP 

independent mechanism. Microbubbles have been considered to act as the cavitation nuclei to enhance the 

biological and chemical effects of US, such as cell membrane structure changes, cell cycle arrest, morphologic 

repression, and cellular apoptosis (Miller and Thomas, 1995; Feril et al., 2003; Schlicher et al., 2010; Zhong et 

al., 2011; Zhao et al., 2015b). Other studies have also reported that US combined with MBs reduced NF-κB 

expression and induced cellular apoptosis in tumor therapy (Fang et al., 2011; Ferlazzo et al., 2016). Our data 

from the present study support the view that HMC apoptosis is associated with the low level of NF-κB in 

addition to the direct US cavitation mechanism. Thus, we assumed that the anti-proliferative effect of US 

combined with MBs might be mediated by reducing NF-κB and TGF-β1 expression and promoting HMC 

apoptosis, but this issue needs to be explored in the future. Taking together, we conclude that US combined with 

MBs could synergize the pharmacological effect of MP via multiple mechanisms.  

As mentioned before, some patients have a poor response to GCs treatment or are considered to be steroid 

dependent. The underlying reason for failure to respond to steroid might involve several factors such as genetic 

mutation, GCs receptor α (GR α) to GR β ratio, histological type, proteinuria degree, or renal function 
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(Lewis-Tuffin and Cidlowski, 2006; 2012; Han et al., 2017). In the clinic, relapse is very common in these 

patients and then high-dose or long-term steroid therapy is often recommended. However, repeated and 

prolonged steroid therapy is associated with an excess of adverse events, some of which are dose related (Zhao et 

al., 2015a). Previous studies confirmed that US combined with MBs could enhance the delivery of genes or drug 

to target areas of tissues including the kidney (Ibsen et al., 2013; Aryal et al., 2014; Huang et al., 2016; Wei et al., 

2016). A recent study showed that CoQ10-liposome in combination with US and MBs could improve the 

protective effect of the drug on the damaged kidney as seen in diabetic nephropathy (Yue et al., 2017). Therefore, 

this study provides evidence to suggest that US combined with MBs and MP is likely to be a superior strategy to 

deliver MP locally to an organ such as the kidney at a lower dose in order to achieve comparable or even a better 

anti-inflammatory effect in vivo with a reduced risk of adverse effects that are commonly seen with high doses of 

MP. 

In conclusion, this is the first study to explore the effect of US combined with MBs or co-treatment with MP on 

LPS-induced HMC proliferation, apoptosis, and NF-κB and TGF-β1 expression in vitro. Our study demonstrated 

that certain parameter US combined with MBs not only inhibited LPS-induced HMC proliferation, NF-κB and 

TGF-β1 expression, and induced cellular apoptosis, but it also synergized the pharmacological effect of MP. The 

mechanism was associated to the US-assisted MB local drug delivery and the anti-inflammatory effect induced 

by US combined with MBs. However, there are some issues to identify in the future research, that include the 

exact dosage of MP and its efficacy in vivo therapy for the nephritis, what influence this novel approach on the 

response to GCs treatment, the anti-inflammation mechanism of US combined with MBs, and whether there are 

the same effects when other parameters US performed. In a word, these results provide some insights into the 

anti-inflammatory effect induced by US combined with MBs and the initial mechanisms, which can be used as a 

basis for therapeutic purposes. 
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Legends for Figures 

Figure 1 Effects of different treatment on LPS-induced HMCs proliferative rate. HMCs were treated with 

10µg/mL of LPS alone (LPS treated group) or co-treated with US (US group), US combined with different MBs 

concentrations (1.29×10
7
, 3.22×10

7
, or 8.05×10

7
 bubbles/mL; US+MB1, US+MB2, and US+MB3 groups, 

respectively), US combined with both MBs (1.29×10
7
 bubbles/mL) and MP (12 µg/mL) (US+MB1+MP12 

group), and different concentrations of MP alone (12, 30, 75, and 100 µg/mL; MP12, MP30, MP75, and MP100 

groups, respectively) for 24h or 48h. Effect on cell proliferation was measured by MTT methods. Cell 

Proliferation Rate (%) = (the mean OD treatment group－the mean OD control group)/the mean OD control group× 100.Data 

are expressed as mean ± S.E.M, with error bar representing the S.E.M (n=3 per group). Statistical analysis was 

carried out by ANOVA followed by Turkey’s Multiple Comparison test. 
a 

P <0.001, vs. Control group;
 b 

P 

<0.001, 0.01, or 0.05，vs. LPS treated group; 
c 
P <0.001 or 0.01，vs. MP12 group; 

d 
P <0.001 or 0.01，vs. MP30 

group; 
e 
P < 0.05，vs. MP75 group; 

f 
P <0.001 or 0.05，vs. US group; 

g 
P<0.001 or 0.01，vs. US+MB1 group; 

h 

P<0.001 or 0.01，vs. US+MB2 group. HMCs, human mesangial cells; US, ultrasound; LPS, lipopolysaccharide; 

MB, microbubble; MP, methylprednisolone. 

Figure 2 HMC apoptosis rate at 24 h and 48 h after the different treatments. HMCs were treated as 

described in Figure 1. Apoptosis was measured using a flow cytometer. Apoptosis Rate (%) = (early apoptotic 

cells percentage + late apoptotic cells percentage) × 100. (a) Representative flow cytometric analysis diagram of 

the different groups at 24 h and 48 h; (b) The apoptosis rate analysis of the different groups at 24 h and 48 h. 

Data are expressed as mean ± S.E.M, with error bar representing the S.E.M (n=3 per group). Statistical analysis 

was carried out by ANOVA followed by Turkey’s Multiple Comparison test. 
Δ
P<0.001 or 0.01，vs. LPS treated 

group; 
▲

P<0.001, 0.01, or 0.05，vs. MP12 group; 
▽

P<0.01 or 0.05，vs. MP30 group;
▼

P<0.001 or 0.01，vs. US 

group or US+MB1 group. HMC, human mesangial cell; US, ultrasound; MB, microbubble; MP, 
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methylprednisolone. 

Figure 3 TGF-β1 and NF-κB mRNA expression in LPS-induced HMCs at 24 h and 48 h after the different 

treatments. HMCs were treated as described in Figure 1. (a) Representative mRNA bands were quantified by 

RT-PCR analysis (M: Marker; N: NF-κB; T:TGF-β1; G: GAPDH); (b) The band density values of the TGF-β1 

mRNA were calculated as a ratio to GAPDH; (c) The band density values of the NF-κB mRNA were calculated 

as a ratio to GAPDH. Data are expressed as mean ± S.E.M, with error bar representing the S.E.M (n=3 per 

group). Statistical analysis was carried out by ANOVA followed by Turkey’s Multiple Comparison test. 

*
P<0.001, 0.01, or 0.05, vs. Control group;

 Δ
P<0.001, 0.01, or 0.05，vs. LPS treated group; 

▲
P< 0.05，vs. MP12 

group; 
▼

P<0.05，vs. US+MB1 group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HMCs, human 

mesangial cells; US, ultrasound; LPS, lipopolysaccharide; MB, microbubble; MP, methylprednisolone; NF-κB, 

nuclear transcription factor-kappa B; TGF-1, transforming growth factor-beta 1. 

Figure 4 NF-κB (p65) and TGF-β1 protein expression in LPS-induced HMCs at 24 h and 48 h after the 

different treatments. HMCs were treated as described in Figure 1. (a) Representative protein bands were 

quantified by Western blotting analysis; (b) The band density values of the NF-κB (p65) protein were calculated 

as a ratio to GAPDH; (c) The band density values of the TGF-β1 protein were calculated as a ratio to GAPDH. 

Data are expressed as mean ± S.E.M, with error bar representing the S.E.M (n=3 per group). Statistical analysis 

was carried out by ANOVA followed by Turkey’s Multiple Comparison test. 
*
P<0.001, vs. Control group;

 

Δ
P<0.001, 0.01, or 0.05，vs. LPS treated group; 

▲
P< 0.05，vs. MP12 group; 

▽
P<0.001 or 0.05，vs. MP30 group; 

▼
P<0.05 ， vs. US+MB1 group; 

♦
P<0.001, vs. US+MB2 group. GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase; HMCs, human mesangial cells; US, ultrasound; LPS, lipopolysaccharide; MB, microbubble; MP, 

methylprednisolone; NF-κB, nuclear transcription factor-kappa B; TGF-1, transforming growth factor-beta 1. 
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Tables 

Table 1 Intracellular free MP content after the treatment（n=3） 

Groups 

MP content（µg/mL） 

24h 48h 

MP12 0.59±0.08 0.32±0.05 

US+MB+MP12 1.09±0.16 
a
 0.47±0.08 

a 
P <0.05，vs. MP12 group. Data are expressed as mean ± S.E.M.US, ultrasound; MB, microbubble; MP, 

methylprednisolone. 
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Table 2 The treatment in each experiment group  

Groups 

LPS 

（µg/mL） 

MP 

（µg/mL） 

MBs 

(×10
7 
bubbles/mL) 

US 

Control 0 0 0 - 

LPS treated 10 0 0 - 

MP12 10 12 0 - 

MP30 10 30 0 - 

MP75 10 75 0 - 

MP100 10 100 0 - 

US 10 0 0 + 

US+MB1 10 0 1.29 + 

US+MB2 10 0 3.22 + 

US+MB3 10 0 8.05 + 

US+MB1+MP12 10 12 1.29 + 

US parameters: 0.8MHz, 2.79 W/cm
2
, 5 min, 50% cycle duty. US, ultrasound; LPS, lipopolysaccharide; MP, 

methylprednisolone; MB, microbubble. 
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Table 3 Primer sequences used for semiquantitative RT- PCR 

Gene Forward primer Reverse primer 

NF-κB 5'-AGGCTATCAGTCAGCGCATC-3’ 5’-CACTGTCACCTGGAAGCAGA-3’ 

TGF-1 5’-AGGACTGCGGATCTCTGTGT-3’ 5’-GGGCAAAGGAATAGTGCAGA-3’ 

GAPDH 5’-CTCCTCCACCTTTGACGCTG-3’ 5’-TCCTCTTGTGCTCTTGCTGG-3’ 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NF-κB, nuclear transcription factor-kappa B; TGF-1, 

transforming growth factor-beta 1. 
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