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Abstract. Chemoradiotherapy with temozolomide is the 
current standard treatment option for patients with glioblas-
toma. However, the majority of patients with glioblastoma 
survive for <2 years. Therefore, it is necessary to develop 
more effective therapeutic strategies for the treatment of 
glioblastoma. 7‑O‑succinyl macrolactin A tromethamine salt 
(SMA salt), a macrolactin compound, is known to possess an 
antiangiogenic activity. The present study investigated the 
antitumor effects of SMA salt in the treatment of glioblastoma 
by evaluating in vitro and in vivo antitumor effects of SMA 
salt in an experimental glioblastoma model. The antitumor 
effects of the drug on human glioblastoma U87MG, U251MG 
and LN229 cell lines were assessed using in vitro cell viability, 
migration and invasion assays. Nude mice with established 
U87MG glioblastoma were assigned to either the control or 
SMA salt treatment group. The volume of tumors and the 
duration of survival were also measured. SMA salt affected 
cell viability and caused a concentration‑dependent inhibi-
tion effect on the migration and invasion of glioblastoma cell 
lines. Animals in the SMA salt treatment group demonstrated 
a significant reduction in tumor volume and an increase in 
survival (P<0.05). Treatment with SMA salt presented more 
cytotoxic effects as well as anti‑migration and anti‑invasion 
activity compared with the control group in vitro and in vivo. 
These results suggest that SMA salt has significant antitumor 
effects on glioblastoma.

Introduction

Glioblastoma constitutes the largest group of brain tumors 
that respond poorly to present anti‑neoplastic therapies (1). 
Currently, microsurgery and adjuvant concomitant chemora-
diotherapy with temozolomide are the recommended first‑line 
treatments for patients with primary glioblastoma (2). Despite 
advances in the treatment of glioblastoma, the prognosis for 
patients with newly diagnosed glioblastoma remains poor. 
The median survival of these patients was 14.6 months when 
treated with chemoradiotherapy with temozolomide, due to 
the high invasiveness and heterogeneity of glioblastoma (3,4). 
Currently, there are no effective therapeutic options to prevent 
temozolomide resistance. Therefore, it is important to find 
novel therapeutic agents to overcome treatment resistance to 
temozolomide.

The major metabolite 7‑O‑Succinyl macrolactin A (SMA) 
is generated by Bacillus polyfermenticus KJS‑2. SMA has a 
range of activities including significant antiviral and cancer 
cell cytotoxic properties  (5,6). Recently, SMA has been 
demonstrated to exhibit inhibitive effects against intestinal 
inflammation in colon epithelial cells (7) and anti‑cell inva-
sion (8). Kang et al (9) suggested that SMA and macrolactin 
A (MA) effectively inhibited angiogenesis activity in human 
umbilical vein endothelial cells and emphasized that two 
agents may be explored for treatment of cancer. Addition-
ally, Regmi et al (10) suggested that SMA may function as a 
potential monotherapy or combination therapy with 5‑FU or 
cisplatin to demonstrate the antitumor activity with numerous 
cell line in vivo and in vitro.

To the best of our knowledge, the effect of SMA on brain 
tumor especially glioblastoma have not been investigated. 
Therefore, the anti‑neoplastic effects of SMA tromethamine 
salt (SMA salt) on glioblastoma were assessed in vitro and 
in vivo in the present study. Accordingly, the possibility of 
utilizing SMA salt as a novel antitumor agent for glioblastoma 
has been evaluated.

Materials and methods

Cell culture. Human glioma U87MG, U251MG and LN229 
cell lines were originally purchased from the American Type 
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Culture Collection (Manassas, VA, USA). These cell lines were 
cultured in complete Dulbecco's modified Eagle's medium 
(DMEM) that was supplemented with 10% fetal bovine serum 
(FBS). All cells were incubated at 37˚C in a humidified atmo-
sphere of 5% CO2.

Drug preparation. SMA salt was prepared in powder form by 
Daewoo Pharmaceutical Ind. Co., Ltd. (Busan, Republic of 
Korea). SMA salt was diluted in saline to a concentration of 
10 mM. DMEM without FBS was used for additional dilutions.

Cell viability assay. The cytotoxicity of the SMA salt from 
Daewoo Pharmaceutical Ind. Co., Ltd. was measured using the 
Cell Counting Kit‑8 (CCK‑8; Dojindo Molecular Technologies 
Inc., Kumamoto, Japan). CCK‑8 contains Dojindo's highly 
water‑soluble tetrazolium salt, which produces a water‑soluble 
formazan dye upon reduction in the presence of an electron 
mediator. The U87MG, U251MG and LN229 cell lines were 
seeded into 96‑well plates at a density of 5x103 cells/well to 
allow for overnight adhesion at 37˚C and 5% CO2. Subsequent 
to adhesion, the cells were treated with SMA salt at a concen-
tration of 1, 10, 100 and 1,000 µM at 37˚C in 5% CO2. After 
2 days, 10 µl of the CCK‑8 solution was added to each well of 
the plate and the plate was subsequently incubated for 2 h in 
an incubator (37˚C; 5% CO2). The optical density (OD) of the 
sample plate was measured at 450 nm in a microplate reader. 
The viability of the tumor cells was assessed by calculating the 
OD ratio of the specific OD in each sample to the OD of the 
control sample.

Migration assay. The insert of a 24‑well Transwell apparatus 
(Corning Incorporated, Corning, NY, USA) was incubated at 
37˚C for 1‑2 h to adjust to room temperature. SMA salt‑treated 
(1, 10, 100 and 1,000 µM) U87MG, U251MG and LN229 
cells, and un‑treated U87MG, U251MG and LN229 cells 
as the control (2x105 cells/ml), were prepared in serum‑free 
medium. FBS‑containing medium (750 µl) was added to the 
lower chamber and 200 µl of prepared cell suspension was 
added to the insert. After 24 h, cells that remained in the 
insert (i.e., non‑invading cells) were gently retrieved using a 
cotton‑tipped swab and allowed to air‑dry for 20 min. A solu-
tion of 0.4% crystal violet (500 µl) was added to each well of 
the apparatus. After 10 min, the migrated cells that traversed 
the membrane separating the insert from the lower chamber 
were stained by dipping the lower surface of the membrane 
into the stain. The stained membranes were washed several 
times using water and allowed to air‑dry. The cells that 
adhered to the membrane were quantified by dissolving 
the stained cells in 10% acetic acid and transferring the 
mixture to a 96‑well plate for colorimetric determination 
of the optical density at 570 nm. These experiments were 
performed in triplicate.

Invasion assay. Matrigel (BD Biosciences, Franklin Lakes, 
NJ, USA) was thawed overnight at 4˚C and diluted (1‑5 mg/ml) 
in serum‑free cold DMEM. A total of 100 µl of the diluted 
Matrigel was added to the upper chamber of a Transwell 
apparatus and incubated at 37˚C for 4‑5 h to allow the gel 
to swell. SMA salt‑treated U87MG, U251MG and LN229 
cells (2x105 cells/ml) were prepared in serum‑free medium. 

Medium containing FBS (750 µl) was added to the lower 
chamber of the Transwell apparatus and 200 µl of prepared 
cell suspension was added to each insert and incubated at 37˚C 
in 5% CO2. After 24 h, non‑invading cells were retrieved and 
invasive cells were quantified as described above.

Mouse glioblastoma xenograft model. A total of 28 6‑week‑old 
female BALB/c‑nu mice were purchased from Orient Bio, Inc. 
(Seongnam, Republic of Korea; Charles River, Wilmington, 
MA, USA) and maintained at Seoul National University 
Bundang Hospital Preclinical Research Center in tempera-
tures of 18‑22˚C and an atmosphere of supply air filtered 
using a HEPA Filter Unit. A total of 10 to 15 fresh air changes 
per hour were provided in the animal housing rooms with the 
100% Outdoor Air System in a positive pressure room. They 
were fed with Purina irradiated Lab. Rodent chow 38057, and 
were maintained in a 12 h light/dark cycle. The mean weight 
of the mice was 18.7 g. First, Mice were anesthetized with 
zoletil. Then the head was fixed in a stereotactic frame and 
a midline scalp incision was made. A small hole was made 
0.5 mm anterior and 2 mm lateral to the exposed bregma. 
A sterile 10 µl Hamilton syringe with a #26S needle was 
inserted at a depth of 3.5 mm from the surface of the skull and 
withdrawn by 0.5 mm to inject 2x105 U87MG cells within 
a volume of 2 µl. The injection rate was set at 0.5 ml/min. 
Following the implantation of the tumor cells, the needle 
was kept in place for 3 min to prevent reflux. The needle was 
subsequently completely withdrawn from the brain over the 
course of 3 min (1.0 mm/min) and the skin was sutured. The 
present study was approved by the Institutional Animal Care 
and Use Committee of the Medical Science Research Institute, 
Seoul National University Bundang Hospital (Gyeonggi-do, 
Republic of Korea).

Treatment protocol. Tumor‑bearing mice were randomly 
assigned to four groups: control (n=14) and SMA salt (n=14). 
SMA salt was administered intraperitoneally at a dose of 
50 mg/kg daily in the SMA salt group. Animals in the control 
group were injected with saline only. A single dose of the 
drugs was composed of a 5 sec infusion of a volume equaling 
5 ml/kg. The drug treatments began 7 days subsequent to the 
implantation of tumor cells. Half of the animals were sacri-
ficed 1 month subsequent to the implantation of the tumor 
cells for tumor volume analysis; the remaining animals were 
observed for another 2 months to analyze their survival. The 
humane endpoint was defined as a weight reduction of >25% 
of the initial weight. Weight loss in all mice remained above 
this threshold, and all surviving mice were anaesthetized and 
humanely sacrificed at the end of the study (11). The mice that 
did not reach a 25% reduction in initial weight were humanely 
anaesthetized and sacrificed (cervical dislocation) at the end of 
the survival experiment.

Evaluation of tumor growth. Subsequent to being sacrificed, 
their brains of the mice were removed following vascular 
perfusion with a solution containing PBS, and fixed with 4% 
paraformaldehyde at 4˚C for 2 weeks for paraffin embed-
ding. The fixed brains were sectioned coronally into slices 
of 10‑µm thickness using a microtome. The slices were 
mounted on individual slides and stained with hematoxylin 
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and eosin. The maximal length (L), width (W) and height 
(H) of each tumor was measured by the Axio Imager A2 
microscope and AxioVision x40 software (version 4.8.1.0; 
Carl Zeiss Microscopy GmbH, Jena, LA, USA), and 
tumor volume was calculated using the following formula: 
Tumor volume=4/3 x π x (L/2 x W/2 x H/2) (12).

Statistical analysis. All data are presented as the 
mean ± standard deviation or are expressed as a percentage 
of controls ± standard deviation. The present study used an 
unpaired t‑test and the Kruskal‑Wallis test for the statistical 
analysis of the data. The Kaplan‑Meier method was used for 
the survival analysis of the experimental animals. Differences 
with regard to survival were tested for significance using the 
two‑sided log‑rank test. All analyses were performed using 
the SPSS statistical software package (version 17.0; SPSS, 
Inc, Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effect of SMA salt on cell viability. Prior to examining the 
effects of SMA salt, the present study confirmed its cytotox-
icity in glioblastoma cell lines. The glioblastoma U87MG, 
U251MG and LN229 cell lines were cultured in the presence 
of SMA salt at a concentration that ranged between 0 and 
1,000 µM for different durations (24‑48 h). The experiment 
included a group of cells that were cultured without SMA salt 
as a negative control group.

A concentration‑dependent decrease in cell viability subse-
quent to exposure to SMA salt was observed at concentration 
of 1 µM (80.4% at 24 h, P<0.05; 63.8% at 48 h, P<0.001) and 
10 µM (88.4% at 24 h, P<0.05; 60.4% at 48 h, P<0.001) in the 
U87MG and U251MG cell lines, respectively (Fig. 1A and B). 
At concentrations >10 µM, SMA salt significantly inhibited 
cell viability of the LN229 cell line (Fig. 1C). These results 
suggest that SMA salt does affect the viability of glioblastoma 
cell lines.

Effect of SMA salt on cell migration and invasion. To 
ascertain the influence of SMA salt on the migration of 
glioblastoma cell lines, Transwell apparatus was used to 
detect cell migration through the membrane barrier between 
the Transwell inserts and receptacles. At 48 h, SMA salt 
decreased the migration ability of glioblastoma cells in 
concentration‑dependent manner (Fig.  2A and B). In the 
U87MG and U251MG cell lines, SMA salt concentrations 
of 10 µM and 100 µM resulted in a migration capacity that 
was ~2‑fold and 10‑fold lower, respectively, compared with 
the control group. In the LN220 cell line, SMA salt also 
significantly inhibited the migration of glioblastoma cells 
at concentrations >0 µM (Fig. 2C). In addition, a significant 
inhibition of cell invasion was observed in each of the cell 
lines; the percentage inhibition of invasion at a concentration 
of 100 µM was ~50% (P<0.05) in all cell lines (Fig. 2D‑F). 
SMA salt treatment significantly decreased the migration 
ability and invasion potential of glioblastoma cells in a 
concentration‑dependent manner. These results demonstrate 
that treatment with SMA salt clearly inhibits cell migration 
and invasion.

Effect of SMA salt on glioma growth. The in vivo antitumor 
effect of SMA salt was estimated in tumor‑bearing nude 
mice. A tumor volume analysis was performed using mice 
that were euthanized 1 month following tumor cell implanta-
tion (Fig. 3). The mean tumor volume of the SMA salt group 
(3.81±1.91 mm3) was significantly smaller compared with the 
control group (11.34±6.86 mm3; P=0.013).

Effect on SMA salt on survival. Survival analyses of the 
control and SMA salt groups were performed (Fig. 4). The 
median survival of the control and SMA salt groups were 57 
[95% confidence interval (CI), 39‑75] and 92 days (95% CI, 
79‑105), respectively. The overall survival of the SMA salt 
group was significantly higher compared with the overall 
survival of the control group (P=0.006).

Figure 1. Effect of SMA salt on cell viability in (A) U87MG, (B) U251MG 
and (C) LN229 cell lines. Cells were treated with SMA salt at 1, 10, 100 and 
1,000 µl for 24 and 48 h, and the cell viability was then analyzed utilizing 
the CCK‑8 assay. All values represent the mean ± SD of three independent 
experiments analyzed by Student's t‑test. *P<0.05, **P<0.01 and ***P<0.001 
vs. control. SMA, 7‑O‑succinyl macrolactin A; SMA salt, SMA trometh-
amine salt.
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Discussion

Glioblastoma is the most malignant type of World Health 
Organization Grade  4 infiltrative gliomas and is associ-
ated with a median survival of less than two years (13,14). 

Current standard therapies for glioblastoma include maximal 
safe surgical resection, radiation and temozolomide chemo-
therapy (2). Temozolomide induces apoptosis by disrupting 
DNA transcription and inducing DNA damage (15). Despite 
aggressive treatment, glioblastoma patients commonly exhibit 

Figure 3. The tumor volume was analyzed 1 month subsequent to tumor cell (U87MG) implantation. The U87MG cell line was cultured in medium and was 
implanted in the brain of mice. (A) Hematoxylin and eosin stained coronal histological section of mouse brain. Scale bar indicates 500 µm, the black arrow 
indicates tumor volume of mice implanted with U87MG cell line. (B) Brain tumor sizes were measured at their largest diameter. All values represent the 
mean ± standard deviation of seven independent experiments analyzed by the Student's t‑test. *P<0.05. SMA salt, 7‑O‑succinyl macrolactin A tromethamine 
salt.

Figure 2. Effect of SMA salt on cell migration and invasion. Cells were treated with 10 and 100 µl SMA salt for 48 h and the cell migration and invasion ability 
was analyzed utilizing a Transwell assay. Results from the cell migration assay using glioblastoma (A) U87MG, (B) U251MG and (C) LN229 cell lines. The 
invasion ability of glioblastoma (D) U87MG, (E) U251MG and (F) LN229 cell lines utilizing a Matrigel invasion assay. Cells that invaded to the lower surface 
of the membrane were stained with crystal violet. The purple color indicates migrated cells that acquired the stain. Original magnification, x100. The scale 
bar on all images from A to F was 35.29 um. All values represent the mean ± standard deviation of two independent experiments analyzed by Student's t‑test. 
(**P<0.01, ***P<0.001 vs. control) SMA salt, 7‑O‑succinyl macrolactin A tromethamine salt.
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resistance to temozolomide treatment and generally survive 
no more than two years following diagnosis (3‑5,16‑18). The 
migration and invasion of glioblastoma cells is a possible 
explanation for this resistance. The migration and invasion of 
glioblastoma cells are the primary reasons for tumor recurrence 
and poor prognoses (19). The morbidity and high recurrence 
rate of glioblastoma is largely attributable to the migration and 
invasion of cells into adjacent brain structures (20,21). Glio-
blastoma can be accompanied by a high proliferation rate and 
invasion into surrounding normal brain tissue, which results 
in tumor recurrence subsequent to the surgical resection of 
the primary tumor  (22). Therefore, innovative therapeutic 
approaches for targeting these invasive cells are required to 
enhance clinical outcomes (23).

Studies are now targeted at identifying new therapeutic 
drugs and discovering novel potential combination therapies 
to accompany temozolomide or other agents for glioblastoma. 
In a previous study, we determined that the combination of 
cilengitide with belotecan, which is a new synthetic analog 
of camptotein, exhibited a significant antitumor effect on 
glioblastoma  (11). However, although the combination of 
cilengitide with temozolomide chemoradiotherapy demon-
strated potential anticancer activity in phase I and II studies 
in newly diagnosed glioblastoma (18,24‑27), this combination 
had negative outcomes in phase III trials (28). In addition, 
combination therapy with bevacizumab and temozolomide 
chemoradiotherapy in patients with glioblastoma did not 
improve survival time in phase 3 studies (29,30). Although 
there have been numerous trials using several antitumor 
agents, all outcomes have been insufficient or yielded nega-
tive results. Thus, novel agents or combination therapies are 
constantly being investigated and developed for glioblastoma 
treatment.

SMA is a macrolide compound that is a derivative of 
MA from Bacillus  polyfermenticus KJS‑2  (31). SMA has 
antibacterial and immunosuppressive activities against 
vancomycin‑resistant enterococci and methicillin‑resistant 
Staphylococcus  aureus  (6,31). SMA also inhibits the 

proliferation of B16‑F10 cells and T‑lymphoblast cells against 
human HIV viral replication (31); additionally, it inhibits the 
proliferation of neuronal cells against glutamate toxicity (32). 
SMA is also known to possess effective antibacterial proper-
ties (6). SMA also exhibits inhibitive effects on cancer cell 
invasion and angiogenesis  (8,9). In addition, SMA mark-
edly inhibits cell mobility in human fibrosarcoma cells in a 
concentration‑dependent manner (8). Currently, MA and SMA 
are being assessed in preclinical studies as antitumor and 
anti‑macular degeneration agents at Daewoo Pharmaceutical 
Ind. Co., Ltd. (Gimhae, Korea) (33). Therefore, the present 
study investigated the possibility of utilizing SMA as new 
antitumor agent for glioblastoma.

The present study, determined that SMA salt has cytotoxic 
effects in glioblastoma cell lines in a dose‑ and time‑depen-
dent manner. It was demonstrated that SMA salt also exhibits 
an antitumor effect in an in vitro Transwell assay and in a 
mouse glioma model using U87MG cells. In glioblastoma cell 
lines, SMA salt clearly reduced cell migration and invasion 
in a concentration‑dependent manner in spite of its own cell 
mobility character. In particular, at concentrations >10 µM, 
SMA salt exhibited inhibition rates of migration and inva-
sion that were above 50% in all glioblastoma cell lines. In 
the in vivo assays, a significant decrease in tumor volume 
was noted in the group that was treated with SMA salt. 
Furthermore, this treatment prolonged the survival time of 
tumor‑bearing mice compared with control group. Therefore, 
the combination therapy of SMA salt and temozolomide can 
be expected to exhibit cytotoxic effects and may become a 
successful treatment for patients with glioblastoma in the 
future.

However, due to the limitations of the U87MG xenograft 
animal model, the anti‑migration and anti‑invasion activity 
of SMA salt was unable to be confirmed in vivo. The human 
U87MG xenograft model is the standard method for glioblas-
toma animal models (34‑36); however, tumor invasion in this 
model is not as extensive as spontaneous glioblastomas in 
humans (37‑43). To the best of our knowledge, it is currently 
unknown how SMA salt is regulated in glioblastoma. Addi-
tional studies should be conducted to demonstrate mechanism 
of the anti‑cancer effect of SMA salt and identify the anti‑tumor 
activity of SMA salt in the patient‑derived xenograft cancer 
model. Additional studies are planned to study the effects of 
SMA salt in more detail to clarify the potential for SMA salt 
in glioblastoma.

The present study demonstrated the in vitro and in vivo 
effects of SMA salt in experimental glioblastoma. These 
effects may be attributed to the inhibition of migration and 
invasion by SMA salt as well as the cytotoxicity of the drug. 
Thus, these results suggest that SMA salt has a significant 
antitumor effect on glioblastoma and may be a promising 
candidate for additional clinical studies.
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Figure 4. Kaplan‑Meier analysis was performed to determine the prob-
ability of survival of tumor‑bearing mice. The Kaplan‑Meier survival 
analysis reveals significantly prolonged survival in the SMA salt group (n=7) 
compared with the control group (n=6). **P<0.01. SMA salt, 7‑O‑succinyl 
macrolactin A tromethamine salt.
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