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A B S T R A C T   

Cancer is the second leading cause of death in the world. Some of the usual cancer treatments include surgery, 
chemotherapy, and radiotherapy. However, due to low efficacy and side effects of these treatments, novel tar-
geted therapeutic methods are needed. One of the common drawbacks of cancer chemotherapy is off-target 
toxicity. In order to overcome this problem, many investigations have been conducted. One of the new tar-
geted therapy methods known as bacterial directed enzyme-prodrug therapy (BDEPT) employs bacteria as 
enzyme carriers to convert a pro-drug to a drug specifically within the tumor site. In the present study, we used 
Escherichia coli DH5α carrying luxCDABE gene cluster and overexpressing β-glucuronidase for luminescent 
emission and enzyme expression, respectively. Enzyme expression can lead to the conversion of glycyrrhizic acid 
as a prodrug to glycyrrhetinic acid, a potent anti-cancer agent. DH5α-lux/βG was characterized and its stability 
was also evaluated. Bacteria colonization in the tumor site was measured by tissue homogenate preparation and 
colony counting method. Histopathological studies on the liver, spleen, and tumor were also conducted. Ac-
cording to the results, co-treatment of 4T1, a highly metastatic mouse breast cancer cell line, with GL and DH5α- 
lux/βG could significantly decrease the IC50 values. Moreover, increased number of bacteria could lead to a 
dramatic drop in IC50 value. Specific colonization of DH5α-lux/βG was observed in the tumor site compared with 
other tissues (p < 0.0001). Moreover, the biocompatibility evaluation proved that DH5α-lux/βG had no adverse 
effects on normal tissues. Furthermore, concurrent usage of GL and bacteria in the treatment of induced 4T1 
tumors in BALB/c mice significantly delayed tumor growth (p< 0.001) during 16 days of investigation. Based on 
these findings, BDEPT might be useful for targeted breast cancer therapy, although further investigations are 
required to confirm this.   

1. Introduction 

Among different cancer types, breast cancer is the most prevalent 
and the first leading cause of cancer-related death in women (GLOBO-
CAN, 2020). Nowadays, common classical cancer therapy methods like 
surgery, chemotherapy, and radiotherapy face some drawbacks. One of 
the most important problems of classical chemotherapy is off-target 
toxicity that limits the efficacy of this method (Xu and McLeod, 2001). 

Common chemotherapy drugs, usually target the dividing cells so they 
can also affect normal cells, similar to cancerous ones. Hence, new 
methods are needed to target the cancerous cells specifically. The use of 
prodrugs as non-toxic forms of drugs might decrease the side effects of 
these anticancer agents, if they can be selectively activated at tumor 
sites. Different properties can be used for specific activation of prodrugs 
within the tumor site including tumor hypoxia, pH differences, tumor- 
specific antigens, and tumor-specific enzymes or promoters (Denny, 
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Fig. 1. GL and GA chemical structures.  

Fig. 2. Morphological characterisation of DH5α-lux/βG and assessment of plasmid stability. (A) DH5α-lux/βG FESEM micrograph, scale bar represents 2 µm. (B) 
DH5α-lux/βG after colonization in a 4T1 tumor, the scale bar represents 20 µm. (C) Growth rate of DH5α-lux/βG in a 12 h period. Results are shown as mean ± SEM. 
(D) Luminescent emission of DH5α-lux/βG in a 12 h period. Results are shown as mean ± SEM. 
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2001; Pandha et al., 1999). In enzyme/prodrug therapy, there are two 
types of enzyme delivery systems to tumor site: active-enzyme conju-
gated with a tumor-specific antibody known as ADEPT, and delivering 
the enzyme encoding genes to the tumor site by different kinds of car-
riers including GDEPT, VDEPT, and BDEPT (Xu and McLeod, 2001; 
Schellmann et al., 2010). 

Bacteria are one of the most popular gene carriers. The application of 
bacteria in cancer therapy goes back to over 150 years ago when a 
physician observed cancer regression in bacteria-infected patients 
(Coley, 1910). Bacteria colonization in tumors is crucial for the BDEPT 

method and it appears that some types of bacteria can specifically 
aggregate in tumors such as Escherichia coli K-12 and HJ1020 (Min et al., 
2008), Bifidobacterium (Cronin et al., 2010), Magnetospirillum magnet-
icum (Benoit et al., 2009), E. coli CFT073, E. coli Top10 and Salmonella 
(Stritzker et al., 2007), Vibrio cholerae, Listeria monocytogenes and E. coli 
DH5α (Yu et al., 2004). 

Different kinds of enzymes can be applied in BDEPT e.g., CD, NTR, 
CPG2, TK, PNP, UPRT, and β-G. β-G activates non-toxic glucuronide 
prodrugs to cytotoxic agents. One of these non-toxic agents is an FDA- 
approved compound GL, the main sweetener in Glycyrrhiza roots, that 
is composed of glycyrrhetinic acid GA and glucuronic acid (Fig. 1) (Ming 
and Yin, 2013; Hayashi and Sudo, 2009). 

The use of appropriate cancer models is one of the most important 
parameters in cancer studies. One of these good animal models uses mice 
bearing tumor cells because of their small size, simple maintenance, 
rapid reproduction, and large number of offspring (Cheon and Orsulic, 
2011). In order to produce a breast cancer model, 4T1 cells have been 

Table 1 
Plasmid stability evaluation in vitro and in vivo.  

Plasmid stability Generation number % of colonies with plasmid 

In vitro 192 99 
In vivo – 99  

Fig. 3. Cytotoxic effects of GL and GL + DH5α-lux/βG (2 × 107 or 8 × 107 CFU/well). (A) 4T1 cells were treated with graded concentrations of GL alone and in 
combination with DH5α-lux/βG (2 × 107 or 8 × 107 CFU/well). The results are shown as mean ± SEM. (B) Comparison between IC50 values of GL and GL + DH5α- 
lux/βG (2 × 107 and 8 × 107 CFU/well) on 4T1 cells. The results are shown as mean ± SD (**** p < 0.0001). (C) 4T1 cells were treated with graded number of DH5α- 
lux/βG. The results are shown as mean ± SEM. (D),(E), and (F) represent DH5α-lux/βG (8 × 107 CFU/well), GL (500 µM), and GL (500 µM) + DH5α-lux/βG (8 × 107 

CFU/well), respectively (scale bar represents 100 µm). 

N. Hosseini-Giv et al.                                                                                                                                                                                                                           



International Journal of Pharmaceutics 606 (2021) 120931

4

used in different studies. Invasiveness and metastatic properties of these 
cells have led to their application as a convenient animal model for 
human stage IV breast cancer (Pulaski and Ostrand-Rosenberg, 2001). 

In the present study, DH5α-lux/βG carrying β-G (prodrug activating 
enzyme) encoding gene and luxCDABE gene cluster (for luminescent 
emission) were applied. Cytotoxic and anticancer effects of GL and its 
concurrent utility with bacteria were evaluated on 4T1 cells both in vitro 

and in vivo. 

2. Materials and methods 

2.1. Bacteria and cell culture 

E. coli DH5α (F- ϕ 80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 
hsdR17 (rk

- , mk
+) phoA supE44 thi-1 gyrA96 relA1 tonA (a generous gift 

from Dr. T. L. Cheng) applied in this study were grown in LB medium 
(Sigma). 

NIH/3T3 and 4T1 cells, a mouse embryonic fibroblast and a meta-
static mouse breast cancer cell line, respectively, were purchased from 
Pasteur Institute (National Cell Bank of Iran). NIH/3T3 cells were grown 
in DMEM high glucose and 4T1 cells were cultured in RPMI 1640 media 
(Gibco) supplemented with 10% FBS (Gibco) and maintained in a hu-
midified atmosphere of 5% CO2 at 37 ◦C. 

2.2. Animals 

6 to 8-week-old female BALB/c mice were kept and reproduced in 
the animal house, at Ferdowsi University of Mashhad. Animal experi-
ments were performed in accordance with Institute guidelines under the 

Fig. 4. Evaluation of DH5α-lux/ßG biocompatibility. (A) Evaluation of cytotoxic effects on NIH/3T3 cell line revealed that the bacteria had no adverse effects on 
these normal cells. (B) Assessment of liver enzymes showed no significant changes 4 days after iv injection of the bacteria in mice. (C) Kidney markers witnessed no 
significant changes. (D) Histopathological studies of liver showed that DH5α-Lux/ßG had no negative effects on mouse liver. (E) No negative effects were observed in 
spleen (n = 2 in each group). scale bars represent 200 µm. 

Table 2 
Biochemical analysis of blood samples.   

Normal range for 
BALB/c 

Control Day 4 post- 
infection 

Day 21 post- 
infection 

W.B.C. 9.1–28.7 (103) 18.1 16.20 12.60 
R.B.C. 9–10.94 (106) 9.64 10.24 9.82 
Hemoglobin 11.6–15.8 12.20 11.40 14.50 
Hematocrit 37.4–51.7 38.60 37.60 39.10 
M.C.V. 41.5–57.4 51.30 52.70 54.10 
M.C.H. 14.1–18.4 16.20 16.00 14.80 
M.C.H.C. 30.5–34.2 31.60 30.70 32.30 
Platelets 325–888 (103) 376 413 329 
Neutrophiles 11–29% 20% 14.2% 14.2 
Lymphocytes 65–87% 85% 81.2% 83.7  
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supervision of the ethical committee (approval number: IR.UM. 
REC.1398.132). The animals were fed with free access to a standard 
chow diet and kept at 25 ± 2 ◦C, with a relative humidity of 55 ± 5% and 
a 12 h light–dark cycle. 

2.3. Transformation 

Competent E. coli DH5α, prepared by the RbCl method, were trans-
formed with pRSETB-βG plasmid (100 ng) (kindly provided by Dr. T. L. 
Cheng) (Cheng et al., 2008) and cultured on LB agar containing ampi-
cillin (100 mg/ml) (Nishimura et al., 1990). Transformed E. coli DH5α 
were evaluated for luminescent emission using a luminometer 
(Berthold). 

2.4. Morphological characterization of DH5a-lux/ßG and assessing 
plasmid stability 

To characterize DH5α-lux/βG, the bacteria were fixed in 2.5% 
glutaraldehyde in normal saline for 45 min and then the slides were kept 

in normal saline for 15 min. In the next step, for cell dehydration slides 
were floated in increasing ethanol solutions of 30, 50, 70, 80, and 90% 
(each for 10 min). Finally, the slides were put in absolute ethanol for 20 
min. For ethanol evaporation, the samples were stored at room tem-
perature overnight before visualization by microscope. Moreover, bac-
terial characteristics were also evaluated in vivo. For this purpose, 6 to 8- 
week-old female BALB/c mice were injected subcutaneously (S. C.) with 
106 4T1 cells. After 7 days, 4 × 107 DH5α-lux/βG were injected intra-
venously into tail vain and 4 days post-infection mice were humanely 
euthanized, and tumors were collected and fixed in glutaraldehyde. 
Then, a FESEM (LMU TESCAN BRNO-Mira3) was used to visualize both 
DH5α-lux/βG and tumor samples containing bacteria. 

Plasmid stability was also examined both in vitro and in vivo. To do so, 
DH5α-lux/βG was cultured in LB medium containing ampicillin (100 
mg/ml), and every 2 h the OD600 and luminescent emission were 
determined. Moreover, DH5α-lux/βG stability was evaluated in the 
noncontinuous exponential phase assay. In this method, OD600 of 
overnight cultured bacteria in ampicillin were determined in the 
morning and 1 × 104 DH5α-lux/βG were inoculated in 12.5 ml 

Fig. 5. In vivo bacterial distribution and colonization in mouse model with breast cancer. (A) Evaluation of luminescant emission from tissue homogenates revealed 
bacteria aggrigation in tumor site and its elimination from other organs. (B) The numbers of bacteria in tumor and other tissues represent specific colonoziation of 
DH5α-lux/βG in tumor tissue. The results indicated that bacteria are being eliminated from both tumor and other organs over time. The results are represented as 
mean ± SD (**** p < 0.0001). (D) and (E) demonstrate the colonies luminescent emission after plating tumor homogenates serial dilutions on day 4 post-infection (n 
= 3 in each group). 

N. Hosseini-Giv et al.                                                                                                                                                                                                                           



International Journal of Pharmaceutics 606 (2021) 120931

6

antibiotic-free LB and incubated at 37 ◦C, and 120 rpm till late afternoon 
(generation 0). At this point, the OD600 was measured and 1 × 107 cells 
were diluted in 12.5 ml LB and incubated overnight. The cells were 
cultured for 2 additional days in this manner. The next morning cultures 
were plated on LB agar and incubated for one night. LB supplemented 
with antibiotic was added to 96-well plates and colonies were inoculated 
in different wells separately. Plates were incubated overnight and then 

the absorption was evaluated at 630 nm using an ELISA reader 
(Awareness Technology Inc.). 

For in vivo stability determination, 6 to 8-week-old female BALB/c 
mice were infected with 4 × 107 DH5α-lux/βG. Three days post- 
infection the mice were sacrificed and the spleens were collected and 
homogenized in antibiotic-free LB agar and incubated overnight. The 
colonies were cultured in LB with ampicillin and the percentage of 
antibiotic resistance colonies was determined (Krute et al., 2016). 

2.5. MIC assay 

To evaluate the antibacterial effects of GL, MIC test was applied. To 
do so, DH5α and DH5α-lux/βG were cultured in LB to OD600 = 0.1 and 
then transferred into 96 well plates. Graded concentrations of GL 
(Golexir Pars Co., Mashhad, Iran) (29, 58, 117, 234, 468, 937, 1875, 
3750, and 7500 µM) were added to the wells, incubated for 16 h, and 
absorptions were then measured at 630 nm using the ELISA reader. 

Fig. 6. Anticancer activity of prodrug and its concurrent utility with bacteria in a mouse model bearing syngeneic breast tumor. (A) Tumor growth inhibition in 
DH5α-lux/βG-injected mice with or without GL in comparison with PBS control group. The results are indicated as mean ± SEM. (B) Mice co-treatment with bacteria 
and 25 mg/kg, 50 mg/kg, and 100 mg/kg GL reduced tumor growth significantly in comparison with PBS group. Data are related to day 16 of treatment and are 
presented as mean ± SD. (C) The means of tumor weights in GL/bacteria treated mice were significantly less than PBS control group at the end od treatment (16 
days). The results are indicated as mean ± SD (***p < 0.001). 

Table 3 
Comparing tumor growth inhibition in different treated groups.  

Treatment %TGI 

DH5α-Lux/βG + GL (25 mg/kg)  84.28 
GL (25 mg/kg)  25.05 
DH5α-Lux/βG + GL (50 mg/kg)  82.39 
GL (50 mg/kg)  14.068 
DH5α-Lux/βG + GL (100 mg/kg)  79.34 
GL (100 mg/kg)  38.568 
DH5α-Lux/βG  10.302  
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2.6. MTT assay 

In order to evaluate cell viability, MTT assay was performed ac-
cording to the manufacturer’s protocol. To examine cytotoxic effects of 
DH5α-lux/βG, prodrug (GL), and its concurrent utilization with DH5α- 
lux/βG on 4T1 cells, the cells were seeded in 96-well plates at the density 
of 8000 cells/well. After 24 h incubation, cells were treated with an 
increasing number of DH5α-lux/βG (5 × 107, 15 × 107, 20 × 107, and 25 
× 107 CFU/well); after 3 h gentamicin (25 µg/ml) was added to each 
well and following 24 h incubation, wells were washed 3 times with 
phosphate-buffered saline (PBS) and cell viability was then evaluated. 
Moreover, cells were also treated with increasing concentrations of GL 
(31.25, 62.5, 125, 250, 500, and 1000 µM), and DH5α-lux/βG (2 × 107 

CFU/well) + GL for 20 min, wells were then inoculated with gentamicin 
(25 µg/ml) and further incubated for 24 h. The wells containing DH5α- 
lux/βG and also complete medium were considered as controls. After 24 
h incubation, wells were washed with PBS 3 times, and the medium 
containing gentamicin was added to each well and incubated for 24 h. 
MTT solution (5 mg/ml in PBS) was added to the wells and kept for 4 h 
to allow MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium 
bromide) metabolization. Formazan crystals were dissolved in DMSO 
and absorptions were then measured at 545 nm using an ELISA reader 
(Cheng et al., 2008; Hsieh et al., 2015; Stritzker et al., 2008; Martin 
et al., 2004). 

2.7. DH5α-lux/βG biocompatibility evaluation 

The biocompatibility of DH5α-lux/βG was assessed both in vitro and 
in vivo. At first step, the cytotoxic effects of DH5α-lux/βG were evaluated 
on NIH/3T3 cell line, mouse embryonic fibroblast cells. This cell line has 
been used in numerous biocompatibility studies (Zhang et al., 2016; 
Humpolíček et al., 2018; Tan et al., 2021). To do so, 15,000 cells/well 
were seeded in 96-well plates (Theiszova et al., 2005) and MTT assay 
was carried out as was mentioned before (2.6). 

For evaluating the bacteria in vivo, 4 × 107 DH5α-lux/βG were 
injected intravenously to 6–8 weeks female BALB/c mice. Four days 
post-infection, normal and treated mice were sacrificed, and blood 
samples were collected for biochemical analyses (Orafaie et al., 2021). 
The liver and spleen were also collected on day four post-infection to 
evaluate any possible side effects. 

2.8. In vivo experiments 

2.8.1. Determining bacteria colonization in different organs 
In order to induce tumor formation, 6 to 8-week-old female BALB/c 

mice were injected S. C. with 106 4T1 cells in the right flank (Delphi and 
Sepehri, 2016). When tumor volume reached 100–300 mm3, tumor- 
bearing mice were intravenously injected with 4 × 107 DH5α-lux/βG 
(Xu et al., 2017; Friedlos et al., 2008; Hsieh et al., 2015). In order to 
evaluate bacteria aggregation in different organs, tissue homogenates 

Fig. 7. Evaluation of mice body and spleen weights after different treatments. (A) Mice body weights were measured every 2 days over the treatment period. No 
significant differences were observed among different groups. The results are indicated as mean ± SEM. (B) Morphological changes in the spleen of normal (a) and 
4T1 tumor bearing mice (b). (C) No significant differences were indicated in spleen weights between treatment groups although they differed significantly from 
normal mice. The results are indicated as mean ± SD (****p < 0.0001). 
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were prepared on days 4 and 21 after bacterial injection. To do so, blood 
samples were collected, furthermore different tissues including tumor, 
large intestine, small intestine, spleen, kidney, liver, and stomach were 
removed and homogenized in LB containing ampicillin. The luminescent 
emissions of tissue homogenates were evaluated and their serial di-
lutions were prepared. Homogenates were cultured on LB agar con-
taining ampicillin, and colonies were counted in order to specify the 
number of bacteria in different organs and tumor tissue (Friedlos et al., 
2008). 

2.8.2. Evaluating BDEPT in murine breast cancer model 
In order to determine anticancer effects of GL and its concurrent 

utility with DH5α-lux/βG, tumor-induced mice were divided randomly 
into 8 groups including bacterial control, three doses of GL, DH5α-lux/ 
βG + three doses of GL (25, 50, and 100 mg/kg), and PBS. Mice were 
intravenously injected with 4 × 107 DH5α-lux/βG in bacteria treatment 
groups (Cheng et al., 2008) and were injected intraperitoneally for 16 
days with 25, 50, or 100 mg/kg GL, or PBS (Zhang et al., 2009). Tumor 
volumes (a × b × c × 0.5) and mice body weights were measured every 
2 days (Cheng et al., 2008). Moreover, the percentage of TGI was 
evaluated using MTV ((MTV PBS-MTV treated/MTV PBS) × 100). 
Spleen and tumor weights were also determined at the end of the 

treatments. In order to evaluate tissue damages, the liver, spleen, and 
tumor samples were removed, fixed in formaldehyde, and analyzed after 
H&E staining (ABCAM, 2019). 

2.9. Statistical analysis 

Statistical analysis was conducted with GraphPad Prism 8.0. 
p< 0.05, p< 0.01, and p<0.0001 were considered as significantly 
different. 

3. Results and discussion 

3.1. Morphological characteristics and stability of DH5α-lux/βG 

To characterize the DH5α-lux/βG, both the bacteria slides and tu-
mors from bacteria-treated BALB/c mice bearing 4T1 tumors were fixed 
in glutaraldehyde and assessed by FESEM. As shown in Fig. 2A, the 
DH5α-lux/βG can be observed as 2 µm rod-shaped bacteria. In Fig. 2B 
the DH5α-lux/βG morphology is demonstrated in 4T1 tumors on day 3 
post-infection. In this micrograph, circles represent the rod-shaped 
DH5α-lux/βG in the tumor. 

Plasmid stability was evaluated both in vitro and in vivo. Fig. 2C and D 

Fig. 8. Histopathological investigation of BDEPT side effects by H & E staining of liver. (A) Normal mouse (B) PBS treated mouse (C) GL (25 mg/kg) treated mouse 
(D) DH5α-lux/βG + GL (25 mg/kg) treated mouse (E) GL (50 mg/kg) treated mouse (F) DH5α-lux/βG + GL (50 mg/kg) treated mouse (G) GL (100 mg/kg) (H) DH5α- 
lux/βG + GL (100 mg/kg) treated mouse (I) DH5α-lux/βG treated mouse. *Circles, arrows and arrow heads show necrosis, sinusoid and metastasis, respectively/ 
scale bars represent 200 µm. 
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are showing the growth curve and luminescent emission of DH5α-lux/ 
βG for a 12 h period, respectively. After 6 h bacteria reach the maximum 
luminescent emission and they have kept that while the OD600 is 
increasing. For in vitro stability evaluation, bacteria were continuously 
cultured for 3 days in antibiotic-free LB and then cultivated on 
antibiotic-free LB agar. The colonies were inoculated in LB supple-
mented with ampicillin and the percentage of antibiotic-resistant col-
onies was measured as 99% (Table 1). 

To examine in vivo stability, female BALB/c mice were infected with 
DH5α-lux/βG. On day 3 post-infection, tissue homogenate of the spleen 
was prepared and cultured on LB agar without antibiotics. The colonies 
were then growing in antibiotic supplemented LB and 99% of the col-
onies were antibiotic-resistant (Table 1). The ampicillin-resistant bac-
teria indicate the presence of the plasmid. 

3.2. Antibacterial effects of GL 

MIC50 values of GL for DH5α and DH5α-lux/βG were determined as 
89719 µM and 9481 µM, respectively (Afkhami-Poostchi et al., 2020). 
No antibacterial effects were observed for GL (data not shown). 

3.3. DH5α-lux/βG + GL had more cytotoxic effects on 4T1 cells than GL 

To evaluate the cytotoxic effects of bacteria, prodrug, and its con-
current utility with bacteria, 4T1 cells were treated with GL and GL 
mixed with DH5α-lux/βG (two different concentrations of 2 × 107 and 8 
× 107 CFU/well). IC50 values were determined as 6175 µM, 1292 µM, 
and 259.2 µM for cells treated with GL, GL plus 2 × 107 bacteria and GL 
plus 8 × 107 CFU/well, respectively (Fig. 3A). The reduction in IC50 
values could be related to the conversion of GL to GA by β-G and the 
cytotoxic effects of DH5α-lux/βG itself which have resulted in increased 
cytotoxicity on 4T1 cells (Fig. 3B). Fig. 3C represents the cell viability in 
various bacteria concentrations and the IC50 value was determined as 
7.997 × 107 CFU/well. Fig. 3D, E, and F demonstrate the morphology of 
4T1 cells treated with DH5α-lux/βG (25 × 107 CFU/well), GL (500 µM), 
and GL (500 µM) + DH5α-lux/βG (8 × 107 CFU/well), respectively. 

3.4. DH5α-lux/βG bacteria were biocompatible both in vitro and in vivo 

The IC50 value for the effects of bacteria on NIH/3T3 cells was 
determined as 4.1 × 1010 CFU/well. From Fig. 4A, it can be conceived 
that the bacteria had no adverse effects on these normal cells. 

The in vivo analyses revealed that in comparison with a normal 

Fig. 9. Histopathological investigation of BDEPT side effects by H & E staining of spleen. (A) Normal mouse (B) PBS treated mouse (C) GL (25 mg/kg) treated mouse 
(D) DH5α-lux/βG + GL (25 mg/kg) treated mouse (E) GL (50 mg/kg) treated mouse (F) DH5α-lux/βG + GL (50 mg/kg) treated mouse (G) GL (100 mg/kg) (H) DH5α- 
lux/βG + GL (100 mg/kg) treated mouse (I) DH5α-lux/βG treated mouse. *Circles show giant cells. Scale bars represent 200 µm. 
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mouse, DH5α-lux/βG treated mice blood sample, kidney (Urea), and 
liver function (BUN, SGPT, and SGOT) witnessed no significant changes. 
The results are mentioned in Table 2 and Fig. 4B and C. Moreover, CRP 
was measured to evaluate blood infection. No obvious adverse effects 
could be observed in histopathological studies of liver and spleen. The 
results indicated that DH5α-lux/βG bacteria do not lead to any blood 
infection. 

3.5. Bacteria distribution and colonization in the mouse model with breast 
cancer 

To examine bacteria aggregation in different organs, blood samples 
were collected and tissue homogenates (tumor, large intestine, small 
intestine, spleen, kidney, liver, and stomach) were prepared and eval-
uated with luminescent emission measurements and colony counting 
methods on days 4 and 21 after bacteria injection (Fig. 5). 

Both assays revealed that the number of bacteria had increased in 

comparison with the starting number injected on day 0, and also highly 
aggregated (p < 0.0001) specifically in tumor site compared with other 
organs. On the other hand, bacteria elimination was observed over time 
from the tumor as well as other organs. However, the elimination rates 
were faster in blood and other organs compared with the tumor. 

3.6. Targeted delivery of prodrug to tumor and investigation of tumor 
growth inhibition 

To evaluate the anticancer effects of GL and DH5α-lux/βG + GL, 
tumor diameters were measured with a caliper every two days over the 
treatment period. Based on the results, combinatorial treatments of mice 
with GL and bacteria led to significant tumor growth inhibitions (p <
0.001) in comparison with PBS-treated mice (Fig. 6A and B) (Table 3). 

At the end of the treatments, tumor weights were also determined. 
The results indicated that mean tumor weights of bacteria + GL treated 
mice were significantly lower than the control group (p < 0.001) 

Fig. 10. Histopathological investigation of BDEPT side effects by H & E staining of tumor. (A) PBS treated mouse (B) GL (25 mg/kg) treated mouse (C) DH5α-lux/βG 
+ GL (25 mg/kg) treated mouse (D) GL (50 mg/kg) treated mouse (E) DH5α-lux/βG + GL (50 mg/kg) treated mouse (F) GL (100 mg/kg) (G) DH5α-lux/βG + GL (100 
mg/kg) treated mouse (H) DH5α-lux/βG treated mouse. Scale bars represent 200 µm. 
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(Fig. 6C). 

3.7. The side effects of BDEPT approach using DH5α-lux/βG + GL 

3.7.1. Mice body and spleen weights 
To study the possible side effects, mice body weights were measured 

every two days. Based on the results, no significant differences were 
observed in prodrug-, prodrug/bacteria-, bacteria- and PBS-treated mice 
(Fig. 7A). Although splenomegaly was observed (Fig. 7B) and spleen 
weights were elevated significantly (p < 0.0001) compared to normal 
mice, due to 4T1 cell injection (Fig. 7C), no significant difference was 
observed in spleen weights among various treated groups. 

3.7.2. Histopathology of liver, spleen, and tumor 
Histopathological analysis revealed extensive damages like necrosis 

and metastasis in mice livers due to the spread of cancer cells in all 
groups. Extended sinusoids were also observed. Based on our observa-
tions, liver damages were reduced in bacteria + GL treated mice (Fig. 8). 
Spleen tissue staining with H & E showed hematopoiesis and giant cells 
in treated mice samples (Fig. 9). 

Tumor staining demonstrated necrosis in all treated mice, however, 
necrosis in bacteria + GL (50 mg/kg) treated mice were more than 
others, and also apoptosis was observed in this group. These findings are 
due to the anticancer effects of the active drug on tumor cells. In tumor 
tissue of PBS and bacteria treated groups, mitosis was observed. The 
results indicate that PBS does not have any toxic potential, and bacteria 
at this concentration exerted an anticancer effect on tumor cells 
(Fig. 10). 

4. Discussion 

Herein, we investigated the efficacy of using GL, E. coli DH5α, and 
β-G, as pro-drug, enzyme carrier, and activating agent, respectively in 
breast cancer treatment in a mouse model. Plasmid stability was 
determined both in vitro and in vivo as 99% and the morphology of 
DH5α-lux/βG bacteria did not change after injection and in the tumor 
site. Based on our results, due to probable enzymatic conversion of GL to 

active drug in the vicinity of the cells, treatment of 4T1 cells with graded 
concentrations of GL (31.25–1000 µM) and bacteria, decreased the IC50 
values from 6715 μM to 1292 μM. Moreover, DH5α-lux/βG probably 
plays a cytotoxic role by itself. So, the treatment of 4T1 cells with graded 
concentrations of GL and an increased number of DH5α-lux/βG reduced 
the IC50 value to 259.2 μM. MTT assay was also carried out for NIH/3T3 
cells to assess the biocompatibility of DH5α-lux/βG on a non-cancerous 
cell. The IC50 value for this cell line was determined as 4.1 × 1010 CFU/ 
well. DH5α-lux/βG did not have any adverse effects on normal organs 
and did not lead to any blood infection. The in vivo studies also proved 
that DH5α-lux/βG did not cause any obvious side effects. Co-treatment 
of mice with bacteria and GL could significantly inhibit tumor growth 
in the mouse model with 4T1 breast cancer. 

Anticancer effects of GL and GA have been compared in a number of 
studies on SiHa (cervix carcinoma), MDA-MB-231 (human breast can-
cer), and B16 (mouse melanoma); and GA has indicated more cytotox-
icity (Abe et al., 1987; Lee et al., 2008; Cai et al., 2017). GL was also 
applied as a pro-drug in a BDEPT study on CT26, a mouse colon cancer 
cell line (Afkhami-Poostchi et al., 2020) and similarly, cancer cell 
treatment with DH5α-lux/βG + GL decreased IC50 values 5-folds greater 
than GL mono-therapy. Moreover, according to our results, an increase 
in DH5α-lux/βG number enhances the effectiveness of the approach and 
significantly decreases the IC50 values. This reduction was attributed to 
the enzymatic conversion of pro-drug to active drug in the vicinity of the 
cells. In this study, the cytotoxic effects of DH5α-lux/βG alone were also 
evaluated. Our results demonstrated that co-treatment of 4T1 cells with 
an increased number of bacteria and GL is more effective. Furthermore, 
the biocompatibility evaluation showed that DH5α-lux/βG administra-
tion had no adverse effects both in vitro and in vivo. 

Some reports have examined bacteria tumor colonization including 
Bifidobacterium, Salmonella, Vibrio cholerae, Listeria, and E. coli DH5α 
(Cronin et al., 2010; Stritzker et al., 2007; Yu et al., 2004). E. coli DH5α 
colonization in tumor site was examined in various mouse tumor models 
including CL1-5 (human lung cancer) (Cheng et al., 2008), HCT 116 
(human colon cancer) (Cheng et al., 2008), MCF7 (human breast cancer) 
(Yu et al., 2004) and CT26 (Afkhami-Poostchi et al., 2020). Based on 
these studies and our results on 4T1 tumors, DH5α-lux/βG could 
aggregate and grow in tumor site while they were eliminated from other 
organs. Bacteria accumulation in tumors could be related to tumor- 
specific characteristics. During tumor growth, vascularization takes 
place in order to deliver oxygen to cells situated in the center of the 
tumor. New vessels have an abnormal function which leads to hypoxia 
and deficiency in delivery of immune cells to the tumor site (Hamzah 
et al., 2008; Hobbs et al., 1998). Moreover, these abnormal vessels have 
bigger pores than normal ones, so bacteria can extravasate, accumulate, 
and grow in tumors (Theys et al., 2006). Yu et al. demonstrated bacteria 
trapping in breast tumors by induction of a second C6 rat glioma tumor 
after elimination of bacteria from the bloodstream, while they could not 
detect any bacteria in the new tumor (Yu et al., 2004). Here, through 
preparing tissue homogenates on days 4 and 21 after bacteria injection, 
we could not detect any bacteria in the bloodstream on day 21, which 
confirms their trapping in the tumor or its metastatic sites. 

BDEPT has shown noticeable anticancer effects on different cancer 
types in vivo including CL1-5 (Cheng et al., 2008), HCT 116 (Hsieh et al., 
2015), and CT26 (Afkhami-Poostchi et al., 2020) using DH5α-lux/βG; 
and also, HCT 116 (Ouzounova et al., 2017) using C. sporogenes as 
bacterial carriers. Our results also demonstrated that co-treatment of 
mice with DH5α-lux/βG + GL could decrease the 4T1 tumor growth rate 
in 15 days treatment period. Although splenomegaly (Espagnolle et al., 
2014; Liu et al., 2014; Liu et al., 2015; Li et al., 2017; Roohbakhsh et al., 
2016) is one of the most well-known 4T1 cells side effects, histopatho-
logical analysis revealed fewer liver and spleen damages in co-treated 
groups compared to the PBS control group. Tumor necrosis was 
observed in all treated mice but the damages were more frequent in co- 
treated mice and apoptosis was also observed in these groups. Moreover, 
based on present study, applying this approach in the early stages of 

Table 4 
An overview of glycyrrhetinic acid cytotoxic effects on breast cancer and its 
proposed mechanisms (Roohbakhsh et al., 2016).  

Cell line Mechanism Reference 

Human breast carcinoma cells 
(MCF-7) 

Inhibited cell proliferation and 
increased cell apoptosis 

(Luo et al., 
2004) 

Increased intracellular Ca2+

MDA-MB-231 
MDA-MB-436 
Hs578T BT549 and BT20, 
MCF-7, T47D nude mice 
were injected with MDA-MB- 
231 cells 

Suppressed cell survival and cell 
invasion and migration in all four 
invasive breast cancer cell lines 

(Wang et al., 
2015) 

Decreased MMP-2/9 expression 
and in vitro invasion via blocking 
the P38 MAPK activity, FRA-1 
and c-JUN 
Inhibited AP1 and NF-κB 
activities 
Deterred tumor outgrowth and 
pulmonary metastasis without 
eliciting side effects in recipient 
mice 
Delayed the appearance of 
measurable tumors to 2 weeks 
Reduced average weight of 
tumors and average number of 
metastatic nodules 
Did not alter the levels of TIMP-1 
or TIMP-2, p-ERKs and JNKs 
There was little difference in the 
body weight, liver and kidney 
functions between mice 
receiving vehicle and GA  
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cancer would be more effective. Although based on our results, all three 
different doses of GL in combination with DH5α-lux/βG greatly inhibi-
ted tumor growth in comparison with the control group, their effec-
tiveness was not significantly different from each other. We propose a 
probable reason for this phenomenon. It might be due to bacterial ac-
tivity and their number in the tumor site. So, more bacteria are needed 
to convert GL to GA effectively at higher doses (as it was mentioned 
before, an increasing number of bacteria can lead to improved anti-
cancer effects). 

Many studies have been conducted to investigate the GA effects and 
its mechanism of action in human cancer cells (Roohbakhsh et al., 
2016). Table 4 summarizes some of these studies on human breast 
cancer cell lines including MCF-7, MDA-MB-231, MDA-MB-436, Hs578T 
BT549, and BT20, as well as those on nude mice breast cancer models. 
GA inhibits the expression of MMP-2/MMP-9 via reducing the P38 
MAPK activity followed by AP1 inhibition. Moreover, GA down regu-
lates the FRA-1 and c-JUN levels, two main components of the AP1 
transcription complex in invasive breast cancer cells. In all, GA through 
different mechanisms can repress cellular invasion in breast cancer (Luo 
et al., 2004; Wang et al., 2015). Moreover, GA mechanism of action has 
also been investigated in liver, prostate, cervix, uterus, ovary, lung, 
bladder, skin, central nervous system, blood, and stomach cancers and 
different pathways have been proposed. More detailed information is 
provided in Roohbakhsh et al., 2016 (Roohbakhsh et al., 2016). How-
ever, further investigations are needed to elucidate the exact GA 
mechanism of action in 4T1 cells. 

5. Conclusion 

Although bacteria were eliminated over time, the findings of the 
present study show that DH5α-lux/βG could accumulate specifically in 
4T1 tumors, while this bacterial species does not affect the normal tis-
sues adversely. Hence, it is a good candidate to deliver the enzyme 
encoding gene, in order to convert GL to GA within the tumor site. 
Considering the fact that 4T1 cells are highly metastatic and invasive, 
representing stage IV human breast cancer, this combination therapy 
has effectively decreased the tumor growth rate. Therefore, the use of GL 
in combination with DH5α-lux/βG can be a good candidate for the 
treatment of breast cancer in humans, however further investigations 
are required before it can be practiced in the clinic. 
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