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A B S T R A C T

Bacteria-directed enzyme prodrug therapy (BDEPT), is an emerging alternative directed and tumor-specific
approach. The basis of this method is the conversion of a non-toxic prodrug by a bacterial enzyme to a toxic drug
within the tumor-microenvironment (TME). In the present study, the therapeutic efficacy of BDEPT was in-
vestigated based on the ability of Escherichia coli DH5α-lux/βG in activation of glycyrrhizic acid (GL), a natural
and non-toxic compound purified from licorice, to glycyrrhetinic acid (GA) only in TME. To do so, the anti-
bacterial effects of GL on bacteria and the cytotoxic effects of the produced GA on survival rate of CT26 mouse
colon carcinoma cells were evaluated. The IC50 values of the produced GA and cisplatin were determined as
210 μM and 100 μM, respectively. Comparing these values to GL treatment (1305 μM) indicates that bacteria
could have efficiently activated GL to GA to inhibit the growth of tumor cells. Afterward, the anti-cancer effects
of bacteria used in combination with GL was investigated in a mouse model of colon carcinoma. Results were
indicative of targeted homing and even proliferation of luminescent bacteria in TME. Moreover, combined
treatment greatly inhibited tumor growth. Histopathological analysis of dissected tissues also demonstrated
increased apoptosis rate in tumor cells after combined treatment and interestingly, showed no obvious damage
to the spleen and liver of treated mice. Accordingly, this BDEPT approach could be considered as an effective
alternative tumor-specific therapy utilizing prodrug-activating enzymes expressing from tumor-targeting bac-
teria to allow the development of new tumor-specific pharmacotherapy protocols.

1. Introduction

Cancer is the rapid and invasive growth of abnormal cells which
have lost the control of cell proliferation and can migrate to other tis-
sues and establish secondary tumors. In most cases, cancer initiates and
develops through a multi-stage process in which a precancerous lesion
becomes a malignant tumor mass. The initiation and also progression
rate of this process are related to some genetic aberrations and en-
vironmental factors such as physical carcinogens including ultraviolet

and ionizing radiations, chemical agents like asbestos, tobacco, afla-
toxins (food contaminants) and arsenic (drinking water pollutant) as
well as biological agents such as certain types of viral, bacterial and
parasitic infections (WHO, 2019). Despite many advancements in di-
agnosis and treatment, cancer has remained as one of the deadliest
diseases in the world and its incidence is steadily increasing. According
to the report of the International Agency for Research on Cancer, the
most common cancers in the world in 2018 were lung, breast, and
colorectal cancers. Overall, colorectal cancer (CRC) which ranks third
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in terms of incidence but second in terms of mortality (Bray et al.,
2018), originates mainly with lesions called polyps which are devel-
oped in the internal wall of colon or rectum (National Cancer Institute,
2019). Finding polyps by methods such as colonoscopy and their
complete removal by laparoscopic surgery have significantly reduced
the risk of death from CRC, in recent years (NCCN, 2019). However,
standard approaches including surgery, radiation therapy, and che-
motherapy are ineffective in advanced tumor stages, and therefore,
developing new, targeted and alternative treatments which have de-
sired therapeutic effects with the least adverse side effects is important
in CRC therapy.

It has been demonstrated that some microorganisms including
Clostridium, Salmonella, Bifidobacterium, Listeria and E. coli (Cheng et al.,
2008; Hsieh et al., 2015; Huang et al., 2007; King et al., 2009; Quispe-
Tintaya et al., 2013), have the ability to accumulate and even pro-
liferate within the tumor-microenvironment (TME). This ability offers a
tremendous advantage to targeted cancer treatment (Patyar et al.,
2010). Genetically engineered bacteria can specifically target tumors
and induce controllable cell death of cancer cells (Chen et al., 2013).
This specific accumulation of systemically administered bacteria in
TME depends on some tumor-related factors. Hypoxia condition in the
TME is well suited to facultative anaerobic bacteria such as E. coli while
reducing the anti-bacterial activity of macrophages and neutrophils
(Cheng et al., 2008; Nemunaitis et al., 2003). On the other hand, the
immunosuppressive microenvironment within the tumor is advanta-
geous for growth and proliferation of tumor-tropic bacteria. This mi-
croenvironment is produced by secretion of some immunomodulatory
cytokines such as IL-4, IL-10 and TGF-β, downregulation of Fas receptor
or upregulation of FasL, reducing the expression of VCAM-1 on en-
dothelial cells, as well as the accumulation of hypoxia-induced adeno-
sine induced by tumor cells (Cheng et al., 2013, 2008; Hsieh et al.,
2015; Zu and Wang, 2014). Among various approaches used for bac-
terial cancer therapy, the most reliable method is the Bacteria-directed
enzyme prodrug therapy (BDEPT), which even succeeded to undergo
some clinical trials (ClinicalTrials.gov identifiers NCT01118819 and
NCT00006254). The purpose of this therapeutic approach is to over-
come the adverse side effects of bacterial therapies (Hsieh et al., 2015;
Lehouritis et al., 2013). It is based on harnessing a bacterial vector to
deliver a specific enzyme-encoding gene able to convert a non-toxic
prodrug into a toxic drug in the margin or inside of cancer cells
(Stritzker et al., 2008; Friedlos et al., 2008). BDEPT is a two-step
treatment: in the first step, the genetically engineered bacteria, which
act here as the delivery system (vector), are administrated to the patient
and specifically target the TME, where they are colonized and the gene
of the prodrug converting enzyme would be expressed. In the second
step, when the enzyme reaches an optimum level, the prodrug is ad-
ministrated which would then be converted to the active drug specifi-
cally within the TME. This approach, results in selective toxicity of the
therapeutic system, only for cancer cells.

The bacterium selected for this study was E. coli carrying pRSETB-
lux/βG plasmid which contains the β-glucuronidase (βG) enzyme en-
coding gene as the prodrug converting enzyme and also a cluster of
bacterial bioluminescent genes (luxCDABE gene cluster) for constitutive
bioluminescent emission (Cheng et al., 2008). E. coli is a component of
the natural flora in the gastrointestinal tract and can be controlled by
antibiotics if it became a pathogen. The level of βG enzyme in human’s
serum is very low, and therefore glucuronide prodrugs administrated
systemically cannot be activated by host enzymes (Renoux et al., 2017;
Tranoy-Opalinski et al., 2014; Yang et al., 2011). Glycyrrhizic acid (GL,
PubChem CID: 14982), is a glucuronide compound purified from Gly-
cyrrhiza glabra roots. This natural compound contains two glucuronic
acid groups covalently linked to the main structure of pentacyclic tri-
terpenoid (Fig. 1). In the presence of βG, the two glucuronide units are
removed from GL and it would be converted to its metabolically active
form, glycyrrhetinic acid (GA). The therapeutic effects of GA are about
200 times more powerful than GL (Lee et al., 2008; Stewart and

Prescott, 2009; Zhang et al., 2009). GL has a wide range of pharma-
cological effects, including anti-inflammatory, anti-cancer, anti-hy-
percholesterolemia, anesthetic, anti-ulcer, anti-diabetic, anti-allergic,
anti-viral and anti-Helicobacter pylori effects. GL has also been known as
expectorant, hepatoprotective against ulcers, useful in treatment of
viral hepatitis and myocarditis, Alzheimer's, rheumatoid arthritis,
wound healing, increasing blood pressure and modulating the immune
system (Li et al., 2011; Utsunomiya et al., 1997; Zhang et al., 2009).
Both the licorice extract and GL are approved as food additives by the
Food and Drug Administration (FDA) of the United States, the European
Union and also by the World Health Organization (WHO) (Lee et al.,
2008).

In the present study, the suitability of GL, as a natural and non-toxic
prodrug in combination with E. coli DH5α-lux/βG using BDEPT ap-
proach was evaluated in a mouse model of colon carcinoma.

2. Material and methods

2.1. Bacteria and plasmid

E. coli DH5α and pRSETB-lux/βG plasmid were kindly provided by
Dr. Tian-Lu Cheng (Kaohsiung Medical University, Taiwan). This con-
struct, contains the gene encoding beta-glucuronidase (βG), luxCDABE-
based bioluminescent reporter system, and the ampicillin resistant gene
as a selectable marker (Cheng et al., 2008). E. coli DH5α competent
cells were transformed with pRSETB-lux/βG and plasmid extraction
was carried out by miniprep method (Hanahan and Harbor, 1983).

2.2. Cell line and culture conditions

CT26 mouse colon carcinoma cells were purchased from Pasteur
Institute (Tehran, Iran) and cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Thermo Fisher Scientific, Germany) supple-
mented with 10% (v/v) Fetal Bovine Serum (FBS, Thermo Fisher
Scientific, Germany) at 37 °C and 5% CO2 in 97% atmosphere humidity
(Memmert, Germany). When required cells were passaged with 0.25%
trypsin and 1 mM EDTA (Thermo Fisher Scientific, Germany).

2.3. Prodrug preparation

Glycyrrhizic acid (glycyrrhizin, GL) white powder purified from li-
corice roots (Golexir Pars, Mashhad, Iran) was dissolved in sterile
deionized water and different concentrations of GL were prepared as
required.

2.4. Animals

6–8-week-old inbred Balb/c mice (body weights ranging from 20 to
25 g) were purchased from Royan Institute (Tehran, Iran). Mice were
kept and bred with free and unrestricted access to water and food in an
animal house at Ferdowsi University of Mashhad. Animal experiments
were performed in accordance with university guidelines. Protocols
were approved by the animal care and ethics committee.

2.5. Bioluminescent emission analysis

The intensity of bioluminescent emissions for E. coli DH5α and E.
coli DH5α-lux/βG (OD600 = 0.5) were measured in an FB12 Tube
Luminometer (Titertek-Berthold, Germany), and the units were ex-
pressed as relative luminescent emission per second (RLU/sec).

2.6. Anti-bacterial activity

To investigate if βG overexpression and conversion of GL to GA has
any anti-bacterial effects, both E. coli DH5α and E. coli DH5α-lux/βG
were treated by graded concentrations (29, 58, 117, 234, 468, 937,
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1875, 3750 and 7500 μM) of GL. Broth microdilution assay (Wiegand
et al., 2008) was used to determine the MIC50 values of GL. At first, both
bacteria were cultured to reach OD600 = 0.5 and the luminescent
emission was measured by the luminometer. In the next step, bacteria
were subdivided into triplicate and 5 × 105 cfu ml−1 were transferred
to each well of 96 well plates containing graded concentrations of GL
and incubated overnight at 37 °C and 120 rpm. Finally, the absorbance
of each well was determined using an ELISA reader (Awareness Tech-
nology, USA) at 630 nm wavelength.

2.7. In vitro prodrug activation

One of the most common methods for measuring cell survival is the
MTT assay. The basis of this method is on the ability of mitochondrial
enzymes of living cells to convert yellow tetrazolium salt (3- (4, 5- di-
methylthiazol- 2- yl) - 2, 5- diphenyl tetrazolium bromide) or MTT to
purple formazan crystals (Riss et al., 2016; van Meerloo et al., 2011).
CT26 cells (1 × 104 cells well−1) grown overnight in 96-well plates
were treated by graded concentrations of GL (23.43, 46.87, 93.75,
187.5, 375, 750, 1500 and 3000 μM), E. coli DH5α-lux/βG (2 × 107 cfu
well−1), GL accompanied by E. coli DH5α-lux/βG, GL accompanied by
E. coli DH5α and graded concentrations of cisplatin (10.41, 20.83,
41.66, 83.32, 166.65 and 333.3 μM) in media containing 25 μg ml−1

gentamycin, and subsequently incubated at 37 °C for 24 h. Cells were
then washed three times with phosphate-buffered saline (PBS, Sigma,
Germany) and incubated for an additional 24 h in fresh media con-
taining 25 μg ml−1 gentamycin to kill residual bacteria (Chen et al.,
2013; Cheng et al., 2013, 2008; Hsieh et al., 2015; Stritzker et al.,
2008). 20 μl MTT solution (5 mg ml−1, Sigma, Germany) was added to
wells and incubated at 37 °C for 4 h. The contents of wells were then
replaced with 150 μl dimethyl sulfoxide (DMSO, Merck, Germany) and
the absorbance of each well was measured at 545 nm.

2.8. E. coli DH5α-lux/βG homing in tumors and normal organs

4 days after bacteria infusion and also on day 22 after start point of
treatments, mice were sacrificed and tumor tissues (4 mice at each time
point) and some of the normal organs (3 mice at each time point), in-
cluding liver, spleen, kidneys, stomach, small intestine, and colon, were
excised under aseptic conditions, weighed and homogenized in sterile
LB medium (10% w/v).

2.8.1. Investigation of luminescent intensity
The luminescent emission rate of each homogenate suspension was

measured by the luminometer with 5 replications.

2.8.2. Quantitation and comparison of E. coli DH5α-lux/βG accumulation
in tumor and normal organs

Bacteria were counted by plating (in 10 μl volumes) serial dilutions
of homogenates onto LB-agar culture medium containing 100 μg ml−1

ampicillin and incubated overnight at 37 °C. The colony forming units
per mg of tissue were determined by counting bacterial colonies. A
visibly detected single colony arising from a single plated bacteria was
considered as a positive colony. The number of colonies was calculated
according to the following formula (Wang et al., 2011):

= × ×cfu/tissue cfu/0.01 ml dilution factor ml/tissue

Finally, colonies were inoculated in LB and after overnight in-
cubation at 37 °C, the bacterial luminescent emission was investigated.

2.9. In vivo anti-tumor therapy

CT26 cells (2 × 106 cells mouse-1) were injected subcutaneously in
the right flank of inbred male Balb/c mice. After 8–10 days, when
tumor volumes reached 100–300 mm3, mice were divided into six
groups (n = 3–5) including: PBS, E. coli DH5α-lux/βG, GL
(50 mg kg−1), GL (100 mg kg−1), E. coli DH5α-lux/βG and GL
(50 mg kg−1) and E. coli DH5α-lux/βG and GL (100 mg kg−1). Bacteria
were intravenously (tail vein) injected by a single dose of 4 × 107 cfu
mouse-1 at 4 days before starting treatments. PBS and GL (50 and
100 mg day−1) were intraperitoneally administrated daily for 20 days.
In order to investigate anti-cancer activity and side effects of the
treatments, the tumor size and the weight of mice in different groups
were measured using a digital caliper with a precision of 0.01 mm and a
digital scale with a precision of 0.01 g, respectively at specified inter-
vals (every 3 days, until day 22). The final volumes of tumor masses
were calculated according to the following formula (Cheng et al., 2008;
Hsieh et al., 2015):

= × × ×

Tumor volume (mm )

Length (mm) width (mm) height (mm) 0.5

3

2.10. Histopathological analysis of tumor tissues and normal organs

On day 22, animals were sacrificed and tumor, liver, and spleen
were dissected and fixed in 10% paraformaldehyde. Fixed tissues were
dehydrated in ethanol (Merck, Germany), embedded in paraffin
(Merck, Germany), and sectioned using a microtome (Leitz, USA). 5 μm
thickness sections were stained with hematoxylin and eosin (H&E) and
investigated by light microscopy (Olympus, Japan).

2.11. Statistical analyses

All data were analyzed statistically by GraphPad Prism 7.00 using
dose-response test and unpaired t-test. Values were expressed as
mean ± SD or SEM and p values ≤ 0.05 were considered as statisti-
cally significant.

Fig. 1. The chemical structures of glycyrrhizic acid (GL) and glycyrrhetinic acid (GA) and conversion of GL to GA by the gut bacteria after consumption of GL
containing foods or additives.
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3. Results

3.1. Investigating GL toxicity on bacteria

The main question which needed to be considered prior to the main
test was an evaluation of possible anti-bacterial effects of GL compound
on E. coli DH5α-lux/βG. The broth microdilution assay was used to
determine MIC50 values (minimum inhibitory concentration necessary
to prevent the growth of 50% of the bacterial population). To this aim,
after treatment of E. coli DH5α-lux/βG and E. coli DH5α with different
concentrations of GL, the MIC50 values of this compound for bacteria
were determined as 9500 and 90000 μM, respectively. Although use of
GL in combination with lux/βG was significantly (p ≤ 0.0001) more
toxic on bacteria, our data indicate that it did not have any significant
toxicity at concentrations less than 3000 μM on both bacteria (data not
shown). Thus, 3000 μM was considered as the highest concentration of
GL used for further in vitro experiments.

3.2. Activation of GL to GA by E. coli DH5α-lux/βG in vitro

To examine the effects of GL activation by E. coli DH5α-lux/βG on
cell survival, CT26 cells were treated with different concentrations of
GL, E. coli DH5α-lux/βG, GL accompanied by E. coli DH5α-lux/βG, GL
accompanied by E. coli DH5α and also various concentrations of cis-
platin. Results obtained from MTT assay showed a significant decrease
in cell viability after treatment of CT26 cells with different concentra-
tions of GL in combination with E. coli DH5α-lux/βG in comparison
with control groups (Fig. 2). The IC50 value for GL accompanied by E.
coli DH5α-lux/βG was determined as 210 μM which was comparable to
IC50 value observed for cisplatin (100 μM). Comparing these data with
the IC50 values obtained for GL in combination with E. coli DH5α
(1181 μM) and GL (1305 μM) shows that E. coli DH5α-lux/βG could
have efficiently converted GL to GA to inhibit the growth of CT26
tumor cells in vitro (Fig. 2). Treatment of cells with E. coli DH5α-lux/βG
alone showed no obvious cytotoxic effects on CT26 cells (data not
shown).

3.3. Homing of E. coli DH5α-lux/βG in tumors and normal organs

After intravenous injection of E. coli DH5α-lux/βG through the tail
vein of CT26 tumor-bearing mice, bacterial colonization in different
organs was measured at days 4 and 22. As shown in Fig. 3 luminescent
bacteria were specifically accumulated in tumor tissues, however, when
comparing their distribution in other organs, a much higher coloniza-
tion was observed in colon, although it was significantly less than

tumor tissue.

3.3.1. Investigation of bacterial colonization by colony counting method
After homogenate preparation of tumor tissue and normal organs,

each was serially diluted and cultured as triplicate on LB-agar plates
containing 100 μg ml−1 ampicillin. Fig. 4A shows colonies formed from
serial dilutions of the tumor, spleen, liver, and colon homogenates. The
number of colonies formed at different dilutions were in agreement
with luminescent results. As shown in Fig. 4B, results indicated specific
accumulation and even proliferation of E. coli DH5α-lux/βG in the
tumor tissue relative to liver, spleen, and colon normal organs.

3.4. In vivo anti-tumor therapy

CT26 tumor-bearing mice were randomly divided into 6 groups. E.
coli DH5α-lux/βG was injected intravenously at 4 days before starting
treatments, followed by daily administration of two doses of
50 mg kg−1 and 100 mg kg−1 of GL for 20 days. During the 20 days
period of treatments, changes in tumor volumes were studied every
3 days, until day 22 (Fig. 5A). Our results indicated that tumor volumes
significantly (p ≤ 0.001) decreased after treatment with GL in combi-
nation with E. coli DH5α-lux/βG as compared to other groups treated
with PBS, GL or E. coli DH5α-lux/βG (Fig. 5B). In order to evaluate the
side effects of these treatments in different groups, the weight of mice
was measured and recorded every 3 days and until day 22 (Fig. 5C).
Results indicated that there was no significant difference between the
PBS control group compared to other treated groups (Fig. 5D).

3.5. Histopathological analysis of tumor tissues and normal organs

H&E staining of tumor tissues obtained from mice treated with GL in
combination with E. coli DH5α-lux/βG showed increased numbers of
apoptotic cells as compared to tumor sections from other groups treated
with PBS, GL or E. coli DH5α-lux/βG (Fig. 6). In order to evaluate the
toxicity associated with the treated compounds, histopathological as-
sessment of the spleen and liver was also carried out using H&E
staining. The spleen and liver microstructure of PBS, GL or E. coli
DH5α-lux/βG and GL in combination with E. coli DH5α-lux/βG treat-
ment groups were normal.

4. Discussion

Despite the great advancements in diagnosis and treatment of

Fig. 2. In vitro activation of GL. Changes in survival rate of CT26 cells after
treatment with different concentrations of GL, GL accompanied by E. coli DH5α-
lux/βG, GL accompanied by E. coli DH5α and cisplatin. Data are mean ± SEM
of triplicate experiments for each concentration.

Fig. 3. The luminescent intensity of tumor and normal organs. Comparison of
luminescent intensity due to accumulation of E. coli DH5α-lux/βG in tumor (4
mice at each time point) and normal organs (3 mice at each time point) of mice
at days 4 and 22 after the start point of treatments. Data are mean ± SD of
luminescent emission, and *** and **** indicate significant differences at
p ≤ 0.001 and p ≤ 0.0001, respectively.
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cancer, the disease remains one of the leading causes of death in the
world, and the number of people suffering from it, is steadily increasing
(WHO, 2019). Colorectal cancer (CRC) ranks third in terms of incidence
but second in terms of mortality (Bray et al., 2018). Conventional
therapies including surgery, radiotherapy and chemotherapy currently
used for colorectal cancer, suffer from some drawbacks including ac-
quired resistance in patients with advanced tumors (Khan et al., 2013).
Therefore, it is important to find new, targeted and alternative ther-
apeutic methods that have the desired effects with the least side effects.
Since William Coley, for the first time, successfully provided a docu-
ment on bacterial efficacy in the treatment of highly advanced cancers
(Nauts et al., 1953; Richardson et al., 1999), many studies have been
conducted to increase bacterial efficacy for cancer treatment. With this
approach, in recent decades many studies have been performed to
produce non-toxic genetically modified bacteria to be used in combi-
nation with specific prodrugs for targeted cancer therapy (Zu & Wang,
2014). Bacterial therapy of cancer has unique advantages compared to
other therapeutic methods; genetically engineered bacteria can speci-
fically target tumor cells with less side effects (Chen et al., 2013).

Among different bacterial therapies, one of the most trusted methods is
Bacteria-directed enzyme prodrug therapy (BDEPT), which is an
emerging form of treatment for cancer. BDEPT combines the innate
ability of bacteria to selectively proliferate in tumors, with the capacity
of prodrugs to be converted into active metabolites in vivo. Although
BDEPT has undergone clinical trials, it still needs to achieve regulatory
approvals before clinical use (Stritzker et al., 2008; Valencakova,
2016).

In present study, therapeutic efficacy of BDEPT approach based on
the ability of E. coli DH5α-lux/βG in specific conversion of glycyrrhizic
acid (GL) to glycyrrhetinic acid (GA) only in TME was evaluated. Anti-
bacterial activity of GL was first investigated using broth microdilution
assay. After determining the ineffectiveness of this compound in de-
creasing the growth rate of E. coli DH5α-lux/βG, the IC50 value related
to the conversion of GL (prodrug) to GA (active drug) by E. coli DH5α-
lux/βG was evaluated in vitro using MTT assay. The results indicated
that growth of CT26 colon carcinoma cells was inhibited by GL ac-
companied by E. coli DH5α-lux/βG. In addition, after tumor induction
in Balb/c mice through subcutaneous injection of CT26 cells, bacterial

Fig. 4. Homing analysis of E. coli DH5α-lux/βG in tumors and normal organs. (A) Colonies formed from serial dilutions of the tumor, liver, spleen, and colon
homogenates onto LB-agar plates. (B) Comparison of E. coli DH5α-lux/βG accumulation in tumor (4 mice at each time point) and normal organs (3 mice at each time
point) of mice as measured at days 4 and 22 after injection. Data are the number of bacterial colonies per gram of organs ± SD. **** indicates significant differences
at p ≤ 0.0001.
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colonization in mouse and anti-cancer effects of various treatments
were investigated in control and test groups. The results of this section
indicate the specific accumulation and even reproduction of the bac-
teria in the tumor tissue and their effective clearance from normal or-
gans. In vivo imaging of tumor-bearing mice after i.v. injection of E. coli
DH5α-lux/βG also demonstrated specific localization of bacteria in
tumors irrelative of tumor type and immune status of the mice (Hsieh
et al., 2015). The luminescent intensity as a marker for bacterial
abundance decreased significantly in all organs at day 22 after injection
which confirms the bacterial clearance by immune system in normal
organs. However, the intensity of luminescent at days 4 and 22 after
injection of bacteria remained overloaded, indicating the sustained
presence of bacteria in the tumor tissue. The results of colony counting
confirmed the luminescent results. Meanwhile, in both spleen and
kidney organs, the number of bacteria at day 22 increased compared to
day 4. Given the fact that these organs are responsible for cleansing
blood infections, justifies this observation (Abbas et al., 2018). This
prolonged accumulation of bacteria in the tumor tissue versus clearance
from the normal organs allows repeated administration of prodrugs
following only one initial injection of the bacteria. The in vivo results
indicated the efficacy of BDEPT approach in mice bearing colon carci-
noma as compared to the control PBS treated group. This suggests the
therapeutic effects of E. coli DH5α-lux/βG and GL compound in BDEPT.
In explaining the anti-cancer effects observed for bacteria in mono-
therapy, it should be noted that some bacteria can also kill cancer cells
by competing for food or secreting certain toxic metabolites (Cheng
et al., 2008; Hsieh et al., 2015). The anti-cancer effects of GL mono-
therapy were also reported by Zhang et al., in CRC. In their study, the

anti-proliferative effects of GL were induced through inhibition of 11 β-
hydroxysteroid dehydrogenase type 2 (11β-HSD2) enzyme (Zhang
et al., 2009). Nevertheless, when the bacteria and GL compound were
co-administrated, tumor growth was more significantly reduced com-
pared to monotherapy groups. However, increasing GL concentration
did not improve the therapeutic index. Considering the optimal accu-
mulation of E. coli DH5α-lux/βG in the tumor tissue, this may be due to
two reasons; first, angiogenesis heterogeneity within the tumor can
affect GL accumulation, the second reason might be saturation of βG
enzyme which is produced in periplasmic space. Accordingly, in the
study of Cheng et al., when βG enzyme was expressed on the surface of
E. coli by fusion to the bacterial autotransporter protein Adhesin, it
increased enzyme activity and the prodrug conversion rate about 2.6-
fold higher than that of the βG enzyme in the periplasmic space of the
bacteria (Cheng et al., 2013). Moreover, the side effects of these
treatments were assessed by analyzing weight loss and histopatholo-
gical studies. Comparing body weight in different groups indicated no
significant differences compared to control groups, which is in agree-
ment with previous reports (Cheng et al., 2008; Hsieh et al., 2015).

4.1. The rationale of the present study

In this study, E. coli was selected as a carrier for delivering βG into
tumor tissue. As compared with Salmonella typhimurium, which was
studied in a human clinical trial (Nemunaitis et al., 2003), E. coli has a
much higher ability to home into tumors. E. coli can selectively colonize
in solid tumors, providing high tumor/normal tissue colonization ratios
(Hsieh et al., 2015; Stritzker et al., 2008; Westphal et al., 2008; Zhang

Fig. 5. In vivo anti-tumor therapy. (A) Tumor volume changes in different groups during the 20-day treatment course. The measurements were carried out every
3 days, until day 22. Data represent mean ± SEM. (B) Comparison of tumor volumes in different groups of mice at day 22 of treatments. Data are mean ± SD. ns
indicates non-significant, and *** and **** indicate significant differences at p ≤ 0.001 and p ≤ 0.0001, respectively. (C) Weight changes in mice after 20 days of
various treatments. Animals were weighed every 3 days, until day 22. Data are shown as mean ± SEM. (D) Comparison of the mean weight of the mice in different
groups at day 22. Data are mean ± SD and ns indicates non-significant.
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et al., 2010). In agreement with these studies, we observed tumor: liver
and tumor: spleen bacterial ratios of 3.7 × 105: 1 and 1.8 × 106: 1,
respectively at four days after i.v. injection of E. coli into mice. While,
the ratio of accumulation in the tumor: liver and tumor: spleen of
Salmonella was shown to be between 100 and 1000: 1 in mice
(Clairmont et al., 2002; Pawelek et al., 1997). This makes E. coli a
preferred candidate for subsequent clinical trials. In addition, unlike
other delivery systems such as liposomes, antibodies, or defective
viruses, bacteria can replicate in tumor tissues. These two main ad-
vantages of using E. coli as a delivery system, along with the fact that
DH5α strain does not produce endotoxins, as well as the presence of

specific transporters for glucuronide compounds in this bacterium
(Cheng et al., 2008; Hsieh et al., 2015), were the reasons for harnessing
E. coli DH5α-lux/βG in the present study.

On the other hand, the optimum activity of human β-glucuronidase
(βG) is at pH = 4.5, which is why the enzyme is located in lysosomes
and cellular microsomes in general. Contrary to this, the optimal ac-
tivity of the bacterial βG is at pH = 7 and the enzyme is located in the
periplasmic space of the bacterium. Since the pH in the interstitial space
of the tumor cells (the TME) is about 7, makes it an optimal micro-
environment for the activity of bacterial enzyme rather than its human
type (Zhang et al., 2010; Engin et al., 1995; Ho et al., 1985).

Fig. 6. Histopathological analysis of tumor tissues and normal organs by H&E staining. Photomicrographs of tumor cross sections in different groups treated with (A)
PBS, (B) E. coli DH5α-lux/βG, (C) 50 mg kg−1 GL, (D) 100 mg kg−1 GL, (E) E. coli DH5α-lux/βG and 50 mg kg−1 GL and (F) E. coli DH5α-lux/βG and 100 mg kg−1

GL. Apoptotic cells with pyknotic nuclei (Hou et al., 2016; Arghiani et al., 2014) are observed in E. coli DH5α-lux/βG and 50 mg kg−1 GL and E. coli DH5α-lux/βG
and 100 mg kg−1 GL treated groups. H&E stained photomicrographs of spleen sections in (G) PBS group, after administration of (H) E. coli DH5α-lux/βG, (I)
50 mg kg−1 GL, (J) 100 mg kg−1 GL, (K) E. coli DH5α-lux/βG and 50 mg kg−1 GL, (L) E. coli DH5α-lux/βG and 100 mg kg−1 GL. No obvious pathological damage
could be observed in the spleens of treated groups. Histopathological changes in cross sections of livers after administration of various compounds in (M) PBS group,
after administration of (N) E. coli DH5α-lux/βG, (O) 50 mg kg−1 GL, (P) 100 mg kg−1 GL, (Q) E. coli DH5α-lux/βG and 50 mg kg−1 GL, (R) E. coli DH5α-lux/βG and
100 mg kg−1 GL. Normal hepatocytes indicate the safety of various treatments in the livers of mice in different groups.
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Glucuronide precursors such as GL, are charged at physiological pH.
This prevents these compounds from passing through the membrane of
mammalian cells and thus prevents them from activating by cyto-
plasmic or lysosomal enzymes within host cells (Cheng et al., 2013,
2008; Aldridge et al., 1985). Given that GL compound is a natural
substance and its anti-inflammatory and anti-cancer properties have
been proven already (Roohbakhsh et al., 2016; Zhang et al., 2009) and,
on the other hand E. coli, has specific transporters for glucuronide
compounds on its membrane, it was hypothesized that simultaneous
application of GL as a prodrug and E. coli as a concomitant delivery and
converting system would be beneficial in BDEPT.

Most colorectal cancers are adenocarcinoma and often begin with
lesions called polyps (National Cancer Institute, 2019). Studies have
shown that prostaglandin E2 (PGE2) derived from cyclooxygenase 2
(COX-2) enzyme pathway plays a very important role in the progression
of colorectal cancer, and both selective and non-selective COX-2 in-
hibitors reduce the number and size of polyps (Stewart and Prescott,
2009). The expression of the 11β-HSD2 enzyme which converts acti-
vated glucocorticoids to inactive ketone forms increased in human and
mouse colon adenomas, and this is correlated with the COX-2 gene
overexpression and the increased activity of the COX-2 enzyme (Zhang
et al., 2009). Pharmacologic inhibition or gene silencing of 11β-HSD2
lead to reduced production of PGE2 in tumor tissues and prevents the
formation of adenomas, tumor growth and metastasis in mice (Stewart
and Prescott, 2009). Therefore, inhibiting the 11β-HSD2 enzyme could
be the same achievement as a new approach to chemoprevention and
targeted treatment of colorectal cancer, through increasing the gluco-
corticoid activity of the tumor and controlling the local activity of COX-
2.

GL blocks the conversion of active cortisol to inactive cortisone via
suppression of the COX-2–mediated signaling pathway through in-
hibition of 11β-HSD2, reduces tumor COX-2 activity, tumor growth,
and metastasis. GA is 200–1000 times more active than GL, which
means it is a more potent inhibitor for 11β-HSD2 enzyme. Controlling
this enzyme by GA, as already mentioned, inhibits the expression of
COX-2 in a regulated manner and suppresses colon carcinogenesis
(Stewart and Prescott, 2009; Zhang et al., 2009). Overall, our results
suggest that this BDEPT system can specifically target tumor cells,
significantly delay tumor growth and exert anti-tumor effects, while it
has no toxicity on the normal spleen and liver organs. However, future
studies measuring activated drug concentrations in tumors and serum

will be important to confirm these results.

5. Conclusion

In summary, we demonstrated that the light-emitting and βG-ex-
pressing E. coli DH5α-lux/βG could specifically activate GL to GA in
vitro and replicate and accumulate in tumors in vivo. Combination
treatment with E. coli DH5α-lux/βG and GL significantly suppressed
tumor growth with minimal toxicity in comparison to therapy with
bacteria or prodrug monotherapy. Our data suggest new criteria for
expressing prodrug-activating enzymes from conditionally replicating
bacteria to allow the development of new tumor-specific herbal phar-
macotherapy protocols.

6. Ethics approval and consent to participate

This study was authorized by the Animal Care and Ethics Committee
of Ferdowsi University of Mashhad (Code of ethics:
IR.UM.REC.1398.146).

7. Availability of data and materials

All data analyzed during current study are included in this pub-
lished article. Further details could be available upon reasonable re-
quest.

Funding

This study was supported by a grant (no. 3/43307) from Ferdowsi
University of Mashhad.

CRediT authorship contribution statement

Amin Afkhami-Poostchi: Conceptualization, Investigation,
Visualization, Methodology, Writing - original draft. Mansour
Mashreghi: Methodology, Validation. Mehrdad Iranshahi:
Methodology, Validation. Maryam M. Matin: Conceptualization,
Methodology, Validation, Resources, Supervision, Project administra-
tion, Funding acquisition, Writing - review & editing.

Fig. 6. (continued)

A. Afkhami-Poostchi, et al. International Journal of Pharmaceutics 579 (2020) 119159

8



Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

Authors appreciate Dr. Tian-Lu Cheng (Kaohsiung Medical
University, Taiwan) for kindly providing E. coli DH5α and pRSETB-lux/
βG plasmid and Dr. Noroozpour Pathobiology Laboratory (Mashhad,
Iran) for their great help in pathological studies.

References

Abbas, A.K., Lichtman, A.H., Pillai, S., 2018. Cellular and Molecular Immunology, eighth
ed. Elsevier, Amsterdam, Netherlands.

Aldridge, B.E., Bruner, L.J., 1985. Pressure effects on mechanisms of charge transport
across bilayer membranes. BBA 1985 (817), 343–354. https://doi.org/10.1016/
0005-2736(85)90037-9.

Arghiani, N., Matin, M.M., Bahrami, A.R., Iranshahi, M., Sazgarnia, A., Rassouli, F.B.,
2014. Investigating anticancer properties of the sesquiterpene ferutinin on colon
carcinoma cells, in vitro and in vivo. Life Sci. 109 (2), 87–94. https://doi.org/10.
1016/j.lfs.2014.06.006.

Bray, F., Ferlay, J., Soerjomataram, I., 2018. Global Cancer Statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J. Clin. 68, 394–424. https://doi.org/10.3322/caac.21492.

Chen, G., Tang, B., Yang, B.Y., Chen, J.X., Zhou, J.H., Li, J.H., et al., 2013. Tumor-tar-
geting Salmonella typhimurium, a natural tool for activation of prodrug 6MePdR and
their combination therapy in murine melanoma model. Appl. Microbiol. Biotechnol.
97 (10), 4393–4401. https://doi.org/10.1007/s00253-012-4321-8.

Cheng, C.M., Chen, F.M., Lu, Y.L., Tzou, S.C., Wang, J.Y., Kao, C.H., et al., 2013.
Expression of β-glucuronidase on the surface of bacteria enhances activation of
glucuronide prodrugs. Cancer Gene Ther. 20, 276–281. https://doi.org/10.1038/cgt.
2013.17.

Cheng, C.M., Lu, Y.L., Chuang, K.H., Hung, W.C., Shiea, J., Su, Y.C., et al., 2008. Tumor-
targeting prodrug-activating bacteria for cancer therapy. Cancer Gene Ther. 15 (6),
393–401. https://doi.org/10.1038/cgt.2008.10.

Clairmont, C., Lee, K.C., Pike, J., Ittensohn, M., Low, K.B., Pawelek, J., et al., 2002.
Biodistribution and genetic stability of the novel antitumor agent VNP20009, a ge-
netically modified strain of Salmonella typhimurium. J. Infect. Dis. 181 (6),
1996–2002. https://doi.org/10.1086/315497.

Engin, K., Leeper, D.B., Cater, J.R., Thistlethwaite, A.J., Tupchong, L., McFarlane, J.D.,
1995. Extracellular pH distribution in human tumours. Int. J. Hyperth. 11, 211–216.
https://doi.org/10.3109/02656739509022457.

Friedlos, F., Lehouritis, P., Ogilvie, L., Hedley, D., Davies, L., Bermudes, D., et al., 2008.
Attenuated Salmonella targets prodrug activating enzyme carboxypeptidase G2 to
mouse melanoma and human breast and colon carcinomas for effective suicide gene
therapy. Clin. Cancer Res. 14 (13), 4259–4266. https://doi.org/10.1158/1078-0432.
CCR-07-4800.

Hanahan, D., Harbor, C.S., 1983. Studies on transformation of Escherichia coli with
plasmids. J. Mol. Biol. 166, 557–580. https://doi.org/10.1016/S0022-2836(83)
80284-8.

Ho, Y.C., Ho, K.J., 1985. Differential quantitation of urinary beta-glucuronidase of human
and bacterial origins. J. Urol. 134, 1227–1230. https://doi.org/10.1016/s0022-
5347(17)47700-7.

Hou, L., Liu, K., Li, Y., Ma, S., Ji, X., Liu, L., 2016. Necrotic pyknosis is a morphologically
and biochemically distinct event from apoptotic pyknosis. J. Cell Sci. 129 (16),
3084–3090. https://doi.org/10.1242/jcs.184374.

Hsieh, Y.T., Chen, K.C., Cheng, C.M., Cheng, T.L., Tao, M.H., Roffler, S.R., 2015.
Impediments to enhancement of CPT-11 anticancer activity by E. coli directed beta-
glucuronidase therapy. PLoS ONE 10 (2), 1–23. https://doi.org/10.1371/journal.
pone.0118028.

Huang, B., Zhao, J., Shen, S., Li, H., He, K.L., Shen, G.X., et al., 2007. Listeria mono-
cytogenes promotes tumor growth via tumor cell toll-like receptor 2 signaling. Cancer
Res. 67 (9), 4346–4352. https://doi.org/10.1158/0008-5472.CAN-06-4067.

Khan, R., Khan, A.Q., Lateef, A., Rehman, M.U., Tahir, M., Ali, F., et al., 2013.
Glycyrrhizic acid suppresses the development of precancerous lesions via regulating
the hyperproliferation, inflammation, angiogenesis and apoptosis in the colon of
Wistar rats. PLoS ONE 8 (2), 1–22. https://doi.org/10.1371/journal.pone.0056020.

King, I., Itterson, M., Bermudes, D., Prakash, A., Medhi, B., Das, B., et al., 2009. Tumor-
targeted Salmonella typhimurium overexpressing cytosine deaminase: a novel, tumor-
selective therapy. J. Biomed. Sci. 17: 1, 542(A), 649–659. https://doi.org/10.1007/
978-1-59745-561-9_33.

Lee, C.K., Son, S.H., Park, K.K., Park, J.H.Y., Lim, S.S., Kim, S.H., et al., 2008.
Licochalcone a inhibits the growth of colon carcinoma and attenuates cisplatin-in-
duced toxicity without a loss of chemotherapeutic efficacy in mice. Basic Clin.
Pharmacol. Toxicol. 103 (1), 48–54. https://doi.org/10.1111/j.1742-7843.2008.
00238.x.

Lehouritis, P., Springer, C., Tangney, M., 2013. Bacterial-directed enzyme prodrug

therapy. J. Control. Release 170 (1), 120–131. https://doi.org/10.1016/j.jconrel.
2013.05.005.

Li, X.L., Zhou, A.G., Zhang, L., Chen, W.J., 2011. Antioxidant status and immune activity
of glycyrrhizin in allergic rhinitis mice. Int. J. Mol. Sci. 12 (2), 905–916. https://doi.
org/10.3390/ijms12020905.

National Cancer Institute, 2019. Retrieved July 28, 2019, from https://www.cancer.gov/
types/colorectal.

Nauts, H.C., Fowler, G.A., Bogatko, F.H., 1953. A review of the influence of bacterial
infection and of bacterial products (Coley’s toxins) on malignant tumors in man; a
critical analysis of 30 inoperable cases treated by Coley’s mixed toxins, in which
diagnosis was confirmed by microscopic examination selected for special study. Acta
Medica Scandinavica. Supplementum 276, 1–103.

NCCN, 2019. Retrieved July 28, 2019, from https://www.nccn.org/professionals/
physician_gls/default.aspx.

Nemunaitis, J., Cunningham, C., Senzer, N., Kuhn, J., Cramm, J., Litz, C., et al., 2003.
Pilot trial of genetically modified, attenuated Salmonella expressing the E. coli cyto-
sine deaminase gene in refractory cancer patients. Cancer Gene Ther. 10 (10),
737–744. https://doi.org/10.1038/sj.cgt.7700634.

Patyar, S., Joshi, R., Byrav, D.P., Prakash, A., Medhi, B., Das, B., 2010. Bacteria in cancer
therapy: a novel experimental strategy. J. Biomed. Sci. 17 (1), 21. https://doi.org/10.
1186/1423-0127-17-21.

Pawelek, J.M., Low, K.B., Bermudes, D., 1997. Tumor-targeted Salmonella as a novel anti-
melanoma vector. Melanoma Res. 7 (Supplement 1), S141. https://doi.org/10.1097/
00008390-199706001-00491.

Quispe-Tintaya, W., Chandra, D., Jahangir, A., Harris, M., Casadevall, A., Dadachova, E.,
et al., 2013. Nontoxic radioactive Listeriaat is a highly effective therapy against me-
tastatic pancreatic cancer. Proc. Natl. Acad. Sci. U.S.A 110 (21), 8668–8673. https://
doi.org/10.1073/pnas.1211287110.

Renoux, B., Raes, F., Legigan, T., Péraudeau, E., Eddhif, B., Poinot, P., et al., 2017.
Targeting the tumour microenvironment with an enzyme-responsive drug delivery
system for the efficient therapy of breast and pancreatic cancers. Chem. Sci. 8 (5),
3427–3433. https://doi.org/10.1039/C7SC00472A.

Richardson, M.A., Ramirez, T., Russell, N.C., Moye, L.A., 1999. Coley toxins im-
munotherapy: a retrospective review. Altern. Ther. Health Med. 5 (3), 42–47.

Riss, T.L., Moravec, R.A., Niles, A.L., Duellman, S., Benink, H.A., Worzella, T.J., et al.,
2016. Cell viability assays. New in Assay Guidance Manual 1–31.

Roohbakhsh, A., Iranshahy, M., Iranshahi, M., 2016. Glycyrrhetinic acid and its deriva-
tives: anti-cancer and cancer chemopreventive properties, mechanisms of action and
structure- cytotoxic activity relationship. Curr. Med. Chem. 23 (5), 498–517. https://
doi.org/10.2174/0929867323666160112122256.

Stewart, P.M., Prescott, S.M., 2009. Can licorice lick colon cancer? J. Clin. Invest. 119 (4),
760–763. https://doi.org/10.1172/JCI38936.

Stritzker, J., Pilgrim, S., Szalay, A.A., Goebel, W., 2008. Prodrug converting enzyme gene
delivery by L. monocytogenes. BMC Cancer 8, 94–103. https://doi.org/10.1186/1471-
2407-8-94.

Tranoy-Opalinski, I., Legigan, T., Barat, R., Clarhaut, J., Thomas, M., Renoux, B., et al.,
2014. β-Glucuronidase-responsive prodrugs for selective cancer chemotherapy: an
update. Eur. J. Med. Chem. 74, 302–313. https://doi.org/10.1016/j.ejmech.2013.12.
045.

Utsunomiya, T., Kobayashi, M., Pollard, R.B., Suzuki, F., 1997. Glycyrrhizin, an active
component of licorice roots, reduces morbidity and mortality of mice infected with
lethal doses of influenza virus. Antimicrob. Agents Chemother. 41 (3), 551–556.

Valencakova, A., Dziakova, A., Hatalova, E., 2016. Oncolytic activity of bacteria used in
cancerous disease gene therapy. Global J. Med. Res. 16 (3), 26–31.

van Meerloo, J., Kaspers, G.J.L., Cloos, J., 2011. Cell sensitivity assays: The MTT assay. In:
Cree, I. (Ed.), Cancer Cell Culture. Methods in Molecular Biology (Methods and
Protocols), second ed. Humana Press, pp. 237–245.

Wang, N., Strugnell, R., Wijburg, O., Brodnicki, T., 2011. Measuring bacterial load and
immune responses in mice infected with Listeria monocytogenes. J. Vis. Exp. 54, 1–10.
https://doi.org/10.3791/3076.

Westphal, K., Leschner, S., Jablonska, J., Loessner, H., Weiss, S., 2008. Containment of
tumor-colonizing bacteria by host neutrophils. Cancer Res. 68 (8), 2952–2960.
https://doi.org/10.1158/0008-5472.CAN-07-2984.

WHO, 2019. Retrieved July 28, 2019, from https://www.who.int/en/news-room/fact-
sheets/detail/cancer.

Wiegand, I., Hilpert, K., Hancock, R.E.W., 2008. Agar and broth dilution methods to
determine the minimal inhibitory concentration (MIC) of antimicrobial substances.
Nat. Protoc. 3 (2), 163–175. https://doi.org/10.1038/nprot.2007.521.

Yang, Y., Aloysius, H., Inoyama, D., Chen, Y., Hu, L., 2011. Enzyme-mediated hydrolytic
activation of prodrugs. Acta Pharm. Sin. B. 1 (3), 143–159. https://doi.org/10.1016/
j.apsb.2011.08.001.

Zhang, H.Y., Man, J.H., Liang, B., Zhou, T., Wang, C.H., Li, T., et al., 2010a. Tumor-
targeted delivery of biologically active TRAIL protein. Cancer Gene Ther. 17 (5),
334–343. https://doi.org/10.1038/cgt.2009.76.

Zhang, M.Z., Xu, J., Yao, B., Yin, H., Cai, Q., Shrubsole, M.J., et al., 2009. Inhibition of
11β-hydroxysteroid dehydrogenase type II selectively blocks the tumor COX-2
pathway and suppresses colon carcinogenesis in mice and humans. J. Clin. Invest.
119 (4), 876–885. https://doi.org/10.1172/JCI37398.

Zhang, X., Lin, Y., Gillies, R.J., 2010b. Tumor pH and its measurement. J. Nucl. Med. 51,
1167–1170. https://doi.org/10.2967/jnumed.109.068981.

Zu, C., Wang, J., 2014. Tumor-colonizing bacteria: a potential tumor targeting therapy.
Crit. Rev. Microbiol. 40 (3), 225–235. https://doi.org/10.3109/1040841X.2013.
776511.

A. Afkhami-Poostchi, et al. International Journal of Pharmaceutics 579 (2020) 119159

9

http://refhub.elsevier.com/S0378-5173(20)30143-5/h0005
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0005
https://doi.org/10.1016/0005-2736(85)90037-9
https://doi.org/10.1016/0005-2736(85)90037-9
https://doi.org/10.1016/j.lfs.2014.06.006
https://doi.org/10.1016/j.lfs.2014.06.006
https://doi.org/10.3322/caac.21492
https://doi.org/10.1007/s00253-012-4321-8
https://doi.org/10.1038/cgt.2013.17
https://doi.org/10.1038/cgt.2013.17
https://doi.org/10.1038/cgt.2008.10
https://doi.org/10.1086/315497
https://doi.org/10.3109/02656739509022457
https://doi.org/10.1158/1078-0432.CCR-07-4800
https://doi.org/10.1158/1078-0432.CCR-07-4800
https://doi.org/10.1016/S0022-2836(83)80284-8
https://doi.org/10.1016/S0022-2836(83)80284-8
https://doi.org/10.1016/s0022-5347(17)47700-7
https://doi.org/10.1016/s0022-5347(17)47700-7
https://doi.org/10.1242/jcs.184374
https://doi.org/10.1371/journal.pone.0118028
https://doi.org/10.1371/journal.pone.0118028
https://doi.org/10.1158/0008-5472.CAN-06-4067
https://doi.org/10.1371/journal.pone.0056020
https://doi.org/10.1007/978-1-59745-561-9_33
https://doi.org/10.1007/978-1-59745-561-9_33
https://doi.org/10.1111/j.1742-7843.2008.00238.x
https://doi.org/10.1111/j.1742-7843.2008.00238.x
https://doi.org/10.1016/j.jconrel.2013.05.005
https://doi.org/10.1016/j.jconrel.2013.05.005
https://doi.org/10.3390/ijms12020905
https://doi.org/10.3390/ijms12020905
https://www.cancer.gov/types/colorectal
https://www.cancer.gov/types/colorectal
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0115
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0115
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0115
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0115
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0115
https://www.nccn.org/professionals/physician_gls/default.aspx
https://www.nccn.org/professionals/physician_gls/default.aspx
https://doi.org/10.1038/sj.cgt.7700634
https://doi.org/10.1186/1423-0127-17-21
https://doi.org/10.1186/1423-0127-17-21
https://doi.org/10.1097/00008390-199706001-00491
https://doi.org/10.1097/00008390-199706001-00491
https://doi.org/10.1073/pnas.1211287110
https://doi.org/10.1073/pnas.1211287110
https://doi.org/10.1039/C7SC00472A
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0150
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0150
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0155
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0155
https://doi.org/10.2174/0929867323666160112122256
https://doi.org/10.2174/0929867323666160112122256
https://doi.org/10.1172/JCI38936
https://doi.org/10.1186/1471-2407-8-94
https://doi.org/10.1186/1471-2407-8-94
https://doi.org/10.1016/j.ejmech.2013.12.045
https://doi.org/10.1016/j.ejmech.2013.12.045
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0180
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0180
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0180
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0185
http://refhub.elsevier.com/S0378-5173(20)30143-5/h0185
http://refhub.elsevier.com/S0378-5173(20)30143-5/optBoZ2zYbWrq
http://refhub.elsevier.com/S0378-5173(20)30143-5/optBoZ2zYbWrq
http://refhub.elsevier.com/S0378-5173(20)30143-5/optBoZ2zYbWrq
https://doi.org/10.3791/3076
https://doi.org/10.1158/0008-5472.CAN-07-2984
https://www.who.int/en/news-room/fact-sheets/detail/cancer
https://www.who.int/en/news-room/fact-sheets/detail/cancer
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1016/j.apsb.2011.08.001
https://doi.org/10.1016/j.apsb.2011.08.001
https://doi.org/10.1038/cgt.2009.76
https://doi.org/10.1172/JCI37398
https://doi.org/10.2967/jnumed.109.068981
https://doi.org/10.3109/1040841X.2013.776511
https://doi.org/10.3109/1040841X.2013.776511

	Use of a genetically engineered E. coli overexpressing β-glucuronidase accompanied by glycyrrhizic acid, a natural and anti-inflammatory agent, for directed treatment of colon carcinoma in a mouse model
	Introduction
	Material and methods
	Bacteria and plasmid
	Cell line and culture conditions
	Prodrug preparation
	Animals
	Bioluminescent emission analysis
	Anti-bacterial activity
	In vitro prodrug activation
	E. coli DH5α-lux/βG homing in tumors and normal organs
	Investigation of luminescent intensity
	Quantitation and comparison of E. coli DH5α-lux/βG accumulation in tumor and normal organs

	In vivo anti-tumor therapy
	Histopathological analysis of tumor tissues and normal organs
	Statistical analyses

	Results
	Investigating GL toxicity on bacteria
	Activation of GL to GA by E. coli DH5α-lux/βG in vitro
	Homing of E. coli DH5α-lux/βG in tumors and normal organs
	Investigation of bacterial colonization by colony counting method

	In vivo anti-tumor therapy
	Histopathological analysis of tumor tissues and normal organs

	Discussion
	The rationale of the present study

	Conclusion
	Ethics approval and consent to participate
	Availability of data and materials
	Funding
	CRediT authorship contribution statement
	mk:H1_30
	Acknowledgments
	References




