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A B S T R A C T

Fosfomycin residues are found in the egg following administration in the layer hen. In this regard, some aspects
of embryo-toxicity of fosfomycin have been documented previously. The exact mechanism by which fosfomycin
causes embryo-toxicity is not clearly understood. We hypothesis that fosfomycin may alter vasculature as well as
normal expression of genes, which are associated with vascular development. Therefore, the present study aimed
to address these issues through in silico and in vivo investigations. At first, embryo-toxicity and anti-angiogenic
effects of fosfomycin were tested using computerized programs. After that, fertile chicken eggs were treated with
fosfomycin and chorioallantoic membrane vasculature was assessed through morphometric, molecular and
histopathological assays. The results showed that fosfomycin not only interacted with VEGF-A protein and
promoter, but also altered embryonic vasculature and decreased expression level of VEGF-A. Reticulin staining
of treated group was also confirmed decreased vasculature. The minor groove of DNA was the preferential
binding site for fosfomycin with its selective binding to GC-rich sequences. We suggested that the affinity of
fosfomycin for VEGF-A protein and promoter as well as alteration of the angiogenic signaling pathway may
cause vascular damage during embryonic growth. Hence, veterinarians should be aware of such effects and limit
the use of this drug during the developmental stages of the embryo, particularly in breeder farms. Considering
the anti-angiogenic activity and sequence selectivity of fosfomycin, a major advantage that seems to be very
promising is the fact that it is possible to achieve a sequence-selective binding drug for cancer.

1. Introduction

The normal growth of the avian embryo inside the egg is linked with
the normal development of the vascular plexus. Administration of some
drugs in breeder poultry flocks may alter embryonic growth and cause
teratogenic effects [1]. It is imperative to consider that the genesis and
expansion of the vascular plexus are associated with various mechan-
isms and pathways. Regular expression of angiogenic-regulating gene
such as Vascular Endothelial Growth Factor A (VEGF-A) is one of the
most important mechanism involved in the development of vascular
plexus. VEGF-A is produced by mesenchymal tissues and binds to tyr-
osine kinase receptors such as VEGF-R1, -R2 and -R3 [2–4].

Bacterial pathogens can cause a variety of diseases in chicken farms,
particularly in breeders, and are responsible for significant worldwide
economic losses. Methods for management and controlling bacterial
diseases in poultry include good biosecurity practices, immunization
strategies and certain medicinal treatments. Although a great deal of
research effort has been focused on developing non-medicinal strategies
for bacterial diseases, antibiotics have remained the major means of
control in many countries [5].

Fosfomycin (FO) is a bactericidal antibiotic, which is widely used in
poultry production in various regions across the globe such as South
and Central America and Asia. Fosfomycin has the smallest molecular
mass of all antibiotics. It is a phosphonic acid derivative which
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possesses broad spectrum activity against gram-negative and gram-
positive bacteria.

Since the embryo-toxicity of drugs is of great concern, some aspects
of FO toxicity have been previously assessed in several researches
[6–11]. It is well established that following administration in laying
hens, FO residues are found in the eggs [12]. Various factors have been
associated with the toxicity of FO, but the exact mechanism by which
FO possesses embryo-toxicity is not yet clearly understood.

One of the most important mechanisms influencing the normal
growth of the embryo is angiogenesis [13–15]. Hence, we hypothesized
that FO may alter the angiogenesis and factors which are associated
with vascular development. Until now, this possible anti-angiogenic
effect has not been evaluated in the literature. This investigation was
designed to address the following issues:

A Does FO cause vascular alteration?
B Does FO interact with proteins and gene promoters which have

important roles in angiogenesis?
C What is the binding mode between FO and angiogenic proteins and

promoters?
D Does FO alter expression of genes associated with angiogenesis?

To answer these questions, a chick embryo model was applied and
in silico analysis was performed to evaluate the anti-angiogenic activity
of FO. The results were also accompanied with in vivo study to assess
the effect of drug on vasculature and molecular expression.

Since our preliminary investigation (in silico and molecular assays)
showed relationships between FO and VEGF-A, the interaction between
FO and VEGF-A was evaluated in the present study.

2. Materials and methods

This section is described in terms of A) in silico investigation and B)
in vivo investigation.

2.1. In silico investigation

Computerized evaluation of FO toxicity as well as its interaction
with protein and gene promoter, which are associated with angiogen-
esis, was performed. After molecular modeling, ligand and receptor
docking was performed to reveal the anti-angiogenic potential of FO.

2.1.1. Embryo-toxicity evaluation of FO
The molecular structure of FO was obtained in molecular data file

format (MDL Molfile) from the pubchem database (https://pubchem.
ncbi.nlm.nih.gov/, PubChem CID: 93095). The FO structure was up-
loaded onto PASS online software to evaluate the embryo-toxicity of the
drug based on structural model (http://www.pharmaexpert.ru/
passonline/). The toxicity and corresponding Pa (probability to be ac-
tive) and Pi (probability to be inactive) values were recorded.

2.1.2. Molecular modeling
Possible interaction of FO with VEGF-A protein and promoter were

identified. The functional domain sequence of VEGF-A protein (Gallus
gallus, Gene ID: 395909) was acquired from the National Center for
Biotechnology Information (NCBI) GenBank and a suitable template
structure was identified by blasting across the NCBI database. Crystal
structure of human VEGF-A receptor binding domain (target template)
was obtained from the RCSB Protein Data Bank (PDB code: 4KZN). The
crystal structure of VEGF-A (4KZN) contains the native ligands. Protein
model of VEGF-A (Gallus gallus) was generated using the SWISS-
MODEL (https://swissmodel.expasy.org/) according to the user tem-
plate model. The accuracy, reliability and stability of the SWISS-
MODEL server have been previously validated by the EVA method [16].

Moreover, we assessed whether FO might also interact with WTl
binding sites (a promoter site located on VEGF-A gene) [17]. For this

purpose, the promoter sequences of VEGF-A gene was downloaded in
FASA format from the NCBI database (Gene ID: 395909). The data was
transferred to PROMO server for the identification of putative tran-
scription factor binding sites in DNA sequences [18,19]. The binding
site of WTl was simulated using the 3D-DART (http://haddock.chem.
uu.nl/dna/dna.php). This server provides a convenient means of gen-
erating custom 3D structural model of DNA with control over the var-
ious parameters [20]. The simulated WTl binding sites of Gallus gallus
was named canonical B-DNA.

Receptors and ligand were prepared for docking by adding partial
charges and hydrogen. In order to identify the potential binding of FO
to VEGF-A protein and WTl binding site, a docking study was performed
using AutoDockVina [21]. All docked poses of FO were ranked based on
the binding docking energies and the lowest energy conformation was
selected for the subsequent study. Receptors and ligand binding were
visualized and schematic diagrams of interactions were obtained.
Amino acids and nucleotides showing interactions with FO were iden-
tified.

We also decided to perform cross-dockings to identify the pre-
ferential binding mode for FO in a way that the targets possess a known
groove or intercalation gap. To this end, the Protein Data Bank was
searched for DNA-ligand complexes and two molecular structures were
chosen: 1DNE (structure of a dodecamer DNA d(CGCGATATCGCG)2 in
complex with netropsin) and 1Z3F (structure of a hexamer DNA d
(CGATCG)2 in complex with ellipticine). Netropsin is an antibiotic that
typically binds with DNA through minor groove interaction [22], while
ellipticine is an intercalating agent with antitumor property [23,24].
The structures of the 1DNE and 1Z3F are shown in Fig. 1. The DNA
binding modes between FO-canonical B-DNA, netropsin-1DNE and el-
lipticine-1Z3F were compared to each other.

In the next step, a cross-docking with FO, 1DNE receptor and 1Z3F
receptor was performed. Following the separation of the coordinates of
the ligands (netropsin and ellipticine) from the coordinates of the re-
ceptors (1DNE and 1Z3F), polar hydrogens were added using AutoDock
Tools. In order to include the entire DNA fragment, a 3D grid box of size
30× 28×32 with a resolution of 1 Å was made. After the grid box was
centered on the macromolecule, docking was performed.

Finally, a validation stage was performed by self-dockings between
1DNE, 1Z3F and their original ligands. This stage was considered as the
main indication of docking accuracy.

2.2. In vivo investigation

In this category, anti-angiogenic property of FO was evaluated in
the chick embryo using CAM and molecular assays.

2.2.1. Materials
Fertile chicken eggs (Ross 308, with the average egg-weight of

56.3 ± 0.7 g) were supplied by Mahan Breeder Farm, Kerman, Iran.
The breeder flock was kept under optimal rearing condition. FO was
purchased from RooyanDarou Pharmaceutical Company (Tehran, Iran)
and was dissolved in sterile phosphate buffered saline. A stock solution
was prepared and stored in small aliquots for future use. Phosphate-
buffered saline (PBS) and paraffin were obtained from Merck,
Darmstadt, Germany. RNA extraction kit (High Pure RNA Tissue Kit)
and SYBR Green kit (FastStart SYBR Green Master) were purchased
from Roche Diagnostics GmbH, Mannheim, Germany. cDNA synthesis
kit (AccuPowerCycleScript RT PreMix dN6) was obtained from
BIONEER, Seoul, South Korea.

2.2.2. CAM assay
The present study was performed according to the suggested

European Ethical Guidelines for the care of animals in experimental
investigations in line with the guidelines of the Veterinary School of
Shahid Bahonar University and was approved (project no. 95-P/11/20)
by the Clinical Sciences’ Committee of the Research Council of Shahid
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Bahonar University, Iran.
CAM assay was performed to evaluate the in vivo anti-angiogenic

potential of FO. In brief, fertilized chicken eggs (Ross 308) were in-
cubated at 37 °C in 60–80% humidity for 24 h. Egg shells were cleaned
with 70% ethanol and then a pinpoint hole was made through the blunt
pole of the shell. Fifty microliter of either FO or sterile phosphate
buffered saline, as sham control, was dropped in the shell membrane
using a Hamilton syringe. FO was applied at a dose of 160mg kg egg-
weight (the recommended dose in poultry). The fertilized eggs were re-
injected at two different time points: 24 and 48 h following the first
injection. The egg shell was sealed with melted paraffin and the eggs
were re-subjected to incubation under the mentioned conditions.

On Hamburger–Hamilton developmental stage 22–24 (day 4 of the
incubation period), the egg shell and shell membrane were aseptically
removed to expose the surface of the CAM by peeling a 25× 25mm
window on the egg. A minimum of ten eggs per group were used. High
quality images (4000×3000 pixels) were captured using a stereo-
microscope (Luxeo 4D Stereozoom Microscope, Labomed, CA, USA) and
analyzed in a 14.5-inch PC (Intel Core i3-390M, 2.66 GHz). Then, the
CAM was cut with scissors (2.5 cm in diameter) and surrounding em-
bryonal tissues were surgically removed. The cut CAM was used as a
sample for molecular assay.

2.2.3. Analysis of the CAM response
Software packages including ImageJ® 1.48 (National Institutes of

Health, Bethesda, Maryland, USA), Digimizer® 4.3.0 (MedCalc
Software, Mariakerke, Belgium) and MATLAB® (MathworksMatlab
R2015a) were used to analyze the vascular structure of the CAM.

At first, a uniform area (2800×3000 pixels) was extracted from the
captured images and then an area of interest (310mm2 containing
1320×3084 pixels) was identified in the left-lateral vitelline plexus.
The area of interest was determined using ImageJ software. Efforts were
made to select the constant areas in order to avoid subjectivity in image
analysis. Therefore, the area of interest was located in the left-lateral
vitelline plexus. This method has been applied in various investigations
[25,26]. The parameters including vessels area and total vessels length
were calculated in the selected vascular bed.

Anti-angiogenic activity of FO was also quantified by estimating
changes in the CAM capillary plexus. For this purpose, pictures were
prepared according to the following procedure. A certain area
(310mm2 within the left-lateral vitelline plexus), after contrast en-
hancement, was selected and converted to a binarized image. Five fields
having no branch vessels were selected and the percentages of the areas

containing white pixels were calculated. These areas are named capil-
lary fractional areas (CFA) and represent the areas containing blood in
the original pictures. Finally, the mean capillary area (MCA) was cal-
culated from the mean of all CFA areas.

2.2.4. Molecular assay
Quantitative real-time PCR (qPCR) assay was performed to evaluate

the effect of FO on the expression of VEGE-A gene. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a reference gene in
each reaction [27,28]. The sequences of the forward and reverse pri-
mers are listed in Table 1. Total RNA was extracted from the CAM of
chick embryos using High Pure RNA Tissue Kit and was subsequently
reverse-transcribed into complementary DNA (cDNA) with AccuPo-
werCycleScript RT PreMix dN6 kit according to the manufacturer’s
protocol. The qPCR was performed on the Rotorgene Cycler system
(Rotorgene 3000 cycler system, Corbett Research, Sydney, Australia)
with hot-start treatment step at 95 °C for 1min and then fluorescence
intensity was recorded during 40 cycles (10 s at 95 °C, 15 s at 60 °C and
20 s at 72 °C). Expression levels were calculated using the comparative
Ct (2−ΔΔCt) method.

2.2.5. Histopathological evaluation
Chicks’ CAM samples were fixed in 10% buffered formalin and then

samples were washed through graded concentrations of ethanol and put
in paraffin block and the samples were dehydrated, cleared and em-
bedded in paraffin wax. In next step sections were cut with a rotary
microtone at 5mm thicknesses, then stained with hematoxylin and
eosin (H&E) and reticulin (Merck_Germany, code number:
1.01510.0050).

Fig. 1. Calculation of the mean capillary area
(MCA) by estimating changes in the chor-
ioallantoic capillary plexus. (A) Certain area
within the left-lateral vitelline plexus is se-
lected. (B) Selection has been converted to a
binarized format. (C) Five fields (asterisk)
without any branch vessels were identified and
the percentages of the areas containing white
pixels were calculated. The white pixels re-
present the areas containing blood in the ori-
ginal pictures. A.V.V., anterior vitelline vein;
P.V.V., posterior vitelline vein; R.L.V., right-
lateral vitelline plexus; L.L.V., left-lateral vi-
telline plexus.

Table 1
The sequences of the forward and reverse primers for quantitative real-time
PCR.

Gene (Gallus gallus) Sequence (5′–3′) Product size (bp)

VEGF-A 86
Forward caattgagaccctggtggac
Reverse tctcatcagaggcacacagg
GAPDH 176
Forward cctctctggcaaagtccaag
Reverse ggtcacgctcctggaagata

H. Tavakkoli, et al. Biomedicine & Pharmacotherapy 118 (2019) 109240

3



2.3. Statistical analysis

Statistical analysis was performed using SPSS software, version 20
(SPSS Inc., Chicago, IL, USA). Independent sample t-test was applied to
evaluate the significance of differences in vascular parameters, MCA
and gene expression. A p-value of less than 0.05 was considered sta-
tistically significant.

3. Results

3.1. Embryo-toxicity of fosfomycin in PASS

The structure of FO was subjected to embryo-toxicity evaluation
through the PASS online server. The acquired results were filtered with
Pa (probability to be active) and Pi (probability to be inactive) values.
High Pa and Pi values were observed for embryo-toxicity of FO
(Pa=0.847, Pi= 0.009).

3.2. Conformational analysis of simulated receptors

The 3D structures of VEGF-A protein (Gallus gallus) and canonical
B-DNA (WTl binding site, Gallus gallus) were simulated by the SWISS-
MODEL and 3D-DART, respectively (Fig. 2B and D). The quality of
protein structure was checked by analyzing residue-by-residue geo-
metry and overall structure geometry using PROCHECK (http://
servicesn.mbi.ucla.edu/Verify3D/). The Ramachandran plot is pre-
sented in Fig. 2C. PROCHECK source information revealed that 90.4%
of the residues were in most favored regions, 8.2% of the residues were
in additional allowed regions, 1.4% of the residues were seen in gen-
erously allowed regions, and 0.0% of residues were in disallowed re-
gions. These data confirm that a good quality model would be expected.
The structural parameters of VEGF-A model were as follows: number of
amino acids= 83, molecular weight= 9537.99, total number of ne-
gatively charged residues (Asp+Glu)= 12 and total number of posi-
tively charged residues (Arg+ Lys)= 7.

As previously mentioned, the WTl binding site sequences were se-
lected and simulated for docking assay in order to find out any base
sequences specific for binding to FO. According to PROMO output and
blasting results, the binding site was located on chromosome 3
(NC_006090.5) of the Gallus gallus (GRCg6a, GCF_000002315.5) at
location 30797911 to 30797919. The canonical B-DNA sequences
consisted of 9 base pairs. Specific bases from the 5′-end in DNA duplex
included 5′-d (GGGAGGGGG)2. The other properties of simulated B-
DNA were as follows: Molecular Weight= 2884.9, GC content= 89%
and melting temperature= 34 °C.

3.3. Affinity of fosfomycin for VEGF-A and promoter

Molecular docking assay was conducted to clarify the binding pat-
tern between FO and its targets. Docking results showed that the active
site of VEGF-A protein was interacted with the FO molecule (affi-
nity=−6.8 kcal/mol) (Fig. 3A). As presented in the binding model, FO
was bound to the active site of VEGF-A by van der Waals interaction
and five hydrogen bonds between cysteine 3, cysteine 79 and threonine

5 (Fig. 3B and C).
Docking result confirmed that FO could also bind to the canonical B-

DNA, which was located on VEGF-A gene (affinity=−7.9 kcal/mol)
(Fig. 3D). The van der Waals interaction and hydrogen bonds between
FO and nucleotide (guanine and cytosine) are presented in Fig. 3E and
F.

3.4. Binding mode of fosfomycin

As explained in the method section, cross-dockings were carried out
with 1DNE and 1Z3F receptors, instead of original ligands, to identify
the preferential binding modes for FO. The results are illustrated in
Fig. 4.

The results showed that among two distinct binding modes of in-
teraction (intercalation between base pairs or groove recognition), FO
bound to the minor groove in all tested DNA. It is important to note,
however, the crystallographic structure of 1Z3F shown in Fig. 4B in-
dicates that intercalation interaction is the most accessed binding mode
for ellipticine, it can also be observed that crossdocking results shown
in Fig. 4E point to a minor groove binding mode for FO.

A summary of the results for FO dockings with the three different
DNA receptors is reported in Table 2.

- Canonical B-DNA: simulated WTl binding sites (a promoter site lo-
cated on VEGF-A gene).

- 1DNE: Structure of the netropsin in complex with DNA.
- 1Z3F: Structure of ellipticine in complex with a 6-bp DNA.
- In modified 1DNE and 1Z3F, their original ligands (netropsin and
ellipticine) were removed.

- B-DNA: simulated WTl binding sites (a promoter site located on
VEGF-A gene).

- 1DNE: Structure of the netropsin in complex with DNA.
- 1Z3F: Structure of ellipticine in complex with a 6-bp DNA.
- 4KZN: Structure of human VEGF-A receptor binding domain.

Concerning the binding pattern of FO, it is worthwhile to stress that
the drug seems to interact selectively with GC-rich sequences. Patterns
of hydrogen bonding between FO, canonical BDNA, modified 1DNE and
modified 1Z3F are displayed in Fig. 4C–E. In modified 1DNE and 1Z3F,
their original ligands (netropsin and ellipticine) were removed. Careful
attention to those patterns confirms the assumption that FO interacts
only with G and C nucleotides.

3.5. Self-dockings

We also applied a self-dockings assay to prove the accuracy of the
results (validation stage). Among the various conformations, nine best-
docked conformations were analyzed. Self-dockings results for N-acetyl-
D-glucosamine, netropsin and ellipticine are presented in Table 2, and
the best conformational structure for each docking is demonstrated in
Fig. 5. As expected, the applied docking assay was confirmed to be very
accurate to predict binding modes for N-acetyl-D-glucosamine, ne-
tropsin and ellipticine in self-dockings. As revealed in Table 2, 88.0% of
runs with N-acetyl-D-glucosamine resulted in correct pocket

Fig. 2. (A) 3D diagram of fosfomycin. (B) Protein model of VEGF-A (Gallus gallus) that was simulated by SWISS-MODEL. (C) Ramachandran plot for protein model of
VEGF-A (Gallus gallus). Residues in most favored regions are 90.4%. (D) Canonical B-DNA (the binding site of WTl) that was simulated by 3D-DART.
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Fig. 3. Best docked conformations of fosfomycin with A) VEGF-A (Gallus gallus) and B) canonical B-DNA (WTl binding sites of VEGF-A gene, Gallus gallus). (A)
Platform of FO inserted in the VEGF-A binding site (asterisk). (B and C) Van der Waals interaction and hydrogen bonds between FO and amino acid residues of nearby
binding site. (D) Platform of FO inserted in the WTl binding sites of VEGF-A gene (asterisk). (E and F) van der Waals interaction and hydrogen bonds between FO and
nucleotide of the nearby binding site.

Fig. 4. Binding mode of fosfomycin. (A) Crystallographic structure of 1DNE in complex with netropsin (groove recognition interaction). (B) Crystallographic
structure of 1Z3F in complex with ellipticine (intercalation interaction). (C–D) Best docked conformations of fosfomycin with canonical B-DNA, modified 1DNE and
modified 1Z3F, respectively. Fosfomycin selectively binds to the minor groove of DNA in GC-rich sequences region. Pattern of hydrogen bonding for each docked
conformation is shown in green.
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recognition, with a best binding affinity of −7.4 kcal/mol (Fig. 5A),
while all runs with netropsin and ellipticine resulted in minor groove
recognition and intercalation interaction, with best binding affinities of
−10.0 and −7.9 kcal/mol, respectively (Fig. 5B and C).

- 4KZN: Structure of N-acetyl-D-glucosamine in complex with human
VEGF-A receptor binding domain.

- 1DNE: Structure of the netropsin in complex with DNA.
- 1Z3F: Structure of ellipticine in complex with a 6-bp DNA.

3.6. Anti-angiogenic property of fosfomycin

We hypothesize that if FO possesses anti-angiogenic property, then
it alters normal development of the vasculature. Therefore, the CAM
capillary plexus of the treated embryos were analyzed. At the time of
evaluation, the treated embryos were at Hamburger–Hamilton devel-
opmental stage 22–24. In the control embryos, a normal vasculature
was seen around the embryo (Fig. 6A and B). In FO treated embryos,
changes were seen in the vascular pattern (Fig. 6C and D).

Data acquired from the analysis of the CAM capillary plexus are
demonstrated in Fig. 7. Vessels area and total vessels length were pre-
sented in percentage and millimeter, respectively. Reduction in vas-
cular parameters was recognized in FO-treated embryos. Vessels area
and total vessels length were significantly lower in FO-treated embryos
compared to the control (p= 0.002 and p= 0.012, respectively).

3.7. Mean capillary area (MCA) following fosfomycin treatment

Fosfomycin was administered onto the chick CAM at 24, 48 and 72 h
of incubation period. Anti-angiogenic activity of FO was quantified by
estimating MCA. There was a significant reduction in MCA in embryos
receiving FO at the dose of 160mg kg egg-weight (control embryos,
9.03 ± 1.17; FO treated embryos, 5.70 ± 1.06; p= 0.029).

3.8. Expression of VEGF-A gene following fosfomycin treatment

To verify the anti-angiogenic effect of FO, the expression level of
VEGF-A was assessed by qPCR on day 4 of the incubation period. As
shown in Fig. 8, angiogenic gene expression was significantly down-
regulated in treated embryos.

3.9. Histopathological evaluation

As mentioned earlier, H&E and reticulin staining was performed to
evaluate the vascular alterations following FO treatment. As demon-
strated in Fig. 9, FO was significantly reduced the vascular plexus in
treated CAM compare to control.

4. Discussion

As pointed out in some literature reviews, the incidence of bacterial
infections in various breeder poultry farms are rising, which conse-
quently leads to increasing use of antibacterial drugs. The impact of FO
in poultry farm with the history of infections has been evaluated in
several documented researches [29].

Drug toxicity is of grave concern during embryonic growth. In the
present study, embryo-toxicity of FO was evaluated using PASS online
server. Regarding the acquired data, high probability of toxicity was
predicted. The exact pathway for embryo-toxicity following FO ad-
ministration is not clearly understood; however, the anti-angiogenic
activity of the drug may account for its embryotoxic effect. Since
normal intra-uterine development of the embryo is associated with
normal development of the vascular plexus, angiogenesis plays a vital
role during embryonic growth. In this study, some details about the
anti-angiogenic property of FO were assessed and unveiled using in
silico technique and in vivo chick embryo model. Herein, we discuss
various highlights of the discoveries on the interaction of FO with
proteins, DNA and genes, which are associated with angiogenesis.

Nowadays, molecular docking is becoming an important approach
to elucidate the interaction between ligands and their targets.
Therefore, we use this method for in silico evaluation of FO. It is well
known that the VEGF gene and protein are important targets for anti-
angiogenic compounds. In this regard, the first to highlight in our study
is binding of FO to VEGF-A protein and WTl binding site of Gallus
gallus. The expression level of VEGF is correlated with different tran-
scription factors. Since the VEGF promoter has several potential WTl
binding sites, herein we chose these binding sites to assess whether WTl
binding sites might also be affected by FO [17].

The second aspect of the FO interaction is its preferential binding
mode to VEGF promoter. In general, binding of small ligands to DNA
occurs in two different modes: intercalation binding (binding between

Table 2
Cross-dockings and self-dockings results.

Docking Receptor Ligand Best affinity (kcal/mol) Correct binding modea Number of correct predictionb

Cross-docking B-DNA Fosfomycin −7.9 Gr 9/9
Cross-docking 1DNE Fosfomycin −7.4 Gr 8/9
Cross-docking 1Z3F Fosfomycin −6.5 Gr 7/9
Self-docking 4KZN N-acetyl-D-glucosamine −7.4 Pocket 8/9
Self-docking 1DNE Netropsin −10.0 Gr 9/9
Self-docking 1Z3F Ellipticine −7.9 Int 9/9

Gr: Groove recognition; Int: Intercalation.
a Binding modes of interaction between ligand and receptor.
b Number of correct binding mode after docking/Number of binding mode.

Fig. 5. Validation stage by self-dockings between crystallographic structure of (A) N-acetyl-D-glucosamine and 4KZN; (B) Netropsin and 1DNE; (C) Ellipticine and
1Z3F. Binding modes predicted by the docking are in agreement with the binding modes revealed by experiment.
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Fig. 6. Chorioallantoic membrane response to fosfomycin. The area of interest (310mm2) was extracted from the CAM of the 4-day chick embryo. The images were
acquired from the embryos of the control group (A and B) and fosfomycin- treated group at a dose of 160mg kg egg-weight (C and D). In fosfomycin-treated embryos,
a reduced vasculature was seen.
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base pairs) or groove recognition. Although the major groove of DNA
provides a much larger binding site with more H-bonding donor and
acceptor, most of the small ligands bind to the minor groove [30,31].
Consistently, it was evidently demonstrated in our study that FO bonds
to the minor groove of DNA by groove recognition mode.

As previously discussed, since no apparent or little DNA structural
alteration was observed following binding, the minor groove recogni-
tion by ligand is more similar to a lock-and-key mechanism [30]. On the
other hand, it is assumed that lock-and-key interaction depends on a
combination of various factors, in which van der Waals contacts as-
sisted by hydrogen bonding play the major role [32]. In our in-
vestigation, these intermolecular contacts between FO and canonical B-
DNA were obviously observed and so the validity of that assumption
was supported.

The third aspect to be discussed is the sequence-selective property of
the FO interaction. FO showed a considerable selectivity for binding to
GC-rich sequences in the minor groove of the DNA. This issue was
confirmed by cross-docking between FO, 1DNE and 1Z3F. 1DNE (DNA
complex with netropsin) is a crystallographic structure of DNA with AT-
rich sequences, while 1Z3F (DNA complex with ellipticine) is a DNA
with GC-rich sequences. In all docked conformations, FO bound to the G

and C nucleotides. Netropsin is known to interact strongly with AT-rich
sequences [33]. In the present study, after separating the coordinates of
netropsin from 1DNE, the FO still tended to bind with the GC- nu-
cleotides of the 1DNE. This indicates the possibility of achieving se-
quence-selective binding drug for medical purposes. In this context, it is
important to notice that sequence selectivity can occur through 3 dis-
tinct ways of direct readout of H-bond structure, indirect readout of
structural flexibility and a combination of both [30,34]. Most of current
docking programs (e.g. AutoDockVina) do not take into account the
receptor flexibility. Therefore, our presented data are only valid for the
first way of sequence selectivity. Additional experiments such as crys-
tallographic, biochemical and spectroscopic experiments are suggested
to elucidate the exact mechanisms of the sequence selectivity of FO.

In this study, vascular alteration in the CAM of chick embryos was
seen following FO treatment. Morphometrical analysis of the CAM
vasculature showed that FO negatively affected vessels percentage area
and total vessels length. The histopathological evaluation was also
confirmed the anti-angiogenic property of FO, because significant re-
duction of vasculature was seen in H&E and reticulin staining. This
altered vascular plexus may provide a relation between FO adminis-
tration and its toxicity, which was observed in some other studies. In
this respect, various macroscopic and microscopic lesions have been
reported following FO administration in chick embryo [26], human
[6,10,35–37] and mice/rat [38].

In the present study, analysis of the CAM vasculature and calcula-
tion of the MCA were the two methods applied to quantify the anti-
angiogenic effect of FO. To date, these methods have been widely used
in vascular evaluations [26,39–41]. Moreover, the time of treatment
was chosen based on the previously documented times in which vas-
cular alterations have been noted and the embryo is more susceptible to
teratogens [2,28,42,43].

FO administration caused a significant alteration in the normal ex-
pression of angiogenic-regulating gene (e.g. VEGF-A). The mechanisms
and pathways by which FO alters angiogenesis is not clearly defined;
however, based on our in silico study in which FO was shown to be
bonded to the active site of VEGF-A protein and WTl binding sites by
van der Waals and hydrogen bonds, the anti-angiogenic activity of FO
can be attributed to: 1) alteration in VEGF-A expression and 2) inter-
action with VEGF-A protein and promoter.

In the present paper, interaction between FO, VEGF-A protein and
promoter was proved by docking assay. Therefore, it is suggested that
FO can alter the function of VEGF-A related pathway. However, further
studies (e.g. protein level examination, biochemical examination, im-
munohistochemistry study and crystallographic investigation) are re-
quired to support our results. Our findings may provide important re-
commendations for future researches.

Fig. 7. Analysis of the chorioallantoic capillary plexus. Vessels area (a) and total vessels length (b) are significantly lower in fosfomycin treated embryos compared to
control. Fosfomycin was administered at dosage 160mg kg egg-weight (error bars show standard error of mean; *p=0.002, **p=0.012, Independent sample t-test).

Fig. 8. qPCR results of VEGF-A gene expression following fosfomycin treat-
ment. The expression level of VEGF-A in the chick’s chorioallantoic membrane
is decreased in the fosfomycin-treated group. The fosfomycin was administered
at dosage 160mg kg egg-weight (error bars show standard error of mean;
*p < 0.05, Independent sample t-test).
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The phrase "chick embryo model" was used in the current paper for
two purposes: to clarify the vascular toxicity of the FO in the chick
embryo and to put special emphasis on the benefits of using the chick
embryo model in medical studies. In details, determination of the ef-
fects of drugs in biological systems requires a preclinical model.
Because of the low cost, simplicity, reduced ethical and legal aspects
and good reproducibility of the results, the chick embryo provides an
appropriate model for in vivo evaluation of the activity, pharmacoki-
netics, biodistribution, biocompatibility and toxicity of the drugs
[44–47]. These data have made chick embryo as an available model for
genomic comparison in human and other species.

Using a chick embryo model, our study confirmed the anti-angio-
genic effect of FO. Despite the negative concept of this effect, FO as an
antiangiogenic agent may suppress tumor growth. In agreement with
this assumption, some antineoplastic activities (e.g. cancer pro-coagu-
lant inhibitor and anti-neoplastic activity in bone cancer) were pre-
dicted for FO when its structure was uploaded onto PASS online soft-
ware. Certainly, this potential will shed new light on cancer therapy.
However, it needs further pharmaceutical studies.

As far as the authors are aware, the current research is the first one
to target the anti-angiogenic effect of FO in a chick embryo model. Our
results indicate that FO not only interferes with angiogenic factors, but
also adversely affects the normal regulation of the angiogenic gene and
results in devastating consequences (e.g. vascular alteration). The pre-
sented data on anti-angiogenic effect of FO permit us to recommend the
restriction on FO administration in poultry breeder farms or its cautious
use. Consequently, safe alternatives should be considered. However,
from another perspective, anti-angiogenic effect of FO with its se-
quence-selective property may give rise to very promising results in
cancer treatments.
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