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Purpose: Heterocyclic compounds are organic compounds with heterocyclic structures, which are common in drug molecules. They 
include pyrazines with diverse functions, including anti-cancer, antimicrobial, antidiabetic, and anticholinergic activities. In this study 
a new small molecular compound B7 based on tetrazolium substituted pyrazine was synthesized and its effect on the progression of 
colorectal cancer (CRC) and its potential mechanism were investigated.
Methods: We synthesized a series of tetrazolium-substituted pyrazine compounds by chemoenzymatic method. NCM460 (Human), 
HCT116 (Human), SW480 (Human) cell lines were selected to analyse the inhibitory effect of B7 on CRC by CCK-8, apoptosis, cell 
migration and invasion, qPCR, Western blotting, molecular docking, immunofluorescence. Moreover, a CRC xenograft model of mice 
was used to analyzed the role of B7 in vivo.
Results: Among these compounds, 3-methyl-5je-6-bis (1H-tetrazole-5-yl) pyrazine-2-carboxylic acid (B7) inhibited CRC cell 
proliferation and induced apoptosis. The expression of Caspase-3 was increased after B7 treatment. In addition, the mitochondria 
abnormalities was observed in B7 group due to decrease the expression of Beclin-1. In addition, B7 inhibited the migration and 
invasion in CRC cells. Finally, the results showed that B7 had anti-tumor activity in CRC xenograft model of mice.
Conclusion: In summary, compound B7 was synthesized efficiently using tetrazolium-substituted pyrazine via a chemoenzymatic 
method. Moreover, B7 have ability to regulate the expression of Caspase-3 which induced apoptosis in CRC cells. In addition, 
decreased Beclin-1 expression after B7 treatment, indicating inhibited autophagy. This study showed that B7 effectively induced 
apoptosis and inhibited autophagy in CRC cells.
Keywords: pyrazines, tetrazoles, colorectal cancer, apoptosis, autophagy

Introduction
Colorectal cancer (CRC) is the tumor which is a leading cause of cancer death worldwide.1 The primary causation of 
death with CRC may be the high invasion and metastasis of CRC cells.2 CRC treatments have progressed, the patients’ 
five-year survival rate with advanced CRC remains inferior.3 Resection and chemotherapy are currently two main CRC 
treatments.4 Chemotherapy can relieve symptoms and lengthen the span of patients’ life with advanced CRC. However, it 
does not have significant improvement of clinical outcome of patients with recurrent or metastatic drug-resistant CRC.5,6 

While many chemotherapeutic drugs, such as 5-fluorouracil and hydroxyurea, have high efficiency, their non-specific 
organ distribution in the body causes diverse clinical side effects.7 Therefore, developing innovative drugs to suppress the 
growth of CRC cells with lower toxicity is essential.
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Pyrazine derivatives are heterocyclic compounds with various biological activities, including anticancer, antimicro-
bial, antidiabetic, and anticholinergic.8–13 Tetrazole derivatives, an important synthetic heterocycle scaffold, are widely 
used in medicine, biochemistry, and pharmacology.14–20 Tetrazole rings exist in many drugs due to bioisomerism, 
metabolic stability, and other physicochemical properties beneficial to carboxylic acids and amide moieties.21,22 

Therefore, tetrazole containing pyrazine combines tetrazole and pyrazine moieties, which may provide strategies for 
new drug development (Figure 1). Despite continuing problems, heterocycle synthesis has significantly progressed. 
Nowadays, multidisciplinary tools and strategies have increasingly been used to address this issue. Biocatalysis offers an 
alternative approach to conventional chemical processes with high selectivity and mild reaction conditions.23,24 Organic 
chemists are currently looking for a combination of biocatalysis and synthetic organic methods to rapidly effectively 
construct complex molecules.25–27

In this study, we aimed to the synthesis of tetrazole-substituted pyrazine compounds B7 by chemoenzymatic method. 
The effects of B7 on the proliferation, migration, invasion, apoptosis and autophagy were analyzed in CRC cells. In order 
to verify the effect of B7 on apoptosis and autophagy, we analyzed the expression of apoptosis-related genes, such as 
Caspase-3, and autophagy-related genes, such as Beclin-1. In addition, the effect of B7 on tumor growth in vivo were 
evaluated.

Materials and Methods
Chemical Materials
Hemoglobin from bovine blood (HbBv) was obtained from Shanghai YuanYe Bio-Tec Company (Shanghai, China). 
Diaminomaleonitrile was bought from J&K Scientific (Beijing, China). α-Diazo-β-carbonyl compounds were synthesized 
using a reported method 25. All chemical reagents were bought from Shanghai Chemical Reagent Company (Shanghai, 
China).

General Procedure for Synthesizing Nitrile-Substituted Pyrazine (3)
A mixture of diaminomaleonitrile (1, 1.0 mmol) was obtained by mixing α-diazo-β-carbonyl compounds (2, 1.0 Equiv), 
HbBv (0.1 mol%), water (2 mL) and Triton X-100 (5% mol) and stirring the solution in a pre-heated constant 
temperature shaker (THZ-98A; Shanghai Yiheng, China) at 55°C until the reaction completed, as shown by thin-layer 
chromatography. Next the mixture was inburst into 10 mL of water, drawn with ethyl acetate (2× 10 mL). Then, synthetic 
organic layer was cleaned using an aqueous ammonium chloride solution and air-dried over magnesium sulfate (MgSO4). 

Figure 1 A bioactive pyrazine and tetrazole derivatives. The red part represents the tetrazole ring or pyrazine ring.
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Finally, the volatiles were eliminated under low pressure, then the residue was purified using 10% ethyl acetate/petroleum 
ether on a silica column to obtain the nitrile-substituted pyrazine (3).

General Procedure for Synthesizing A1-A4
Briefly, nitrile substituted pyrazine (3,1 mmol), sodium azide (1.5 mmol), zinc bromide (2 mmol), and water (2 mL) were 
put to the 25 mL round-bottomed flask, then vigorously stirred for 12 h. Next, cool the solution to room temperature, then 
tetrazole was isolated via filtration, cleaned with 3 N hydrogen chloride (HCl) and air-dried in a drying oven to obtain the 
product (A1-A4). Then, the final products A1-A4 were collected, and their purity was validated by proton nuclear 
magnetic resonance (1H NMR; ≥ 95%).

General Procedure for Synthesizing B1-B7
Briefly, nitrile substituted pyrazine (3, 1 mmol), sodium azide (1.5 mmol), zinc bromide (2 mmol), and water (2 mL) 
were put to the 25 mL round-bottomed flask, vigorously stirred for 12 h. Cool the solution to room temperature, then 
tetrazole was isolated via filtration, cleaned by 2×10 mL 3 N HCl, and air-dried in the drying oven to obtain products B1– 
B7 (white or slightly colored powder). The final products B1-B7 were collected, and their purity was confirmed by 
1H NMR (≥ 95%).

Nuclear Magnetic Resonance
1H NMR spectra were recorded with dimethyl sulfoxide (DMSO) on a 400 MHz spectrometer. The chemical shifts of 
protons are reported as 0.0001% downfield of tetramethylsilane (TMS) using the residual protium in the NMR solvent as 
the reference (DMSO = δ 2.50 ppm). Carbon nuclear magnetic resonance (13C NMR) spectra were recorded with DMSO 
on a 101 MHz spectrometer. The chemical shifts of carbon are reported as 0.0001% downfield of TMS using the carbon 
resonance of the residual peak as the reference (DMSO = δ39.6 ppm). The NMR data: chemical shift (δ ppm), 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling constant in Hertz 
(Hz), and integration.

Cell Culture
NCM460 (Human, CRL-1831, ATCC), HCT116 (Human, CCL-247, ATCC), SW480 (Human, CCL-228, ATCC), and 
CT26 (Mouse, CRL-2638, ATCC) cell lines were grown in Dulbecco modified Eagle medium (DMEM; Gibco, 
Gaithersburg, MD, USA) with 10% fetal bovine serum and 1% penicillin/streptomycin (Gibco, USA) at 37°C and 5% 
CO2 in an incubator (WIGGENS, Germany).

Cell Counting Kit-8 Assay
The Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) was used to evaluate the viability of CRC cells after 
treatment with compounds which concentrations were various. Briefly, 7×103 NCM460, HCT116 and SW480 cells/well 
were cultivated overnight by a 96-well plate (Thermo science, Waltham, MA, USA). Next, the cells were treated with 
appropriate 5-fluorouracil, Hydroxyurea, Phenazine, Valsartan, A1-A4, and B1-B7 concentrations for the indicated times. 
Next, the CCK8 solution (10 μL) was added and incubated at 37°C for 1 h. Then, a microplate reader was used to 
measure the optical density (OD) at 450 nm (TECAN, infinite M 200 PRO; Tecan, Switzerland). The reported data are 
from at least three independent experiments.

Evaluation of Cellular Uptake of B7 by CRC Cells
Briefly, 7×103 NCM460, HCT116 and SW480 cells/well were cultivated overnight by a 96-well plate (Thermo science, 
USA). Next, cells were treated with phosphate buffered saline (PBS) or 5-fluorouracil, Hydroxyurea, Phenazine, 
Valsartan, A1-A4, B1-B7 for 24 h. The full-band wavelengths (TECAN, infinite M200PRO, Switzerland) of PBS- 
treated cells (termed the PBS group), 5-fluorouracil-treated cells (termed 5-fluorouracil group), Hydroxyurea-treated cells 
(termed Hydroxyurea group), Phenazine-treated cells (termed Phenazine group), Valsartan-treated cells (termed Valsartan 
group), A1-A4-treated cells (termed A1-A4 group), B1-B7-treated cells (termed B1-B7 group) were measured, and the 
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298 nm wavelength was selected for further uptake assays. Next, to measure the cellular uptake of 5-fluorouracil, 
Hydroxyurea, Phenazine, Valsartan, A1-A4, B1-B7 by CRC cells, OD values of PBS-treated cells, 5-fluorouracil-treated 
cells, Hydroxyurea-treated cells, Phenazine-treated cells, Valsartan-treated cells and A1-A4, B1-B7-treated cells at 298 
nm were measured at 0, 4, 8, 12, 20, 24 h, and data were analyzed by GraphPad Prism 5 Software (USA).

Flow Cytometry
1.2×106 HCT116 and SW480 cells/well were cultivated overnight by a 6-well plate (Thermo science, USA). Next, cells 
were treated with B7 for 24 h. The cells (1×106 / mL) were collected and washed, then stained with a mixture of Annexin 
V-fluorescein isothiocyanate/propidium iodide for 30 min. Cell fluorescence analysis used the flow cytometer (BD 
BIOSIS, USA).

TUNEL Assays
2×104 HCT116 cells/well were cultivated overnight by a 24-well plate (Thermo science, USA) with coverslips. After 
incubation with B7 for 24 h, cells were fixed with 4% paraformaldehyde (PFA) for 30 min, washed and stained with 
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) reagent (Promega, g3250) for 20 min. Hoechst 
33,342 (10 ng/mL, Thermo science, USA) was used for nuclei visualization. The apoptotic and non-apoptotic signals 
were obtained by DM 2500 fluorescence microscope (Leica, Germany).

RNA Isolation and Quantitative PCR
HCT116 or SW480 cells were cultivated overnight by 6-well plates (Thermo Science, USA) and starved in a serum-free 
medium for 4 h after reaching 80% confluence. Next, two replicates of HCT116, SW620, or SW480 cells were incubated 
with or without B7 for 24 h before their total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). 
The BioRT cDNA First-Strand Synthesis Kit (Bioer Technology, Hangzhou, China) and BioEasy SYBR Green I Real- 
Time PCR Kit (Tiangen, Beijing, China) were used for cDNA synthesis and quantitative PCR (qPCR) detection. The 
reaction began with a hold at 94°C for 3 min, followed by 35 cycles of dissociation at 94°C for 10s, annealing at 59°C for 
15s, and extension at 72°C for 30s. The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene was used as the 
internal reference. All primer sequences (including normalization control) for the qPCR are provided in Table 1. The 
2−ΔΔCT method was used to calculate gene expression levels. All experiments were conducted in triplicate.

Table 1 The Primer Sequences for the qPCR

Gene Sequence Amplicon Size TM (°C)

GAPDH F: CCATGGGGAAGGTGAAGGTC 113 bp 60.03
R: GAAGGGGTCATTGATGGCAAC 59.52

BAX F: TTTGCTTCAGGGTTTCATCC 162 bp 56.21
R: ATCCTCTGCAGCTCCATGTT 59.08

BCL-2 F: GAGGATTGTGGCCTTCTTTG 116 bp 56.69
R: GCCGGTTCAGGTACTCAGTC 60.11

Caspase-3 F: TGGAACAAATGGACCTGTTGACC 244 bp 61.25
R: AGGACTCAAATTCTGTTGCCACC 61.31

Caspase-9 F: AAGCCAACCCTAGAAAACATTACC 120 bp 59.23
R: GACATCACCAAATCCTCCAGAAC 59.31

Caspase-1 F: TACCTCTTCCCAGGACATTA 110 bp 54.52
R: ATGGACTTTCAGTACCCTTTC 55.21

Beclin-1 F: TGAAATCAATGCTGCCTGGG 162 bp 58.81
R: CCAGAACAGTATAACGGCAACTCC 61.45

(Continued)
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Western Blotting
HCT116 or SW480 cells were seeded into 6-well plates (Thermo science, USA), starved in a serum-free medium for 4 
h after reaching 80% confluence. Next, the cells were cultivated with or without B7 (24 h) before their total proteins were 
extracted using Beyotime protein extraction buffer (Beyotime, China). The concentration of proteins in CRC cells was 
detected using a BCA Protein Assay Kit (Chinese Radix Scutellariae, China). After adding a loading buffer, the samples 
were boiled, and the proteins were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE). Next, the separated proteins in the gel were transferred to polyvinylidene difluoride (PVDF) membranes 
(IPVH00010, Merck Millipore, USA) and immunoblotted with 1000 times diluted primary antibodies: anti-caspase-3 
(CST, #9662, USA), anti-cleaved caspase-3 (CST, #9664, USA), anti-BAX (CST,#2772, USA), anti-BCL2 (CST,#4223, 
USA), anti-P53 (Abcam, ab131442, USA), anti-E-Cadherin ((Proteintech, 20,874-1-AP, USA), anti-N-Cadherin 
(Proteintech, 22,018-1-AP, USA), anti-XCT (CST,#98051, USA), anti-FTH1 (CST,#3998, USA), anti-ALOX15 
(Abcam, ab242062, USA), anti- ACSL4 (Abcam, ab155282, USA), anti-GPX4 (Abcam, ab252833, USA), anti-Beclin 
-1 (CST,#54101, USA), anti-LC3A/B (CST,#4108, USA), anti-P62 (CST,#5114, USA), anti-β-actin (CST,#4967, USA) 
and anti-GAPDH (Bioworld, AP0066, USA). Then, the membranes were incubated with secondary anti-mouse or anti- 
rabbit antibodies (Boster, China) conjugated with horseradish peroxidase (HRP) for 1 h and visualized using the Pierce 
ECL Super Signal Reagent (Thermo Fisher Scientific).

Immunofluorescent Staining
Briefly, the 2×104 HCT116 cells/well were cultivated overnight by a 24 well plate (Thermo science, USA) with coverslips. 
After incubation with B7 for 24 h, cells were immobilized with 4% PFA for 30 min and washed twice with PBS (add 0.2% 
Triton X-100). Next, the cells were incubated for 1 h in PBS containing 1% bovine serum albumin (BSA) and stained with 
anti-Caspase-3 (in 1% BSA) antibodies overnight at 4°C. Next, the cells were washed thrice with PBS, stained with Alexa 
Fluor 488 (Thermo Fisher Scientific) conjugated secondary antibodies for 1 h, followed by 10 ng/mL of Hoechst 33,342 stain 
for 20 min (Thermo Fisher Scientific). Images were obtained by DM2500 fluorescence microscope (Leica).

Morphological Analysis of Mitochondria
Briefly, 2×104 HCT116 cells/well were cultivated overnight by a 24-well plate (Thermo Fisher Scientific). Next, the cells 
were treated with PBS or B7 for 24 h before being harvested and fixed with 2% PFA for 5 min. Next, the cells were 

Table 1 (Continued). 

Gene Sequence Amplicon Size TM (°C)

XCT F: AAGGTGCCACTGTTCATCCC 198 bp 60.25
R: TGTTCTGGTTATTTTCTCCGACA 58.04

LC3A F: GACCGCTGTAAGGAGGTGC 153 bp 60.45
R: CTTGACCAACTCGCTCATGTTA 58.67

LC3B F: GATGTCCGACTTATTCGAGAGC 167 bp 58.7
R: TTGAGCTGTAAGCGCCTTCTA 59.45

P62 F: GCACCCCAATGTGATCTGC 92 bp 59.19
R: CGCTACACAAGTCGTAGTCTGG 60.73

FTH1 F: GGTGCGCCAGAACTACCAC 111 bp 61.03
R: TCGCGGTCAAAGTAGTAAGACATGG 62.84

E-Cadherin F: GTCTGTAGGAAGGCACAGCC 161 bp 60.39
R: TCATCCTCTGGGGGCAGTAA 59.96

N-Cadherin F: AGAGGCTTCTGGTGAAATCGC 214 bp 60.68
R: TGGAAAGCTTCTCACGGCAT 59.96
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washed and suspended in a PBS buffer. The cell suspension was loaded onto a mesh and incubated at 37°C for 10 min. 
Next, electron microscope (EM) mesh surface was stained with 1% uranyl acetate solution for 2 min. Then, the excess 
uric acid solution was removed from the net using filter paper before it was dried. Mitochondria morphology was 
observed using a transmission EM (TEM; HT-7800; Hitachi, Japan).

Molecular Docking
The 3D structures of Beclin-1, LC3A, LC3B, and P62 complexed with the small molecule compound B7, Beclin-1 
complexed with 5-fluorouracil, hydroxyurea, phenazine and valsartan were computationally predicted to assess their 
binding affinities. The 3D structures of these proteins were obtained as Protein Data Bank (PDB) files from the UniProt 
(https://www.uniprot.org/) and PDB (https://www1.rcsb.org/) databases. The water molecules, unrelated protein chains, 
and original ligands were deleted from these protein structures before docking using PyMOL (v.2.3.0) software. The 
small molecular compounds were B7, 5-fluorouracil, hydroxyurea, phenazine and valsartan. There 3D structures were 
obtained as a Structure-Data File (SDF) from the ChemicalBook database. It underwent MMFF94 molecular force field 
optimization using Chem3D (v.2020) software to obtain the optimal molecular structure.

Molecular docking was performed by AutoDockTools (v.1.5.6) software to hydrogenate proteins and small molecules 
and determine reversible bonds. Grid plate was used to set the molecular docking range parameters, the docking mode 
was set to semi-flexible docking, and the docking algorithm was set to the Lamarckian genetic algorithm. AutoDockVina 
(v.1.2.0) was used for molecular docking and to obtain the docking binding free energy and docking result file. 
A molecular binding energy of < 0 kcal mol−1 means that receptors and ligands can bind spontaneously without external 
energy, the binding energy of < −7 kcal mol−1 represents strong binding. PyMOL (v.2.3.0) and DiscoveryStudio (v.2019) 
software were used to visualize the results.

Cell Migration Analysis
Briefly, 5×105 HCT116 and SW480 cells/well were cultivated overnight by a 6-well plate. Next, cells were treated with 
PBS or B7 for 24 h. After scraping, cells were further cultured using a serum-free medium. Cell migration scratch 
regions were observed at 0, 24, and 48 h using an inverse microscope, and the cell migration area was analyzed using the 
ImageJ software. All experiments were conducted in triplicate.

Cell Invasion Analysis
HCT116 and SW480 cells were treated with either PBS or B7 for 24 h. Next, 3×104/well PBS-treated or B7-treated 
HCT116 and SW480 cells were put to the upper transwell chambers (Corning, New York, USA) containing 100 μL of 
Matrigel (BD Biosciences, Franklin Lake, NJ, USA). The medium (DMEM) with 10% fetal bovine serum was fed into 
the lower room (Corning, New York, USA). After incubation at 37°C for 24 h, cells that had moved to the bottom of the 
membrane were fixed using 4% PFA and stained with 0.1% crystalline purple dye (Solarbio, Beijing, China). The 
staining cells were counted by reverse microscopy and analyzed using ImageJ software. All experiments were conducted 
in triplicate.

Animals and Animal Care
The BALB/c mice (n = 26, 50% male, eight weeks old) were got from the Laboratory Animal Center of Jilin University 
(Changchun, China). They were housed in laboratory cages under 50–60% relative humidity, a 12/12 h light/dark cycle, 
and specific pathogen-free conditions and provided standard rodent foods and drinking water. All operations were 
performed under sterile conditions. Each mouse was subcutaneously injected with CT26 cells (1×106) in their left 
flank, and tumor growth was observed after seven days. Drug verification was conducted once the tumor volume reached 
100–150 mm3. The mice were casually divided into five groups (n = 5). One was administered PBS (negative control) for 
21 days, and three were administered different B7 concentrations (0.275, 0.55, or 1.375 mg/kg) for 21 days. A positive 
control group was administered 5-fluorouracil (1 mg/kg) for 21 days. The tumors’ length (L) and width (W) were 
recorded daily, and their volumes were calculated as L×W2/2. The mice’s body weight and status were monitored daily. If 
rapid loss of 15–20% of the original body weight, loss of appetite and weakness, infection of body organs, the tumor 
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grows more than 10% of the animal’s original body weight, the tumor volume exceeds 150 mm3 and ulceration of tumors 
occur in the process, euthanasia should be carried out immediately. The mice to be euthanized were placed in the small 
animal anesthesia room, and the mice were anesthetized with 0.41 mL/min at 4 L/min Fresh gas flow (2%) isoflurane 
general anesthesia. After anesthesia, a deep pain test was carried out and fingers were used to squeeze the animal’s 
hindlimb toes. If the animal did not respond to the test, it was unconscious or disappeared, and the anesthesia met the 
requirements, followed by cervical spine dislocation and execution. Above 5 min, there is no breath, no heartbeat, nerve 
reflex disappears, corneal reflex disappears, pupil dilates, and animal death can be verified. All animal studies were 
approved of the Laboratory Animal Ethics Committee of Jilin University, China (approval number: SY202109003).

Hematoxylin-Eosin (H&E) Staining
On day 22, tumor tissues were harvested, dehydrated, and embedded in paraffin. Then, 5-µm-thick paraffin sections were 
cut, stained with hematoxylin and eosin (H&E), air-dried, and visualized under a microscope (Olympus, Japan).

TUNEL Assays of Tumor Tissue
Moisture was removed from paraffin section with xylene and ethanol. Next, the section was incubated with proteinase 
K at 37°C for 30 min before adding 50 μL of TUNEL reaction solution. Then, 4′,6-diamidino-2-phenylindole dye 
solution was added. Finally, the sections were imaged using a DM 2500 fluorescence microscope (Leica, Germany).

Ki-67 Assessment
The tissue sections were placed in a repair box filled with EDTA antigen repair buffer (PH 9.0) (Yiyuan, Changchun, 
China) for antigen repair in microwave oven. Add 3% BSA to incubate 30 min at room temperature. Remove the sealing 
solution, add 1:600 diluted Ki- 67 monoclonal antibody (Abcam, ab15580, UK) to the slices, and incubate overnight in 
a wet box at 4°C. The glass slides were placed in PBS (PH 7.4) and shaken and washed on the decolorizing shaker. After 
the slices were dried, secondary anti-mouse antibodies (Boster, China) was added to cover the tissue, and 50 min was 
incubated at room temperature. The slices were cleaned with PBS and dried with DAB chromogenic agent (Shitai, 
Nanjing, China), and the color was controlled by microscope (Leica, Germany).

Statistical Analysis
Differences between pairs of groups in CCK-8 detection, apoptosis, migration, invasion, qPCR, and tumor volume were 
evaluated using the unpaired Student’s t-test. Data are presented as mean ± standard deviation (SD). Statistical analyses 
were performed using GraphPad Prism 5.0 software. Statistical significance is indicated as: *p < 0.05; **p < 0.01; ***p < 
0.001; ****p < 0.0001.

Results
Compound Synthesis and Characterization of B7
The tetrazole-substituted pyrazine compounds were synthesized using the novel chemoenzymatic method described in 
Figure 2. Pyrazine ring 3 was obtained from diaminomaleonitrile 1 with α-diazo-β-carbonyl compounds based on 
a hemoglobin catalyzed carbene-transfer reaction. Sodium azide was added to nitrile to synthesize tetrazole-substituted 
pyrazine compounds A1-A4 and B1-B6 to obtain 1H-tetrazoles. In addition, the target compound B7 was prepared by 
cycloaddition of sodium azide and intermediate 3 (R2 = COOMe) with concomitant R2 hydrolysis. The compound 
structures were examined using 1H NMR, 13C NMR, and HRMS spectra, and these data are provided in Supporting 
Information (Figure 2 and Data S1). The purity of all target complexes was ≥95%.

Effects of B7 on CRC Cell Proliferation and Apoptosis
NCM460, HCT116, and SW480 cells were treated with 5-fluorouracil (2, 4, 6, 8, and 10 μM) and hydroxyurea (10, 20, 
30, 40, and 50 μM) for 24 h. CCK-8 results suggested that 5-fluorouracil and hydroxyurea could inhibit CRC cell growth 
and were toxic to normal human colorectal epithelial cells NCM460 (Figure S1A–C). Then, NCM460, HCT116, and 
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SW480 cells were incubated with phenazine (1, 5, 10, 15, and 20 μM) and valsartan (10, 20, 30, 40, and 50 μM) for 24 
h. The CCK-8 results showed that they had no significant inhibitory effects on CRC cells (Figure S1A–C). In addition, to 
explore the uptake of drugs and compounds in cells, we first explored the full-band wavelength of PBS-treated cells, 
selecting the 298 nm wavelength for uptake experiments. Figure S1D shows that absorbance at 289 nm increased with 
incubation time, indicating that NCM460, HCT116, and SW480 cells effectively absorbed the drugs and compounds 
throughout the 24 h.

To confirm whether the synthesized compounds could inhibit CRC cell proliferation, NCM460, HCT116, and SW480 
cells were treated with A1-A4 and B1-B7 compounds (0.2, 0.4, 0.6, 0.8, and 1 μM) for 24 h. The CCK-8 results showed 
that compounds A1-A4 and B1-B6 had negligible inhibitory effects on CRC cell growth (Figures 3A and B, S2A). In 
contrast, compound B7 inhibited CRC cell growth at concentrations from 0.4 to 1 μM (Figure 3C) and was less toxic to 
NCM460 cells (Figure S2B). Moreover, Figures 3D, S2B and S3 show increasing absorbance at 289 nm with incubation 
time, indicating that compounds A1-A4 and B1-B7 were effectively taken up by NCM460, HCT116, and SW480 cells 
throughout the 24 h.

Next, we investigated the cancer cell-killing effects of compound B7 in vitro. The cell apoptosis assay results showed 
that 12.72% ± 2% of HCT116 cells (Figure 4A and B) and 16.59% ± 2% of SW480 cells (Figure S4A and B) were dead 
(including early apoptotic, late apoptotic, and necrotic cells) after incubation with 0.4 µM of B7 for 24 h. The apoptosis 
of CRC cells after B7 treatment was further confirmed by TUNEL analysis (Figures 4C and D, S4C and D). The 
expression levels of critical apoptosis-associated genes after B7 treatment were then explored. Figure 4E shows that the 
mRNA level of Caspase-3 increased significantly after B7 treatment, while those of BCL2 and BAX did not change 
significantly (Figures 4E and S4E). Similarly, protein levels of Caspase-3 and cleaved Caspase-3 increased significantly 
after B7 treatment, while those of BCL2 and BAX did not change significantly (Figures 4F and H, S4F and H). 
Altogether, these results indicate that B7 could induce CRC cell apoptosis by increasing Caspase-3 mRNA and protein 
levels.

Figure 2 Chemoenzymatic synthesis of tetrazole-substituted pyrazine compounds.
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Effects of B7 on Autophagy and Ferroptosis in CRC Cells
Autophagy, one of the most important types of programmed cell death, has beneficial and detrimental effects in 
tumorigenesis. Autophagy can inhibit the activation of oncogenes and prevent tumorigenesis.28 However, in malignant, 
transformed cancer cells, autophagy provides nutrients for the survival of cancer cells through promoting the 

Figure 3 Intracellular uptake of B7 inhibits CRC cell proliferation. (A) CCK-8 assay showed the effects of A1-A4 and B1-B6 on HCT116 cells. (B) CCK-8 assay showed the 
effects of A1-A4 and B1-B6 on SW480 cells. (C) CCK-8 assay was utilized to measure the effect of B7 on proliferation. (D) The uptake of B7 in HCT116 and SW480 cells 
over time. The data are represented as the mean ± SD (n = 3). Statistical differences were considered significant at *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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proliferation, invasion, and metastasis of malignant tumors.29 The effects of B7 on autophagy in CRC cells were assessed 
by exploring their mitochondrial morphology using TEM. Unlike PBS-treated cells, B7-treated cells showed mitochon-
drial pyknosis, vacuolation, and membrane rupture (Figure 5A), indicating autophagy suppression.

In addition, qPCR was used to examine the expression of autophagy-related (LC3A/B, P62, and Beclin-1) and 
ferroptosis-related (XCT and ferritin heavy chain 1 [FTH1]) genes since autophagy is usually accompanied by iron 
death. After treatment with B7, the expression of Beclin-1 decreased significantly, while that of other autophagy genes 
did not change significantly (Figures 5B and C, S5A and C). Western blotting confirmed that B7 treatment decreased the 
Beclin-1 protein level (Figure 5D) but had no effect on autophagy-related proteins LC3A/B and P62 or ferroptosis-related 
proteins ALOX15, ACSL4, and GPX4 (Figures 5D, S5B and D).

The binding ability of autophagy-associated proteins to B7 was explored using molecular docking. Beclin-1, LC3A, 
LC3B, and P62 were selected for mapping and force analysis with compound B7. Compound B7 had a binding energy of 
−8.1 kcal ·mol−1 with Beclin-1, −7.0 kcal mol−1 with LC3A, −7.1 kcal mol−1 with LC3B, and −6.0 kcal mol−1 with P62 
(Figure S6). The binding energy of B7 with Beclin-1 was <−7 kcal mol−1, indicating strong binding. Moreover, the types of 
forces formed were rich, and the number of acting bonds was considerable. B7 interacts with amino acid residues LEU-440 
and VAL-269 in the A chain of Beclin-1 protein to form two Alkyl/ π-Alkyl bands, and forms three conventional hydrogen 
bonds with THR-273, ALA-272 and SER-444 of A chain, thus the binding of B7 to Beclin-1 is likely to play 
a corresponding role. In addition, Beclin-1 was selected for mapping and force analysis of compounds 5-fluorouracil, 
hydroxyurea and phenazine and valsartan. The binding energies of Beclin-1 to compound 5-fluorouracil, hydroxyurea, 
phenazine and valsartan are −5 kcal mol−1, −4.3 kcal mol−1, −6.7 kcal mol−1 and −7.3 kcal mol−1 (Figure S7). The binding 
energies of the four compounds were <0 kcal mol−1, which confirmed that the four compounds could bind to Beclin-1 
spontaneously. Therefore, B7 suppressed autophagy in CRC cells by regulating Beclin-1 expression but had no significant 
effect on ferroptosis.

Figure 4 B7 induces apoptosis of CRC cells by promoting the expression of Caspase-3. (A) Flow cytometry was used to analyze the effect of B7 on HCT116 cell apoptosis. 
(B) Statistical analysis of the percentage of HCT116 cells undergoing apoptosis. Statistical significance be-tween groups were evaluated using the Student’s t-test for 
independent groups. (C) TUNEL analysis of HCT116 cells treated with B7 (scale bar = 100 µm). And associated (D) statistical analysis of TUNEL fluorescence signal 
intensity. (E) Relative gene expression of apoptosis-related genes in HCT116 cells treated with PBS or B7. (F) Protein levels of BCL-2, BAX, Caspase-3, cleaved Caspase-3 
and GAPDH in HCT116 cells treated with PBS or B7. (G) The fluorescent images of Caspase-3 in HCT116 cells treated with PBS or B7 (scale bar = 100µm). And associated 
(H) statistical analysis of the Caspase-3 intensity. The data are represented as the mean ± SD (n = 3). Statistical differences were considered significant at **p < 0.01 and 
****p < 0.0001.
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Effects of B7 on CRC Cell Migration and Invasion
The effects of B7 on CRC cell migration and invasion were examined using the cell wound healing test and transdermal 
analysis, respectively. The migration assay results showed reduced migration of B7-treated cells compared to passage- 
matched normal HCT116 and SW480 cells (Figure 6A and B). Transdermal analysis showed that B7 suppressed CRC 
cell invasion (Figure 6C and D). In addition, HCT116 and SW480 cells were treated with B7 compounds (0.4, 0.6 and 
0.8 μM) for 48 h, and the sublethal dose of B7 was tested in the cell migration assays (Figure S8). During migration and 
invasion, cancer cells usually lose epithelial markers, such as E-Cadherin, and develop increased N-Cadherin levels. 
Therefore, the mRNA and protein levels of E-Cadherin and N-Cadherin were examined. The results showed that 
E-Cadherin was increased, and N-Cadherin expression was inhibited in B7-treated cells (Figure S5E and F), indicating 
that B7 might inhibit CRC cell metastasis by suppressing CRC migration and invasion.

B7 Inhibits the Growth of Colorectal Tumors in vivo
The antitumor activity of B7 in vivo was evaluated by constructing a colorectal xenograft model. Figure 7A shows that 
the chemotherapeutic drug 5-fluorouracil had the strongest inhibitory effects on CRC tumor growth as a positive control. 
Moreover, CRC tumor-bearing mice receiving different B7 concentrations had a reduced tumor burden compared to the 
uncontrolled tumor growth in PBS-treated mice. Among these treatments, 2 μM of B7 provided statistically significant 
tumor inhibition compared to PBS treatment, while increasing the B7 dose to 4 or 10 μM further improved its tumor 

Figure 5 B7 inhibits autophagy of CRC cells by inhibiting Beclin-1. (A) The morphology of mitochondria was observed by transmission electron microscope. The red arrow 
indicated that mitochondria in group B7 showed pyknosis, vacuolation, and membrane rupture. (B) The expression of the autophagy-related gene Beclin-1 was detected by 
qPCR. (C) The expression of the ferroptosis-related gene XCT was detected by qPCR. (D) Expression levels of XCT, Beclin-1, and GAPDH proteins were assessed via 
Western blotting. The data are represented as the mean ± SD (n = 3). Statistical differences were considered significant at ***p < 0.001.
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regression effects. However, tumor inhibitory efficiency did not differ significantly between the 4 and 10 μM B7 
treatment groups (Figure 7B).

Body weight can provide indirect evidence for treatment toxicity. Figure 7C shows that body weight did not differ significantly 
between the PBS group and the 2 and 4 μM B7 groups but did between the PBS group and the 10 μM B7 group, indicating that 
appropriate B7 doses are tolerated and safe (Figure 7C). Furthermore, H&E, TUNEL, and Ki-67 staining showed no apparent 
pathological changes in the main organs, while more tumor cell damage was observed in the tumors of tumor-bearing mice treated 
with 4 μM B7 (Figure 7D–G). The mice did not show abnormal weight loss, loss of appetite and weakness, infection of body 
organs, or tumor rupture during the treatment of each drug. Altogether, our in vivo data suggested B7 could effectively suppress 
CRC tumor growth without apparent systemic toxicity at a concentration <4 μM.

Discussion
Current studies have shown that many small molecular compounds are promising in cancer therapy.30 However, there are no 
effective small molecular compounds for treating CRC. Therefore, we focused on the chemical enzymatic synthesis of 
tetrazolium-substituted pyrazine compounds and evaluated their anti-CRC effect in vitro and in vivo. The compounds were 
synthesized using a new chemical enzyme method and designed to contain 1–2 tetrazole rings, a variable group (R1 or R2), and an 
essential functional pyrazines moiety. To establish the structure-activity relationship (SAR) of pyrazine tetrazole compounds in 
inhibiting CRC cell growth, we analyzed the effects of the variable group attached to the pyrazine ring (mono- or di-tetrazole ring).

Since tetrazoles inhibit tumor cells most prominently,14–18 additional bis-tetrazole ring analogs (B1-B7) were synthesized. In 
addition, compounds with a carboxyl substitution on the pyrazine ring showed increased CRC growth inhibition, likely due to 
increased water solubility of the whole compound.11 In conclusion, the results of the A1-A4 and B1-B7 compounds showed that 

Figure 6 B7 inhibits the migration and invasion of CRC. (A) Wound-healing assay images (100× magnification) from HCT116 and SW480 cells treated with PBS and B7. (B) 
Statistical analysis of cell migration. (C) Representative transwell invasion assay images (100× magnification) from HCT116 and SW480 cells treated with PBS and B7. (D) 
Statistical analysis of cell invasion. The data are represented as the mean ± SD (n = 3). Statistical differences were considered significant at **p < 0.01, ***p < 0.001, ****p < 
0.0001.
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pyrazine-containing di-tetrazole ring substitutions with “small alkyl side chains” and a “carboxyl group” exhibited excellent 
effects on tumor growth inhibition.

Previous studies have confirmed that curcumin analogue MS13, a diarylpentane compound, has been proved to have anti- 
tumor activity which has cytotoxicity, anti-proliferation and pro-apoptotic activity on SW480 and SW620 cells.31 Resveratrol can 
also inhibit proliferation and migration of HCT-116 cells and induce apoptosis.32 Studies have confirmed that caspase-3 is 
a prognostic marker in patients with metastatic CRC and is closely related to CRC cell apoptosis.33 To confirm the inhibitory 
ability of compound B7 on CRC progression, the effects of proliferation and apoptosis in CRC cells were analyzed in the present 
study. Our results showed that B7 could inhibit the proliferation of CRC cells without obvious toxic effect on normal colorectal 
epithelial cells. Moreover, the results suggested that B7 can induce the apoptosis through Caspase-3 in CRC cells. Many studies 
have shown that Caspase-3 participates in numerous regulatory mechanisms and is closely related to apoptosis pathways.34–36 

Caspase-3 is a central death protease in the apoptotic cascade and catalyzes the specific degradation of many key site proteins.37,38 

Therefore, it plays an irreplaceable role in the apoptosis cascade and is considered the executor and terminator of most apoptosis 
pathways.39 Moreover, this study confirmed the effect of B7 treatment on the expression of caspases-1 and caspases-9, and there 
was no apparent effect (Figure S5G).

Since autophagy and apoptosis are the main types of eukaryotic regulatory cell death, most CRC treatment strategies focus on 
affecting apoptosis and autophagy to weaken tumor growth.40 Autophagy is a process in which lysosomes degrade excess proteins 
after organelle damage to maintain the dynamic balance of cells under stress.41 Many studies have revealed that autophagy is 
related to apoptosis.42,43 Small molecular compounds have targeted the regulation of apoptosis and autophagy, indicating that they 
have therapeutic potential in developing anticancer drugs.44 Some studies have confirmed that F1012-2-induced apoptosis is 
enhanced by autophagy inhibition.45 A new type of 1,2,4-triazine sulfonamide derivative has been proved to have anti-cancer 

Figure 7 Therapeutic efficacy of B7 against subcutaneous CT26 tumors in vivo. (A) Morphological observation of the mouse CRC tumor tissue of different groups. (B) The tumor 
growth curves of CT26 tumor-bearing mice. (C) The body weight changes of mice were recorded. (D) H&E staining of main organs of mice. The data are represented as the mean ± SD 
(n = 3). (E) Immunohistochemical staining of Ki-67 in tumor tissue. (F) TUNEL analysis of H tumor tissue treated with B7 (scale bar = 100 µm). And associated (G) statistical analysis of 
TUNEL fluorescence signal intensity. Statistical differences were considered significant at * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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activity against CRC cells which can induce apoptosis through endogenous and exogenous pathways, and affect the expression of 
Beclin-1, thus affecting autophagy.46 Therefore, the effect of compound B7 on CRC autophagy was explored. The mitochondrial 
electron microscopy results showed that they were damaged, shrunken, and changed in the B7 group, indicating that autophagy 
was affected.47 A previous report indicated that Beclin-1 is an autophagy regulator linking autophagy to apoptosis, confirming our 
data.48 Studies have shown that overexpression of Beclin-1 is contacted with reduced survival in patients with CRC treated with 
adjuvant 5-fluorouracil.49 While most studies have shown that Beclin-1 can inhibit tumorigenesis, it has also been reported that 
Beclin-1 can promote tumor cell survival. Beclin-1 expression was significantly higher in primary hepatocellular carcinoma than 
in normal liver cells,50 indicating that it may play a positive role in hepatocellular carcinoma development by promoting 
autophagy. Therefore, by down-regulating Beclin-1 expression, B7 may also inhibit tumor cell development, consistent with 
our data showing that B7 treatment inhibited Beclin-1 expression, B7 binds to Beclin-1 through Alkyl/ π-Alkyl bands and 
conventional hydrogen bond, and the binding energy is strong, inhibiting autophagy in CRC cells. Considering whether the 
morphological changes of mitochondria and the inhibition of autophagy in B7-treated CRC cells are related to ferroptosis, the 
expression of ferroptosis-related genes were investigated. However, B7 does not affect the expression of ferroptosis-related genes 
in CRC cells.

The process of migration and invasion is an important part in CRC development.51 Thus, the role of B7 in migration 
and invasion of CRC cells were investigated. In the present study, the migration and invasion were inhibited by B7 in 
CRC cells. The effect of B7 was also investigated using a CRC xenograft model. 5-fluorouracil is used in a variety of 
chemotherapy regimens for several cancers including CRC.7,52,53 It has become one of the most widely employed 
antimetabolite chemotherapeutic agents in recent decades.54–56 Like 5-fluorouracil, B7 inhibited tumor growth in vivo. In 
addition, the H&E staining showed no apparent pathological changes in the main organs and body weight did not differ 
significantly of tumor-bearing mice treated with 4 μM B7. The mice were in good condition and showed no side effects 
during treatment. The mice showed no abnormal weight loss, loss of appetite or weakness, organ failure or tumor ulcers, 
and no animals were euthanized before the end of the study. Altogether, a potential working model for B7 is to induce 
cell apoptosis via Caspase-3 and inhibit autophagy via Beclin-1 in CRC cells, suppressing CRC tumor growth in tumor- 
bearing mice (Figure 8).

Figure 8 Working model of B7 and its inhibitory role in regulating tumor growth.
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Conclusion
In summary, compound B7 was synthesized efficiently using tetrazolium-substituted pyrazine via a chemoenzymatic 
method. B7 modulated the expression of Caspase-3 which is essential in tumor cell apoptosis in CRC cells, inducing their 
apoptosis. In addition, B7 treatment decreased Beclin-1 expression, indicating inhibited autophagy. This study showed 
that B7 effectively inhibited CRC cell proliferation, migration, and invasion. B7 inhibited tumor growth in vivo, had no 
significant toxic effect on major organs and had no significant effect in vivo. In order to improve the anti-tumor effect of 
tetrazolium substituted pyrazine compounds, the potential side effects of B7 need further investigate in the future.
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