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Abstract
Antibiotic resistance is a growing problem due to the rise in diseases associated with resistant 
pathogens. The bacterial SOS response is a genetic stress-response pathway whose primary role is 
DNA repair. It can be activated by DNA damage induced by antibiotics and contribute indirectly to 
the emergence of resistance through mutagenic DNA polymerases, horizontal gene transfer, and the 
promotion of bacterial persistence and tolerance to antibiotics. Inhibiting this pathway represents 
a promising strategy to reduce the appearance of resistant variants. Here, we aimed to evaluate the 
antibacterial, antibiotic-modulating, and SOS-inhibitory capacities of Lippia origanoides extract 
(LOE) and pinocembrin, using the Escherichia coli PQ37 strain and the SOS Chromotest assay. 
Ciprofloxacin was used as the test antibiotic and proved to be a potent inducer of the SOS response 
in E. coli. In co-treatments with this antibiotic, pinocembrin (0.097 mM) exhibited a synergistic 
effect on the antibiotic’s activity, reducing its minimum inhibitory concentration by approximately 
fourfold. Furthermore, pinocembrin inhibited the ciprofloxacin-induced SOS response in a 
concentration-dependent manner, with significant inhibition starting at 0.031 mM (r = -0.87, p < 
0.05). These results indicate that pinocembrin can be an adjuvant in combination antibiotic therapy, 
as it potentiates antibiotic activity while simultaneously suppressing the bacterial SOS response, a 
mechanism that could minimize the risk of antibiotic resistance development.
Keywords: Antibiotic resistance; SOS response; ciprofloxacin; pinocembrin; inhibition; Lippia 
origanoides.

Resumen
La resistencia antibiótica constituye un problema creciente debido al aumento de enfermedades 
asociadas con patógenos resistentes. La respuesta SOS bacteriana es una vía génica de respuesta 
al estrés cuyo papel principal es la reparación del ADN. Dicha respuesta puede activarse por el 
daño en el ADN causado por antibióticos y contribuye indirectamente a la aparición de resistencia 
a través de las polimerasas mutagénicas, la transferencia horizontal de genes y la promoción de la 
persistencia y la tolerancia bacteriana a los antibióticos. La inhibición de esta vía representa una 
estrategia prometedora para reducir la generación de variantes resistentes. En este contexto, nuestro 
objetivo fue evaluar las capacidades antibacterianas, moduladoras de antibióticos e inhibitorias de 
la respuesta SOS del extracto de Lippia origanoides (ELO) y la pinocembrina, utilizando la cepa 
Escherichia coli PQ37 y el ensayo SOS Chromotest. El antibiótico evaluado fue el ciprofloxacino, 
el cual demostró ser un potente inductor de la respuesta SOS en E. coli. En los tratamientos 
concomitantes con este antibiótico, la pinocembrina (0.097 mM) exhibió un efecto sinérgico sobre 
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la actividad del antibiótico, reduciendo en cerca de cuatro veces su CMI. Además, la pinocembrina 
inhibió la respuesta SOS inducida por el ciprofloxacino de forma dependiente de la concentración, 
observándose una inhibición significativa a partir de 0.031 mM (r = - 0.87, p < 0.05). Nuestros 
resultados indican que la pinocembrina puede actuar como coadyuvante en la terapia antibiótica 
combinada, dado que potencia su actividad a la vez que inhibe la respuesta SOS bacteriana, un 
mecanismo que podría minimizar el riesgo de desarrollar resistencia a antibióticos.
Palabras clave: resistencia antibiótica; respuesta SOS; ciprofloxacino; pinocembrina; inhibición; 
Lippia origanoides. 

Introduction
Antibiotic resistance constitutes one of the most serious public health challenges of 
this century. In 2021, deaths worldwide associated with antibiotic microbial resistance 
were estimated to be 1.91 million; these numbers are expected to increase to 8.22 
million deaths by 2050 (Naghavi et al., 2024). The excessive and often indiscriminate 
use of antibiotics promotes the emergence and spread of resistant strains not only in 
clinical settings but throughout the food chain; foodborne infections alone account for 
a substantial proportion of illnesses and diseases, with an estimated 9.4 million people 
treated annually for this cause in the United States (Scallan et al., 2010; de Castro et 
al., 2025). Of particular concern is the rising prevalence of antibiotic-resistant pathogens 
in animal meat production processes and markets (Nhung et al., 2017; Kumar et al., 
2018; Kasimanickam et al., 2021). Colombia is no exception to this trend, as resistant 
strains have been isolated from poultry, cattle, milk, and even water sources (Arenas & 
Melo, 2018). Furthermore, antibiotic-resistant pathogens are the most common cause of 
nosocomial infections (Alpert, 2016; Kaur et al., 2020). These scenarios pose enormous 
challenges for animal meat production and human health worldwide, underscoring the 
need to develop alternatives to control infections caused by multidrug-resistant bacteria 
in different settings.

Recent studies (Qin et al., 2015; Mo et al., 2016) have shown that the SOS response 
in bacteria plays a crucial role in the emergence of antibiotic-resistant variants. This 
bacterial response is initiated when the cellular genome is damaged, activating different 
gene pathways that allow DNA damage repair and cell division restoration, which are 
essential for survival (Radman, 1975; Shinagawa, 1996). RecA is a positive regulator 
of this response and has a high affinity for single-stranded DNA regions, which are 
products of damaged DNA processing. Bound to these regions, the RecA protein produces 
a nucleofilament structure that promotes the self-cleavage of the LexA repressor, the 
negative regulator (repressor) of more than 50 genes associated with the SOS response 
(Little et al., 1980; Fernández de Henestrosa et al., 2000). The induction of these SOS 
genes in bacteria is sequential, and its magnitude varies depending on the affinity of the 
LexA repressor for the promoter region (SOS box) of each SOS (Courcelle et al., 2001).

In Escherichia coli, the dinB and umuDC genes, which encode polymerases IV and 
V, respectively, are induced late during the SOS response. These low-fidelity polymerases 
(prone to errors) replicate the bacterial genome at the cost of producing mutations 
(Courcelle et al., 2001; Henrikus et al., 2018), and their high mutation rate is a critical 
factor in the production of bacterial variants (mutants) with antibiotic resistance (Cirz 
et al., 2005; Jaktaji & Rezaei, 2021; Yakimov et al., 2021). Antibiotics that interfere 
with cell wall synthesis and DNA replication are strong inducers of the SOS response in 
bacteria (Kohanski et al., 2010; Crane et al., 2021). For example, β-lactam antibiotics 
(e.g., ampicillin) and quinolones (e.g., ciprofloxacin) induce the SOS response, producing 
antibiotic-resistant mutants of E. coli, Salmonella typhimurium, Pseudomonas aeruginosa, 
and Staphylococcus aureus (Cirz et al., 2005; Wang et al., 2010; Mo et al., 2016; 
Elfadadny et al., 2024). These mutants are not induced if the bacteria have a deficiency in 
low-fidelity polymerase activity (Jaktaji & Rezaei, 2021), indicating the central role of 
these polymerases in inducing resistance to the above-mentioned antibiotics.
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Consequently, novel therapeutic strategies that block the bacterial SOS response are 
required to address the challenge of antibiotic resistance (Memar et al., 2020; Crane et 
al., 2021; Machuca et al., 2021). The inhibition or inactivation of recA and lexA genes, 
which regulate the induction of the bacterial SOS response, is critical in such approaches. 
Thus, different compounds (e.g., p-coumaric acid, phthalocyanine tetrasulfonic acid, 
N(6)-(1-naphthyl)-ADP, 5-amino-1-(carbamoylmethyl)-1H-1,2,3-triazol-4-carboxamide, 
3-nPBA) that inhibit the expression of these cellular targets (Lee et al., 2005; Alam et al., 
2016; Selwood et al., 2018; Chatterjee et al., 2024) and binding agents (e.g., zinc, copper, 
mercury) or peptides that affect the function of the RecA protein (Cline et al., 2007; Lee 
& Singleton, 2004; Bunnell et al., 2017; Yakimov et al., 2017; Ojha & Patil, 2019) 
have been reported. Other authors have suggested the use of compounds (e.g., curcumin) 
or extracts of medicinal plants (e.g., Cytisus austriacus, Chelidonium majus, Juglans 
regia, and Rhus glabra) to globally inhibit the SOS response in bacteria (Bellio et al., 
2014; Mazanko et al., 2020). Separately, the combined use of antibiotics and resistance-
modifying agents has gained relevance in recent years as a therapeutic strategy (Abreu et 
al., 2012), as these agents are widely recognized for enhancing antibiotic activity against 
resistant bacteria and inhibiting bacterial efflux pumps (Dias et al., 2022). Despite these 
advances, experimental evidence supporting SOS response inhibition as an effective 
strategy to counteract antibiotic resistance remains scarce, and few studies have explored 
new molecules capable of inhibiting this pathway. In particular, whether new molecules 
are capable of inhibiting the SOS response and modulating the cytotoxicity of relevant 
antibiotics needs further investigation.

Recent studies have indicated that Colombian flora may be an important source of 
resistance-modifying agents (Barrios et al., 2021; de Castro et al., 2025). Among these, 
Lippia origanoides has been widely studied as a source of antimicrobial compounds 
(Barreto et al., 2014; Ribeiro et al., 2021), and several studies have shown that its essential 
oils, hydroalcoholic extracts, and main compound, pinocembrin, inhibit the SOS response 
triggered in E. coli by various mutagenic agents (Vicuña et al., 2010; Quintero-Ruiz et 
al., 2017; Fuentes et al., 2017; García-Forero et al., 2019). 

The antibacterial mechanisms of pinocembrin have been studied across different 
bacterial species. Its primary effect involves modification of the cell membrane: at 
inhibitory concentrations, pinocembrin increases membrane permeability and can lead 
to leakage of cellular contents (Wu et al., 2022). Beyond its effect on the membrane, 
pinocembrin also affects protein synthesis, decreasing ribosomal protein expression and 
downregulating the NADH dehydrogenase complex, affecting overall protein synthesis and 
bacterial metabolism (Rasul et al., 2013; Klančnik et al., 2019). Notably, at subinhibitory 
concentrations, pinocembrin does not appear to alter membrane integrity (Klančnik 
et al., 2019); thus, its antibacterial activity may be concentration-dependent, and other 
mechanisms could play a major role at lower doses. However, whether pinocembrin 
modulates the bacterial SOS response induced by antibiotics remains unexplored. 

Here, we hypothesized that the hydroalcoholic extract of L. origanoides and its main 
compound, pinocembrin, can modulate the antibacterial activity of ciprofloxacin and 
inhibit its ability to induce the SOS response in E. coli. This research is expected to provide 
relevant information for the development of formulations that combine ciprofloxacin and 
the phytochemicals, allowing for more effective control of this enteropathogen, preventing 
the formation of new resistant variants during therapeutic treatments, and enabling the 
prolonged use of broad-spectrum antibiotics such as ciprofloxacin.

Materials and methods 
Plant material and extracts 
Lippia origanoides plants (Figure 1, left) were collected from the Chicamocha River 
Canyon (Los Santos, Santander, Colombia) under the permit granted by the Colombian 
Ministry of Environment and Sustainable Development (Contract No. 270). José Luis 
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Fernández Alonso (National University, Bogotá, Colombia) taxonomically identified 
L. origanoides, and the specimen (voucher number COL560259) was deposited in the 
National Herbarium of Colombia (Bogotá, Colombia). L. origanoides extract (LOE) was 
obtained by supercritical fluid extraction (SFE) as described previously (Fuentes et al., 
2017). For the bioassays, the extract was dissolved in methanol (30 mg/mL), vortexed 
for 5 min, incubated in an ultrasonic bath for 10 min at 40°C, and centrifuged at 5000 
rpm for 10 min. The supernatant (1 mL) was then filtered and stored at -80°C in an ultra-
low-temperature freezer (Thermo Scientific, MA, USA). Before use, the extracted stock 
solutions were thawed and refrigerated at 5–8°C for 24 h (Fuentes et al., 2021).

Chemicals 
High-purity gases (helium, nitrogen, hydrogen, and air) for gas chromatography were 
obtained from Linde S. A. (Bucaramanga, Colombia). Standard compounds (n-tetradecane 
and n-alkanes, C8-C25, and pinocembrin), Luria-Bertani (LB) medium, antibiotics 
(ampicillin, ciprofloxacin, and tetracycline), calcium carbonate, sodium dodecyl sulfate, 
and β-mercaptoethanol were purchased from Sigma-Aldrich Co. Inc. (Milwaukee, WI, 
USA). The substrates for β-galactosidase (o-nitrophenyl-β-D-galactopyranoside) and 
alkaline phosphatase (p-nitrophenyl phosphate), as well as LB medium, were purchased 
from Amresco (Solon, Ohio, USA). Sodium hydroxide was obtained from Panreac 
Química SLU (Barcelona, Spain). Fuming hydrochloric acid (37%), monobasic sodium 
phosphate monohydrate, magnesium sulfate, and potassium chloride were purchased from 
Merck (Darmstadt, Germany). The TRIS base was obtained from J.T. Baker (New Jersey, 
NJ, USA).

GC-MS analysis 
Lippia origanoides extract (LOE) was chemically characterized using gas chromatography-
mass spectrometry (GC-MS) analysis. Compound identification was based on 
chromatographic (retention times and retention indices) and mass spectroscopic (spectral 
interpretation and comparison with databases) criteria. Gas chromatography (GC) analyses 
were performed using a 6890 Plus gas chromatograph (Agilent Technologies, Palo Alto, 
CA, USA) equipped with a mass selective detector MSD 5975 (Electron impact ionization, 
EI, 70 eV, Agilent Technologies, Palo Alto, CA, USA), a split/splitless injector (1:30 split 
ratio), a 7863 automatic injector, and an MS ChemStation G1701-DA data system, which 
included the spectral libraries WILEY, NIST, and QUADLIB 2007. A fused-silica capillary 
column DB-5MS (J&W Scientific, Folsom, CA, USA) of 60 m x 0.25 mm i.d., coated with 
5%-phenyl poly(methylsiloxane) (0.25 µm film thickness) was used. The chromatographic 
conditions were as follows: The GC oven temperature was programmed from 45°C (5 min) 
to 150°C (2 min) at 4°C/min, then to 250°C (5 min) at 5°C/min, and finally, to 275°C (15 min) 

Figure 1. Lippia origanoides specimen and the GC-MS profile of the extract. L. origanoides specimen 
(COL560259) planted at the CENIVAM experimental complex (left). Typical GC-MS profiles of the 
L. origanoides extract obtained by supercritical fluid (CO2) extraction (right). The major constituents 
of the extract were numbered according to the order of elution on the DB-5MS column. 
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at 10°C/min. The temperatures of the injection port, ionization chamber, and transfer line 
were set at 250, 230, and 285ºC, respectively. Helium (99.99%, Linde S.A., Bucaramanga, 
Colombia) was used as the carrier gas, with a 155 kPa column head pressure and 27 cm 
s-1 linear velocity (1 mL min-1, at constant flow). A standard solution of n-alkanes (C8-C25) 
was used to calculate the linear retention indices (LRI) of the extract’s compounds, and the 
LRI values were compared with those described in the database (Babushok et al., 2011). 
Mass spectra and reconstructed (total) ion chromatograms were obtained by automatic 
ion scanning of the mass spectra (m/z 30-350) at 5.1 scans s-1. Chromatographic peaks 
were checked for homogeneity with the aid of mass chromatograms for the characteristic 
fragment ions and the MS ChemStation peak-purity program. 

Bacterial strains and culture
We used the E. coli PQ37 strain [F-thr leu his-4 pyrD thi galE galK or galT lacΔU169 
srl300::Tn10 rpoB rpsL uvrA rfa trp::Muc+ sfiA::Mud(Ap,lac)cts], described for the 
detection of genotoxic agents (Quillardet & Hofnung, 1985). This strain contains a gene 
fusion that places the lacZ gene (β-galactosidase activity) under the control of the sulA 
gene promoter, which is part of the SOS response and functions as a DNA damage reporter. 
Bacterial cultures were grown in Luria-Bertani (LB) medium supplemented with ampicillin 
(50 µg/mL) and tetracycline (17 µg/mL), which allowed for the verification of genotype 
stability. Cells were cultured in Eppendorf tubes overnight at 37°C with continuous shaking 
(1000 rpm) in a Thermomixer-type thermal block (Eppendorf, São Paulo, Brazil).

Antibacterial activity 
The minimum inhibitory concentration (MIC), defined as the lowest concentration of a 
sample that inhibits microbial growth (Andrews, 2001), was determined by culturing E. 
coli PQ37 in the presence of different concentrations of each sample. The concentrations of 
the tested samples were as follows: LOE (7.8–500 µg/mL), pinocembrin (0.015–0.5 mM), 
ampicillin (0.21–6.73 mM), and ciprofloxacin (7.11 x 10⁻⁵–4.5 x 10⁻³ mM). Bacterial cells 
grown overnight (12–16 h) in Eppendorf tubes were diluted by one decimal place (to an 
approximate cell concentration of 10⁸ cells/mL) in fresh LB medium supplemented with 
antibiotics (see above), which contained the desired concentration of the sample being 
evaluated. Bacterial cells were allowed to grow for 24 h under the same culture conditions, 
and the entire culture was then transferred to a quartz cuvette with a 1 cm path length 
and 1.5 mm glass thickness (Zenith Lab, Jiangsu, China) for optical density readings at 
600 nm using a Multiskan GO spectrophotometer (Thermo Scientific, Waltham, USA). 
Antibiotic-supplemented LB medium without bacterial inoculum was used as a blank. The 
positive control was always a culture grown in LB medium supplemented with ampicillin 
and tetracycline, without the samples under study. Three independent experimental 
assays were performed for each treatment group. The degree of antibacterial activity 
of the samples was defined according to the minimum inhibitory concentration (MIC) 
criteria of Cos et al. (2006). For LOE, it was defined as follows: high (MIC ≤ 100 μg/mL), 
moderate (MIC between 101 and 500 μg/mL), low (MIC between 501 and 1000 μg/mL), 
and inactive (MIC > 1000 μg/mL); for pure compounds, relevant antibacterial activity was 
that produced at MIC ≤ 25 μM.

Interpolating survival data in the graphical method (Ara et al., 2009), we calculated 
the relevant lethal concentrations (LC30 and LC50) of LOE and pinocembrin, at which 
30% and 50% of the cell population died, respectively. LC30, at which 70% of the cells 
survived, was considered a good measure of cell survival.  

Antibiotic modulatory activity of extracts and pinocembrin
Relevant concentrations (LC30 and LC50) of LOE (LC30 = 15.5 µg/mL, LC50 = 68.7 µg/
mL) and pinocembrin (LC30 = 0.053 mM, LC50 = 0.097 mM) were selected to study their 
modulatory effect on the antibacterial activity of the antibiotics. The MIC of the E. coli 
PQ37 strain was determined for the co-assays (LOE + ciprofloxacin and pinocembrin + 
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ciprofloxacin). In these mixtures, ciprofloxacin was analyzed within the concentration 
range indicated above. Bacterial cell cultures in the co-treatments were grown in Eppendorf 
tubes following the procedure described in the previous section. Similarly, the culture 
OD600nm measurement was performed as described above.

Determination of phytochemical/antibiotic interactions
For each co-treatment indicated in the previous section, we calculated the Fractional 
Inhibitory Concentration (FIC) index, which expresses the degree of interaction (Hall et 
al., 1983). The FIC is the MIC of the combined samples divided by the MIC of the drug 
(antibiotic) alone. For two interacting samples, A and B, the sum of the FICs (ΣFIC = FICA 
+ FICB) was as follows: FIC = CA/CMIA + CB/CMIB, where CA and CB are the MICs of 
the co-assays (sample + antibiotic) and CMIA and CMIB are the MICs of samples A and 
B. The FIC index was interpreted as follows: (1) synergistic effect when FIC ≤ 0.5; (2) 
additive or indifferent effect when FIC > 0.5 and < 1; and (3) antagonistic effect when FIC 
≥ 1 (Konaté et al., 2012). To calculate the FIC of LOE and its co-treatments, the MIC of 
the antibiotic was converted to extract units (μg/mL).

SOS response induction in the studied samples
The SOS response in E. coli was evaluated using the SOS Chromotest assay (Quillardet 
& Hofnung, 1985). A bacterial culture grown overnight was diluted (1/10) in fresh LB 
medium supplemented with ampicillin and tetracycline. The culture was allowed to grow in 
a Thermomixer heat block at 37°C and 1000 rpm until the optical density at 600 nm reached 
0.4 (~10⁸ cells/mL). The culture was diluted (1/10) in the same culture medium containing 
different concentrations of phytochemicals and antibiotics as follows: LOE (2–250 µg/
mL), pinocembrin (0.002–0.500 mM), ampicillin (0.27–4.03 mM), and ciprofloxacin (7.1 
× 10⁻⁵–3.6 × 10⁻⁴ mM). Eppendorf tubes containing the samples were incubated at 8°C for 
30 min to allow the incorporation of the compounds into the cells, followed by incubation 
for 2 h at 37°C with shaking at 1000 rpm in a Thermomixer to induce the SOS response. 
Each experiment included a negative control (distilled water) and a positive control (10 J/
m² UVB, see below). In all cases, a minimum of three independent experiments with four 
internal replicates were performed.

β-galactosidase (βG) and alkaline phosphatase (AP) activities were analyzed in 96-well 
plates (Brand GmbH, Germany), as described by Fuentes et al. (2017). Briefly, for βG 
activity, cell membranes were disrupted by mixing 135 μL of buffer Z (60 mM Na₂HPO₄, 40 
mM NaH₂PO₄, 10 mM KCl, 1 mM Mg₂SO₄, 0.1% SDS, and 40 mM β-mercaptoethanol, pH 
7.0) with 15 μL of cell culture for 20 min at room temperature. The reaction was initiated by 
adding 30 μL of ONPG (4 mg mL⁻¹ in 0.1 M phosphate buffer, pH 7.0). After 40 min, the 
enzymatic reaction was stopped by adding 100 μL Na₂CO₃ (1 M). For alkaline phosphatase 
(AP) activity, cell membranes were disrupted by adding 135 μL of buffer T (0.1% sodium 
dodecyl sulfate, 1 M Tris-HCl, pH 8.8) to 15 μL of cell culture. The enzymatic reaction 
was initiated by adding 30 μL of PNPP solution (4 mg mL⁻¹ in buffer T). After 40 min, the 
reaction was stopped by adding 50 μL of HCl (2.5 M). After 5 min, 50 μL of Tris (2 M) was 
added to restore the color. The absorbance in the βG and AP assays was measured at λ = 420 
nm using a Multiskan GO microplate reader (Thermo Scientific, MA, USA).

βG and AP activities were calculated using the following relationship: enzyme units = 
(1000 × A420)/t, where A420 is the optical density at λ = 420 nm, and t is the incubation 
time (min) with the substrate (ONPG or PNPP). The ratio of βG units to AP units (R = βG/
AP) reflects sulA gene induction, even when protein synthesis is inhibited. The genotoxicity 
criterion used was the SOS induction factor (I), which represents the normalized sulA gene 
induction data for each treatment (LOE, pinocembrin, and antibiotics). Therefore, this was 
considered an indirect measure of primary DNA damage (genotoxicity) induced by the 
treatments. This parameter was calculated as I = Rt/Rnt, where t and nt correspond to the 
treated and untreated cells, respectively. Samples were classified as non-genotoxic if I < 
1.5, inconclusive if I was between 1.5 and 2.0, and genotoxic if I was > 2.0, and a clear 
SOS concentration-response relationship was observed.
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SOS response induction by UVB radiation
For comparison, UVB radiation was used as a well-known inducer of the SOS response 
(Fuentes et al., 2017). Cultures (0.5 mL) with an optical density (OD600nm) of 0.4 (∼10⁸ 
cells/mL) were distributed in 5 cm diameter Petri dishes for irradiation during the assays. 
The cells were irradiated in the dark using a BS-02 UVA/UVB irradiation chamber equipped 
with a UV-MAT radiation controller (Opsytec Dr Groebel, Ettlingen, Baden-Württemberg, 
Germany). This radiation controller continuously measures the irradiance, calculates the 
irradiation dose, and stops irradiation after the target dose is reached. The dose range 
studied was between 5 and 180 J/m². The irradiated cultures were transferred back into 
Eppendorf tubes and incubated for 2 h at 37°C with shaking at 1000 rpm in a thermomixer 
to induce the SOS response. Each experiment included a negative control (distilled water). 
β-galactosidase (βG) and alkaline phosphatase (AP) assays, enzyme activity calculation, 
and the SOS induction factor (I) were performed as previously described. In all cases, a 
minimum of three independent experiments with four internal replicates were conducted.      

SOS response inhibition in Escherichia coli by phytochemicals 
The inhibition of the SOS response in E. coli PQ37 was studied using the co-incubation 
procedure described previously (Fuentes et al., 2006). Cells were treated simultaneously 
with the phytochemicals (LOE or pinocembrin) at the concentrations indicated above 
and with the SOS inducer (antibiotic or UVB radiation). The concentrations of the 
SOS inducers used were as follows: ciprofloxacin (9.1 x 10⁻³ mM) and UVB radiation                                   
(80 J/m²). After exposure to SOS inducers, the cells were cultured for 2 h at 37°C with 
shaking at 1000 rpm in a Thermomixer (Eppendorf, São Paulo, Brazil). β-galactosidase 
(βG) and alkaline phosphatase (AP) assays, enzyme activity calculations, and SOS 
induction factor (I) were performed as previously described. An SOS inhibitory effect was 
considered to be demonstrated when a significant reduction in the SOS induction factor 
(I) by the phytochemical was observed. In all cases, a minimum of three independent 
experiments with four internal replicates were performed.

Statistical analysis
Average values for OD600nm, MIC, and I, and their corresponding standard errors were 
calculated. Data normality was assessed using the Shapiro-Wilk test, and homogeneity 
using the Fmax test. As the treatment data did not always follow a normal distribution, we 
used the Kruskal-Wallis test for independent samples, and to evaluate the dose-response 
relationship in the SOS induction experiments, we used Pearson’s product-moment 
correlation analysis. In all analyses, a p-value of < 0.05 was considered significant. 
Statistical analyses and data plots were performed using the stats and ggplot2 programs, 
respectively, on the R platform version 4.3.3 (R Core Team, 2024).

Results 
GC-MS analysis
The main compounds present in the L. origanoides extract were determined using GC-
MS and are shown in Figure 1 (right). The GC-MS profile of the L. origanoides extract 
showed 16 peaks, including those with GC relative area < 1%. The extract composition 
(GC relative area ≥ 1% in parenthesis) was as follows: 1 – α-phellandrene (1.0%). 2 
– ρ-cymene (6.2%). 3 – limonene (1.0%). 5 – 1,8-cineole (3.5%). 8 – thymol (4.6%). 
9 – carvacrol (6.3%). 10 – α-copaene (1.0%). 11 – trans-β-caryophyllene (10.9%). 
12 – α-humulene (4.6%). 13 – γ-muurolene (1.0%). 14 – δ-cadinene (1.3%). 15 – Not 
identified compound (1.3%). 16 – Pinocembrin (54.9%). The major constituents of the 
L. origanoides extract were the following: pinocembrin (54.9%), trans-β-caryophyllene 
(10.9%), carvacrol (6.3%), p-cymene (6.2%), thymol (4.6%), and 1,8-cineole (3.5%). 
These results confirmed pinocembrin as the predominant compound in LOE, validating 
its selection for individual evaluation. 
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Antibacterial activity 
The antibacterial activity of LOE, pinocembrin, ciprofloxacin, and ampicillin was first 
determined to establish reference MIC values for the following co-treatment assays. Figure 
2 shows the concentration-inhibition relationship of bacterial growth following exposure 
of the E. coli PQ37 strain to the studied phytochemicals and antibiotics. The MICs of 
the phytochemicals and antibiotics were as follows: LOE (500 µg/mL); pinocembrin 
(0.25 mM); ampicillin (3.36 mM); and ciprofloxacin (0.0011 mM). Thus, the degree of 
cytotoxicity of these samples was (Cos et al., 2006): LOE – moderate antibacterial activity 
(MIC between 101 and 500 µg/mL), pinocembrin – irrelevant antibacterial activity (MIC 
> 25 µM), ampicillin – irrelevant antibacterial activity (MIC > 25 µM), and ciprofloxacin 
– relevant antibacterial activity (MIC ≤ 25 µM). These results show a moderate inhibitory 
capacity on bacterial growth for the phytochemicals and antibiotics studied.

Notably, the MIC of ciprofloxacin was approximately 3000 times lower than that of 
ampicillin. The dose-response curve for ampicillin not only showed consistently high MIC 
values (MIC = 3.36 mM), but this value was also observed at relatively higher optical 
density values (OD600nm ≈ 0.16), indicating a baseline level of bacterial growth under 
these conditions, which may be associated with β-lactamase production, encoded within 
the (sfiA::Mud (Ap, lac) cts) genotype of the E. coli PQ37 strain. Given these results, 
ampicillin was excluded from subsequent trials. 

Antibiotic modulatory activity of extracts and pinocembrin
To evaluate whether LOE and pinocembrin could modulate ciprofloxacin antibacterial 
activity, the LC50 and LC30 lethal concentrations for the phytochemicals were calculated by 

Figure 2. Dose-response curves of Escherichia coli PQ37 exposed to phytochemicals and antibiotics. 
The figure represents the growth inhibition curves of E. coli PQ37 at different concentrations of 
the tested samples: (A) LOE, (B) pinocembrin, (C) ampicillin, and (D) ciprofloxacin. The MIC for 
each compound is indicated by an arrow. Optical density values at 600 nm are presented with their 
standard errors (n = 3).
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interpolating OD600nm data, using the graphical method (Ara et al., 2009). The following 
results were obtained: LOE (LC50 = 68.7 µg/mL, LC30 = 15.5 µg/mL), and pinocembrin 
(LC50 = 0.097 mM, LC30 = 0.053 mM). These sublethal concentrations (< MIC) were used 
in co-assays to evaluate the modulatory capacity of ciprofloxacin’s activity (Table 1).

At their respective LC30 concentrations, LOE (LC30 = 15.5 µg/mL) and pinocembrin 
(LC30 = 0.053 mM) did not alter the MIC of ciprofloxacin. Furthermore, these co-assays 
(No. 1 and 3) showed FIC values = 1, indicating a slight antagonistic effect between the 
components of the mixtures. At its LC50 concentration, LOE (LC50 = 68.7 µg/mL) halved 
the MIC of the antibiotic ciprofloxacin. In this case, the interaction showed an FIC value 
of ≈ 0.51, indicating an additive or neutral effect. Finally, at its LC50 (LC50 = 0.097 mM), 
pinocembrin reduced the MIC of ciprofloxacin by 3.6 times. For this interaction, an FIC 
of approximately 0.26 was observed, indicating synergism between the components of 
the mixture. These results clearly indicate the potential of pinocembrin as an antibiotic 
activity modifier.  

SOS response induction by studied samples and UVB radiation
To identify the level of genotoxicity of the inducers and rule out genotoxic activity of 
the phytochemical compounds, the individual capacity to induce the SOS response of 
LOE, pinocembrin, ampicillin, ciprofloxacin, and UVB radiation was evaluated. Only 
two agents, ciprofloxacin and UVB radiation, induced the SOS response in E. coli PQ37 
(Figure 3). Compared to the negative control (untreated), the antibiotic ciprofloxacin 
exceeded the genotoxicity threshold (I > 2.0) at a concentration of 7.1 × 10-5 mM, 
significantly increasing the induction of the SOS response (r = 0.84, p < 0.05) starting at a 
concentration of 4.9 x 10⁻⁴ mM and reaching a maximum (I = 7.5 ± 0.9) at a concentration 
of 9.1 x 10⁻³ mM (Figure 3A). Remarkably, the MIC (0.0011 mM) of ciprofloxacin fell 
within the concentration range that induced the SOS response in this strain. Similarly, UVB 
radiation produced a significant increase in the SOS response (r = 0.95, p < 0.05), reaching 
a maximum (I = 12.7 ± 7.9) at a dose of 100 J/m² (Figure 3B). A reduction in I values 
was observed at these concentrations and doses, possibly associated with the increased 
toxicity of these agents. In contrast, LOE, pinocembrin, and ampicillin did not induce the 

Table 1. Minimum Inhibitory Concentration (MIC) and Fractional Inhibitory Concentration (FIC) 
values for the co-assays studied

Co-assays
MIC FIC Concept

Phytoc. CIP Co-assays FICA FICB ΣFIC

No. 1 (LOE 
(15.5 µg/mL) 
+ CIP)

500 µg/mL 0.48 µg/mL 0.48 µg/mL 0.00096 1 1.00096 Antagonist

No. 2 (E (68.7 
µg/mL) + CIP) 500 µg/mL 0.48 µg/mL 0.24 µg/mL 0.00048 0.5 0.50048 Indifferent

No. 3 (PIN 
(0.053 mM) + 
CIP)

0.25 mM 0.0011 mM 0.0011 mM 0.0045 1 1.00450 Antagonist

No. 4 (PIN 
(0.097 mM) + 
CIP)

0.25 mM 0.0011 mM 0.00028 mM 0.00113 0.25 0.25113 Synergist

Note. The table represents the reduction in the MIC of ciprofloxacin when combined in co-assays with 
phytochemicals at two different concentrations (LC30 and LC50, respectively). MIC values are presented for 
each co-assay and each antibiotic. CIP: ciprofloxacin, PIN: pinocembrin. FICA = MIC of co-assay/MIC of the 
evaluated compound (LOE or pinocembrin). FICB = MIC of co-assay/MIC of antibiotics. ΣFIC = FICA + FICB. 
FIC values were interpreted as follows: Synergistic effect (FIC ≤ 0.5); additive or neutral effect (FIC between 0.5 
and 1); antagonistic effect (FIC > 1).
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SOS response in the test strain (Table S1, https://raccefyn.co/index.php/raccefyn/article/
view/4124/5405). The results showed that the phytochemicals LOE and pinocembrin are 
harmless to the E. coli PQ37 strain, indicating their potential use as inhibitors of the SOS 
response in this model. As expected, the production of the β-lactamase enzyme by this 
strain eliminates the antibiotic ampicillin from the cell, even at cytotoxic concentrations. 

SOS response inhibition in Escherichia coli by phytochemicals 
We studied the ability of LOE and pinocembrin to inhibit the SOS response induced by 
ciprofloxacin and UVB radiation. Figure 4A shows the inhibitory effect of LOE on the SOS 
response produced in E. coli PQ37 by ciprofloxacin (9.1 x 10-3 mM) and UVB radiation 
(80 J/m2); this response shows a clear relationship with the LOE concentration in both 
cases (r = -0.85, r = -0.91, p < 0.05, respectively). The inhibitory effect was significant (p ≤ 
0.05) starting at 170 µg/mL of LOE against ciprofloxacin and at 62.5 µg/mL against UVB 
radiation (Table S1, https://raccefyn.co/index.php/raccefyn/article/view/4124/5405). 

Similarly, Figure 4B shows the inhibitory effect of pinocembrin on the SOS response 
produced in E. coli PQ37 by ciprofloxacin (9.1 x 10⁻³ mM) and UVB radiation (80 J/m²). 
This response showed a clear relationship with the pinocembrin concentration in both cases 

Figure 3. Induction of the SOS response by ciprofloxacin and UVB radiation. The figure shows the 
induction of the SOS response in Escherichia coli by the inducing agents (A) ciprofloxacin, and (B) 
UVB radiation. The average values of I and their standard errors are presented (n = 3).

Figure 4. SOS response induction factor for co-treatments with phytochemicals. The figure 
represents the effect of Lippia origanoides extract on the SOS response induced by two different 
agents. Average I values and their standard errors are presented (n = 3). The dashed line denotes the 
induction factor above which an inducer is considered genotoxic. 

https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
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(r = -0.87, r = -0.90, p < 0.05, respectively). In this case, the inhibitory effect was significant 
(p ≤ 0.05), starting at a pinocembrin concentration of 0.031 mM against ciprofloxacin and 
0.35 mM against UVB radiation (Table S1, https://raccefyn.co/index.php/raccefyn/article/
view/4124/5405). The similarities in concentration-dependent responses in both figures 
suggest that pinocembrin is largely responsible for the inhibitory effect of LOE on the 
bacterial SOS response.

Discussion
The relative amounts of pinocembrin, trans-β-caryophyllene, and carvacrol, the main 
compounds found in the GC-MS analysis, were consistent with previous studies (Fuentes 
et al., 2021). As initially mentioned, pinocembrin was the major component, constituting 
over fifty percent of the LOE mass and could therefore play a significant role in the 
cytotoxic and inhibitory activity of the extract. 

According to established cytotoxic criteria (Cos et al., 2006), LOE exhibited moderate 
antibacterial activity (MIC = 500 µg/mL), consistent with a previous finding (de Castro 
et al., 2025). This moderate activity may be associated with its predominant component, 
as detailed in Figure 1. Although pinocembrin did not show relevant antibacterial activity 
against E. coli (MIC = 250 µM > 25 µM), this value was comparable in magnitude 
to that previously observed against Campylobacter jejuni (Klančnik et al., 2019). The 
interaction between pinocembrin and other molecules present in LOE could explain the 
moderate cytotoxicity observed in the extract as a whole. Pinocembrin has been shown 
to modify cell membrane permeability, the oxidation-reduction balance, and ribosomal 
protein expression within the cell (Klančnik et al., 2019; Wu et al., 2022), processes 
associated with cell death. Other authors who studied the essential oils of L. origanoides 
(Barreto et al., 2014; Martínez et al., 2021) found moderate activity (450–750 µg/mL) 
against E. coli and low activity (1000 µg/mL) against Staphylococcus aureus, attributing 
bioactivity to terpenes such as thymol and carvacrol. The antibacterial results obtained 
here for LOE and pinocembrin experiments are consistent with those observed for other 
flavonoids (Górniak et al., 2019), meaning that flavonoid-rich extracts often act through 
moderate mechanisms.

Additionally, pinocembrin exerted a synergistic effect on ciprofloxacin activity, 
potentiating it by approximately fourfold, a noteworthy finding. Synergistic effects on 
ciprofloxacin activity have also been described for extracts of Lawsonia inermis, Punica 
granatum, Arachis hypogaea, and Sesamum indicum against pathogenic bacterial species. 
These extracts have been shown to reduce the MIC of the antibiotic by half (Shareef 
et al., 2020). Another flavonoid, biochanin A, has also demonstrated synergistic activity 
with ciprofloxacin in resistant isolates of S. aureus (Liu et al., 2011). This effect was not 
observed in the LOE-ciprofloxacin co-treatments; on the contrary, LOE showed a clear 
antagonistic effect, possibly related to other components of the extract, which may interfere 
with antibiotic uptake.

Results from the SOS Chromotest indicated that ciprofloxacin is a strong inducer of 
the SOS response in E. coli, with induction kinetics consistent with those observed with 
UVB radiation, used as a mutagenic positive control. Ciprofloxacin is known to cause DNA 
breaks by affecting DNA gyrase and topoisomerase activity, resulting in SOS-mediated 
mutagenesis in both in vitro (Mamber et al., 1993; Cirz et al., 2005; Wang et al., 2010) 
and in vivo (Cirz et al., 2005; Crane et al., 2021) models. In this study, ciprofloxacin was 
found to induce the bacterial SOS response at a concentration of 7.11 x 10⁻5 mM, 15 times 
lower than its MIC. This concentration was considerably lower than previously reported 
values (Wang et al., 2010), indicating possibly strain-specific differences in DNA repair 
capacity or sensitivity. As expected, UVB radiation also proved to be a potent SOS inducer 
in E. coli, consistent with its widely acknowledged capacity to generate photoproducts that 
interfere with DNA replication (Quillardet & Hofnung, 1985; Ikehata & Ono, 2011). 
Accordingly, both agents provide a basis for evaluating the SOS-inhibitory activity of the 
tested compounds. 

https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
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Both LOE and pinocembrin inhibited the bacterial SOS response induced by the 
fluoroquinolone ciprofloxacin and UVB radiation, supporting the initial hypothesis that 
these compounds can interfere with the SOS pathway. The combined treatment with LOE 
and ciprofloxacin (9.1 x 10⁻³ mM) showed inhibition starting at 170 µg/mL of LOE, 
while the combined treatment with LOE and UVB radiation (80 J/m²) showed inhibition 
starting at 62.5 µg/mL of LOE. The observed variation in effective concentrations (170 
µg/mL and 62.5 µg/mL) may reflect the distinct potency and nature of the DNA damage 
caused by each inducer. The combined treatment with pinocembrin and ciprofloxacin (9.1 
x 10⁻³ mM) showed inhibition starting at 0.031 mM pinocembrin, while the combined 
treatment with pinocembrin and UVB radiation (80 J/m²) showed inhibition starting 
at a pinocembrin concentration of 0.350 mM. As indicated in previous studies using a 
lower UVB dose (10 J/m²), significant SOS inhibition was achieved with a pinocembrin 
concentration of 0.015 mM (Fuentes et al., 2017; García-Forero et al., 2019). These 
differing results suggest that the effective pinocembrin concentration responds to the level 
of damage: at the higher UVB dose used here, a correspondingly higher concentration is 
required for effective suppression.

These results are like previous reports on SOS inhibitors by natural compounds. 
Curcumin has been shown to significantly reduce the SOS response induced by sub-
inhibitory concentrations of levofloxacin without affecting bacterial survival (Bellio 
et al., 2014), similar to the non-cytotoxic effect observed here for pinocembrin. More 
recently, olivetol, a lichen-derived metabolite, was shown to reduce the expression of core 
SOS genes, including lexA, recA, and sulA (Şener & Gökalsın, 2026). However, unlike 
pinocembrin, olivetol reduced the ciprofloxacin MIC by half in one of the tested strains, 
a modest potentiating effect compared to pinocembrin, but a similar inhibition of the SOS 
signal itself. This contrast suggests that the magnitude of SOS inhibition varies depending 
on the strain tested and can be related to antibiotic potentiation but is not proportional to 
the antibacterial effect; in this case, pinocembrin combines both properties more effectively 
than these other natural SOS inhibitors previously studied. 

Although molecular targets have been identified for both curcumin and olivetol, the 
present study did not directly assess gene targets, and the effect is therefore interpreted 
as a global inactivation of the SOS pathway rather than a specific interaction. In addition, 
some observations argue against this inactivation being a consequence of modified 
membrane permeability or antibiotic uptake. Cytotoxicity did not decrease with increasing 
pinocembrin concentrations (Table S1, https://raccefyn.co/index.php/raccefyn/article/
view/4124/5405), as would be expected from membrane damage. Moreover, pinocembrin 
demonstrated reduced SOS signal at sub-inhibitory concentrations, previously shown not 
to affect membrane permeability (Klančnik et al., 2019). Lastly, pinocembrin reduced 
the SOS response induced by UVB radiation, whose effect does not depend on cellular 
uptake or membrane permeability. Together, these findings indicate that pinocembrin acts 
on a common target for both inducers, through a mechanism distinct from its cytotoxic 
activity, potentially involving the previously reported effects on protein synthesis, or a more 
specific interaction with components of the SOS response such as the RecA-LexA system, 
as observed in the aforementioned studies. Clarifying these mechanisms will require further 
studies, such as quantification of SOS gene expression under pinocembrin treatment.

These results support our central hypothesis: pinocembrin potentiates the ciprofloxacin 
activity while simultaneously suppressing the SOS response, at concentrations below 
those required for direct antibacterial activity. Consequently, SOS suppression by this 
compound could limit the emergence of previously described ciprofloxacin-resistant 
variants during treatment (Cirz et al., 2005; Alam et al., 2016; Crane et al., 2021) and 
increase antibiotic susceptibility (Mo et al., 2016). These results highlight pinocembrin’s 
potential as a SOS-response modulator and reinforce the concept that targeting this pathway 
represents a complementary strategy against the global rise of antibiotic resistance, as 
such an approach not only enhances antibacterial efficacy but could also mitigate the risk 
of resistance development.

https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
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Further in vitro and in vivo studies are needed to identify optimal pinocembrin 
concentrations for utilization, with particular emphasis on pharmacokinetic and pharma-
codynamic parameters in complex scenarios, such as clinical and veterinary practice, as 
well as in environments prone to rapid resistance spread, including the animal produc-
tion industry. Future work should also validate these findings across additional strains, 
particularly those of clinical relevance, to address the limitations associated with using a 
single reporter strain and to directly confirm the compound’s ability to limit the development 
of mutations. Overall, the results presented here provide a preliminary basis supporting the 
potential of these compounds, whose application as a novel antimicrobial tool will require 
further experimental validation.

Conclusions 
The LOE and pinocembrin compounds alone do not exhibit relevant antibacterial activity 
against E. coli. In combination with the antibiotic ciprofloxacin, pinocembrin demonstrated 
a discernible synergistic effect on antibiotic activity. Furthermore, this compound proved 
to be a potent inhibitor of the bacterial SOS response induced by ciprofloxacin, even at 
lower concentrations than those that produce synergistic antibiotic activity. In this regard, 
pinocembrin is, preliminarily, a promising molecule for the development of combination 
therapies aimed at enhancing antibiotic activity, modulating the bacterial SOS response, 
and potentially the mechanisms that generate bacterial variants resistant to ciprofloxacin. 
Finally, this study establishes an important precedent for future research in complex 
systems to validate and enhance antibiotic activity and modulate antibiotic resistance.

Supplementary information
See the supplementary information in https://raccefyn.co/index.php/raccefyn/article/
view/4124/5405

Author contributions 
ASM and JLF: conceptualization; EES and JLF: funding acquisition; ASM: methodology; 
ASM, EES, and JLF: formal analysis; ASM: preparation and writing of the original draft; 
EES and JLF: writing, review, and editing; JLF: project administration. All authors have 
read and agreed to the published version of the manuscript.

Conflicts of interest
The authors declare there are no conflicts of interest.

Funding
This work was supported by the Vice-Rectorate for Research and Extension at Universidad 
Industrial de Santander, and by the Patrimonio Autónomo Fondo Nacional de Financiamiento 
para la Ciencia, la Tecnología y la Innovación, Francisco José de Caldas (Contract No. RC-
0572–2012). The Colombian Ministry of Environment and Sustainable Development also 
supported the present project through permits to access genetic resources and derivative 
products during scientific research (Contract No. 101, Resolution No. 0812).

References
Abreu, A. C., McBain, A. J., Simões, M. (2012). Plants as sources of new antimicrobials and 

resistance-modifying agents.  Natural Product Reports,  29(9), 1007-1021. https://doi.
org/10.1039/c2np20035j 

Alam, M. K., Alhhazmi, A., DeCoteau, J. F., Luo, Y., Geyer, C. R. (2016). RecA Inhibitors 
Potentiate Antibiotic Activity and Block Evolution of Antibiotic Resistance. Cell Chemical 
Biology, 23(3), 381-391. https://doi.org/10.1016/j.chembiol.2016.02.010

Alpert, P. T. (2016). Superbugs: antibiotic resistance is becoming a major public health 
concern. Home Health Care Management & Practice, 29(2):130-133. https://doi.
org/10.1177/1084822316659285

https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
https://raccefyn.co/index.php/raccefyn/article/view/4124/5405
https://doi.org/10.1016/j.chembiol.2016.02.010
https://doi.org/10.1177/1084822316659285
https://doi.org/10.1177/1084822316659285


14

Sánchez-Marroquín A, et al.
doi: https://doi.org/10.18257/raccefyn.4124

Revista de la Academia Colombiana de Ciencias Exactas, Físicas y Naturales. 2026

Andrews, J. M. (2001). Determination of minimum inhibitory concentrations. The Journal Of 
Antimicrobial Chemotherapy, 48 Suppl 1, 5-16. https://doi.org/10.1093/jac/48.suppl_1.5

Ara, N., Nur, M. H., Amran, M. S., Wahid, M. I., Ahmed, M. (2009). In vitro antimicrobial 
and cytotoxic activities of leaves and flowers extracts from Lippia alba. Pakistan Journal of 
Biological Sciences: PJBS, 12(1), 87-90. https://doi.org/10.3923/pjbs.2009.87.90

Arenas, N. E. & Melo, V. M. (2018). Producción pecuaria y emergencia de antibiótico resistencia en 
Colombia: Revisión sistemática. Infection, 22(2), 110. https://doi.org/10.22354/in.v22i2.717

Babushok, V. I., Linstrom, P. J., Zenkevich, I. G. (2011). Retention indices for frequently reported 
compounds of plant essential oils. Journal of Physical and Chemical Reference Data, 40, 1-47.  

Barreto, H. M., De Lima, I. S., Coelho, K. M. R. N., Osório, L. R., De Almeida Mourão, R., 
Santos, B. H. C. D., Coutinho, H. D. M., De Abreu, A. P. L., De Medeiros, M. D. G. 
F., Citó, A. M. D. G. L., Lopes, J. A. D. (2014). Effect of Lippia origanoides H.B.K. 
Essential oil in the resistance to aminoglycosides in methicillin resistant Staphylococcus 
aureus. European Journal of Integrative Medicine, 6(5), 560-564. https://doi.org/10.1016/j.
eujim.2014.03.011

Barrios, S., Stashenko, E., Ocazionez, R., Fuentes-Lorenzo, J. (2021). Antibacterial activity 
of essential oils of plants growing in Colombia and its effect on the activity of β-lactam 
antibiotics. Revista Cubana de Farmacia, 54. e627.

Bellio, P., Brisdelli, F., Perilli, M., Sabatini, A., Bottoni, C., Segatore, B., Setacci, D., 
Amicosante, G., Celenza, G. (2014). Curcumin inhibits the SOS response induced by 
levofloxacin in Escherichia coli. Phytomedicine: International Journal of Phytotherapy and 
Phytopharmacology, 21(4), 430-434. https://doi.org/10.1016/j.phymed.2013.10.011

Bunnell, B. E., Escobar, J. F., Bair, K. L., Sutton, M. D., Crane, J. K. (2017). Zinc blocks SOS-
induced antibiotic resistance via inhibition of RecA in Escherichia coli. PloS one, 12(5), 
e0178303. https://doi.org/10.1371/journal.pone.0178303

Chatterjee, C., Mohan, G. R., Chinnasamy, H. V., Biswas, B., Sundaram, V., Srivastava, A., 
Matheshwaran, S. (2024). Anti-mutagenic agent targeting LexA to combat antimicrobial 
resistance in mycobacteria. Journal Of Biological Chemistry, 300(9), 107650. https://doi.
org/10.1016/j.jbc.2024.107650

Cirz, R. T., Chin, J. K., Andes, D. R., de Crécy-Lagard, V., Craig, W. A., Romesberg, F. E. 
(2005). Inhibition of mutation and combating the evolution of antibiotic resistance. PLoS 
Biology, 3(6), e176. https://doi.org/10.1371/journal.pbio.0030176

Cline, D. J., Holt, S. L., Singleton, S. F. (2007). Inhibition of Escherichia coli RecA by rationally 
redesigned N-terminal helix. Organic and Biomolecular Chemistry, 5(10), 1525. https://doi.
org/10.1039/b703159a

Cos, P., Vlietinck, A. J., Berghe, D. V., Maes, L. (2006). Anti-infective potential of natural products: 
how to develop a stronger in vitro ‘proof-of-concept’. Journal of Ethnopharmacology, 106(3), 
290–302. https://doi.org/10.1016/j.jep.2006.04.003 

Courcelle, J., Khodursky, A., Peter, B., Brown, P. O., Hanawalt, P. C. (2001). Comparative gene 
expression profiles following UV exposure in wild-type and SOS-deficient Escherichia coli. 
Genetics, 158(1), 41–64. https://doi.org/10.1093/genetics/158.1.41

Crane, J. K., Alvarado, C. L., Sutton, M. D. (2021). Role of the SOS Response in the Generation 
of Antibiotic Resistance In Vivo. Antimicrobial Agents and Chemotherapy, 65(7), e0001321. 
https://doi.org/10.1128/AAC.00013-21

de Castro, J., Trujillo, N., Ocazionez, R., Stashenko, E., Fuentes-Lorenzo, J. (2025). Antibacterial 
Activity of Plant Extracts and Their Effect on β-Lactam Antibiotic Activity in Methicillin-
Resistant Staphylococcus aureus. Latin American Journal of Pharmacy, 44, 269-277.

Dias, K. J. S. O., Miranda, G. M., Bessa, J. R., Araújo, A. C. J., Freitas, P. R., Almeida, R. S., 
Paulo, C. L. R., Neto, J. B. A., Coutinho, H. D. M., Ribeiro-Filho, J. (2022). Terpenes 
as bacterial efflux pump inhibitors: A systematic review.  Frontiers in Pharmacology,  13, 
953982. https://doi.org/10.3389/fphar.2022.953982

Elfadadny, A., Ragab, R. F., AlHarbi, M., Badshah, F., Ibáñez-Arancibia, E., Farag, A., 
Hendawy, A. O., De Los Ríos-Escalante, P. R., Aboubakr, M., Zakai, S. A., Nageeb, 
W. M. (2024). Antimicrobial resistance of  Pseudomonas aeruginosa: navigating clinical 
impacts, current resistance trends, and innovations in breaking therapies.  Frontiers in 
Microbiology, 15, 1374466. https://doi.org/10.3389/fmicb.2024.1374466 

Fernández De Henestrosa, A. R., Ogi, T., Aoyagi, S., Chafin, D., Hayes, J. J., Ohmori, H., 
Woodgate, R. (2000). Identification of additional genes belonging to the LexA regulon in 
Escherichia coli. Molecular Microbiology, 35(6), 1560–1572. https://doi.org/10.1046/j.1365-
2958.2000.01826.x

https://doi.org/10.3923/pjbs.2009.87.90
https://doi.org/10.1016/j.eujim.2014.03.011
https://doi.org/10.1016/j.eujim.2014.03.011
https://doi.org/10.1016/j.phymed.2013.10.011
https://doi.org/10.1371/journal.pone.0178303
https://doi.org/10.1016/j.jbc.2024.107650
https://doi.org/10.1016/j.jbc.2024.107650
https://doi.org/10.1371/journal.pbio.0030176
https://doi.org/10.1039/b703159a
https://doi.org/10.1039/b703159a
https://doi.org/10.1128/AAC.00013-21
https://doi.org/10.3389/fphar.2022.953982
https://doi.org/10.1046/j.1365-2958.2000.01826.x
https://doi.org/10.1046/j.1365-2958.2000.01826.x


15

Effect of pinocembrin on bacterial SOS response
doi: https://doi.org/10.18257/raccefyn.4124
Revista de la Academia Colombiana de Ciencias Exactas, Físicas y Naturales. 2026

Fuentes, J. L., García-Forero, A., Quintero Ruiz, N., Prada Medina, C. A., Rey Castellanos, 
N., Franco Niño, D. A., Contreras García, D. A., Córdoba Campo, Y., Stashenko, E. 
E. (2017). The SOS Chromotest applied for screening plant antigenotoxic agents against 
ultraviolet radiation. Photochemical and Photobiological Sciences: Official journal of the 
European Photochemistry Association and the European Society for Photobiology, 16(9), 
1424-1434. https://doi.org/10.1039/c7pp00024c

Fuentes, J. L., Vernhe, M., Cuetara, E. B., Sánchez-Lamar, A., Santana, J. L.,  Llagostera, 
M. (2006). Tannins from barks of Pinus caribaea protect Escherichia coli cells against 
DNA damage induced by γ-rays. Fitoterapia, 77(2), 116-120. https://doi.org/10.1016/j.
fitote.2005.11.014

Fuentes, J.L., Villamizar-Mantilla, D.A., Flores-González, S.J., Núñez, L.A., Stashenko, 
E.E. (2021) Plants growing in Colombia as sources of active ingredients for sunscreens. 
International Journal of Radiation Biology, 97(12), 1705-1715. https://doi.org/10.1080/095
53002.2021.1987564

García-Forero, A., Villamizar Mantilla, D. A., Núñez, L. A., Ocazionez, R. E., Stashenko, E. E., 
Fuentes, J. L. (2019). Photoprotective and Antigenotoxic Effects of the Flavonoids Apigenin, 
Naringenin and Pinocembrin. Photochemistry and Photobiology, 95(4), 1010-1018. https://
doi.org/10.1111/php.13085

Górniak, I., Bartoszewski, R., Króliczewski, J. (2019). Comprehensive review of antimicrobial 
activities of plant flavonoids. Phytochemistry Reviews, 18(1), 241-272. https://doi.
org/10.1007/s11101-018-9591-z

Hall, M. J., Middleton, R. F., Westmacott, D. (1983). The fractional inhibitory concentration (FIC) 
index as a measure of synergy. The Journal of Antimicrobial Chemotherapy, 11(5), 427-433. 
https://doi.org/10.1093/jac/11.5.427 

Henrikus, S. S., van Oijen, A. M., Robinson, A. (2018). Specialised DNA polymerases in 
Escherichia coli: roles within multiple pathways. Current Genetics, 64(6), 1189-1196. https://
doi.org/10.1007/s00294-018-0840-x

Ikehata, H. & Ono, T. (2011). The mechanisms of UV mutagenesis. Journal of Radiation Research, 
52(2), 115-125. https://doi.org/10.1269/jrr.10175

Jaktaji, R. P. & Rezaei, S. M. N. (2021). Inactivation of UmuC Protein Significantly Reduces 
Resistance to Ciprofloxacin and SOS Mutagenesis in Escherichia coli Mutants Harboring 
Intact umuD Gene. Jundishapur Journal of Microbiology, 13(12). https://doi.org/10.5812/
jjm.111828

Kasimanickam, V., Kasimanickam, M., Kasimanickam, R. (2021). Antibiotics Use in Food 
Animal Production: Escalation of Antimicrobial Resistance: Where Are We Now in 
Combating AMR? Medical Sciences (Basel, Switzerland), 9(1), 14. https://doi.org/10.3390/
medsci9010014 

Kaur, S., Hariharan, S., Dharmaraj, S. (2020). Superbugs: the powerful warriors. International 
Journal of Pharmaceutical Sciences and Research, 11(4), 1506-26. https://doi.org/10.13040/
ijpsr.0975-8232.11(4) 1506-26.

Klančnik, A., Šimunović, K., Kovac, J., Sahin, O., Wu, Z., Vučković, D., Abram, M., Zhang, Q., 
Možina, S. S. (2019). The Anti-Campylobacter Activity and Mechanisms of Pinocembrin 
Action. Microorganisms, 7(12), 675. https://doi.org/10.3390/microorganisms7120675

Kohanski, M. A., DePristo, M. A., Collins, J. J. (2010). Sublethal Antibiotic Treatment Leads 
to Multidrug Resistance via Radical-Induced Mutagenesis. Molecular Cell, 37(3), 311-320. 
https://doi.org/10.1016/j.molcel.2010.01.003

Konaté, K., Mavoungou, J. F., Lepengué, A. N., Aworet-Samseny, R. R., Hilou, A., Souza, 
A., Dicko, M. H., M’batchi, B. (2012). Antibacterial activity against β- lactamase 
producing Methicillin and Ampicillin-resistants Staphylococcus aureus: Fractional 
Inhibitory Concentration Index (FICI) determination. Annals of Clinical Microbiology and 
Antimicrobials, 11, 18. https://doi.org/10.1186/1476-0711-11-18

Kumar, S., Chen, C., Indugu, N., Werlang, G. O., Singh, M., Kim, W. K., Thippareddi, H. 
(2018). Effect of antibiotic withdrawal in feed on chicken gut microbial dynamics, immunity, 
growth performance and prevalence of foodborne pathogens.  PloS one,  13(2), e0192450. 
https://doi.org/10.1371/journal.pone.0192450

Lee, A. M. & Singleton, S. F. (2004). Inhibition of the Escherichia coli RecA protein: zinc(II), 
copper(II) and mercury(II) trap RecA as inactive aggregates. Journal of Inorganic 
Biochemistry, 98(11), 1981-1986. https://doi.org/10.1016/j.jinorgbio.2004.08.018

https://doi.org/10.1039/c7pp00024c
https://doi.org/10.1016/j.fitote.2005.11.014
https://doi.org/10.1016/j.fitote.2005.11.014
https://doi.org/10.1111/php.13085
https://doi.org/10.1111/php.13085
https://doi.org/10.1093/jac/11.5.427
https://doi.org/10.1007/s00294-018-0840-x
https://doi.org/10.1007/s00294-018-0840-x
https://doi.org/10.5812/jjm.111828
https://doi.org/10.5812/jjm.111828
https://doi.org/10.3390/medsci9010014
https://doi.org/10.3390/medsci9010014
https://doi.org/10.3390/microorganisms7120675
https://doi.org/10.1016/j.molcel.2010.01.003
https://doi.org/10.1186/1476-0711-11-18
https://doi.org/10.1371/journal.pone.0192450
https://doi.org/10.1016/j.jinorgbio.2004.08.018


16

Sánchez-Marroquín A, et al.
doi: https://doi.org/10.18257/raccefyn.4124

Revista de la Academia Colombiana de Ciencias Exactas, Físicas y Naturales. 2026

Lee, A. M., Ross, C. T., Zeng, B. B., Singleton, S. F. (2005). A molecular target for suppression 
of the evolution of antibiotic resistance: inhibition of the Escherichia coli RecA protein by 
N(6)-(1-naphthyl)-ADP. Journal of Medicinal Chemistry, 48(17), 5408-5411. https://doi.
org/10.1021/jm050113z

Little, J. W., Edmiston, S. H., Pacelli, L. Z., Mount, D. W. (1980). Cleavage of the Escherichia 
coli lexA protein by the recA protease. Proceedings of the National Academy of Sciences of 
the United States of America, 77(6), 3225-3229. https://doi.org/10.1073/pnas.77.6.3225

Liu, G., Liang, J., Wang, X., Li, Z., Wang, W., Guo, N., Wu, X., Shen, F., Xing, M., Liu, 
L., Li, L., Liu, M., Yu, L. (2011). In Vitro Synergy of Biochanin A and Ciprofloxacin 
against Clinical Isolates of Staphylococcus aureus. Molecules, 16(8), 6656-6666. https://doi.
org/10.3390/molecules16086656

Machuca, J., Recacha, E., Gallego-Mesa, B., Diaz-Diaz, S., Rojas-Granado, G., García-Duque, 
A., Docobo-Pérez, F., Blázquez, J., Rodríguez-Rojas, A., Pascual, A., Rodríguez-
Martínez, J. M. (2021). Effect of RecA inactivation on quinolone susceptibility and the 
evolution of resistance in clinical isolates of Escherichia coli. The Journal of Antimicrobial 
Chemotherapy, 76(2), 338-344. https://doi.org/10.1093/jac/dkaa448

Mamber, S. W., Kolek, B., Brookshire, K. W., Bonner, D. P., Fung-Tomc, J. (1993). Activity of 
quinolones in the Ames Salmonella TA102 mutagenicity test and other bacterial genotoxicity 
assays. Antimicrobial Agents and Chemotherapy, 37(2), 213-217. https://doi.org/10.1128/
AAC.37.2.213

Martínez, A., Manrique-Moreno, M., Klaiss-Luna, M. C., Stashenko, E., Zafra, G., 
Ortiz, C. (2021). Effect of Essential Oils on Growth Inhibition, Biofilm Formation and 
Membrane Integrity of  Escherichia coli  and  Staphylococcus aureus.  Antibiotics (Basel, 
Switzerland), 10(12), 1474. https://doi.org/10.3390/antibiotics10121474

Mazanko, M., Prazdnova, E., Rudoy, D., Ermakov, A., Olshevskaya, A., Maltseva, T. (2020). 
Extracts of medical plants suppress the SOS response and reduce mutagenesis in E. coli. E3S 
Web of Conferences, 175, 01010. https://doi.org/10.1051/e3sconf/202017501010

Memar, M. Y., Yekani, M., Celenza, G., Poortahmasebi, V., Naghili, B., Bellio, P., Baghi, H. B. 
(2020). The central role of the SOS DNA repair system in antibiotics resistance: A new target 
for a new infectious treatment strategy. Life Sciences, 262, 118562. https://doi.org/10.1016/j.
lfs.2020.118562

Mo, C. Y., Manning, S. A., Roggiani, M., Culyba, M. J., Samuels, A. N., Sniegowski, P. D., 
Goulian, M., Kohli, R. M. (2016). Systematically Altering Bacterial SOS Activity under 
Stress Reveals Therapeutic Strategies for Potentiating Antibiotics. mSphere, 1(4), e00163-
16. https://doi.org/10.1128/mSphere.00163-16

Naghavi, M., Vollset, S. E., Ikuta, K. S., Swetschinski, L. R., Gray, A. P., Wool, E. E., Aguilar, 
G. R., Mestrovic, T., Smith, G., Han, C., Hsu, R. L., Chalek, J., Araki, D. T., Chung, 
E., Raggi, C., Hayoon, A. G., Weaver, N. D., Lindstedt, P. A., Smith, A. E., Aziz, S. 
(2024). Global burden of bacterial antimicrobial resistance 1990-2021: a systematic analysis 
with forecasts to 2050. The Lancet, 404(10459), 1199-1226. https://doi.org/10.1016/s0140-
6736(24)01867-1

Nhung, N. T., Chansiripornchai, N., Carrique-Mas, J. J. (2017). Antimicrobial Resistance in 
Bacterial Poultry Pathogens: A Review. Frontiers in Veterinary Science, 4, 284486. https://
doi.org/10.3389/fvets.2017.00126

Ojha, D. & Patil, K. N. (2019). p-Coumaric acid inhibits the Listeria monocytogenes RecA protein 
functions and SOS response: An antimicrobial target. Biochemical and Biophysical Research 
Communications, 517(4), 655-661. https://doi.org/10.1016/j.bbrc.2019.07.093

Qin, T. T., Kang, H. Q., Ma, P., Li, P. P., Huang, L. Y., Gu, B. (2015). SOS response and its 
regulation on the fluoroquinolone resistance. Annals of translational medicine, 3(22), 358. 
https://doi.org/10.3978/j.issn.2305-5839.2015.12.09

Quillardet, P. & Hofnung, M. (1985). The SOS Chromotest, a colorimetric bacterial assay for 
genotoxins: procedures. Mutation Research/Environmental Mutagenesis and Related Subjects, 
147(3), 65-78. https://doi.org/10.1016/0165-1161(85)90020-2

Quintero-Ruiz, N., Córdoba-Campo, Y., Stashenko, E. E., Fuentes, J. L. (2017). Antigenotoxic Effect 
Against Ultraviolet Radiation-induced DNA Damage of the Essential Oils from Lippia Species. 
Photochemistry and Photobiology, 93(4), 1063-1072. https://doi.org/10.1111/php.12735

R Core Team (2024). R: A Language and Environment for Statistical Computing. R Foundation for 
Statistical Computing. https://www.R-project.org/

https://doi.org/10.1021/jm050113z
https://doi.org/10.1021/jm050113z
https://doi.org/10.1073/pnas.77.6.3225
https://doi.org/10.1093/jac/dkaa448
https://doi.org/10.1128/AAC.37.2.213
https://doi.org/10.1128/AAC.37.2.213
https://doi.org/10.3390/antibiotics10121474
https://doi.org/10.1051/e3sconf/202017501010
https://doi.org/10.1016/j.lfs.2020.118562
https://doi.org/10.1016/j.lfs.2020.118562
https://doi.org/10.1128/mSphere.00163-16
https://doi.org/10.1016/j.bbrc.2019.07.093
https://doi.org/10.3978/j.issn.2305-5839.2015.12.09
https://doi.org/10.1111/php.12735


17

Effect of pinocembrin on bacterial SOS response
doi: https://doi.org/10.18257/raccefyn.4124
Revista de la Academia Colombiana de Ciencias Exactas, Físicas y Naturales. 2026

Radman, M. (1975). SOS repair hypothesis: phenomenology of an inducible DNA repair which is 
accompanied by mutagenesis. Basic Life Sciences, 5A, 355-367. https://doi.org/10.1007/978-
1-4684-2895-7_48

Rasul, A., Millimouno, F. M., Eltayb, W. A., Ali, M., Li, J., Li, X. (2013). Pinocembrin: A Novel 
Natural Compound with Versatile Pharmacological and Biological Activities. BioMed 
Research International, 2013, 1-9. https://doi.org/10.1155/2013/379850

Ribeiro, F. P., Santana de Oliveira, M., de Oliveira Feitosa, A., Santana Barbosa Marinho, 
P., Moacir do Rosario Marinho, A., de Aguiar Andrade, E. H., Favacho Ribeiro, A. 
(2021). Chemical Composition and Antibacterial Activity of the Lippia origanoides Kunth 
Essential Oil from the Carajás National Forest, Brazil. Evidence-based Complementary and 
Alternative Medicine: eCAM, 9930336. https://doi.org/10.1155/2021/9930336

Scallan, E., Hoekstra, R. M., Angulo, F. J., Tauxe, R. V., Widdowson, M., Roy, S. L., Jones, J. L., 
Griffin, P. M. (2010). Foodborne Illness Acquired in the United States—Major Pathogens. 
Emerging Infectious Diseases, 17(1), 7-15. https://doi.org/10.3201/eid1701.p11101

Selwood, T., Larsen, B. J., Mo, C. Y., Culyba, M. J., Hostetler, Z. M., Kohli, R. M., Reitz, 
A. B., Baugh, S. D. P. (2018). Advancement of the 5-Amino-1-(Carbamoylmethyl)-1H-
1,2,3-Triazole-4-Carboxamide Scaffold to Disarm the Bacterial SOS Response. Frontiers in 
Microbiology, 9, 2961. https://doi.org/10.3389/fmicb.2018.02961

Şener, B. & Gökalsın, B. (2026). Inhibition of the SOS response by olivetol improves the efficacy of 
DNA-damaging antibiotics in Escherichia coli. The Journal of Antibiotics, 79(8), 542-553. 
https://doi.org/10.1038/s41429-026-00935-x

Shinagawa, H. (1996). SOS response as an adaptive response to DNA damage in prokaryotes. EXS, 
77, 221-235. https://doi.org/10.1007/978-3-0348-9088-5_14

Vicuña, G. C., Stashenko, E. E., Fuentes, J. L. (2010). Chemical composition of the Lippia 
origanoides essential oils and their antigenotoxicity against bleomycin-induced DNA 
damage. Fitoterapia, 81(5), 343-349. https://doi.org/10.1016/j.fitote.2009.10.008

Wang, P., Zhang, X., Wang, L., Zhen, Z., Tang, M., Li, J. (2010). Subinhibitory concentrations of 
ciprofloxacin induce SOS response and mutations of antibiotic resistance in bacteria. Annals 
of Microbiology, 60(3), 511-517. https://doi.org/10.1007/s13213-010-0080-x

Wu, Y., Chen, J., Wei, W., Miao, Y., Liang, C., Wu, J., Huang, X., Yin, L., Geng, Y., Chen, 
D., Ouyang, P. (2022). A study of the antibacterial mechanism of pinocembrin against 
multidrug-resistant Aeromonas hydrophila. International Microbiology, 25(3), 605-613. 
https://doi.org/10.1007/s10123-022-00245-w

Yakimov, A., Bakhlanova, I., Baitin, D. (2021). Targeting evolution of antibiotic resistance by 
SOS response inhibition. Computational and Structural Biotechnology Journal, 19, 777-783. 
https://doi.org/10.1016/j.csbj.2021.01.003 

Yakimov, A., Pobegalov, G., Bakhlanova, I., Khodorkovskii, M., Petukhov, M., Baitin, D. 
(2017). Blocking the RecA activity and SOS-response in bacteria with a short α-helical 
peptide. Nucleic Acids Research, 45(16), 9788-9796. https://doi.org/10.1093/nar/gkx687

https://doi.org/10.1007/978-1-4684-2895-7_48
https://doi.org/10.1007/978-1-4684-2895-7_48
https://doi.org/10.1155/2021/9930336
https://doi.org/10.3389/fmicb.2018.02961
https://doi.org/10.1007/978-3-0348-9088-5_14
https://doi.org/10.1016/j.fitote.2009.10.008
https://doi.org/10.1007/s13213-010-0080-x
https://doi.org/10.1016/j.csbj.2021.01.003
https://doi.org/10.1093/nar/gkx687

	_Hlk230087809
	_Hlk229643748

