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mortality rate approaches 50%, and current treatment regi-
mens span 4–6 months [4]. In 2022, TB ranked second only 
to COVID-19 as a cause of death from a single infectious 
agent, and case counts have fluctuated, 7.1 million in 1995, 
dipping to 5.8 million in 2020, then rising to 7.5 million 
in 2022, mainly due to pandemic-related disruptions [5]. 
Cancer similarly constitutes a major global health burden, 
with incidence and mortality climbing steadily. Per GLO-
BOCAN 2020, there were 19.3 million new cancer cases 
and nearly 10 million cancer-related deaths, with future 
projections indicating continued escalation [6]. Therapeutic 
efficacy is undermined by severe systemic toxicity, organ-
specific damage, and MDR, leading to treatment failure 
and relapse [7, 8]. These limitations highlight the urgent 
need for novel agents featuring alternative mechanisms and 
improved safety profiles. Natural products have re-emerged 
as pivotal sources for drug discovery, with over 60% of anti-
cancer agents derived from or inspired by them [9].

Fungi, in particular, represent an underexplored reser-
voir of bioactive secondary metabolites with promising 
pharmacological properties. Fungal-derived compounds 

Introduction

Tuberculosis (TB) remains the world’s deadliest infectious 
disease due to its high virulence and increasing prevalence 
of multidrug resistance (MDR), exacerbated by the escalat-
ing threat of MDR. Mycobacteria exhibit intrinsic resistance 
to many antibiotics, disinfectants, and chemical agents [1]. 
Globally, TB causes nearly one million childhood deaths 
annually [2, 3], with the World Health Organisation (WHO) 
reporting 10 million cases in 2019. Approximately 90% of 
cases occur in adults, predominantly in men; untreated, the 
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Abstract
Tuberculosis and cancer are the most critical global health problems of our time, and the diseases that cause the most 
deaths globally. This investigation focused on Penicillium mallochii, a key component of our fungus collection, which is 
registered in GenBank under the number MG591446. In this study, the minimum inhibitory concentrations (MICs) and 
minimum bactericidal concentrations (MBCs) of P. mallochii ethanol extract (EE) against Mycobacterium species, as well 
as their cytotoxic activities on cell lines, were investigated. For this purpose, the anti-mycobacterial activity of P. mal-
lochii EE extract was tested against all tuberculosis (TB) strains, including avirulent Mycobacterium tuberculosis H37Ra 
(MT-H37Ra) and virulent Mycobacterium tuberculosis H37Rv (MT-H37Rv), and six clinical strains (MT-1 to MT-6). It 
has also been investigated to explore its anticancer activity on HL-60, K562, and A549 cancer cell lines. Additionally, 
Liquid chromatography-quadrupole time-of-flight tandem mass spectrometry analysis (LC-Q-TOF-MS/MS) enabled the 
identification of a total of four compounds in the EE, including harmane, kojic acid, simvastatin, and lovastatin. We have 
provided information about its extrolite content and antituberculosis and cytotoxic effects. P. mallochii is a potential 
microorganism for future medical drug studies due to its promising antituberculosis activity, cytotoxic effects, and valu-
able extrolites.
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offer notable advantages, including structural diversity, high 
biocompatibility, and lower toxicity compared to synthetic 
drugs [10]. Many of these compounds have demonstrated 
effectiveness against MDR cancer cells by modulating 
critical molecular pathways involved in tumor progression, 
apoptosis, and drug resistance [11]. These attributes sup-
port their potential not only in oncology but also in infec-
tious diseases like TB. Fungal metabolites are increasingly 
recognized for their pharmacological potential, with appli-
cations in treating cardiovascular diseases, Alzheimer’s 
disease, cancer, infections, and parasitic conditions such as 
malaria [12]. Among these, beauvericin a cyclic hexadepsi-
peptide isolated from Beauveria bassiana and other entomo-
pathogenic fungi exerts strong antimicrobial and cytotoxic 
effects through ionophoric mechanisms that disrupt mem-
brane integrity [13]. Similarly, simvastatin and lovastatin, 
traditionally known as HMG-CoA reductase inhibitors, 
have been reported to suppress the growth of Mycobacte-
rium tuberculosis by modulating host lipid metabolism and 
impairing cell wall biosynthesis [14]. Kojic acid, on the 
other hand, stands out as a fungal metabolite with well-doc-
umented antioxidant and antimicrobial properties, particu-
larly due to its ability to chelate metal ions that are essential 
for bacterial enzymatic processes [15]. Complementing 
these mechanisms, harmane, a β-carboline alkaloid, is capa-
ble of intercalating into DNA and inhibiting topoisomerase 
activity, thereby contributing to bacteriostatic effects [16]. 
Within this context, the genus Penicillium has emerged as 
a prolific producer of bioactive metabolites, and Penicil-
lium mallochii, originally isolated from Rothschildia lebeau 
(Lepidoptera: Saturniidae) and Citheronia lobesis (Lepi-
doptera: Saturniidae) [17], has begun to attract attention 
despite limited biological data. Ethanol extracts of P. mal-
lochii have shown insecticidal activity against Cadra cau-
tella (Lepidoptera: Pyralidae) and cytotoxicity toward L929 
mouse fibroblasts at concentrations ≥ 0.708 mg/mL [18]. 
Bouhri et al. [19] reported that its pigments possess dye-
ing capabilities along with antiproliferative activity against 
glioblastoma (T98G) cells. Zhang et al. [20] isolated two 
novel sclerothioramine derivatives, isochromophyllon and 
two known compounds, sclerothioramine and (+)-sclerothi-
orine, with demonstrated antibacterial and antiyeast effects.

Although pigment production in P. mallochii has been 
partially studied, comprehensive information on its second-
ary metabolites, ecological adaptations, and host interactions 
is lacking. The specific compounds responsible for its cyto-
toxic, antimicrobial, and entomopathogenic effects, as well 
as their mechanisms of action, remain unclear, and its safety 
profile and potential environmental risks have not been suf-
ficiently investigated. Furthermore, the limited genomic and 
transcriptomic data represent a major gap in understanding 
its biosynthetic pathways and biotechnological potential. 

Building upon these findings, the present study aimed to 
investigate the dual therapeutic potential of P. mallochii, 
focusing on its antimycobacterial and anticancer properties. 
The present study evaluated the antimycobacterial activity 
of P. mallochii EE against M. tuberculosis strains (including 
virulent, non-virulent, and six clinical isolates) and its cyto-
toxic activity on selected cancer cell lines. These included 
acute myeloid leukaemia (K562), non-small cell lung can-
cer (A549), chronic myeloid leukaemia (HL-60), and mouse 
embryo fibroblasts (3T3) as a healthy control cell line. Fur-
thermore, four important extrolites—harmane, kojic acid, 
simvastatin, and lovastatin—produced by P. mallochii were 
identified using LC-Q-TOF-MS/MS.

Materials and methods

P. mallochii and media

P. mallochii was isolated from beech tree bark from Balike-
sir, Türkiye and identified in Charles River lab (USA) via 
DNA barcoding by using Internal transcribed spacer (ITS) 
[19]. The ITS region was amplified via PCR by using ITS4 
(5’-TCC GTA GGT GAA CCT GCG G-3’) and ITS 5 m 
(5’-TCC TCC GCT TAT TGA TAT GC-3’) primers. The 
amplification primers were also used for sequencing which 
accomplished commercially through a biotechnology com-
pany (BMLabosis, Ankara, Türkiye). DNA sequences were 
manually edited and aligned visually using the computer 
program BioEdit [21] and The ITS sequence data were 
analyzed separately using PAUP 4.0b10 [22] for the phylo-
genetic analysis. The sequence was deposited in GenBank 
under the accession number MG591446 [19]. The speci-
men was preserved in a lyophilised form at − 20 °C in the 
fungal culture collection of the Department of Biology at 
Balıkesir University, Türkiye. Malt Extract Agar (MEA) 
and Sabouraud Dextrose Agar (SDA) were used as media 
for experimental studies. For spore suspension preparation, 
P. mallochii was cultured on MEA at 28 °C for seven days. 
Stock cultures were maintained on MEA slants and stored 
at 4 °C and − 20 °C. To prepare the EE extract, P. mallochii 
was cultivated on SDA at 30 °C in the dark for seven days.

Cultivation conditions, preparation of the inoculum 
and the extract

To prepare the inoculum, all flasks were inoculated with a 
spore suspension containing 2.5 × 10⁵ conidia/mL, derived 
from fresh MEA slants of the fungus, and incubated at 28 
°C under constant conditions for 4–7 days. P. mallochii was 
incubated on SDA in the dark at 30 °C for 18 days. After 
the incubation period and colony growth were completed, 2 

1 3

   64   Page 2 of 12



Brazilian Journal of Microbiology           (2026) 57:64 

mL of Tween 80 was added to each Petri dish and the spores 
were scraped away. The extracellular pigment-containing 
agar (100 g) from the Petri dishes was cut into small blocks 
(10 × 10 mm) and transferred into vials. Ethanol was added 
at a ratio of 1:2 (w/v), and the mixture was agitated on a 
shaker (ZHWY-211D) at 160–180 rpm for 72 h to extract 
the compounds into the solvent. Ethanol was used as the 
extraction solvent due to its ability to efficiently dissolve 
a wide range of polar and moderately polar bioactive com-
pounds, including pigments, while being safe, biocompat-
ible, easy to remove, and environmentally friendly [23]. 
The extracts were then filtered using syringe filters with 
pore sizes of 0.45 μm and 0.20 μm, respectively, and subse-
quently concentrated using a rotary evaporator (IKA RV 10 
basic). The resulting P. mallochii EE extract was lyophilised 
using a freeze-dryer (CHRIST ALPHA 1–2 LD) [18, 19]. A 
total of 2.8 g of an orange-colored, pasty, and water-soluble 
substance was obtained.

Anti-mycobacterial activity assay

Microorganisms and preparation of mycobacterial inocula

Six clinical strains (from MT-1 to MT-6) and two standard 
strains (MT-H37Ra and MT-H37Rv) were used for sus-
ceptibility testing. Mycobacteria Growth Indicator Tubes 
(MGIT), including Middlebrook 7H9 Broth Base (4 mL) by 
adding OADC (Oleic acid, Albumin, Dextrose, and Cata-
lase) (0.5 mL) and PANTA (Polymyxin-B, Amphotericin- 
B, Nalidixic acid, Trimethoprim, and Azlocillin) (0.1 mL), 
were used for the growth of the Mycobacterium strains at 37 
°C during 8–12 days. Microorganism growth in the tubes 
was tested daily starting from the second day of incuba-
tion using a fluorescence reader (MicroMGIT) equipped 
with long-wavelength UV light. The inoculum range was 
between 0.5 × 105 and 2.8 × 105 CFU/mL.

Determination of minimal inhibitory concentrations (MICs) 
and minimal bactericidal concentrations (MBCs)

Susceptibility testing of Mycobacteria was performed 
according to the guidelines of the National Committee for 
Clinical Laboratory Standards (NCCLS), using the M7-A7 
method for broth dilution antimicrobial susceptibility test-
ing of bacteria [24, 25]. The activity of P. mallochii EE 
extract against MT strains was assessed using the Micro-
plate PrestoBlue Assay (MPBA). For this purpose, all wells 
were filled with 100 µL of Middlebrook 7H9 broth (MBB). 
Initially, 100 µL of the pigment solution was added to the 
first column of each row, followed by serial two-fold dilu-
tions. Then, 20 µL of MT inoculum was added to all wells  

except the negative controls. The stock solution concentra-
tion of the extract was 100 mg/mL, and the final test concen-
trations ranged from 0.09 to 50 mg/mL. Microplates were 
incubated at 37 °C for 8 days. To monitor bacterial growth, 
15 µL of PrestoBlue reagent (Invitrogen, Life Technolo-
gies) was first added to the positive control wells and incu-
bated for ten minutes. Subsequently, the same reagent was 
added to all wells. A positive result (indicating growth) was 
determined by a color change from blue to pink, whereas 
a negative result (no growth) was suggested by the blue 
color remaining unchanged. The MIC was defined as the 
lowest concentration at which the colour remained blue. 
To determine the MBC, 20 µL from the wells showing no 
visible growth was transferred to new wells containing 80 
µL of fresh MBB. After an additional two to three days of 
incubation, MPBA was reapplied, and MBCs were reevalu-
ated using the same method. Anti-mycobacterial activ-
ity tests were performed in three series. Rifampicin (RIF, 
Sigma-Aldrich 557303) and Isoniazid (INH, Sigma-Aldrich 
1349706 served as the reference antibiotic in these evalua-
tions (Fig. 1).

Cell Viability/Cytotoxicity assay

Cell culture and WST-1 assay

The cells used in the study are A549 (non-small cell lung 
cancer, ATCC-CCL-185), HL-60 (acute myeloid leukae-
mia, ATCC-CCL-240), K562 (chronic myeloid leukae-
mia, ATCC-CCL-243) and healthy cell lines 3T3 (Mouse 
embryo fibroblast, ATCC-CRL-1658). All cell lines were 
cultured in RPMI-1640 medium supplemented with 2 mM 
L-glutamine, 10% fetal bovine serum (FBS), and 1% peni-
cillin-streptomycin. Cultures were maintained at 37 °C in a 
humidified incubator with 5% CO₂ atmosphere. To evalu-
ate the cytotoxic effects of P. mallochii EE, a WST-1 assay 
was performed. Cells were seeded into 96-well plates at a 
density of 5 × 10³ cells per well. The cells were then treated 
with different concentrations of the extract: 31.25, 62.5, 
125, 250, and 500 µg/mL. After 24 h of incubation with the 
extract, 100 µL of WST-1 working solution was added to 
each well. Plates were further incubated for 3–4 h under the 
same conditions (37 °C, 5% CO₂). Following incubation, 
the absorbance was measured at 450 nm using a microplate 
reader (Cytation3, BioTek, USA).The absorbance values, 
which reflect mitochondrial metabolic activity, were used to 
determine the percentage of viable cells. Cell viability was 
calculated using the formula:

Cell viability (%)
= (Absorbanceoftreatedcells/Absorbanceofcontrolcells) × 100
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***P < 0.001, ****P < 0.0001). In addition, GraphPad Prism 
version 6.0 (GraphPad Software, La Jolla, CA, USA) was 
employed for data analysis and graphical representation.

LC-Q-TOF-MS/MS

LC-Q-TOF-MS/MS conditions

This study conducted qualitative LC-Q-TOF-MS/MS analy-
ses using funds from our project budget at the Ege University 
Central Research Test and Analysis Laboratory Application 
and Research Centre, located in Bornova, İzmir, Türkiye. 
The analytical methods employed are provided here to 

As a positive control, Cyclophosphamide was used. All 
experiments were conducted in triplicate (n = 7), and the 
results are shown in Fig. 2; Table 3.

Statistical analysis

WST-1 assay results were statistically analysed using SPSS 
statistical package version 17.0 (SPSS Inc., Chicago, IL, 
USA). Data are presented as mean ± standard error of the mean 
(SEM). One-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test was performed to determine significant 
differences between groups. P-values less than 0.05 were 
considered statistically significant (*P < 0.05, **P < 0.01, 

Fig. 2  Cell viability (%) of P. mallochii EE against A) A549, B) HL-60 and C) K562 cell line (*P < 0.05,**P < 0.01, ***P < 0.001, ****P < 
0.0001, n=7)

 

Fig. 1  The anti-mycobacterial activity of the P. mallochii EE against MT strains. MT-1 to MT-6: Six clinical strains and MT-H37Ra and MT-
H37Rv: two standard strains; MIC and MBC values are expressed in mg/mL
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while TB-1 showed the highest MIC (12.50 mg/mL), indi-
cating strain-dependent susceptibility. Notably, MT-H37Rv 
and MT-H37Ra are well-known indicator organisms due to 
their extensive use in drug susceptibility tests. The results 
are given in Table 2; Fig. 1.

Cytotoxicity assay

The cytotoxic effects of P. mallochii EE on cancer and nor-
mal cell lines were evaluated using the WST-1 assay, and 
IC₅₀ values were determined (Table 3). The extract exhibited 
moderate cytotoxicity against A549 (IC₅₀ = 194.01 µg/mL) 
and K562 (IC₅₀ = 183.90 µg/mL) cell lines, while showing 
weak cytotoxicity toward HL-60 cells (IC₅₀ = 497.71 µg/
mL). In contrast, the IC₅₀ value for the normal murine fibro-
blast cell line (3T3) was greater than 500 µg/mL, indicating 
very low toxicity toward healthy cells. Cyclophosphamide, 
used as the positive control, also showed IC₅₀ values above 
500 µg/mL under the tested conditions.

The Selectivity Index (SI) values, calculated as the 
ratio of the IC₅₀ for 3T3 cells to that for each cancer cell 
line, were ≥ 2.58 for A549, ≥ 2.72 for K562, and ≥ 1.00 
for HL-60. According to common cytotoxicity criteria, SI 
values greater than 2 suggest moderate selectivity toward 
cancer cells. Thus, P. mallochii EE displayed moderate 
selectivity against A549 and K562 cells, whereas no signifi-
cant selectivity was observed for HL-60 cells. These find-
ings suggest that the extract may have potential anticancer 
activity, particularly against lung carcinoma and chronic 
myeloid leukaemia cell lines, with minimal toxicity to nor-
mal fibroblasts.

LC-Q-TOF-MS analyses

P. mallochii EE was characterised by LC-Q-TOF-MS/MS 
for extrolite profiles (Table 4). The total ion chromatogram 
(TIC) of the mixture containing standards (Beauvericin, 
Simvastatin, Kojic Acid, Harmane and Lovastatin) and the 
extracted ion chromatograms (EIC) and mass spectra of the 
standards were given in Fig. 3. The biologically essential 
compounds detected by ESI TIC MS of P. mallochii EE in 
negative and positive ionisation modes and the EIC chro-
matogram of P. mallochii EE for all standards are given 
below (Fig. 4).

Discussion

Penicillium is one of the most essential genera known 
for producing biologically active metabolites under vari-
ous environmental conditions [26]. Extrolite profiling is 
considered a complementary tool in fungal identification, 

inform the reader. Chromatographic separation was car-
ried out using an Agilent 1260 Infinity series HPLC system 
(Agilent Technologies, Santa Clara, CA, USA), equipped 
with a binary pump, an online degasser, an autosampler, and 
a Poroshell 120 EC-C18 column (3.0 × 50 mm, particle size 
2.7 μm; Agilent Technologies). The mobile phase consisted 
of 0.1% formic acid in water (A) and acetonitrile (B), applied 
using a gradient elution program as follows: 0–0.5 min, 5% 
B; 0.5–2 min, 25% B; 2–4 min, 50% B; 4–6 min, 75% B; 
6–10 min, 95% B; 10–16 min, 5%B for equilibration of the 
column. The column temperature was maintained at 35 °C 
to ensure experimental stability. The injection volume was 
10.0 µL, and the flow rate was 0.3 mL/min. For mass spec-
trometric analysis, an Agilent 6550 iFunnel high-resolution 
Accurate-Mass QTOF-MS equipped with an Agilent Dual 
Jet Stream electrospray ionisation (Dual AJS ESI) source 
was used in positive ion mode. Instrument parameters were 
set as follows: drying gas flow at 14 L/min, nebuliser pres-
sure at 35 psi, drying gas temperature at 290 °C, sheath gas 
temperature at 400 °C, and sheath gas flow at 12 L/min. The 
scan range was m/z 50–2000, with an acquisition rate of 1.5 
spectra per second. Data acquisition and processing were 
performed using the advanced MassHunter Workstation 
software (Agilent Technologies, Santa Clara, CA, USA).

Preparation of the samples and Standarts

Beauvericin, Simvastatin, Kojic Acid, Harmane, and Lovas-
tatin were purchased from Sigma-Aldrich. The samples and 
standarts were dissolved in a methanol-water (80:20, v/v) 
mixture and filtered before being injected into the device. 
The masses and retention times of the compounds are listed 
in Table 1 below.

Results

Anti-mycobacterial sensitivity assay

The P. mallochii EE exhibited variable anti-mycobacterial 
activity across different MT strains, with MIC values rang-
ing from 1.56 to 12.50 mg/mL and MBC values between 
6.25 and 25 mg/mL. The most potent activity was observed 
against MT-H37Ra and TB-5 strains (MIC: 1.56 mg/mL), 

Table 1  LC-Q-TOF-MS/MS-Based characterisation of detected com-
pounds with corresponding m/z values and retention times
Compound Mass (m/z) Retention Time (min)
Beauvericin 784.4159 9.06
Simvastatin 419.2763 8.89
Kojic Acid 143.0817 1.51
Harmane 183.0923 4.13
Lovastatin 405.2633 8.37

1 3

Page 5 of 12     64 



Brazilian Journal of Microbiology           (2026) 57:64 

tolerance, suggesting possible differences in cell wall com-
position or efflux pump activity that may influence suscep-
tibility [30, 31]. Notably, MT-H37Rv and MT-H37Ra are 
well-known indicator organisms due to their extensive use 
in drug susceptibility tests.

In this study, the cytotoxic activity of P. mallochii EE 
was evaluated using the WST-1 assay across a range of con-
centrations (31.25–500 µg/mL) in both cancerous (HL-60, 
K562, A549) and non-cancerous (3T3) cell lines. The results 
clearly demonstrate that the EE exhibited dose-dependent 
antiproliferative activity, significantly reducing cell viability 
in malignant cell lines, particularly K562 (IC₅₀ = 194.01 µg/
mL), A549 (IC₅₀ = 183.0 µg/mL), and HL-60 (IC₅₀ = 497.71 
µg/mL), while showing minimal cytotoxicity toward healthy 
fibroblast 3T3 cells even at the highest tested concentrations. 
The observed selectivity suggests that P. mallochii EE may 
exert cancer-specific cytotoxicity, a desirable property in 
anticancer drug discovery. This selectivity suggests that P. 
mallochii EE may exert anticancer effects via mechanisms 
such as apoptosis induction, ROS generation, or cell cycle 
arrest, as reported for other fungal-derived compounds [32]. 
The relatively moderate IC₅₀ values compared to conven-
tional chemotherapeutics indicate that activity optimisation, 
through fractionation, purification, and potential structural 
modification, may enhance potency. This selective effect 
aligns with previous findings where ethanol fractions from 
endophytic or fungal extracts demonstrated stronger anti-
proliferative effects compared to aqueous or methanolic 
fractions, likely due to enrichment of semi-polar bioactive 
secondary metabolites such as polyketides, terpenoids, and 
phenolic compounds [33, 34]. The decreased mitochondrial 
activity, as indicated by WST-1 assay, suggests a potential 
interference with mitochondrial respiration or induction 
of apoptosis-related pathways. The WST-1 assay relies on 
mitochondrial dehydrogenase activity; thus, the reduction in 
absorbance at higher concentrations implies a compromised  

particularly since filamentous fungi such as Penicillium 
are difficult to distinguish using traditional microbiologi-
cal techniques. This profiling encompasses all secondary 
metabolites produced by a fungus on a given substrate, 
including toxins, antibiotics, fatty acids, and other bioactive 
compounds [27]. The expression of specific fungal metabo-
lites is associated with the formation of sexual or asexual 
reproductive structures, such as cleistothecia, and the differ-
entiation of other specialised cell types [28]. Consequently, 
the consistent production of certain secondary metabolites 
in the mycelium and spores of a fungus serves as a distin-
guishing feature from other species [29]. In this study, the 
EE of P. mallochii was investigated for its anti-mycobacte-
rial activity, anticancer activity against HL-60, K562, and 
A549 cancer cell lines, and the profiling of several extrolites 
using LC-Q-TOF-MS/MS analysis.

The EE of P. mallochii demonstrated notable inhibitory 
activity against M. tuberculosis reference strains and clini-
cal isolates, with MIC values ranging from 1.56 to 12.50 
mg/mL and MBC values between 6.25 and 25.00 mg/mL. 
Although these values are substantially higher than those of 
standard first-line drugs such as INH and RIF (MIC range: 
0.31–3.12 µg/mL), the broad-spectrum efficacy against 
multiple clinical isolates, including both drug-sensitive and 
drug-resistant forms, indicates a promising antimicrobial 
potential. Notably, TB-5 and MT-H37Ra exhibited the high-
est susceptibility, while TB-3 and TB-4 displayed relative 

Table 2  Anti-mycobacterial activity results for P. mallochii EE
Strains Anti-mycobacterial Activity (mg/mL)

MIC MBC
MT- H37Ra 1.56 6.25
MT-H37Rv 6.25 12.50
TB-1 12.50 12.50
TB-2 3.12 12.50
TB-3 6.25 25.00
TB-4 6.25 25.00
TB-5 1.56 6.25
TB-6 6.25 12.50

        INH* RIF*
MIC MBC MIC MBC

MT-H37Ra 0.31 0.16 1.24 1.24
MT-H37Rv 0.39 0.78 3.12 6.24
*: Standard drugs concentrations: (µg/mL)

Table 3  IC50 values of the P. mallochii EE on A549, HL-60, K562 and 
3T3 cell lines were calculated using the WST-1 method
Cell line IC50 values
3T3 > 500
A549 194.01
HL-60 497.71
K562 183.9
Cyclophosphamide (positive control) > 500
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myeloid leukemia line, followed by A549 and HL-60. These 
findings suggest that P. mallochii EE may be particularly 
effective against hematological malignancies. This trend 
is consistent with other extracts derived from endophytic 
fungi or actinomycetes that preferentially target leukemia  

metabolic state in cancer cells. Similar mechanisms have 
been observed in studies of fungal-derived extracts that 
induce intrinsic apoptotic pathways via mitochondrial depo-
larization [35, 36]. Among the tested cancer cell lines, the 
strongest cytotoxic effect was seen in K562 cells, a chronic 

Table 4  LC–Q-TOF–MS/MS data of P. mallochii EE
No Name Formula CAS Mass (m/z) Retention Time (min) Quantity (ng/g) ID Source (MFG) Algorithm
1. Beauvericin C45H57N3O9 26048-05−5 784,4159 9.06 nd DBSearch Auto MS/MS
2. Simvastatin C25H38O5 79902-63−9 419.2763 8.89 7.01 DBSearch Auto MS/MS
3. Kojic acid C6H6O4 501-30−4 143.0817 1.51 287.93 DBSearch Auto MS/MS
4. Harmane C12H10N2 486-84−0 183.0923 4.13 8.16 DBSearch Auto MS/MS
5. Lovastatin C24H36O5 75330-75−5 405.2633 8.37 0.91 DBSearch Auto MS/MS

Fig. 3  A) TIC of the mixture with standards; B-C) EIC and mass spec-
tra of Beauvericin; D-E) EIC and mass spectra of Simvastin; F-G) 
EIC and mass spectra of Kojic acid; H-I) EIC and mass spectra of 

Harmane; J-K) EIC and mass spectra of Lovastatin.TIC: The total ion 
chromatogram; EIC: Extracted ion chromatograms
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LC-Q-TOF-MS/MS is a powerful analytical technique 
capable of selectively detecting and characterizing com-
pounds by separating, identifying, and interpreting their ion 
patterns. Its high selectivity and versatility make it a valuable 
tool for determining a broad spectrum of metabolites [39]. 
The sensitivity of this method is attributed to the correlation 
between an analyte’s signal intensity and its concentration, 
allowing for quantification by comparing unknown samples 
to standards [40]. In our research, LC-Q-TOF-MS/MS anal-
ysis of P. mallochii extracts revealed the presence of sev-
eral noteworthy extrolites: harmane, kojic acid, simvastatin, 
and lovastatin. These compounds are recognised for diverse 
bioactivities, including antimicrobial, anticancer, immuno-
modulatory, and cholesterol-lowering effects, underscoring 
the fungus’s multifaceted therapeutic potential. Beauvericin 
is a cyclic hexadepsipeptide produced by Fusarium species, 
well-known for its strong antimicrobial and cytotoxic activi-
ties [41]. It exhibits broad-spectrum antibacterial activity, 
including against Gram-positive and Gram-negative patho-
gens, as well as M. tuberculosis, by disrupting cellular ion 
balances rather than targeting the cell wall [42]. Although 
beauvericin is a well-known fungal metabolite, it was not 
detected in the EE extract. Therefore, the observed biological 
activities are likely attributed to other identified compounds.

cell lines due to differential uptake or susceptibility to fun-
gal metabolites [37]. Importantly, the extract did not exhibit 
significant cytotoxicity on 3T3 fibroblast cells, indicat-
ing a favorable therapeutic index. The lack of toxicity on 
normal cells is a critical advantage, as many current che-
motherapeutics exhibit narrow safety margins. Selectivity 
toward cancer cells has been associated with differences in 
metabolic activity, membrane composition, or redox states 
between normal and malignant cells [38]. Although the 
observed decrease in cell viability in the WST-1 assay may 
hint at mitochondrial involvement, the assay reflects gen-
eral metabolic activity. It is influenced by multiple factors 
beyond strictly mitochondrial function. To substantiate a 
mitochondrial-specific mechanism in A549, HL-60, or K562 
cells, additional targeted assessments (e.g., mitochondrial 
membrane potential assays, oxygen consumption rate mea-
surements) or literature directly correlating WST-1 readouts 
with mitochondrial alterations in these specific cell lines 
would be required. For example, studies have reported asso-
ciations between mitochondrial dysfunction (e.g., dissipa-
tion of mitochondrial membrane potential and cytochrome 
c release) and cytotoxic outcomes in HL-60 and K562 cells, 
underscoring the importance of direct mitochondrial assays 
alongside WST-1 data.

Fig. 4  LC-Q-TOF MS/MS analysis EICs of P. mallochii EE (A) posi-
tive mode TIC; (B) negative mode TIC; (C) EIC chromatogram of 
P. mallochii EE for Beuavericin; (D) EIC chromatogram of P. mal-
lochii EE for Simvastatin; (E) EIC chromatogram of P. mallochii EE 

for Kojic acid; (F) EIC chromatogram of P. mallochii EE for Harmane; 
(G) EIC chromatogram of P. mallochii EE for Lovastatin. TIC: The 
total ion chromatogram; EIC: Extracted ion chromatograms
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compounds. Harmane disrupts mature biofilms by reducing 
exopolysaccharide content and killing embedded bacteria. 
It damages the bacterial cell wall through interaction with 
peptidoglycan, causing irreversible membrane disruption, 
as demonstrated by fluorescent staining and leakage assays. 
Once inside the cell, harmane disturbs redox balance, inhib-
its metabolic activity, and targets ribosomes [58]. Four 
prominent bioactive compounds—simvastatin, kojiс acid, 
harmane, and lovastatin—each showing unique pharma-
cological potential (LC-Q-TOF-MS/MS data). Their com-
bined presence supports the extract’s promise as a source of 
antimicrobial and anticancer agents.

While notable synergistic effects have been established 
in specific dermatological and metabolic contexts, no evi-
dence currently supports synergistic interactions among 
simvastatin, kojic acid, harmane, and lovastatin or between 
any pair or across this compound set. However, syner-
gistic effects exist between aforamented compounds and 
other compounds. A study examined the combination of 
lovastatin and eicosapentaenoic acid (EPA). The synergy 
between lovastatin and EPA was shown as enhanced modu-
lation of gene expression related to cholesterol metabolism 
in HepG2 cells [59]. As a result of the synergy between 
simvastatin and folic acid, superior wound healing results 
were observed with the formation of a topical chitosan-
based film compared to either drug used alone. This syn-
ergy was observed to increase collagen expression and 
reduce inflammation [60]. When combined with agents 
such as kojic acid, hydroquinone, or glycolic acid, these 
combinations demonstrate greater efficacy than kojic acid 
alone, demonstrating synergistic potential in the treatment 
of hyperpigmentation [61]. Additionally, a synergistic 
effect of kojic acid, tranexamic acid, and niacinamide for-
mulation was found to provide significant improvements 
(> 60% reduction) in the treatment of melasma and post-
inflammatory hyperpigmentation [62]. The dual bioactiv-
ity profile of P. mallochii EE against both mycobacterial 
pathogens and cancer cell lines highlights its potential as 
a source of multifunctional bioactive compounds. Similar 
findings have been reported for other entomopathogenic 
fungi, where secondary metabolites such as destruxins, 
bassianolide, and enniatins exhibited broad-spectrum anti-
microbial and antitumor properties [63].

Future studies should focus on bioassay-guided frac-
tionation to isolate individual compounds, determine their 
specific mechanisms of action, and evaluate synergistic 
interactions. Moreover, in vivo validation in relevant infec-
tion and tumour models will be critical for assessing thera-
peutic feasibility.

Statins (lovastatin/simvastatin precursor) are produced 
industrially, with lovastatin production being classically 
associated with Aspergillus terreus. Other fungi, including 
Penicillium citrinum, Monascus spp., and Pleurotus ostrea-
tus, also produce it to varying degrees. Thus, a lovastatin-
like signal in P. mallochii is taxonomically plausible within 
Eurotiales and aligns with known statin biosynthetic capac-
ity beyond A. terreus [43].On the other hand, simvastatin 
(7.01 ng/g) and lovastatin (0.91 ng/g) are other compounds 
found in the EE extract. Simvastatin and lovastatin are 
HMG-CoA reductase inhibitors used for cholesterol lower-
ing, but their bioactivity extends beyond lipid metabolism. 
They exhibit immunomodulatory and antimycobacterial 
effects, including inhibition of intracellular M. tuberculosis 
in macrophages by promoting autophagy [44]. Lovastatin 
can inhibit tyrosine phosphorylation [45] and expression, 
specifically impairing cholesterol-dependent survival mech-
anisms in M. tuberculosis. Both statins have been noted to 
have anticancer effects via anti-angiogenic and pro-apop-
totic pathways. Recent studies have demonstrated several 
important applications for lovastatin, including its use as an 
antimicrobial agent and as a treatment for cancers and bone 
diseases [46]. Kojic acid is produced mainly by Aspergillus 
(e.g., A. oryzae, A. niger), but surveys document production 
by ~ 58 fungal strains spanning Aspergillus, Penicillium, 
and a few others [47, 48]. Harmane shows broad antimicro-
bial/antifungal activity and has been studied against Peni-
cillium digitatum and Botrytis cinerea (membrane effects, 
germination blockade) [49]. Kojic acid is the compound 
with the highest concentration in the EE extract (287.93 
ng/g). Kojic acid and its derivatives can act as antioxidants, 
antimicrobials, anti-inflammatories, radioprotectors, and 
anticonvulsants [50]. Kojic acid, a fungal metabolite com-
monly used in cosmetics [51], inhibits tyrosinase and has 
recognised antibacterial and antioxidant effects [52]. Its 
metal-chelating property contributes to antimicrobial activ-
ity [53]. Although moderate in cytotoxicity, it is reported 
that its inclusion alongside other agents in the extract could 
provide synergistic antimicrobial benefits. Another com-
pound, harmane (8.16 ng/g), exhibits acetylcholinesterase, 
antioxidant, antibacterial, and antimycobacterial proper-
ties, as mentioned above. Harmane, a β-carboline alkaloid, 
exhibits antimicrobial, antioxidant, acetylcholinesterase, 
antitumor, transmitter, and neuroactive properties [54, 
55]. Its antibacterial activity—demonstrated across plant 
and animal pathogens—is linked to multiple mechanisms, 
including DNA intercalation and enzyme inhibition, such 
as topoisomerase II and DNA gyrase [56]. Lopes-Ortiz et 
al. [57] evaluated β-carboline derivatives as antituberculosis 
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Conclusion

The findings of this study demonstrate that the EE of P. mal-
lochii exhibits promising anti-mycobacterial and anticancer 
activities. The antimycobacterial efficacy of the extract was 
confirmed against both virulent (MT-H37Rv) and avirulent 
(MT-H37Ra) MT strains, as well as six clinical isolates, 
highlighting its potential as a source of novel therapeutic 
agents. Notably, this is the first report to evaluate the cyto-
toxic effects of P. mallochii on HL-60, K562, and A549 can-
cer cell lines. Collectively, our findings support the potential 
of P. mallochii as a promising source of selective anticancer 
agents, particularly for hematologic and lung malignancies. 
LC-Q-TOF-MS/MS profiling of the extract revealed several 
bioactive extrolites, including simvastatin, lovastatin, kojic 
acid, and harmane, which are known for their antimicrobial 
and anticancer properties. These compounds likely contrib-
ute either individually or synergistically to the observed 
biological effects. Despite these promising findings, the 
study is limited by the absence of purified compounds and 
in vivo validation. Future research should focus on the iso-
lation and purification of bioactive constituents from the 
P. mallochii ethanolic extract using chromatographic and 
spectroscopic techniques, followed by structural elucida-
tion through nuclear magnetic resonance (NMR) and mass 
spectrometry (MS). Once identified, the cytotoxic potential 
of individual compounds should be evaluated to pinpoint 
the agents responsible for the observed effects. Mechanistic 
studies, including apoptosis detection assays (e.g., Annexin 
V/PI staining, caspase activation, mitochondrial membrane 
potential analysis) and cell cycle profiling, will help clar-
ify the pathways underlying their cytotoxicity. In addition, 
in vivo studies with relevant tumour models are crucial to 
assess efficacy, safety, pharmacokinetics, and therapeu-
tic potential. Together, these investigations will enable the 
translation of in vitro findings into preclinical applications 
and support future drug development efforts. In conclu-
sion, P. mallochii emerges as a valuable fungal species with 
potential applications in developing selective anti-myco-
bacterial and anticancer agents.

Author contributions  The authors bear full responsibility for all con-
tent and have approved the submission of this article.

Funding  This study was granted (Grant no. 2017/075) by Balikesir 
University, Scientific Research Projects Unit, Türkiye. No funding was 
received to assist with the preparation of this manuscript. 

Declarations

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

1 3

   64   Page 10 of 12

https://doi.org/10.1093/jac/48.5.705
https://doi.org/10.1093/jac/48.5.705
https://doi.org/10.1093/jac/dkg068
https://doi.org/10.2174/157489106775244073
https://doi.org/10.2174/157489106775244073
https://www.who.int/publications/i/item/9789240013131
https://www.who.int/publications/i/item/9789240083851
https://www.who.int/publications/i/item/9789240083851
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1146/annurev-pharmtox-010715-103111
https://doi.org/10.1146/annurev-pharmtox-010715-103111
https://doi.org/10.1038/nrd1984
https://doi.org/10.1038/nrd1984
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.2174/0929867322666150521091333
https://doi.org/10.2174/0929867322666150521091333
https://doi.org/10.2174/1389200219666180511154722
https://doi.org/10.2174/1389200219666180511154722
https://doi.org/10.1128/AEM.68.1.82-85.2002
https://doi.org/10.1128/AEM.68.1.82-85.2002
https://doi.org/10.1038/s41577-018-0094-3
https://doi.org/10.1038/s41577-018-0094-3
https://doi.org/10.1039/b603758p
https://doi.org/10.1039/b603758p


Brazilian Journal of Microbiology           (2026) 57:64 

32.	 Strobel G, Daisy B (2003) Bioprospecting for microbial endo-
phytes and their natural products. Microbiol Mol Biol Rev 
67(4):491–502. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​8​​/​M​M​​B​R​.​​6​7​.​​4​.​4​9​​1​-​​5​0​2​.​2​0​
0​3

33.	 Rajamanikyam M, Vadlapudi V, Poluri E (2017) Endophytic 
fungi as novel resources of natural therapeutics. Braz Arch Biol 
Technol 60.

34.	 Zhao J, Mou Y, Shan T et al (2021) Anticancer potential of fun-
gal metabolites: Mechanisms of action and biosynthesis. Crit Rev 
Microbiol 47(1):71–93

35.	 Wang Z, Li Y, Chen Y et al (2020) Fungal secondary metabolites 
as potential anticancer agents. Front Microbiol 11:1687

36.	 Zhang L, Yang J, Zhang Y et al (2022) Mitochondria-targeting 
mechanisms of fungal metabolites against cancer cells. Biomed 
Pharmacother 147:112640

37.	 Huang WY, Cai YZ, Hyde KD (2019) Endophytic fungi and their 
role in novel natural drug discovery: a review. Fungal Divers 
41:1–16

38.	 Pfeffer CM, Singh ATK (2018) Apoptosis: a target for anticancer 
therapy. Int J Mol Sci 19(2):448

39.	 Yang H, Liu C, Yang D, Zhang H, Xi Z (2009) Comparative study 
of cytotoxicity, oxidative stress and genotoxicity induced by four 
typical nanomaterials: the role of particle size, shape and compo-
sition. J Appl Toxicol 29(1):69–78. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​a​​t​.​1​3​
8​5

40.	 Holčapek M, Jirásko R, Lísa M (2012) Recent developments 
in liquid chromatography-mass spectrometry and related tech-
niques. J Chromatogr A 1259:3–15. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​h​
r​o​m​a​.​2​0​1​2​.​0​8​.​0​7​2

41.	 Wu Q, Patocka J, Nepovimova E, Kuca K (2018) A review on 
the synthesis and bioactivity aspects of beauvericin, a Fusarium 
mycotoxin. Front Pharmacol 9:1338. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​h​
a​r​.​2​0​1​8​.​0​1​3​3​8

42.	 Wang Q, Xu L (2012) Beauvericin, a bioactive compound pro-
duced by fungi: a short review. Molecules 17(3):2367–2377. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​1​7​0​3​2​3​6​7

43.	 Subhan M, Faryal R, Macreadie I (2016) Exploitation of Aspergil-
lus terreus for the production of natural statins. J Fungi 2(2):13. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​j​o​​f​2​0​2​0​0​1​3

44.	 Guerra-De-Blas PDC, Bobadilla-Del-Valle M, Sada-Ovalle I, 
Estrada-García I et al (2019) Simvastatin Enhances the Immune 
Response Against Mycobacterium tuberculosis. Front Microbiol 
10, 2097. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​m​​i​c​b​.​2​0​1​9​.​0​2​0​9​7

45.	 Lü HZ, Li BQ (2009) Effect of HMG-CoA reductase inhibitors 
on activation of human gammadeltaT cells induced by Mycobac-
terium tuberculosis antigens. Immunopharmacol Immunotoxicol 
31(3):485–491. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​8​​9​2​3​9​7​0​9​0​2​8​0​6​5​0​5

46.	 Mulder KC, Mulinari F, Franco OL, Soares MS, Magalhães BS, 
Parachin NS (2015) Lovastatin production: From molecular basis 
to industrial process optimization. Biotechnol Adv 33(6):648–
665. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​​t​e​c​​h​a​d​v​​.​2​​0​1​5​.​0​4​.​0​0

47.	 Chib S, Jamwal VL, Kumar V, Gandhi SG, Saran S (2023) Fungal 
production of acid and its industrial applications. Appl Microbiol 
Biotechnol 107(7–8):2111–2130. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​5​
3​-​0​2​3​-​1​2​4​5​1​-​1

48.	 Mahmoud GA, Abdel Shakor AB, Kamal-Eldin NA, Zohri AA 
(2024) Production of kojic acid by Aspergillus flavus OL314748 
using box-Behnken statistical design and its antibacterial and 
anticancer applications using molecular docking technique. BMC 
Micro 24(1):140. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​8​6​6​-​0​2​4​-​0​3​2​8​9​-​2

49.	 Olmedo GM, Cerioni L, González MM, Cabrerizo FM, Rap-
isardaVA Volentini SI (2017) Antifungal activity of β-carbolines 
on Penicillium digitatum and Botrytis cinerea. Food Microbiol 
62:9–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​m​.​2​0​1​6​.​0​9​.​0​1​1

50.	 Zilles JC, Dos Santos FL, Kulkamp-Guerreiro IC, Contri RV 
(2022) Biological activities and safety data of kojic acid and its 

16.	 Yu L, Shen N, Ren J, Xin H, Cui Y (2025) Resource distribu-
tion, pharmacological activity, toxicology and clinical drugs of 
β-Carboline alkaloids: an updated and systematic review. Fitote-
rapia 180:106326

17.	 Rivera KG, Díaz J, Chavarría-Díaz F, Garcia M, et al (2012) Pen-
icillium mallochii and P. guanacastense two new species isolated 
from Costa Rican caterpillars. Mycotaxon 119, 315–328. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​5​​2​4​8​​/​1​1​​9​.​3​1​5

18.	 Güner P, Aşkun T, Er A, Sönmez DG (2025) Assessment of the 
potential pathogenicity of Penicillium mallochii conidial suspen-
sions and ethanol extract against almond moth Cadra cautella 
(Walker) (Lepidoptera: Pyralidae). J Plant Dis Prot 132, 3. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​1​3​4​8​-​0​2​4​-​0​1​0​3​9​-​0

19.	 Bouhri Y, Askun T, Tunca B, Deniz G, Aksoy SA, Mutlu M 
(2020) The orange-red pigment from Penicillium mallochii: pig-
ment production, optimization, and pigment efficacy against glio-
blastoma cell lines. Biocatal Agric Biotechnol 101451. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​c​a​b​.​2​0​1​9​.​1​0​1​4​5​1

20.	 Zhang S, Fang H, Yin C, Wei C, Hu J, Zhang Y (2019) Antimicro-
bial metabolites produced by Penicillium mallochiiCCH01iso-
lated from the gut of Ectropis oblique, cultivated in the presence 
of a histone deacetylase ınhibitor. Front Microbiol 10:2186. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​m​​i​c​b​2​0​1​9​.​0​2​1​8​6

21.	 Hall TA (1999) BioEdit: a user-friendly biological sequence 
alignment editor and analysis program for Windows 95/98/NT. 
Nucleic Acids Symp Ser 41:95–98

22.	 Swofford D (2003) PAUP* 4.0b10: Phylogenetic analysis using 
parsimony (*and other methods). Version 4. Sinauer Associates, 
Sunderland, Massachusetts

23.	 Gil-Martin E, Forbes-Hernandez T, Romero A, Cianciosi D, 
Giampieri F, Battino M (2022) Influence of the extraction method 
on the recovery of bioactive phenolic compounds from food 
industry by-products. Food Chem 378:131918

24.	 NCCLS (2003) National committee for clinical laboratory stan-
dards (NCCLS) Susceptibility testing of mycobacteria, nocardiae, 
and other aerobic actinomycetes; Approved standard. NCCLS 
document M24-A [ISBN 1-56238-500-3]. NCCLS, 940 West Val-
ley Road, Suite 1400, Wayne, Pennsylvania 19087 − 1898 USA

25.	 NCCLS (2006).National committee for clinical laboratory stan-
dards. (NCCLS) National committee for clinical laboratory stan-
dards. Methods for dilution antimicrobial susceptibility tests for 
bacteria that grow edition aerobically; Approved Standard. Sev-
enth Edition NCCLS Document M7-A7, Wayne, Pennsylvania, 
26(2): 1–16.

26.	 Visagie CM, Houbraken J, Frisvad JC, Hong SB, Klaassen CHW 
et al (2014) Identification and nomenclature of the genus Penicil-
lium. Stud Mycol 78(1):343–371

27.	 Frisvad JC, Smedsgaar J, Larsen TO, Samson RA (2004) Myco-
toxins, drugs and other extrolites produced by species in Penicil-
lium subgenus Penicillium. Stud Mycol 49(201):e41

28.	 George TK, Devadasan D, Jisha MS (2019) Chemotaxonomic 
profiling of Penicillium setosum using high-resolution mass spec-
trometry (LC-Q-ToF-MS). Heliyon. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​h​e​l​​i​
y​o​​n​.​2​0​​1​9​​.​e​0​2​4​8​4

29.	 Frisvad JC, Andersen B, Thrane U (2008) The use of secondary 
metabolite profiling in chemotaxonomy of filamentous fungi. 
Mycol Res 112(2):231–240

30.	 Jarlier V, Nikaido H (1994) Mycobacterial cell wall: structure 
and role in natural resistance to antibiotics. FEMS Microbiol Lett 
123(1–2):11–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​5​7​​4​-​6​​9​6​8​.​​1​9​​9​4​.​t​b​0​7​1​
9​4​.​x

31.	 Nguyen L, Thompson CJ (2006) Foundations of antibiotic 
resistance in bacterial physiology: the mycobacterial paradigm. 
Trends Microbiol 14(7):304–312. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​i​m​.​2​
0​0​6​.​0​5​.​0​0​5

1 3

Page 11 of 12     64 

https://doi.org/10.1128/MMBR.67.4.491-502.2003
https://doi.org/10.1128/MMBR.67.4.491-502.2003
https://doi.org/10.1002/jat.1385
https://doi.org/10.1002/jat.1385
https://doi.org/10.1016/j.chroma.2012.08.072
https://doi.org/10.1016/j.chroma.2012.08.072
https://doi.org/10.3389/fphar.2018.01338
https://doi.org/10.3389/fphar.2018.01338
https://doi.org/10.3390/molecules17032367
https://doi.org/10.3390/molecules17032367
https://doi.org/10.3390/jof2020013
https://doi.org/10.3390/jof2020013
https://doi.org/10.3389/fmicb.2019.02097
https://doi.org/10.1080/08923970902806505
https://doi.org/10.1016/j.biotechadv.2015.04.00
https://doi.org/10.1007/s00253-023-12451-1
https://doi.org/10.1007/s00253-023-12451-1
https://doi.org/10.1186/s12866-024-03289-2
https://doi.org/10.1016/j.fm.2016.09.011
https://doi.org/10.5248/119.315
https://doi.org/10.5248/119.315
https://doi.org/10.1007/s41348-024-01039-0
https://doi.org/10.1007/s41348-024-01039-0
https://doi.org/10.1016/j.bcab.2019.101451
https://doi.org/10.1016/j.bcab.2019.101451
https://doi.org/10.3389/fmicb2019.02186
https://doi.org/10.3389/fmicb2019.02186
https://doi.org/10.1016/j.heliyon.2019.e02484
https://doi.org/10.1016/j.heliyon.2019.e02484
https://doi.org/10.1111/j.1574-6968.1994.tb07194.x
https://doi.org/10.1111/j.1574-6968.1994.tb07194.x
https://doi.org/10.1016/j.tim.2006.05.005
https://doi.org/10.1016/j.tim.2006.05.005


Brazilian Journal of Microbiology           (2026) 57:64 

59.	 Notarnicola M, Messa C, Refolo MG, Tutino V, Miccolis A, 
Caruso MG (2010) Synergic effect of eicosapentaenoic acid and 
lovastatin on gene expression of HMGCoA reductase and LDL 
receptor in cultured HepG2 cells. Lipids Health Dis 9:135. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​1​4​​7​6​-​5​1​1​X​-​9​-​1​3​5

60.	 Hashem MA, Alotaibi BS, Elsayed MMA, Alosaimi ME, Hus-
sein AK, Abduljabbar MH, Lee KT, Abdelkader H, El-Mokhtar 
MA, Hassan AHE, Abdel-Rheem AA, Belal A, Saddik MS (2023) 
Characterization and bio-evaluation of the synergistic effect of 
simvastatin and folic acid as wound dressings on the healing pro-
cess. Pharmaceutics 15(10):2423. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​p​h​​a​r​m​​a​
c​e​​u​t​i​c​​s​1​​5​1​0​2​4​2​3

61.	 Manjula S (2025) Physician perspectives on the use of glycolic 
acid, salicylic acid, and urea combination in dermatology practice 
in Indian settings. IP Indian Journal of Clinical and Experimental 
Dermatology 11(2):164–169. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​2​3​​1​/​j​​.​i​j​c​e​d​.​2​0​2​
5​.​0​2​7

62.	 Desai S, Ayres E, Bak H, Manco M, Lynch S, Raab S, Du A, Green 
D, Skobowiat C, Wangari-Talbot J, Zheng Q (2019) Effect of a 
tranexamic acid, kojic acid, and niacinamide containing serum on 
facial dyschromia: a clinical evaluation. JDD 18(5):454–459

63.	 Molnár I, Gibson DM, Krasnoff SB (2010) Secondary metabo-
lites from entomopathogenic Hypocrealean fungi. Nat Prod Rep 
27(9):1241. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​3​9​/​​c​0​0​1​4​5​9​c

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

derivatives: A review. Exp Dermatol 31(10):1500–1521. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​e​x​​d​.​1​4​6​6​2

51.	 Saeedi M, Eslamifar M, Khezri K (2019) Kojic acid applications 
in cosmetic and pharmaceutical preparations. Biomed Pharmaco-
ther 110:582–593. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​p​h​a​.​2​0​1​8​.​1​2​.​0​0​6

52.	 Brtko J (2022) Biological functions of kojic acid and its deriva-
tives in medicine, cosmetics, and food industry: insights into 
health aspects. Arch Pharm (Weinheim) 355(10):2200215. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​r​​d​p​.​2​0​2​2​0​0​2​1​5

53.	 Patamia V, Zagni C, Fiorenza R, Fuochi V, Dattilo S, Riccobene 
PM et al (2023) Total bio-based material for drug delivery and 
iron chelation to fight cancer through antimicrobial activity. 
Nanomaterials 13(14):2036. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​a​​n​o​1​3​1​4​2​0​
3​6

54.	 Abu Ghazaleh H, Lalies MD, Nutt DJ, Hudson AL (2015) Har-
mane: an atypical neurotransmitter? Neurosci Lett 590:1–5. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​l​e​t​.​2​0​1​5​.​0​1​.​0​5​7

55.	 Khan H, Patel S, Kamal MA (2017) Pharmacological and toxi-
cological profile of harmane-β-carboline alkaloid: friend or foe. 
Curr Drug Metab 18(9):853–857. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​7​4​​/​1​3​​8​9​2​​0​
0​2​​1​8​6​6​​6​1​​7​0​6​0​7​1​0​0​9​4​7

56.	 Piechowska P, Zawirska-Wojtasiak R, Mildner-Szkudlarz S 
(2019) Bioactive β-carbolines in food: a review. Nutrients 
11(4):814. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​1​0​4​0​8​1​4

57.	 Lopes-Ortiz MA, Panice MR, de Borges Melo E, Ataide Martins 
JP et al (2020) Synthesis and anti-Mycobacterium tuberculosis 
activity of imide-β-carboline and carbomethoxy-β-carboline 
derivatives. Eur J Med Chem 187:111935. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​j​.​​e​j​m​e​c​h​.​2​0​1​9​.​1​1​1​9​3​5

58.	 Sui M, Zhang J, Li J, Wang L, Gao Z, Dan W, Dai J (2025) Anti-
bacterial activity and multi-target mechanism of harmane against 
Escherichia coli O157:H7 and its application on ready-to-eat 
leafy greens. Int J Food Microbiol 431:111084. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​1​6​​/​j​.​​i​j​f​​o​o​d​​m​i​c​r​​o​.​​2​0​2​5​.​1​1​1​0​8​4

1 3

   64   Page 12 of 12

https://doi.org/10.1186/1476-511X-9-135
https://doi.org/10.1186/1476-511X-9-135
https://doi.org/10.3390/pharmaceutics15102423
https://doi.org/10.3390/pharmaceutics15102423
https://doi.org/10.18231/j.ijced.2025.027
https://doi.org/10.18231/j.ijced.2025.027
https://doi.org/10.1039/c001459c
https://doi.org/10.1111/exd.14662
https://doi.org/10.1111/exd.14662
https://doi.org/10.1016/j.biopha.2018.12.006
https://doi.org/10.1002/ardp.202200215
https://doi.org/10.1002/ardp.202200215
https://doi.org/10.3390/nano13142036
https://doi.org/10.3390/nano13142036
https://doi.org/10.1016/j.neulet.2015.01.057
https://doi.org/10.1016/j.neulet.2015.01.057
https://doi.org/10.2174/1389200218666170607100947
https://doi.org/10.2174/1389200218666170607100947
https://doi.org/10.3390/nu11040814
https://doi.org/10.1016/j.ejmech.2019.111935
https://doi.org/10.1016/j.ejmech.2019.111935
https://doi.org/10.1016/j.ijfoodmicro.2025.111084
https://doi.org/10.1016/j.ijfoodmicro.2025.111084

	﻿Anti-mycobacterial, cytotoxic effects of ﻿Penicillium mallochii﻿ ethanol extract, and quantitative detection of its extrolites by lc-q-tof-ms/ms
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿﻿P. mallochii﻿ and media
	﻿Cultivation conditions, preparation of the inoculum and the extract
	﻿Anti-mycobacterial activity assay
	﻿Microorganisms and preparation of mycobacterial inocula
	﻿Determination of minimal inhibitory concentrations (MICs) and minimal bactericidal concentrations (MBCs)


	﻿Cell Viability/Cytotoxicity assay
	﻿Cell culture and WST-1 assay
	﻿Statistical analysis

	﻿LC-Q-TOF-MS/MS
	﻿LC-Q-TOF-MS/MS conditions
	﻿Preparation of the samples and Standarts

	﻿Results
	﻿Anti-mycobacterial sensitivity assay
	﻿Cytotoxicity assay
	﻿LC-Q-TOF-MS analyses

	﻿Discussion
	﻿Conclusion
	﻿References


