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ABSTRACT

Background: Fungal infections caused by Aspergillus fumigatus and Candida albicans are a critical clinical
challenge in immunocompromised individuals, and drug repurposing policies may improve the antifungal
efficacy and overcome resistance.

Aim: This study assessed the interaction of esomeprazole and fluconazole in an in vitro experimental setting
against eight clinical isolates of A. fumigatus and four clinical isolates of C. albicans.

Methods: Nineteen sputum samples were collected from tuberculosis patients, of which 12 yielded fungal
growth (eight A. fumigatus and four C. albicans), using morphological and molecular identification
techniques. Antifungal susceptibility was measured by broth microdilution to determine the median inhibitory
concentration (IC50) and minimum fungicidal concentration (MFC) of fluconazole with and without
esomeprazole (30 pg/mL). Statistical analyses were performed using an independent samples t-test.

Results: The incorporation of esomeprazole with fluconazole markedly reduced (p < 0.05) the IC50 of the
latter against all isolates of both fungal species. The average IC50 of fluconazole against A. fumigatus
decreased from 120.96 pg/mL to 17.02 pg/mL when esomeprazole was added, while it decreased from 7.45
pg/mL to 3.90 pg/mL against C. albicans. Also, a marked reduction in MFC values was recorded for most A.
fumigatus isolates, with a decrease in the overall mean from 736.00 pg/mL to 166.51 pg/mL (p < 0.01).
However, the reduced MFC values for C. albicans were not statistically significant. Conclusion: Esomeprazole
markedly enhances fluconazole's antifungal activity in vitro, demonstrating a positive interaction, especially
against A. fumigatus.

Keywords: Proton pump inhibitors, Aspergillus fumigatus, Candida albicans, in vitro investigation,
Broth microdilution bioassay

INTRODUCTION

Fungal infections caused by Aspergillus fumigatus and Candida albicans are a critical challenge in human and
veterinary medicine (Langfeldt et al., 2022; Brown et al., 2024). These fungi are among the most clinically
important pathogens capable of causing a wide range of superficial and systemic mycoses in animals,
especially when the host's immune defenses are compromised.

Aspergillus fumigatus is a ubiquitous saprophytic mold that commonly occurs in soil, water, decaying
vegetation, dust, and feed materials, facilitating constant contact with animals and humans (Nji et al., 2023;
Zakaria, 2024). It is the most clinically significant species and the primary causative agent of aspergillosis (van
de Veerdonk et al., 2025). In veterinary medicine, aspergillosis has been reported in companion animals (de
Jong et al., 2025), avian species (Stilz et al., 2025), and livestock (Dieste-Pérez et al., 2025), causing
respiratory and systemic disease. The opportunistic nature of A. fumigatus makes it capable of causing severe
infections, particularly in immunocompromised hosts. However, it can also cause severe disease in apparently
immunocompetent animals under stress (Liu et al., 2024).
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Candida albicans is also an opportunistic yeast that inhabits the mucosa of the gastrointestinal, genitourinary,
and respiratory systems in many animal species (Pohlman and Chengappa, 2022). Animal candidiasis is often
associated with immunosuppressive therapy, metabolic disorders, stress, and prolonged antibiotic therapy
(Haroun et al., 2026).

The therapeutic management of animal fungal infections remains challenging. Presently available systemic
antifungal agents are confined to three principal classes: azoles, polyenes, and echinocandins (Saini et al.,
2025), of which azoles are often used due to their favorable pharmacokinetic properties and oral bioavailability
(Eschenauer, 2024). Fluconazole is a triazole antifungal that acts by suppressing fungal cytochrome P450-
dependent lanosterol 140- demethylase, resulting in the inhibition of ergosterol production and altering cell
membrane integrity (Carmo et al., 2023). Despite the widespread use of fluconazole, therapy outcomes are
often suboptimal, partly because of the intrinsic reduced susceptibility of fungal pathogens and the emergence
of acquired resistance to azole compounds (Halliday et al., 2025; Van Rhijn and White, 2025). Candidiasis in
livestock negatively impacts animal health and productivity, and it can lead to chronic infections in companion
animals, requiring prolonged antifungal therapy (Simdes et al., 2023).

Resistance to azoles among Candida and Aspergillus species isolates has become a growing concern in both
clinical and environmental settings (Rivelli Zea and Toyotome, 2022; Sen et al., 2022; Daneshnia et al., 2023),
and the underlying mechanisms are multifactorial, including mutations in the cyp51A gene, overexpression of
target enzymes, biofilm-associated tolerance, and increased activity of efflux pumps that expel antifungal
agents from fungal cells (Kashyap et al., 2023; Eknure et al., 2025). Efflux-mediated resistance, involving
ATP-binding cassette (ABC) transporters and major facilitator superfamily (MFS) transporters, reduces
intracellular drug accumulation and contributes to therapeutic failure (Yang et al., 2024; Zhang et al., 2025).
These resistance mechanisms underscore the urgent need for novel strategies to reestablish antifungal
susceptibility or enhance the activity of existing agents, rather than relying solely on the development of new
antifungal classes, which is costly and time-consuming.

Drug repurposing and combination therapy have emerged as promising strategies to enhance antifungal
effectiveness and delay the development of resistance. Proton pump inhibitors (PPIs), commonly used to
inhibit gastric acid secretion, have attracted interest for their potential off-target antimicrobial effects (Glajzner
et al., 2024). Esomeprazole, the S-isomer of omeprazole, suppresses the gastric H+/K+-ATPase in parietal
cells, leading to sustained inhibition of gastric acid secretion (Wotowiec et al., 2025). Besides their indications
for reducing gastric acid secretion, evidence suggests that PPIs may interfere with microbial metabolism,
including modulation of membrane transport systems and suppression of efflux pumps. PPIs can act
synergistically with fluconazole against resistant Candida species, thereby increasing fluconazole
accumulation within fungal cells. The underlying mechanisms include inhibition of efflux pump activity and
the suppression of extracellular enzyme production (Gao et al., 2024). Although these findings support the
potential synergistic interaction between esomeprazole and fluconazole against A. fumigatus and C. albicans,
data on this interaction remain scarce, especially for veterinary-relevant isolates.

The increasing incidence of azole resistance, the therapeutic challenges of fungal infections, and the limited
availability of approved antifungal agents in veterinary and human practices make exploring combination
therapy that potentiates antifungal effectiveness clinically relevant. Hence, this study aimed to assess the in
vitro activity of esomeprazole and fluconazole combination against A. fumigatus and C. albicans using
standardized broth microdilution assays. Particular emphasis was on assessing whether esomeprazole could
enhance fluconazole activity, potentially by modulating resistance-associated mechanisms, such as efflux
pump suppression. Although A. fumigatus is generally considered intrinsically resistant to fluconazole and the
drug is not routinely used for the treatment of aspergillosis, fluconazole remains a useful experimental model
for investigating resistance-modifying strategies. Demonstrating restored susceptibility or enhanced activity
against a fungus with well-recognized intrinsic resistance may provide insight into the ability of adjunctive
agents, such as proton pump inhibitors, to interfere with resistance-associated pathways and improve azole
efficacy. The study's findings may contribute to the development of adjunctive therapeutic schemes for the
management of aspergillosis in veterinary medicine.
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MATERIALS AND METHODS

Fungal samples, drugs, and chemicals

Nineteen sputum samples from patients infected with tuberculosis were kindly provided by The Center for
Chest and Respiratory Diseases in Sulaimani City, Sulaymaniyah, Kurdistan Region, Iraq. Samples were
collected from deep, productive cough sputum of patients using sterile swabs, which were then transferred into
a transfer medium for later inoculation and fungal identification. The samples were from patients aged 6575
years with tuberculosis and co-infection with fungal pathogens. The samples were collected from deep,
productive cough sputum of patients; sterile swabs were used to transfer the sputum into a transfer medium for
later culture.

Esomeprazole and fluconazole were kindly provided by Pioneer Pharmaceutical Company in Sulaymaniyah,
Iraq. Sabouraud dextrose agar (SDA) was purchased from Merck Millipore.

Inoculation of collected samples and identification of fungal species

Sabouraud dextrose agar (SDA) was used to cultivate the collected samples; after sterilization, the samples
were inoculated onto SDA medium in a biosafety cabinet. After inoculation, plates were incubated for 96
hours at different temperatures: 28°C for Aspergillus species, 37°C for Candida albicans. After incubation,
plates were examined macroscopically and microscopically to assess growth rate and detect contamination, if
present.

Aspergillus fumigatus appears macroscopically as blue-green or greenish-gray with a powdery to velvety
texture, often with a white border, while Candida albicans is characterized by round, moist, white, creamy
colonies. Microscopically, Aspergillus spp are characterized by long branching hyphae with a sac-like
structure of oval-shaped vesicles at the end of the hyphae, from which dispersed spores radiate. Candida
albicnas appears as polymorphic, budding yeasts and elongated pseudohyphae (Fatima et al., 2025).

Molecular identification of fungal species

Fungal isolates were first cultured on appropriate solid media and incubated under optimal growth conditions
until sufficient mycelial growth was obtained. Genomic DNA was extracted directly from freshly grown
fungal mycelia using the ADD-Bio DNA Extraction Kit (ADD-Bio, Korea) according to the manufacturer's
instructions. Briefly, approximately 100 mg of fungal mycelium was scraped from the culture plate and
transferred into a sterile microcentrifuge tube containing 200 pL of lysis buffer. The samples were thoroughly
mixed and incubated at 60°C for 10 minutes to ensure complete cell lysis. Following the addition of binding
and washing buffers. Purified DNA samples were stored at -20°C until use in polymerase chain reaction (PCR)
amplification.

The internal transcribed spacer (ITS) region of the ribosomal DNA was amplified using the universal primer
pair ITS-1 (5'-TCC GTA GGT GAA CCT GCGG-3') and ITS-4 (5'-TCC TCC GCT TAT TGA TAT GC-3')
(Hardy et al., 2023). The expected size of the amplified fragment was approximately 600 base pairs (bp). Each
PCR reaction was performed in a total volume of 25 pL, containing the following components:10 pL of 2x
PCR Master Mix (Genet Bio, Korea), 1 pL of ITS-1 primer (10 pmol/uL),1 pL of ITS-4 primer (10 pmol/uL),
5 uL of DNA template, and 3 pL of nuclease-free water. PCR amplification was carried out in a thermal cycler
(e.g., Bio-Rad, USA) under the following cycling conditions: Initial denaturation at 95°C for 5 minutes, 40
cycles of: Denaturation at 95°C for 30 seconds, Annealing at 59°C for 30 seconds, Extension at 72°C for 35
seconds, and final extension at 72°C for 5 minutes. The amplified PCR products were held at 4°C until further
analysis.

PCR products were analyzed by agarose gel electrophoresis using a 1.5% agarose gel prepared in 1x TAE
buffer. For visualization, a safe nucleic acid dye (SYBR Safe DNA Gel Stain, Thermo Fisher Scientific, USA)
was used instead of ethidium bromide to ensure user and environmental safety. A 100 bp DNA ladder (Genet
Bio, Korea) was included as a molecular size marker. Electrophoresis was performed at 150 V for 40 minutes.
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After electrophoresis, gels were visualized under UV transillumination, and digital images of the amplified
bands were captured for documentation.

Antifungal susceptibility testing

The broth microdilution bioassay was used to determine the median inhibitory concentration (IC50) of
esomeprazole and fluconazole. For this, 96-well flat-bottom plates were used, dispensing 90 uL. of RPMI 1640
(prod. no. R8758, Sigma-Aldrich), containing 33 pg/mL esomeprazole into each well. 45 pL of the stock drugs
was added to the first well. Then, two-fold serial dilutions were performed in consecutive wells by adding 90
pL of RPMI 1640 medium containing 256 pg/mL to the second well, mixing the contents, then transferring 90
uL from the second well to the next well. The procedure continued until the last well, then 90 uLL from the last
well was discarded, leaving all wells containing 90 pL after the serial dilution. Fluconazole concentrations in
the wells ranged from 256 pg/mL to 1 ug/mL, while the final concentration of esomeprazole in each well was
30 ug/mL (Shin and Bae, 2023). Aliquots of 10 pL of the inoculum containing 2.5 X 104 colony forming unit
(CFU)/mL were dispensed into each well for each fungal isolate, resulting in a final volume of 100 pL per well
containing 2.5 x 103 CFU/mL. Negative control wells were included on each plate and contained 100 pL
RPMI 1640 medium. Also, wells containing RPMI 1640 medium and 2.5 x 103 CFU/mL of the fungal isolate
were included on each plate to confirm cell viability (viability control). The same procedure was repeated on
separate plates, omitting esomeprazole from the wells, to investigate the interactive effect of esomeprazole
with fluconazole.

To determine IC50 values, the colorimetric 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium inner salt (MTS), a water-soluble salt, was used as described by the supplier
(Promega Corporation). After 24 hours of incubation with the drug, 20 uL of a solution containing MTS and
phenazine methosulfate (PMS; product no. P9625, Sigma-Aldrich) was added to each well (final
concentrations of 333 mg/mL MTS and 25 mM PMS). Incubations were continued for another 4 hours at
35°C, and the plates were read at 490 nm. The endpoints were read with a microplate reader (Al-Shahrani et
al., 2017). According to CLSI criteria, 100% growth inhibition is defined as clear wells. Therefore, the optical
density (OD) readings similar to those of the negative control without Aspergillus were also considered the
minimum fungicidal concentration (MFC). The concentration that inhibited 50% of visual growth was
recorded and interpreted as the IC50. All tests were conducted in triplicate.

After determining the IC50, the two higher inhibitory concentrations and the positive controls were
subcultured in triplicate on SDA plates. After 24 h of incubation at 35 £2°C, MFC readings were performed
relative to the growth controls. The MFC was defined as the lowest drug concentration that prevented visible
growth of the subculture (i.e., no fungal growth on the solid medium used) (Al-Shahrani et al., 2017). The
IC50 was defined as the lowest drug concentration that inhibited fungal growth by 50% (Lu et al., 2020).

Dose Reduction Index (DRI)

The DRI is a pharmacological measure that quantifies how many fold a drug's dose can be reduced when used
in a synergistic combination compared to the dose required when used alone, while still maintaining the same
level of effect (Chou, 2008; Intakhan et al., 2024). The DRI of fluconazole and esomeprazole was calculated
using the following formula:

DRI = IC500fdrugAalone
T ICs OofdrugAincombination

A DRI > 1 indicates a favorable dose reduction (the combination allows you to use less of the drug to get the
same results, which reduces toxicity). DRI = 1 indicates no dose reduction is achieved (additive effect). DRI <
1 indicates a negative dose-reduction (the combination is less effective than the drug alone).
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Statistical analysis

Data were presented as means of three replicates +standard error. The differences were compared statistically
using an independent-samples t-test and one-way analysis of variance in GraphPad Prism version 10.5.
Differences between groups were considered significant at p < 0.05.

Ethical approval: Not necessary for this manuscript

RESULTS

Species identification

Among the 19 collected samples, 12 (63.2%) were culture-positive for fungi following culture on SDA.
Among the culture-positive samples, 8 isolates (66.7%) were identified as A. fumigatus, and 4 (33.3%) were
identified as C. albicans. Fungal identification was initially based on macroscopic colony morphology and
microscopic features, and was confirmed by PCR amplification of the ITS region.

Median inhibitory concentrations

The IC50 of fluconazole alone against A. fumigatus isolates ranged between 36.15 and 347.33 pg/mL, and the
values against C. albicans isolates were between 5.45 and 9.37 pg/mL (Table 1). The combination of
esomeprazole and fluconazole reduced fluconazole's IC50 in all tested isolates of both fungal species,
indicating enhanced antifungal activity. A consistent decrease in IC50 values occurred when esomeprazole was
added to fluconazole. For example, in isolate 1 of A. fumigatus, the average fluconazole IC50 was 36.15
png/mL, which decreased significantly to 14.05 pg/mL (mean difference = 22.09 pg/mL; p = 0.028) when
esomeprazole was added. The highest reduction was observed in A. fumigatus isolate 8, where the IC50
decreased from 347.33 pg/mL (fluconazole alone) to 13.80 pg/mL (fluconazole + esomeprazole).

A similar pattern was observed for C. albicans isolates. For example, the IC50 of fluconazole against C.
albicans isolate 1 was 9.04 ng/mL, which decreased significantly to 4.15 pg/mL (mean difference = 4.89
pg/mL; p = 0.011) when esomeprazole was added (Table 1). Also, fluconazole's IC50 decreased from 9.37
png/mL when used alone to 5.39 pg/mL when esomeprazole was introduced to the fungal culture.

The effect of esomeprazole on fluconazole's antifungal activity on all the A. fumigatus and C. albicans isolates
is summarized in Figure 1. Adding esomeprazole significantly improved fluconazole's antifungal activity
against both fungal species, as reflected by reduced IC50 values.

In the case of A. fumigatus, the mean IC50 of fluconazole alone was 120.96 pg/mL, whereas its combination
with esomeprazole significantly reduced the IC50 to 17.02 ug/mL (p < 0.05), indicating esomeprazole's
synergistic effect with fluconazole against all A. fumigatus isolates. A similar trend was observed for C.
albicans: the IC50 of fluconazole alone was 7.45 pg/mL, and the addition of esomeprazole significantly
reduced it to 3.90 pg/mL (p < 0.05). This outcome further confirmed the potentiating effect of esomeprazole
on fluconazole's antifungal activity against C. albicans. Collectively, these results indicate that the fluconazole-
esomeprazole combination significantly enhances fluconazole's antifungal activity against both A. fumigatus
and C. albicans, with a synergistic interaction under the in vitro conditions in this study.

Minimum fungicidal concentrations

The MFC of fluconazole against A. fumigatus ranged between 341.33 pg/mL and 1365.33 pg/mL, and the
values for C. albicans isolates ranged between 64:00 and 128:00 pg/mL (Table 2). The addition of
esomeprazole at 30 ug/mL reduced the MFC values to 85.33-213.33 pg/mL. The combination of fluconazole
+ esomeprazole significantly reduced the MFC values against A. fumigatus isolates 1, 2, 5, 6, 7, and 8 (p <
0.05). This reduction indicates a potential synergistic interaction between the two compounds. Combining
fluconazole and esomeprazole significantly reduced the MFC against isolate A. fumigatus 1 from 341.33
png/mL to 85.33 pug/mL, a decrease of 256.00 pg/mL (p = 0.044). A similar pattern was observed in isolate A.
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fumigatus 2, with the MFC declining from 512.00 pg/mL to 160.67 pg/mL (a decrease of 341.33 pg/mL; p =
0.001). Significant declines in MFC values were also detected in isolates 5, 6, 7, and 8. The greatest decrease
in the MFC value was observed in isolate 8, declining from 1365.33 pg/mL to 137.33 pg/mL (mean difference
=1228.00 ng/mL; p = 0.023). However, even though the MFC values against isolates 3 and 4 decreased when
esomeprazole was added to the culture medium, the decrease was not statistically significant (p > 0.05).

In contrast to A. fumigatus isolates, the fluconazole + esomeprazole combination had less pronounced effects
against C. albicans. Although the MFC values decreased across all 4 C. albicans isolates, none of these
differences reached statistical significance (p > 0.05), as shown in Table 2. For example, the MFC against
isolate 1 of C. albicans decreased from 128.00 pg/mL to 85.33 ug/mL, a mean difference of 42.67 ug/mL, but
the decline did not reach statistical significance. A similar pattern of non-significant difference was observed
for isolates 2, 3, and 4.

When the overall fungicidal effect of esomeprazole and fluconazole was assessed against all the A. fumigatus
and C. albicans isolates, the combination had a marked effect against A. fumigatus (Figure 1). The overall
MFC of fluconazole alone against A. fumigatus averaged 736.00 pg/mL, but when esomeprazole was added,
the MFC was 166.51 nug/mL, a significant reduction of 569.49 pg/mL (p < 0.01). This outcome shows a strong
positive interaction between fluconazole and esomeprazole. However, although fluconazole's MFC against C.
albicans decreased from 112.00 pg/mL when used alone to 58.67 pg/mL when esomeprazole was added, the
difference was not statistically significant.

These findings indicate that esomeprazole significantly enhances fluconazole's fungicidal activity against most
A. fumigatus isolates tested, whereas its stimulatory effect on fluconazole's fungicidal activity against C.
albicans is limited and statistically non-significant under these in vitro conditions.

Dose reduction index

The DRI values of the tested drugs against C. albicans and A. fumigatus are shown in Figure 2. All A.
fumigatus isolates exhibited DRI values above 1, indicating that the fluconazole-esomeprazole combination
produced a synergistic interaction. However, the magnitude of synergism varied substantially between isolates,
as the DRI ranged between 2.39 in A. fumigatus isolate 1 and 26.02 in A. fumigatus isolate 8.

Similar to A. fumigatus, all C. albicans isolates had DRI values above 1, confirming synergism across all
tested isolates. However, the DRI values were consistently lower than those observed for most A. fumigatus
isolates, ranging between 1.58 (for C. albicans isolate 3) to 2.26 (for C. albicans isolate 4). Compared with A.
fumigatus, the DRI values for C. albicans were less variable and clustered within a narrower range, indicating
a more consistent but generally weaker synergistic interaction.

DISCUSSION

The present study assessed the potential synergistic effect of esomeprazole with fluconazole against different
isolates of A. fumigatus and C. albicans isolated from sputum samples of patients initially diagnosed with
tuberculosis. The results showed that combining esomeprazole with fluconazole significantly enhanced
fluconazole's antifungal activity against most fungal isolates used in this study—the marked reduction in the
IC50 values evidenced this synergistic effect. Also, the substantial decrease in MFC against most A. fumigatus
isolates further confirmed the initial hypothesis about esomeprazole's synergistic interaction with fluconazole.
The IC50 values in this study showed that a higher concentration of fluconazole was required to suppress the
growth of A. fumigatus isolates than that of C. albicans. This outcome was consistent with previous studies
showing that Aspergillus species are less susceptible to azoles, including fluconazole (Guinea et al., 2008; Gao
et al., 2024). Generally, C. albicans is more susceptible to azole antifungals than Aspergillus species, because
its Cyp51 enzyme possesses a higher intrinsic activity to azoles (Bassetti et al., 2020; Hosseini et al., 2024).

Fluconazole is generally regarded as a fungistatic antifungal against Candida albicans, not a strongly
fungicidal drug (Fioriti et al., 2022). Therefore, a combination that increases intracellular fluconazole
accumulation may substantially improve growth inhibition without necessarily causing fungal death.
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Resistance to azole compounds among Candida and Aspergillus species is emerging, possibly due to their
broad clinical use (Vitiello et al., 2023). This resistance occurs mostly via two main mechanisms. The first is
the overexpression of ABC and the major facilitator superfamily (MFS) transporters, which results in
increased drug efflux and decreased intracellular concentrations of the azole compound (Jaiswal and Kumar,
2024). Another cause of this resistance is the TR34/L98H mutation. The TR34 is a 34-base-pair tandem repeat
in the promoter region of the gene cyp51A, leading the fungus to overproduce the target enzyme (lanosterol
14a-demethylase). Also, the L98H is a point mutation that substitutes leucine for histidine at codon 98, altering
the enzyme's structure so that azoles can no longer bind (De Francesco, 2023).

The DRI analysis demonstrated that combining fluconazole with esomeprazole enhanced antifungal activity
against both C. albicans and A. fumigatus, as all tested isolates yielded DRI values above 1. This finding
confirms that the combination allowed a lower effective dose of fluconazole when combined with
esomeprazole to achieve the same antifungal effect compared with fluconazole alone, indicating a favorable
pharmacodynamic interaction.

Several possible mechanisms may explain the synergistic interaction in this study. PPIs such as esomeprazole
disrupt intracellular pH regulation in microbial cells and can inhibit fungal efflux pumps, leading to the
accumulation of antifungal drugs within fungal cells (Gao et al., 2024). This disruption of fungal cell proton
pumps impairs membrane permeability, facilitating the intracellular accumulation of antifungal agents, such as
fluconazole, and thereby enhancing antifungal efficacy (Li et al., 2025).

Another explanation for the observed synergistic interaction between fluconazole and esomeprazole in this
study is the alteration of environmental pH by esomeprazole. Extracellular pH conditions can influence fungal
growth and drug susceptibility by altering the ionization state of fungal cells and their cellular permeability.
Hence, esomeprazole may facilitate fluconazole's penetration into the fungal cytoplasm and improve its
antifungal effectiveness (Fernandes et al., 2023).

Although the fungal isolates used in this study were derived from human clinical samples, the findings remain
relevant to veterinary medicine within a One Health framework. A. fumigatus and C. albicans are ubiquitous
opportunistic pathogens capable of infecting both humans and animals, with frequent overlap in environmental
exposure sources such as soil, organic matter, and contaminated feed (Gisi, 2022). Moreover, antifungal
resistance mechanisms, including efflux pump overexpression and target enzyme alterations, are highly
conserved across isolates from different hosts (Lee et al., 2023). Therefore, human clinical isolates can serve as
appropriate models for studying antifungal susceptibility and drug interaction patterns that are translatable to
veterinary fungal infections. Nevertheless, future studies incorporating animal-derived isolates would further
strengthen the veterinary applicability of these findings.

The clinical implications of these findings are noteworthy. Opportunistic fungal infections, especially in
immunocompromised individuals and patients with chronic pulmonary diseases like tuberculosis, represent a
critical therapeutic challenge. The emergence of antifungal-resistant pathogenic fungi further complicates
treatment outcomes. Drug repurposing, including the incorporation of non-antifungal therapies that potentiate
the effectiveness of existing antifungal drugs, has become of increasing interest recently. The present findings
showed that esomeprazole can become a potential adjuvant that improves the antifungal efficacy of
fluconazole. However, despite the positive results, the study was conducted in vitro, and the synergistic
interactions may not fully reflect the pharmacodynamic synergism in vivo. Another limitation is that the
number of fungal isolates used in the study was relatively limited, which may affect the generalizability of the
findings. Also, the molecular mechanisms underlying the synergistic interaction between fluconazole and
esomeprazole remain unclear and require further experimental investigation.

An important limitation of the present study is that Aspergillus fumigatus is widely recognized as intrinsically
resistant to fluconazole because of the low affinity of its target enzyme and other intrinsic resistance
mechanisms. Consequently, fluconazole is not recommended for the clinical management of aspergillosis.
Therefore, the findings of this study should not be interpreted as evidence supporting the clinical use of
fluconazole against A. fumigatus. Rather, fluconazole was used as a model azole compound to investigate
whether esomeprazole could modify fungal susceptibility and overcome resistance-associated mechanisms.
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The marked reduction in fluconazole IC50 and MFC values observed after the addition of esomeprazole
suggests that proton pump inhibitors may influence mechanisms involved in azole resistance, such as drug
efflux, membrane transport, or intracellular pH regulation. Nevertheless, the residual fluconazole
concentrations required to inhibit fungal growth remained substantially higher than those typically observed
for clinically active anti-Aspergillus azoles. Therefore, further studies should evaluate whether similar
potentiating effects occur with clinically relevant anti-Aspergillus agents such as itraconazole, voriconazole,
posaconazole, or isavuconazole.

Future research should focus on the molecular mechanisms underlying the pharmacological interactions
between PPIs and antifungals in vivo, as well as on the mechanisms responsible for the observed synergistic
interaction. Also, a broader range of fungal isolates needs to be tested to provide further insight into the
clinical applicability of the combination.

CONCLUSION

This study demonstrated that esomeprazole markedly potentiates the antifungal activity of fluconazole against
A. fumigatus and C. albicans in vitro. The combination significantly reduced the IC50 of fluconazole against
both fungal species, indicating enhanced antifungal activity. The combination also significantly reduced the
MEFC of fluconazole against most A. fumigatus isolates, suggesting a robust synergistic fungicidal potential.
Esomeprazole enhanced the in vitro activity of fluconazole, highlighting the potential of incorporating it as an
adjuvant to potentiate fluconazole activity. However, further studies with clinically relevant anti-Aspergillus
azoles are warranted.
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Table 1. Median inhibitory concentration (IC50) of fluconazole against A. fumigatus and C. albicans, with and
without esomeprazole

IC50 (ng/mL) Mean 95% CI of the
difference | difference

Isolate Flu Flu+ Eso | &/mb) | (ug/mL) P value

A. fumigatus 1 | 36.15 £ 14.05 + 22.09 5.57-38.62 0.028
4.11 0.99

A. fumigatus 2 | 161.67 £ 21.99 + 139.68 97.68-181.67 0.004
10.37 2.31

A. fumigatus 3 | 137.57 + 22.16 £+ 115.4 48.40-182.41 0.016
16.99 471

A. fumigatus 4 | 37.47 12.65 + 24.82 12.93-36.70 0.01
3.04 0.90

A. fumigatus 5 | 90.74 £ 20.79 + 69.95 17.59-122.31 0.028
12.49 1.75

A. fumigatus 6 | 92.77 + 13.68 + 79.1 54.40-103.79 0.005
5.98 1.07

A. fumigatus 7 | 63.96 + 17.03 + 46.93 33.39-60.47 0.003
3.49 1.09

A. fumigatus 8 | 347.33 13.80 + 333.54 292.62-374.45 | 0.001
9.91 1.78

C. albicans 1 9.04 + 4.15+0.20 | 4.89 2.43-7.35 0.011
0.64

C. albicans 2 9.37 + 5.39+0.19 |3.98 0.86-7.11 0.03
0.78

C. albicans 3 5.45+ 344+0.18 | 2.01 0.76-3.26 0.015
0.35

C. albicans 4 5.94 + 2.63+£0.02 |3.31 2.40-4.22 0.004
0.21

Values are presented as means of three replicates £SEM. A p-value < 0.05 indicates a significant difference in
IC50 between the two groups. The highlighted p-values are higher than 0.05, indicating a non-significant
difference. The statistical analysis was conducted using an independent samples t-test. Flu: fluconazole; Flu +
Eso: fluconazole + esomeprazole.

Table 2. Minimum fungicidal concentration (MFC) of fluconazole against A. fumigatus and C. albicans, with
and without esomeprazole

MFC (ng/mL) Mean 95% CI of the
difference | difference
(ng/mL) | (ng/mL)
Isolate Flu Flu + Eso P value
A. fumigatus 1 | 341.33 £ 85.33 + 256 11.79-500.21 0.044
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85.33 21.33

A. fumigatus 2 | 512.00 + 170.67 + 341.33 222.87-459.79 | 0.001
0.00 42.67

A. fumigatus 3 | 682.67 + 21333+ | 469.33 -19.10-957.76 | 0.056
170.67 42.67

A. fumigatus 4 | 426.67 £ 170.67+ | 256 -8.89-520.89 0.055
85.33 42.67

A. fumigatus 5 | 512.00 £ 170.67 + 341.33 222.87-459.79 | 0.001
0.00 42.67

A. fumigatus 6 | 853.33 + 21333 + 640 -42.01-1322.01 | 0.022
170.67 42.67

A. fumigatus 7 | 1024.00 + 170.67 + 853.33 734.87-971.79 |0
0.00 42.67

A. fumigatus 8 | 1365.33 + 137.33 + 1228 279.95-2176.05 | 0.023
341.33 9.33

C. albicans 1 128.00 =+ 85.33 + 42.67 -16.56-101.90 | 0.116
0.00 21.33

C. albicans 2 170.67 + 64.00 + 106.67 -11.79-225.13 | 0.067
42.67 0.00

C. albicans 3 8533+ 42.67 + 42.67 -23.56-108.89 | 0.148
21.33 10.67

C. albicans 4 64.00 £ 0.00 | 42.67 + 21.33 -8.28-50.95 0.116

10.67

Values are presented as means of three replicates +SEM. A p-value < 0.05 indicates a significant difference in
MFC values between the two groups. The highlighted p-values are higher than 0.05, indicating a non-
significant difference. The statistical analysis was conducted using an independent samples t-test. Flu:
fluconazole; Flu + Eso: fluconazole + esomeprazole.
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Figure 1. IC50 and MFC values of fluconazole against A. fumigatus and C. albicans with and without
esomeprazole. The data represent the cumulative mean (columns) and SEM (error bars) for all A. fumigatus
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(eight) and C. albicans (four) isolates. The presence of one asterisk denotes a significant difference between
the two groups at p < 0.05, while two asterisks denote a significant difference at p <0.01. ns = not significant.
The statistical analysis was conducted using an independent samples t-test.

Flu: fluconazole; Flu + Eso: fluconazole + esomeprazole.
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Figure 2. Dose reduction index achieved by the combination treatment of fluconazole and esomeprazole. The
left panel shows DRI values for eight A. fumigatus isolates, while the right panel shows the DRI values for

four C. albicans isolates.
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