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ABSTRACT

Type 2 diabetes mellitus (T2DM) is associated with an increased susceptibility to opportunistic fungal infections, particularly those caused by
Candida species. Recent pharmacological evidence suggests that certain oral antidiabetic drugs (OADs) may exhibit intrinsic antimicrobial
activity beyond their glycemic control. This study aimed to evaluate and quantify the in vitro antifungal effects of five commonly prescribed
OADs (metformin, pioglitazone, gliclazide, vildagliptin, and dapagliflozin) against two isolates of Candida albicans and Candida glabrata.
Antifungal activity was initially assessed using a 96-well microdilution assay across clinically relevant concentrations (0.125-8.0 mg/L), with
fungal growth quantified via relative optical density. Subsequently, a dynamic in vitro pharmacokinetic/pharmacodynamic model was
employed to simulate human plasma clearance and drug exposure (fAUCo.24). Key pharmacodynamic parameters, including half-maximal
inhibitory concentration (ICso), maximum effect (Emax), and Area Under the Curve (AUC), were estimated using a nonlinear sigmoidal Emax
model. Metformin demonstrated the highest intrinsic antifungal efficacy, achieving Emax values of 72% for C. albicans (ICso: 1.0 mg/L) and 68%
for C. glabrata (ICso: 2.0 mg/L). Pioglitazone and gliclazide exhibited moderate, clinically relevant fungistatic activity. Conversely, vildagliptin
and dapagliflozin displayed the weakest effects, requiring high concentrations to achieve minimal inhibition. These findings highlight that
specific OADs, particularly metformin and pioglitazone, possess intrinsic antifungal properties that may offer secondary clinical advantages in
opportunistic fungal infections among immunocompromised patients with T2DM patients.
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1. INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a major global health challenge defined by chronic hyperglycemia, insulin resistance, and
progressive beta-cell dysfunction. Beyond metabolic strain, the diabetic microenvironment compromises immunity and alters
cytokine profiles, predisposing patients to severe, recurrent opportunistic fungal infections like candidiasis. This clinical reality
highlights an urgent need for dual-action therapies that maintain glycemic control while providing supplementary antifungal
benefits [1]. Oral anti-diabetic drugs (OADs)—comprising biguanides, sulfonylureas, thiazolidinediones (TZDs), dipeptidyl
peptidase-4 (DPP-4) inhibitors, and sodium-glucose co-transporter 2 (SGLT2) inhibitors form the cornerstone of T2DM care.
Interestingly, the paradigm of drug repurposing has revealed that several OAD classes exhibit intrinsic antimicrobial capabilities
independent of their glucose-lowering mechanisms, offering a viable strategy to mitigate the high incidence of Candida
infections within this vulnerable population [2-11]. Metformin, the most widely prescribed biguanide, demonstrates distinct
pleiotropic effects, including the capacity to restrict the proliferation of clinically significant yeasts. Mechanistically, it inhibits
Candida albicans by regulating autophagy and exhibits synergistic potential that enhances conventional antifungals while
boosting host macrophage-mediated clearance against non-albicans species like Candida glabrata [2,3]. Other OAD classes
display similarly promising antimicrobial and immunomodulatory profiles. The TZD pioglitazone modulates inflammatory
pathways via PPAR-y activation and serves as an effective adjuvant in serious fungal infections like cryptococcosis. Meanwhile,
second-generation sulfonylureas, such as gliclazide, act as dual-action agents by arresting C. albicans growth and suppressing
candidalysin-mediated NLRP3 inflammasome activation to mitigate pathogen-induced inflammation and cellular damage [4-8].
The roles of newer OAD classes are more nuanced. DPP-4 inhibitors like vildagliptin reinforce host defenses indirectly by
reducing oxidative stress and dampening hyperinflammatory responses. Conversely, SGLT2 inhibitors like dapagliflozin present
a unique clinical paradox: despite in vitro evidence suggesting they may reduce microbial adhesion, their primary therapeutic
mechanism promoting glucose excretion via glycosuria clinically predisposes patients to urogenital mycotic infections [9-13].
Despite these compelling individual insights, comprehensive in vitro analyses directly comparing antifungal efficacy across
different OAD classes remain scarce [14]. Given the escalating threat of fungal infections in diabetic patients and the strategic
value of exploring repurposed pharmacological therapies, this study systematically evaluates and compares the in vitro
antifungal properties of metformin, pioglitazone, gliclazide, vildagliptin, and dapagliflozin against the prominent clinical
pathogens C. albicans and C. glabrata.

2. METHODOLOGY

2.1. Fungal isolates and media: The current study utilized two fungal isolates (C. albicans ATCC-90028 and C.glabrata ATCC-
90300), both incubated at 37°C in RPMI-1640 medium (Sigma-Aldrich, Germany). Suspensions were formulated by transferring
24 hours cultures into sterile normal saline. For the in vitro model, the final inoculum density was standardized to 2 x 10*
CFU/ml utilizing a Neubour counting chamber.
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2.2. OADs agents: Metformin (Glucophage; 1000 mg; Merck, Germany), pioglitazone (Pioxiga; 10 mg / tab;
gliclazid (Diamicron MR; 60 mg / tab; MIMS, Malaysia), vildagliptin (Galvus MR;-50 mg/tab Novartis Pharma AG, Switzerla
and dapagliflozin (Forxiga; 10 mg; [\ f UK) were used in the experiments.

2.3. Drug preparation and susceptibility test:

2.3.1. Drug Preparation and Inoculation: OADs were initially dissolved in dimethyl sulfoxide (DMSO) The serial dilutions
according to the simulated human free (unbound) maximum plasma concentrations (Cmax) Were prepared for metformin (1-5
mg/L) [15], pioglitazone (1-3 mg/L) [16], gliclazide (2—10 mg/L) [17], vildagliptin (0.25-1.0 mg/L) [18], and dapagliflozin (0.125—
1.0 mg/L) [19]. The aliquots of two-fold serially diluted drugs (0.125 to 8.0 mg/L) as (100ul) were dispensed into 96-well flat-
bottom microdilution plates. The wells were then inoculated with 2 x 10* CFU/ml of the respective fungal isolates suspended
in normal sterile saline.

2.3.2. Incubation and Optical Density Measurement: Plates were incubated at 37°C for 24 hours. Fungal growth was quantified
by measuring the relative optical density (ROD) at 600 nm utilizing a microplate reader (Mindray MR 96A, Korea). The recorded
ROD values were used to determine the percentage of fungal growth inhibition.

2.3.3. Data and Statistical Analysis: The percentage of fungal growth inhibition (E) was analyzed using nonlinear regression
software (GraphPad Prism 5.0, San Diego, CA, USA). Data were fitted to a variable-slope sigmoidal Emax model according to the
following equation: E = Emax x C"/ C" + ICso" In this model, Emax is the maximal growth inhibition, C represents the drug
concentration, ICso indicates the concentration yielding 50% inhibition, and n is the Hill slope. These parameters were derived
by plotting the responses against the logio of each drug concentration. Model reliability was verified by assessing the coefficient
of determination (R?) for each curve. The cumulative antifungal effect was evaluated across different exposures, the area under
the curve (AUC) for the inhibition concentration relationship was also calculated.

2.4. In vitro pharmacokinetic/pharmacodynamic (PK/PD) Model Setup: A dynamic in vitro PK/PD model, driven by a peristaltic
pump (Minipuls Evolution; Gilson Inc., France), was utilized for this study. The system comprised an external compartment (EC)
consisting of a 500 ml beaker filled with RPMI-1640 medium, and an internal compartment (IC) represented by 5 ml dialysis
tubes containing the fungal inoculum. The dialysis membrane tubes (cellulose, <50 kDa molecular weight cutoff, Float-A-Lyzer;
Spectrum Europe BV, Breda, The Netherlands) permitted the free diffusion of antimicrobial agents while restricting the
microorganisms to the IC. Drugs were introduced at ICso for each OADs, and their elimination was simulated by continuously
pumping fresh medium into the system. This dilution rate was specifically calibrated to mimic human plasma clearance,
assuming a 24-hour half-life. Such a configuration allowed for dynamic, time-dependent fluctuations in drug concentration,
accurately reflecting in vivo pharmacokinetics and establishing a robust platform for PD evaluation. Fungal growth inhibition
within the 1Cso was monitored over a 24-hour period. At predetermined intervals, 200 pul aliquots were extracted at multiple
time points (0-24 hrs) and analyzed via spectrophotometry at 600 nm to ascertain ROD as PD parameter, was subsequently
estimated via nonlinear regression analysis fitted to a variable-slope sigmoidal Emax model with a variable slope. Emax values
were determined for each OADs.

3. RESULTS AND DISCUSSION

3.1. ICso Values of the In Vitro Antifungal Activities of All Five OADs: The ICso values provide critical insights into the relative
potency of the evaluated OADs against specific fungal pathogens. Our data consistently suggest that the fungal isolate C.
albicans exhibits a slightly greater sensitivity to these pharmacological agents compared to C. glabrata. Specifically, metformin
demonstrated marked potency against both strains, achieving a low ICso of 1.0 mg/L for C. albicans and 2.0 mg/L for C. glabrata.
Pioglitazone also showed notable efficacy with an ICso of 2.0 mg/L against C. albicans and 4.0 mg/L against C. glabrata. Gliclazide
maintained a consistent ICso of 4.0 mg/L across both species. This pharmacokinetic alignment suggests that the antimicrobial
effects of these specific OADs are not merely artifactual observations restricted to high dose laboratory exposure, but rather
represent a biologically plausible in vivo phenomenon. Such idiosyncratic capabilities mediating glycemic control while
simultaneously exerting localized or systemic fungistatic effects underscore their potential secondary role in mitigating
opportunistic infections frequently observed in immunocompromised diabetic patient populations [2-7]. Conversely, the
inhibitory threshold for the remaining OADs was notably higher. Both vildagliptin and dapagliflozin required a substantially
higher concentration of 8.0 mg/L to achieve 50% relative inhibition against both C. albicans and C. glabrata. Crucially, while
these parameters reflect moderate in vitro antimicrobial activity, these specific ICso values may exceed the standard
physiological peak plasma concentrations attainable following typical oral administration of these specific OADs. Consequently,
while the structural moieties of these inhibitors may interact with fungal survival pathways in a controlled laboratory setting,
their direct utilization as independent antifungal agents in vivo is inherently limited by their pharmacokinetic profiles.
Translating these specific in vitro concentrations into clinical practice would likely require supratherapeutic dosing, thereby
elevating the risk of adverse pharmacological events and systemic toxicity without guaranteeing therapeutic antimicrobial
success [8-11](Table 1).

3.2. Emax and AUC of the PD Modeling for In Vitro Antifungal Activities: PD modeling, assessing Emax and AUC, reveals that all
five tested OADs possess measurable, albeit varying, in vitro antifungal activity. The coefficient of determination (R?) for these
concentration-dependent responses was highly reliable. As visualized in the sigmoidal dose-response curves, R?values ranged
from 0.9736 to 0.9998 across all modeled curves, confirming a robust dose-dependent relationship for these agents (Table 1).

575

Adolescencia e Saude, vol. 21, No. 5s, p. 574-580




3.2.1. Metformin: Among the evaluated agents, metformin exhibited the-most-robust intrinsic antimicrobial profile:
the highest maximal inhibition against both clinical isolates, recording a peak'Em-ax of72% for C. albicans and 68% for C. glabr.
This superior efficacy is further supported by substantial AUC values of 82.85% and 76.40%, respectively. The pronounced
inhibitory effect of metformin aligns with established hypotheses suggesting its capacity to disrupt fundamental microbial
processes, potentially through interference with respiratory chains and cellular energy metabolism [2,3,20] ](Table 1)(Figure 1).
3.2.2. Pioglitazone and Gliclazide: Pioglitazone demonstrated the second-highest antifungal efﬁcac_y in the study, achieving an
Emax Of 65% (AUC 68.10%) against C. albicans and an Emax of 56% (AUC 52.95%) against C. glabrata. Gliclazide demonstrated
moderate, yet clinically interesting, inhibitory profiles, achieving an Emax of 50% (AUC 51.90%) against C. albicans and an Emax of
45% (AUC 39.30%) against C. glabrata. The moderate antifungal activity of gliclazide may be partially attributed to its well-
documented antioxidant properties and potential secondary interference with cell wall integrity. Such off-target
pharmacological benefits underscore the value of exploring established medications for their inherent biochemical disruption
of pathogenic structural components [4-7,21,22] (Table 1)(Figure 1).

3.2.3. Vildagliptin and Dapagliflozin: Both OADs exhibited distinct and restrained intrinsic efficacy across both strains.
Vildagliptin recorded an Emax of 42% against C. albicans and 40% against C. glabrata. Dapagliflozin displayed the lowest overall
activity, yielding an Emax of 40% against C. albicans and 38% against C. glabrata. These specific findings support the prevailing
clinical theory that the increased incidence of genitourinary infections associated with SGLT2 inhibitors (like dapagliflozin) is
primarily driven by induced glycosuria which creates a nutrient-rich environment favorable for microbial growth rather than an
intrinsic pro-microbial property or direct mechanistic failure of the drug itself [8-10,23,24] (Table 1)(Figure 1).

3.3. Pharmacodynamic Modeling and Exposure—Response Relationships: The dynamic in vitro PK/PD model successfully
simulated human pharmacokinetics and demonstrated a consistent relationship between drug exposure and antifungal activity
across all OADs. Under drug-only conditions, increasing exposure was directly associated with improved pharmacodynamic
responses. Metformin and pioglitazone produced the most significant upward shifts in exposure-response analysis, followed by
gliclazide. The least pronounced effects were associated with vildagliptin and dapagliflozin. These findings emphasize the
limitations of conventional static in vitro models, as they may underestimate true antimicrobial activity. In contrast, dynamic
PK/PD models provide a more accurate prediction of in vivo drug performance [2-11, 20-24] (Figure 2 and Figure 3).

4. CONCLUSION

This study demonstrates that common OADs possess varying intrinsic antifungal activity against C. albicans and C. glabrata.
Metformin and pioglitazone exhibit the highest potency, followed by gliclazide, while vildagliptin and dapagliflozin show the
lowest. These secondary properties may reduce opportunistic infection severity in T2DM patients, though further in vivo
research is required to confirm clinical efficacy.

AUTHOR CONTRIBUTIONS: Duha Hussain Abd-Alhadi contributed to study conceptualization, literature review, methodology
development, data collection, experimental work, statistical analysis, data interpretation, manuscript drafting, and
corresponding author responsibilities. Hussam W. Al-Humadi contributed to study supervision, project administration,
methodology validation, data interpretation, critical revision of the manuscript, and final approval of the version submitted for
publication. All authors read and approved the final manuscript.

ACKNOWLEDGMENTS: The authors gratefully acknowledge the College of Pharmacy at the University of Babylon and Prof. Dr.
Rafal J. Al-Saigh for their continuous support and the provision of essential resources throughout the duration of this research.

CONFLICT OF INTEREST STATEMENT: None to declare.

REFERENCES

1. Valaiyapathi B., Gower B., Ashraf A.P. Pathophysiology of Type 2 Diabetes in Children and Adolescents. Curr Diabetes
Rev. 16(3):220-229 (2020). DOI: 10.2174/1573399814666180608074510.

2. Zhao X., Wang Y., Zhang Q., Huang Y., Wei X., Wu D. Antifungal effects of Metformin against Candida albicans by
autophagy regulation. J Microbiol. 63(4):e2411008 (2025). DOI: 10.71150/jm.2411008.

3. Xu S., Feliu M., Lord A.K., Lukason D.P.,, Negoro P.E., Khan N.S., et al. Biguanides enhance antifungal activity against
Candida glabrata. Virulence. 9(1):1150-1162 (2018). DOI: 10.1080/21505594.2018.1475798.

4, Kim J.H., Cheng LW., Chan K.L.,, Tam C.C., Mahoney N., Friedman M., Shilman M.M., Land K.M. Antifungal Drug
Repurposing. Antibiotics. 9(11), 812 (2020). DOI: https://doi.org/10.3390/antibiotics9110812

5. Ribeiro N.Q., Santos A.P.N., Emidio E.C.P., Costa M.C., Freitas G.J.C., Carmo P.H.F, et al. Pioglitazone as an adjuvant of
amphotericin B for the treatment of cryptococcosis. Int J Antimicrob Agents. 54(3):301-308 (2019). DOI:
10.1016/j.ijantimicag.2019.06.020.

6. Lowes D.J., Hevener K.E., Peters B.M. Second-Generation Antidiabetic Sulfonylureas Inhibit Candida albicans and
Candidalysin-Mediated Activation of the NLRP3 Inflammasome. Antimicrob Agents Chemother. 64(2):e01777-19 (2020).
DOI: 10.1128/AAC.01777-19.

576

Adolescencia e Saude, vol. 21, No. 5s, p. 574-580



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

O'Brien R.C., Luo M., Balazs N., Mercuri J. In vitro and in vivo; antioxidant properties of gliclazi
Complications. 14(4):201-6 (2000). DOI: 10.1016/s1056-8727(00)00084-2.

Aratjo A.A., Morais H.B., Medeiros C.A.C.X., Brito G.A.C., Guedes P.M.M., Hiyari S;et al. Gliclazide reduced oxidative
stress, inflammation, and bone loss in an experimental periodontal disease model. JAppI Oral Sci-27:20180211 11(2019).
DOI: 10.1590/1678-7757-2018-0211. :

Wang Y.L., Frauwirth K.A., Rangwala S.M., Lazar M.A., Thompson CB. Thlazolldlnedlone activation of peroxisome
proliferator-activated receptor gamma can enhance mitochondrial potential and promote cell survival. J Biol Chem.
277(35):31781-8 (2002). DOI: 10.1074/jbc.M204279200.

de Macedo J.C.C., Guadagnini D., Assalin H.B., Oliveira E.S., Magro D.O., Alborghetti M.R., et al. Vildagliptin modulates
the microbiota and induces an immunometabolic profile compatible with neuroprotection in type 2 diabetes. Sci Rep.
15(1):27932 (2025). DOI: 10.1038/s41598-025-12990-9.

Sedik A.A., EI-Nasr N.M.E.A., Khalil W.K.B., EI-Mosallamy A.E.M.K. Unravelling the mechanism by which vildagliptin and
linagliptin inhibit pyroptosis in lung injury through the NLRP3 inflammatory pathway in type 1 diabetic rats. Sci Rep.
15(1):20292 (2025). DOI: 10.1038/s41598-025-07204-1.

Thong K.Y., Yadagiri M., Barnes D.J., Morris D.S., Chowdhury T.A., Chuah L.L., et al. ABCD Nationwide Dapagliflozin Audit
contributors. Clinical risk factors predicting genital fungal infections with sodium-glucose cotransporter 2 inhibitor
treatment: The ABCD nationwide dapagliflozin audit. Prim Care Diabetes. 12(1):45-50 (2018). DOI:
10.1016/j.pcd.2017.06.004.

Gorgojo-Martinez J.J., Gorriz J.L., Cebridan-Cuenca A., Castro Conde A., Velasco Arribas M. Clinical Recommendations for
Managing Genitourinary Adverse Effects in Patients Treated with SGLT-2 Inhibitors: A Multidisciplinary Expert Consensus.
Journal of Clinical Medicine. 13(21), 6509 (2024). DOI: https://doi.org/10.3390/jcm13216509

Hegazy WAH, Rajab AAH, Abu Lila AS, Abbas HA. Anti-diabetics and antimicrobials: Harmony of mutual interplay. World
J Diabetes. 12(11):1832-1855 (2021). DOI: 10.4239/wjd.v12.i11.1832.

Kuan I.H.S., Wilson L.C., Leishman J.C., Cosgrove S., Walker R.J., Putt T.L., et al. Metformin doses to ensure efficacy and
safety in patients with reduced kidney function. PLoS One. 16(2):e0246247 (2021). DOI: 10.1371/journal.pone.0246247.
Chatsiricharoenkul S., Pongnarin P., Sathirakul K., Kongpattanakul S. Bioequivalence study of 30 mg pioglitazone tablets
in Thai healthy volunteers. ] Med Assoc Thai. 90(3):564-8 (2007).

Czyrski A., Resztak M., Hermann T. Determination of gliclazide minimum concentration in type 2 diabetes mellitus
patients. Biomedicine & Pharmacotherapy. 106: 1267-1270 (2018). DOI: https://doi.org/10.1016/j.biopha.2018.07.078
Pasha M., Zamir A., Rasool M.F., Saeed H., Ahmad T., Algahtani N.S., et al. A Comprehensive Physiologically Based
Pharmacokinetic Model for Predicting Vildagliptin Pharmacokinetics: Insights into Dosing in Renal Impairment.
Pharmaceuticals (Basel). 17(7):924 (2024). DOI: 10.3390/ph17070924.

Barreto J., Borges C., Rodrigues T.B., Jesus D.C., Campos-Staffico A.M., Nadruz W., et al. Pharmacokinetic Properties of
Dapagliflozin in Hemodialysis and Peritoneal Dialysis Patients. Clin J Am Soc Nephrol. 18(8):1051-1058 (2023). DOI:
10.2215/CJN.0000000000000196.

Mascaraque V., Navas C., Luisa Hernaéz M., Gil C., Molero G. Proteomic studyof the effect of metformin on C. Albicans.
Access Microb. Volume 3, Issue 12 (2021). DOI: https://doi.org/10.1099/acmi.cc2021.po0078.

Lamkanfi M., Mueller J.L., Vitari A.C., Misaghi S., Fedorova A., Deshayes K., et al. Glyburide inhibits the cryopyrin/Nalp3
inflammasome. J Cell Biol. 187:61-70 (2009). DOI: 10.1083/jcb.200903124.

Joly S., Ma N., Sadler J.J., Soll D.R., Cassel S.L., Sutterwala F.S. Cutting edge: Candida albicans hyphae formation triggers
activation of the Nlrp3 inflammasome. J Immunol. 183:3578-3581 (2009). DOI: 10.4049/jimmunol.0901323.

Yang L., Yuan J., Zhou Z. Emerging Roles of Dipeptidyl Peptidase 4 Inhibitors: Anti-Inflammatory and
Immunomodulatory Effect and Its Application in Diabetes Mellitus. Canadian Journal of Diabetes. 38: 473-479 (2014).
DOI: https://doi.org/10.1016/j.jcjd.2014.01.008

24. Olivares, M., Neyrinck, A.M., Potgens, S.A. Beaumont M., Salazar N., Cani P.D. et al. The DPP-4 inhibitor vildagliptin

impacts the gut microbiota and prevents disruption of intestinal homeostasis induced by a Western diet in mice.
Diabetologia. 61, 1838—1848 (2018). https://doi.org/10.1007/s00125-018-4647-6

Table 1: The ICsos (drug concentration corresponding to 50% of growth inhibition), Emax values (maximal fungal growth
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Bacterial Isolates Oral anti-diabetic drugs Mean of I1Cso Mean of Emax AUC (%) R? (1.0)
(mg/1) (%)
Metformin 1.0 72 82.85 0.9960
Pioglitazone 2.0 65 68.10 0.9971
Gliclazide 4.0 50 51.90 0.9998
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Figure 1: The anti-fungal activity of all five oral anti-diabetic drugs (metformin, pioglitazone, gliclazide, vildagliptin and
dapagliflozin) against clinically relevant fungal pathogens (Candida albicans ATCC-90028 [A] and Candida glabrata ATCC-90300
[B]) by measuring Emax (maximal fungal growth inhibition) for serial concentrations of each drug (0.125-8.0 mg/L).
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Figure 2: The anti-fungal activity of all five oral anti-diabetic drugs (metformin [A], pioglitazone [B], gliclazide [C], vildagliptin
[D] and dapagliflozin [E]) against Candida albicans ATCC-90028 by measuring Emax (maximal fungal growth inhibition) of ICso
(drug concentration corresponding to 50% of growth inhibition) for each drug.
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Figure 3: The anti-fungal activity of all five oral anti-diabetic drugs (metformin [A], pioglitazone [B], gliclazide [C], vildagliptin
[D] and dapagliflozin [E]) against Candida glabrata ATCC-90300 by measuring Emax (maximal fungal growth inhibition) of I1Cso
(drug concentration corresponding to 50% of growth inhibition) for each drug.
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