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Abstract

Currently, safe alternatives with very low toxicity and good antimicrobial activity are being
sought to replace chemical compounds that can be harmful to animal and human health.
For this reason, this study evaluated the safety and biofunctional microbiocidal potential
of an extract composed of thymol and eucalyptol. Toxicity tests showed low toxicity in
both chickens (2000 mg/kg bw) and Artemia salina (EC50 = 2003 mg/L) and Daphnia magna
(EC50 = 87 mg/L), indicating a safe usage profile. Oxidative stress biomarkers (nitrite
and MDA) and antioxidant enzymes (SOD and catalase) improved in treated chickens at
20 days of age. The hematological and biochemical parameters of the treated birds showed
normal values similar to those of the control group chickens, with better protein levels
and lower AST levels. Histology of the kidney, intestine, and liver showed no changes
in any group, confirming the absence of systemic adverse effects. At the molecular level,
an improvement in the expression of tight junction proteins (claudin and occludin) was
observed, suggesting a strengthening of the intestinal barrier integrity. Finally, the extract
demonstrated an antimicrobial effect (E. coli, C. perfringens, Salmonella sp. and Pseudomonas
sp.) comparable to that of organic acids commonly used as food preservatives, positioning
it as a promising alternative in applications.

Keywords: thymol–eucalyptol; toxicity; microbiocide activity; chicken; hematology study

1. Introduction
The increasing global concern regarding food safety together with the evolution of

antimicrobial resistance among foodborne pathogens has led to a rapid identification of new
alternative preservation methods for the food industry [1,2]. Antimicrobial-resistant food-
borne bacteria are of significant concern to public health, whereby over 11% of foodborne
pathogens possess antimicrobial resistance, and multidrug-resistant pathogens exceed
36% across all food categories [3]. Pathogens such as E. coli, Salmonella, Pseudomonas,
Clostridium perfringens, and species of Aspergillus remain persistent threats to food safety,
especially within feed and food production environments [4].

Conventional synthetic antimicrobials, although efficacious, have elicited concerns
about their possible adverse effects on human health, including allergic responses, modifi-
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cations in intestinal microbiota, and facilitation of bacterial resistance development [5,6].
In recent years, consumer demand for natural, clean-label alternatives that comply with
food safety requirements and favor less processed products has significantly increased. The
United States Food and Drug Administration (FDA) has designated several essential oils
as Generally Recognized as Safe (GRAS), such as thyme, turmeric, rosemary, origanum,
onion, menthol, among others, establishing a regulatory framework for their application in
food systems [7,8].

Essential oils and bioactive agents represent a wide array of potential natural antimi-
crobials with broad-spectrum activity against bacteria, fungi, and other microorganisms [9].
Thymol and eucalyptol have attracted attention for their antibacterial properties and well-
established safety profiles. Thymol, a phenolic monoterpene sourced from Thymus vulgaris
and other aromatic flora, exhibits potent antimicrobial properties via multiple pathways,
including the disruption of cell membrane integrity, interference with ATP generation, and
inhibition of critical cellular functions [10,11]. Research has shown that thymol is effective
against a variety of pathogens, with minimum inhibitory concentrations (MICs) ranging
from 125 to 250 µg/mL against both Gram-positive and Gram-negative bacteria [12,13].
Eucalyptol (1,8-cineole), the major component of eucalyptus essential oil, has been reported
to have potential antimicrobial activity against both bacteria and fungi [14,15]. It acts
by altering the permeability of the membrane, which leads to intracellular leakages and
morphological changes in microbial cells [16,17]. In this sense, eucalyptol has been well-
reported to possess antimicrobial activity against a number of food-related pathogens such
as Staphylococcus aureus, E. coli, and Candida albicans [18–20].

The antimicrobial activity of some essential oils has been enhanced by combining
them with certain compounds such as citric acid, which results in synergistic effects [21,22].
Citric acid not only offers adjuvant antimicrobial action but may also enhance the stability
and bioactivity of essential oil components [23]. This approach is also similar to the
concept of hurdle technology for the preservation of food, in which combined use of
antimicrobial compounds could lead to more effective pathogen control than the use of a
single compound [6,24].

However, these natural additives, before being used as commercial agents, need to
be fully toxicologically evaluated to determine their safety for the target species as well
as for the consumers [25,26]. The chemical variety of the composition of essential oils,
which are multicomponent mixtures of toxicologically relevant plant derivatives, requires
toxicological investigation using standardized assays [27,28]. Requirements within current
models of regulation are to conduct wide ranging toxicological assessments including those
for acute and chronic toxicities to derive safe levels of exposure to humans and animals [29].

The development of natural antimicrobial formulations that are applicable for feeds
and foods and can satisfy food safety concerns and demands of consumers for natural
products is an important milestone [30]. Subsequently, as the safety and efficacy of these
formulations remain a concern, they will need to be evaluated through both combined
antimicrobial efficacy testing and comprehensive toxicological studies to prevent misuse in
the feed and food industry.

Recognizing the significance of natural antimicrobials in maintaining food safety and
the need for thorough toxicological assessment of these substances, this study seeks to
evaluate the antimicrobial and toxicological profile of a natural blend comprising thymol,
eucalyptol, and citric acid. This research will expand the available literature on natural
antimicrobials and provide critical safety information needed for regulatory approval and
commercial use in the feed and food sector.
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2. Materials and Methods
2.1. Chemicals

The reagents used were of the highest quality and purity. Acetic acid, trichloroacetic
acid, thiobarbituric acid, sulfanilamide, N-1-napthylethylenediamine dihydrochloride
(NED) were used for the TBARS assay and Nitrite levels (Griess assay); target genes and
specific primers; microbiology culture media (Sigma-Aldrich, Saint Louis, MO, USA). Natt-
Herrick solution was used for blood cell staining (Eurovet, Madrid, Spain). Catalase and
SOD kits (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) were used for antioxi-
dant assays. RNA extraction Nucleospin RNA plus Kit (Macherey-Nagel, Düren, Germany)
was used for RNA extraction. UltraScript® Separate Oligos cDNA Kit (PCRBIOSYSTEMS,
London, UK) was used for reverse transcription, and FastGene IC green Universal MIX
Master Mix (Nippon Genetics, Düren, Germany) was used for quantitative PCR. Formalde-
hyde (Fisher Scientific, USA) and propionic acid (Scharlab, Barcelona, España) was used to
prepare mix for treatment of corn contaminated with bacteria.

2.2. Animals and Experimental Design

This study followed the parameters established by the Bioethics Committee of the
Faculty of Veterinary Medicine of the National University of San Marcos (authorization
CEBA 2025-17, 16 July 2025) for the use of experimental animals. Authorization was only
requested for vertebrates, as according to current regulations, authorization is not required
for lower invertebrates such as Daphnia magna and Artemia salina.

Fourteen male broiler chickens from the Cobb500 line, aged 1 day and 20 days, were
used. Feed was administered ad libitum and was appropriate for each stage of growth.
Drinking water was administered ad libitum throughout the study period. The bedding
consisted of autoclaved wood shavings and was changed weekly to prevent the accumula-
tion of ammonia and microorganisms in the environment. The chickens were raised under
standard broiler rearing parameters, with the ambient temperature decreasing weekly
according to the requirements of the Cobb500 chicken line.

2.3. Toxicity Assay
2.3.1. In Chicken

The natural mixture [NM, eucalyptol (cineole, C10H18O) and thymol (2-Isopropyl-
5-methylphenol, C10H14O), 1:9, v:v] with citric acid as carrier, obtained by BIOVET S.A.
(Tarragona, Spain) was dissolved in 0.5 mL of distilled water for administration to 1-day-
old chickens, while the natural mixture was dissolved in 2 mL of distilled water for oral
administration to 20-day-old chickens. In both cases, a single oral dose of 2000 mg/kg body
weight of the NM was administered (to 4 chickens aged 1 day, NM1 group; and 4 chickens
aged 20 days, NM20 group). Moreover, at each age (1 and 20 days), 3 chickens were used
as controls. After oral administration of the NM, the chickens were clinically observed for
14 days after treatment. After this period, the zootechnical parameters were recorded, and
the animals were sacrificed by cervical dislocation and subsequent bleeding by sectioning
the blood vessels of the neck (jugular vein or carotid artery), and samples of blood, kidney,
liver, lung and intestine were taken for subsequent biochemical, histological and molecular
analyses (modified from [31–33]).

2.3.2. In Model Organisms Artemia salina

Young artemia, less than 24 h old, were subjected to acute toxicity testing with the
natural mixture. Ten concentrations of the natural mixture (10–1000 mg/L) were used for
an exposure time of 48 h. Toxicity records were taken at 24 and 48 h to calculate the LD50 at
48 h. Twenty animals were used for each concentration and the control, in triplicate. 9 mL
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of solution were used for each animal/group. The limit test corresponded to a dose level of
100 mg/L [34].

2.3.3. In Model Organisms Daphnia magna

Young daphnia, less than 24 h old, were subjected to acute toxicity testing with the
natural mixture. Ten concentrations of the natural mixture (10–10,000 mg/L) were used for
an exposure time of 48 h. Toxicity records were taken at 24 and 48 h to calculate the LD50

at 48 h. Five animals were used for each concentration and the control, in quadruplicate.
5 mL of solutions were used for each animal/group. The limit test corresponded to a dose
level of 100 mg/L [35].

2.4. Griess Assay

Blood was collected in EDTA tubes and centrifuged at 3000 rpm/10 min/4 ◦C. The
plasma was separated and kept cold until analysis. 50 µL of plasma was gently mixed
with 50 µL of sulfanilamide (dissolved in 5% acetic acid) and incubated for 10 min at room
temperature. Then, 50 µL of NED was added and incubated for 10 min at 25 ◦C [36]. Ab-
sorbance was detected at 540 nm (Agilent Technologies, Santa Clara, CA, USA). Previously,
proteins were precipitated in plasma samples with 10% trichloroacetic acid.

2.5. TBARS Assay

The levels of lipid peroxidation in chicken plasma were evaluated by measuring
the levels of malondialdehyde (MDA). Blood samples were collected in tubes containing
anticoagulant (EDTA) and centrifuged at 3000 rpm for 10 min. 200 µL of the plasma
obtained was mixed with trichloroacetic acid (15%) and centrifuged at 3000 rpm for 10 min.
The supernatant was mixed with 400 µL of TBA and incubated at 95 ◦C for 60 min [37].
After cooling immediately, the absorbance was measured at 532 nm (Agilent Technologies,
Santa Clara, CA, USA). Previously, proteins were precipitated in plasma samples with 10%
trichloroacetic acid.

2.6. Antioxidative Assay

Catalase and SOD activities were determined using a colorimetric assay kit (Invitrogen,
Thermo Fisher Scientific, MA, USA) following the manufacturer’s protocol. Plasma was
mixed with the specific kit, and this mixture was then used for colorimetric measurement
at 560 nm and 450 nm using spectrophotometry (Agilent Technologies, CA, USA).

2.7. Biochemical Assay

Specific kits were used for biochemical analysis to assess AST, uric acid, creatinine,
alkaline phosphatase, and protein levels (Sigma-Aldrich, USA), according to the man-
ufacturer’s specifications. The reading was performed by spectrophotometry (Agilent
Technologies, Santa Clara, CA, USA).

2.8. Histopathological Study

For histopathological examination, samples were taken from the liver, intestine, kidney,
and lung. All samples were fixed in 10% formalin, processed in paraffin, and stained with
conventional hematoxylin and eosin (Supplementary Materials).

2.9. Hematology Study

Blood samples were collected during the slaughter of the animals in 3 mL tubes con-
taining ethylenediaminetetraacetic acid (EDTA) anticoagulant, which were immediately
homogenized for processing within 20 min of collection. Packed cell volume (PCV) was
determined using the microhematocrit method [38], hemoglobin using the cyanmethe-
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moglobin method and read on a spectrophotometer at 540 nm [38,39]. The erythrocyte and
leukocyte counts were performed using the Natt and Herrick method, and Natt and Herrick
solution for 1:200 dilution were used [40]. For the erythrocyte count, 5 squares of the central
grid of the chamber (the 4 corner squares and the central square) were considered, and
the resulting sum was multiplied by a factor of 103, expressed in erythrocytes/µL. For
the leukocyte count, the number of leukocytes in the 9 grids was counted and 10% of the
total obtained was added to the resulting value, multiplying × 200, finally expressing it in
leukocytes/µL. MCHC values were obtained from hemoglobin × 100/PCV.

The leukocyte differential count to obtain relative values (%) of heterophils and lym-
phocytes was determined by microscopic evaluation [41,42]. Heterophil/lymphocyte ratio
(H/L ratio, innate and adaptive immune cells) is an indicator of stress on immunity in birds.

2.10. Hematology Study

The digestive system was directly exposed to the natural mixture, so 30 mg of small
intestine was taken for total RNA extraction using the specifications of the: “Nucleospin
RNA plus” extraction kit (Macherey-Nagel, Germany). The purity of the RNA was 1.99
for all samples (260/280 ratio). Complementary DNA (cDNA) was obtained by reverse
transcription using the: “UltraScript® Separate Oligos” kit (PCRBIOSYSTEMS, London,
United Kingdom). Immediately, 0.1 µg/µL of cDNA was used for quantitative PCR using
the specifications of the: “FastGene IC green Universal MIX” Master Mix kit (Nippon
Genetics, Germany). The cycle conditions were as follows: initial denaturation at 95 ◦C
for 2 min (1 cycle); denaturation at 95 ◦C for 5 s (40 cycles); hybridization/elongation at
60–65 ◦C for 20–30 s (40 cycles). The fold-change gene expression was calculated using the
2−∆∆Ct method, and GAPDH as the normalizing gene [43].

The primer used were listed in Table 1:

Table 1. List of primers for tight-junction proteins.

Target Gene Forward Primer Reverse Primer

GAPDH 5′-ACTTTGGCATTGTGGAGGGT-3′ 5′-GGACGCTGGGATGATGTTCT-3′

Claudin 1 (CLD1) 5′-AGCCTGGCTTAACTGAGTGT-3′ 5′-TGCTAGCCGTTGTAGCTGTA-3′

Occludin (OCL) 5′-GTCTGTGGGTTCCTCATC-3′ 5′-CCAGTAGATGTTGGCTTTG-3′

2.11. Antimicrobial Activity In Vitro

Four bacteria (E. coli, Clostridium perfringens, Salmonella sp., Pseudomonas aeruginosa)
were used to evaluate the in vitro antimicrobial activity of the natural mixture (NM). In
each assay (in triplicate), 100 g of ground yellow corn (sterilized) was used as a substrate,
and the corn was contaminated with each pathogenic bacterium at a concentration of
106 CFU g−1. The substrates contaminated with bacteria or fungi were treated with NM
and a mix of organic acids (F-PA, formaldehyde plus propionic acid) as positive control, at
concentrations of 0.5 and 2 L/ton, respectively. The treatments with NM and F-PA were
carried out once at a single dose. The plate count of bacteria (E. coli, Clostridium perfringens,
Salmonella sp., Pseudomonas aeruginosa) was performed 24 h and 7 days post-treatment, in
accordance with:

• ISO 4833-2:2013 [44], Microbiology of the food chain — Horizontal method for the
enumeration of microorganisms — Part 2: Colony count at 30 ◦C by the surface plating
technique. International Organization for Standardization: Geneva, Switzerland, 2013.

• ISO 16649-1: 2018 [44], Microbiology of the food chain — Horizontal method for the
enumeration of beta-glucuronidase-positive Escherichia coli — Part 1: Colony-count
technique at 44 ◦C using membranes and 5-bromo-4-chloro-3-indolyl beta-D-glucuronide.
International Organization for Standardization: Geneva, Switzerland, 2018.
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• ISO 15213-2:2023 [44], Microbiology of the food chain — Horizontal method for the
detection and enumeration of Clostridium spp. — Part 2: Enumeration of Clostridium
perfringens by colony-count technique. International Organization for Standardization:
Geneva, Switzerland, 2023.

• ISO 6579-1: 2017 [44], Microbiology of the food chain — Horizontal method for the
detection, enumeration and serotyping of Salmonella — Part 1: Detection of Salmonella
spp. International Organization for Standardization: Geneva, Switzerland, 2017.

• The results obtained were expressed in bacterial colony-forming units per gram
(CFU g−1), and as percentages of reduction (%).

2.12. Statistical Analysis

The toxicity dose–response curves were analyzed using Origin Pro 8.5.1 (OriginLab,
Northampton, MA, USA). Significant differences in the comparative means (mean ± standard
deviation) of the in vivo and antimicrobial assays were analyzed using Student’s t-test or one-
way ANOVA with GraphPad Prism 8.0.1 (GraphPad software, Boston, MA, USA). * p < 0.05,
** p < 0.01, or *** p < 0.001) indicate significant differences.

3. Results
3.1. Oxidative Stress

A dose of 2000 mg/kg body weight of the natural mixture of thymol–eucalyptol was
administered orally to broiler chickens, and after 14 days, the oxidative stress mediators
NO and MDA were analyzed in plasma. NO values in the treated chickens were like the
control group (Figure 1A); while only a significant decrease (12%, * p ≤ 0.05) in MDA levels
was observed in NM20 chickens compared to the control group (Figure 1B).

Figure 1. Evaluation of oxidative stress mediators (NO and MDA) in plasma from chickens exposed
to a single oral dose of 2000 mg/kg b.w. of a natural mixture of thymol/eucalyptol. NO (A) and
MDA (B) values are expressed as mean ± SD. Statistical differences between the treated groups (NM1
and NM20, gray bar) and the controls (C, black bar) were evaluated using Student’s t-test (* p ≤ 0.05).

3.2. Antioxidative Assay

A dose of 2000 mg/kg body weight of the natural thymol–eucalyptol mixture was
administered orally to broiler chickens, and after 14 days, the antioxidant enzymes SOD
and catalase were analyzed in plasma. The SOD (Figure 2A) and catalase (Figure 2B) values
in NM1 chickens did not change because of exposure to the natural mixture; while in
NM20 chickens, there were significant increases in SOD (23%, * p ≤ 0.05) and catalase (11%,
* p ≤ 0.05) activities compared to the control.
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Figure 2. Evaluation of the antioxidant activity (SOD and catalase) in plasma from chickens exposed to
a single oral dose of 2000 mg/kg b.w. of a natural mixture of thymol/eucalyptol. SOD (A) and catalase
(B) values are expressed as mean ± SD. Statistical differences between the treated groups (NM1 and
NM20, gray bar) and the controls (C, black bar) were evaluated using Student’s t-test (* p ≤ 0.05).

3.3. Biochemical Assay

This study evaluated the blood biochemical profile (uric acid, creatinine, AST, total protein,
and albumin) in NM1, NM20, and control chickens. Creatinine (Figure 3B) and albumin
(Figure 3E) values did not change in NM1 and NM20 chickens compared to the control group.
Uric acid values decreased significantly in the NM1 (22%, * p ≤ 0.05) and NM20 (5%, * p ≤ 0.05)
groups compared to the control (Figure 3A). AST values decreased significantly in the NM20
group (5%, * p ≤ 0.05) compared to the control (Figure 3C). Total protein values increased
significantly in the NM20 group (19%, ** p ≤ 0.01) compared to the control (Figure 3D).

Figure 3. Blood plasma biochemical profile of chickens exposed to a single oral dose of 2000 mg/kg
b.w. of a natural mixture of thymol/eucalyptol. The values for uric acid (A), creatinine (B), AST (C),
total protein (D) and albumin (E) are expressed as mean ± SD. Statistical differences between the treated
groups (NM1 and NM20, gray bar) and the controls (C, black bar) were evaluated using Student’s t-test
(* p ≤ 0.05; ** p ≤ 0.01). The reference values are indicated in the table included in the figure [45].

3.4. Hematology Study

This study evaluated hematological parameters (packed cell volume, hemoglobin,
red blood cells, MCHC, white blood cells, and H/L ratio) in NM1, NM20, and control
chickens. The values for packed cell volume (Figure 4A), hemoglobin (Figure 4B), red blood
cells (Figure 4C), MCHC (Figure 4D), and white blood cells (Figure 4E) did not change
in NM1 and NM20 chickens compared to the control group. H/L ratio values decreased
significantly in the NM1 groups (70%, *** p ≤ 0.001) compared to the control (Figure 4F).
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Figure 4. Hematological parameters of chickens administered a single oral dose of 2000 mg/kg
body weight of a natural mixture of thymol/eucalyptol. The values for packed cell volume (A),
hemoglobin (B), RBC (C), MCHC (D), WBC (E) and H/L ratio (F) are expressed as mean ± SD.
Statistical differences between the treated groups (NM1 and NM20, gray bar) and the controls
(C, black bar) were evaluated using Student’s t-test (*** p ≤ 0.001). The reference values are indicated
in the table included in the figure [46].

3.5. qPCR Assay

A dose of 2000 mg/kg body weight of the natural thymol–eucalyptol mixture was
administered orally to broiler chickens, and after 14 days, the molecular expression of the tight
junction proteins claudin (Figure 5A) and claudin (Figure 5B) was analyzed in the duodenum.
The molecular expression values in the treated chickens were like those in the control group.

Figure 5. qPCR assay in the intestines of chickens administered a single oral dose of 2000 mg/kg
body weight of a natural mixture of thymol/eucalyptol. Fold-change values for claudin (A) and
occludin (B) are expressed as mean ± SD. Statistical differences between the treated groups (NM1
and NM20, gray bar) and the controls (C, black bar) were evaluated using Student’s t-test.

3.6. Toxicity Study in Artemia salina and Daphnia magna

The dose–response curve showed a characteristic sigmoidal pattern, with an initial
phase with no effect at concentrations ≤100 mg/L of the natural mixture, followed by
a progressive increase in toxicity between 1000 and 10,000 mg/L of the natural mixture
in Artemia salina, resulting in an EC50 of 2003 mg/L (Figure 6A). On the other hand, the
dose–response curve for the toxicity of the natural mixture produced an EC50 of 87 mg/mL,
indicating a higher sensitivity of Daphnia magna to this natural compound (Figure 6B).
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Figure 6. Cytotoxicity induced by thymol/eucalyptol extract (1–10,000 mg/L) on Artemia salina
(A) and Daphnia magna (B) after 24 h incubation period. Cytotoxicity was determined by viability
reduction, and (%) dose–response curve was used to obtain the IC20,50,80 values. Data are presented
as % of three repetitions.

3.7. Antimicrobial Activity

The microbicidal effect of the natural mixture based on thymol and eucalyptol was
evaluated on corn microbiologically contaminated with E. coli, C. perfringens, Salmonella sp.
and Pseudomonas sp. (106 CFU g−1). F-PA was used as a positive control. Table 2 shows
that the effect of NM is very similar to that produced by F-PA (positive control) in all the
microorganisms analyzed, with a microbial reduction of more than 93% for all bacteria. A
better microbicidal effect is also observed at 7 days than at 24 h, both for NM and F-PA.

Table 2. Viable cells count and microbial reduction in feed-maize contaminated with E. coli, C.
perfringens, Salmonella sp. and Pseudomonas sp. (106 CFU g−1) and treated with the microbiocides
NM (0.5 L/T) and F-PA (2.0 L/T). The antimicrobial analysis was performed 24 h and 7 days after
treatment with NM or F-PA.

Microbiocide

Time Exposure

24 h 7 Days

CFU g−1 S.D. MR (%) CFU g−1 S.D. MR (%)

E.
co

li BN (0.5 L/T) 6.5 × 104 *a 1.0 × 103 96 3.3 × 104 *b 2.2 × 103 98
F-PA (2 L/T) 2.7 × 104 *a 0.7 × 103 98 0.6 × 104 *b 0.2 × 103 99

Control (-) 1.5 × 106 a 5.3 × 104 - 1.7 × 106 a 2.5 × 104 -

C
.

pe
rf

ri
ng

en
s

BN (0.5 L/T)
8.31 × 104 *a 2.5 × 103 93 1.3 × 104 *b 1.4 × 103 99

F-PA (2 L/T) 5.7 × 104 *a 2.5 × 103 95 0.7 × 104 *b 0.1 × 103 99
Control (-) 1.2 × 106 a 3.6 × 104 - 1.2 × 106 a 2.5 × 104 -

Sa
lm

on
el

la
sp

. BN (0.5 L/T)
7.3 × 104 *a 1.8 × 103 94 2.6 × 104 *b 0.4 × 103 98

F-PA (2 L/T) 2.4 × 104 *a 0.3 × 103 97 0.1 × 104 *b 1.0 × 103 99
Control (-) 1.1 × 106 a 5.0 × 104 - 1.2 × 106 a 4.1 × 104 -

P.
ae

ru
gi

no
sa BN (0.5 L/T) 6.2 × 104 *a 2.5 × 103 95 4.1 × 104 *b 1.5 × 103 97

F-PA (2 L/T) 3.0 × 104 *a 2.5 × 103 97 1.4 × 104 *b 0.3 × 103 99
Control (-) 1.1 × 106 a 2.0 × 104 - 1.2 × 106 a 4.1 × 104 -

* Indicates significant differences (p < 0.05) between treatment groups and control group. a,b Significant difference
(p < 0.05) between expo-sure times (24 h vs. 7 days).
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4. Discussion
This study aimed to evaluate the antimicrobial effectiveness and safety characteristics

of a naturally sourced compound composed of thymol, eucalyptol, and citric acid. This
investigation was motivated by a confluence of issues, including ongoing apprehensions
about feed and food safety, the increasing prevalence of resistant strains among foodborne
microorganisms, and demonstrated consumer interest in preservation methods using
readily recognizable ingredients. The experimental data obtained strongly suggests the
safety of use and the potential of this plant-derived mixture as a viable substitute for
traditional synthetic antimicrobials in feed and food matrices.

Although synthetic preservatives have traditionally been the mainstay in commercial
use, growing anxieties concerning their potential long-term health effects, coupled with
increasing regulatory oversight, have necessitated the exploration of naturally occurring
substances with proven antimicrobial capabilities by industry participants. The ternary
system scrutinized in this study embodies a well-reasoned strategy for leveraging known
bioactive elements derived from plant metabolites, specifically targeting the oxidative and
membrane-perturbing mechanisms that mediate wide-ranging antimicrobial action.

The natural mixture exhibited impressive antimicrobial activity across a diverse range
of foodborne pathogens and fungi, effectively targeting Escherichia coli, Clostridium perfrin-
gens, Salmonella sp., Pseudomonas sp. When we applied this mixture to microbiologically
contaminated yellow corn, we achieved remarkable reductions, over 93% for bacterial
populations. These results proved comparable to our positive control (formaldehyde com-
bined with propionic acid). Interestingly, we noticed that antimicrobial effects became more
pronounced after seven days compared to the initial 24 h exposure period, suggesting the
mixture operates through a sustained, potentially progressive mechanism. This observation
is consistent with established research showing that thymol and eucalyptol compromise
cell membrane integrity, cause leakage of cellular contents, and disrupt essential metabolic
processes [10,11,47]. We believe the citric acid component enhances both the stability and
bioactivity of these essential oil constituents [48], which aligns well with hurdle technology
principles that combine multiple antimicrobial approaches to boost effectiveness while
minimizing the likelihood of microbial adaptation [49,50].

This study demonstrated that NM containing thymol/eucalyptol is safe at high doses
(2000 mg/kg b.w.), has an excellent antimicrobial effect, with no reports of antimicrobial
resistance, and is safe for animals and humans. However, in our study we used a mix-
ture of organic acids (formaldehyde and propionic acid), and it is currently known that
formaldehyde has been widely used in the feed industry as an additive with antimicrobial
properties, mainly to reduce bacterial load and control Salmonella in raw materials and
balanced feeds [51]. but its handling poses a significant risk to operator health, as chronic
exposure by inhalation can cause respiratory tract irritation, dermatitis, and carcinogenic
effects [52]. In addition, formaldehyde is a highly corrosive compound that damages
metal components in feed production plants, generating additional maintenance costs [53].
In terms of microbiology, although it is effective as a biocide, prolonged use can induce
tolerance and resistance mechanisms in certain bacteria, reducing its effectiveness [54].
Finally, its environmental toxicity is also relevant, as studies with model aquatic organisms
have shown that formaldehyde is toxic to Daphnia magna (EC50 = 10–17 mg/dL), with
acute effects on the survival and development of this invertebrate [35].

However, antimicrobial efficacy alone isn’t sufficient, toxicological safety represents
a fundamental requirement for any natural compound intended for food or feed applica-
tions [55]. We therefore conducted comprehensive safety evaluations using both in vivo
studies and aquatic bioassays. When we administered a single 2000 mg/kg oral dose to
broiler chickens, the natural mixture showed a reassuring safety profile across all mea-
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sured parameters, including hematological, biochemical, and oxidative stress markers [56].
The combination of antimicrobial effectiveness with a well-established safety profile –
particularly the absence of detrimental effects on oxidative status and key biochemical
parameters– is a critical prerequisite for the practical implementation of plant-derived bioac-
tive compounds in both animal nutrition and strategies for disease management [55,57].
Toxicological evaluations of natural feed additives, including essential oil-based mixtures,
show reassuring safety profiles in poultry with no adverse hematological or biochemical
effects at recommended doses, aligning with the safety observations described [58,59].

Oxidative stress analysis yielded particularly encouraging results. Nitric oxide levels
in treated broiler chickens remained essentially unchanged from controls, while malon-
dialdehyde concentrations—a key indicator of lipid peroxidation—dropped by 12% in
20-day-old chickens. Even more encouraging, we observed enhanced antioxidant defenses:
superoxide dismutase activity increased by 23%, and catalase activity rose by 11% in the
older chicken group. These findings suggest our natural mixture not only avoids inducing
oxidative damage but may provide antioxidant protection in mature broiler chickens [60],
potentially boosting their physiological resilience [61]. In this context, studies have shown
that improving antioxidant defenses in poultry via natural compounds enhances meat
quality and overall health by mitigating damage from ROS and supporting mitochondrial
function [62].

The biochemical assessments provided additional confirmation of the safety profile.
Markers of creatinine synthesis and liver–kidney function, which play pivotal roles in en-
ergy metabolism and tissue development in broilers [63], were consistent with the observed
parameters, thereby supporting both safety and metabolic integrity. Furthermore, creati-
nine and albumin levels remained stable across all age groups, suggesting the absence of
detectable renal or hepatic impairment [46,64]. We also noted several beneficial trends: uric
acid levels decreased significantly in both 1-day-old (22%) and 20-day-old (5%) chickens,
aspartate aminotransferase activity dropped by 5% in older broiler chickens, and total
protein levels increased by 19% in the same group. These changes point toward normal or
even improved metabolic function rather than any adverse effects [65].

Hematological parameters, including packed cell volume, hemoglobin concentration,
and red and white blood cell counts, are widely regarded as reliable markers of overall
health and immune status in poultry. Values that fall within normal physiological ranges
are typically interpreted as evidence that dietary or management interventions, such
as the inclusion of natural feed additives, exert no detrimental effects [66,67]. In our
study, hematological profiling revealed no abnormalities: packed cell volume, hemoglobin
concentration, red blood cell counts, mean corpuscular hemoglobin concentration, and
white blood cell counts all remained within established reference ranges. The heterophil-
to-lymphocyte (H/L) ratio, a robust and widely recognized index of physiological stress
in chickens, further supported these findings. Notably, a pronounced 70% reduction
in the H/L ratio was observed in day-old chicks, a change generally associated with
reduced stress responses in chickens [68–70]. Equally important to animal health is the
maintenance of intestinal barrier integrity, which is mediated by tight junction proteins
such as claudin and occludin. Disruption of these proteins by pathogens or toxins can
compromise nutrient absorption and overall gut function [71,72]. In this regard, our qPCR
analysis of intestinal tissues demonstrated that expression of claudin and occludin remained
unchanged, indicating that the natural mixture did not impair tight junction regulation.
These results confirm that intestinal barrier function was preserved, a critical prerequisite
for maintaining both animal health and nutrient utilization efficiency.

To complement the experimental assays, we performed toxicity assessments using
Artemia salina and Daphnia magna, both of which are well-established model species in
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aquatic toxicology. These organisms provide rapid and cost-effective bioassays for evaluat-
ing the ecotoxicological effects of chemical substances, including essential oils [73,74]. In
the present study, Artemia salina exhibited an EC50 of 2003 mg/L, with no observable effects
at concentrations up to 100 mg/L. Conversely, Daphnia magna demonstrated markedly
higher sensitivity, with an EC50 of 87 mg/mL This finding is consistent with previous
studies showing that Daphnia magna generally responds more sensitivity to xenobiotics
than Artemia salina, therefore corroborating the relative susceptibility of Daphnia magna to
the natural mixture tested [73,75]. Such disparities across species highlight the importance
of utilizing diverse species in toxicological assessments when establishing secure exposure
limits for intricate ecological networks. This is especially pertinent for essential oil-based
compounds, where their chemical diversity and biological effects necessitate thorough
investigation to guarantee environmental protection [76,77].

5. Conclusions
In conclusion, these results contribute meaningfully to the accumulating evidence sup-

porting natural antimicrobial compounds as viable alternatives for food and feed preservation.
The synergistic blend of thymol, eucalyptol, and citric acid demonstrated broad-spectrum
antimicrobial efficacy while maintaining acceptable safety profiles across both terrestrial
and aquatic bioassays. Such characteristics position this formulation as a compelling plant-
derived alternative to conventional synthetic preservatives, aligning with evolving consumer
preferences and regulatory frameworks that increasingly favor natural solutions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics13100875/s1, Figure S1: Sections of renal histology (A, control;
B, NM), small intestine (C, control; D, NM) and liver (E, control; F, NM) from 15-day-old chickens
that received a dose of 2000 mg/kg b.w. of a natural mixture (NM) of thymol/eucalyptol. Kidney:
apparently normal histological patterns are observed in both groups, with clearly defined tubules and
glomeruli whose mesangial cells are differentiated within the space delimited by Bowman’s capsule.
Liver: preserved hepatic trabeculae with clear delimitation of the hepatic sinusoids surrounding the
centrilobular vein in both the control and treated groups. Intestine: the treated group showed no
structural changes compared to the control group; differentiation of the intestinal crypts at the base
of the intestinal mucosa was observed and clear visualisation of the submucosa was noted; Figure
S2: Sections of renal histology (A, control; B, NM), small intestine (C, control; D, NM) and liver (E,
control; F, NM) from 34-day-old chickens that received a dose of 2000 mg/kgb.w. of a natural mixture
(NM) of thymol/eucalyptol. Both groups showed similar histological characteristics, indicating that
the dose of 2000 mg/kg body weight did not cause cytostructural alterations in the tissues studied.
Kidney: the renal tubules are clearly defined, with distinctive characteristic nuclei and intact renal
glomeruli, and a small number of red blood cells in the interstitial blood vessels. In the intestine, the
mucosa shows the base of the intestinal villi with clearly defined crypts. In the liver, the preserved
tissue architecture shows clearly defined hepatic cords and sinusoidal capillaries with an incipient
amount of red blood cells.
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