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Abstract

Honey from citrus limon is of interest for wound healing due to its antimicrobial,
antioxidant, and immunomodulatory properties . This in vitro study investigates
whether citrus lemon honey (CLH) can modulate key cellular and biochemical
processesinvolved in wound healing, in comparison with Manuka honey. Antioxidant,
anti-inflammatory, and antibacterial activities were evaluated alongside keratinocyte
(HaCaT) proliferation and migration assays. Physicochemical analysis showed high
water-soluble protein content (480.9 = 28.4 mg equivalent [Eq] bovine serum
albumin/100 g), acidic pH (3.4 £ 0.02), low moisture (19.5%), and moderate electrical
conductivity (41.6 £ 2.61 uS/cm). In addition, CLH exhibited notable phenolic (313.6 +
0.6 mg Eq gallic acid/100 g) and flavonoid contents (6.9 + 2.6 mg Eq quercetin/100 g),
accompanied by strong antioxidant activity (total antioxidant capacity: 3.5+ 0.05 g
Eq ascorbic acid/100 g). CLH demonstrated antibacterial activity against both Gram-
positive and Gram-negative bacteria (minimum inhibitory concentrations of 0.8-3.1
w/w%), including clinically relevant wound-associated pathogens, highlighting its
potential to reduce microbial burden and prevent infection in wound environments.
Furthermore, CLH modulated nitric oxide production in lipopolysaccharide-
activated THP-1 macrophages. Functionally, CLH promoted keratinocyte viability
and migration in a concentration-dependent manner, with an approximately 20%
increase in cell viability at 1-2 mg/mL and a 35% enhancement in migration, without
cytotoxicity. These effects were comparable in trend, though less pronounced, to
those observed with Manuka honey. Taken together, the combined antibacterial,
anti-inflammatory, and pro-regenerative effects suggest that CLH may support
wound healing by enhancing tissue repair and limiting infection. From a host-
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microbe interaction perspective, the antibacterial and immunomodulatory effects of
CLH suggest a coordinated role in wound healing, where reduced microbial burden
and controlled regulation of inflammation may act synergistically to support tissue
repair and restore skin integrity. However, further in vivo and clinical studies are
required to confirm its therapeutic relevance.

Keywords: Citrus lemon honey; Immunomodulatory; Antibacterial; Antioxidant activity;

Wound healing; HaCaT cells

1. Introduction

The skin is the largest organ of the body. It protects against
environmental factors and plays essential roles in sensory
perception, thermoregulation, immunological surveillance,
fluid homeostasis, and self-healing."? Severe traumas,
including tears, gashes, cuts, burns, abrasions, scrapes,
and bruises, are often intensified by underlying conditions
such as diabetes mellitus, stress, uremia, fibrosis, obesity,
hypertension, poor nutrition, and immunocompromised
states.?

Wound healing is a complex and dynamic process that
involves hemostasis, inflammation, proliferation, and
remodeling. Conventional treatments, such as antibiotics
and synthetic dressings, face several limitations, including
rising antimicrobial resistance, adverse side effects, and
limited efficacy in promoting tissue regeneration.** These
challenges emphasize the need to search for alternative or
complementary wound care agents with proven bioactivity.
Whole-plant extracts and other natural products are known
to contain diverse therapeutic compounds, including
antimicrobial, antioxidant, and anti-inflammatory
agents, as well as stimulators of re-epithelialization and
collagen formation. These bioactive constituents can act
synergistically to enhance the wound healing process.®®
Among natural products, honey has long been appreciated
for its role in maintaining health and treating various
medical conditions.” It has been used for centuries in
traditional medicine due to its wide range of therapeutic
properties. Honey exhibits a broad spectrum of health-
promoting  effects, including immunomodulatory,
antimicrobial, antioxidant, anti-inflammatory, and wound-
healing activities.” The botanical source and geographical
origin strongly influence the chemical composition of
honey and, hence, its efficacy. Generally, honey consists
mainly of sugars, primarily D-glucose and D-fructose,
along with small amounts of water and a variety of minor
constituents such as amino acids, proteins, lipids, vitamins,
minerals, and a complex mixture of phytochemicals,
including polyphenols, flavonoids, terpenoids, and volatile
compounds.’

Monofloral honeys, derived predominantly from the
nectar of a single plant species, have attracted increasing
scientific interest due to their distinctive chemical
composition and therapeuticeffects. Their clinical relevance
is underlined by the approval of MEDIHONEY®, a medical-
grade Manuka honey-based product, by the U.S. Food and
Drug Administration in 2007 for the treatment of various
types of wounds."! Within the wide range of botanical
sources, citrus honeys, originating from the blossoms of
Citrus species such as Citrus limon, have recently gained
particular attention due to their unique phytochemical
profile. Citrus honeys are rich in flavonoids, polyphenols,
and vitamin C, bioactive constituents well known for
their antioxidant and anti-inflammatory activities, which
can reduce oxidative stress and support cellular repair
mechanisms in damaged tissues."'? Comparative studies
of citrus honeys have demonstrated that lemon honey,
in particular, exhibits high flavonoid content, strong
protective effects against protein denaturation, and
inhibitory activity against bacterial biofilm formation,
suggesting potential mechanisms for reducing microbial
burden and inflammation within wound environments."?

Despite the limited number of direct experimental
evaluations of lemon honey in wound-healing models,
the reported bioactivities provide a strong scientific
rationale for its investigation as a natural adjunct in
wound care. However, a clear research gap remains, as the
mechanistic effects of citrus lemon honey (CLH) on key
cellular processes involved in wound healing—particularly
inflammation and re-epithelialization—have not been
systematically investigated using well-defined in vitro
models.

Therefore, we hypothesize that CLH can modulate
inflammatory responses and enhance keratinocyte
proliferation and migration, thereby influencing critical
steps of the wound healing process, with effects comparable
in trend to those of Manuka honey.

The present study aims to evaluate the physicochemical
properties, antioxidant capacity, antibacterial activity,
and wound healing potential of citrus honey. To address
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them, HaCaT keratinocytes were selected as a well-
established model for studying re-epithelialization through
proliferation and migration assays, while THP-1-derived
macrophages were used as a validated model to assess
inflammatory responses, including nitric oxide (NO)
production. These complementary in vitro systems provide
a controlled framework to evaluate both proliferative and
immunomodulatory aspects relevant to wound healing.

Our findings demonstrate that CLH exhibits potent
antioxidant activity and significant antibacterial effects
against both Gram-positive and Gram-negative bacteria.
Furthermore, the honey modulated inflammatory
responses in THP-1-derived macrophages. CLH enhanced
key wound healing-related cellular responses by promoting
keratinocyte viability and migration. CLH increased cell
viability without cytotoxicity and significantly enhanced
cell migration. These effects were comparable in trend,
though less pronounced, to those observed with Manuka
honey. These findings support the wound healing potential
of CLH and validate its biological activity relative to the
established Manuka honey standard.

2. Materials and methods

2.1. Honey sample source and storage

Citrus lemon honey used in this study was commercially
obtained in 2023 from Honey Spring, a certified vendor
based in Tulkarem, Northern West Bank. Manuka honey
(Comvita®, New Zealand), a certified and internationally
recognized medical-grade product, was used as a
reference comparator. Both honey samples were procured
commercially and handled under identical conditions as
described in the following sections. Upon acquisition,
samples were sealed in sterile, airtight metal containers
and stored under dry, ambient conditions, protected from
light and moisture, until further analysis. All handling
procedures were performed to preserve physicochemical
stability and minimize degradation prior to experimental
use.

2.2. Antioxidant activity via 2,2-diphenyl-1-
picrylhydrazyl

A modified version of the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) microdilution assay was used to assess the free
radical-scavenging capacity of the honey, as previously
described.®?

2.3. Total antioxidant capacity

Total antioxidant capacity (TAC) was evaluated using the
phosphomolybdenum method according to the procedure
described by Prieto et al.'* Results were expressed as mg
ascorbic acid (AA) equivalents per gram of honey, and all

assays were performed in triplicate.

2.4. Quantification of total phenolics and flavonoids

Total phenolic content (TPC) and total flavonoid content
(TFC) were determined using colorimetric assays, in
accordance with established protocols.’

2.5. Evaluation of antibacterial properties

Streptococcus  pneumoniae (ATCC 49619), Klebsiella
quasipneumoniae (ATCC 700603), Haemophilus influenzae
(ATCC 49247), and Bacillus subtilis (ATCC 6633) were used
to evaluate the antibacterial activity of the citrus honey. All
strains were obtained from the American Type Culture
Collection, USA. The minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC)
were determined using standard broth microdilution
assays in 96-well plates."

2.6. Culturing of human cell lines

Cells from the HaCaT human keratinocyte cell line (Cat.
No. 300493, CLS Cell Lines Service GmbH, Germany)
and the human THP-1 monocytic cell line (ATCC TIB-
202) were used to examine the wound healing ability of
the citrus honey. Both cell lines were maintained at 37 °C
in a humidified atmosphere containing 5% carbon dioxide
using Dulbeccos modified Eagle medium (DMEM;
Biological Industries, Israel) supplemented with 10% fetal
calf serum, 1% non-essential amino acids, 1% glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin.

2.7. Assessment of cytotoxic and proliferative
effects

The cytotoxic effects of CLH were assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Briefly, 20,000 HaCaT cells per well
were seeded in 96-well plates and allowed to adhere for
24 h. Cells were then treated with CLH at concentrations
ranging from 0 to 4,000 pg/mL for an additional 24 h, after
which cell viability was evaluated using the MTT assay.
For cell proliferation analysis, 5,000 cells per well were
seeded and treated similarly but incubated for 72 h prior
to MTT assessment, following the protocol described by
Abu-Farich et al.®

2.8. In vitro wound healing assay (scratch assay)

HaCaT cells were seeded ata density of 200,000 cells per well
in 24-well plates and incubated for 24 h until confluence was
achieved. A linear scratch was then created using a sterile
200 pL pipette tip. Wells were gently washed with serum-
free DMEM to remove detached cells. Triplicate wells were
subsequently treated with 1, 2, or 4 mg/mL honey solutions
or control medium. The percentage of wound closure was
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calculated by comparing the wound area at 0, 24, and 48 h
relative to the initial wound area at 0 h.

2.9. Nitric oxide inhibition

THP-1-derived macrophages were activated with
lipopolysaccharide (LPS) and treated with CLH samples.
Nitrite accumulation in the culture medium was quantified
using the Griess assay, as previously described.'¢

2.10. Statistical analysis

All experimental data are presented as means + standard
deviation of three independent experiments. Group
comparisons were made using unpaired Student’s ¢-tests,
with statistical significance set at p < 0.05.

3. Results and discussion

The wound-healing process involves  multiple
interdependent pathophysiological and immunological
mediators that coordinate repair responses to various
causes, such as trauma, surgery, and burns, ultimately
restoring tissue integrity and barrier function.”” A variety
of medicinal approaches have been used to treat wounds.
Anti-inflammatory and antimicrobial therapies are the
most common treatments, as most wounds are susceptible
to microbial infection and are often difficult to manage.'®
However, the rise of multidrug-resistant bacteria has made
many conventional antimicrobial agents less effective in
wound treatment. Thus, alternative therapeutic strategies
have been explored. Honey, with its long history of use,
has attracted increasing scientific attention over the past
two to three decades.’® It has been used for millennia in
major traditional medical systems, including Greco-Arab
and Islamic traditional medicine, traditional Chinese
medicine, and Ayurveda for the treatment of wounds.>
Citrus honey has been traditionally employed in skin
and wound-related therapies. Our experimental findings
support these traditional applications by demonstrating
that CLH exhibits multiple wound-healing activities,
including antioxidant, anti-inflammatory, proliferative,
and antibacterial effects. Notably, the antibacterial activity
is particularly relevant in the context of wound care,
where microbial colonization and infection—especially by
opportunistic and resistant pathogens—represent major
barriers to effective healing. Importantly, wound healing is
strongly influenced by dynamic host-microbe interactions,
where microbial colonization, immune activation, and
tissue repair processes are tightly interconnected. In this
context, the dual antibacterial and anti-inflammatory
properties of CLH may help restore balance in the
wound microenvironment. By limiting microbial load
while simultaneously modulating the host inflammatory
response, CLH may help prevent the persistence of a pro-

inflammatory state that delays healing.

3.1. Physicochemical properties of citrus honey

Table 1 summarizes the physicochemical characteristics
of the citrus honey. High protein levels were measured,
with a water-soluble protein content of 480.9 + 28.4 mg
bovine serum albumin equivalents per 100 g of honey.
The total sugar content was 19.76 + 0.3 g/100 g. The pH of
the sample was 3.4 + 0.02, consistent with honey’s acidic
nature and its contribution to antimicrobial activity. The
Brix index was 79.9 + 0.7, corresponding to the total
soluble solids and indicating a high sugar concentration.
The moisture content was relatively low (19.5%), falling
within the acceptable range for unfermented honey
and supporting its long-term stability. The electrical
conductivity was 41.6 + 2.61 pS/cm, classifying the sample
within the typical range for nectar-derived honeys. Finally,
the honey was visually characterized as extremely light-
colored (white), suggesting a low pigment content due to
its botanical origin. This pale coloration may also reflect a
reduced concentration of carotenoids and other pigment-
associated phytochemicals, which in turn could influence
the antioxidant profile and bioactivity of the honey.?**!

The physicochemical properties of the CLH sample fall
within the ranges established by the Codex Alimentarius
and other international standards®”, as well as with
other honey types.”® Its low moisture, acidic pH, and
moderate conductivity are characteristic of high-quality
nectar honeys. The elevated protein content may indicate
enzymatic richness, which can contribute to antioxidant
and antimicrobial activity, hence, to its therapeutic value.

3.2. Antioxidant properties of citrus honey

Table 2 presents the TPC, TFC, TAC, and DPPH radical
scavenging activity used to characterize the antioxidant
properties of CLH. The TPC was 313.6 + 0.6 mg gallic acid
equivalents (GAE) per 100 g of honey, indicating a high
level of polyphenolic compounds. The TFC was measured
at 6.9 + 2.6 mg quercetin equivalents per 100 g, reflecting
a moderate flavonoid content. The TAC, assessed by the
phosphomolybdenum assay, was 3.5 + 0.05 g ascorbic acid
equivalents per 100 g, indicating measurable antioxidant
capacity.

The DPPH assay yielded a half-maximal inhibitory
concentration (IC,)) of 10.6 + 0.3 mg/mL, indicating
moderate free radical scavenging activity. Lower IC,
values indicate higher antioxidant activity, and this result
suggests that CLH exhibits moderate antioxidant activity,
consistent with its phenolic and flavonoid composition.*

When compared to Manuka honey, which typically
exhibits higher TPC (400-700 mg GAE/100 g) and stronger
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Table 1. Physicochemical characteristics of citrus lemon honey

Water-soluble

Electrical conductivity

proteins Total sugars pH Brix index Moisture (%) (uS/cm) Color
480.9 +28.4 19.76 £ 0.3 3.4+0.02 79.9£0.7 19.5 41.6 +£2.61 White
Notes: Water-soluble protein: mg equivalent bovine serum albumin/100 g; Total sugar: g equivalent glucose/100 g.
Table 2. Antioxidant activity and phytochemical composition of citrus honey
Parameter DPPHIC, TPC TAC
Value 10.6 +0.3 6.9+2.6 313.6 £ 0.6 3.5+0.05

Notes: DPPH IC_: mg/mL; TFC: mg equivalent quercetin/100 g of honey; TPC: mg equivalent gallic acid/100 g of honey; TAC: g equivalent ascorbic

acid/100 g of honey.

Abbreviations: DPPH: 2,2-diphenyl-1-picrylhydrazyl; IC, : Half-maximal inhibitory concentration; TAC: Total antioxidant capacity; TFC: Total

flavonoid content; TPC: Total phenolic content.

radical scavenging activity (IC,; values often below 5 mg/
mL)®, the antioxidant potential of CLH was moderate but
remains substantial. Notably, CLH values were comparable
to those reported for other honeys, such as thyme and
wildflower varieties, which generally fall within the range of
250-350 mg GAE/100 g and IC,  values between 9-12 mg/
mL.">? These comparisons highlight that while CLH may
not reach the potency of Manuka honey, it demonstrates a
consistent antioxidant profile relative to regional honeys,
supporting its relevance as a locally available therapeutic
agent.

Although the phenolic and flavonoid content likely
contributes to the observed antioxidant activity, no
formal correlation analysis between TPC and IC, was
performed, as the study aimed primarily at comparative
characterization rather than mechanistic quantification.

3.3. Proliferative and cytotoxic effects of citrus
lemon honey on HaCaT cells

The cytotoxic and proliferative effects of CLH were
evaluated in comparison with Manuka honey across a
range of concentrations (0-4 mg/mL) (Figures 1 and 2).
As shown in Figure 1, neither honey showed significant
cytotoxicity after 24 h. The cell proliferation assay showed
that at baseline (0 mg/mL), cell viability was comparable
among all groups and normalized to 100%. For prolonged
treatment (Figure 2), treatment with CLH at 1 mg/mL
significantlyenhanced HaCaT cell viability toapproximately
120% of control (p < 0.05), while Manuka honey induced a
slightly higher proliferative response, reaching about 130%
(p < 0.05). At 2 mg/mL, CLH maintained a moderate but

significant proliferative effect (~115% of control), whereas
Manuka honey exhibited a marked increase in cell viability,
peaking at approximately 160% (p < 0.05), indicating a
strong concentration-dependent stimulatory effect. In
contrast, exposure to the highest tested concentration (4
mg/mL) reduced cell viability in both honeys, with CLH
decreasing to ~80% and Manuka honey returning to near-
control levels (~100%), suggesting potential cytotoxic
or inhibitory effects at elevated concentrations. Overall,
CLH demonstrated a clear pro-proliferative effect at low
to intermediate concentrations, although its magnitude
was consistently lower than that observed for Manuka
honey. The significant enhancement of proliferation at
low concentrations suggests a potential regenerative role.
Keratinocyte proliferation and migration are vital for
re-epithelialization, the phase of wound healing during
which the epidermis is restored.””* Hence, agents that
can stimulate keratinocyte growth without inducing

cytotoxicity are of great therapeutic interest.

Keratinocyte proliferation and migration are essential
processes in re-epithelialization, the wound-healing phase
that promotes wound closure and restores the epidermal
barrier.”” Numerous in vitro studies have shown that honey
enhances keratinocyte proliferation and accelerates cell
migration, with these effects being more strongly correlated
with the phenolic and flavonoid content of honey than with
its sugar composition alone.***! Citrus honeys, including
lemon honey, are particularly rich in polyphenols with
potent antioxidant activity, which can decrease oxidative
stress and modulate cellular signaling pathways involved
in keratinocyte proliferation and migration.**? In the
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Figure 1. Cytotoxic effects of citrus lemon honey (CLH) on HaCaT cells. HaCaT cells were treated with CLH or Manuka honey at concentrations of 0,
1,2, and 4 mg/mL for 24 h. Data are presented as a percentage of the control, with the mean + standard deviation from three independent experiments.

present study, CLH significantly enhanced keratinocyte
proliferative activity. These findings are consistent with
our previous investigations on other monofloral honeys,
including Medicago sativa and avocado honeys, which
have demonstrated marked wound-healing -eflicacy
through integrated antioxidant, anti-inflammatory,
antibacterial, and proliferative mechanisms.”® Across
these studies, enhanced keratinocyte activity has been
shown to be closely associated with rich phytochemical
profiles, particularly phenolic and flavonoid compounds,
suggesting that bioactive constituents common to honeys
collectively contribute to improved re-epithelialization and

wound closure.”®

3.4. Effect of citrus lemon honey on HaCaT cell
migration

Keratinocyte migration is a fundamental process during
the re-epithelialization phase of wound healing. It enables
epidermal repair following injury.*® In the present study,
untreated HaCaT keratinocytes were normalized to
100% migration, and the effects of CLH were evaluated
in comparison with Manuka honey (positive control).
Both honeys enhanced HaCaT cell migration in a
concentration-dependent manner, as shown in Figure

3, with peak effects seen at low concentrations (1-2 mg/
mL). CLH induced a moderate but consistent increase in
cell migration compared to untreated controls. Manuka
honey produced significantly higher migratory effects
at the same concentrations, reaching nearly a two-fold
increase relative to baseline, confirming its established pro-
regenerative activity. The greater effect of Manuka honey
on keratinocyte migration is consistent with previous in
vitro studies demonstrating that Manuka honey accelerates
wound closure and enhances keratinocyte motility by
modulating inflammatory mediators, oxidative stress, and
growth factor signaling.*** Ranzato et al.** demonstrated
that honey stimulates keratinocyte migration and induces
cytoskeletal reorganization, promoting re-epithelialization
independently of cell proliferation. These effects are
partly attributed to honey-derived phenolic compounds,
which regulate reactive oxygen species at non-toxic levels

conducive to cell signaling.®*

Citrus honey, while less potent than Manuka honey,
still significantly promoted migration at 2 mg/mL. This
effect is consistent with the presence of flavonoids and
phenolic compounds in citrus honey, which are known to
influence oxidative and inflammatory pathways involved
in keratinocyte migration.**”* Previous in vitro and in vivo
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Figure 2. Cell proliferation effects of citrus lemon honey (CLH) on HaCaT cells. HaCaT cells were treated with CLH at concentrations of 0, 1, 2, and 4 mg/
mL for 72 h. Data are presented as a percentage of the control, with the mean + standard deviation from three independent experiments.

Note: *p < 0.05 vs. the respective control (0 mg/mL).

studies have reported reduced levels of pro-inflammatory
cytokines following honey treatment.”*® At 4 mg/mL, a
reduction in migratory activity was observed for both
honeys. A similar biphasic response has been reported
previously, where higher honey concentrations impaired
cell migration, likely due to osmotic or metabolic stress.***

These results suggest that CLH has significant effects
on proliferative and migratory behavior in HaCaT
keratinocytes. The findings support the view that honey-
based therapies promote re-epithelialization by enhancing
keratinocyte proliferation and migration.® Further
mechanistic studies are warranted to elucidate the signaling
pathways involved and to validate these findings in in vivo
wound models.

3.5. Inhibition of nitric oxide production in
lipopolysaccharide-stimulated macrophages

The anti-inflammatory activity of CLH was assessed by
measuring NO production in LPS-stimulated THP-1-

derived macrophages. As shown in Figure 4, treatment
with LPS increased NO levels significantly to 440 + 40%
relative to the untreated control (100%). Treatment with
1-2 mg CLH/mL markedly reduced NO production to
110 + 15% of control levels. This suppression of NO is
strongly correlated with the honey’s TPC of 47.37 mg/g.
Polyphenols are known to interfere with key inflammatory
pathways by downregulating inducible NO synthase
(iNOS) expression and inhibiting the nuclear factor
(NF)-xB signaling cascade, which is essential for pro-
inflammatory gene transcription.**®*' Ellagic acid, for
example, has been shown to inhibit NO release and pro-
inflammatory cytokine production in LPS-stimulated
macrophages by targeting the NF-kB and mitogen-
activated protein kinase pathways.*>** Similarly, caffeic acid
and pinocembrin have been documented to reduce iNOS
expression and suppress oxidative burst in immune cells,
mitigating the inflammatory response.* Flavonols such as
kaempferol and quercetin also exhibit potent antioxidant
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Figure 3. Citrus lemon honey (CLH) promotes HaCaT cell migration. Wound closure (%) was measured at 48 h after treatment with 1, 2, 4 mg/mL honey,
normalized to untreated controls (100%). Data are shown as mean + standard deviation of three independent experiments.
Note: *p < 0.05 vs. the respective control (0 mg/mL).

Figure 4. Anti-inflammatory effect of citrus lemon honey (CLH) in lipopolysaccharide (LPS)-stimulated macrophages. CLH attenuates LPS-induced
inflammation in THP-1-derived macrophages. Cells were treated with LPS, with or without 1 or 2 mg/mL CLH for 72 h. Inflammatory response was
quantified and expressed as a percentage relative to the untreated control (set at 100%). Data represent the mean + standard deviation of three independent
experiments.

Note: *p < 0.05 vs. control. Abbreviation: NO: Nitric oxide.
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activity, scavenging reactive oxygen species and indirectly
inhibiting NO synthesis.*

Nitric oxide is a central mediator of the innate immune
response, produced by activated macrophages during the
inflammatory phase of wound healing. While NO plays
an essential role in host defense through antimicrobial
activity and signaling, its excessive production can lead to
prolonged inflammation, oxidative damage, and impaired
tissue repair.

In this context, CLH’s ability to markedly reduce NO
production suggests a modulatory, rather than purely
inhibitory, effect on macrophage activation. This controlled
regulation may help maintain the balance between eftective
immune defense and inflammation resolution, which is
critical for proper progression from the inflammatory to

the proliferative phase of wound healing.**

The observed inhibition of NO production in LPS-
stimulated macrophages can be attributed to the high
polyphenolic content of citrus honey. These findings
support its potential role as a natural therapeutic agent
for modulating macrophage-mediated inflammation
and promoting wound healing, consistent with previous
reports on honey-derived polyphenols.***

3.6. Antibacterial activity of citrus lemon honey

The antibacterial properties of CLH were assessed against
a panel of Gram-positive and Gram-negative bacterial
strains using MIC and MBC assays (Figure 5). Among
Gram-positive bacteria, Streptococcus pneumoniae
showed the highest sensitivity, with both MIC and MBC
values of 1.56% (w/w). Bacillus subtilis displayed moderate
sensitivity, with MIC and MBC values of 1.6% (w/w) and
3.2% (w/w), respectively. For Gram-negative bacteria,
Klebsiella quasipneumoniae was the most susceptible, with
both MIC and MBC values of 0.8% (w/w). Haemophilus
influenzae was comparatively less sensitive, showing
MIC and MBC values of 3.1% (w/w) and 6.2% (w/w),
respectively.

These findings confirm that CLH exhibits broad-
spectrum antibacterial activity, in agreement with earlier
studies demonstrating honey’s effectiveness against both
Gram-positive and Gram-negative pathogens, including
multidrug-resistant strains such as Staphylococcus aureus
and Pseudomonas aeruginosa. Importantly, several of these
microorganisms are commonly associated with wound
infections or secondary colonization, suggesting that CLH
may play a role in controlling microbial load within the
wound microenvironment.”®*!* The antimicrobial activity
of honey is attributed to multiple factors. These include
low pH, osmotic stress from high sugar content, hydrogen

peroxide (H,0,) production, and the presence of phenolics
and antimicrobial peptides. From a clinical perspective,
controlling bacterial growth in wounds is essential to
prevent biofilm formation, chronic inflammation, and
delayed healing. The observed MIC values (0.8-3.1%)
indicate that CLH exerts antibacterial activity at relatively
low concentrations, supporting its potential as a topical
antimicrobial agent for wound management. Furthermore,
the demonstrated activity against both Gram-positive and
Gram-negative bacteria suggests that CLH could provide
broad-spectrum antimicrobial coverage, particularly

valuable in polymicrobial wound infections.*¢*

The effectiveness of honey against multidrug-resistant
bacteria has been recorded in several studies.”®* Manuka
honey, for instance, was found to restore bacterial
susceptibility when combined with antibiotics, a tool that
could help reduce antibiotic resistance.**! This synergistic
property further underscores honey’s clinical potential
in treating infected wounds. It is worth noting that the
antimicrobial efficacy of honey varies depending on its
botanical source and its active compounds. For instance,
MEDIHONEY®, derived from Manuka honey, containshigh
levels of methylglyoxal (MGO), which is responsible for its
non-peroxide antibacterial action. In contrast, Revamil
honey relies on H,O, production and bee defensin-1,
demonstrating a peroxide-dependent mechanism.*
Interestingly, MGO can degrade key enzymatic proteins like
glucose oxidase and bee defensin-1, suggesting that both
mechanisms may not coexist effectively in the same honey
type.”*** In this context, the potent antibacterial activity
observed for CLH, particularly against B. subtilis and S.
pneumoniae, suggests the presence of active antimicrobial
compounds and possibly peroxide-dependent pathways,
as supported by the observed sensitivity of Gram-positive
strains. Further phytochemical characterization is needed
to elucidate the exact compounds responsible for this
activity and their stability under physiological conditions.

Overall, these findings reinforce the microbiological
relevance of CLH, highlighting its dual role in wound
healing: promoting tissue repair while simultaneously
limiting infection by wound-associated pathogens. The
interplay between antimicrobial activity and immune
regulation is a key determinant of wound healing outcomes.
Persistent microbial presence can prolong inflammation
and impair tissue repair, while excessive inflammation
can further damage tissue and delay regeneration. In this
context, the antibacterial activity of CLH may reduce
pathogen-associated stimuli, while its anti-inflammatory
and immunomodulatory effects may limit excessive host
responses. This coordinated action highlights the potential
of CLH to modulate host-microbe interactions, favoring
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Figure 5. Antibacterial activity of citrus lemon honey (CLH). Antibacterial activity of CLH against various bacterial strains (minimum inhibitory
concentration [MIC] and minimum bactericidal concentration [MBC] values in w/w%). The data presented are the mean of three independent experiments.

progression toward tissue repair rather than chronic
inflammation.

4, Conclusion

Citrus lemon honey represents a rich natural source of
bioactive compounds with antioxidant, anti-inflammatory,
antibacterial, and wound-healing-related properties. The
present study provides a comprehensive characterization
of CLH and demonstrates its biological activity in in vitro
models relevant to wound healing, rather than direct
therapeutic efficacy. Physicochemical analysis showed low
moisture content, an acidic pH, and elevated protein levels,
which collectively create an environment that supports the
stability and bioactivity of its active compounds.

Biological assays demonstrated that CLH exerts
potent antioxidant effects, reduces NO production in
LPS-stimulated macrophages, and promotes keratinocyte
proliferation and migration at appropriate concentrations.
Importantly, the observed broad-spectrum antibacterial
activity against both Gram-positive and Gram-negative
bacteria underscores its potential to control wound-
associated pathogens. This antimicrobial effect is

particularly relevant for preventing infection, reducing
microbial burden, and limiting complications such as
delayed healing and chronic wound formation. These
findings suggest, but do not confirm, that honey’s
polyphenolic compounds may contribute to cellular
protection against oxidative stress and to the modulation
of inflammatory pathways, thereby facilitating tissue
repair. In addition, broad-spectrum antibacterial activity
was observed against both Gram-positive and Gram-
negative strains, with the data suggesting that multiple
factors, including acidity, osmotic effects, enzymatic
hydrogen peroxide release, and phenolic compounds,
contribute to its activity. Although these interactions
are promising, further mechanistic studies are required
to confirm the exact pathways involved. The combined
antimicrobial and regenerative properties suggest that
CLH may serve as a multifunctional wound-care agent,
addressing both infection control and tissue repair—two
critical and interdependent aspects of wound healing.
The observed reduction in NO levels further supports
an immunomodulatory role, in which CLH may regulate
innate immune responses by controlling macrophage-
driven inflammation. This is particularly important in
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wound healing, where a balanced inflammatory response
is required to prevent chronic inflammation while still
enabling effective antimicrobial defense.

Importantly, the present study is limited by its reliance
on in vitro models, which do not fully recapitulate the
complexity of wound healing in vivo, including tissue
architecture, immune system interactions, and systemic
factors. Therefore, the observed effects should be
interpreted with caution when extrapolating to clinical
settings.

Based on our results, the findings support the biological
activity of CLH in vitro but do not constitute validation of
its traditional use or clinical efficacy in wound healing and
should be considered as preliminary evidence requiring
further investigation. Nevertheless, in vitro results represent
only an initial step, and translation to clinical application
will require in vivo animal models and controlled clinical
trials. Future studies should also investigate the molecular
targets of key polyphenols, the dose-dependent effects on
different skin cell populations, and potential synergistic
interactions with conventional wound-care treatments.
Further phytochemical characterization using advanced
chromatographic and spectroscopic techniques is required
to identify the specific compounds responsible for the
observed biological activities.

Opverall, the present findings suggest that CLH holds
promise as a natural adjunct for topical wound care, owing
to its combined antimicrobial, immunomodulatory, and
pro-regenerative properties. While these in vitro results are
encouraging, clinical translation requires further validation
in animal models and human studies to establish efficacy,
safety, and optimal application strategies.
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