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Abstract
Aim: The aim of this study is to investigate the dose-dependent effects of lactoferrin (LF) on glucose uptake, wound healing, and antioxidant enzyme activities 
in human colon carcinoma cells (Caco-2).
Materials and Methods: Caco-2 cells were treated with LF (0-250 μg/mL, 1:2 dilution), and its effects on cell viability using the MTT assay, glucose uptake using 
the 2-NBDG assay, wound healing using the scratch assay, and antioxidant enzyme activities by measuring superoxide dismutase (SOD), glutathione peroxidase 
(GPx), and glutathione-S-transferase (GST) activities were evaluated. 
Results: Lactoferrin showed a dose-dependent cytotoxic effect, with IC₅₀ values of 249.7 μg/mL (24h) and 74.91 μg/mL (48h). Glucose uptake was inhibited by 
14% and 8% at 62.5 μg/mL and 125 μg/mL LF, respectively (p < 0.001). Lactoferrin significantly accelerated wound healing, achieving 90% closure at 72 hours, 
with 62.5 μg/mL being the most effective dose. Antioxidant enzyme activity increased significantly, with SOD (155%), GPx (85%), and GST (53%) reaching peak 
levels at 125 μg/mL LF (p < 0.001).
Discussion: In conclusion, LF reduced glucose uptake, increased antioxidant enzyme activity, and accelerated wound healing in Caco-2 cells. These findings 
suggest that lactoferrin may have potential therapeutic applications in conditions related to oxidative stress, impaired glucose metabolism, and delayed wound 
healing, such as diabetes and chronic wounds. Further in vivo and human studies are needed to explore its clinical relevance

Keywords
lactoferrin, glucose transport, antioxidant enzyme levels, Caco2



Lactoferrin in antioxidant activity, glucose uptake, wound healing

Annals of Clinical and Analytical Medicine | 814

Introduction
Lactoferrin (LF), a bioactive peptide in the whey protein family, 
consists of a single peptide chain (692 amino acids, 80 kDa) [1]. 
It is a glycoprotein found in breast milk and bodily fluids, known 
for its antioxidant, anti-inflammatory, and anticancer properties 
[2]. LF plays a crucial role in iron metabolism regulation and 
helps prevent oxidative stress, which is implicated in the 
progression of chronic diseases [3].
The antioxidant activity of lactoferrin is mainly attributed to 
its ability to regulate iron metabolism and mitigate oxidative 
damage [1,2]. This protective effect can be assessed by a 
number of methods, including chemical assays that evaluate 
radical scavenging capacity and cellular or animal models 
that examine responses to oxidative stress under controlled 
conditions [4, 5]. Due to its high iron binding affinity, LF exhibits 
iron chelation-based antioxidant activity, effectively reducing 
free iron ions even in low pH environments [4]. In addition, 
LF facilitates iron transport, which plays an important role in 
cellular iron homeostasis [6]. Experimental studies have shown 
that LF protects against oxidative stress induced by H₂O₂ and 
acrylamide in HUVEC and HepG2 cells at concentrations ranging 
from 25 to 100 μg/mL [7,8]. Another widely used approach to 
assess antioxidant activity is to evaluate the effects of natural 
compounds on antioxidant defence mechanisms, such as 
enzymes and biomolecules, under cell-free or cellular in vitro 
conditions [9].
LF acts as an antioxidant by neutralizing free radicals and 
maintaining cellular integrity. It enhances antioxidant enzymes, 
including superoxide dismutase (SOD), glutathione peroxidase 
(GPx), and glutathione-S-transferase (GST), which are essential 
in cellular defense. SOD catalyzes the conversion of superoxide 
anion (O₂⁻) into H₂O₂ and O₂, while GPX, GST, and catalase 
(CAT) prevent metal-catalyzed oxidative reactions [3]. However, 
antioxidant defense is highly complex, and under certain 
conditions, antioxidants may exhibit prooxidant behavior [9]. 
There are limited studies on how LF affects glucose uptake, 
wound healing, and antioxidant enzyme activities. Therefore, 
the aim of this study is to determine the dose-dependent 
effects of LF on glucose uptake, wound healing and antioxidant 
enzyme activities in the Caco2 cells.

Materials and Methods
Cell Culture and Maintenance
The Caco2 cells were obtained from the Şap Enstitüsü (Turkey, 
Cell Reg. No: 98052301) and maintained in DMEM (Sigma 
D6429) supplemented with 10% FBS, 2 mM L-glutamine, and 
100 μg/mL penicillin/streptomycin under aseptic conditions. The 
cells were seeded at a density of 105 cells/cm² and incubated 
at 37°C with 5% CO2. 
Cell Viability
The 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 
Bromide(MTT) assay was used to assess Caco2 cell viability 
and determine the IC₅₀ value. Caco2 cells (1.5×10⁴/well) were 
seeded in a 96-well plate. Lactoferrin (1 mg/mL, SigmaL1294) 
was prepared in PBS, filter-sterilized (0.22μm), and serially 
diluted (1:2) to obtain six concentrations (0-500μg/mL). Cells 
were incubated with LF for 24 and 48 hours, with each dose 
tested in triplicate. After incubation, the medium was removed, 

wells were washed with PBS, and MTT solution (Sigma-
Aldrich475989) was added. Formazan crystals were dissolved 
in DMSO after 4 hours, and absorbance was measured at 570 
nm using a microplate reader (Spectramax M2).
Cell homogenate Preparation
Cell homogenates were prepared from PBS-washed cell 
pellets. Briefly, cells were detached using trypsin, washed three 
times with ice-cold PBS, and pelleted at 2000 rpm for 5 min. 
The pellet was resuspended in ice-cold modified RIPA buffer 
(100μL/10⁶cells), mixed vigorously, and incubated on ice for 30 
min. The suspension was then sonicated on ice (2-min, 180W) 
in 10s on/off cycles. After centrifugation (9500rpm, 20-min, 
4°C), the supernatant (cell homogenate) was transferred to 
microfuge tubes and stored at -80°C until analysis.
Determination of Protein Concentration
The modified Lowry method was used to determine the 
cytosolic protein concentration of cell homogenates with Bovine 
Serum Albumin (BSA) as standard, as previously described 
in the literature [10]. Briefly, 0.1 mL of each standard, cell 
homogenate, or buffer was mixed with 2.5 mL Lowry reagent 
in separate tubes and incubated for 10 min at 25°C. After 
adding 0.25 mL Folin reagent, tubes were incubated for 30 min 
at 25°C. Absorbance was measured at 700 nm using a UV/VIS 
spectrophotometer (PG Instruments, T80).
Determination of Antioxidant Enzyme Levels
The activities of antioxidant enzymes were done using optimized 
methods as reported previously [11]. In these assays, Caco-
2 cell homogenates from treated cells were used as enzyme 
sources to evaluate the dose-dependent effects of LF (0-250 
μg/mL) on antioxidant enzyme activities. GST activity was 
measured at 340 nm by assessing the conjugation of GSH and 
CDNB in 100 mM potassium phosphate buffer containing 2.4 
mM CDNB and 3.2 mM GSH. Absorbance was recorded every 20 
seconds for 5 minutes using a microplate reader. GPX activity 
was determined at 340 nm based on NADPH oxidation in a 50 
mM Tris-HCl buffer (pH 8) with 2 mM GSH, 0.25 mM NADPH, 
0.5 U/mL GSH-Reductase, and 0.3 mM tBuOOH. SOD activity 
was evaluated using the xanthine/xanthine oxidase system. The 
assay was performed in 200 mM sodium carbonate buffer with 
0.2 mM xanthine, 0.05 U/mL XOD, 0.3 mM NBT, and 0.5 mM 
EDTA, with absorbance measured at 550 nm.
Determination of Wound Healing
Caco-2 cells were seeded in 6-well plates (5×10⁵ cells/well), 
and scratch wounds were created using a sterile micropipette 
tip. Dead cells were removed by PBS washing, followed by 
treatment with DMEM containing LF (0-250 μg/mL, 1:2 diluted, 
5 doses). Wound healing was monitored by photographing the 
same marked area at 24, 48, 72, and 96 hours. Wound areas 
were analyzed using Fiji software [12], and cell migration rates 
were calculated by comparing initial (0-hour) and subsequent 
wound areas in each group [13].
Determination of Glucose Uptake 
The glucose uptake assay (Cayman 600470) was performed 
following the manufacturer’s instructions. 1.5×10⁵ cells/well 
were seeded in a 96-well plate and incubated overnight. The 
next day, cells were treated with five LF doses in glucose-
free medium. To assess time-dependent glucose transport, 
cells were incubated with fluorescently labeled 2-NBDG for 30 
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min, as optimized per protocol. After incubation, plates were 
centrifuged (400 × g, 5 min, RT), supernatant was aspirated, and 
cells were washed twice with the provided buffer. Absorbance 
was measured at 485/535 nm using a multi-well microplate 
reader (Spectramax M2).
Statistical Analyses
Statistical analyses were conducted using GraphPad Prism. Data 
normality was assessed via histograms and skewness-kurtosis 
values. For dose-dependent effects, simple linear regression 
was used, while differences across LF doses were analyzed with 
one-way ANOVA followed by Bonferroni correction. A p-value ≤ 
0.05 was considered statistically significant.
Ethical Approval
This study involved only in vitro experiments using Caco-2 cell 
cultures and did not include any human or animal subjects. 
Therefore, ethical approval was not required.

Results
The results of the MTT analysis, along with the percentage of 
cell viability at various LF doses, are provided in Figure 1 and 
Table S1. Accordingly, the IC50 value for the Caco2 cell line 
after 24 hours of incubation with LF was found to be 249.7 
μg/mL (95% confidence interval (CI) 227.8-275.5 μg/mL, 
R2=0.9952). After 48 hours of incubation with LF, the IC50 value 
was determined to be 74.91 μg/mL (95% CI 56.50-98.04 μg/
mL, R2=0.9921). 
The dose-dependent activity of antioxidant enzymes in Caco2 
cells after LF treatment is shown in Figure 2 and Table S2. LF 
treatment increased GST, GPx, and SOD activities in Caco-
2 cells in a dose-dependent manner. GST activity showed 
the highest increase at 125 μg/mL (53%, p<0.001), followed 
by 250 μg/mL (50%, p<0.001), while lower doses resulted in 
increases of ≤12% (p<0.05)(Figure 2a-2b). GPx activity was also 
significantly increased at all doses (p < 0.001), with 125 μg/
mL LF yielding the highest increase (85%, p<0.001), followed 
by 62.5 μg/mL and 250 μg/mL (40%, p < 0.05) and 31.25 μg/
mL (13%, p<0.05) (Figure 2c-2d). SOD activity peaked at 125 
μg/mL (155% increase, p<0.001), with lower increases at 62.5 
μg/mL (77%, p<0.001), 31.25 μg/mL (39%, p<0.05), and 250 
μg/mL (34%, p<0.05). These results show that LF modulates 

Figure 1. Effect of lactoferrin (LF) on Caco-2 cell viability. 
Cells were treated with increasing concentrations of LF (0–500 
µg/mL) for 24 and 48 hours. Results are presented as optical 
density (OD) values at 570 nm

Figure 2. The dose-dependent effect of lactoferrin (LF) on 
antioxidant enzyme activities in Caco-2 cells. 
(a, b) GST enzyme activity: Cells were treated with increasing 
concentrations of LF (0–250 µg/mL), and GST activity was 
measured as % activation. (c, d) GPx enzyme activity: LF 
treatment enhanced GPx activity in a dose-dependent manner. 
(e, f) SOD enzyme activity: SOD activity peaked at 125 µg/mL 
LF treatment and decreased at the highest dose (250 µg/mL). 
Bar graphs (a, c, e) represent the mean ± standard deviation 
(SD) of triplicate experiments, with statistical significance 
indicated (*p < 0.05, **p < 0.01, compared to control). Line 
graphs (b, d, f) illustrate trends in enzyme activity as a function 
of LF concentration

Figure 3. The effect of lactoferrin (LF) on glucose transport 
and wound healing in Caco-2 cells (a) Glucose uptake: Cells 
were treated with increasing concentrations of LF (0–250 µg/
mL), and glucose transport was measured as % relative to the 
control. LF treatment at 62.5 µg/mL significantly increased 
glucose transport compared to the control (*p < 0.05, **p < 0.01). 
No further increase was observed at higher concentrations. (b) 
Wound healing: The effect of LF on wound closure over time 
(24–96 h) was assessed. The percentage of wound closure 
increased in a dose- and time-dependent manner, with the 
highest healing rate observed at 250 µg/mL.
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antioxidant enzyme activity in a dose-dependent manner 
(Figure 2e-2f).
LF treatment reduced glucose uptake in Caco-2 cells in a dose-
dependent manner (p<0.001, R²=0.1664), as shown in Figure 
3a. At 62.5 μg/mL and 125 μg/mL, glucose transport decreased 
by 14% and 8%, respectively (p<0.001). At 250 μg/mL and 
31.25 μg/mL, inhibition was 5% and 6%, respectively (p<0.05).
The wound healing process, evaluated over 24-hour intervals, 
accelerated at all LF doses compared to the control (Figure 3b, 
Figure S1). Healing reached 90% at the maximum incubation 
period, with a significant dose-dependent effect emerging at 
48 hours (p<0.05). The cut-off value for dose-dependent healing 
was identified as 62.5 μg/mL at 72 hours. Since 48 hours 
marked the earliest significant difference in wound healing, 
cellular enzyme activities were also evaluated at the same time.

Discussion
In this study, LF treatment in Caco-2 cells was found to induce a 
dose-dependent reduction in glucose uptake, increase selected 
antioxidant enzyme activities, and accelerate wound healing. A 
dose-dependent cytotoxic effect on different cell lines has been 
observed for LF from different sources, with variations in IC50 
values depending on the source, cell type, and incubation time. 
In addition, studies have demonstrated that LF reduces cell 
viability in a time- and dose-dependent manner across multiple 
cell lines [14,15]. In this study, LF exhibited a cytotoxic effect 
on Caco-2 cells, with IC50 values of 249.7 μg/mL at 24 hours 
and 74.91 μg/mL at 48 hours, confirming its time- and dose-
dependent impact on cell viability. 
Wound healing is a complex process involving hemostasis/
inflammation, proliferation, and remodeling stages, and LF has 
been investigated for its potential to accelerate this process 
[16]. In this study, LF was found to promote wound healing 
in a dose-dependent manner, likely through mechanisms 
such as reducing inflammation, enhancing cell migration, and 
increasing tissue matrix synthesis [17]. Additionally, in a human 
gingival fibroblast (hGF) cell line, treatment with 300 μg/mL LF 
increased ERK1/2 phosphorylation, supporting cell proliferation 
and wound healing [18]. These results suggest that LF may play 
a role in facilitating wound repair; however, further research is 
required to elucidate its precise mechanisms.
The research on the effects of LF on glucose homeostasis is 
limited, indicating the importance of further investigation in 
this area. This study found that LF reduced glucose transport 
in Caco-2 cells in a dose-dependent manner. Previous studies 
have examined LF’s role in glucose metabolism both in vivo 
and in vitro [19,20]. In particular, LF derived from cow’s milk 
has been shown to enhance glucose absorption in the small 
intestine and improve glucose regulation in animal models 
[19]. In a streptozotocin-induced diabetic mouse model, LF 
supplementation (0.5% and 2% for 12 weeks) lowered fasting 
insulin, cholesterol, and triglycerides, while increasing hepatic 
insulin sensitivity and upregulating insulin signaling proteins 
[20]. Although these findings indicate a potential role for LF 
in glucose regulation, further research is necessary to clarify 
its effects on glucose transport in intestinal cells. Lactoferrin 
has been suggested to influence glucose transporter (GLUT) 
expression, particularly GLUT2, which plays a key role in 

intestinal glucose absorption [19]. Additionally, its interaction 
with insulin signaling pathways, including Akt and AMPK 
phosphorylation, may contribute to glucose homeostasis [20]. 
Given its antioxidant and anti-inflammatory properties, LF 
might also modulate glucose metabolism indirectly by reducing 
oxidative stress, a known factor in insulin resistance [2]. The 
present study shows that LF inhibits glucose uptake and 
suggests that further mechanistic investigations are needed to 
understand this process.
The effect of LF on antioxidant enzyme activities were reported 
previously in both in vitro and in vivo studies. In a study, mice 
were induced with liver damage using carbon tetrachloride 
(CCl4), and it was reported that oral supplementation of LF at 
300 mg/body weight for three weeks significantly increased the 
activities of SOD and GPx enzymes while reducing the high MDA 
levels induced by CCl4 [21]. Similarly, in another study with mice 
where liver cancer was induced with diethylnitrosamine(DEN), 
the supplementation with 60 mg/kg of LF was shown to prevent 
the decrease in activities of SOD, GPx, and CAT in the liver, and 
significantly increased glutathione levels [22]. In vitro studies 
have also demonstrated the protective effects of LF against 
oxidative damage [7,23]. Additionally, the study conducted on 
the human gingival fibroblast cell line (hGF) revealed that 1000 
μg/mL of LF is protective against oxidative damage induced by 
H₂O2, displaying a radical scavenging effect on the H₂O2 radical 
in vitro, additionally enhanced the gene expression of GPx, thus 
preventing lipid peroxidation [23]. In a recent in vitro study, 
LF was found to exert a protective effect against oxidative 
damage caused by acrylamide in a liver cancer cell line (HepG2). 
Upon the addition of acrylamide, there was an increase in 
malondialdehyde and a decrease in levels of SOD, catalase, 
and glutathione reductase in the HepG2 cells. However, with 
the addition of 50 and 100 μM LF, there was a significant 
increase in the levels of these antioxidant enzymes [7]. These 
studies indicate that LF can reduce oxidative stress by multiple 
mechanisms. Firstly, it exerts radical scavenging activity, 
effectively neutralizing reactive oxygen species, including free 
radicals. These radicals have the potential to induce oxidative 
stress by exerted damage on cellular DNA and proteins. Through 
inactivation of these detrimental molecules, LF plays a crucial 
role in cellular and host defense. Moreover, LF performs iron 
chelation, a crucial process due to iron’s role in catalyzing free 
radical production. Through iron sequestration, LF substantially 
reduces these reactive processes, effectively reducing oxidative 
damage. This study shows that LF increases the activities of 
SOD, GST, and GPx, the antioxidant defense system enzymes, 
in Caco2 cells. At 125 μg/mL of LF is shown to increase the 
activities of SOD, GST, and GPx enzymes by 2.55-fold, 1.53-
fold, and 1.85-fold, respectively. LF also significantly increased 
enzyme activities at other doses compared to the control group. 
Also results showed that at the enzyme saturating dose is 250 
μg/mL for SOD, and GPx but not for GST due to the enzyme’s 
high capacity.
Limitations
This study provides novel insights into the dose-dependent 
effects of LF on glucose uptake, wound healing, and 
antioxidant enzyme activities in Caco-2 cells. However, it has 
some limitations. While the Caco-2 cell model is widely used 
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for studying intestinal absorption and metabolism, it does not 
fully replicate in vivo physiological conditions, requiring further 
validation in animal models or human studies. Additionally, 
this study focused on enzymatic activity rather than protein 
expression levels, limiting the mechanistic understanding of 
LF’s antioxidant effects. Future research should incorporate 
molecular analyses, transporter-specific glucose uptake assays, 
and in vivo models to establish the biological relevance of these 
results.
Conclusion
In conclusion, this study shows that LF has dose-dependent 
effects on glucose transport, antioxidant enzyme activities, 
and wound healing in Caco-2 cells. LF was found to reduce 
glucose uptake, increase SOD, GST, and GPx activity, and 
accelerate wound healing, likely through mechanisms involving 
cell migration, inflammation modulation, and tissue matrix 
synthesis. The enhancement of antioxidant defenses and 
wound healing suggests its relevance in conditions such as 
chronic ulcers, pressure sores, and diabetic wounds, where 
oxidative stress and impaired tissue repair play a crucial role. 
Additionally, given that LF modulates glucose transport, it could 
be further investigated in metabolic diseases, including insulin 
resistance and type 2 diabetes. However, additional mechanistic 
and clinical studies are required to determine its precise role in 
human health and disease treatment.
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