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Abstract: Ischemia-reperfusion injury is a well-recognized challenge in reconstructive flap surgery,
often leading to partial or total tissue necrosis. In this experimental study, we aimed to evaluate the
protective effects of lutein—a non-provitamin A carotenoid known for its antioxidant and anti-
inflammatory actions —against ischemia-reperfusion -induced damage in a rat epigastric flap model.
Sixteen Sprague-Dawley rats were randomized to receive either intraperitoneal lutein (0.5 mg/kg) or
saline prior to inducing 10 hours of ischemia. Flap viability was assessed macroscopically on
postoperative day 10, and biochemical and histopathological analyses were conducted to explore
underlying mechanisms. Compared to controls, lutein-treated animals demonstrated significantly
larger flap survival areas (21.18 + 0.88 cm? vs. 8.42 + 1.15 cm?, p < 0.05), lower malondialdehyde and
myeloperoxidase levels, and higher glutathione and nitric oxide concentrations, suggesting reduced
oxidative stress and improved vascular function. Histological examination revealed less necrosis,
edema, and neutrophil infiltration in the lutein group, alongside enhanced fibroblast activity,
collagen deposition, and neovascularization. We also observed increased epidermal thickness and a
notable rise in lymphocyte infiltration, indicating possible modulation of the adaptive immune
response during repair. Taken together, our findings suggest that lutein exerts a multifaceted
protective effect on ischemic flap tissue and may serve as a useful adjunct in reconstructive surgery,
particularly in settings with high risk of ischemia-reperfusion injury. Given its favorable safety profile
and accessibility, lutein merits further investigation in clinical studies involving human tissue
transfer procedures.

Keywords: Lutein; Ischemia-Reperfusion Injury; Flap Surgery; Antioxidant Therapy; Tissue
Regeneration

1. Introduction

Ischemia-reperfusion injury can develop following the restoration of blood flow to tissues
subjected to prolonged ischemia and may critically influence the outcome of free tissue transfers,
composite tissue allotransplantations, and replantations.! Ischemia and subsequent reperfusion
trigger oxidative stress, causing cellular damage and toxic metabolite accumulation.? In an excessive
oxidative environment, ROS act as signaling molecules that drive inflammation.The infiltration of
inflammatory cells and the subsequent release of cytokines further contribute to the pathophysiology
of ischemia-reperfusion injury.? Ischemia-reperfusion (I-R) injury is a major limitation in flap surgery,
microvascular free tissue transfers, and composite tissue allotransplantation, despite the high success
rates (90-95%) of modern reconstructive techniques. Reperfusion triggers a surge in ROS and
inflammatory cytokines, worsening cellular damage, apoptosis, and vascular dysfunction.* Several
treatment methods and drug preparations have shown promising results in reducing I-R injury, but
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there is no commonly accepted treatment protocol due to the limitations in their use and the
occurrence of systemic or local side effects.>$

Lutein, a carotenoid produced by plants, bacteria, and algae, is not synthesized by the human
body.® This tetraterpenoid compound is abundantly found in green leafy vegetables, eggs, and
various fruits.’® Due to its hydroxyl functional group, lutein interacts with free radicals, exhibiting
strong antioxidant properties ' Numerous studies have demonstrated its potential to mitigate
oxidative stress.!?'* Additionally, lutein has been reported to exert anti-inflammatory effects and
lipopolysaccharide (LPS)-induced macrophage inflammation.'>” Lutein has been shown to exert
cytoprotective effects via modulation of key redox-sensitive signaling pathways, such as the
activation of the Nrf2/HO-1 axis and inhibition of NF-kB, which are central to antioxidant and anti-
inflammatory responses in ischemic tissues. 16 Recent findings further suggest that lutein may confer
protective effects against ischemic injury in both the small intestine '8 and the kidneys.’ However,
despite its well-documented antioxidant and anti-inflammatory properties, no studies in the
literature have investigated the effects of lutein on ischemia-reperfusion injury in flap tissue. Despite
promising results, current pharmacological strategies for I-R injury in plastic surgery lack
standardization due to systemic side effects and variable efficacy. Natural antioxidants have been
explored as potential therapeutic agents. Lutein, a non-provitamin A carotenoid, has demonstrated
potent antioxidant and anti-inflammatory properties in various ischemic models but has never been
evaluated in the context of reconstructive flap surgery.

Therefore, this study aims to investigate the effects of lutein on ischemia-reperfusion injury in a
rat epigastric flap model, focusing on oxidative stress, inflammation, and tissue regeneration.

2. Materials and Methods

The sample size was determined by the biostatistics department to ensure statistical significance
while minimizing the number of animal groups required. This study included sixteen male Sprague-
Dawley rats, each weighing between 250 and 290 g. All experimental procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) of Gaziosmanpasa University (Ethical
Approval No: 51879863-58/2024) and conducted in accordance with the National Institutes of Health
(NIH) guidelines for the care and use of laboratory animals.

3. Experimental Protocol

3.1. Characteristics of the Experimental Protocol

Sixteen male Sprague-Dawley rats (250-290 g) were randomly divided into two groups (n=8
each):

e  Lutein Group (LUT): Received 0.5 mg/kg intraperitoneal lutein (Sigma-Aldrich, USA) 60
minutes before ischemia.

e  Sham Group: Received an equal volume of saline.

e A6 x4 cm?epigastricisland flap was elevated, and ischemia was induced for 10 hours using
an Acland V2 microvascular clamp

e  Oxidative stress markers: MDA, GSH, NO, MPO analyzed spectrophotometrically at 24
hours post-reperfusion)

e  Flap Survival: Measured 10 days post-surgery using Image] software by calculating viable
flap area after excluding necrotic regions.

e Histopathological parameters: Tissue damage and regeneration were assessed 10 days
postoperatively.

3.2. Surgical Procedures

All surgical procedures were performed by the same surgeon (OA) for consistency. Anesthesia
and analgesia were induced with intramuscular xylazine (15 mg/kg) and ketamine (50 mg/kg). The
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rats' abdominal and inguinal areas were shaved and disinfected with cetrimide and chlorhexidine
gluconate. The animals were positioned supine on the operating table. A 6 x 4 cm? epigastric flap was
marked following previous methods.?2 In the Lutein (LUT) group, 0.5 mg/kg lutein was
administered intraperitoneally 60 minutes before flap elevation. The flap was raised, including the
subcutaneous tissue and superficial fascia, and the epigastric artery and vein were dissected and
isolated. Ischemia was induced by applying an Acland V2 micro clamp to the vascular pedicle for 10
hours. (Figure 1) Afterward, circulation was restored, confirmed by peristalsis, temperature increase,
and color change. The flap was repositioned and sutured using 4-0 polypropylene sutures. In the
Sham group, an equivalent saline volume (0.5 mL) was administered, and the flap was elevated
similarly, with no further intervention.

Figure 1. The epigastric artery and vein were isolated, and ischemia was induced by applying an Acland V2

micro clamp to the vascular pedicle for 10 hours.

Tissue samples (1x1 cm?) were collected from the same regions of all animals 24 hours after
reperfusion for biochemical analysis. On day 10, animals were euthanized, and 1x1 cm samples were
collected for histopathological analysis. Epidermal thickness was measured from five consistent
points on all flaps.

3.3. Macroscopic Measurement of the Surviving Flap Area

Ten days postoperatively, photographs of the flaps were captured using a Canon EOS R5 camera
positioned at a fixed distance of 25 cm. The viable flap area was then analyzed using the Image]J
software (National Institutes of Health, USA). The total flap area was determined, and the necrotic
portion was subtracted to calculate the surviving region.?! (Figure 2)

Figure 2. Macroscopic analysis of flap survival. a) Sham group, b) Lutein group. The surviving flap area was

determined by Image] software, marking the viable area after measurement of the total flap area.
3.4. Biochemical and Histopathological Evaluation

3.4.1. Measurement of Tissue Lipid Peroxidation (MDA)

Lipid peroxidation in tissue samples (~100 mg) was assessed by quantifying malondialdehyde
(MDA) levels, which serve as indicators of thiobarbituric acid reactive substances (TBARS).2 Tissue
samples were treated with trichloroacetic acid and TBARS reagent, mixed, and incubated at 100 °C
for 60 minutes. After cooling and centrifugation, absorbance at 535 nm was measured. MDA
concentrations were determined using a standard curve and expressed as nmol/g protein.

3.4.2. Measurement of Tissue Protein Levels

The total protein content in tissue samples was quantified using the Bradford assay, with bovine
serum albumin (BSA) serving as the reference standard. This colorimetric method relies on the
binding of Coomassie Brilliant Blue dye to proteins, resulting in a measurable absorbance shift. The
protein concentration was determined by comparing sample absorbance values to a standard
calibration curve generated with known BSA concentrations.

3.4.3. Measurement of Tissue Glutathione (GSH) Levels

The glutathione (GSH) concentration in tissue samples (~100 mg) was determined
spectrophotometrically using Ellman’s assay. This method is based on the reaction between thiol
groups and 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), resulting in the formation of a yellow-
colored anion with a peak absorbance at 412 nm. The GSH levels were quantified by referencing a
standard calibration curve and expressed as nmol/mg protein.?®

3.4.4. Nitric Oxide Quantification in Tissue
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Nitric oxide (NO) levels in tissue samples were assessed using a colorimetric assay based on the
Griess reaction. Approximately 100 mg of tissue was collected from the distal region of the muscle
and skin paddle 24 hours postoperatively. The assay was performed using a commercially available
Nitric Oxide Assay Kit (Abcam), and absorbance was measured spectrophotometrically at 540 nm.
NO concentrations were quantified against a standard curve and expressed as micromoles per
milligram of tissue.?!.2

3.4.5. Assessment of Myeloperoxidase (MPO) Activity

Tissue myeloperoxidase (MPO) activity was evaluated using a modified protocol based on the
method described by Hillegas et al. %#Tissue samples were homogenized in 50 mM potassium
phosphate buffer and centrifuged. The pellet was resuspended in buffer with HTAB, followed by
freeze-thaw cycles and sonication. After centrifugation, the supernatant was mixed with a reaction
solution, and MPO activity was measured by absorbance change at 460 nm, expressed as U/g tissue.

3.4.6. Peripheral Neutrophil Count Analysis

Peripheral blood samples were collected 24 hours post-procedure for neutrophil assessment
using Wright-Giemsa staining. Neutrophil counts were manually determined in five randomly
selected high-power fields (200x magnification) per slide. The final circulating neutrophil count was
calculated by multiplying the average neutrophil count per field by 1000, providing a standardized
estimate of systemic neutrophil levels.”!

3.4.7. Histopathological Evaluation

A full-thickness tissue sample, encompassing both viable and necrotic regions, was harvested
from the flaps for histopathological evaluation (with all samples procured from a consistent
anatomical site). After fixation in 10% buffered formalin for 24 hours, the specimens underwent
standard paraffin embedding, and sections approximately 5 pm thick were obtained using a Leica
RM2145 microtome (Germany). These sections were subsequently stained with hematoxylin and
eosin as well as Mallory Azan. Evaluation of the stained sections was performed under a light
microscope (Olympus BX-51 equipped with an Olympus C-5050 digital camera) to assess necrosis,
edema, polymorphonuclear leukocyte (PMNL) infiltration, and vascularization, utilizing a modified
Verhofstad scoring system (see Table 1).2021.2227 Additionally, Mallory Azan and Hematoxylin and
Eosin-stained sections were analyzed using Image-Pro Express software (Version 6.0, Media
Cybernetics, USA) to measure epidermal thickness, with all assessments performed by a blinded
histopathologist, and the averages were calculated.?

For iNOS expression analysis, paraffin sections were deparaffinized in xylene and treated with
3% hydrogen peroxide. Antigen retrieval was performed using heat-induced epitope retrieval in
sodium citrate buffer. Sections were incubated with a primary anti-iNOS antibody at 4°C for 24 hours,
followed by detection using a secondary antibody and 3,3'-diaminobenzidine. Immunoreactivity was
evaluated at 10x and 40x magnifications with an Olympus BX-51 microscope. (Figures 3 & 4)

Figure 3. Histopathological examination of the two groups. a. Sham group histopathological view, hematoxylin
and eosin (HE) staining, original magnification x 20 (black arrow: discolored collagen bundles; blue arrow:
epidermal structure; *polymorphonuclear leukocyte [PMNL] infiltration). b. Sham group histopathological
view, Mallory Azan (MA) staining, original magnification x 20 (black arrow: discolored collagen bundles; blue
arrow: epidermal structure). c. Sham group anti-inducible nitric oxide synthase (iNOS) staining, original
magnification x 40 (red arrow: anti-iNOS [+] endothelial cell). d. Lutein group histopathological view, H&E
staining, original magnification x 20 (black arrow: significant difference in collagen structure compared to the
Lutein group; blue arrow: epidermal structure; Hf significantly different in hair follicle degeneration compared
to the Lutein group). e. Lutein group histopathological view, MA staining, original magnification x 20 (black

arrow: significant difference in collagen structure compared to the Lutein group; blue arrow: epidermal
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structure; Hf significantly different in hair follicle degeneration compared to the Lutein group). f. Lutein group

anti-iNOS staining, original magnification x 40 (red arrow: anti-iNOS [+] endothelial cell).

Figure 4. Example of epidermal thickness measurements performed using Image-Pro Express software. a) Sham

group, b) Lutein group. Five measurements of epidermal thickness were taken for each section.

Statistical Analysis

Statistical analysis was performed using SPSS (Version 21.0, IBM Corp., USA). Data normality
was assessed using the Kolmogorov-Smirnov test. Parametric data were analyzed using the
independent t-test, while non-parametric data were analyzed using the Mann-Whitney U test. A p-
value < 0.05 was considered statistically significant.

4. Results

Throughout the study, no mortality or complications were observed in the rats.

4.1. Flap Survival Area

Lutein significantly improved flap survival area compared to the Sham group (21.18 + 0.88 cm?
vs. 8.42 £ 1.15 cm?, p < 0.05).(Table 2)

4.2. Biochemical Assessments

Lutein administration significantly reduced MDA (58.1 + 8.6 vs. 132.4 + 15.3 nmol/g, p < 0.01)
and MPO activity (12.7 + 2.3 vs. 29.1 £ 4.5 U/g, p < 0.05), indicating decreased oxidative stress and
inflammation. Elevated GSH levels (3.1 = 0.4 vs. 1.3 = 0.6 nmol/g, p < 0.05) reflected enhanced
antioxidant defense, while increased NO levels (53.3 + 6.1 vs. 17.8 £ 2.5 uM/mg, p < 0.01) suggested
improved endothelial function. A significant reduction in neutrophil count (15,200 + 2,760 vs. 25,300
+ 1,440 cells/uL, p < 0.05) further supported the anti-inflammatory effects of lutein.(Table 3)

4.3. Histopathological Evaluation

Histopathological evaluation was performed on tissue samples from 16 subjects (n=8 per group,
Sham and Lutein), assessing necrosis, oedema, PMNL and lymphocyte infiltration, collagen density,
fibroblast proliferation, and vascular density. Scoring was conducted by a blinded histopathologist
using a 0-3 scale. The Lutein group showed significantly lower scores for necrosis (0.12 +0.35 vs. 2.87
+0.35), oedema (0.25 = 0.46 vs. 2.87 +0.35), and PMNL infiltration (0.75+ 0.66 vs. 3.00 + 0.00) compared
to the Sham group (all p < 0.01), indicating reduced tissue damage and acute inflammation.
Lymphocyte infiltration was higher in the Lutein group (1.87 £ 0.78 vs. 1.12 + 0.59, p < 0.05), possibly
reflecting an adaptive immune response.Tissue repair parameters were also significantly enhanced
in the Lutein group, with increased collagen density (2.62 + 0.48 vs. 0.50 = 0.53), fibroblast
proliferation (2.50 + 0.53 vs. 0.37 + 0.51), and vascular density (2.50 + 0.75 vs. 0.25 + 0.46; all p < 0.05),
indicating improved regeneration and angiogenesis.(Table 4) Additionally, dermo-epidermal
thickness was significantly greater in the Lutein group (54.31 + 14.36 um) than in the Sham group
(13.04 £ 3.75 um, p < 0.01), based on five measurements per section using both Mallory Azan and
H&E staining. These findings support the protective and reparative effects of lutein treatment.(Table
5).

5. Discussion

Reconstructive surgery following trauma or cancer is essential for patient recovery and quality
of life. However, flap necrosis remains a major complication, primarily due to impaired blood flow
(arterial insufficiency or venous congestion) and reperfusion injury.? Ischemia-reperfusion injury
involves acute apoptosis, primarily triggered by leukocyte—endothelial interactions, ROS generation,
and impaired microvascular perfusion.?” Neutrophils play a key role by producing ROS, releasing
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proteolytic enzymes, and promoting pro-inflammatory cytokines, leading to endothelial dysfunction
and capillary blockage.?? Natural antioxidants help counteract oxidative stress by neutralizing free
radicals and reducing tissue damage.’*?! Consequently, therapeutic strategies targeting ischemia-
reperfusion injury have increasingly focused on the use of antioxidants, anticoagulants, anti-
inflammatory agents, and anti-apoptotic compounds to mitigate tissue damage and improve clinical
outcomes .3233

Lutein (C«Hs602), a carotenoid classified within the xanthophyll group, is naturally abundant in
various dietary sources, particularly dark green leafy vegetables and certain fruits..!® Extensive
research has demonstrated that lutein exerts its biological effects primarily through its potent
antioxidant activity, effectively reducing oxidative stress responses. Beyond its antioxidative
properties, lutein has been reported to exhibit pharmacological activities, including anti-
inflammatory and anticancer effects. 1213151618 Numerous studies have demonstrated that lutein
enhances endogenous antioxidant capacity across various tissues while simultaneously reducing
lipid peroxidation 91314151934 In our study, animals in the treatment group receiving lutein were
subjected to ischemia/reperfusion (I/R) injury and administered lutein at a dose of 0.5 mg/kg via
intraperitoneal (i.p.) injection 1 hour before reperfusion. The dosage was determined based on
previously conducted studies.!?3

To achieve this, 6 x 4 cm epigastric flaps were surgically elevated in rats, followed by a
comprehensive analysis that included biochemical, histopathological, and macroscopic evaluations
after a 10-hour ischemic period. This methodology was implemented in accordance with the
approach used in previous studies. 2021222736 Although an intraperitoneal route was used, clinical
application would require oral or topical delivery. A standardized 10-hour global ischemia was
applied to all skin flaps. Biochemical analyses were conducted 24 hours post-reperfusion, when
oxidative stress peaks. On day 10, histopathological evaluations—including necrosis, edema, PMNL
and lymphocyte infiltration, collagen density, fibroblast proliferation, vascular density, and
epidermal thickness—were assessed using the Verhofstad scoring system.20.27.36

Flap survival is a key factor in reconstructive surgery, with I/R injury posing a major limitation.
In this study, lutein significantly improved flap survival area compared to the Sham group, indicating
its protective effect against I/R-induced damage. Survival rates with lutein were also statistically
higher than those observed in previous studies with edaravone, trimetazidine, and carnitine. Unlike
synthetic agents, lutein is a natural carotenoid with a well-documented safety profile. 222 This finding
suggests that lutein may possess a more potent protective effect against ischemia-reperfusion injury.
Unlike edaravone and trimetazidine, which require pharmacological approval for clinical use, lutein
is a naturally occurring carotenoid with a strong safety profile and is already widely consumed as a
dietary supplement.

Oxidative stress is a key contributor to I/R injury. In this study, lutein significantly reduced MDA
levels compared to the Sham group (p < 0.01), indicating strong antioxidant activity. This finding
supports previous evidence that lutein mitigates oxidative stress by scavenging ROS and inhibiting
lipid peroxidation..?”3 Similarly, MPO activity, a marker of neutrophil infiltration and oxidative
stress, was significantly lower in the Lutein group compared to the Sham group, indicating that lutein
reduces both oxidative stress and neutrophil-mediated tissue damage. In addition, neutrophil count
was significantly lower in the Lutein group (15,200 + 2,760 cells/uL) than in the Sham group (25,300
+ 1,440 cells/uL; p < 0.05), suggesting effective suppression of systemic inflammation. These findings
are consistent with previous studies highlighting lutein's anti-inflammatory effects in conditions such
as atherosclerosis and UV-induced skin inflammation.?1% Lutein administration significantly
increased GSH levels, an essential antioxidant, compared to the Sham group (p <0.05). This suggests
that lutein enhances cellular resilience against oxidative stress by boosting antioxidant capacity,
which is consistent with previous studies highlighting lutein’s role in upregulating endogenous
antioxidant systems.® A significant increase in NO levels was observed in the lutein-treated group
compared to the Sham group (p <0.01). As a key regulator of vascular homeostasis and endothelial
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function, this elevation suggests that lutein may improve microvascular circulation and endothelial
protection, ultimately enhancing flap survival.

Our findings are consistent with previous studies demonstrating the antioxidant and anti-
inflammatory effects of lutein in various tissues. For instance, Kim et al. ¥ reported that lutein reduced
oxidative stress and inflammation in liver and eye tissues, supporting our observations in flap tissue.
Given its strong antioxidant and anti-inflammatory properties, lutein could be considered as an
adjunctive treatment in reconstructive surgery, particularly for high-risk flaps or compromised
vascular territories.

Histopathological evaluation of rat epigastric island flaps treated with lutein showed significant
improvements in tissue survival and regeneration. Lutein reduced necrosis, edema, and PMNL
infiltration, while enhancing collagen deposition, fibroblast proliferation, lymphocyte infiltration,
and vascular density. These results suggest that lutein prevents oxidative damage and inflammation,
promoting tissue healing and remodeling.These results are consistent with studies on other
pharmacological agents used in ischemia-reperfusion (I/R) injury models.?22 The significant
reduction in necrosis (mean score: Lutein group vs. Sham group; p < 0.01) is particularly
noteworthy.This reduction indicates that lutein plays a crucial role in preventing tissue damage
induced by I/R. Similarly, edema was significantly lower in the Lutein group compared to the Sham
group (p <0.01). These findings highlight lutein’s ability to prevent cellular injury and maintain tissue
integrity during reperfusion. These results are more consistent and pronounced compared to the
protective effects observed with other agents such as Propionyl-L-carnitine and trimetazidine in I/R
injury models.?02 Additionally, PMNL infiltration, a marker of acute inflammatory response in I/R
injury, was significantly reduced in the Lutein group compared to the Sham group (p < 0.01). This
indicates that lutein plays a critical role in modulating the inflammatory cascade, thereby preventing
further tissue damage during reperfusion and ischemia phases. 4 Interestingly, lymphocyte
infiltration was slightly higher in the Lutein group compared to the Sham group (p < 0.05), which
may suggest a potential adaptive immune response.While neutrophils are major players during the
acute inflammation phase, lymphocytes, particularly T cells, are critical in the later stages of immune
response and tissue repair. The increased lymphocyte infiltration observed in the Lutein group
suggests that lutein may facilitate the transition from acute inflammation to a more regulated
immune response aimed at healing. This is consistent with findings from other studies that highlight
lutein’s role in modulating immune responses and promoting inflammation resolution.!52022273533
Moreover, collagen density, fibroblast proliferation, and vascular density were significantly higher
in the Lutein group (p < 0.05) compared to the Sham group, confirming that lutein enhances tissue
regeneration and angiogenesis.These findings support our previous studies on other antioxidants
like Propionyl-L-carnitine and trimetazidine, which have demonstrated regenerative effects in
ischemia-related tissues.20?2 Lutein’s ability to promote collagen synthesis and vascularization plays
a critical role in the healing process following ischemic injury. Greater epidermal thickness (54.31 +
14.36 um vs. 13.04 + 3.75 pum, p < 0.01), confirming accelerated tissue regeneration.

This increase in thickness suggests enhanced tissue remodeling and epithelial proliferation, key
components of the healing and tissue repair process. These findings align with the observed effects
of other pharmacological agents that promote tissue regeneration following I/R injury.2036 The
histopathological results strongly indicate that lutein significantly reduces I/R-induced tissue
damage, suppresses inflammation, and promotes tissue regeneration in a rat epigastric island flap
model. The reductions in necrosis, edema, and PMNL infiltration, along with increases in collagen
density, fibroblast proliferation, and vascularization, highlight its protective effects. Increased
lymphocyte infiltration suggests lutein may aid in transitioning from acute inflammation to healing.
The observed increase in dermo-epidermal thickness further supports its role in tissue regeneration.
In contrast, the Sham group showed significant epidermal thinning and localized loss. These findings
suggest that lutein could be a promising therapeutic agent in reconstructive surgery, particularly for
I/R injury. Future clinical trials are needed to evaluate its efficacy in humans.
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This study has several limitations. First, the small sample size may limit the generalizability of
the findings. Second, as the study was conducted in an animal model, further research is needed to
confirm these results in humans. Finally, the long-term effects of lutein treatment were not evaluated,
warranting future studies. Nevertheless, the results demonstrate that lutein administration
significantly mitigates I/R injury in a rat epigastric island flap model, with protective effects seen in
improved flap survival, reduced oxidative stress, decreased neutrophil infiltration, and enhanced
tissue regeneration.

6. Conclusions

Lutein mitigates I-R injury in epigastric flaps by reducing oxidative stress, suppressing
inflammation, and enhancing tissue regeneration. It may serve as a promising adjunct in flap surgery
to improve tissue survival and reduce ischemic complications in high-risk patients. Future trials
should assess lutein’s efficacy in human microvascular free tissue transfers, its role in preventing
partial flap necrosis, and its potential in combination with established pharmacologic agents.
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