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A B S T R A C T

Oxidative stress and lipid peroxide levels in the brain increase with aging. The carotenoids lutein and zeaxanthin 
have potent antioxidant properties and the ability to improve cognitive function. However, their effects on 
neuronal damage via lipid peroxidation remain unknown. Therefore, we aimed to elucidate the effects of these 
carotenoids on neuronal damage induced by accumulated peroxidized lipids. We developed an oxidative stress 
model of lipid peroxidation-induced neuronal damage using differentiated neuronal cells derived from human 
neuroblastoma SH-SY5Y cells in vitro. Combining rotenone and RSL3 increased mitochondrial oxidative stress 
and lipid reactive oxygen species (ROS), which resulted in enhanced neuronal damage. Lutein and zeaxanthin 
were added to the cells for 1 week, and these carotenoids suppressed mitochondrial oxidative stress and lipid 
peroxidation in differentiated neuronal cells and mitigated neuronal damage. Further investigation is required to 
clarify the underlying pathways in detail.

1. Introduction

Aging is progressing in countries around the world, highlighting the 
necessity of preventing cognitive decline. Lipids account for more than 
half of the brain’s dry weight [1,2]. In particular, the brain features a 
high content of polyunsaturated fatty acids (PUFAs) [3,4], and it is a 
metabolically active tissue with high oxygen consumption rates that 
generate significant amounts of reactive oxygen species (ROS) [5]. 
Oxidative stress in the brain increases with age [6], and increased ROS 
levels lead to the peroxidation of lipids, resulting in neuronal cell 
damage [6–8]. Accumulated peroxidized lipids could cause ferroptotic 
cell damage [9]. Thus, inhibiting lipid peroxidation might help prevent 
the decline of cognitive function in the central nervous system [10].

A multitude of studies have explored the impact of various food 
components on cognitive health. Sustaining cognitive function is largely 
dependent on a well-balanced diet [11]. Carotenoids are found in green 
and yellow vegetables and have powerful antioxidant properties. Of the 
16 types of carotenoids found in the human brain, lutein and zeaxanthin 
are abundant [12–14] and exert numerous antioxidant effects [15]. 
Continuous intake leads to lutein and zeaxanthin accumulation in the 
brain [16], and epidemiological findings have associated higher intake 
or blood concentrations of lutein and zeaxanthin with decreased 

cognitive decline [17–19]. Intervention trials have also found improved 
cognitive function with continuous intake of lutein and zeaxanthin [20,
21]. Furthermore, lutein and zeaxanthin inhibit the death of neuronal 
cells in vitro [22–24] and lipid peroxidation in other types of cells [25]. 
The accumulation of peroxidized lipids in the brain correlates with the 
amount of lutein [26]. However, the effects of lutein and zeaxanthin on 
lipid peroxidation-mediated neuronal cell damage have not been 
proven.

Therefore, in this study, we aimed to clarify the effects of lutein and 
zeaxanthin on neuronal cell damage induced by accumulated lipid 
peroxidation.

2. Materials and methods

2.1. SH-SY5Y cells

The Ethics Committee at Suntory Holdings approved all experiments 
conducted in this study (experimental code 20046, approved on July 31, 
2019). Human neuroblastoma SH-SY5Y cells (ECACC) were cultured in 
DMEM/F12 (Thermo Fisher Scientific Inc., Waltham, MA, USA) sup-
plemented with 10 % fetal bovine serum (FBS; Merck, Darmstadt, Ger-
many) and antibiotics (Nacalai Tesque Inc., Kyoto, Japan) at 37 ◦C under 
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a 5 % CO2 atmosphere. The cells were passaged before reaching 
confluence.

2.2. Differentiation of SH-SY5Y

Neuronal cells were differentiated using SH-SY5Y cells as previously 
described, with some modifications [27–29]. For neuronal differentia-
tion, the cells were incubated in DMEM/F12 (Thermo Fisher Scientific 
Inc.) containing 5 % FBS and 2 μM retinoic acid (Cayman Chemical, Ann 
Arbor, MI, USA) for 7 days in plates coated with a Corning® Matrigel® 
Matrix (Corning Inc., Corning, NY, USA). The culture medium was 
changed 7 days later to neurobasal medium containing 2 % B-27 
(Thermo Fisher Scientific Inc.), 50 ng/mL BDNF (Merck), 2 mM 
db-cAMP (Merck), 20 mM KCl (Nacalai Tesque Inc.), GlutaMAX 
(Thermo Fisher Scientific Inc.), and antibiotics (Nacalai Tesque Inc.) and 
incubated for another 7 days. On day 14, the neuronal cells were 
analyzed. The culture medium was changed twice a week.

2.3. Compound treatment in cultured cells

Lutein and zeaxanthin (both from Extrasynthese S.A., Genay, France) 
were dissolved in dimethyl sulfoxide (DMSO; Nacalai Tesque Inc.) and 
mixed with medium to a final concentration of 0.1 % (v/v). Lutein (1–2 
μM) and zeaxanthin (0.2–0.4 μM) were added at the indicated concen-
trations. We combined lutein and zeaxanthin in a 5:1 ratio, as this 
proportion has been shown to improve cognitive function in clinical 
studies [20,21]. The effects of these compounds on cell proliferation 
were analyzed using Cell Proliferation Kit I (Merck) and EdU Cell Pro-
liferation Kit (Thermo Fisher Scientific Inc.). Rotenone (Merck), RSL3 
(Selleck Chemicals, Houston, TX, USA), Z-VAD-FMK (Selleck Chem-
icals), and ferrostatin-1 (Selleck Chemicals) were also dissolved in 
DMSO and mixed with the medium to a final concentration of 0.1 % 
(v/v) on day 14. We added rotenone (0.05–1 μM), RSL3 (0.25–1 μM), 
Z-VAD-FMK (0.5–1 μM), and ferrostatin-1 (5 μM) at the indicated 
concentrations.

2.4. Immunocytochemistry (ICC)

The cells were fixed in 4 % paraformaldehyde (PFA) (Nacalai Tesque 
Inc.) for 10 min at room temperature (20–25 ◦C), permeabilized in 0.1 % 
Triton X-100 (Nacalai Tesque Inc.) for 10 min, and then incubated with 
5 % goat serum (Abcam Plc., Cambridge, UK) for 1 h. The cells were 
incubated overnight with primary antibody (TUJ1, Abcam) at 4 ◦C, 
followed by incubation with secondary anti-mouse Alexa Fluor 488 
(Thermo Fisher Scientific Inc.) for 1 h at room temperature and DAPI 
(Thermo Fisher Scientific Inc.) for 10 min. Cell images were acquired 
and evaluated using a BZ-X800 microscope and a BZ-X analyzer, 
respectively (both from Keyence, Osaka, Japan).

2.5. ROS measurement

Intracellular mitochondrial ROS levels were measured using Mito-
SOX (Thermo Fisher Scientific Inc.) as described by the manufacturer. 
The cells were washed with PBS (Nacalai Tesque Inc.), then incubated 
with neurobasal medium containing MitoSOX and Hoechst 33342 
(Thermo Fisher Scientific Inc.) for 10 min at 37 ◦C, under a 5 % CO2 
atmosphere. The cells were washed with PBS; subsequently, fluores-
cence was measured in Hank’s balanced salt solution (HBSS; Thermo 
Fisher Scientific Inc.) using Infinite (TECAN, Männedorf, Switzerland). 
The excitation/emission wavelengths were 510/580 nm for MitoSOX 
and 350/460 nm for Hoechst 33342. Fluorescence intensity was 
measured sequentially. The MitoSOX intensity was normalized to that of 
Hoechst 33342. Lipid ROS levels were measured using the same method 
with BODIPY™ 581/591 C11 as a fluorescent probe (Thermo Fisher 
Scientific Inc.) [30]. Excitation and emission wavelengths were 
480/520 nm.

2.6. Lactate dehydrogenase (LDH) assay

Culture supernatants were centrifuged at 400×g for 10 min, and then 
PBS supplemented with 0.1 % Triton X-100 was added to the cells, 
which were then centrifuged at 2000×g for 15 min. Thereafter, the 
absorbance of the culture supernatant and cell lysate was measured at 
490 nm using a Cytotoxicity LDH Assay Kit (FujiFilm, Tokyo, Japan). 
The amount of LDH in the culture supernatant was calculated as a ratio 
(%) of the total amount of LDH in the culture supernatant and the cell 
lysate.

2.7. Statistical analysis

Data are expressed as means ± standard error (SE). We analyzed the 
results using Dunnett tests or Tukey multiple comparison tests to 
determine the statistical significance of the data compared with the 
control. All data were analyzed using IBM SPSS Statistics for Windows 
version 26 (IBM Corp., Armonk, NY, USA) and Prism 9 (GraphPad 
Software, San Diego, CA, USA).

3. Results

3.1. Overview of SH-SY5Y cell culture system

We differentiated SH-SY5Y cells using a two-step method with reti-
noic acid and neurobasal medium as previously described, with some 
modifications [27–29]. Schematic diagram of the culture system is 
shown in Fig. 1A. Immunostaining confirmed the expression of neuronal 
marker proteins and the morphology of the neurons with numerous 
neurites (Fig. 1B). Lutein and zeaxanthin added to the medium from day 
7 onwards did not affect cell proliferation or differentiation (Fig. 1C–E).

3.2. Confirmation of a neuronal cell damage model with lipid 
peroxidation

Next, we constructed a model of neuronal cell damage involving lipid 
peroxidation. Mitochondrial oxidative stress was induced by rotenone, 
which inhibits mitochondrial respiratory chain complex I. We also used 
RSL3, which inhibits glutathione peroxidase-4 (GPX4) activity, to 
accumulate lipid ROS derived from lipid peroxidation. When rotenone 
was combined with RSL3 at the described concentrations, rotenone 
dose-dependently increased mitochondrial ROS levels, independent of 
RSL3 (Fig. 2A‒C). Rotenone and RSL3 increased lipid ROS levels when 
applied together but not when either was added alone (Fig. 2D‒F). 
Rotenone and RSL3 together released more LDH into the medium 
compared with either alone (Fig. 2G). These findings suggest that the 
combination of rotenone and RSL3 at the described concentrations may 
induce neuronal cell damage through a mechanism involving lipid 
peroxidation. To better understand the mechanism of cell death induced 
by combined rotenone and RSL3 in this culture system, we evaluated 
LDH release in the presence of a caspase inhibitor. However, the caspase 
inhibitor did not inhibit neuronal cell damage (Fig. 3A). In contrast, 
ferrostatin-1, a well-known ferroptosis inhibitor, inhibited neuronal cell 
damage (Fig. 3B). These results suggest that neuronal cell death induced 
by combined rotenone and RSL3 treatment is not apoptotic but most 
likely ferroptotic [26], which is characterized by the accumulation of 
lipid peroxidation.

3.3. Effects of lutein and zeaxanthin on mitochondrial ROS, lipid ROS, 
and neuronal cell damage

We incubated neuronal cells in the medium supplemented with 
lutein and zeaxanthin from day 7 to determine their effects. In the model 
of neuronal cell damage with lipid peroxidation, we found that mito-
chondrial ROS (Fig. 4A), lipid ROS (Fig. 4B), and LDH release (Fig. 4C) 
were all significantly reduced by lutein and zeaxanthin. These results 
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indicated a decrease in oxidative stress and lipid peroxidation in the 
cells, ultimately inhibiting neuronal damage.

4. Discussion

In this study, we developed an in vitro oxidative stress model of lipid 
peroxidation-induced neuronal damage using a combination of rotenone 
and RSL3. We demonstrated the inhibitory effect of lutein and zeax-
anthin on oxidative stress, lipid peroxidation, and ferroptotic neuronal 
cell damage. The inhibition of neuronal cell damage through the anti-
oxidant effects of lutein and zeaxanthin has been reported previously in 
studies using rodent-derived neuronal cells [23,31]. The novelty of our 
study lies in the use of human neuronal cells, and that demonstrating 
lutein and zeaxanthin can suppress ferroptotic neuronal cell damage 
with lipid peroxidation.

We constructed a model of induced lipid peroxide accumulation in 
vitro using rotenone combined with RSL3. Previous findings have shown 
that rotenone immediately induces lipid peroxidation in neuronal cells. 
However, lipid peroxides might not accumulate unless GPX4 activity, 
which degrades them, is inhibited [32]. By promoting the progression 
and accumulation of lipid peroxides, the combination of rotenone and 
RSL3 is a valuable approach to create a model for evaluating lipid 
peroxide accumulation in neuronal cells. An increase in oxidative stress 
and ferroptosis sensitivity associated with aging has been reported [33], 
and this model might reproduce some of the age-related alterations in 

vitro.
We quantified lipid ROS levels using BODIPY™ 581/591 C11 to 

evaluate lipid peroxidation. The lipid ROS assessed using this fluores-
cent probe can determine the total, but not specific, peroxidized intra-
cellular unsaturated fatty acids (UFAs). Neuronal cells contain several 
types of UFAs with double bonds, including arachidonic acid and do-
cosahexaenoic acid [34]. Therefore, lipid ROS evaluated using BOD-
IPY™ 581/591 C11 might be derived from the double bonds of these 
UFAs, suggesting that lutein and zeaxanthin inhibit their peroxidation. 
Evaluation of variations in oxidative metabolites generated from UFAs 
remains a topic for future investigation.

In this study, continuous addition of lutein and zeaxanthin to 
neuronal cells from day 7 resulted in the suppression of oxidative stress 
and lipid ROS, along with the inhibition of ferroptotic neuronal cell 
damage. Lutein was added at the concentration of 1–2 μM, and zeax-
anthin at 0.2–0.4 μM. Compared to the concentrations of lutein and 
zeaxanthin in human blood [21], these levels are within physiologically 
plausible concentrations. The inhibition of lipid peroxidation and 
neuronal cell damage by lutein and zeaxanthin may represent a mech-
anism for maintaining cognitive function through the dietary intake of 
these carotenoids [20,21].

This study has some limitations. Neuronal differentiation of SH-SY5Y 
cells was induced using an established protocol. However, despite 
having the morphology of mature neurons, the differentiated cells 
formed a heterogeneous group of cells that partially proliferated [28]. 

Fig. 1. Overview of SH-SY5Y cell culture system. 
(A) Schematic diagram of culture conditions. Cells were incubated with lutein and zeaxanthin from day 7. (B) Representative immunostained image of differentiated 
neurons on day 14. Scale bar: 100 μm. (C and D) Effects of lutein and zeaxanthin on cell proliferation on day 14 analyzed using MTT (C) and EdU (D) assays. Means 
± SE, n = 3 (C), n = 5–8 (D). (E) Effects of lutein and zeaxanthin on differentiation on day 14 analyzed using immunostaining. Scale bar: 200 μm. 
SE, standard error.
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Such heterogeneity among the cells might have affected our results. 
Despite their important role in neural lipid metabolism, glial cells were 
absent from our culture system [35,36]. Furthermore, we confirmed that 
the neuronal cell death induced by rotenone and RSL3 combination was 
ferroptotic using cell death inhibitors; however, we have not verified 
other characteristics of ferroptosis [37], and further investigation is 
required regarding the type of cell death. Lutein and zeaxanthin exert 
antioxidant effects through two distinct mechanisms. One involves the 
oxidation of these carotenoids, while another one is relies on changes in 
the expression of antioxidant enzymes, including HO1 and NQO1 [15]. 
Therefore, further investigation is required to clarify these pathways in 
details.

5. Conclusion

Lutein and zeaxanthin reduced oxidative stress, lipid peroxidation, 
and ferroptotic cell damage in neuronal cells differentiated from human 
neuroblastoma SH-SY5Y. These effects should be further verified in 
human neurons co-cultured with glial cells to reproduce physiological 
conditions more accurately. In addition, further investigation is required 
to clarify the underlying mechanisms of protection from neuronal 
damage.
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Fig. 2. Modeling neuronal cell damage with lipid peroxidation using rotenone and RSL3. 
(A–C) Cells were incubated with rotenone and RSL3 alone or in combination on day 14. After 24 h, mitochondrial ROS was analyzed using MitoSOX and relative 
values are described compared with no oxidative stress condition (control). Means ± SE, n = 8, Dunnett’s test (A) or Tukey’s multiple comparisons test (C). *p <
0.05, **p < 0.01. 
(D–F) Cells were incubated with rotenone and RSL3 alone or in combination on day 14. After 24 h, lipid ROS was analyzed using BODIPY™ 581/591 C11 and are 
described compared with no oxidative stress condition (control). Mean ± SE, n = 8, Dunnett’s test, **p < 0.01. 
(G) Cells were incubated in medium containing rotenone combined with RSL3. After 24 h, the ratio of LDH release to the culture supernatant was analyzed. Means ±
SE, n = 3, Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01. 
LDH, lactate dehydrogenase; ROS, reactive oxygen species; SE, standard error.

Fig. 3. Neuronal cell damage is ameliorated with ferroptosis inhibitor. 
Compounds were added together to the medium at final concentration of 0.1 % 
v/v on day 14. Rotenone and RSL3 combined with Z-VAD-FMK (A) or 
ferrostatin-1 (B). After 48 h, ratios of LDH released into culture supernatant was 
analyzed. Means ± SE, n = 5, Dunnett’s test, **p < 0.01. 
LDH, lactate dehydrogenase; SE, standard error.
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