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Carvalho, Uri Adrian Prync Flato, Viviane Alessandra Capelluppi Tofano, Cláudia Rucco
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Editorial

Antioxidants in Age-Related Diseases and Anti-Aging
Strategies
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Aging is an intricate process and an important risk factor in the development and ad-
vancement of many disorders. As the world’s population ages, chronic diseases associated
with age will become increasingly common with a strong impact on quality of life. The
pathogenesis of various diseases, including cardiometabolic disorders, neurodegenerative
diseases, and cancer, consists of the accumulation of reactive oxygen species that leads to
oxidative stress and inflammaging, which are major contributors to cellular senescence.

Different strategies have been suggested for healthy aging and for delaying or slowing
aging. Plant matrices rich in antioxidant molecules, such as polyphenols, phytosterols, vita-
mins, and minerals, have been revealed to diminish the risk of age-associated syndromes
in numerous in vitro studies [1,2]. Based on the fact that in vitro beneficial outcomes of any
compound or extract should be confirmed through in vivo toxicological studies [3], the
antioxidant and anti-inflammatory effects were replicated in animal model interventions
revealing lower levels of reactive oxygen species (ROS), advanced glycation end products,
or inflammatory biomarkers [4,5]. Moreover, clinical evidence supported the potential of
bioactive compounds in the decrease in many risk factors related to aging and the likely
prevention of age-related diseases [6].

This Special Issue “Antioxidants in Age-Related Diseases and Anti-Aging Strategies”,
which includes five research articles, four review reports, and one systematic review and
meta-analysis, adds new contributions that describe the mechanisms by which oxidative
stress and inflammatory factors cause the occurrence or progression of age-related chronic
diseases, as well as new strategies to treat or prevent these pathological conditions.

The study by Ghzaiel et al. [7] assayed the chemical composition of Pistacia lentiscus
L. seed oil (PLSO) in terms of polyphenols, flavonoids, phytosterols, α-tocopherol, β-
carotene, and fatty acids and its antioxidant activity. This was followed by an in vitro
evaluation of the potential of this plant to neutralize the cytotoxic effects induced by
7β-hydroxycholesterol (7β-OHC) in murine C2C12 myoblasts. 7β-OHC is an oxysterol
that can activate oxidative stress and inflammation and contribute to age-related diseases,
such as sarcopenia. The results showed that PLSO contains a combination of molecules
capable of diminishing 7β-OHC-induced cytotoxic effects and activating cytoprotective
properties, including the prevention of cell death and organelle dysfunction, attenuation of
oxidative stress, and activity normalization of glutathione peroxidase (GPx) and superoxide
dismutase (SOD), which are key antioxidant enzymes. Thus, PLSO can prevent age-related
diseases, such as sarcopenia, an age-related gradual deterioration in skeletal muscle mass,
strength, and function.

The skin is a barrier between the body and the environment, protecting the body
from environmental pollutants and pathogens. One study [8] was conducted to discover a
natural product that efficiently mitigates the cytotoxicity and oxidative stress induced by
airborne particulate matter with a size of 10 μm or less (PM10) in the skin. Data showed
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that Siegesbeckiae Herba extract (SHE), a hot water extract prepared from dried leaves
of Siegesbeckia pubescens Makino, had the potential to relieve PM10-induced cytotoxicity
and increase the cellular antioxidant capacity in HaCaT cells, an immortalized human
keratinocyte cell line. SHE mitigated PM10-induced cell death, lactate dehydrogenase
(LDH) release, and lipid peroxidation and lowered ROS production. Additionally, SHE
activated the NRF2 system in cells by decreasing the expression of KEAP1, a negative
regulator of NRF2, and increasing the expression of HMOX1 and NQO1, two main target
genes of NRF2. Chlorogenic acid may be an active phytochemical in activating the NRF2
pathway. Moreover, SHE selectively induced the enzymes involved in the synthesis and
regeneration of reduced glutathione (GSH) and increased the cellular content of GSH,
preventing the oxidation of GSH to GSSG triggered by PM10 exposure. The findings of
this experiment should be verified using normal human epidermal keratinocytes and
animal models.

Another study [9] analyzed plant compounds that might mitigate skin wrinkle for-
mation, inflammation, pigmentation, and dehydration caused by chronic irradiation with
ultraviolet B (UVB) light. UVB can activate signaling pathways, leading to the upregulation
of genes, including matrix metalloproteinases (MMPs), especially MMP-1, involved in
collagen degradation and wrinkle formation, and cyclooxygenase 2 (COX-2), involved in
skin inflammation and photoaging. Rosa gallica, one of the most commonly used Rosa
species for culinary, medicinal, and cosmetic purposes, which showed in vitro potential to
prevent biomarkers of skin aging, was used in this in vivo study. The gavage administration
of Rosa gallica extract prevented UVB-mediated skin wrinkle development and collagen
degradation in the dorsal skin of female mice by down-regulating UVB-induced COX-2 and
MMP-1 expression. Gallic acid was the major molecule contributing to the anti-skin-aging
effect by selectively inhibiting c-Raf/MEK/ERK/c-Fos signaling axis. Since molecules
targeting the c-Raf pathway exert chemopreventive and chemotherapeutic effects against
different cancer types, gallic acid could potentially suppress carcinogenesis. The study
concluded that Rosa gallica and gallic acid could protect skin cells against free radicals and
inflammatory reactions, leading to a reduction in skin aging.

The third study [10] exploring skin health examined the beneficial activities of cyanidin-
and malvidin-3-O-glucosides, molecules belonging to the anthocyanin family, and some
of their structurally related pigments. Most of the examined compounds were found to
reduce biofilm production by Staphylococcus aureus and Pseudomonas aeruginosa, displayed
UV-filter capacity, and also reduced the production of ROS in human skin epidermal ker-
atinocytes and dermal fibroblast. Furthermore, the molecules revealed inhibitory activity of
skin-degrading enzymes, hyaluronidase, collagenase, and elastase, the three main enzymes
responsible for the regulation of the structural integrity of skin layers, showing no signifi-
cant cytotoxicity. The stability issue of anthocyanin family compounds can be overcome
by the use of anthocyanin’s structural derivatives, such as carboxypyranocyanidin-3-O-
glucoside, a molecule with great structural stability that could be included in topical
formulations for cosmeceutical purposes.

In their study, Muraleva et al. [11] investigated the effects of mitochondria-targeted
antioxidant plastoquinonyl-decyltriphenylphosphonium (SkQ1) in MEK1/2-ERK pathway
alterations as a therapeutic target in Alzheimer’s disease (AD). MEK1 and MEK2 are
tyrosine/threonine protein kinases found in the Ras/Raf/MEK/ERK mitogen-activated
protein kinase (MAPK) signaling pathway. The study included senescence-accelerated
OXYS rats that develop neurodegenerative changes almost similar (>90% of cases) to
the signs of sporadic AD in humans. The results showed that, compared to untreated
control (Wistar) rats, SkQ1 eliminated differences in the expression of eight out of nine
genes involved in the hippocampal extracellular regulated kinases’ (ERK1 and -2) signaling
pathways. Additionally, SkQ1 reduced the hyperphosphorylation of tau protein that is
present in pathological aggregates in AD. Thus, SkQ1 alleviates AD pathology in the OXYS
rat hippocampus by reducing MEK1/2-ERK1/2 phosphorylation and may be a promising
drug for human AD.
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Collins et al. [12] presented a thorough revision of antioxidant therapy in AD. Strong
evidence supports the role of oxidative stress in the pathogenesis and progression of AD
and aging. Oxidative stress appears when there is an imbalance among antioxidants and
the production and buildup of ROS, related to an insufficient or dysfunctional antioxidant
defense system with damaging effects to important cellular structures including proteins,
lipids, and nucleic acids. Adequate cellular homeostasis, a balance between the production
and depletion of ROS, occurs through the protective mechanisms of natural and synthetic
antioxidants. Natural antioxidants can be further divided into enzymatic antioxidants,
enzymes produced in the body with free-radical-scavenging abilities, such as SOD, cata-
lase (CAT), GPx, glutathione reductase (GR), and glucose-6-phosphate dehydrogenase
(G6PDH) and non-enzymatic antioxidants, including polyphenols, carotenoids, vitamins,
and minerals.

Although available medications help with AD symptom management, there are no
treatments to prevent or cure the disease, and furthermore, none of the currently existing
treatments address oxidative stress. Thus, recent studies focused on the use of antioxidants
to diminish the oxidative stress effects on the central nervous system. In preclinical in vitro
and in vivo experiments, a combination of antioxidant compounds improved the overall
antioxidant capacity of drug therapy, enhanced the bioavailability to various cellular loca-
tions, and increased the functionality of antioxidant molecules. The therapeutic potential
of natural antioxidants in preventing and/or treating neurodegenerative conditions is
presently assessed in human clinical trials.

The biological activities and cosmeceutical properties of nicotinamide were discussed
in an interesting review [13]. Nicotinamide (niacinamide) is mostly used as a nutritional
supplement for vitamin B3 (nicotinic acid, niacin), and vitamin B3 is further used in the
synthesis of the NAD+ family of coenzymes, related to cellular energy metabolism and
defense systems. Nicotinamide supplementation restores mitochondrial energetics and cel-
lular NAD+ pool, prevents the skin pigmentation process, and diminishes oxidative stress
and inflammatory response. This molecule has the potential to support skin homeostasis
by regulating the cellular redox status. In clinical trials, topically applied nicotinamide
was well tolerated by the skin and reduced hyperpigmentation and the progression of skin
aging. Therefore, it may be useful as a cosmeceutical ingredient to attenuate skin aging,
especially in the elderly or in patients with reduced NAD+ pool in the skin.

Another review [14] examined vitamin K and its role as a vital cofactor in the activation
of several proteins, which act against age-related diseases. It was shown that vitamin K
carboxylates osteocalcin, a protein responsible for transporting and fixing calcium in
bones, activates matrix Gla protein, an inhibitor of vascular calcification and cardiovascular
incidents; carboxylates Gas6 protein, which is involved in the physiology of the brain
and may inhibit cognitive decline and neurodegenerative disease; and improves insulin
sensitivity, thus decreasing diabetes risk. Additionally, vitamin K presents antiproliferative,
proapoptotic, and autophagic effects and is associated with reduced cancer risk. Recent
evidence indicates that protein S, another vitamin K-dependent protein, might prevent
the cytokine storm noticed in COVID-19 cases. The latest scientific documents emphasize
the vitamin K role in preventing age-associated diseases and improving the efficiency of
medical treatments in the elderly.

In a narrative review, Barbalho et al. [15] analyzed Ginkgo biloba (GB), a medicinal plant
in the Ginkgoaceae family considered to be the oldest tree alive in the world. GB extracts
account for some health benefits for memory and cognition, AD, Parkinson’s disease (PD),
and dementia, which are attributed to its antioxidant, anti-inflammatory, and antiapoptotic
activities. In addition, GB can exert benefits in cardiovascular conditions, hypertension, in-
sulin resistance, fasting serum glucose, glycated hemoglobin, and dyslipidemia. Moreover,
it can improve cerebral blood flow supply, executive function, attention/concentration, and
non-verbal memory and decrease stress. In many European states, GB extract is the only
drug therapy for the treatment of mild cognitive impairment. The bioactive compounds,
mainly polyphenols, flavonoids, terpenoids, and organic acids, are responsible for the
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beneficial effects. This review revealed that GB could be considered in the therapeutic and
preventative methods for aging-associated conditions and the aging process. However,
more studies are required to determine the doses, pharmaceutical form, and treatment time
needed in aging conditions.

A systematic review and meta-analysis [16] investigated biomarkers of metabolic syn-
drome and inflammation as pathophysiological predictors of senescence and age-related
diseases. Recent evidence confirmed that particular diets rich in antioxidant bioactive
compounds and a balanced lipid profile, such as walnuts, could have beneficial results
on human health. A systematic search in several databases was performed to find ran-
domized controlled trials reporting on the outcomes of walnut consumption on metabolic
syndrome and inflammatory markers in middle-aged and older adults. The investigation
extracted 17 studies, including 11 crossover and 6 parallel trials. The analysis revealed
that walnut-enriched diets had significant reducing effects on triglyceride, total cholesterol,
LDL cholesterol levels, and some inflammatory markers, with no adverse effects on anthro-
pometric and glycemic parameters. While further and better-designed reports are required,
the outcomes stress the benefits of including walnuts in the dietary plans of middle-aged
and older adults.

We would like to acknowledge all the authors who have contributed to this Special
Issue and have provided a better understanding of the importance of antioxidants in the
delaying of aging and prevention of diseases associated with aging, and the need to develop
future therapeutic strategies targeting these diseases.
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Abstract: Aging is characterized by a progressive increase in oxidative stress, which favors lipid
peroxidation and the formation of cholesterol oxide derivatives, including 7β-hydroxycholesterol
(7β-OHC). This oxysterol, which is known to trigger oxidative stress, inflammation, and cell death,
could contribute to the aging process and age-related diseases, such as sarcopenia. Identifying
molecules or mixtures of molecules preventing the toxicity of 7β-OHC is therefore an important
issue. This study consists of determining the chemical composition of Tunisian Pistacia lentiscus L.
seed oil (PLSO) used in the Tunisian diet and evaluating its ability to counteract the cytotoxic effects
induced by 7β-OHC in murine C2C12 myoblasts. The effects of 7β-OHC (50 μM; 24 h), associated or
not with PLSO, were studied on cell viability, oxidative stress, and on mitochondrial and peroxisomal
damages induction. α-Tocopherol (400 μM) was used as the positive control for cytoprotection. Our
data show that PLSO is rich in bioactive compounds; it contains polyunsaturated fatty acids, and
several nutrients with antioxidant properties: phytosterols, α-tocopherol, carotenoids, flavonoids,
and phenolic compounds. When associated with PLSO (100 μg/mL), the 7β-OHC-induced cytotoxic
effects were strongly attenuated. The cytoprotection was in the range of those observed with α-
tocopherol. This cytoprotective effect was characterized by prevention of cell death and organelle
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dysfunction (restoration of cell adhesion, cell viability, and plasma membrane integrity; prevention
of mitochondrial and peroxisomal damage) and attenuation of oxidative stress (reduction in reactive
oxygen species overproduction in whole cells and at the mitochondrial level; decrease in lipid
and protein oxidation products formation; and normalization of antioxidant enzyme activities:
glutathione peroxidase (GPx) and superoxide dismutase (SOD)). These results provide evidence that
PLSO has similar antioxidant properties than α-tocopherol used at high concentration and contains a
mixture of molecules capable to attenuate 7β-OHC-induced cytotoxic effects in C2C12 myoblasts.
These data reinforce the interest in edible oils associated with the Mediterranean diet, such as PLSO,
in the prevention of age-related diseases, such as sarcopenia.

Keywords: aging; 7β-hydroxycholesterol; mitochondria; C2C12 myoblasts; oxidative stress; peroxisome;
Pistacia lentiscus L. seed oil; sarcopenia

1. Introduction

Aging is characterized by a progressive loss of physiological functions, coupled with
a reduction in the ability to maintain homeostasis [1]. One of the hallmark effects of aging
is sarcopenia, which is widely defined as an age-related progressive decline in skeletal
muscle mass, strength, and function [2,3]. From the age of 30, humans lose approximately
3–8% of muscle mass per decade with an accelerated rate of decline after the age of 60 [4–6].
This decline leads to limited functional mobility in older adults [7], but it may also ag-
gravate their vulnerability [8]. Indeed, skeletal muscle is the largest organ in the human
body. It accounts for 30–40% of total body weight [9,10] and plays a primordial role in
locomotion [11], respiration [12], thermogenesis [13], and regulation of lipids (fatty acids,
cholesterol) [14,15] and glucose metabolism [16]. The aging skeletal muscle is marked by
the development of an alteration of energy substrates use. In fact, in response to insulin
stimulation, mitochondria of elderly subjects are unable to move from lipid oxidation to
carbohydrate oxidation as do mitochondria of young subjects, showing a loss of metabolic
flexibility during aging [17]. These data suggest an alteration in metabolic dynamism and
highlight the inability of muscle cells to adapt to environmental variations. It is therefore
important to better understand the underlying mechanisms leading to sarcopenia but
also to identify the chemical epigenetic factors that may promote it. In addition, during
aging, to allow the maintenance of muscle mass, strength and quality, and to act on these
parameters, it is important to identify natural or synthetic molecules, as well as mixtures of
molecules that can be provided in the form of food supplements, or functional foods [18].
An adapted diet, as well as foods acting on the muscle, must also be considered. Several
aging mechanisms have been identified, including telomere shortening, genomic instability,
epigenetic alterations, and organelle dysfunction (mainly mitochondrial changes), which
can trigger cellular senescence [18]. In addition, among the parameters that can affect the
aging of skeletal muscle, oxidative stress is one of the major contributors that can favor
skeletal muscle damage [19,20]. Skeletal muscle consumes large quantities of oxygen com-
pared to other tissues, resulting in higher amounts of reactive oxygen species (ROS) [21].
This increase in ROS levels could be due to two main factors: (i) altered functions of
the mitochondrial respiratory chain; and (ii) impairment in cellular antioxidant defense
mechanisms [22]. These ROS contribute to increased uptake of both glucose and cholesterol
into the cells [23]. Cholesterol is a major component of cellular membranes, including
the sarcolemma of skeletal muscle [24]. In the presence of oxidative stress, glucose and
cholesterol can undergo auto-oxidation by a free-radical mechanism. The cholesterol oxide
derivatives (oxysterols) formed by cholesterol auto-oxidation in oxidative stress conditions
mainly correspond to those that are oxidized at position C7 (7-ketocholesterol (7KC) and
7β-hydroxycholesterol (7β-OHC)) [25–28]. Interestingly, 7KC and 7β-OHC have similar
cytotoxic effects (although the induction of cell death is faster with 7β-OHC) and these
two oxysterols can be interconverted: the enzyme 11β-hydroxysteroid dehydrogenase-1
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(11β-HSD1) converts 7KC into 7β-OHC, whereas 11β-hydroxysteroid dehydrogenase-2
(11β-HSD2) converts 7β-OHC into 7KC [29,30]. In addition, these oxysterols have been
identified as key elements in the development of age-related diseases: cardiovascular
diseases, neurodegenerative diseases (Alzheimer’s and Parkinson’s), and ocular diseases
(cataract, age-related macular degeneration) [28,31–33]. On various cell lines from different
species, 7KC and 7β-OHC but also 24S-hydroxycholesterol trigger a mode of cell death by
oxiapoptophagy, which includes oxidative stress and mitochondrial, lysosomal, and perox-
isomal dysfunction, leading to an apoptotic mode of cell death associated with autophagic
criteria [30,34–36]. Oxysterols are also involved in many physiologic processes: regula-
tion of cholesterol metabolism [37] and RedOx homeostasis [38]; control of inflammation,
including cytokine production [39]; albumin synthesis [40]; and cell differentiation [41].
Despite the considerable interest in oxysterols in the aging process, the impact of these
molecules on skeletal muscle cells has not yet been studied. On human promonocytic U937
cells, 7KC, 7β-OHC and 5β,6β-epoxicholesterol showed high cytotoxicity, characterized by
a high percentage of dead cells, overproduction of ROS, and secretion of pro-inflammatory
cytokines [42]. It has been shown that the most toxic oxysterol on U937 cells, but also on
other cells, was 7β-OHC [30,42].

Therefore, to mimic an age-related pro-oxidant environment, C2C12 murine myoblasts
cultured in the presence of 7β-OHC were used as a cellular model. The effects of 7β-OHC
were characterized on C2C12 and cytoprotective agents were investigated. The effect of
α-tocopherol that protects many cells from the toxicity induced by 7β-OHC and 7KC was
also analyzed [28] as well as that of Pistacia lentiscus L. seed oil (PLSO), widely used in
the Tunisian diet. It is well known that vegetable oils are a valuable source of natural
antioxidants, playing a crucial role in the improvement of human health [43] and in
delaying muscle atrophy [44]. One of the most well-known powerful medicinal plants is
Pistacia lentiscus L. (PL). PL is one of the Mediterranean’s most valuable and important
aromatic bushes. Its application in traditional medicine has increased over time and it
is used as a therapeutic agent in the treatment of scabies, rheumatism, the manufacture
of anti-diarrheal medicine, and in minor burns [45–47]. Extracts of different parts of the
plant show various activities, such as antioxidant, anti-inflammatory, anti-proliferative,
and neuroprotective effects [48–51]. The fruits of PL give an edible oil with high nutritional
value due to its richness in unsaturated fatty acids, such as oleic acid (C18:1 n−9) and
linoleic acid (C18:2 n−6) [52]. PLSO also has a comparable carotenoid and total polyphenols
content than olive oil [53,54], and it has been demonstrated that it has antioxidant and
protective effects against various diseases associated with oxidative stress [55,56].

In the present study, the first objective was to determine the biochemical composition
of PLSO in polyphenols, flavonoids, β-carotene, fatty acids, phytosterols, and α-tocopherol,
and its antioxidant properties. Furthermore, among the sarcopenic patients studied, as the
level of 7β-OHC (mainly formed by cholesterol auto-oxidation, considered as a marker
of oxidative stress, and known for its important pro-oxidant properties) was significantly
higher than in non-sarcopenic subjects, the second objective of the study was to evaluate the
ability of PLSO, compared to α-tocopherol, to attenuate the cytotoxic effects induced by 7β-
OHC on murine C2C12 myoblasts; specifically, the effects on cell proliferation and viability,
plasma membrane integrity, oxidative stress, and mitochondrial and peroxisomal status.

2. Material and Methods

2.1. Chemical Profile of Pistacia lentiscus L. Seed Oil
2.1.1. Seed Material and Oil Extraction

The mature fruits of PL (lentisk-mastic tree) were collected in November 2019 from
plants growing in the region of Tabarka (extreme north-west of Tunisia). After the harvest,
fruits were ground using an ordinary grinder; the resulting paste was then manually
mixed and let to stand overnight in a refrigerator. The next day, the paste was macerated
in cold water. Subsequently, the mixture was placed in a water bath to prevent direct
exposure of the ground material to the heat and thus degradation of the oil quality. After
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filtration, the oil was separated from the water by a decantation process. The procedure of
Pistacia lentiscus L. seed oil is summarized in Supplementary Figure S1. The oils obtained
were stored and maintained at 4 ◦C for further analyses.

2.1.2. Colorimetric Determination of Total Phenolics, Flavonoids, and Carotenoids
Contents of Pistacia lentiscus L. Seed Oil

The quantification of total phenolics and flavonoids was preceded by an extraction
performed as follows: 4 g of PLSO was mixed thoroughly with 2 mL of n-hexane followed
by the addition of 4 mL of methanol/water (60:40, v/v). The mixture was vortexed vigor-
ously and centrifuged at 1490× g for 3 min to separate the two phases. The hydroalcoholic
phase was collected, and the hexanic phase was re-extracted two more times with 4 mL
of methanol/water (60:40, v/v) solution. Finally, the hydroalcoholic fraction obtained was
combined, washed with 4 mL of n-hexane, and stored at −20 ◦C until analysis.

Phenolic compounds: Total phenolic compounds content was assayed by the Folin–
Ciocalteau’s method [57]. Briefly, 200 μL of the combined hydroalcoholic fraction or
standard gallic acid solutions was mixed thoroughly with 1 mL of freshly prepared Folin–
Ciocalteau reagent and 0.8 mL of 7.5% sodium carbonate (Na2CO3). After incubation for
30 min in the dark at room temperature, the absorbance was measured at 765 nm and the
results were expressed as mg of gallic acid equivalent per g of sample.

Flavonoids: Quantification of total flavonoids was determined using an aluminum
chloride (AlCl3) colorimetric assay [58]. A volume of 100 μL of the combined hydroalcoholic
fraction or standard catechin solutions was combined with 400 μL of distilled water and
subsequently with 30 μL of 5% sodium nitrite (NaNO2) solution. After 5 min, 20 μL of a
10% AlCl3 solution and 200 μL of 1 M Na2CO3 solution were added. The final volume
was adjusted with distilled water and mixed thoroughly. The absorbance was recorded
at 510 nm, and the concentrations were expressed as mg of catechin equivalent per g of
the sample.

Carotenoids: Total carotenoids content was measured by a colorimetric assay accord-
ing to the method previously described by Dhibi et al. [59], and was expressed using the
following formula:

Carotenoids = Amax × (105/2.65)

where Amax is the maximum of absorption between 440 and 480 nm.

2.1.3. Polyphenols Analysis

In order to identify and quantify the polyphenolic compounds in PLSO, we analyzed
them by high-performance liquid chromatography (HPLC). To this end, 1 g of oil was
dissolved in 6 mL of petroleum ether and was then purified on a silica SPE cartridge (pre-
viously conditioned by 6 mL petroleum ether 40–60). The cartridge was then washed with
12 mL of petroleum ether and dried under nitrogen for 10 min. Polyphenolic compounds
were eluted with 8 mL of a mixture of methanol/distilled water 80/20 (v/v), and then with
8 mL of acetonitrile. The eluate was evaporated to dryness under reduced pressure at
50 ◦C. The residue was taken up in 400 μL of methanol. The resulting extract was filtered
through a 0.45 μm nylon membrane. Polyphenol analysis was performed by HPLC on
a Perkin Elmer series 200 apparatus equipped with an automatic injector, a quaternary
pump, a column oven to Peltier effect, and a DAD detector. HPLC analyses were carried
out using RPHPLC with a licrospher 100 RP-18 column (150 × 4.6 mm internal diameter
(i.d.), 5 μm particle size, Merck). A gradient elution was programmed using as a mobile
phase A, distilled water with an adjusted pH of 2.2 using trifluoroacetic acid (TFA), and
as a mobile phase B, acetonitrile. The samples were eluted according to the following
gradient: 0 to 5 min with solvent A 100%, and 5 to 50 min with solvent A 100 to 45%.
The flow rate was set at 1 mL/min throughout the gradient and the column temperature
was maintained at 25 ◦C. The injection volume was 20μL, and UV detection was carried
out at a wavelength of 280 nm. The calibration curve was constructed using quercetin
standard solution at different concentration levels (25 to 400 mg quercetin/L). Data were
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expressed in mg equivalents quercetin/100 g of oil. Polyphenols analysis was realized by
the Lara-Spiral laboratory (Couternon, France). The available polyphenol spectra present
in the database of the Lara-Spiral company are listed in Supplementary Table S1.

2.1.4. Fatty Acids Analysis

Total lipids were extracted from PLSO according to the method described by Moilanen
and Nikkari [60]. C19:0 was used as the internal standard in the experiments realized in
LR12ES05, Lab-NAFS ‘Nutrition—Functional Food & Vascular Health’, Monastir, Tunisia.
Lipids were trans-methylated with 14% boron trifluoride in methanol (BF3-MeOH) using
the method of Morrison and Smith [61]. Subsequently, fatty acid methyl esters were
analyzed by gas chromatography (GC) under the same conditions described by Zarrouk
et al. [62]. Fatty acids were identified by comparison with synthetic standards. This
experiment was performed in triplicate and the data expressed either as g/100 g of oil
(C19:0 used as internal standard) or as percentages of total fatty acids.

2.1.5. Phytosterols Analysis

The analysis of phytosterols was realized as described by Zarrouk et al. [62]. Briefly,
the quantification of phytosterols was based on an isolation of the unsaponifiable fraction
and a silylation of the unsaponifiable fraction before direct injection in gas chromatog-
raphy (GC). Then, GC separations were performed with a Hewlett-Packard (HP 5890D,
Palo Alto, CA, USA) using a capillary column (30 m length × 0.25 mm i.d. film thickness
0.25 μm). Working conditions were as follow: carrier gas, helium; flow through the column,
1 mL/min; injector temperature, 290 ◦C; detector temperature, 290 ◦C; oven temperature,
260 ◦C; injection volume 1 μL. The phytosterols were characterized and quantified by gas
chromatography–flame ionization detection (GC-FID). The spectra were compared with
those of the internal library INRAE (Dijon, France). Likewise, they were confirmed with
the NIST Mass Spectral Library and with the literature. The concentration of each PLSO
sterol was expressed in mg/100 g of oil and obtained by three independent analyses.

2.1.6. α-Tocopherol Analysis

PLSO was diluted 10 folds (w/w) with hexane. An amount of 5 mg diluted solution was
mixed for 1 min with 200 μL of saline solution, 200 μL of ethanol/butylated hydroxy toluene
(BHT) (Sigma-Aldrich; 50 mg/L) containing Tocol used as internal standard (1 ng/μL), and
500 μL of hexane. The extract was centrifuged at 10,000× g for 5 min at 4 ◦C. The upper layer
(100 μL) was collected into a new tube and evaporated to dryness with a nitrogen stream.
The dried extract was suspended with 50 μL of methanol/BHT (50 mg/L) and further
centrifuged at 10,000× g for 5 min at 4 ◦C. The supernatant (40 μL) was finally transferred
to an injection vial. Extract (2 μL) was injected with an 1100 autosampler into a Poroshell
120 EC-C18 (3 × 50 mm, 2.7 μm) maintained at 35 ◦C. Separation was achieved with a
1260 HPLC pump (Agilent Technologies, Santa Clara, CA, USA) using a linear gradient
of methanol (90% up to 100% in 5 min, and maintained at 100% for 3 min). Detection was
realized with a Fluorescence Light Detector (Agilent Technologies, Craven Arms, England)
at λ Exmax = 292 nm and λ Emmax = 325 nm. Authentic α-tocopherol standards (0, 50, 100,
200, 400, 600, and 800 ng) were extracted with the same protocol as the PLSO sample.
Area ratios of α-tocopherol (room temperature (RT) = 5.4 min) to tocol (RT = 4.0 min) were
calculated for PLSO and calibrations standards. A linear calibration curve was used for the
calculations. The α-tocopherol analysis was realized by the lipidomic analytical platform
(LAP, Dijon, France).

2.2. Antioxidant Activity of Pistacia lentiscus L. Seed Oil

The hydroalcoholic fraction of PLSO was also used for the quantification of antioxi-
dants activities with DPPH, FRAP, and FIC assays.
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2.2.1. Free Radical Scavenging Activity with DPPH Assay

The free radical scavenging activity was determined by the 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) assay as described by Molyneux et al. [63], with some modifications. To
this end, 50 μL of a hydroalcoholic fraction of PLSO (from 0.016 mg/mL to 2 mg/mL) was
mixed with 950 μL of a methanolic DPPH solution (10−4 M). After incubation for 30 min
in the dark, the absorbance was measured at 517 nm. The antioxidant activity related to
the DPPH radical scavenging effect was expressed as a percent of inhibition (PI) using the
following equation:

PI = [(A0 − A1)/A0] × 100

where A0 is the absorbance of the DPPH solution and A1 is the absorbance of the DPPH
solution after the addition of the sample. The antioxidant activity was expressed as IC50.
A low IC50 value corresponds to a high antiradical activity. Ascorbic acid was used as the
positive control and all tests were carried in triplicate.

2.2.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric reducing antioxidant power (FRAP) was determined according to the
method of Bassene et al. [64]. Briefly, 400 μL of a hydroalcoholic fraction of PLSO (from
0.016 mg/mL to 2 mg/mL) was mixed with 1 mL of phosphate buffer (0.2 M; pH 6.6)
and 1 mL of 1% potassium hexacyanoferrate (K3Fe (CN)6). After incubation in a water
bath at 50 ◦C for 30 min in the dark, 1 mL of 10% trichloroacetic acid was added, and
the mixture was then centrifuged at 1750× g for 10 min. Then, 1 mL of the obtained
supernatant was incubated with 200 μL of 0.1% (w/v) ferric chloride (FeCl3) solution
and allowed to stand for 30 min in dark. The absorbance of the reaction mixture was
measured spectrophotometrically at 700 nm. Higher value absorbance of the reaction
mixture indicated greater reducing power. Ascorbic acid was used as a positive control.
The test was carried out in triplicate. The FRAP value of the hydroalcoholic fraction of
PLSO was calculated as follows:

FRAP [%] = [(Absorbancesample/Absorbanceblank) × 100/Absorbancesample ]

2.2.3. Ferrous-Ion Chelating (FIC) Assay

The ferrous ion chelating (FIC) activity of PLSO was determined according to the
method of Dinis et al. [65], with minor modifications. In total, 100 μL of a hydroalcoholic
fraction of PLSO (from 0.016 mg/mL to 2 mg/mL) was mixed with 50 μL of 2 mM
FeCl2, and 100 μL of 5 mM ferrozine. The mixture was allowed to stand for 10 min at
room temperature. The ferrous iron–ferrozine complex formation was then monitored
by measuring the absorbance at 562 nm against a blank. Ethylenediaminetetraacetic
acid (EDTA) was used as positive control. The assays were performed in triplicate. The
percentage of inhibition of ferrozine-Fe 2+ complex formation was calculated as below:

FIC (%) = [(Absorbancenegative control − Absorbancesample) × 100/Absorbancenegative control]

2.2.4. KRL Test

The overall antioxidant defense potential of the PLSO was measured with the KRL
test (Kit Radicaux Libres) [62,66]. This test consists of submitting whole blood to free
radical attack to mobilize the radical scavengers present in the blood and to neutralize the
oxidation processes [66]. Diluted control blood samples in the presence or absence of PLSO,
which was diluted in DMSO, were oxidized by molecular oxygen in an aqueous suspension
using a 2.2′–azobis (2-amidinopropane) dihydrochloride (AAPH) solution. Hemolysis was
recorded using a 96-well microplate reader (KRL Reader, Kirial International, Lara-Spiral,
Couternon, France) by measuring the turbidimetric optical density decay at 620 nm. The
antioxidant efficiency of the oil was expressed in Trolox equivalent. The same analysis was
conducted with α-tocopherol (Sigma-Aldrich, St-Quentin-Fallavier, France) used as control.
The KRL test was realized by the Lara-Spiral laboratory (Couternon, France).

12



Antioxidants 2021, 10, 1772

2.3. In Vitro Study
2.3.1. Cell Culture and Treatments

Murine C2C12 myoblasts were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) of heat-inactivated fetal bovine serum (FBS) and 1% (v/v)
of penicillin (100 U/mL)/streptomycin (100 mg/mL). The cells were maintained in a
humidified atmosphere (5% CO2, 95% air) at 37 ◦C. For subcultures, cells were trypsinized
(0.05% trypsin − 0.02% EDTA solution) and passed twice a week. 7β-OHC was either
from Sigma-Aldrich or provided by Mohammad Samadi (University of Lorraine, Metz,
France); the purity was higher than 98%. The stock solutions of 7β-OHC was prepared at
800 μg/mL (2 mM), as previously described by Ragot et al. [67], and stored in the dark at
4 ◦C. A stock solution of PLSO was prepared at 80 mg/mL in dimethyl sulfoxide (DMSO;
Sigma-Aldrich) and stored in the dark at 4 ◦C. An α-tocopherol (the major component of
vitamin E; Sigma-Aldrich) solution was prepared to 80 mM in absolute ethanol, as previously
described [60], and stored in the dark at 4 ◦C. For the different experiments, C2C12 myoblasts
were used at 80% confluency; they were seeded either into Petri dishes of 10 cm in diameter
(1.2 × 106 cells per Petri dish), in six-well plates (2 × 105 cells per well), or in 96-well plates
(10 × 104 cells per well). After 12 h, the growth medium was removed and the C2C12
cells were incubated with 7β-OHC (20 μg/mL/50 μM) for 24 h with or without PLSO
(100 μg/mL), or α-tocopherol (400 μM) (used as a positive control for cytoprotection) [28].
PLSO and α-tocopherol were introduced in the culture medium 2 h before 7β-OHC. The
choice of the concentration of 7β-OHC (20 μg/mL/50 μM) and PLSO (100 μg/mL) was
based on the dose-effect of 7β-OHC (5–80 μg/mL/12.5–200 μM) and PLSO (5–3200 μg/mL),
which was realized with an MTT assay.

2.3.2. Evaluation of Cell Morphology by Phase-Contrast Microscopy

After 24 h of treatment with or without 7β-OHC (20 μg/mL/50 μM) in the presence
or absence of PLSO (100 μg/mL), or of α-tocopherol (400 μM), the cell morphology and
cell density of C2C12 myoblasts cells were observed and photographed using a phase-
contrast microscope (Axiovert 40 CFL, Zeiss, Jena, Germany) equipped with a digital
camera (Axiocam lCm1, Zeiss).

2.3.3. Evaluation of Cell Viability with the MTT Assay

Cell viability was measured using an MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide) assay. MTT salt is reduced to formazan in metabolically
active cells by the mitochondrial enzyme succinate dehydrogenase [35]. C2C12 cells were
seeded into 96-well flat-bottom culture plates. After 24 h of treatment as described above,
an MTT solution (0.05 mg/mL, dissolved in culture medium) was added to each well and
incubated for 3 h at 37 ◦C. The medium was removed and 100 μL of dimethyl sulfoxide
(DMSO) was added to dissolve the formed formazan crystals. The percentage of viable
cells was calculated based on a reduction of the MTT dye into formazan crystals at 570 nm
using a microplate reader (Tecan Sunrise, Tecan, Lyon, France).

2.3.4. Measurement of Cell Viability with the Fluorescein Diacetate Assay

The fluorescein diacetate (FDA) assay evaluates the ability of living cells to trans-
form the FDA to fluorescein after cleavage by plasma membrane esterases [68]. After
24 h of treatment with or without 7β-OHC (50 μM) in the presence or absence of PLSO
(100 μg/mL), α-tocopherol (400 μM), or MitoQ (1 μM) [69,70], C2C12 cells were incubated
for 5 min at 37 ◦C with 50 μM FDA (Sigma-Aldrich) and then lysed with 10 mM of a
Tris-HCl solution containing 1% sodium dodecyl sulfate (SDS, Sigma-Aldrich). The fluores-
cence intensity of the fluorescein (λEx max = 485 nm, λEm max = 528 nm) was measured with
a Tecan fluorescence microplate reader (Tecan Infinite M200 Pro, Lyon, France) in order
to quantify the living cells. The results were expressed as the % of control: (Fluorescence
(assay)/Fluorescence (control)) × 100.
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2.3.5. Measurement of Plasma Membrane Permeability with Propidium Iodide

Propidium iodide (PI) was used to evaluate the plasma membrane permeability and
cell death. This dye penetrates cells with damaged plasma membranes considered as
dead cells [71]. After 24 h of treatment with or without 7β-OHC (50 μM) in the presence
or absence of PLSO (100 μg/mL) or α-tocopherol (400 μM), C2C12 cells (adherent and
non-adherent cells) were stained with a PI solution (1 μg/mL of PBS) for 5 min at 37 ◦C,
and then immediately analyzed on a BD Accuri™ C6 flow cytometer (BD Biosciences,
San Jose, CA, USA). The red fluorescence was selected on a 630 nm band-pass filter and
10,000 cells were acquired for each sample. Data analyses were performed using FlowJo
software (Carrboro, NC, USA).

2.3.6. Measurement of Oxidative Stress
Evaluation of Reactive Oxygen Species Production with Dihydroethidium

Dihydroethidium (DHE) was used to detect ROS, mainly superoxide anion (O2
•−)

production. DHE, a dye that can freely diffuse across cell membranes, is rapidly oxidized
under the action of ROS to fluorescent ethidium. This latter exhibits an orange/red
fluorescence (λEx max = 488 nm; λEm max = 575 nm) [72]. After 24 h of treatment, C2C12
cells (adherent and non-adherent cells) were stained with a 2 μM DHE solution for 15 min
at 37 ◦C and then analyzed on a BD Accuri™ C6 flow cytometer (BD Biosciences). The
fluorescent signals of the DHE-stained cells were collected through a 580 nm band-pass
filter and 10,000 cells were acquired for each sample. Data analyses were performed using
FlowJo software.

Quantification of Antioxidant Enzymes Activities: Glutathione Peroxidase (GPx) and
Superoxide Dismutase (SOD)

Glutathione peroxidase (GPx) activity was evaluated according to the method de-
scribed by Flohe and Günzler [73]. After 24 h of treatment, C2C12 cells were trypsinized,
lysed by sonication, and centrifuged at 20,000× g (30 min; 4 ◦C). The supernatant was incu-
bated for 5 min at 25 ◦C with 0.1 mM of reduced glutathione (GSH) and phosphate buffer
saline (50 mM, pH 7.8). The reaction was initiated by the addition of H2O2 and stopped by
cell incubation with trichloroacetic acid, for 30 min on ice. After centrifugation at 1000× g
for 10 min, the supernatant was transferred into a new tube and 0.32 M of Na2HPO4·12H2O
and 1 mM of DTNB were added to the supernatant and the color developed was measured
at 412 nm. GPx activity was expressed as the percentage of control cells.

Superoxide dismutase (SOD) activity was measured following the method of Beauchamp
and Fridovich [74]. Cell lysates were incubated in the presence of 50 mM phosphate buffer,
0.1 mM EDTA, 13 mM L-methionine, 2 μM riboflavin, and 75 mM nitro bleu tetrazolium
(NBT). The mixture was exposed to white light for 20 min. The developed blue color is
proportional to SOD activity and was measured at 560 nm. Units of SOD activity are expressed
as the amount of enzyme required to inhibit by 50% the reduction in NBT. SOD activity was
expressed as a percentage of the controls. Antioxidant enzyme activity was expressed relative
to the protein content, determined with a Bradford assay.

Measurement of Lipid Peroxidation Products: Malondialdehyde (MDA) and Conjugated
Dienes (CDs)

Oxidation of polyunsaturated fatty acid was estimated by the measurement of the final
lipid peroxidation products, such as malondialdehyde (MDA) and conjugated dienes (CDs).

Measurement of MDA level: The MDA level was measured using the method de-
scribed by Yoshioka et al. [75]. Briefly, C2C12 cell lysates were mixed with 1.5 mL of a
reactive mixture containing 20% trichloroacetic acid and 0.67% thiobarbituric acid. The
samples were incubated for 30 min in a water bath at a temperature of 95 ◦C. After cooling,
4 mL of n-butanol was added, and the mixture was centrifuged (1600× g for 10 min)
to remove undissolved materials. Then, the absorbance was measured at 532 nm. The
concentration of MDA was expressed as nmol/mg of protein.

14



Antioxidants 2021, 10, 1772

Measurement of CDs level: The CDs level was quantified as previously described by
Esterbauer et al. [76]. Lipids were extracted from C2C12 cell lysates using a chloroform and
methanol mixture (2:1; v/v). After vigorous agitation for 2 min, the material was subjected
to centrifugation (1200× g; 3 min), and the lower layer was aspirated, transferred into a
new test tube, and evaporated under a nitrogen atmosphere. The residue was reconstituted
with 1 mL of hexane and measured spectrophotometrically at 243 nm. The results were
expressed as nmoles hydroperoxide/mg of protein.

Measurement of Protein Oxidation Products: Carbonylated Proteins (CPs)
Carbonylated proteins (CPs) concentration was measured as described by Oliver

et al. [77]. This assay is based on the reaction between 2,4-dinitrophenylhydrazine (DNPH)
and CPs to form protein hydrazones. Briefly, C2C12 cell lysates were incubated with DNPH
(10 mM in 2.5 N HCl) in the dark for 1 h at room temperature. Then, 20% trichloroacetic
acid was added for a 10 min incubation time on ice and the tubes were centrifuged at
1600× g for 5 min. The protein pellets were washed with 10% trichloroacetic acid and
ethanol-ethyl acetate (1:1; v/v) mixture to remove free DNPH. The final pellet was dissolved
in a 6 M guanidine hydrochloride solution, and the absorbance was read at 370 nm. The
concentration of CPs was expressed in nmol/mg of protein.

2.3.7. Evaluation of Mitochondrial Function
Measurement of Transmembrane Mitochondrial Potential with DiOC6(3)

The variation in the mitochondrial transmembrane potential (ΔΨm) was detected
using 3,3′-dihexyloxacarbocyanine iodide (DiOC6(3)) [67]. After 24 h of treatment, adherent
and non-adherent C2C12 cells were pooled, stained with a solution of DiOC6(3) (Invitro-
gen/Thermo Fisher Scientific, Montigny le Bretonneux, France) at 40 nM (15 min; 37 ◦C),
and then analyzed on a BD Accuri™ C6 flow cytometer (BD Biosciences). The loss of
ΔΨm is indicated by a decrease in the green fluorescence intensity collected through
a 520 ± 10 nm band-pass filter. For each sample, 10,000 cells were acquired, and data
analyses were performed with FlowJo software.

Measurement of ATP Levels

The adenosine triphosphate (ATP) assay was performed using the ATP Biolumi-
nescence Assay Kit CLS II (ref # 11699709001, Roche, Meylan, France), according to the
manufacturer’s procedure. At the end of the treatments, cells were collected by trypsiniza-
tion, adherent and non-adherent cells were mixed, and the ATP level was determined after
cell lysis. To this end, 100 μL of cell lysis reagent was added on the cell pellets. After 10 min
of incubation at RT, a centrifugation was realized at 1000× g for 5 min. Then, 50 μL of
luciferase was added to 50 μL of each cell lysate to measure the bioluminescence of the
samples using a microplate reader (Tecan Infinite M200 Pro). A standard calibration curve
was prepared from an ATP stock solution (10.5 mg/mL) using lyophilized ATP provided
by the kit to determine the cellular ATP concentration.

Measurement of Mitochondrial Reactive Oxygen Species with MitoSOX-Red

Mitochondrial ROS production, including superoxide anion (O2
•−), was measured

by flow cytometry after staining with MitoSOX-Red (Thermo Fisher Scientific, Asheville,
NC, USA). Once in the mitochondria, this probe is oxidized and exhibits an orange/red
fluorescence (λEx max = 510 nm; λEm max = 580 nm) [78]. After 24 h of treatment, adherent
and non-adherent C2C12 cells were polled and stained with a 5 mM MitoSOX-Red solution
for 15 min at 37 ◦C and then analyzed on a BD Accuri™ C6 flow cytometer. The fluorescent
signals were collected through a 580 ± 20 nm band pass filter. For each sample, 10,000 cells
were acquired, and data analyses were performed using FlowJo software.
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2.3.8. Determination of the Peroxisomal Status
Evaluation of the Level and Topography of Abcd3 Peroxisomal Transporter by Structured
Illumination Microscopy (Apotome)

ATP binding cassette subfamily D member (Abcd3) peroxisomal transporter was
detected by indirect immunofluorescence [79,80]. Cells were cultured on glass slides
in six-well plates. At the end of the treatment, adherent and non-adherent C2C12 cells
were collected, fixed with 2% (w/v) paraformaldehyde for 15 min at RT, and then rinsed
twice with PBS. Cells were permeabilized for 30 min at RT with a PFS buffer (PBS/0.05%
saponin/10% FCS). After washing in PBS, cells were incubated (1 h, RT) with an appropri-
ate rabbit polyclonal antibody raised against Abcd3 (# 11523651, Pierce/Thermo Fisher
Scientific, Asheville, NC, USA) diluted (1/500) in PFS buffer. Cells were washed and
incubated in the dark (30 min, RT) with a goat anti-rabbit 488-Alexa antibody (Santa-Cruz
Biotechnology, Santa Cruz, CA, USA) diluted at 1/500 in PFS buffer. After washing in PBS,
cells were stained with Hoechst 33342 (1 μg/mL) and then mounted in Dako fluorescent
mounting medium (Dako, Copenhagen, Denmark). The slides were stored in the dark at
4 ◦C and examined with structured illumination microscopy (Apotome). The images were
realized with ZEN imaging software (Zeiss).

Flow Cytometric Quantification of Abcd3 Peroxisomal Transporter

For flow cytometric analyses, adherent and non-adherent C2C12 cells were collected,
fixed with 2% (w/v) paraformaldehyde diluted in PBS for 15 min at RT and then rinsed
twice with PBS. Cells were permeabilized for 30 min at RT with PFS buffer. After washing
in PBS, cells were incubated (1 h, RT) with an appropriate rabbit polyclonal antibody raised
against Abcd3 (# 11523651, Pierce/Thermo Fisher Scientific) diluted (1/500) in PFS buffer.
Cells were washed and incubated in the dark (30 min, RT) with a goat anti-rabbit 488-Alexa
antibody (Santa-Cruz Biotechnology, Santa Cruz, CA, USA) diluted at 1/500 in a PFS buffer.
After washing in PBS, cells were resuspended in PBS and immediately analyzed on a BD
Accuri™ C6 flow cytometer (BD Biosciences). The green fluorescence of 488-Alexa was
collected with a 520 ± 20 nm band-pass filter. For each sample, 10,000 cells were acquired,
and data analyses were performed using FlowJo software.

Gas Chromatography—Mass Spectrometry Analysis of Fatty Acids

Fatty acids, including very-long-chain fatty acids (VLCFA; C ≥ 22) [81], were analyzed
using gas chromatography coupled to mass spectrometry (GC-MS), as previously described
by Blondelle et al. [82]. Total cellular lipids were extracted, according to the method of
Folch et al. [83]. Fatty acids were quantitated by calculating the relative response ratios to
their closest internal standard. Calibration curves were obtained with fatty acid authentic
standards processed as cell pellets.

Transmission Electron Microscopy Analysis

At the ultrastructural level, transmission electron microscopy (TEM) is the most
powerful tools to observe morphological changes caused by various physical or chemical
agents [84]. TEM was used to visualize mitochondrial and peroxisomal changes [80] in
C2C12 cells cultured for 24 h in the presence or absence of 7β-OHC (50 μM) without or
with PLSO (100 μg/mL) or α-tocopherol (400 μM) [85]. The samples were fixed for 1 h at
4 ◦C in 2.5% (w/v) glutaraldehyde diluted in a cacodylate buffer (0.1 M, pH 7.4), washed
twice in cacodylate buffer, incubated in the dark for 1 h at 21 ◦C in Tris–HCl (0.05 M, pH 9.0)
containing diaminobenzidine (DAB: 2.5 mg/mL) and H2O2 (10 μL/mL of a 3% solution);
washed in cacodylate buffer (0.1 M, pH 7.4) for 5 min at 21 ◦C; post-fixed in 1% (w/v)
osmium tetroxide diluted in cacodylate sodium (0.1 M, pH 7.4) for 1 h at 21 ◦C in the dark;
and rinsed in cacodylate buffer (0.1 M, pH 7.4). The preparations were dehydrated in
graded ethanol solutions and then embedded in Epon. Ultrathin sections were cut with
an ultramicrotome, contrasted with uranyl acetate and lead citrate, and examined using
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an HT7800 electron microscope (Hitachi, Tokyo, Japan) operating at 100 kV and equipped
with two advanced microscopy technique (AMT) cameras (Woburn, MA, USA).

Analysis of Abcd3 Peroxisomal Transporter mRNA by Real-Time Quantitative Polymerase
Chain Reaction

Total mRNA from C2C12 cells were extracted and purified using the RNeasy Mini Kit
(Qiagen, Courtaboeuf, France). Total mRNA concentration was measured with TrayCell
(Hellma, Paris, France) and the purity of the nucleic acids was controlled by the ratio of
absorbance at 260 nm and 280 nm (ratios between 1.8 and 2.2 were considered satisfactory).
One microgram of total mRNA from each sample was converted into single-stranded
cDNA using the iScript cDNA Synthesis kit (BioRad, Marne la Coquette, France) according
to the following procedure: 5 min at 25 ◦C, 20 min at 46 ◦C, and 5 min at 95 ◦C. cDNA was
then amplified using the Takyon TM Rox SYBR Master Mix dTTP Blue (Eurogentec, Liège,
Belgium) and 300 nM of forward and reverse mouse Abcd3 primer. The forward and re-
verse Abcd3 primer sequences were the following: Forward: 5′-ctgggcgtgaaatgactagattg-3′;
Reverse 5′-cttctcctgttgtgacaccattg-3′.

Thermal cycling conditions were as follows: activation of DNA polymerase (95 ◦C,
10 min), followed by 40 cycles of amplification at 95 ◦C for 15 s, 60 ◦C for 30 s, and
72 ◦C for 30 s, followed by a melting curve analysis to control for the absence of non-
specific products. Gene expression was quantified using cycle to threshold (Ct) val-
ues and normalized by the 36B4 reference gene (Forward: 5′-gcgacctggaagtccaacta-3′;
Reverse: 5′-atctgcttggagcccacat-3′). Abcd3 level was determined as fold induction of
the control.

2.4. Gas Chromatography—Mass Spectrometry Analysis of Cholesterol and Oxysterols Oxidized at
C7 (7-Ketocholesterol, 7β-Hydroxycholesterol) in the Plasma of Sarcopenic Patients

Cholesterol and oxysterols levels (7KC, 7β-OHC) were determined by GC-MS on plasma
samples from Tunisian subjects. All subjects gave their written consent before being enrolled
in this preliminary study. In total, 45 adults of 65 years and older (23 men, 22 women) were
recruited over a period of 1 month from January to February 2019. All participants were
recruited from a nursing home (Sousse, Tunisia). The Timed Up and Go (TUG) test was
used to classify patients as sarcopenic (22 subjects; age = 80 ± 4.16; female/male = 15/7)
and non-sarcopenic (23 subjects; age = 70.84 ± 4.38; female/male = 7/16). Blood samples
were collected in EDTA tubes after overnight fasting. The blood samples were centrifuged at
800× g (10 min; 4 ◦C), and the plasma was divided into several aliquots that were immediately
frozen at −80 ◦C and stored for one year until GC-MS analysis. Oxysterols were quantified
as follows: in a glass tube, 300 μL of plasma was suspended in absolute ethanol containing
BHT (50 μg/mL). 7KC (d7) and 7β-OHC (d7) (Avanti Polar Lipids, 700 Industrial Park Drive
Alabaster, AL, USA) were used as internal standards. Samples were subjected to alkaline
hydrolysis with 10 M KOH (1 h; 37 ◦C). The reaction mixture was washed with water in
order to adjust to pH 7 and sterols were extracted with hexane. After solvent evaporation,
100 μL of a mixture of pyridine/hexamethyldisilazane (HMDS)/trimethylchlorosilane (TMCS)
(3:2:1; v/v/v) (Acros Organics, Fisher Scientific, Asheville, NC, USA) was added, and samples
were incubated at 60 ◦C for 30 min to form trimethylsilyl ethers. After evaporation, the residue
was dissolved in 100 μL hexane for GC-MS analysis. GC-MS was performed using an Agilent
Technology 6890 GC equipped with an HP7683 injector and a 5973-mass selective detector
(Agilent Technologies, Santa Clara, CA, USA). Chromatography was performed using an
HP-5MS-fused silica capillary column (length: 25 m; i.d.: 0.25 mm; film thickness: 0.25 μm;
Agilent Technologies, Santa Clara, CA, USA). GC-MS conditions were as follows: carrier gas,
helium at a flow rate of 1.1 mL/min; injector temperature, 250 ◦C; oven temperature180 ◦C,
which increased at 10 ◦C/min to 260 ◦C, then at 1 ◦C/min to 280 ◦C and held for 5 min.
The mass spectrometer was operated in the electron impact mode with electron energy of
70 eV. The ion source temperature and the quadrupole temperature were 230 ◦C and 150 ◦C,
respectively. The ions used for analysis were 7β-OHC 456 m/z, 7β-OHC (d7) 463 m/z, and
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7KC 472 m/z, 7KC (d7) 479 m/z. Calibration curves were obtained using authentic standards
extracted with the method used for the samples.

2.5. Statistical Analysis

The experimental results were statistically analyzed with GraphPad Prism 8.0 soft-
ware (GraphPad Software, San Diego, CA, USA). In vitro data were expressed as the
mean ± standard deviation (SD) and compared with an ANOVA test followed by a Tukey’s
test, which allows multiple comparisons and permits to assess any interaction. Clinical data
were compared with a Student’s t-test. A p-value less than 0.05 was considered statistically
significant. The heatmap representation was realized with GraphPad Prism 8.0 software.

3. Results

3.1. Biochemical Composition of Pistacia lentiscus L. Seed Oil

The profiles of polyphenols, flavonoids, and carotenoids contents in Pistacia lentiscus L.
seed oil (PLSO) were measured using colorimetric methods and the results are shown in
Table 1. The amounts of total phenols, flavonoids, and carotenoids in PLSO are 28.50 ± 0.77
gallic acid equivalents (mg GAE/g of extract), 51.36 ± 2.30 catechin equivalent (mg CE/g
of extract), and 2083.59 ± 55.00 (mg/kg of extract), respectively.

Table 1. Total phenols, flavonoids, and carotenoids contents of Pistacia lentiscus seed oil (PLSO).

Total Phenols (mg GAE/g
of Extract)

Flavonoids (mg CE/g
of Extract)

Carotenoids (mg/kg)

Pistacia lentiscus seed oil 28.50 ± 0.77 51.36 ± 2.30 2083.59 ± 55.00

GAE: gallic acid equivalent; CE: catechin equivalent. Each value represents the mean of three determinations ± standard deviation.

In PLSO, the polyphenols identified and characterized by HPLC coupled with UV
analysis were protocatechuic acid, which is a dihydroxybenzoic acid and a type of phenolic
acid, and coumarin, which belongs to a polyphenol subclass (hydroxycoumarins) (Table 2).

Table 2. Pistacia lentiscus seed oil polyphenol content (mg equivalents quercetin/100 g of oil).

Polyphenols (mg Equivalents Quercetin/100 g of Oil)

Protocatechuic acid 0.140 ± 0.001

Coumarin 0.650 ± 0.003
Polyphenols chromatogram obtained by HPLC (Supplementary Figure S2). Each value represents the mean of
three determinations ± standard deviation.

The fatty acid profile of PLSO, expressed as percentage of total fatty acids, was
determined using GC and the results are presented in Table 3. The main fatty acids
detected in PLSO were oleic acid (49.77 ± 0.12%), palmitic acid (27.20 ± 0.22%), and
linoleic acid (17.19 ± 0.10%), followed by palmitoleic acid (2.25 ± 0.01%), vaccenic acid
(1.51 ± 0.03%), and stearic acid (1.26 ± 0.01%). Likewise, PLSO also contains α-linolenic
acid, gadoleic acid, and arachidic acid but in much smaller quantities (0.12–0.39%). Minor
monounsaturated fatty acids, such as myristic acid, margaric acid, lignoceric acid, and
behenic acid, were also detected, but in trace amounts (≤0.05%).

The sterol composition of PLSO was determined using GC and spectral analysis and
the results are shown in Table 4. The most abundant detected phytosterols in PLSO were
β-sitosterol (67.25 ± 3.24 mg/100 g oil), α-epoxysitostanol (33.36 ± 1.65 mg/100 g oil),
and 24-methylene cycloartenol (16.10 ± 2.72 mg/100 g oil) followed by cycloartenol
(9.35 ± 1.49 mg/100 g oil) and campestanol (4.48 ± 0.85 mg/100 g oil). All other phy-
tosterols were present in small amounts.
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Table 3. Pistacia lentiscus seed oil fatty acids profile (g/100 g of oil; % of total fatty acids).

Fatty Acids g/100 g of Oil (*) % (**)

∑SFA 32.333 ± 0.566 28.77 ± 0.24

Myristic acid (C14:0) 0.015 ± 0.000 0.05 ± 0.01
Palmitic acid (C16:0) 30.457 ± 0.355 27.20 ± 0.22
Margaric acid (C17:0) 0.022 ± 0.003 0.05 ± 0.00

Stearic acid (C18:0) 1.527 ± 0.124 1.26 ± 0.01
Arachidic acid (C20:0) 0.041 ± 0.012 0.12 ± 0.00
Behenic acid (C22:0) 0.271 ± 0.072 0.04 ± 0.00

Lignoceric acid (C24:0) ND 0.05 ± 0.00

∑UFA 94.706 ± 2.910 71.25 ± 0.28

∑MUFA 64.736 ± 1.827 53.67 ± 0.17

Palmitoleic acid (C16:1 n−7) 2.623 ± 0.084 2.25 ± 0.01
Heptadecenoic acid (C17:1) 0.179 ± 0.058 ND

Oleic acid (C18:1 n−9) 60.183 ± 1.556 49.77 ± 0.12
Vaccenic acid (C18:1 n−7) 1.670 ± 0.073 1.51 ± 0.03
Gadoleic acid (C20:1 n−9) 0.081 ± 0.056 0.14 ± 0.01

∑PUFA 29.970 ± 1.083 17.58 ± 0.11

Linoleic acid (C18:2 n−6) 29.665 ± 0.990 17.19 ± 0.10
α-linolenic acid (C18:3 n−3) 0.305 ± 0.093 0.39 ± 0.01

∑SFA/∑UFA 0.34 ± 0.19 0.41 ± 0.86
SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; ND: not
detected. Each value represents the mean of three determinations ± standard deviation. (*): data obtained
at the University of Monastir (Monastir, Tunisia) with (C19:0) used as internal standard; (**) data obtained at
INRAE (Dijon, France) without an internal standard. Data were obtained with the same sample of PLSO. The
corresponding chromatograms are shown in Supplementary Figure S3A,B.

Table 4. Pistacia lentiscus seed oil phytosterol profile (mg/100 g of oil).

Phytosterol (mg/100 g of Oil)

Campesterol 4.48 ± 0.85
Stigmasterol 2.69 ± 0.23
β-Sitosterol 67.25 ± 3.24

Δ5-Avenasterol 3.10 ± 0.90
β-Amyrine 1.81 ± 0.19

Cycloartenol 9.35 ± 1.49
24-Methylene cycloartenol 16.10 ± 2.72

α-Epoxysitostanol 33.36 ± 1.65
Other phytosterols 16.76 ± 2.83

Total 154.89 ± 5.40
The phytosterol chromatogram obtained by GC-FID is shown in Supplementary Figure S4. Each value represents
the mean of three determinations ± standard deviation.

The α-tocopherol content of PLSO is given in Table 5. The results show that α-
tocopherol represented 68.1 ± 3.41 mg/kg of oil.

Table 5. α-Tocopherol content (mg/kg) of Pistacia lentiscus seed oil (PLSO).

α-Tocopherol (mg/kg)

Pistacia lentiscusseed oil 68.10 ± 3.41
Values are the mean ± SD of three determinations.

3.2. Evaluation of the Antioxidant Properties of Pistacia lentiscus L. Seed Oil

The antioxidant activities of PLSO were measured with different assays: DPPH, FRAP,
FIC, and KRL. The results are shown in Table 6. PLSO exhibits free radical scavenging
activity, as shown by the IC50 value (5.01 ± 0.095 mg/mL). The half-maximal inhibitory
concentration (IC50) (volume of oil required to lower the initial DPPH concentration by
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50%) was determined from the dose–response curve. This activity was less than those of
ascorbic acid (AA) used as the standard.

Table 6. Antioxidant activity of Pistacia lentiscus seed oil (PLSO).

IC50 Values (mg/mL) (Trolox Equivalent)

Samples DPPH FRAP Iron Chelating (FIC) KRL

PLSO 5.010 ± 0.095 1.15 ± 0.23 5.61 ± 0.14 4440.00 ± 493.60

AO − − − 360.80 ± 153.60

EDTA
(standard)

− − 0.60 ± 0.09 −

AA (standard) 0.810 ± 0.270 0.41 ± 0.16 − −
α-tocopherol − − − 0.94 ± 0.01

Each value represents the mean of three determinations ± standard deviation. IC50: half-maximal inhibitory
concentration; PLSO: Pistacia lentiscus L. seed oil; AO: argan oil, EDTA: ethylenediaminetetraacetic acid; AA:
ascorbic acid; DPPH: 2,2-diphenyl-1-picrylhydrazyl; FIC: Ferrous Iron Chelating FRAP: Ferric Reducing Antioxi-
dant Power; KRL: Kit Radicaux Libres. For the KRL test, data are presented in Trolox equivalent: 1 mL of PLSO is
equivalent to X moles of Trolox (value shown in the table).

The reducing power of PLSO measured by FRAP assay was investigated along with
AA used as the standard reference. The IC50 value was 1.15 ± 0.23 mg/mL (Table 6). In
addition, an iron-chelating activity evaluated with the FIC assay was observed in PLSO
with an IC50 of 5.61 ± 0.14 mg/mL (Table 6).

The antioxidant properties of α-tocopherol, PLSO, and Argan Oil Roasted Agadir
(AO) were evaluated with the KRL test. For the PLSO and AO, the antioxidant activities
were expressed in Trolox equivalent (mole Trolox/mL of oil). For the KRL test, we used
α-tocopherol as the positive control and AO stored for 5 years at 4 ◦C in the dark as the
negative control (the corresponding AO freshly prepared has been previously characterized
and described and was strongly antioxidant [86]). PLSO showed a higher KRL antioxidant
status than the 5 years stored AO. KRL values were 4440.00 ± 493.60 and 360.8 ± 153.6
(Trolox equivalent) in PLSO and AO, respectively (Table 6), illustrating that after 5 years of
storage, AO shows a notable decrease in antioxidant activity.

3.3. Evaluation of 7-Ketocholesterol and 7β-Hydroxycholesterol Plasma Levels in Sarcopenic and
Non-Sarcopenic Subjects

As several studies support that 7KC and 7β-OHC, mainly resulting from cholesterol
auto-oxidation, are involved in the development of major age-related diseases [31,87], these
oxysterols as well as cholesterol were measured by GC-MS in the plasma of non-sarcopenic
and sarcopenic subjects. In sarcopenic patients, the 7β-OHC level was significantly higher
than in non-sarcopenic subjects whereas no significant difference in 7KC and cholesterol
level was observed (Supplementary Figure S5). This plasma increase in 7β-OHC could
favor the accumulation of this oxysterol in skeletal muscle. Indeed, in male Wistar rats in
response to chronic alcohol feeding, there were significant increases in the soleus (type I
fiber, glycolytic, aerobic activity) of 7α-OHC, 7β-OHC, and 7KC, whereas in the plantaris
(type II fiber, anaerobic activity) only 7β-OHC was increased [88]. Furthermore, in zebra
fish, 25-hydroxycholesterol alters muscle morphology and reduces mobility; a similar effect
can be envisaged with 7β-OHC [89]. Based on this previous works, and knowing that
lipotoxicity (defined as an abnormal accumulation of lipids in tissues such as skeletal
muscles) leads to metabolic and functional dysfunctions [90], it is important to clarify
whether 7β-OHC can have cytotoxic effects on skeletal muscle cells, and if so, to find
treatments to counteract this toxicity. To evaluate this hypothesis, the C2C12 murine
myoblast model cultured in the presence of 7β-OHC in the presence or absence of PLSO
was used.
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3.4. Evaluation of the Effects of Pistacia lentiscus L. Seed Oil on 7β-Hydroxycholesterol-Induced
Morphological Changes and Cell Death

At first, initial experiments were performed on C2C12 cells to evaluate whether PLSO
and 7β-OHC alone induce cell death on murine C2C12 myoblast cells. To this end, C2C12
were incubated with various concentrations of PLSO (5 to 3200 μg/mL) for 24 h and cell
viability was determined using an MTT assay. As shown in Supplementary Figure S6A,
no cytotoxic effects of PLSO (5–800 μg/mL) were observed compared to untreated cells;
however, in the presence of PLSO used at 1600 μg/mL and 3200 μg/mL, the percentage of
viable cells decreased from 50 to 70%, respectively.

To define whether 7β-OHC was able to influence C2C12cell viability, C2C12 cells
were exposed to various concentrations of 7β-OHC (12.5 to 200 μM) for 24 h. In the
presence of 7β-OHC (50 μM), cell viability significantly decreased to 48.4% compared to
untreated cells (Supplementary Figure S6B). Based on these results, PLSO (100 μg/mL)
and 7β-OHC (50 μM) were selected to perform further experiments.

Thus, C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in the
presence or absence of PLSO (100 μg/mL) or α-tocopherol (400 μM) used as positive
control for cytoprotection. PLSO and α-tocopherol were added 2 h prior 7β-OHC. Based
on the observations performed by phase-contrast microscopy, morphological changes in
C2C12 cells were observed under treatment with 7β-OHC. In 7β-OHC-treated C2C12 cells,
compared to untreated cells, an increased number of round cells floating in the culture
medium were observed, reflecting a loss of cell adhesion and an induction of cell death; a
reduced number of adherent cells was also observed This effect was remarkably corrected
when the cells were simultaneously incubated with PLSO (100 μg/mL) or α-tocopherol
(400 μM), indicating that PLSO and α-tocopherol provided protection against 7β-OHC-
induced loss of cell adhesion and cell death (Supplementary Figure S7A). By phase-contrast
microscopy, no effects on cell adhesion and cell growth of the different vehicles used were
observed (Supplementary Figure S7B).

The cytoprotective effect of PLSO (100 μg/mL) was confirmed with the MTT assay. As
shown in Figure 1A, the percentage of MTT-positive cells, reflecting metabolically active
cells, was significantly decreased in the 7β-OHC (50 μM)-treated cells compared to the
control. Noteworthy, when PLSO (100 μg/mL) was associated with 7β-OHC (50 μM), the
percentage of MTT-positive cells was significantly increased: this demonstrates that PLSO
attenuates 7β-OHC-induced cell death. Similar results were obtained with α-tocopherol.

To further investigate the effect of PLSO on plasma membrane permeability and/or
cell death, staining with propidium iodide (PI) was used. As illustrated in Figure 1B,
the percentage of PI-positive cells was significantly increased after exposure to 7β-OHC
(50 μM), indicating that this oxysterol caused altered plasma membrane and/or cell death
in C2C12 cells. In the presence of PLSO (100 μg/mL) or α-tocopherol (400 μM) associated
with 7β-OHC (50 μM), the percentage of PI-positive cells was significantly decreased
compared to 7β-OHC-treated cells. Comparatively to untreated cells, no effect of PLSO
(100 μg/mL) or α-tocopherol (400 μM) alone was observed on plasma membrane perme-
ability. Altogether, these data show that PLSO as well as α-tocopherol strongly attenuate
7β-OHC-induced C2C12 cell death.

3.5. Evaluation of the Effects of Pistacia lentiscus L. Seed Oil on 7β-Hydroxycholesterol-Induced
Oxidative Stress

To study the effect of PLSO (100 μg/mL) against 7β-OHC (50 μM)-induced oxidative
stress, we measured the production of reactive oxygen species (ROS), lipid peroxidation
products (MDA, CDs), carbonylated proteins (CPs), and antioxidant enzyme activities
(SOD, GPx) (Figure 2).
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Figure 1. Effect of Pistacia lentiscus L. seed oil (PLSO) and 7β-hydroxycholesterolin C2C12 cell viability. C2C12
cells were incubated for 24 h with or without 7β-OHC (50 μM) in the presence or absence of PLSO (100 μg/mL) or
α-tocopherol (400 μM). The protective effect of PLSO and α-tocopherol against 7β-OHC-induced cell death was evaluated
with the MTT assay (A) and by flow cytometry after staining with propidium iodide (PI) (B). Data are the mean ± SD
of two independent experiments performed in triplicate. A multiple comparative analysis between the groups, tak-
ing into account the interactions, was carried out using an ANOVA test followed by a Tukey’s test. A p-value less
than 0.05 was considered statistically significant. The statistically significant differences between the groups, which
are indicated by different letters, take into account the vehicle used. a: comparison versus control; b: comparison
versus ETOH (0.5%); c: comparison versus DMSO (0.125%); d: comparison versus ETOH (0.1%); e: comparison versus
(ETOH (0.1%) + DMSO (0.125%)); f: comparison versus α-toco (400 μM); g: comparison versus PLSO (100 μg/mL); h: com-
parison versus 7β-OHC (50 μM); i: comparison versus 7β-OHC (50 μM) + α-toco (400 μM). No significant differences
were observed between the untreated (control) and vehicle-treated cells: EtOH (0.5%), DMSO (0.125%), EtOH (0.1%), and
EtOH (0.1%) +DMSO (0.125%).

ROS overproduction was quantified by flow cytometry with DHE. As shown in
Figure 2A, treatment with 7β-OHC induced a significant increase in the percentage of
DHE-positive cells compared to the untreated (control) and vehicle-treated (EtOH 0.1%)
cells; this increase in ROS production was significantly attenuated when 7β-OHC was
associated with PLSO or α-tocopherol.

In addition, the levels of MDA, CDs, and CPs, which are the main products of lipid
and protein oxidation, respectively, were significantly higher in 7β-OHC-treated cells
compared to untreated (control) or vehicle-treated (EtOH 0.1%) cells; these increases were
significantly reduced when the cells were incubated with 7β-OHC in the presence of PLSO
or α-tocopherol, comparatively to 7β-OHC (Figure 2B–D).

In another hand, superoxide dismutase (SOD) and glutathione peroxidase (GPx) ac-
tivities were significantly decreased in 7β-OHC-treated C2C12 cells when compared with
untreated (control) and vehicle-treated (EtOH 0.1%) cells; these decreases were also signifi-
cantly attenuated when 7β-OHC was associated with PLSO or α–tocopherol (Figure 3).
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Figure 2. Effect of Pistacia lentiscus L. seed oil (PLSO) on 7β-hydroxycholesterol-induced overproduction of reactive

oxygen species (ROS) and lipid and protein oxidation products in C2C12 cells. C2C12 cells were incubated for 24 h
with or without 7β-OHC (50 μM) in the presence or absence of PLSO (100 μg/mL) or α-tocopherol (400 μM). ROS
overproduction was measured by flow cytometry after staining with dihydroethidium (DHE) (A). Lipid and protein
oxidation products were determined with malondialdehyde (MDA) (B), conjugated dienes (CDs) (C) and carbonylated
proteins (CPs) levels (D). Data are presented as the mean ± SD of two independent experiments performed in tripli-
cate. A multiple comparative analysis between the groups, taking into account the interactions, was carried out using
an ANOVA test followed by a Tukey’s test. A p-value less than 0.05 was considered statistically significant. The sta-
tistically significant differences between the groups, which are indicated by different letters, take into account the ve-
hicle used. a: comparison versus control; b: comparison versus ETOH (0.5%); c: comparison versus DMSO (0.125%);
d: comparison versus ETOH (0.1%); e: comparison versus (ETOH (0.1%) + DMSO (0.125%)); f: comparison versus
α-toco (400 μM); g: comparison versus PLSO (100 μg/mL); h: comparison versus 7β-OHC (50 μM); i: comparison versus
7β-OHC (50 μM) + α-toco (400 μM). No significant differences were observed between the untreated (control) and vehicle-
treated cells.
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Figure 3. Effect of Pistacia lentiscus L. seed oil (PLSO) and 7β-hydroxycholesterol on antioxidant enzyme activities

(SOD, GPx) in C2C12 cells. C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in the presence or
absence of PLSO (100 μg/mL) or α-tocopherol (400 μM). The measurement of superoxide dismutase (SOD) activity (A)
and glutathione peroxidase (GPx) activity (B) were realized. Data are presented as the mean ± SD of two independent
experiments performed in triplicate. A multiple comparative analysis between the groups, taking into account the
interactions, was carried out using an ANOVA test followed by a Tukey’s test. A p-value less than 0.05 was considered
statistically significant. The statistically significant differences between the groups, which are indicated by different letters,
take into account the vehicle used. a: comparison versus control; b: comparison versus ETOH (0.5%); c: comparison versus
DMSO (0.125%); d: comparison versus ETOH (0.1%); e: comparison versus (ETOH (0.1%) + DMSO (0.125%)); f: comparison
versus α-toco (400 μM); g: comparison versus PLSO (100 μg/mL); h: comparison versus 7β-OHC (50 μM); i: comparison
versus 7β-OHC (50 μM) + α-toco (400 μM). No significant differences were observed between the untreated (control) and
vehicle-treated cells.

3.6. Evaluation of the Effects of Pistacia lentiscus L. Seed Oil on 7β-Hydroxycholesterol-Induced
Mitochondrial Damages

To evaluate the effect of PLSO (100 μg/mL) against 7β-OHC (50 μM)-induced mito-
chondrial dysfunction, we measured the mitochondrial transmembrane potential (ΔΨm)
after staining with DiOC6(3), the overproduction of ROS at the mitochondrial level after
staining with MitoSOX-Red, as well as the ATP level by bioluminescence (Figure 4).

Under treatment with 7β-OHC, and comparatively to the untreated (control) and
vehicle-treated (EtOH 0.1%) cells, a marked decrease in ΔΨm, revealed by an increase
in the percentage of cells with depolarized mitochondria (DiOC6(3)-negative cells), was
observed (Figure 4A). In addition, a reduction in ATP production was observed under
treatment with 7β-OHC (Figure 4B). With MitoSOX-Red, a marked increase in MitoSOX-
Red-positive cells was revealed, confirming a disturbed oxidative phosphorylation and
the induction of mitochondrial damage under treatment with 7β-OHC (Figure 4C). Inter-
estingly, in the presence of PLSO or α-tocopherol, the loss of ΔΨm, decrease in ATP, as
well as overproduction of mitochondrial ROS was strongly attenuated (Figure 4A–C). In
the presence of MitoQ (1 μM), which blocks ROS overproduction at the mitochondrial
level, a slight but not significant cytoprotective effect was observed with the FDA test
whereas a significant and marked cytoprotection was found with PLSO and α-tocopherol
(Supplementary Figure S8), supporting (i) that mitochondrial targeting with an antioxidant
is not sufficient to prevent 7β-OHC-induced cell death; and (ii) that PLSO and α-tocopherol,
which act at the mitochondrial levels, also have other cellular targets.
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Figure 4. Effect of Pistacia lentiscus L. seed oil (PLSO) on 7β-hydroxycholesterol-induced mitochondrial damage in

C2C12 cells. C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in the presence or absence of PLSO
(100 μg/mL) or α-tocopherol (400 μM). Mitochondrial transmembrane potential (ΔΨm) (A), mitochondrial ATP produc-
tion (B), and mitochondrial production of superoxide anion(O2

•−) (C) were measured. The data are presented as the
mean ± SD of two independent experiments performed in triplicate. A multiple comparative analysis between the groups,
taking into account the interactions, was carried out using an ANOVA test followed by a Tukey’s test. A p-value less than 0.05
was considered statistically significant. The statistically significant differences between the groups, which are indicated by
different letters, take into account the vehicle used. a: comparison versus control; b: comparison versus ETOH (0.5%); c: com-
parison versus DMSO (0.125%); d: comparison versus ETOH (0.1%); e: comparison versus (ETOH (0.1%) + DMSO (0.125%));
f: comparison versus α-toco (400 μM); g: comparison versus PLSO (100 μg/mL); h: comparison versus 7β-OHC (50 μM);
i: comparison versus 7β-OHC (50 μM) + α-toco (400 μM). No significant differences were observed between the untreated
(control) and vehicle-treated cells.

3.7. Evaluation of the Effects of Pistacia lentiscus L. Seed Oil on 7β-Hydroxycholesterol-Induced
Peroxisomal Damages

Abcd3 (ATP binding cassette subfamily D member) is a major component of the per-
oxisomal membrane and a common constituent of peroxisomes in different tissues [91,92]
(Supplementary Figure S9). This peroxisomal transporter is frequently used to evalu-
ate the peroxisomal mass, thus providing information on peroxisome biogenesis [79].
The effect of 7β-OHC (50 μM) with and without PLSO (100 μg/mL) and α-tocopherol
(400 μM) was determined on the topography and expression of Abcd3 revealed by indi-
rect immunofluorescence using structured illumination microscopy (Apotome) and flow
cytometry (Figure 5).
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Figure 5. Effect of Pistacia lentiscus L. seed oil (PLSO) and 7β-hydroxycholesterol on the expres-

sion of the major peroxisomal membrane transporter (Abcd3) used to evaluate the peroxisomal

topography and mass. C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in the
presence or absence of PLSO (100 μg/mL) or α-tocopherol (400 μM). The protective effect of PLSO
and α-tocopherol (400 μM) against 7β-OHC were analyzed by structured illumination microscopy
(apotome) (A) and flow cytometry (B). The white arrows point towards cells with an accumulation of
peroxisomes in a particular area of the cytoplasm. The data are presented as the mean ± SD of two in-
dependent experiments performed in triplicate. A multiple comparative analysis between the groups,
taking into account the interactions, was carried out using an ANOVA test followed by a Tukey’s
test. A p-value less than 0.05 was considered statistically significant. The statistically significant
differences between the groups, which are indicated by different letters, take into account the vehicle
used. a: comparison versus control; b: comparison versus ETOH (0.5%); c: comparison versus DMSO
(0.125%); d: comparison versus ETOH (0.1%); e: comparison versus (ETOH (0.1%) + DMSO (0.125%));
f: comparison versus α-toco (400 μM); g: comparison versus PLSO (100 μg/mL); h: comparison versus
7β-OHC (50 μM); i: comparison versus 7β-OHC (50 μM) + α-toco (400 μM). In addition, no significant
differences were observed between the untreated (control) and vehicle-treated cells.

26



Antioxidants 2021, 10, 1772

Using structure illumination microscopy (Figure 5A), a high density of peroxisomes
was observed in the cytoplasm of untreated (control) cells, PLSO-, and α-tocopherol-treated
cells. An important decrease in peroxisomal density was revealed under treatment with
7β-OHC. In addition, the peroxisomes were homogeneously distributed in the cytoplasm
of the control and vehicle-treated cells as well as of PLSO- and α-tocopherol-treated cells,
whereas they were preferentially amassed in a particular area of the cytoplasm in 7β-OHC-
treated cells. When the cells were cultured in the presence of 7β-OHC associated with PLSO
or α-tocopherol, the aspect of the peroxisome in the cytoplasm evocate those of untreated
(control) and vehicle-treated cells, although the peroxisomal density remains lower.

Under treatment with 7β-OHC, the decrease in peroxisomal density observed by
microscopy suggests a decrease in peroxisomal biogenesis. To confirm this hypothesis,
flow cytometric analyses were performed (Figure 5B). The analysis of Abcd3 levels in
C2C12 cells did not reveal any difference between untreated (control) and α-tocopherol-
treated cells; a slight increase was observed in the presence of PLSO. Under treatment with
7β-OHC, a significant increase in the percentage of cells with a reduced Abcd3 level was
observed. Interestingly, this decreased expression of Abcd3 was significantly inhibited
when 7β-OHC was combined with PLSO or α-tocopherol.

With regard to peroxisome function, peroxisomal damages (alteration of peroxisomal
β-oxidation) (Supplementary Figure S9) can favor the accumulation of very-long-chain
fatty acids (VLCFA; C ≥ 22) [81], which can contribute to amplify cell dysfunctions [93].
Therefore, we determined the effect of 7β-OHC (50 μM) associated or not with PLSO
(100 μg/mL) or α-tocopherol (400 μM) on VLCFA levels in C2C12 cells. In untreated cells
(control) and the vehicle, no significant differences were found; similar levels of VLCFA
(C22:0, C24:0, C24:1 n−9, C26:0, and C26:1 n−9) were observed (Figure 6). When C2C12cells
were exposed to 7β-OHC, a significant increase in VLCFA was detected, and the latter was
significantly reduced when 7β-OHC was associated with PLSO or α-tocopherol (Figure 6).

However, enhanced ELOVL1 activity could also be involved in the increased level
of VLCFA. At the moment, seven enzymes termed ELOVL 1–7 (Elongation of Very-Long-
Chain Fatty Acid), which are localized in the endoplasmic reticulum, have been identified.
ELOVL1 is suggested to control VLCA synthesis up to C26:0. This is the most potent elon-
gase for C24:0 and C26:0, whereas, depending on the cell type considered, similar elongase
activity have been reported with ELOVL3 and ELOVL6 [94,95]. Our results also support
an increase in the elongase activity index (which could correspond to ELOVL1, 3, and 6
activity; ratio (C24:0/C22:0), and ratio (C26:0/C22:0)) under treatment with 7β-OHC;
these different elongase activity indexes were also strongly attenuated when 7β-OHC was
associated with PLSO or α-tocopherol (Figure 7).

In addition, as shown by qRT-PCR, the important decreases in the Abcd3 mRNA
levels, observed under treatment with 7β-OHC (50 μM), were prevented by treatment with
PLSO (100 μg/mL), as well as α-tocopherol (400 μM) (Figure 8).

3.8. Evaluation by Transmission Electron Microscopy of the Effects of Pistacia lentiscus L. Seed Oil
on 7β-Hydroxycholesterol-Induced Cellular, Mitochondrial, and Peroxisomal Changes

Transmission electron microscopy analysis was realized to study the morphological
changes in C2C12 myoblasts (Figures 9 and 10).

27



Antioxidants 2021, 10, 1772

Figure 6. Effect of 7β-hydroxycholesterol with and without Pistacia lentiscus L. seed oil (PLSO) on very-long-chain fatty

acid (VLCFA) levels. C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in the presence or absence
of PLSO (100 μg/mL) or α-tocopherol (400 μM). The level of VLCFA (C ≥ 22) was determined by GC-MS: C22:0 (A),
C22:1 n−9 (B), C24:0 (C), C24:1 n−9 (D), C26:0 (E) and C26:1 n−9 (F). Data are the mean ± SD of two independent
experiments. A multiple comparative analysis between the groups, taking into account the interactions, was carried out
using an ANOVA test followed by a Tukey’s test. A p-value less than 0.05 was considered statistically significant. The
statistically significant differences between the groups, which are indicated by different letters, take into account the
vehicle used. a: comparison versus control; b: comparison versus ETOH (0.5%); c: comparison versus DMSO (0.125%);
d: comparison versus ETOH (0.1%); e: comparison versus (ETOH (0.1%) + DMSO (0.125%)); f: comparison versus α-toco
(400 μM); g: comparison versus PLSO (100 μg/mL) ; h: comparison versus 7β-OHC (50 μM); i: comparison versus 7β-OHC
(50 μM) + α-toco (400 μM). No significant differences were observed between the untreated (control) and vehicle-treated cells.
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Figure 7. Effect of Pistacia lentiscus L. seed oil (PLSO) and 7β-hydroxycholesterol on elongase activities.

C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in the presence or absence of PLSO
(100 μg/mL) or α-tocopherol (400 μM). The levels of C22:0, C24:0, and C26:0 were determined by GC-MS,
and the corresponding elongase activity index, which could correspond to ELOVL1, 3, and 6 activity (ratio
(C24:0/C22:0) (A) and ratio (C26:0/C22:0) (B)) were calculated. Data are the mean ± SD of two independent
experiments. A multiple comparative analysis between the groups, taking into account the interactions,
was carried out using an ANOVA test followed by a Tukey’s test. A p-value less than 0.05 was considered
statistically significant. The statistically significant differences between the groups, which are indicated by
different letters, take into account the vehicle used. a: comparison versus control; b: comparison versus
ETOH (0.5%); c: comparison versus DMSO (0.125%); d: comparison versus ETOH (0.1%); e: comparison
versus (ETOH (0.1%) + DMSO (0.125%)); f: comparison versus α-toco (400 μM); g: comparison versus PLSO
(100 μg/mL); h: comparison versus 7β-OHC (50 μM); i: comparison versus 7β-OHC (50 μM) + α-toco
(400 μM). No significant differences were observed between the untreated (control) and vehicle-treated cells.

Figure 8. Effects of 7β-hydroxycholesterol with and without Pistacia lentiscus L. on Abcd3 gene ex-

pression. C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in the presence or absence
of PLSO (100 μg/mL) or α-tocopherol (400 μM). The mRNA expression of Abcd3 was evaluated by
qRT-PCR. Data shown are representative of three independent experiments. A multiple comparative
analysis between the groups, taking into account the interactions, was carried out using an ANOVA test
followed by a Tukey’s test. A p-value less than 0.05 was considered statistically significant. The statistically
significant differences between the groups, which are indicated by different letters, take into account the ve-
hicle used. a: comparison versus control; b: comparison versus ETOH (0.5%); c: comparison versus DMSO
(0.125%); d: comparison versus ETOH (0.1%); e: comparison versus (ETOH (0.1%) + DMSO (0.125%));
f: comparison versus α-toco (400 μM); g: comparison versus PLSO (100 μg/mL); h: comparison versus
7β-OHC (50 μM); i: comparison versus 7β-OHC (50 μM) + α-toco (400 μM). No significant differences
were observed between the untreated (control) and vehicle-treated cells.
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Figure 9. Analysis of morphological changes in C2C12 myoblasts using transmission electron

microscopy. C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in the presence or
absence of PLSO (100 μg/mL) or α-tocopherol (400 μM). In untreated cells (control) (A), α-tocopherol
(400 μM)-treated cells (C), and PLSO (100 μg/mL)-treated cells (E), cells have a fusiform shape, with
large round central nuclei containing several nucleoli; they have several small empty vacuoles and
morphologically normal mitochondria and peroxisomes. In the 7β-OHC (50 μM)-treated cells (B),
cells have an abnormal morphology: they have a round shape, irregular nuclei, and a lot of cytoplas-
mic vacuoles containing cell debris, as well as altered mitochondria and peroxisomes. In (7β-OHC +
α-tocopherol and 7β-OHC+ PLSO)-treated cells, mainly morphologically normal cells were observed;
they contain empty vacuoles and have mainly mitochondria and peroxisomes resembling those
present in the control cells (D–F). No differences were observed between the control (A), α-tocopherol-
treated (C), and PLSO-treated cells (E). Representative TEM images of the C2C12 myoblasts cultured
in the presence of the vehicles are shown in Supplementary Figure S10.
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Figure 10. Visualization of the mitochondria and peroxisomes in C2C12 myoblasts by transmis-

sion electron microscopy. C2C12 cells were incubated for 24 h with or without 7β-OHC (50 μM) in
the presence or absence of PLSO (100 μg/mL) or α-tocopherol (400 μM). In untreated cells (control)
(A,B), α-tocopherol (400 mM)-treated cells (C,D), and PLSO (100 μg/mL)-treated cells (E,F), numer-
ous mitochondria with clear cristae as well as round and regular peroxisomes were detected. In
7β-OHC (50 μM)-treated cells (G,H), irregular mitochondria with an increased size, reduced matrix
density, and disrupted cristae, as well as peroxisomes with abnormal sizes and shapes were visualized.
In (7β-OHC + α-tocopherol)-treated (I,J) and (7β-OHC+ PLSO) (K,L)-treated cells, mainly mitochon-
dria and peroxisomes morphologically similar than those present in the control cells were observed.
The white arrows point towards mitochondria and the yellow arrows point towards peroxisomes.
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Control cells (Figure 9A), α-tocopherol (400 mM)-treated cells (Figure 9C), and PLSO
(100 μg/mL)-treated cells (Figure 9E) have a well-preserved cell morphology with a
fusiform shape and a large central round nucleus containing some nucleoli; in the cy-
toplasm, they have small empty vacuoles and morphologically normal mitochondria and
peroxisomes. Compared to C2C12 control cells, 7β-OHC (50 μM)-treated cells showed
significant alterations in cell morphology: most often round cells with irregular nuclei were
observed, they contained several cytoplasmic vacuoles associated with a lot of cell debris
as well as altered mitochondria and peroxisomes (Figure 9B). This disturbed morphology
was attenuated by α-tocopherol (400 mM) and PLSO (100 μg/mL) treatment (Figure 9D,F).
α-Tocopherol- and PLSO-treated cells (Figure 9C,E) have a similar morphology than con-
trol cells (Figure 9A). No morphological differences were observed between the control
(Supplementary Figure S10A) and vehicle-treated cells (Supplementary Figures S10B,D).

Moreover, TEM observation of the C2C12 cells allowed us to highlight the essential
cellular constituents, namely, mitochondria and peroxisomes. Control cells, α-tocopherol
(400 mM)-treated cells, and PLSO (100 μg/mL)-treated cells have morphologically normal
mitochondria with numerous cristae as well as round peroxisomes that are homogeneous
in size in the range of 0.4 ± 0.1 μm (Figure 10A,F). However, major changes in the size and
shape of these organelles were observed when C2C12 cells were treated with 7β-OHC; thus,
several mitochondria with abnormal sizes and shapes were observed: larger size, reduced
matrix density, and disrupted cristae (Figure 10G). In addition, several peroxisomes were
detected in numerous cytoplasmic vacuoles, evocating a pexophagy process (Figure 10G,H).
It is noteworthy that these changes in mitochondrial and peroxisomal topography and/or
morphology were attenuated when 7β-OHC was combined with α-tocopherol (400 μM) or
PLSO (100 μg/mL) (Figure 10I,L).

Indeed, we note that the mitochondria returned to their rounded shapes and the
peroxisomes present in the vacuoles were rarely detected. Altogether, our data by TEM
confirm that 7β-OHC induced several mitochondrial and peroxisomal changes, and that
α-tocopherol and PLSO have strong cytoprotective effects on these organelles.

4. Discussion

Aging is characterized by the variable decline in many biological functions, which can
seriously alter the life quality of elderly people. Among the major alterations occurring
during the aging process is sarcopenia, which corresponds to a loss of mass, quality, and
strength of skeletal muscles [2,3]. Sarcopenia is generally accompanied by an impairment in
muscle regeneration and a rupture of RedOx homeostasis, leading to ROS overproduction,
which may, in turn, lead to the loss of muscle function [96]. ROS overproduction can favor
lipid peroxidation, and increased levels of cholesterol auto-oxidation products, such as
7KC and 7β-OHC, are known to contribute to the development of several age-related
diseases [31,81]. Interestingly, low physiological levels of ROS help maintain and heal
skeletal muscle [97]; yet, tissue repair delay is caused by an excessive amount of ROS in the
muscles, resulting in worsening the injury and creating atrophy [98]. Among the factors
known to increase antioxidant defense and protect muscle from harmful effects of oxidative
stress is nutrition. In that regard, in the current study, PLSO has been shown to contain
a lot of compounds with antioxidant properties and this edible Mediterranean oil has a
protective and antioxidant activity against 7β-OHC-induced cytotoxicity in C2C12 skeletal
muscle cells. The data obtained are summarized in a heatmap (Figure 11).

Plants are an important source of bioactive molecules with therapeutic potential [99].
The genus Pistacia is a particular genus of the Anacardiaceae family due to its dioeciousness
and naked flowers [100]. The species Pistacia lentiscus L. is a medicinal plant that grow wild
in forests, low mountains, and in all types of soil [101]. Despite its limited distribution in
the world, Pistacia lentiscus L. is known worldwide for several therapeutic properties, such
as antioxidant, anti-inflammatory, anti-proliferative, and neuro-protective effects [48–51].
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Figure 11. Heatmap representation of the toxicity of 7β-hydroxycholesterol and of the cytoprotective
effects of PLSO and α-tocopherol on C2C12 cells. Heatmap graded from green (little or no effect: 0)
to red (maximum effect: 100).

Using C2C12 cells cultured in the presence of 7β-OHC associated with many age-
related diseases [31], our results show why there is interest in PLSO to prevent skeletal
muscle cell dysfunction in a pro-oxidant environment. The results obtained establish
that PLSO strongly attenuates the toxicity of 7β-OHC against which few cytoprotective
molecules or mixtures of molecules have been identified [28]. Noteworthy, PLSO, which
has a high nutritional value based on its biochemical profile established in this study, has a
cytoprotective effects against 7β-OHC, which is of the same order of magnitude as that
observed with α-tocopherol used at high concentration.

In the present study, we report that PLSO from Tunisia (area of Tabarka) has comparable
amounts of total phenolics than PLSO from Algeria and Morocco (28.50 ± 0.77 mg/GAE/g
vs. 25.15 ± 1.01 mg/GAE/g and 22.61 ± 1.42 mg/GAE/g, respectively) [102,103]. This
similarity may be due to the fact that these three regions are in the same bioclimatic area.
However, the flavonoids content of the PLSO used in this study was higher than the PLSO
from Morocco [103].

The PLSO from Tunisia also showed a notable quantity of carotenoids. Thus, we could
consider that PLSO is a great natural source for these pigments when compared to virgin
olive oil (1.58–2.84 mg/kg of oil) [53]. These pigments, mainly β-carotene, are precursors
of vitamin A. Dietary carotenoids are antioxidants thought to provide health benefits in
the prevention of cardiovascular diseases and cancer [104,105]. In addition, β-carotene
given to 8-week-old male mice by oral gavage for 7 or 14 days was able to maintain and
enhance skeletal muscle mass by increasing the expression level of insulin-like growth
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factor-1 (IGF-1) [106]. In addition, fatty acids are considered a genetic code of oils; they
are major components of most naturally occurring lipids in plants. The analysis of the
fatty acid profile of PLSO from Tunisia is in accordance with the finding of Brahmi et al.,
(fatty acid profile expressed in g/100 g of PLSO) [102] and Dhifi et al., (fatty acid profile
expressed in %) [107]. It has been reported that the most abundant unsaturated fatty acids
present in PLSO were oleic acid (OA; C18:1 n−9) and linoleic acid (LA; C18:2 n−6). OA
is reputed for its effect on oils oxidative stability and its nutritional value [108]. OA also
has strong antioxidant activities against 7-KC-induced cell death on murine microglial
BV-2 cells [55,109]. LA is also an essential fatty acid and a precursor of polyunsaturated
fatty acids with longer chains, which enhances the nutritional value of the vegetable
shortening [110]. Lee et al., (2009) indicated that unsaturated fatty acids, especially OA and
LA, enhanced the proliferation of C2C12 skeletal muscle cells [111]. In the current study,
palmitic acid (C16:0) was the predominant saturated fatty acid found in PLSO, which is
consistent with previous studies [107,112]. According to the literature, PLSO presents a
higher palmitic acid content than olive oil (9.85–20.30%) and other vegetable oils, such as
milk thistle seed oil (6.25–13.06%) and argan oil (12.11–13.05%) [62]. This saturated fatty
acid has been thought to increase the total cholesterol, and specifically the LDL cholesterol
levels, although a previous study demonstrated that high consumption of palmitic acid
in healthy volunteers does not increase the cholesterol if it is combined with LA, as is the
case in PLSO [113]. Noteworthy, the low saturated/unsaturated fatty acids ratio (0.404%)
indicates that PLSO contains a huge amount of unsaturated fatty acids, which gives it
valuable nutritional and dietetic value as well as curative properties [107].

The PLSO sterol profile also showed that β-sitosterol is the most abundant phytosterol
(67.25 ± 3.24 mg/100 g of oil) followed by α-epoxysitostanol and 24-methylene cycloartenol.
β-sitosterol was also the most representative sterol in the PLSO harvested from different
Tunisian locations but the amount of this sterol changed according to geographic origin
(99.61 mg/100 g of oil in Korbousand; 389.50 mg/100 g of oil in Rimel) [52]. A lower amount
of β-sitosterol was found in Algerian PLSO (58.79 ± 1.19 mg/100 g of oil) [102]. β-sitosterol
is one of the most abundant dietary phytosterols that have potential health benefits. Several
experimental studies demonstrated that β-sitosterol could regulate the glucose and lipid
metabolism [114] and inhibit inflammation and oxidative stress [115,116]. In addition, an
in vitro study showed that C2C12 skeletal muscle cells treatment by β-sitosterol improves
mitochondrial biogenesis and function via increasing mitochondrial electron transport and
energy demand and by activating protein kinase/PGC-1 [117]; these observations give the
PLSO a great nutritional and therapeutic value.

In addition, tocopherols are also major ingredients in the oils since they have high
antioxidant activity [118]. They could protect polyunsaturated fatty acids (PUFA) from
oxidation by scavenging lipid peroxyl radicals (ROO•) [119]. In PLSO, α-tocopherol is
present in the highest quantity and contributes to the natural conservation of PLSO. It is
important to highlight that PLSO is an excellent source of vitamin E, which is constituted
of four tocopherols and four tocotrienols [120].

In another hand, the antioxidant potential of PLSO, evaluated by DPPH, FRAP, and
FIC assays, demonstrated an important antioxidant potential of this oil, reinforcing our
interest to study the cytoprotective properties of this oil in vitro. Consequently, in the
context of sarcopenia, we evaluated the protective properties of PLSO against 7β-OHC-
induced cytotoxicity on a model of murine C2C12 myoblast cells.

Indeed, several oxysterols, including 7β-OHC, are present at increased levels and
high amounts in the plasma and tissues of patients with age-related diseases [31,121],
and our preliminary data obtained by GC-MS on the plasma from subjects with and
without sarcopenia have revealed significant higher plasma levels of 7β-OHC in sarcopenic
patients. It has been shown that 7β-OHC, which is a potent inducer of oxidative stress
by stimulating at least in part NAD(P)H activity [122], was among the most cytotoxic
oxysterol on different cell types from different species [42]. Oxidative damage is supposed
to be the main responsible factor for cellular aging. A potential oxidative alteration of
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satellite cells could induce problems in muscle regeneration, as is the case in aging [123].
Therefore, in age-related diseases, including sarcopenia, the identification of molecules
or mixture of molecules capable to attenuate 7β-OHC-induced cell death, defined as
oxiapoptophagy [124], has a crucial interest to prevent and/or treat these diseases.

In the present study, 7β-OHC (50 μM, 24 h) showed cytotoxic effects on C2C12
myoblasts cells, which are characterized by an induction of cell death associated with ROS
overproduction as well as mitochondrial and peroxisomal dysfunction. Some of these
effects were previously obtained on vascular cells, hematopoietic and immune cells, retinal
cells, and nerve cells exposed to 7β-OHC [30,109,125,126]. As previously reported on
numerous adherent cells, 7β-OHC induces a loss of cell adhesion on C2C12 cells, which
is characterized by an increase in round and floating cells, suggesting an alteration of
membrane constituents associated with cell death. These alterations could be triggered by
a RedOx imbalance and an induction of oxidative stress, which could modify the structure
and the physical properties of plasma membranes, favoring the degradation of adhesion
molecules and cell junctions by mechanisms involving the ROS-dependent activation
of matrix metalloproteinases [127]. In addition, 7β-OHC-induced plasma membrane
modifications, revealed in the present study by an increased permeability to PI, could
modify the ionic homeostasis (Ca2+, N+, K+) with important consequences on numerous
signaling pathways, especially those involved in the activation of apoptosis [30,128] or the
transmission of nerve influx [129]. In sarcopenic patients, the alteration in nerve influx
could also amplify muscle dysfunction at the neuro–muscular junction. In support of
the key role of oxidative stress in 7β-OHC-induced cell death [124], our results obtained
in C2C12 cells showed that 7β-OHC also induced an overproduction of mitochondrial
ROS, associated with an accumulation of lipid and protein oxidation products, such as
MDA, CDs, and CPs, as well as a decrease in the major antioxidant enzymes activities
(superoxide dismutase (SOD) and glutathione peroxidase (GPx)). These results evocate
the cytotoxic effects observed with 7KC on different types of neuronal cells (158 N murine
oligodendrocytes, BV-2 murine microglial cells, and N2a murine neuronal cells) on which
the activation of the oxidative stress is at the origin of the toxicity of this oxysterol [126,130].

On C2C12 cells as well as on other cell types, under treatment with 7β-OHC, it can
be considered that ROS overproduction results from the activation of different NADPH
oxidase isoforms [35] and from mitochondrial dysfunctions. As ROS overproduction and
mitochondrial dysfunction are considered as major phenomena involved in senescence
and aging [131], our data support the hypothesis that 7β-OHC could contribute to the
aging process in skeletal muscle cells. 7β-OHC induces ROS overproduction probably also
contributes to the alterations in mitochondrial structures and of mitochondrial proteins
present in the mitochondrial complexes contributing to oxidative phosphorylation. This
could favor not only a loss of transmembrane mitochondrial potential (Δψm) but also a
disruption of the respiratory chain function and a limitation in energy production, leading
to the decreased ATP production observed in the present study. Consequently, in tissues
with a low cell turnover, such as the skeletal muscle, alteration of the mitochondria under
the action of 7β-OHC may have important detrimental effects on the muscular function.

Like mitochondria, the peroxisomes, which are metabolically tightly connected to the
mitochondria [132], represent another important source of intracellular ROS (mainly H2O2),
and it is now well established that peroxisomal dysfunctions increase ROS overproduction
and disturb mitochondrial activity [80,133]. It has been shown on 158 N murine oligoden-
drocytes that the inactivation of the peroxisomal transporters ABCD1 and 2 associated
with peroxisomal β-oxidation, as well as of ACOX1, which is the main limiting enzyme
of peroxisomal β-oxidation, favor oxidative stress and increase ROS production in whole
cells and at the mitochondrial level [134]. The peroxisome, in addition to its implication
in the regulation of RedOx homeostasis, is implicated in the control of lipid metabolism
and non-cytokinic inflammation [135]. It has also been suggested that the peroxisome
may also play a crucial role in cellular aging [136]. However, still little is known about the
contribution of the peroxisome in the aging process but an involvement of this organelle
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in the amplification of mitochondrial dysfunction is quite well documented [93]. The
present study realized on C2C12 cells clearly shows peroxisomal alterations in the presence
of 7β-OHC, which is characterized by a reduced peroxisomal density and a lower level
of Abcd3 peroxisomal transporter. As 7β-OHC could affect and reduce the peroxisomal
transport and degradation of VLCFA (C24:0, C24:1, C26:0, and C26:1), whose intracellular
accumulation can have toxic consequences [137], the levels of VLCFA have been measured
by GC-MS and the elongase activity index of the enzyme ELOVL1 associated with VLCFA
metabolism has been determined [138]. Measuring the level of some VLCFA in sarcopenia
could be of interest since some fatty acids behave as metabolic inhibitors, uncouplers
of oxidative phosphorylation, and membrane permeability transition (MPT) inducers; it
is thus hypothesized that these pathophysiological mechanisms could contribute to the
muscular symptoms in sarcopenia [139].

Based on the results obtained on C2C12, preventing the toxicity of 7β-OHC, which is
essentially formed by auto-oxidation of cholesterol and is increased in many age-related
diseases, remains a major challenge [28]. For this purpose, it is still necessary to identify the
molecules or mixtures of molecules allowing to prevent or reduce its toxicity. Indeed, at the
moment only few natural and synthetic molecules as well as mixtures of molecules capable
to inhibit 7β-OHC-induced cytotoxicity have been identified [28]. Noteworthy, we reported
that PLSO is an edible oil with high nutritional value containing several antioxidant nutri-
ents known for their protective effects against various diseases associated with oxidative
stress, and our data indicate that PLSO exhibits strong cytoprotective activities against
7β-OHC on C2C12 mouse skeletal muscle cells. The effects observed with PLSO were
in the range of order of those obtained with α-tocopherol known to strongly counteract
7β-OHC-induced oxidative stress and cell death induction on several cell types [30]. In
accordance with these findings, it has been reported that PLSO was able to inhibit H2O2-
induced oxidative stress in human skin culture [140]. Besides PLSO, other oils and natural
bioactive compounds, such as Schisandrae semen essential oil [141], isorhamnetin [142],
resveratrol [143], and phloretin [144], were described as antioxidant molecules in C2C12
murine skeletal muscle cells. Our data clearly show that PLSO attenuates both mito-
chondrial and peroxisomal dysfunctions induced by 7β-OHC through the restoration of
succinate dehydrogenase activity and Δψm, a reduction in mitochondrial ROS production,
normalization of Abcd3 expression, and VLCFA levels. Thus, PLSO acts on the major
targets involved in aging—those contributing to the development of major age-related
diseases—namely, oxidative stress, mitochondria, and peroxisome. The cytoprotective
results obtained with LPSO evocate those obtained with several other oils associated with
the Mediterranean diet (olive oil, milk thistle seed oil, and argan oil) [86,109]. Thus, the
value of the lipid mixtures is underscored by these different data to restrain cell death and
oxidative stress induced by oxysterols.

5. Conclusions

This study demonstrates that 7β-OHC triggers oxidative stress, mitochondrial and
peroxisomal dysfunction, and cell death on C2C12 myoblast cells. Noteworthy, in the
presence of PLSO as well as of α-tocopherol, these different cytotoxic effects were strongly
attenuated and PLSO was as efficient as α-tocopherol used at a high concentration. Note-
worthy, as MitoQ, which selectively accumulates in the mitochondria, did not attenuate
7β-OHC-induced cell death, our data suggest that attenuation of mitochondrial dysfunc-
tion is not sufficient to counteract 7β-OHC-induced cell death, and that PLSO, which
strongly reduces mitochondrial dysfunction, also act on other cellular targets. On the basis
of the biochemical composition of PLSO (fatty acids, tocopherols, and polyphenols), of its
antioxidant properties, and of its cytoprotective effects, it is suggested that a diet associated
with this oil could contribute to the prevention of skeletal muscle dysfunctions. In a thera-
peutic context, the bioavailability and the efficiency of the biological compounds present in
PLSO could be improved using a number of approaches. These later could include micro-
and nano-encapsulation strategies, chimeric tractable molecules, and targeted-specific cell
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compartments and organelles (mitochondria, peroxisomes), such as Targeted Organelle
Nano-therapy (TORN-therapy) [145,146] as well as functional foods.
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Abstract: Airborne particulate matter with a size of 10 μm or less (PM10) can cause oxidative damages
and inflammatory reactions in the skin. This study was conducted to discover natural products that
are potentially useful in protecting the skin from PM10. Among the hot water extracts of a total
of 23 medicinal plants, Siegesbeckiae Herba extract (SHE), which showed the strongest protective
effect against PM10 cytotoxicity, was selected, and its mechanism of action and active constituents
were explored. SHE ameliorated PM10-induced cell death, lactate dehydrogenase (LDH) release,
lipid peroxidation, and reactive oxygen species (ROS) production in HaCaT cells. SHE decreased the
expression of KEAP1, a negative regulator of NRF2, and increased the expression of NRF2 target
genes, such as HMOX1 and NQO1. SHE selectively induced the enzymes involved in the synthesis
of GSH (GCL-c and GCL-m), the regeneration of GSH (GSR and G6PDH), and GSH conjugation of
xenobiotics (GSTκ1), rather than the enzymes that directly scavenge ROS (SOD1, CAT, and GPX1).
SHE increased the cellular content of GSH and mitigated the oxidation of GSH to GSSG caused
by PM10 exposure. Of the solvent fractions of SHE, the n-butyl alcohol (BA) fraction ameliorated
cell death in both the absence and presence of PM10. The BA fraction contained a high amount
of chlorogenic acid. Chlorogenic acid reduced PM10-induced cell death, LDH release, and ROS
production. This study suggests that SHE protects cells from PM10 toxicity by increasing the cellular
antioxidant capacity and that chlorogenic acid may be an active phytochemical of SHE.

Keywords: Siegesbeckiae Herba; Siegesbeckia pubescens Makino; airborne particulate matter; PM10;
glutamate-cysteine ligase; nuclear factor erythroid 2-related factor 2; glutathione; chlorogenic acid;
caffeic acid

1. Introduction

Air pollution, exacerbated by rapid climate change and industrial development, poses
a major environmental factor that threatens human health [1]. Particulate matter (PM)
suspended in the atmosphere is a complex material that contains various organic com-
pounds and heavy metals [2]. Continued exposure to high concentrations of PM increases
the incidence of various diseases, including respiratory and cardiovascular diseases, and
mortality [3]. PM with an approximate diameter of less than 10 or 2.5 μm is called PM10
and PM2.5, respectively [4].

As the interface between the body and the environment, the skin acts as a barrier to
protect our body from environmental pollutants, but it is an organ directly exposed to
environmental pollutants. The pores of the skin are large enough for PM to penetrate [5],
and children with immature skin or patients with compromised skin barriers are rela-
tively vulnerable to the percutaneous absorption and damage of PM compared to healthy
adults [6–8]. PM exacerbates inflammatory skin diseases, such as atopic dermatitis, acne,
and psoriasis by various mechanisms [3,9].
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PM exposure stimulates Ca2+ signaling and increases the production of reactive
oxygen species (ROS), such as superoxide radical (O2

•−), hydrogen peroxide (H2O2), and
hydroxyl radical (•OH) [10]. Aryl hydrocarbons contained in PM increase the production of
ROS in the process of metabolism [11]. Transition metal components also catalyze chemical
reactions that generate ROS [12]. PM stimulates the NADPH oxidase family to increase
ROS production [13]. Among the NADPH oxidase family, dual oxidase 2 has been reported
to mediate the generation of ROS stimulated by PM10 or house dust mites [14,15].

PM enhances the expression of cyclooxygenase 2 and increases the production of the
eicosanoid mediator prostaglandin E2 [16,17]. In addition, it stimulates the cell signaling
system to increase the secretion of inflammatory cytokines, such as tumor necrosis factor-α,
interleukin (IL)-1β, IL-6, and IL-8 [18]. PM also stimulates the expression of matrix metal-
loproteinases (MMPs), leading to increased degradation of the extracellular matrix, such
as collagen [19]. Thus, there is a need for antioxidative countermeasures against skin
inflammation and aging due to PM.

Plants are a good source of natural products with biological activities that are po-
tentially useful for maintaining skin health and beauty [20–23]. It should be noted that
certain phytochemicals can act as either antioxidants or prooxidants and have a positive or
negative effect on cell survival depending on their type and concentration [24–27]. Phy-
tochemicals that can reduce cellular oxidative stress directly or indirectly are expected to
provide a useful strategy to reduce PM-induced skin inflammation and aging [28]. They
can directly scavenge ROS or enhance cellular antioxidant capacity by inducing nuclear
factor erythroid 2-related factor (NRF) 2-mediated gene expression [29]. In a previous
study, our research team found that several phenolic compounds derived from terrestrial
and marine plants, such as punicalagin, (−)-epigallocatechin-3-gallate, and dieckol relieve
oxidative damage and reduce ROS production in HaCaT cells stimulated by PM10 and
inhibit the subsequent cell signaling process and inflammatory responses [17,18,26].

This study aimed to discover a natural product that effectively relieves PM10-induced
cytotoxicity and oxidative stress. To this end, the effects of several medicinal plant extracts
on the viability of HaCaT keratinocytes exposed to PM10 were compared. As a result,
Siegesbeckiae Herba extract (SHE) among the extracts of 23 medicinal plants, most effec-
tively defended against PM10 cytotoxicity. Siegesbeckiae Herba generally refers to the
dried aerial parts of Siegesbeckia orientalis L, Siegesbeckia pubescens Makino, and Siegesbeckia
glabrescens Makino, and has been used as a traditional medicine in Korea, Japan, China,
and Vietnam [30]. Studies on the phytochemicals and biological efficacy of SHE have been
increasing recently [31,32]. However, studies on the protective action of SHE against PM
cytotoxicity have not yet been reported. In the present study, the antioxidant properties
of SHE prepared from the dried leaves of Siegesbeckia pubescens Makino were investigated
in HaCaT cells exposed to PM10, with a special focus on the mechanism of action and
active constituents. The results of this study suggest that SHE increases cell defense gene
expression and thereby mitigates cell death and oxidative damage caused by PM10. It was
also suggested that chlorogenic acid rather than caffeic acid may be the active constituent
providing the cell protection effect.

2. Materials and Methods

2.1. Reagents

Standardized fine dust (PM10-like) (European Reference Material ERM-CZ120), chloro-
genic acid (Cat. C3878), and caffeic acid (Cat. C0625) were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Extracts of Medicinal Plants

Medicinal plant extracts were obtained from the Plant Extract Bank of Korea (https:
//portal.kribb.re.kr/kpeb) (Cheongju, Korea). The plant sources and catalog numbers of
the extracts used in this study are as follow; Castaneae Semen, CW01-011; Eucomiae Folium,
CW01-052; Peucedani Japonici Radix, CW01-065; Melonis Calyx, CW02-003; Arisaematis
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Rhizoma, CW02-006; Eucomiae Ramulus, CW02-011; Dioscoreae Rhizoma, CW02-051; Mori
Ramulus, CW02-060; Pruni Humilidis Semen, CW02-085; Angelicae tenuissimae Radix,
CW03-008; Fagopyri Semen, CW03-011; Aconiti Jaluencis Tuber, CW03-082; Biotae Orien-
talis Folium, CW03-084; Gardeniae Fructus, CW03-087; Vitis Viniferae Caulis, CW03-100;
Benincasae Semen, CW04-004; Akebiae Caulis, CW04-006; Pini Ramulus, CW04-021; Pini
Pollen, CW04-022; Machili Thunbergi Cortex, CW04-056; Cyperi Rhizoma, CW04-069;
Glycine Semen nigra, CW04-098; Siegesbeckiae Herba, CW04-100.

2.3. Siegesbeckiae Herba Extract and Its Solvent Fractions

Dried Siegesbeckiae Herba (Siegesbeckia pubescens Makino) was purchased from Sin-
sun Herb (http://sinsunherb.co.kr) (Seoul, Korea) and its extract was prepared in this
laboratory. Dried leaves (140 g) were ground and extracted with 0.9 L water at 90 ◦C for
1 h. The extracted solution was evaporated under reduced pressure to obtain the crude
extract (9 g). The SHE was dispersed in 150 mL water and partitioned sequentially with an
equal volume of methylene chloride (MC), ethyl acetate (EA), and n-butyl alcohol (BA).
Evaporation of the organic solvents yielded MC fraction (0.27 g), EA fraction (0.16 g), and
BA fraction (0.46 g). The aqueous layer was filtered to remove insoluble material (1.15 g)
and then evaporated to obtain a water (WT) fraction (6.64 g).

2.4. High-Performance Liquid Chromatography with Photodiode Array Detection (HPLC-DAD)

HPLC-DAD analysis was carried out using a Waters Alliance HPLC system (Waters,
Milford, MA, USA) consisting of an e2695 separation module and a 2996 photodiode array
detector. The stationary phase was a Hector-M C18 column (4.6 mm × 250 mm, 5 m)
(RS Tech Co., Daejeon, Korea). The mobile phase was a mixture of 0.1% phosphoric acid
(A) and acetonitrile (B) with the following composition: 0–30 min, a linear gradient from
0 to 100% B; 30–40 min, 100% B. The solvent gradient program was as follows: 0–30 min,
a linear gradient from 0 to 100% B; 30–40 min, 100% B; 40–45 min, a linear gradient from
100 to 0% B. The flow rate of the mobile phase was 0.6 mL min−1. The sample injection
volume was 10 μL.

2.5. Cell Culture and PM10 Treatment

HaCaT cells, an immortalized human keratinocyte cell line originally established by
Dr. Fusenig [33], were obtained from Dr. In-San Kim (Kyungpook National University,
Daegu, Korea) and cultured in a closed incubator at 37 ◦C in humidified air containing 5%
CO2. Cells were administered DMEM/F-12 medium (GIBCO-BRL, Grand Island, NY, USA)
containing 10% fetal bovine serum, 100 U mL−1 penicillin, 100 μg mL−1 streptomycin,
0.25 μg mL−1 amphotericin B, and 10 μg mL−1 hydrocortisone every three days. Cells
were cultured on 96-well, 12-well, or 6-well culture plates (SPL Life Sciences, Pocheon,
Korea) for at least 24 h and then treated with either test materials, PM10, or both, at the
specified concentrations for up to 48 h.

2.6. Cell Viability and Lactate Dehydrogenase (LDH) Release Assays

Cell viability was assessed by a method using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) [34]. Cells were plated onto 96-well culture plates at 4 × 103 cells/
well and maintained in a 200 μL culture medium for 24 h. The cells were treated with a
vehicle or a test material and cultured in the absence or presence of PM10 (200 μg mL−1) for
48 h. After discarding or saving the conditioned medium, adherent cells were incubated in
a 100 μL growth medium containing 1 mg mL−1 MTT (Amresco, Solon, OH, USA) for 2 h in
an incubator. After removing the medium and washing the cells with phosphate-buffered
saline (PBS), the dye was extracted from the cells with 100 μL dimethyl sulfoxide, and the
absorbance of the extracts was measured at 570 nm with a SPECTROstar nano microplate
reader (BMG LABTECH GmbH, Ortenberg, Germany).

The saved medium was used in the assay for LDH release using the TaKaRa LDH cy-
totoxicity detection kit (TaKaRa Bio Inc., Shiga, Japan). Briefly, 50 μL aliquot of the medium
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diluted 2-times with PBS was mixed with 50 μL of the reaction mixture prepared according
to manufacturer protocol (this mixture contains sodium lactate, diaphorase, NAD+, and
iodotetrazolium chloride). The final reaction mixture was incubated for 30 min at 25 ◦C
and the absorbance was measured at 490 nm with a SPECTROstar nano microplate reader.

2.7. Cellular Lipid Peroxidation Assay

Cellular lipid peroxidation was assessed using a 2-thiobarbituric acid (TBA) method [35].
The cells were plated onto 6-well culture plates at 2 × 105 cells/well and maintained in
a 2 mL culture medium for 24 h. The cells were treated with vehicle or test material and
cultured in the absence or presence of PM10 (200 μg mL−1) for 48 h. After discarding the
medium and washing the cells with PBS, the adherent cells were lysed using the lysis
buffer A (20 mM Tris-Cl, 2.5 mM ethylenediamine-N,N,N′,N′-tetraacetic acid, 1.0% sodium
dodecyl sulfate, pH 7.5). The assay mixture consisted of 100 μL cell lysate, 50 μL 1.0% meta-
phosphoric acid, and 350 μL 0.9% TBA (Sigma-Aldrich), which was then heated in a boiling
water bath for 45 min. After cooling, 500 μL N-butyl alcohol (BA) was added to the mixture,
which was then vortex-mixed and centrifuged at 13,000 rpm for 15 min to produce two sep-
arate layers. The fluorescence intensity of the BA layer (excitation at 544 nm and emission
at 590 nm) was measured by using a Gemini EM fluorescence microplate reader (Molec-
ular Devices, Sunnyvale, CA, USA). Data are presented as thiobarbituric acid-reactive
substance (TBARS) levels corrected for protein contents. A standard curve was prepared
using 1,1,3,3-tetramethoxypropane (Sigma-Aldrich) as a donor of malondialdehyde.

2.8. Cellular ROS Production Assay

Cellular ROS production was assessed by using 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA), a cell-permeable fluorescent dye sensitive to changes in the redox
state of a cell [36]. The cells were plated onto 12-well culture plates at 8 × 104 cells/well
for 24 h. Cells were pre-labeled with 10 μM DCFH-DA (Sigma-Aldrich) for 60 min and
treated with 200 μg mL−1 PM10 alone or in combination with a test material at different
concentrations for 60 min. Cells were washed twice with PBS and the images of cells
fluorescing due to the oxidation of DCFH-DA were obtained with a LEICA DMI3000 B
microscope (Leica Microsystems GmbH, Wetzlar, Germany). The dye was extracted from
cells using the lysis buffer A (150 μL/well). The extracted solution was centrifuged at
13,000 rpm for 15 min and the supernatant was used for the measurement of fluorescence
intensity (excitation at 485 nm and emission at 538 nm) with a Gemini EM fluorescence
microplate reader.

2.9. Glutathione (GSH) and Glutathione Disulfide (GSSG) Assay

GSH and GSSG contents were measured in a recycling assay using 5,5′-dithio-bis-2-
nitrobenzoic acid (DTNB) [37]. Cells were plated onto 6-well culture plates at 2 × 105 cells/well
and maintained in a 2 mL culture medium for 24 h. The cells were treated with vehicle or
test material and cultured in the absence or presence of PM10 (200 μg mL−1) for 24 h. Cells
were extracted using 5% meta-phosphoric acid (150 μL per well). The extracted solution was
centrifuged at 13,000 rpm for 15 min and the supernatant was used for the measurement of
GSH/GSSG, using a GSH/GSSG assay kit (product number GT40) from Oxford Biomedical
Research (Oxford, UK). Total GSH plus GSSG content was measured using the extract as
it is, and the GSSG content was quantified after pre-scavenging GSH in the extract with
a pyridine derivative. Absorbance change due to reduction of DTNB was measured at
412 nm, and a calibration curve was prepared using a GSSG standard. The GSH content
was calculated by subtracting the GSSG content from the total GSH plus GSSG content.

2.10. Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR)

The mRNA levels of catalase (CAT), glucose 6-phosphate dehydrogenase (G6PDH),
glutamate-cysteine ligase catalytic subunits (GCL-c), glutamate-cysteine ligase modifier
subunit (GCL-m), glutathione disulfide reductase (GSR), glutathione peroxidase (GPX) 1,
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glutathione S-transferase (GST) κ1, heme oxygenase (HMOX) 1, kelch-like ECH-associated
protein (KEAP) 1, NRF2, NAD(P)H quinone oxidoreductase (NQO) 1, and superoxide
dismutase (SOD) 1 and were determined by qRT-PCR using a StepOnePlus Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). The cells were plated onto 6-well
culture plates at 2 × 105 cells/well and maintained in a 2 mL culture medium for 24 h. The
cells were treated with vehicle or test material and cultured in the absence or presence of
PM10 (200 μg mL−1) for 24 h. Total cellular RNA was extracted from cells with an RNeasy
kit (Qiagen, Valencia, CA, USA), and this RNA was used as a template for the synthesis
of complementary DNA with a high-capacity cDNA archive kit (Applied Biosystems).
Gene-specific primers for qRT-PCR were purchased from Macrogen (Seoul, Korea), and
their nucleotide sequences are shown in Table 1. The qRT-PCR reaction mixture (20 μL)
consisted of SYBR Green PCR Master Mix (Applied Biosystems), complementary DNA
(60 ng), and gene-specific primer sets (2 picomole). Thermal cycling parameters were set as
follows: 50 ◦C for 2 min, 95 ◦C for 10 min, 40 amplification cycles of 95 ◦C for 15 s and 60 ◦C
for 1 min, and a dissociation step. In each run, the melting curve analysis confirmed the
homogeneity of the PCR product. The mRNA levels of each gene were calculated relative
to that of the internal reference, glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
using the comparative Ct method [37]. Ct is defined as the number of cycles required for
the PCR signal to exceed the threshold level. Fold changes in the test group compared
to the control group were calculated as 2−ΔΔCt, where ΔΔCt = ΔCt(test) − ΔCt(control) =
(Ct(gene, test) − Ct(reference, test)) − (Ct(gene, control) − Ct(reference, control)).

Table 1. Sequences of primers used for the quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) of
gene transcripts.

Gene Name GenBank Accession #
Forward (F) and Reverse (R)

Primer Sequences
Reference

Catalase (CAT) NM_001752.4
F: 5′-CATCGCCACATGAATGGATA-3′ [38]R: 5′-CCAACTGGGATGAGAGGGTA-3′

Glucose 6-phosphate
dehydrogenase (G6PDH) NM_001042351.3

F: 5′-GACATCCGCAAACAGAGTGA-3′ [39]R: 5′-GGAGGCTGCATCATCGTACT-3′

Glutamate-cysteine ligase-catalytic
subunit (GCL-c) NM_001197115.2

F: 5′-CTGGGAGTGATTTCTGCAT-3′ [40]R: 5′-AGGAGGGGGCTTAAATCTCA-3′

Glutamate-cysteine ligase-modifier
subunit (GCL-m) NM_002061.4

F: 5′-TTTGGTCAGGGAGTTTCCAG-3′ [40]R: 5′-TGGTTTTACCTGTGCCCACT-3′

Glutathione disulfide reductase (GSR) NM_000637.5
F: 5′-CCAGCTTAGGAATAACCAGCGATGG-3′ [41]R: 5′-GTCTTTTTAACCTCCTTGACCTGGGAGAAC-3′

Glutathione peroxidase (GPX) 1 NM_001329503.2
F: 5′-TTCCCGTGCAACCAGTTTG-3′

[42]R: 5′-GGACGTACTTGAGGGAATTCAGA-3′

Glutathione S-transferase (GST) κ1 NM_001143679.2
F: 5′-TCTCCAGATTCCCATCCACTTCCC-3′ [43]R: 5′-CTGCGGCTCGGTGATGTCTTC-3′

Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) NM_001357943.2

F: 5′-ATGGGGAAGGTGAAGGTCG-3′ [17]R: 5′-GGGGTCATTGATGGCAACAA-3′

Heme oxygenase (HMOX) 1 NM_002133.3
F: 5′-CGGGCCAGCAACAAAGTG-3′

[44]R: 5′-ACTGTCGCCACCAGAAAGCT-3′

Kelch-like ECH-associated protein (KEAP) 1 NM_012289.4
F: 5′-CAGAGGTGGTGGTGTTGCTTAT-3′

[45]R: 5′-AGCTCGTTCATGATGCCAAAG-3′

NAD(P)H quinone oxidoreductase (NQO) 1 NM_001025434.2
F: 5′-GCACTGATCGTACTGGCTCACT-3′ This study

R: 5′-CCACCACCTCCCATCCTTT-3′

Nuclear factor erythroid 2-related factor
(NRF) 2 NM_006164.5

F: 5′-GAGAGCCCAGTCTTCATTGC-3′ This study
R: 5′-ACTGGTTGGGGTCTTGTGTG-3′

Superoxide dismutase (SOD) 1 NM_000454.5
F: 5′-AGGGCATCATCAATTTCGAG-3′ [46]R: 5′-ACATTGCCCAAGTCTCCAAC-3′
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2.11. Western Blotting

Western blotting was performed as previously described [47]. Primary antibodies for
GCL-c (#390811), GCL-m (#55586), G6PDH (#373886), and β-actin (#47778) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-rabbit IgG (#2357) and anti-
goat IgG (#2020) secondary antibodies were purchased from Santa Cruz Biotechnology, and
anti-mouse IgG (#7076) secondary antibody was purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibodies were diluted in TBST (137 mM sodium chloride, 20 mM
Tris, 0.1% Tween 20, pH 7.6.) containing 5% skim milk. Proteins in cell lysate samples were
denatured by adding Laemmli 5× sample buffer and heating at 95 ◦C for 5 min. Proteins
(40 μg) were resolved with 10% SDS-polyacrylamide gel electrophoresis at 80 V and electri-
cally transferred to a polyvinylidene difluoride membrane (Amersham Pharmacia, Little
Chalfont, UK) at 4 ◦C overnight. After blocking incubation with TBST containing 5% skim
milk, the membrane was incubated with the primary antibody at 4 ◦C overnight, followed
by incubation with the secondary antibody at room temperature for 1 h. The target protein
bands were visualized with a chemiluminescence method using the picoEPD Western
Reagent kit (ELPIS-Biotech, Daejeon, Korea). The captured blot images were analyzed
using the Image J program from U.S. National Institutes of Health (Bethesda, MD, USA).

2.12. Statistical Analysis

Data are expressed as mean ± standard deviation (SD) of three or more independent
experiments. Experimental results were statistically analyzed using SigmaStat v.3.11 soft-
ware (Systat Software Inc., San Jose, CA, USA). The presence of significantly different group
means was determined using a one-way analysis of variance (ANOVA) at p < 0.05 level.
Dunnett’s test was then used to compare each experimental group with the control group.
Alternatively, Duncan’s multiple range test was used to compare all groups to each other.

3. Results

3.1. Effects of Medicinal Plant Extracts on the PM10-Induced Toxicity in HaCaT Keratinocytes

A preliminary experiment was performed to select plant extracts that alleviate the
cytotoxicity of PM10. HaCaT cells were treated with each plant extract at 50 μg mL−1 and
exposed to 200 μg mL−1 PM10 for 48 h. As shown in Figure 1, in the case of the vehicle
control group, the cell viability decreased by about 40% by PM10 exposure. Of the 23 plant
extracts tested, seven plant extracts showed their own toxicity, significantly reducing cell
viability in the absence of PM10; they are the extracts derived from Eucomiae Folium,
Eucomiae Ramulus, Mori Ramulus, Angelicae tenuissimae Radix, Gardeniae Fructus,
Akebiae Caulis, and Pini Pollen. On the other hand, the nine plant extracts had no effect on
cell viability by themselves, and also mitigated the decrease in cell viability caused by PM10;
they are the extracts derived from Castaneae Semen, Peucedani Japonici Radix, Arisaematis
Rhizoma, Dioscoreae Rhizoma, Biotae Orientalis Folium, Vitis Viniferae Caulis, Machili
Thunbergi Cortex, Cyperi Rhizoma, and Siegesbeckiae Herba. Among them, Siegesbeckiae
Herba extract (SHE) most effectively restored the viability of PM10-exposed cells, so this
extract was selected for subsequent experiments.
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Figure 1. Effects of medicinal plant extracts on the viability of HaCaT keratinocytes cultured in the absence and presence of
particulate matter with an approximate diameter of less than 10 μm (PM10). Cells were pretreated with vehicle or each
extract (50 μg mL−1) and cultured in the absence or presence of PM10 (200 μg mL−1) for 48 h. Cell viability was determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Data are presented as mean ± SD
(n = 3). Statistical significance of intergroup differences was determined using one-way ANOVA followed by Dunnett’s test.
* p < 0.05 and ** p < 0.01 versus vehicle control; # p < 0.05 and ## p < 0.01 versus PM10 only control.

3.2. Effects of SHE on the Viability, LDH Release, Lipid Peroxidation, and ROS Production in
HaCaT Cells Exposed to PM10

SHE used in the preliminary experiment was purchased from an external plant extract
bank. We also manufactured SHE from the dried leaves of Siegesbeckia pubescens Makino in
our laboratory. Figure 2A,B shows the HPLC patterns of SHE purchased from an external
plant extract bank and SHE prepared in our laboratory. The two extracts appeared to
share several peaks with the same retention times, while the heights of these peaks were
somewhat different. The effects of the two extracts on the viability of HaCaT cells in
the presence or absence of PM10 exposure were compared in Figure 2C,D. Both extracts
did not affect cell viability by themselves at the concentrations tested, and significantly
increased the viability of cells exposed to PM10 to some degree. These results indicate that
the phytochemical composition and biological activity of the two extracts are similar to
each other. In subsequent experiments, SHE manufactured in our laboratory was used.

Figure 3A,B shows the dose curves of PM10 and SHE on HaCaT cell viability. PM10
showed a gradual increase in toxicity up to 300 μg mL−1. In this study, PM10 was treated
at 200 μg mL−1 as this concentration induced consistent and substantial cytotoxicity. SHE
had no effect on the cell viability up to 100 μg mL−1 but reduced it at 200 μg·mL−1. We
selected the PM10 treatment concentration (200 μg·mL−1) that showed sufficient toxicity
for the experimental purpose, and the SHE treatment concentrations (50 μg mL−1 and
100 μg mL−1) were selected in the concentration range that did not reduce the cell viability.
In Figure 3C–E, SHE treatment at 50 μg mL−1 and 100 μg mL−1 inhibited the decrease in
cell viability, the increase in LDH release, and the increase in lipid peroxidation induced by
PM10 treatment at 200 μg mL−1.
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Figure 2. Comparison of Siegesbeckiae Herba extracts (SHEs) purchased from the plant extract bank and prepared in this
laboratory. For the comparison of phytochemical composition, high-performance liquid chromatography (HPLC) profiles
of the SHEs from the plant extract bank (A) and prepared in this laboratory (B) are shown (concentration 0.1%). For the
comparison of bioactivity, HaCaT keratinocytes were treated with SHEs from the plant extract bank (C) and prepared in this
laboratory (D) at different concentrations and cultured in the absence or presence of PM10 (200 μg mL−1) for 48 h. Cell
viability was determined by the MTT assay. Data are presented as mean ± SD (n = 4). Duncan’s multiple range test was
performed to compare all group means to each other. Groups that share the same letters (a–d) do not have significantly
different means at the p < 0.05 level.

Figure 3. Effects of SHE on the viability, lactate dehydrogenase (LDH) release, and lipid peroxidation
in HaCaT keratinocytes exposed to PM10. In (A,B), cells were treated with PM10 (A) or SHE (B) at
different concentrations for 48 h. In (C–E), cells were treated with SHE at different concentrations and
cultured in the absence or presence of PM10 (200 μg mL−1) for 48 h. Cell viability was determined by
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the MTT assay (A–C). LDH release was assessed using the conditioned medium (D). Lipid peroxi-
dation of cell lysates was determined by the 2-thiobarbituric acid assay and data are presented as
2-thiobarbituric acid-reactive substance (TBARS) levels corrected for protein contents (E). Data are
presented as mean ± SD (n = 5 for (A–D); n = 4 for (E)). Duncan’s multiple range test was performed
to compare all group means to each other. Groups that share the same letters (a–d) do not have
significantly different means at the p < 0.05 level.

Figure 4A shows the PM10 dose and time-dependency of ROS production in HaCaT
cells. In the following experiments, PM10 was treated at 200 μg mL−1 for 60 min as this
condition induced ROS production at a substantial level. ROS production was detected
using DCFH-DA, a redox-sensitive dye that fluoresces after being oxidized by ROS. As
shown in Figure 4B, SHE treatment at 50 μg mL−1 and 100 μg mL−1 inhibited the increase in
ROS production induced by PM10 treatment at 200 μg mL−1 for 60 min. Typical fluorescence
pictures of cells treated differently are shown in Figure 4C. The fluorescence due to the
oxidation of DCFH-DA was increased by PM10 and the change was reduced by SHE.

Figure 4. Effects of SHE on the reactive oxygen species (ROS) production in HaCaT keratinocytes exposed to PM10. In (A),
cells were labeled with 2′,7′-dichlorofluorescin diacetate (DCFH-DA) and exposed to PM10 at the indicated concentrations
for 30 min or 60 min. In (B,C), cells were labeled with DCFH-DA, treated with SHE at the indicated concentrations, and
exposed to PM10 (200 μg mL−1) for 60 min or not. Typical images of cells fluorescing due to the oxidation of DCFH-DA by
ROS are shown in (C). The fluorescence of the cell extracts was measured to determine ROS levels (A,B). Data are presented
as mean ± SD (n = 5 for (A) and n = 6 for (B)). Duncan’s multiple range test was performed to compare all group means to
each other. Groups that share the same letters (a–c) do not have significantly different means at the p < 0.05 level.

3.3. Effects of SHE on the Expression of the Defense Genes in HaCaT Cells under Basal and
PM10-Exposed Conditions

To gain insight into the mechanism of action of SHE to alleviate cellular oxidative
damage, we examined the effect of SHE on the mRNA expression of several defense
enzymes in HaCaT cells in the absence or presence of PM10 exposure, and the results
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are shown in Figure 5. SHE did not have a remarkable effect on the expression of NRF2,
a master transcription factor that induces the expression of various genes in the body’s
antioxidant defense system, but decreased the expression of its negative regulator, KEAP1,
both in the absence and presence of PM10 exposure. SHE further increased the mRNA
expression of HMOX1 and NQO1, the main target genes of NRF2.

The mRNA expression of SOD1, which scavenges superoxide radicals, and CAT,
which decomposes hydrogen peroxide, was not significantly affected by SHE. The mRNA
expression of GPX1, which decomposes hydrogen peroxide or lipid peroxide, tended to
be decreased by SHE, and that of GSTκ1, which catalyzes GSH conjugation of xenobiotics,
showed a tendency to slightly increase. The mRNA expression of GSR, which catalyzes
the reduction of GSSG coupled with NADPH oxidation, was increased by SHE, and the
mRNA expression of G6PDH, which supplies NADPH, was also significantly increased. In
addition, the mRNA expressions of GCL-m and GCL-c acting at the rate-regulating step of
GSH biosynthesis were increased by SHE. These results suggest that SHE enhances cellular
antioxidant capacity, including synthesis and regeneration of GSH.

Figure 5. Effects of SHE on the mRNA expression levels of the defense genes in HaCaT keratinocytes under basal and
PM10-exposed conditions. Cells were treated with SHE at different concentrations and cultured in the absence or presence
of PM10 (200 μg mL−1) for 24 h. The mRNA levels of nuclear factor erythroid 2-related factor (NRF) 2 (A), kelch-like
ECH-associated protein (KEAP) 1 (B), heme oxygenase (HMOX) 1 (C), NAD(P)H quinone oxidoreductase (NQO) 1 (D),
superoxide dismutase (SOD) 1 (E), catalase (CAT) (F), glutathione peroxidase (GPX) 1 (G), glutathione disulfide reductase
(GSR) (H), glucose 6-phosphate dehydrogenase (G6PDH) (I), glutamate-cysteine ligase catalytic subunit (GCL-c) (J),
glutamate-cysteine ligase modifier subunit (GCL-m) (K), and glutathione S-transferase (GST) κ1 (L) were determined
by quantitative real time-polymerase chain reaction (qRT-PCR) and normalized to that of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Data are presented as mean ± SD (n = 3). Duncan’s multiple range test was performed to
compare all group means to each other. Groups that share the same letters (a, b, c, or d) do not have significantly different
means at the p < 0.05 level.

Western blot was performed to analyze the protein level of GCL-c, GCL-m and G6PDH
as the representative proteins, and β-actin as a reference protein. As shown in Figure 6,
SHE increased the protein levels of GCL-c and G6PDH in both the absence and presence
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of PM10. It also tended to increase the protein level of GCL-m although the differences
were not statistically significant. The changes in the protein levels of these proteins were
consistent with those in the mRNA levels observed above.

 
Figure 6. Effects of SHE on the protein levels of GCL-c, GCL-m, and G6PDH in HaCaT keratinocytes under basal and
PM10-exposed conditions. Cells were treated with SHE (100 μg mL−1) and cultured in the absence or presence of PM10

(200 μg mL−1) for 24 h. The protein levels of GCL-c (A), GCL-m (B), and G6PDH (C) were determined by the Western
blotting and normalized to that of β-actin. Representative blots are shown in (D). Data are presented as percentages of the
control (mean ± SD, n = 3). Duncan’s multiple range test was performed to compare all group means to each other. Groups
that share the same letters (a–c) do not have significantly different means at the p < 0.05 level.

3.4. Effects of SHE on the GSH and GSSG Levels in HaCaT Cells Exposed to PM10

The effect of SHE on the contents of GSH and its oxidized form, GSSG, in cells was
investigated. As shown in Figure 7, SHE increased the GSH content in both the absence
and presence of PM10. PM10 did not significantly affect the level of GSH, but significantly
increased the level of GSSG. As a result, the total GSH plus GSSG content increased by SHE
in a concentration-dependent manner. Interestingly, the proportion of GSSG in the total
GSH and GSSG content was greatly increased by PM10 and this change was attenuated by
SHE. This suggests that SHE enhances cell resistance to PM10-induced oxidative stress by
increasing the synthesis of GSH in cells.

Figure 7. Effects of SHE on the contents of reduced glutathione (GSH) and its oxidized form,
glutathione disulfide (GSSG) in HaCaT keratinocytes exposed to PM10. Cells were treated with SHE
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at different concentrations and cultured in the absence or presence of PM10 (200 μg mL−1) for 24 h.
The GSH contents (A) were calculated by subtracting the GSSG contents (B) from the total GSH
plus GSSG contents (C). The relative ratios of GSSG contents to the total GSH plus GSSG contents
were presented in (D). Data are presented as mean ± SD (n = 3). Duncan’s multiple range test was
performed to compare all group means to each other. Groups that share the same letters (a–c) do not
have significantly different means at the p < 0.05 level.

3.5. Effects of Solvent Fractions of SHE on the Viability of HaCaT Cells Exposed to PM10

To investigate which phytochemicals contained in SHE alleviate the cytotoxicity of
PM10, this extract was divided into several solvent fractions, namely, MC, EA, BA, and WT
fractions according to the method illustrated in Figure 8A. Additionally, the effect of each
fraction on the viability of HaCaT cells under PM10 exposure or non-exposure conditions
was comparatively evaluated. As shown in Figure 8B, the MC fraction itself showed severe
cytotoxicity. Although the EA fraction and WT fraction had weaker cytotoxicity, they
did not alleviate PM10 cytotoxicity. Notably, the BA fraction increased the cell viability
compared to the vehicle control in both the absence and presence of PM10.

Figure 8. Effects of various solvent fractions of SHE on the viability in HaCaT keratinocytes exposed to PM10. (A) SHE was
separated into methylene chloride (MC), ethyl acetate (EA), n-butyl alcohol (BA), and water (WT) fractions. (B) Cells were
treated with each solvent fraction at different concentrations and cultured in the absence or presence of PM10 (200 μg mL−1)
for 48 h. Cell viability was determined by the MTT assay. Data are presented as mean ± SD (n = 4). Duncan’s multiple
range test was performed to compare all group means to each other. Groups that share the same letters (a–g) do not have
significantly different means at the p < 0.05 level.

3.6. HPLC-DAD Analysis of Solvent Fractions of SHE

HPLC-DAD analysis was performed on SHE and its MC, EA, BA, and WT fractions.
As shown in Figure 9, it was shown that the BA fraction contained chlorogenic acid and
the EA fraction contained caffeic acid. This was based on a comparison of retention times
and absorption spectra of the specified peaks with standard materials.
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Figure 9. High-performance liquid chromatography-photodiode array detection (HPLC-DAD) analysis of SHE and its
solvent fractions. SHE was separated into MC, EA, BA, and WT fractions. HPLC-DAD analysis conditions are described in
Materials and Methods. Authentic chlorogenic acid and caffeic acid were used to identify the major peaks by comparing
retention times and spectra. Chromatograms detected at 330 nm are shown in (A). UV absorption spectra of the indicated
peaks are shown in (B).

3.7. Effects of Chlorogenic Acid vs. Caffeic Acid on the Viability, LDH Release, and ROS
Production of HaCaT Cells Exposed to PM10

Chlorogenic acid is a compound of caffeic acid and quinic acid (Figure 10A,B). In the
following experiments, we comparatively evaluated the effects of these two phytochemicals
on the viability and ROS production of HaCaT cells under PM10 exposure or non-exposure
conditions. As shown in Figure 10C, chlorogenic acid increased the cell viability compared
to the vehicle control in both the presence and absence of PM10. However, this action was
not observed with caffeic acid (Figure 10D).

The activity of inhibiting PM10-induced LDH release was found to be relatively
superior with chlorogenic acid compared to caffeic acid (Figure 10E,F).

Figure 11A,B shows the inhibitory effects of chlorogenic acid and caffeic acid on the
ROS production induced by PM10. Among these two compounds, chlorogenic acid showed
a stronger inhibitory effect against PM10-induced ROS production. Typical fluorescence
pictures of cells are shown in Figure 11C. The fluorescence due to the oxidation of DCFH-
DA by ROS was increased by PM10 and the change was reduced by chlorogenic acid more
effectively than caffeic acid.
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Figure 10. Effects of chlorogenic acid versus caffeic acid on the viability and LDH release of HaCaT keratinocytes exposed to
PM10. The chemical structures of chlorogenic acid and caffeic acid are shown in (A,B). In (C–F), cells were treated with chlorogenic
acid (C) or caffeic acid (D) at the specified concentrations and incubated in the absence or presence of PM10 (200 μg mL−1) for 48
h. Cell viability was determined by the MTT assay (C,D). LDH release was assessed using the conditioned medium (E,F). Data
are presented as mean ± SD (n = 4 for (C,D); n = 5 for (E,F)). Duncan’s multiple range test was performed to compare all group
means to each other. Groups that share the same letters (a–h) do not have significantly different means at the p < 0.05 level.

Figure 11. Effects of chlorogenic acid versus caffeic acid on the ROS production in HaCaT keratinocytes exposed to PM10.
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Cells were labeled with DCFH-DA, treated with SHE at different concentrations, and exposed to PM10 (200 μg mL−1)
for 60 min or not. Typical images of cells fluorescing due to the oxidation of DCFH-DA by ROS are shown in (C). The
fluorescence of the cell extracts was measured to determine ROS levels (A,B). Data are presented as mean ± SD (n = 4).
Duncan’s multiple range test was performed to compare all group means to each other. Groups that share the same letters
(a–d) do not have significantly different means at the p < 0.05 level.

4. Discussion

This study demonstrated that SHE is a useful plant extract to alleviate PM10-induced
death of HaCaT cells. PM10 increased ROS production and lipid peroxidation in HaCaT
cells, and these changes were moderated by SHE in a dose-dependent manner. It is
suggested that SHE enhances antioxidant capacity by increasing the expression of defense
genes in cells (Figure 12).

Enzymes such as SOD1, CAT, and GPX1 expressed in cells have the activity to directly
remove O2

•−, H2O2, and lipid peroxide [48]. GSH is a tripeptide that plays an important role
in maintaining the redox balance of cells, which is used as a substrate in enzymatic reactions
mediated by GPX1 and GSTκ1 and acts as a direct antioxidant [49]. GSR and G6PDH expressed
in cells are involved in the regeneration of GSH [50,51], and GCL-c and GCL-m are involved
in the synthesis of GSH [49,52]. The results of this study showed that SHE increased the
expression of GSTκ1, GSR, G6PDH, GCL-c, and GCL-m rather than the expression of SOD1,
CAT, and GPX1. This suggests that SHE selectively induces enzymes involved in the synthesis
of GSH through glutamate-cysteine, the regeneration of GSH from GSSG, and GSH conjugation
of xenobiotics, rather than enzymes involved in direct scavenging of ROS. Consistently, SHE
increased the content of GSH and mitigated the increase in GSSG caused by PM10.

Figure 12. Working model for the protective effects of SHE against PM10-induced oxidative stress in HaCaT keratinocytes.
PM10 increases ROS, such as superoxide radical (O2

•−), hydrogen peroxide (H2O2), and hydroxyl radical (•OH), and lipid
peroxide (ROOH), causing oxidative stress and death of HaCaT cells. SHE does not change the mRNA expression of NRF2,
but decreases that of KEAP1, a negative regulator of NRF2, leading to the activation of NRF2 to induce the expression of
target genes, such as HMOX1 and NQO1. SHE selectively induces the enzymes involved in the synthesis of GSH (GCL-c
and GCL-m), the regeneration of GSH (GSR and G6PDH), and GSH conjugation of xenobiotics (GSTκ1), rather than the
enzymes that directly scavenge ROS (SOD1, CAT, and GPX1). SHE increases the cellular content of GSH and mitigates the
oxidation of GSH to GSSG caused by PM10.
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NRF2 is a transcription factor that induces the expression of phase II metabolism/
antioxidant enzymes and plays an important function in regulating the body’s defense
mechanisms [53,54]. Activation of this transcription factor is regulated by various mecha-
nisms, and KEAP1 is one of its negative regulators [55]. Upon binding to KEAP1, NRF2
is excluded from the nucleus and degraded in the proteasome. On the other hand, when
NRF2 is separated from KEAP1 by a certain stimulus, the free NRF2 enters the nucleus
and can bind to the antioxidant response element (ARE) of the promoter of the target gene
together with various other factors. This transactivates the expression of several genes,
such as HMOX1, NQO1, GCL-c, GCL-m, and GSTκ1. In this study, SHE did not change the
expression of NRF2 but decreased the expression of KEAP1. SHE increased the expression
of target genes, such as HMOX1 and NQO1. This suggests that SHE activated the NRF2
system in cells.

As plant-derived substances can have positive or negative effects on cell physiol-
ogy [24–27], it is important to select safe and effective types and to select their optimal
concentration for use. The plant extracts tested in this study showed different or opposite
effects on cell viability in the absence and presence of PM10. Among them, SHE was
selected as a plant extract that safely and effectively alleviates the cytotoxicity of PM10.
SHE is a mixture of various substances, and therefore the observed results are the combined
effects of several components. Interesting results were obtained by comparing the effects
of different solvent fractions of SHE. That is, among the solvent fractions of SHE, the BA
fraction increased the cell viability whereas the MC fraction decreased the cell viability,
and the other two fractions had no significant effect. The BA fraction contained a high
amount of chlorogenic acid whereas the EA fraction contained a high amount of caffeic
acid. Thus, we could predict that chlorogenic acid contained in the BA fraction might be an
active ingredient that provided cytoprotective effects against PM10 toxicity. Consistently
with this notion, chlorogenic acid ameliorated the death of HaCaT cells exposed to PM10
and reduced PM10-induced cellular ROS production more effectively than caffeic acid. In
this study, about 100 μg mL−1 of SHE and 30 μM (10.6 μg·mL−1) of chlorogenic acid were
selected as the optimal concentrations to use with high safety and cell protection efficacy.

It was previously reported that chlorogenic acid reduced oxidative stress by activating
the NRF2 pathway in various in vitro and in vivo models [56–58]. Therefore, when com-
bined with the results of our current study, SHE containing chlorogenic acid is suggested
to mitigate PM10 cytotoxicity by activating the NRF2 pathway.

SHE derived from Siegesbeckia pubescens exhibits anti-inflammatory and wound healing
properties in various in vitro and in vivo models [59–61]. Several terpenoids and phenolic
compounds have been proposed as active ingredients that provide anti-inflammatory
action [62–64]. Furthermore, 5,3′-dihydroxy-3,7,4′-trimethoxyflavone isolated from Sieges-
beckia pubescens was shown to exert cytoprotective and neuroinflammatory activities in
cells by involving HMOX1 induction [65]. However, there was no previous study on the
cytoprotective effect of SHE derived from Siegesbeckia pubescens against PM toxicity. Mean-
while, an extract of tart cherry (Prunus cerasus L.) containing chlorogenic acid, quercetin,
and kaempferol was reported to inhibit the production of ROS and the expression of
apoptosis-related genes in HaCaT keratinocytes exposed to PM10 [66]. However, no spe-
cific experimental results were provided for chlorogenic acid itself. Therefore, our present
study is the first to report the protective effect of SHE and chlorogenic acid against PM10.

In this study, the MTT assay was used to measure cell viability. Since particles and
redox-sensitive substances can interfere with the MTT assay [67–69], the cells had been
carefully washed with PBS to remove interfering materials before the assay. In addition,
cell damage was also evaluated using the LDH release assay.

DCFH-DA was used as a fluorescent probe for measuring intracellular ROS production.
Because the black pigment of PM10 interferes with the accurate measurement of low levels
of fluorescence generated from the cells, we used a method of collecting cells from 12-well
culture plates, extracting with a small volume (150 μL) of lysis buffer, centrifuging to
remove the insoluble precipitate, and measuring the fluorescence of the extract, instead of

60



Antioxidants 2021, 10, 1762

directly measuring the fluorescence of the attached cells. For complementary purposes,
fluorescence images of cells were additionally presented.

Immortalized HaCaT keratinocytes were used in this study and it is necessary to
confirm the main findings of this study using normal human epidermal keratinocytes,
3-dimensional skin models, and in vivo animal models. It is also important to examine
whether the phytochemicals have the same or different outcomes in transformed and
normal cells in future studies.

5. Conclusions

In conclusion, the results of this study suggest that SHE derived from Siegesbeckia
pubescens can increase the cellular antioxidant capacity through induction of defense genes,
such as GCL-c, GCL-m, and G6PDH, and mitigate oxidative stress and enhance cell viability
under PM10-exposed conditions. It is also suggested that chlorogenic acid enriched in the
BA fraction of SHE may be the active phytochemical of SHE providing such antioxidant
and cytoprotective effects.
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Abbreviations

ARE antioxidant response element
BA n-butyl alcohol
CAT catalase
DCFH-DA 2′,7′-dichlorodihydrofluorescein diacetate
DTNB 5,5-dithio-bis-2-nitrobenzoic acid
EA ethyl acetate
G6PDH glucose 6-phosphate dehydrogenase
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GCL-c glutamate-cysteine ligase catalytic subunit
GCL-m glutamate-cysteine ligase modifier subunit
GPX glutathione peroxidase
GSH glutathione
GSR glutathione disulfide reductase
GSSG glutathione disulfide
GST glutathione S-transferase
HMOX heme oxygenase
HPLC-DAD high-performance liquid chromatography-photodiode array detection
IL interleukin
KEAP kelch-like ECH-associated protein
LDH lactate dehydrogenase
MC methylene chloride
MMP matrix metalloproteinase
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
NQO NAD(P)H quinone oxidoreductase
NRF nuclear factor erythroid 2-related factor
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PBS phosphate-buffered saline
PM particulate matter
qRT-PCR quantitative reverse transcriptase-polymerase chain reaction
ROS reactive oxygen species
SHE Siegesbeckiae Herba extract
SOD superoxide dismutase
TBA 2-thiobarbituric acid
TBARS 2-thiobarbituric acid-reactive substance
WT water
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Abstract: Rosa gallica is a widely used Rosa species for medicinal and culinary purposes. Rosa gallica
has been reported to display antioxidant, anti−inflammatory, and antibacterial activities. However,
the effect of Rosa gallica against skin aging in vivo is unknown and its active components have not
been fully understood. Oral administration of Rosa gallica prevented UVB−mediated skin wrinkle
formation and loss of collagen/keratin fibers in the dorsal skin of mice. Examination of biomarkers
at the molecular level showed that Rosa gallica downregulates UVB−induced COX−2 and MMP−1
expression in the skin. Through a direct comparison of major compounds identified using the
UHPLC−MS/MS system, we discovered gallic acid as the primary component contributing to the
anti-skin aging effect exhibited by Rosa gallica. Examination of the molecular mechanism revealed
that gallic acid can potently and selectively target the c−Raf/MEK/ERK/c−Fos signaling axis. In
addition, both gallic acid and MEK inhibitor blocked UVB−induced MMP−1 expression and restored
collagen levels in a reconstructed 3D human skin model. Collectively, Rosa gallica could be used as a
functional ingredient in the development of nutraceuticals against skin aging.

Keywords: Rosa gallica; skin aging; gallic acid; c−Raf; UHPLC−MS/MS

1. Introduction

Chronic irradiation of ultraviolet B (UVB) light causes skin wrinkle formation, in-
flammation, pigmentation, and dehydration [1,2]. UVB triggers signaling pathways lead-
ing to upregulation of genes involved in collagen degradation and inflammation [1,3].
Among these, matrix metalloproteinases (MMPs), especially MMP−1, play a key role
in promoting collagen degradation and in turn, wrinkle formation [4]. In addition,
cyclooxygenase 2 (COX−2), which can be induced by UVB light, mediates skin inflamma-
tion and photoaging [5]. Thus, food compounds that can inhibit the expression of MMP−1
or/and COX−2 have the potential to possess anti-skin aging effects [6,7].

Activator protein 1 (AP−1) and its upstream regulatory pathways have been known to
be major contributing factors to MMP–1 expression and skin aging [8]. AP−1 is a dimeric
transcription factor formed by Fos (c−Fos, FosB, Fra1, and Fra2) and Jun (c−Jun, JunB, and
JunD) families. Activation of AP−1 induces transcription of genes involved in skin aging,
cell proliferation, angiogenesis, and inflammation [8–10]. Especially as AP−1 directly
induces MMP−1 expression leading to collagen degradation in the skin, downregulation of
AP−1 components have been suggested as a promising strategy to block skin aging [11]. UV
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causes the activation of mitogen−activated protein kinases (MAPKs), including ERK1/2,
p38, and JNK1/2, which act as key upstream regulators of AP−1 activity [8,12]. Hence,
studies have demonstrated that inhibiting upstream regulatory pathways of AP−1, such
as the MAPKs, MAP2Ks, or c−Raf can suppress skin aging [13–17].

Rosa species have been used as a cooking ingredient as well as a medicinal plant.
Various types of roses, including Rosa canina, Rosa damascene, Rosa centifolia, and Rosa
gallica have been reported to display antioxidant, antibacterial, anti−depressant, and
anti−inflammatory properties [18,19]. Additionally, the Rosa species is known for its
functional effects on the skin [20,21]. In particular, Rosa gallica is one of the most commonly
used Rosa species for cosmetic, medicinal, and culinary purposes [22,23]. Although the
potential of the Rosa gallica extract to prevent biomarkers of skin aging in vitro has been
reported [24], there has been no study demonstrating the anti−skin aging effect of Rosa
gallica in vivo. Moreover, active ingredients responsible for the bioactivity of Rosa gallica
and Rosa species are poorly understood. Herein, we have orally administered the Rosa
gallica extract to mice and evaluated its anti−skin aging effect to assess its potential as a
functional food/nutraceutical agent. Moreover, we have identified the active ingredient
of Rosa gallica by ultra−high performance liquid chromatography (UHPLC) with mass
spectrometry (MS) and examined its molecular mechanism.

2. Materials and Methods

2.1. Materials

Gallic acid, quercetin, catechin, kaempferol, rutin, quercitrin, U0126, dimethyl sulfox-
ide (DMSO), and formic acid were purchased from Sigma−Aldrich (St. Louis, MO, USA).
Antibody to detect COX−2 was purchased from Cayman Chemical (Ann Arbor, MI, USA),
and the antibodies to detect MMP−1 and collagen I were obtained from Abcam (Cam-
bridge, United Kingdom). Antibodies against c−Jun, p38, JNK, c−Raf, MKK4, vinculin,
and GAPDH was provided by Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Antibody
to detect c−Fos, phospho−c−Jun, phospho−ERK, ERK, phospho−p38, phospho−JNK,
phospho−c−Raf, phospho−MEK, MEK, phospho−MKK4, phospho−MKK3, and MKK3
were purchased from Cell Signaling Technology (Danvers, MA, USA). Rosa gallica petals
were imported from Turkey through GN Bio (Hanam, Korea). Analytical grade water and
acetonitrile (ACN) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Rosa gallica Extract Preparation

Rose petals were ground in a blender to obtain a powder. Dried powder (10 g) of
rose petal was mixed with 1000 mL of 70% (v/v) ethanol and extracted at 70 °C for 3 h
using reflux condenser. And then the extract was filtered through No. 2 filter paper
(Whatman, Maidstone, UK). The solvent was subsequently evaporated, and the product
was freeze-dried.

2.3. Experimental Animals and Treatments

Female SKH−1 hairless mice were obtained from Orient Bio (Seongnam, Korea). Mice
had free access to food and water for 15 weeks. Seven mice were allocated into each
group. The Institutional Animal Care and Use Committee (SEMI1−19−02) approved
all experimental protocols. Rosa gallica extract was dissolved in distilled water at the
indicated concentration and treated to mice every day by oral gavage. UVB was applied
to the mice by UV−3000 (Dong Seo Science Co., Ltd., Seoul, Korea) starting at week
5 of the experiment. UVB irradiation was gradually increased from 1 MED to 4 MED
(1 MED = 1 minimal erythema dose = 50 mJ/cm2) with no injury.

2.4. Wrinkle Measurement

Skin replicas of mouse dorsal skin were made with the SILFLO (Amique Group Co. Ltd.,
Tokyo, Japan) at the end of the experiments. The skin replicas were photographed using

66



Antioxidants 2021, 10, 1663

Nikon E600 (Nikon, Tokyo, Japan). Depth of the wrinkle was measured by Visioline® VL
650 (Courage&Khazaka GmbH, Koln, Germany).

2.5. Masson’s Trichrome Staining

Tissue specimens were fixed with 4% (v/v) formalin solution. Tissue was embedded
in paraffin. Approximately 4 μm−thick sections were subjected to stained with Masson’s
Trichrome for collagen and keratin fibers analysis. After tissue staining, slides were
examined at 200 X magnification by Nikon DS–Fi3 (Nikon).

2.6. Immunoblot

Skin tissues or cell were lysed with RIPA buffer. Immunoblot was performed as
previously described [25]. Briefly, lysates were centrifuged at 4 ◦C, 12,000× g for 10–20 min.
Protein concentration of lysate was measured using BCA assay (Thermo Fisher Scientific).
The proteins were separated using SDS−PAGE and transferred to a nitrocellulose (NC)
membrane (PALL® Corporation, Port Washington, NY, USA). The NC membrane was
blocked in the 5% skim milk in Tris−Buffered Saline in 0.1% Tween 20 for 1 hr. Membrane
was incubated with a primary antibody at 4 ◦C overnight. Bands were detected with
Western Lightning Plus−ECL (PerkinElmer, Waltham, MA, USA) after incubated with an
HRP−conjugated secondary antibody. All blots presented in the manuscript are from a
film scan generated from an automatic X−ray film processor (JPI Healthcare, Seoul, Korea).

2.7. UHPLC–LTQ–Orbitrap/MS/MS Conditions

The molecular weights of the peaks were displayed from high−resolution MS using
LTQ Orbitrap XL (Thermo Fisher Scientific) coupled with Accelar UHPLC (Thermo Fisher
Scientific). Mobile phase A was water containing 0.1% (v/v) formic acid, and mobile phase
B was ACN containing 0.1% (v/v) formic acid. Separation of compounds was performed
using a C18 column (Acquity UPLC® BEH; 2.1 mm × 100 mm, 1.7 μm; Waters Corp.,
Milford, MA, USA) at a flow rate of 0.4 mL/min using the following gradient 3–10% mobile
phase B for 3 min; 10–40% B for 16 min; 40–80% B for 17 min; 80–3% B for 19 min; 3% B
for 20 min. The UHPLC−MS/MS was operated with a Z−spray ion source in the positive
ion, negative ion mode using the following conditions: capillary voltage of 20 V, capillary
temperature of 350 °C, spray voltage 3.5 kV. Spectra were scanned in the range between
150 and 1500 m/z.

2.8. Cell Culture and UVB Irradiation

Human Dermal fibroblasts (HDFs) were kindly provided by Dr. Jin Ho Chung (Depart-
ment of Dermatology, Seoul National University College of Medicine, Seoul, Korea). HDFs
were cultured in Dulbecco’s Modified Eagle’s Media (DMEM, Corning Inc., Somerville,
MA, USA) containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific) with peni-
cillin/streptomycin (Corning Inc.). Cells were irradiated with UVB using Bio−link−BLX
(Vilber Lourmat, Paris, France), with the peak emission wavelength is 312 nm. The energy
of UV was 0.03 J/cm2.

2.9. SRB Staining

HDFs were seeded into a 6−well plate. After 24 h, the medium was replaced with
serum–free DMEM. The next day, chemicals were treated at the indicated concentrations
and incubated for 48 h. After fixing the cells, the living cells were stained with sulforho-
damine B (SRB, Sigma−Aldrich). SRB was dissolved with 10 mM Tris and absorbance was
measured at 554 nm.

2.10. Enzyme-Linked Immunosorbent Assay (ELISA)

HDFs were seeded in 12−well plates at a density of 1.8 × 105 cells/well. Cells
were incubated for 24 h, after which the medium was replaced with serum−free media
and incubated for another 24 h. Cells were treated with compounds at the indicated
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concentrations and then irradiated with UVB. Following 48 h of incubation, the culture
supernatants were collected and centrifuged at 13,000× g to remove cell debris. The
concentration of MMP−1 in the cell culture media was determined by corresponding
ELISA kits (R&D Systems Inc., Minneapolis, MN, USA). These assays were performed as
manufacturer’s instructions.

2.11. Reconstructed 3D Human Skin Model

Reconstructed 3D human skin (Neoderm−ED) was obtained from Tegoscience (Seoul,
Korea). The reconstructed 3D human skin model was treated with indicated chemicals
for 1 h prior to UVB irradiation. The skin tissue was irradiated with UVB twice a day for
8 days, and the medium was changed every two days. The skin tissue was incubated at
37 ◦C under 5% CO2 atmosphere.

2.12. Collagen Staining in Reconstructed 3D Human Skin Model

Skin sections from reconstructed 3D human skin model were fixed with 4% formalin
solution. Paraffin−embedded sections were cut on glass slides. Slides were deparaffinized
three times with xylene and hydrated through a grade alcohol bath. The deparaffinized
sections were stained with Sirius Red/Fast Green solution (Chondrex, Inc. Woodinville,
WA, USA). After tissue staining, slides were washed with 0.5% (v/v) acetic acid solution.
Finally, slides were dehydrated through a reverse grade alcohol bath and mounted. Pictures
of collagen−stained slides were taken using the Nikon eclipse Ts2 (Nikon).

2.13. Statistical Analysis

Statistical analyses were used one−way analysis of variance followed by GraphPad
Prism 5 software (San Diego, CA, USA). All data are presented as means ± standard
deviation (SD). A p < 0.05 was considered statistically significant.

3. Results

3.1. Oral Consumption of Rosa gallica Petal Extract (RPE) Suppresses UVB−Mediated Skin
Wrinkle In Vivo

Mice were administered with Rosa gallica petal extract (RPE) and exposed to UVB
for 10 weeks (Figure 1A). Continuous exposure to UVB induced skin wrinkle formation
(Figure 1B). Interestingly, oral administration of RPE at 5 and 10 mg/kg B.W. led to a reduc-
tion in UVB−mediated wrinkle formation in the dorsal skin of mice (Figure 1B). Quantifi-
cation of skin wrinkle demonstrated that RPE administration could block UVB−induced
mean wrinkle depth and max wrinkle depth to near control levels (Figure 1C). These results
clearly show that oral intake of RPE can suppress UVB−mediated skin aging in vivo.

3.2. RPE Does Not Show Side Effects In Vivo

To assess the safety of RPE in vivo, we evaluated several parameters after RPE ad-
ministration. RPE did not display noticeable effects on body weight of mice (Figure 2A).
In addition, RPE did not affect the amount of food and water intake (Figure 2B,C). Ad-
ditionally, RPE did not cause any change to the weight of liver in the mice (Figure 2D).
Collectively, these results demonstrate that oral consumption of RPE does not generate
side effects in vivo at the treated concentrations.
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Figure 1. Rose petal extract (RPE) suppresses UVB−induced skin wrinkle formation. (A) RPE was
orally administered to mice every day. UVB was irradiated three times a week as indicated in the
experimental scheme. (B) Representative pictures of skin replica. (C) Mean wrinkle depth and
max wrinkle depth were quantified. Data represent the means ± SD (n = 4). Significant differences
between un−treated control and UVB−only treatment group (# p < 0.05) and significant differences
between UVB and UVB + RPE administrated group (* p < 0.05, ** p < 0.01).

3.3. RPE Inhibits Collagen Degradation and Blocks UVB−Mediated Biomarker of Skin Aging

To further examine the anti−skin aging effect of RPE, we analyzed key biomark-
ers of skin aging. Collagen and keratin are major structural proteins constituting the
skin and reduction of these proteins has been known to be responsible for skin wrin-
kle formation [26,27]. Results from Masson’s trichrome staining of the skin demonstrate
that RPE can prevent UVB−mediated decrease in collagen and keratin levels in the
skin (Figure 3A). We also found that RPE suppresses UVB−induced COX−2 and MMP−1
expression in the skin (Figure 3B), suggesting that RPE can block major mediators of in-
flammation and collagen degradation. While there has been a previous report that RPE can
attenuate MMP−1 in cells, this is the first time to show that RPE can suppress MMP−1
expression as well as collagen degradation and wrinkle formation in vivo.
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Figure 2. RPE does not show toxicity at the tested concentrations. (A–C) Body weight (n = 7), food
intake (n = 4), and water intake (n = 4) were measured twice a week. (D) Liver weight was measured
after sacrificing the mice at the end of the experiment (n = 7). Data represent the means ± SD. There
was no significant difference (n.s.) among all groups.

Figure 3. RPE inhibits collagen degradation and reverses biomarkers of skin aging. (A) Masson’s
trichrome staining for the visualization of collagen and keratin fibers in mouse skin tissue. Collagen
fibers appear blue and keratin fibers appear red. The scale bar indicates 100 μm. (B) Protein
expression of MMP−1, COX−2, and vinculin were determined in mouse tissue lysates using the
corresponding antibody. Tissue lysates from three mice per group were used. Vinculin was used as a
loading control.
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3.4. Identification of Compounds in Rosa gallica

Main fragment ions of RPE obtained by UHPLC–LTQ–Orbitrap/MS/MS are shown
in Figure 4. A total of 17 peaks excluding solvent peak were identified (Table 1). Tentative
identification was performed using the obtained precursor ion and their fragment ions.
Gallic acid (1) and catechin (2), which are relatively polar compounds, were detected
rapidly with short retention times under reverse−phase condition. Compounds in which
two glycosides are bound to quercetin (such as rutin, fragment ion value of 303.05 m/z)
were identified at relatively short retention times, followed by a monoglycoside (quercetin
of 303.05 m/z and kaempferol of 287.05 m/z) and an aglycone (dihydrokaempferol) type.
In this study, since the binding structures of the glycoside moiety is unclear, it was ex-
pressed as a diglycoside. Among the identified compounds, 11 peaks were identified as
quercetin (peaks no. 5, 6, 7, 8, 11, 14, and 15) or kaempferol (peaks no. 9, 10, 13, and
17) derivatives, which is in accordance with previous reports where the glycosides of
quercetin and kaempferol are the most abundant flavonoids in roses among the reported
compounds [28–30].

Figure 4. The peak intensity chromatogram of UHPLC−LTQ−Orbitrap/MS/MS of RPE. Peaks are
indicated in Table 1.

Table 1. Identification of major chemical constituents in RPE by UHPLC−LTQ−Orbitrap/MS/MS.

Peak
tR

(min) Molecular Weight Ion Mode
Precursor Ion

(m/z)
Fragment Ions

(m/z) Tentative Identification Reference

1 2.16 170.1195 [M − H]− 169.0000 N.D. Gallic acid [30]
2 4.04 290.2681 [M + H]+ 291.0864 N.D. Catechin [29]
3 4.28 954.7038 [M + H]+ 955.1054 N.D. Rugosin B [28]
4 6.50 936.6454 [M + H]+ 937.0934 N.D. Casuarictin [31]
5 7.45 616.4806 [M + H]+ 617.1137 303.0499 Quercetin-3-O-

gallate-glucoside [32]

6 8.00 610.5175 [M + H]+ 611.1607 465.1029,
303.0500 Rutin [30]

7 8.28 464.3763 [M + H]+ 465.1028 303.0499 Quercetin-3-O-galactoside [28,33]
8 8.56 464.3763 [M + H]+ 465.1026 303.0498 Quercetin-3-O-glucoside [30,33]

9 9.51 448.3769 [M + H]+ 449.1078 287.0549 Kaempferol-3-
O-galactoside [28,33]

10 10.00 448.3769 [M + H]+ 449.1080 287.0550 Kaempferol-3-O-glucoside [30,33]
11 10.20 448.3769 [M + H]+ 449.1078 303.0498 Quercitrin [30]
12 11.94 438.5128 [M − H]− 437.1445 N.D. unknown

13 12.44 432.3775 [M + H]+ 433.1130 287.0550 Kaempferol-3-
O-rhamnoside [30]

14 13.10 652.5542 [M + H]+ 653.1712 303.0500 Quercetin diglycoside [30]
15 14.78 636.5548 [M + H]+ 637.1764 303.0500 Quercetin diglycoside [30]
16 16.96 583.6741 [M + H]+ 584.2754 438.2387 Tricoumaroyl spermidine [34]
17 19.12 288.2522 [M + H]+ 289.2373 271.2268 Dihydrokaempferol [35]

RPE, rose petal extract; UHPLC-LTQ-Orbitrap/MS/MS, ultra-high performance liquid chromatography and tandem mass spectrometry; tR,
retention time; N.D., not detected.

3.5. Gallic Acid Is a Major Active Compound of Rosa gallica in Preventing Skin Aging

Based on the results from the chemical analysis (Figure 4 and Table 1), we selected
gallic acid, quercetin, catechin, kaempferol, rutin, and quercitrin for further evaluation. The
inhibitory activity against MMP−1 was measured using the six compounds. Treatment of
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gallic acid displayed the strongest reduction in UVB−induced MMP−1 levels among the
tested compounds without any apparent cytotoxicity (Figure 5A,B). In addition, gallic acid
was able to suppress MMP−1 levels in a dose−dependent manner (Figure 5C), suggesting
gallic acid as a major contributing factor to the anti−skin aging effect exhibited by RPE.

3.6. Gallic Acid Targets the c−Raf Signaling Pathway

To understand the molecular mechanism of gallic acid, we investigated the effect
of gallic acid on UVB−mediated signaling. As AP−1 is a crucial transcription factor
controlling the expression of MMP−1 [4], we sought the test the effect of gallic acid on
individual factors constituting the AP−1 dimer. Gallic acid downregulated c−Fos, whereas
phosphorylation of c−Jun was not affected (Figure 6A). Since the expression of c−Fos has
been known to be primarily regulated by MAPK family members (i.e., ERK1/2, p38, and
JNK1/2) [8], we examined the effect of gallic acid against MAPK activation. We discovered
that gallic acid can potently and selectively suppress ERK1/2 phosphorylation, while
displaying no noticeable effects on JNK1/2 and p38 phosphorylations (Figure 6B). Gallic
acid also attenuated phosphorylation of MEK1/2 which is the direct upstream regulator of
ERK1/2 (Figure 6C). c−Raf is activated by UV and acts as an upstream regulator of the
MEK/ERK pathway [36]. Results show that gallic acid can markedly reduce the activation
of c−Raf (Figure 6C). In addition, gallic acid did not affect the phosphorylations of MKK4
and MKK3/6, further suggesting that gallic acid preferentially inhibits the c−Raf/MEK
pathway (Figure 6C). Overall, these results show that gallic acid can selectively target the
c−Raf/MEK/ERK/c−Fos pathway.

Figure 5. Effect of single compounds in RPE on UVB−induced MMP−1. (A) Cell viability was
measured after cells were treated with gallic acid (GA), quercetin (Qc), catechin (Ca), kaempferol (Kp),
rutin (Ru), Quercitrin (Qi) for 48 h (n = 5). (B) Human dermal fibroblasts (HDFs) were pre−treated
with compounds at the indicated concentrations for 1 h before being exposed to UVB. After 48 h,
MMP−1 production in cultured media was measured using ELISA (n = 3). Data represent MMP−1
inhibition rate compared to UVB−only treatment group. (C) HDFs were pre−treated with gallic acid
(GA). MMP−1 concentration was measured using ELISA (n = 3). Data represent the means ± SD.
Significant differences between un−treated control and UVB−only treatment group (## p < 0.01) and
significant differences between UVB and UVB + GA treatment group (* p < 0.05, ** p < 0.01).
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3.7. MEK Inhibition and Gallic Acid Blocks UVB−Induced MMP−1 Expression and Collagen
Reduction in Reconstructed 3D Human Skin Model

As gallic acid selectively inhibited the c−Raf/MER/ERK signaling axis, we used a
selective MEK inhibitor (i.e., U0126) to confirm the involvement of this signaling pathway
in MMP−1 and collagen expression. U0126 suppressed UVB−induced MMP−1 in HDFs,
demonstrating that activation of c−Raf/MER/ERK signaling is necessary for MMP−1
production (Figure 7A). We further utilized a reconstructed 3D human skin model to
investigate the impact of U0126 and gallic acid on controlling MMP−1 and collagen levels.
Reconstructed 3D human skin tissues were treated with U0126, gallic acid, or both and
irradiated with UVB for 8 days. Both gallic acid and U0126 downregulated UVB−induced
MMP−1 expression and prevented UVB−induced decrease in collagen (Figure 7B,C).

Figure 6. Effect of gallic acid (GA) on UVB−induced signaling pathways. (A) Protein expression
of c−Fos, vinculin, p−c−Jun, and c−Jun were determined in human fibroblast cell lysates using
the corresponding antibody. Vinculin was used as a loading control. (B) Effect of GA on MAPKs
pathway in HDFs. Protein expression levels of phosphorylated and total ERK, JNK, p38, and vinculin
were determined in cell lysates using the corresponding antibody by immunoblotting. Vinculin
was used as a loading control. (C) Effect of GA on c−Raf and MAP2Ks pathway in HDFs. Protein
expression levels of phosphorylated and total c−Raf, MEK1/2, MKK4, and MKK3, and vinculin were
determined in cell lysates using the corresponding antibody by immunoblotting. Vinculin was used
as a loading control.
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Figure 7. Effect of U0126 and gallic acid on MMP−1 and collagen expression in reconstructed 3D
human skin model. (A) HDFs were pre−treated with U0126. MMP−1 concentration was measured
using ELISA (n = 3). Data represent the means ± SD. Significant differences between un−treated
control and UVB−only treatment group (### p < 0.001) and significant differences between UVB and
UVB + U0126 treatment group (*** p < 0.001). (B) Effect of GA and U0126 on MMP−1 and collagen in
a reconstructed 3D human skin model. GAPDH was used as a loading control. (C) Collagen was
stained in sections from a reconstructed 3D human skin model using Sirius Red/Fast Green solution.
The scale bar indicates 50 μm.

4. Discussion

In the current study, RPE was orally administered to mice and its protective effect
against skin aging was examined. While a previous study reported the effect of RPE against
UVB−induced skin aging under in vitro conditions [24,37], the efficacy of RPE in vivo was
unknown. This is the first report to demonstrate that oral administration of Rosa gallica
can block UVB−mediated skin aging in vivo without any noticeable toxicity. These results
suggest that RPE can be a promising nutraceutical agent for the prevention of skin aging.

While previous studies reported bioactivities of Rosa gallica, the active components
remained elusive. The identification of active compounds is a crucial step in understanding
the mechanism of natural agents as well as developing it for practical applications. The
active compound can be used as a marker for quality control or for optimizing processing
conditions of the natural agent. Through combining UHPLC−MS/MS−based chemical
analysis and activity evaluation, we have identified gallic acid as an active compound that
can at least partially recapitulate the anti−skin aging effect exerted by RPE. Gallic acid was
chosen as the major active compound because it showed the strongest inhibitory effect
against MMP−1 expression compared to other compounds from RPE. Although weaker
than gallic acid, quercetin and catechin also displayed inhibitory activity against MMP−1
expression (Figure 5B). This is consistent with previous studies which have also reported
the anti-skin aging potential of quercetin and catechin [38,39]. Thus, the protective effect of
RPE against skin aging may be attributed to a combination of several components. Based
on our results gallic acid was chosen as a major active component, yet further studies to
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evaluate the activity of other compounds could aid in fully understanding the function of
Rosa gallica.

When we examined the components of RPE, glycosidic derivatives of quercetin and
kaempferol constituted a large portion among the identified compounds (Table 1). Rutin
and quercitrin showed significantly weaker bioactivity compared to their aglycon com-
pound, quercetin (Figure 5B), which is in accordance with previous reports where removal
of the sugar moieties generally increases the bioactivity of the compound [40–43]. In line
with this, while we were not able to test all the compounds found in the extract, considering
that kaempferol generated minor effects in the tested condition (Figure 5B), it is likely that
other glycosidic derivatives of kaempferol found in RPE would also produce relatively
insignificant effects towards MMP−1 expression. However, there is a possibility that other
compounds with distinct structures found in RPE could contribute to the anti-skin aging
effect of Rosa gallica.

We have examined the molecular mechanism of gallic acid and discovered that
gallic acid can selectively inhibit c−Raf, MEK, ERK, and c−Fos, while displaying no
noticeable effects towards other MAPK and MAP2K family members. Gallic acid was
previously reported to exert anti−skin aging effects; however, the responsible mode of
action was largely unknown [44,45]. We report that gallic acid can inhibit UVB−induced
c−Raf/MEK/ERK/c−Fos signaling axis in HDFs, and this may be the major mecha-
nism to explain the gallic acid−driven downregulation of MMP−1. In addition, the
c–Raf/MEK/ERK signaling pathway has been known to play a critical role in the develop-
ment of various cancers, including melanoma, non−melanoma skin cancers, pancreatic
cancer, and non−small cell lung cancer [46–48]. Considering that agents targeting the
c−Raf pathway exert chemopreventive/chemotherapeutic effects against these types of
cancers [47,49], gallic acid may also potentially suppress carcinogenesis.

At high concentrations phytochemicals may display toxicity, however, at low concen-
trations, they can modulate various physiological pathways, potentially providing health
benefits. The concept of hormesis has been applied to understand the mechanism for the
therapeutic effects reported by natural products [50,51]. Among these, the activation of
cellular stress response pathways has been suggested as one of the potential modes of
action for phytochemicals [51]. Indeed, many phytochemicals have been implicated to
control cellular antioxidant systems as well as the signal transduction pathways [51,52]. In
addition to targeting the c−Raf/MEK/ERK/c−Fos signaling axis, Rosa gallica and gallic
acid may have exerted anti-skin aging activity through affecting regulators of oxidative
stress. Gallic acid has been reported to modulate Keap1/Nrf2/ARE pathway [53,54] and
Roses have been known to show antioxidant effects in cell models [37,55]. These attributes
of Rosa gallica and gallic acid could have provided cellular protection through regulating
the concentration of free radicals and subsequent inflammatory responses in the skin,
leading to attenuation of skin aging.

5. Conclusions

Rosa gallica is an edible flower which has been used as an ingredient in traditional
medicine and culinary practices. We have found that Rosa gallica can provide a protective
function against skin aging in vivo. Gallic acid appears to function as an active compound
of Rosa gallica through inhibiting the c−Raf signaling pathway (Figure 8). Discovering the
possibility of Rosa gallica as an anti−skin aging food agent opens new opportunities to
utilize rose petals as a nutraceutical.
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Figure 8. Schematic diagram summarizing the anti−skin aging effect of Rosa gallica and its mechanism.
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Abstract: Human skin is commonly described as a particularly dynamic and complex environment,
with a physiological balance continuously orchestrated by numerous internal and external factors.
Intrinsic aging, exposure to UV radiation and skin pathogens are some of the key players that account
for dermatological alterations and ailments. In this regard, this study intended to explore the potential
skin-health beneficial properties of a group of molecules belonging to the anthocyanin family:
cyanidin- and malvidin-3-O-glucosides and some of their structurally related pigments, resulting in
a library of compounds with different structural properties and color hues. The inclusion of both
purified compounds and crude extracts provided some insights into their distinctive effects when
tested as individual agents or as part of multicomponent mixtures. Overall, most of the compounds
were found to reduce biofilm production by S. aureus and P. aeruginosa reference strains, exhibit
UV-filter capacity, attenuate the production of reactive oxygen species in human skin keratinocytes
and fibroblasts and also showed inhibitory activity of skin-degrading enzymes, in the absence of
cytotoxic effects. Carboxypyranocyanidin-3-O-glucoside stood out for its global performance which,
combined with its greater structural stability, makes this a particular interesting compound for
potential incorporation in topical formulations. Results provide strong evidence of the skin protective
effects of these pigments, supporting their further application for cosmeceutical purposes.

Keywords: natural bioactives; anthocyanins; photoprotection; UV-filter; oxidative stress; antimicro-
bial; skin aging; ECM; topical formulations; cosmeceuticals

1. Introduction

The importance of human skin goes way beyond its physical protective barrier role
between body and surroundings, as it serves other crucial functions, including preven-
tion of percutaneous water loss and immune surveillance [1]. Maintaining a good skin
appearance is important, not only from a health standpoint but also for self-esteem and
well-being since its appearance is inevitably linked to the visual perception of vitality. From
a holistic perspective, skin can be deemed as a highly dynamic environment, whose overall
condition is modulated by a complex network of cellular and molecular events that result
from the interplay of a multitude of external (e.g., sun-light exposure and tobacco smoke)
and internal factors (e.g., genetics and endocrine metabolism) [2]. The decay of its function
and structural integrity naturally arises with intrinsic aging, in a sequence of events that
affects both the epidermal and dermal layers of the skin, with the most prominent changes
occurring in the latter, where the levels of essential components of the extracellular matrix
(ECM), namely collagen and elastin, along with hyaluronic acid, gradually decline [3].
These changes are mostly driven by the continuous age-dependent accumulation of reac-
tive oxygen species (ROS) in the skin, which activate specific cell signaling cascades that
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simultaneously up-regulate the expression of ECM degrading enzymes and down-regulate
the synthesis of ECM constituents [4]. As a result, the levels of mechanical resistance of the
ECM decrease, and so does the mechanical tension within dermal fibroblasts, disturbing
their normal shape, size and function. Cells respond by increasing their intracellular levels
of ROS, creating a self-perpetuating detrimental cycle, culminating in the appearance of
wrinkles, skin dryness, roughness and laxity [1,5,6]. Solar ultraviolet radiation (UVR)
cumulative exposure is one of the main culprits of overproduction of ROS in the skin, and
also promotes inflammation, two processes that feed into one another and exacerbate the
above-mentioned cell signaling pathways. Continuous UV-induced oxidative damage to
cellular proteins, membranes and DNA contributes to the deep structural and functional
changes inflicted on the skin, characteristic of so-called photoaging [7,8].

Cutaneous microbiota, mostly made up of bacteria, also plays a crucial role in the
maintenance of dermatological health and commensal bacteria are important in the me-
diation of skin physiological processes. However, in situations where the integrity of the
epidermal barrier is compromised or in dysbiotic conditions, the skin becomes suscepti-
ble to bacterial colonization, infection and the possible onset of serious and difficult to
irradicate skin disorders [9].

Given the increasing awareness of the importance of skin health, there is a grow-
ing demand for efficient solutions for preventing and treating skin related damage and
disorders. Within this context, the use of compounds derived from natural sources for
dermatological applications has gone through an exponential growth in popularity [10].
There seems to be a clear trend shift in consumer preference for these types of natural
ingredients, which has boosted the research for innovative combinations of these bioactives.
Amongst the existing classes of phytochemicals, anthocyanins represent one of the most
attractive, owing to their simultaneous acknowledged bioactivity repertoire and visually
attractive colors [11]. The growing and compelling evidence of the biological relevance of
these polyphenolic compounds for skin-related applications has raised the interest in their
use as cosmeceuticals [12–15].

The purpose of this study was to assess the potential protective and health promoting
skin effects of a group of molecules belonging to the same anthocyanin family, including
their antimicrobial activity, UV-filter capacity and inhibitory action on ROS production and
skin-degrading enzymes. Cyanidin- and malvidin-3-O-glucosides and their corresponding
deoxyanthocyanins (which lack the substitution at the C-3 position, making these pigments
much less sensitive to water addition at C2) were included in this study, along with some
pyranoanthocyanins structures (commonly found in wine matrices during the aging process
and known for their higher structural and color stability in a wider pH range), which
were obtained by further chemical modifications of the two native anthocyanins, giving
rise to a library of compounds with distinct structural and chromatic properties [16,17]
(Figure 1). Purified compounds were used to understand the full potential of each and to
establish some structure–activity relationships, while extracts were also included in some
of the analyses to investigate possible existing synergy or antagonism effects in complex
multicomponent mixtures.

80



Antioxidants 2021, 10, 1038

Figure 1. Chemical structure compounds (deoxyanthocyanins, anthocyanins and its related struc-
tures) selected for this study: 1—Luteolinidin (Lut); 2—Deoxymalvidin (DeoxyMv); 3—Cyanidin-
3-O-glucoside (Cy-3-glc); 4—Malvidin-3-O-glucoside (Mv-3-glc); 5—Carboxypyranocyanidin-3-O-
glucoside (CarboxypyCy-3-glc); 6—Carboxypyranomalvidin-3-O-glucoside (CarboxypyMv-3-glc); 7—
Methylpyranocyanidin-3-O-glucoside (MethylpyCy-3-glc); 8—Methylpyranomalvidin-3-O-glucoside
(MethylpyMv-3-glc); 9—4-(Dimethylamino)-cinnamyl-10-butadienylidene-pyranocyanidin-3-O-
glucoside (Dimethylamino-cin-but-pyCy-3-glc); 10—Vinylpyranomalvidin-3-O-glucoside-catechin
(VinylpyMv-3-glc-catechin).

2. Materials and Methods

2.1. Isolation and Synthesis of the Different Compounds

Deoxyanthocyanins were synthesized by acidic aldol condensation and consisted
of the mixture of 2,4,6–trihydroxybenzaldehyde with 3,4-dihydroxyacetophenone and
3′,5′-dimethoxy-4′-hydroxyacetophenone (for luteolinidin and deoxymalvidin synthesis,
respectively) [18]. Cyanidin- and malvidin-3-O-glucosides were obtained by the fractiona-
tion of blackberries and young red wine extract, and their further reaction with pyruvic acid
(molar ratio of 1:100) and acetone (10% v/v aqueous solution) resulted in the formation of
the carboxy and methylpyrano extracts, respectively, as described previously [19,20]. The
obtained carboxypyranoanthocyanin extracts were tested as a complex mixture and also as
a means of purifying carboxypyranocyanidin-3-O-glucoside and carboxypyranomalvidin-
3-O-glucoside. The characterization of the extracts in terms of protein, lipids, sugar and
total phenolic content and antioxidant activity is available in Supplementary Material
(Table S1).

Amino-derived pyranocyanidin-3-O-glucoside was obtained from the reaction of
methylpyranocy-3-glc with 4-(dimethylamino)-cinnamaldehyde as reported elsewhere [21].
The formation of vinylpyranomalvidin-3-O-glucoside-catechin resulted from the mixture of
the carboxypyranomalvidin-3-O-glc with (+)-catechin, in the presence of acetaldehyde [22].

Synthesis reactions and the purity of the compounds were monitored by HPLC-DAD.

2.2. Antimicrobial and Antibiofilm Assays
2.2.1. Bacterial Strains and Growth Conditions

Compounds/extracts were tested against the following bacterial strains: Pseudomonas
aeruginosa ATCC 27853, Staphylococcus aureus ATCC 29213, Staphylococcus epidermidis ATCC
14990, Streptococcus pyogenes ATCC 19615, and Micrococcus luteus ATCC 4698. Prior to
each in vitro bioassay, fresh cultures were obtained for each strain using the appropriate
medium and incubation conditions as follows. Staphylococcus spp. and P. aeruginosa were
grown on Mueller–Hinton (MH) agar (Liofilchem srl, Roseto degli Abruzzi, Italy) for 24 h
at 37 ◦C, while M. luteus was grown in Tryptic Soy agar (TSA, Liofilchem srl, Italy) for 24 h
at 30 ◦C and S. pyogenes on TSA supplemented with 5% defibrinated sheep blood (Thermo
Fisher Scientific, Waltham, MA, USA) for 24 h at 37 ◦C in an atmosphere of 5% CO2.
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2.2.2. Determination of Minimum Inhibitory and Minimum Bactericidal Concentrations

Minimum inhibitory concentrations (MICs) of compounds/extracts were determined
using a broth microdilution technique, following the recommendations of the Clinical
and Laboratory Standards Institute [23]. Briefly, fresh colonies of each strain were used
to prepare the respective inocula with an optical density of 600 nm (OD600) equal to 0.1
(approximately 1 × 108 CFU/mL). For all strains, cation-adjusted Mueller–Hinton broth
(MHB2, Sigma-Aldrich, St. Louis, MO, USA) was used, but in the case of S. pyogenes, MBH2
was previously supplemented with 2.5% lysed horse blood (Thermo Fisher Scientific, USA).
In 96-well, U-bottom microplates, each compound was serially diluted in the respective
medium from stock solutions (10 mg/mL in DMSO) to achieve in-test concentrations
ranging from 0.5 to 512 μg/mL. Wells were inoculated so that the final concentration in
each was 5 × 105 CFU/mL. The plates were then incubated at 37 ◦C for 24 h. MIC was
defined as the lowest concentration of compound inhibiting the bacterial growth visible
to the naked eye. The concentration of DMSO in the highest in-test concentration did not
affect the bacterial growth of the tested strains. Minimum bactericidal concentration (MBC)
was determined by spreading 10 μL on MH agar (or blood agar in the case of S. pyogenes)
from each well showing no visible growth, with further incubation for 24 h at 37 ◦C; the
lowest concentration at which no growth occurred on MH plates was defined as the MBC.

2.2.3. Biofilm Formation Inhibition Assay

The capacity of all compounds/extracts to interfere with the biofilm formation by
P. aeruginosa ATCC 27853 and S. aureus ATCC 29213 was assessed, using the crystal violet
assay as previously reported [24]. TSB was used for P. aeruginosa ATCC 27853, whereas
TSB supplemented with 1% glucose (TSBG) was used for S. aureus ATCC 29213. All
compounds and extracts were used at three concentrations (256, 64 and 16 μg/mL), which
were necessarily sub-inhibitory concentrations (below the MIC).

2.3. Determination of Solar Protection Factor (SPF)

To determine the in vitro solar protection factor (SPF), a relative measure of UVB pro-
tection, 1.0 mg of each compound/extract was weighed and diluted in ethanol (0.2 mg/mL),
followed by ultra-sonication for 5 min. The absorption spectrum of each sample was col-
lected in the range of 290 to 320 nm (every 5 nm), with 3 measurements for each point, using
a 1 mm quartz cell and ethanol as blank. Additionally, SPF values were also determined in
the presence of a conventional chemical UV filter, oxybenzone (Sigma-Aldrich, Spain), at a
concentration of 0.1 mg/mL. Values were calculated according to Mansur equation:

SPFspectrophotometric = CF ×
320

∑
290

EE (λ)× I(λ)× Abs (λ)

where the CF (correction factor) is 10, EE (λ) represents the erythmogenic effect of radia-
tion with wavelength λ, and Abs refers to spectrophotometric absorbance values at each
wavelength λ. EE(λ) × I(λ) values are constant and are presented in Table 1.

Table 1. Normalized product function used for the calculation of SPF.

λ (nm) EE × I (Normalized)

290 0.0150
295 0.0817
300 0.2874
305 0.3278
310 0.1864
315 0.0839
320 0.0180

Total 1
EE—erythemal effect spectrum; I—solar intensity spectrum.
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2.4. Cell Culture Assays
2.4.1. Cell Lines and Growth Conditions

Primary Normal Human Epidermal Keratinocytes (HeKa) (ATCC® PCS200011™)
were grown in Dermal Cell Basal Media (ATCC® PCS200030) supplemented with Ker-
atinocyte Growth Kit components (ATCC® PCS200040) and 0.1% antibiotic/antimycotic
solution (10 units/mL of penicillin, 10 μg/mL of streptomycin and 25 ng/mL of ampho-
tericin B, from Sigma-Aldrich) at 37 ◦C in a humidified atmosphere with 5% CO2. Cells
were harvested using Trypsin-EDTA for Primary Cells (ATCC PCS999003) once a week, at
80% confluence.

Spontaneously transformed aneuploid immortal keratinocyte cell lines from adult hu-
man skin (HaCat) and human foreskin fibroblasts (HFF-1) were cultured in 22.1 cm2 plates
and maintained in Dulbecco’s Modified Eagle Medium (DMEM, Cell Lines Service), supple-
mented with 10% or 15% fetal bovine serum (FBS, CLS) and 1% of antibiotic/antimycotic
solution (100 units/mL of penicillin, 10 mg/mL of streptomycin and 0.25 mg/mL of am-
photericin B, Sigma-Aldrich, St. Louis, MO, USA), at 37 ◦C in an atmosphere of 5% CO2.
Medium was renewed every two days and cells were harvested every two weeks.

2.4.2. Cytotoxicity Evaluation

Possible cytotoxic effects of the compounds towards HaCat and HFF-1 cells were
evaluated using the standard MTT assay. Briefly, cells were seeded at a density of 5 × 104

(HaCat) and 1.4 × 104 cells/mL (HFF-1) onto 96-well plate and incubated for 24 h to allow
cell attachment. Then, serially diluted compound solutions (0.78–100 μM) were added
to the wells. Following a period of incubation of 48 h at 37 ◦C, wells were washed once
with phosphate buffered saline (PBS, Sigma-Aldrich) and MTT solution (0.45 mg/mL)
was added to each well. After 1.5 h of incubation, medium was discarded, and the
formed formazan crystals were dissolved with dimethylsulfoxide (DMSO, Sigma-Aldrich).
Absorbance was read at 570 nm (Biotek PowerWave XS, Winooski, VT, USA).

2.4.3. ROS Formation Assay

Reactive oxygen species production in HFF-1 and HaCat cells was evaluated following
the standard method. Cells were seeded at a density of 5 × 104 cells/well onto 96-well
plates and allowed to reach confluency. At this point, cells were washed twice with
phosphate buffered saline solution (PBS, Sigma-Aldrich, St. Louis, MO, United States) and
compounds were added at a concentration of 50 μM, followed by 24 h of incubation at
37 ◦C in a 5% CO2 atmosphere. After that, cells were washed twice in Hank’s Buffered
Saline Solution (HBSS) and incubated with 100 μL of 50 μM DCFDA for 30 min in the same
previous conditions. Afterwards, cells were washed twice with HBSS and incubated with
fresh medium for 24 h, and the fluorescence intensity (498 nm excitation/522 nm emission)
was then registered on a FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices).

2.4.4. Transport Assay

HeKa cells were plated at a cell density of 2.6 × 105 cells/mL on 12-well transwell
inserts with a 0.4 μm pore size (Corning Costar, Corning, NY, USA). The culture medium
was changed every two days and cells were allowed to grow and differentiate to confluent
monolayers for 8 days after the initial seeding. Cells were kept for 4 days in low calcium
medium (0.06 mM) to allow them to form a monolayer. For differentiation, in the last
4 days medium was changed to high calcium (1.8 mM). Only HeKa monolayers with an
integrity equivalent to a transepithelial electrical resistance (TEER) higher than 450 Ω.cm2

were used for the transport studies. Compound solutions at different concentrations were
added to the apical compartment of the cell monolayers. The chamber was incubated at
37 ◦C for 1, 2, 3 or 24 h, after which both apical and basolateral aliquots were taken for
HPLC-MS analysis. Transport rates were calculated as follows:

Transport rate % =
CBL
CAP

× 100
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where CBL represents the compound concentration at the basolateral side at a given time
and CAP represents the initial compound concentration at the apical side.

2.5. Enzymatic Inhibition Assays
2.5.1. Collagenase

A stock solution of Clostridium histolyticum collagenase (C0130, Sigma-Aldrich) was
prepared in 100 mM of Phosphate Buffer pH 7.4 at a concentration of a 125 U/mL. Substrate
N-[3-(2-furyl)-acryloyl]-Leu-Gly-Pro-Ala (FALGPA) and the different compounds were
prepared in the same buffer at 6 mM and 200 μM, respectively. Compounds (75 μL) were
incubated with the substrate (30 μL) for 10 min, followed by enzyme addition (40 μL) to
start the reaction, which was followed by 35 min at 324 nm and 37 ◦C on a FlexStation 3
Multi-Mode Microplate Reader (Molecular Devices). Inhibition percentage was calculated
using the following formula:

Collagenase inhibition % = (1 –
A − B
C − D

)× 100

where A and B represent the initial and final optical densities of the reaction in the presence
of compounds, while C and D represent the initial and final optical densities of the reaction
in the absence of compounds, respectively. Epigallocatechin-gallate (EGCG) was used as
positive control at 50 μM.

2.5.2. Elastase

Experiments were conducted according to Sigma-Aldrich guidelines, with minor
modifications. Briefly, 75 μL of each compound solution (200 μM), 30 μL of a freshly
prepared working solution of porcine pancreatic elastase (0.3 U/mL) (Sigma-Aldrich,
E1250), and 175 μL of Tris-HCl buffer pH 6.80 at 25 ◦C were mixed in a 96-well plate and
incubated for 15 min. A reaction was initiated with the addition of 20 μL of N-Succinyl-
Ala-Ala-Ala-p-nitroanilide (Bachem) (4.4 mM) and the release of p-nitroanilide (p-NA)
was monitored spectrophotometrically at 405 nm for 40 min at 25 ◦C on a FlexStation 3
Multi-Mode Microplate Reader (Molecular Devices). The inhibition rate was calculated
as follows:

Elastase inhibition % = (1 –
B − A
D − C

)× 100

where A and B represent the initial and final optical densities of the reaction in the pres-
ence of compounds, while C and D represent the initial and final optical densities of the
reaction in the absence of compounds, respectively. N-Methoxysuccinyl-Ala-Ala-Ala-Val-
chloromethyl ketone (MAAPVCK) (M0398, Sigma-Aldrich) was used as a positive control
at 10 μM.

2.5.3. Hyaluronidase

30 μL from a stock solution of type I-S hyaluronidase from bovine testes (20 U/mL
in 0.02 M phosphate buffer, pH 7, containing 50 mM NaCl) (H3506, Sigma-Aldrich) were
mixed with 37.5 μL of a stock solution of each compound (200 μM) and then pre incubated
for 10 min at 37 ◦C. Hyaluronic acid sodium salt from rooster comb (H5388, Sigma-Aldrich)
was dissolved in sodium phosphate aqueous solution (0.03% in 300 mM sodium phosphate,
pH 5.35) and heated at 60–70 ◦C for 20 min to ensure complete dissolution. After that,
30 μL of hyaluronic acid were added to the mixture and the 96-well plate was incubated
at 37 ◦C for 60 min. Residual undigested hyaluronic acid was precipitated with 150 μL
of ‘stop reaction’ solution (2.5% w/v CTAB in 2% w/v NaOH). The plate was left at room
temperature for 10 min and the absorbance was measured at 400 nm on a FlexStation
3 Multi-Mode Microplate Reader (Molecular Devices, San Jose, California, USA). The
percentage of inhibition was calculated as follows:
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Hyaluronidase inhibition % = (1 –
A
B
)× 100

where A and B represent the enzymatic activity in the presence and absence of the com-
pound, respectively. Quercetin at 50 μM was used as the positive control.

2.6. Molecular Docking

The X-ray structure of hyaluronidase of bee venom was obtained from Protein Data
Bank (PDBID 1FCV at 2.65 Å resolution) [25]. This structure was chosen because it has
an active site similar to the human enzyme and it has been used successfully in simi-
lar studies [25,26]. In this study, the binding of the pseudobase carbinol and chalcone
forms of cyanidin-3-O-glucoside (Cy-3-glc), luteolinidin (Lut), malvidin-3-O-glucoside
(Mv-3-glc) and deoxymalvidin (DeoxyMv), as well as the carboxypyranocyanidin-3-O-
glucoside (CarboxypyCy-3-glc), methylpyranocyanidin-3-O-glucoside (MethylpyCy-3-glc),
carboxypyranomalvidin-3-O-glucoside (CarboxypyMv-3-glc) and methylpyranomalvidin-3-
O-glucoside (MethylpyMv-3-glc) were assessed. Quercetin (Que) and quercetin-3-glucoside
(Que-3-glc) were used as positive controls. Ligand structures were built using the Avogadro
software [27] and the molecular docking procedure was performed using the Autodock 4.2
software [28]. The docking process was validated by the re-docking of the crystallographic
tetrasaccharide, consisting of two units of glucuronic acid and N-acetylglucosamine, and
then the same molecular docking protocol was applied to the ligands under study. Crys-
tallographic water molecules were removed and the hydrogen atoms were added to the
enzyme, considering the protonation state of all protein residues in their physiological state
(the exception was the protonated Glu219 residue). The PROPKA program [29] was used
to check the pKa values of all ionizable residues. Two disulfide bridges (Cys22-Cys313 and
Cys189-Cys201) were also defined. The grid center was: X—2.606; Y—31.694; Z—−8.535
and comprised 60 × 60 × 60 points with a spacing of 0.375. The Lamarckian genetic
algorithm with a total of 50 solutions was used. The population size was 150, the maximum
number of evaluations was 250,000 and the number of generations was 27,000. All solutions
were ranked by the ΔGbinding values. The best docking solutions for each ligand were
analyzed using the Visual Molecular Dynamics (VMD) program [30].

2.7. Statistical Analysis

Results were expressed as the mean ± standard error mean (SEM) of at least 3 indepen-
dent experiments. Statistical analysis was performed with GraphPad Prism 8.2.1. software,
using one-way analysis of variance (one-way ANOVA) with Turkey’s test to estimate
significant differences between the means of different experimental groups. Significance
was set at p < 0.05.

3. Results and Discussion

3.1. Antimicrobial and Antibiofilm Activities
3.1.1. Antibacterial Activity

Overall, the compounds and extracts tested did not show antibacterial activity (Table 2).
MIC values could only be determined for Lut and dimethylamino-cin-but-pyCy-3-glc
against M. luteus and for Lut against S. epidermidis, but the values presented were rela-
tively high.
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Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values, in μg/mL and in
mM, of compounds and extracts against P. aeruginosa ATCC 27853, S. aureus ATCC 29213, M. luteus ATCC 4698, S. epidermidis
ATCC 14990 and S. pyogenes ATCC 19615.

Extract/Compound

P. aeruginosa
ATCC 27853

S. aureus
ATCC 29213

M. luteus
ATCC 4698

S. epidermidis
ATCC 14990

S. pyogenes
ATCC 19615

MIC—μg/mL (mM)

Lut >512 (>1.67) >512 (>1.67) 128 (0.42) * 128 (0.42) * >512 (>1.67)

DeoxyMv >512 (>1.46) >512 (>1.46) >512 (>1.46) >512 (>1.46) >512 (>1.46)

Cy-3-glc >512 (>1.06) >512 (>1.06) >512 (>1.06) 512 (1.06) * >512 (>1.06)

CarboxypyCy-3-glc >512 (>0.93) >512 (>0.93) >512 (>0.93) >512 (>0.93) >512 (>0.93)

Elderberry carboxypyranoanthocyanin
extract (Elderberry extract) >512 >512 512 * >512 >512

MethylpyCy-3-glc >512 (>0.98) >512 (>0.98) >512 (>0.98) >512 (>0.98) >512 (>0.98)

Dimethylamino-cin-but-pyCy-3-glc >512 (>0.75) >512 (>0.75) 64 (0.09) * >512 (>0.75) 512 (0.75) *

Mv-3-glc >512 (>0.97) >512 (>0.97) >512 (>0.97) >512 (>0.97) >512 (>0.97)

CarboxypyMv-3-glc >512 (>0.86) >512 (>0.86) >512 (>0.86) >512 (>0.86) >512 (>0.86)

Red wine carboxypyranoanthocyanin
extract

(red wine extract)
>512 >512 512 * >512 >512

VinylpyMv-3-glc-catechin >512 (>0.59) >512 (>0.59) >512 (>0.59) >512 (>0.59) >512 (>0.59)

* Only in these cases, the MBC assay could be performed, yet, MBC was >512 μg/mL.

3.1.2. Inhibition of Biofilm Formation

Bacteria tend to naturally form biofilms, in which bacterial aggregates live encased
in a matrix that consists of extracellular polymeric substances (EPS) produced by the
bacteria [31]. The biofilm alternative lifestyle presents a self-organization, gene expression
and growth rate that is entirely distinct from the planktonic (free-living) state. One of the
main concerns about bacterial biofilms is their increased resistance to antimicrobial agents
and difficulty of eradication. P. aeruginosa and S. aureus are some of the primary pathogens
responsible for biofilm formation in chronic wounds. So, despite the lack of antibacterial
activity exhibited by compounds and extracts, their ability to inhibit the biofilm formation
of P. aeruginosa ATCC 27853 and S. aureus ATCC 29213 was evaluated through the crystal
violet assay, and the results obtained are shown in Figures 2 and 3, respectively.

Figure 2. Cont.
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Figure 2. Biomass quantification of biofilms of P. aeruginosa ATCC 27853 formed in the absence
(control) and in the presence of different concentrations of extracts or compounds: 256 μg/mL,
64 μg/mL and 16 μg/mL. Statistically significant differences between biofilms formed in presence of
the extract/compound and control biofilm (p < 0.05) are marked with an asterisk.

Figure 3. Biomass quantification of biofilms of S. aureus ATCC 29213 formed in the absence (control)
and in the presence of different concentrations of extracts and compounds: 256 μg/mL, 64 μg/mL
and 16 μg/mL. Statistically significant differences between biofilms formed in presence of ex-
tract/compound and control biofilm (p < 0.05) are marked with an asterisk.
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Regarding P. aeruginosa biofilm biomass quantification in the presence of the com-
pounds/extracts, it was possible to observe that at both concentrations of 64 and 256 μg/mL,
only CarboxypyCy-3-glc significantly affected biofilm formation by P. aeruginosa, while at
64 μg/mL more compounds hampered biofilm formation in a significant manner, including
deoxyMv, cy-3-glc, dimethylamino-cin-but-pyCy-3-glc and carboxypyMv-3-glc, as well
as elderberry and red wine extracts. In some cases, however, an increase in the biofilm
biomass was observed.

Concerning S. aureus biofilm formation, treatment with red wine extract B significantly
affected biofilm formation at both 256 and 64 μg/mL, whereas elderberry extract did
not present inhibitory activity at any of the concentrations tested. As can be observed,
for most of the other compounds that interfered with biofilm formation, a reduction in
biofilm biomass was only observed at one of those two concentrations. In the case of
pyrano-derivatives of Cy-3-glc, carboxypyCy-3-glc was particularly efficient, significantly
hampering biofilm formation at all three tested concentrations, while MethylpyCy-3-glc,
despite clearly hampering biofilm formation at 16 and 64 μg/mL, led to the formation
of a precipitate when tested at the highest concentration of 256 μg/mL that could not be
removed during the biofilm staining protocol, resulting in a marked absorbance increase at
595 nm.

Furthermore, considering that CarboxypyCy-3-glc is the main component of elder-
berry extract and CarboxypyMv-3-glc is the major component of red wine extract, and
confronting the results obtained for each extract with their main compound in both in
P. aeruginosa and S. aureus, it was possible to draw some conclusions. In the case of
CarboxypyCy-3-glc and elderberry extract, the isolated compound exhibited a much higher
anti-biofilm activity. In fact, apart from the biomass reduction observed in P. aeruginosa
when tested at a concentration of 64 μg/mL, elderberry extract did not show evidence
of any inhibitory effects. This is possibly caused by antagonistic interactions between
the different components of the extract, so that even with CarboxypyCy-3-glc being the
major component of the extract (68% of the pyranoanthocyanins content) (Figure S1), its
concentration is not enough to hamper biofilm formation and ends up being masked by the
other elements: 12% are lipids (palmitic, oleic and stearic acids), 4% are formed by proteins
and around 3% correspond to simple sugars (Table S1), which reinforces the importance of
studying the compounds in their isolated form [32]. Comparing CarboxypyCy-3-glc with
its anthocyanin analogue, Cy-3-glc, the extra pyran ring and carboxylic group appears to be
a structural feature beneficial to its anti-biofilm activity. On the other hand, the inhibitory
effect of red wine extract was more pronounced than its main component tested in an iso-
lated form, CarboxypyMv-3-glc (considering the total pyranoanthocyanin content was only
30% CarboxypyMv-3-glc), which could indicate the occurrence of additive or synergistic
interactions between different constituents: 10% proteins, 5% lipids (palmitic, oleic and
stearic acids) and around 2% simple sugars (Table S1), contributing to the extract’s having
the best performance (Figure S1). It is also worth mentioning that, besides the reduced
phenolic content, the huge amount of polymeric phenolic structures likely present in this
extract may account for the observed inhibitory effect on biofilm formation. After analysis
of proanthocyanin content, no monomeric, dimeric or trimeric structures were identified,
although anthocyanin derived polymeric structures may be present (not detected in any of
the chromatographic or colorimetric assays). Besides, myricetin-O-(O-galloyl)arabinoside,
myricetin-3-O-arabinoside, quercetin 3-methoxyhexoside and quercetin 3-O-glucuronide
were tentatively identified by mass spectrometry and account for the flavonol content
(Table S1), so they may have contributed to the observed effect too.

Most of these molecules impaired biofilm formation only at one or two of the con-
centrations tested; higher concentration did not mirror a higher inhibition; thus, it can
be hypothesized that some of these agents impair biofilm formation at optimum con-
centrations, not in a dose-response manner [33]. Further, these results reinforce that the
mechanism by which these compounds affect biofilm formation is not dependent on their
ability to inhibit the bacterial growth but might be related with some interference with the
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quorum sensing system. In fact, the antibiofilm activities of numerous plant polyphenols,
including flavonoids, phenolic acids and tannins, have been reported in previous studies
(mostly conducted in S. aureus, E. coli and P. aeruginosa), where biofilm suppression was
attributed to the capacity of these compounds to interfere with different bacterial regulatory
mechanisms, including quorum sensing [34]. Therefore, it can be of interest to explore
these compounds in a future work for their ability to interfere with the quorum sensing of
P. aeruginosa as well as of S. aureus.

Considering that the vast majority of microbial and chronic infections are reported to
be related to biofilm formation [35], these results provide a good indicator of the suitability
of these compounds for managing biofilm-related diseases and their potential topical appli-
cation could be an efficient way to hinder biofilm formation and the further development
and persistence of infection.

3.2. Solar Protection Factor (SPF)

The use of sunscreens is one of the most widely used and efficient ways to protect
the skin against UV-induced damage, by limiting the amount of radiation reaching the
epidermal and dermal layers, either by reflecting and scattering (physical filters) or ab-
sorbing ultraviolet radiation (chemical filters). The presence of aromatic rings in their
flavonoid core structure confers anthocyanins appreciable UV absorptive capacities, so it
is no surprise that the application of these pigments has been reframed and proposed as
natural UV-filters for photoprotective formulations [36,37].

As an initial screening test, each compound was prepared at a concentration of
0.2 mg/mL in ethanol and its corresponding SPF was determined according to the Mansur
equation (Table 3). Overall, the obtained in vitro SPF values of anthocyanins and their
structural derivatives support their UV filter activity and further application as additives in
UV-protective formulations. Except for vinylpyranomalvidin-3-glucoside-catechin, which
exhibited the lowest SPF (8.35), the general values ranged between approximately 14 to 30,
with Lut exhibiting the highest SPF (29.82). Although not very marked differences were
observed between the compounds, those belonging to the cyanidin group showed slightly
higher SPFs compared to their structural analogues of the malvidin group, except for the
methylpyranoanthocyanins which had similar values.

Table 3. In vitro solar protection factors (SPF) of anthocyanins and derivatives estimated in the
absence and presence of oxybenzone.

Compound (0.2 mg/mL)
SPF

- + 0.1 mg Oxybenzone/mL

Lut 29.82 ± 0.02 71.89 ± 0.040
DeoxyMv 17.28 ± 0.03 55.25 ± 0.03
Cy-3-glc 22.38 ± 0.01 63.01 ± 0.02

Blackberry anthocyanin extract 20.10 ± 0.06 66.98 ± 0.03
CarboxypyCy-3-glc 20.71 ± 0.18 n.d.

Elderberry carboxypyranoanthocyanin extract 16.03 ± 0.01 64.36 ± 0.03
MethylpyCy-3-glc 18.53 ± 0.15 68.21 ± 0.08

Dimethylamino-cin-but-pyCy-3-glc 14.78 ± 0.02 59.69 ± 0.01
Mv-3-glc 20.96 ± 0.01 n.d.

CarboxypyMv-3-glc 13.92 ± 0.04 67.85 ± 0.04
Red wine carboxypyranoanthocyanin extract 21.60 ± 0.02 67.10 ± 0.02

MethylpyMv-3-glc 19.24 ± 0.01 56.85 ± 0.06
VinylpyMv-3-glc-catechin 8.35 ± 0.06 n.d.

- 41.01 ± 0.38
Oxybenzone 69.03 ± 0.17

n.d.—not determined.
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Oxybenzone, a commercially used chemical UV filter in numerous sunscreen for-
mulations, exhibited a clearly superior UV-absorption capacity, exhibiting SPF values of
41.01 and 69.03, when tested at 0.1 and 0.2 mg/mL, respectively. Nevertheless, when the
ethanolic solutions of anthocyanins and derivatives were supplemented with 0.1 mg/mL
of oxybenzone, the estimated SPFs were close to that of oxybenzone alone (at 0.2 mg/mL).
Overall, the SPF values obtained from the mixture between both agents (pigment + oxy-
benzone) suggest the occurrence of a cumulative effect. In the cases of MethylpyCy-3-glc
and CarboxypyMv-3-glc, however, the resulting SPFs might be indicative of a potentiation
effect arising from their combination with the commercial UV filter.

Oxybenzone, along with other conventionally used chemical UV filters such as octi-
noxate, continues to be allowed in the market (both in the US and EU), but the use of these
ingredients remains a controversial topic of discussion. There seems to be no conclusive
evidence about the prejudicial effects of oxybenzone to human health, although some
reports have raised some concerns about their possible endocrine disruptor effects and
photoallergic properties, along with the negative environmental impact regarding marine
ecosystems [38,39]. Even though they might not completely replace the traditionally used
physical and chemical UV filters, the use of these pigments could be an interesting option
for enriching the formulations and allowing for a reduction of the required amounts of
conventional filters to obtain a certain level of photoprotection. Additionally, possible
synergism between these compounds and other filters could be an alternative strategy for
reducing the formation of photodegradation byproducts and the possible phototoxic and
photoallergic reactions caused by those reactive intermediates, as well as for preserving
the SPF after UV irradiation [40]. This photostability effect has been described in previous
studies [41]. To validate these promising yet preliminary results, incorporation of these
ingredients in sunscreen formulations is required to understand if and to what extent they
can increase SPF values and explore different combinations that could possibly provide
synergistic photoprotective effects.

3.3. Cytotoxicity

For the remaining analysis, the group of compounds under study was narrowed,
focusing merely on the native anthocyanins and their corresponding deoxyanthocyanins
and pyranoanthocyanins. Before performing any other cellular experiments, their possible
cytotoxic effects towards human epidermal keratinocytes and dermal fibroblasts were
evaluated by MTT assay. Over a period of 48 h of incubation, none of the compounds
had significant effects on the cellular viability of either of the two cell lines, up to 100 μM
(Figure 4). Prior results with HaCat cells carried out with different anthocyanins and
extracts have already demonstrated that Cy3glc has no significant cytotoxicity towards
this cell line at concentrations below 100 μM [42]. In this study, pyrano derivatives and
deoxyanthocyanins were also screened to identify potential cytotoxicity effects, but simi-
larly to their anthocyanin counterparts, they appear to be safe and suitable for potential
application in topical formulations.

3.4. Antioxidant Affect

As discussed earlier, oxidative stress induced by ROS overproduction is acknowledged
as one of the most determinant events involved in the age-related decline of skin’s structural
integrity and function. The use of antioxidants in skin care is one of the possible strategies
to efficiently address and attenuate this process and consequent induced cellular and
molecular events. With this in mind, ROS production within HaCat and HFF-1 cells was
evaluated in the presence of the compounds at a fixed concentration of 50 μM, ensuring
the absence of cytotoxicity (Figure 5). Results showed that Cy-3-glc related structures
exhibited a more prominent effect on the reduction of the level of ROS, Cy-3-glc and
CarboxypyCy-3-glc in particular, 24 h after incubation when compared to the control.
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Figure 4. Cell viability of HaCat and HFF-1 cell lines in the presence of increasing concentrations of
the compounds, evaluated by MTT assay. Dotted lines represent 80% viability.

Figure 5. Effect of anthocyanins and related structures on ROS production in HaCat and HFF-1 cell
lines, 24 h after incubation with 50 μM of each compound. Hydrogen peroxide (50 μM) was used as
a positive control. Statistically significant differences between ROS production in the presence of
the different compounds and control group are marked with asterisks: p < 0.05 (*), p < 0.005 (**) and
p < 0.0001 (****). Dotted lines represent 80% ROS production.

Apart from that, the antioxidant effect appears to be more pronounced in dermal
fibroblasts than in epidermal keratinocytes. In an in vivo context, the proper function
of the skin relies on the synergistic interactions established between both cell types, but
the primary skin changes occur in the dermal section and aged fibroblasts are the main
propagators, by paracrine mechanisms, of epidermal aging [43]. In fact, the oxidative stress
environment, arising from both extrinsic and intrinsic sources, contributes to fibroblast
collapse, which in turn amplifies the production of ROS, resulting in the simultaneous
increased production of ECM degrading enzymes, reduced collagen synthesis and the eleva-
tion of multiple pro-inflammatory cytokines, creating an inflammatory microenvironment
(commonly referred to as inflammaging) that has a major contribution to skin damage [6].
Therefore, even when considering that it is important to reinforce the antioxidant defense at
the epidermal level (which is particularly susceptible to the damaging effects of acute UVR
exposure), fibroblasts should be considered as one of the primary targets of antioxidant
treatment. Topical application of antioxidants has the advantage of providing them directly
to the specific site where their activity is required, supplementing the antioxidant system
of the skin and reinforcing protection against oxidative stress. In the case of anthocyanins,
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besides their recognized ROS-scavenging capacity, several studies have reported their
enhancing activity of endogenous antioxidant enzymes, including superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx), by stimulating their gene expres-
sion, which might have contributed to the observed antioxidant effect [44,45]. Considering
the previously discussed UV-filter capacity of these compounds, a formulation containing
them would benefit from a dual function of photoprotection. Even though anthocyanins
appear to be appropriate ingredients for this type of application, undesirable color changes
might occur under pH variations. On the other hand, pyranoanthocyanins exhibit a greater
capacity to preserve their color intensity. In that regard, CarboxypyCy-3-glc, which ex-
hibited similar antioxidant effects to Cy-3-glc, might provide an interesting option with
regards to ensuring the long-term storage of a cosmetic formulation, given its enhanced
structural stability compared to its anthocyanin counterpart.

3.5. Inhibition of Skin Aging Related Enzymes Activity

Hyaluronidase, collagenase and elastase constitute the three main enzymes respon-
sible for the regulation of the structural integrity of the skin layers, being responsible for
the degradation of hyaluronic acid, collagen, and elastin, respectively. Their exacerbated
activity in the skin aging process and considerable potentiation by UVR exposure con-
tribute to the progressive deterioration of the dermal connective tissue. For that reason,
the activity of each of these skin degrading enzymes was monitored in the presence of the
different compounds under study and compared to the activity of a control without the
compound to determine whether they could reduce their activity. It should be mentioned
that these enzymes display some structural differences from their corresponding human
analogues. However, they are commonly used as model enzymes in studies, given their
commercial availability in great amounts, providing a valuable tool for identifying poten-
tial inhibitors, particularly when screening a large number of compounds. The obtained
results are summarized in Table 4.

Table 4. Inhibitory activities of anthocyanins and related structures against hyaluronidase, col-
lagenase and elastase. Quercetin at 50 μM, epigallocatechin gallate (EGCG) at 50 μM and N-
(Methoxysuccinyl)-Ala-Ala-Pro-Val-chloromethyl ketone (MAAPVCK) at 10 μM were used as posi-
tive controls for hyaluronidase, collagenase and elastase, respectively. Results are presented as the
mean ± standard error deviation (SEM) of at least 3 independent experiments.

Hyaluronidase Collagenase Elastase

Compound % Inhibition (50 μM)

Lut 40.1 ± 2.91 24.2 ± 2.95 27.1 ± 2.71
Cy-3-glc 31.7 ± 4.18 28.5 ± 2.69 13.4 ± 2.57

CarboxypyCy-3-glc 38.1 ± 3.56 40.4 ± 2.59 5.45 ± 1.81
MethylpyCy-3-glc 17.6 ± 1.67 7.33 ± 2.47 23.7 ± 1.87

DeoxyMv 21.8 ± 2.59 n.a. n.a.
Mv-3-glc 40.8 ± 1.33 n.a. 5.01 ± 3.16

CarboxypyMv-3-glc 28.1 ± 2.67 40.5 ± 4.31 3.54 ± 5.51
MethylpyMv-3-glc 1.92 ± 0.467 8.04 ± 4.48 5.65 ± 5.37

Quercetin 77.6 ± 2.28 n.d. n.d.
EGCG n.d. 86.7 ± 5.31 n.d.

MAAPVCK n.d. n.d. 94.6 ± 0.759
n.a.—not active; n.d.—not determined.

In the case of elastase, the great majority of the tested compounds exhibited a negligible
inhibitory effect, with the exception of Lut and MethylpyCy-3-glc, which presented a
moderate rate of inhibition at 50 μM (27.1% and 23.7%, respectively). With respect to
collagenase inhibition, both carboxypyranoanthocyanins stood out amongst the remaining
compounds, resulting in an inhibition rate of 40%, which is significantly different behavior
from that observed in the case of their methylpyrano counterparts, which revealed minor
effects on the activity of the enzyme. Concerning hyaluronidase, apart from MethylpyMv-
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3-glc, all the compounds tested were able to interfere with the activity of the enzyme,
exhibiting moderate inhibition rates ranging from 20 to 40%. Lut, CarboxypyCy-3-glc and
Mv-3-glc exhibited higher inhibitory effects, reaching approximately 40%. When tested
at higher concentrations (up to 200 μM), the inhibition rate increased to 64.5% in the case
of Lut, 81.7% for CarboxypyCy-3-glc and 67.4% in the presence of Mv-3-glc (Figure S2)
evidencing a dose dependent enzymatic inhibition.

Although the compounds were mostly tested at a fixed concentration of 50 μM in order
to understand their relative inhibition potency within the specific set of conditions defined
in this study, higher concentrations could and should be explored in the conception of
topical formulations. The apparent absence of cytotoxicity issues at higher concentrations,
evidenced by the above-mentioned cell viability results, supports the safety of these
compounds as natural anti-aging components. It is also important to point out that in an
in vivo context, topically administered compounds must cross the stratum corneum and
the epidermal layer in order to reach the deeper skin layers, so higher doses should be
considered in order to achieve the desired biological effects.

3.6. Molecular Docking Study with Hyaluronidase

Considering the overall better capacity of the compounds to modulate the activity of
hyaluronidase, their interaction in the active site of the enzyme was also assessed by molec-
ular docking. To validate the docking protocol, the X-ray tetrasaccharide was re-docked
into the active site of the hyaluronidase, exhibiting a binding energy of −3.55 kcal/mol
(Figure S3). Both X-ray and docking poses of the tetrasaccharide are very similar (root-
mean-score deviation (RMSd) of 0.60 Å), and the main interactions with the enzyme
were maintained. The tetrasaccharide established hydrophilic interactions with the Tyr55,
Asp111, Glu113, Tyr184, Tyr227, Gln271, Ser303 and Ser304 residues as well as hydrophobic
contacts with the Ile53 and Trp301.

Hyaluronidase catalyzes an acid/base reaction mechanism, in which the Glu113 acts
as a proton donor and the acetamido group of hyaluronic acid acts as a nucleophilic
base [25]. The relevance and the identification of the Glu113 as a catalytic residue is in
line with studies of mutagenesis in the human sperm protein, hyaluronidase PH-20. Its
substitution by a glutamine in the PH-20 protein resulted in a protein without activity,
indicating that it is essential for the enzymatic reaction [46]. In addition, the aromatic triad
(Tyr184, Tyr227 and Trp301) and the Asp111 and Gln271 residues were pointed out as
relevant to keep the substrate in the appropriate position for catalysis (see Figure S4) [25].
Given that the alignment of the bee venom and human hyaluronidase sequences proved
the conservation of the active site residues, it is possible to infer that they have similar
catalytic mechanisms [25].

According to the literature, the hyaluronidase inhibition mechanism by phenolic com-
pounds is competitive [26,47]. Therefore, the polyphenolic compounds used in the in vitro
enzymatic inhibition assay were docked into the active site of the enzyme. Table S2 displays
their binding energies (ΔGbinding) and the nearest ligand group to the catalytic Glu113.
Overall, compounds showed a good affinity for the enzyme (ΔGbinding between −4.17
and −8.06 kcal/mol), with their binding beng more favorable than the tetrasaccharide.
These affinity values are similar to those previously suggested for several phenolic com-
pounds (including Que-3-glc) from Ravenala madagascariensis (ΔGbinding between −4.02 and
−7.12 kcal/mol) [26]. However, the order of affinity predicted by molecular docking is not
in agreement with the order obtained in experimental kinetic assays, where it was observed
that Que exhibited the highest percentage of inhibition among the tested compounds.
Previous studies [26] also reported similar differences for related compounds targeting the
hyaluronidase. Epicatechin, for example, showed a greater inhibition capacity than rutin
(34.4% and 23.7%, respectively), whereas the results obtained from the molecular docking
suggested the opposite (ΔGbinding for epicatechin and rutin were determined to be −4.85
and −7.12 kcal/mol, respectively). This fact might be due to the significant differences in
molecular sizes, as larger compounds may establish more interactions with the enzyme,
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favoring their binding energies. However, other properties (e.g., charge polarization) may
influence their inhibitory abilities. In this way, the modes of interaction of the various
anthocyanins, as well as the main intermolecular interactions, namely with the catalytic
Glu113, were analyzed, in order to understand the inhibitory activities obtained from the
in vitro enzymatic experiments.

As mentioned, Que and Que-3-glc are considered good hyaluronidase inhibitors [26].
However, their docking binding affinities are slightly lower than those obtained for the
other compounds (which can be due to the error range expected for this method) [48].
Figure 6 displays the best docking poses for the two molecules. Que has a ΔGbinding of
−5.94 kcal/mol, interacting via its ring B (Figure 6a), in agreement with previous studies
that predicted a ΔGbinding of −5.15 kcal/mol and a similar interaction mode [49]. Like the
tetrasaccharide, Que interacts with Glu113 at a distance of less than 3 Å. In addition, it
establishes hydrogen interactions with Asp111, Tyr184, Ser304 and Asp305 residues and
interacts by stacking π-π with the Tyr55 and Trp301 residues. Regarding the Que-3-glc,
it can interact with hyaluronidase by different moieties (glucose, ring B or rings A–C).
Although binding through the glucose slightly favors the affinity, in this situation the ligand
is further away from Glu113 and there is a loss of the π-π stacking with Tyr55 (Figure 6b).
The interaction through ring B is very similar to the Que (Figure 6c). The interaction mode
by rings A–C is in agreement with those obtained in the literature [26] (Figure 6d). The
proximity to the catalytic Glu113 is largely favored when the interaction occurs via the
B ring. Based on this, the binding of the Que-3-glc should be similar to the respective
aglycone (please see Figure 6c).

Figure 6. Representation of the structure of hyaluronidase complexed with Que (a) and Que-3-glc
(interaction by glucose—(b), interaction by ring B—(c), interaction by rings A and C—(d)), showing
the interacting residues of the active site. The enzyme is depicted in cartoon and colored in orange,
the ligands are represented with sticks and colored by atom type, whilst the interacting residues
are depicted in ball-and-sticks and colored by atom type. Hydrogen atoms are not represented to
simplify the visualization.

Cy-3-glc (pseudobase carbinol) and Lut (pseudobase carbinol) have the greatest affini-
ties for the enzyme when interacting through the ring B. In fact, the interaction mode of
ring B and the main intermolecular interactions of Cy-3-glc are very similar to those of Que
(Figure 7a). Curiously, when it interacts through the glucose, the distance to Glu113 and
the main interactions are quite similar (Figure 7b). In the form of chalcone, Cy-3-glc has a
lower affinity for the enzyme. This structure interacts through ring B, but it is much further
away from Glu113 (distance > 4 Å) and loses its π-π stacking with the Tyr55 (Figure 7c).
Lut also interacts through the ring B, in a very similar way to Que. However, it slightly
deviates from Glu113, and reduces the interaction with Asp111 due to the absence of
any substituent on C3 (hydroxyl group or glucose unit) (Figure 7d). The chalcone form
of Lut binds much further away from Glu113 (distance > 4 Å) and Tyr55 and does not
interact with the Ser303, Ser304 and Asp305 residues (Figure 7e). The breaking of the C
ring on the chalcone forms could be responsible for their weaker binding because it allows
higher freedom of movement, which may reduce interaction with the aromatic residues
of the enzyme. These results agree with those obtained experimentally, assuming that the
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majority forms in solution are those of the pseudobase carbinol, since a high percentage of
inhibition was observed for these compounds.

 
Figure 7. Representation of the structure of hyaluronidase complexed with Cy-3-glc—pseudobase
carbinol (interaction by ring B—(a), interaction by glucose—(b)) and chalcone (interaction by ring
B—(c))—and Lut–pseudobase carbinol (interaction by ring B—(d)) and chalcone (interaction by ring
B—(e))—showing the interacting residues of the active site. The enzyme is depicted in cartoon and
colored in orange, the ligands are represented with sticks and colored by atom type, whilst the
interacting residues are depicted in ball-and-sticks and colored by atom type. Hydrogen atoms are
not represented to simplify the visualization.

Regarding CarboxypyCy-3-glc, it can interact through the glucose or via its ring B.
However, the former binding mode is plainly favored (ΔGbinding of −8.06 kcal/mol vs.
−6.06 kcal/mol and distance to Glu113 of 2.61 Å vs. 4.59 Å). Intermolecular interactions
with the key active site residues are maintained. Despite the ligand being slightly further
away from Tyr55, it made a perpendicular stacking with the pyran group (Figure 8a). Op-
positely, when it interacted through the ring B, the parallel stacking with Tyr55 was strongly
favored, which can support a competition between the two different interaction modes (see
Figure 8b). MethylpyCy-3-glc interacts by its glucose unit (ΔGbinding of −7.15 kcal/mol)
and despite its proximity to Glu113 (distance < 3 Å), the remaining groups of the compound
bind in a shallow mode, reducing the interactions with the enzyme (Figure 8c).

Mv-3-glc (pseudobase carbinol) can interact with the enzyme by the ring B, glucose
or rings A-C. The former binding mode is similar to Que and Cy-3-glc, however, the
presence of methoxy groups in ring B hinders the proximity to Glu113 (staying at a distance
of 4.55 Å) (Figure 9a). The two latter binding modes clearly favor proximity to Glu113
(distance < 3 Å), the parallel stacking with Tyr55 and/or the perpendicular π-π stacking
with Trp301 and Tyr227 as well as dispersive/hydrophobic contacts favored by the presence
of methoxy groups (Figure 9b,c). In the form of chalcone, it can interact by the rings A and
C or by glucose (in a similar way to those described for Mv-3-glc). These binding modes
may be favored, which justify the good inhibitory capacity of this compound (Figure 9d,e).
Analyzing the results obtained for DeoxyMv, the mode of interaction by ring B is very
similar to that described for Mv-3-glc and for Lut. However, the presence of methoxy
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groups in ring B hinders proximity to Glu113 (distance of 3.89 Å) (Figure 9f). The same
is observed for chalcone (distance of 4.26 Å) (Figure 9g). This higher distance to Glu113
(+0.5 Å) may be responsible for the lower inhibitory activity of this compound.

 
Figure 8. Representation of the structure of hyaluronidase complexed with CarboxypyCy-3-glc
(interaction by glucose—(a), interaction by ring B—(b)) and MethylpyCy-3-glc ((interaction by
glucose—(c)), showing the interacting residues of the active site. The enzyme is depicted in cartoon
and colored in orange, the ligands are represented with sticks and colored by atom type, whilst the
interacting residues are depicted in ball-and-sticks and colored by atom type. Hydrogen atoms are
not represented to simplify the visualization.

Figure 9. Representation of the structure of hyaluronidase complexed with Mv-3-glc—pseudobase
carbinol (interaction by ring B—(a), interaction by glucose—(b), interaction by rings A and C—(c))
and chalcone (interaction by rings A and C—(d), interaction by glucose—(e))—and DeoxyMv–
pseudobase carbinol (interaction by ring B—(f)) and chalcone (interaction by ring B—(g))—showing
the interacting residues of the active site. The enzyme is depicted in cartoon and colored in orange,
the ligands are represented with sticks and colored by atom type, whilst the interacting residues
are depicted in ball-and-sticks and colored by atom type. Hydrogen atoms are not represented to
simplify the visualization.
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Regarding the two pyrano derivatives of Mv-3-glc, CarboxypyMv-3-glc and
MethylpyMv-3-glc, these compounds interact by ring B, with ΔGbinding values between
−6.77 and −6.15 kcal/mol. These molecules are docked far away from Glu113 (distances
> 4 Å), probably due to the presence of methoxy groups in the ring B. In addition, as the
bulky pyrano group binds in a shallow mode, it is much further away from the Asp111,
Tyr227, Tyr265 and Trp301 residues (Figure 10a–c).

Figure 10. Representation of the structure of hyaluronidase complexed with CarboxypyMv-3-glc
(interaction by ring B—(a,b)) and MethylpyMv-3-glc (interaction by ring B—(c)), showing the in-
teracting residues of the active site. The enzyme is depicted in cartoon and colored in orange, the
ligands are represented with sticks and colored by atom type, whilst the interacting residues are
depicted in ball-and-sticks and colored by atom type. Hydrogen atoms are not represented to simplify
the visualization.

Overall, the structural analysis of the docking data suggests that the interactions of
anthocyanins with residues Tyr55, Glu113, Tyr184 and Trp301 are determinant of their
inhibitory capacity. In addition, contacts with residues Asp111 and Tyr227 are important,
but not essential (evidenced, for example, by the interaction mode of the potent inhibitor
Lut). The binding of the compounds is plainly favored by a hydrophilic interaction with
the catalytic Glu113 (that can occur via ring B, rings A and C or the glucose unit of Cy-3-glc
derivatives), as well as by a narrow π-π stacking with Tyr55 and Trp301 residues.

3.7. Transport Efficiency

Despite the beneficial effects that the potential topical application of these compounds
might offer, as suggested by the results presented so far, the efficiency of such treatment
ultimately depends on the capacity of these bioactives to overcome the stratum corneum
barrier for permeation across the skin. However, penetration and permeation studies about
these types of compounds are still scarce.

The use of 3D skin models, which faithfully mimic the in vivo epidermis and skin
barrier function has emerged as a useful alternative to animal testing. Besides the complex
experimental conditions, the large quantities of primary keratinocytes required represent
limitations for their application as screening models. The immortalized keratinocyte
cell line HaCat could be a solution for overcoming these issues. The HaCaT cell line is
widely used in keratinocyte monolayer culture models [50] and responds to differentiation-
promoting stimuli, such as contact inhibition and high calcium concentrations in the
culture medium [51], but the transcriptional expression pattern of cornified envelope-
associated proteins, such as filaggrin, loricrin and involucrin is abnormal compared to
normal human primary keratinocytes [52]. Considering this, primary normal human
epidermal keratinocytes (Heka) were chosen to develop the optimal conditions of cellular
differentiation and create a proper skin barrier model. Given the overall good performance
of CarboxyCy-3-glc, it was selected for the transport experiments as a representative
compound of the anthocyanin derivatives, along with its corresponding native anthocyanin,
Cy-3-glc, in order to investigate how their structural differences might affect the transport
profile. Cells were grown in low calcium medium (0.06 mM) until reaching confluence.
At the 4th day of culture, medium was switched to high calcium (1.8 mM). Only Heka
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monolayers with an integrity equivalent to a transepithelial electrical resistance (TEER)
higher than 450 Ω.cm−2 were used for the transport studies. These values were reached
after a total of 8 days in culture (Figure 11).

Figure 11. TEER measurements of HeKa cell monolayer during 12 days of culture. Cells were kept
for 4 days in low calcium medium (0.06 mM) to allow monolayer formation. For differentiation, in
the last 8 days medium was changed to high calcium (1.8 mM).

Comparing the transport profile of both compounds in the first 2 h of culture, transport
appears to be slightly slower in the case of CarboxypyCy-3-glc, which could be due to its
higher structural complexity compared to Cy-3-glc (Figure 12a). However, throughout
the 24 h period, a continuous increase in the amount of the carboxypyrano derivative
transported across the barrier could be detected, contrary to what was observed for Cy-
3-glc, since the transport rate decreased after 2 h in culture. A reduction in the apical
amount of Cy-3-glc available for uptake was observed but does not justify the reduction
in the transport efficiency detected in the basolateral side after 3 h (Figure 12). In fact,
this apparent reduction in the transport efficiency of Cy-3-glc can be explained by its
lower stability in comparison with its corresponding carboxypyrano derivative in pH and
temperature conditions (Figure 12b). In this system, the cell culture medium lacks the
presence of fetal bovine serum, which eliminates the influence of the enzymatic machinery
on the stability of the compounds. In fact, previous research on the stability of anthocyanins
in cell culture medium showed that the concentration of Cy-3-glc decreased after 3 h of
incubation, from 100 μM to 88.0 μM [53].

Figure 12. Transport efficiency of 200 μM of Cy3glc and CarboxypyCy-3-glc through HeKa cells
(apical → basolateral) monitored for 24 h at the (a) basolateral and (b) apical side.

The observed uptake of both Cy-3-glc and CarboxypyCy-3-glc may result from
the involvement of glucose transporters, namely GLUT1, 2, 3 and 5 expressed in ker-
atinocytes [54], as previously described for other barrier models [55].
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The greater molecular weight of CarboxypyCy-3-glc did not pose a constraint on its
transport across the cellular barrier. Interestingly, a recent analysis concerning the release
of anthocyanins from a lipophilic formulation and their skin penetration capacity through
the stratum corneum, carried out in both porcine and human skin samples, revealed that
anthocyanins from both elderberry (with molecular weights ranging from 449 to 581 Da)
and red radish (933–1019 Da) successfully penetrated into the skin. Pigments were found to
reach relevant depths to exert their biological activity, indicating that the higher molecular
weight of red radish anthocyanins did not prevent their diffusion across the skin [56].

4. Conclusions

Overall, the results presented herein shed some light on some of the skin-health
promoting effects of this group of pigments through distinct levels of action. Topical
routes of administration of these compounds have been an increasingly explored topic,
providing a targeted and apparently safe therapy. However, to ensure the effectiveness of
their biological activities, different parts of the equation must be taken into consideration
when conceiving a topical formulation, including the properties of the compounds and
of the formulation in which they are incorporated, which will determine their capacity to
overcome the stratum corneum. Further tests focused on the skin penetration behavior of
these compounds and their quantification within the skin layers are crucial to determine
the required doses to achieve the expected benefits in vivo and guide the optimization
process of concentrations and compounds ratios.

Furthermore, the use of natural extracts rather than isolated compounds is commonly
claimed to be more effective due to the potential beneficial synergistic interactions between
their different constituents. However, the opposite effect, antagonism, should also be
considered, as the effects of active agents might be masked by other compounds present
in the same mixture, as demonstrated in the results regarding the inhibition of biofilm
formation. Therefore, the study of highly purified compounds, although representing a
time-consuming process, is an important tool for evaluating and comprehending the full
potential of each molecule in terms of its biological effects.

Although anthocyanins and anthocyanin-rich sources have long provided solid ev-
idence of their skin-protective properties, their applicability is constantly haunted by
stability issues. The inclusion of anthocyanin structural derivatives represents an appeal-
ing alternative to overcome this issue. Among all anthocyanin-related structures tested,
Carboxypyranocyanidin-3-O-glucoside in particular appeared to be a promising candidate
given its overall good performance in the different staged experiments and its higher
structural stability.

5. Patents

Provisional patent application N. 117058: Process for extraction and hemi-synthesis of
pyranoanthocyanins and skincare cosmetic formulations containing them.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10071038/s1, Figure S1: Chromatographic profile of (a) blackberry anthocyanins,
(b) elderberry and (c) red wine pyranoanthocyanins, at 520 nm. Figure S2: Hyaluronidase inhibition
rates in the presence of increasing concentrations of Lut, CarboxypyCy-3-glc and Mv-3-glc. Figure S3:
Superimposition of the docking and crystallographic geometries of the tetrasaccharide bound into
the active site of the hyaluronidase. Enzyme is depicted in cartoon and colored in orange, while
the tetrasaccharide is represented with sticks and colored in blue (docking pose) or orange (X-ray
pose). Hydrogen atoms are not represented to simplify the visualization, Figure S4: Representation
of the structure of hyaluronidase complexed with tetrasaccharide, showing the interacting residues
of the active site. The arrow is pointing to the atom where the cleavage occurs. The enzyme is
depicted in cartoon and colored in orange, the tetrasaccharide is represented with sticks and colored
by atom type, whilst the interacting residues are depicted in ball-and-sticks and colored by atom type.
Hydrogen atoms are not represented to simplify the visualization. Table S1: Chemical composition
and antioxidant activity of the anthocyanin and pyranoanthocyanin extracts. Table S2: Values of
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ΔGbinding for the best molecular docking solutions obtained for each compound. The closest group to
Glu113 was also identified as well as the respective distance between oxygen atoms. The interacting
residues of the active site were identified.
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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most common
cause of dementia worldwide, with no cure. There is growing interest in mitogen-activated protein
kinases (MAPKs) as possible pathogenesis-related therapeutic targets in AD. Previously, using senescence-
accelerated OXYS rats, which simulate key characteristics of the sporadic AD type, we have shown that
prolonged treatment with mitochondria-targeted antioxidant plastoquinonyl-decyltriphenylphosphonium
(SkQ1) during active progression of AD-like pathology improves the activity of many signaling
pathways (SPs) including the p38 MAPK SP. In this study, we continued to investigate the mechanisms
behind anti-AD effects of SkQ1 in OXYS rats and focused on hippocampal extracellular regulated
kinases’ (ERK1 and -2) activity alterations. According to high-throughput RNA sequencing results,
SkQ1 eliminated differences in the expression of eight out of nine genes involved in the ERK1/2
SP, compared to untreated control (Wistar) rats. Western blotting and immunofluorescent staining
revealed that SkQ1 suppressed ERK1/2 activity via reductions in the phosphorylation of kinases
ERK1/2, MEK1, and MEK2. SkQ1 decreased hyperphosphorylation of tau protein, which is present in
pathological aggregates in AD. Thus, SkQ1 alleviates AD pathology by suppressing MEK1/2-ERK1/2
SP activity in the OXYS rat hippocampus and may be a promising candidate drug for human AD.

Keywords: Alzheimer’s disease; extracellular regulated kinase (ERK1/2); mitogen-activated protein
kinases (MAPK); mitochondria-targeted antioxidant; SkQ1; OXYS rats

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most
common cause of dementia worldwide, with no cure. The prevalence of AD is increasing
dramatically due to the aging of the world population. At present, there is no effective
drug for this complex disease [1], even though the investigation into the mechanisms of
AD is very active. There is growing interest in mitogen-activated protein kinases (MAPKs)
as potential targets for pathogenesis-directed therapy of AD. Numerous reports have
revealed a relationship between the activation of MAPKs and accumulation of pathological
aggregates of beta-amyloid (Aβ) and hyperphosphorylated tau protein in neurofibrillary
plaques [2,3] as well as neuroinflammation [4], oxidative stress, and other hallmarks of AD.
Zhu and coauthors have demonstrated that there are differences in the activation of various
MAPKs during AD development in comparison with healthy people [5]. p38 MAPK
activity is associated with mild and severe stages of AD, whereas extracellular regulated
kinases’ (ERK1/2) activities are altered at all the stages of this disease, including stages
with limited pathological signs [5].

MAPK pathways are the key mechanism that transmits extracellular signals, includ-
ing inflammatory cytokines and reactive oxygen species, from the plasma membrane to
the nucleus. Among them, the ERK1/2 pathway is important for the central nervous
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system [6]. It participates in the regulation of differentiation, maturation, and migration
of cells, thereby contributing to the establishment of their phenotype [7]. It is noteworthy
that the ERK pathway is involved in the regulation of neurogenesis both during brain
formation and in adulthood [8]. The ERK pathway actively participates in mechanisms of
synaptogenesis, in the transmission of cellular signals, and in the changes related to neural
plasticity, including those linked with learning and memory processes, and configures
specific networks for the correct processing of emotional signals [6]. Disturbances of ERK
pathway activity are associated with neurological syndromes such as autism [9]. Some
of the proteins that give rise to pathological deposits in the brain during AD, including
tau protein and Aβ, are cytosolic targets of ERK, which take part in the establishment of
pathological hallmarks and in neurodegeneration [10,11]. Faucher and colleagues have
shown that Aβ aggregates trigger the ERK1/2 signaling pathway (SP) in the brain at early
stages of AD [12]. Other authors have found that ERK1/2 activity is implicated in tau
phosphorylation during AD [2,3,13]. Greater amounts of phospho-ERK (p-ERK) have been
found in brain extracts from AD patients [14]. Thus, the ERK1/2 SP is strongly implicated
in AD development and can become a promising therapeutic target. Currently, there are
no effective therapeutic agents targeting the ERK1/2 SP for AD treatment. Researchers are
focusing their efforts on the determination of selectivity profiles when designing kinase
inhibitors that can cross the blood–brain barrier and on the optimization of their therapeutic
index [4]. In the present study, we hypothesized that mitochondria-targeted antioxidant
plastoquinonyl-decyltriphenylphosphonium (SkQ1) globally affects the activities of MAPK-
related SPs; the ability of SkQ1 to delay the development and suppress the progression
of AD-like pathology in a rat model of a sporadic type of the disease has previously been
reported by us [15–18].

This work is continuation of a series of studies on the identification of AD mech-
anisms and effective targets for devising therapeutic and preventive strategies against
AD as a complicated multifactorial disorder. Using nontransgenic senescence-accelerated
OXYS rats, which develop neurodegenerative changes that are similar to the signs of the
sporadic type (>90% of cases) of AD in humans [19], we have previously reported that
treatment with SkQ1 between ages 12 and 18 months—that is, during active progression of
AD-like pathology in these animals—alleviates structural neurodegenerative alterations,
improves the structural and functional state of mitochondria, prevents the neuronal loss
and synaptic damage, enhances a neurotrophic supply, and decreases Aβ1–42 peptide
levels and tau hyperphosphorylation in the hippocampus, thus resulting in improvements
in learning ability and memory [15–17]. Via transcriptomic approaches, we then found
that the anti-AD properties of SkQ1 are related to improvements in the activities of many
intracellular processes and SPs in the prefrontal cortex and hippocampus, including the
p38 MAPK SP [20,21], which is launched during the development of AD-like pathology in
OXYS rats [22]. In this study, we continued to investigate the mechanisms of the anti-AD
effects of SkQ1 in OXYS rats at an advanced stage of AD-like pathology and focused on
MEK1/2-ERK pathway alterations in the hippocampus.

2. Materials and Methods

2.1. Ethics Statement

All experiments were approved by (and conducted in accordance with the guidelines
of) the Ethics Committee on animal testing of the Institute of Cytology and Genetics,
Novosibirsk, Russia (the decree of the Presidium of the Russian Academy of Sciences
No. 12000-496 of 2 April 1980).

2.2. Animals and Diet

The effect of SkQ1 dietary supplementation was investigated with senescence-accelerated
OXYS rats (with Wistar rats as the control) obtained from the Center for Genetic Resources
of Laboratory Animals at the ICG SB RAS (Novosibirsk, Russia), which were kept under
standard laboratory conditions. One group (n = 8) consumed a diet supplemented with
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SkQ1 (250 nmol/[kg body weight]) on dried bread slices between ages 12 and 18 months
every day. Twelve-month-old OXYS and Wistar rats (n = 8) that ingested dried bread
without the drug served as controls. SkQ1 was kindly provided by Skulachev Vladimir,
from Institute of Mitoengineering of Moscow State University, Moscow, Russia.

2.3. Tissue Preparation

Untreated 18-month-old OXYS and Wistar rats and OXYS rats after the dietary supple-
mentation with SkQ1 (n = 3) were euthanized by CO2 asphyxiation and used for RNA-seq
analysis. The right brain hemisphere of the remaining animals in each group (n = 5) was
excised on ice and fixed under standard conditions (buffered 4% paraformaldehyde for
48 h). Then, the fixed brain was transferred to 30% sucrose for 48 h incubation. The hip-
pocampus from the left hemisphere of the rat brains (n = 5 per group) was isolated on ice
and put in clean tubes for Western blot analysis. The samples of brain tissue were stored at
−70 ◦C until analysis.

2.4. Gene Expression Analysis

RNA isolation, Illumina sequencing, and sequencing data processing were performed
as described elsewhere [20]. The genes with an adjusted p value of <0.05 were defined as
differentially expressed. The list of genes related to ERK1/2 SP was compiled by comparing
the gene lists in the Rat Genome Database (RGD; 123 rat genes, https://rgd.mcw.edu/
(accessed on 12 January 2021) and Kyoto Encyclopedia of Genes and Genomes (KEGG;
https://www.genome.jp/kegg (accessed on 12 January 2021).

2.5. Western Blotting

The hippocampus from OXYS and Wistar rats (n = 5 per group) at the age of 18 months
after the supplementation with SkQ1 was subjected to Western blotting. Frozen tissue
samples of the hippocampus were homogenized in protein radioimmune precipitation
buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,
0.1% sodium dodecyl sulfate, and 1 mM ethylenediaminetetraacetic acid) supplemented
with a protease inhibitor cocktail (P8340; Sigma-Aldrich, St. Louis, MO, USA). After in-
cubation for 20 min on ice, the samples were centrifuged at 12,000× g for 30 min at 4 ◦C.
The resultant supernatants were collected as a detergent-soluble fraction. The pellets
were resuspended in an equal volume of SDS sample buffer, rehomogenized, sonicated,
and centrifuged at 14,000× g for 10 min at 4 ◦C. The supernatants were transferred into
new tubes as a detergent-insoluble fraction. Total protein was quantified by means of the
Bio-Rad Bradford Kit (Bio-Rad Laboratories, Hercules, CA, USA). The protein fractions
were transferred onto a nitrocellulose membrane. After blockage with 5% bovine serum
albumin (BSA; cat. # SLBJ8588V; Sigma-Aldrich, St. Louis, MO, USA) in phosphate buffered
saline with 0.1% Tween 20 for 1 h, the membranes were incubated at 4 ◦C overnight with
one of the following primary antibodies: anti-alpha B crystallin antibody, anti-phospho-
S45 CryaB antibody, anti-ERK1/2 antibody, anti-ERK1/2 (phospho T202, T185) antibody,
anti-MEK1/2 antibody, anti-MEK1/2 (phospho S218, S222) antibody, anti-tau, anti-phospho-
tau (T181), and anti-β-actin and anti-GAPDH antibodies (cat. # ab76467, ab5598, ab184699,
ab201015, ab178876, ab194754, ab1801, and ab8245, respectively; Abcam, Waltham, MA, USA;
1:1000 dilution). We incubated the membrane with secondary antibodies (cat. # ab97046
and ab6721; Abcam, Waltham, MA, USA; 1:5000) for 1 h. The intensity of chemiluminescent
signals of the bands was quantified using ImageJ software (NIH, Bethesda, MD, USA).

2.6. Immunofluorescent Staining

The brain tissue slices (16 μm thick) of OXYS and Wistar rats were placed onto Polysine
glass slides (Menzel-Glaser; Thermo Scientific, Braunschweig, Germany) and incubated for
1 h in a blocking solution consisting of 1% BSA (Sigma-Aldrich, St. Louis, MO, USA) in
PBS with 0.1% Triton X-100 (PBS-T). The slices were incubated overnight at 4 ◦C with the
same primary antibody (as in Western blotting) diluted 1:250 with the blocking solution.
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After serial washes in PBS, the slices were probed for 1 h in the dark at room temperature
with a secondary antibody (cat. # ab150170, ab175472, and ab150075; Abcam, Waltham, MA,
USA; 1:5000) diluted 1:300 in a 1% BSA solution in PBS. Next, the slices were washed with
PBS and coverslipped with Fluoro-shield mounting medium containing 4′,6-diamidino-2-
phenylindole (DAPI; cat. # ab104139; Abcam, Waltham, MA, USA). Negative controls were
processed in an identical manner except that the primary antibody was omitted. The ex-
periment included a negative control. The immunofluorescent signals were visualized by
means of an Axioplan 2 fluorescence microscope (Carl Zeiss, Jena, Germany).

2.7. Statistical Analysis

The Newman-Keuls post hoc test in Statistica 8.0 software (StatSoft, Tulsa, OK, USA)
was applied to significant main effects and interactions in order to evaluate the differences
between some sets of means. One-way ANOVA was performed for pairwise group com-
parisons. The data are presented as mean ± SEM. Differences were regarded as statistically
significant at p < 0.05.

3. Results

3.1. Dietary Supplementation with SkQ1 Reverses Up- and Downregulation of the Genes
Associated with the ERK1/2 SP in the Hippocampus of OXYS Rats

Recently, we showed that the hippocampus of 18-month-old OXYS rats features
1159 differentially expressed genes relative to Wistar rats, and that treatment with SkQ1
from age 12 to 18 months decreases their number by twofold [20]. In untreated (control)
OXYS rats, the most significant specific feature was the number of differentially expressed
genes associated with mitochondrial function, whereas SkQ1 eliminated differences in
the expression of 76% of them (93 of 122 genes). Out of ~300 differentially expressed
genes whose products participate in SPs, 26 genes encode proteins taking part in MAPK
signaling cascades, of which 13 are involved in the p38 MAPK SP (out of 57 known genes
of the p38 MAPK SP) [22]. In the present study, the analysis of the ERK1/2 SP identified
nine genes (out of 54 known genes of the ERK1/2 SP) whose expression differed in the
hippocampus between 18-month-old OXYS and Wistar rats (Figure 1a). The expression
of genes Atp6v0c, Ddt, Rgs14, and Rps6ka2 was higher, while the expression of genes
Ankrd26, Map3k1, Ranbp9, Nras, and Spp1 was lower in untreated OXYS rats (Figure 1).
Treatment with SkQ1 eliminated the differences in the expression of these genes except for
Spp1. In addition, SkQ1 decreased the mRNA level of Mturn (Figure 1a,b).

 

Figure 1. The effects of the dietary supplementation with SkQ1 in OXYS rats on the expression of the genes whose products
play a role in the ERK1/2 SP (a). Differentially expressed genes of the ERK1/2 SP in untreated (control) OXYS rats and the
influence of prolonged treatment with SkQ1 (b). Differential expression means a comparison with the parental control strain
(Wistar). The data are marked in green if upregulated and red if downregulated of genes. p: probability values; padj: adjusted
p values.
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3.2. SkQ1 Reduces the Amounts of Proteins ERK1 and ERK2 and Their Phosphorylation in the
OXYS Hippocampus

Western blotting revealed that the combined level of proteins ERK1 and ERK2 in the
hippocampus was higher in OXYS rats than in Wistar rats (p < 0.05; Figure 2a). The com-
bined amount of proteins p-ERK1 and p-ERK2 was significantly higher in OXYS rats than
Wistar rats (p < 0.05). Figure 2a,b presents the ratio of p-ERK1/2 to total ERK1/2 proteins.
These results suggested that the ERK pathway was activated in OXYS rats with age, and the
expression of key proteins of the pathway significantly increased.

 

Figure 2. The impact of SkQ1 supplementation in OXYS rats between ages 12 and 18 months on protein
levels of ERK1/2 SP components in the hippocampus. (a) Representative Western blot images of proteins
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ERK1/2, p-ERK1/2, MEK1/2, and p-MEK1/2: Wistar rats (1), OXYS rats (2), and OXYS rats after the
supplementation with SkQ1 (3). Graphical presentation of the ratios of proteins p-ERK1/2 to ERK1/2
and p-MEK1/2 to MEK1/2 in the hippocampi of untreated Wistar and OXYS rats and in OXYS
rats after the supplementation with SkQ1 (b). The protein amounts were normalized to beta-actin
or GAPDH and then were normalized to the data from Wistar rats. The results are presented as
mean ± SEM of five independent experiments. * Statistically significant differences between the
strains of the same age; ˆ the effect of the supplementation with SkQ1 (p < 0.05). Immunostaining
of ERK1/2, p-ERK1/2, MEK1/2, and p-MEK1/2 in the hippocampus of untreated Wistar and
OXYS rats and OXYS rats taking SkQ1 (c). Nuclei were stained with 4′,6-diamidino-2-phenylindole
dihydrochloride(DAPI) (blue). Scale bars: 25 μm.

After the supplementation with SkQ1, ERK1 and ERK2 became less active. SkQ1 had
no effect on the combined ERK1 and ERK2 protein level in OXYS rats but reduced their
phosphorylation (p < 0.05, Figure 2b). One-way ANOVA revealed a decrease in p-ERK1/2
content (p < 0.05) in OXYS rats after the supplementation with SkQ1, but it remained higher
than that in the control Wistar rats. The ratio of p-ERK1/2 to total ERK1/2 indicated that
the supplementation with SkQ1 reduced ERK1/2 phosphorylation (Figure 2b). Similar data
were obtained by immunostaining of the brain from untreated Wistar and OXYS rats and
OXYS rats treated with SkQ1 (Figure 2c). These findings indicated that the ERK pathway
in the hippocampus of OXYS rats was inactivated by the SkQ1 administration.

3.3. SkQ1 Reduces MER1/2 and p-MEK1/2 Protein Amounts in the Hippocampus of OXYS Rats

Proteins MEK1 and MEK2 are located upstream of the ERK1/2 SP and regulate the
activity of ERK1 and ERK2 by means of their phosphorylation. As expected, we registered
increased levels of combined MEK1/2 phosphorylation in 18-month-old OXYS rats com-
pared with Wistar rats (Figure 2a,b). The level of p-MEK1/2 proteins was significantly
higher in OXYS rats (p < 0.05). Nevertheless, total MEK1/2 content was not different
between the two strains.

As displayed in Figure 2a,b, the supplementation with SkQ1 decreased the phospho-
rylation of MEK1/2 in OXYS rats. Statistical analysis indicated that the decrease in the ratio
of p-MEK1/2 to total MEK1/2 was due to a significant decrease in the level of MEK1/2
(p < 0.05, Figure 2a). Similar results were obtained after the immunostaining of rat brains
(Figure 2c).

3.4. SkQ1 Decreases CryaB and p-Ser45-CryaB Protein Amounts in the Hippocampus of
OXYS Rats

To confirm the inhibitory influence of SkQ1 on the ERK1/2 SP, we estimated the extent
of phosphorylation of one of its target proteins—molecular chaperone CryaB—at the Ser45
position. Phosphorylation of CryaB promotes the formation of strong crosslinks with its
target proteins and its transfer into a detergent-insoluble fraction. Accordingly, we quan-
tified p-Ser45-CryaB in the detergent-soluble fraction and detergent-insoluble fraction of
the protein homogenates. At first, we noted CryaB hyperphosphorylation in the detergent-
insoluble fraction of the OXYS rat hippocampus at the age of 18 months (p < 0.05; Figure 3a,b).
In the detergent-soluble fraction, the CryaB and p-Ser45-CryaB protein amounts did not differ
between the strains. The SkQ1 supplementation did not have an impact on CryaB content
of the detergent-soluble fraction. The CryaB amount in the detergent-insoluble fraction
was lower in SkQ1-treated OXYS rats than in control OXYS rats (p < 0.05; Figure 3b).
Statistical analysis indicated that SkQ1 significantly reduced the level of p-Ser45-CryaB
in the detergent-insoluble protein fractions of the hippocampus from OXYS rats (p < 0.05;
Figure 3b), but this parameter remained significantly higher than that in untreated Wistar
rats (p < 0.05). The Western blotting data were confirmed by immunostaining results
(Figure 3c).
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Figure 3. The effect of SkQ1 supplementation in OXYS rats from age 12 to 18 months on the protein levels of CryaB and
p-Ser45-CryaB in the hippocampus. Representative Western blots of total and phosphorylated CryaB and p-Ser45-CryaB
in the detergent-soluble and detergent-insoluble fractions from the hippocampus of untreated Wistar (1) and OXYS rats
(2) and OXYS rats treated with SkQ1 (3) (a). Graphical presentation of the ratios of proteins p-Ser45-CryaB to CryaB in
the hippocampus of untreated Wistar and OXYS rats and OXYS rats taking SkQ1 after normalization to beta-actin for the
detergent-soluble protein fraction and to GAPDH for the detergent-insoluble fraction (b). Data are presented as mean ± SEM
of five independent experiments. Immunostaining for p-Ser45-CryaB (c) in the hippocampus of untreated Wistar and OXYS
rats and OXYS rats taking SkQ1. The nuclei were stained with DAPI (blue). Scale bars: 25 μm. ˆ Statistically significant
differences between the strains of the same age; * the effect of supplementation with SkQ1 (p < 0.05). sol.: detergent-soluble
protein fraction of hippocampus; insol.: detergent-insoluble protein fraction.

3.5. SkQ1 Prevents Tau Protein Hyperphosphorylation in the Hippocampus of OXYS Rats

According to Western blot findings, OXYS rats after the supplementation with SkQ1
showed significantly lower expression of total tau and p-Thr181-tau (p < 0.05 and <0.01,
respectively; Figure 4a,b). The Western blotting data were confirmed by immunostaining
results (Figure 4c).
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Figure 4. The effects of SkQ1 supplementation in OXYS rats from age 12 to 18 months on protein levels of tau and p-Thr181-
tau in the hippocampus. Representative Western blots of total and phosphorylated tau and p-Thr181-tau in the hippocampus
of untreated Wistar (1) and OXYS rats (2) and of OXYS rats treated with SkQ1 (3) (a). Graphical presentation of the ratios
of proteins p-Thr181-tau to tau in the hippocampus of untreated Wistar and OXYS rats and OXYS rats taking SkQ1 after
normalization to beta-actin (b). Data are presented as mean ± SEM of five independent experiments. Immunostaining for
tau and p-Thr181-tau (c) in the hippocampus of untreated Wistar and OXYS rats and OXYS rats taking SkQ1. Nuclei were
visualized with DAPI (blue). Scale bars: 25 μm. ˆ Statistically significant differences between the strains of the same age;
* the effect of supplementation with SkQ1 (p < 0.05).

4. Discussion

As members of the MAPK family, ERK1 and ERK2 perform functions at every stage
of the growth and formation of cells, including proliferation, differentiation, migration,
senescence, and apoptosis. They are also important components of the response to stress
during AD development. Here, we showed for the first time that the progression of AD-like
pathology in OXYS rats takes place simultaneously with alterations in the expression of nine
genes encoding proteins participating in the ERK1/2 SP, whereas dietary supplementation
with SkQ1 normalizes the expression of eight of these genes. In our previous studies,
we have demonstrated that after supplementation with SkQ1 in OXYS rats, the expression
of 14 genes involved in MAPK signaling cascades changes [20], of which 12 are affiliated
with the p38 MAPK SP [21]. In the present study, we found that products of the remaining
two genes take part in the ERK1/2 SP. Although we did not notice any changes in mRNA
levels of the key genes of this SP, the increased expression of Rgs14 (regulator of G protein
signaling 14) in the hippocampus of untreated OXYS rats is interesting. The product of
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this gene is a suppressor of synaptic plasticity in CA2 neurons and hippocampus-based
learning and memory [23]. There are reports that RGS14 inhibition holds promise for
normalizing a cognitive impairment [24].

The activation of the ERK1/2 SP in OXYS rats can be confirmed by overexpression
of D-dopachrome tautomerase (Ddt). The DDT protein participates in the activation of
kinases ERK1 and ERK2 [25], ultimately launching the expression of proinflammatory
genes and neuroinflammation. In addition, the observed increased expression of ATPase
H+-transporting V0 subunit C (Atp6v0c) suggests a high demand for autophagy [26]. This is
an enzyme transporter that acidifies intracellular compartments, and this alteration is nec-
essary for such processes as receptor-mediated endocytosis and establishment of the proton
gradient of synaptic vesicles. The disturbance of Atp6v0c expression implies a contribution
to the onset and progression of an age-related neurodegenerative disease [27]. Among
the analyzed differentially expressed genes with downregulation here, secreted phospho-
protein 1 (Spp1, also known as osteopontin) is noteworthy. Recently, it was shown to
have a potential role in macrophage-mediated Aβ clearance [28]. Therefore, the reduced
expression of Spp1 can promote and/or exacerbate the accumulation of pathological Aβ

aggregates and the progression of neurodegeneration in OXYS rats. It can be assumed that
all these alterations contribute to the progression of the AD-like pathology in OXYS rats.

Pathological Aβ accumulation may be a prerequisite for ERK1/2 pathway activation
in OXYS rats; this accumulation in OXYS rats starts at age 7 months, i.e., at the stage
of AD-like pathology manifestation [19]. Similar activation of ERK in hippocampi of
a transgenic animal model of AD has been documented during Aβ accumulation [29].
Moreover, ERK1/2 pathway activation with high levels of kinases p-ERK1 and p-ERK2 has
been detected in patients with dementia at various stages of behavioral disturbances [5,14].

Additionally, we quantified kinases upstream of the ERK1/2 SP. As expected, ki-
nases MEK1 and MEK2, which act upstream of this SP, turned out to be activated. El-
evated amounts of p-MEK1/2 were found in the hippocampus of 18-month-old OXYS
rats in comparison with disease-free age-matched Wistar rats. Kinases MEK1 and -2 are
activators of ERK1 and -2 and have very narrow substrate specificity. These observations
are consistent with the overactivity of the ERK1/2 SP observed here in OXYS rats at the
stage of progression of AD-like pathology signs and are similar to findings about other
disease models [29]. It should be noted that MEK-ERK pathway activation may be asso-
ciated with mutations in BRAF or RAS as its upstream activator [30]. On the other hand,
in another study on OXYS rats, we did not find mutations in the genes involved in the
ERK1/2 pathway [31].

Cytoplasmic targets of p-ERK ensure proteostasis in the cell. There are 200 substrates
of ERK1 and ERK2 that have been identified to date [32,33], including tau protein, whose hy-
perphosphorylation is regarded as one of the main AD characteristics. Here, we confirmed
that the progression of AD-like pathology in OXYS rats is concurrent with increases in
both the total level of tau protein and its phosphorylation [16]. These data are consistent
with the increased ERK1/2 signaling activity in OXYS rats. Furthermore, as a criterion for
assessing ERK1/2 signaling activity, we evaluated changes in ERK1/2-dependent phospho-
rylation of a small protein chaperone, CryaB. As expected, the increased ERK1/2 signaling
upregulated p-Ser45-CryaB in the detergent-insoluble fraction of the 18-month-old OXYS
rat hippocampus. The phosphorylation of CryaB enhances its ability to form strong bonds
with neurotoxic proteins, including Aβ, and makes CryaB insoluble. Elevated CryaB
phosphorylation has also been uncovered by other authors in an AD study, where this
phenomenon was associated with pathologically aggregated proteins [34].

Here, we hypothesized that one of the mechanisms behind the beneficial effect of
SkQ1 is mediated by ERK1/2 pathway inhibition. Indeed, the OXYS rats on the diet
supplemented with SkQ1 manifested a decrease in the p-ERK1/2 level, but not total
ERK1/2, in the hippocampus. In addition, we registered decreased phosphorylation of
kinases MER1 and -2, which are kinase activators functioning upstream of the ERK1/2 SP.
In addition, we noticed decreased phosphorylation of cytosolic targets of this pathway:
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tau protein and CryaB. A decrease in tau hyperphosphorylation is thought to be a positive
prognostic sign during the treatment of AD. Together with a decrease in Aβ accumulation,
this change alleviates the toxic load on neurons. Accordingly, the obtained data mean that
SkQ1 inhibits the ERK1/2 SP by blocking kinases MER1 and -2.

Activation of ERK1/2 signal transduction is involved in aberrations of the mitochon-
drial fission/fusion ratio and defects in mitochondrial function. Ganand and coauthors
have demonstrated that ERK inactivation normalizes anomalous mitochondrial dynam-
ics in AD [35]. This observation can explain the previously reported strong connection
between the neuroprotective property of SkQ1 and an improvement in the structure and
functions of mitochondria [17,18] and in the expression of genes related to mitochondrial
function [20]. Furthermore, the suppression of ERK1/2 phosphorylation protects neuronal
cell lines and primary cultured neurons from direct oxidative stress [31].

ERK1/2 signaling plays an important role in the regulation of synaptic plasticity in
AD. Upregulation of total ERK is associated with deficient memory task performance in a
transgenic mouse model of AD [23]. Alterations in ERK1/2 signaling induce Aβ-associated
behavioral deficits in an animal model of AD [36]. Conversely, ERK1/2 pathway inhibition
eliminates memory deficits in a transgenic model of AD [29], in agreement with our finding
that SkQ1 has a beneficial impact on the behavior of OXYS rats [15].

Thus, in our study, we demonstrated that active progression of AD-like pathology
in OXYS rats is associated with alterations of the ERK1/2 SP. The mitochondria-targeted
antioxidant SkQ1, which alleviated AD pathology through MEK1/2-ERK1/2 pathway
suppression in the OXYS rat hippocampus, can be regarded as a promising therapeutic
agent against human AD.
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Abstract: It is estimated that the prevalence rate of Alzheimer’s disease (AD) will double by the
year 2040. Although currently available treatments help with symptom management, they do not
prevent, delay the progression of, or cure the disease. Interestingly, a shared characteristic of AD
and other neurodegenerative diseases and disorders is oxidative stress. Despite profound evidence
supporting the role of oxidative stress in the pathogenesis and progression of AD, none of the
currently available treatment options address oxidative stress. Recently, attention has been placed on
the use of antioxidants to mitigate the effects of oxidative stress in the central nervous system. In
preclinical studies utilizing cellular and animal models, natural antioxidants showed therapeutic
promise when administered alone or in combination with other compounds. More recently, the
concept of combination antioxidant therapy has been explored as a novel approach to preventing and
treating neurodegenerative conditions that present with oxidative stress as a contributing factor. In
this review, the relationship between oxidative stress and AD pathology and the neuroprotective role
of natural antioxidants from natural sources are discussed. Additionally, the therapeutic potential of
natural antioxidants as preventatives and/or treatment for AD is examined, with special attention
paid to natural antioxidant combinations and conjugates that are currently being investigated in
human clinical trials.

Keywords: antioxidants; oxidative stress; amyloid-beta; Alzheimer’s disease; clinical trials

1. Introduction

Mild declines in cognitive and motor abilities are common aspects of human aging.
However, the development of neurodegenerative diseases and neurological conditions is
not. Interestingly, although the brain is arguably the most essential organ in the human
body, it remains susceptible to its own degradation. As a highly metabolically active
organ, the brain’s oxygen demand is high [1]. As a result, free radicals are produced
as the brain’s requirement for oxygen increases [2]. The brain contains high amounts of
polyunsaturated fatty acids, which are quickly oxidized by reactive oxygen species (ROS)
but lacks essential enzymes that metabolize several toxic oxygen-containing reactants
into harmless compounds [3]. This susceptibility to oxidative damage is observed in
several neurodegenerative diseases. Alzheimer’s disease (AD), Huntington’s disease (HD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS) and stroke, among many
others (see Table 1), possess this shared pathology of oxidative stress. Recently, considerable
attention has been placed on the use of naturally occurring (non-synthetic) antioxidants to
mitigate the effects of oxidative stress in the central nervous system (CNS). More recently,
the concept of combination antioxidant therapy has been explored as a novel approach
to preventing and treating neurodegenerative conditions that present oxidative stress as
a contributing factor to the pathogenesis and/or progression of the disease. This review
explores the relationship between AD pathology and oxidative stress and the therapeutic
potential of natural antioxidants as preventatives and/or treatments for AD, with an
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emphasis on natural antioxidant combinations and conjugates that are currently being
investigated in human clinical trials.

Table 1. Some neurodegenerative diseases and conditions associated with oxidative stress.

Disease or Condition

Alzheimer’s disease [4,5]
Amyotrophic lateral sclerosis [6,7]
Corticobasal degeneration [8]
Creutzfeldt-Jakob disease (Prion disease) [9]
Down syndrome [10]
Diabetic neuropathy [11,12]
Friedreich’s ataxia [13]
Huntington’s disease [14–16]
Lewy body disease [17]
Multiple sclerosis [18,19]
Neiman-Pick C disease [20,21]
Neuromyelitis optica [22]
Parkinson’s disease [23–25]
Progressive supranuclear palsy [26]
Spinocerebellar ataxia [27–29]
Stroke [30–32]
Traumatic brain injury [33–35]

2. Antioxidants and Oxidative Stress

Antioxidants are compounds that protect the body from damage due to oxidative
stress. Oxidative stress occurs when there is an imbalance between antioxidants and the
production and accumulation of ROS [reviewed in 4]. ROS can be defined as oxygen-
containing reactive molecules that are endogenously generated through mitochondrial
oxygen metabolism [36]. ROS can also be produced through interplay with exogenous
substances such as xenobiotic compounds [36]. This collective term includes compounds
such as hydrogen peroxide (H2O2), superoxide (O2

•−), hydroxyl radical (•OH), nitric
oxide (•NO) and singlet oxygen (1O2) [37]. During oxidative stress, an insufficient or
dysfunctional antioxidant defence system permits damage to important cellular structures
such as proteins, lipids, and nucleic acids [37,38], and is implicated in several pathologies
of neurodegeneration [38] and aging [39]. Although ROS are damaging in excess, ROS
maintain several endogenous functions at low levels. Under normal circumstances, low
levels of ROS are produced through ordinary aerobic metabolism and any damage to cells is
rapidly repaired through deployment of the antioxidant defence system [40]. ROS perform
a critical role in cellular signalling processes, also known as redox signalling [41]. Therefore,
to maintain adequate cellular homeostasis, a balance must be established between the
production and depletion of ROS. This occurs through the protective mechanisms of
antioxidants, which limit the damage induced by ROS and the eventual development of
diseases and accelerated aging [39].

2.1. Antioxidant Classification and Mechanisms of Action

Antioxidants can be classified into two main categories: natural antioxidants and
synthetic antioxidants. Synthetic antioxidants are artificially generated using a variety of
chemical synthesis techniques [40,41]. Natural antioxidants are found in plants and ani-
mals and perform various biological roles, including but not limited to anti-inflammatory,
anticancer and antiaging effects [42–45]. Natural antioxidants can be further divided into
enzymatic and non-enzymatic antioxidants.

2.1.1. Enzymatic Antioxidants

Enzymatic antioxidants are enzymes produced within the body that possess free radi-
cal scavenging abilities and perform antioxidant functions. This group includes primary
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enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GPx), and secondary enzymes including glutathione reductase (GR) and glucose-
6-phosphate dehydrogenase (G6PDH) [46]. SOD eliminates O2

•− radicals by catalyzing
the reduction of O2

•− anions to H2O2 [15]. SOD is present in its many forms in several
cellular locations, including the cytosol (Cu-Zn SOD1 or SOD1), mitochondria (Mn SOD
or SOD2) and the extracellular space (SOD3) [47]. In turn, CAT is responsible for the
decomposition of H2O2 into water and oxygen molecules [48]. In the absence of CAT,
H2O2 can react with metal ions to form toxic •OH radicals that further perpetuate the
effects of oxidative stress [49]. GPx refers to a family of selenocysteine-containing enzymes,
including GPx-1, which is predominantly found in the cytoplasm, that utilize glutathione
(GSH) as a co-substrate to catalyze the reduction of H2O2 to water and oxidized glutathione
(GSSG), and reduce other hydroperoxide substrates to alcohols [50,51]. It was suggested
that a cooperative activity between CAT and GPx is required to achieve cellular protec-
tion against harmful peroxides [52]. However, differences in the antioxidant capacity of
these compounds regarding the rate of removal and the capacity to ravage H2O2 were
also identified [53]. GSSG is then reduced to GSH by nicotinamide adenine dinucleotide
phosphate (NADPH). G6PDH, which produces NADPH, and GR, which recycles GSSG
using NADPH, are considered secondary enzymatic antioxidants (Figure 1). The processes
involved in the breakdown and elimination of elevated/toxic oxidative compounds may
also include the presence of essential cofactors such as zinc (Zn), copper (Cu), iron (Fe),
selenium (Se) and manganese (Mn) [54].

Figure 1. Schematic representation of enzymatic antioxidant mechanisms of action. Created with
BioRender.com. SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; GR, glu-
tathione reductase; G6PDH, glucose-6-phosphate dehydrogenase.

2.1.2. Non-Enzymatic Antioxidants

Non-enzymatic antioxidants can further be divided into groups of vitamins, carotenoids,
polyphenols, and minerals [55]. Vitamins are a group of micronutrients that cannot be
produced within the body; hence, they require supplementation through the diet [56].
Vitamins perform various functions within the body that are vital for human health and
metabolism and are categorized into two groups based on solubility: fat-soluble vitamins
and water-soluble vitamins [56]. Fat-soluble vitamins include vitamins A, D, E and K,
which are dissolved in fat prior to their absorption into the bloodstream [56]. Water-soluble
vitamins include the group of B-complex vitamins and vitamin C, which are dissolved in
water [56].

Vitamin A

Sources of vitamin A include dietary supplements, animal products such as fish, meat,
poultry, and dairy products, as well as plant products including fruits and vegetables that
contain the provitamin A carotenoids (described below) such as beta-carotene, which is
endogenously converted to vitamin A [57]. Vitamin A maintains essential roles in vision
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and synaptic function [58], bone growth and development [59], gene expression [60], cell
division [61], reproduction [62], the maintenance of epithelial cells in respiratory, intestinal
and urinary tracts, and a healthy immune system [63,64].

Vitamin D

Vitamin D, also known as vitamin D3 (cholecalciferol) and vitamin D2 (ergocalcif-
erol), is predominantly produced endogenously within the skin from the provitamins
7-dehydrocholesterol (7-DHC) and ergosterol [65]. Skin exposure to ultraviolet-B stimu-
lates the synthesis of pre-vitamin D3, followed by thermal isomerization, producing vitamin
D3 [65]. Vitamins D3 and D2 can be obtained from the diet in supplements and fortified
foods. Dietary vitamin D is predominantly absorbed in the small intestine by chylomicrons,
before entering the lymphatic system and then the bloodstream [66]. Once in the blood-
stream, from skin or intestinal absorption, vitamin D is converted into 25-hydroxyvitamin
D in the liver, which undergoes further conversion to its active form 1,25-dihydrovitamin
D in the kidneys [67–69]. Both compounds circulate in the blood bound to the vitamin
D-binding protein. Once released from vitamin D-binding protein at tissues sites, 1,25-
dihydrovitamin D binds to intracellular vitamin D receptors to elicit various metabolic
functions throughout the body such as cell differentiation and proliferation, and calcium
and phosphorus homeostasis [70,71].

Vitamin E

Vitamin E (α-tocopherol) acts as an antioxidant by protecting membrane components
such as polyunsaturated fatty acids from lipid peroxidation by free radicals. Notably, vita-
min E has been found to protect low-density lipoproteins from oxidation [72] and is present
in high levels within the membranes of red blood cells, mitochondria, and endoplasmic
reticulum [73–76]. Since vitamin E is predominantly synthesized in plants, it can be found
in plant products such as nuts, seeds, vegetable oils and leafy green vegetables [77]. Vitamin
E maintains various other biological functions, in addition to its role as an antioxidant,
including its impact on signal transduction and gene expression [78], and its capacity to
regulate enzymatic activity such as protein kinase C, which is important for regulating pro-
cesses such as cell proliferation and inflammatory responses [79–82]. The effects of vitamin
E may also differ between the four isoforms (α, β, γ and δ), with some studies reporting
contradictory effects between these isoforms [82,83]. The ability of vitamin E to donate
protons, and thereby saturate and detoxify unpaired electrons on highly reactive radicals
such as •OH, support its recognition as a potent antioxidant [84]. The importance of vitamin
E in brain health is observed in its ability to inhibit the production and progression of chain
reactions that lead to lipid peroxidation by hindering the oxidation of unsaturated side
chains present within lipid membranes [85]. This role highlights vitamin E as a potential
therapeutic agent for neurological conditions, particularly those characterized by oxidative
damage. For example, cerebral ischemia and subsequent infarction are consequences of
oxidative stress in which vitamin E provides protection [86]. In addition to scavenging free
radicals, studies report that vitamin E reduces the toxic effects of •NO by converting it to a
less toxic nitrite ester in vitro and decreases the production of •NO and O2

•− within the
brain [87,88].

Vitamin K

Vitamin K is bio-actively found in two forms, vitamins K1 and K2. Vitamin K1 (phyllo-
quinone) is predominately found in green leafy plants and can also be found in animals and
further converted to vitamin K2 (menaquinone) by anaerobic gut bacteria in animals [89,90].
Vitamin K2 is primarily known for its role in blood-clotting by synthesizing coagulation
proteins. It exerts its primary function by creating gamma-carboxyglutamate residues
during the production of clotting factors by combining glutamate residues with carboxylic
acids [91]. The addition of two carboxylic acid groups to an individual carbon present
within a gamma-carboxyglutamate residue permits it to chelate calcium ions. Calcium ion
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binding is essential for vitamin K-dependent clotting factors, resulting in continued clotting
cascades [92]. In a process called the vitamin K cycle, vitamin K is reduced to its metabolic
form, vitamin K hydroquinone, by vitamin K epoxide reductase (VKOR), within the cell [93].
In turn, vitamin K hydroquinone is oxidized by vitamin K-dependent carboxylase. This
enzyme then carboxylates glutamate residues to gamma-carboxyglutamate residues, ulti-
mately producing vitamin K epoxide [94]. Both carboxylation and epoxidation reactions
occur simultaneously. Vitamin K epoxide is then converted to vitamin K by VKOR [95–97].
Since vitamin K is continuously recycled within cells, vitamin K deficiency is uncommon
in humans. The health benefits of vitamin K extend beyond coagulation to include hepatic
functions [95]. More recently, vitamin K’s role in preventing and treating cancer [96] has
been explored, as well as its implication in age-related diseases such as osteoporosis and
osteoarthrosis, cardiovascular diseases, and neurodegenerative diseases [97–99].

B Vitamins

B vitamins constitute a cluster of seven essential water-soluble vitamins; B1 (thiamine),
B2 (riboflavin), B3 (niacin), B5 (pantothenic acid), B6 (pyridoxine), B9 (folate) and B12
(cobalamin). B vitamins are primarily produced within the mitochondria, chloroplasts,
and the cytosol of plants, and play essential roles in energy production, and the compo-
sition and alteration of bioactive compounds through catabolic and anabolic processes,
respectively [100]. In a significant portion of enzymatic processes, B vitamins carry out
physiological functions by acting as coenzymes. As coenzymes, the biologically active
forms of B vitamins tightly bind to the apoenzyme of a protein, producing a holoenzyme
that is complete and catalytically active [101]. Through this binding activity, B vitamins
play various ubiquitous roles in cellular functioning. The ubiquitous role of B vitamins is
demonstrated by vitamin B6. Vitamin B6 functions primarily through its bioactive form,
pyridoxal 5′-phosphate. Pyridoxal 5′-phosphate is an important cofactor that influences the
functionality of several enzymes that are necessary for the production, degeneration, and
conversion of amino acids in all organisms [101]. The essential requirement of B vitamins
is also observed with coenzyme A (CoA), the bioactive coenzyme of vitamin B5. CoA is
a compulsory co-factor for approximately 4% of mammalian enzymes functioning as a
carbonyl-activating group and acyl carrier in numerous biochemical transformation reac-
tions [102]. B vitamins may also act as precursors of metabolic substances, although this is
less frequent. CoA also provides a good example of this. CoA can be further acetylated by
acetyltransferase enzymes to produce acetyl-CoA, which participates in the biochemical
metabolism of proteins, carbohydrates, and lipids, as well as energy production [103].
Notably, B vitamins possess various brain-specific functions. Vitamin B1 plays a critical role
in the synthesis of amino acid precursors for neurotransmitters such as acetylcholine (Ach)
and was reported to have neuromodulatory functions, including alterations to cholinergic
transmission [104]. Vitamin B1 plays structural and functional roles within cell membranes,
including in neurons and neuroglia [105] and vitamin B1 deficiency resulted in AD-like
abnormalities, such as dysregulation of the cholinergic system, reduced neurotransmitter
levels and memory deficits, in preclinical mouse models [106–108].

Vitamin C

Vitamin C (ascorbic acid) is predominately found within cells in its redox state, ascor-
bate [109]. Since humans are unable to endogenously produce vitamin C, the nutrient is
obtained from fruit and vegetable sources such as citrus fruits (orange, berries, tomatoes)
and leafy green vegetables (broccoli, brussels sprouts). Vitamin C primarily functions
as a cofactor for many enzymes, such as hydroxylases, that are implicated in collagen
synthesis [110]. More importantly, vitamin C acts as a potent antioxidant through atten-
uating lipid peroxidation. Lipid peroxidation is a form of radical chain reaction that is
initiated by ROS-mediated dissociation of hydrogen atoms from C-H bonds producing
lipid radicals [111]. ROS are often entrenched within lipid bilayers [111]. This renders lipids
susceptible to the harmful effects of free radicals. Vitamin C can prevent lipid peroxidation
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by scavenging ROS and working synergistically with other antioxidant compounds, such
as vitamin E, to reduce radical formation through the vitamin E redox cycle [112]. Vitamin
C is also an exceptional source of electrons. Vitamin C can donate electrons to free radicals
that seek out electrons from cellular components such as lipids, proteins, and DNA [111].
By donating an electron to free radicals, vitamin C stabilizes these volatile compounds,
reducing their reactivity and the subsequent cellular damage. Vitamin C is constantly
recycled within the cell, which increases its antioxidant activity [113]. As a donor of high-
energy electrons, vitamin C is oxidized to dehydroascorbic acid. Dehydroascorbic acid
can be converted back to vitamin C by dehydroascorbate reductase to be reused or further
metabolized, which releases more electrons for ROS stabilization [110,111]. However, the
ability of vitamin C to act as a reducing agent for metals such as Cu and Fe heightens
the pro-oxidant composition and activity of these metals [114]. Therefore, vitamin C can
behave as an antioxidant and a pro-oxidant, and this may depend on its concentration.
The pro-oxidant role of vitamin C was initially reported to occur at low concentrations
and the antioxidant activities at high concentrations [114]. However, more recent reports
contradict these findings and suggest a switch-like behaviour of vitamin C, where it pos-
sesses bimodal activity as an antioxidant under normal conditions and switches over to a
pro-oxidant at high concentrations and/or under pathophysiological conditions [115,116].
This raises questions regarding the therapeutic use of vitamin C when there is uncertainty
of its antioxidant status within the literature [113,114]. Nonetheless, the potential health
benefits of vitamin C continue to be explored for their therapeutic effectiveness in several
diseases such as cancer, cardiovascular disease, diabetes, immunity, and neurodegenerative
disorders [116–119].

Vitamin C assists in maintaining the function and integrity of various processes within
the CNS including antioxidant protection, neuronal development and differentiation,
myelination, catecholamine synthesis and regulation of neurotransmission [120]. Studies
using animal models have reported detrimental impacts on the brain when vitamin C is
decreased, such as enhanced oxidative stress, increased mortality, and the acceleration
of amyloid plaque development and aggregation [121–123]. Vitamin C deficiency also
reduced blood glucose levels and caused oxidative damage to proteins and lipids in the
cortex of mice [122,124]. Dopamine and serotonin metabolites in the cortex and striatum
of mice and physical strength and locomotor activity were decreased, and treatment with
vitamin C was able to restore these deficits [125]. Since the highest concentrations of vitamin
C are found in the brain [126] and several neurodegenerative diseases are characterized by
oxidative stress, the protective role that vitamin C may play in altering the development
and progression of neurological disease such as AD is being investigated.

Carotenoids

Carotenoids are a group of natural pigments that exist ubiquitously across all organ-
isms [127]. Carotenoids perform active roles in photosynthesis in plants and function
primarily through photoprotection in non-photosynthetic organisms [127]. In humans,
carotenoids, which are found in blood and tissues, are essential precursors of vitamin A.
Carotenoids maintain their status as antioxidants through their efficiency in chemically and
physically quenching singlet oxygen and scavenging other ROS [127,128]. The structure
of carotenoids is the most significant characteristic, contributing to their protective effects.
Carotenoids are comprised of several conjugated double bonds, which are essential for pho-
toprotection in all living organisms and light absorption in photosynthetic organisms [128].
Additionally, carotenoids are lipophilic compounds; therefore, they primarily reside within
cell membranes.

The most commonly described carotenoids include β-carotene, α-carotene, lutein,
lycopene, and zeaxanthin. β-carotene and lycopene are examples of rigid hydrocarbons
that are entirely organized within the inner portion of the lipid bilayer [129]. Lutein and
zeaxanthin are polar compounds that contain oxygen atoms and exist horizontally to
the membrane surface, exposing their hydrophilic segments to the aqueous surround-
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ings [129,130]. It is suggested that the inclusion of carotenoids may impact membrane
properties such as permeability, thickness, fluidity, and rigidity, all of which are essen-
tial for maintaining membrane integrity [131]. Membrane modifications by carotenoids
may enhance resistance to ROS, thereby reducing susceptibility to ROS. Several reports
have described the participation of carotenoids in various biological systems and general
physiology. These include modulating gap junction communication via intracellular sig-
naling pathways [131] and regulating cell cycle, differentiation, and growth factors [132].
Carotenoids and their metabolites have been implicated as having functions in human
health and providing protection in various ROS-induced disorders. These roles include
but are not limited to cognitive functions [133–135], cancer prevention [131,136], immune
stimulation/modulation [137], fertility [138,139] and genomic impacts on transcription and
translation [140].

Polyphenols

Polyphenols are naturally occurring compounds found in food sources such as bev-
erages, cereals, fruits, and vegetables and are classified based on chemical structure and
resulting activity. The primary classes of polyphenols are phenolic acids, flavonoids,
lignans and stilbenes [141]. Phenolic acids are further divided into two classes: hydroxy-
benzoic acids and hydroxycinnamic acids. Hydroxybenzoic acids are less common than
hydroxycinnamic acids and consist of compounds such as gallic and vanillic acid [142]. Hy-
droxycinnamic acids include caffeic, ferulic, ρ-coumaric and sinapic acids [142]. Flavonoids
are the most highly studied cluster of polyphenols. Compounds within this group share
a primary structure consisting of two aromatic rings, held by three carbon atoms cre-
ating an oxygenated heterocycle [143]. Flavonoids are separated into six subdivisions:
anthocyanins, flavan-3-ols, flavonols, flavones, flavanones and isoflavones (Figure 2).
Variations within these clusters are derived from differences in the composition and num-
ber of hydroxyl groups and their degree of glycosylation and/or alkylation [143]. The
most widely studied flavonoids Are catechins, commonly found in green tea, quercetin,
found in red wine and foods, and myricetin, which is also commonly found in medicinal
plants [144–146]. Lignans are referred to as diphenolic compounds, formed by two cin-
namic acid residues dimerizing to create a 2,3-dibenxylbutane structure. Many lignans,
such as secoisolariciresinol, are regarded as phytoestrogens, possessing antioxidation and
antitumor bioactivities [144]. Stilbenes are primarily found in grape skins and berries, and
the most prevalent of this subdivision are resveratrol and its derivative pterostilbene [145].
Stilbenes, although low in the human diet, have been implicated for their potential for
treating human disease due to their antioxidant and anti-inflammatory activities [145,146].
Other polyphenols include curcumin and gingerol, which have both been reported to
provide health benefits and restoration to normal physiology in diseased states [146–148].
Overall, there is evidence to support the protective role of polyphenols in multiple disease
conditions, such as cancer [149–151], cardiovascular disease [152], type 2 diabetes and
obesity [149,153], inflammation [154] and neurodegenerative diseases [155–157]. Notable
polyphenolic compounds studied for their neuroprotective effects include resveratrol, cur-
cumin, quercetin, and epigallocatechin-3-gallate (EGCG) [158]. Recent studies examining
cognitive deficits in transgenic AD mice report improvements in AD-like cognitive deficits
through anti-amyloidogenic, anti-inflammatory and anti-apoptotic effects of polyphenolic
compounds [159–162].

Minerals

Recently, minerals have been studied for their participation in the antioxidant defence
system [163–171]. Cu is one of many trace elements that are essential to the biochemistry of
active organisms due to its activity as a cofactor and a constituent of metalloenzymes [163].
Cu participates in electron transfer catalysis due to its ability to maintain two oxidation
states [164]. Modest amounts of Cu are necessary and beneficial in maintaining metal
homeostatic levels; however, the accumulation of redox transition metals such as excess Cu
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within tissues is cytotoxic [164]. Disturbances in metal homeostasis stimulate the devel-
opment of oxidative stress and free radical formation, targeting membranes and essential
molecules. At high levels, Cu has been implicated in the pathology of neurodegenerative
conditions [163]. A study examining the effects of excess Cu showed significantly lower
SOD and GSH activity in the brain tissue of Cu-intoxicated rats [163]. Similarly, Fe can
result in comparable toxicity due to its ability to donate and accept electrons. Redox-active
Fe is a significant contributor to oxidative damage in cellular compartments through the
generation of free radicals from ROS by reducing H2O2 to produce •OH radicals [165]. This
eventually results in damage to several cellular structures, as the •OH radical formed by Fe
and even Cu can react with H2O2 to stimulate lipid peroxidation [166]. For this reason, Fe
is predominantly bound to other molecules for transport and storage, leaving minuscule
amounts of redox-active Fe in the labile pool. Even then, Fe does not remain unbound, as it
forms complexes with carboxylates, phosphates, and peptides within the labile pool [166].

Figure 2. Chemical structure of flavonoid polyphenols. Created with BioRender.com. The flavonoid
subclass of polyphenols is further classified into six main groups: anthocyanins, flavan-3-ols,
flavonols, flavone, flavanones and isoflavones. Differences in chemical structure arise based on
variations in the placement and number of hydroxyl groups and unsaturated bonds.

Mn is an essential element in the synthesis and activation of several enzymes. Its
main antioxidant activity occurs through its role as a metalloenzyme via SOD2 to reduce
mitochondrial oxidative stress [167]. SOD2 is the principal antioxidant that probes for
O2

•−, produced within the mitochondria to protect against oxidative stress [167]. SOD2 has
also been suggested to provide protection for several disease states such as atherosclerosis,
metabolic syndrome, and obesity [167]. Se is another natural trace element. Se is necessary
for the composition of selenoproteins, which have been reported to play a critical role in
the antioxidant defence system. The activity of GPx, one of the most efficient enzymatic
antioxidants, is relatively dependent on Se [168]. Se is inorganically present as selenates,
selenides, and selenite, which are more toxic than the organic states selenomethionine and
selenocysteine [168]. Se present with GPx has been implicated in the repair of damaged
DNA, and the ability to increase GPx activity contributes to the potential benefits of
increased Se intake [169].

Zn has been considered an essential metal since its deficiency in humans was first
recognized over 50 years ago [170,171]. Zn acts as an antioxidant through multiple mech-
anisms. Zn can compete with Cu and Fe for binding to proteins and cell membranes,
which displaces redox-active Cu and Fe, resulting in the generation of •OH from H2O2. Zn
can also protect biomolecules such as sulfhydryl groups by binding to them, preventing
oxidation [172]. Zn is also capable of enhancing the activation of antioxidant enzymes CAT,
SOD and GSH, and diminishing the activity of pro-oxidant enzymes such as inducible
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•NO synthase and NADPH oxide, while blocking the production of lipid peroxidation
products [172]. Interestingly, Zn has been reported to upregulate nuclear erythroid 2-related
factor 2 (Nrf2) activity, resulting in reduced oxidative stress [173,174]. Nrf2 is a member
of the “cap’n’collar” subfamily of basic region leucine zipper transcription factors [175].
Nrf2 regulates the gene expression of many antioxidant and detoxifying enzymes such as
SOD and GSH, and glutathione-S-transferase-1 and heme oxygenase-1, respectively. The
binding activity of Nrf2 to the antioxidant response element found in the promoter of these
target genes leads to the production of enzymes that function as part of the antioxidant
defence system [176].

Estrogens

Neuroprotective antioxidants also include compounds such as hormones that are
capable of exerting antioxidant effects within the body. Estrogens have been of particular
interest as they are well-documented for their neuroprotective roles as steroid hormone
antioxidants [177]. The neuroprotective effects of estrogen are proposed to occur through
several mechanisms, including estrogen receptor (ER)-dependent and ER-independent
actions, and several studies have explored the effects of estrogens in the aging brain and
cognition. Estrogens are reportedly involved in learning and memory [178,179] and protect
against neurodegenerative conditions such as AD [180,181]. Studies have explored the
potential of estrogen replacement therapy (ERT) on improvements in cognitive function.
These reports support the postulation of estrogen-mediated enhancements of cognitive
function in women across age ranges and defer the onset of AD [182–184]. While estrogens
have been reported to provide benefits against disease onset and progression, several
findings contradict the role of estrogens in neurodegenerative diseases such as AD, re-
porting minimal differences in cognitive function between placebo and estrogen-treated
groups [185–187]. These discrepancies leave room for further clarification and investiga-
tions into the therapeutic impacts of estrogens by means of ERT. Therefore, although it
appears that estrogens may provide protective effects against the onset of AD, further clari-
fication is required to determine whether estrogens are effective once neurodegenerative
conditions have already developed.

In summary, antioxidants function through three main mechanisms of action: they
(1) act as scavengers to terminate or prevent the production of free radicals; (2) inhibit chain
initiation and proliferation reactions; and (3) repair damaged DNA, proteins, and lipid
biomolecules. A schematic representation of the classification of natural antioxidants is
depicted in Figure 3.
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Figure 3. Schematic diagram of classification of natural antioxidants. Created with BioRender.com.
CAT, catalase; SOD, superoxide dismutase; GPx, glutathione peroxidase; GR, glutathione reductase;
G6PDH, glucose-6-phosphate dehydrogenase.

3. Oxidative Stress in Alzheimer’s Disease

The role of oxidative stress in the pathogenesis of AD is well-established in the litera-
ture [188–202]. To this effect, the oxidative stress hypothesis of AD development postulates
potential mechanisms by which oxidative damage causes and/or contributes to the de-
velopment and progression of AD [203]. This hypothesis is supported by findings from
molecular, genetic, and biochemical studies and highlights the detrimental role of ROS in
AD onset and progression. Heightened levels of biomarkers of oxidative stress, impair-
ments in the antioxidant defence system, gene mutations and mitochondrial dysfunction
have all been implicated [194,196]. As previously mentioned, highly reactive molecules
such as ROS target biomolecules such as DNA, proteins, and lipids and, in the instance
of AD, mitochondrial dysfunction is proposed to underlie the increase in ROS [191–203].
Neuronal mitochondria consume high amounts of intracellular oxygen to perform essential
functions including energy metabolism, the metabolism of amino acids, fatty acids and
lipids, intracellular calcium homeostasis, ROS generation and regulation and more [204].
During mitochondrial respiration, O2

•−, a by-product of adenosine triphosphate produc-
tion, is created. In large amounts, O2

•− contributes to oxidative stress by oxidizing cellular
targets directly or indirectly by reacting with other molecules and oxidants to form addi-
tional ROS and reactive nitrogen species [204]. Mitochondria also produce H2O2, which
can further exacerbate oxidative stress by the endogenous conversion reaction of H2O2 to
•OH by Fe2+ via the Fenton reaction [190,204]. Although the primary generation sites of
O2

•− are mitochondrial respiratory transport chains I and III, additional cellular sources
that could contribute to neuronal oxidative stress include xanthine oxidase, NADPH ox-
idase and cytochrome P450 enzymes. To prevent a cascade of ROS production, O2

•− is
neutralized by SOD (Figure 1). Oxidative stress does not exist alone as a potential cause
or contributing factor to AD [205–209]. Oxidative stress is reported to contribute to other
hypotheses of AD, which implicate the aggregation of intracellular tau, elastin degradation,
N-methyl-D-aspartate receptor (NMDAR)-mediated cell stress and abnormal extracellular
amyloid accumulation as the primary cause [210–221].

The tau hypothesis of AD is widely described in the literature and explains the role
of tau-induced neurotoxicity via abnormal hyperphosphorylation of the microtubule-
associated protein, tau [222–231]. Under normal physiological conditions, tau proteins
stabilize microtubules within healthy neurons, which maintains neuron morphology and
facilitates the transport of enzymes and organelles along the cytoskeleton [224–226]. This
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action is regulated by the level of tau phosphorylation, which primarily depends on the
balance between phosphorylation and dephosphorylation, resulting in the activity of var-
ious tau kinases and phosphatases, respectively [223–225]. Tau hyperphosphorylation
reduces the tau microtubule-binding affinity, resulting in the destabilization of micro-
tubules and oligomerization of hyperphosphorylated tau monomers [226–228]. In turn,
tau oligomers aggregate to form neurofibrillary tangles that induce neurotoxicity and
eventual cell death [229–231]. The link between oxidative stress and tauopathies is also
well-described and attributes tauopathy to oxidative stress-induced aggregate formation
that results in the degradation of the microtubule network [232–236].

A recent review by Atlante et al. [237] explains the active and reciprocal relationship
between oxidative stress and tau pathology in AD. The researchers report both oxidative
stress-induced tau phosphorylation and tau-induced oxidative stress as contributors to
the development of AD due to factors, including reductions in cytoplasmic SOD1 and
mitochondrial SOD2, which increases the profile of tau phosphorylation and the induction
of mitochondrial dysfunction, resulting in H2O2 production by hippocampal tau phos-
phorylation, respectively [237–240]. In vitro, the inhibition of glutathione, which triggered
mild oxidative stress, increased the levels of phosphorylated tau [234] and the oxidation of
fatty acids stimulated tau polymerization [241]. Several reports demonstrate that oxidative
stress-induced increases in metal ion redox potential also stimulate the upregulation of tau
kinases [242–250]. Amyloid-beta (Aβ) is also implicated as a contributor to the cascade of
molecular events that result in tau hyperphosphorylation and the inhibition of tau binding
to microtubules by promoting glycogen synthase kinase 3 (GSK3) activation [251–257].

Recently, researchers have identified elastin degradation as a potential contributor to
aging, oxidative stress and AD pathology [258–267]. Elastin is an essential protein that main-
tains the structural matrix of organs and tissues, including the skin, lungs, cartilage, and
blood vessels [258–260]. Although elastin is structurally stable, it readily undergoes prote-
olytic degradation, producing elastin-derived peptides (EDPs) [261–263]. Utilizing in vivo
and in vitro models, researchers have found that EDPs enhance Aβ formation, which
could contribute to subsequent AD development [257,264]. Additionally, EDPs released
from elastin due to proteolytic degradation gradually develop into amyloid-like struc-
tures [265,266]. Interestingly, like tau, described above, a recent review by Szychowski and
Skóra examined the reciprocal relationship between the production of ROS and EDPs [268].
An essential factor in the mechanism of action of EDPs is the peroxisome proliferator-
activated receptor gamma (PPARγ) pathway, which is reported to increase the production
of ROS by increasing calcium (Ca2+) influx and disrupting the activity and expression of
antioxidant enzymes [268–270]. PPARγ is reported to enhance SOD, CAT and GPx activity
and increase lipid peroxidation [271,272]. Resveratrol, a PPAR agonist, is an example of an
antioxidant compound that exerts these neuroprotective properties and was examined for
its therapeutic potential in AD [273,274]. Interestingly, in other forms of neurodegenera-
tion, such as ischemia, EDPs are formed in the brain post-injury, which is also when Aβ

formation is induced [275]. Some reports have demonstrated EDP-induced increases in
ROS in the brain in neuronal stem cells as well as astrocytes [270,272,276]. In turn, EDPs
are reported to induce Aβ formation by inducing the overexpression of γ-secretase, which
results in excess cleavage activities and the overproduction of Aβ [265]. A few studies
suggest that proteoglycans, which are present in the extracellular matrix, may contribute
to AD pathogenesis by promoting the fibrilization of Aβ and tau and protecting Aβ from
proteolytic degradation [277,278]. The presence and accumulation of EDPs in the brain
are also associated with age and correspond with the incidence of AD [275,279]. Increased
levels of EDPs have also been detected in CSF patients following a stroke [275,280]. Taken
together, these findings suggest the presence of EDPs as potential biomarkers of neurode-
generative disease and that therapies directed at elastin degradation may be useful in the
treatment of AD.

The NMDAR hypothesis suggests that excess NMDAR activation leads to the neu-
rodegeneration that occurs in AD [281,282]. Under normal conditions, excitatory neuro-
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transmission by glutamate through the NMDAR is essential for synaptic plasticity and the
survival of neurons [281,282]. However, the superfluous activity of the NMDAR induces
excitotoxicity causing neuron death, which is a foundational mechanism of the neurode-
generation observed in AD [281,282]. Since the NMDAR mediates Ca2+ regulation and
influx [283–286], dysregulation and overactivity are reported to induce oxidative stress
by enhancing the production of ROS within the brain through mechanisms involving
EDPs [287,288]. Ca2+ channel blockers such as nifedipine and verapamil are also reported
to attenuate ROS production induced by EDP fragments, influence EDP levels in the brain
and possibly delay the progression of AD [276,289,290].

Several reports support the involvement of oxidative stress in Aβ toxicity involving
metal ions [291–305]. Extracellular senile plaques/fibrils comprised of aggregated Aβ

peptides exist with metal ions such as Fe, Cu and Zn [293–295]. These redox-active metal
ions can catalyze the production of ROS when bound to Aβ [296–305]. Subsequently, newly
generated ROS can oxidize both Aβ peptides as well as surrounding biomolecules such
as lipids, nucleic acids, and proteins [306–315]. The oxidation of lipids such as cholesterol
within neuronal membranes obstructs membrane integrity [313,314]. In addition, the
oxidation of Aβ by ROS and redox-active metal ions impairs its clearance by low-density
lipoprotein receptor-related proteins, which could contribute to the accumulation of Aβ in
AD [315,316].

Oxidative stress, caused by the production of ROS, creates a favourable environment
for Aβ synthesis and accumulation through transcriptional, translational, and epigenetic
mechanisms [317–328]. Researchers have found that the activation of stress-related sig-
nalling pathways stimulates the transcription of amyloid precursor protein (APP) and
beta-secretase 1 (BACE1), an essential enzyme for Aβ production [318–320]. Additionally,
an enhanced protein expression of BACE1 due to ROS such as H2O2 has been reported
and is proposed to be regulated by eukaryotic translational initiation factor-2alpha (eIF2α),
which was implicated in AD when activated via phosphorylation [321,322]. Several studies
have established the role of epigenetic modifications, such as DNA methylation, histone
acetylation and chromatin remodelling, in changes to Aβ and AD progression [323–327].
More recently, researchers have demonstrated a link between oxidative stress and epige-
netic changes in Aβ production. Gu et al. showed that when neuroblastoma cells were
treated with H2O2, a significant decrease in DNA methylation and an increase in histone
acetylation occurred [328]. This resulted in increased APP and BACE1 transcription, which
was followed by enhanced Aβ production and plaque accumulation [328].

In turn, Aβ exerts its toxic effects through several mechanisms, including oxidative
stress. Aβ has been reported to alter mitochondrial function by localizing within the
mitochondrial membrane, where it blocks the transport of nuclear-encoded mitochondrial
proteins [236–329]. Additionally, Aβ prevents normal neuronal functions by interacting
with mitochondrial proteins, dysregulating the electron transport chain, and stimulating
the production of ROS [237–339]. Additional actions include Aβ-mediated dysregulation
of Ca2+ homeostasis, ion leakage through pore formation and depletion of membrane
potential [340–342]. As a result, this disrupts the cytoskeleton, causes synaptic dysfunction,
and stimulates neuronal apoptosis [343]. The examination of human brains from patients
diagnosed with AD showed a high degree of membrane damage due to oxidation within
the cerebral cortex [344]. Evidence supports the validation of the oxidation of proteins as
biomarkers of AD, as enhanced levels of carboxylate proteins have been reported in the
hippocampus and parietal cortex [345–347].

Considering that ROS production can be a product of tissue injury [348–350], it is
currently unclear whether oxidative stress is a primary or secondary cause of AD. Even as
a secondary cause, oxidative stress perpetuates a detrimental cascade of toxic events that
ultimately result in neuron loss. Despite profound evidence supporting the role of oxidative
stress in the pathogenesis and progression of AD, none of the currently available treatment
options are designed to address oxidative stress. The development of innovative therapies
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that target the pathological contributors of the disease, such as ROS, could substantially
improve the care of patients with AD.

4. Current Treatments for Alzheimer’s Disease

Currently, the only United States Food and Drug Administration (FDA)- and Health
Canada-approved medications for AD fall under the classifications of acetylcholinesterase
(AChE) inhibitors and NMDAR antagonists [351–353]. Donepezil, galantamine and rivastig-
mine fall under the category of cholinesterase inhibitors. AChE is found predominantly
in neuromuscular junctions and synapses of cholinergic neurons in the periphery and
CNS, where it rapidly degrades ACh. This neurotransmitter is reported to be involved
in learning and memory [354], and the loss of cholinergic neurons projecting from the
basal forebrain to the hippocampus and cortex increases as AD progresses [355]. Donepezil
and galantamine act by reversibly binding to AChE, which inhibits the hydrolysis (break-
down) of ACh, increasing its levels at synapses throughout the CNS [356]. Rivastigmine
also acts to enhance cholinergic communication by binding to and inhibiting AChE, as
well as butyrylcholinesterase [357]. These drugs are indicated as long-term symptomatic
treatments of AD; however, these drugs lose their efficacy as fewer cholinergic neurons
remain in the brain as AD progresses [355]. Donepezil is approved for all stages of AD,
while rivastigmine and galantamine are recommended for patients exhibiting mild to
moderate symptoms [358]. Memantine, an NMDAR antagonist, acts by blocking the flow
of ions through the NMDAR ion channel [359]. Memantine is indicated for moderate to
severe AD [360]. Manufactured conjugate (combination) drugs, comprised of donepezil
and memantine as extended-release capsules, also exist to alleviate the pill burden of taking
multiple medications and increase patient compliance, while mitigating challenges with
swallowing that are often associated with AD [361].

Non-pharmacological treatment options include identifying any potential harmful
supplements and medications and removing them from the patient’s regimen [362]. First-
line treatments for the neuropsychiatric symptoms and behavioural issues associated with
the disease include repetitive evaluations, identifying triggers, providing psychoeducation,
and modifying both behavioural and environmental interventions [362,363].

The currently available treatments for AD are ineffective in preventing, delaying
progression, or curing disease [351]. This necessitates the development of novel disease-
modifying therapies that target the pathological hallmarks of the disease, such as tau
protein hyperphosphorylation, the development and accumulation of Aβ, inflammation,
and oxidative stress [351]. Recently, aducanumab, the only potential disease-modifying
therapy, was approved by the FDA through the FDA’s accelerated approval program.
Aducanumab is a human monoclonal antibody that significantly reduced the formation
and increased the clearance of existing Aβ plaques in mouse models of AD [364–366].
However, there is controversy regarding whether the drug slows disease progression in
humans, as findings from currently available clinical trial data indicate strategies that
reduce amyloid levels do not significantly improve cognition [367]. Biogen, the drug
company that created aducanumab, is conducting additional studies to assess the clinical
benefit of aducanumab post-approval. If the additional studies fail to show evidence of
a clinical benefit, the FDA can withdraw drug approval. Phase 4 clinical trial results for
aducanumab are expected to be accessible as early as 2030.

Despite tremendous efforts to find a cure or an effective treatment, AD remains pro-
gressive and incurable. Studies utilizing animal models to depict AD show improvements
in AD-like phenotypes when utilizing novel therapies such as antioxidants [368–370]. Some
epidemiological studies also show a reduced risk of AD due to the dietary intake of antioxi-
dants [371–373]. Recently, researchers have begun exploring the use of antioxidants in com-
bination with other antioxidant compounds, as well as drugs that are currently being used
to treat neurogenerative diseases. This is referred to as combination or conjugate therapy.
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5. Conjugate Therapies and the Blood Brain Barrier

The concept of conjugate drug therapy was initially developed as a novel avenue
for cancer treatment and has now produced treatment strategies such as antibody–drug
conjugates (ADCs). ADCs are designed to target and destroy cancer cells while preserving
healthy cells by chemically linking two or more distinct substances [374]. ADCs utilize
monoclonal antibodies to deliver cytotoxic agents to antigen-expressing target cells. This
approach to treatment has been applied to various types of cancer, such as breast cancer,
non-small-cell lung cancer and ovarian cancer, to name a few [375–377]. The impact of
oxidative stress as a contributing factor to the development of various cancers is well-
studied [378–384], which makes it a primary target in the development of anti-cancer
drugs. Interestingly, researchers also utilize the harmful effects of ROS as a tool to target
cancer cells [385–390]. This includes activating ROS-specific cell death mechanisms such as
apoptosis, autophagy, ferroptosis (Fe-dependent) and necrotic cell death in tumour targeted
therapy [385–390]. An example of the application of ROS in cancer therapy is through
targeted tyrosine therapies, which include monoclonal antibodies and small-molecule
inhibitors that have been shown to elicit anticancer ROS-mediated effects [391–396]. More
recently, ADCs have been applied to neurological cancers and neurodegenerative diseases.
One example is glioblastoma, an aggressive form of brain cancer that can develop within
the brain and spinal cord [397]. However, the efficacy and applications of ADCs within the
CNS have been reported to be limited due to the inability of these large drug conjugates to
cross the blood–brain barrier (BBB) [398].

When developing novel therapies for neurodegenerative disorders, several factors
must be considered for effective drug delivery. One of the most significant is BBB perme-
ability. Unfortunately, the effectiveness of various antioxidants, alone or in conjugated
form, are limited by their inability to cross the BBB [399]. The BBB functions as the brain’s
endogenous defence system, by excluding non-lipophilic and high-molecular-weight com-
pounds. For a drug or compound to elicit its desired effects, it must first permeate the BBB
to reach its drug targets. BBB permeation can occur through several mechanisms, including
transmembrane diffusion, saturable transporters, absorption via endocytosis and other
extracellular pathways [399]. Several drugs cross the BBB through transmembrane diffu-
sion. This mechanism largely depends on the drug or compound’s ability to cross the cell
membrane, which depends on the exogenous compound’s molecular weight, charge, and
degree of lipid solubility [400]. Once a drug or compound has diffused through the lipid
membranes of the BBB, it will enter the brain’s aqueous environment before reaching its
therapeutic target. Therefore, the substance must possess a desirable level of lipid solubility
but not be “too lipid soluble”, so that it does not get trapped within the BBB [399]. Saturable
transport systems are also an advantageous mechanism of drug delivery and transport
across the BBB. Transporters increase the rate of uptake across the BBB compared to what
a drug would achieve through transmembrane diffusion alone [401]. However, uptake is
limited, as transport occurs via saturable transport systems [401]. The BBB also contains
transporters that remove compounds from the brain. These transporters assist with remov-
ing toxins from the brain but can also reduce the effectiveness of some therapeutics by
increasing their efflux [402]. Under normal conditions, BBB uptake and efflux transporters
adapt to meet the needs of the CNS; however, during diseased states, dysregulation can
occur. This is observed in AD, for example. Deposition of Aβ damages the BBB and,
inversely, reduces Aβ efflux, which contributes to the disease cyclically, as disturbances in
BBB function further provoke Aβ deposition [403,404]. BBB dysregulation can be further
exacerbated by oxidative stress, either directly or by stimulating the damaging effects of
the Aβ peptide (discussed above).

Several antioxidants, including non-traditional antioxidants such as ebselen, have
been explored for their ability to cross the BBB and exert neuroprotective roles within the
brain when administered alone, in combination, or conjugated with other compounds.
Ebselen, a Se-containing compound, has also been assessed for its GPx-like effects [405,406].
As previously mentioned, Se is an essential trace element that maintains antioxidant activity
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within the brain through oxidative stress resistance [407]. Ebselen has been shown to miti-
gate the impacts of AD pathology in cell line and primary culture models, as well as triple
transgenic AD mouse models. A study conducted by Xie et al. demonstrated the ability
of ebselen to inhibit oxidative stress in both cellular and mouse models of AD through
enhancing GPx and SOD activity while reducing the activity of p38 mitogen-activated
protein kinases [408]. Additionally, ebselen was able to reduce oligomeric Aβ levels within
the brains of AD mice by diminishing the expression of APP and BACE-1, both of which
are involved in the amyloidogenic pathway of Aβ synthesis [408]. Similar mechanisms
have also been reported for other antioxidant compounds that have shown promise in
studies utilizing animal subjects to model the onset and course of progression of AD, and
the impacts of novel drugs and/or compounds as therapeutic options. Antioxidants that
have been explored in combination with other compounds in both cellular and animal
models of AD including but not limited to ebselen and donepezil [409], lipoic acid and
donepezil [410], ferulic acid and tacrine (the first AChE inhibitor approved for AD, but
now discontinued) [411], and polyphenolic hybrids [412,413].

Researchers are currently exploring the neuroprotective roles of antioxidants in hu-
mans when these drugs are administered alone, in combination with other antioxidants or
drugs but not chemically linked, or in conjugated form with other antioxidants or drugs. To
be effective, potential antioxidant drug compounds must be lipid-soluble, small molecule,
and/or be chauffeured by other mobilizing non-toxic substances from the bloodstream,
through the BBB and into the brain. Instead of utilizing only one antioxidant compound, a
combination of antioxidant compounds would increase the overall antioxidant capacity of
the drug therapy, heighten the bioavailability to various cellular locations and increase the
functionality of antioxidant molecules, such as through facilitating redox cycling [414].

6. Clinical Trials

Various studies have explored the role of compounds with antioxidant activity for
the prevention and treatment of cognitive decline and dementia caused by AD. Table 2
summarizes the data from human clinical trials investigating antioxidants in AD. This
summary includes results published within the last two decades and those available
from on-going clinical trials. Data from clinical trials were collected from the NIH U.S
National Library of Medicine site: ClinicalTrials.gov. The inclusion criteria for the clinical
trials for this review required that the study (1) includes participants diagnosed with a
neurodegenerative disease with evidence of oxidative stress such as AD, (2) utilized at
least one natural antioxidant as a form of treatment or preventative therapy, (3) utilized
more than one natural antioxidant as combination treatment, and/or (4) utilized a natural
antioxidant in combination with a drug currently used to treat AD.
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Table 2. Summary of clinical trials utilizing combination/conjugate antioxidants as preventative
therapy or treatment in AD. ADCS-ADL: Alzheimer’s Disease Cooperative Study—Activity of Daily
Living; ADAS-Cog: Alzheimer’s Disease Assessment Scale (Cog: Cognitive score).

Classification Compound(s) Participants Intervention
Primary Outcome

Measures
Main Results

In-Text
Reference

Vitamins

Vitamin E +
Selegiline

341 patients with
moderate AD

2000 IU vitamin E,
10 mg selegiline, both

or placebo daily for
2 years

Time until occurrence
of death,

institutionalization,
loss of ability to

perform activities of
daily living, or

severe dementia

Treatment with
vitamin E or selegiline

slowed the
progression of disease

in patients with
moderately severe

impairment from AD

[415]

Vitamin E +
Donepezil

790 patients with mild
cognitive impairment

(MCI)

2000 IU vitamin E,
10 mg donepezil or
placebo, daily for

3 years

Clinically possible or
probable AD

Vitamin E had no
benefit. Donepezil

was associated with a
lower rate of

progression in first
12 months

[416]

Vitamin E +
Memantine

613 patients with mild
to moderate AD

2000 IU vita-min E,
20 mg memantine,

both or placebo daily
for 5 years

ADCS-ADL

2000 IU/day of
vitamin E compared

to placebo slowed
functional decline. No

difference between
groups receiving

memantine alone or
memantine +

vitamin E

[417]

Vitamin E +
Vitamin C +

Alpha-Lipoic
Acid

75 patients with mild
to moderate AD

800 IU vitamin E +
500 mg vitamin C +
900 mg alpha-lipoic

acid, 400 mg
coenzyme Q10
3 times/day or

placebo daily for
16 weeks

Changes in cerebral
spinal fluid (CSF)

biomarkers related to
AD and oxidative

stress, cognition and
function

Antioxidants did not
influence CSF

biomarkers related to
amyloid or

tau pathology

[418]

B Vitamins 340 patients with mild
to moderate AD

5 mg folate + 25 mg
vitamin B6 + 1 mg

vitamin B12 or
placebo daily for

18 months

Changes in the
cognitive subscale of

the ADAS-Cog

Regimen of high-dose
B vitamin

supplements does not
slow cognitive decline

in individuals with
mild to moderate AD

[419]

Vitamin D +
Memantine

90 patients with
moderate AD

100,000 IU vitamin D3
(every 4 weeks) +

20 mg memantine or
placebo daily for

24 weeks

Change of cognitive
performance Ongoing [420]
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Table 2. Cont.

Classification Compound(s) Participants Intervention
Primary Outcome

Measures
Main Results

In-Text
Reference

Multivitamin 135 patients with AD
or MCI

Nutraceutical
formulation (NF) of:

400 ug folic acid, 6 ug
vitamin B12, 30 IU

vitamin E, 400 mg S-
adenosylmethionine,

600 mg N-acetyl
cysteine, 500 mg
acetyl-L-carnitine
daily for 1 year

Cognitive
improvement or
maintenance of

cognitive
performance

NF maintained or
improved cognitive

performance and
mood/behaviour

[421]

Polyphenols Resveratrol 39 patients with mild
to moderate AD

5 mg resveratrol +
5 mg dextrose + 5 mg

malate or placebo
twice daily for 1 year

Evaluate the safety,
tolerability and

efficacy of resveratrol,
glucose and malate in

slowing the
progression of AD

Low-dose resveratrol
is safe and

well-tolerated
[422]

Resveratrol 119 patients with mild
to moderate AD

Up to 1 mg resveratrol
twice daily or placebo

for 52 weeks

Safety and tolerability
of treatment with
resveratrol and
change in ADL

Resveratrol decreases
CSF biomarkers,

modulates
neuro-inflammation

and induces adaptive
immunity

[423]

Curcumin 36 patients with mild
to moderate AD

2 g or 4 g curcumin or
placebo daily for

24 weeks

Examine safety and
tolerability of
curcumin and

determine its side
effects on patients

Curcumin
well-tolerated. Unable

to demonstrate
clinical or biochemical
evidence of efficacy of
curcumin C3 complex.
Data suggest limited

bioavailability

[424]

Curcumin
36 patients with

dementia,
presumed AD

1 g curcumin +
120 mg ginkgo leaf

extract, 4 g curcumin
+ ginkgo leaf extract
or placebo daily for

6 months

Change in isoprostane
levels in plasma and

change in
beta-amyloid levels

in serum

Serum beta-amyloid
rose on curcumin.

Fewer adverse
events reported

[425]

Quercetin 48 patients with MCI
or early AD

1000 mg quercetin or
100 mg dasatinib or

placebo daily for
2 days

Serious adverse
events and adverse

events, and change in
cellular senescence

blood markers

Ongoing [426]

Quercetin
Recruiting

patients with
early AD

Quercetin + dasatinib
for 2 days on, 14 days

off for 12 weeks
(6 cycles)

Brain penetrance of
dasatinib and

quercetin
Ongoing [427]

EGCG 21 patients with
early AD

200 mg, 400 mg,
600 mg and 800 mg

EGCG tri-monthly or
placebo for 18 months

ADAS-Cog Ongoing [428]

EGCG 200 patients with AD
carrying ApoE4 allele

260–520 mg EGCG +
personalized

intervention or
placebo + non
personalized

intervention or
260–520 mg EGCG +

non personalized
intervention or

placebo to
personalized

intervention, daily for
15 months

Evaluate the efficacy
of multimodal
intervention

(dietary, physical and
cognition) combined

with EGCG in
slowing down

cognitive decline

Ongoing [429]
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Table 2. Cont.

Classification Compound(s) Participants Intervention
Primary Outcome

Measures
Main Results

In-Text
Reference

Genistein 27 patients with
mild AD

60 mg genistein or
placebo daily for

360 days

Changes in amyloid
beta concentration

of CSF
Ongoing [430]

Genistein +
Daidzein 72 patients with AD

100 mg of soy
isoflavones or placebo

daily for 6 months

Cognitive outcomes:
language execution

function, verbal
memory and recall,

attention, visual
memory and

planning

Six months of
100 mg/day

isoflavones did not
benefit cognition in

older men and
women with AD

[431]

Alpha-Lipoic
Acid +

Omega-3 Fatty
Acids

39 patients with
mild AD

600 mg alpha-lipoic
acid + 3 g fish oil, 3 g

fish oil alone or
placebo daily for

12 months

Peripheral
F2-isoprostane levels

(oxidative stress
measure)

Combination of
alpha lipoic acid with
omega-3 fatty acids

slowed cognitive and
functional decline

[432]

Minerals

Copper 68 patients with mild
to moderate AD

8 mg copper or
placebo daily for

1 year

Change in cognitive
function, measured by

ADAS-Cog

Results not
yet published [433]

Selenium +
Vitamin E

7540 participants
with dementia

200 μg Selenium +
400 IU Vitamin E,
200 μg selenium +
placebo or 400 IU

vitamin E + placebo
or placebo + placebo
daily for 7–12 years

Incidence of dementia
(including AD)

Neither supplement
prevented dementia [434]

6.1. Vitamins

Studies have reported that vitamins may delay the progression of AD in patients
with moderate to severe AD [435–437]. Notably, due to the findings from preclinical data
supporting the potent effects of vitamin E [438–442], it has been explored as a suitable an-
tioxidant treatment in humans. In addition, vitamin E has been tested in combination with
other vitamins and drugs that are currently being used to treat AD for its neuroprotective
effects. A randomized, controlled, double-blind study compared the effects of daily admin-
istration of 2000 IU vitamin E or 10 mg selegiline, administered alone or in combination,
compared to a placebo over 2 years in 341 patients with moderate AD [415]. Selegiline is
a selective irreversible monoamine oxidase B (MAO-B) inhibitor that increases the level
of dopamine within the synapse by inhibiting dopamine metabolism and is primarily
indicated for the treatment of PD [443]. However, earlier trials showed promise for its role
in treating AD [444,445], which led researchers to explore the potential benefit of selegiline
when combined with other promising compounds such as vitamin E. Based on the primary
outcome measures from this study, including the time until death, institutionalization, loss
of ability to perform activities of daily living, or severe dementia, this study reported that
treatment with both vitamin E and selegiline slowed the progression of disease in patients
with moderately severe impairment from AD [444]. The effects of vitamin E have also
been examined compared to the AD drug donepezil [416]. However, this study, which
included 790 patients with mild cognitive impairment (MCI) and probable AD, showed
findings that conflict with other clinical trials involving vitamin E. Patients received 2000 IU
vitamin E, 10 mg donepezil or placebo, daily for 3 years. The main findings from this
double-blind study showed that vitamin E had no benefit, while donepezil was associated
with a lower rate of progression in the first 12 months [416]. In contrast, patients with mild
to moderate AD receiving 2000 IU vitamin E, 20 mg memantine or both daily for 5 years
showed improvements compared to placebo in another randomized clinical trial [417].
Although a daily dose of 2000 IU vitamin E alone slowed functional decline, there was no
difference between the groups receiving memantine alone or with vitamin E [417]. Vitamin
E was also tested in combination with other vitamins and minerals [434]. A randomized
control trial assessed the changes in cerebrospinal fluid (CSF) biomarkers related to AD and
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oxidative stress, cognition, and function after antioxidant administration in 75 patients with
mild to moderate AD who received 800 IU vitamin E in combination with 500 mg vitamin
C, 900 mg ALA and 400 mg coenzyme Q10 3 times/day or placebo daily for 16 weeks.
The researchers found that these antioxidants did not influence CSF biomarkers related to
amyloid or tau pathology. Although markers of oxidative stress in the brain were reduced,
the researchers raised concerns that this antioxidant combination may promote cognitive
decline, which would have to be assessed on a long-term basis [418].

B vitamins have also been investigated for their potential protective role in AD in
human clinical trials. Although several studies are still ongoing, B vitamins are being
explored for their impacts on factors such as changes in phosphorylated tau, brain energy
metabolism, oxidative stress, and cognitive function [446,447]. One randomized clinical
trial assessed the role of high-dose vitamin B supplementation on homocysteine levels
among 340 patients with mild to moderate AD [419]. Elevated homocysteine levels are
reported to be a risk factor for dementias such as AD and are attenuated by B vitamin
supplementation [448–452]. In this study, patients received a combination of 5 mg folate,
25 mg vitamin B6 and 1 mg vitamin B12 or a placebo, daily for 18 months with the objective
of assessing changes in the cognitive subscale of the Alzheimer’s Disease Assessment Scale
(ADAS-Cog) [419]. The results indicated that although high-dose B vitamin supplemen-
tation reduced homocysteine levels, it did not slow cognitive decline in individuals with
mild to moderate AD. The researchers note that several factors could have influenced
this negative result. One of them is a difference in the reduction of homocysteine levels
observed in participants with milder AD symptoms compared to those with moderate AD,
which may indicate a need for further studies that separate the cohorts based on stage, as
supplementation may be more beneficial in older individuals with higher homocysteine
levels [419]. Additionally, factors such as mental health, diet, supplements, and the activity
of the patients should be considered when monitoring or assessing cognitive decline in
patients with AD as they may contribute to the worsening of symptoms over time.

Vitamin D has also been explored, notably in combination with memantine [420].
Although this study is ongoing, researchers have set the criteria to assess the effects of
vitamin D and memantine in 90 patients with moderate AD. Patients will receive 100,000 IU
vitamin D3 (every 4 weeks), in combination with 20 mg memantine or placebo, daily
for 24 weeks. The primary objective is to measure changes in cognitive performance
measured with the ADAS-Cog and Mini-Mental State Examination (MMSE). Additional
measures include changes in functional performance, posture and gait, and comparisons of
compliance and tolerance to treatment.

A multivitamin approach was also explored as a treatment for AD [421,453]. In one
study including 135 patients with AD or MCI, patients received a multivitamin in the form
of a nutraceutical formulation (NF) of 400 ug folic acid, 6 ug vitamin B12, 30 UI vitamin E,
400 mg S-adenosyl methionine, 600 mg N-acetyl cysteine, 500 mg, and acetyl-L-carnitine,
daily for 1 year [421]. The primary outcome measures were cognitive improvement or
maintenance of cognitive performance, rated by caregivers using the Dementia Rating
Scale (DMS), CLOX-1 clock drawing test and the Neuropsychiatric Inventory Questionnaire
(NPI-Q). The phase II study reported that patients who received the NF showed improve-
ments compared to the placebo cohort, demonstrating a maintained or improved cognitive
performance and mood/behaviour based on the DMS and CLOX-1 measurements. How-
ever, no significant improvements were reported in NPI-Q scores. These findings support
the conclusions of the phase I study that reported maintenance and/or improvements in
cognitive performance and mood/behaviour [453].

6.2. Polyphenols

Polyphenolic compounds are also being explored for their potential as antioxidant
treatments for AD. Resveratrol, a potent stilbene antioxidant, has been assessed for its safety,
tolerability and efficacy and its role in impacting biomarkers associated with AD. A pilot
study involving 39 patients with mild to moderate AD showed that low-dose resveratrol
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was as safe and well-tolerated as a placebo when administered at 5 mg resveratrol in
combination with 5 mg dextrose and 5 mg malate twice daily for 1 year [422]. However, a
larger study was necessary to evaluate its beneficial effects. Another study that included
119 patients with mild to moderate AD receiving up to 1 mg resveratrol twice daily or
placebo for 52 weeks demonstrated that resveratrol decreased CSF biomarkers, modulated
neuro-inflammation, and induced adaptive immunity, which are linked to the progression
of AD [423].

Curcumin is another polyphenol that showed promise in preclinical studies. However,
these data lack translation in human clinical trials. Although human clinical trials are
ongoing, some studies report that curcumin may not be as beneficial for the treatment
of AD as some researchers had hoped. One study that included 36 patients with mild
to moderate AD who were given 2 g or 4 g curcumin or placebo, daily for 24 weeks
showed that although curcumin was well-tolerated, there was no clinical or biochemical
evidence of efficacy [424]. In addition, the data suggested the limited bioavailability of
curcumin [424]. This is supported by other reports describing fewer adverse events but a
concern of elevated serum Aβ in patients receiving either 1 g curcumin or 4 g curcumin
in combination with 120 mg ginkgo leaf extract daily for 6 months when compared to a
placebo [425]. However, it is possible that this finding was the result of the other compounds
consumed in combination with curcumin.

Quercetin and EGCG are also popular antioxidants that are currently under investiga-
tion in ongoing trials recruiting patients with early AD and/or patients that are carriers of
the ApoE4 allele [426–429,454]. Carriers of the ApoE4 allele present an increased suscepti-
bility and risk of developing AD [449]. One ongoing study is exploring the role of quercetin
on changes in cellular senescence blood markers in patients with early AD [426]. Patients
will receive a combination of 1000 mg quercetin and 100 mg dasatinib, a tyrosine receptor
inhibitor, or placebo for 2 consecutive days followed by a 13-day +/− no drug period for
12 weeks. Another ongoing study is examining the cognitive impacts of EGCG treatment in
patients with early AD [428]. Patients will receive daily treatments of tri-monthly increasing
doses of 200 mg, 400 mg, 600 mg, and 800 mg EGCG or placebo for 18 months. Cognitive
improvements will be assessed using the ADAS-Cog scale.

Genistein, an isoflavone, has also been investigated both alone and in combination
with other compounds for its potential neuroprotective effects in AD [430,431]. Ongoing
trials are evaluating genistein-induced changes in Aβ concentrations in the CSF of patients
with mild AD [430]. Genistein has also been tested for its effects on cognition in combination
with other soy isoflavones such as daidzein [431]. A study of 72 patients with mild AD
who received 100 mg of soy isoflavones or placebo daily for 6 months was tested for
cognitive outcomes [431]. The 100 mg soy isoflavones combination consisted of genistein
and daidzein in equal 50 mg capsules. Cognitive outcomes included language execution
function, verbal memory and recall, attention, visual memory, and planning. However,
the main findings from this study demonstrated that, after 6 months, the combination
treatment of isoflavones genistein and daidzein did not benefit cognition in older men
and women with AD [431]. This study was one of the first to examine the function of soy
isoflavones in older adults with cognitive decline and AD. The researchers propose that
these findings are likely influenced by individual differences in isoflavone metabolism.

ALA has been explored in combination with omega fatty acids [432]. In a pilot trial,
39 patients with mild AD received 600 mg ALA and 3 g fish oil, 3 g fish oil only or placebo
daily for 12 months. The results showed that the combination of ALA with omega-3 fatty
acids slowed cognitive and functional decline compared to placebo. However, since the
size of study participants is relatively small, future studies that include larger sample sizes
are essential to determine the neuroprotective benefits of this antioxidant combination as a
treatment for AD.
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6.3. Minerals

Minerals such as Cu and Se have also been explored for their role in AD and potential
to act as a form of therapy. An ongoing trial is evaluating the role of Cu on cognitive
function in patients with mild to moderate AD [433]. Patients will receive 8 mg of Cu
or placebo daily for 1 year. Changes in cognitive function will be measured using the
ADAS-Cog scale. Se has also been studied for its potential role in AD when administered
in combination with vitamin E [434]. The Prevention of Alzheimer’s Disease by Vitamin
E and Selenium (PREADVISE) trial recruited 7540 men, of which 3786 participated and
received 200 μg Se in combination with 400 IU Vitamin E, 200 μg Se + placebo, or 400 IU
vitamin E + placebo or placebo + placebo, daily for 7–12 years [434]. The primary outcome
was to assess the incidence of dementia (including AD); however, findings showed that
neither supplement prevented the development of dementia or the progression from mild
cognitive impairment to AD.

Conflicting clinical trial data perpetuate the ongoing disposition on the benefits of
antioxidants in AD treatment. Researchers have postulated that these disparities may
be due to a variety of factors. Firstly, the equilibrium status between the production
of oxidants and the presence of antioxidants is relatively unknown, and this creates a
greater challenge when testing human subjects that may present remarkably different
profiles of adequacy in endogenous antioxidant defence [455]. Secondly, factors such as
the insufficiency of utilizing only one antioxidant compound in a treatment plan should be
considered in addition to correcting for the dosages that would provide the most desirable
effects specific to the patient [456,457]. Another factor, and arguably the most significant,
is BBB permeability. There may be individual differences in BBB permeability; however,
results from animal studies indicate that several antioxidants, alone and in combination, can
permeate the BBB to some degree [458–463]. More recently, novel avenues for drug delivery
have emerged to tackle this challenge. These include the utilization of nanoparticles as a
strategy to deliver drugs into the CNS [464], as well as synthesizing antioxidant compounds
that are chemically linked and developed to meet the criteria for BBB permeation [464–466].
Therefore, it is reasonable to conclude that the use of conjugated antioxidants, establishing
a reliable profile of biomarkers for each patient and addressing BBB permeation may result
in more conclusive findings regarding the effects of antioxidant therapy in AD.

7. Conclusions

AD is currently the leading cause of dementia worldwide, with a prevalence of
more than 20 million, which is expected to double by 2040 [286]. Although research has
progressed in investigating the etiology and pathogenesis of the disease, much remains
unknown about AD. This review describes the well-documented role of oxidative stress in
AD; however, the ability of antioxidants to prevent and/or mitigate the impacts of oxidative
stress in AD remains uncertain. Compounds such as vitamins, carotenoids, polyphenols,
and minerals have shown promise in cellular and animal-based models of AD, prompting
their investigation in human clinical trials for their neuroprotective effects, both alone and in
combination with other antioxidants or drugs that are currently approved for the treatment
of AD. In general, results from previous and ongoing clinical trials remain inconclusive.

Although antioxidants show promise as potential therapies for AD, limitations exist
regarding their capacity to treat AD. These limitations include challenges with dosing
and determining appropriate timepoints and intervals for intervention, the probability
that factors other than oxidative stress may be the predominant cause or propagator of
neurodegeneration or that one antioxidant compound may not sufficiently combat oxidative
stress to have an impact on disease development or progression. The latter consideration
supports the need to explore the use of combination and/or conjugate antioxidant therapy
where more than one antioxidant is utilized as a novel approach to treating AD and other
neurogenerative conditions that include oxidative stress as a contributing factor. Other
considerations for the development of therapies that target ROS-mediated harm in AD,
include employing strategies that enhance the activity of molecular targets such as Nrf2 to
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increase the production of antioxidant enzymes and strengthen the endogenous antioxidant
defence system. These approaches will enhance the understanding and application of
antioxidant therapies in ROS-mediated neurodegenerative disease.
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Abstract: Vitamin B3 (nicotinic acid, niacin) deficiency causes the systemic disease pellagra, which
leads to dermatitis, diarrhea, dementia, and possibly death depending on its severity and duration.
Vitamin B3 is used in the synthesis of the NAD+ family of coenzymes, contributing to cellular
energy metabolism and defense systems. Although nicotinamide (niacinamide) is primarily used
as a nutritional supplement for vitamin B3, its pharmaceutical and cosmeceutical uses have been
extensively explored. In this review, we discuss the biological activities and cosmeceutical properties
of nicotinamide in consideration of its metabolic pathways. Supplementation of nicotinamide restores
cellular NAD+ pool and mitochondrial energetics, attenuates oxidative stress and inflammatory
response, enhances extracellular matrix and skin barrier, and inhibits the pigmentation process in the
skin. Topical treatment of nicotinamide, alone or in combination with other active ingredients, reduces
the progression of skin aging and hyperpigmentation in clinical trials. Topically applied nicotinamide
is well tolerated by the skin. Currently, there is no convincing evidence that nicotinamide has
specific molecular targets for controlling skin aging and pigmentation. This substance is presumed
to contribute to maintaining skin homeostasis by regulating the redox status of cells along with
various metabolites produced from it. Thus, it is suggested that nicotinamide will be useful as a
cosmeceutical ingredient to attenuate skin aging and hyperpigmentation, especially in the elderly or
patients with reduced NAD+ pool in the skin due to internal or external stressors.

Keywords: nicotinamide; niacinamide; vitamin B3; skin aging; pigmentation; cosmetic; cosmeceutical;
metabolism; antioxidant; senescence; inflammation

1. Introduction

The primary characteristic of the skin is that it surrounds our body and is directly
exposed to the external environment. Skin serves the barrier function to protect the body
from external harmful factors and to prevent water loss from the body, as well as the
thermoregulation function to keep body temperature constant despite changes in external
temperature [1]. However, when the skin is subjected to pathological conditions due to
internal and external factors, such as malnutrition, infection, wounds, and exposure to
pollutants, abnormalities in the immune system and excessive inflammatory response
throughout the body can be induced. Even if the symptoms are limited to the skin, various
skin diseases, aging, and cancer can occur, and these are the main research subjects in
dermatology.

Another characteristic of the skin is that it is an externally visible organ, and therefore,
its health is important from an aesthetic point of view, as well as a medical point of view.
The aging of the skin involves both the decline of various biological functions and changes
in morphological beauty. In the cosmetic field, skin aging is being studied by dividing
it into natural aging, which is a chronological skin change caused by internal factors of
the body, and photoaging, which is a skin change caused by exposure to ultraviolet (UV)
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rays from the sun [2]. Natural aging and photoaging are not mutually exclusive but partly
overlap. Clinical observations show that naturally aged skin is thin, dry, and has many
fine wrinkles, whereas photoaged skin usually has a leathery and saggy appearance with
reduced elasticity, uneven pigmentation, coarse and deep wrinkles, and telangiectasia
(appearance of blood vessels) [3]. Changes due to natural aging or photoaging occur in
both epidermal and dermal compartments. A decrease in the extracellular matrix (ECM) of
the dermis, such as collagen and elastin, is consistently observed in either natural aging or
photoaging [4].

Reactive oxygen species (ROS) and free radicals generated over the antioxidant capac-
ity of cells due to external factors, such as UV radiation and pollution, or internal metabolic
dysfunction can cause oxidative damage to cells [5]. ROS also induces senescence of cells
and degradation of ECM involved in premature skin aging [6,7]. Indeed, ROS plays a
pathological role in the development of various skin diseases and cancer [8–10]. There-
fore, ingredients that directly remove ROS or enhance the antioxidant capacity of cells are
expected to help maintain skin homeostasis [11,12].

Nicotinamide (niacinamide) is the amide form of water-soluble vitamin B3 (nicotinic
acid, niacin). Vitamin B3 deficiency causes pellagra [13,14]. Nicotinamide is a component of
coenzymes, such as nicotinamide adenine dinucleotide (NAD+), reduced nicotinamide ade-
nine dinucleotide (NADH), nicotinamide adenine dinucleotide phosphate (NADP+), and
reduced nicotinamide adenine dinucleotide phosphate (NADPH) [14,15]. Nicotinamide
has the same vitamin activity as nicotinic acid, but other pharmacological actions and side
effects are different [16]. Unlike nicotinic acid, nicotinamide does not reduce cholesterol
or cause flushing [17]. Supplementation of nicotinamide as an essential nutrient will be
beneficial to the health of the whole body and the skin.

In the field of dermatology, many studies on nicotinamide and its analogs have been
reported concerning the prevention and treatment of cancer, blistering disorders, acne
vulgaris, psoriasis, wound healing, and pigmentation disorders [18–21]. Nicotinamide has
also been used in the cosmetic field for decades to prevent skin aging and brighten skin
tone [22–25]. However, its mechanism of action in alleviating skin diseases or controlling
skin aging and pigmentation is not well understood. In addition, it is unclear whether the
efficacy of nicotinamide is its direct effect or its indirect effect acting as a precursor of other
active metabolites.

The purpose of this review is to understand the mechanistic basis for the cosmeceutical
application of nicotinamide. The pharmaceutical application of nicotinamide is excluded
from the scope of this review. First, we briefly review the metabolic process of nicotinamide.
Secondly, we examine the antioxidant and anti-inflammatory effects of nicotinamide and
its effects on cell senescence and epidermal differentiation. Next, we discuss the effects
of nicotinamide on the ECM and skin barrier, which is closely related to skin aging,
and on the synthesis and distribution of melanin related to skin pigmentation. Finally,
we review the results of clinical trials on the efficacy of cosmetic formulations containing
nicotinamide alone or in combination with other active ingredients to control skin aging and
pigmentation. It is hoped that this study will help us understand the mechanism of action
of nicotinamide and correctly evaluate the potential of nicotinamide as a cosmeceutical.

2. Metabolism of Nicotinamide

2.1. Synthesis and Function of NAD(H) and NADP(H)

The roles of NAD+ coenzyme in the life system are significant and broad [15,26]. In
this section, we briefly review the metabolic pathways of NAD+ with special attention to
nicotinamide (Figure 1).
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Figure 1. Metabolic pathways related to nicotinamide: ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP,
adenosine triphosphate; cADPR, cyclic ADP-ribose; CYP, cytochrome P450; NaAD+, nicotinic acid adenine dinucleotide;
NaADP+, nicotinic acid adenine dinucleotide phosphate; NAD+, nicotinamide adenine dinucleotide; NADH, reduced
nicotinamide adenine dinucleotide; NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide
adenine dinucleotide phosphate; NaMN, nicotinic acid mononucleotide; NAMPT, nicotinamide phosphoribosyltrans-
ferase; NMN, nicotinamide mononucleotide; NNT, nicotinamide nucleotide transhydrogenase; PARP, poly(ADP-ribose)
polymerase; PPi, inorganic pyrophosphate; PRPP, phosphoribosyl pyrophosphate.
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De novo synthesis of NAD+ starts with oxidation of L-tryptophan to N-formyl-L-
kynurenine by tryptophan 2,3-dioxygenase or indoleamine 2,3-dioxygenase [27,28]. N-
formyl-L-kynurenine is converted to quinolinic acid via multiple enzymatic and non-
enzymatic reactions. Nicotinic acid mononucleotide (NaMN) is synthesized from quinolinic
acid and phosphoribosyl pyrophosphate (PRPP) by quinolinate phosphoribosyltransferase,
and inorganic pyrophosphate (PPi) and carbon dioxide are released as by-products.

As tryptophan is one of the essential amino acids that cannot be synthesized well by
humans, the salvage pathway using nicotinamide or nicotinic acid from dietary sources
is important for the synthesis of NAD+ [29]. NaMN is synthesized from nicotinic acid
and PRPP by nicotinate phosphoribosyltransferase, and PPi is released as a by-product.
Nicotinic acid adenine dinucleotide (NaAD+) is synthesized from NaMN and adenosine
triphosphate (ATP) by NaMN adenylyltransferase, releasing PPi as a by-product and is
then used in the synthesis of NAD+ by NAD synthetase, which uses glutamine as an
amine group donor and energy from ATP hydrolysis to adenosine monophosphate (AMP)
and PPi. NAD+ is also synthesized by NMN adenylyltransferase using nicotinamide
mononucleotide (NMN) and ATP. Nicotinamide and PRPP are used in the synthesis of
NMN by nicotinamide phosphoribosyltransferase (NAMPT), which releases PPi as a by-
product. NMN is also synthesized from nicotinamide riboside and ATP by nicotinamide
riboside kinase, which releases adenosine diphosphate (ADP) as a by-product.

Conversion of NAD+ to NADP+ is catalyzed by NAD+ kinase consuming ATP
molecules for needed free energy [30]. Nicotinamide nucleotide transhydrogenase (NNT)
catalyzes a reversible reaction, NADH + NADP+ � NAD+ + NADPH [31]. NAD(H) and
NADP(H) play as cofactors or coenzymes in a myriad of oxidation-reduction reactions
in biological systems [32]. NAD+ serves as an electron acceptor in many enzyme reac-
tions in glycolysis, the citric acid cycle, and β-oxidation of fatty acids, producing NADH.
NADH serves as an electron donor in many enzyme reactions, such as NADH dehydro-
genase in complex I of mitochondrial electron transport and lactate dehydrogenase in
the cytosol. NADP+ serves as an electron acceptor in many enzyme reactions, such as
glucose 6-phosphate dehydrogenase in the pentose phosphate pathway and isocitrate
dehydrogenase outside the context of the citric acid cycle. NADPH serves as an electron
donor in many enzyme reactions, such as NADPH oxidase, cytochrome P450 (CYP), nitric
oxide synthase, and glutathione reductase. Glutathione reductase catalyzes a reaction,
glutathione disulfide (GSSG) + NADPH → 2 × glutathione (GSH) + NADP+.

2.2. Metabolisms of NAD+ and Nicotinamide

Poly(ADP-ribose) polymerase (PARP) family consists of 18 genes, which encode
17 enzymes with either mono-ADP ribosyltransferase or PARP activity [33]. NAD+ is
used as a substrate for mono-ADP-ribosylation of target proteins catalyzed by mono-ADP
ribosyltransferase activity, and for poly(ADP-ribose) polymerization catalyzed by PARP
activity [34,35]. Nicotinamide is released as a by-product. Hydrolysis of mono- and poly-
ADP-ribosylated proteins by mono-ADP-ribose hydrolase and poly(ADP-ribose) hydrolase
results in the production of ADP-ribose. These reversible processes are involved in DNA
repair, apoptosis, and many other biological processes to maintain cellular homeostasis [36].

Sirtuins are a family of signaling proteins that have a mono-ADP-ribosyltransferase
activity or a protein deacylase activity (deacetylase, desuccinylase, demalonylase, demyris-
toylase, or depalmitoylase activity) and have been hypothesized to play a role in the aging
process [37]. Histone deacetylation by sirtuins yields the deacetylated protein, O-acetyl
ADP-ribose, and nicotinamide [38]. Sirtuins epigenetically regulate target gene expression
involved in stress resistance and energy alertness and directly link cell physiology to the
energy status of the cell [39].

CD38 functions as a receptor and a multifunctional enzyme, catalyzing the cleavage
of NAD+ into cyclic ADP ribose (cADPR) and nicotinamide, the hydrolysis of cADPR
to ADP-ribose, and the direct hydrolysis of NAD+ to ADP-ribose and nicotinamide [40].
CD38 also catalyzes a base exchange reaction that couples the conversion of NADP+ to
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NaADP with the conversion of nicotinic acid to nicotinamide [41], or that of NaAD+ to
NAD+ [42]. Both cADPR and NaADP+ play essential roles for the regulation of intracellular
Ca2+ [43,44]. CD38 is considered to play a critical role in keeping a harmonized balance
between various NAD+ metabolites.

Nicotinamide is metabolized to 1-methylnicotinamide by nicotinamide
N-methyltransferase, which uses S-adenosyl methionine as a methyl group donor [45].
1-Methylnicotinamide is further oxidized to 1-methyl-2-pyridone-5-carboxamide or 1-
methyl-4-pyridone-3-carboxamide by aldehyde oxidase [46]. Nicotinamide is also directly
oxidized to nicotinamide N-oxide by CYP 2E1 in human liver microsomes [47]. These
enzyme reactions mainly occur in the liver and are considered a clearance mechanism
involved in the urinary excretion of nicotinamide.

3. Antioxidant and Anti-Inflammatory Effects of Nicotinamide

3.1. Antioxidant Properties of Nicotinamide

Lngestion of nicotinamide, prevents lipid peroxidation and normalizes the reduced
antioxidants and antioxidant enzymes in experimental animal models [48–50].

Kamat et al. showed that nicotinamide scavenged singlet oxygen at the rate constant
of 1.8 × 108 M−1 s−1 and inhibited lipid peroxidation of rat liver microsomes induced by
the photosensitized reaction of methylene blue irradiated with visible light in the presence
of oxygen [51]. They also showed that nicotinamide inhibited lipid peroxidation induced by
NADPH/ADP-Fe3+ in rat liver microsomes [51]. Nicotinamide inhibited lipid peroxidation
and protein oxidation (carbonylation) induced by the ascorbate–Fe2+ system in the rat
brain mitochondria, whereas such action was not observed for nicotinic acid [52].

3.2. Protective Effect of Nicotinamide in Cells Exposed to Environmental Stressors

Nicotinamide rescued the viability of a Chinese hamster ovary cell line (CHO AA8)
irradiated with UV radiation and prevented apoptosis through mechanisms related to the
stabilization of the cytoskeleton proteins, such as F-actin, vimentin, and β-tubulin [53].
Nicotinamide exhibited a protective effect against UVA- and/or UVB-induced DNA dam-
age in normal human epidermal melanocytes, as indicated by decreased levels of cyclobu-
tane pyrimidine dimers and 8-hydroxy-2’-deoxyguanosine [54]. This effect was associated
with the enhanced expression of nucleotide excision repair genes, such as sirtuin 1 (SIRT1),
tumor suppressor protein P53, damage-specific DNA binding protein (DDB) 1 and 2, 8-
oxoguanine glycosylase (OGG) 1, excision repair cross-complementation group (ERCC)
1 and 2, and cyclin-dependent kinase (CDK) 7, and the activation of the nuclear factor
erythroid 2-related factor 2 (NRF 2) signaling pathway.

Nicotinamide inhibited the generation of ROS, the oxidation of lipids, proteins, and
DNA, cell membrane depolarization, and the apoptosis in human HaCaT keratinocytes
cells exposed to particulate matter (PM) 2.5 [55]. Mi et al. examined the protective effect
of nicotinamide and 12-hydroxystearic acid in reconstructed human skin equivalents
exposed to benzo(a)pyrene as a representative airborne particle-bound organic compound,
or to squalene monohydroperoxide as a representative sebum peroxidation product [56].
Individual treatment and co-treatment of the skin equivalents with nicotinamide (5 mM)
and 12-hydroxystearic acid (20 μM) ameliorated viability loss, inflammatory response, and
pigmentation induced by benzo(a)pyrene or squalene monohydroperoxide.

These studies suggest that the topical application of nicotinamide may alleviate
oxidative stress and reduce cytotoxicity, inflammation, and pigmentation in the skin that is
exposed to UV or PM.

3.3. Anti-Inflammatory Effects of Nicotinamide

Nicotinamide suppressed interleukin (IL)-8 production at the mRNA and protein
levels through modulation of the nuclear factor (NF)-κB and mitogen-activated pro-
tein kinase (MAPK) pathways in HaCaT cells and primary keratinocytes stimulated
by Propionibacterium acnes, the etiological agent causing inflammatory acne vulgaris [57].

159



Antioxidants 2021, 10, 1315

Nicotinamide downregulated the expression of IL-6, IL-10, monocyte chemoattractant
protein-1 and tumor necrosis factor (TNF)-α in UV-irradiated keratinocytes [58].

Nicotinamide attenuated the synthesis of inflammatory mediators, such as prostaglandin
(PG) E2, IL-6, and IL-8 in human epidermal keratinocytes and in full-thickness three-
dimensional skin organotypic models that were stimulated by UV radiation [59]. In a
clinical trial, pretreatment with 5% nicotinamide reduced erythema that was induced by
UV radiation [59]. Analysis of IL-1α and its receptor antagonist (IL-1αRA) ratios showed
that nicotinamide significantly reduced the UV-induced inflammatory response, compared
to the control sites.

3.4. Anti-Inflammatory Effects of N-Methylnicotinamide and NMN

Nicotinamide and l-methylnicotinamide exhibit anti-inflammatory effects in several
experimental models although the relative activity of these two substances is not consistent.
The contact hypersensitivity reaction of CBA/J inbred mice to oxazolone was reduced
when the mice were fed with 1-methylnicotinamide or nicotinamide added to the drink,
the former being relatively more effective [60]. In an in vitro experiment using CBA/J
mouse peritoneal macrophages activated with lipopolysaccharide, nicotinamide inhibited
the production of a variety of pro-inflammatory factors, such as TNF-α, IL-6, nitric oxide,
and PGE2, and 1-methylnicotinamide was less effective, although both substances similarly
attenuated the generation of ROS [61]. It is considered that the anti-inflammatory activity of
these two substances is affected by bioavailability, such as absorption through the digestive
tract and cell membrane.

In clinical trials, topical application of a gel containing 0.25% 1-methylnicotinamide
twice a day for 4 weeks alleviated rosacea, a chronic facial dermatosis [62]. Intradermal
injection of 1-methylnicotinamide or nicotinamide increased skin vascular permeability
in rats, the former being more effective [63]. The changes in skin vascular permeability
were attenuated by indomethacin and Nω-nitro-L-arginine methyl ester, indicating the
involvement of PGs and nitric oxide (NO). Although the molecular mechanism linking skin
vascular permeability and rosacea is unclear, it is considered that 1-methylnicotinamide or
nicotinamide directly or indirectly affects vascular endothelial function [64,65].

In a rat model, oral administration of NMN alone or in combination with Lactobacil-
lus fermentum TKSN041 reduced UV-induced skin oxidative damage and inflammatory
response and restored small molecular antioxidants and antioxidant enzymes in blood and
skin tissues [66].

4. Modulation of Cell Senescence and Epidermal Differentiation by Nicotinamide

4.1. Differential Effects of Nicotinamide on Lifespans of Yeast and Mammalian Cells

Nicotinamide is known as an inhibitor of silent information regulator-2 (sir2) deacety-
lase that mediates lifespan extension by calorie restriction in yeasts (Saccharomyces cerevisiae),
and nicotinamide depletion or overexpression of nicotinamidase 1 (pyrazinamidase 1) pro-
longs the lifespan of yeast cells [67].

On the contrary, nicotinamide supplementation to human cells rather prolongs the
replicative lifespan and retards the senescence [68,69]. Matuoka et al. observed that
nicotinamide reverses the aging phenotypes in human diploid fibroblasts as evaluated
by cell morphology, senescence-associated β-galactosidase activity, and cell replication
potential, and tentatively attributed this action of nicotinamide to the enhancement of
histone acetyltransferase activity and subsequently altered gene expression [68]. Lim et al.
demonstrated that that nicotinamide extends the lifespan of primary human diploid
somatic fibroblasts (82-6 and IMR-90) via a mechanism largely independent of SIRT1,
a close human homolog of yeast sir2 [69].

The discrepancy regarding the effects of nicotinamide on the lifespans of yeast cells
vs. mammalian cells could be attributed to differences in intracellular nicotinamide con-
centrations in situ [70,71]. The 50% inhibitory concentration of nicotinamide on Sir2 is
about 50 μM, and this level of nicotinamide concentration can be reached in yeasts [70]. On
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the other hand, it is difficult to reach this nicotinamide concentration in mammalian cells
because the supplied nicotinamide is rapidly metabolized by NAMPT in a mammalian
NAD+ salvage pathway [71].

4.2. Antisenescence Effects of Nicotinamide

Cellular NAD+ pool is low in aged skin [72]. Thus, external supplementation of
nicotinamide as a primary precursor of NAD+ and related coenzymes may improve the
epidermal homeostasis and cellular bioenergetics in aged and stressed cells [73]. Kang et al.
proposed that the extension of the lifespan of normal human fibroblasts by nicotinamide
might be associated with the reduction in mitochondrial ROS production [74]. The antioxi-
dant activity of nicotinamide reducing ROS production and lipofuscin accumulation corre-
lates with antisenescence activity suppressing the increases in cell size, granule content, and
senescence-associated β-galactosidase activity as observed in both rapidly senescing cells
(human breast cancer MCF-7 cell line treated with Adriamycin) and already senescent cells
(old passage human fibroblasts) [75]. Gene expression of subunits of complexes I to V of
mitochondrial electron transport chain was reduced in fibroblasts from older aged donors,
and treatment of the cells with nicotinamide restored gene expression and mitochondrial
function to younger cell levels [76].

Ectopic expression of NAMPT in human aortic endothelial cells extended replicative
lifespan, delayed markers of senescence, and limited ROS accumulation under high glucose
conditions [77]. Nicotinamide protected glycolysis and oxidative phosphorylation activities
in dermal fibroblasts exposed to oxidative stress through a mechanism partially dependent
on NAMPT [78]. NAMPT and NAD+ contents have been shown to decline in primary
mouse embryonic fibroblast cells undergoing replicative senescence, whereas constitutive
over-expression of NAMPT increases NAD+ content and delays cell senescence, which is
associated with increases in the activity of SIRT1 and the expression levels of superoxide
dismutase 2 and catalase [79]. FK866, a NAMPT inhibitor, induced premature differentia-
tion and senescence of human primary keratinocytes in multi-dimensional culture, and this
effect was competitively attenuated by nicotinamide [80]. Therefore, NAMPT is considered
to mediate the antisenescence effects of nicotinamide at least partly.

4.3. Epidermal Stem Cells

Adult stem cells are present in the bulge region of the hair follicles and the basal layer
of the interfollicular epidermis and play a critical role in maintaining the structural and
functional integrity of the skin through self-renewal and generation of daughter cells that
undergo terminal differentiation [81]. Skin aging is more associated with the reduction
of healthy stem cells able to respond to proliferative signals rather than the reduction of
the total number of stem cells [82]. Liu et al. have proposed a mechanistic model for skin
aging based on the competition between epidermal stem cells expressing different levels
of hemidesmosome component collagen 17A1 [83]. In this model, the stressed stem cells
expressing a low level of collagen 17A1 are delaminated from the basal epidermis, whereas
healthy stem cells expressing a high level of collagen 17A1 survive in the aging skin.
Regardless of who the final winner is, this competition leads to an eventual loss of collagen
17A1 due to exhaustion of epidermal stem cells and results in skin aging represented by a
thin epidermal structure.

Epidermal stem cells can also undergo senescence, accelerating premature aging of
the skin [84]. It is hypothesized that the skin aging process may be slowed down by
maintaining a young stem cell phenotype [85]. In this regard, sirtuins are viewed as a
promising target in slowing down the aging process [86]. Various natural compounds
are known to modulate the activity of sirtuins and will be potentially useful for this
purpose [87].
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4.4. Modulation of Epidermal Differentiation by Nicotinamide

Nicotinamide affects the proliferation and differentiation of various stem cells includ-
ing human embryonic stem cells [88]. In a study by Tan et al. [80], high concentrations
of nicotinamide inhibited the differentiation of the upper epidermal layers and main-
tained proliferation in the basal layer of a three-dimensional organotypic skin model.
Nicotinamide increased the proliferative capacity of human primary keratinocytes and
the proportion of human primary keratinocyte stem cells (holoclones), which were re-
duced by FK866. By contrast, FK866 induced the premature senescence of human primary
keratinocyte, which was rescued by nicotinamide. These observations suggest that nicoti-
namide metabolism through NAMPT can modulate epidermal differentiation and stem
cell biology.

5. Enhancement of ECM and Skin Barrier by Nicotinamide

5.1. Changes of ECM by Skin Aging

The main component of ECM is collagen and elastin, and these fibrous components
provide the skin’s tensile strength, elasticity, and resiliency [89]. In human skin, type I,
type III, and type V collagen constitute 80–90%, 8–12%, and less than 5% of total collagen,
respectively [90]. Alteration in the amount and structures of collagen and elastin is a
common feature of natural aging and photoaging of the skin [4]. The activities of matrix
metalloproteinase (MMP) and elastase are increased in aged skin while transforming
growth factor (TGF)-β signaling that leads to the synthesis of collagen is reduced [91,92].

ROS increased by internal and external factors stimulates activator protein (AP)-1
and NF-κB through cell signaling systems involving several MAPKs, and increases the
expression of MMPs in epidermal keratinocytes and dermal fibroblasts, resulting in colla-
gen degradation [7,89,92,93]. Stratifin, also called 14-3-3σ protein, plays an important role
in communication between keratinocytes and fibroblasts, especially for the degradation
of dermal collagen associated with premature skin aging [93,94]. Stratifin from the ker-
atinocytes exposed to UV radiation stimulates the fibroblasts in close vicinity to increase
MMP 1 expression [95,96].

Other components of the ECM include different types of glycosaminoglycans, such
as heparan sulfate/heparin, chondroitin sulfate/dermatan sulfate, keratan sulfate, and
hyaluronan and proteoglycans made of glycosaminoglycans (other than hyaluronan) and
protein cores [97]. These extremely hydrophilic components reside in the space between the
cell and the collagen/elastin fibrils in the dermis and adopt highly extended conformations
that enable matrices to hold a high amount of water and to withstand high compressive
forces dermis [98]. The levels of different types of glycosaminoglycans and proteoglycans
change differently by natural aging and photoaging of the skin [99].

5.2. Effects of Nicotinamide on Collagen and Other ECMs

Nicotinamide and its derivatives have been shown to increase the expression of colla-
gen (type I, III, and V), elastin, and fibrillin (1 and 2), and reduce MMP (1, 3, and 9) and
elastase activity in non-irradiated and UVA-irradiated dermal fibroblasts [100,101]. Nicoti-
namide alone or in combination with other substances, such as L-carnosine, hesperidin,
enhanced fibroblast collagen synthesis and cellular proliferation, thereby augmenting
wound healing in vitro [102]. Topical nicotinamide improved tissue regeneration by in-
creasing fibroblast proliferation, collagen synthesis, and vascularization in skin wounds
of Sprague Dawley rats [103]. These studies provide evidence from various aspects that
nicotinamide has the action of promoting the synthesis of dermal collagen and inhibiting
its degradation.

5.3. Enhancement of Skin Barrier by Nicotinamide

During aging, the structural and functional integrity of the skin barrier is changed
or disturbed [104]. Tanno et al. showed that in cultured human epidermal keratinocytes,
nicotinamide could upregulate the synthesis of major components of skin barriers, such as
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ceramide, other sphingolipid fractions (glucosylceramide and sphingomyelin), free fatty
acid, and cholesterol [105]. Supplementation of nicotinamide to cultured normal human
epidermal keratinocytes increased the synthesis of involucrin and filaggrin, which are
essential proteins for fully integral keratinized corneocytes [106].

A facial moisturizer containing 2% nicotinamide improved skin barriers in patients
with rosacea [107]. Myristyl nicotinate enhanced the NAD+ pool, epidermal differentiation,
and barrier function in the photoaged skin [108]. Thus, nicotinamide and its metabolism
could enhance the structural and functional integrity of the skin barriers.

6. Regulation of Pigmentary Process by Nicotinamide

6.1. Effects of Nicotinamide on Melanogenesis vs. Melanosome Transfer

Nicotinamide has a variable effect on melanin synthesis in melanocyte monoculture.
There are reports that nicotinamide increased, decreased, or had no significant effect on
tyrosinase activity and melanin synthesis [109,110]. On the other hand, in melanocyte-
keratinocyte co-culture, reconstituted skin tissue model, or live skin, nicotinamide con-
sistently decreased melanin content or pigmentation [22,111]. Furthermore, nicotinamide
slowed the melanosome transfer from melanocytes to keratinocytes [22,111]. This sug-
gests that the interaction between melanocytes and keratinocytes is important in skin
pigmentation and that nicotinamide may affect melanocytes indirectly by primarily affect-
ing keratinocytes.

6.2. Mechanisms for Melanosome Transfer

The transfer of melanosomes from melanocytes to keratinocytes has become a very
important and interesting research topic in dermatology [112–115]. Melanosome trans-
fer, the process of transferring a package of organelles from a donor cell to a recipient
cell, is a very unique biological process, and various mechanisms, such as cytophago-
cytosis, membrane fusion, shedding–phagocytosis, and exocytosis–endocytosis, have
been proposed to describe this process [115]. The membrane fusion mechanism was
supported by Scott et al. [116]. Shedding–phagocytosis mechanisms were supported by
Ando et al. [117] and Wu et al. [118]. The exocytosis–endocytosis mechanism was sup-
ported by Tarafder et al. [119]. Regardless of the mechanism, the precise nature of the
“donate-it” signal that keratinocytes send to melanocytes and the “receive-it” signal that
melanocytes send to keratinocytes is not yet clear.

6.3. Modulation of Melanosome Transfer

Protease-activated receptor-2 (PAR-2) is expressed in the skin and plays an important
role in the regulation of growth and differentiation of keratinocytes [120,121]. In 2000,
Seiberg et al. showed that PAR-2 expressed in keratinocytes could regulate skin pigmenta-
tion, although this receptor is not expressed in melanocytes [122]. They further showed that
activation of PAR-2 by SLIGRL peptide (a peptide agonist derived from the N-terminus of
PAR-2) could enhance melanosome transfer and inhibition of this receptor by RWJ-503530
(a serine protease inhibitor) could reduce melanosome transfer [123].

UV rays increased PAR-2 expression in the upper epidermis of human skin, and the
change was more rapid and bigger in dark-skinned people [124]. Optimized concentration
of hydrogen peroxide (0.3 mM) increased melanin content and melanosome transfer in
melanocyte–keratinocyte co-cultures through upregulating expression levels of PAR-2
and Rab-27A [125]. Activation of keratinocyte PAR-2 stimulated the release of PGE2 and
PGF2α, the paracrine factors act on EP1, EP3, and FP receptors on melanocytes, increasing
the number and length of melanocyte dendrites [126]. PGE2, as well as α-melanocyte-
stimulating hormone (MSH), stimulated melanosome transfer in melanocyte–keratinocyte
co-cultures [127]. These studies suggest a possible relationship between oxidative stress
and PAR-2 activation, and thus, there is a possibility that melanosome transfer may be
modulated by certain antioxidants or anti-inflammatory agents. Interestingly, macelignan,
a natural product derived from Myristica fragrans, attenuated the expression of PAR-2 at
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the mRNA and protein levels, calcium mobilization, and phagocytic activity of HaCaT
keratinocyte cells stimulated with SLIGRL peptide [128]. Macelignan also reduced PGE2
secretion from HaCaT keratinocytes and dendrite formation of B16F10 melanoma cells
in a co-culture model with SLIGRL stimulation [128]. However, it is not known whether
nicotinamide affects the expression of PAR-2 and related signaling pathways.

Melanosome transfer is also regulated by other receptors, such as keratinocyte growth
factor receptors expressed in keratinocytes [114], N-methyl-D-aspartate receptors [129], tran-
sient receptor potential cation channel subfamily M member 1 (TRPM1, melastatin-1) [130],
and Toll-like receptors 2/3 [131] expressed in melanocytes. The direct and indirect effects of
nicotinamide on cellular signaling related to melanosome transfer involving these receptors
remain to be explored [132].

7. Clinical Evidence for Skin Antiaging Efficacy of Nicotinamide

Clinical studies on the skin antiaging efficacy of nicotinamide alone or in combina-
tion with other active ingredients are summarized in Table 1. In double-blind, placebo-
controlled, split-face, left–right, randomized clinical studies, Bissett et al. assessed the effect
of nicotinamide on the appearance of aging facial skin [23,24]. Moisturizer product with or
without containing 5% nicotinamide was applied on the facial skin for 12 weeks. Nicoti-
namide at 5% was evaluated to be well tolerated by the skin and to improve a broad array
of skin appearance (fine lines/wrinkles, texture, hyperpigmentation spots, red blotchiness,
and skin sallowness), and elasticity.

Table 1. Skin antiaging efficacy of cosmeceuticals containing nicotinamide alone or with other active ingredients.

Literature Study Format No. of Subjects
Compared

Formulations
Treatment Key Findings

[23]

A double-blind,
placebo-controlled, split-face,
left–right randomized clinical

study

50

An oil-in-water
moisturizer (placebo

control
To each side of the face

was applied each
product, twice daily for

12 weeks.

Improved fine lines/wrinkles,
hyperpigmentation spots, texture, red

blotchiness, and skin yellowing
(sallowness) compared to the control

in endpoints.5% nicotinamide

[24]

A double-blind, placebo
formulation–controlled, split-face

study with left–right
randomization

50

An oil-in-water
moisturizer (placebo

control
To each side of the face

was applied each
product, twice daily for

12 weeks.

Reduced fine lines, wrinkles,
hyperpigmented spots, red

blotchiness, and skin sallowness
(yellowing), and increased elasticity

(as measured via cutometry).
5% nicotinamide

[133]
A randomized, double-blind,
placebo-controlled, split-face

comparative study

27

An aqueous serum
Test serum was applied
evenly to one side of the
face and vehicle to the
other side twice daily

for 12 weeks.

Combination of kinetin and
nicotinamide reduced pore, wrinkle,
unevenness, erythema, and spot at

weeks 8 and 12 and increased corneal
moisture at week 12. Nicotinamide

alone reduced pore and unevenness at
week 8 and wrinkle at week 12.

0.03% kinetin + 4%
nicotinamide

25
An aqueous serum

4% nicotinamide

[134]
A randomized,

placebo-controlled, split-face
study

30

A vehicle lotion
The test product was

applied on wrinkles of
one side and a control
product on the other

side for 8 weeks.

Test product reduced wrinkle grades
and average roughness of skin surface

(Ra value) in the tested skin area to
lower levels compared to

pre-application (p < 0.001) and the
vehicle control (p < 0.001) in

endpoints.

4% nicotinamide

[135] A randomized, parallel-group
facial appearance study

99

A daytime lotion (SPF
30) containing 5%
nicotinamide and

peptides; a night cream
containing nicotinamide
and peptides; a wrinkle

treatment containing
nicotinamide, peptides,

and 0.3% retinyl
propionate.

Subjects applied a
wrinkle treatment twice
daily, a daytime lotion,

and the night cream
daily.

The cosmetic regimen significantly
improved wrinkle appearance after 8
weeks relative to tretinoin in the total
population, with comparable benefits

in subject cohorts (n = 25) who
continued treatment for an additional

16 weeks.
97

0.02% tretinoin in an
emollient base; a

sunscreen (SPF 30)
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Table 1. Cont.

Literature Study Format No. of Subjects
Compared

Formulations
Treatment Key Findings

[136]
A randomized, double-blinded,

vehicle-controlled, split-face
study

40

A simple oil-in-water
emulsion Subjects applied the

products twice daily to
either the left- or

right-hand side of their
face at 2 mg cm−2.

Test product improved stratum
corneum hydration, barrier function,

elasticity, and surface topography
compared with the vehicle control in

endpoints.

2% gold silk sericin,
5% nicotinamide, 0.1%

signalineTM

(diacylglycerol and fatty
alcohols)

[137] An open-label, single-center
study 25

0.5% retinol, 4.4%
nicotinamide, 1%

resveratrol, and 1.1%
hexylresorcinol

Treatment at night for
10 weeks.

The formulation improved
hyperpigmentation, overall skin

clarity, evenness of skin tone, and
wrinkles compared to baseline at

week 4 and through week 10.

[138]
A double-blind, randomized,
split-face, vehicle-controlled

study
24

2% human
adipocyte-derived
mesenchymal stem

cell-conditioned
medium and 2%

nicotinamide

Applied twice daily for
3 weeks after fractional

ablative CO2 laser
treatment.

The formulation reduced the wrinkle
index (p = 0.036) and melanin index (p

= 0.043) compared to the control
group.

A vehicle cream

In a randomized, double-blind, placebo-controlled, split-face comparative study by
Chiu et al. [133], 4% nicotinamide alone reduced pores and skin unevenness after 8 weeks
and improved wrinkles after 12 weeks. In contrast, the formulation containing 0.03%
kinetin + 4% nicotinamide significantly reduced erythema and hyperpigmented spots in
addition to pores, roughness, and wrinkles after 8 weeks.

The anti-wrinkle effect of nicotinamide was further examined by Kawada et al. in a
randomized, placebo-controlled, split-face study [134]. A cosmetic containing 4% nicoti-
namide was applied on the wrinkles of one side and a control cosmetic on the other side
of the face for 8 weeks. The wrinkle grades in the test area, evaluated by doctors’ visual
observation, were significantly lower than those before application (p < 0.001) or in the
control area (p < 0.001) at the endpoints. The average surface roughness (Ra value) on
the test area, determined using skin replica, was significantly lower, compared to the
pre-application values (p < 0.01) or those in the control site (p < 0.05).

Fu et al. reported significant results in a clinical trial comparing the antiaging effect
of the cosmetic regimen using a series of products containing nicotinamide/other active
ingredients plus a sunscreen with the sun protection factor (SPF) 30, vs. the use of control
products containing 0.02% Tretinoin plus a sunscreen with SPF 30 [135]. However, it is
difficult to estimate the relative contribution of nicotinamide to the observed antiaging
effects of the cosmetic regimen.

Several other clinical trials have evaluated the efficacy of cosmetics containing nicoti-
namide and several other active ingredients (silk sericin, diacylglycerol, fatty alcohols,
retinol, resveratrol, hexylresorcinol, and/or stem cell culture medium) [136–138]. These
products showed a wrinkle improvement effect in common, and certain products were
evaluated to have improvement effects on skin moisture, skin barrier, elasticity, surface
morphology, skin clarity, and/or pigmentation [136–138]. Again, it is difficult to estimate
the contribution of nicotinamide to the clinical trial results obtained using the combina-
tion formulation.

8. Clinical Evidence for Skin-Lightening Efficacy of Nicotinamide

8.1. Skin-Lightening Efficacy of Nicotinamide

Clinical studies on the skin-lightening efficacy of nicotinamide as an active ingredient
are summarized in Table 2. Hakozaki et al. examined the skin depigmenting efficacy of
nicotinamide in humans [22]. In a randomized, split-face, double-blind, paired clinical
study involving eighteen Japanese women with multiple types of brown hyperpigmen-
tation, subjects applied a test moisturizer containing 5% nicotinamide and the control
moisturizer without nicotinamide to each side of the face twice daily for 8 weeks. The
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side of the face receiving the test moisturizer showed a significant decrease in the total
hyperpigmented area measured by image analysis and a reduction in visually assessed
hyperpigmentation degree, compared to the side receiving the control moisturizer after
4 weeks or 8 weeks of treatment.

Table 2. Skin-lightening efficacy of cosmeceuticals containing nicotinamide.

Literature Study Format No. of Subjects
Compared

Formulations
Treatment Key Findings

[22]

A randomized,
split-face, double-blind,

paired clinical study
18

5% nicotinamide

Subjects applied a test
or a control moisturizer
to each side of the face
twice daily for 8 weeks.

The side of the face receiving the test
moisturizer showed a significant decrease in
the total hyperpigmented area measured by
image analysis and a reduction in visually

assessed hyperpigmentation degree compared
to the side receiving the control moisturizer

after 4 weeks or 8 weeks of treatment.

A control moisturizer

A randomized,
split-face, double-blind,

round-robin design
120

A vehicle moisturizer
Applied two of three

different products, each
product to each side of

their face twice daily for
8 weeks.

After 4 weeks, L* value of the treated sides was
highest with a test sunscreen moisturizer,

followed by a control sunscreen moisturizer,
and a vehicle moisturizer.

A control sunscreen
moisturizer (SPF 15)

A test sunscreen
moisturizer containing

2% nicotinamide

[111]

A double-blinded,
randomized,

vehicle-controlled,
split-face design human

clinical trial

39

5% nicotinamide
Subjects applied either
test or control product
to the assigned sides of
their faces twice a day

for 8 weeks.

5% Nicotinamide-containing moisturizer
demonstrated a higher reduction in

hyperpigmented spot than the vehicle
moisturizer, after 4 and 8 weeks of treatment.
2% Nicotinamide did not show a statistically

significant effect compared to the vehicle
moisturizer.

A vehicle moisturizer

40
2% nicotinamide

A vehicle moisturizer

[139]
A double-blind,

randomized, clinical
trial

27

4% nicotinamide
Melasma patients

applied a product on
the left side of the face
and the other on the

right side for 8 weeks.

After 8 weeks of treatment, MASI score was
decreased, L* value was increased and a* value
was unchanged by both treatments compared

to the baseline values. Good to excellent
improvement was observed in 44% of patients

receiving nicotinamide and 55% of patients
receiving hydroquinone.

4% hydroquinone

[140]

A randomized,
double-blind, left–right

axilla,
placebo-controlled trial

24

4% nicotinamide
(n = 16 axillae)

Treatment at night for
9 weeks.

At 9 weeks, L* values in the nicotinamide and
desonide groups were increased more

compared with the placebo group. Desonide
was more effective than nicotinamide

(p = 0.002).

0.05% desonide
(n = 16 axillae)

A placebo cream
(n = 16 axillae)

Nicotinamide has been incorporated into a sunscreen product for added performance.
In total, 120 Japanese women with moderate-to-deep facial tan were enrolled in another
randomized, split-face, double-blind, round-robin design and were assigned to apply any
two of three different products, each product to each side of their face twice daily for
eight weeks [22]. Three tested products are a vehicle moisturizer, a control sunscreen
moisturizer with SPF 15, and a test sunscreen moisturizer containing 2% nicotinamide. The
skin color is expressed with the Commission Internationale de l’Eclairage Lab color space
composed of L* value (lightness), a* value (redness), and b* value (blueness) [141]. After
4 weeks of treatment, L* values of the treated sides were the highest for a test sunscreen
moisturizer, followed by a control sunscreen moisturizer and a vehicle moisturizer, with
statistical significances between test groups. After 4 weeks of treatment, the side of the face
receiving a test sunscreen moisturizer showed a significant increase in visually assessed
skin lightness, compared to the side receiving a vehicle moisturizer, whereas the side
of the face receiving a control sunscreen moisturizer was not lighter than the vehicle
moisturizer-treated side.

Dose-dependent efficacy of nicotinamide was examined in a double-blinded, random-
ized, vehicle-controlled, split-face design human clinical trial that involved 79 Japanese
women with multiple types of brown hyperpigmentation on both sides of the face [111].
Group 1 subjects applied a 5% nicotinamide-containing moisturizer and the vehicle mois-
turizer, and group 2 subjects applied a 2% nicotinamide-containing moisturizer and the
vehicle moisturizer to the assigned sides of their faces twice a day for 8 weeks. After
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4 or 8 weeks of treatment, the side of the face receiving a 5% nicotinamide-containing
moisturizer demonstrated a higher hyperpigmented spot-reduction than the site receiving
the vehicle moisturizer, while a 2% nicotinamide-containing moisturizer efficacy did not
show a statistically significant effect, compared to the vehicle moisturizer. During the
regression period, the spot-reduction efficacy of a 5% nicotinamide-containing moisturizer
was gradually reduced to a level not statistically different from the vehicle moisturizer
after 42 weeks. Therefore, topical nicotinamide can have dose-dependent and reversible
skin depigmenting effects in humans.

Depigmenting efficacy of nicotinamide was compared with other active ingredients.
Navarrete-Solís et al. performed a double-blind, randomized clinical trial to compare
the efficacy and safety of 4% nicotinamide vs. 4% hydroquinone in the treatment of
melisma [139]. For the study, 27 melasma patients applied a product on the left side of
the face, and the other on the right side for 8 weeks. After 8 weeks of treatment, melasma
area and severity index (MASI) was decreased, L* value was increased and a* value
was unchanged by both treatments compared to the baseline values. Good-to-excellent
improvement was observed in 44% of patients receiving nicotinamide and 55% of patients
receiving hydroquinone. Side effects were noted in 18% of patients receiving nicotinamide
and 29% of patients receiving hydroquinone. Therefore, nicotinamide and hydroquinone
were considered to have comparable skin depigmenting activity.

Castanedo-Cazares et al. compared the efficacy of nicotinamide and desonide against
axillary hyperpigmentation, which is a variant of inflammatory hyperpigmentation [140].
In a clinical trial involving 24 women with hyperpigmented axillae, the emulsions con-
taining 4% nicotinamide or 0.05% desonide (a low potency corticosteroid used against
skin inflammation) were applied to the hyperpigmented axillary region for 9 weeks. Both
nicotinamide and desonide improved skin lightness, compared with placebo, and the
former was slightly less effective than the latter.

8.2. Skin-Lightening Efficacy of Combined Formulations of Nicotinamide and Other
Active Ingredients

An improved whitening efficacy can be expected when nicotinamide is used in combi-
nation with other active ingredients than when used alone. In addition, it will be possible
to enhance the whitening efficacy by increasing the absorption of active ingredients into
the skin in a special way rather than simply applying the formulation to the skin. Table 3
introduces several clinical studies that have been conducted based on this reasoning. The
composite formulations additionally contain various active ingredients such as arbutin,
kojic acid, ascorbic acid, ascorbyl glucoside, tranexamic acid, N-undecylenoyl phenylala-
nine, N-acetyl glucosamine, trans-4-(amino methyl) cyclohexanecarboxylic acid, potas-
sium azeloyl diglycinate, hydroxyethylpiperazineethane sulfonic acid, and/or epidermal
growth factor.

Table 3. Skin-lightening efficacy of cosmeceuticals containing nicotinamide in combination with other active ingredients.

Literature Study Format No. of Subjects Compared Formulations Treatment Key Findings

[142] A randomized,
split-face design

30
No treatment

Subjects used the
ultrasound device for 10

min with or without a
gel every night for

4 weeks.

Use of ultrasound treatment with
a gel reduced hyperpigmentation
compared with no treatment or

treatment of a gel alone after
4 weeks.

Ultrasound treatment

30
A gel containing 2% ascorbyl

glucoside, and 3.5% nicotinamide

Ultrasound treatment with a gel

[143]
Double-blind, left–right,
randomized, split-face

clinical studies

40
A vehicle emulsion

Treatment in the
morning and evening
before bedtime for 8

weeks.

Combination formulation and
nicotinamide alone reduced the

appearance of
hyperpigmentation after 8 weeks.

The combination was more
effective than nicotinamide alone

(p = 0.0003).

5% nicotinamide

40
5% nicotinamide

5% nicotinamide plus 1%
n-undecylenoyl phenylalanine
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Table 3. Cont.

Literature Study Format No. of Subjects Compared Formulations Treatment Key Findings

[144]

A double-blind,
vehicle-controlled,

full-face, parallel-group
clinical study

101 4% nicotinamide plus 2%
N-acetyl glucosamine

Treatment of a
sunscreen lotion in the

morning and test
creams in the evening

for 8 weeks.

The formulation reduced the area
of facial spots and the appearance

of irregular pigmentation at
weeks 6 (p = 0.0270 and weeks 8

(p = 0.037).
101 A vehicle cream

[145]
A single-center,

randomized,
double-blind, controlled

study

30

trans-4-(amino methyl)
cyclohexanecarboxylic acid,

potassium azeloyl diglycinate,
and nicotinamide

Treatment in the
morning and before
bedtime for 8 weeks.

The formulation reduced the
relative melanin value at week 6
(p = 0.006); Reduced MASI scores

at week 4 (p = 0.005).30 Emulsion-based control

[146]

A prospective,
randomized,
double-blind,

vehicle-controlled
clinical study

21 2% nicotinamide plus 2%
tranexamic acid

Treatment in the
morning and evening

for 8 weeks.

The formulation reduced melanin
index from baseline at weeks 4
(p < 0.001) and 8 (p < 0.001). It

reduced the mean pigment
intensity score compared with
the vehicle control formulation

(p = 0.015).

21 A vehicle cream

[147] A clinical study 55

3% tranexamic acid, 1% kojic
acid, 5% nicotinamide, and 5%
hydroxyethylpiperazineethane

sulfonic acid

Treatment in the
morning and evening

for 12 weeks.

The formulation reduced melanin
index and improved the

appearance of
hyperpigmentation compared to

both pre-treatment baselines.

[148]
A prospective,

randomized, controlled
split-face study

18

SKNB19 formulation containing
epidermal growth factor,

tranexamic acid, vitamin C,
arbutin, nicotinamide, and other

ingredients

Treatment in the
morning and night for 8
weeks. Hydroquinone

application only nightly.

SKNB19 improved the
appearance of

hyperpigmentation when
compared with 4% hydroquinone.

Standard formulation containing
4% hydroquinone

In the study of Bissett et al. [143], the whitening efficacies of 5% nicotinamide alone
and combined formulation of 5% nicotinamide plus 1% N-undecylenoyl phenylalanine
were compared. Significant differences were found after 8 weeks of using these products,
the latter being significantly more efficacious. In several other clinical studies, the combined
formulation was compared with the vehicle formulation; thus, it is difficult to distinguish
the contribution of individual components. In addition, in some studies, the content
of active ingredients is not disclosed, and therefore, caution is needed in interpreting
the results.

Significantly superior results were observed when the composite formulation (A
gel containing 2% ascorbyl glucoside, and 3.5% nicotinamide) was applied with ultra-
sonic treatment, compared to either conventional application only or ultrasonic treatment
only [142]. This study suggests that active ingredients, as well as techniques to increase
skin absorption, are important for better clinical benefit.

9. Discussion

9.1. Cosmetic Benefits and Side Effects of Topical Nicotinamide

In cosmetics, nicotinamide is mainly formulated at a concentration of 4 to 5% and
is used to control skin aging and pigmentation. Several clinical trials have shown that
the formulation containing nicotinamide has the effect of relieving skin aging such as
wrinkles, elasticity, and skin color, compared to the control formulation that does not
contain nicotine [23,134,135]. When nicotinamide-containing cosmetics are used in a well-
planned regimen, you can expect a skin-aging-relieving effect comparable to that of retinol
products [135]. To be sure, you can expect a good effect with a combination of nicotinamide
and retinol [137]. When products containing nicotinamide are applied to hyperpigmented
areas, skin-lightening effects can be expected [22,111]. The facial skin-lightening efficacy of
4% nicotinamide is almost comparable to that of 4% hydroquinone [139]. The underarm
skin-lightening efficacy of 4% nicotinamide is slightly weaker than 0.5% desonide [140].

Nicotinamide-containing products can be used together with sunscreen products
to attenuate sun-induced skin aging and pigmentation [135,143]. The skin-lightening
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efficacy of nicotinamide can be expected to increase with the use of a device that helps
transdermal absorption of the active ingredient [142]. Nicotinamide can be combined with
other active ingredients for added skin-lightening efficacy [143]. If nicotinamide plays a
role in inhibiting melanosome transfer in preventing skin pigmentation, combining it with
other active ingredients that play a different role would maximize the effect. Potential
candidates for combination with nicotinamide for this purpose may include substances that
inhibit the expression of enzymes involved in melanin synthesis [149,150], that inhibit the
catalytic activity of an enzyme [151–153], and/or that reduce the relative ratio of eumelanin
to pheomelanin [154,155].

Although nicotinamide is considered a very safe nutrient, its long-term use at very
high doses may cause side effects to the liver or other organs [156]. Serious metabolic and
epigenetic changes were observed in rats fed with high doses of nicotinamide over a long
period [157]. When 10% nicotinamide was applied to the skin, human subjects did not
feel stinging sensation or flushing, and irritation did not appear in a single-use primary
irritation test or a cumulative irritation test for 21 days with 5% product [158]. Thus,
nicotinamide is well tolerated by the skin at the normally used concentrations (<5%) [159].
Nevertheless, the skin reaction to nicotinamide can vary depending on the skin condition
of each individual; thus, it is necessary to consult a doctor if severe side effects exist.

9.2. Mechanisms of Skin Antiaging Action of Nicotinamide

This review highlights the fact that nicotinamide can have a wide range of effects on
cellular metabolism; therefore, it is not easy to identify the mechanism of this substance in
controlling skin aging. Although nicotinamide, a reaction product of sirtuins or PARPs, can
inhibit these enzymes at several tens of micromolar concentrations [160,161], it is unclear
whether its intracellular concentrations can reach that high. Nicotinamide is known to be
absorbed into cells to some extent, but its transporter has not been identified yet, whereas
transporters of nicotinic acid and 1-methylnicotinamide are relatively well known [162].
The different effects of nicotinamide on the lifespans of yeast and mammalian cells [67–69]
suggest that in the latter case, the intracellular concentration is lower, and thus, the sirtuins
inhibitory concentration cannot be reached. A possible cause is that nicotinamide is rapidly
converted to NMN by NAMPT outside the cell. In agreement with this assumption, a
secreted form of NAMPT exists outside the cell [163], and a transporter responsible for
the intracellular uptake of NMN produced by this enzyme was recently discovered [164].
Accordingly, it is emphasized that the biological effects of nicotinamide can be dependent
on the activity of NAMPT, which plays an important role in aging [165].

Natural aging and photoaging commonly accompany cellular senescence, chronic
inflammation, and changes in the ECM and skin barrier along with external appear-
ance changes. In senescent cells, NAMPT, NAD+ pool, and mitochondrial electron trans-
port activity decrease, while ROS production increases [71,73,75]. The supply of nicoti-
namide helps to normalize these changes, delaying cell senescence and extending its
lifespan [72,74,75,77]. Nicotinamide inhibits the production of inflammatory cytokines
and PGs in keratinocytes or in three-dimensional skin models that are exposed to UV
radiation [58,59]. Nicotinamide decreases ECM-degrading enzymes and increases collagen
synthesis in dermal fibroblasts [100–102]. Nicotinamide enhances the structural and func-
tional integrity of the skin barrier by increasing the synthesis of lipid components [105].
Although nicotinamide exhibits various biological activities, the evidence for the existence
of a specific molecular target is not clear. For now, it is believed that nicotinamide con-
tributes to skin homeostasis by regulating the redox status of cells along with various
metabolites produced from it.

9.3. Mechanisms of Skin Depigmenting Action of Nicotinamide

The effects of nicotinamide on melanin synthesis in mono-cultured melanocytes are
diverse [109,110]. It is presumed that nicotinamide can help restore intrinsic melanin
synthesis in melanocytes when it is impaired for some reason, whereas it can prevent

169



Antioxidants 2021, 10, 1315

excessive melanin synthesis stimulated by external signals. In the keratinocyte–melanocyte
co-culture system, nicotinamide appears to consistently decrease the amount of melanin
delivered to keratinocytes [22,111]. This finding has been confirmed in other independent
studies [166,167]. Therefore, the interaction between these two cell types can be modulated
by nicotinamide, but the underlying molecular mechanism remains to be explored.

It is worth noting PAR-2 as the main director of melanosome transfer from melanocytes
to keratinocytes [122]. The receptor is expressed in keratinocytes, is activated by stimuli,
such as UV radiation or hydrogen peroxide, and releases PGE2, which warns surrounding
cells including melanocytes [124,125]. The melanocytes are then activated by this signal
to initiate the synthesis of melanin and biogenesis of melanosomes and deliver mature
melanosomes to keratinocytes via dendrites [126,127]. In this scenario, if a substance
could affect either or both of these two steps, it would exert an inhibitory effect on skin
hyperpigmentation. Studying whether nicotinamide affects the PAR-2 mediated signal
transduction process will be important in elucidating the mechanism of the pigmentation
inhibitory action of this substance.

A recent study showed that NNT could regulate melanin synthesis in the skin [168].
In human melanoma cells, depletion of NNT increased melanin synthesis, which was
inhibited by N-acetyl cysteine. Overexpression of NNT decreased eumelanin synthesis,
which was attributed to increases in the NADPH/NADP+ ratio and the GSH/GSSG ratio.
NNT expression levels were low in post-inflammatory hyperpigmentation or age spots of
human skin. It would be interesting to examine the effects of nicotinamide on pigmentation
in the skin with altered NNT activity.

9.4. Questions to Be Answered in Future Studies

As discussed above, important and interesting questions about the mechanism of
action and biological activity of nicotinamide remain unclear, with the following questions
to list a few:

• Is there any specific molecular target of nicotinamide for the control of skin aging or
pigmentation?

• Is the antiaging effect of nicotinamide is due to its intrinsic property or its metabolites?
• How does nicotinamide modulate the cell-to-cell interactions in the skin?
• Whether and how does nicotinamide regulate PAR-2 or NNT involved in skin

pigmentation?
• Does nicotinamide supplementation affect the NADPH/NADP+ ratio and the GSH/

GSSG ratio in the skin?
• Would it be more effective if the dose of nicotinamide is adjusted according to the

NAD+ pool level, which varies depending on the individual skin condition?
• How does nicotinamide affect the self-renewal, proliferation, differentiation, senes-

cence, and eventual exhaustion of epidermal stem cells?

10. Conclusions

The action of nicotinamide in controlling skin aging and pigmentation may be due
to the intrinsic properties of nicotinamide, or the properties of other metabolites derived
from nicotinamide, or both. Nicotinamide mitigates oxidative stress of cells via a direct
ROS/free radical-scavenging action or an indirect action that enhances the antioxidant
capacity of cells. Nicotinamide is metabolized by NAMPT to restore the NAD+ pool
and delay the senescence of cells. Both nicotinamide and its metabolites, such as NMN
and 1-methylnicotinamide exert anti-inflammatory properties in various experimental
models. Therefore, for cosmetic applications of nicotinamide, it is important to consider
the biological activities of its metabolites as well as nicotinamide itself.

External stimuli, such as UV light and PM, internal stimuli, and chronological time
cause skin aging and hyperpigmentation through direct and indirect paths. When epidermal
keratinocytes are activated through ROS-mediated signaling, the expressions of inflamma-
tory cytokines, PGs, and other signaling molecules are induced. Signaling molecules, such
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as stratifin, secreted from keratinocytes activate dermal fibroblasts to release MMPs for
ECM remodeling. PGs secreted from keratinocytes activate epidermal melanocytes to in-
crease melanin synthesis and melanosome biogenesis, and promote intercellular melanosome
transfer from melanocytes to keratinocytes. These overall processes can be alleviated by
supplementation of nicotinamide, resulting in reduced skin aging and pigmentation.

Therefore, nutritional and pharmacological actions of nicotinamide may be mediated
by a complex mechanism including several metabolic pathways and multiple signaling
processes. Aside from the identity of the mechanism of action, the results of many clinical
trials suggest that nicotinamide is a beneficial cosmetic ingredient that helps skin health
and beauty without any severe side effects.
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Abbreviations

ADP adenosine diphosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
cADPR cyclic ADP ribose
CYP cytochrome P450
ECM extracellular matrix
GSH glutathione
GSSG glutathione disulfide
IL interleukin
MAPK mitogen-activated protein kinase
MASI melasma area and severity index
MMP matrix metalloproteinase
NaAD + nicotinic acid adenine dinucleotide
NaADP + nicotinic acid adenine dinucleotide phosphate
NAD + nicotinamide adenine dinucleotide
NADH reduced nicotinamide adenine dinucleotide
NADP + nicotinamide adenine dinucleotide phosphate
NADPH reduced nicotinamide adenine dinucleotide phosphate
NaMN nicotinic acid mononucleotide
NAMPT nicotinamide phosphoribosyltransferase
NF-κB nuclear factor-κB
NMN nicotinamide mononucleotide
NNT nicotinamide nucleotide transhydrogenase
PAR-2 protease-activated receptor-2
PARP poly(ADP-ribose) polymerase
PG prostaglandin
PM particulate matter
PPi inorganic pyrophosphate
PRPP phosphoribosyl pyrophosphate
ROS reactive oxygen species
sir2 silent information regulator-2
SIRT1 sirtruin1
SPF sun protection factor
TGF-β transforming growth factor-β
TNF-α tumor necrosis factor-α
UV ultraviolet
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Abstract: As human life expectancy is rising, the incidence of age-associated diseases will also
increase. Scientific evidence has revealed that healthy diets, including good fats, vitamins, minerals,
or polyphenolics, could have antioxidant and anti-inflammatory activities, with antiaging effects.
Recent studies demonstrated that vitamin K is a vital cofactor in activating several proteins, which
act against age-related syndromes. Thus, vitamin K can carboxylate osteocalcin (a protein capable
of transporting and fixing calcium in bone), activate matrix Gla protein (an inhibitor of vascular
calcification and cardiovascular events) and carboxylate Gas6 protein (involved in brain physiology
and a cognitive decline and neurodegenerative disease inhibitor). By improving insulin sensitivity,
vitamin K lowers diabetes risk. It also exerts antiproliferative, proapoptotic, autophagic effects and
has been associated with a reduced risk of cancer. Recent research shows that protein S, another
vitamin K-dependent protein, can prevent the cytokine storm observed in COVID-19 cases. The
reduced activation of protein S due to the pneumonia-induced vitamin K depletion was correlated
with higher thrombogenicity and possibly fatal outcomes in COVID-19 patients. Our review aimed
to present the latest scientific evidence about vitamin K and its role in preventing age-associated
diseases and/or improving the effectiveness of medical treatments in mature adults >50 years old.

Keywords: vitamin K; phylloquinone; menaquinone; menadione; osteocalcin; matrix Gla protein;
bone health; COVID-19; osteoporosis; vascular calcification

1. Introduction

Aging is a multifactorial process that gradually deteriorates the physiological func-
tions of various organs, including the brain, musculoskeletal, cardiovascular, metabolic,
and immune system leading to numerous pathological conditions with high rates of mor-
bidity and mortality. Oxidative stress (OS) and chronic inflammation are fundamental
pathophysiological mechanisms in the aging progression [1–3].

As human life expectancy is rising, age-related diseases will increase as well. Recent
studies validated the importance of modifiable lifestyle factors, diet included, in the
attenuation of pathological changes in mature adults [4]. Healthy fats, vitamins, minerals,
polyphenolics, with antioxidant and anti-inflammatory activity, can increase the quality
of life and influence the aging process, and among these factors, vitamin K (VK) has an
important part [5].

VK is known for its role in synthesizing some blood-clotting proteins (K for koagula-
tion in German). VK represents a fat-soluble family of compounds with a common chemical
structure, a 2-methyl-1,4-naphthoquinone ring and a variable aliphatic side-chain. The
variable aliphatic chain differentiates two isoforms: vitamin K1 (VK1) or phylloquinone
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(PK) and vitamin K2 (VK2), usually designated as menaquinone (MK). MK exists in multi-
ple structures, which are distinguished by the number of isoprenyl units and saturation in
the side-chain (MK-n, where n is the number of isoprenyl units) [6]. These acronyms were
used interchangeably throughout this article. The most common subtypes in humans are
the short-chain MK-4, which is the only MK produced by systemic conversion of phyllo-
quinone to menaquinone, and MK-7 through MK-10, which are synthesized by bacteria.
VK3 (menadione), without side-chain and classified as a pro-vitamin, is a synthetic form of
this vitamin (Figure 1).

 
Figure 1. Vitamin K chemical structures. Vitamins K1 (VK1), K2 (VK2), and K3 (VK3) share the
naphthoquinone ring; VK1 has a phytyl side-chain; VK2 has a side-chain with a varying number of
isoprenyl units; VK3 has no side-chain.

Dark green leafy vegetables are the main sources for dietary PK (e.g., collards, turnip,
broccoli, spinach, kale), 70–700 μg/100 g, as well as several fruits (e.g., dried prunes,
kiwifruit, avocado, blueberries, blackberries, grapes), 15–70 μg/100 g, and some nuts (pine
nuts, cashews, pistachios), 10–75 μg/100 g [7,8]. In contrast, the main sources of VK2 are
fermented foods, cheeses, eggs, and meats (Table 1) [9,10].

Table 1. Vitamin K2: food category, sources, and amount.

Food Category Food Source VK2 *

Fermented foods Natto
Sauerkraut

850–1000 (90% MK-7, 8% MK-8)
5.5 (31% MK-6, 23% MK-9, 17% MK-5 and -8)

Hard cheeses 50–80 (15–67% MK-9, 6–22% MK-4, 6–22% MK-8)

Soft cheeses 30–60 (20–70% MK-9, 6–20% MK-4, 6–20% MK-8)

Eggs Yolk 15–30 (MK-4)

Meats Pork, beef, chicken 1.4–10 (MK-4)
*—μg/100 g food sample; MK-n—menaquinone.

Although dietary PK in vegetables is the major source of the VK intake (80–90%), only
5–10% is absorbed, whereas MKs from dairy products are almost completely absorbed. PK,
tightly bound to plant chloroplasts, as well as PK digested with some phytochemicals (e.g.,
saponins, tannins, fibers, phytates) found in pulses, is less bioavailable to human. Though,
PK from collards and broccoli is more bioavailable than PK from spinach [11,12].

Both VK1 and VK2 are recognized as cofactors for enzyme γ-glutamyl carboxylase
(GGCX), which converts glutamic acid (Glu) to a new amino acid γ-carboxyglutamic
acid (Gla), in VK-dependent proteins (VKDPs) during their biosynthesis [13]. These
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VKDPs require carboxylation to become biologically active, and the negatively charged
γ-carboxyglutamic acid residues have a high affinity for positively charged calcium ions [14].

VKDPs can be classified as hepatic and extrahepatic. The hepatic VKDPs are largely
involved in blood coagulation. Extrahepatic VKDPs perform different tasks: osteocalcin
(OC) regulates the bone formation and mineralization, the matrix Gla protein (MGP) is a
potent inhibitor of vascular calcification, nephrocalcin is involved in kidney functions, the
growth arrest-specific protein 6 (Gas6) in the development and differentiation of nervous
system [15]. Additionally, some extrahepatic VKDPs (proteins C and S) inhibit coagulation
by inactivating specific coagulation factors necessary to form blood clots [16].

Recent findings revealed the novel role of VK as an antioxidant and implicitly anti-
inflammatory agent independent of its GGCX cofactor activity [17]. The antioxidant
properties of VK are based on a protective action against oxidative cellular damage and cell
death by (1) direct reactive oxygen species (ROS) uptake [17]; (2) the limiting of free radical
intracellular accumulation [18], and (3) inhibition of the activation of 12-lipoxygenase [19].

Scientific evidence suggests that VK also has anti-inflammatory activity, a vital com-
ponent against various chronic aging diseases [20]. VK inhibits the activation of the
nuclear factor kappa B (NF-кB) and thus decreases the production of proinflammatory cy-
tokines [17]. VK is significantly and inversely related to individual inflammatory biomark-
ers and inflammatory processes due to its anti-inflammatory effects [21].

The daily reference intake of VK is based mostly on bleeding-associated studies, and
it varies between countries. US dietary guidelines recommend daily intakes of 90 and
120 μg for women and men, respectively, while the guidelines in the United Kingdom are
set at 1 μg/kg body weight/day [11]. However, these recommendations are insufficient to
induce complete carboxylation of all VKDPs. Only MK-7, having higher bioavailability and
longer half-life, proved to promote γ-carboxylation of extrahepatic VKDPs at the current
recommended levels, while the recommended levels of both PK and MK-4 have been
shown to decrease γ-carboxylation of VKDPs [22].

Based on estimated dietary consumption, PK accounts for 50%, MK-4 makes up 10%,
and MK-7, -8, and -9 represent 40% of total absorbed VK [23]. Being a fat-soluble vitamin,
VK is taken up in the small intestine in the presence of dietary fat. A key mediator of
intestinal VK absorption is Niemann–Pick C1-like 1 (NPC1L1) protein, a cholesterol and
phytosterol transporter found in enterocytes and hepatocytes [24,25]. After absorption, PK
is delivered to the liver and other tissues. It can be used unchanged, or it may be metabo-
lized by certain types of microbiota into VK2 or into menadione in the human intestinal
cells. A portion of menadione is transformed to MK-4, the dominant MK form in animal
tissues [26]. However, there are tissue-specific VK distribution patterns. PK was found in
all tissues with relatively high levels in the liver and heart but lower levels in the brain, lung
and kidney. Compared to PK, MKs seem to be more important for extrahepatic tissues [27].
MK-4 levels were high in the brain and kidney and low in the liver, heart and lungs. The
increased quantities of MK-4 in the brain suggest that this K vitamin is the active form of
VK in this region [28]. Growing evidence advocates that MK-4 has a number of biological
functions, including promoting growth factor of neuron-like cells, mediating apoptosis in
several cancer cells, controlling glucose homeostasis [29]. In the central nervous system
(CNS), MK-4 controls the activity of proteins involved in tissue renewal and cell growth
control, myelination, mitogenesis, chemotaxis, neuroprotection [30]. The medium and
long side-chain MKs were recovered mostly in the liver samples [31]. MK-7 and MK-4
converted from MK-7 increase collagen production and bone mineral density, promoting
bone quality and strength [17]. As VK1, MK-4, and MK-7 have distinct bioavailability
and biological activities, their recommended levels should be established based on their
relative activities [32].

As present dietary intake recommendations are based on the dose required to prevent
bleeding, novel data suggest that higher recommendations for VK consumption should be
formulated [33]. Since both the bioavailability of VK from food as well as the endogenously
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produced VK are low, supplementation of VK should be considered for a number of chronic
conditions, especially among elderly people [34].

Several scientific papers attested to the beneficial effects of VK in various chronic
diseases, but supplement recommendations are difficult to outline. Nevertheless, a number
of preclinical and clinical studies confirmed the safety of VK consumption. Several times
higher dose levels than the estimated dietary intake for MK-7 did not show any toxicity in
experimental animals [35]. In clinical studies, very high doses of MK-4 were used in the
treatment of osteoporosis with no side effects [36].

The aim of this review was to summarize the recent scientific evidence on VK and its
effect in preventing age-related diseases and/or improving the efficacy of some medical
treatments in mature adults over 50 years old. To the best of our knowledge, it is the first
study to concentrate on the effects of VK in this age group and to emphasize the role VK
can play in the prevention of COVID-19.

2. Vitamin K in Bone Health

The musculoskeletal system, comprised primarily of muscle and bone, and the adipose
tissue are connected through biological mechanisms underlying the physiological and
pathophysiological crosstalk among muscle, bone, and fat [17]. Thus, several myokines
(interleukin-6 (IL-6), myostatin) secreted by muscle have been identified as having effects on
bone. Osteokines, especially OC, has been shown to have an endocrine impact on muscle,
while adipokines (leptin, adiponectin, resistin) could act on either muscle or bone [37].
An in vitro study revealed that both carboxylated OC (cOC) and undercarboxylated OC
(ucOC) increased secretion of adiponectin and the anti-inflammatory cytokine IL-10 and
also inhibited secretion of tumor necrosis factor-α (TNF-α), but only cOC suppressed
inflammatory IL-6 cytokine [38].

Thus, modifiable risk factors, such as healthy diets and physical activity, can positively
affect these tissues. The role of calcium and vitamin D (vitD) in preventing osteoporosis is
well established. However, more recent evidence suggests that other foods, such as fruit
and vegetable, may have an essential role in bone health. Physical activity contributes to
bone health by increasing serum total OC (tOC) and adiponectin, reducing leptin, and
lowering insulin resistance [39].

Bone strength is determined by bone mineral content (BMC) and its quality and is
associated with biological senescence and vitamin (B, D, K) deficiencies. As VK activates
tissue-specific VKDPs, such as prothrombin, OC, or MGP, via the γ-carboxylation of Glu to
Gla molecules, insufficient VKDPs γ-carboxylation is a sensitive, tissue-specific marker of
VK deficiency [40]. Several studies revealed that VK is involved in bone metabolism and
inhibits bone resorption in a dose-dependent manner. Binkley et al. showed that more than
250 μg/d VK intake is required for γ-carboxylation of OC [41].

Circulation OC is a marker of bone turnover. Of the total amount of OC that is released
into the circulation, 40 to 60% is ucOC. This fraction of OC, being sensitive to VK intake,
is a marker for VK status, usually revealing a lower VK availability [42]. Low dietary VK
consumption and a high proportion of ucOC are independent risk factors for bone fractures
in mature populations [43–47].

Table 2 summarizes the studies that showed an association between VK intake and
bone parameters in mature subjects.
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Table 2. The effect of VK intake on bone outcome parameters.

Author, Year,
Country [Ref.]

Subjects (W:M)
Age (Mean ± SD)

Design
(Length)

Intervention
Exposure

Findings

Shiraki et al. 2000
Japan [44]

241 PMO
67.2 y

prospective
2 y

45 mg/d MK-4
vs. control

↓ ucOC (p < 0.0001)
↑ cOC (p = 0.0081)

↓ fracture risk (p = 0.0273)

Iwamoto et al. 2001
Japan [48]

72 PMO
65.3 y

prospective
2 y

45 mg/d MK-4 + Ca
vs. Ca

↓ vertebral fractures (p < 0.0001)
↑ BMD (forearm) (p < 0.0001)

Purwosunu et al.
2006 Indonesia [49]

63 PMO
60.8 y

RCT
48 w

45 mg/d MK-4 + Ca
vs. Ca

↓ ucOC (p < 0.01)
↑ BMD (lumbar) (p < 0.05)

Bolton-Smith et al.
2007 UK [45]

244 healthy W
68.2 y

RCT
2 y

200 μg/d VK1 +
10 μg/d vitD3 + Ca vs.

placebo

↓ ucOC (p < 0.001)
↑ BMD (ultradistal radius) (p < 0.01)

Knapen et al. 2007
Netherlands [50]

325 PMW
66.0 y

RCT
3 y

45 mg/d MK-4
vs. placebo

↑ BMC (p < 0.05) and bone strength
(femoral neck)

Booth et al. 2008
USA [51]

452 (267:185)
68.4 y

RCT
3 y

500 μg/d PK
vs. control ↓ ucOC (p < 0.0001)

Cheung et al. 2008
Canada [52]

400 PMOa
59.1 y

RCT
2–4 y

5 mg/d VK1
vs. placebo ↓ fracture risk (p = 0.04)

Hirao et al. 2008
Japan [53]

44 PMW
68.4 y

prospective
1 y

45 mg/d VK2 +
5 mg/d alendronate vs.

5 mg/d alendronate

↓ ucOC (p = 0.014)
↓ ucOC:cOC (p = 0.007)

↑ BMD (femoral neck) (p = 0.03)

Tsugawa et al. 2008
Japan [54]

379 W
63.0 y

prospective
3 y high VK1 vs. low VK1 ↓ vertebral fracture risk (p < 0.001)

Binkley et al. 2009
USA [46]

381 PMW
62.5 y

RCT
1 y

1 mg/d VK1 or
45 mg/d MK-4 vs.

placebo

↓ ucOC (p < 0.001) for both VK1 and
MK-4 groups

Yamauchi et al. 2010
Japan [55]

221 healthy W
60.8 ± 9.5 y

cross-
sectional 260±85 μg/d VK ↓ ucOC (p < 0.0001)

↑ BMD (lumbar) (p = 0.015)

Je et al. 2011
Korea [56]

78 PMW
67.8 y

RCT
6 mo

45 mg/d MK-4 + vitD +
Ca vs. vitD + Ca

↓ ucOC (p = 0.008)
↑ BMD (lumbar) (p = 0.049)

Kanellakis et al. 2012
Greece [57]

173 PMW
62.0 y

RCT
12 mo

100 μg PK or
MK-7 + vitD + Ca

vs. control

↓ ucOC (p = 0.001) *
↑ BMD (lumbar) (p < 0.05) *

Knapen et al. 2013
Netherlands [58]

244 PMW
60.0 y

RCT
3 y

180 μg/d MK-7
vs. placebo

↓ ucOC (p < 0.001)
↑ BMD (lumbar spine, femoral neck),

bone strength (p < 0.05)

Jiang et al. 2014
China [59]

213 PMW
64.4 y

RCT
1 y

45 mg/d MK-4 + Ca
vs. Ca

↓ ucOC (p < 0.001)
↑ BMD (lumbar) (p < 0.001)

Rønn et al. 2016
Denmark [47]

148 PMOa
67.5 y

RCT
1 y

375 μg/d MK-7
vs. placebo

↓ ucOC (p < 0.05)
↓ ucOC:cOC (p < 0.05)

↑ bone structure (tibia) (p < 0.05)

Bultynck et al. 2020
UK [60]

62 (42:20)
80.0 ± 9.6 y Prospective ↑ serum VK ↓ hip fracture risk

Moore et al. 2020
UK [61]

374 PMO
68.7 y

cross-
sectional ↑ serum VK1 ↓ fracture risk (p = 0.04)

Sim et al. 2020
Australia [62]

30 (10:20)
61.8 ± 9.9 y

RCT
12 w 136.7 μg/d VK ↓ ucOC and ucOC:tOC (p ≤ 0.01)

BMC—bone mineral content; BMD—bone mineral density; cOC—carboxylated osteocalcin; M—men; PMW—postmenopausal women;
PMO—postmenopausal osteoporosis; PMOa—postmenopausal osteopenia; RCT—randomized controlled trial; SD—standard deviation;
tOC—total osteocalcin; ucOC—undercarboxylated osteocalcin; W—women; ↑—increase; ↓—decrease. * for both VK1 and MK-4 groups.

183



Antioxidants 2021, 10, 566

In a study including 221 healthy women, VK intake was significantly and negatively
correlated with ucOC [55]. Correspondingly, higher VK consumption was associated
with beneficial effects on fracture risk and bone health. Following an increased dietary
green leafy vegetable intake by consuming approximately 200 g/d, 30 healthy individuals
substantially reduced serum tOC, ucOC, and ucOC:tOC levels, suggesting increased entry
of OC into the bone matrix, improvement of bone quality and lower fracture risk [62].

Moore et al. investigated the association between circulating VK1 with fracture risk
in a study, including osteoporosis, in postmenopausal women. The results showed that
serum VK1 concentrations were significantly higher in the group with fewer fractures and
negatively associated with fracture risk [61]. The results of a 3-year study had the same
conclusions: subjects with low plasma VK1 concentration had significantly higher suscepti-
bility for vertebral fracture, independently of BMD, compared to the high VK1 group [54].

Postmenopausal women with osteopenia who received 5 mg of VK1 supplementation
daily for 4 years had a significantly lower rate of fractures (p = 0.04) [52].

Besides leafy vegetables, dried plums (Prunus domestica L.), a rich source of VK1,
demonstrated bone-protective effects. In a study of 84 osteopenic, postmenopausal women,
65–79 years of age, daily consumption of 50 g of dried plums for 6 months revealed less
total body, hip, and lumbar bone mineral density (BMD) loss compared with that of the
control group (p < 0.05), which can be explained by the ability of dried plums to suppress
bone turnover and inhibit bone resorption [63]. Dried plums are rich in VK, potassium
and minerals that are important to bone metabolism [64]. Booth et al. assessed the spine
and hip BMD change in healthy elderly subjects, and after three years of follow-up, the
daily PK supplementation did not present any additional benefit to BMD. However, the
level of ucOC, associated with increased risk of bone fracture in older adults, significantly
decreased [51]. Similar to the previous study, Emaus et al. observed that the daily intake of
360 μg MK-7 for one year increased cOC and decreased ucOC serum levels (p < 0.001) [65].
Feskanich et al. showed that women aged 38–74 years with higher daily VK intake had
lower serum concentrations of ucOC and a 30% reduction in the risk of hip fracture
compared to women with an intake of less than 109 μg VK per day [66]. Equally, the
prevalence of VK deficiency was found to be higher in older patients (mean age 80.0) with
hip fractures than those without [60].

In an intervention study, the use of 150 μg VK1 per day, in combination with physio-
logical relevant doses of genistein, an important isoflavone [67], vitD, and polyunsaturated
fatty acids (eicosapentaenoic and docosahexaenoic acids), could reduce fracture risk, at
least at the hip, and prevent osteoporosis in postmenopausal women [68]. On one hand,
VK2 supplementation might enhance the efficacy of vitD in bone and muscle health, im-
prove bone quality, and reduce fracture risk in osteoporotic patients. On the other hand,
vitD enhanced the carboxylation of OC, thus promoting the incorporation of calcium into
the bone matrix and supporting bone metabolism [69]. Increased vitD intake should be
accompanied by VK and magnesium supplementation to prevent long-term health risks,
including hypercalcemia, a calcium buildup leading to calcification of the blood vessels
and eventually osteoporosis. Hypercalcemia is not a vitD hypervitaminosis but rather a
VK deficiency and higher serum concentrations of ucOC that inhibit calcium absorption in
the bones [70].

In clinical studies, combined administration of VK and vitD, plus calcium, improved
BMD, bone quality and decrease fracture risk, demonstrating a positive synergistic effect on
bone health [57,71]. In a group of 181 healthy postmenopausal women, between 50 and 60
years, after 3 years of daily treatment with VK1, in addition to vitD, calcium, magnesium,
and zinc, the bone loss at the site of the femoral neck was significantly reduced compared
to the placebo group [72]. Furthermore, the results of clinical studies involving osteoporotic
women of different ethnicity suggested that MK-4 in combination with calcium may be a
safe approach in the treatment of osteoporosis [48,49,56,73].

Cockayne et al. investigated the effect of VK1 (1–10 mg/day) or MK-4 (15–45 mg/day)
supplementations and showed that daily supplementation of MK-4 (45 mg/day) reduced
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vertebral fractures (odds ratio (OR) = 0.40; 95% CI: 0.25–0.65), nonvertebral fractures (OR
= 0.19; 95% CI: 0.11–0.35), and hip fractures (OR = 0.23; 95% CI: 0.12–0.47) compared to
placebo and that MK-4 is a more effective antiosteoporotic agent than VK1 [74]. Hirao et al.
observed that among postmenopausal women, who received osteoporosis monotherapy
(alendronate, 5 mg/day) combined with 45 mg/day MK-4, over a period of one year, had
a significant decrease in ucOC and ucOC:tOC ratio and reduced fracture rate compared
with women, who received only alendronate monotherapy, suggesting that osteoporosis
therapy could be improved with MK-4 supplements [53].

In another intervention study among healthy, non-osteoporotic women, the interven-
tion group received 45 mg/day of MK-4 for three years and was compared to placebo.
BMD did not change in the treatment group, though serum concentrations of tOC, cOC,
and BMC significantly increased, maintaining bone strength at the site of the femoral neck.
However, bone strength decreased significantly in the placebo group. Even at the very
high doses of MK-4 used the adverse side effects [50].

The MK-7 isoform revealed the same benefits on bone health. In a 3-year randomized
study, including healthy postmenopausal women, a daily supplement of MK-7 lowered
circulating ucOC by ~50% and led to a significant improvement in bone density and
bone strength [58].

Recent evidence showed that VK2 controls osteoblastogenesis and osteoclastogenesis
via the NF-кB signal transduction pathway [75]. NF-кB signaling could, on one hand,
inhibit osteoblastic differentiation and activity and, on the other hand, stimulate osteo-
clastic bone resorption. VK2 presented pro-osteoblastic and anti-osteoclastogenic actions,
accomplished by downregulating inflammatory cytokines (e.g., TNF-α, IL-1) and inhibiting
the activation of NF-кB [76]. This new mechanism explains the dual pro-anabolic and anti-
catabolic activities of VK2 on bone. However, as no anti-NF-кB activity was associated with
VK1 in this study, other mechanisms of action may be involved in the VK1 activity [75].

Liang et al. showed that BMD was significantly negatively associated with homeostatic
model assessment for insulin resistance (HOMA-IR) and positively related with fasting
glucose in the elderly population, suggesting that bone mass could be a predictor of glucose
metabolism [77].

Several biological mechanisms may be involved in the prevention and treatment
of aging-associated musculoskeletal disorders, including sarcopenia, osteoporosis, and
osteoarthritis (OA). Clinical studies and animal experiments suggested an association
between plasma VK status with muscle mass and strength, the link between the GGCX
activity and bone protection, or the association between the steroid and xenobiotic receptor
(SXR), a putative receptor for vitamin K, and cartilage protective effect [78]. Since VKDPs,
including MGP, Gla-rich protein (GRP), periostin, and OC, were detected in cartilage and
bone, VK may have a protective role in OA and joint health [79]. Thus, sufficient dietary
VK intake and/or supplementation seemed to protect the population from age-related
musculoskeletal diseases [80].

3. Vitamin K in the Prevention and Therapy of Vascular Calcification and
Cardiovascular Diseases

Aging and several pathologic states, such as obesity, diabetes, or chronic kidney
disease (CKD), cause degenerative changes of the vascular walls, including inflammation
and vascular calcification (VC), leading to arterial stiffening and increased cardiovascular
(CV) morbidity and mortality [81].

Ample evidence has shown that VK deficiency is related to the pathogenesis of
VC [81–84]. VK has been suggested to inhibit VC and protect against cardiovascular disease
(CVD) through the activation of VKDPs, such as MGP. To accomplish its potent calcification
inhibitory function, MGP, secreted in the inactive form, needs activation (carboxylation),
which takes place in the presence of VK. Upon activation, MGP binds calcium with high
affinity, thereby inhibiting the VC process [82].

VC, a hallmark of senescence and a strong predictor of CV events, is another chronic
inflammatory state induced via the generation of proinflammatory cytokines and mediated
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by the NF-кB signaling pathway. A high VK status may exert anti-inflammatory effects and
prevent VC through antagonizing NF-кB signaling [83]. Growing evidence shows that VK
as well as nuclear factor erythroid 2–related factor 2 (Nrf2) signaling could play a vital role
in blocking ROS generation, cellular senescence, DNA damage, and inflammaging [84].

In CKD, a pathological condition characterized by osteoporosis, sarcopenia, and
increase CVD events [85], VC is widespread even at early stages. Besides careful attention
to calcium and phosphate balance, no particular therapy enabling regression or inhibiting
the progression of VC existed [86]. Accumulating evidence describes the VC mechanism
as an active process involving calcification promoters and inhibitors. The biologically
active MGP, highly dependent on VK status, is viewed as a strong inhibitor of vascular
elastic fiber damage and VC [87] and also the only factor that can actually reverse the
process [88]. The inactive, uncarboxylated form of this protein reflected the deficiency of
VK status and has been linked with VC and CV events. Growing scientific data show that
VK-dependent MGP could offset age-related wear and tear on the arteries, VC, and CVD
development [89].

To date, a number of experiments and observational studies examined the effects of
VK supplementation and dietary intake on vascular calcification and CVD (Table 3) in
mature populations.

Table 3. The effects of VK supplementation on vascular calcification.

Author, Year, Country
(Ref.)

Subjects (W:M)
Age (Mean ± SD)

Design
(Length)

Intervention
Exposure

Findings

Geleijnse et al. 2004
Netherlands [90]

4807 (2971:1836)
67.5 y 7 y

Q1 < 21.6 μg/d VK2
Q2 21.6–32.7 μg/d VK2

Q3 > 32.7 μg/d VK2

↓ CHD mortality: RR = 0.43 (95% CI:
0.24–0.77, p = 0.005) Q3 vs. Q1

↓ AC: OR = 0.48 (95% CI: 0.32–0.71,
p < 0.001) Q3 vs. Q1

Gast et al. 2009
Netherlands [91]

16,057 W
57.0 ± 6.0 y

Longitudinal
8.1 y

211.7 μg/d VK1
29.1 μg/d VK2

↓ CHD risk for 10 μg VK2: HR = 0.91
(95% CI: 0.85–1.00, p = 0.04)

Shea et al. 2009 USA
[92]

388 (235:153)
68 y

RCT
3 y

500 μg/d VK1 vs.
control ↓progression of CAC

Schurgers et al. 2010
France [93]

107 (43:64)
67 ± 13 y 18 mo VK levels

dp-ucMGP
↓ VK levels

↑ dp-ucMGP levels with CKD stage

Ueland et al. 2010
Norway [94]

147 (66:81)
74.0 ± 10 y 20 mo VK levels

dp-ucMGP
↓ VK levels

↑ dp-ucMGP in symptomatic AS

Schlieper et al. 2011
Serbia [95]

188 (89:99)
58 ± 15 y

Follow-
up,

1104 days

VK levels
dp-ucMGP
dp-cMGP

↓ dp-cMGP
↑ CV: HR = 2.7 (95% CI: 1.2–6.2, p =

0.015)
↑ All-cause: HR = 2.16 (95% CI:

1.1–4.3, p = 0.027)

Ueland et al. 2011
Norway [96]

179 (39:140)
56 y 2.9 y VK levels

dp-ucMGP

↓ VK levels; ↑ dp-ucMGP
↑ heart failure: HR = 5.62 (95% CI:

2.05–15.46, p = 0.001)

Westenfeld et al. 2011
Germany [97]

103 (48:55)
>60.5 y

RCT
6 w

G1–45 μg/d MK-7
G2–135 μg/d MK-7
G3–360 μg/d MK-7

↓ dp-ucMGP by 77–93% G2 and G3
vs. control

Dalmeijer et al. 2012
Netherlands [98]

60 (36:24)
59.5 y

RCT
12 w

G1–180 μg/d MK-7
G2–360 μg/d MK-7

↓ dp-ucMGP by 31% G1 and 46% G2
vs. placebo

van den Heuvel et al.
2013 Netherlands [99]

577 (322:255)
59.9 ± 2.9 y

Follow-up
5.6 y

VK levels
dp-ucMGP

↓ VK levels; ↑ dp-ucMGP
↑ CVD: HR = 2.69 (95% CI: 1.09–6.62,

p = 0.032)
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Table 3. Cont.

Author, Year, Country
(Ref.)

Subjects (W:M)
Age (Mean ± SD)

Design
(Length)

Intervention
Exposure

Findings

Caluwé et al. 2014
Norway [100]

165 (83:82)
70.8 y

RCT
8 w

360, 720 or 1080 μg
MK-7 thrice weekly ↓ dp-ucMGP by 17–33–46%

Liabeuf et al. 2014
France [101]

198 (40:158)
64 ± 8 y

Cross-
sectional

VK levels
dp-ucMGP

↓ VK levels; ↑ dp-ucMGP
↑ PAC: OR = 1.88 (95% CI: 1.14–3.11,

p = 0.014)

Cheung et al. 2015 USA
[102]

3401 (2245:1156)
61.9 y

Follow-up
13.3 y ↑ VK daily intake ↓ CVD mortality: HR = 0.78 (95% CI:

0.64–0.95, p = 0.016)

Knapen et al. 2015
Norway [103]

244 PMW
59.5 ± 3.3 y

RCT
3 y

180 μg/d MK-7 vs.
placebo

↓ Stiffness Index β: −0.67 ± 2.78 vs.
+0.15 ± 2.51, p = 0.018

↓ cfPWV: −0.36 ± 1.48 m/s vs. +0.021
± 1.22 m/s, p = 0.040

Kurnatowska et al.
2015 Poland [104]

42 (20:22)
58 y

RCT
270 days

90 μg/d MK-7 +
10 μg/d vitD vs.

control

↑ CAC
↓dp-ucMGP

Asemi et al. 2016
Iran [105]

66 (31:35)
65.5 y

RCT
12 w

180 μg/d MK-7 +
10 μg/d vitD + 1 g/d

Ca vs. placebo

↓ levels of left CIMT (p = 0.02)
↓ insulin (−0.9 vs. +2.6, p = 0.01)

↓ HOMA-IR (−0.4 vs. +0.7, p = 0.01)

Fulton et al. 2016
UK [106]

80 (36:44)
77 ± 5 y

RCT
6 mo

100 μg MK-7 vs.
placebo ↓dp-ucMGP (p < 0.001)

Kurnatowska et al.
2016 Poland [107]

38 (17:21)
58.6 y

RCT
9 mo

90 μg/d MK-7 +
10 μg/d vitD vs.

control
↓dp-ucMGP by 10.7%

Sardana et al. 2016
USA [108]

66 (6:60) T2D
62 ± 2 y

Cross-
sectional

VK levels
dp-ucMGP

↓ VK levels; ↑ dp-ucMGP
↑ cfPWV (β = 0.40, p = 0.011)

Aoun et al. 2017
Lebanon [109]

50 (20:30)
71.5 y

RCT
4 w 360 μg/d MK-7 ↓ dp-ucMGP by 86%

Brandenburg et al. 2017
Germany [110]

99 (18:81)
69.1 y

RCT
1 y

2 mg/d VK1 vs.
placebo

↓ progression of AVC (10.0% vs.
22.0%)

Shea et al. 2017
USA [111]

1061 (615:446)
74 ± 5 y

Follow-up
12.1 y

VK1 levels
dp-ucMGP

↑ CVD risk in HBP patients (n = 489):
HR = 2.94 (95% CI: 1.4–6.13, p < 0.01)

Puzantian et al. 2018
USA [112]

137 (8:129)
59.6 y

VK levels
dp-ucMGP

↓ VK levels; ↑ dp-ucMGP
↑ cfPWV (β = 0.21; p = 0.019)

Dal Canto et al. 2020
Netherlands [113]

601 (303:298)
70 ± 6 y

Follow-up
7 and 17 y

↓ VK levels
↓ vitD levels

↑ LVMI: β = 5.9 g/m2.7

(95% CI: 1.8–10.0 g/2.7)
↑ All-cause mortality: HR = 1.64

(95% CI: 1.12–2.39, p = 0.011)

Roumeliotis et al. 2020
Greece [114]

66 (31:35)
diabetic CKD
68.5 ± 8.6 y

Follow-up
7 y

VK levels
dp-ucMGP

↓ VK levels; ↑ dp-ucMGP
↑ CVD mortality: HR = 2.82 (95% CI:

1.07–7.49, p = 0.037)

Shea et al. 2020
USA [115]

3891 (2154:1737)
65 ± 11 y

Follow-up
13 y ↓ VK1 levels

↑ CVD risk: HR = 1.12 (95% CI,
0.94–1.33)

↑ All-cause mortality

Wessinger et al. 2020
USA [116]

60 (11:49) chronic
stroke

61.7 ± 7.2 y

Cross-
sectional VK dietary intake

Among stroke survivors, 82%
reported consuming below the Dietary

Reference Intake for VK

AC—aortic calcification; AS—aortic stenosis; AVC—aortic valve calcification; CAC—coronary artery calcification; cfPWV—carotid-femoral
pulse wave velocity; CHD—coronary heart disease; CIMT—carotid intima-media thickness; CKD—chronic kidney disease; dp-ucMGP
—dephosphorylated—undercarboxylated matrix gla protein; CVD—cardiovascular diseases; HF—heart failure; HR—hazard ratio; LVMI—
left ventricular mass index; M—men; MK—menaquinone; OR—odds ratio; PAC—peripheral arterial calcification; PMW—postmenopausal
women; PMO—postmenopausal osteoporosis; PMOa—postmenopausal osteopenia; RCT—randomized controlled trial; RR—relative risk;
SD—standard deviation; W—women; ↑—increase; ↓—decrease.
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Several studies demonstrated that higher dietary consumption of VK2 significantly
reduced the incidence of VC and coronary heart disease (CHD) [90,91]. In these studies, no
association between VK1 intake and CHD was detected while controlling for confounders.
After monitoring 2987 participants during a median follow-up time of 11 years, only dietary
MKs, but not VK1 intake, were significantly associated with a lower risk of CHD [117].
Scientific evidence specified that VK1 mainly carboxylate VK-dependent factors in the liver,
while VK2 is responsible for the carboxylation of VKDPs in the extrahepatic tissues [118].
Nonetheless, it was demonstrated that higher doses of VK1, namely 2 mg/d, can also act
in extrahepatic tissues and delay the progression of VC [110]. Furthermore, low plasma
VK1 status was linked with higher all-cause mortality risk [115] and with an increased risk
for CVD in older patients treated for hypertension [111].

VK intake slowed the progression of preexisting coronary artery calcification (CAC), a
well-known independent predictor of CVD risk, in asymptomatic older men and women [92].
Moreover, adequate consumption of VK-rich foods has been suggested as both preventing
action and prospective adjuvant therapy against atherosclerosis and stroke [116].

A combination of low VK and vitD status is associated with the increased left ventric-
ular mass index, a parameter for cardiac structure, which has been shown to predict higher
mortality, as well as the augmented risk of all-cause mortality in older populations [113].
In diabetic patients with stable CHD, combined supplementation with MK-7, vitD, and Ca
was associated with a significant reduction in maximum levels of left carotid intima-media
thickness (a parameter positively linked with diabetes, blood pressures, lipid profiles,
inflammatory cytokines), C-reactive protein (CRP) and malondialdehyde (MDA) levels,
and a significant increase in high-density lipoprotein (HDL)-cholesterol levels [105].

A functional VK deficiency is strongly associated with an increase in uncarboxylated
VK-dependent protein levels, the hepatic protein induced by vitamin K absence-II (PIVKA-
II) and extrahepatic dephosphorylated-uncarboxylated matrix Gla protein (dp-ucMGP) [99].
Scientific findings reported that VK could modulate dp-ucMGP levels and that plasma
dp-ucMGP levels decline after VK intake in a dose-dependent manner [97,100]. Circulating
plasma dp-ucMGP levels augmented progressively in many diseases and were directly cor-
related with the severity of VC, cardiac function and long-term mortality [93–96]. Equally,
in a study involving 2318 subjects, elevated dp-ucMGP increased the risk of CV (p = 0.027)
and all-cause (p ≤ 0.008) mortality [119]. Similarly, in diabetes patients with high CV risk,
elevated levels of dp-ucMGP and lower levels of total ucMGP (t-ucMGP) are independently
related to the severity of peripheral artery calcification [101]. Moreover, higher dp-ucMGP
values were independently associated with carotid-femoral pulse wave velocity (cfPWV)
in diabetes and CKD patients and may lead to large arterial stiffening [108,112].

Adequate dietary intake of VK may be essential in reducing atherosclerosis progres-
sion, CV risk, or CVD and all-cause mortality in CKD patients [102,104,107]. CKD and
hemodialysis patients could often present vascular VK deficiency due to significantly low
VK intake, resulting in an elevated risk of VC and bone fractures [120]. After three years of
180 μg MK-7 daily intake, dp-ucMGP levels decreased by 50% compared to placebo [103].
Even after a shorter 12 week-period, ucMGP, an independent risk factor for arteriosclero-
sis and CVD, significantly decreased in the MK-7 supplementation groups compared to
placebo [98]. Other interventions with different amounts of MK-7 (100 μg/d and 360 μg/d)
provided significant effects on dp-ucMGP [106,109].

Diabetic CKD patients with plasma dp-ucMGP levels above the median (≥656 pM)
had a significantly higher risk for CV events, CV mortality, and all-cause mortality com-
pared to the low dp-ucMGP group [114]. High levels of dp-ucMGP were significantly
associated with higher triglycerides (p = 0.03) and C-reactive protein (p = 0.03) levels, CV
mortality (p = 0.037), all-cause mortality (p = 0.02), and progression of CKD (p = 0.024) [114].
Likewise, a prospective study investigating 4275 people (aged 53 ± 12 years, 46.0% male)
for 10 years, concluded that plasma dp-ucMGP was associated with total (hazard ratio
(HR) = 1.14; 95% CI: 1.10–1.17, p ≤ 0.001) and CV (HR = 1.17; 95% CI: 1.11–1.23, p ≤ 0.001)
mortality [121].
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Recent data indicated that dp-ucMGP levels might be associated with high-risk for
CV mortality and all-cause mortality. One meta-analysis, which included 11 studies and
33,289 patients, revealed that high circulating dp-ucMGP was associated with increased
risk of all-cause and CV mortality [122]. Correspondingly, another large meta-analysis
comprising 21 articles and 222,592 subjects exposed that elevated plasma dp-ucMGP levels
were correlated with higher risk of all-cause mortality (HR = 1.84; 95% CI: 1.48–2.28,
p < 0.001), CVD mortality (HR = 1.96; 95% CI: 1.47–2.61, p < 0.001), as well as increased
total CVD risk (HR = 1.57; 95% CI: 1.19–2.06, p < 0.001) [123]. This study also found a
significant association between dietary VK1 and MKs with total CHD (HR = 0.92 and 0.70,
respectively), but no correlation was noticed between dietary VK and all-cause or CVD
mortality [123].

In conclusion, as no toxicity or serious side-effects of VK intake have been described,
even for higher doses, patients with CVD risk could benefit from VK supplementation, a
safe therapy, which can present significant clinical impact.

4. The Effects of Vitamin K on Metabolic Disorders

Obesity and type 2 diabetes (T2D) are metabolic disorders affecting the world popula-
tion with serious health and economic complications. Obesity, as well as overweight, is a
risk factor for deficiency of fat-soluble vitamins. Data reported that VK supplementation
reduced OS, insulin resistance, and lowered progression of metabolic risk biomarkers for
T2D. There was a clear association between circulating VK and dependent-OC concen-
tration, obesity and T2D risk [124]. Scientific evidence suggests that OC, an osteoblast-
derived hormone, is involved in glucose and energy metabolism through multiple mecha-
nisms. It regulates secretion and insulin sensitivity through increase β-cell function and
increases adiponectin expression in adipocytes. Metabolic disorders, including obesity or
diabetes, can affect the synthesis and action of OC, causing a disruption of the bone–energy
metabolism axis [125].

Dietary patterns stressing plant food consumption may be effective in both preventing
T2D and improving diabetes management. VK may play an imperative role in the regula-
tion of glycemic status by improvement of insulin sensitivity, which may decrease the risk
for T2D [126].

The synergistic effect exerted by the bioactive molecules (e.g., lipophilic vitamins,
such as VK) found in plant or animal source foods can improve insulin sensitivity through
a number of signaling pathways in the prediabetic and diabetic population [127]. VK may
regulate glucose levels through controlling OC levels and inflammation and exert beneficial
effects in T2D [128].

The design and outcomes of studies assessing the effects of VK supplementation on
metabolic disorders are shown in Table 4.

Table 4. The effect of VK intake on metabolic disorders.

Author, Year,
Country [Ref.]

Subjects (W:M)
Age (Mean ± SD)

Design
(Length)

Intervention
Investigations

Findings

Im et al. 2008
South Korea [129]

339 PMW
T2D

57.2 y

Biochemical and hormonal
parameters for (1) NG; (2)

IGF; (3) T2D groups

↓ OC in (3) vs. (1) (p < 0.005)
OC levels—inversely correlated with FG

(r = −0.195, p < 0.001), HbA1c (r = −0.219,
p < 0.001), FI (r = −0.131, p < 0.016),

HOMA-IR (r = −0.163, p < 0.003)

Yoshida et al. 2008
USA [130]

355 (213:142)
68 y

RCT
36 mo 500 μg/d PK vs. control

↓ HOMA-IR (p-adjusted < 0.01) and ↓
plasma insulin (p-adjusted < 0.04)—only

for men
↓% ucOC (p < 0.001) for both men and

women

Kanazawa et al.
2009 Japan [131]

329 (149:179)
65.8 y

Biochemical and hormonal
parameters

Negative correlation between OC and FG
and HbA1c (for all: p < 0.05), % fat,
baPWV and IMT in men (p < 0.05)

Positive correlation between OC and total
adiponectin in PMF (p < 0.001)
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Table 4. Cont.

Author, Year,
Country [Ref.]

Subjects (W:M)
Age (Mean ± SD)

Design
(Length)

Intervention
Investigations

Findings

Kindblom et al.
2009

Sweden [132]

1010 M
857 non-T2D

153 T2D
75.3 ± 3.2 y

MrOS
Sweden
study

Biochemical and hormonal
parameters

↓ OC in T2D (−21.7%, p < 0.001) vs.
non-T2D

Plasma OC—inversely correlated with
BMI, fat mass, and plasma glucose

(p < 0.001)

Shea et al. 2009
USA [133]

348 (206:142)
non-T2D

68 y

Cross
sectional

3 y

OC levels (tOC, ucOC,
cOC) and HOMA-IR

↑ cOC and tOC were associated with ↓
HOMA-IR (p = 0.006 and p = 0.02,

respectively)

Bao et al. 2011
China [134]

181 M
76 non-metS

105 metS
64.9 ± 10.7 y

Biochemical and hormonal
parameters

↓ OC in MetS vs. non-MetS (p < 0.001);
OC was independently associated with
metS (OR = 0.060, 95% CI: 0.005–0.651)

Alfadda et al. 2013
Saudi Arabia [135]

203
T2D ± MetS
52.5 ± 9.6 y

Cross-
sectional

Biochemical and hormonal
parameters

↓ tOC (p = 0.01) and ucOC (p = 0.03) in
metS vs. non-metS. Positive correlation
between ucOC and HDL-C (p = 0.023).
Negative correlation between tOC and

HbA1c (p = 0.01) and serum TGs
(p = 0.049).

Confraveux et al.
2014 France [136]

798 M
65.3 ± 7 y

MINOS
study

Biochemical and hormonal
parameters

Negative correlation between OC and
glycemia (p < 0.0001)

Shea et al. 2017
USA [137]

401 (237:164)
69 ± 6 y

RCT
3 y

500 μg/d PK (+Ca and
vitD) vs. control (Ca and

vitD)
↓ ucOC (p < 0.001)

Knapen et al. 2018
Netherlands [138]

214 PMW
60 y

RCT
3 y 180 μg/d MK-7 vs. placebo ↑ cOC (p < 0.0001)

↓ ucOC (p < 0.0001)

Dumitru et al. 2019
Romania [139]

146 PMW
T2D

62.1 y

Cross
sectional

30 mo

Biochemical and hormonal
parameters in T2D group

vs. control

↓ tOC (p < 0.05) in T2D group
Negative correlation between tOC and
HbA1c, BMI, TGs (for all: p < 0.05), and

HDL-C (p = 0.001)

Guney et al. 2019
Turkey [140]

191 PMW
metS
56 y

cross-
sectional

Biochemical and hormonal
parameters in metS group

vs. control

↓ OC (p < 0.001) in metS group
Positive correlation between vitD and OC

(r = 0.198; p = 0.008)
Negative correlation between OC and

hs-CRP (p = 0.003), HOMA-IR (p = 0.048),
and HbA1c (p = 0.001)

Aguayo-Ruiz et al.
2020 Mexico [141]

40 (24:16)
T2D
56 y

RCT
3 mo

(1) 100 μg/d K2
(2) 100 μg/d K2+vit D3

(3) vit D3

(1): ↓ glycemia (p = 0.002)
↑ cOC (p < 0.041)

(2): ↓ glycemia (p = 0.002)

Jeannin et al. 2020
France [142]

198 (40:158) T2D
64 ± 8.4 y Cohort NDS, dp-ucMGP in plasma ↑ peripheral NDS (15.7%) correlated with

dp-ucMGP (r = 0.51, p < 0.0001)

Sakak et al. 2020
Iran [143]

68 (42:26)
T2D

57.6 y

RCT
12 w 360 μg MK-7 vs. placebo

↓ FPG (p-adjusted = 0.031)
↓ HbA1c (p-adjusted = 0.004)

↓ HOMA-IR (p = 0.019) vs. baseline

BMI—body mass index; cOC—carboxylated osteocalcin; dp-ucMGP—dephospho-uncarboxylated matrix-gla-protein; FG—fasting glucose;
FI—fasting insulin; FPG—fasting plasma glucose; FPβC—functional pancreatic β cells; HbA1c—glycosylated hemoglobin; HDL-C—high—
density lipoprotein cholesterol; HOMA-IR—homeostatic model assessment of insulin resistance; hs-CRP—high sensitive C—reactive
protein; IFG—impaired fasting glucose; M—men; metS—metabolic syndrome; NDS—neuropathy disability score; NG—normal glucose;
OC—total carboxylated osteocalcin; PMO—postmenopausal osteoporosis; PMW—postmenopausal women; RCT—randomized controlled
trial; SD—standard deviation; tOC—total osteocalcin; ucOC—undercarboxylated osteocalcin; T2D—type 2 diabetes; TGs—triglycerides;
W—women; ↑—increase; ↓—decrease.

The relation between OC and energetic metabolism was assessed in a cross-sectional
study, including 146 postmenopausal women with and without T2D. Diabetic women
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presented lower levels of serum tOC (p < 0.05). There were significant negative correlations
between OC concentration and glycated hemoglobin (HbA1c), serum triglycerides, and
body mass index (p for all < 0.05), independent of the presence of T2D [139].

Similarly, in a study carried out in postmenopausal non-osteoporotic women, OC was
found to be significantly lower in women with metabolic syndrome (metS) compared to
control (p < 0.001). In this study, a significant positive correlation (p = 0.008) was detected
between vitD and OC [140]. Supplementation of vitD, vitD3 metabolite more than vitD2,
revealed to have favorable effects on metabolic profile measurements and depressive
symptoms in T2D patients [144].

Apparently, VK supplementation had no significant consequences on glycemic control
in healthy subjects [145]. However, studies performed on prediabetic and diabetic patients
to determine the VK effect had different results. Rasekhi et al. studied 82 premenopausal
and prediabetic women (40.17 ± 4.9 years), who were randomized to consume either
1000 μg PK supplement or placebo in a randomized controlled trial. After 4 weeks, the PK
intake increased the serum levels of cOC and decreased ucOC compared with placebo (for
both: p < 0.001) and improved the insulin sensitivity. A statistical significant association
between changes of ucOC and 2 h post-oral glucose tolerance test (OGTT) glucose was
found (r = 0.308, p = 0.028) [146].

Among patients with metS and T2D, both VK forms were beneficial. However, the
risk reduction occurred at higher levels of PK intake compared to MK, suggesting that
MK could be more effective than PK in reducing T2D risk [147]. It seemed that MK
improved insulin sensitivity through the contribution of OC, anti-inflammatory activity,
and lipid-lowering effect [148].

In a 12 week-trial involving T2D patients, the intake of 200 μg MK-7 daily supplements
significantly decreased fasting blood sugar (p = 0.02) and HbA1c (p = 0.01) compared to
the placebo group. Although MK-7 supplementation improved glycemic indices, the lipid
profile did not significantly change within or between groups [149]. The same parameters
were investigated in another randomized controlled trial (RCT), with a higher intake
of MK-7, 180 μg twice daily. After 12-weeks, the T2D patients in the MK-7 group had
significantly lower levels of fasting plasma glucose and HbA1c compared with the placebo
group, while again, no significant changes were noticed in the lipid profiles. Fasting insulin
and HOMA-IR significantly decreased in the MK-7 group compared to baseline, suggesting
a decrease in insulin resistance [143].

The MK-7 isoform intake was yet again analyzed in another trial for eight weeks.
A number of 84 polycystic ovary syndrome (PCOS) patients were randomly assigned
into the 90 μg MK-7 daily treatment group and placebo. At the end of the study, MK-7
supplementation significantly decreased serum fasting insulin (p = 0.002) and HOMA-IR
(p = 0.002) compared to the placebo group. Furthermore, MK-7 intake led to significantly
lower serum triglyceride level (p = 0.003), waist circumference (p = 0.03), and body fat mass
(p < 0.001). In this study, MK-7 intake showed beneficial effects on glycemic indices but
also on lipid and anthropometric profiles in PCOS patients [150].

Knapen et al. assessed fat mass and body composition in postmenopausal women.
The group that received 180 μg MK-7 per day revealed higher levels of circulating cOC.
In subjects with an above-median response in cOC, a significant increase in adiponectin
level and a decrease in abdominal fat mass and visceral adipose tissue area were observed
compared with the placebo group and the subjects with low cOC level. Thus, MK-7 intake
could reduce body weight or abdominal and visceral fat in subjects showing a strong
increase in cOC [138].

A study, which evaluated the effect of vitD3 and VK2 supplements alone or in com-
bination on OC levels and metabolic parameters was conducted in 40 diabetic patients.
Diabetic patients are characterized by bone demineralization and changes in OC levels.
In the vitD3 plus VK2 group, a significant decrease in glycemia (p = 0.002), percentage of
pancreatic β-cells (p = 0.004), and in the uOC/cOC index (p = 0.023) were noticed. In the
VK2 group, again a significant decrease in glycemia (p = 0.002), percentage of pancreatic
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β-cells (p = 0.002), and HOMA-IR (p = 0.041), and a statistically significant increase of cOC
concentrations were observed. The increase in the cOC concentration could be explained
by the action VK2 as a cofactor of carboxylases during activation of OC [141].

Yoshida et al. analyzed PK supplementation in an RCT comprising 355 nondiabetic
men and women (mean age 68 years). After 36 months, HOMA-IR was significantly
lower among men in the 500 μg PK daily supplement group compared to the control
group, but no statistically significant result differences were noticed in women. Thus, PK
supplementation for three years decreased the levels of ucOC and had a protective effect
against the insulin resistance progression in older men [151]. In older humans, serum cOC
and not ucOC concentration was associated with lower insulin resistance [133], which
supports a potential link between bone physiology and insulin resistance in humans.

Jeannin et al. explored the association between VK status and diabetic peripheral
neuropathy. The levels of dp-ucMGP, an inverse marker for VK status, were significantly
higher in patients with neuropathy versus patients without neuropathy (p = 0.009). Since
dp-ucMGP is a VK-dependent protein, reduced VK status is an independent risk factor
for diabetic peripheral neuropathy. Hence, treatment with VK supplements may be a
preventive measure in diabetic patients at risk of peripheral neuropathy [142].

VK consumption was linked with increased cOC, in addition to improved glycemic
status, dyslipidemia, serum insulin, OS, and inflammation in T2D [152]. Possible mech-
anisms of these effects could be reduced hepatocyte gluconeogenesis and lipogenesis,
decreased production of inflammatory cytokines and higher levels of adiponectin, inacti-
vation of NF-кB pathway, or increased gene expression levels of AMP-activated protein
kinase (AMPK) and sirtuin-1 (SIRT-1), important signaling molecules in the regulation of
glucose hemostasis, lipid metabolism, and insulin sensitivity [152,153].

In animal studies, ucOC was found to be the active hormonal form that conferred
beneficial glucose control and the only molecule involved in the production of insulin by
the pancreatic β-cells [154]. Opposite to what was proposed in mouse models, in humans,
the association between ucOC and insulin resistance may differ [155]. Higher VK intakes
and increase cOC were associated with a low percentage of ucOC but also with reduced
blood glucose, insulin resistance, and T2D risk [130,156,157]. The outcomes in these human
studies assumed that a low percentage of ucOC actually improves glucose metabolism.
Moreover, both cOC and ucOC levels could increase glucose transport in adipocytes
and muscle cells and improve insulin sensitivity [38]. Although the in vivo experiments
could have remarkable value in human pathology studies, some animal models cannot be
extrapolated directly to humans [158].

Based on the current literature, healthier dietary habits and lifestyle, such as consump-
tion of green leafy vegetables and fermented foods, major sources of VK, may indepen-
dently contribute to reducing metabolic disorder risks.

5. The Effect of Vitamin K on Neurodegenerative Diseases

Age-related neurodegenerative diseases, such as Alzheimer’s disease (AD) or Parkin-
son’s disease (PD), lead to one of the most unfavorable health problems, cognitive im-
pairment. It is a legitimate age-related health concern potentially affecting the wellbeing
and independence of mature and old adults [159]. The dysregulations in these patholo-
gies are mainly associated with OS, neuroinflammation, abnormal protein aggregation,
or mitochondrial dysfunction. Recent animal and human studies showed that bioactive
compounds could diminish the risk or delay the onset or progression of inflammation
processes, cognitive impairment, or age-related syndromes [160–162].

Healthy nutritional diets, modifiable lifestyle factors may prevent or delay these dis-
eases. Increased consumption of vegetables, fruits, nuts, seeds, with proven antioxidant
and anti-inflammatory activities, is the principal dietary recommendation, with an impor-
tant reminder that the beneficial effects may come from wholesome, healthy diets rather
than from a particular nutrient [163].
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AD, described by the existence of intracellular neurofibrillary tangles containing the
microtubule-associated protein tau and extracellular aggregated amyloid-β (Aβ) peptides,
is the most common cause of dementia in the old population. These modifications induce a
chronic inflammatory state, leading to the neuronal damage observed in AD [164].

New findings suggest the participation of VK in brain physiology through the car-
boxylation of Gas6, a VKDP, which could defend against neuronal apoptosis induced by
OS and Aβ [165]. Moreover, VK is implicated in neuron development and survival, which
are mediated by protein S and sphingolipids. Sphingolipids are a class of lipids extensively
present in brain cell membranes with important cell roles. They are active in neuropro-
tection and myelination, a critically important process for healthy CNS functioning [166].
VK may reduce cognitive decline and the risk of AD through modulating sphingolipid
metabolism, which leads to enhanced Aβ clearance [166]. Altered sphingolipid profiles
have been linked to neuroinflammation and neurodegeneration [167].

Recent evidence has shown that during remyelination, VK enhances the production
of brain galactosyl ceramides, cerebrosides with a major role in nerve cell membranes.
Furthermore, VK appears to have a survival-supporting effect on neurons [142].

Fat-soluble vitamins (A, D, E, and K) or water-soluble vitamin C are powerful an-
tioxidant and anti-inflammatory agents [168]. Inadequate concentrations of vitamins have
been linked with brain aging and cognitive decline in AD patients and the elderly [169].
VK has been shown to influence AD risk and cognitive functions, positively impact the
mechanisms involved in AD pathogenesis, including OS, inflammation, Aβ-aggregation
and Aβ-induced neurotoxicity [170].

Low plasma VK concentration was correlated with a greater degree of frailty, common
in patients with neurodegenerative diseases. The relationship between VK status and
frailty was assessed in a longitudinal study with 644 (54% women) community-dwelling
adults, mean age 59.9 years over 13 years. After measuring dp-ucMGP as a marker of
VK status, compared with the lowest tertile, the medium (1.40; 95% CI: 0.01–2.81, p for
trend = 0.03) and highest (1.62; 95% CI: 0.18–3.06, p for trend = 0.03) tertiles were associated
with higher degree of frailty [171].

Data reported low serum VK concentrations in AD patients and disclosed that patients
with early-stage AD consumed lower VK per day than cognitively intact control subjects,
which consumed around 139 μg VK daily [172]. Likewise, results from a mature population,
65 years and older, revealed a direct correlation between low VK dietary intake and low
serum VK concentration, as well as declined cognitive performances [173]. Some MK iso-
forms, mainly the longer chains, produced by the gut microbiota were positively associated
with cognition, as demonstrated by McCann et al. in a study on 74 old individuals at
different cognitive ability levels [174].

The concentration of circulating PK is positively correlated with the intake, as it was
demonstrated in a representative sample population aged over 65 years [175]. Tanprasert-
suk et al. showed that in a group of nondemented centenarians, only circulating PK levels
were significantly linked with a wide range of cognitive performance. Despite the fact
that MK-4 was the predominant isomer in both the frontal and temporal cortex, cerebral
MK-4 levels were not associated with cognitive measures. VK-rich food intake containing
other bioactive molecules may act in synergy to cognitive health [176]. In a cross-sectional
study, which comprised 320 old participants aged 70 to 85 years and without cognitive
impairment, higher serum levels of PK were significantly connected with better verbal
episodic memory performances (p = 0.048), exposing better cognition during aging [177].

The results of a prospective study that included 960 subjects (mean age 80 years)
revealed that the intake of at least one serving of PK-rich foods daily, including green
leafy vegetables, was linked with slower cognitive deterioration, corresponding to 11 years
younger in age for the subjects in the highest quintile of PK intake (median 1.3 serv-
ings/d) [178]. Similarly, Chouet et al. indicated a statistically significant association
between increased dietary PK intake and better cognition and behavior [179]. In a group of
192 participants (mean age 83 years), cognition was assessed with the mini-mental state
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examination (MMSE) and behavior with the frontotemporal behavioral rating scale (FBRS).
Compared to lower intake, participants with higher PK intake had greater (i.e., better)
mean MMSE score (22.0 ± 5.7 vs. 19.9 ± 6.2, p = 0.024) and lower (i.e., better) FBRS score
(1.5 ± 1.2 vs. 1.9 ± 1.3, p = 0.042) [179].

Evaluating MS patients, Lasemi et al. showed that MK levels in this population
were decreased compared to controls and suggested that MK supplementation might
inhibit the disease’s evolution [180]. Indeed, Sanchez et al. observed that prophylactic MK
supplementation could suppress experimental autoimmune encephalomyelitis, an animal
model of brain inflammation used to study human CNS demyelinating diseases, including
MS [181].

A relationship between PD and serum VK2 levels was examined by Yu et al. in a study
involving 93 PD patients and 95 healthy controls (age over 66) [182]. The results indicated
that the serum VK2 level of PD patients was significantly lower (3.49 ± 1.68 ng/mL) than
that of healthy controls (5.77 ± 2.71 ng/mL). Since inflammation is important pathogenesis
of PD, and VK has anti-inflammatory action, deficiency of VK may lead to occurrence and
aggravation of inflammatory state, and eventually the incidence of PD [182].

Significantly lower dietary VK consumption was associated as well with serious
subjective memory complaints in 160 studied patients (mean age 82 y). Patients with
serious subjective memory complaint had lower mean dietary VK intake compared to
participants without serious subjective memory complaint (298.0 ± 191.8 μg/day vs.
393.8 ± 215.2 μg/day, p = 0.005). Increased VK intake was linked with fewer and less
severe subjective memory disorders in participants taking no VK antagonists (VKAs) [183].
The use of VKAs as anticoagulant medications lowered the VK bioavailability, thus reduc-
ing the VK concentration and increasing the altered cognitive performance risk and the
frequency of cognitive impairment in the elderly [184,185].

Scientific evidence confirmed that OC is involved in multiple biological processes,
including energy metabolism, cognition, stress response, CV health. These physiological
functions have been documented to be regulated by both OC forms, cOC and ucOC [186].
OC can bind to neurons of the hippocampus, brainstem, or midbrain, and enhance the
production of monoamine neurotransmitters, prevent anxiety and depression, and support
learning and memory. During aging, a decline in bone mass may cause a decrease in
cognitive functions because of a drop in OC synthesis and/or activation [187]. As bone
function and cognitive features deteriorate in parallel with OC levels during aging, this
molecule could be defined as an antiaging tool with the potential to be used against age-
related disorders, including cognitive alterations. Improving bone health during aging
may have favorable effects on cognition [188].

Since pharmacological interventions have been unsuccessful in the prevention of de-
mentia and evolution of AD or PD, other approaches, such as lifestyle changes and dietary
therapies, may impact the prevention and evolution of dementia, AD, or PD. Thus, nutri-
tional interventions could favorably modulate the epigenetic mechanisms through regulat-
ing DNA acetylation and methylation or altering the expression of miRNAs [189]. Foods,
including green leafy vegetables, berries, or nuts, high in VK and other vitamins, minerals,
polyphenols with powerful antioxidant properties, should be encouraged in older adults
for the prevention or management of age-associated neurodegenerative diseases [190].

Moreover, VK, especially VK2, prevents an excess vascular calcification of retinal
blood vessels and thus the age-related stiffness and atherosclerotic plaque of blood vessels.
It can stop the evolution of an age-related macular degeneration (AMD) and, for better
results, should be used in combination with magnesium, zinc, and/or vitamin D [191].

6. The Effect of Vitamin K on Cancer

The basic chemical structure of VK and the functional unit in several cancer chemother-
apeutic drugs is a quinone, which partially explains the research involving VK use in the
prevention and treatment of cancer [192].
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Quinones can be converted into reduced forms, first into intermediate semiquinones
(one-electron reduction), then hydroquinones (two-electron reduction). These reactions
consume superoxide radicals, generally accepted as oncogenic, and also consume reducing
equivalents (NADH, NADPH, glutathione), essential for cancer cell homeostasis [193],
hence creating an intracellular setting proper for induction of apoptosis. The VK-modulated
redox-cycle may partially explain VK anticancer activity [194].

Further research suggests that increased VK intake (e.g., MK) may have potent anti-
cancer properties since it has shown an inverse association with overall cancer incidence.
Although the exact anticancer activity of dietary VK is still unclear, there are several
suggested mechanisms that may explain its effect on preventing carcinogenesis, such as
scavenging oxygen free radicals, inhibiting polyamine metabolism, induction of apoptosis,
production of reactive oxygen species (ROS), cell cycle arrest and activation of antimetasta-
sis genes [195,196].

Both VK1 and VK2 have demonstrated antiproliferative, proapoptotic, autophagic
activities, resulting in anticancer activity [195]. Moreover, VK3 and its analogs are potent
inhibitors of cell proliferation on many cancer cell lines. They act as cellular redox mediators
generating ROS and inducing apoptosis by mitochondrial pathway [197]. Combining VK3
with other molecules sharing structural similarity, such as plumbagin and juglone, naturally
occurring naphthoquinones found in polyphenol-rich Juglans regia [198], or with vitamins
or drugs that also function through modulation of intracellular redox states could potentiate
the antitumor effects [199,200].

Cancer cell death induced by VK2 appears to vary among the type of cancers. In
triple-negative breast cancer cell lines, VK2-induced non-apoptotic cell death along with au-
tophagy [201]. In prostate cancer cell lines, VK2-induced cell death through ROS-mediated
cell cycle arrest and mitochondrial-mediated apoptosis, as well as metastasis-inhibiting sig-
naling molecules [202]. Moreover, in prostate cancer cells, VK2 showed anti-inflammatory
activity as several inflammatory genes were downregulated after treatment with VK2.
Additionally, VK2-reduced proliferation, induced apoptosis and lowered the angiogenic
potential of prostate cancer cells. The proposed mechanisms for the potential anticancer
effects were caspase-3 induction, inhibition of NF-кB pathway, downregulation of phos-
phorylated protein kinase B (AKT), and reduction of androgen receptor expression [203].
Moreover, certain essential proteins, such as Bak and Cx43, several protein kinases, such as
PKA and PKC, and transcription factors, such as AP-2, are involved in the mechanism of
VK2 activity against cancer cells [204].

In different cancer cell lines, VK2 can inhibit cancer cells’ growth by the initiation of
autophagy, a natural mechanism that removes damaged or dysfunctional cellular organelles
and prevents diseases, such as cancer, diabetes, or neurodegeneration [205]. Yokoyama
et al. demonstrated that MK-4 could simultaneously stimulate autophagy and apoptosis in
leukemic cells, but rather autophagy was dominant in the presence of B-cell lymphoma 2
(Bcl-2) protein that inhibited apoptosis [206]. Similarly, MK-4-treatment-induced antitumor
effects on cholangiocellular carcinoma (CCC) cells via autophagy. The apoptosis induction
effect of MK-4 in CCC cells was relatively small compared to other cancer cells, a possible
reason being, as in the previous experiment, the over-expression of the anti-apoptotic Bcl-2
protein in CCC cells [207]. Tokita et al. examined the growth inhibitory action by MK-4 on
gastric cancer cell lines. The results established that MK-4-treatment-induced antitumor
effects through apoptosis and cell cycle arrest in a dose-dependent manner [208].

In another study, MK-4 again inhibited the growth and invasion of hepatocellular
carcinoma (HCC) cells via activation of protein kinase A. MK-4 reduced the ability of
liver cancer cells to invade and spread via the portal venous system [209]. However,
the beneficial effects of VK treatment alone were not enough to avoid or treat HCC in
clinical settings. Thus, VK administration combined with other anticancer reagents could
achieve satisfactory therapeutic effects against HCC [210]. Yoshiji et al. administered MK-4
(45 mg/d) and angiotensin-converting enzyme inhibitor (ACE-I) (4 mg/d) after curative
therapy for HCC. After 48 months, the combination treatment with VK and ACE-I inhibited
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the cumulative recurrence of HCC, at least partly through suppression of the vascular
endothelial growth factor (VEGF), an angiogenic factor [211].

Duan et al. examined the anticancer activity of VK2 in bladder cancer cells and
investigated the underlying mechanism. VK2-induced apoptosis in bladder cancer cells
through the phosphorylation of c-Jun N-terminal kinase and p38 mitogen-activated protein
kinase (JNK/p38 MAPK), as well as through mitochondrial pathways, including loss of
membrane potential, cytochrome C release, and caspase-3 cascade [212]. Furthermore, VK2
can upregulate glycolysis in bladder cancer cells, mediated by phosphatidylinositide-3-
kinase and AKT (PI3K/AKT) and hypoxia-inducible factor-1α (HIF-1α), induce metabolic
stress, along with increased phosphorylation of AMPK and reduced phosphorylation of
mammalian target of rapamycin complex 1 (mTORC1). Thus, in response to metabolic
stress, VK2 could activate AMPK and suppress the mTORC1 pathway, consequently
causing AMPK-dependent autophagic cancer cell death. Upon glucose limitation, the
increased glycolysis would result in metabolic stress and cell death. Hence, VK2 could
induce metabolic stress and trigger AMPK-dependent autophagic cell death in bladder
cancer cells by PI3K/AKT/HIF-1α-mediated glycolysis elevation, this being one of the
VK2-induced anticancer mechanism [213].

Dietary polyamines are involved in various biological processes, including cell prolif-
eration and differentiation, which can increase life span and be beneficial against aging
and age-related disorders [214,215]. However, polyamines are detrimental in disease pro-
gression and are a target for anticancer agents [215]. PK proved to be a potential anticancer
agent. Following PK administration to colon cancer cell lines, significant antiproliferative
and proapoptotic effects were noticed, in addition to a significant decrease in the polyamine
biosynthesis [216].

The association between dietary intake of PK and MKs and total and advanced prostate
cancer was evaluated in 11,319 men during a mean follow-up time of 8.6 years. MKs intake
presented a nonsignificant inverse association for total prostate cancer (RR = 0.65; 95%
CI: 0.39–1.06) and a significant association for advanced prostate cancer (RR = 0.37; 95%
CI: 0.16–0.88, p for trend = 0.03). The association was stronger for MKs from dairy products
compared with MKs from meat. The PK intake did not correlate with prostate cancer
incidence [192].

VK has been reported to have antiproliferative and proapoptotic activity in human
melanoma cells. VK3 has been identified as a specific inhibitor of the E3 ubiquitin ligase
Siah-2, an enzyme implicated through several mechanisms in melanoma development and
progression [217].

Beaudin et al. reported distinct effects on breast cancer cells for the two forms of VK,
as VK1 promoted γ-carboxylation and stem cell features, while VK2 presented antiprolif-
erative or proapoptotic effects. The authors hypothesized that in normal breast, VK1 is
converted to VK3, which is then prenylated by the enzyme UbiA prenyltransferase domain
containing 1 (UBIAD1) to VK2, favoring tumor suppression. However, loss of UBIAD1
in tumors abrogates VK2 formation, leading to accumulation of VK1, which promotes
aggressive phenotypes via γ-carboxylation if tumors express the enzyme GGCX. Future
studies could clarify the function of UBIAD1 and the action of cellular VK1 and VK2 in
breast cancer cells [218].

Contrary to the previous hypothetical opinion, the data from a large prospective cohort
study showed that dietary VK2 was linked with breast cancer incidence and mortality.
After adjustment for confounders, total VK and dietary VK1 were not associated with breast
cancer incidence and mortality. However, total VK2 intake was significantly associated with
26% elevated breast cancer risk, and 71% increased risk of death from breast cancer [219].
In the general population, VK2 intake is mainly from cheese and meat and, based on
recent scientific evidence, meat consumption and not VK2 was associated with increased
breast cancer risk [220]. Other prospective studies found an association between better diet
quality and higher consumption of salad vegetables, rich sources of VK1, and lower risk of
breast cancer, offering indirect evidence for the antioncogenic effect of VK1 [221,222].
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In the prospective European Prospective Investigation into Cancer and
Nutrition—Heidelberg cohort study, 24,340 participants were followed for more than
10 years to estimate an association between VK intake and overall cancer incidence and
mortality. Dietary intake of VK2, highly determined by cheese consumption, was signif-
icantly inversely associated with cancer mortality (HR = 0.72; 95% CI: 0.53–0.98, p for
trend = 0.03) and nonsignificantly linked with overall cancer incidence (HR = 0.86; 95% CI:
0.73–1.01, p for trend = 0.08) for the highest compared with the lowest quartile. Cancer risk
reduction after VK2 intake was more evident in men than in women, mostly driven by sig-
nificant inverse associations with lung (p for trend = 0.002) and prostate (p for trend = 0.03)
cancer. In women, almost 50% of all cancer cases were breast cancer, nonsignificantly asso-
ciated with VK2 intake [223]. Dietary VK2 intake was more strongly inversely associated
with cancer mortality than with cancer incidence because likely, factors having a role in
apoptosis and cell cycle arrest appear later in carcinogenesis. In addition, the suggested
VK2 inhibitory role in angiogenesis is strongly linked to metastasis development [224].

Another prospective cohort, the PREDIMED study, which enrolled 7216 participants
with high CVD risk, means age 67 years, followed up for a median of 4.8 years, analyzed the
link between dietary VK intake and cancer risk, among other parameters. After adjustment
for potential confounders, the outcomes indicated that dietary VK1 intake was associated
with a significantly reduced risk of cancer (HR = 0.54; 95% CI; 0.30–0.96). In longitudinal
analyses, individuals who increased their intake of PK or MK during follow-up had a
significantly lower risk of cancer (HR = 0.64; 95% CI; 0.43–0.95; and HR = 0.41; 95% CI;
0.26–0.64, respectively) compared to individuals, who diminished or did not change the
VK intake. Thus, dietary intake of both PK and MK forms was associated with a reduced
risk of cancer, besides a lower risk of CV and all-cause mortality [225]. Although in this
study PK was positively correlated with cancer risk, in other studies, dietary PK intake
was not associated with cancer. Considering that PK is converted to menadione and MK-4,
it can be proposed that dietary PK exerts cancer inhibitory effects as part of the total VK
concentration [223].

The universal agreement is that a healthy vegetable-rich diet could prevent cancer and
its development. Thus, the protective effects of a high PK consumption on carcinogenesis
may come from healthy diets with beneficial synergistic effects rather than from VK per se.

7. Correlation between Vitamin K and Pulmonary Disease

The most common chronic respiratory disease is a chronic obstructive pulmonary
disease (COPD) involving chronic bronchitis and emphysema. In a cross-sectional study,
the association of dark green vegetables with emphysema status was assessed among US
adults. The consumption of recommended amounts of VK was associated with a 39%
decrease in odds of emphysema. VK showed that it might slow the emphysematous
process and, together with vitamin A are important in lung health [226].

VK can activate intrahepatic and extrahepatic procoagulant or anticoagulant factors,
such as protein S. This protein, a VK-dependent plasma glycoprotein, has a role in the
anti-coagulation pathway, where it functions as a cofactor to protein C [227]. Besides
this action, protein S can prevent the production of inflammatory cytokines associated
with the cytokine storm observed in acute lung injury [228]. Alterations in the serum
levels of protein S can relate to the progression of fibrosis and inflammatory diseases in
the lung, liver, or heart [229]. Low protein S levels were correlated lately with higher
thrombogenicity, clinical severity, and fatal outcome in COVID-19 patients, independently
of age or even Inflammatory biomarkers [230]. In COVID-19 cases, the reduced activation
of MGP and protein S due to the pneumonia-induced VK depletion can lead to an escalation
in pulmonary injury and thrombosis [231].

8. Conclusions

The latest scientific evidence summarized in this review indicated that VK has a signif-
icant role in mitigating aging and preventing age-related diseases and has the potential to
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improve the efficacy of some medical treatments among adults over the age of 50 years. The
novel role of VK on aging and age-associated diseases is mainly due to its antioxidant and
anti-inflammatory effects. The review focused on the most prevalent age-related diseases,
including osteoporosis and bone fractures, neurodegenerative diseases, VC, CVD, and
cancer, as well as metabolic disorders, mainly T2D and obesity. In addition, we presented
the most recent findings on the association between VK and COVID-19 and its potential
effect on reducing fatal outcomes in such cases. Specifically, the scientific data showed
that VK has an integral role in bone metabolism through the carboxylation of OC, which
is an important protein capable of transporting and depositing calcium in bone. MK-4
was revealed to be a more effective antiosteoporotic agent than VK1, with increased pro-
osteoblastic and anti-osteoclastogenic actions achieved by inhibiting the NF-кB pathway.
VitD improves OC carboxylation and, along with VK and magnesium supplementations,
can be a better strategy for reducing bone fractures, a highly public health concern among
the elderly. In addition, the review concluded that VK supplement could be a safe approach
for reducing CVD morbidity and mortality. By activating matrix Gla protein, VK keeps
calcium from accumulating in the walls of blood vessels, thus making VK a potential treat-
ment for patients at risk for either VC or CVD. Furthermore, VK may reduce the risk for
metabolic disorders, such as T2D, by improving insulin sensitivity and anti-inflammatory
activity, as well as obesity, through a lipid-lowering effect. The review also showed the
influence VK has on age-related neurodegenerative diseases, such as AD and PD. VK is
involved in the brain’s physiology and can reduce its cognitive decline by carboxylation of
Gas6 protein, a VKDP that could defend against neuronal apoptosis induced by OS and
Aβ. The anticancer potential of VK was summarized by reviewing several in vitro and
epidemiological studies. There are multiple mechanisms where the potential anticancer
agent of VK can react, including the modulation of various transcription factors, which
induced antiproliferative, proapoptotic, and autophagic effects, which were found to be
associated with a reduced risk of cancer. The latest evidence on VK and pulmonary disease
stem from the fact that VK can activate protein S, which was recently shown to prevent the
generation of inflammatory cytokines and cytokine storms detected in COVID-19 cases.
Low levels of protein S, due to pneumonia-induced VK depletion, were correlated with
higher thrombogenicity and possibly fatal outcomes in COVID-19 patients.

Consuming a healthy diet is vital throughout the aging process to maintain and pro-
mote wellbeing. The aging population may be at risk for many suboptimal nutrient intakes,
including VK, which have been shown to be associated with adverse health outcomes
highly prevalent in this age group. Thus, the intake of VK-rich diets or VK supplements
could prevent age-related diseases and/or support the effectiveness of medical treatments.
However, more studies are needed to formulate the exactly recommended intakes of VK,
including VK1, MK-4, and MK-7, due to their distinct bioavailability and biological activi-
ties. According to this review, higher values of VK intakes are needed, especially among
the elderly and people who have comorbidities conditions that are most likely to be VK
deficient.
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Abbreviations

ACE-I Angiotensin-converting enzyme inhibitor
AD Alzheimer’s disease
AKT Protein kinase B
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AMPK Adenosine monophosphate-activated protein kinase
Bcl-2 B-cell lymphoma 2
BMC Bone mineral content
BMD Bone mineral density
CCC Cholangiocellular carcinoma
CHD Coronary heart disease
CKD Chronic kidney disease
CNS Central nervous system
cOC Carboxylated osteocalcin
CRP C-reactive protein
CV Cardiovascular
CVD Cardiovascular disease
dp-ucMGP Dephosphorylated-uncarboxylated matrix Gla protein
Gas6 Growth arrest-specific protein 6
GGCX Gamma-glutamyl carboxylase
Gla γ-carboxylated glutamic acid
Glu Glutamic acid
GRP Gla-rich protein
HbA1c Glycated hemoglobin
HCC Hepatocellular carcinoma
HDL High-density lipoprotein
HIF-1α Hypoxia-inducible factor-1α
HOMA-IR Homeostatic model assessment for insulin resistance
HR Hazard ratio
IL Interleukin
JNK C-Jun N-terminal kinase
metS Metabolic syndrome
MGP Matrix Gla protein
MK Menaquinone
mTORC Mammalian target of rapamycin complex
NF-кB Nuclear factor kappa-light-chain-enhancer of activated B cells
Nrf2 Nuclear factor erythroid 2–related factor 2
OA Osteoarthritis
OC Osteocalcin
OR Odds ratio
OS Oxidative stress
PCOS Polycystic ovary syndrome
PD Parkinson’s disease
PI3K Phosphatidylinositide-3-kinase
PK Phylloquinone
RCT Randomized controlled trial
ROS Reactive oxygen species
SIRT Sirtuin
T2D Type 2 diabetes
TNF-α Tumor necrosis factor-alpha
tOC Total osteocalcin
UBIAD1 UbiA prenyltransferase domain containing 1
ucMGP Uncarboxylated matrix Gla protein
ucOC Undercarboxylated osteocalcin
VC Vascular calcification
vitD Vitamin D
VK Vitamin K
VKAs Vitamin K antagonists
VKDP Vitamin K-dependent protein
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Abstract: Neurodegenerative diseases, cardiovascular disease (CVD), hypertension, insulin resistance,
cancer, and other degenerative processes commonly appear with aging. Ginkgo biloba (GB) is associ-
ated with several health benefits, including memory and cognitive improvement, in Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), and cancer. Its antiapoptotic, antioxidant, and anti-inflammatory
actions have effects on cognition and other conditions associated with aging-related processes, such as
insulin resistance, hypertension, and cardiovascular conditions. The aim of this study was to perform
a narrative review of the effects of GB in some age-related conditions, such as neurodegenerative
diseases, CVD, and cancer. PubMed, Cochrane, and Embase databases were searched, and the
PRISMA guidelines were applied. Fourteen clinical trials were selected; the studies showed that GB
can improve memory, cognition, memory scores, psychopathology, and the quality of life of patients.
Moreover, it can improve cerebral blood flow supply, executive function, attention/concentration,
non-verbal memory, and mood, and decrease stress, fasting serum glucose, glycated hemoglobin,
insulin levels, body mass index, waist circumference, biomarkers of oxidative stress, the stability and
progression of atherosclerotic plaques, and inflammation. Therefore, it is possible to conclude that
the use of GB can provide benefits in the prevention and treatment of aging-related conditions.

Keywords: Gingko biloba; aging; neurodegenerative diseases; Alzheimer’s disease; metabolic syndrome;
cardiovascular disease; cancer

1. Introduction

The medicine associated with basic sanitation and lifestyle modifications has benefited
the world’s population, and the repercussions are seen as an increase in longevity. On the
other hand, the aging process is associated with physical and functional changes in different
tissues and organs and is related to genetic factors, mutations, telomere loss, oxidative stress,
mitochondrial dysfunction, inflammation, immune disorders, and other modifications that
interfere with homeostasis. Neurodegenerative diseases, cardiovascular disease (CVD),
hypertension, insulin resistance, cancer, osteoporosis, and other degenerative processes may
commonly appear with aging, leading to a significant burden on health care systems [1–3].
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Drug therapy can prevent age-related conditions or can be used in the therapeutic
approach. However, the high cost of many medications, their side effects, and their response
refractoriness in many patients makes other alternatives worth seeking. For these reasons,
herbal medicine has been considered for maintaining health or as a therapeutic approach
for aging people. Herbal therapies are relevant since they show few side effects, present
cultural acceptability, and have reduced costs. These therapies can contribute to well-being
and the prevention of several aging conditions and chronic illnesses. Among the medicinal
plants that can improve age-related issues is Gingko biloba (GB) [4–6], a medicinal plant
belonging to the Ginkgoaceae family in Ginkgoopsida that is considered to be the oldest tree
alive in the world (Ginkgo species are from the Permian Period, around 286–248 million
years ago). The gray-colored bark tree is native to China, Japan, and Korea; however, it is
distributed in many regions of Europe, America, India, and New Zealand [7–9].

GB has been used for medicinal purposes for centuries. In traditional medicine, it is
primarily used for respiratory and cardiovascular conditions; in Chinese medicine, it has
been considered for treating pulmonary issues, bladder infections, and alcohol abuse. The
therapeutic potential is attributed to its bioactive compounds that are mainly represented
by terpenoids, flavonoids, polyphenols, and organic acids. The primary terpenoids are
ginkgolides. GB standard extract contains 2.6 to 3.2% bilobalide, 2.8 to 3.4% ginkgolides (A,
B, and C), and 24% flavone glycosides (quercetin, isorhamnetin, and kaempferol) [10–13].
Figure 1 summarizes the primary bioactive compounds of GB and its effects.

Figure 1. Primary bioactive compounds of Ginkgo biloba and its effects.
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The leaves and the seeds of GB may represent one of the most common phytopharma-
ceutical products in the United States and Europe. GB is also commercialized as an extract
(EGB 761®), producing several health benefits for memory, cognition, Alzheimer’s disease
(AD), Parkinson’s disease (PD), and dementia. These pharmacological effects are attributed
to the antiapoptotic, antioxidant, and anti-inflammatory actions that, in addition to having
effects on cognition, also exert benefits in other conditions associated to aging-related
processes, such as insulin resistance, hypertension, dyslipidemia, and cardiovascular disor-
ders. In many European states, EGB 761® is the only drug therapy in the guideline for the
treatment of mild cognitive impairment (MCI) [9,10,14–16].

Based on the above beneficial effects, this study aimed to perform a review on the
effects of GB on some age-related conditions, such as neurodegenerative diseases, metabolic
syndrome, and CVD.

2. Materials and Methods

2.1. Focused Question

The focal question of this review was: What are the effects of Ginkgo biloba on the
aging process?

2.2. Language

Only studies in English were selected for this review.

2.3. Databases

The PubMed, Embase and Cochrane databases were searched. The descriptors used
were Ginkgo biloba or Ginkgo biloba extract and neurodegenerative diseases, or memory,
or Alzheimer’s disease, or Parkinson’s disease, or dementia, or hypertension, or insulin
resistance, or metabolic syndrome, or cardiovascular diseases. These descriptors helped
identify studies related to Ginkgo biloba and some aspects of the aging process. Although this
is a narrative review, we followed the PRISMA (Preferred Reporting Items for a Systematic
Review and Meta-Analysis) guidelines for improving the strategy of paper screening [17].

2.4. Study Selection

This review included studies that reported Ginkgo biloba or Ginkgo biloba extract to treat
disorders associated with the aging process. The inclusion criteria comprised randomized
clinical trials (RCTs), double-blind, and placebo-controlled studies that reported the use of
GB in patients over the age of 45 years. We only included full texts. The PICO (population,
intervention, comparison, and outcomes) format was followed to build this review.

The exclusion criteria were in vitro studies, studies with animals, clinical trials that
associated different herb formulations, reviews, studies not in English, poster presentations,
case reports, and editorials. Reviews were consulted to help in the discussion section but
were not included in the systematization of the data.

2.5. Data Extraction

The search period for this review included the past ten years (January 2011 to May 2021).
The selected studies are shown in Table 1.

2.6. Quality Assessment

The bias risk evaluation was performed by selecting the study, detection, and reporting
bias of each clinical trial. Other risks of bias in the selection of patients, classification
of interventions, evaluation of outcomes, and missing data were also considered. The
Cochrane Handbook for Systematic Reviews of Interventions was used to perform the
quality assessment [18].
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3. Results

Figure 2 represents the scheme of the search for studies. From the 14 articles selected,
a total of 1681 participants were included: 188 mentally healthy, 410 with mild to moderate
dementia, 410 with mild to moderate dementia and neuropsychiatric symptoms, 56 with
AD, 80 with vascular cognitive impairment of none dementia, 34 symptomatic irradiated
brain tumor survivors, 210 with mild cognitive impairment, 80 cerebral infarction patients,
75 with subjective memory impairment, 116 with type 2 diabetes mellitus, and 22 with
metabolic syndrome. Nine hundred eleven participants were women and 472 were men.
Two studies did not report the gender of the participants. The age range was over 25 years.
No clinical trials that investigated the effects of GB on Parkinson’s disease and cancer
were found.

Figure 2. Flow diagram showing the study’s selection criteria (based on PRISMA guidelines).

From the 14 articles (three from Germany (Kaschel et al., 2011 [19], Beck et al., 2016 [27],
Gschwind et al., 2017 [28]); one from Ukraine (Ihl et al., 2011 [20]); one from the Republic
of Belarus, Republic of Moldova, and Russian Federation (Herrschaft et al., 2012 [21]); one
from Iran (Nasab, 2012 [22]; two from China (Zhang, 2012 [23], Wang, 2015 [26]); one from
EUA (Attia et al., 2012 [24]); one from Russia (Gavrilova, 2015 [25]); one from Lithuania
(Lasaite et al., 2015 [29]); one from Iraq [30]); and two from Bulgaria (Siegel et al., 2011 [31],
Siegel et al., 2014 [32]), nine were randomized double-blind placebo-controlled clinical
trials (Kaschel et al., 2011 [19], Beck et al., 2016 [27], Gschwind et al., 2017 [28], Ihl et al.,
2011 [20], Herrschaft et al., 2012 [21], Nasab, 2012 [22], Gavrilova, 2015 [25], Lasaite et al.,
2015 [29], Aziz et al., 2018 [30]); one was an open-label phase II clinical trial (Attia et al.,
2012 [24]); and four were randomized placebo-controlled clinical trials (Zhang, 2012 [23],
Wang, 2015 [26], Siegel et al., 2011 [31], Siegel et al., 2014 [32]).

Seven studies used GB 761 extract (Kaschel et al., 2011 [19], Beck et al., 2016 [27],
Ihl et al., 2011 [20], Herrschaft et al., 2012 [21], Gavrilova, 2015 [25], Siegel et al., 2011 [31],
Siegel et al., 2014 [32]), two used GB (Nasab, 2012 [22], Attia et al., 2012 [24]); two used
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GB tablets (Zhang, 2012 [23], Wang, 2015 [26]); and three used GB extract (Gschwind et al.,
2017 [28], Lasaite et al., 2015 [29], Aziz et al., 2018 [30]). The administered doses ranged
from 40 mg per day to 240 mg per day, and the intervention period ranged from 6 weeks
to 36 weeks. Two studies were associated with the use of aspirin (Zhang, 2012 [23], Wang,
2015 [26]) and one study was associated with the use of metformin (Aziz et al., 2018 [30]).

Studies have shown that the use of GB (in different formulations) can improve the mem-
ory, cognition, psychopathology, functional measures, and quality of life of patients, in addi-
tion to improving cerebral blood flow supply, executive function, attention/concentration,
non-verbal memory, and mood and decreasing stress, HbA1c, fasting serum glucose and
insulin levels, body mass index, waist circumference, visceral adipose index, biomarkers of
oxidative stress, the stability and progression of atherosclerotic plaques, and inflammation.
The main adverse effects reported were headache, respiratory tract infection, hypertension,
and diarrhea (Table 1).

Table 2 shows the description of the bias in the included studies.

Table 2. Descriptive table showing the biases of the included randomized clinical trials.

Study
Question

Focus

Appropriate

Randomization

Allocation

Blinding

Double-

Blind

Losses

(<20%)

Prognostics or

Demographic

Characteristics

Outcomes

Intention

to Treat

Analysis

Sample

Calculation

Adequate

Follow-Up

[19] Yes Yes Yes Yes Yes No Yes NR Yes Yes

[20] Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

[21] Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

[22] Yes NR Yes Yes Yes Yes Yes No NR Yes

[23] Yes NR NR No NR No Yes No NR Yes

[24] Yes NR No No No Yes Yes No Yes Yes

[25] Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

[26] Yes NR NR No NR No Yes No NR Yes

[27] Yes Yes Yes Yes Yes No Yes No No Yes

[28] Yes Yes Yes Yes Yes Yes Yes No Yes Yes

NR—not reported.

4. Discussion

The studies included in this review showed that GB generally and safely improved
neuropsychiatric symptoms (SKT, NPI, and MMSE scores), cognition, mood, HbA1C,
glycemia, waist circumference, BMI, atherosclerotic lesions formation, pro-inflammatory
biomarkers (e.g., IL-6), and quality of life in healthy patients and subjects with mild
cognitive impairment or vascular cognitive impairment.

4.1. Ginkgo biloba, Inflammation, and Oxidative Stress

Inflammation and oxidative stress are related to the aging process. As a result of the
metabolism, several conditions, such as infections, stress, inflammation exposure, radiation,
and smoke, produce reactive oxygen species (ROS). When the endogenous antioxidant
system or the intake of exogenous antioxidants is insufficient, these molecules can lead
to irreversible cell damage and are associated with various diseases, such as diabetes,
obesity, hypertension, CVD, cataracts, neurodegenerative diseases, and cancer [33–36].
Several antioxidants can help to prevent the impact of the aging process. ROS are produced
through endogenous and exogenous pathways and can be neutralized by enzymatic and
non-enzymatic antioxidants. There are many defense systems, including glutathione
peroxidase, catalase, thioredoxin, superoxide dismutase, coenzyme Q, cytochrome c oxidase
(complex IV), vitamin E, ascorbic acid, and carotenes [37,38].
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GB’s bioactive compounds (Table 3) can act to minimize these conditions, mainly
ginkgolide (diterpenoid) A, which is related to the suppression of the cyclo-oxygenase-2
(COX-2) and 5-lipo-oxygenase (5-LOX) enzymes. These molecules are responsible for the
conversion of arachidonic acid to leukotrienes, diminishing the inflammatory process. They
can reduce the production of malonaldehyde and increase the expression of glutathione
(GSH) and superoxide dismutase (SOD). Furthermore, EGB 761® can reduce the effects of
the lipopolysaccharide (LPS) and its action on transforming growth factor β (TGF-β), which
results in the downregulation of interleukin-1 β (IL-1 β), IL-6, IL-8, and tumor necrosis
factor alpha (TNF-α). On the other hand, ginkgolide B can inactivate platelet-activating
factor, which plays a role in the inflammation of the pulmonary airways. In general,
ginkgolides A, B, and C decrease ROS levels; the release of TNFα, IL-1β, and IL-6; and
the expression of the gene c-fos and the gene c-jun mRNA. They may be related to the
inhibition of platelet-activating factor and of the following signaling pathway: NF-kappa-
B-inducing kinase (NIK), IκB kinase α (IKKα), nuclear factor kappa-B inhibitor (IkB), and
nuclear factor kappa-B-inducing kinase. They are also associated with an increase in cellular
proliferation; an increase in the activity of free radical scavengers; and the activation of
extracellular signal-regulated kinases, mitogen-activated protein kinase (MAPK) pathways,
and hypoxia-inducible factor 1-alpha (HIF-1α) [39–42].

Table 3. Bioactive compounds of Gingko biloba and their effects on aging-related conditions.

Bioactive
Compound

Sources Molecular Structure Functions References

Ginkgolide A
(terpenoid)

Leaves,
root, and

bark.

 

- Anti-inflammatory (decreasing TNF-α, IL-1β,
and NF-kB expression);

- Antioxidant (reducing ROS and augmenting
free radical capture by the cells);

- Anxiolytic-like effects;
- Neuroprotection (controlling

neurodegeneration and inflammation);
- Anti-atherosclerotic (prevention of OS to the

endothelial cells/stimulation of NO);
- Anti-thrombotic (inhibition of platelet

aggregation by MMP-9 and controlling
cAMP, inhibiting intracellular Ca2+

mobilization, and decreasing TXA2 activity);
- Hepatoprotective (suppressing hepatocyte

lipogenesis);
- Antitumor (inhibition of cancer cell

proliferation).

[12,42–44]

Ginkgolide B
(terpenoid)

Leaves,
root, and

bark.

- Neuroprotective effects (protecting neurons
from βA apoptotic events and in
ischemia/reperfusion syndrome through the
regulation of NF-kB pathways);

- Anti-inflammatory (decreasing TNF-α, IL-1β,
and NF-kB expressions);

- Antioxidant (reducing ROS and augmenting
free radical capture);

- Protective effects of cardiomyocytes against
ischemia/reperfusion syndrome;

- Inhibition of cancer cell migration and
invasion;

- Induction of cancer cell apoptosis.

[12,43,45–51]
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Table 3. Cont.

Bioactive
Compound

Sources Molecular Structure Functions References

Ginkgolide C
(terpenoids)

Leaves,
root, and

bark.

- Anti-inflammatory (decrease in TNF-α,
IL-1β, and NF-kB expression);

- Antioxidant (reduces ROS and augments free
radical capture);

- Suppressor of adipogenesis via AMPK
signaling pathways;

- Hepatoprotective by protecting liver from
lipid accumulation injuries;

- Alleviation of ischemia/reperfusion
syndrome in cardiomyocytes;

- Antitumor effects (cancer cells apoptosis and
inhibition of cancer cell growth).

[12,43,52–56]

Bilobalide
(terpenoid)

Leaves and
bark.

- Anti-inflammatory (decrease in TNF-α,
IL-1β, and IL-6 levels);

- Neuroprotective (reduction in
neuroinflammation and protection against
βA deposition in AD);

- Hepatoprotective;
- Antioxidant via multiple pathways;
- Cardioprotective.

[12,43,57–59]

Ginkgolic
acid

(organic acid)
Leaves.

- Antibacterial and antiviral (suppression of
gram-positive bacteria growth and fusion of
enveloped viruses);

- Antitumor effects (inhibiting invasion and
migration of cancer cells).

[43,60–62]

Isorhamnetin
(flavonoid)

Leaves.

- Anti-atherosclerosis and endothelium
protective;

- Neuroprotection (improvement of brain
function and cognition);

- Hypotensive effects;
- Anti-ischemia and anti-fibrosis in

myocardium;
- Anti-inflammatory/antioxidant,
- Antitumor effects (suppression of cancer

growth and invasiveness).

[43,63–67]

Quercetin
(flavonoid)

Leaves.

- Anti-inflammatory/antioxidant (decrease in
lipid peroxidation and OS);

- Increase in BDNF;
- Reduces the degradation of serotonin by

monoamine oxidases;
- Antitumor (modulation of VEGF, P13K/Akt,

apoptosis, mTOR, MAPK/ERK1-2, and
Wnt/β-catenin signaling pathways);

- Attenuation of atherosclerotic inflammation;
- Cardioprotection (protection against

OS/improvement of cardiomyocytes);
- Antimicrobial.

[43,67–73]
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Table 3. Cont.

Bioactive
Compound

Sources Molecular Structure Functions References

Kaempferol
(flavonoid)

Leaves.

- Antitumor (inhibiting cancer cell
proliferation and stimulating apoptosis);

- Antioxidant (upregulation of GSH);
- Anti-inflammatory (inhibiting NF-kB, COX-2,

and iNOS expression);
- Neuroprotection (suppression of oxidative

and inflammatory damage to brain cells);
- Protection against ischemia/reperfusion

syndrome and myocardial injury;
- Upregulation of BDNF;
- Reduction of serotonin degradation.

[12,43,74–78]

Luteolin
(flavonoid)

Leaves.

- Anti-inflammatory (suppressing TNF-α, IL-6,
COX-2, and NF-kB expressions);

- Antioxidant;
- Antitumor (inhibiting cancer cell

proliferation and stimulating cell cycle arrest
and apoptosis);

- Neuroprotective (limiting βA deposition,
reducing neuroinflammation and brain OS);

- Cardioprotective effects (stimulation of
cardiomyocyte function through MAPKs);

- Reduction of cardiomyocyte
ischemic/reperfusion syndrome.

[43,79–81]

AD—Alzheimer’s disease; AMPK—AMP (adenosine monophosphate)-activated protein kinase; βA—beta amy-
loid; BDNF—brain-derived neurotrophic factor; Ca—calcium; cAMP—cyclic adenosine monophosphate; COX-2—
cyclooxygenase 2; GSH—glutathione; IL-1β—interleukin 1 beta; iNOS—nitric oxide synthase; IL-6—interleukin
6; MMP-9—matrix metallopeptidase 9; mTOR—mammalian target of rapamycin; MAPK/ERK1-2—mitogen
activated protein kinase/extracellular signal-regulated kinase 1-2; NO—nitric oxide; NF-kB—nuclear factor kappa
b; OS—oxidative stress; P13K/Akt—phosphatidyl inositol-3-kinase/protein-kinase b; ROS—reactive oxygen
species; TXA2—thromboxane A2; VEGF—vascular endothelial growth factor.

Kaempferol is also present in GB, and its actions account for the upregulation in the
expression of the glutamate-cysteine ligase catalytic subunit, brain-derived neurotrophic
factor (BDNF), B-cell lymphoma protein 2 (BCL-2), and GSH; it also reduces serotonin
breakdown by monoamine oxidase, the release of cytochrome C, the activity of caspase-3,
the downregulation of NFkB, and apoptosis. Kaempferol is also related to the reduction
of neurotoxicity induced by 3-nitropropionic acid and the increase in BCL-2-associated
protein X through ROS [12,82,83].

Other relevant compounds found in GB are quercetin, bilobalide, and isorham-
netin [67], which also play an important role in inflammation and oxidative stress. Quercetin
can promote the elevation of BDNF levels and reduce apoptosis, the transcription of TNFα,
the degradation of serotonin by monoamine oxidases, phosphorylation, and the activation
of c-Jun N-terminal kinase. Moreover, it can act as a free radical scavenger. Bilobalide has
actions including the reduction of ROS induced through hydrogen peroxide. It is related
to the upregulation of BCL-2 and the cytochrome c oxidase subunit III and increases the
cellular proliferation of hippocampal neurons. Isorhamnetin is associated with the reduc-
tion of apoptosis and the fragmentation of DNA. Indeed, it also reduces the synthesis of
pro-inflammatory cytokines and caspase-3. Some studies have shown that isorhamnetin
has beneficial effects on the cardiovascular and cerebrovascular system and can have anti-
inflammatory, antioxidant, and anti-tumor functions. These effects are associated with the
regulation of NFkB, MAPK, PI3K, AKT, and PKB [13,84,85].
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Although each bioactive compound has numerous effects on aging-related cellular
and metabolic events, EGB 761® plays several critical effects in this process. It can decrease
the levels of anion superoxide radical, hydrogen peroxide radicals, ROS and RNS (reactive
nitrogen species), peroxyl radicals (ROO), and hydroxyl radicals (OH). In neurology, this
plant extract can be used to improve circulation since it protects the cortical neurons
from iron injuries and reduces the peroxide levels in cerebellar neurons. Moreover, it can
upregulate the expression of antioxidant enzymes, such as glutathione peroxidase and
superoxide dismutase [67,86–88].

4.2. Gingko biloba, Mitochondrial Dysfunction, and Apoptosis

Mitochondria are the organelle responsible for energy production in our cells and
can use O2 and glucose to produce ATP, CO2, and H2O. Mitochondrial dysfunction is
associated with ROS production that triggers peroxidative reactions, culminating with
harmful effects on mitochondrial biomolecules. This impairment in mitochondrial function
can lead to neuronal cell death and augmented tissue loss. GB can reduce ROS levels in
mitochondria, and EGB 761® can stabilize mitochondrial function. Furthermore, it can
protect respiratory chain complexes I, IV, and V in mitochondria and improve mitochondrial
membrane potential and morphology linked to aging in the liver and brain.

Interestingly, it can prevent mitochondrial dysfunction in both young and old mice.
Still, the protective effect can only be observed in aged animals, possibly because of the
increase in the permeability of the brain–blood barrier with aging. GB can also protect and
upregulate mitochondrial DNA [89–92].

EGB 761® is also associated with the inhibition of cytochrome c oxidase activation and
the reduction of mitochondrial ATP and GSH with aging. It also regulates the expression
of Bas and pBcl-xL and their inhibition of the activation of caspase-9 to protect against
mitochondrial dysfunction in rat cochlear tissue [92].

The increase in ROS production is associated with apoptosis, which has a critical role
in the aging process, and bilobalide can prevent this process in aged animals. Some authors
have demonstrated the use of hydrogen peroxide to induce apoptosis and the utilization of
Aβ protein 1–42 to mimic impairments in age-related neurological functions. Bilobalide can
inhibit hydrogen peroxide cell apoptosis due to the restriction of mitochondria-mediated
caspase activation [89,93].

As already mentioned, EGB 761® can also inhibit the activation of NFκB stimulated by
β-amyloid peptide, suppressing the expression of Toll-like receptors and, thus, reducing
apoptosis in neuronal cells. NFκB is a critical regulator of cell death programming via
apoptosis and necrosis. It is related to proapoptotic gene upregulation, for example, the
death receptor Fas and TNF-α. In normal tissues, bilobalide suppresses apoptosis; however,
it has an opposite action in cancer cells, inducing apoptosis [94,95].

4.3. Ginkgo biloba and Neurodegenerative Diseases

Neurodegenerative diseases are the leading cause of disabilities in the elderly. Many
studies have shown that mitochondrial dysfunction, oxidative stress, neuroinflammation,
and apoptosis accompanying the aging process are linked to neurodegenerative condi-
tions [5]. GB possesses twenty-seven active compounds with multi-target synergistic
actions for the therapeutic approach to neurodegenerative disorders. These compounds
may interfere with biological events, such as the activation of transcription factor activi-
ties and oxidative reactions. Moreover, these active compounds can interfere with more
than one hundred metabolic pathways [96]. Figure 3 shows the main effects of GB on
neurodegenerative diseases.
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Figure 3. Ginkgo biloba: general effects against neurodegenerative diseases. ↑—increase; ↓—decrease;
Aβ—beta amyloid.

4.3.1. Ginkgo biloba and Memory

The clinical concepts of memory divide this phenomenon into episodic, semantic,
working, and procedural aspects. Loss of memory is one of the most common first symp-
toms of AD dementia, affecting 30 million people worldwide. Although AD is the most
well-known type of memory impairment, many different neuro-pathologies can affect
the neuronal networks of dissociable memory systems and cause memory loss (princi-
pally when the individual experiencing this loss belongs to a group with risk factors).
GB extracts are related to the enhancement of cognitive functions, specifically memory,
in addition to concentration. The extracts of this plant are the most related to memory
improvements via their neuroprotective effects studied in human clinical trials. Since GB
presents anti-inflammatory, antioxidant, and antiapoptotic actions, it leads to antidemen-
tia environments, together with the regulation of neurotransmitters (such as serotonin)
and the expression of neurotransmitter receptors in the human brain. GB is also related
to modulations of synaptic plasticity in humans and it regulates structural changes and
neurogenesis in hippocampus circuity, affecting neuron excitability [97–99].

One study investigated the effects of EGb 761® on memory and the specificity of these
effects on distinct memory functions. The results showed that EGb 761® (240 mg once
daily) could significantly improve the number of appointments correctly remembered by
healthy middle-aged people. This study adds to the evidence that GB can improve memory.
However, we observed bias in this study; for example, no patient’s predictive data or
demographic characteristics were reported [19] (Table 1).
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4.3.2. Ginkgo biloba and Dementia

Dementia is a neuronal condition that is increasing in prevalence in the aging popula-
tion at a tremendous rate, such that 6% of people older than 65 years have some spectrum of
dementia. It causes memory loss, followed by reduced executive functions, other cognitive
deficits, and changes in the individual’s personality. Initially, individuals with dementia
present with a loss of recent events’ memories, and over time, they start to become unable
to make decisions and sequence complex tasks. There are many types of dementia, but
the most common forms present one similar pathophysiological feature: cerebrovascular
dysfunction. Many factors are involved in the dysfunction of the central nervous system’s
circulation and its relation to the pathophysiology of dementia. Cerebrovascular alterations
and the apogee of dementia are associated with hypoxia, hypoperfusion, and dysfunctions
in cerebrovascular hemodynamics [100–102].

Hypoxia and hypoperfusion lead principally to decreased cerebral blood flow and
the occurrence of micro-infarcts and white matter abnormalities in brain tissue. More
serious ischemic events in the brain tissue can also be associated with dementia. Alterations
in the cerebrovascular hemodynamics are related to the impairment of cognitive func-
tions that occur due to endothelial damage, changes in the neurovascular microvascular
anatomy, modifications in vascular remodeling, neurovascular reactivity damage (blood
vessel tortuosity and vessel-wall thickening), increases in oxidative stress, and increases in
blood pressure. The emergence of dementia can be related to metabolic dysfunctions, such
as impaired glucose metabolism and mitochondrial dysfunctions. The cerebrovascular
and metabolic dysfunctions lead to neuroinflammation, and synaptic loss and neurode-
generation also occur. The brain’s atrophy and the alterations in the permeability of the
blood–brain barrier are related to the different causes of dementia [9,101,103].

GB can be used to treat and prevent dementia since it exhibits neuroprotective effects.
It can protect against neuronal death by ischemic events and is associated with improve-
ments in blood circulation by the reinforcement of capillary walls, preventing neuronal
cell harm by hypoxia. GB extracts are also related to neuroprotection and improvements
in neuronal plasticity. In vitro studies have demonstrated that they can protect neuron
cultures against the harmful effects of hydrogen peroxide. GB can also improve memory
implications and preserve the brain through the aging process, principally by protecting
neuronal cells’ receptors related to age loss in the aging process, which can be associated
with the counteractions of cognitive impairments [9,28,101,102,104].

In a randomized, double-blind, multicenter study with a significant number of partic-
ipants and an adequate follow-up, the authors showed that a once-daily formulation of
EGb 761® in the treatment of dementia in patients with neuropsychiatric features was safe
and superior to the use of a placebo in this population [20]. Another multicenter, double-
blind, randomized, placebo-controlled trial was conducted to demonstrate the efficacy and
safety of EGB 761® extract in patients with mild to moderate dementia associated with
neuropsychiatric symptoms. The primary outcomes were changes from baseline to week 24
in SKT and NPI total scores. The Verbal Fluency Test, ADCS Clinical Global Impression of
Change (ADCS-CGIC), International Activities of Daily Living Scale (ADL-IS), DEMQOL-
Proxy quality of life scale, and 11-point box scales for tinnitus and dizziness were used as
secondary outcome measures (Table 1) [21].

4.3.3. Ginkgo biloba and Mild Cognitive Impairment

MCI is characterized as a neurocognitive state of subjective complaints of impairments
in an individual’s cognitive performance. It is understood to be a mild cognitive state
between normal cognitive aging and dementia. Although there are many diagnostic
criteria for MCI, it is recognized that this neurocognitive condition corresponds to objective
evidence in the lack of dementia diagnostic criteria in a subject. It is not related to a specific
etiology. Still, it can be an early manifestation of AD (similar to a prodromal stage) or
even a risk factor for this disease and other neurodegenerative conditions. The risk factors
for this neurological condition include being of the male sex and older age. However, it
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is known that in older people, the principal risk factors for the development of MCI go
beyond the traditional: depression, polypharmacy, and uncontrolled CVD. CVD has also
been demonstrated to be a risk factor for the progression of MCI to AD. The prevalence of
MCI increases by the age of 65 years, and it is known that the affected subjects can progress
to dementia, remain at the MCI stage, or regress to normal. Although the identification
and classification of MCI are considered to be a significant challenge, the diagnosis of
this condition comprises neuroimaging, clinical assessments, and a neurophysiological
evaluation. No medications are considered effective in combating dementia, mainly because
MCI patients are only steps away from having dementia [105–107].

MCI subjects can demonstrate both neurocognitive and neuropsychiatric symptoms.
The most common neurocognitive symptoms are impairments and alterations that lead to
abnormalities in complex attention, social cognition, memory, learning, language function,
perceptual-motor function, and executive function. Besides that, the neuropsychiatric
symptoms may be summarized by changes in personality or usual conduct, depression,
apathy, irritability, sleep and appetite disturbances, dysphoria, and hallucinations or delu-
sions [25,107,108].

GB and its extracts show beneficial effects on cognitive dysfunctions, CVD, in the treat-
ment of MCI by improving memory, learning abilities, and executive functions. GB and its
derivatives enhance neuronal plasticity and mitochondrial function, promote neurogenesis,
and improve neuronal energy metabolism. Besides that, GB can affect the neurotransmitter
levels in the brain and has actions on the microcirculation and the brain’s micro-perfusion.
All of these effects can be associated with ameliorations in memory and, consequently, in
MCI and MCI progression [25,108,109].

Gait instability in MCI patients, particularly in dual-task situations, has been associated
with impaired executive function and an increased risk of falls. GB extract can be effective
in improving gait stability [28]. In a study that associated 75 mg aspirin to 19.2 mg GB
for the treatment of cognitive vascular impairment of non-dementia after three months,
MoCA scores for executive ability, attention, abstract, delayed memory, and orientation
were significantly increased compared to those before treatment and with the controls
after treatment. Furthermore, the blood flow velocity of the anterior cerebral artery was
significantly augmented. However, the study did not present demographic data, nor
randomization or blinding data, nor the results on adverse effects; in addition, it used a
small dose of GB when compared to other studies (Table 1) [23]

An open-label phase II study was conducted to assess the effects of GB in symptomatic
irradiated brain tumor survivors. GB improved the patients’ quality of life and cognitive
function. However, a high dropout rate and a small sample may have interfered with the
results in this study [24]. Another study showed the beneficial effects of EGB 761® on
neuropsychiatric symptoms (NPS) and cognition in patients with MCI. It was observed
to ameliorate NPS and cognitive performance in MCI patients, which are related to faster
cognitive decline and an increased risk of developing AD. As EGb 761® is safe and well
tolerated, it represents a promising treatment option for MCI as defined by international
consensus criteria (Table 1) [25].

A study by Wang et al. also linked 75 mg aspirin to 40 mg GBT for the treatment of
vascular cognitive impairment of non-dementia and demonstrated that, in general, GB
could be used to improve cerebral blood flow and cognitive ability in patients with this
condition. However, the study did not present diverse data, such as demographic data,
randomization data, blinding data, or adverse effects. In addition to using a small dose of
GB, the authors also specify in their abstract that they used 19.2 mg of GBT thrice a day;
however, in the methods section, the authors indicate that 40 mg were used three times
a day in the combined treatment group [26]. Moreover, this trial seems to be the same as
Zhang et al. (2012), yet this study was not mentioned (Table 1).

One study found indications for improved cognitive flexibility without changes in
brain activation, suggesting increased processing efficiency with EGb761®, along with
a trend towards better response inhibition results compatible with a slight increase in
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prefrontal dopamine. Although these conclusions must be confirmed, EGb761® was shown
to be safe and well tolerated. However, the study did not show demographic data, had a
significant sample loss during the investigation, and did not perform a sample calculation
(Table 1) [27].

4.3.4. Ginkgo biloba and Alzheimer’s Disease

AD is a condition that accounts for one of the most distinguished global healthcare
issues and is the third leading cause of death in the United States. The etiology of this
disorder is not completely understood, but genetic factors are linked to approximately
10% of cases. The available therapies cannot cure AD and, in many cases, show limited
effectiveness in the treatment of AD [110–112].

The pathophysiological processes triggered in this disease involve neuronal degenera-
tion and the waste of synapses in the cortex, hippocampus, and subcortical areas, resulting
in atrophy, loss of memory, executive dysfunction, mood swings, and an inability to learn
new information and perform daily living activities [113,114]. The neurodegeneration that
occurs in AD is associated with the elevation in the levels of Aβ42, an altered form of the
amyloid-β peptide. This aberrant Aβ42 results in the production of extracellular oligomers
and aggregates and leads to the hyperphosphorylation of the tau protein, culminating with
deposition as insoluble neurofibrillary tangles. These processes interfere with synaptic
function and neuronal survival. Moreover, glial cells also become abnormal, contributing
to the pathophysiology of the disease [115,116].

When there is an accumulation of extracellular Aβ plaques, there is stimulation of
astrocytes and microglia, resulting in the release of pro-inflammatory cytokines. The chronic
release of these molecules leads to neuroinflammation, which is conducive to synapse loss
and neuronal death. The imbalance in the functions of microglia and astrocytes is also
related to the augmentation of extracellular glutamate, which is related to the neuron
excitotoxicity resulting from the overactivation of the N-methyl-D-aspartate receptors
(NMDA). Besides that, in the neuroinflammation scenario, astrocytes and microglia lose
their capacity to release cytokines related to neuron survival and functioning [112,117–119].

The failure of available drugs targeting β-amyloid and tau proteins suggests a need for
other preventative and therapeutic strategies for AD [120]. GB exhibits anti-inflammatory,
antioxidant, and antiapoptotic actions; for these reasons, it can stimulate neurogenesis and
cerebral blood flow, improve mitochondrial and neuronal function, and inhibit neural cell
death. Beyond that, GB has anti-platelet-activating factor actions in vascular conditions,
inhibits β-amyloid aggregation, and reduces the peripheral benzodiazepine receptor ex-
pression for stress relief. In vitro, it can reverse β-amyloid and NO-induced toxicity and
diminish apoptosis. GB can also work as an iron-chelating compound that can also inhibit
the formation of Aβ fibrils. It can also play a role as a cholinesterase inhibitor and delay the
progression of the disease. Further, the use of GB is associated with mild or no side effects
and can improve the quality of life in AD patients [10,93,121–124].

As mentioned before, the protective effects of GB against Aβ-induced neurotoxicity
occur through the inhibition of Aβ-induced events, such as the accumulation of ROS;
glucose uptake; mitochondrial dysfunction; the activation of JNK, ERK, and AKT pathways;
and apoptosis. It can also inhibit the synthesis of Aβ in the brain by reducing circulating
free cholesterol (amyloidogenesis); AβPP processing is potentially affected by the levels of
free circulating and intracellular cholesterol [9,125–127].

Other properties of GB and GB extract reside in the improvement of blood circulation
and the protection of the capillary walls and nerve cells from damage when oxygen is
devoid. It can also be considered in the treatment of concentration disorders, memory
impairment, and dementia. It shows positive effects on neurological and cognitive functions
since it regulates vascular flow. Apart from its free radical scavenger property, GB also
interferes in the transcription of many genes linked to oxidative stress, protecting the
neuronal cells against the harmful effects of ROS [9,120,128].
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Nasab et al. [22] compared rivastigmine, a cholinesterase inhibitor, with GB for demen-
tia (AD type), and suggested that the drug is more effective than GB in treating Alzheimer’s
dementia (Table 1).

4.4. Ginkgo biloba, Metabolic Syndrome and Cardiovascular Diseases

Metabolic syndrome (MS) is one of the leading public health problems today for men
and women (reaching almost 30% in some populations). It is defined for different diagnosis
criteria, including cardiometabolic risk factors, such as insulin resistance, high triglycerides
levels, low HDL-c levels, obesity (augmented waist circumference), and hypertension.
An individual is considered to possess MS when presenting at least three of these risk
factors. In this scenario, a pro-inflammatory state should also be considered in patients
with MS, and chronic inflammatory conditions are related to the rise in the occurrence of
CVD [129,130].

GB extract may have a significant antidiabetic effect. It can expand glycogen levels
in the muscle and liver and thus can decrease plasma glucose levels. Moreover, it can
reduce HbA1c, insulin levels, body weight, waist circumference, and visceral adiposity
index. Priyanka et al. [131] and An et al. [132] have suggested that GB can improve insulin
resistance and inflammation resulting from the increase in the secretion of adiponectin,
reducing serine phosphorylation of IRS-1 receptors, reducing NFκB/JNK activation, and,
consequently, reducing the release of inflammatory adipokines.

The use of GB has also been shown to be effective in the reduction of cholesterol
absorption in rats; in the inhibition of 3-hydroxy-3-methylglutaryl–coenzyme A, an enzyme
that is a center of regulation of cholesterol synthesis; and in the improvement of high-fat diet-
induced hyperglycemia [133,134]. In rabbits, GB significantly diminished triglycerides and
cholesterol levels and increased HDL-c. Besides that, GB increased the levels of antioxidant
enzymes and decreased malonaldehyde levels [135]. GB extract can also reduce body
weight and weight gain, and can upregulate the expression of IL-10 (and downregulate
the expression of TNF-α and NFκB), insulin receptor (IR), and protein kinase B (Akt)
phosphorylation, stimulating the insulin signaling cascade [136]. GB also has hypotensive
actions related to its capacity for angiotensin-converting enzyme (ACE) inhibition and
vasodilation, and its ability to increase the expression of endothelial nitric oxide synthase
(eNOS) [8,137]. Figure 4 shows the effects of GB on MS.

GB was also associated with an improvement in cardiomyopathy, which is a common
reason for heart failure and can lead to a higher risk of cardiac death. Due to its unclear
pathogenesis, cardiomyopathy lacks an effective treatment, and new strategies are required.
The beneficial effects of GB and its bioactive compounds in this pathological condition are
linked to the improvement of blood circulation and other multi-pathways associated with
the regulation of antiapoptotic, pro-survival, and anti-inflammatory actions via NFκB and
PI3K-AKT signaling [138,139].

Aging-related vascular pathology is closely linked to endothelial dysfunction and
arterial stiffening that culminate in CVD progression. As already mentioned in this paper,
oxidative stress and inflammation lead to vascular impairment. The antioxidant and anti-
inflammatory actions of GB extract are related to amelioration of aging-related vascular
impairment. The main activities of this plant in aged vasculature are probably linked to the
longevity signaling pathways and the slowing of vascular aging progression in diabetes
owing to the regulation of glycemia and lipid metabolism [140,141].

Moreover, several studies have suggested that ginkgolide A plays a role as an an-
tithrombotic agent and could be used for prevention and/or for controlling thrombosis. It
can inhibit platelet aggregation and collagen-stimulated platelet aggregation due to the ac-
tivation of MMP-9 and the intracellular production of cAMP and cGMP, which inhibits the
mobilization of intracellular Ca2+ and reduces the release of thromboxane A2 by inhibiting
COX-1 [142,143]. Figure 5 shows some effects of GB on CVD.
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Figure 4. Ginkgo biloba and its extracts have many effects against cardiovascular risk factors that
compound metabolic syndrome. ↑—increase; ↓—decrease; Φ—inhibition; ROS—reactive oxygen
species; TNF-α—tumor necrosis factor; IL-10—interleukin 10; NK-KB—factor nuclear kappa B;
ACE—angiotensin-converting enzyme; eNOS—nitric oxide synthase 3.

A survey in Lithuania aimed to assess the glycemic control and psychological status
of patients’ with type 2 diabetes mellitus (T2DM) after antioxidant plant preparations.
Patients received a standardized dry extract of GB leaves, green tea dry extract, or placebo
capsules. Glycemic control, HbA1c, antioxidant status, and psychological parameters were
evaluated at baseline, and after nine and eighteen months of using antioxidant preparations
or a placebo. GB leaf extract exhibited a moderate effect on psychological status and a
tendency to improve glycemic control in patients with T2DM (Table 1).
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Figure 5. Ginkgo biloba and its extracts have cardiovascular protective effects that improve the
functionality of the cardiovascular organs. ↓—decrease.

One study determined that GB extract as an adjuvant effectively improves metformin
treatment outcomes in T2DM patients. However, the main limitations of this study include
its small sample size, relatively short duration, and lack of dose-response data for GB
extract as an adjuvant to the antidiabetic drug. For these reasons, further studies are
necessary to determine the long-term effects of GB extract with a larger sample [30,42].

Siegel, Ermilov et al. [31] suggested that GB may be used as a complementary drug
with a preventive character after a percutaneous intervention stent implantation and
myocardial revascularization graft in patients with MS (Table 1). Moreover, in another
publication with the same sample, Siegel et al. [32] showed that GB could reduce CVD risk
factors since it reduces HOMA-IR, hs-C reactive protein, and IL-6.

4.5. Ginkgo biloba Bioavailability and Safety

A study investigating the absorption of radiolabeled GBE in animals showed a mini-
mum absorption of 60%. Thus, GB extract is well tolerated and safe. Acute toxicity studies
showed a lethal dose (LD50) of 1100, 1900, and 7700 mg/kg in mice and 1100, 2100, and
over 10,000 mg/kg in rats when administered intravenously, intraperitoneal, and orally,
respectively. The extensive use of GBE in the elderly population with T2DM, hypertension,
or rheumatism, can interact with simultaneous drugs. Furthermore, GB supplements
are associated with prolonged bleeding times in patients and are contraindicated during
pregnancy or breastfeeding [20,21,144,145].

To the best of our knowledge, this is the first review showing the effects of Ginkgo
biloba in the aging process.
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4.6. Implication and Limitations

Most chronic degenerative diseases (including those related to aging) are related to
oxidative stress and inflammatory aspects. Thus, GB could work as a complementary
medicine in several aspects of these diseases.

On the other hand, this review has several limitations, such as the heterogeneity of the
outcomes of the included studies, the different formulations of GB, doses used, and the age
of the patients in the different studies. Moreover, only English studies were included, and
the descriptive review had less evidence than systematic review.

5. Conclusions

This review showed that GB could be considered in the therapeutic and preventative
approaches to aging-related conditions, such as neurodegenerative disorders, metabolic
syndrome, and cardiovascular diseases. From this perspective, GB can be beneficial in
chronic degenerative conditions associated with the aging process. Nevertheless, the
existing clinical trials are heterogeneous since the different formulations, dosages, and
administration times were variable. For these reasons, other studies are necessary to
establish the doses, pharmaceutical form, and treatment time needed for preventive effects
or therapeutic adjuvants in aging conditions.
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Abstract: Biomarkers of metabolic syndrome and inflammation are pathophysiological predictors
and factors of senescence and age-related diseases. Recent evidence showed that particular diet
components, such as walnuts rich in antioxidant bioactive compounds and with a balanced lipid
profile, could have positive outcomes on human health. A systematic search in PubMed, EMBASE,
Cochrane Library, Scopus, and ClinicalTrials.gov databases was performed to retrieve randomized
controlled trials published from the beginning of each database through November 2021, reporting
on the outcomes of walnut consumption over 22 metabolic syndrome and inflammatory markers
in middle-aged and older adults. The search strategy rendered 17 studies in the final selection,
including 11 crossover and 6 parallel trials. The study revealed that walnut-enriched diets had
statistically significant decreasing effects for triglyceride, total cholesterol, and LDL cholesterol
concentrations on some inflammatory markers and presented no consequences on anthropometric
and glycemic parameters. Although further studies and better-designed ones are needed to strengthen
these findings, the results emphasize the benefits of including walnuts in the dietary plans of this
age group.

Keywords: nuts; tree nuts; nut consumption; aging; age-related diseases; cardiometabolic markers;
antioxidants; inflammation; lipid profile; diabetes

1. Introduction

Metabolic syndrome (MetS) conditions, chronic, low-grade inflammation, and oxida-
tive stress are significant risk factors for morbidity and mortality with higher prevalence in
the aging population [1]. These pathophysiological components increase the probability
of age-associated diseases, including cardiovascular disease (CVD), type 2 diabetes (T2D),
cognitive impairment, neurodegenerative disorders, or cancer [2,3]. Compelling evidence
demonstrates that inflammatory markers, such as serum C-reactive protein (CRP), tumor
necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), intercellular
adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1), are
predictors and factors in cellular senescence and chronic inflammatory conditions [4].

Human and animal examinations suggested that plant matrices rich in antioxidant and
anti-inflammatory compounds could prove efficient in protecting against oxidative stress
and excessive inflammation [5–8]. Extensive research examined the effects of plant-based
diets on various health outcomes [9,10]. Tree nuts, important plant nutrient sources, are rich
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in monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs), tocols,
phytosterols, and polyphenols, essential bioactive phytochemicals with demonstrated
antioxidant properties [11]. Several studies consistently showed the antioxidant activity
and anti-inflammation potential of the active compounds from tree nut kernels or by-
products and their association with a reduced risk for CVD, T2D, cancer, and all-cause
mortality [12–15]. Of the different types of nuts, walnuts are especially rich in linoleic acid
(18:2n–6), α-linolenic acid (ALA) (18:3n–3), polyphenols, L-arginine, and magnesium [16],
a unique phytochemical profile responsible for many beneficial effects. It was suggested
that walnuts might modulate neuroplasticity, neuroprotection, and vasodilation of brain
arteries [17] or decrease cancer growth, reduce metastasis, and increase cancer cell death
via altering tumor gene expression [18].

Several studies have previously linked walnut intake with lipid profile beneficial
effects and lowering of reactive oxygen species (ROS) and inflammatory markers in different
age groups [19–21].

Contrary to the above results, a recent meta-analysis found no associations between
walnut consumption and glucose homeostasis as well as inflammation [22]. Moreover,
increasing dietary ALA intake did not affect inflammatory markers [23].

Based on these conflicting conclusions, we aimed to perform a systematic review
and meta-analysis of randomized controlled trials (RCTs) to thoroughly assess the data
concerning the effects of walnut intake on selected markers of inflammation and metabolic
syndrome in mature adults. As the exact etiology of chronic inflammation and its potential
causal function in unfavorable health outcomes are mostly unknown, research on markers
of inflammation and the identification of pathways to control age-associated inflammation
is of great relevance for the prevention of inflammation and management of age-associated
diseases. To the best of our knowledge, this is the first meta-analysis conducted on the
impact of walnut consumption on markers of inflammation and metabolic syndrome in
middle-aged and older adults.

2. Materials and Methods

The current meta-analysis was performed following the PRISMA criteria guidelines [24].
The registration code is INPLASY202260058, with DOI 10.37766/inplasy2022.6.0058, https:
//inplasy.com/inplasy-2022-6-0058/ (accessed on 13 June 2022).

2.1. Eligibility Criteria

Our systematic review included (1) randomized controlled parallel or crossover
trial studies that compared the effect of (2) walnuts consumption, (3) with a minimum
3-week intervention period in (4) middle-aged and older adults (≥40 years of age or
mean age ≥ 50 years), (5.a) on MetS biomarkers, including waist circumference (WC), body
weight (BW), body mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure
(DBP), triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL) cholesterol
(HDL-C), low-density lipoprotein (LDL) cholesterol (LDL-C), fasting blood glucose (FBG),
and glycosylated hemoglobin A1c (HbA1c), as well as on the insulin resistance index
(homeostatic model assessment for insulin resistance (HOMA-IR) and insulin), and on (5.b)
inflammatory biomarkers, including C-reactive protein (CRP), high-sensitivity C-reactive
protein (hs-CRP), interferon gamma (IFN-γ), E-selectin, VCAM-1, ICAM-1, TNF-α, and
interleukins (IL-6 and IL-1β), as primary or secondary outcomes. We excluded: (1) ab-
stracts, narrative reviews, comments, opinions, methodological papers, editorials, letters,
observational studies, conference abstracts, case studies, in vitro studies, non-human, with
a mechanistic, non-stochastic modeling, or any other publications lacking primary data
and/or explicit method explanations; (2) irrelevant interventions (walnuts oil, walnut ex-
tract, nut mix); (3) irrelevant comparisons (compulsory comparison); (4) publications with
full text not available; (5) duplicate studies or databases; and (6) publications in languages
that were not known.
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2.2. Information Sources

We performed a systematic literature search in PubMed, EMBASE, Cochrane Library,
Scopus, and ClinicalTrials.gov databases for controlled trials describing the effects of
walnut consumption on metabolic syndrome and inflammatory biomarkers in mature
adults from the inception of each database through November 2021. The literature search
had no language constraint. To ensure thorough research, the bibliographies of the included
studies and current reviews were also screened.

2.3. Search Strategy

To search the databases, we used a combination of free-text words, along with their syn-
onyms, singular and plural forms, thesaurus words (Medical Subject Headings for PubMed,
and Emtree for EMBASE), and abbreviations concerning the following concepts: (1) wal-
nuts; (2) inflammatory biomarkers, C-reactive protein, interleukins, tumor necrosis factor,
vascular cell adhesion molecule, intercellular adhesion molecule, selectin, adiponectin, ad-
hesion molecules; (3) metabolic syndrome, waist circumference, weight, body mass index,
systolic and diastolic blood pressure, triglycerides, total, HDL-C and LDL-C, glycemia,
HbA1c, insulin resistance, HOMA-IR, insulin; and (4) randomized controlled trial. The
entire search strategy for each database is presented in Supplementary Table S1.

2.4. Selection Process

Three investigators (D.L., L.M., and D.-S.P.) independently checked the titles and
abstracts for relevant articles. Following that, the full texts of those that looked to satisfy the
selection criteria were retrieved for further selection. The same investigators independently
checked each full text. In the event of a disagreement, the studies were debated until a
consensus was reached. In the instance of multiple publications from the same trial, only
the most recent or informative article was selected.

2.5. Data Items

Data regarding the outcomes were extracted in a spreadsheet Microsoft (Microsoft
Office 365, MS, Redmond, WA, USA) Excel file: (1) inflammatory biomarkers, C-reactive
protein, interleukins, tumor necrosis factor, vascular cell adhesion molecule, intercellular
adhesion molecule, selectin, adiponectin, adhesion molecules; (2) metabolic syndrome,
waist circumference, weight, body mass index, systolic and diastolic blood pressure, triglyc-
erides, total, HDL and LDL cholesterol, glycemia, HbA1c, insulin resistance, HOMA-IR,
insulin. For each variable, the baseline, final, and differences between baseline and final
observations were extracted, as well as the differences between the interventions regarding
the final values or the differences between baseline and final observations.

Furthermore, data regarding study characteristics were extracted in a spreadsheet
file: country, study design, exposure period, washout period, participants number in each
group, health status, age, female percentage, walnut intervention quantity and type, control
intervention, and the outcome of interest.

Other investigators than those who extracted the initial full-text articles rechecked the
extracted data.

2.6. Study Risk of Bias Assessment

The risk of bias was assessed for each selected article using the Risk of Bias 2 Tool
from Cochrane [25] in duplicate, and the disagreements were resolved by discussion.

2.7. Effect Measures

For all the outcomes, we used the standardized mean difference in the synthesis and
presentation of results.
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2.8. Synthesis Methods

We calculated the means and standard deviations for each variable utilized in the
meta-analysis. When the standard deviation (SD) was not known, it was calculated using
the standard error (SE) or mean, medians and interquartile ranges (IQRs), confidence
intervals (CIs), or p-values, according to Cochrane Handbook recommendations [26]. The
differences between the intervention groups in terms of changes (baseline–final values)
were the preferred values in analyses. Otherwise, we computed the differences between
the final values if these data were unavailable for the changes. We calculated the mean
difference (between changes or between final values) and the SE for each trial, either parallel
or crossover, in order to be able to pool the results from both designs, as recommended by
Elbourne et al. [27]. The meta software was used to perform meta-analyses on these mean
differences and SE [28]. The standardized mean difference along with 95% CI was computed
for each variable, using the random effects model due to clinical heterogeneity between
the trials. The Paule–Mandel estimator was used to estimate the between-study variance
within the inverse variance method. The statistical heterogeneity between the studies was
assessed with χ2-based Q-test and I2. Next, high leverage studies were identified with
the dmeta package [29]. Furthermore, subgroup analyses were performed for risk of bias,
trial design, exposure duration, walnut quantity, health status, control group, and age,
in case more than ten studies were available. To assess the robustness of the results, a
leave-one-out sensitivity analysis was used. If the p-value was less than 0.05, statistical
significance was assumed. For all analyses, the R environment for statistical computing
and graphics (R Foundation for Statistical Computing, Vienna, Austria) version 4.1.2 [30]
was used.

2.9. Quality Assessment

We used the Cochrane Collaboration’s Risk of Bias Tool 2 to examine the selected
studies: the parallel trial version for the parallel studies and the crossover trial version for
the crossover studies.

2.10. Reporting Bias Assessment

In case there were more than ten studies available to analyze a variable of interest, a
funnel plot and the Egger test were performed to assess the presence of publication bias.

3. Results

A total of 685 articles were considered from the systematic search and review of
relevant reference lists. After applying exclusion criteria, 17 articles were included in the
systematic review and meta-analysis. The procedure of study inclusion and exclusion is
shown in Figure 1. The characteristics of the included studies are revealed in Table 1 and
Supplementary Table S2.

3.1. Metabolic Syndrome Biomarkers

The effects of walnut-enriched diets on the biomarkers of MetS and inflammation are
presented in Table 2.
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Figure 1. PRISMA flow diagram of study selection.
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Table 2. Effects of walnut-enriched diets on inflammatory and metabolic syndrome biomarkers.

Characteristic,
Effect Size Type, SMD

Effect Size (95% CI) p-Value I2 (95% CI) p-Value Egger Test Studies

CRP (mg/L) −0.37 (−1.39–0.65) 0.478 NC NC [32,45]

hs-CRP (mg/L) −0.01 (−0.12–0.11) 0.903 NC NC [47]

IFN-γ (pg/mL) −1.26 (−2.01–−0.51) <0.001 NC NC [47]

IL-6 (pg/mL) −0.18 (−0.33–−0.03) 0.021 NC NC [47]

IL-1β (pg/mL) −0.1 (−0.16–−0.04) <0.001 NC NC [47]

TNF-α (pg/mL) −0.31 (−0.54–−0.08) 0.009 NC NC [47]

E-selectin (ng/mL) −2.57 (−4.09–−1.05) <0.001 NC NC [47]

ICAM-1 (ng/mL) −0.02 (−0.11–0.07) ANC 0.672 - - - [39,41,47]

VCAM-1 (ng/mL) −0.11 (−0.32–0.1) ANC 0.305 - - - [39,41,47]

WC (cm) −0.14 (−0.8–0.51) 0.671 0 (0–89.6) 0.71 0.572 [37,40,43]

BMI (kg/m2) 0.11 (−0.11–0.34) 0.326 63.1 (2.4–86) 0.028 0.683 [33,37,40,45,46]

BW (kg) 0 (−0.4–0.39) 0.987 22.2 (0–64.1) 0.253 0.537 [31–34,36,37,40,43]

SBP (mmHg) −0.85 (−4.48–2.77) 0.644 64.4 (24–83.4) 0.006 0.699 [32,34,35,37,40,44–46]

DBP (mmHg) −0.34 (−1.68–1) 0.62 35.3 (0–71.4) 0.146 0.551 [32,34,35,37,40,44–46]

FBG (mg/dL) 0.01 (0–0.02) 0.088 0 (0–74.6) 0.692 0.57 [36,37,40,41,45,46]

TG (mg/dL) −7.41 (−10.89–−3.94) <0.001 99.1 (99–99.3) <0.001 0.264 [31–38,40–42,45,46]

TC (mg/dL) −5.22 (−7.64–−2.8) <0.001 97.4 (96.5–98.1) <0.001 0.375 [31,32,34–38,40–42,45]

HDL-C (mg/dL) −0.18 (−0.59–0.22) 0.375 47.4 (0–72.4) 0.029 0.507 [31–42,45,46]

LDL-C (mg/dL) −5.93 (−7.77–−4.09) <0.001 24.8 (0–61.8) 0.2 0.83 [31–38,40–42,45]

HbA1c (%) 0.08 (−0.04–0.2) 0.196 0 (0–84.7) 0.774 0.816 [33,36,41,45]

HOMA-IR 0.03 (−0.44–0.5) 0.891 57.1 (0–87.8) 0.097 0.95 [37,40,41]

Insulin (mIU/mL) 0.91 (−2.16–3.98) 0.561 65.4 (0–88.2) 0.034 0.505 [36,37,40,41]

ANC—algorithm did not converge (when study [39] was entered; thus, the result is based only on studies [41,47]);
BMI—body mass index; BW—body weight; CI—confidence interval; CRP—C-reactive protein; hs-CRP—high-
sensitivity C-reactive protein; DBP—diastolic blood pressure; FBG—fasting blood glucose; HbA1c—glycosylated
hemoglobin A1c; HDL-C—high-density lipoprotein cholesterol; HOMA-IR—homeostatic model assessment for
insulin resistance; ICAM—intercellular adhesion molecule; IFN-γ—interferon gamma; IL-1β—interleukin-1β;
IL-6—interleukin-6; LDL-C—low-density lipoprotein cholesterol; NC—not computed for less than three studies;
SBP—systolic blood pressure; SD—standard deviation; SMD—standardized mean change difference; TC—total
cholesterol; TG—triglycerides; TNF-α—tumor necrosis factor-alpha; VCAM—vascular cell adhesion molecule;
WC—waist circumference.

3.1.1. Triglycerides

From the selected studies, thirteen studies reported TG values. The meta-analysis
found a higher reduction in TG values in the walnut group compared to the control group
(SMD = −7.41 (95% CI: −10.89–−3.94), p < 0.001) (Figure 2). There was a significant
heterogeneity between the studies, I2 of 99.1% (95% CI: 99–99.3%), and the Q test for
heterogeneity gave p < 0.001. The results remained statistically significant after performing
a leave-one-out sensitivity analysis for each study. The studies that influenced the final
result the most were Tapsell et al. (2009) [36] and Abdrabalnabi et al. [45]; their removal
brought the I2 to values lower than or equal to 7%. A subgroup analysis found that studies
with a high risk of bias had higher reductions in TG values than studies with some concerns
or low risk of bias, the pooled result remaining statistically significant only for high risk
of bias studies (Figure 3). The subgroup analyses regarding treatment exposure duration,
study population health, and diet showed statistically significant results for each subgroup
(Supplementary Figures S1–S4). The subgroup exposed to walnut portions greater than
42 g/day had statistically significant results, but for those having lower portions, the
pooled result lost its significance (Supplementary Figure S5). Finally, for the crossover
studies subgroup, the final result was statistically significant, but not for the parallel studies
subgroup (Supplementary Figure S6).

246



Antioxidants 2022, 11, 1412

 

Figure 2. Forest plot for triglycerides (mg/dL) standardized mean change difference. TE—treatment
effect; seTE—the standard error of the treatment effect; SMD—standardized mean difference;
CI—confidence interval.

 

Figure 3. Forest plot for triglycerides (mg/dL) standardized mean change difference compared with
subgroup analyses for risk of bias. TE—treatment effect; seTE—the standard error of the treatment
effect; SMD—standardized mean difference; CI—confidence interval.

3.1.2. Total Cholesterol, LDL, and HDL Cholesterol

Results for mean differences in TC and LDL-C between intervention and control
groups were reported in 12 trials (10 crossover and 2 parallel). We noticed significantly
lower values for TC concentrations in walnut-enriched diets compared to control diets
(SMD = −5.22, 95% CI: −7.64–−2.8), p < 0.001) (Figure 4), with significant heterogeneity
between the experiments (I2 = 99.1%; 95% CI: 99–99.3%, p-heterogeneity < 0.001).
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Figure 4. Forest plot for total cholesterol (mg/dL) standardized mean change difference. TE—
treatment effect; seTE—the standard error of the treatment effect; SMD—standardized mean differ-
ence; CI—confidence interval.

Similarly, the meta-analyzed SMD displayed a significantly greater reduction in LDL-C
concentrations with the walnut diets than with the control diets (SMD = −5.93; 95% CI:
−7.77–−4.09, p < 0.001) (Figure 5), but without significant heterogeneity (I2 = 24.8%; 95% CI:
0–61.8%, p-heterogeneity = 0.2).

Figure 5. Forest plot for LDL cholesterol (mg/dL) standardized mean change difference. TE—
treatment effect; seTE—the standard error of the treatment effect; SMD—standardized mean differ-
ence; CI—confidence interval.

Sensitivity analyses showed that the outcomes remained statistically significant after
removing one study at a time for both parameters. The reports with the highest influence
on the final effects were Tapsell et al. (2004) [33] and Tapsell et al. (2009) [36] for TC, while
for LDL-C they were Torabian et al. [38] and Tapsell et al. (2009) [36].

In the subgroup analyses, for TC and LDL-C parameters, walnut diets had statistically
significant effects in high risk and some concern studies for risk of bias, as well as for
exposure duration, walnut quantity, population health, and diet in both study designs,
parallel and crossover. The results remained significant for the participant subgroup with
ages over 40 years (Supplementary Figures S7–S19).

Fourteen controlled trials documented results for HDL-C. There were no statistically
significant changes in HDL-C concentrations between the walnut and the control diets
(SMD = −0.18; 95% CI: −0.59–0.22, p = 0.375). However, a significant heterogeneity was re-
ported (I2 = 47.4%; 95% CI: 0–72.4%, p-heterogeneity = 0.029) (Supplementary Figure S20).
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3.1.3. Anthropometric Markers

WC, BMI, and BW changes were reported in three, five, and eight trials, respec-
tively. On these parameters, individual trials did not show significant differences com-
pared to the control after following a walnut-enriched diet (WC SMD = −0.14; 95% CI:
−0.8–0.51, p = 0.671; BMI SMD = 0.11; 95% CI: −0.11–0.34, p = 0.326; BW SMD = 0; 95% CI:
−0.4–0.39, p = 0.987). A significant heterogeneity was observed only for BMI (p = 0.028)
(Supplementary Figures S21–S23).

3.1.4. Blood Pressure

The effect on blood pressure was analyzed in eight studies (six crossover and two
parallel). Walnut-enhanced diets did not significantly modify SBP (SMD = −0.85; 95% CI:
−4.48–2.77, p = 0.644) or DBP (SMD = −0.34; 95% CI: −1.68–1, p = 0.62), with significant het-
erogeneity for SBP (I2 = 64.4%; 95% CI: 24–83.4%, p-heterogeneity = 0.006) (Supplementary
Figures S24 and S25).

3.1.5. Glycemic Biomarkers

Similarly, no significant reductions were detected for FBG, HbA1c, HOMA-IR, and
insulin assessed in six, four, three, and four studies, respectively. Compared with control
diets, walnut-enriched diets accounted for a non-significant decrease of these glycemic
markers (FBG SMD = 0.01; 95% CI: 0–0.02, p = 0.088; HbA1c SMD = 0.08; 95% CI: −0.04–0.2,
p = 0.196; HOMA-IR SMD = 0.03; 95% CI: −0.44–0.5, p = 0.891; insulin SMD = 0.91; 95% CI:
−2.16–3.98, p = 0.561). The Q test for heterogeneity gave a significant value only for insulin
(p = 0.034) (Supplementary Figures S26–S29).

3.2. Inflammatory Biomarkers

In the meta-analysis of the inflammatory markers, the walnut consumption revealed
no significant influence on CRP (SMD = −0.37; 95% CI: −1.39–0.65, p = 0.478) and hs-CRP
(SMD = −0.01; 95% CI: −0.12–0.11, p = 0.903) (Supplementary Figures S30 and S31).

For the other studied inflammatory biomarkers, the walnut diet showed signifi-
cant changes (IFN-γ SMD = −1.26; 95% CI: −2.01–−0.51, p < 0.001; IL-6 SMD = −0.18;
95% CI: −0.00–−0.03, p < 0.001; IL-1β SMD = −0.1; 95% CI: −0.16–−0.04, p < 0.001;
TNF-α SMD = −0.31; 95% CI: −0.54–−0.08, p = 0.009; E-selectin SMD = −2.57; 95% CI:
−4.09–−1.05, p < 0.001), but the publication bias test and the heterogeneity could not be
calculated since there was only one assessed study (Supplementary Figures S32–S36).

The endothelial adhesion molecules, ICAM-1 and VCAM-1, could not be computed
since the algorithm did not converge when the study of Canales et al. [39] was included in
the analysis. When we excluded this analysis, the results based on the studies of Wu et al.
and Cofan et al. [41,47] were not statistically significant.

3.3. Quality Assessment

The results obtained after quality (risk of bias) assessment for the six parallel and
eleven crossover studies are presented in the Supplementary Materials (Supplementary
Figures S37 and S38). Several papers [43,44,46,47] analyzed data from the same study,
Walnuts and Healthy Aging (WAHA), and for the quality assessment they were considered
as only one.

Concerning the randomization process domain, eleven studies (79%) had some con-
cerns of bias, and three were at low risk of bias. The randomization generation method
was presented in five studies. Only one study mentioned allocation concealment. Only
two studies (14%) explained how randomization was undertaken. For crossover studies,
seven had no information to assess the start of clinical study baseline differences, and
three probably did not have differences, while for parallel trials, all four probably did not
have differences.

For crossover trials, we assessed the risk of bias arising from period and carryover
effects. Four studies had some concerns of bias, and seven were at low risk of bias. Five
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studies had a similar number of subjects allocated to the interventions. Two studies
probably did not have important differences in the number of subjects allocated to the
interventions. The other studies reported no information. Five studies did not analyze
whether the period effect was verified. All studies had sufficient time for the disappearance
of any carryover effects before the outcome assessment in the second period.

Regarding deviations from the intended interventions, four studies were at high risk
of bias, six had some concerns of bias, and four were at low risk of bias. Although not
mentioned in all trials, participants, caregivers, and those administering interventions were
likely all aware of the assigned intervention, except for one study where the investigator
was blinded to the intervention. The studies did not mention whether deviations from the
intended intervention arose due to trial context, except in one study where those deviations
probably did not affect the outcome. Five studies mentioned or it could be deducted that
they used an intention-to-treat analysis. Five studies gave no information about the use of
an intention-to-treat analysis, and the other four stated or it could be deducted that they
used a per-protocol analysis. Only one study was impacted by the lack of intention-to-treat
analysis of the results.

Moreover, only one study had some concern of bias with respect to missing outcome
data domain; the others had a low risk of bias. Seven studies probably had data for all or
nearly all randomized participants. Six studies had important percentages of subjects that
dropped out. One study did not report anything about missing data. No study provided
missing data analysis or sensitivity analyses to demonstrate that missing data did not skew
the results. In all the research, it is more likely to conclude that the missingness of the
outcomes was unrelated to its genuine value.

Concerning the measuring of the outcome domain, all the studies were at low risk
of bias. All of the studies used the same instruments and standard and exact measuring
methods to test the outcomes at the same time points throughout their research (laboratory
assays or anthropometric measurements). In the case of laboratory measurements, it is
likely the measurement was blinded (only three studies reported it). It is unlikely that
knowing the intervention would influence the measurement.

Considering the selection of the reported result domain, all the studies had a low risk of
bias. Two studies had variables of interest for our review specified as the primary endpoint
in the research protocol. Four studies had research protocols published before their study
but with different primary endpoints compared to our review. Only one instrument and
one statistical analysis approach were employed in all of the investigations for each variable
of interest.

Overall, four studies were considered at high risk of bias, and the others showed some
concerns of bias.

3.4. Reporting Bias Assessment

The Egger test yielded non-statistically significant findings for all of the outcomes of
interest when it was used to examine the presence of publication bias. Moreover, funnel
plots were not indicative of asymmetry either.

4. Discussion

To the best of our knowledge, the current study is the first systematic review and
meta-analysis to focus on comprehensively analyzing the evidence to date regarding the
effects of walnut-enriched diets on biomarkers of MetS and inflammation in middle-aged
and older adults.

Walnut is considered a nutraceutical dietary source due to the high content of good
fatty acids, such as MUFA and omega-3 PUFA, its nutritional value, the high antioxidant
phytochemical content, and its beneficial effects on human health.

In the present meta-analysis, we assessed the results of seventeen randomized clinical
trials that analyzed the impact of walnut-enriched diets. Our findings showed that walnut-
enriched diets significantly decreased TG, TC, and LDL-C concentrations, while HDL-C
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level was not significantly affected. No significant changes were noticed on anthropometric,
cardiometabolic, and glycemic indices after higher walnut consumption. Moreover, the
inflammatory biomarkers did not record statistically significant results.

Considering the evidence from recent meta-analyses, nut consumption [48–50] and
walnut-enriched diets [22,51] are negatively associated with specific biomarkers of MetS
and inflammation in different age groups.

Regarding the duration of exposure to treatment (in a range between 4 weeks and
2 years), the health of the studied population (healthy people, hypertensive, hypercholes-
terolemic, or T2D patients), and the diet (mostly Western-type or habitual diet, without
walnuts), each subgroup presented statistically significant results. Different doses of wal-
nut showed that the subgroup exposed to walnut portions greater than 42 g per day had
statistically significant results. This result reinforces the Food and Drug Administration
(FDA) [52] recommendation for the inclusion of 42 g (1.5 ounces) of walnuts in the daily
diet and differs from the conclusions of another meta-analysis, which states that the TG
lowering effects reach a plateau at doses higher than 20 g [53].

Our meta-analysis identified a statistically significant reduction of TG values (p < 0.001)
in walnut consumption groups compared to control groups in the thirteen trials analyzed
for this marker. Furthermore, it showed statistically significant decreases in terms of TC
and LDL-C levels. Analyzing the twelve studies reporting results for mean differences
in TC and LDL-C, we noticed significantly lower values for TC concentrations in walnut-
enriched diets (p < 0.001) compared to control diets. Similarly, we registered a significantly
greater reduction in LDL-C concentrations with the walnut diets (p < 0.001) than with the
control diets. The statistically significant beneficial effects in the lipid profile noticed after
walnut-enriched diets have the potential of decreasing the age-related disease risks for the
age category targeted in this meta-analysis.

Several observational studies obtained the same answers. A cross-sectional study
analyzing data from three large US prospective cohort studies concluded that an increase
of 0.5 servings (~14 g) per day in walnut consumption was significantly associated with
17% lower CVD risk and 20% lower stroke risk [54]. After assessing the same data but with
slightly different covariates, another study found that consuming at least one serving (~28 g)
of walnuts per week was linked with 19% lower CVD risk and 17% lower stroke risk, in
addition to a 21% decrease in the risk of CHD [55]. Similarly, a recent systematic review and
meta-analysis of prospective studies revealed that higher walnut intake was associated with
lower risks of CVD and CHD incidence [56]. Moreover, data from two large prospective
cohort studies associated higher walnut consumption with a lower CVD risk and mortality
and a greater life expectancy among U.S. older adults [57]. The PREDIMED study also
disclosed a significantly lower risk of stroke in participants who consumed 30 g of mixed
nuts (including 15 g of walnuts) per day compared with a no-nut consumer group [58].

Based on our results, the improvement of the lipid profile and decrease of oxidative
stress and inflammation are primary mechanisms of walnut intake against CVD. Fur-
thermore, bioactive compounds found in walnuts, both hydrophilic and lipophilic, could
protect against MetS complications and CVD [15].

Thereby, polyphenols, hydrosoluble micronutrients found in walnuts such as quercetin
and its glycosides, ellagic acid and ellagitannins, and cyanidin and proanthocyanidins [59]
exert their antioxidant action through multiple mechanisms, including the activation of
the Nrf2/ARE (nuclear factor erythroid 2-related factor 2/antioxidant response element)
pathway. By this pathway, polyphenols increase the activity of some antioxidant and detox-
ifying enzymatic systems and down-regulate the nuclear factor kappa B (NF-кB) pathway
that is directly implicated in the inflammatory response. Tocopherols and tocotrienols, as
well as n-3 PUFAs and n-6 PUFAs and other lipophilic antioxidants from walnuts, can
also inhibit the NF-кB pathway by activation of Nrf2/ARE. By preventing oxidation of
LDL, antioxidants improve the lipid profile, preventing and reducing the formation of
atherosclerotic plaques and the risks for CVD [11]. Melatonin, found in minute quantities
in walnuts (3.5 ± 1.0 ng/g), holds antioxidant and anti-inflammatory properties, with CV
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protection [16]. Moreover, phytosterols from walnuts can lower LDL-C levels. They are
more hydrophobic than cholesterol and can dislocate cholesterol from intestinal micelles
and reduce LDL-C absorption. In combination with n-3 PUFAs, phytosterols show both
complementary and synergistic lipid-lowering effects [16].

In our study, the effect on blood pressure was analyzed in eight trials. Neither SBP
nor DBP was significantly modified by walnut-enhanced diets, confirming the results of
previous analyses [53,55,60]. Furthermore, our study did not show statistically significant
changes in terms of glycemic markers, which also corroborated prior studies [22,51,53].
After following walnut-enriched diets, the anthropometric parameters did not show signifi-
cant differences compared to the control. These results were consistent with those obtained
in former works [49,61].

Low-grade chronic inflammation, referred to as inflammaging in the older population,
plays a key role in atherosclerosis, while inflammation biomarker concentrations can pre-
dict future T2D or CVD events [62]. The results of our study showed no significant effects
of walnut intake on inflammatory markers. These findings concur with recently published
data showing that the hs-CRP level was not influenced by walnut consumption [53]. More-
over, our findings agree with a recently published meta-analysis of both interventional and
observational studies, which established that walnut intake had no statistical significance
on glucose homeostasis and inflammation [22]. In contrast, observational studies found that
nut consumption was inversely associated with inflammatory markers [63]. These findings
might point to other types of nuts being responsible for these positive effects. However,
Cofán et al. (2020) [47] are the only researchers who have studied several biomarkers of
inflammation in correlation with a walnut-diet and found statistically significant reduction
for IL-6, IFN-γ, IL-1β, TNF-α, and E-selectin, but not for hs-CRP and adhesion molecules
VCAM-1 and ICAM-1. These results are noteworthy, but further clinical trials are needed
to confirm them.

The negative relationship between walnut intake and MetS pathophysiology may also
be attributed to the antioxidant and anti-inflammatory activity of vitamin E [62] and other
antioxidant phytochemicals found in walnuts [64].

Similar to other studies, our meta-analysis presents several limitations. The most
important limitation concerns the risk of bias present in the selected studies. Blinding
participants and personnel in the case of walnut eating is clearly challenging, particularly
for participants, and was not performed in the studies. Nonetheless, because the majority
of the outcomes of interest are objective laboratory measurements, this methodological
shortcoming is less likely to impact the measurement of the findings. The absence of any
declaration on allocation concealment (just one study mentioned it) and the randomization
process (stated in five studies) is the most critical issue. The Cochrane Risk of Bias Tool 2 has
a dose of subjectivity in the assessment, and we deemed most of the studies to have some
concerns of bias. However, if there had been no allocation concealment, in reality, the trials
would have been regarded as having a high risk of bias overall. This is more troublesome
for parallel designs, although they only accounted for roughly a third of the total in our
assessment. Nevertheless, we performed subgroup analyses for studies with high bias and
some concerns of bias and the main results of our review remained statistically significant
in both cases. Another disadvantage is the relatively small number of individuals per
research; nevertheless, systematic inclusion of a large number of publications helps to
increase overall power. We had a long list of potential outcomes, but only a few papers
provided measurements for several of them. For some outcomes, there was an important
heterogeneity, but after the sensitivity leave-one-out analysis, they seemed robust and
remained statistically significant.

Additionally, our review has several strengths: (1) the publications’ methodological
flaws were assessed using the newest edition of the Cochrane Collaboration’s Risk of
Bias Tool, version 2, one of the most prestigious organizations that conducts systematic
reviews and creates high-quality instruments for study validity evaluation; (2) a compre-
hensive search strategy was used; (3) many databases (PubMed, Embase, Scopus, Cochrane
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Database) were searched; (4) only randomized controlled trials were included; (5) sensitiv-
ity and subgroup analyses were performed; and (6) twenty-two metabolic syndrome and
inflammatory markers in middle-aged and older adults were assessed.

Future studies should focus more on inflammatory markers that were assessed in
only a small number of studies, but with significant results. The value close to statistical
significance level of fasting blood glucose suggests a need for further studies to check
if this was a spurious result or a real useful signal. Furthermore, the quality of future
randomized controlled trials on walnut diets should be improved, especially regarding
allocation concealment, the randomization process, and intention to treat analyses.

5. Conclusions

In conclusion, despite some heterogeneity in the intervention outcomes, our meta-
analysis found significant amelioration in the lipid profiles (TG, TC, and LDL-C levels)
with walnut consumption compared with different control diets in the studied age category,
middle-aged and older adults. Incipient data from a single study [47], which should
be further investigated, suggest that long-term walnut consumption displayed potential
benefits in lowering inflammation and indirectly on preventing several age-related diseases.
Even though further and better-designed studies are needed to strengthen these findings,
the results stress the importance of including walnuts in the dietary plans of middle-aged
and older populations.
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Abbreviations

ALA α-linolenic acid
apoB apolipoprotein B
BMI body mass index
BW body weight
CI confidence interval
CI confidence interval
CRP C-reactive protein
CVD cardiovascular diseases
DBP diastolic blood pressure
eTE the standard error of the treatment effect
FBG fasting blood glucose
HbA1c glycosylated hemoglobin A1c
HDL-C high density lipoprotein-cholesterol
HOMA-IR homeostatic model assessment for insulin resistance
hs-CRP high-sensitivity C-reactive protein
ICAM-1 intercellular adhesion molecule-1
IF interferon gamma
IL-1β interleukin-1β
IL-6 interleukin-6
IQR interquartile ranges
LDL-C low density lipoprotein-cholesterol
MedD Mediterranean diet
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MetS metabolic syndrome
MUFAs monounsaturated fatty acids
NF-кB nuclear factor kappa B
Nrf2/ARE nuclear factor erythroid 2-related factor 2/antioxidant response element
PUFAs polyunsaturated fatty acids
RCT randomized controlled trial
ROS reactive oxygen species
SBP systolic blood pressure
SD standard deviation
SE standard error
SMD standardized mean difference
SMD standardized mean change difference
T2D type 2 diabetes
TC total cholesterol
TE treatment effect
TG triglycerides
TNF-α tumor necrosis factor-alpha
VCAM-1 vascular cell adhesion molecule-1
W weight
WC waist circumference
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