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Preface

Oxidative stress is a condition that occurs when there is an imbalance between the production

of reactive oxygen species (ROS) and the body’s ability to neutralize them. ROS are normally

produced inside cells, and their amount is finely counterbalanced by antioxidant enzymes such as

SOD, GPx, and catalase. However, when this homeostasis is interrupted and ROS levels are too high

or antioxidant levels are too low, oxidative stress can occur.

Oxidative stress has been linked to a wide range of pathologies, including cardiovascular

diseases, cancer, neurological disorders (e.g., Alzheimer’s disease, Parkinson’s disease, and

multiple sclerosis), pulmonary diseases (e.g., asthma and chronic obstructive pulmonary disease),

inflammatory diseases (e.g., arthritis and inflammatory bowel disease), and autoimmune diseases

(e.g., lupus and rheumatoid arthritis). The exact mechanisms by which oxidative stress contributes

to disease are complex and vary depending on the specific pathology. However, it is thought that

oxidative stress can damage cells and tissues in a number of ways, including by damaging DNA and

proteins, disrupting cellular signaling pathways, inducing inflammation, and causing cell death.

The growing body of evidence suggesting that oxidative stress may play a role in the initiation

and progression of many chronic diseases has led to increased interest in developing strategies to

reduce oxidative stress and protect against its harmful effects. One way to reduce oxidative stress

is to follow a healthy diet rich in antioxidants, substances that can neutralize ROS and protect cells

from damage. For example, fruit, vegetables, marine algae, and many traditional medicinal plants

are rich in secondary metabolites with antioxidant properties, among others, as are many beverages

obtained from natural products. Several molecules contained in these products, although at low

concentrations, have already been shown to exert antioxidant activity, among others, both in vitro

and in vivo.

In this collection, comprised of eight original research articles and four review articles, the

latest research into oxidative stress and the exploitation of secondary metabolites for its reduction

is reported.

Andrea Ragusa

Editor
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Article

Humulus lupulus L. Extract Protects against Senior Osteoporosis
through Inhibiting Amyloid β Deposition and Oxidative Stress
in APP/PS1 Mutated Transgenic Mice and Osteoblasts

Tianshuang Xia 1, Jiabao Zhang 1, Yunxiang Guo 1, Yiping Jiang 1, Fangliang Qiao 1, Kun Li 1, Nani Wang 2,

Ting Han 1 and Hailiang Xin 1,*

1 School of Pharmacy, Navy Medical University, Shanghai 200433, China
2 Department of Medicine, Zhejiang Academy of Traditional Chinese Medicine, Hangzhou 310007, China
* Correspondence: hailiangxin@163.com; Tel.: +86-021-81871309

Abstract: As aging progresses, β-amyloid (Aβ) deposition and the resulting oxidative damage are
key causes of aging diseases such as senior osteoporosis (SOP). Humulus lupulus L. (hops) is an
important medicinal plant widely used in the food, beverage and pharmaceutical industries due
to its strong antioxidant ability. In this study, APP/PS1 mutated transgenic mice and Aβ-injured
osteoblasts were used to evaluate the protective effects of hops extracts (HLE) on SOP. Mice learning
and memory levels were assessed by the Morris water maze. Mice femurs were prepared for bone
micro-structures and immunohistochemistry experiments. The deposition of Aβ in the hippocampus,
cortex and femurs were determined by Congo red staining. Moreover, protein expressions related to
antioxidant pathways were evaluated by Western blotting. It was found that HLE markedly improved
learning abilities and ameliorated memory impairment of APP/PS1 mice, as well as regulated
antioxidant enzymes and bone metabolism proteins in mice serum. Micro-CT tests indicated that
HLE enhanced BMD and improved micro-architectural parameters of mice femur. More importantly,
it was discovered that HLE significantly reduced Aβ deposition both in the brain and femur. Further
in vitro results showed HLE increased the bone mineralization nodule and reduced the ROS level of
Aβ-injured osteoblasts. Additionally, HLE increased the expression of antioxidant related proteins
Nrf2, HO-1, NQO1, FoxO1 and SOD-2. These results indicated that Humulus lupulus L. extract could
protect against senior osteoporosis through inhibiting Aβ deposition and oxidative stress, which
provides a reference for the clinical application of hops in the prevention and treatment of SOP.

Keywords: amyloid β; Humulus lupulus L.; senior osteoporosis; APP/PS1 mice; oxidative stress

1. Introduction

Senior osteoporosis (SOP) is a type of metabolic disease characterized by osteopenia,
bone micro-structure degeneration and fracture. Aging is a major pathogenic factor causing
SOP. Along with aging, the body will induce oxidative stress through releasing excessive
reactive oxygen species (ROS), further decreasing bone formation in osteoblasts and increas-
ing bone resorption in osteoclasts, eventually leading to a bone homeostasis imbalance [1].
According to statistics, more than one-fifth of men and one-third of women in the world
suffer from osteoporosis at the age of 50 or above [2]. Furthermore, it is estimated that the
number of people suffering from osteoporosis in China will exceed 200 million by 2050 [3],
which is a crucial public health problem to be solved. In recent years, there is increasing
evidence suggesting that SOP patients are more likely to have memory impairment, even
Alzheimer’s disease (AD) [4], which is associated with oxidative stress and β-amyloid (Aβ)
protein plaque deposition. However, these are all relatively unclear pathogeneses of SOP.
Current clinical drug treatments for SOP mainly include estrogen therapy, bisphosphonates
supplementation, as well as calcium and active vitamin D, which cause more side effects

Molecules 2023, 28, 583. https://doi.org/10.3390/molecules28020583 https://www.mdpi.com/journal/molecules
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and lack a clear target. Therefore, there is a desperate need to elucidate the pathogenesis of
SOP and to find appropriate alternative drugs for SOP with few adverse effects.

Humulus lupulus L. (hops) is an important medicinal plant widely used in the food,
beverage and pharmaceutical industries due to its strong antioxidant capacity [5], and has
long medicinal history in China for digestive diseases, tuberculosis, insomnia and forgetful-
ness. In Europe, hops is used for hot flushes during the menopause and postmenopausal
osteoporosis [6]. In addition, hops has been proven to have a strong antioxidation effect
and is a potential antioxidant [7,8]. It has been reported that phenolic acids (including
hydroxybenzoic acids, hydroxycinnamic acids and hydroxyphenylpropanoic acids) and
flavonoids (mainly anthocyanins, flavones, flavonols and isoflavonoids) are the main effec-
tive components of hops, which contribute to its antioxidant capacity. Our previous studies
have also discovered that hops extract could prevent ovariectomy-induced osteoporosis in
mice and regulate the activities of osteoblasts and osteoclasts through attenuating oxidative
stress [9–11]. In addition, xanthohumol, a unique isoflavone in hops, has been found to
have a potent effect on Aβ-induced oxidative damage and bone loss in APP/PS1 mice and
osteoblasts [12,13]. These studies demonstrated that hops have potential as an antioxidant
with anti-Aβ deposition and anti-SOP properties.

Aβ aggregation and deposition in the cerebrum is a significant pathological feature in
AD patients. Aβ deposition can cause neurotoxicity and oxidative stress, which leads to
wide neurodegeneration [14]. More researchers have found that Aβ not only exists in the
cerebrum, but also in the bone [15], and Aβ42 is often abnormally elevated in osteoporosis
patients [16]. In addition, progressively more clinical results have demonstrated that most
senile dementia patients suffer from bone diseases and have a high risk of fractures [4].
SOP may be caused by Aβ deposition in femurs, which affect the activities of osteoblasts
and osteoclasts [17]. More importantly, it has been discovered that in APP/PS1 mutated
transgenic mice, both brain and bone tissues showed Aβ deposition accompanied with
peroxidation injury, and antioxidants could improve the cognitive ability and bone loss
caused by this Aβ deposition and oxidative damage [18]. It is therefore speculated that
antioxidants may prevent bone loss caused by Aβ deposition and oxidative damage.

In view of the strong antioxidant effect of hops, the present study employed APP/PS1
mice to investigate the effect of hops on memory deficit and bone loss induced by Aβ
deposition, and probed its potential mechanism using Aβ-injured osteoblasts, which can
provide more references for the prevention and treatment of SOP.

2. Results

2.1. HLE Prevented Spatial Memory Deficit of APP/PS1 Mice

The Morris water maze (MWM) task was conducted to estimate whether hops extract
could improve the long-term spatial memory of APP/PS1 mice. After 2 months administra-
tion, 11-month-old mice were prepared for the MWM task. The MWM task included two
parts: task acquisition (days 1–5) and probe trial (day 6). During the experiment, the tank
was videotaped from above, and all the relevant data were recorded. Detailed experimental
steps are shown in “Section 4.3”. As shown in Figure 1A, during 5-day training, the escape
latency of mice to find and load upon the platform decreased progressively. From the
third training day to the last training day, the latency of APP/PS1 mice was significantly
longer than that of wild-type mice (p < 0.001), and the mice in treatment groups had a
lower latency to load upon the platform compared with that of APP/PS1 mice during the
last two training days (p < 0.05). On the probe test day, the swimming time spent in the
target zone is shown in Figure 1B. We observed significant differences in swimming time
between APP/PS1 mice and mice in treatment groups (p < 0.05). APP/PS1 mice swam
for less time in the target zone than the wild-type mice, and the mice treated with HLE
or N-acetyl-L-cysteine (NAC, a kind of antioxidant, used as positive control in this study)
spent an increased amount of time in the target zone. Moreover, as shown in Figure 1C, it
was observed that the number of platform crossings in APP/PS1 mice was significantly
lower than that in the wild-type mice (p < 0.001), while treatment with HLE (2 g/kg) or
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NAC significantly increased the number of platform crossings (p < 0.05). The swimming
tracking showed that APP/PS1 mice mostly swam in the quadrant far from the target
quadrant, while mice in wild-type group and other treatment groups mostly swam near the
platform (Figure 1E). However, the treatment did not affect the swimming speed compared
with APP/PS1 mice, as shown in Figure 1D (p > 0.05). These results suggested that HLE
had a good effect on improving the learning and memory abilities and could prevent spatial
memory deficit of APP/PS1 mice.

 
Figure 1. Effects of HLE on spatial memory impairment of APP/PS1 transgenic mice in the Morris
water maze task. (A) Escape latency time of tested mice over 5 days of MWM task acquisition; (B) the
swimming time; (C) the crossing numbers; (D) swimming speed in the target zone on the probe test
day and (E) path taken by one random rat in each group during MWM probe trial (n = 8). (* p < 0.05,
*** p < 0.001, compared with the control (CON) group; # p < 0.05, compared with the APP/PS1 group.)

2.2. HLE Reduced Aβ Deposition Both in the Brain and Bone of APP/PS1 Mice

To determine the effect of HLE on Aβ deposition, we applied Congo red strain to
observe the pathological changes in Aβ plaque in the brain and femur. The brownish
red or orange precipitates were positive for Aβ (Figure 2A). In the brain, Aβ plaque in
mice hippocampi and cortexes was measured, and it was found that the amount of Aβ
plaque in APP/PS1 group mice was significantly more than that of the wild-type group
(p < 0.001). HLE or NAC markedly decreased the amount of Aβ plaque in hippocampi
and cortexes of APP/PS1 mice (p < 0.001). Moreover, we observed more Aβ deposition in
the femurs of APP/PS1 mice than in wild-type mice (p < 0.01), while HLE or NAC could
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ameliorate the accumulation of Aβ in femurs of APP/PS1 mice (p < 0.01) (Figure 2B–D).
These results suggested that HLE could reduce Aβ deposition both in the brains and bones
of APP/PS1 mice.

 

Figure 2. The effects of HLE on Aβ plaque in the hippocampus, cortex and femurs. (A) Congo
red-positive plaque in the hippocampus, cortex or femurs of APP/PS1 mice; (B–D) quantitative
analysis of amount of Aβ (n = 3). (** p < 0.01, *** p < 0.001, compared with the CON group; # p < 0.05,
## p < 0.01, ### p < 0.001 compared with the APP/PS1 group.)

2.3. HLE Improved Bone Mineral Density (BMD) and Bone Microarchitecture of APP/PS1 Mice

Micro-CT was conducted to observe the bone structural properties of trabecular bone
and BMD in femurs. As shown in the micro-CT images (Figure 3A), there was larger gap
space in the ROI region in APP/PS1 mice compared to mice in wild and treatment groups.
As shown in Figure 3B, femur BMD in APP/PS1 mice was significantly decreased (p < 0.01),
while HLE or NAC could reverse this decrease and enhance the BMD (p < 0.05). The bone
volume fraction (BVF) indicates the ratio of bone volume to total volume. Figure 3C showed
that the BVF of APP/PS1 mice was significantly decreased compared with that of wild-type
mice (p < 0.01), while HLE or NAC could markedly increase the femur BVF in APP/PS1
mice (p < 0.05). In addition, as shown in Figure 3D–F, the morphologic parameters of
trabecular number (Tb.N.) and trabecular thickness (Tb.Th.) decreased, while trabecular
separation (Tb.Sp.) increased significantly in APP/PS1 mice when compared with those in
wild group. On the contrary, HLE or NAC markedly reversed these changes in trabecular
morphological parameters by increasing the Tb.N. and Tb.Th. and decreasing the Tb.Sp.,
indicating that HLE had an excellent bone protection effect.

4
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Figure 3. Effects of HLE on bone mineral density and the structures of trabecular bone in femurs of
APP/PS1 mice. (A) Micro-CT images of the ROI region in the longitudinal section, transverse section and
3-D architecture; (B–F) trabecular bone parameter analysis of (B) BMD; (C) BVF; (D) Tb.N.; (E) Tb.Th.;
and (F) Tb.Sp. in the distal femur region in APP/PS1 mice (n = 8). (* p < 0.05, ** p < 0.01, compared with
the CON group; # p < 0.05, ## p < 0.01, ### p < 0.001 compared with the APP/PS1 group.)

2.4. HLE Relieved Oxidative Stress and Regulated Bone Metabolism in APP/PS1 Mice

As shown in Figure 4A, the superoxide dismutase (SOD) activity in the serum of
APP/PS1 mice decreased to 4.341 ± 0.45 U/mL, significantly less than that of the wild-
type mice (7.663 ± 0.34 U/mL) (p < 0.001). Moreover, osteocalcin (OCN), which plays
an important role in regulating bone metabolism, was activated less in APP/PS1 mice
(4.237 ± 0.41 ng/mL) than that in wild-type mice (11.250 ± 0.43 ng/mL) (Figure 4B, p <
0.001). HLE or NAC could increase the SOD and OCN levels of APP/PS1 mice, respec-
tively (p < 0.001), and there were no significant differences between the two dose groups.
Inflammatory cytokines interleukin-1β (IL-1β) and interleukin-6 (IL-6) levels in the serum
of APP/PS1 mice significantly increased from 5.028 ± 0.46 ng/L and 35.51 ± 1.18 ng/L in
wild-type mice to 19.42 ± 0.68 ng/L and 51.70 ± 2.27 ng/L (p < 0.001), respectively. After
treatment, HLE or NAC reversed the high level of IL-1β and IL-6 in the serum of APP/PS1
mice to almost ordinary levels (Figure 4C,D, p < 0.001).

Figure 4. Effects of HLE on (A) SOD; (B) OCN; (C) IL-1β; and (D) IL-6 in serum of APP/PS1 mice by
the Elisa test (n = 8). (*** p < 0.001, compared with the CON group; ### p < 0.001 compared with the
APP/PS1 group).

5



Molecules 2023, 28, 583

The bone metabolism index osteoprotegerin (OPG) and oxidative stress indexes nu-
clear factor erythroid 2-related factor 2 (Nrf2), forkhead box O1 (FoxO1) and SOD-2 in
mice femurs were measured by immunohistochemistry. As shown in Figure 5A, compared
with wild-type mice, the expression of OPG in femurs of APP/PS1 mice was significantly
reduced (p < 0.01). High doses of HLE significantly improved this inhibition (p < 0.01),
indicating that endogenous Aβ reduced OPG content, and HLE might play a bone protec-
tive role by promoting the expression of OPG. As shown in Figure 5B–D, Nrf2, FoxO1 and
SOD-2 expression in femurs of APP/PS1 mice was significantly reduced compared with
that in wild-type mice (p < 0.01), while high doses of HLE could return it to a normal level
(p < 0.01), suggesting that HLE might alleviate oxidative stress through regulating Nrf2
and FoxO1 pathways.

 

Figure 5. Effects of HLE on (A) OPG; (B) Nrf2; (C) FoxO1; and (D) SOD2 expression in femurs of
APP/PS1 mice by immunohistochemistry (n = 3). (# p < 0.05, ## p < 0.01, compared with the WT
group; ** p < 0.01 compared with the APP/PS1 group).
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2.5. HLE Improved Cell Activities and Alleviated Oxidative Stress in Aβ-Injured Osteoblasts

To further verify the effect of hops on alleviating oxidative stress and promoting bone
formation through inhibiting Aβ deposition, osteoblasts were injured by Aβ for in vitro
study. Bone mineralization levels were measured by Alizarin red staining. As shown
in Figure 6A, all doses of HLE significantly increased the bone mineralization nodule in
Aβ-injured osteoblasts, proving that hops could promote bone mineralization and bone
formation. As shown in Figure 6B, Aβ significantly improved the ROS release in osteoblasts,
while HLE markedly reduced the ROS level in a dose-dependent manner (p < 0.01). In
addition, oxidative stress related Nrf2 and FoxO1 pathways were measured by Western
blotting. As shown in Figure 6C–E, Aβ markedly reduced the expression of Nrf2, heme
oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1), FoxO1 and SOD-2
compared to the control group. After treatment, HLE or NAC significantly reversed the
decreased expression of Nrf2, HO-1, NQO1, FoxO1 and SOD-2 in Aβ-injured osteoblasts,
indicating that HLE could alleviate oxidative stress caused by Aβ deposition through
activating Nrf2 and FoxO1 pathways.

 
Figure 6. Effects of HLE on bone formation and oxidative stress in Aβ-injured osteoblastic MC3T3-E1
cells. (A) The bone mineralization nodule determined by Alizarin red staining; (B) intracellular ROS
levels determined by flow cytometry; (C–E) relative expression of Nrf2, HO-1, NQO1, FxoO1 and
SOD-2 determined by Western blotting (n = 3). (# p < 0.05, ## p < 0.01, compared with the CON group;
* p < 0.05, ** p < 0.01 compared with the model group. Model group means osteoblasts only treated
with Aβ).

3. Discussion

Osteoporosis is a degenerative chronic disease closely related to aging. It is crucial
to fully recognize the potential risks and benefits of diagnosing and treating osteoporosis
in elderly people. The high consumption of beer all over the world leads us to focus on
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hops plants that are essential in beer brewing, and our previous studies have detailed the
potent effects of hops on relieving oxidative stress and alleviating bone loss. However,
details of the mechanism of hops on preventing senior osteoporosis have not been clarified.
In this study, it was determined for the first time that hops improved the learning ability
and alleviated bone loss of APP/PS1 mice through inhibiting Aβ deposition in both the
brain and bone. In vivo and in vitro experiments revealed hops could relieve Aβ-induced
oxidative stress and protect against SOP.

In agreement with the clinical and epidemiological evidence, it has been found that
Aβ deposition and the dysfunction of antioxidant system play an important role in the
pathogenesis of SOP and AD [19]. Extracellular amyloid plaques and intracellular neu-
rofibrillary tangles in the brain are primary indicators of AD. It has been demonstrated
that the mutations in the APP gene, presenilin (PS) 1, potentially lead to early onset of
AD [20]. In mice, the APP transgene combined with a PS1 transgene yielded Aβ plaques
with earlier onset than the single transgenic sample [21]. Aβ directly or indirectly mod-
ulates mitochondrial function and induces oxidative stress, which in turn enhances Aβ
synthesis and aggregation. In this study, APP/PS1 mutated transgenic mice were used
to mimic the SOP condition, and we found that there was Aβ deposition not only in the
brain but also in the femurs of APP/PS1 mice, which was an important trigger of memory
impairment and osteoporosis. After treatment, it was discovered that hops could both
alleviate memory impairment and attenuate bone loss. More importantly, the Aβ amount
in mice hippocampi, cortexes and femurs were markedly decreased after treatment with
HLE, proving that hops could alleviate senior osteoporosis and dementia in APP/PS1 mice
through removing Aβ deposition.

The histomorphometric parameters of the trabecular bone obtained from micro-CT
analysis can predict osteopenia and deterioration of bone quality, and BMD is known as
the golden indicator for diagnosing osteoporosis [22]. The present study found that the
femur BMD of APP/PS1 mice decreased significantly and the bone micro-structure was
severely damaged, indicating that Aβ deposition led to bone loss. Hops could improve the
micro-architecture, enhance the BMD, and increase the trabecular parameters in the femurs
of APP/PS1 mice, suggesting that hops was effective in both preserving bone mass and
rescuing the deterioration of bone micro-architecture when damaged by Aβ deposition.
During bone remodeling, osteoblastic bone formation and osteoclastic bone resorption are
a synergistic action. OCN and OPG are important enzymes characterized by the capacity of
osteoblastic bone formation [23], while the concentrations of IL-1β and IL-6 in serum were
associated with increased ROS and osteoclastic bone resorption [24]. IL-1β and IL-6 not
only directly stimulate osteoclastogenesis and bone resorption but also stimulate RANKL
production in osteoblastic cells in a synergistic fashion. In this study, hops can significantly
increase the OCN and OPG expression and inhibit the serum IL-1β and IL-6 levels in
APP/PS1 mice, indicating the potential of hops in maintaining bone homeostasis.

Aβ deposition could interfere with the mitochondria, which causes cells to stop
breathing and subsequently oxidative stress [25,26]. Studies have increasingly shown that
excessive oxidative stress can lead to memory impairment and induce osteoporosis. On
one hand, excess ROS damages osteogenic activity and osteoblast dysfunction, eventually
resulting in osteoporosis [27]. On the other hand, dementia is mainly caused by the
accumulation of Aβ protein plaque and overexpression of hyperphosphorylated tau protein
in neurons [28], all of which ultimately induce neurotoxic effects via the upregulation of
ROS in the brain. Thus, oxidative stress is seen as a risk factor for both AD and SOP. In
this process, SOD is the major enzymatic scavenger in the antioxidant-defense system.
The transgenic mice with overexpression of APP mutant and deficiency of Mn-SOD had
elevated oxidative stress and significantly increased levels of brain Aβ plaque. Conversely,
Mn-SOD was overexpressed in APP/PS1 mice and they exhibited an increased antioxidant
defense capability in the brain and a reduced level of Aβ plaque [29]. In our study, we
observed significantly lower SOD activities in both the serum and femurs of APP/PS1 mice,
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and higher ROS levels in Aβ-injured osteoblasts. Fortunately, hops could increase the SOD
level and reduce active oxygen release, thus relieving oxidative stress.

As a key redox-sensitive transcription factor, Nrf2 is conducive to maintaining cellular
redox homeostasis and improving oxidative injury. Expressions of antioxidant enzymes
SOD and CAT are intimately related with Nrf2 signaling activation [30]. The by-products
catalyzed by HO-1 have potent ROS scavenging activity, while NQO1-induced by-products
prevent DNA oxidative damage caused by environmental stress agents [31]. FoxO1, the
major member in the Forkhead box O family, counteracts ROS generation by upregulating
antioxidant enzymes. FoxO can also affect the proliferation and differentiation of osteoblasts
through its regulation of the redox balance [32]. In this study, it was discovered that
hops could increase the Nrf2, FoxO1 and SOD-2 expression in the femurs of APP/PS1
mice and promote the expression of Nrf2 and FoxO1 pathway-related proteins in Aβ-
injured osteoblasts, suggesting that hops might alleviate oxidative stress and SOP through
regulating Nrf2 and FoxO1 pathways.

Collectively, we have, for the first time, demonstrated that hops extract protects against
Aβ-induced senior osteoporosis primarily by ameliorating memory impairment, enhancing
BMD and trabecular bone structure and improving osteoblastic MC3T3-E1 cell activities in
APP/PS1 mutated transgenic mice. As for its mechanism, removing Aβ deposition in the
brain and bone and its inducing of oxidative stress plays a crucial role.

4. Materials and Methods

4.1. Reagents

Humulus lupulus L. was obtained from the Anguo Traditional Chinese medicine market
(Hebei, China) and identified through microscope identification and HPLC to test its quality
(Figure 7). An amount of 150 g Humulus lupulus L. was extracted by 2.25 L 75% ethanol at
80 ◦C for 2 h twice. The filtrate was concentrated at 40 ◦C under reduced pressure. The
final extract was standardized by ICE-3 and xanthohumol, a special component in hops, to
evaluate the quality by HPLC. The content of xanthohumol in the extract was 0.55%. The
final extract was stored at −20 ◦C.

NAC and SOD assay kits were purchased from Shanghai Biyotime Biotechnology Co.,
Ltd. Enzyme-linked immunosorbent assay (ELISA) kits for determination of OCN, IL-1β
and IL-6 were purchased from Nanjing Jiancheng Bioengineering Institute. Antibodies
against Nrf2, HO-1, NQO1, FoxO1 and SOD-2 were purchased from Abcam. All materials
were dissolved in 0.5% CMC-Na solution.

4.2. Animals and Treatment

Male APP/PS1 mutated transgenic mice (9 months old, 25–30 g) were obtained from
the Nanjing Biomedical Research Institute of Nanjing University (Certificate No. SCXK
2015-0001, Nanjing, China), and housed four per cage, maintained under constant tem-
perature (23 ± 1 ◦C) and humidity (60 ± 10%) under a 12 h light/dark cycle (light from
7:30 am to 7:30 pm). Mice were freely provided with water and food and divided equally
into five groups of ten mice, namely CON, APP/PS1, APP/PS1 + NAC (100 mg/kg/d),
APP/PS1 + HLE-L (1 g/kg/d) and APP/PS1 + HLE-H (2 g/kg/d). The selection of the
drug doses in the experiment was based on our previous study [9]. The experimental
dosage was adjusted according to the weight by 0.1 mL/g, and all drugs were given
6 days a week for 2 months. The wild mice were treated with the same volume of 0.5%
CMC-Na solution by intragastric administration. In the end, mice were fasted for 12 h,
followed by anesthetization by injection of 3 mL/kg 10% (w/v) chloral hydrate. Serums
were centrifuged and stored at −80 ◦C for biochemical assay, and femurs were prepared
for micro-CT and immunohistochemistry experiments. All studies were conducted in
accordance with the NIH publication and approved by the Committee on Ethics of Medical
Research Second Military Medical University.
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Figure 7. HPLC chromatogram of (A) xantholhumol; (B) the mixed standard control and (C) the
hops extract. The content of xanthohumol in the extract was 0.55%. (1. xanthohumol; 2. cohumulone;
3. humulone; 4. adhumulone; 5. colupulone; 6. lupulone; 7. adlupulone).

4.3. Morris Water Maze Task

The Morris water maze task was employed to test spatial learning and memory ability
of mice in this study [33]. The task consisted of a circular pool (180 cm in diameter and
45 cm in height) and a transparent escape platform (9 cm in diameter and 29 cm in height).
The platform was submerged 1 cm below the surface of the water and placed in one
quadrant named the target quadrant. Four visual cues were placed around the tank (one
triangle, one square, one circle and one hexagon) and the water in the pool was maintained
at 24 ± 1 ◦C, and contained titanium white powder. On the first day, all test mice were
habituated to swimming for 60 s freely in the tank without the escape platform. During the
next five days, the mice were trained to swim to the platform placed in the center of the
target quadrant within 60 s, with three trials per day in a section, and the interval between
the two trails was 30 min. The time (latency) spent searching for platform was recorded.
On the probe test day, the animals were admitted to freely swim in the tank without the
platform for 60 s, and the time spent in the target quadrant, the number of crossings of the
platform and the swimming velocity were recorded.
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4.4. Congo Red Staining

After mice were sacrificed, the whole brain and right femurs were picked and fixed in
4% paraformaldehyde, then placed in 30% sucrose solution until they sunk to the bottom.
The tissue was continuously cut, and every slice (10 μm, three sections for one mouse)
was stained with Congo red to determine the total amount of Aβ plaque, as described
previously [13]. In the end, the hippocampus, cortex and femur slices were mounted on
slides for detection using an Olympus microscope with DP-70 software.

4.5. Micro-CT and Biochemical Marker Measurement

Mice femur micro-architecture was measured with a micro-CT scanner (GE eXplore
Locus SP). BMD and trabecular bone parameters of BVF, Tb.N., Tb.Th. and Tb.Sp. were
auto calculated by the computer.

Mice serum was centrifuged at 3000 r/min for 10 min, and the supernatant was
collected for the biochemical markers assay. The SOD, OCN, IL-1β and IL-6 levels were
measured by commercially available assay kits in accordance with the manufacturer’s
instructions.

4.6. Immunohistochemistry

The femur section was separated for immunohistochemistry by xylene and hydrated
in ethanol of graded concentrations. The cross-section was bathed in sodium citrate buffer
(pH = 6.0) and heated. Then, the section was incubated in 3% hydrogen peroxide for 25 min
and 3% BSA solution for 30 min, successively. After that, the sections were incubated with
primary and secondary antibodies at 4 ◦C, successively. Finally, slides were incubated
by a DAB staining kit and stained with hematoxylin-eosin, and the positive section was
stained brown-yellow. The coverage of positive staining was calculated with Image-pro
plus software.

4.7. Cell Cultures and Treatment

Osteoblastic MC3T3-E1 cells were purchased from the typical Culture Committee Cell
Library of the Chinese Academy of Sciences, Shanghai, China, and cultured in DMEM
containing 10% FBS in a humidified atmosphere of 5% CO2 at 37 ◦C. When reaching 80%
confluence, osteoblasts could be used for follow-up studies. According to the experiment
design, osteoblasts were incubated overnight and then pretreated with different concen-
tration of HLE (4, 20 and 100 μg/mL) or NAC (2.5 mM) for 4 h. After that, the plate was
removed from the incubator and 1 μL of 1 mM Aβ1–42 oligomer mother liquor was added
to each well, resulting in a final concentration of 10 μM Aβ. Osteoblasts were incubated
for another 44 h, and cell growth in the orifice without the treatment was used as the
control group.

4.8. Osteoblastic Mineralization and ROS Analysis

The cultured osteoblasts were added to 24-well plates overnight (5 × 104 cells/well)
and then cultured with osteogenic differentiation medium (10 nM dexamethasone, 50 μg/mL
ascorbic acid and 10 mM β-glycerophosphate) for 18 days. Then, cells were cultured in HLE
or NAC, which contained 10 μM Aβ, for another 2 days. Osteoblasts were fixed in ice-cold
4% paraformaldehyde for 10 min, and then dyed with 0.1% Alizarin red solution at 37 ◦C
for 30 min. After washing, osteoblasts were completely dissolved in 10% cetylpyridinium
chloride for 15 min, and then measured at 570 nm.

For intracellular ROS measurements, osteoblasts were treated with reagents for 48 h
and then incubated with 5 μM DCFHDA for 30 min at room temperature. Finally, the
intracellular ROS level was analyzed with a flow cytometer according to the instructions of
the ROS Assay Kit.
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4.9. Western Blotting

Osteoblasts were seeded in 6-well plates with a density of 1 × 105 cells/mL. After 48 h
treatment, the osteoblasts were lysed and centrifuged at 12,000 r/min for 10 min. The cell
lysis solution was separated onto 10% sodium dodecyl sulfate-polyacrylamide gels and
electrically blotted onto a polyvinylidene fluoride membrane. Membranes were blocked
with 5% BSA for 1 h and then incubated with primary antibodies overnight at 4 ◦C. These
targets were immunoblotted in the same membrane from which GAPDH was immunoblot-
ted. After that, TBST was used to wash membranes three times, and the membranes were
incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies at
37 ◦C for 1 h. Membranes were visualized by enhanced chemiluminescent (ECL) reagents
and imaged using the Gel imaging system. For protein bands with similar KD values, we
used the removal solution to remove the previous protein imprint, and then carried out
another incubation for other antibodies.

4.10. Statistical Analysis

All data were expressed as mean ± standard error of mean (SEM). Statistical sig-
nificance was set at p < 0.05 and determined by one-way analysis of variance and the
Student–Newman–Keuls test for multiple comparisons. GraphPad Prism (version 5.0) was
used for statistical analysis.
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Abstract: Peanut produces prenylated stilbenoids upon biotic stress. However, the role of these
compounds against oxidative stress have not been thoroughly elucidated. To this end, the antioxidant
capacity of extracts enriched in prenylated stilbenoids and derivatives was studied. To produce these
extracts, hairy root cultures of peanut cultivars Hull, Tifrunner, and Georgia Green were co-treated
with methyl jasmonate, cyclodextrin, hydrogen peroxide, and magnesium chloride and then the
stilbenoids were extracted from the culture medium. Among the three cultivars, higher levels of
the stilbenoid derivatives arachidin-1 and arachidin-6 were detected in cultivar Tifrunner. Upon
reaction with 2,2-diphenyl-1picrylhydrazyl, extracts from cultivar Tifrunner showed the highest
antioxidant capacity with an IC50 of 6.004 μg/mL. Furthermore, these extracts had significantly higher
antioxidant capacity at 6.25 μg/mL and 3.125 μg/mL when compared to extracts from cultivars
Hull and Georgia Green. The stilbenoid-rich extracts from peanut hairy roots show high antioxidant
capacity and merit further study as potential nutraceuticals to promote human health.

Keywords: stilbenoid-rich extract; prenylated stilbenoids; arachidin; peanut; antioxidant; elicitation;
hairy root

1. Introduction

Reactive oxygen species (ROS) are continually produced by living organisms during
cellular metabolism. At physiological concentration, ROS may be required for the normal
function of the cell. However, excess accumulation of ROS can cause oxidative stress,
damaging the cellular macromolecules like DNA, lipids, and proteins, and eventually lead
to disease conditions. In humans, the harmful effect of ROS has been associated with the
occurrence of more than 100 diseases, including neurodegenerative disease, heart-related
disease, diabetes, and cancer [1–3]. Antioxidants protect the living system from the harmful
effect of ROS by scavenging them directly or indirectly [4]. In the past few years, plant-
derived stilbenoids and their derivatives have gained considerable interest as a source of
antioxidants due to their diverse chemical structure and biological activities with potential
application as pharmacological agents [5].

Stilbenoids are a group of polyphenolic compounds that can be found in a limited
number of plant families, including those of grapevine (Vitaceae), peanut (Fabaceae),
and blueberry (Ericaceae). These compounds are phytoalexins that are produced upon
infection by fungus and other pathogens to protect the host plant against them. Thus, the
peanut plant produces stilbenoids as a defense response to biotic stress and more than
45 stilbenoids and their derivatives have been reported in peanut tissues subjected to
biotic stresses [6–10]. The first described peanut stilbenoids include resveratrol and the
prenylated stilbenoids arachidin-1, arachidin-3, and isopentadienyl trihydroxystilbene [11].
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Among these stilbenoids, the most studied is resveratrol due to its biological properties
beneficial to human health including antioxidant, cardioprotective, anticancer, antiaging,
and others. Despite the wide range of bioactivities of resveratrol, this stilbenoid has
shown limited bioavailability in vivo due to its rapid metabolism into glucuronide and
sulfate metabolites [12]. Interestingly, natural resveratrol analogs such as the prenylated
stilbenoids may have increased bioavailability due to favorable metabolic profiles as
demonstrated by in vitro assays [13]. Additionally, prenylated stilbenoids have shown
to exhibit enhanced or equivalent antioxidant, anti-inflammatory, and anti-adipogenic
activities when compared to resveratrol [14–16].

Hairy root cultures of peanut cv. Hull was established previously using Agrobacterium
rhizogenes to enhance the production of non-prenylated and prenylated stilbenoids [17].
The hairy roots when treated with a combination of methyl jasmonate (MeJA), cyclodextrin
(CD), hydrogen peroxide, and magnesium chloride secrete several stilbenoids and their
derivatives into the culture medium and thus these compounds can be extracted from the
culture medium [18]. This stilbenoid-rich extract from peanut hairy root culture medium is
rich in the non-prenylated stilbenoid resveratrol and prenylated stilbenoids arachidin-5,
arachidin-1, arachidin-2, arachidin-3, and others with diverse biological activity (Figure 1).
Similarly, treatment of hairy roots from peanut cv. Kalasin 2 with chitosan, MeJA, and CD
induced a large amount of arachidin-1 and arachidin-3 [19]. However, a study comparing
the biological properties of stilbenoid-rich extracts from hairy roots of different peanut
cultivars have not been done thoroughly.

Figure 1. Chemical structure of six main stilbenoids found in elicited peanut hairy root culture. All
compounds are shown in their trans-isomer.

In this study, we compared the antioxidant property as determined by DPPH
(2,2-diphenyl-1-picrylhydrazyl) assay of stilbenoid-rich extracts obtained from elicited
peanut hairy root cultures of three cultivars, i.e., Tifrunner, Hull, and Georgia Green. In
addition, a comparative study of the yield of stilbenoids and their derivatives in these three
cultivars of peanut was performed. We established a hairy root line from the whole-genome
sequenced peanut cv. Tifrunner, and reported the production of prenylated stilbenoids and
the ring-prenylated piceatannol derivative arachidin-6 in this cultivar for the first time.

2. Results and Discussion

2.1. Development and Characterization of Peanut cv. Tifrunner Hairy Roots

The peanut hairy root platform provides a potential platform for the bioproduction of
prenylated stilbenoids and elucidation of new genes involved in the biosynthetic pathway
of these compounds [11]. Recently, the whole genome of peanut cv. Tifrunner has been
sequenced providing the potential to discover candidate genes of interest in this econom-
ically important crop [20]. Thus, the hairy root system of the whole genome sequence
cultivar would provide valuable information to further elucidate the biosynthetic pathway
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for prenylated stilbenoids. In present work, hairy root culture of peanut cv. Tifrunner was
established and treated with the combination of elicitors for stilbenoid profiling. Addition-
ally, the antioxidant properties of the stilbenoid-rich extract from elicited hairy roots from
three cultivars were compared for their potential application as nutraceuticals to promote
human health.

Several hairy root lines of peanut cv. Tifrunner were produced by infecting leaves from
4-week-old seedlings with A. rhizogenes ATCC 15834. The wounded leaves were cultured
and subcultured on MSV medium with antibiotics for 3 to 5 weeks until the development
of hairy roots to avoid overgrowth of Agrobacterium. Tifrunner hairy root line 1 (Figure 2)
was selected based on its sustained growth in liquid culture. PCR analysis of line 1 was
performed for confirming the presence of aux1 and rolC genes, indicating the integration
of the two T-DNA, TL-DNA, and TR-DNA, from Ri plasmid of A. rhizogenes ATCC 15834
into the plant genome. Furthermore, PCR amplification of the virD2 gene was negative
suggesting the absence of any Agrobacterium in the root tissue (Supplementary Materials
Figure S1).

 
Figure 2. Germination and establishment of hairy root cultures of peanut cv. Tifrunner. (A): Seed ger-
mination; (B): One-week-old seedling; (D): Three-week-old seedling; (C,E): Hairy root development
from leaf infected with Agrobacterium rhizogenes; (F): Branching of hairy roots after excision from the
leaf; (G): Phenotype of hairy root line 1 on semi-solid medium; (H): Phenotype hairy root line 1 in
liquid medium after 15 days in culture.

2.2. Production of Prenylated Stilbenoids in Hairy Roots of Peanut cvs. Tifrunner, Hull, and
Georgia Green

The hairy root cultures of peanut cvs. Tifrunner, Hull, and Georgia Green were elicited
as described before for comparison of their stilbenoid profile and yields. Notably, the color
of the medium changed from clear to yellow in the hairy root cultures of all three cultivars
suggesting the secretion of stilbenoids in the culture medium after elicitation treatment
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(Figure 3) [17]. The stilbenoid content in the culture medium after 168 h elicitation treatment
was analyzed using HPLC (Figure 4). Accordingly, all three hairy roots were able to secrete
resveratrol and different prenylated stilbenoids like arachidin-5, arachidin-1, arachidin-2,
and arachidin-3 into the medium upon elicitation. The production of these stilbenoids
suggests that the stilbenoid-specific prenyltransferase responsible for their biosynthesis
might be expressed in these three cultivars of peanuts [11].

Figure 3. Elicitation of hairy root cultures. Changes in the phenotype of (A): Peanut cv. Tifrunner
hairy root line 1; (B): Peanut cv. Hull line 3; (C): Peanut cv. Georgia Green after 168 h of treatment
with different elicitors: 125 μM methyl jasmonate (MeJA), 18 g/L cyclodextrin (CD), 3 mM hydrogen
peroxide (H2O2) and 1 mM magnesium chloride (MgCl2) in a 100 mL elicitation medium.

Figure 4. Comparison of secreted stilbenoid profiles among three different cultivars of peanut hairy
root cultures. HPLC chromatograms of culture medium extract of hairy root cultures of (A): Peanut
cv. Tifrunner; (B): Peanut cv. Hull line 3; (C): Peanut cv. Georgia Green after 168 h elicitor treatment.
All chromatograms were monitored at 340 nm.
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The yield of arachidin-5, arachidin-1, and arachidin-2 was higher in the medium of
the Tifrunner hairy root culture when compared to the other two cultivars. Interestingly,
the yield of resveratrol and arachidin-3 was higher in cultivar Hull (Figure 5). The yield
of arachidin-5 in cv. Tifrunner was 24.07 ± 4.33 mg/L which was approximately 2.2- and
4.7-fold higher than in Hull and Georgia Green hairy roots, respectively. Similarly, the yield
of arachidin-1 in cv. Tifrunner was 169.73 ± 25.17 mg/L which was significantly higher
than in Hull and Georgia Green, respectively. The yield of arachidin-2 in cv. Tifrunner
was 31.75 ± 5.59 mg/L which was approximately 1.4- and 2.3-fold higher than in Hull
and Georgia Green, respectively. The yield of resveratrol in cv. Hull was 44.1 ± 3.3 mg/L
which was significantly higher than Tifrunner and Georgia Green hairy roots, respectively.
Whereas the yield of arachidin-3 in cv. Hull was 52.24 ± 3.66 mg/L which was approxi-
mately 1.2- and 1.7-fold higher than in Tifrunner and Georgia Green hairy root respectively
(Figure 5).

Figure 5. Comparison of stilbenoid yield in hairy root cultures of peanut cultivars Tifrunner, Hull
(line 3), and Georgia Green. Yield is expressed in mg/L and each bar represents the average of
three technical replicates of stilbenoids extracted from 0.9 L elicited medium. Error bars represent
standard deviation. Statistical analysis was performed with two-way ANOVA with Tukey’s multiple-
comparisons test. The asterisks above the connecting line represent a significant difference when
compared to the stilbenoid yield among the three cultivars (*, p < 0.033; **, p < 0.002; ***, p < 0.001).

Particularly in the Tifrunner cultivar, arachidin-1 and arachidin-6 were the predomi-
nant stilbenoids when compared to the Georgia Green and Hull cultivars. We identified
arachidin-6 in the ethyl acetate extract of the culture medium by comparing characteristic
UV spectrum (λmax), and mass spectrometric analysis of arachidin-6 from Rhizopus-elicited
peanut seedlings [21] (Supplementary Materials Figures S3–S5). A total of 5.3 mg of
arachidin-6 (λmax = 344 nm), was purified from the peanut cv. Tifrunner hairy root cul-
ture medium using semi-preparative HPLC method (Supplementary Materials Figure S2).
As shown in Table 1, the precursor ion of the isolated compound ([M − H]−, m/z 309)
provided the main fragment with a [M − H]− of m/z 265 in MS2 which suggested that
the purified compound was arachidin-6 as described in fungal-challenged peanut. Inter-
estingly, arachidin-6 has been reported to show moderate antimicrobial activity against
methicillin-resistant Staphylococcus aureus with a minimum inhibitory concentration rang-
ing from 50 to 75 μg/mL [21]. The difference in yield of stilbenoids suggests that the
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enzymes responsible for the production of these compounds are expressed at different
levels among the hairy roots from different cultivars. To our knowledge, this is the first
study to show the production of stilbenoids in peanut cv. Tifrunner.

Table 1. Tandem mass spectrometry analysis of arachidin-6 detected in ethyl acetate extract from the medium of elicited
peanut cv. Tifrunner hairy root culture. Analysis was done by HPLC-PDA-electronspray ionization-MS3.

tR (Min)
UV Max

(nm)
[M − H]− MS2 Ions a MS3 Ions [M + H]+ MS2 Ions a MS3 Ions

16.57 344 309 291, 265, 294 159, 249 311 201, 283, 296 159, 173, 183
a MS2 ions in boldface were the most abundant ions and were subjected to MS3 fragmentation. tR: HPLC retention time.

The first stilbenoidspecific prenyltransferases, AhR4DT-1 and AhR3′DT-1, involved
in the prenylation of stilbenoids have been identified from peanut. Specifically, AhR4DT-
1 catalyzes the transfer of a 3,3-dimethylallyl group to the C-4 carbon of the A-ring of
resveratrol and piceatannol, producing arachidin-2 and arachidin-5, respectively. AhR3′DT-
1 can use resveratrol as substrate to add a 3,3-dimethylallyl group to the C-3′ of the B ring.
However, the biosynthetic steps for the production of arachidin-1 and arachidin-3 have
not been elucidated yet [11]. The Tifrunner hairy root line might provide a platform to
further elucidate the biosynthetic pathway for prenylated stilbenoids and their derivatives
in peanut.

2.3. Comparison of Antioxidant Activity of Stilbenoid-Rich Extract from Hairy Roots of Three
Peanut Cultivars

The antioxidant activities of the extract obtained from the culture medium of elicited
hairy roots of peanut cvs. Tifrunner, Hull, and Georgia Green were compared using the
scavenging effect of DPPH. DPPH scavenging assay is economic, reliable, efficient, and
sensitive method for measuring the antioxidant activity of non-enzymatic antioxidants
such as stilbenoids [2,22]. After incubation of DPPH solution with a stilbenoid-rich extract
from different cultivars for 30 min, the violet color of DPPH changed to yellow confirming
reduction of DPPH for all extract concentrations above 1.5625 μg/mL.

Interestingly, the stilbenoid-rich extract of peanut cv. Tifrunner had a higher scaveng-
ing effect on DPPH radical when compared to the stilbenoid-rich extract of peanut cvs. Hull
and Georgia Green at all concentrations. The DPPH scavenging rate for the stilbenoid-rich
extract from all three extracts was highest at the extract concentration of 100 μg/mL and
the scavenging rate decreased gradually as the concentration of the extract decreased. At
100 μg/mL, the DPPH scavenging rate of stilbenoid-rich extract from the Tifrunner cultivar
was 90.67 ± 0.64%. Whereas the rate was 82.94 ± 0.75% and 76.80 ± 1.51% for Hull and
Georgia Green, respectively. Interestingly, the extract from Tifrunner hairy roots had signif-
icantly higher (p < 0.05) antioxidant capacity at a lower concentration of 6.25 μg/mL and
3.125 μg/mL when compared to stilbenoid-rich extract of the other two cultivars (Figure 6).
The DPPH scavenging ability at concentrations of 6.25 μg/mL and 3.125 μg/mL for the
extract of Tifrunner were 61.70 ± 10.74% and 41.24 ± 9.12%, for Hull were 42.26 ± 5.96%
and 26.70 ± 6.45%, and for Georgia Green were 37.20 ± 13.41% and 23.15 ± 7.98% respec-
tively. The DPPH scavenging rate of stilbenoid-rich extracts from all three cultivars was
lowest at 0.78125 μg/mL.

The Tifrunner extract had the highest amount of prenylated stilbenoids such as
arachidin-1 (207.5 ± 7.35 μg/mg), arachidin-2 (39.15 ± 0.98 μg/mg), arachidin-3
(75.28 ± 7.39 μg/mg), and arachidin-5 (30.92 ± 1.52 μg/mg) in terms of dry weight of
the extract whereas Hull extract had highest amount of resveratrol (60.56 ± 1.19 μg/mg)
(Table 2). The higher DPPH scavenging rate for Tifrunner stilbenoid-rich extract might
correlate to a higher amount of prenylated stilbenoids present in the extract as compared
to the other two cultivars. Overall, Tifrunner stilbenoid-rich extract had the highest DPPH
scavenging rate followed by Hull and then Georgia Green extract.
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Figure 6. Comparison of total antioxidant capacity of medium extracts from hairy root cultures of
peanut cultivars Tifrunner, Hull (line 3), and Georgia Green at different concentrations. Antioxidant
capacity was evaluated by the DPPH assay method. Values are the average of three independent
experiments, each performed in technical triplicate. Error bar represents standard deviation. Statis-
tical analysis was performed with two-way ANOVA with Tukey’s multiple-comparisons test. The
asterisks above the connecting line represent a significant difference when compared to the total
antioxidant activity among three cultivars (*, p < 0.033; **, p < 0.002; ***, p < 0.001; ****, p < 0.0001; ns,
not significant).

Table 2. Amount of stilbenoid per dry weight of the extract (μg/mg) in three different cultivars
of peanuts.

Stilbenoids
μg/mg DW a

Tifrunner Hull Georgia Green

Resveratrol 29.47 ± 1.40 60.56 ± 1.19 12.52 ± 0.29
Arachidin-5 30.92 ± 1.52 13.5 ± 0.29 6.9 ± 0.13
Arachidin-1 207.5 ± 7.35 162.37 ± 1.33 108.76 ± 1.53
Arachidin-2 39.15 ± 0.98 28.21 ± 1.97 19.74 ± 2.21
Arachidin-3 75.28 ± 7.39 72.24 ± 2.05 46.78 ± 0.52

a Data are the means ± SD of the experiments performed in technical triplicate.

Based on the DPPH antioxidant assay, the IC50 value for the stilbenoid-rich extract
from all three extracts was calculated (Figure 7). The IC50 value for the stilbenoid-rich ex-
tract from the Tifrunner cultivar was 6.004 μg/mL, from the Hull cultivar was 8.147 μg/mL
and from Georgia Green was 7.768 μg/mL respectively. The IC50 value represents the
amount of stilbenoid-rich extract required to decrease the initial concentration of DPPH by
50%. The lowest IC50 value was found for the stilbenoid-rich extract from Tifrunner hairy
roots suggesting that the extract had higher radical scavenging activity as compared to
extract from the other two cultivars. Thus, stilbenoid-rich extract from Tifrunner hairy root
had higher antioxidant activity followed by Georgia Green and Hull in terms of IC50 value.

Previously, the ethanolic extract of peanut sprouts rich in stilbenoids, such as resvera-
trol, arachidin-1, and arachidin-3, showed antioxidant and anti-inflammatory activities [23].
The antioxidant activity of stilbenoid-rich extract have been previously reported from
peanut hairy roots treated with paraquat, MeJA, and CD and peanut hairy roots treated
with cadmium, MeJA, and CD [24,25]. In this study, the IC50 value of the stilbenoid-rich
extract of peanut hairy roots was lower in comparison to the phenolic extract of grape
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pomace from five different red grape cultivars with IC50 values ranging from 14.45 μg/mL
to 38.93 μg/mL suggesting higher antioxidant properties of peanut hairy root extracts [26].

Figure 7. Concentration-dependent inhibitory effect of culture medium extracts from hairy root
cultures of peanut cultivars. Tifrunner (A), Hull (B) (line 3), and Georgia Green (C) on DPPH based
antioxidant assay. Data are represented as mean ± SD of three independent experiments, each
performed in technical triplicate.

The in vivo study of bio-elicited peanut sprout powder rich in stilbene compounds
such as resveratrol, arachidin-1, arachidin-3, and isopentadienylresveratrol suggested that
the extract inhibits testosterone-mediated benign prostatic enlargement [27]. Similarly,
in vivo study of peanut sprout extracts rich in resveratrol and its glycosides have been
reported to have anti-obesity properties [28]. The stilbenoid-rich extracts from elicited
peanut hairy root cultures could be further studied to explore their role as functional
antioxidant ingredients using in vivo models.

3. Materials and Methods

3.1. Seed Sterilization and Germination of Peanut cv. Tifrunner

Seeds of peanut cv. Tifrunner (accession No. PI 644011, USDA) were obtained from
USDA-ARS Plant Genetic Resources Conservation Unit (Griffin, GA, USA). The shells
of the seeds were removed, and then the seeds were surface sterilized by soaking in
0.1% Palmolive detergent for 2 min followed by vigorous shaking in 50% Clorox solution
for 15 min and rinsed using sterilized distilled water 4–5 times. The seeds were placed
on plates containing modified Murashige and Skoog medium (MSV) medium with 3%
sucrose and 0.4% phytagel and cultured under dark conditions until germination. After
germination, the plates were transferred to the photoperiod incubator (16 h light/8 h dark)
until the emergence of true leaves [17]. Next, the peanut seedlings were transferred to
PhytatrayTM boxes (Millipore Sigma, Saint Louis, MO, USA) and kept in the photoperiod
incubator for further growth. All cultures were done at 24 ◦C.

3.2. Establishment of Hairy Root Cultures of Peanut cv. Tifrunner

Leaves from the in vitro seedlings were excised and wounded with a scalpel contain-
ing Agrobacterium rhizogenes strain ATCC 15834. The wounded leaves were cultured on
MSV medium and incubated for a week (till Agrobacterium growth was observed on the
leaves). The leaves were then transferred to MSV medium with 250 mg/L cefotaxime and
maintained in this medium until hairy roots were developed. Among several hairy root
lines established, line 1 was selected for its sustained and vigorous growth. Molecular
analyses were done to confirm hairy root establishment. Genomic DNA was extracted
from these roots and PCR analyses were performed for rolC, aux1, and virD2 genes as
described before [29]. To establish hairy root cultures, ten 2–3 cm long tips were excised
and cultured in 250 mL flasks containing 50 mL of MSV medium with 3% sucrose. The
flasks were incubated in an orbital shaker incubator (Innova 44R, New Brunswick Scientific,
Hauppauge, NY, USA) at 90 rpm and 28 ◦C under continuous darkness.
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3.3. Growth Conditions and Elicitation of Peanut Hairy Root Cultures of cvs. Tifrunner, Hull, and
Georgia Green

Hairy roots of peanut cvs. Hull and Georgia Green were established previously and
maintained in 250 mL media flasks with 50 mL of MSV medium [17,30]. The hairy root
cultures were grown till the mid-log stage prior to elicitation [17,30]. The spent medium
was discarded and replaced with 100 mL of MSV medium containing 3% sucrose with
125 μM methyl jasmonate (MeJA), 18 g/L cyclodextrin (CD), 3 mM hydrogen peroxide
(H2O2), and 1 mM magnesium chloride (MgCl2) as described before [18]. All elicitation
was carried out under continuous darkness at 28 ◦C for 168 h.

3.4. Extraction and Analysis of Stilbenoids

For each of the 3 cultivars, i.e., Tifrunner, Hull, and Georgia Green, the 168 h-elicited
medium of nine flasks were combined before extraction. The extraction was performed
by partitioning the elicited medium with ethyl acetate twice at a ratio of 1:1 first time and
2:1 second time in a separatory funnel by mixing them by vigorous shaking. The obtained
organic upper phase was transferred to a round bottom flask and dried using a rotary
evaporator (Büchi, rotavapor R-2000, Flawil, Switzerland). The extract was dissolved
in 10 mL methanol. An aliquot of the extract was diluted and analyzed by HPLC. The
recovery of each stilbenoid from the elicited medium of the combined nine flasks using
ethyl acetate ranged from 79% to 83%.

Quantitative analysis of stilbenoids was performed using HPLC as described be-
fore [31]. Briefly, the chromatography was done in a SunfireTM C18, 5 μm, 4.6 × 250 mm
column (Waters, Milford, MA, USA) at 40 ◦C and a flow rate at 1.0 mL/min. The HPLC sys-
tem was controlled by Chromeleon software (Thermo Scientific, Waltham, MA, USA). The
mobile phase consisted of methanol (A) and 0.5% formic acid (B). The column was initially
calibrated with B for 1 min. Then a linear gradient was performed from 60% A to 65% A for
1–20 min, 65% A and 35% B to 100% B for 20–25 min, and 100% B for 25–30 min. Calibration
curves for reference compounds were established at A320 for resveratrol (Biophysica, La
Jolla, CA, USA) (y = 1.2596x + 4.9349, R2 = 0.999, limit of quantitatation (LOQ): 16.74 mg/L,
and limit of detection (LOD): 5.524 mg/L), arachidin-2 (y= 0.7009x + 1.7334, R2 = 0.994,
LOQ: 14.44 mg/L, LOD: 4.76 mg/L), and arachidin-5 (y = 1.041x + 2.1378, R2 = 0.996, LOQ:
7.15 mg/L, LOD: 2.36 mg/L) and at A340 for arachidin-1 (y = 0.748x + 1.589, R2 = 0.997,
LOQ: 5.44 mg/L, LOD: 1.80 mg/L) and arachidin-3 (0.8464x + 1.3747, R2 = 0.998, LOQ:
6.52 mg/L, LOD: 2.15 mg/L). Limit of quantitation (LOQ) and limit of detection (LOD)
were determined as described before [32]. Production of arachidin reference standards was
described previously [33].

Liquid chromatography-mass spectrometry qualitative analysis of stilbenoids was
done using an UltiMate 3000 rapid separation LC system (Thermo Scientific, Waltham,
MA, USA). The separation method was similar to the HPLC conditions described above.
The LTQ XL linear ion trap mass spectrophotometer (Thermo Scientific, Waltham, MA,
USA) with an electrospray ionization source was used for obtaining structural information
of stilbenoids following the method described previously [34]. Briefly, all mass spectra
were performed in positive and negative modes with ion spray voltage at 4 kV, sheath gas
at 45 arbitrary units and capillary temperature at 300 ◦C. Full scans were recorded in the
mass range m/z 50 to 2000. The collision energy of 35% was applied in collision-induced
dissociation. The data was recorded and analyzed by Xcalibur software (Thermo Scientific,
Waltham, MA, USA).

3.5. DPPH Antioxidant Assay

A microplate DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was carried out using
200 μg/mL culture medium extract of peanut hairy roots cvs. Tifrunner, Hull, and Georgia
Green using a protocol established by Patrick Roberto in the Medina-Bolivar laboratory [35].
First, 200 μL of 200 μg/mL of extract was added to three separate wells on row A of the
96 well plates followed by the addition of 100 μL of methanol to the first three wells
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of rows B-H of the 96 well plates. The 100 μL sample in row A was transferred from
row A to row B, row B to row C and the process was repeated until the very last row.
Finally, 100 μL of 100 μM DPPH was added to all the wells with samples on the 96 well
plate. The control was a mixture of 100 μL of methanol and 100 μL of 100 μM DPPH
and the blank contained 100 μL methanol. The reaction mixture was incubated in dark at
room temperature for 30 min. Finally, the absorbance was measured after exactly 30 min
at 515 nm on a BioTek absorbance microplate well reader using the Gen5 data analysis
software [36]. The percentage inhibition was calculated using the formula below:

Percent scavenging = 1 −
(

Abs (sample)− Abs (blank)
Abs (control)− Abs (blank)

)
(1)

The data were fit into sigmoidal dose-response inhibition curves with non-linear
regression and IC50 values were calculated in GraphPad Prism version 9.10 software (San
Diego, CA, USA).

3.6. Purification and Identification of Arachidin-6 in Peanut Hairy Root Culture

For purification of arachidin-6, 900 mL of elicited medium was obtained from a pool
of about 9 flasks of 168 h elicited peanut cv. Tifrunner hairy root culture. The medium was
partitioned with an equal volume of ethyl acetate twice in a 2-L separatory funnel. The
organic phase was recovered and dried in rotavapor (Buchi, Flawil, Switzerland), and the
crude extract (approximately 1.14 g) was further used for semi-preparative HPLC.

For semi-preparative HPLC, a Sunfire® C18 OBDTM Prep, 10 × 250 mm column
(Waters, Milford, MA, USA) at 40 ◦C and a flow rate at 4.0 mL/min were used. The
HPLC system was controlled by Chromeleon software (Thermofisher). The mobile phase
consisted of methanol (A) and 0.5% formic acid (B). The mobile phase consisted of methanol
(A) and 0.5% formic acid (B). A linear gradient started from 40% A to 50% A for 2 min, then
from 50% A to 70% A for 2–50 min, and 100% A for 50–55 min. Based on retention time
and UV, arachidin-6 peak was collected and dried under nitrogen gas for subsequent MS
analysis as described above.

3.7. Statistical Analysis

Two-way ANOVA with Tukey’s multiple-comparison tests was performed for data in
Figures 5 and 6 with GraphPad Prism 9 software, version 9.10.

4. Conclusions

In conclusion, the antioxidant activity of stilbenoid-rich extracts obtained from elicited
hairy roots of three cultivars of peanut was compared. The extract from cv. Tifrunner
had significantly higher radical scavenging activity even at lower concentrations when
compared to extracts of the other two cultivars. The higher antioxidant activity in Tifrunner
stilbenoid-rich extract suggested that there might be a correlation between the level of
stilbenoids and antioxidant properties in the hairy root extract. The hairy root of whole-
genome sequenced peanut cv. Tifrunner was established and characterized for the first time
and may provide a potential platform for further elucidation of the biosynthetic pathway of
these prenylated stilbenoids. The antioxidant stilbenoid-rich extract from peanut could be
further studied for its potential implication as nutraceuticals for promoting human health.

Supplementary Materials: The following are available online, Figure S1: PCR analysis of Tifrunner
hairy root line 1 with primers targeting the rolC, aux1, and virD2 genes. Plasmid pRi15834 was
used as positive control and ddH2O was used as negative control. Figure S2: Purification of
arachidin-6. (A) semi-preparative HPLC profile of ethyl acetate extract of peanut cv. Tifrunner (B)
HPLC profile of purified arachidin-6. Figure S3: UV spectrum of arachidin-6. Figure S4: MS ion
chromatogram of arachidin-6 under negative mode. Figure S5: MS ion chromatogram of arachidin-6
under positive mode.
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Highlights:

1. Resveratrol is an antioxidant and exhibits numerous potential therapeutic applications. However,
it suffers from low water-solubility, degradation, and poor bioavailability. The conventional dosage
form of resveratrol shows various limitations, such as prolonged therapy, erratic bioavailability,
and absence of effective drug concentrations in tissues.

2. Nanocarrier-based delivery systems are being studied extensively to target tissues and cells to
improve the therapeutic potential of poorly soluble molecules by enhancing their bioavaila-bility,
solubility, and retention time.

3. Resveratrol can act as a potential anti-cancer agent and lowers the progression of cancer disease.

Abstract: Natural polyphenols have a wide variety of biological activities and are taken into account
as healthcare materials. Resveratrol is one such natural polyphenol, belonging to a group known as
stilbenoids (STBs). Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is mainly found in grapes, wine, nuts,
and berries. A wide range of biological activities has been demonstrated by resveratrol, including
antimicrobial, antioxidant, antiviral, antifungal, and antiaging effects, and many more are still under
research. However, as with many other plant-based polyphenol products, resveratrol suffers from
low bioavailability once administered in vivo due to its susceptibility to rapid enzyme degradation
by the body’s innate immune system before it can exercise its therapeutic influence. Therefore, it
is of the utmost importance to ensure the best use of resveratrol by creating a proper resveratrol
delivery system. Nanomedicine and nanodelivery systems utilize nanoscale materials as diagnostic
tools or to deliver therapeutic agents in a controlled manner to specifically targeted locations. After
a brief introduction about polyphenols, this review overviews the physicochemical characteristics
of resveratrol, its beneficial effects, and recent advances on novel nanotechnological approaches for
its delivery according to the type of nanocarrier utilized. Furthermore, the article summarizes the
different potential applications of resveratrol as, for example, a therapeutic and disease-preventing
anticancer and antiviral agent.

Keywords: resveratrol; polyphenols; drug delivery; nanocarriers; nanomedicine

1. Introduction

Plant-based natural products are commonly used as an alternative to modern medicines.
Since the beginning of human life, herbal medicines have developed and continued to exist
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until today. Awareness of this herbal medicine is considered to be the foundation of modern
medicine [1]. The use of state-of-the-art technologies, such as purification techniques and
computer bioinformatics tools, has helped to classify the plant’s active ingredients and the
molecular pathways that are potentially affected [2]. Natural materials display impressive
qualities, such as excellent chemical diversity, biological and chemical activities with a
macromolecular precision, and absent or low toxicity. These properties make them ideal
candidates for developing novel drugs [3]. Additionally, theoretical studies have helped
to envisage drug–target interactions and to build new drug generations, such as in the
targeted drug discovery and drug delivery [4]. Despite the enormous potential of phyto-
components, the pharmaceutical companies are not so active in investing and researching
with this approach. One possible reason is the lack of an in-depth molecular mechanism
understanding and of viable carriers that ensure onsite delivery. These concerns have been
extensively addressed in the recent years. Detailed molecular work has been carried out
to study the in-depth action of plant-based natural materials [3,4]. However, concerns
associated with the toxicity of some metabolites and their interaction with the desired target
are still a problem, thus requiring additional studies to find viable alternatives. Hence,
many natural compounds are not clearing the preclinical and Phase I clinical trials [5–7].
The possible solution to this problem can be the development of a nanocarrier system which
can carry natural compounds and ensure their onsite delivery without causing toxicity [8].
Recently, nanotechnology has demonstrated these capabilities and it is considered to
be the future of drug delivery systems. One successful example is the development of
liposomal doxorubicin (DoxilR), which has shown massive success in treating metastatic
breast cancer [9].

Different carriers, micelles, liposomes, and nanoparticles (NPs) have been developed
as natural product delivery systems, and they have shown promising results [10]. However,
concerns related to polyphenols’ nanoencapsulation have been reported due to the varying
structures, solubility, and fast oxidation under physiological conditions [11]. Therefore,
it is crucial to consider these impairing alterations on the polyphenol molecules when
designing the nanocarrier.

Among the different natural polyphenols, resveratrol (RES) has shown immense
potential due to excellent antioxidant, anticancer, antihypertensive, anti-inflammatory,
and antiplatelet aggregation cardioprotective activities [12–15]. Because of these interest-
ing properties, there is a sudden interest in exploring the full potential of this molecule
(Figure 1).

Figure 1. Cumulative research articles related to resveratrol grouped by year (2012–2020), as deter-
mined by the Web of Science® database (last accessed on 30 June 2022).
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This review article, after a brief introduction about natural polyphenols, focuses on the
chemistry of RES and nanotechnology’s role in the development of RES delivery systems.
The use of RES as anticancer drug is also discussed to understand how the carrier system
can play a vital role in exploring the potential of natural phytochemicals, such as RES (see
Figure 2).

Figure 2. Scheme showing the main sources of trans-resveratrol, its chemical structure, the types of
nanoformulations used to deliver it, and its beneficial health effects and applications.

2. Natural Polyphenols

Polyphenols are a phytochemical group with chemical properties and different struc-
tures ranging from simple molecules to polymers with high molecular weight [16]. Polyphe-
nols are secondary plant metabolites, and their primary role is to attract pollinators and
protect plants from insects, ultraviolet radiation, and microbial infection [17]. Polyphenols
comprise a phenolic system with at least one phenyl ring and one or more hydroxyl sub-
stituents. Polyphenols are present in vegetables, fruits, herbs, spices, beverages such as tea
and wine, chocolates, and whole grains [18].

Classification of Polyphenols

Generally, polyphenols are mainly categorized into flavonoids and nonflavonoids, but
according to the aglycone chemical structures, they can be also classified as phenolic acids,
lignans, and stilbenes [16].

Flavonoids. It is the largest group of phenolic compounds and mostly present in fruits.
The structures consist of two aromatic rings bound with a three-carbon bridge to form an
oxygenated heterocycle. The biological activities, such as anticancer, anti-inflammatory,
and antioxidant ones, depend on the flavonoids’ structural difference and glycosylation
pattern [19]. Based on the number, position of the –OH groups and degree of oxidation of
the central ring, flavonoids can be further divided into subclasses of flavones, flavonols,
flavanones, flavanols, isoflavones, and anthocyanidin. Flavones, such as apigenin and
luteolin, are found in celery, parsley, and some herbs. The polymethoxylated flavones
(e.g., tangeretin and nobiletin) are found only in the tissues and peels of citrus fruit, such
as oranges, grapefruit, and tangerines. The flavones’ characteristic feature is to have
methylated –OH groups, which increases their metabolic stability and enhances their oral
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bioavailability [20]. Flavonols are one of the most ubiquitous flavonoids found in capers,
saffron, dried Mexican oregano, yellow and red onions, and spinach.

Two representatives of this subclass are quercetin and kaempferol. Naringenin and
hesperetin are valuable flavanones found in food. The maximum concentrations of fla-
vanones are present in citrus fruits and dried herbs, and they are responsible for the bitter
taste of fruits [21]. Isoflavones are present in legumes, and the chief source is soybeans,
having substantial amounts of daidzein and genistein. Isoflavones show pseudo-hormonal
characteristics because of their structural similarity to oestrogen, and their supplements
can bind to the oestrogenic receptors and, as such, be used as potential substitutes for
conventional hormone therapy [22]. Among all flavonoids, flavanols are the most complex
subclass, being able to form monomers, oligomers, polymers, and other derivative com-
pounds. They are responsible for the bitterness of chocolate and the acid-based character
of some fruits and beverages. Anthocyanidins are a subgroup of flavonoids responsible
for the colour of flowers, leaves, fruits, and roots. Pelargonidin, delphinidin, peonidin,
petunidin, malvidin, and cyanidin are common anthocyanidins distributed in fruits and
vegetables [23].

Phenolic acids. They can be divided into two groups, led by benzoic and cinnamic
acid. Gallic and ellagic acid are the essential derivatives of benzoic acid, and they are found
in cranberries, raspberries, pomegranates, and nuts. On the other hand, cinnamic acids’
essential derivatives are ferulic, coumaric, caffeic, and sinapic acid [24].

Lignans. The highest amount of lignans is found in flaxseeds, grains, and certain
vegetables. In plants, they are typically found as glycosides and are converted by intestinal
bacteria to give metabolites having oestrogenic activity [25].

Stilbenes. They are phytoalexins produced by plants in response to injury and infec-
tions. In the human diet, they are present in low quantities, and only resveratrol is essential
for the human health. Grapes and red wine are an important dietary source of resveratrol.
Resveratrol is directly connected to the French paradox. It was observed that French people
consume high amounts of saturated fatty acids but they hardly suffer from cardiovascular
diseases, having a lower death rate than other European countries. It is thus supposed that
the daily consumption of red wine plays a significant role in preventing heart diseases [26].

3. Chemistry of Resveratrol

Resveratrol is a stilbenoid polyphenol with two phenol rings linked to each other by an
ethylene bridge. The IUPAC name of resveratrol is E-5-(4-hydroxystyryl)benzene-1,3-diol,
but both geometric isomers of resveratrol, the cis and the trans, can be found (Figure 3).

 

Figure 3. Chemical structures of trans- and cis-resveratrol.

After exposure to the UV radiation, the trans isomer can transform into the cis one.
However, the trans form is dominant because of its occurrence, and it is also more interesting
because of its many biological activities. The trans form induces cell differentiation, cell
cycle arrest, apoptosis, and increased antiproliferation in cancerous cells [27]. The stability
of trans-resveratrol powder depends on humidity (75%) and temperature (40 ◦C) in the
presence of air. The isomerization of trans-resveratrol is influenced by irradiation time,
wavelength, temperature, pH, and physical status of the molecule. Waterhouse and co-
workers investigated the reaction kinetics [28]. trans-Resveratrol’s stability is 42 h in neutral
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aqueous buffer and 28 days in acidic media when protected from light. At pH 10.0 the
initial half-life for trans-resveratrol is nearly 1.6 h. The bioavailability of resveratrol is very
low. Therefore, modification of its structure has received great attention from the scientific
community and various resveratrol derivatives have been synthesized. Nanoformulations
containing resveratrol have been considered as a promising approach for retaining its
biological functions until delivery [28]. To enhance the oral bioavailability, two delivery
systems of resveratrol, i.e., stable lipid nanoparticles and nanostructured lipid carriers, have
been developed [29]. Moreover, as compared with the free form, resveratrol nanoparticles
improve its solubility and increase its antioxidant potential [30].

In 1940, resveratrol was first isolated from white hellebore (Veratrum grandiflorum O.
Loes) roots. After that, in 1963, it was isolated from Polygonum cuspidatum roots, which
are used as antiplatelet and anti-inflammatory agents in traditional Chinese and Japanese
medicine [31]. Resveratrol acts as a phytoalexin in plants synthesized in response to UV
irradiation, mechanical injury, and fungal attacks. In industry, resveratrol is generally pre-
pared by chemical or biotechnological synthesis from yeasts of Saccharomyces cerevisiae [32].
Ninety-two new resveratrol derivatives have been reported from the Leguminosae, Paeoni-
aceae, Dipterocarpaceae, Vitaceae, Gnetaceae, Cyperaceae, Polygonaceae Gramineae, and Poaceae
families. Among these families, Dipterocarpaceae alone contains more than 50 resveratrol
derivatives, and it is from seven genera [33]. Because of the broad range of pharmacological
effects, resveratrol is sold on the market as a nutritional supplement [34].

4. Designing of Nanocarriers for Resveratrol Delivery

Nanocarriers are drug carrier systems usually having <500 nm particle size [35]. They
have high surface-area-to-volume ratios, the ability to alter bioactivity of drugs, enhanced
pharmacokinetics and biodistribution, and potential site-specific delivery, due to which
they have already shown promising results as therapeutic agents in the drug delivery
area [36]. In anticancer therapy, several problems arise when chemotherapeutics are
delivered through conventional administration routes, such as low specificity, high toxicity,
and induction of drug resistance, thus reducing the therapeutic value of most anticancer
drugs [37]. To overcome this obstacle, nanocarrier-based platforms have been used to
deliver anticancer drugs into the tumours and disturb the tumour microenvironment’s
pathophysiology, thus improving the therapeutic efficiency [38].

Types of nanocarriers. Nanocarriers can be categorized into three different categories:
organic, inorganic, and hybrid nanocarriers. Organic nanocarriers comprise solid-lipid
nanocarriers (SLNs), liposomes, dendrimers, polymeric nanoparticles (PNPs), virus-based
nanoparticles (VNPs), and polymeric micelles (PMs), whereas inorganic polymers include
mesoporous silica nanoparticles (MSNs) and carbon nanotubes (CNTs) (Figure 2).

Organic nanocarriers. SLNs increase controlled drug delivery, lack biotoxicity, present
high drug-carrying efficiency and good stability, improve the bioavailability of poorly
water-soluble drugs, and can be easily produced large scale [39]. SLN nanocarriers have
been exploited to deliver anticancer drugs, such as methotrexate, docetaxel, paclitaxel,
5-fluorouracil (5-FU), and doxorubicin [40,41]. Liposome nanocarriers have shown sev-
eral advantages over conventional therapy. They can increase delivery of the drug, pre-
vent early degradation of the encapsulated drug, improve the performance of the drugs,
are cost-effective formulations, and represent an effective treatment with reduced toxi-
city. They are generally used as carriers for drugs, vaccines, cosmetics, and nutraceuti-
cals [42]. Dendrimers are spherically-shaped, monodispersed macromolecules with an
average diameter of 1.5–14.5 nm and unique characteristics [43]. Lai et al. used den-
drimers to enhance the efficacy of doxorubicin [44]. They used photochemical internal-
ization technology to enhance the cytotoxicity to cancerous tissue. Polymeric nanoparti-
cles (PNPs) are solid biodegradable polymers, nanosized colloidal particles ranging from
10 to 1000 nm [45]. Based on the structure, PNPs are categorized as nanospheres and
nanocapsules. Nanospheres are a type of PNPs entrap the drug in the polymer matrix
whereas, in nanocapsules, the drug is dispersed in the liquid core of oil or water encap-
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sulated by a solid polymeric membrane [46]. PNPs are highly versatile. Examples of
PNPs as a carrier for anticancer molecules are PLGA, PCL, chitosan, PLA, and alginate
NPs [47,48]. Polymeric micelles (PMs) are 10–100 nm nanosized colloidal particles formed
by the self-assembly of synthetic amphiphilic copolymers in an aqueous solution [49]. They
have a core–shell structure with a hydrophobic core and hydrophilic shell [50]. The hy-
drophobic core of PMs captures the hydrophobic drugs and controls the drug release, thus
increasing their water-solubility, whereas the hydrophilic shell of the PMs stabilizes the
core and controls the in vivo pharmacokinetics [51]. Various chemotherapeutic agents, such
as methotrexate, paclitaxel, docetaxel, cisplatin, and doxorubicin, have successfully been
formulated in PMs for cancer treatment. Poloxamer-based micelles, PEGylated polyglu-
tamic acid micelles, PEG-PLA micelles, and PEG-PAA micelles have been used as delivery
systems [52]. VNPs are self-assembled protein cages with a diameter <100 nm, having uni-
form nanostructures. Recently, VNPs have been widely explored for various applications,
such as drug delivery, vaccination, imaging, gene therapy, and targeting [53].

Inorganic nanocarriers. From the last few years, silica materials hold great promises
in nanomedicine due to their straightforward and cost-effective synthesis and functional-
ization, and their multiple uses. Among silica materials, mesoporous silicas are catching
the attention of researchers in drug delivery because of their honeycomb-like structure with
hundreds of pores ranging from 2 to 50 nm, with narrow pore size and versatility of loading
large amounts of drugs [54]. MSNs possess promise as nanoscale drug carriers because
of good biocompatibility, controllable pore diameters, high specific surface area and pore
volume, high loading capacity, and good chemical stability, which enhances therapeutic
efficacy and decreases the toxicity of drugs [47]. Paclitaxel, camptothecin, doxorubicin, and
methotrexate anticancer drugs have been effectively delivered via MSNs [55]. CNTs have a
nanoneedle shape, hollow monolithic structure, high mechanical strength, electrical and
thermal conductivities, and the ability of easy surface modification [56]. The needle-like
shape of CNTs crosses the cell membrane and enters into the cell. One of the drawbacks
of CNTs is insufficient water solubility, as well as their toxicity. However, after surface-
functionalization, CNTs become water-soluble, biocompatible, less toxic, serum-stable,
and ideal nanocarriers for cancer therapy [57]. Examples of the application of CNTs in
anticancer drug delivery are methotrexate, paclitaxel, cisplatin, carboplatin, doxorubicin,
and mitomycin C [58].

Hybrid nanocarriers. Hybrid nanocarriers have been developed to combine the
properties of organic and inorganic materials. Surface coating with polyethyleneimine
(PEI) increased the cellular uptake of MSNs for efficient nucleic acid delivery [59]. These
hybrid nanocarriers prevented premature release of the loaded drug, multidrug resistance,
extended the retention of hydrophilic drug cargo, and yielded stimuli-responsive drug
release. Desai and co-workers reported the intracellular delivery of zoledronic acid in
breast cancer cells [60]. Han et al. developed doxorubicin-loaded, hybrid, lipid-capped
MSNs with pH and redox-responsive release of the drug cargo. These hybrid nanocarriers
increased the uptake of doxorubicin, thus improving its accumulation, efficiency, and
cytotoxicity [61].

The solubility of resveratrol has been shown to be very low, leading to low bioavail-
ability [15] Hence, while designing delivery system for resveratrol, efforts should be made
to enhance its bioavailability. This aim has been attempted by using cyclodextrin com-
plexes, dendrimers, liposomes, self-nano-emulsifying drug delivery systems, solid lipid
nanoparticles, nanosuspensions, nanocapsules, microparticles and both nano- and micro-
encapsulation (Table 1).
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Table 1. Brief overview of most important type of nanocarriers used for delivering resveratrol.

Nano System Effect Key Properties Reference

Liposomes Antioxidant activity
Enhanced solubility and stability of curcumin and

resveratrol. Minimum particle size, lower polydispersity
index and high encapsulation efficiency

[62]

Anticancer activity HepG2 cells exhibited a higher uptake of
encapsulated-RES than the free form [63]

Dendrimers

Enhanced RES solubility and
stability in aqueous solution.

Dendrimers can be engineered to
control pharmacokinetics and target
for oral, mucosal, transdermal, or

parenteral administration

(PAMAM) dendrimer assembly overcame the problems of
low bioavailability and poor water solubility [64]

Solid lipid
nanoparticles

In vitro cytotoxicity against C6
glioma cell lines

The resveratrol-TPGS-SLNs showed 11.12 and 9.37-times
higher area under the curve (AUC) and plasma half-life,

respectively, than the unprocessed resveratrol.
Additionally, the concentration of resveratrol-TPGS-SLNs
in the brain was found to be 9.23-times higher compared

to free resveratrol

[65]

Polymeric
nanoparticles Fatty liver disorder

The prepared poly(lactic-co-glycolic acid) (PLGA)
nanoparticles containing resveratrol increased its stability
and solubility, yielding better in vitro results as compared

to free drug

[66]

5. Prophylactic and Therapeutic Applications of Resveratrol

Cancer remains one of the main reasons for mortality in the world. Despite cutting-
edge research, the mortality rate has not improved in the last 5 years. More than 1.6 million
new cancer diagnoses and approximately 600,000 cancer-related deaths are expected in
the United States of America in 2016 alone [67]. Despite the use of novel approaches, such
as monoclonal antibodies (MABs) and personalized chemotherapy, the clinical outcomes
are not satisfying [68,69]. The complexity of the diseases may justify the failure of cancer
treatments. Carcinogenesis is a complicated and multistep process which involves molecu-
lar and cellular alterations, which are distinct but closely connected phases of initiation,
promotion, and progression [70–72] (see Figure 4).

Figure 4. Schematic diagram summarizing the potential mechanisms underlying resveratrol’s anti-
cancer effects (adapted from [15]).

A possible reason for the failure of current cancer therapies, including chemother-
apy, radiation, surgery, and immunosuppression, is emergency resistance [73]. Natural
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molecules are devoid of developing resistance, and delivering therapeutic effects without
side effects remains a primary objective in the fight against cancer.

5.1. Resveratrol in Cancer Prevention and Treatment

Recent research has suggested that resveratrol can prevent the events linked to the
initiation of tumours, which plays a vital role in developing resistance towards the current
line of therapeutics. This characteristic of resveratrol has attracted great attention toward
this molecule compared to other natural polyphenols. Another important mode of action is
the prevention of free radical formation induced by 12-O-tetradecanoylphorbol-13-acetate
(TPA). It has been seen over the course that TPA is one of the primary carcinogens mostly
seen in the liquid tumours (e.g., in human leukaemia HL-60 cells) [74]. The various antioxi-
dant properties of resveratrol have already been described previously [75,76]. Resveratrol
is an excellent scavenger of hydroxyls and superoxides as well as the radicals induced
by metals/enzymes and generated by cells [77]. It also protects against lipid peroxida-
tion within cell membranes and damages DNA resulting from reactive oxygen species
(ROS) [78]. Furthermore, resveratrol can function as an antimutagen, as shown by the
inhibition of the mutagenicity of N-methyl-N′-nitro-N-nitrosoguanidine in the Salmonella
typhimurium strain TA100 [79]. It has been proposed that resveratrol can be a possible
chemo preventive agent, and its antimutagenic and anticarcinogenic properties have been
demonstrated in several models [80]. Moreover, resveratrol showed a protective role in
preclinical models of osteoarthritis and rheumatoid arthritis by reducing the production of
pro-inflammatory and pro-degradative soluble factors, and through modulation of cellular
and humoural responses [81].

Furthermore, resveratrol could enhance oxidative stress in adjuvant-arthritis (AA)
rats and increase mtROS production by reducing the autophagy protein Beclin1, LC3A/B,
and oxidative stress protein MnSOD, favouring the apoptosis of FLSs [82] (see Figure 5
for details).

Figure 5. Resveratrol reduced oxidative injury in AA rats after injecting FCA 20 days, treated with
5 mg/kg, 15 mg/kg, 45 mg/kg resveratrol and 200 mg/kg N-acetyl-L-cysteine (NAC) for 12 days by
continuous intragastric administration. (A) Swelling degree of the paw in SD rats after intragastric
administration. (B) Lipoperoxide levels in the serum from six groups rats. (C) SOD activity in serum
from six groups of rats. (D) Antioxidant capacity in serum from six groups of rats. (E) The ratio of
glutathione peroxidase and glutathione reductase in serum from six groups of rats. (F) HE staining of
knee joint in AA rats after administration resveratrol. Values are the means ± SD of at least three
independent experiments. * p < 0.05 versus control; # p < 0.05, ## p < 0.01 versus model. (Reproduced
with permission from [82]).
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Resveratrol reduced the expression of heme oxygenase-1 (HO-1) and nuclear factor-
E2-related factor 2 (Nrf2), and increased the expression of matrix metalloproteinase (MMP)-
2, MMP-9, cyclooxygenase-2, and Toll-like receptor-4 in rats and further inhibited the
formation of osteoclasts, the production of inflammation-related proteins, and of circulating
ROS in periodontitis rats [83]. Treatment of monosodium iodoacetate (MIA)-injected
rats with resveratrol (5 or 10 mg per kg BW) considerably reduced hyperalgesia and
reduced the vertical and horizontal movements, additionally reducing any increase in the
COX-2 and iNOS mRNA signalling pathways [84]. Very recently, it was also reported
that in human bone mesenchymal stem cells, resveratrol suppressed interleukin-1β and
thus downregulated metalloproteinase-13 mRNA expression and that it upregulated the
chondrocyte markers (aggrecan, Col2, and Sox9 mRNA expression) [85].

5.2. Resveratrol in Wound Healing

Inflammation, proliferation, maturation, and remodelling are the four phases related
to tissue integrity process after injury. The proliferation phase, starting within few days
after injury, presents healing processes such as angiogenesis, granulation tissue forma-
tion, collagen deposition, and epithelialization [86]. Resveratrol seems to be a promising
treatment approach, interacting with the healing cascade at different levels [87–89]. Sev-
eral studies suggest that resveratrol could increase wound healing [87,90,91]. Figure 6
shows RES-induced angiogenesis blocked by PI3K and MEK inhibitors in HUVEC cells, as
investigated by Wang et al. [88].

 

Figure 6. RES-induced angiogenesis was blocked by a PI3K inhibitor and an MEK inhibitor.
(A) HUVECs were seeded on growth factor-reduced Matrigel-coated plate. Cells were treated
with RES (5 μM or 20 μM) in the absence or presence of LY294002 (LY) or PD98059 (PD). The number
of tube-like structures was scored. * p < 0.05 when compared to 5 μM RES treatment. (B) RES-induced
angiogenesis was blocked by the PI3K inhibitor and MEK inhibitor in vivo by CAM assay. Cells were
treated with RES (5 μM or 20 μM) in the absence or presence of LY294002 (LY) or PD98059 (PD). The
number of branching vessels was scored. Each experiment was repeated three times. * p < 0.05 when
compared to 5 μM RES treatment. (Reproduced with permission from [88]).
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Resveratrol-induced vascular endothelial growth factor (VEGF) expression can reg-
ulate tissue regeneration and revascularization in wounds. Furthermore, it inhibits the
expression of tumor necrosis factor-α (TNF-α), a pro-inflammatory factor [92–94]. In
fact, VEGF has a broad spectrum of wound healing activities, such as increased cell mi-
gration, collagen deposition, capillary growth, and epithelialization [93]. An increase of
pro-inflammatory markers such as interleukin (IL)-1β, IL-6, and TNF-α leads to an upregu-
lation of matrix metalloproteinases (MMP), particularly increased in chronic wounds [95].
MMPs degrade local extracellular matrix (ECM), impairing cell migration in wounds [96].
In resveratrol-treated patients TNF-α, IL-1β, IL-6, MMP-2, -3, -9, and C-reactive protein
(CRP) were reduced [97–100].

Moreover, resveratrol has also a significant impact on the regulation of inflammation
and consequently in processes related to skin repair [101]. In vitro investigations showed
that due to its antioxidant properties resveratrol can influence cell proliferation, ultrastruc-
tural preservation, and migration quality [102,103], whereas in vivo studies reported a
significant improvement in wound healing properties [104].

5.3. Resveratrol as Cardioprotective Agent

Resveratrol is a natural compound with anti-inflammatory effects. Xiuyue Huo et al.
evaluated the cardio protective effects of RES in a diabetic rat model with coronary heart
disease [105]. RES maintained pancreatic tissue, reducing levels of glucose and triglyceride
glycerides in serum. Inflammatory factors were also suppressed by RES. TLR4/MyD88/NF-
kB signalling pathway was downregulated after RES treatment [105]. To confirm the
cardioprotective effects of RES, the authors harvested heat tissues from rats and examined
pathological changes using H&E staining. They demonstrated that RES can offer protective
effects on cardiovascular tissues in diabetic rats. By downregulating a wide range of
inflammatory factors, RES strongly improved coronary injuries from inflammation. Based
on this effect, RES might show a beneficial outcome or has a promising effect in diabetic
cases with coronary heart disease according to its protective effects on cardiovascular
tissues [105].

Resveratrol and its analogues have been shown in preclinical studies to protect against
cancer treatment-induced cardiovascular toxicity. They have also been reported to possess
significant anticancer properties on their own and to enhance the anticancer effect of other
cancer treatments. Thus, they hold significant promise to protect the cardiovascular system
and fight the cancer at the same time [106]. Thus, they hold significant promise to protect
the cardiovascular system and fight the cancer at the same time. Despite the very promising
preclinical findings of resveratrol as a cardioprotective agent, there are still several questions
that need to be answered before advancing resveratrol into clinical trials. Considering the
possible hormetic dose–response properties of resveratrol [107], it is important to show
that the same dose of resveratrol can protect the heart and fight cancer. On the other hand,
to determine the effect of resveratrol on the pharmacokinetics and tissue distribution of
chemotherapeutic agents, considering the potential of resveratrol to alter several drug
metabolizing enzymes is also rather important [108].

5.4. Resveratrol in Fighting Infections

Resveratrol has been reported to show anti-inflammatory, cardioprotective, and an-
tiproliferative properties and also to affect many viruses like retroviruses, influenza A
virus, and polyomavirus by altering cellular pathways influencing viral replication itself.
Epstein–Barr Virus (EBV), the agent causing mononucleosis, relates to different proliferative
diseases and establishes a latent and/or a lytic infection. De Leo and co-workers [109]
examined the antiviral activity of RES against the EBV replicative cycle and studied the
molecular targets involved. In a cellular context that allows in vitro EBV activation and
lytic cycle progression, they found that RES inhibited EBV lytic genes expression and the
production of viral particles in a dose-dependent manner. They demonstrated that RES
decreased reactive oxygen species (ROS) levels, inhibited protein synthesis, and suppressed
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the EBV-induced activation of the redox-sensitive transcription factors NF–kB and AP-
1 [109]. RES action causes downregulation of EBV-lytic genes at the post-transcriptional
level by influencing multiple cellular targets. The molecular mechanisms involved could
be divided in three parts: (1) inhibition of protein synthesis, (2) decrement of ROS levels,
and (3) fast suppression of NF–kB and AP-1 activities, augmented by EBV-lytic cycle reacti-
vation [109]. With this work, De Leo and co-authors constructed the basis for evaluating
the antiviral activity of RES against EBV infection, envisaging the possibility to extend it to
other types of infections.

In a recent article, Palomera-Ávalos et al. [110] demonstrated that RES induced higher
expression in cytokines with regard to LPS. Oxidative stress (OS) markers indicated non-
significant changes after LPS or RES, although for the RES-treated groups a slight increment
in several study parameters was observed, reaching significance for NF-kB protein levels
and iNOS expression. The authors focused on the role of long-term resveratrol treatment
as a tool to increase brain defenses in ageing animals against acute LPS proinflammatory
stimuli. Their results showed an improvement in cellular response against LPS injury
cellular modulation response in the ageing brain. Finally, they concluded that resveratrol
treatment induced a different cellular response in ageing animals when they encountered
acute inflammatory stimuli [110].

Shevelev and co-workers have compared the antimicrobial activity of resveratrol
(a stilbene), dihydroquercetin, and dihydromyricetin (two flavonols) extracted from the
bark and wood of conifers against the dermatophytes Staphylococcus aureus, Pseudomonas
aeruginosa, and Candida albicans. This study suggests a significantly higher bactericidal
activity of polyphenols in comparison with those traditionally used against S. aureus at
24.2 mM [111].

It has been shown that RES can block the critical pathways involved in SARS-CoV-2
pathogenesis, including control of both RAS and ACE2, and body immune activation, and
downregulate pro-inflammatory cytokine release. It was also discovered to activate SIRT1
and p53 signalling pathways and increase cytotoxic T lymphocytes (CTLs) and natural
killer (NK) immune cells. RES has also been a fetal hemoglobin stimulator and a potent
antioxidant capable of blocking ROS [112,113].

RES also blocked MERS-CoV replication in vitro by inhibiting RNA synthesis and had
other pleiotropic consequences, and it inhibited viral replication and reduced the death risk
in piglets infected with the duck enteritis virus [114]. Similarly, Lin et al. (2017) showed
that resveratrol can prevent MERS-CoV infections in a Vero E6 cell model. Two resveratrol
concentrations of 250 and 125 μM were investigated, demonstrating that resveratrol can
reduce the cell death induced by infection at this concentration range [115] (see Figure 7).
Currently there is no evidence that RES has been used to treat SARS-CoV-2; however,
available studies may envisage that it could be a strategic adjunctive antiviral agent to use
in synergy with others.

Figure 7. Cont.
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Figure 7. Resveratrol reduced nucleocapsid expression of MERS-CoV. Vero E6 cells were infected
by MERS-CoV (M.O.I. 0.1) and treated with resveratrol for 24 h followed by 4% paraformaldehyde
fixation for immunofluorescent assays. (a) Nucleocapsid expressions were examined with confocal
microscope at 680× magnification. DAPI was used for nucleus staining. (b) Intracellular staining of
MERS nucleocapsid expressions were visualized by Odyssey® CLx Imaging system. (c) Quantification
results of fluorescent intensities of MERS nucleocapsid proteins were determined by Odyssey® CLx
Imaging software. (Reproduced with permission from Ref. [115]).

6. Conclusions

Resveratrol is a very promising natural molecule because of its enormous therapeutic
potential. However, the potential of resveratrol has not been fully explored due to its poor
bioavailability. In the past two decades, nano-based delivery systems have created new
hopes for delivering numerous drug molecules. Regardless of the encouraging results in
preclinical trials, the suitability of resveratrol for humans has encountered only inadequate
accomplishment, mostly due to its incompetent systemic delivery and, subsequently, its
low bioavailability enterohepatic recirculation. Whether or not enterohepatic recirculation
of resveratrol contributes expressively to the complete pharmacological action needs to be
determined. To overcome these issues, it has been shown that encapsulating resveratrol
into nanocarriers drastically improves the obstacles to its physicochemical characteristics.
Furthermore, nanocarriers can enhance the bioavailability and permeability of resveratrol
molecules, which are otherwise challenging to deliver orally.

7. Current Limitations and Future Perspectives

Several resveratrol-based nanoformulations are being explored for clinical applications.
Despite these achievements, the ‘ideal’ resveratrol delivery system still needs to be disclosed.
Significant progress has been made over last few years for developing the next generations
of resveratrol-based nanocarriers that will play an essential role in curing human diseases
and improving healthcare. The main limitations of these nanocarriers rely on difficulties in
increasing bioavailability and targeting. By developing and designing novel nanovectors,
one may also take into account the obstacles related to overcoming biological barriers in
delivering cargos as well as the impendence to maintain intact or still-active, large quantities
of RES during the transport to the target. For these reasons, additional studies (in vitro
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and more in vivo) are needed, and they will allow the development of novel strategies to
overcome such challenges still limiting the use of resveratrol for therapy and/or prevention
in deadly diseases such as cancer.
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Abstract: Methylglyoxal-induced oxidative stress and cytotoxicity are the main factors causing
neuronal death-related, diabetically induced memory impairment. Antioxidant and anti-apoptotic
therapy are potential intervention strategies. In this study, 25 flavonoids with different substructures
were assayed for protecting PC-12 cells from methylglyoxal-induced damage. A structure–activity
relationship (SAR) analysis indicated that the absence of the double bond at C-2 and C-3, substitutions
of the gallate group at the 3 position, the pyrogallol group at the B-ring, and the R configuration
of the 3 position enhanced the protection of flavan-3-ols, and a hydroxyl substitution at the 4′ and
meta-positions were important for the protection of flavonol. These SARs were further confirmed by
molecular docking using the active site of the Keap1–Nrf2 complex as the receptor. The mechanistic
study demonstrated that EGCG with the lowest EC50 protected the PC-12 cells from methylglyoxal-
induced damage by reducing oxidative stress via the Nrf2/Keap1/HO-1 and Bcl-2/Bax signaling
pathways. These results suggested that flavan-3-ols might be a potential dietary supplement for
protection against diabetic encephalopathy.

Keywords: flavonoids; methylglyoxal; PC-12 cells; structure–activity relationship; oxidative stress;
molecular docking

1. Introduction

Diabetic encephalopathy, a serious diabetic complication of a microvascular nature,
is chiefly a consequence of central nervous system disease [1]. It is characterized by mild
cognitive decline, which can progress to dementia in severe cases [2]. As reported in the lit-
erature, people with diabetes have a 60% higher risk of developing dementia [3]. Moreover,
diabetic encephalopathy is tightly associated with long-term hyperglycemia in diabetic
patients, owing to oxidative stress [4], inflammation [5], and an abnormal accumulation
of advanced glycation end products (AGEs) [6]. Methylglyoxal (MG) is recognized as the
most likely AGE precursor contributing to intracellular AGE formation [7].

In vivo, MG is derived from glucose metabolism, amino acid metabolism, fat metabolism,
and, most importantly, the glycolysis pathway [8], with a low level under normal circum-
stances. However, an excessive MG level can be cytotoxic, leading to irreversible cell
death [9] owing to an increase in oxidative stress [10]. As we know, it has already been
reported that the concentration of MG is abnormally elevated in diabetics [11]. It is also
implied that an over accumulation of MG caused by abnormal glucose metabolism is
a major cause of diabetic encephalopathy [12]. Therefore, the intervention of oxidative
stress is considered an effective strategy for preventing diabetic encephalopathy. Nuclear
factor erythroid 2-related factor2 (Nrf2) is described as a master redox-related transcription
factor, maintaining intracellular redox homeostasis [13]. When oxidative stress occurs,
the binding of Nrf2 and Keap1 becomes unstable, and Nrf2 is released, transferring from
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the cytoplasm to the nucleus. This, in turn, can activate the expression of downstream
antioxidant enzymes, including HO-1, a kind of phase II enzyme [14]. It was verified that
the expression of Nrf2 decreased and that of Keap1 increased in HLECs after a treatment of
MG [9]. As a result, the damage induced by MG can be alleviated by interventions in the
Nrf2/Keap1 pathway.

Recently, it has been accepted that dietary supplementation has become a notewor-
thy intervention for improving glucose metabolism disorders and cognitive impairment.
Flavonoids, a group of phenolic compounds, can be found in many fruits and vegetables,
such as apples, scutellaria, celery, and so on [15], which are composed of two aromatic rings
(A and B) connected to each other through a central three-carbon chain, generally with
C6–C3–C6 as the basic skeleton. Increasing evidence has highlighted that flavonoids have
abundant properties, including those anti-diabetic [15], anti-dementia [16], anti-tumor [17],
anti-osteoporosis [18], anti-arteriosclerosis [19], antioxidant [15], and so on. The SAR of
flavonoids has been studied in a cellular antioxidant activity assay using HepG2 cells [20].
The study clarified that a 3′,4′-O-dihydroxyl group in the B-ring, a 2,3-double bond com-
bined with a 4-keto group in the C-ring, and a 3-hydroxyl group enhanced antioxidant
capacity to treat cancer. It was also reported that the SAR of grape seed procyanidins
against H2O2-induced oxidative stress in PC-12 cells could be used to treat neurodegen-
erative disorders [21]. The authors claimed that there was a positive correlation between
the procyanidins’ polymerization degree and the protective effect against oxidative stress
in PC-12 cells and that the presence of 3-galloylated groups increased the protective ac-
tivity. However, procyanidins are a kind of flavan-3-ols polymer and the research on the
SAR of the flavna-3-ols monomer and other flavonoids in diabetic encephalopathy is not
comprehensive.

To the best of our knowledge, a systematic evaluation of the protection offered by
flavonoids with different substructures against damage induced by MG in nerve cells has
not been reported, and the SAR between the flavonoids and the protective activities against
the toxicity of MG in neurons is also scarcely documented. Consequently, the design of
dietary supplements for protection against diabetic encephalopathy is urgently required. It
was indicated that hesperitin resisted oxidative stress via ER- and TrkA-mediated actions
in PC-12 cells [22]. Prior research also showed that dihydromyricetin ameliorated oxidative
stress via the AMPK/GLUT4 signaling pathway in MG-induced PC-12 cells [23].

In this study, the protective effects of different kinds of flavonoids against the damage
induced by MG in PC-12 cells were determined. The SARs of these flavonoids were also
analyzed and summarized. Furthermore, to understand the mechanism, the effects of the
flavonoids with the highest activity on the signaling pathway related to oxidative stress
were also investigated in the PC-12 cells.

2. Results

2.1. Cytotoxicity of Flavonoids to PC-12 Cells

In order to eliminate the effect of cytotoxicity in the activity assay of the flavonoids,
the cytotoxicity test was initially performed using an MTT assay. The results showed that
the flavonoid concentrations below 100 μM exhibited no cytotoxicity to PC-12 cells. The
consequent protective activity was assayed and the concentration ranged below 100 μM for
each flavonoid without apparent cytotoxicity to the PC-12 cells.

2.2. The Protective Activities and SAR Analysis of Different Flavonoids With Respect to the
Damage Induced by MG

Concentrations from 0.25 to 4 mM of MG were added to PC-12 cells after they had
incubated for 48 h and dose-responses of MG were detected by the MTT assay concerning
the effect of MG on the damage to the PC-12 cells. Finally, the IC50 value of MG was selected
as 0.5 mM after 48 h (Figure S1 in the Supplementary Material), which was chosen based on
the PC-12 cells in order to examine the protective effect of the flavonoids in the following
study. Curcumin was selected as the positive control (EC50 = 1.31 ± 0.42 μM) (Figure S2 in
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the Supplementary Material). A total of 25 flavonoids consisting of five types—5 flavan-
3-ols, 5 flavonols, 2 flavanones, 8 flavones, and 5 isoflavones (Figure 1 and Figure S3 in
the Supplementary Material)—were assayed to evaluate their protective effects on the cell
viability of the PC-12 cells stimulated by MG using the MTT method. The activities were
expressed as EC50 [24], and the data were summarized in Table 1. The compounds whose
EC50 values were less than 100 μM were regarded as active compounds.

Figure 1. The main flavonoids tested in protective activities against MG-induced PC-12 cells.

Table 1. The protection activities and molecular-docking data of main flavonoids.

Compound EC50 (μM) Binding Energy (kJ/mol) Number of H-Bonds

Flavan-3-ol
(+)-Catechin >100 −24.811 3

EC 52.34 ± 3.99 −35.313 3
EGC 43.06 ± 1.18 −35.439 4
ECG 34.52 ± 2.69 −39.790 5

EGCG 11.98 ± 0.49 −40.041 8

Flavanone
Naringenin 13.35 ± 1.92 −35.271 3
Hesperitin 48.14 ± 2.31 −34.058 3

Flavonol
Kaempferol >100 −32.719 3
Quercetin 28.83 ± 2.76 −34.351 4

Morin 14.83 ± 1.70 −34.895 6
Isoquercitrin >100 −22.175 3

Rutin >100 −29.079 4

Flavone
Luteolin >100 −33.932 3
Apigenin >100 −33.639 3

The values shown are the means ± standard deviation of triplicate assays.

The results indicated that the skeleton structure of the flavonoids had a crucial impact
on their protective activities. Generally, most of the compounds in the flavan-3-ol subtypes
exhibited the strongest protective activities, followed by the flavanone subtype, and the
protective activity of most compounds under the flavonol subtype were weaker than the
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former two subtypes. In contrast, neither the compounds in the flavonoid subtype nor the
isoflavone subtype showed protective activity.

For the subtype of the flavan-3-ols, EGCG and ECG showed stronger protective activi-
ties than those of EGC and EC (11.98 ± 0.49 μM vs. 43.06 ± 1.18 μM, and 34.52 ± 2.69 μM
vs. 52.34 ± 3.99 μM), suggesting that the gallate group substitution enhanced the protective
activity of the MG-treated PC-12 cells. Moreover, it was also crucial for the presence of the
pyrogallol substitution on B-ring, since the protective effect of EC was weaker than EGC
(52.34 ± 3.99 μM vs. 43.06 ± 1.18 μM) on the MG-induced PC-12 cells. Interestingly, it was
found that the configuration of the 3 position in the flavan-3-ols played an important role in
their protective activity. All the substitutions at the 3 position with an R configuration (EC,
EGC, ECG, and EGCG) showed relatively strong protective activities; that is, no obvious
protective activity was found for the (+) catechin, whose substitution at the 3 position was
in the S configuration. A previous study also indicated that flavan-3-ols with the galloyl
moiety substation and an R configuration at the 3 position had improved antioxidant activ-
ity in HepG2 tumor cells [20], suggesting that the substitution of the galloyl moiety and the
R configuration at the 3 position are important for the protective activity of flavan-3-ols in
different cell lines.

Regarding the flavanone subtype, both tested compounds showed protective activities.
In addition, the naringenin showed relatively strong activities (EC50 = 13.35 ± 1.92 μM),
whereas no obvious activity was observed in apigenin, whose structure is almost identical
with naringenin, wherein the only difference is the existence of a double bond between C-2
and C-3. These data were consistent with the result obtained for the flavan-3-ols subtype
wherein the absence of a double bond at the C-2 and C-3 position was important to their
protective activities. However, it was reported that naringenin did not show obvious
activity in a cellular antioxidant activity (CAA) assay of HepG2 cells [20]. These data
indicated that the influence of the double bond between C-2 and C-3 in flavanone on
its cell protective activity is cell-line-specific. Of course, as the commercially available
flavanone subtypes are limited, only two of them were tested for their protective activities.
In the future, other SARs—besides the importance of the bond type between the C-2 and
C-3—need to be summarized after the assaying of more flavanones with respect to their
protective activities in the MG-treated PC-12 cells.

For the flavonol subtype, quercetin showed higher activities (EC50 = 28.83 ± 2.76 μM)
than luteolin (EC50 > 100 μM). Meanwhile, the substitution of the hydroxyl group at the
3 position with a glycosyl group weakened flavonol’s protective activities; for example,
the substitutions of the hydroxyl group at the 3 position in quercetin with either glu-
cosidase (isoquercitrin) or rutinosidase (rutin) nullified flavonol’s protective activities.
These results demonstrated the importance of the hydroxyl group substitution at the 3
position on the C-ring. The hydroxyl group substitution on the other position also in-
fluenced its protective activities: higher activities of quercetin (EC50 = 28.83 ± 2.76 μM)
than kaempferol (EC50 > 100 μM) indicated that the 4′-hydroxyl group played an impor-
tant part when the 3′-hydroxyl group was present. Moreover, it was clarified that meta-
hydroxyl groups are stronger than the ortho-hydroxyl groups on the B-ring by comparing
morin (EC50 = 14.83 ± 1.70 μM) to quercetin (EC50 = 28.83 ± 2.76 μM). However, quercetin
showed stronger activity than morin in the CAA assay [20]; thus, its mechanism needs to
be further explored.

2.3. Molecular Docking Study

To further explain the SARs of the flavonoids, in silico docking studies were per-
formed using Autodock software. Consequently, it was suggested that the Keap1–Nrf2
complex was the target protein that the drug interacted with in the antioxidative signaling
pathway [25]; therefore, the Keap1–Nrf2 complex (PDB ID: 2FLU [25]) was selected as
the receptor in the docking study. For the subtype of the flavan-3-ols, the binding energy
and the hydrogen bonds of the major flavonoids with the complex were calculated and
summarized in Table 1. For the binding energy, EGCG showed the lowest binding energy
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(−40.041 kJ/mol), followed by ECG, EGC, and EC, and (+)-Catechin showed the highest
binding energy. The protective activities and binding energy showed the same tendency,
which supported the importance of the gallate and pyrogallol groups’ substitution as well
as the 3 position in the flavan-3-ols found in the SAR analysis. The results of the SAR
analysis in the assay could also be confirmed by hydrogen bond data (Table 1). In the
best conformation of EGCG (Figure 2A), a gallic acid substituent formed five of the eight
hydrogen bonds (H-bond) with three amino acids in the binding pocket (Val 561, Arg 326,
and Val 369), and the hydroxyl groups on the basic skeleton formed the rest of the three
hydrogen bonds with the other three amino acids in the binding pocket (Val 467, Val 418,
and Val 420). Similarly, compared with EGCG, EGC, whose structure lacked a gallic acid
substituent, was predicted to only form four H-bonds between the hydroxyl groups in the
3 position and B ring and with Val 418, Leu 557, and Val 604, which demonstrated that the
presence of a gallic acid substituent could increase the activities in question (Figure 2A).
The actual EC50 and predicted binding energy are presented in Figure S4, and a good linear
correlation (R2 = 0.7084) was observed. The binding energy reflected the neuroprotective
activity against MG-induced damage and provided information for further drug screening.

 

Figure 2. EGCG ((A) in green), EGC ((A) in purple), Naringenin ((B) in green), Apigenin ((B) in
purple), Quercetin ((C–F) in green), Luteolin ((C) in purple), Kaempferol ((D) in purple), Morin ((E) in
purple), and Rutin ((F) in purple) in the binding site of Keap1–Nrf2 complex. (PDB ID: 2FLU). The
figure was generated using PyMol (http://pymol.sourceforge.net/) (accessed on 5 July 2022).

For the flavanone subtype, the binding energies of naringenin and apigenin were
calculated as −35.271 kJ/mol and −33.639 kJ/mol, respectively, which also showed the
same tendency with the assay. The H-bond data indicated that both the two compounds
formed three H-bonds with the amino acids. Naringenin formed H-bonds with Gly 367,
Val 606, and Leu 557 (Figure 2B), while apigenin formed H-bonds with Val 514, Gly 367,
and Val 418(Figure 2B). It was supposed that a single bond in naringenin could be twisted,
thus alternating the docked position, which affected the binding energy.

For the flavonol subtype, quercetin showed a relatively lower binding energy of
−34.351 kJ/mol, forming four H-bonds between hydroxyl groups and amino acid residue;
for instance, the 3′-hydroxyl group formed two hydrogen bonds with Val 465 and Val 512,
the 3-hydroxyl group formed one hydrogen bond with Val 606, and another hydrogen
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bond formed between the 4′- hydroxyl group and Val 418 (Figure 2C). On the contrary,
both luteolin (Figure 2C) and kaempferol (Figure 2D), which lack the 3-hydroxyl and 3′-
hydroxyl groups, respectively, only formed three H-bonds and, consequently, showed
higher binding energy. Moreover, it was calculated that morin had a lower binding energy
than quercetin, namely, −34.895 kJ/mol, which might be because morin formed two key
H-bonds between the 2′- hydroxyl group with Val 606 and Gly 367 (Figure 2E). On the other
hand, compared with quercetin, the docking data indicated that the binding energies were
higher in rutin (Figure 2F) and isoquercitrin, which might be due to the glycoside group
substitution that blocked the entry of the compounds into the binding pocket. All these
docking results were consistent with the assay data, and further confirmed the importance
of the substitution of hydroxyl groups in the 2′, 3′, and 3 positions in the flavonol subtype.

In this study, the use of MG-induced PC-12 cells through an in vitro method were
established to test the neuroprotective activity of the flavonoids, and a silicon molecular-
docking method using the Keap1–Nrf2 complex as the receptor was used to further verify
the SAR analysis. The in vitro assay and the silicon showed almost the same tendency.
These results suggested that the docking of the test compounds with the Keap1–Nrf2
complex prior to the in vitro assay might constitute an alternative method for the neuropro-
tective assay, which could lower costs and greatly increase efficiency. On the other hand,
only 25 flavonoids were tested in our study; thus, more flavonoids need to be tested to
verify the results of the SAR analysis.

2.4. The Mechanism of EGCG on MG-Induced Oxidative Stress and Apoptosis in PC-12
Neuroblastoma Cells

Previous studies and our docking experiments demonstrated that the Nrf2-Keap1
complex and antioxidants play an important role in the protective activities of the flavonoids
against the nerve cell damage induced by MG. Thus, the mechanism of the flavonoids
against MG-induced oxidative stress in PC-12 neuroblastoma cells was studied through
a Western blot analysis of the Nrf2/Keap1/HO-1 signaling pathway. As it was shown,
after the MG treatment, the expression of HO-1 decreased, while the expression of Keap1
noticeably increased. However, EGCG significantly promoted the expression of HO-1 and
inhibited the expression of Keap1 in a dose-dependent manner (Figure 3A–D). Meanwhile,
the results showed that EGCG induced the nuclear translocation of Nrf2 (Figure 3E,F). This
suggested that the intervention of the Nrf2/Keap1/HO-1 pathway, which is closely related
to oxidative stress, is one of the key mechanisms of EGCG-mediated neuroprotection
against MG-induced PC-12 cells.

Oxidative stress can cause neuronal apoptosis [26]. To investigate the effect of EGCG
on the MG-induced PC-12 cells’ apoptosis, PC-12 cells were co-cultured with EGCG in
an MG-containing medium. The flow cytometry results showed that MG-induced PC-12
cells’ apoptosis was markedly rescued by EGCG (Figure 4A). Moreover, the Bcl-2 family
members are also of importance in oxidative stress-mediated neuronal death, especially the
ratio of Bcl-2 to Bax [7,27]. It is the crucial marker of differentiating anti- or pro-apoptotic
effects. Thus, the effects of EGCG on Bcl-2 and Bax were also investigated. The results
showed that, after being treated with MG for 48h, the expression of Bax increased and
that of Bcl-2 decreased. Moreover, the quantitative analysis implied that EGCG increased
the ratio of Bcl-2 to Bax in a dose-dependent manner (Figure 4B,C). This was a strong
indication that the decrease in the ratio of Bax and Bcl-2 caused by EGCG contributed to
the prevention of MG-induced cell death.
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Figure 3. Effects of EGCG on MG-induced PC-12 cells of the Nrf2/Keap1/HO-1 pathway.
(A–D) Western blot results and statistical analysis of the expression levels of Nrf2, Keap1, and
HO1. (E,F) Western blot results and statistical analysis of the expression levels of nuclear Nrf2. Data
shown are the mean ± SD of three independent experiments. ## p < 0.01 compared with the control.
** p < 0.01 compared with the MG group.

Oxidative stress, caused by hyperglycemia and accelerating neuronal apoptosis, is also
a major event in neurodegenerative disorders, which is usually a noticeable cause of diabetic
complications [28]. Quercetin has been reported to reduce oxidative stress levels, activate
SIRT1, and inhibit ER pathways from potentiating cognitive dysfunction [29]. Morin
exhibited neuroprotective effects via the TrkB/Akt pathway against diabetes-mediated
oxidative stress and apoptosis in neuronal cells. Therefore, an intervention addressing
oxidative stress and neuronal apoptosis [30] is considered an essential strategy to prevent
diabetic encephalopathy.
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Figure 4. Effects of EGCG on MG-induced PC-12 cells’ apoptosis. (A) Analysis of cell apoptosis
by flow cytometry. (B) Western blot results of the expression levels of Bcl2 and Bax. (C) Statistical
analysis of the expression levels of the ratio of Bcl2 and Bax. Data shown are the mean ± SD of
three independent experiments. ## p < 0.01 compared with the control.** p < 0.01 compared with the
MG group.

3. Materials and Methods

3.1. Reagents and Antibodies

All flavonoids (≥98% Purity) were purchased from Sichuan Weikeqi Biological Tech-
nology (Chengdu, China), and were dissolved at a concentration of 100 mM in DMSO as
a stock solution (stored at −20 °C). The solution was then further diluted in cell culture
medium to create working concentrations. Methylglyoxal was obtained from Aladdin.
Antibodies against Bcl-2, Bax, HO-1, β-actin, and Lamin B1 were purchased from Protein-
tech (Wuhan, China). Antibodies against Nrf2 and Keap1 were purchased from Beyotime
Biotechnology (Beijing, China). The secondary anti-rabbit or anti-mouse HRP-conjugated
antibodies were purchased from Proteintech (Wuhan, China).

3.2. Cell Culture and Treatment

Rat pheochromocytoma PC-12 cells were provided by Chinese Academy of Sciences
Cell Bank (Shanghai, China) and cultured in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS), 100 g/mL streptomycin, and 100 IU/mL penicillin in a humidified 5%
CO2 atmosphere at 37 ◦C. Cells were co-cultured with 0.5 mM MG and flavonoids for 48 h.

3.3. Analysis of Cell Viability

The proliferative activity of flavonoids on PC-12 cells was determined by 3-(4, 5-
Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) assay. Cells were
cultured in 96-well plates with 1 × 104 cells per well for overnight incubation and were
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treated with flavonoids co-cultured with methylglyoxal for 48 h. Then, the old medium was
removed and the residual medium with drugs was washed away using sodium phosphate
buffer (PBS). Afterwards, 100 μL of MTT solution diluted in fresh medium was added per
well and the cells were incubated at 37 ◦C for another 4 h. After removal of the medium,
100 μL DMSO was added per well to dissolve the formazan crystals. When fully dissolved,
the absorbance at 570 nm was measured by a microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA) and absorbance at 630 nm as reference.

3.4. Western Blot Analysis

Cells were lysed in RIPA buffer with protease inhibitor cocktail (MedChemExpress)
after the treatment with MG and EGCG. Protein concentration was determined by BCA
protein assay kit (Solarbio, Beijing, China). Same amounts of proteins were separated by
SDS-polyacrylamide gel electrophoresis and transferred onto PVDF membranes (Merck
Millipore, Darmstadt, Germany). The membranes were blocked with 5% skim milk for 2 h,
followed by overnight incubation at 4 ◦C with primary antibodies Nrf2, Keap1, HO1, Bcl-2,
Bax, β-actin, and Lamin B1. The membranes were washed with TBST three times, and then
incubated with secondary antibodies (1:2000 dilution) for 1 h at room temperature. Finally,
the bands were visualized using an ECL kit (Solarbio, China).

3.5. Molecular Docking

Molecular docking was performed to predict the binding sites and efficacy between
Keap1–Nrf2 complex and EGCG using AutodockTools1.5.6. The crystal structure of Keap1–
Nrf2 complex (PDB: 2FLU) was downloaded from the Protein Data Bank (www.rcsb.org,
accessed on 16 October 2022). Before docking, water molecules were removed from protein
file 2FLU. A grid box size of 166 × 140 × 134 points with a spacing of 0.431 Å between grid
points was generated to cover almost the entire favorable protein binding site. The X, Y,
and Z centers were 16.401, 16.672, and 7.238, respectively. In addition, the settings are as
follows: maximum energy evaluation number = 25,000,000; number of generations = 27,000;
mutation rate = 0.02.

3.6. Flow Cytometry

Cell apoptosis was detected by flow cytometry (BD Accuri C6, USA), wherein PC-12
cells were placed in 60mm plates and stained with PI and Annexin V-fluorescein isothio-
cyanate (FITC) according to manufacturer’s protocols (Elabscience Annexin V-FITC/PI
Apoptosis Kit). The apoptotic PC-12 cells were analyzed with FlowJo_V10.8.1.

3.7. Statistical Analysis

All experiments were performed three times. Data are presented as mean ± standard
deviation (SD). SPSS 22.0 software was used for statistical analysis, and the significant dif-
ference was determined by one-way analysis of variance (ANOVA). p < 0.05 was considered
statistically significant.

4. Conclusions

In conclusion, 25 flavonoids were evaluated for their protective activity of MG-induced
PC-12 cells, and the SARs analyses obtained from the assay and molecular docking data
indicated that gallate and pyrogallol groups, the configuration of the 3 position in flavan-
3-ol, and some positions of the hydroxyl group’s substitution in flavonol were crucial
for their activities. The mechanistic study demonstrated that EGCG, the most active
compound among the test flavonoids, showed neuroprotective effects that were mediated
by antioxidant and anti-apoptotic activities induced via the Nrf2/Keap1/HO-1 and Bcl-
2/Bax pathways. Our studies may provide a method for rapidly screening neuroprotective
antioxidants, which would contribute to the development of diabetic encephalopathy
treatments.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227804/s1, Figure S1: Cell viability of PC-12 cells
treated by MG. * p < 0.05 and ** p < 0.01 compared with the control; Figure S2: Cell viability of
MG-induced PC-12 cells treated by curcumin. * p < 0.05 and ** p < 0.01 compared with the MG group;
Figure S3: Other flavonoids tested in protective activities on MG-induced PC12 cells; Figure S4: The
linear correlation between binding energy of main flavan 3-ols (EC, EGC, ECG, EGCG) and the EC50
for MG-induced PC-12 cells.
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Abstract: Gallic acid (GA), a plant-derived ubiquitous secondary polyphenol metabolite, can be
a useful dietary supplement. This in vitro study’s primary purpose was to assess the anti-aging
properties of GA using rat embryonic fibroblast (REF) cells, antidiabetic effects via pancreatic islet cells,
and finally, elucidating the molecular mechanisms of this natural compound. REF and islet cells were
isolated from fetuses and pancreas of rats, respectively. Then, several senescence-associated molecular
and biochemical parameters, along with antidiabetic markers, were investigated. GA caused a
significant decrease in the β-galactosidase activity and reduced inflammatory cytokines and oxidative
stress markers in REF cells. GA reduced the G0/G1 phase in senescent REF cells that led cells to
G2/M. Besides, GA improved the function of the β cells. Flow cytometry and spectrophotometric
analysis showed that it reduces apoptosis via inhibiting caspase-9 activity. Taken together, based on
the present findings, this polyphenol metabolite at low doses regulates different pathways of
senescence and diabetes through its antioxidative stress potential and modulation of mitochondrial
complexes activities.

Keywords: antioxidant; diabetes; gallic acid; polyphenol; secondary metabolite; senescence

1. Introduction

Reactive oxygen species (ROS) are oxygen-containing chemically reactive species, such as
superoxide, peroxide, and hydroxyl radicals. The dismutation of superoxide generates hydrogen
peroxide (H2O2), which reduces the generation of hydroxyl radical and hydroxide ions. The generation
of such free radicals induces oxidative stress that leads to DNA, lipid, and protein damages [1]. ROS are
typically generated during the ordinary course of cellular functions such as mitochondrial respiration.
Thus, the mitochondrial organelle is a leading ROS generation site and the primary target of such free
radicals. ROS is also generated in the body through exposure to chemicals, chemotherapeutic agents,
toxins, and toxicants, environmentally [2–4].

Moreover, the inflammatory cytokines and cytosolic enzymes contribute to ROS generation [5].
One of the main long-term consequences of increasing ROS generation in the body is aging. Aging is
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a morphological and physiological deterioration and changes occurring in the body with time.
Several factors, including the generation of free radicals, are responsible for aging. Despite several
advancements in this area, the exact molecular mechanism responsible for the aging process remains
unclear [6]. According to the free radical theory of aging described by Denham Harman, free radicals,
especially ROS, play an essential role in all steps of aging [7]. According to the free radical theory of aging,
ROS’s continuous production induces oxidative damage to macromolecules, disrupts physiological
functions, and shortens the life span [8,9]. In the meantime, the generation of ROS is linked with
the pathogenesis of chronic diseases such as cancer, atherosclerosis, inflammatory disorders, etc.
Oxidative damage induced by the ROS disrupts the normal beta cells’ function, causes insulin
resistance, and impairs glucose tolerance, leading to type 2 diabetes mellitus (T2DM) [10]. Studies have
shown an increase in oxidative stress biomarkers in the pancreas of diabetic patients [11,12]. Likewise,
ROS-mediated oxidative stress injury is the primary risk factor in the inception and progression of
type 1 diabetes mellitus (T1DM) [13]. Several studies have been accomplished to evaluate an efficient
and therapeutically safe antioxidant against ROS. Only a few natural and synthetic antioxidants have
been developed as medicine due to their therapeutic efficacy with minimal side effects [14].

Gallic acid (GA), or 3,4,5-trihydroxy benzoic acid, is a plant-derived polyphenolic compound.
It has demonstrated antidiabetic function in an animal model [14]. GA is abundantly present in different
berries, fruits, and grapes as endogenous plant phenol. Wine also contains GA [15]. Several animal
studies have shown the antioxidant property and therapeutic activity of GA in reducing hyperglycemia
after oral administration of GA to diabetic rats. The oxidative stress biomarkers and parameters were
also significantly reduced [16–19]. GA can improve neurological dysfunction by acting directly on
the nerve and glial cells [20]. Also, it boosts the natural antioxidant machinery of the body against
ROS. Therefore, the ROS-mediated aging process is slowed down or even averted. Besides, new GA
features, such as inhibition of aldose reductase, have been reported [21]. Although GA is believed to
have a low risk of side effects, doses greater than 1.02 mg/kg might have teratogenic properties and
pose a threat to the fetus in pregnant women [22]. So, choosing the best concentration and dose for GA
is an essential concern in the studies.

The purpose of this in vitro study is to evaluate the attenuating property of GA in H2O2-induced
aging using the rat’s embryonic fibroblast (REF) cells. The level of oxidative stress biomarkers was
measured to determine the protective effect of GA in the isolated pancreatic islet cells. Furthermore,
the optimum dose of GA is determined, i.e., required for the survival and function of pancreatic islet
cells in an ex vivo model. StatsDirect 3.3.4 was used to calculate the statistics.

2. Results

2.1. Identification of Half Maximal Effective Voncentration (EC50) of Gallic Acid

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that the
concentration of GA resulted in a 150% viability of cells compared to the control group (Figure 1).
All concentrations of GA were found safe without any toxic effect. The 1000 μM of GA demonstrated a
significant increase in the REF cell viability with p < 0.001 (Figure 1A). In contrast, 100 and 1000 μM of
GA represented a significant increase in pancreatic islet cells’ viability, with p < 0.05 and p < 0.001,
respectively (Figure 1B). EC50 values of GA found 554.25 and 400 μM for REF and pancreatic islet
cells, respectively.
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Figure 1. Effect of different concentrations of gallic acid (GA) on the viability of rat’s embryonic
fibroblast (REF) (A) and pancreatic islet cells (B). The MTT assay was performed after 24 h of exposure
to determine the EC50 of GA. The EC50 of GA on REF and pancreatic islet cells was calculated as 554.25
and 400 μM, respectively. Data are presented as the mean ± standard error of measurements performed
on six groups, with three independent replicates; a p < 0.05; aaa p < 0.001.

2.2. Anti-Ageing Effect of GA

(a) β-galactosidase concentration: REF cells treated with H2O2 represented a significant increase
in β-galactosidase concentration compared to the control group (p < 0.001). In contrast, GA and
H2O2 + GA treatment of REF cells showed a significant reduction in the β-galactosidase concentration
compared to the H2O2 group (p < 0.001, Figure 2).

Figure 2. β-galactosidase assay in rat embryonic fibroblast cells (200× magnification). Control (A),
H2O2 (B), Gallic acid (C), H2O2 + Gallic acid (D). Quantitative data of β-galactosidase assay are
shown in graph (E). Data are presented as the mean ± standard error of measurements performed
on six groups, with three independent replicates. a Significant difference from control (p < 0.001),
b significant difference from H2O2 (p < 0.001). Arrow indicates senescent cells.

(b) Cell cycle analysis: The cell cycle distribution of REF cells was determined after treatment
of GA and H2O2 alone and in combinations. The status of REF cells in three phases of the cell cycle,
including G0/G1, S, and G2/M, was interpreted (Figure 3). The population of control REF cells in
G0/G1, S, and G2/M phases was 78.75% ± 1.97%, 5.10% ± 0.24%, and 16.15% ± 0.75%, respectively.
Comparative to the control group, a significant rise in G0/G1 arrest was detected in the H2O2 group
(p < 0.01). Interestingly, in comparison to the H2O2 group, a significant enhancement in G2/M arrest
was observed in GA (20.54%; p < 0.001) and H2O2 + GA (12.50%; p < 0.001) groups.
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Figure 3. Cell cycle distribution is shown in the presence of control (A), H2O2 (B), gallic acid (GA) (C),
and H2O2 +GA (D). The percentage of cells in different phases is shown in graph (E). Data are presented
as the mean ± standard error of measurements performed on six groups, with three independent
replicates. Significant difference from control (aa p < 0.01, aaa p < 0.001), significant difference from
H2O2 (bb p < 0.01, bbb p < 0.001).

(c) Mitochondrial activity: As shown in Table 1, in REF cells exposed to H2O2, the mitochondrial
complexes I, II, and IV activities were reduced (p < 0.001). On the other hand, treating REF cells
with GA showed a significant enhancement in mitochondrial complexes activity compared to the
H2O2 group (p < 0.001). Furthermore, exposure to H2O2 + GA significantly enhanced the level of
mitochondrial complexes I, II, and IV (p < 0.01, p < 0.001, and p < 0.05, respectively).

Table 1. Effects of gallic acid on the mitochondrial complexes’ activity of REF cells.

Mitochondrial
Complexes

Control
(Mean ± SE)

H2O2

(Mean ± SE)
Gallic Acid

(Mean ± SE)
H2O2 + Gallic Acid

(Mean ± SE)

Complex I 36.34 ± 0.72 20.53 ± 0.83 aaa 32.09 ± 1.09 bbb 27.65 ± 1.34 aabb

Complex II 83.05 ± 2.30 aaa 50.70 ± 1.57 bbb 78.07 ± 1.20 bbb 67.90 ± 1.28 aaabbb

Complex IV 1.48 ± 0.11 0.71 ± 0.04 aaa 1.53 ± 0.05 bbb 1.04 ± 0.04 aaa

Data are presented as the mean ± standard error (SE) of measurements performed on six groups, with three
independent replicates. Significant difference from control (aa p < 0.01, aaa p < 0.001), significant difference from
H2O2 (bb p < 0.01, bbb p < 0.001).

2.3. Antioxidant Effect of GA

In the case of pancreatic islet cells, a reduction in both ROS and lipid peroxidation (LPO) levels
was observed after GA treatment compared to the control group (p < 0.001). GA treatment showed a
considerable increment in both Ferric reducing antioxidant power (FRAP) and thiol levels. A significant
rise in FRAP levels in GA vs. control groups, i.e., 106.83 vs. 56.60 mM (p < 0.001) was observed.
Likewise, a considerable increase in thiol levels in GA vs. control groups, i.e., 5 vs. 3 μM (p < 0.001)
was observed (Table 2). There was an increase in both LPO and ROS levels after H2O2 treatment
in REF cells compared to the control group, i.e., p < 0.001 and p < 0.01, respectively. Furthermore,
GA significantly attenuated H2O2 and reduced ROS and LPO in REF cells. Likewise, GA + H2O2
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treatment significantly increased FRAP and thiol levels compared to H2O2, i.e., p < 0.001 and p < 0.05,
respectively (Table 2).

Table 2. Effects of gallic acid on oxidative stress markers of rat’s embryonic fibroblast and pancreatic
islet cells.

Oxidative Stress
Markers

Pancreatic Islet Cells Embryonic Fibroblast Cells

Control
(Mean ± SE)

GA
(Mean ± SE)

Control
(Mean ± SE)

H2O2

(Mean ± SE)
GA

(Mean ± SE)
GA +H2O2

(Mean ± SE)

1 ROS (mole/min.mg
protein) 679.50 ± 41.54 99.10 ± 3.13 aaa 1.94 ± 0.18 4.03 ± 0.23 aaa 1.85 ± 0.09 bbb 2.54 ± 0.06 bbb

2 LPO (μM) 1.43 ± 0.01 1.22 ± 0.01 aaa 109.99 ± 4.24 178.80 ± 4.76 aaa 91.00 ± 4.17 abbb 132.80 ± 2.33 aabbb

3 FRAP (mM) 56.60 ± 0.73 106.83 ± 1.09 aaa 160.84 ± 1.96 87.79 ± 2.70 aaa 155.84 ± 4.17 bbb 113.79 ± 1.86 aaabb

4 Thiol (μmole/mg
protein) 3.00 ± 0.07 5.00 ± 0.11 aaa 60.39 ± 3.12 35.96 ± 3.01 aa 65.98 ± 8.40 b 54.28 ± 3.84 b

Abbreviations: FRAP: ferric reducing antioxidant power; LPO: lipid peroxidation; ROS: reactive oxygen species.
Data are presented as the mean ± standard error of measurements performed on six groups, with three independent
replicates. Significant difference from control (a p < 0.05, aa p < 0.01, and aaa p < 0.001), significant difference from
H2O2 (b p < 0.05, bb p < 0.01, and bbb p < 0.001).

2.4. Anti-Inflammatory Effect of GA

A higher tumor necrosis factor α (TNFα) was observed when REF cells were exposed to H2O2

(p < 0.001). While in comparison to H2O2, there was a significant decrease in the level of TNFα of
GA (p < 0.001) and H2O2 + GA (p < 0.001) groups. Similarly, a higher amount of interleukin (IL)-1β
and IL-6 were observed when REF cells were exposed to H2O2 (p < 0.001)—while in comparison to
H2O2, a considerable decrease in the level of IL-1β of GA (p < 0.01) and H2O2 + GA (p < 0.01) groups
was observed. In the case of nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB),
there was a significant increase in the H2O2 (p < 0.001) compared to control, while in comparison to
H2O2, a considerable decrease in the level of NFκB of GA (p < 0.001) and H2O2 + GA (p < 0.01) groups
was observed (Table 3).

Table 3. Effects of gallic acid on inflammatory markers of rat’s embryonic fibroblast cells.

Inflammatory
Markers

Control
(Mean ± SE)

H2O2

(Mean ± SE)
Gallic Acid

(Mean ± SE)
H2O2 +Gallic Acid

(Mean ± SE)

1 TNFα 98.92 ± 2.16 147.46 ± 0.95 aaa 109.39 ± 5.10 bbb 125.42 ± 3.45 aaabbb

2 IL-1β 80.81 ± 3.91 163.05 ± 14.46 aaa 106.15 ± 4.28 bb 130.86 ± 9.41 bb

3 IL-6 170.40 ± 6.22 364.98 ± 6.06 aaa 165.77 ± 4.63 bbb 273.99 ± 14.48 aaabbb

4 NFκB 20.01 ± 0.70 46.18 ± 1.35 aaa 20.16 ± 0.95 bbb 26.78 ± 1.35 aabbb

Abbreviations: IL: interleukin; NFκB: nuclear factor kappa-light-chain-enhancer of activated B cells; TNFα: tumor
necrosis factor α. Data are presented as the mean ± standard error of measurements performed on six groups,
with three independent replicates. Significant difference from control (aa p < 0.01 and aaa p < 0.001), significant
difference from H2O2 (bb p < 0.01 and bbb p < 0.001).

2.5. Antidiabetic Effect of GA

The amount of insulin secretion was calculated in both basal (2.8 mM) and stimulated (16.7 mM)
phases. A significant increase in insulin secretion was observed in the basal phase when the cells were
treated with GA. The increment in control vs. GA group was from 2.2 ± 0.11 to 7.3 ± 0.11 mU/mg
protein/h (p < 0.001). In contrast, a significant decrease in insulin secretion was observed in the
stimulated phase when the cells were treated with GA. The decrement in the control vs. GA group was
from 22.10 ± 0.36 to 18.10 ± 0.80 mU/mg protein/h (p < 0.01) (Figure 4).
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Figure 4. Effect of gallic acid on the level of insulin secretion on rat’s pancreatic islets cells after 24 h.
Pancreatic islet cells incubated for 1 h in the presence of 2.8 mM (basal phase) and 16.7 mM (stimulated
phase) glucose concentrations. Data are presented as the mean ± standard error of measurements
performed on six groups, with three independent replicates. Significant difference from control
(aa p < 0.01, aaa p < 0.001).

2.6. Antiapoptotic Effect of GA

(a) Acridine orange (AO) and ethidium bromide (EB) double staining: The absorption of AO
and EB shows the number of viable cells and necrotic cells, respectively. A significant decrease in
the number of viable cells in the controls (49.50%) vs. GA (64.82%) (p < 0.01) group was observed.
Similarly, a significant decrease in the number of necrotic cells in the GA vs. control (p < 0.01) group
was observed (Figure 5A,B).

(b) Flow cytometry assay: The flow cytometry assay has shown a significant increase in the
percentage of live cells in the GA (78.2%) vs. the control (71.1%) group (p < 0.05). In comparison,
the number of necrotic cells was significantly decreased in GA (3.73%) vs. the control group (20.5%)
(p < 0.01) (Figure 5B). Figure 5C shows the higher percentage of late apoptotic cells, i.e., 16.8%, in the
GA group than the control group, i.e., 7.73%. While a higher rate of necrotic cells, i.e., 20.5% in the
control group, was observed compared to the GA group, i.e., 3.73%. Similarly, the vertical bar graph
of Figure 5D shows a significant increase in the number of live cells in the GA vs. control group, i.e.,
78.2% vs. 71.1%, while the number of necrotic cells in the early apoptosis phase was found to decrease
in the GA vs. control group, i.e., 0.62% vs. 1.3%.

(c) Caspase-3 and 9 activities: In comparison to control groups, a decrease in the caspase-3 and 9
activities was observed in the GA groups. The activity of caspase-3 and 9 was reduced to 85% (p < 0.05)
and 46.4% (p < 0.001), respectively. A more noticeable decline in the activity was observed with the
caspase-9 (Figure 5E).
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Figure 5. Apoptosis in pancreatic islet cells exposed to gallic acid (GA) demonstrated by Fluorescence
microscopy images of cells (40× magnification) stained with acridine orange (AO) and ethidium
bromide (EB) after 400 μM GA exposure. Pancreatic islet cells stained with acridine orange (green
fluorescence), ethidium bromide (red fluorescence), and merged image (yellow/green fluorescence)
(A). The percentage of viable, apoptotic, and necrotic cells from the staining data is also graphically
shown (B). Contour diagrams of flow cytometry presents live, early/late apoptotic, and necrotic cells
(C), and the percentage of live and necrotic cells from flow cytometry data is also graphically shown (D).
Effect of 24 h exposure of 400 μM GA on the level of caspase-3/9 activities is shown in the last graph (E).
Data are presented as the mean ± standard error of measurements performed on six groups, with three
independent replicates. Significant difference from control (a p < 0.05, aa p < 0.01 and aaa p < 0.001).

3. Discussion

Fibroblasts are among attractive research models for in vitro studies due to their potential role in
tissue repair, organ development, and wound healing [23,24]. However, oxidative stress slows down
the normal function of many tissues and cells, including fibroblasts. The purpose of this study was to
evaluate the protective activity of GA against H2O2-induced ROS-mediated aging in REF cells and to
evaluate the GA-mediated improvement in the function of pancreatic islet cells.

Cellular senescence is a major cause of aging. It is characterized by numerous biochemical changes,
such as the increased activity of β-galactosidase [25]. It is well known that the exposure of H2O2

induces higher β-galactosidase activity that allows an in vitro identification of senescent cells [26].
Similarly, in this study, a significant increase in the β-galactosidase activity was observed when the
REF cells were exposed to H2O2. However, the treatment of cells with a combination of GA +H2O2

demonstrated a significant reduction in β-galactosidase activity (p < 0.05). Such a decrease in the
β-galactosidase activity supports the protective anti-aging potential of GA. A few studies have shown
a beneficial role of GA in limiting the activity of redox-sensitive transcription factors.

Controlling cellular senescence in the G1 phase of the cell cycle is the main target for regulating the
aging process [27,28]. Studies have shown the negative impact of H2O2-mediated cellular senescence
on the P53 transcription factor, P21, P16, Rb protein [27]. Furthermore, DNA damage and shortening
of telomeres are critical in the distribution and cell cycle arrest in the G1 phase [28,29]. Similar to
the previous studies, our study demonstrated H2O2-mediated cell cycle arrest G1 phase of REF cells.
Furthermore, in comparison to H2O2, GA treatment confirmed cell cycle arrest in the G2/M phase
(p < 0.01). In line with the obtained results, Ou et al. showed that GA causes cell cycle arrest at
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the G2/M phase in the human bladder transitional carcinoma cell line through checkpoint kinase 2
(Chk2)-mediated phosphorylation of Cdc25C [30].

Generally, superoxides are deactivated by superoxide dismutase and glutathione peroxidase.
The deficiency of mitochondrial complex I resulted in increased superoxide production followed
by subsequent induction of superoxide dismutase [31]. A study has shown an association of lower
mitochondrial complexes with certain neurodegenerative diseases such as Parkinsonism [32]. This study
has shown a significant increment in mitochondrial complexes I, II, and IV after GA treatment,
suggesting the therapeutic potential of GA to counteract the oxidative stress by introducing various
mitochondrial complexes. In 2018, another study indicated the therapeutic application of GA in
mitochondria dysfunction-related diseases and GA was introduced as a new mitochondriotropic
antioxidant [33].

Inflammation acts as a defensive response by cells after exposure to a toxic agent. The cell
inflammatory response involves the secretion of various inflammatory cytokines [34,35]. Transcription
factor NFκB regulates many cytokines’ production, while its level is upregulated in certain chronic
diseases [36,37]. In this study, GA-treated REF cells demonstrated a decreased concentration of NFκB
(p< 0.001) and inflammatory cytokines, including TNFα (p< 0.001), IL-1β (p< 0.01), and IL-6 (p< 0.001),
compared to the H2O2 group. The present results are similar to the previous ones suggesting the
protective role of GA against inflammation via suppressing mast and cancer cells [38,39].

It was demonstrated that phenolic compounds significantly decline oxidative stress generated
by neutrophil-mediated ROS [40]. Antioxidant enzymes such as superoxide dismutase and catalase
suppress oxidative stress by controlling ROS’s overproduction, such as superoxide anion and H2O2 [41].
Like other phenolic compounds, GA has also demonstrated a significantly increased expression and
activity of antioxidant enzymes. In this study, the results of REF cells showed a significant decrease in
the oxidative stress markers compared to the H2O2 group (p < 0.001). Also, GA significantly improved
antioxidant capacity by enhancing FRAP and TTM levels in both REF and pancreatic islets cells after
GA treatment.

Caspase-3 and 9 are the group of enzymes regulating inflammation and apoptosis. As a cancer-selective
agent, GA in apoptosis of normal and cancer cells can act dually [42]. In this study, GA treatment
demonstrated a significant reduction in the activities of both caspase-3 and 9 in the normal pancreatic
islet cells, supporting the protective effects of GA against cellular apoptosis through decreasing caspase-3
and 9 activities. As mentioned above, the results were further confirmed by flow cytometry and AO/EB
staining analysis. The GA-treated cells have shown a significant decrease in apoptotic cells and improved
cell viability.

Studies on the effects of GA in diabetes show that this compound inhibits diet-induced
hypertriglyceridemia and hyperglycemia and protects pancreatic β-cells. GA induces a nuclear
transcription factor, which causes differentiation and insulin sensitivity in adipocytes, called peroxisome
proliferator-activated receptor-γ (PPAR-γ). GA also enhances the cellular glucose uptake by stimulating
the phosphatidylinositol 3-kinase (PI3K)/p-Akt signaling pathway and translocating GLUT1, GLUT2,
and GLUT4 as insulin-stimulated glucose transporters [14]. Further study on type II diabetic rats’ brain
metabolism revealed that a diet high in GA could benefit type II diabetics [18]. More studies showed
that GA in streptozotocin-induced type II diabetic rats has many benefits, including antioxidant,
antihyperglycemic, and anti-lipid peroxidative properties [16,17]. In confirmation of previous studies,
the present results also showed that GA can significantly increase insulin secretion in beta cells in the
basal glucose concentration phase (2.8 mM glucose). Also, by decreasing apoptosis, it can protect the
pancreatic islet cells.

This study has demonstrated the protective role of GA on the REF and rat pancreatic islets.
Therefore, we found that GA at all studied concentrations attenuates oxidative stress and is safe.
Moreover, GA reduces apoptosis, suppresses caspases activity, and improves insulin secretion,
thus demonstrating antioxidant, antidiabetic, and antiapoptotic potential. Hence, GA is the right
candidate for anti-aging in skincare products or a dietary supplement, warranting future human studies.
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4. Materials and Methods

4.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (GmbH, Munich, Germany) unless otherwise
mentioned. Nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), interleukins
(IL-6 and IL-1β), ELISA kits (BenderMed Systems Inc. Vienna, Austria), Senescence β-galactosidase
staining kit (Cell Signaling Technology, Mississauga, ON, Canada), rat-specific β-galactosidase kit
(Cusabio, Wuhan, China), rat-specific enzyme-linked immunosorbent insulin ELISA kit (Mercodia,
Sweden), and ApoFlowEx® fluorescein isothiocyanate (FITC) kit (Exbio, Vestec, Czech Republic) were
used in this study.

4.2. Isolation of Rats’ Cells and Identification of Half-Maximal Effective Concentration (EC50) of GA

Ethical approval for the animal study: This study is performed according to the NIMAD Ethics
Committee Approval (IR.NIMAD.REC.1397.028). All ethical protocols related to the use of animals in
research were carefully noted.

Isolation of rats’ embryonic fibroblast (REF) cells: Rats were kept for induction of pregnancy.
The isolation and culture of primary REF cells were done as per the standard protocol explained
previously [23]. Pregnant rats were anesthetized with 50 mg/kg pentobarbital. The 12 to 12.5 days old
embryos were washed with antibiotic-containing phosphate-buffered saline (PBS). Visceral mass such
as uterine horns, placenta, heads, limbs, and gonads were detached. The tissues were mechanically
chopped into fine pieces and enzymatically digested using 0.25% trypsin/ethylenediaminetetraacetic
acid (EDTA) to isolate cells. Enzymatic activity was inhibited by Dulbecco’s modified medium-high
glucose (DMEM-HG), 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1% glutamate.
Isolated cells were treated with an appropriate culture medium and pipetted to get a single cell
suspension. The cells were cultured in T75 flasks until 75% to 80% confluency and sub-cultured at a
ratio of 1:3. REFs were collected from three pregnant rats and were used at passages (P3) for this study.

Isolation of pancreatic islet cells: Pancreas was removed and washed using the Krebs buffer to
remove the attached lymph nodes, blood vessels, and fat. Krebs buffer solution at pH 7 consists of 0.22
g/L CaCl2.2H2O, 2.38 g/L HEPES, 0.27 g/L KCl, 0.05 g/L MgCl2, 8 g/L NaCl, 0.42 g/L NaH2PO4, and 0.5
g/L glucose.1H2O. The pancreas was cut into small pieces over the ice, washed twice, and centrifuged
at 3000× g for 60 s. They were exposed to collagenase enzyme solution (0.0025 g/5 mL Krebs buffer)
at 37 ◦C to digest the attached tissues for about 10 min. Krebs buffer containing 0.5% bovine serum
albumin (BSA) was then added to stop the digestion, and the pancreatic pieces were again centrifuged
twice at 3000× g for 60 s. The pancreatic islet cells of approximately 100 to 150 μm were isolated
using a sampler under a stereomicroscope. Standard RPMI-1640 culture medium comprising 5% FBS,
0.5% penicillin-streptomycin, and 8.3 mMol/L glucose was added to the isolated cells. The pancreatic
islets at a density of 10 islets/200 μL culture medium were kept for 24 h at 37 ◦C under 5% CO2 for
further use [43]. For normalizing data obtained from different treated groups of islets, protein content
was also measured.

MTT assay: The viability of REF and pancreatic islet cells were determined after different
concentrations of GA treatment, i.e., 0, 1, 10, 100, and 1000 μM (in case of 1 × 104 REF cells/well in
each group) and 10, 100, and 1000 μM (in case of 10 islet cells in each group). Cultured cells were
treated with 20 μL MTT reagent, i.e., 0.5 mg/mL and 50 μL culture medium. After incubation at 37 ◦C
and 5% CO2 humidified atmosphere for 4 h, the formazan dye was made soluble by adding 150 μL
dimethyl sulfoxide (DMSO) to each sample. Finally, the absorbance was determined at 570 nm using a
microplate reader. The probit regression model was employed to estimate the EC50 of GA [44].

Study design: After determining the EC50 of GA, the REF cells were divided into the following
four groups based on different exposure treatments, i.e., (a) 1 × 104 REF cells in DMEM-HG (Control),
(b) REF cells exposed to 600 μM H2O2 for 2 h (H2O2), (c) REF cells in EC50 of GA (GA), and (d) REF
cells with EC50 of GA + 600 μM H2O2 (GA +H2O2). A concentration of 600 μM H2O2 was observed as
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a potent inducer of cellular senescence [45]. Simultaneously, the pancreatic islet cells were divided into
control and treatment groups with 10 pancreatic islets in each. The treatment group received EC50 of
GA on pancreatic islet cells. All cells were incubated at 37 ◦C and 5% CO2 humidified atmosphere.

4.3. Anti-Ageing Effect of Gallic Acid

Senescence-associated β-galactosidase (SABG) concentration: The β-galactosidase concentration
in REF cells was determined using a rat-specific SA-βGAL kit. The well plates containing the REF
cells at the density of 1 × 105 cells/well for samples (Control, H2O2, GA, and GA + H2O2 groups)
and different concentrations of βGAL (1.56, 3.12, 6.25, 12.5, 25, 50, 100 mIU/mL) as standards were
incubated at 37 ◦C for 2 h. The supernatant was removed, and 100 μL of biotin antibody was added
to each well and set at 37 ◦C for another hour. After washing the cells by filling each well with
200 μL of wash buffer for a total of three washes, 100 μL of Avidin horseradish peroxidase (HRP) was
added to each well, and plates were incubated at 37 ◦C for another hour. After aspiration, 90 μL of
3,3′,5,5′-tetramethylbenzidine (TMB) was added to the plates and set again for 30 min. The 50 μL of
stop solution was then added, and the optical density was determined at 450 nm. Along with the
quantitative assay, β-galactosidase was also investigated qualitatively. REF cells were washed, and then
they were exposed to the fixative solution containing 2% glutaraldehyde and 20% formaldehyde in
10× PBS for about 15 min at room temperature. Next, cells were washed with PBS and then stained
with b-galactosidase stain. The bluish-green color of senescent cells was observed under the light
microscope (Olympus BX51, Tokyo, Japan) at 200×magnification [43].

Cell cycle analysis by propidium iodide staining: REF cells were seeded in 6 well plates at the
density of 5 × 105 cells/well. The cells were exposed to 600 μM H2O2 and EC50 of GA alone or
in combination for 24 h. After the incubation period, the REF cells were appropriately harvested,
washed twice with PBS, and fixed in ice-cold 70% ethanol. After centrifuging at 10,000× g for 5 min,
pellets were washed with ice-cold PBS and were redistributed in 200 μL (from 50 μg/mL stock solution)
propidium iodide (PI) containing 20 μg/mL RNAse-A and incubated at 37 ◦C for 30 min. The cells
were then washed with PBS, and cell cycle distribution at G0/G1, S, and G2/M phases was determined
by a flow cytometer (Mindray, Shenzhen, China). The data were processed using FlowJo analysis
software [46].

Activity assay of mitochondrial complexes: Density of 1× 104 cells/well for each group was used for
assessing mitochondrial complexes. (a) Mitochondrial complex I (NADH dehydrogenase): Activity of
mitochondrial complex I was determined by measuring NADH’s consumption, which is determined
by the translocation of electrons initially to complex I and subsequently to an electron acceptor, such as
synthetic ubiquinone. Electrons through NADH passed to mitochondrial complex I and were then
accepted by synthetic ubiquinone. In this method, 100 to 200 μg/mL of total mitochondrial protein
were added to a reaction mixture containing potassium phosphate buffer (25 mM; pH 7.4), 25% BSA,
MgCl2 (5 mM), decylubiquinone (2.8 mM), NADH (5.7 mM), antimycin-A (3.7 mM), and KCN (2 mM).
The absorbance of NADH was performed spectrophotometrically at 340 nm. Soon after, the rotenone
was added to the reaction mixture, and the rotenone-insensitive activity of NADH-cytochrome b
oxidoreductase was evaluated. Finally, the rotenone-insensitive activity was subtracted from the
total activity, and the overall net rate was determined. The obtained results of enzyme activity were
expressed as nanomoles of NADH per minute per milligram of mitochondrial protein (nmol/min/mg
protein) at 340 nm [47,48]. (b) Mitochondrial complex II (succinate dehydrogenase): The activity of
succinate ubiquinone oxidoreductase was determined by measuring 2,6-dichlorophenolindophenol
(DCPIP) reduction through colorimetric assay at 600 nm. In this assay, the mitochondria were incubated
in potassium phosphate buffer, MgCl2, and succinate. Then, antimycin A, rotenone, KCN, and DCPIP
were added, and baseline was recorded for 3 min. The enzyme-dependent reduction of DCPIP was
then measured for 3 to 5 min at 600 nm. The activity of mitochondrial complex II was calculated using
a DCPIP standard curve. (c) Mitochondrial complex IV (cytochrome C oxidase): The cytochrome C
was reduced by adding 60 μL of sodium hydrosulfite (10 mg/mL). Then, the mitochondrial protein and
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Lubrol-PX in potassium phosphate buffer were added to further reduce the cytochrome C. The decrease
in optical absorbance at 550 nm was recorded for 3 to 6 min. The results were presented as the
natural logarithm of the absorbance and reported as the first-order rate constant, i.e., (k) min/mg of
mitochondrial protein [49].

4.4. Antioxidant Effect of GA

Each group of cells, containing 1 × 104 REF cells or 10 islet cells for the pancreatic section,
was homogenized with 100 μL phosphate buffer and was then centrifuged at 2375× g for 15 min. Next,
the supernatant of the extractions was used for the following oxidative stress markers.

Lipid peroxidation measurement: The thiobarbituric acid (TBA) was used to determine lipid
peroxidation in REF cells. Following homogenization, the REF cells were mixed with 800 μL
trichloroacetic acid. After 30 min centrifuging at 3000× g, the 600 μL supernatant was removed, and cell
deposition was combined with 150 μL TBA (1% w/v). The mixture was incubated in a boiling water
bath for 15 min, followed by 400 μL n-butanol. Finally, the absorbance was recorded at 532 nm [50].

ROS assay: This involves converting a fluorescent dye, i.e., 2,7-dichlorofluorescein diacetate
(DCFDA), to a non-fluorescent compound. Cellular esterase deacetylates, DCFDA, and ROS then
oxidized the deacetylated compound into 2,7-dichlorofluorescein (DCF). Finally, the changes in the
fluorescence intensity were detected by a microplate reader with excitation and emission spectra at 488
and 525 nm, respectively [51].

Ferric reducing antioxidant power (FRAP) assay: This is based on assessing antioxidant potential.
The reduction of Fe3+TPTZ (2,4,6-tris-(2-pyridyl)-s-triazine) complex to the ferrous form was determined
at 593 nm [52].

Assay of total thiol molecules (TTM): This involves the addition of 0.6 mL Tris-EDTA buffer
(Tris base 0.25 M, ethylene diamine tetraacetic acid 20 mM at pH 8.2) to 0.2 mL supernatant of the cell
extraction, and 40 μL 5-5′-dithiobis-2-nitrobenzoic acid (10 mM in pure methanol). The final volume of
4 mL was made using pure methanol. This mixture was incubated at room temperature for 15 min
and then centrifuged at 3000× g for 10 min. The supernatant’s absorbance was measured at 412 nm,
and results were presented in μmol/mg protein [2].

4.5. Anti-Inflammatory Effect of GA

Measurement of Inflammatory Cytokines (TNFα, IL-1β, and IL-6) and Transcription Factor
(NFκB): Quantitative measurement of inflammatory cytokines and NFκB levels in the REF cells (at the
density of 1 × 104 cells/well for each group) was performed using rat-specific inflammatory cytokine
ELISA kits. In brief, the specific antibody was coated to the wells. Then, standards and all samples
were added to the wells. After washing the wells, the enzyme streptavidin-HRP, which binds to the
biotinylated antibody, was added. After the washing step and incubation time, the TMB substrate
solution was added. Finally, the stop solution was added to change the color from blue to yellow.
The absorbance of yellow color was detected at 450 nm.

4.6. Antidiabetic Effect of GA

Pancreatic islet cells, 10 islets in each group, were exposed to 100μM GA for 24 h and incubated. After the
incubation period, 1 mL Krebs medium was added, centrifuged at 3000× g for 1 min. The supernatant was
removed, and the islet cells were incubated with 2.8 mM glucose for 30 min. The cells were then divided into
two treatment groups with a basal and stimulant glucose dose, i.e., 2.8 and 16.7 mM, respectively. After an
hour of exposure, the cells were centrifuged, and the supernatant was removed and analyzed for the insulin
measurement according to the insulin kit manufacturer’s protocol. The obtained data were normalized with
protein concentration and were presented in mU/mg protein/h [53].
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4.7. Antiapoptotic Effect of GA

(a) Acridine orange (AO) and ethidium bromide (EB) double staining: 10 pancreatic islets for
each group were used to perform AO/EB staining. The antiapoptotic effect of GA was determined by
identifying morphological apoptotic and necrotic cells through the use of DNA-binding AO and EB dyes.
Viable and nonviable cells both emit green fluorescence after absorbing an intercalated AO in the DNA.
However, only nonviable cells emit red fluorescence after absorbing an intercalated EB in the DNA.
After treating pancreatic islet cells with GA for 24 h, the cells were washed and stained with a mixture
of 100 μg/mL of AO and EB and kept at room temperature for 5 min. Finally, the fluorescence of stained
cells was observed through fluorescence microscopy (Olympus BX51; Olympus Corporation, Tokyo,
Japan) at a magnification of 40×, and the staining intensity was measured by ImageJ analysis software.

(b) Flow cytometry assay: This was used to determine the apoptotic vs. necrotic cells. The isolated
pancreatic islet cells were treated with trypsin and then with BSA to stop the digestion. The suspended
cells were washed twice with PBS, and dual staining was done using the ApoFlowEx® FITC kit.
Cells with an approximated density of 3 × 105 cells/100 μL were incubated with 5 μL each of annexin
V-FITC and PI at room temperature for 15 min. Then, the samples were analyzed with a flow cytometer
(Mindray, Shenzhen, China).

(c) Measurement of caspase-3 and 9 activity: The activity of caspase-3 and 9 was determined via a
colorimetric assay, as reported previously [44]. After adding the lysis buffer to the treated islet cells
(10 in each group), they were incubated on ice for 10 min. The whole lysate was then incubated in a
caspase buffer containing caspase-3 and 9 substrates (Ac-DEVD-pNA and Ac-LEHD-pNA). A short
peptide substrate that contains a specific caspase recognition sequence was labeled with chromophore
r-nitroaniline (pNA). The caspase enzyme caused a cleavage in the substrate, and pNA was released.
The absorbance was measured at 405 nm, and the enzyme activity was reported as the % control,
assumed as 100%.

4.8. Protein Content Measurement

For normalizing data obtained from the above tests, each group of islets or REF cells was
homogenized in 1 mL of each test’s related buffer. Then, 10 μL Bradford reagent was added to 100
μL of diluted samples, and after 5 min, the absorbance was read at 595 nm by the spectrophotometer.
BSA was used as the standard.

4.9. Statistical Analysis

All experiments were repeated three times, with six groups for each condition. Results were
recorded as Mean ± standard error (SE). One-way analysis of variance (ANOVA) and Tukey’s tests
were used to compare treatment and control groups. The differences were considered significant if
p < 0.05.

5. Conclusions

This study has concluded GA with a potential of being an (a) anti-aging agent, through the reduced
β-galactosidase activity and cell cycle arrest in G2/M phase, (b) antioxidant agent, via enhancing the
level of mitochondrial complexes I, II, and IV, (c) anti-inflammatory agent, by decreasing levels of
NFκB, TNFα, IL-1β, and IL-6, (d) antidiabetic agent, through increasing insulin secretion in pancreatic
islet cells, and (e) antiapoptotic agent, by decreasing caspase-3 and 9 activities. The facts mentioned
above suggest GA’s therapeutic benefits for the formulations of anti-aging skincare products or dietary
supplementations for metabolic disorders, e.g., diabetes, through parallel molecular mechanisms.
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Abstract: Colorectal cancer (CRC) is the most common intestinal malignancy, and nearly 70% of
patients with this cancer develop metastatic disease. In the present study, we synthesized a novel com-
pound, termed N-(3-(5,7-dimethylbenzo [d]oxazol-2-yl)phenyl)-5-nitrofuran-2-carboxamide (com-
pound 275#), and found that it exhibits antiproliferative capability in suppressing the proliferation
and growth of CRC cell lines. Furthermore, compound 275# triggered caspase 3-mediated intrinsic
apoptosis of mitochondria and autophagy initiation. An investigation of the molecular mechanisms
demonstrated that compound 275# induced intrinsic apoptosis, and autophagy initiation was largely
mediated by increasing the levels of the intracellular accumulation of reactive oxygen species (ROS) in
CRC cells. Taken together, these data suggest that ROS accumulation after treatment with compound
275# leads to mitochondria-mediated apoptosis and autophagy activation, highlighting the potential
of compound 275# as a novel therapeutic agent for the treatment of CRC.

Keywords: compound 275#; CRC; apoptosis; ROS; autophagy

1. Introduction

Colorectal cancer (CRC), an aggressive primary gastrointestinal malignancy, has the
third-highest incidence and second-highest mortality in all types of cancers worldwide.
The number of CRC cases increases annually, and CRC poses a serious threat to human
life and health [1]. Due to unknown etiology, lack of obvious symptoms in the early stage,
and high level of metastasis, most CRC patients are diagnosed at advanced stages and
have high mortality [2]. Despite the recent progress that has been made in treatment, the
clinical outcomes and prognoses of patients with advanced-stage CRC remain extremely
poor [3]. Thus, novel treatment regimens, such as the development of novel drugs that
target proliferating tumor cells, may help to prolong the survival of CRC patients.

Reactive oxygen species (ROS) are a group of short-lived and highly reactive byprod-
ucts generated by aerobic metabolisms, which consist of hydroxyl radicals (OH•), su-
peroxide (•O2

−), hydroperoxy1 (HO2
•) radicals, and other nonradical members, such as

hydrogen peroxide (H2O2) and singlet oxygen [4,5]. Cellular ROS are mainly originated
from subcellular compartments or organelles, such as mitochondria, endoplasmic retic-
ulum, lysosomes, and peroxisomes, by enzymatic reactions involving cyclooxygenases,
oxidoreductases, NADPH oxidases, xanthine oxidases, and lipoxygenases and through the
iron-catalyzed Fenton reaction [6]. As excellent significant intracellular signaling molecules,
ROS play an important role in several physiological and pathological processes [7]. It is
generally believed that low and moderate levels of ROS are required to promote tumor
proliferation, survival, and metastasis [8,9]. In contrast, excessive ROS can lead to cellular
oxidative stress and cell malfunction, which cause damage to DNA, proteins, or lipids,
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finally resulting in apoptotic or necrotic cell death [7,10]. Therefore, the identification of
novel anticancer agents, which induce apoptotic cell death through the ROS generation
mechanism, may be a necessary and effective treatment strategy for CRC.

In fact, many cancer therapeutic drugs often eliminate cancer cells and drug resistance
through elevating ROS generation [11–13]. The aim of the present study was to synthesize
a novel, small-molecule compound for potential future medical use, which is capable to
induce excessive intracellular ROS. We investigated the anticancer activity of the novel, syn-
thesized compound 275# against CRC in vitro and illustrated the underlying mechanism.
Our data demonstrate that compound 275# suppresses the proliferation of CRC and acts
as an inducer of ROS generation. Interestingly, ROS accumulation induced by compound
275# further triggered mitochondria-mediated intrinsic apoptosis and initiated autophagy,
implying that compound 275# is a promising candidate as an anticancer agent.

2. Results

2.1. Synthesis of Compound 275#

The synthesis of compound 275# is indicated in Figure 1. Compound 1 (1 equivalents
(equiv)) and compound 2 (1 equiv) were placed in PPA at 60 ◦C. The mixture was then
heated at 100 ◦C for 1 h and followed at 125 ◦C for an additional 1.5 h. After cooling the
mixture to room temperature, water was added, and the mixture was carefully neutralized
with solid NaOH to pH~7.5–8.5. The formed precipitate was filtered off, suspended in
15% aqueous NaOH, filtered, washed with water, and dried. Crystallization from ethanol
gave compound 3 in a 52% yield.

 
Figure 1. Strategy for the synthesis of compound 275#.

Compound 3 (1 equiv) was dissolved in hot CH3OH. Then, ammonium formate
(10 equiv) was added into the mixture followed by the portion-wise addition of a sus-
pension of Pd/C (10%) (0.1 equiv) in water. The mixture was refluxed for 1 h, cooled to
room temperature, filtered through celite, and concentrated in vacuo. The residue was
suspended in water and extracted with ether. The combined ethereal extracts were dried
over anhydrous Na2SO4 and concentrated to provide compound 4 in a yield of 90%.

The mixture of compound 4 (1 equiv) and acid chloride 5 (1.1 equiv) in dry DMF
triethylamine (1.2 equiv) was added and stirred at 70 ◦C for 8 h. After quenching the
reaction mixture with 3% Na2CO3, the precipitated product was filtered, washed with
water, and dried. The product was recrystallized from the EtOH–EtOAc mixture to provide
the target compound 275# in a 60% yield (Figure S1, Supplementary Materials).

2.2. Compound 275# Exhibits Cytotoxic Effects against CRC Cells

To explore the cytotoxicity of the novel, small-molecular compound 275# in CRC cells,
an MTT assay was performed after exposure to this compound. As shown in Figure 2A,B,
compound 275# dramatically reduced the cell viability in HCT116 and HCT8 cell lines

71



Molecules 2023, 28, 3211

in a dose- and time-dependent manner. In comparison, treatment with compound 275#
was associated with a lower cytotoxicity in normal adult colonic epithelial cell line FHC
(Figure 2C). Corresponding half-maximal inhibitory concentration (IC50) values of com-
pound 275 for the cell lines are shown in Figure 2D. To further examine its inhibitory effects,
CRC cells were treated with different concentrations of compound 275# for 14 days, and the
relationship between cell growth and concentration was evaluated. The colony formation
assay showed that cells exposed to compound 275# exhibited markedly decreased cell
growth in a dose-dependent manner, as convinced by the smaller colonies and reduced
colony numbers compared with the control group (Figure 2E). Taken together, these results
show that compound 275# could suppress cell proliferation and growth, suggesting that it
has the potential as an inhibitor for the treatment of human CRC.

 

 

Figure 2. Compound 275# suppresses the proliferation and viability of CRC cells. (A,B) HCT116
and HCT8 cells were treated with the indicated concentrations of compound 275# for 1, 2, 3, 4,
and 5 days. Relative cell viability was measured with MTT assay. (C) The cytotoxicity and specific
effect of compound 275# on normal human rectal mucosal cells (FHC). (D) Calculated IC50 values of
compound 275# for HCT116, HCT8, and FHC cell lines. (E) Colony formation assay was performed
to evaluate growth in vitro after treatment with DMSO, 5, 10, and 20 μM compound 275# for 14 days.
The colonies were visualized with the images. All data are presented as the mean ± SD of three
independent experiments. **** p < 0.001 versus vehicle.
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2.3. Compound 275# Promotes ROS Accumulation and ER Stress in CRC Cells

To gain insight into the action mode exhibited by compound 275# in CRC proliferative
inhibition, we examined the intracellular ROS generation by flow cytometry after incubation
with the specific ROS-detecting fluorescent dye (DCFH-DA) in HCT116 and HCT8 cells. As
indicated in Figure 3A, ROS levels were considerably elevated in cells exposed to different
concentrations of compound 275# when compared with control groups. In response to
compound 275#, we found a time-dependent increase in intracellular ROS levels, and the
earliest generation was detected at 0.5 h post treatment in CRC cells (Figure 3B). Next, flow
cytometry indicated that pretreating the cells with NAC, a potent antioxidant and ROS
scavenger, was capable to significantly reduce the number of DCFH-DA-positive HCT116
and HCT8 cells (Figure 3C). To further detect whether ROS specifically originate from
mitochondria, MITOSOX, a novel fluorescent probe that specifically targets mitochondria
in living cells, was used and found that most of ROS induced by compound 275# mainly
originate from mitochondria (Figure S2, Supplementary Materials).

In light of previous studies showing that ROS accumulation is closely associated
with the development of endoplasmic reticulum (ER) stress [14,15], we detected ER stress-
related proteins in both HCT116 and HCT8 cells. As expected, compound 275# significantly
increased the phosphorylation of eIF2α at Ser51 and the expression levels of several un-
folded protein response (UPR)-associated proteins, such as BIP, CHOP, and ATF4, in a
dose-dependent manner (Figure 3D), whereas NAC reduced its ability to upregulate ATF4
and CHOP (Figure 3E), suggesting that ER stress induced by compound 275# is dependent
on excessive intracellular ROS.

2.4. Compound 275# Induces Mitochondria-Mediated Intrinsic Apoptosis in CRC Cells

A disproportional increase in ROS can induce the intrinsic apoptotic pathways medi-
ated by mitochondria signaling [16–18]. Moreover, during ER stress, the level of CHOP
expression is elevated, and CHOP functions to trigger mitochondria-mediated apoptosis by
downregulating the prosurvival protein Bcl-2 [19]. Given the effects of compound 275# on
the induction of ROS, apoptosis activation in response to compound 275# was evaluated. Of
note, an Annexin V-FITC/PI assay was conducted using flow cytometry after HCT116 and
HCT8 cells were exposed to compound 275# for 24 h. As indicated in Figure 4A, at a low
dose of 5 μM, compound 275# induced 3.83% and 4.76% late-phase apoptosis (Annexin-V/PI
double-positive cells) in HCT116 and HCT8 cell lines, respectively. At a dose of 20 μM, the
percentage of both Annexin-V/PI-positive cells rose to 99.6% and 99.9%, respectively. Consis-
tently, procaspase 3 and PARP were cleaved and activated in both HCT116 and HCT8 cells
after treatment (Figure 4B), implying that compound 275# is capable to promote apoptosis.

Next, to evaluate whether the treatment with compound 275# affects depolarization of
the mitochondrial membrane, the mitochondrial membrane potential (MMP, ΔΨm) was
measured with a fluorescent probe JC-1 in CRC cells treated with or without compound
275#. As hypothesized, 20 μM of compound 275# caused more than a 40% decrease in
ΔΨm in CRC cells in comparison with the control group (Figure 4C), suggesting that the
apoptosis triggered by compound 275# might be related to the mitochondrial pathway.
Subsequently, the expression of mitochondrial signaling-associated proteins was detected
to determine whether mitochondria was involved in apoptosis in response to compound
275#. As indicated in Figure 4D, we found that antiapoptotic proteins, such as Bcl-2
and Bcl-XL, were significantly reduced in a dose-dependent manner after exposure to
compound 275#, while the proapoptotic protein Puma (p53 upregulated modulator of
apoptosis) was dramatically elevated. Furthermore, compound 275# remarkably increased
cytochrome c levels in a dose-dependent manner in CRC cells (Figure 4D), indicating that
compound 275# may induce the release of cytochrome c from mitochondria to cytosol. In
addition, the protein level of p53 was not influenced by compound 275#, and we inferred
that the proapoptotic effect of compound 275# may be not mediated by p53 (Figure S3,
Supplementary Materials). These results show that compound 275# might inhibit cell
proliferation by inducing a mitochondrial-dependent apoptotic pathway in CRC cells.

73



Molecules 2023, 28, 3211

 

Figure 3. Compound 275# induces the accumulation of ROS and promotes ROS-dependent ER stress.
(A) Compound 275# triggers ROS generation in a dose-dependent manner. HCT116 and HCT8 cells
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were treated with the indicated concentrations of compound 275# for 2 h and then were exposed to
DCFH-DA for another 20 min. Flow cytometry analysis was conducted to assess ROS generation.
(B) Compound 275# triggers ROS generation in a time-dependent manner. (C) NAC, a potent
antioxidant and ROS scavenger, was capable to reduce compound 275#-induced ROS accumulation
in CRC cells. HCT116 and HCT8 cells were pretreated with or without NAC (5 mM) for 1 h and
subsequently treated with compound 275# for 24 h before staining with DCFH-DA (10 μM) for
20 min. (D) Following treatment with different concentrations of compound 275#, cells were lysed,
and expression of ER stress-related proteins was examined by Western blotting. (E) NAC can reverse
compound 275#-triggered ER stress. β-tubulin was used as the loading control. Data are presented as
the mean ± standard deviation of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001 vs. control.

2.5. Induction of Intrinsic Apoptosis by Compound 275# Is Mediated through Excessive ROS

To further demonstrate whether the capability to induce mitochondria-mediated apop-
tosis by compound 275# in CRC cells was actually initiated by accumulating excessive
cellular ROS, the proapoptotic effect of compound 275# on HCT116 and HCT8 cells after
treatment with NAC was determined. As expected, flow cytometry showed that pretreat-
ing the cells with NAC significantly reduced the number of apoptotic cells induced by
compound 275# (Figure 5A). Additionally, the effect of NAC on ΔΨm, which is reduced
in response to compound 275#, was evaluated. We found that NAC pretreatment can
obviously reverse the compound 275#-mediated decrease in ΔΨm in both HCT116 and
HCT8 cells (Figure 5B). Subsequently, a caspase 3 inhibitor, Z-VAD-FMK, was used to detect
the restorative effect on apoptosis caused by compound 275#. As shown in Figure 5C and
Figure S4, Z-VAD-FMK can significantly rescue cell apoptosis induced by compound 275#
and reduce the inhibitory effect of compound 275# on CRC cells. Consistently, immunoblot-
ting results indicate that pretreating the cells with NAC dramatically downregulated the
expression levels of Bax and cytochrome c and upregulated the antiapoptotic protein Bcl-2.
Moreover, treatment with compound 275# alone considerably enhanced the cleavage of
procaspase-3 and the downstream PARP, while combined treatment with compound 275#
and NAC caused minimal proteolytic processing of procaspase-3 and cleavage of PARP
(Figure 5D). Collectively, these results indicate that compound 275# induced mitochondria-
mediated apoptosis in CRC cells by leading to the production of excessive ROS, which acts
as a trigger of downstream caspase 3-dependent apoptosis.
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Figure 4. Compound 275# promotes mitochondria-mediated intrinsic apoptosis in both HCT116
and HCT8 cells. (A) Compound 275# triggers apoptosis in a dose-dependent manner in CRC cells.
HCT116 and HCT8 cells were treated with the indicated concentrations of compound 275# for 24 h.
Subsequently, cells were harvested and stained with annexin-V/PI. The color indicates the cell density
and it changes from blue to red as the density increases. (B) Compound 275# can facilitate cleavage
of caspase 3 and PARP. Cleaved forms of caspase 3 and PARP were detected using Western blotting
after treatment with indicated doses of compound 275#. (C) Mitochondrial membrane potential (ΔΨm)
is reduced after exposure to compound 275#. The ΔΨm was measured by flow cytometry after staining
with fluorescent probe JC-1. Results indicating the intensity of green fluorescence show as folds of control
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from three independent experiments. The color indicates the cell density and it changes from blue to
red as the density increases. (D) Expression of mitochondria-mediated apoptosis-related proteins was
examined using Western blotting after treatment with indicated concentrations of compound 275#.
β-tubulin was used as the loading control. * p < 0.05, *** p < 0.001, and **** p < 0.0001 vs. control.

 

Figure 5. Induction of caspase-dependent intrinsic apoptosis by compound 275# is mediated through
the accumulation of excessive ROS. (A) Blocking of ROS generation significantly decreased compound
275#-mediated apoptosis. HCT116 and HCT8 cells were pretreated with or without 5 mM NAC for
1 h and then treated with different concentrations of compound 275# for 24 h. Cell apoptosis was
subsequently measured using flow cytometry. The color indicates the cell density and it changes
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from blue to red as the density increases. (B) NAC significantly reversed ΔΨm decrease induced by
compound 275#. The color indicates the cell density and it changes from blue to red as the density
increases. (C) A specific caspase 3 inhibitor, Z-VAD-FMK, significantly decreased the rate of apoptosis
triggered by compound 275# in HCT116 and HCT8 cells. Both HCT116 and HCT8 cells were treated
with 20 μM compound 275#, with or without the inclusion of 50 μM caspase 3 inhibitor Z-VAD-FMK
before staining with PI and Annexin V. The color indicates the cell density and it changes from blue to
red as the density increases. (D) NAC could abrogate the effects of compound 275# on the expression
levels of BCL-2 family proteins, cytochrome c, and apoptotic executor caspase 3. β-tubulin was used
as the loading control. Data are presented as the mean ± standard deviation of three independent
experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control.

2.6. Autophagy Initiation Triggered by Compound 275# Is Tightly Linked with Its Ability to
Promote ROS Accumulation

Because the accumulation of ROS has been reported to exhibit a positive effect on
autophagy activation [20,21], we investigated whether compound 275# can play a role
in autophagy by generating excessive intracellular ROS. As indicated in Figure 6A, after
exposure to compound 275#, the number of green puncta, which represent the forma-
tion of phagophores and autophagosomes, was remarkably increased in HCT116 cells
transfected with the green fluorescent protein (GFP)-fused LC3B (GFP-LC3B) compared
with the control group. Consistently, the autophagosome-associated form, LC3B-II, was
obviously increased in CRC cells upon compound 275# treatment, whereas the level of p62,
a specific marker of autophagic flux, was strongly downregulated in a dose-dependent
manner (Figure 6B), indicating that autophagy was activated and autophagosomes were
formed after treatment. To confirm whether or not compound 275# could regulate au-
tophagic flux changes in CRC cells, we blocked autophagic flux by using chloroquine
(CQ), a classical autophagic flux inhibitor. We found that the combined administration
of both compound 275# and CQ exerted a cooperative enhancement of the LC3B-II ex-
pression level compared with either drug treatment alone. However, single-compound
275# treatment-induced p62 downregulation could be reversed by CQ (Figure 6C). Because
autophagosomes can be formed by the activation of autophagy as well as by blocking
autophagic flux, we next determined whether compound 275# activates or inhibits au-
tophagy. Alternatively, 3-methyladenine (3-MA), an inhibitor of class III PI3K that inhibits
autophagy initiation, was used to demonstrate compound 275#-induced autophagy. As
shown in Figure 6D, 3-MA could mostly attenuate the GFP-LC3B-II puncta accumulation
in CRC cells induced by compound 275#. To further confirm that compound 275# mainly
plays a role in autophagy induction but not in the fusion process between autophagosome
and lysosome, a tandem RFP-GFP-tagged LC3B autophagy reporter system was utilized
as a dual-fluorescence pH sensor. Autophagosomes appear as yellow (both RFP and GFP
signals) puncta, whereas autolysosomes appear as red (RFP-only signals) puncta. Of note,
when the cells were treated with compound 275#, the number of red puncta was increased
markedly without any significant increase in the number of yellow puncta (Figure 6E),
whereas the autophagy promotion effect induced by compound 275# was dramatically
attenuated by the cotreatment with 3-MA (Figure 6F). These results imply that compound
275# promotes fusion between autophagosome and autolysosome.

Next, cells were treated with 20μM of compound 275# combined with 5 mM of
NAC to determine the effect of NAC on autophagy. Notably, compound 275#-induced
GFP-LC3B-II puncta accumulation was strongly abrogated by the cotreatment with NAC
(Figure 6G). Consistently, we found that treatment with NAC was able to almost completely
prevent the compound 275#-induced LC3-II accumulation (Figure 6H), implying that ROS
accumulation mediated autophagy initiation in compound 275#-treated HCT116 cells.
Furthermore, NAC could also greatly attenuate the enhanced autophagic flux progression
caused by compound 275# treatment (Figure 6I). Collectively, these results demonstrate
that excessive ROS induced by compound 275# participate in autophagy initiation.
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Figure 6. Compound 275# could promote the initiation of selective autophagy by inducing ROS
accumulation. (A) Compound 275# markedly increased GFP-LC3B puncta. Fluorescence analysis was
performed to evaluate the exogenous LC3 dot signals in HCT16 cells transfected with GFP-LC3 after
treatment with or without compound 275#. Scale bar: 10 μm. (B) Western blotting analysis of LC3B
and p62 in HCT116 cells treated with indicated concentrations of compound 275# for 12 h. β-tubulin
level was used as internal load control. (C) 3-MA could strongly attenuate the GFP-LC3B puncta
accumulation in HCT116 cells induced by compound 275#. (D) Compound 275# promoted LC3-II
accumulation through autophagy initiation but not the inhibition of autophagic flux progression
in CRC cells. HCT116 and HCT8 cells were treated with compound 202#, CQ, or a combination
of them before detecting with Western blotting. (E) Compound 275# promoted the autophagic
flux in HCT116 cells overexpressing RFP-EGFP-LC3. Scale bar, 10 μm. Yellow fluorescent dots
represent the autophagosomes. Red fluorescent dots indicating autophagolysosomes were counted
in three independent experiments. (F) Autophagy initiation effect induced by compound 275# was
dramatically attenuated by cotreatment with 3-MA. (G) Compound 275#-induced accumulation of
GFP-LC3B puncta was markedly abrogated by cotreatment with NAC. (H) Treatment with NAC was
able to almost completely prevent the compound 275#-induced LC3-II accumulation. (I) NAC could
greatly attenuate the enhanced autophagic flux progression caused by compound 275# treatment.
Data are presented as the mean ± standard deviation of three independent experiments. * p < 0.05,
*** p < 0.001, and **** p < 0.0001 vs. control.
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3. Discussion

Chemotherapy resistance remains a major problem in limiting the efficacy of con-
ventional and molecular-targeted cancer therapies. This problem is evident in colorectal
cancer, in which, despite the advances in therapeutic options, such as EGFR inhibitors
and drug combinations using EGFR inhibitor plus VEGF inhibitor/MEK inhibitor/BRAF
inhibitor, the mortality rate remains high for cancer-related deaths [22,23]. Hence, there
is an urgent need for therapeutic strategies to overcome drug resistance in CRC, such as
the development of novel anticancer agents. In the present study, compound 275# was
synthesized and exhibited some antiproliferative activity against CRC cells, facilitating
further exploration of its antiproliferative effects and the underlying molecular mechanisms.
Compound 275# had a structure that was similar to those previously reported benzoxazole
derivatives. These derivatives possessed different inhibitory activities against cancer cells,
Trypan osoma brucei [24] and Visceral Leishmaniasis [25], and selectively targeted tyrosine
kinase [26], proteasome [25], and transthyretin amyloidogenesis [27]. The results from our
analysis show that compound 275# can significantly inhibit CRC cell proliferation and
growth, which is consistent with the above-mentioned data. However, in our current study,
we failed to find the target of compound 275#. This compound may be a potential inhibitor
of tyrosine kinase and proteasome, and we will demonstrate it in our future research.

It is well known that apoptosis is a fundamental regulatory process in multicellular
organisms that plays a crucial role in the maintenance and development of homeostasis [28].
Moreover, apoptosis is involved in tumor formation and cancer therapy and is regarded
as a main defense mechanism against tumorigenesis [29]. Numerous anticancer agents
exert their inhibitory effects by triggering apoptosis [30–32]. It has been shown that two
major apoptotic pathways are capable of initiating apoptosis: the mitochondrial-mediated
intrinsic pathway and the death receptor-mediated extrinsic pathway [33]. Mitochondria-
mediated apoptosis is fundamentally orchestrated by proapoptotic proteins and antiapop-
totic proteins [34,35]. The production of cytochrome c from the mitochondrial intermem-
brane space into the cytoplasm induced by the intrinsic pathway can eventually activate the
critical caspase cascade and the generation of the apoptosome, leading to the progression
of apoptosis [36,37]. Accumulating evidence has indicated that certain pharmaceutical
compounds cause apoptosis through the production of excessive intracellular ROS [38–41].
In agreement with these previous studies, the results of the present study show that com-
pound 275# significantly downregulated antiapoptotic proteins, Bcl-2 and Bcl-XL, while
it upregulated the proapoptotic proteins, Puma and Bax, and promoted the release of
cytochrome c from mitochondria to cytosol, resulting in the decrease in ΔΨm. Moreover,
these effects exerted by compound 275# can be remarkably rescued in response to NAC
treatment. Based on these data, it was hypothesized that compound 275# exerted its anti-
cancer effects on CRC cells by inducing intrinsic apoptosis following treatment, and this
was due to the intracellular accumulation of ROS.

Autophagy is a self-degradative process that is associated with cell proliferation, sur-
vival, tumorigenesis, development, and stress responses [42]. Interestingly, intracellular
ROS accumulation has previously been reported to initiate autophagy [43]. In this study,
we found that enhanced LC-3 II was induced by compound 275# treatment in vitro, while
the autophagic flux marker, p62, was markedly reduced. Moreover, the fusion between
autophagosome and lysosome was facilitated after treatment with compound 275#, sup-
ported by a tandem RFP-GFP-tagged LC3B autophagy reporter system. Surprisingly, the
autophagy inhibitor 3-MA blocked the compound 275#-induced accumulation of LC-3-II.
However, the antioxidants NAC markedly abolished compound 275#-induced ROS gen-
eration and autophagy. The present data clearly support our hypothesis that compound
275# primarily initiates autophagy rather than the late stage of autophagy, such as the
fusion between autophagosome and lysosome, and autophagy activation is triggered by
ROS accumulation. Considerable evidence has indicated that apoptosis and autophagy
were thought to be two mutually cross-regulated cellular events because they share several
critical molecular regulators, such as JNK1, Bcl-2, and Beclin 1 [44–47]. Hence, future exper-
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iments will be undertaken to clarify the complex mutual regulatory mechanism between
autophagy and apoptosis induced by compound 275#.

4. Materials and Methods

4.1. Reagents and Antibodies

Methylthiazolyldiphenyl-tetrazolium bromide (MTT, ST316), N-Acetylcysteine (NAC,
S0077), Z-VAD-FMK (C1202), and crystal violet staining solution (C0121) were obtained
from Beyotime Biotechnology (Shanghai, China). 3-Methyladenine (3-MA, S2767) was pur-
chased from Selleckchem (Houston, TX, USA). Anti-ATF4 (11815S), anti-BIP (3177S), anti-
CHOP (2895S), anti-eIF2α (5324S), anti-Phospho-eIF2α (Ser51) (3398S), anti-Bax (41162S),
anti-BCL2 (15071S), anti-Bcl-xL (2764S), anti-Puma (98672S), anti-LC3B (3868S), anti-
SQSTM1/p62 (88588S), anti-Cytochrome c (4272S), anti-Caspase-3 (9662S), anti-PARP
(9532S), and anti-β-Tubulin (2128S) antibodies were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA).

4.2. Cell Lines and Culture

Human colorectal cancer cell lines HCT116 and HCT8 were obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA). HCT116 and HCT8 cells were
cultured in McCoy’s 5a (FBS, 10100147, thermofisher Scientific, Waltham, MA, USA) and
RPMI 1640 (Cytiva, SH30022.01, Xcellerex, MA, USA) medium supplemented with 10% fe-
tal bovine serum (FBS, 10100147, thermofisher Scientific, Waltham, MA, USA), respectively.
All cells were cultured in an incubator with a humidified atmosphere of 5% CO2 at 37 ◦C.

4.3. Cell Viability Assay

The inhibitory effect of compound 275# on HCT116, HCT8, and normal adult colonic
epithelial cell line FHC was determined by MTT assay. Cells were harvested at a density of
90% and counted and seeded into a 96-well plate (1 × 103 cells per well) containing 200 μL
complete medium. After incubation for 24 h, cells were treated with compound 275# at
various concentrations (0, 0.39, 0.78, 1.56, 3.125, 6.25, 12.5, 25, and 50 μM) and incubated
for 1, 2, 3, 4, and 5 days, respectively. Subsequently, 20 μL MTT solution (5 mg/mL) was
added to each well and incubated with the cells for 4 h. The medium was discarded, and
150 μL dimethylsulfoxide (DMSO) was added to each well to dissolve the formazan. The
absorbance was measured at 570 nm using a microplate reader (Bio-Tek, Winooski, VT,
USA). All experiments were performed in triplicate. The cell viability of the HCT116, HCT8,
and FHC cell lines was calculated using GraphPad® Prism 9.0 software (Dotmatics, Boston,
MA, USA).

4.4. Colony Formation Assay

For the colony formation assay, HCT116 and HCT8 cells were seeded into a 6-well
plate at a density of 1000 cells per well supplemented with 2 mL complete medium, and
the cells were subsequently incubated for 24 h. After exposure to compound 275# at
concentrations of 0, 5, 10, or 20 μM for 14 days, the colonies formed were washed with
cold phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 25 min and
then stained with 0.5% crystal violet for 30 min at room temperature. The plates were
scanned and visualized using a Perfection V800 Photo scanning apparatus (Seiko Epson
Corporation, Tokyo, Japan). All statistical measurements were performed in triplicate.

4.5. Immunoblotting

Both HCT116 and HCT8 cells were treated with compound 275# alone at concentra-
tions of 0, 5, 10, and 20 μM for 12 h or in combination with 5 mM NAC for 4 h. Subsequently,
the harvested cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (150 mM
NaCl, 1% Nonidet P-40 (NP-40), 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), 25 mM Tris-HCl (pH 7.4), and 1 mM EDTA (pH 8.0)) supplemented with Halt™ Pro-
tease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, USA) on
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ice for 30 min. The lysates were centrifuged at 15,000× g for 20 min, and the supernatants
were collected. Total protein concentrations of supernatants were quantified using BCA
(Bicinchoninic acid) Kit (Beyotime, P0010, Shanghai, China). An equal amount of total pro-
teins for each sample (30 μg) was loaded, separated by 10% and 15% SDS-polyacrylamide
gel electrophoresis, and transferred to polyvinylidene difluoride (PVDF) membranes (Milli-
poreSigma, St. Louis, MO, USA). After that, the membranes were blocked with 5% fat-free
milk in TBST for 2 h at room temperature, incubated with the indicated primary antibodies
overnight at 4 ◦C, and then incubated with the IRDye® 800CW goat anti-mouse IgG (H+L)
or IRDye® 680LT donkey anti-rabbit IgG (H+L) (LI-COR Biosciences) secondary antibody
at room temperature in a dark environment for 1 h. Finally, antibody-bound membranes
were washed 3 times in TBST each for 5 min, and immunoreactivity was visualized using
an Odyssey Two-Color Infrared fluorescence Imaging System (LI-COR Biosciences, Lincoln,
NH, USA).

4.6. Cell Apoptosis Analysis

The apoptosis of HCT116 and HCT8 was assayed by the Annexin V-FITC Apoptosis
Detection Kit (C1062S, Beyotime, Shanghai, China) according to the manufacturer’s proto-
col. Briefly, cells were seeded into a 60 mm dish with a density of 2 × 106 cells per dish
and cultured overnight. After pretreatment with NAC (5 mM) or Z-VAD-FMK (50 μM) for
1 h, cells were exposed to different concentrations of compound 275# for 24 h. All treated
samples were collected and washed with PBS and then incubated with annexin V-FITC
and PI for 30 min at room temperature in the dark. Finally, cells were measured with
flow cytometry, and the apoptosis ratio was analyzed using FlowJo 7.6.1 analysis software
(Becton Dickinson, San Jose, CA, USA).

4.7. Mitochondrial Membrane Potential (MMP, ΔΨm) Assay

The ΔΨm of HCT116 and HCT8 was measured using an enhanced mitochondrial
membrane potential assay kit with JC-1 (C2003S, Beyotime, Shanghai, China). Briefly,
cells were seeded into a 60 mm dish with a density of 2 × 106 cells per dish and cultured
overnight. Cells were pretreated with 5 mM NAC for 1 h and then treated with compound
275# for additional 24 h until harvested for further incubation with the mitochondria-
specific fluorescent dye JC-1 for 20 min at 37 ◦C. Then, JC-1 dye was removed and washed
twice with JC-1 buffer. Finally, the ΔΨm of cells was measured by flow cytometry and
analyzed by FlowJo 7.6.1 analysis software.

4.8. Determination of ROS Formation

The amount of cellular ROS was measured by Reactive Oxygen Species Assay Kit
(S0033S, Beyotime, Shanghai, China). Briefly, cells were seeded into a 60 mm dish with a
density of 2 × 106 cells per dish and cultured for 24 h. Cells were pretreated with 5 mM
NAC for 1 h or with DMSO alone (control) before adding compound 275# (up to 20 μM)
for 2 h. After rinsing with PBS, the cells were incubated with 10μM Dichloro-dihydro-
fluorescein diacetate (DCFH-DA) for another 20 min in the dark at 37 ◦C, followed by flow
cytometry detection to determine the level of cellular ROS. The analysis of cytometry data
was achieved using FlowJo 7.6.1 software.

4.9. Fluorescence Observation of RFP-GFP-LC3B

For autophagy analysis, HCT116 cells stably expressed RFP-GFP-LC3B were con-
structed by lentivirus infection. Lentivirus packaging vectors (Pspax2, pMD2G) and RFP-
GFP-LC3B were cotransfected into HEK293T cells using Lipo8000 Transfection Reagent
(C0533, Beyotime, Shanghai, China) according to the manufacturer’s protocols. Viral par-
ticles were harvested after 48 h transfection and then added directly into HCT116 cells
with the assistance of Polybrene (10 μg/mL). Subsequently, cells were selected by 5 μg/mL
puromycin to obtain the cell-stable expression clones. The stable RFP-GFP-LC3B-expressing
cells were pretreated with 3-MA (1 mM) or NAC (5 mM) for 1 h and further incubated
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with or without compound 275# for 12 h. The fluorescent LC3B dots were captured and
analyzed by the high-content analysis system-operetta CLSTM (Perkinelmer, Waltham,
MA, USA).

4.10. Statistical Analysis

All experiments were performed in triplicate. GraphPad Prism version 9.0 (GraphPad
Software, San Diego, CA, USA) was used for statistical analysis. Data were presented as
mean ±standard deviation, and the ANOVA method was used to compare differences
between groups. p < 0.05 was considered to be significant.

5. Conclusions

In summary, a novel compound, termed compound 275#, was synthesized using
pharmaceutical methods, and we found that it exhibits inhibitory effects on CRC cells.
Interestingly, compound 275# promoted a mitochondria-mediated intrinsic apoptosis path-
way and autophagy initiation due to the intracellular accumulation of ROS. Therefore, our
findings favorably imply the antitumor mechanism of compound 275# and offer evidence
of its potential as a promising new lead compound in the discovery of chemotherapeutic
agents for CRC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28073211/s1, Figure S1: 1H NMR and 13C NMR spectra
of compound 275#. Figure S2: Most of the ROS induced by compound 275# mainly originate from
mitochondria. Figure S3: The protein level of p53 was not influenced by compound 275# and inferred
that proapoptotic effect of compound 275# may be not mediated by p53. Figure S4: Pretreatment with
Z-VAD-FMK can significantly improve cell viability and reduce the inhibitory effect of compound
275# on CRC cells.
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Abstract: Over the last few years, much attention has been paid to phytocannabinoids derived from
Cannabis for their therapeutic potential. Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol (CBD)
are the most abundant compounds of the Cannabis sativa L. plant. Recently, novel phytocannabinoids,
such as cannabidibutol (CBDB) and cannabidiphorol (CBDP), have been discovered. These new
molecules exhibit the same terpenophenolic core of CBD and differ only for the length of the alkyl
side chain. Roles of CBD homologs in physiological and pathological processes are emerging but
the exact molecular mechanisms remain to be fully elucidated. Here, we investigated the biological
effects of the newly discovered CBDB or CBDP, compared to the well-known natural and synthetic
CBD (nat CBD and syn CBD) in human breast carcinoma cells that express CB receptors. In detail, our
data demonstrated that the treatment of cells with the novel phytocannabinoids affects cell viability,
increases the production of reactive oxygen species (ROS) and activates cellular pathways related to
ROS signaling, as already demonstrated for natural CBD. Moreover, we observed that the biological
activity is significantly increased upon combining CBD homologs with drugs that inhibit the activity
of enzymes involved in the metabolism of endocannabinoids, such as the monoacylglycerol lipase
(MAGL) inhibitor, or with drugs that induces the activation of cellular stress pathways, such as the
phorbol ester 12-myristate 13-acetate (PMA).

Keywords: MCF-7; cannabidiol; ROS; oxidative stress; autophagy; altered mitochondria; cytoplasmic
vacuole; MAGL; MJN110

1. Introduction

Cannabinoids include a wide group of organic molecules, including those that are
physiologically produced in the human body, called endocannabinoids, those extracted
primarily from the Cannabis sativa L. plant, named phytocannabinoids, and synthetic
cannabinoids [1]. Recently, phytocannabinoids, in particular cannabidiol (CBD) and Δ9-
tetrahydrocannabinol (THC), have been widely exploited in several research and clinical
fields [2]. In the last few years, the homologous series of CBD has been expanded by the
isolation in a medicinal cannabis variety of novel phytocannabinoids such as cannabigerol
(CBG), cannabichromene (CBC), cannabinol (CBN) and cannabidivarin (CBDV) [3–8].
Although these compounds have similar chemical structures, they can elicit different bio-
logical actions. Phytocannabinoids demonstrated a selective anti-cancer activity in many
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cancer cell lines, by affecting cell proliferation, differentiation, and death [9]. In light of this,
a possible role as an adjuvant in many cancer therapies has been proposed. Recently, it was
found that the co-administration of cannabinoids with chemotherapeutic drugs enhanced
their efficiency, especially in chemotherapy-refractory tumors [10,11]. Phytocannabinoids
may act via dependent and/or independent cannabinoid receptor mechanisms [12,13].
CB1 and CB2 are the first cannabinoids receptors described. These are G-protein coupled
receptors (GPCR) that can be activated by endogenous and exogenous cannabinoids. More
recently, studies have shown that cannabinoids can activate other receptors, i.e., GPR55,
TRPM8 as well as other ion channels of the transient receptor potential superfamily as
vanilloid type 1–4 (TRPV1, TRPV2, TRPV3 and TRPV4) [12,14–17]. In the context of breast
cancer, the biological role of CBD in the regulation of epithelial tumor pathophysiology has
clearly emerged [18,19]. Tumor cells express CBD receptors and respond to these molecules
by activating specific signaling pathways. For instance, Shrivastava A. et al., [20] described
that in breast cancer cells, cannabidiol induces the generation of reactive oxygen species
(ROS), endoplasmic reticulum (ER)-stress and subsequently the activation of autophagic
processes. Here, we investigated in vitro the biological effects of CBD homologs, the newly
discovered CBDB or CBDP, in breast cancer models. We observed that CBD homologs in-
duced changes in ROS levels and cellular processes related to ROS signaling. Furthermore,
CBD homologs affected the morphology and functionality of several cell structures, such as
mitochondria and ER, as already demonstrated for natural CBD [21]. The combination of
CBD homologs with drugs that inhibit the activity of enzymes involved in the metabolism
of endocannabinoids, such as the monoacylglycerol lipase (MAGL), or with drugs that
induce the activation of cellular stress pathways, such as the phorbol ester 12-myristate
13-acetate (PMA), is associated with an extensive vacuolization, hyper-increased ROS
levels, and multiple alterations in organelles structure. In summary, we investigated the
biological effects of two novel CBD homologs in breast cancer cells and reported, for the
first time, the activation of catastrophic processes after the combination of CBDB or CBDP
with drugs that modulate the metabolism of endocannabinoids or regulate the activation
of specific protein kinases.

2. Results

2.1. Synthesis and Characterization of Phytocannabinoids

CBD of both synthetic and natural origin, syn CBD and nat CBD respectively, are com-
mercially available, while cannabidibutol (CBDB) and cannabidiphorol (CBDP) have been
recently discovered and isolated from the Italian medicinal variety FM2 of Cannabis sativa
L. [4,6,7]. In these works, the stereoselective synthesis of the same compounds allowed
absolute stereochemistry by comparison of their spectroscopic and optical properties [4,6,7].
Nat CBD and syn CBD are identical molecules, therefore we expect to see no difference
in their biological behavior. However, high-performance liquid chromatography coupled
to high-resolution mass spectrometry (HPLC-HRMS) analyses has recently shown that
nat CBD contains small amounts (0.1–0.5%, w/w) of two impurities corresponding to
CBD propyl and butyl homologs, cannabidivarin (CBDV) and CBDB respectively [4]. The
CBD homologs under investigation in the present work differ only by the length of the
alkyl side chain on the resorcinyl moiety. In particular, CBDB has a linear C4 (butyl) side
chain, both nat CBD and syn CBD have a C5 (pentyl) chain, and CBDP has a C7 (heptyl)
chain (Figure 1). The four cannabinoids present similar physicochemical and spectroscopic
properties: UV and FT-IR spectra are perfectly superimposable, while Nuclear Magnetic
Resonance (NMR) spectroscopy shows a difference only in the signal corresponding to
the alkyl chain; HRMS data highlight a perfect match of all m/z of the fragments with the
difference only in the number of methylene units [4,6,7]. The length of the alkyl side chain
could dramatically affect the affinity for the biological targets as it has been demonstrated
for THC, a CBD isomer [22].
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Figure 1. HPLC-HRMS analysis in positive ionization mode of the four CBD homologs under
investigation. Blue dotted lines highlight the common pattern, while red dotted lines show the
difference in the fragments due to the number of methylene units on the alkyl side chain.

2.2. CBD Homologs Treatment Significantly Decreased Cancer Cell Viability

The biological effects of phytocannabinoids are thought to be due to their affinity
to CB1 and CB2 receptors. The expression of these proteins was investigated in vitro
using a panel of breast cancer cell models (estrogen and progesterone receptor positive:
MCF-7, MDA-MB-361; and estrogen and progesterone receptor negative: MDA-MB-231).
Qualitative analysis of cannabinoid targets in vitro showed that the three breast cancer
cells express both CB1 and CB2 receptors (Figure 2A).
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Figure 2. (A) Immunoblot analysis of CB1 and CB2 receptors in MCF-7, MDA-MB-361 and MDA-
MB-231 breast cancer cell lines, p38 was used as a loading control. Densitometric quantification of
the band intensity was normalized to p38 levels using ImageJ. p-value *** < 0.001 by t-test. Effect
of cannabinoid treatment on cell viability: (B) MCF-7, MDA-MB-361 and MDA-MB-231 cells. All
the cell lines were treated with different concentrations of nat CBD, syn CBD, CBDB and CBDP for
24 h; the cell viability was measured using the MTT assay. Values are the mean ± SD. *** p < 0.0001
compared with controls.

Subsequently, before investigating the specific activity of the CBD homologs on cancer
cell lines, we screened their cytotoxicity on two different epithelial and one mesenchy-
mal breast cancer cell lines namely MCF-7, MDA-MB-361 and MDA-MB-231, using the
metabolism-dependent MTT viability assay. Cells were treated with various concentrations
(from 1 to 100 μM) of nat CBD, syn CBD, CBDB and CBDP, for 24 h. All CBD homologs
inhibited the viability of breast cell lines with lower activity in MCF-7 and MDA-MB-361
cells, while the higher effect was observed in MDA-MB-231 (Figure 2B). Table 1 summa-
rizes the IC50 values for all the tested molecules. The striking behavior of CBD homologs
treatments was the occurrence of massive cytoplasmic vacuolation in the epithelial MCF-7
cells (Figure S1). Vacuoles already appeared after 2 h of treatment and their number and
size increased after 24 h. The same changes were less pronounced in mesenchymal MDA-
MB-231 cells, while in the epithelial MDA-MB-361 cells no vacuolation occurred (Figure S1).
This preliminary analysis evidenced that MCF-7 cells while preserving their viability, dis-
played macroscopic morphological alterations upon CBD homologs administration. To
shed light on the possible intracellular effects, we focused on the comparative analyis of
the four CBD homologs on this cellular model. Indeed, while nat CBD and syn CBD are
identical and quite known molecules, the cellular effects of the newly isolated CBDB and
CBDP are not investigated yet. The nat and syn CBD are used as reference molecules.
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All the experimental data presented in the following sections have been performed using
the four CBD homologs, although particular attention will be dedicated to the two new
ones, at a concentration of 10 μM. In line with the literature [18,23,24], this is a working
concentration that induces biological responses without dramatic effects on cell viability.

Table 1. IC50 values (μM) are reported as mean ± S.D. of three independent experiments (n = 3).
MCF-7, MDA-MB-361 and MDA-MB-231 cells were treated with nat CBD, syn CBD, CBDB and CBDP
(from 0 to 100 μM) for 24 h.

Compounds MCF-7 MDA-MB-361 MDA-MB-231

NAT CBD 58.6 ± 0.1 49.8 ± 1.5 46.6 ± 1.0
SYN CBD 59.0 ± 1.2 53.2 ± 0.8 45.3 ± 0.9

CBDB 57.4 ± 1.2 56.4 ± 1.2 48.4 ± 0.6
CBDP 56.7 ± 0.4 60.9 ± 0.4 49.3 ± 1.4

2.3. CBD Homologs Treatment Significantly Increased ROS Production in MCF-7 Cells

An increase in the oxidative stress has been detected in cancer cells after CBD treat-
ment due to a massive increase of ROS production that leads to the activation of apoptosis
and autophagy [14,16,17]. Starting from these data, we analyzed ROS levels in MCF-7
cells treated with 10 μM nat CBD, syn CBD, CBDB and CBDP for 24 h using the 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) staining. The DCFH-DA probe is nonflu-
orescent in its initial form, but it can be easily oxidized by intracellular ROS, leading to the
formation of the fluorescent product dichlorofluorescein (DCF). The antioxidant N-acetyl
cysteine (NAC) was used to counteract ROS production. As shown in Figure 3A,C, a signif-
icant increase in intracellular ROS levels was observed in MCF-7 cells treated with CBD
homologs. On the contrary, NAC treatment in association with CBD homologs reverted
the relative fluorescence intensity to a value lower than control, due to a remarkable ROS
scavenging effect (Figure 3B,C).

2.4. CBD Homologs Treatment Altered Mitochondria and ER in MCF-7 Cells

To establish if there is a correlation between ROS production and impaired mito-
chondrial functions, we used two mitochondria stains, Mitotracker Red and MitoTracker
Green. The first is an indicator of mitochondrial membrane potential that selectively stains
active mitochondria, while MitoTracker Green allows the detection of the mitochondrial
morphology and mass. When MCF-7 cells were exposed to 10 μM CBDB or CBDP for 24 h,
the Mitotracker red fluorescence intensity dramatically dropped as compared to the control
(Figure 4A). Similar results were obtained with nat CBD and syn CBD (data not shown). On
the other hand, the MitoTracker Green fluorescence signal remained similar in control and
treated cells (Figure 4B). These observations suggest that the treatment with CBD homologs
leads to an alteration of the mitochondrial functionality without an appreciable decrease of
the mitochondrial mass. The loss of the mitochondrial function was also accompanied by a
substantial decrease of ATP, whose levels dropped by approximately 35–40% compared to
controls in MCF-7 cells treated with all CBD homologs (Figure 4C).
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Figure 3. Representative fluorescent images of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA)
staining in MCF-7 cells and its corresponding image in bright field (BF). (A) MCF-7 cells treated for
24 h with vehicle (CTRL), CBDB or CBDP (10 μM). (B) MCF-7 cells treated with CBDB or CBDP (10
μM) and 1 mM N-acetylcysteine (NAC), for 24 h. All images were taken by Evos m7000 fluorescence
microscope objective 10x, scale bar 275 μm. (C) Fluorescence intensity quantification by a fluorescence
microplate reader for DCF staining in MCF-7 cells control and after CBD, and NAC+ CBD homologs,
after 24 h. Values are the mean ± SD. **** p < 0.0001 compared with controls.
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Figure 4. Representative fluorescent images of the mitochondrial function. MCF-7 cells were treated
with vehicle (CTRL), CBDB and CBDP (10 μM) for 24 h. (A) Cells were stained with the membrane
potential-dependent dye MitoTracker CMXRos. (B) Cells were stained with the MitoTracker Green
FM. Both fluorescent markers were imaged with an Evos m7000 fluorescence microscope. Scale
bar 150 μm, objective 20x. (C) After treatments, the cellular ATP level was measured with the
CellTiter-Glo 2.0 cell viability luminescence assay. Values are the mean ± SD. *** p < 0.001 compared
to controls; ns not significant.

To further elucidate the effects of CBDB and CBDP treatment in MCF-7 cells, ultra-
structural analysis employing transmission electron microscopy (TEM) was performed.
TEM imaging revealed multiple damages to cellular organelles. Interestingly, as already
observed by optical imaging, cytoplasmic vacuolations were detected. In addition, mito-
chondria with altered morphology, such as rounded and rod-like mitochondria and dilated
cristae were distinguished (Figure 5B, panel a, red arrow). Figure 5B (panel a–e, black
arrows) displays swollen mitochondria, with broken cristae and decreased electron density
of the lumen.

TEM imaging also revealed multiple dramatic changes in other cellular compartments
after CBDB or CBDP (10 μM) exposure. Figure 6B shows the accumulation of double-
membrane (Figure 6B, red asterisk) autophagic vacuoles containing cellular organelles and
electron-dense material (Figure 6B, black arrows). Figure 6C shows that the ER also appears
enlarged and disassembled (red arrows). These data were confirmed by ER staining with
ER tracker which exhibited an increased fluorescence signal surrounding the vacuole
membrane, suggesting that some cytoplasmic vacuolations can also arise from the ER
membranes, due to a massive ER stress (Figure 7A).

The presence of late autophagic vesicles in cells treated with CBD homologs was also
indirectly confirmed through staining with LysoTracker Red, as it is selective for acidic
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organelles. Cell nuclei were stained with Hoechst 33342. MCF-7 cells treated with CBD
homologs displayed a higher number of lysosomes, compared to the control (Figure 7B).
This observation suggests a massive presence/accumulation of autophagolysosomes.

 

Figure 5. Representative TEM images of cell morphology. (A) MCF-7 control cells (treated with
DMSO as a vehicle). Scale bar 2 μm. (B) MCF-7 cells exposed to CBDB or CBDP (10 μM) for 24 h.
Mitochondria with dilated cristae( panel a,b, red arrows); swollen mitochondria with crests in the
process of breaking (panel a–e; black arrows). Scale bar 1 μm.
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Figure 6. Representative TEM images of cell morphology. (A) MCF-7 control cells (treated with
DMSO, as vehicle). Scale bar 2 μm. (B,C) MCF-7 cells fixed exposed to CBDB or CBDP (10 μM) for
24 h; (B) double-membrane autophagic vacuoles red asterisk, autophagosomes black arrows, (C)
outstretched ER red arrows.

94



Molecules 2021, 26, 5576

 

Figure 7. Representative fluorescent images of organelle structures. MCF-7 cells were treated with
vehicle (CTRL) or CBDB and CBDP (10 μM) for 24 h. (A) Cells were stained with ER TrackerTM to
visualize endoplasmic reticulum membranes. (B) Cells were stained with Hoechst (0.5 mg/mL) and
Lysotracker Red DND-99 (100 nM) according to the manufacturer’s recommendations and imaged
with an Evos m7000 fluorescence microscope. Scale bar 150 μm, objective 20×.

2.5. Biological Effects of CBD Homologs in Combination with Either an MAGL Inhibitor
2,5-Dioxopyrrolidin-1-yl 4-(bis(4-chlorophenyl)methyl)piperazine-1-carboxylate (MJN110) and
Phorbol Ester 12-Myristate 13-Acetate (PMA)

We analyzed the effect of CBD homologs on MCF-7 cells in combination with MJN110
(2,5-dioxopyrrolidin-1-yl 4-(bis(4-chlorophenyl) methyl)piperazine-1-carboxylate), a MAGL
inhibitor. MAGL is an enzyme that, in addition to its ability to hydrolyse monoglycerides,
has been shown to have a role in endocannabinoid catabolism. Indeed it can hydrol-
yse 2-arachidonoyl glycerol into arachidonic acid [25]. In particular, the treatment with
MJN110 (1 μM) in combination with CBDB or CBDP induced severe cellular morphological
changes, with an increase of about 30% in the number of cytoplasmic vacuolations, as
compared to the treatments with the individual molecules (i.e., CBD homologs or MJN110)
(Figure S2A,B). A similar effect, with a more prominent increase in cytoplasmic vacuola-
tions (about 60%) was observed by treating the cells with CBDB or CBDP in combination
with PMA (100 nM), a drug that has been shown to induce the activation of different
cellular stress pathways [26,27] (Figure S2A,C). Furthermore, we observed a rise in ROS
levels in MCF-7 cells treated with both MJN110 and PMA (Figure 8). Dramatic changes
in cell morphology, as well as in organelle structures, were confirmed by TEM imaging of
MCF-7 cells treated with CBDB or CBDP in the presence of MJN110 (Figure S3). In addition,
double-membrane vacuoles, containing degrading materials, were much more increased
in MJN110-CBD homologs treated cells, as compared to their control. Treatment with
PMA, in the same way, highlighted the presence of cytoplasmic vacuolations related to
disassembled ER and mitochondria (Figure 9). The dramatic changes in cell morphology, as
well as in organelle structures, appeared more catastrophic than those previously observed
after the treatments with CBDB or CBDP alone or with MJN110 or PMA alone. As we
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mentioned before, the treatment of MCF-7 cells with CBDB or CBDP also induced ER
and/or mitochondria dilation. Notably, after the combined exposure to CBD homologs
and the two drugs, the morphological changes at the ER level and the quantitative increase
of the lysosomes were even more remarkable (Figures S4 and S5).

Figure 8. (A) Intensity quantification by a fluorescence microplate reader for DCFH-DA staining in
MCF-7 cells after 24 h treatment with CBD (10 μM), and MJN110 (1 μM) + CBD homologs. Values are
the mean ± SD. **** p < 0.0001 compared with controls. (B) Intensity quantification by a fluorescence
microplate reader for DCFH-DA staining in MCF-7 cells, including control samples (DMSO) and
cells treated for 24 h with CBD (10 μM), and PMA (100 nM) + CBD homologs. Values are the mean ±
SD. **** p < 0.0001 compared with controls.

 

Figure 9. Representative TEM images of cell morphology. (A) MCF-7 cells were treated with vehicle
(DMSO) and PMA (100 nM), showing normal cell organelles. Scale bar 2 μm. (B) MCF-7 cells were
incubated with CBDB + PMA (100 nM), highlighting the presence of cytoplasmic vacuolations related
to disassembled ER and mitochondria. Scale bar 1 μm.
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3. Discussion

Here we conducted an in vitro study to investigate the biological effects of the newly
discovered CBDB or CBDP, compared to the well-known nat CBD and syn CBD. As already
mentioned, the CBD homologs under investigation differ only by the length of the alkyl
side chain on the resorcinyl moiety. CBDB has a linear C4 (butyl) side chain, both nat
CBD and syn CBD have a C5 (pentyl) chain, and CBDP has a C7 (heptyl) chain. The
length of the alkyl side chain may affect the affinity for some biological targets as it has
been demonstrated for THC, which is a CBD isomer [22]. Furthermore, due to their
implication in the control of cell growth and death, cannabinoids have been proposed as
a new adjuvant in cancer therapy of various malignancies, such as prostate and breast
cancer [17,28]. As already described, phytocannabinoids may act via dependent and/or
independent cannabinoid receptor mechanisms [13,15]. In the context of breast cancer, the
biological effect of CBD in the regulation of epithelial tumor pathophysiology has clearly
emerged [18,19] and is thought to be due to multiple molecular targets including the CB1
and CB2 receptors. The expression of these proteins was investigated in vitro using a panel
of breast cancer cell models (estrogen and progesterone receptor positive: MCF-7, MDA-
MB-361; and estrogen and progesterone receptor negative: MDA-MB-231). Qualitative
analysis of cannabinoid targets in vitro showed that CB1 and CB2 were expressed in all
breast cancer cells confirming already published data [29] (Figure 2A).

Within this frame, the cellular effects of the newly isolated CBDB or CBDP are not
investigated yet. First we tested the antiproliferative effects of the four CBD homologs,
using the metabolism-dependent MTT viability assay. For this aim, we treated MCF-7,
MDA-MB-361 and MDA-MB-231 (Figure 2B) with different concentrations (1–100 μM) of
nat CBD, syn CBD, CBDB and CBDP, for 24 h.

All tested molecules showed an anti-proliferative effect in triple negative, estrogen
receptor positive (ER+) and progesteron receptor positive (PR+) breast tumor cell lines.
More in detail, MCF-7 and MDA-MB-361 showed a lower sensitivity to CBDB or CBDP
treatment in comparison to MDA-MB-231, as described in Table 1. Additional investigations
are needed to gain further insights into the cellular mechanisms and the role of ER/PR
signalling in CBD homologs sensitivity. Taken together, these preliminary data show that
the three cellular models were sensitive to CBD homologs treatment in vitro, despite their
different regulation of intracellular signaling pathways.

This is consistent with previous work which cannabinoids affect breast cancer growth
with both ER-dependent and -independent mechanisms [20,30].

The microscopic examination of the cells treated with 10 μM CBD homologs revealed
massive cytoplasmic vacuolation, especially in MCF-7 cells, a clear signal of cellular stress
(Figure S1). A similar effect was observed in mesenchymal MDA-MB-231 cells but in a
milder way, while in the epithelial MDA-MB-361 cells no vacuolation occurred (Figure S1).
The latter interesting observation needs further investigations that are not included in
the present study. In a recent paper similar vacuolar structures were observed in MCF-7
cells treated with a cannabinoid combination: the authors did not determine the origin
of these structures but excluded a possible origin from the plasma membrane [31]. They
proposed that the cytoplasmic vacuoles could be derived from the ER; they also detected an
increased number of lysosomes and the dilation of both ER and mitochondria, resulting in
the activation of autophagy and paraptosis pathways. Similarly, Fang W. et al., [32] found
that CBD could activate the mitochondrial apoptosis pathway and cause cell damage due
to the continuous increase of intracellular ROS. This increase led to the reduction of the
mitochondrial transmembrane potential, the opening of the mitochondrial permeability
transition pore (mPTP) with subsequent release of cytochrome C into the cytoplasm [33,34],
finally resulting in the activation of the mitochondrial-dependent apoptosis pathway. The
apoptotic event is preceded by the cell cycle arrest in various cancer models [1,17,35].
Another recent study confirmed that the CBD treatment triggered multiple intracellular
effects in MCF-7 cells, such as increased Ca2+ levels, ROS accumulation and ER stress,
finally leading to the induction of apoptosis [14].
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The present study shows that under the tested conditions, all the four CBD homologs
exhibited similar behavior, though only the results obtained with the two novel phyto-
cannabinoids have been presented herein. The CBD homologs induced a significant boost
of ROS production (Figure 3A), lowering of the mitochondrial functionality (Figure 4),
alteration of cell organelles (Figures 5 and 6), ER modification (Figure 7A) and increase
in the number of lysosomes (Figure 7B). By the DCFH-DA test the intracellular increase
of ROS levels upon CBDB or CBDP treatment was detected (Figure 3C). In addition, the
combined treatment of cells with the CBD homologs and NAC evidenced a significant
decrease in the relative fluorescence intensity, thanks to the ROS scavengering effect of
NAC (Figure 3C). Furthermore, the CBD-driven ROS production is related to the activa-
tion of apoptosis, due to impaired mitochondrial function [36], but it is also associated
with autophagy [37]. To investigate whether the new CBDB and CBDP led to an im-
paired mitochondrial function we used two mitochondria stains, Mitotracker Red and
MitoTracker Green. In particular, MitoTracker Red is a membrane potential-sensitive dye
and is non-fluorescent until entering an actively respiring cell, while MitoTracker Green
covalently binds to mitochondrial matrix proteins and allows to monitor the mitochondrial
morphology. Figure 4A,B shows that the treatment with both CBDB or CBDB leads to
an alteration of the mitochondrial functionality without an appreciable decrease of the
mitochondrial mass. The functional loss was also accompanied by a substantial decrease
of ATP whose levels dropped by approximately 35–40% in MCF-7 cells treated with all
CBD homologs, compared to controls (Figure 4C). A recent study have documented that
CBD directly targets mitochondria, revealing multiple dramatic changes in their function
and morphology such as swelling and lacking cristae in Jurkat cells [34]. Moreover, the
presence of double-membrane vacuoles, containing degrading material (autophagosomes),
and the disassembly of Golgi and ER was described. Through the ultrastructural analysis
of the CBD homolog-treated cells, we detected multiple damages to cell organelles. First of
all, mitochondria with altered morphology were distinguished: in particular the presence
of dilated cristae, rounded, rod-like and swollen mitochondria with broken cristae and
decreased electron density of the lumen was recognized (Figure 5). TEM imaging also
revealed multiple dramatic changes in other cellular compartments. Figure 6B shows the
accumulation of double-membrane autophagic vacuoles containing cellular organelles and
electron-dense material, while Figure 6C reveals that the ER also appears enlarged and
disassembled. This data was confirmed by ER staining with an ER tracker. Indeed, in
treated cells, an intense fluorescence signal, likely due to massive ER stress, was detected
(Figure 7A). These findings are in accordance with the literature [31]. In addition, the
presence of autophagic vesicles in cells exposed to CBD homologs was confirmed through
staining with LysoTracker Red, as it is selective for acidic organelles. This optical analysis
denotes the accumulation of autophagolysosomes that could be due to an impairment of
the autophagic process. Indeed, Shrivastava et al. [20] have shown that CBD may affect the
complex cross-talk between autophagy and apoptosis. More recently, Huang et al. reported
that CBD, acting via TRPV4, caused mitochondrial dysfunction and lethal mitophagy arrest
leading to autophagic cell death in glioma cells [38].

In human cancer cells, the enzyme MAGL plays a major role in the regulation of several
processes including cell growth, survival, migration, and invasion [39]. The combination of
CBD homologs with drugs that inhibit the activity of enzymes involved in the metabolism
of endocannabinoids, such as MAGL inhibitor (MJN110), or with drugs that induce the
activation of cellular stress pathways [26,27], such as PMA, is associated with an extensive
vacuolization, increased ROS levels, and multiple alterations in cellular organelles, whose
effects look more dramatic than those observed when cells were exposed to the CBD
homologs alone. Indeed, the combined treatment with CBD homologs and with the
drugs (either MJN110 (1 μM) or PMA (100 nM)) induced severe cellular morphological
changes, with an increase of about respectively 30% and 60% in the number of cytoplasmic
vacuolations (Figure S2). Furthermore, a remarkable rise of ROS levels (Figure 8) and
dramatic changes of the organelles structure (Figure S3) were detected in the combined
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treatment. In the case of PMA treatments, the effects on the cell structures appeared even
more catastrophic. In particular, Figure 9 displays a huge number of double-membrane
vacuoles containing degrading materials, and the presence of cytoplasmic vacuolations,
likely associated with disassembled ER and mitochondria. Further morphological changes
at the ER level and an increased number of lysosomes are shown in Figures S4 and S5,
respectively. It has been reported that phytocannabinoids exert their action via CB receptor-
dependent and independent ways [13,15]. In this regard, it has been also described that
mitochondria are the primary CBD target in Jurkat cells [34] and our results are in line with
these results.

Hence, CBDB and CBDP are two phytocannabinoids discovered only recently [4,6,7],
thus their pharmacological activity is still to be investigated. It is conceivable that both
CBDB and CBDP have on the one hand biological properties similar to those of CBD but a
different affinity for the target receptors. As for their pharmacokinetics, since CBDB and
CBDP are respectively less and more lipophilic than CBD, it is believable that they may have
have different absorption rate, metabolism, binding to plasma proteins and elimination
rate. However, so far there is no scientific evidence in this sense, and this manuscript
represents the first study on the biological activity of these new CBD counterparts

4. Materials and Methods

• Cell Culture and Chemicals

The human breast cancer cell lines MCF-7, MDA-MB-361 and MDA-MB-231 were
purchased from the American Type Culture Collection (ATCC). These cell lines were
maintained in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented
with 10% (v/v) fetal bovine serum, 2% (v/v) L-glutamine 200 mM and 1% (v/v) penicillin-
streptomycin (5000 U/mL). Cells were maintained in a humidified incubator with 5% CO2
at 37 ◦C. The monoacylglycerol lipase (MAGL) inhibitor, MJN110, was purchased from
SIGMA and used at the concentration of 1 μM. N-acetyl cysteine (NAC) was purchased
from SIGMA and used at 1 mM and 1–0.1 mM, respectively. Nat CBD and syn CBD were
kindly provided by CBDepot (Teplice, Czech Republic). Reagents and solvents used in the
synthesis were of reagent grade and used without further purification.

• Synthesis and Characterization of CBD Homologs: CBDB and CBDP

CBDB and CBDP were synthesized as reported in previous works [4,7]. Briefly, the
synthetic procedure to obtain CBD involved a dropwise addition of a solution of (1S,4R)-1-
methyl-4-(prop-1-en-2-yl) cycloex-2-enol and 5-butylbenzene-1,3-diol (76 mg, 0.50 mmol,
1 eq.) in 5 mL of dry drydichloromethane (DCM) to a solution of 5-butylbenzene-1,3-diol
(83 mg, 0.50 mmol, 1eq.) and p-toluenesulfonic acid (9 mg, 0.05 mmol, 0.1 eq.) in DCM
(5 mL) at −10 ◦C, under argon atmosphere. The mixture was stirred for 1 h and then
quenched with saturated NaHCO3 (10 mL). Extraction of the mixture with diethylether
(2 × 10 mL) was followed by purification over silica gel (crude:silica gel ratio 1/200,
eluent: cyclohexane:DCM 8/2). The chromatographic fractions were analyzed by HPLC-
UV and HPLC-HRMS and those containing exclusively CBDB without impurities were
collected to give 48 mg of a reddish oil (32% yield, purity > 99%). The same procedure was
carried out for the synthesis of CBDP, but 5-heptylbenzene-1,3-diol was used in place of
5-butylbenzene-1,3-diol to obtain a linear heptyl side chain. CBDP was obtained with a
23% yield (76 mg) as a colorless oil (purity > 99%).

The purity of CBDB and CBDP was checked by HPLC-HRMS analysis using an Ul-
timate 3000 liquid chromatograph (Thermo Fisher Scientific, Grand Island, NY, USA),
equipped with a vacuum degasser, a binary pump, a thermostated autosampler, and
a thermostated column compartment. The chromatographic system was interfaced to
a heated electrospray ionization source and a Q-Exactive Orbitrap mass spectrometer
(HPLC-HRMS). The chromatographic separation was carried out on a Poroshell 120 SB-C18
(3.0 × 100 mm, 2.7 μm, Agilent, Milan, Italy). The same instrumental parameters used in
previous works were applied to confirm the identity of the synthesized compounds [4,7].
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In detail, an isocratic elution of 30% water with 0.1% formic acid (A) and 70% acetoni-
trile (ACN) with 0.1% of formic acid (B) was set for 10 min, then 95% B was pumped for
5 min and lastly, the column was re-equilibrated for 2 min with the initial conditions for
a total run time of 17 min. The flow rate was maintained constant at 0.5 mL/min. 5 μL
of 0.1 μg/mL solutions of CBDB and CBDP were separately injected into the analytical
system. The parameters of the heated electrospray ionization source were set as follows:
capillary temperature, 320 ◦C; vaporizer temperature, 280 ◦C; electrospray voltage, 4.2 kV
for positive mode and 3.8 kV for negative mode; sheath gas, 55 arbitrary units; auxiliary
gas, 30 arbitrary units; S lens RF level, 45. Analyses were acquired using the Xcalibur 3.0
software (Thermo Fisher Scientific, San Jose, CA, USA) in full scan data-dependent acqui-
sition (FS-dd-MS2) in positive and negative mode at a resolving power of 70,000 FWHM
at m/z 200. The parameters of the Orbitrap mass analyzer were as follows: scan range of
m/z 250–400, AGC of 3e6, injection time 100 ms, and isolation window for the filtration
of the precursor ions of m/z 0.7. Normalized collision energy (NCE) of 20 was used to
fragment the precursor ions. Extracted ion chromatograms (EIC) of the [M + H]+ and
[M − H]− molecular ions were derived from the total ion chromatogram with a 5-ppm
mass tolerance.

• Western Immunoblot Analysis

Cells were lysed in a RIPA buffer (Cell Signaling) supplemented with protease in-
hibitors Cocktail (1×) and sodium fluoride (NaF, 16 μL/mL). Protein concentration was
determined by the Bradford protein assay (BIO-RAD, Hercules, CA, USA). Samples were
mixed 1:1 with Laemmli buffer (SIGMA, St. Louis, MO, USA), boiled for 5 min, 90 ◦C and
25 μg of proteins were separated onto Mini-PROTEAN® TGX™ Precast Gels (BIO-RAD,
Hercules, CA, USA). Electrophoresis was run at 200 V for 60 min (IEF Cell Protean System,
BIO-RAD, Hercules, CA, USA) and consequently total protein bands were visualized by
2.5 min of UV exposure, for gel activation. The bands were then transferred to the Midi
Nitrocellulose membrane Trans-Blot Turbo (BIO-RAD, Hercules, CA, USA). The mem-
branes were blocked for 1 h in Blotto A (Santa Cruz, CA, USA) at room temperature and
subsequently probed for 1 h by the appropriately diluted primary antibodies. After three
washes with a solution containing 10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20
(TBST solution), blots were incubated with secondary antibody HRP-conjugated for 1 h at
room temperature (1:2000 dilution). Blots were then developed using the Clarity Enhanced
chemiluminescence (ECL) (BIO-RAD, Hercules, CA, USA). Primary antibodies (1:1000
dilution) were: from Santa Cruz CB1 (2F9) sc-293419, CB2 (3C7) sc-293188 and from cell
signaling p38 MAPK (#8690). Secondary antibodies (HRP-conjugated) were from Bethyl
Laboratories (1:5000 dilution) (mouse IgG-heavy and light chain antibody, A90-116P). Im-
ages shown in the paper are representative of three independent replicates. Densitometric
quantification of the band intensity was normalized to p38 levels using ImageJ.

• Cell Viability Assay

Changes in viability after the various treatments were measured using the Thiazolyl
blue tetrazolium bromide (MTT) assay. Cells were seeded in 96-well plates at a density
of 1 × 104/well and incubated at 37 ◦C in 5% CO2. After overnight incubation, the
medium was replaced with vehicle control or drug at different concentrations in DMEM
and supplemented with 10% (v/v) fetal bovine serum, 2% (v/v) L-glutamine 200 mM
and 1% (v/v) penicillin-streptomycin (5,000 U/mL). The cell lines were maintained in
a humidified incubator with 5% CO2 at 37 ◦C. After 24 h, upon completion of the drug
treatments, the medium was removed and replaced with a serum-free medium containing
2 mg/mL MTT and incubated for 2 h at 37 ◦C. The MTT reagent was then removed and
the formazan crystals were solubilized using dimethyl sulfoxide. The absorbance was read
using the CLARIO star Plus microplate reader (570 nm). The absorbance of the vehicle
control was subtracted and the percentage control was calculated as the absorbance of the
treated cells/control cells × 100.
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• Measurement of Reactive Oxygen Species (ROS)

To detect the changes in intracellular ROS levels, 2′,7′- dichlorofluorescein diacetate
(DCFH-DA, Sigma-Aldrich) staining was used (Hyeoncheol Kim et al.). DCFH-DA is a
stable, fluorogenic and non-polar compound that can readily diffuse into the cells and
get deacetylated by intracellular esterases to a non-fluorescent 2′,7′- dichlorodihydroflu-
orescein (DCFH) which is later oxidized by intracellular ROS into highly fluorescent
2′,7′-dichlorofluorescein (DCF). The intensity of fluorescence is proportional to intracellular
ROS levels. MCF-7 cells were seeded at a density of 2 × 105 cells per well in 24 well plates
and were allowed to attach overnight. On the first day of treatment, the medium was
replaced with the fresh ones containing the vehicle control, CBD homologs (10 μM), NAC
(1 mM), PMA (1 μM) and MJN110 (1 μM) respectively. After 24 h, upon completion of the
drug treatment, the spent medium was removed. The cells were washed once with fresh
DMEM, and twice with 1X PBS and incubated with DCFH-DA in a final concentration of
10 μM for 30 min. Cells were rinsed with PBS and representative fluorescent images for
each well using the green fluorescent protein (GFP) channel on an Evos m7000 fluorescence
microscope were taken. After taking images, PBS was removed and a radioimmunopre-
cipitation assay (RIPA) buffer was added to each well. The collected cells were incubated
at −80 ◦C for 20 min and then centrifuged at 21,130× g for 10 min at 4 ◦C. The collected
supernatant was transferred to a black 96 well plate and the fluorescence intensity mea-
sured using the CLARIO star Plus microplate reader at an excitation wavelength of 485 nm
and an emission wavelength of 530 nm. After fluorescence recording, 5 μL of supernatant
were transferred to a clear 96 well plate containing 195 μL of 1× protein assay solution to
measure the protein concentration using the BCA assay. The fluorescence intensity was
normalized to the protein concentration.

• MitoTracker Staining

The determination of the mitochondrial membrane potential was performed with
the Mitotracker assay. MCF-7 cells were seeded at a density of 2 × 105 cells per well in a
24-well plate and were allowed to attach overnight, 37 ◦C. On the first day of treatment, the
medium was replaced with vehicle control or CBD homologs (10 μM) in DMEM. After 24 h,
upon completion of drug treatments, the spent medium was removed. The cells were then
washed with fresh DMEM prior to incubating them with 75 nM of either MitoTracker™
Green FM or MitoTracker™ Red CMXRos in pre-warmed medium, without FBS, for 30 min,
at 37 ◦C. Then the medium was removed, the cells were rinsed with PBS and representative
fluorescent images for each well using respectively the GFP and the RFP channel on an
Evos m7000 fluorescence microscope were taken.

• CellTiter-Glo 2.0 Cell Viability Assay

The quantification of the cellular ATP was performed using the CellTiter-Glo 2.0 cell
viability assay. Cells were seeded in 96-well plates at a density of 1 × 104 /well and
incubated at 37 ◦C in 5% CO2. After overnight incubation, the medium was replaced with
either vehicle control or drug at different concentrations in DMEM and supplemented
with 10% (v/v) fetal bovine serum, 2% (v/v) L-glutamine 200 mM and 1% (v/v) penicillin-
streptomycin (5000 U/mL). The cell lines were maintained in a humidified incubator with
5% CO2, at 37 ◦C. After 24 h, upon completion of the drug treatments, the CellTiter-Glo 2.0
reagent was added into each well at the equivalent volume of cell culture medium in the
well. Then, the contents were mixed vigorously for 5 min to induce cell lysis, and the plate
was incubated at room temperature for an additional 25 min to stabilize the luminescent
signal. Afterward, the supernatants were transferred in technical replicates into the 96-well
opaque white-walled plate and the luminescence was measured using the CLARIO star
Plus microplate reader.

• Ultrastructural Analysis of the Cellular Samples

MCF-7 cells were seeded at a density of 5 × 105 cells in Primo TC flasks 25 cm2 and
were allowed to attach overnight. Control and CBD homologs treated cells were grown
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to 80% confluency and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4,
for 2 h at 4 ◦C. The cells were washed three times, 5–10 min each, in ice-cold PBS buffer
and then post-fixed in ice-cold 1% osmium tetroxide. After 1 h, the samples were washed
three times in PBS and dehydrated in an acetone series for 15 min each with 25, 50, 75, 90
and 100% acetone. Three steps of infiltration in a mixture of resin/acetone (1/2, 1/1 and
2/1 ratios) were performed and finally, the specimens were embedded in 100% resin at
60 ◦C for 48 h. Ultrathin sections (70 nm thick) were cut with an Ultramicrotome. TEM
images were recorded on a JEOL Jem1011 microscope operating at an accelerating voltage
of 100 kV (Tokyo, Japan).

• Lysotracker Assay

The mitochondrial-lysosomal axis theory of aging postulates that oxidized material
accumulates in lysosomes as cells age, which results in a decreased degradative capacity of
lysosomes. This behavior was studied using Lysotracker staining. MCF-7 cells are seeded
at a density of 2 × 105 cells per well in a 24-well plate and are allowed to attach overnight,
at 37 ◦C. On the first day of treatment, the medium was replaced with vehicle control,
CBD homologs (10 μM), NAC (1 mM), PMA (1 μM) and MJN110 (1 μM) in DMEM. After
24 h, upon completion of the drug treatments, spent media was removed. The cells were
washed once with fresh DMEM. Cells were incubated with HOECHST (0.5 mg/mL in PBS),
for 5 min, at 37 ◦C. The Hoechst was removed and replaced with a pre-warmed medium,
without FBS, containing 100 nM LysoTracker Red DND-99 (Cat. No. L-7528). Cells are
incubated at 33 ◦C for 30 min with LysoTracker. Then the medium was removed, the cells
were rinsed with PBS and representative fluorescent images for each well using the RFP
channel on an Evos m7000 fluorescence microscope were taken.

• Endoplasmic Reticulum Staining

MCF-7 cells are seeded at a density of 2 × 105 cells per well in a 24-well plate and
are allowed to attach overnight, at 37 ◦C. On the first day of treatment, the medium was
replaced with vehicle control, CBD homologs (10 μM), NAC (1 mM), PMA (1 μM) and
MJN110 (1 μM) in DMEM. After 24 h, upon completion of the drug treatments, spent media
was removed. The cells were washed once with fresh DMEM. Cells were stained with
ER-Tracker™ Green (glibenclamide BODIPY® FL), 1 μM in pre-warmed medium, without
FBS for 15 min at 37 ◦C. Then the medium was removed, the cells were rinsed with PBS
and representative fluorescent images for each well using the GFP channel on an Evos
m7000 fluorescence microscope were taken.

5. Conclusions

Data collected in this study suggest that the treatment of MCF-7 cells with CBDB
and CBDP activates catastrophic intracellular processes. Though the newly discovered
CBDB and CBDP differ from the well-known nat CBD and syn CBD only for the length
of the alkyl side chain on the resorcinic portion, their biological effects look comparable
to those observed in cancer cells exposed to nat and syn CBD. Additionally, our results
provide evidence that CBD homologs alter the morphology and the structure of multiple
organelles, affecting cell homeostasis. These preliminary results represent the first step
of further in-depth studies required to confirm the potential use of these homologs as an
adjuvant in anticancer chemotherapy.

Supplementary Materials: The following are available online. Figure S1: Representative images of
MCF-7, MDA-MB-361 and MDA-MB-231 cells treated with cannabinoid homologs,
Figure S2: Quantification of vacuolated cells and representative images of MCF-7 cells treated with ei-
ther MJN110 or PMA, Figure S3: Representative TEM images of cell morphology,
Figure S4: Representative fluorescent images of organelles structures from MCF-7 cells treated
with MJN110, Figure S5: Representative fluorescent images of organelles structures from MCF-7 cells
treated with PMA.
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Abstract: Extra-virgin olive oil (EVOO) contains many bioactive compounds with multiple biological
activities that make it one of the most important functional foods. Both the constituents of the lipid
fraction and that of the unsaponifiable fraction show a clear action in reducing oxidative stress by
acting on various body components, at concentrations established by the European Food Safety
Authority’s claims. In addition to the main product obtained by the mechanical pressing of the
fruit, i.e., the EVOO, the residual by-products of the process also contain significant amounts of
antioxidant molecules, thus potentially making the Olea europea L. an excellent example of the circular
economy. In fact, the olive mill wastewaters, the leaves, the pomace, and the pits discharged from
the EVOO production process are partially recycled in the nutraceutical and cosmeceutical fields
also because of their antioxidant effect. This work presents an overview of the biological activities of
these by-products, as shown by in vitro and in vivo assays, and also from clinical trials, as well as
their main formulations currently available on the market.

Keywords: Olea europea L.; olive oil; olive mill wastewater (OMW); olive leaf extract (OLE); hydroxy-
tyrosol; oleuropein; polyphenols; pit; by-products

1. Introduction

Olive oil is the main product obtained from olives, fruits that come from the Olea
europaea L. evergreen trees [1]. Olive oil is a characteristic element of the Mediterranean Diet
(MD) because of the health-beneficial effects deriving from its chemical composition [2–4]
as well as its appreciable taste and usefulness in flavoring a large variety of foods. In
particular, the constituents of both lipidic and unsaponifiable fractions in extra-virgin olive
oils (EVOOs) have been demonstrated to be able to reduce oxidative stress by acting on
various biomolecules in the body, as also stated by the European Food Safety Authority
(EFSA) [5].

During the production process of EVOOs, olive milling yields a mixture of olive paste
and water. Subsequent malaxation of the olive paste allows for the separation of three
phases: (i) the olive oil, (ii) a solid residue, and (iii) the olive mill wastewater (OMW).
The last two components are produced in large quantities, and they are considered an
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agro-industrial waste whose disposal represents an important environmental problem as
the plant material is usually subjected to microbial deterioration [6,7].

Currently, in the linear economy, agricultural by-products are mainly used as combus-
tion feedstock for biofuels (Figure 1) [8,9].

 

Figure 1. From linear to the circular economy in the olive oil sector.

The most important biomasses are residues from wood working (wood shavings
and sawdust) or forestry activities, wastes from farms and agro-business, the organic
fraction of municipal solid wastes, and plants deliberately grown for energetic purposes.
Similarly, pruning wastes from olive trees are also used as biomass. However, in coherence
with the “circular economy” principle, it is important to valorize these waste products
containing high levels of secondary metabolites, thus accelerating the implementation of
the “Transforming our world: the 2030 Agenda for Sustainable Development” [10,11].

Nevertheless, the transition from linear to the circular economy requires a cultural
and structural change: a deep revision and innovation of production, distribution, and
consumption models [12]. Furthermore, from a circular economy perspective, the added
value of materials and energy must be maintained for as long as possible over multiple
productions and use cycles, representing a new opportunity also for seasonal sectors, such
as the EVOOs manufacturing industry.

Olive mill waste, olive pomace (exhausted pulp, kernel, and seeds), and vegetative
water are significant by-products of the olive oil-producing countries in the Mediterranean
basin, with a high environmental impact if not properly treated. In addition, these wastes
are rich in high-value compounds, which can be either used directly after extraction or ex-
ploited as ingredients with different applications, e.g., as food supplements, nutraceuticals,
cosmeceuticals, and animal feed.

The transition from linear to the circular economy, largely desired from stakeholders
in the olive oil sector, requires a multidisciplinary approach that exploits know-how
harmonically from different fields (Figure 2).
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Figure 2. Extra virgin olive oil’s (EVOO’s) circular economy: overview of an integrated olive
tree exploitation.

This transition would also bring an additional value, represented by the possibility
that each oil mill can integrate new processes with the pre-existing ones, with the result-
ing economic advantages, guaranteeing both product diversification and fair income for
all stakeholders, who are currently threatened by the increasing oil price trend and the
emerging Xylella pandemic.

In this review, we focused our attention on the secondary metabolites contained in
waste materials derived from the olive oil production process and their ability to reduce
oxidative stress, both in vitro and in vivo. Particular attention has been paid to their
potential exploitation in the circular economy by obtaining new high-value ingredients for
health-related products (nutraceuticals, pharmaceuticals, and cosmeceuticals).

2. Olea europea L.: Overview on Its Chemical Compounds

The most represented chemical classes in Olea europea L. tree are mainly classified as
nonpolar compounds (present in the lipophilic oil fraction, such as squalene, tocopherols,
sterols, and triterpenic compounds) and polar phenolic compounds [13].

Among the polyphenolic compounds, the most abundant and studied in olives are ty-
rosol (TY), hydroxytyrosol (HT), oleuropein (OL), oleocanthal, and verbascoside (Figure 3).

The secondary metabolites from Olea europea L. have high biological value, and they
are present in different concentrations in the various parts of the olive plant (Table 1); as
such, many of them are present in the derived EVOOs, but they can also be found in the
waste products from the production process.
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Figure 3. Most abundant polyphenols in olives: (a) tyrosol; (b) hydroxytyrosol; (c) oleuropein; (d) oleocanthal; (e) verbascoside.

Table 1. Distribution of the main classes of metabolites in the different parts of the plant Olea europea L. [13–21].

Seed Oil Virgin Olive Oil Skin Pulp Wood Leaves

Phenolic
acid/aldehydes

Phenolic
acid/aldehydes

Phenolic
acid/aldehydes

Phenolic
acid/aldehydes

Phenolic
acid/aldehydes

Phenolic
acid/aldehydes

Tocopherols Tocopherols Tocopherols

Sterols Sterols Organic acid and
coumarins

Organic acid and
coumarins

Organic acid and
coumarins

Organic acid and
coumarins

Flavonoids Simple phenols
and derivatives

Simple phenols
and derivatives

Simple phenols
and derivatives

Lignans Secoiridoids and
derivatives

Secoiridoids and
derivatives

Secoiridoids and
derivatives

Fatty acids and
derivatives Flavonoids Flavonoids

Pentacyclic
triterpenes Tocopherols

For this reason, all the materials involved in olive oil manufacturing represent a
precious reservoir that could supply extracts reusable for health purposes. The most
studied secondary metabolites are the polyphenols (or biophenols, as they are often referred
to in EVOOs) that represent a group of molecules with one or more phenolic rings [14].
These compounds can be defined as nutraceuticals for their biological/pharmacological
actions [15], mostly derived from their antioxidant properties, that play a protective role
against oxidative stress [16] and extend the shelf-life of olive oil [17].

The antioxidant activity is mainly due to five classes of polyphenols identified as
simple phenols, phenolic acids, secoiridoids, flavonoids, and lignans [18]. Among these,
OL represents the principal biophenol in the olive leaf [19], followed by other constituents
such as verbascoside, luteolin-7-O-glucoside, apigenin-7-O-glucoside, and TY [20]. Their
antioxidant activity is even higher than that of antioxidants, such as vitamins E and C [21].

3. Olea europea L. By-Products for Human Health

The plant Olea europea L. is a genus that comprises more than 40 species. To this genus
belong plants that are typical of temperate regions in the European continent, Asia, and
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Africa. We focused on Olea europaea L. because it is the only species used for obtaining oil
by pressing their fruit (i.e., the olive). On the other hand, other species, such as O. capensis,
O. dioica, O. brachiata, and O. obvata, are not used for oil production. Currently, there are
almost 400 cultivars of Olea europaea L. used all over the world, of which about 100 are
planted in Italy.

Olive products, such as olive oil and table olives, are functional foods because of
their beneficial effects, mostly due to mono- and poly-unsaturated fatty acids and, last but
not least, the presence of polyphenols and other secondary metabolites. During the olive
oil production process, some polyphenols remain in the oil-water emulsion, but most of
them, being hydrophilic, end up in the OMW. Sometimes olive leaves are also added to
the olives before milling in order to enrich the resulting oil in polyphenols. In addition,
many production factors (e.g., cultivar, ripening time, and extraction method), as well as
environmental factors (e.g., climate, precipitations, and age of the trees), are responsible for
the different content and composition of polyphenols in oil [22].

The nutritional and health-promoting effects of olives and olive oils are well-established
and recognized [23], such as their antioxidant [24,25], anti-inflammatory [26,27], cardio-
protective [28,29], anticancer [30], antidiabetic, and neuroprotective effects [31,32]. Thanks
to these properties, these compounds positively contribute to the beneficial effects of the
MD [33]. To confirm the significant role of olive oil components as responsible for the
benefits of the MD, Fernandes et al. examined the outcome from randomized controlled
trials on the effect of regular dietary EVOO intake on inflammatory markers [34]. Recently,
Storniolo and co-workers demonstrated that the role of oleic acid in the colon cancer cells
growth is reverted in the presence of olive oil representative minor components, suggesting
that the consumption of seed oils, high oleic acid seed oils, or olive oil will probably have
different effects on colorectal cancer [35,36]. The presence of secondary metabolites also in
the by-products of olive oil production makes OMW, leaves, pomace, and kernels raw mate-
rials exploitable in the nutraceutical, food, cosmetic, feed, and energy sectors. The scientific
evidence related to the health-promoting effects of these by-products is detailed below.

3.1. Secondary Metabolites in Olive Mill Wastewater

OMW is a by-product of olive oil production, rich in water-soluble bioactive com-
pounds that could be separated by industrial membrane technology [37]. This procedure,
based on the different capabilities of the substances in a mixture to cross the polymeric or
inorganic semipermeable membrane at different rates, allows a cost-effective purification
of the OMW phenolic pool because of the low operative temperature needed [38].

Nanofiltration has also been successfully employed for concentrating phenolic com-
pounds extracted from the same raw material. The extracts are fractionated across different
membranes to get microfiltration, followed by ultrafiltration and nanofiltration [39]. The
total phenolic content is then analyzed using high-performance liquid chromatography
(HPLC) [40].

OMW has long been considered a waste whose disposal requires high economic costs.
Recently, numerous studies have shown its content in polyphenols and other biologically
important molecules, shifting its perspective from waste to an economical and natural
source of antioxidants [41]. The typical composition of OMW is reported in Table 2. As
can be observed, OL, abundant in leaves, is absent in OMW, while are present several
low molecular weight phenolic compounds, such as TY and HT, which are formed by
enzymatic hydrolysis during the milling process. Phenolic compounds with molecular
weights in the range of 600–5000 Da and other molecules, such as verbascoside, its isomers,
and oxidation products, as well as higher molecular weight phenols deriving from the
oxidative polymerization of hydroxytyrosol and elenolic acid, are also present [42,43].
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Table 2. Chemical composition of olive mill wastewater (OMW) extracts obtained by different techniques.

Composition OMW a UF b AIR c WSF c WIF c
UF HSF UF ETNA O1PP NF 90

F a P a R a F a P a R a F a R a

Total phenols 1409.0 1692.0 3.2 2.8 1.9 81.3 79.5 81.3 75.5 62.2 77.4 65.6 86.2
Hydroxytyrosol 3.8 n.d. - - - 3.8 3.7 3.9 3.5 3.0 3.8 3.2 4.0

Protocatechuic acid 25.0 - - - - 25.0 24.0 24.5 27.0 20.6 26.0 22.0 30.0
Catechol 7.5 - - - - 7.5 7.1 7.2 6.0 5.0 6.2 5.5 7.5
Tyrosol 39.0 n.d. - - - 39.0 38.7 39.6 34.2 30.0 36.0 31.0 40.0

Caffeic acid 5.0 - - - - 5.0 4.9 5.2 4.0 3.0 4.4 3.2 3.7
p-Cumaric acid 1.0 - - - - 1.0 0.9 0.9 0.8 0.6 1.0 0.7 1.0
Verbascoside - n.d. - - - - - - - - - - -

Isoverbascoside - n.d. - - - - - - - - - - -
Carbohydrates - - 25.0 d 60.0 d 5.1 d - - - - - - - -

Fucose - - 0.5 0.6 0.4 - - - - - - - -
Rhamnose - - 14.3 13.7 16.4 - - - - - - - -
Arabinose - - 14.1 10.7 17.6 - - - - - - - -
Galactose - - 12.6 13.1 5.9 - - - - - - - -
Glucose - - 42.2 45.1 47.7 - - - - - - - -

Mannose - - 5.5 5.4 4.4 - - - - - - - -
Xylose - - 5.0 4.9 5.3 - - - - - - - -

Galacturonic acid - - 4.9 5.0 1.4 - - - - - - - -
Glucuronic acid - - 1.0 1.1 0.7 - - - - - - - -

Proteins - - 3.2 11.0 0.3 - - - - - - - -

UF = ultrafiltration residue; AIR = alcohol insoluble OMW residue; WSF = water-soluble fraction; WIF = water-insoluble fraction; UF HSF =
ultrafiltration performed with HSF membrane type; UF ETNA O1PP = ultrafiltration performed with ETNA 01PP membrane type; NF 90 =
nanofiltration performed with NF90 membrane type; F = feed; P = permeate; R = retentate. a Expressed as mg/L; b expressed as ppm; c

expressed as g/100 g of fraction; d expressed as mol%; n.d. = not determined.

OMW also contains significant amounts of monosaccharides, such as glucose, galac-
tose, arabinose, rhamnose, and galacturonic acid, and polysaccharides, whose prebiotic and
antioxidant activities have been evaluated [44–47]. Among simple sugars, arabinose, in par-
ticular, showed to be able to reduce the concentration of hydroxyl radicals by chelating Fe2+

ions [48] significantly. Many studies on various matrices also showed the antioxidant capac-
ity of polysaccharides [49–51]. Therefore, the remarkable antioxidant activity of OMW can
be attributed not only to its polyphenolic content but probably also to the polysaccharide
and protein content. Furthermore, polysaccharides in OMW assimilated to dietary fibers
owed additional biological and physiological functions, such as antimetastatic, immunos-
timulating, and anti-ulcer activity, as well as reduction of serum cholesterol, inhibition of
hyaluronidase, and release of histamine [45,52].

3.2. Biological Activity of Olive Mill Wastewater Extracts

Recently, many research groups have tested OMW, in which both HT and its pre-
cursors are much more concentrated with respect to olive oil, on numerous biological
targets. A study on two OMW mixtures with a polyphenol content of 100 and 36 g/kg
(MOMAST® HY100 and MOMAST® HP30, respectively) found a significant antioxidant
and anti-inflammatory effect in an ex vivo model of rat colon, liver, heart, and prefrontal cor-
tex [53]. After treatment, the levels of the several inflammatory markers, i.e., prostaglandin
(PGE2), lactate dehydrogenase (LDH), nitric oxide synthase (iNOS), COX-2, and TNFα,
decreased drastically.

Other studies on purified extracts of OMW have shown additional anti-angiogenic
and chemopreventive effects, both in vitro and in vivo [54,55], as well as inhibition of
the proliferation, migration, and invasion of endothelial cells [56]. Furthermore, the
antiproliferative activity of OMW against MDA-MB-231 breast cancer cells has been also
demonstrated [57]. Chemopreventive effects of OMW rich in HT have also been observed
in HL60 human promyelocytic leukemia cells, HT-29, and DLD1 colon adenocarcinoma
cells, reducing cell proliferation by inducing apoptosis [58].
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Noteworthy, OMW extracts were shown to have neuroprotective effects both in vitro
and in vivo on dissociated brain cells (DBC) of NMRI mice. Even though the mechanism
of action is not yet fully understood, it is likely that the biological effect is due to its
antioxidant and anti-inflammatory action by inhibiting lipid peroxidation and restoring
glutathione concentrations. The secoiridoids in OMW are also responsible for the beneficial
effects in delaying cellular aging in neurodegenerative disease. For example, they were able
to interfere with aggregation of amylin [31], tau [59], and Aβ peptides in vitro [60], in C.
elegans [61], and in the mouse model TgCRND8 of Aβ deposition [62], which appears to be
dose-dependent [63]. Neuroprotection exerted by biophenols has also been demonstrated
in neuroblastoma cells by reducing the oxidative stress induced by H2O2 and the toxicity
induced by copper (Cu) [64]. The cytoprotective effects of formulations containing both HT
and OMW were compared on the same cell line by inducing toxicity after 24 h of exposure
to cadmium (Cd), mercury (Hg), and lead (Pb), showing that the polyphenols could slow
down or even halt the progression of the disease aggravated by heavy metals [65].

OMW phenolic compounds were also able to reduce risk factors for coronary heart
disease and stroke prevention [66]. Furthermore, Storniolo et al. highlighted that HT
and other polyphenols play an important role in preventing the negative consequences
of diets rich in fats and/or sugars [67]. They showed that treatment with HT or OMW
could reduce significantly the level of nitric oxide (NO) and the increase of endothelin-1
(ET-1) by modulating the intracellular levels of Ca2+ and the endothelial phosphorylation
of nitric oxide synthase, changes induced by high levels of glucose and free fatty acids (as
in diabetic patients).

Due to its antioxidant properties, OMW could easily find applications in the food,
pharmaceutical, and cosmetic industries. For example, it could be used to better preserve
the quality and shelf life of food [68,69]. Production of functional foods from OMW extracts
represents a crucial alternative to transform this agro-industrial waste into a useful and
relevant ingredient [70,71]. An interesting approach for fortifying food products with
phenolic substances involves their direct addition [72]. In this regard, OMW phenolic
extracts were added to milk to study their effect in modulating the Maillard reaction when
milk is heated at very high temperatures. The authors reported that the phenolic extracts
were able to trap the reactive carbonyl species responsible for the unpleasant taste and to
inhibit the formation of Amadori products [73]. The use of OMW phenolic compounds
in milk-based beverages has also been reported to improve their nutritional properties; in
fact, as the concentration of more complex phenolic compounds decreased during storage,
the level of HT increased due to the hydrolysis of its precursors [74].

In light of all these pieces of evidence, it can be hypothesized that the phenolic
compounds present in OMW, such as HT and OL, could soon be considered raw materials
for nutraceutical supplements or formulations. Several HT-containing products, such as
Mediteanox®, Hydrox®, and Hytolive®, are already on the market in pharmaceutical forms,
such as capsules, elixirs, creams, and even in EVOOs with a very high HT content (over
500 mg/kg). Hydrox® and Hytolive® have been licensed as “generally recognized as safe
(GRAS)” ingredients. Pure synthetic hydroxytyrosol, marketed by SEPROX BIOTECH, has
also achieved this status and has recently been proposed in the EU for Novel Food. Some
of these products have already been tested successfully [75,76].

Polyphenols are massively used as cosmetic ingredients. In fact, it is known that
UV irradiation and oxidative stress are the main causes of extrinsic aging and of diseases
such as skin cancer [77]. The protective action against UV damage, inhibition of the
antimicrobial activity of dermal proteinases, and the anti-carcinogenic action have been
demonstrated in vitro on skin cell lines. These findings could be exploited for preparing
novel topical formulations. The protective effect exerted by polyphenols against lipid
oxidation on cell membranes, an effect that mimics the protection from the oxidation of oil
lipids by polyphenols, can also prevent oxidative phenomena in the formulation during
storage [78,79]. The topical application of active antioxidant ingredients can support the
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skin’s own antioxidant system against oxidative stress and may protect the skin from
long-term photoaging.

High reactive oxygen species (ROS) production also results in the expression of col-
lagenase (MMP-1) and elastase, leading to accelerated degradation of the corresponding
proteins. Lee et al. showed that polyphenols effectively inhibit elastase and hyaluronidase,
exerting an anti-aging effect [80]. Treatment of HaCaT keratinocytes with polyphenolic
extracts resulted in a reduced formation of intracellular ROS after UV irradiation [81–83].
Finally, Potapovich et al. showed that post-treatment with polyphenols of normal human
epidermal keratinocytes (NHEKs) after UV exposure was effective in abolishing the over-
production of peroxides and inflammatory mediators [84]. In this regard, considering the
composition of OMW, it would be interesting to investigate more in detail this aspect as
OMW could also present similar anti-aging effects.

3.3. Secondary Metabolites and Biological Activity of Olive Pomace Extracts

The main destiny of olive pomace in the linear economy is its transfer to an olive
pomace factory, where it is dried and then used for extracting with organic solvents (usually
hexane) the residual fat (crude pomace oil), which will be then rectified before marketing.
In recent times, the price of pomace oil has significantly dropped, making, in some cases,
its extraction uneconomical. In addition, the sector had already been experiencing great
difficulties because of the increased water content in virgin pomace due to the increasingly
widespread use of two-phase decanters. The opportunity to consider the pomace not only
as a source of fats but also of a complex mixture of bio-compounds can be advantageous
for both the environment and the miller’s income. In fact, the possibility to implement a
new production process into the mill could potentially provide an additional source of
profit for both olive oil producers and olive millers, thus closing the supply chain at the
production site.

In this regard, Nunes et al. investigated the chemical composition of the bioactive
compounds in olive pomace (e.g., fatty acids, vitamin E, and phenolic compounds) and its
nutritional profile and they also developed a sustainable process for extracting the antioxi-
dants (the Multi-frequency Multimode Modulated Ultrasonic technique) [85]. Moreover,
they discovered that the vitamin E profile of the olive pomace contained high amounts
of α-tocopherol (2.63 mg/100 g), although β- and γ-tocopherol and α-tocotrienol were
present in lower concentrations (less than 0.1 mg/100 g of pomace). Oleic acid was the
most abundant lipid, followed by palmitic, linoleic, and stearic acid (10%, 9%, and 3%,
respectively), while the polyphenols were mainly represented by HT and comsegoloside
(making together about 79% of the total content). A year before, Goldsmith et al. had
already tested an innovative ultrasound method with the aim to increase the aqueous
extraction of phenolic compounds from olive pomace [86]. Application of a Design of
Experiments allowed the authors to find the optimal extraction conditions, although the
process was not very efficient (2 g of dried pomace/100 mL of water at 250 W for 75 min at
30 ◦C), thus limiting the technological transfer to an industrial level.

Recently, the interest in the water-soluble fraction from olive pomace is high because
numerous authors are demonstrating the potential beneficial effects of the contained sugars,
polyphenols, and minerals. Ribeiro et al. investigated the effect of the gastrointestinal
tract on its bioactive composition, demonstrating that about 50% of the water-soluble com-
pounds remained active, especially of HT and potassium [87]. In addition, the recovered
antioxidant activity in the serum was about almost 58%, and more than 50% of the initial
α-glucosidase inhibition activity was maintained, as well as its ACE inhibitory activity.
The colon-available fraction presented a substantial concentration of polyphenols and
minerals, evidencing that OMW liquid-enriched powder could be potentially useful to
prevent both cardiovascular and gut diseases. The potential effects in terms of liquid-
enriched powder marketing are interesting, although further studies are needed to confirm
preliminary results.
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Other authors investigated even simpler techniques to make the extraction process
more convenient. Cea Pavez et al. exploited pressurized liquid extraction (PLE) for extract-
ing phenolic compounds from olive pomace [88]. Despite the extraction protocol showed
great compositional variability of the obtained mixtures depending on the experimental
conditions used; after optimization, PLE allowed the obtaining of a higher polyphenolic
content compared to the traditional extraction method (1659 mg/kg and 282 mg/kg, re-
spectively), also yielding three- and four-times higher concentrations of secoiridoids and
flavonoids, as well as a significant HT enrichment.

In the context of environment-friendly green technologies, the use of deep eutectic
solvents (DESs) has been gaining prominence in recent years. DESs have several advan-
tages, including very low toxicity, ease of preparation, low cost, high biodegradability, and
stability in the presence of water. In 2018, Chanioti et al. employed natural deep eutectic
solvents (NADES) constituted by choline chloride with citric acid, lactic acid, maltose and
glycerol, and water combined with homogenization (HAE), microwave (MAE), ultrasound
(UAE), or high hydrostatic pressure (HHPAE) [89]. Choline chloride with citric acid and
lactic acid showed the best extraction efficiency in terms of total phenolic content and
antioxidant activity of the extracts, while HAE proved to be the best extraction technique.
Extracts with NADES were generally richer in polyphenols compared to conventional
solvent extraction procedures, and HPLC analysis confirmed that proposed methods are
effective and sustainable alternatives for their extraction from natural sources.

The exploitation of compounds with high biological and commercial value is cer-
tainly the direction in which to push the transition of the oil sector. Many studies agree
on the beneficial properties of these substances. Vergani et al. carried out a study on
the biological effects of polyphenols extracted from olive pomace and on the effects of
single phenolic compounds present in the extract (i.e., TY, apigenin, and OL) in protecting
hepatocytes against fat excess and oxidative stress [90]. The polyphenols were extracted
in ethanol/water (50:50 v/v) at high pressure-temperature (25 bar, 180 ◦C for 90 min),
obtaining a total concentration of 5.77 mg of caffeic acid equivalent/mL. In order to test the
biological effects of the extract, FaO cells exposed for 3 h to a mixture of oleate/palmitate
(2:1 molar ratio) were used as a model for hepatic steatosis. The cells were incubated with
TY, apigenin, or OL (10, 13, and 50 μg/mL, respectively), and the content of intra- and
extra-cellular triglycerides (TGs) and other oxidative stress markers measured after 24 h.
The preliminary results showed that olive pomace extract ameliorated lipid accumulation
and lipid-dependent oxidative unbalance, suggesting them as potential therapeutic agents.
The direct correlation between an MD supplemented with EVOO and a reduced prevalence
of hepatic steatosis in older individuals at high cardiovascular risk was recently investi-
gated in a clinical trial comprising one hundred men and women (mean age: 64 ± 6 years
old) at high cardiovascular risk (62% with type 2 diabetes) [91].

The biological activity of polyphenols recovered from olive oil by-products was also
investigated by Romani et al., who studied the cardioprotective effects of hydroxytyrosol,
oleuropein, oleocanthal, and lignans in the MD [92]. Moreover, recent European projects,
such as EPIC (European Prospective Investigation into Cancer and Nutrition) and EPICOR
(long-term follow-up of antithrombotic management patterns in acute coronary syndrome
patients), focused on the functional and health-promoting properties of EVOOs, showing
the relationship between cancer and nutrition and the existent link between the consump-
tion of EVOO, fresh fruits, and vegetables, and the incidence of coronary heart diseases.
Results evidenced that both the EVOO and the by-products of the olive oil extraction
process are precious sources of bioactive compounds that can be recovered applying green
technologies and used for food, agronomic, nutraceutical, and biomedical applications, in
agreement with the circular economy strategy.

3.4. Secondary Metabolites in Olive Leaves

Leaves represent an important quote of the total harvest weight. Therefore, it is
important to develop efficient extraction methods that can assure high yields of polyphe-
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nols, secoiridoids, and other bioactive molecules that can be exploited in nutraceutical
products, cosmetics, and functional foods (see Table 1). Olea europaea L. leaves are a poten-
tially inexpensive, renewable, and abundant source of biophenols [93]. The importance
of this agricultural and industrial waste needs to be emphasized and better understood,
considering the benefits that we can get from it in health terms and also regarding the
environment. Due to its antioxidant, antimicrobial, and anti-inflammatory effects, olive
leaf extract (OLE) is considered a natural supplement. Several studies already showed the
pharmaceutical and nutraceutical potentials of the secondary metabolites extracted from
olive leaves. Microfiltration, ultrafiltration, and nanofiltration are all techniques able to
provide OLEs with high amounts of polyphenols that could be exploited by cosmetic, food,
and pharmaceutical industries.

Because natural active compounds are safer to use than synthetic chemicals, there is a
growing interest in extracting oleuropein from olive leaves. However, the high operational
cost, as well as the toxicity and flammability of the organic solvents usually employed, lim-
its their exploitation. Nevertheless, the utilization of novel techniques, e.g., NADES, might
bring a change [94]. In order to use these extracts for nutraceutical and pharmacological
purposes, another crucial point to address is their bioavailability. In fact, when assumed
orally, secondary metabolites in olive leaf should resist the gastric acid in the stomach
before reaching the bloodstream. However, it has been observed that the amount of OL
and verbascoside at the end of the digestion processes are almost negligible, mainly due
to their chemical instability [95]. On the other side, luteolin-7-O-glucoside (Figure 4) was
fairly resistant to digestion and, therefore, it can be considered an interesting polyphenol
for oral administration.

Figure 4. Chemical structure of luteolin 7-O-glucoside.

The same study also analyzed if different extraction methods could influence the
total amount of obtained polyphenols, either processing the olive leaves by freeze-drying
at −20 ◦C or by hot air drying (70–120 ◦C), although the final concentration was nearly
the same.

In order to determine the total polyphenol content of the leaves, a wide research study
was performed on seventeen cultivars planted in Iran, including some varieties that are
also present in Italy [96]. The total phenolic content and antioxidant activity of the leaves’
extracts were determined, showing that the Coratina cultivar has one of the highest content
of polyphenols and the maximum radical scavenging activity. The OLE composition was
mainly characterized by vanillin, rutin, luteolin 7-O-glucoside, oleuropein, and quercetin.
High OL concentrations were also detected in other cultivars, such as the Mishen, Beleidi,
Kalamon, and Roghani cultivars, while it was not detected in the Conservolea, Amigdalolia,
Leccino, and Fishomi cultivars (Table 3).
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Table 3. Total phenols contents and antioxidant activities of different cultivars of olive leaves extracts.

Cultivars Total Phenol 1 FRAP 2 DPPH 3

Manzanilla 134.50 ± 0.01 1107.71 ± 0.01 33.93
Conservolea 92.35 ± 0.01 1277.33 ± 0.01 62.94
Arbequina 42.35 ± 0.02 1760.57 ± 0.01 62.56

Mishen 71.93 ± 0.01 1971.37 ± 0.01 63.48
Coratina 155.91 ± 0.06 358.66 ± 0.01 22.95
Roghani 121.75 ± 0.02 1400.76 ± 0.01 29.58
Kalamon 190.65 ± 0.03 532.76 ± 0.01 26.74

Amphissis 50.70 ± 0.01 1110.38 ± 0.01 95.39
Yellow 73.85 ± 0.01 1400.95 ± 0.01 53.80

Amigdalolia 42.73 ± 0.01 1341.05 ± 0.01 74.30
Mary 62.24 ± 0.01 1203.81 ± 0.01 60.26

Leccino 59.23 ± 0.01 568.28 ± 0.01 69.30
Shenge 61.97 ± 0.01 614.19 ± 0.01 60.18
Gordal 184.72 ± 0.01 450.86 ± 0.01 20.66

Sevillenca 83.63 ± 0.01 432.19 ± 0.01 34.92
Fishomi 109.98 ± 0.06 1794.57 ± 0.01 32.82

1 Expressed as mg GAE/g dry extract. 2 Expressed as μmol Fe II/g dried extract. 3 Concentration expressed in
IC50: μg/mL.

Itrana, Apollo, and Maurino cultivars were the ones with the highest content of
polyphenols, mainly quinic acid, oleuropein, and luteolin 7-O-glucoside, and also the
ones with the strongest antioxidant activity. Italian olive cultivars, namely Dritta, Leccino,
Caroleo, Coratina, Castiglionese, Nebbio, and Grossa di Cassano were also studied to
determine their OL concentration in the extracts. Leaves from Nebbio, Grossa di Cassano,
and Castiglionese olive trees revealed the highest oleuropein content. On the other hand,
Caroleo, Leccino, and Dritta leaf extracts showed the lowest OL amounts.

Concluding, polyphenols have a wide range of bioactivities, and the olive leaf extracts
could be either used as such in cosmetics, or they could be mixed with olives that are too
ripe to produce oils with great resistance to oxidation, thus using them directly as olive
oil supplements [97]. Alternatively, their phenolic extracts could be employed to produce
dietetic tablets and food supplements, pharmaceuticals, and also to improve the shelf-life
of foods.

In general, green leaves seem to have a higher OL content compared to the yellow
ones [98]. Since leaves represent a significant part of the total harvest weight, it is of
paramount importance to exploit them in the best way possible, as already stated, according
to a circular economy approach.

3.5. Biological Activity of Olive Leaf Extracts

Olive leaves have been widely used in popular medicine to treat diseases like fever
and other inflammation-related situations. The ancient Greeks and Romans used OLE
as a natural remedy for treating hypertension. Leaves were also used in the past to
prepare infusions.

It has been shown that olive leaf extract can lower blood pressure in animal models,
alleviate arrhythmia, and exert spasmolytic activity on intestinal muscle [99]. Several
studies attest to the antihypertensive effect of olive leaf extract by reducing systolic and
diastolic blood pressure and even improving plasma TGs and LDL levels. Moreover, the
antihypertensive effect did not show side effects on liver or renal functions in subjects with
stage-1 hypertension, attesting its potential use as a preventive nutraceutical for chronic
diseases [100].

Among the Olea europea L. polyphenols, oleuropein is a secoiridoid present as gluco-
sylated derivatives in the olive fruit, while its dihydroxytyrosol and non-glucosylated sec-
oiridoids were found in the leaf. OLE is a natural supplement that can be used either alone
or in combination with other extracts, mainly in formulations that do not require a medical
prescription. To support the key nutraceutical role of EVOO in the MD, Storniolo et al.
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recently analyzed whether it induced changes on endothelial physiology elements, such as
NO, ET-1, and ET-1 receptors, which are involved in controlling blood pressure [101]. Some
in vitro studies confirmed this action by analyzing a commercial extract on cardiomyocytes
of rabbits’ hearts. As a result, OLE caused a concentration-depended decrease in systolic
left ventricular pressure and heart rate, as well as an increase in relative coronary flow,
maybe because of the direct and reversible suppression of the L-type calcium channel [102].

The vasorelaxant activity of OLE has also been investigated on aorta sections in addi-
tion to the inotropic and chronotropic effects measured on atria [103]. The vasorelaxant
activity was related to the mechanism involving voltage and receptor operated Ca2+ cal-
cium channels. The calcium antagonist activity is always to be considered in addition to
the antioxidant activity and to other mechanisms involved in the same pharmacological
direction, such as the direct effect on endothelium cells. The leaf extract was also shown to
act by reducing the spontaneous contractility of the vessels, thus indirectly acting positively
on the pressure exerted by the blood flow on the vessels [104].

OLE and Hybiscus sabdariffa L. flower extracts also showed calcium antagonistic
properties [103]. Before the idea of formulating a nutraceutical product that synergizes the
two activities, several in vitro and ex-vivo studies were conducted to verify the antagonist
action directed to calcium channels. These two extracts have already been developed in a
nutraceutical product, registered as “Pres Phytum” and already commercialized in Italy.
In particular, the biological activity of the nutraceutical formulation led to vasorelaxant
effects on smooth muscles in different districts of the body (IC50 2.38 mg/mL) and to a
negative chronotropic effect (IC50 1.04 mg/mL) that could be exploited in the treatment of
preclinical hypertension, without leading to a negative inotropic effect.

As we know, natural molecules do not only have an antioxidant effect; but we have
to study and analyze their multitarget profile in order to understand what their real
potential is [105]. Olive leaves phenols also reduce blood pressure with NO bioavailability
modulation that is increased after a 28 day long dietary assumption [106]. Oleuropein and
hydroxytyrosol induced the NO synthase and also had effects on NADPH, which also
augmented the quote of superoxide.

OLE has also been studied in humans, and results are significantly positive in terms of
cardioprotection [107]. When assumed as a dietary supplement (chronic consumption), the
phenolic compounds contained in the olive leaf extract led to a reduction in LDL and TGs
concentration that could be attributed to the antioxidant and calcium antagonist properties,
but, in diabetic people, they also led to a reduction of the glucose concentration, probably
because of the α-amylases inhibition, and to a reduction of glycosylated hemoglobin
(HbAlc) and plasma insulin [106,108].

The anti-inflammatory effect on monocytes, the reduction of adhesion molecules,
such as ICAM-1 and VCAM-1, and the inhibition of platelet aggregation are aspects that
contribute to the cardioprotective effects of olive tree leaves [109]. As reported above, OL
has activity on calcium channels; this evidence opens up new perspectives for using this
molecule in many pathologies and also neurodegenerative diseases, such as Alzheimer’s
disease (AD). In fact, neurodegenerative pathologies are often caused by calcium cy-
totoxicity, and in this case, the olive’s polyphenols, such as oleuropein, could play an
important role.

Several studies have already been performed in this direction, and the results are
encouraging. Transgenic mice (APPswe/PS1dE9) received, from 7 to 23 weeks of age,
50 mg/kg of oleuropein contained in OLE compared to a control diet [110]. OLE-treated
mice showed significantly reduced (p < 0.001) amyloid plaque deposition in cortex and
hippocampus compared to control mice, providing a basis for considering natural and
low cost biophenols from olive as a promising drug candidate against AD. Nevertheless,
additional studies are needed to validate these results and determine the anti-amyloid
mechanism, bioavailability as well as permeability of olive biophenols to the blood brain
barrier (BBB) in AD.
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Oxidative stress certainly contributes to the onset of neurodegenerative diseases. OLE,
in combination with hibiscus flower extract, has been shown to prevent the degeneration of
cerebral cells following insult in vitro studies, thus exerting a neuroprotective action [111].
The action of the pool of molecules that these extracts contain is related to the bioavailability
often impaired by oral administration. With a “drug like” approach, the components of
the phytocomplexes were tested for their ability to permeate the BBB using an in silico
predictive model. Oleuropein, contained in the mix, was shown to be able to pass the
BBB and, using adequate doses of leaf extract, it was possible to reach biologically active
concentrations in the brain, demonstrating the neuroprotective efficacy in the brain and its
permanence even after oral intake, as confirmed by in vivo studies [63].

The anti-inflammatory effect of OLE has been investigated by screening all dis-
eases in which inflammatory mechanisms are involved. In order to demonstrate the
anti-inflammatory properties of OLE on upper respiratory illness (URI), very common
among teenagers and especially in young athletes, a study was performed on high school
students by treating for nine weeks the groups either with 100 mg of oleuropein or with
placebo [112]. The young athletes were monitored during training, and the illness incidence
was the same in both groups, but the treatment with OL led to a reduction of the sick days,
resulting in a quicker recovery.

OLE also plays an important role against osteoarthritis (OA) [113]. A study revealed
as an olive oil supplemented diet could improve cartilage recovery after anterior cruciate
ligament transection [114]. In particular, the polyphenols inhibited the development of
proinflammatory cytokines, including IL-1β, TNF-α, IL-6, and prostaglandin E2, and other
synthetic pathways involved in the development and progression of OA [115,116].

Table 4 summarizes the principal biological activities of OLE reported in the literature.

Table 4. Biological effects of olive leaf extracts (OLEs).

Disease Type of Experiment Dose Effects

Hypertension [100] Human clinical trial 1000 mg OLE/die

Lowering systolic and
diastolic blood pressures,
significant reduction of
triglyceride (TG) levels.

Atherosclerosis [107] in vivo 100 mg OLE/kg body weight

Reduction of the levels of
cholesterol, TGs, and LDL

cholesterol, and block of the
inflammatory response.

Thrombosis [109] in vitro 1% v/v OLE Significant dose-dependent
reduction in platelet activity.

Hypocholesterolemia [111] Human studies 1.2 g OLE/die Reduction of total cholesterol,
decreased LDL cholesterol.

Diabetes [106,108] in vitro IC50 = 4.0–0.02 mg/mL OLE
Inhibition of the activities of
α-amylases from human

saliva and pancreas.

Human clinical trial 500 mg OLE/die Significant reduction in
HbA1C values.

Alzheimer [110] in vivo 50 mg OLE/kg
Reduction of amyloid plaque

deposition in cortex and
hippocampus.

Upper respiratory illness [112] Randomized controlled trials 100 mg oleuropein/die Reduction of the sick days, i.e.,
acceleration of the recovery.
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3.6. Cosmetic Formulations of Olive Leaf Extracts

Cosmetic products currently on the market often contain “Olea europaea Leaf Extract”,
whose composition includes the presence of TY, HT, OL, and other flavonoids, such as lute-
olin and apigenin. Some studies attested the strong antioxidant activity of OLE on the skin;
for example, oleuropein formulations highlighted lenitive efficacy by reducing erythema,
transepidermal water loss, and blood flow of about 22%, 35%, and 30%, respectively [117].

The rejuvenating effect of OLE in cosmetics was also studied on 36 people who used a
particular cream containing the extract “SUPERHEAL™ O-Live Cream” (PhytoCeuticals,
Inc, USA) [118]. After two months of daily applications, OLE led to an amelioration in
overall skin condition concerning hydration, wrinkle state, and erythema conditions, as
determined by measuring several physiological parameters, such as melanin and ery-
thema index, transepidermal water loss, skin hydration, skin pH, sebum level, texture,
and wrinkles.

Another important aspect that can be considered about a cosmetic activity is the
photoprotective effect of polyphenols. This potential effect has been studied in oral and
topical photoprotection. There is a lot of interest in researching natural sunscreen, also
considering the low impact on the environment. An in vitro assay on sun protection
factor (SPF) and molecular model studies of UV absorption supported the use of OLE as a
photoprotective, antioxidant, and antimutagenic agent.

Skin cancer is one of the most common types of cancer, and it is becoming more
impactful day by day. In this regard, the scientific world is trying to find a valid way of
prevention that can fight even less severe reactions from sun exposure, such as erythema,
photoaging, and immunosuppression [119,120]. Finding a 100% preventive photoprotective
filter from natural sources—and also from waste—could be a great starting point for the
development of some preventive products able to reduce the frequency of this type of
chronic disease.

3.7. Secondary Metabolites and Biological Activity of Kernel and Seed Extracts

Olive stone is a lignocellulosic material, with hemicellulose, cellulose, and lignin that
are the main components. Olive stones are obtained by separation of the pulp from the
kernels by means of two different technologies, both before the EVOO extraction process
(through the employment of the destoner [121] separating the whole kernel from the fruit)
and after the EVOO extraction process (through olive pomace depicting machine). The
utilization of the lignocellulosic material from olive stones in biofuel production has been
recently reported [122].

Alu’datt et al. optimized various extraction conditions and characterized the phenolic
olive seed compounds as well as their antioxidant activity [123]. Their research revealed
that the free phenolic forms were predominant in olive seeds. In 1998 Fernández-Bolaños
et al. analyzed both the water-soluble non-carbohydrate compounds obtained by steam
explosion, such as sugar degradation compounds (furfural and hydroxymethylfurfural),
lignin degradation compounds (vanillic acid, syringic acid, vanillin, and syringaldehyde),
and phenolic olive fruit compounds (TY and HT) [124]. As a result, they observed that
the concentration of hydroxytyrosol was higher than that of the other compounds. In
addition, they noted that the amount of HT increased by raising both steaming temperature
and time. Rodríguez et al. later confirmed olive stone as an attractive source of bioactive
and valuable compounds due to the presence of polyphenols and polyols [125]. They
also explored various potential uses of this EVOO by-product, such as activated carbon,
furfural production, plastic filled, abrasive, cosmetics, biosorbents, animal feed, and resin,
discussing the application of this material based on each component.

González-Hidalgo et al. analyzed the composition of TY, HT, OL, and tocopherol
and the antioxidant activity in different fractions of the main by-product from the table
olive canning industry (i.e., the stone with some residual olive flesh) [126]. The highest
polyphenolic concentration (1710.0 ± 33.8 mg/kg), as well as the highest antioxidant
activity (8226.9 ± 9.9 hydroxytyrosol equivalents mg/kg), were observed in the seed olive.
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The highest amounts of HT (854.8 ± 66.0 mg/kg) and TY (423.6 ± 56.9 mg/kg) were
registered in the whole by-product from the pepper stuffed olives, while the maximum
OL content (750.2 ± 85.3 mg/kg) was reported in the stone without seed. In particular,
α-tocopherol values of 79.8 ± 20.8 mg/kg and 6.2 ± 1.2 mg/kg were registered in the
seed olive stone and in the whole by-product from the anchovy-stuffed olives, respectively.
In light of these results, the use of table olive by-product could be a source of natural
antioxidants in food, cosmetic, or pharmaceutical products. In addition, table olive by-
product revaluation could help to diminish their environmental impact.

Recently, Sibel Bolek proposed to replace wheat flour with olive stone powder, rich
in fiber and antioxidants derivatives, in biscuit production, to explore its effect on the
rheological characteristics and quality of dough [127]. They added 0%, 5%, 10%, and 15%
of olive stone powder in place of the same amounts of wheat flour. As a result, wheat
flour replacement with olive stone powder increased the antioxidant activity, as well as
fat and fiber content of sample biscuits. In particular, 30.44% ± 0.03% DPPH radical
scavenging activity, 11.22% ± 0.09% crude fiber, and 26.32% ± 0.22% fat were quantified by
substituting wheat flour with 15% olive stone powder. Furthermore, the authors showed
that a replacement of wheat flour with up to 15% olive stone powder did not cause any
alteration to the biscuit sensorial properties.

However, olive fruits present large variability in composition. Khadem et al. inves-
tigated the physicochemical properties and bioactive contents of whole olive stone oils
extracted from six olive varieties, namely Zard, Roughani, Mari, Shengeh, Koroneiki, and
Manzanilla, cultivated in the city of Fasa, Iran [128]. They analyzed fatty acids, sterols, and
triacylglycerols contents, equivalent carbon number, saponification, iodine, unsaponifiable
matter values, and phenolic contents, concluding that, despite the great variability in the
whole olive stone oils composition among the six cultivars, whole olive stone oils could be
used as a natural source of polyphenol compounds for human consumption.

Lama-Muñoz et al. proposed a multi-step process that could allow an integral use of
olive stone from the point of view of a biorefinery plant [129]. They proposed an initial
aqueous extraction at 130 ◦C for 90 min without acid addition and a solid:liquid ratio of 1:2
(w/w), useful to recover liquors with higher phenolic content and antioxidant capacity. This
first step provided a double benefit: to separate phenolic compounds potentially useful in
cosmetic, pharmaceutical, and food industries and to recover biomass of possible inhibitors.
In a second time, olive stones were exposed to further treatment with 2% (w/v) sulfuric
acid to obtain the maximum amount of fermentable sugars, mainly xylose, with a low
content of compounds such as formic acid, furfural, and hydroxymethylfurfural, able to
inhibit fermentative microorganisms involved in bioethanol production. The remaining
olive stone was particularly rich in cellulose and lignin, and it could be subjected to enzy-
matic hydrolysis to achieve glucose in high yields. Glucose could be then converted into
bioethanol or into other products, such as poly(3-hydroxybutyrate) and hydroxymethyl-
furfural. The final lignin-enriched solid could be converted into phenols, biopolymers, or
fibers or directly used for energy production. The authors thus concluded that olive stone
might be considered as an excellent feedstock for biorefinery plant development. A review
written by Ruiz et al. in 2017 described the most recent proposals for the use of biomass
derived from olive tree cultivation and olive oil production processes [130].

Spizzirri et al. obtained an ethanolic extract with antioxidant properties to be used in
the food and cosmetic industry as a functional food and nutraceutical additive, starting
from the olive stones discarded from the EVOO production [131]. The efficiency of the
multi-step extraction method was evaluated by quantifying the recovery yield and the
total phenolic compounds for a series of solvents with different polarities. Flavonoids were
shown to represent about 60% of phenolic antioxidants. The antioxidant activity of the
alcoholic fraction was then determined by DPPH assay, showing a good efficiency already
at low concentration (IC30 of 0.060 mg/mL). In addition, the extract showed an interesting
ability to preserve β-carotene from lipidic peroxidation (IC30 of 1.30 mg/mL).
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4. Olea europea L. By-Products for Zootechnical Feeding

In addition to their use as health-promoting compounds, by-products of the olive oil
industry could also represent a source of ingredients for zootechnical feeding. Feeding
innovations based on the utilization of these bioactive-rich by-products can reduce enteric
emissions in ruminants while improving the nutritional composition and shelf-life quality
of meat and meat products, simultaneously improving environmental sustainability [132].
The by-products of olive oil production, which represent an important environmental
issue in the Mediterranean area, can be valorized in the livestock sector according to the
‘pyramid of the value of the bioeconomy’, which favors the use of functional ingredients of
high value for animal nutrition. In this regard, the content of poly-unsaturated fatty acids
is improved in oils for human consumption, while saturated fatty acids are employed for
animal feeding. This makes the food healthier for humans while simultaneously reducing
feeding costs and the environmental impact of livestock [133,134].

Furthermore, the animal diet deeply influences the quality of the animal meat and
derived products and, consequently, the quality of the human diet and health. An animal
diet enriched with polyphenols olive oil waste could represent a sustainable approach both
for reducing adverse environmental effects of these wastes and for improving the quality
of the products of animal origin.

It is important to underline that the use of olive pomace, containing appreciable
amounts of oil, has already been considered a feasible strategy to influence the quality
of meat [135]. OMW has also been exploited for animal feeding. Gerasopoulos et al.
separated, by means of a microfiltration method, the two liquid products from olive
mill wastewater, i.e., the downstream permeate and the upstream retentate, and, after
characterization, incorporated them into broilers’ feed [136]. By measuring oxidative stress
biomarkers in blood and tissues, they noted that broilers given OMW-supplemented feed
had significantly lower levels of protein oxidation and lipid peroxidation and higher total
antioxidant capacity in plasma and tissues compared to the control group. As already
known, an antioxidant status able to reduce the stress level in broiler chickens could
improve meat quality [137].

In order to improve growth performance and feed digestibility of pigs and pork meat
quality, Paiva-Martins et al. investigated the supplementation of animal feeds with olive
leaves [138]. Unfortunately, they observed that pigs fed diets with olive leaves showed
a lower daily weight gain and a decrease in overall backfat compared to pigs fed by the
conventional diet. However, chops from pigs fed the leaf diets had lower peroxide and
conjugated diene contents, a lower drip loss, and an improved oxidative stability thanks to
a significantly higher α-tocopherol concentration in intramuscular fat and backfat.

Milk quality is also affected by the introduction of by-products from the olive oil
industry in animal feeding. Arco-Pérez et al. assessed the effect of the partial replacement
of the forage in the diet with olive by-products in goats feeding obtaining milk with higher
amounts of vaccenic, eicosadienoic, and conjugated linoleic acid, valuable molecules
with several beneficial effects, with the concomitant improvement of the animal meat
quality [139]. On the other hand, Branciari et al. investigated both the nutraceutical profile
and quality characteristics of the cheese deriving from sheep feed with an OMW-enriched
diet [140]. The polyphenol supplementation yielded TY and HT sulfate metabolites both
in the obtained milk and cheese derivatives, also providing a direct antioxidant effect on
cheese without modifying its chemical composition.

Kerasioti et al. studied the tissue specific effects of feeds supplemented with OMW on
detoxification enzymes in sheep, which resulted in an increased glutathione S-transferase
activity in the liver and spleen and a decreased γ-glutamylcysteine synthetase expression
in the liver, without affecting the superoxide dismutase activity in both tissues [141]. The
authors concluded that the beneficial effects of the OMW-enriched feeds were tissue-
and developmental stage-specific. Instead of using OMW, Musawi et al. conducted a
study to investigate the effect of ground olive leaves supplementation on milk yield and
composition, as well as on some blood biochemical parameters, in goats [142]. Although
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the diet had no significant effect on the average animal body weight, the milk production
was significantly increased in goats fed with 2% olive leaves powder. Nevertheless, milk
compositions (lactose, protein, and fat percentage) and energy value, as well as blood and
biochemical parameters of the ruminant, did not vary significantly from the control group.

Similar to milk and cheese, egg quality is affected by the introduction of by-products
of the olive oil industry in animal feeding. Zangeneh and Torki evaluated the performance
of laying hens fed with olive pulp [143]. Although the olive pulp-included diet had no
significant effect on overall egg production and mass, eggshell weight was higher than that
of the birds fed with the control diet, suggesting no deleterious effects on bird’s performance
but yielding more resistant eggs. Cayan and Erener also conducted an experiment aimed
at measuring the effects of olive leaves powder on performance, egg yield, egg quality,
and yolk cholesterol level of laying hens [144]. In this case, the authors noted that the
supplementation had no effect on feed intake and egg weight and yield, but it significantly
increased the final body weight of hens. Furthermore, the dietary olive leaves powder
increased yellowness in yolk color and decreased its cholesterol content by about 10%.

5. Conclusions

It is well-known that EVOO and the by-products of its production are an important
source of bioactive compounds, e.g., polyphenols and other secondary metabolites, that
contribute to reducing cellular oxidative stress and inflammation, thus potentially sup-
porting the resolution of many pathologies. Although the beneficial effects of EVOOs are
recognized, e.g., in the Mediterranean Diet, currently, olive by-products are not yet properly
exploited, except for a few cosmetic formulations on the market. In fact, there are many
regulatory obstacles that prevent these by-products, still considered waste, from re-entering
the food or nutraceutical formulations sector. Nevertheless, both olive mill wastewater and
olive leaves extracts have already demonstrated peculiar properties. Similarly, kernel and
seed extracts were shown to have great potential as nutraceuticals and cosmeceuticals. In
addition, besides the direct exploitation for human purposes, all these by-products could
be easily employed in animal feeding, thus positively affecting the quality of products for
human consumption, e.g., milk, cheese, eggs, and meat. As such, their exploitation would
benefit both our health and that of the environment by reducing their waste disposal. With
the aim of favoring the transition from a linear to a circular economy within the olive mills,
a revision of the legislation, an improvement of the environmental governance, and the
identification of economic tools is needed for creating adequate incentives for adopting
circular and sustainable production and consumption models, and also promoting the
transition towards environmental tax reform. Although this project is quite ambitious and
time-consuming, we hope that research studies devoted to demonstrating its feasibility,
similarly to those reported in this review article, will contribute to its realization.
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Abstract: In addition to cancer and diabetes, inflammatory and ROS-related diseases represent one
of the major health problems worldwide. Currently, several synthetic drugs are used to reduce
oxidative stress; nevertheless, these approaches often have side effects. Therefore, to overcome
these issues, the search for alternative therapies has gained importance in recent times. Natural
bioactive compounds have represented, and they still do, an important source of drugs with high
therapeutic efficacy. In the “synthetic” era, terrestrial and aquatic photosynthetic organisms have
been shown to be an essential source of natural compounds, some of which might play a leading
role in pharmaceutical drug development. Marine organisms constitute nearly half of the worldwide
biodiversity. In the marine environment, algae, seaweeds, and seagrasses are the first reported
sources of marine natural products for discovering novel pharmacophores. The algal bioactive
compounds are a potential source of novel antioxidant and anticancer (through modulation of the
cell cycle, metastasis, and apoptosis) compounds. Secondary metabolites in marine Algae, such as
phenolic acids, flavonoids, and tannins, could have great therapeutic implications against several
diseases. In this context, this review focuses on the diversity of functional compounds extracted from
algae and their potential beneficial effects in fighting cancer, diabetes, and inflammatory diseases.

Keywords: marine bioactive compounds; secondary metabolites; algae; oxidative stress; ROS; cancer;
diabetes; inflammation; apoptosis

1. Introduction

Epidemiological studies have evidenced the dangerous effects on human health
of the ever-increasing intake of junk food, alcohol, and antibiotics. This bad behavior
can increase the risk of oxidative stress which, in turn, can lead to accelerated aging
and inflammatory diseases, such as cardiovascular and neurodegenerative disease and
many types of cancer [1]. According to reports by the WHO, more than 200 types of
lethal cancer accounted approximately for 9.6 million deaths per year in 2019 globally [2].
Similarly, diabetes mellitus, a metabolic disorder, has emerged as the third foremost cause
of death worldwide (1.6 million deaths per year) with several associated ill-fated diseases,
such as heart attack, stroke, kidney failure, high blood pressure, blindness, and lower
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limb amputation [3–5]. According to WHO, the world’s diabetic population will hike up
to 592 million by 2035. In addition to cancer and diabetes, inflammatory diseases have
tremendously increased in the recent past causing millions of deaths [6]. Unfortunately,
current chemotherapeutic, anti-diabetic, and anti-inflammatory drugs often present several
adverse effects, such as toxicity, drug tolerance, and metabolic impairments [1]. In this
regard, natural products might provide alternative drugs with better characteristics [7].
Similarly, their regular uptake through diet or novel pharmacological formulations might
help prevent oxidative stress-related diseases [8–11].

Approximately 70% of the Earth’s surface is covered by oceans and it hosts an immense
variety of marine organisms which represent a rich source of natural products [1,12,13].
Marine algae are among the most promising sources of novel bioactive compounds with
interesting biological effects, such as antioxidant, anticancer, antibacterial, antifungal,
antidiabetic, and anti-inflammatory activities [1]. Marine algae are extensively used in
diet and traditional medicine in Asian countries because of the presence of minerals,
dietary fiber, lipids, omega-3 fatty acids, proteins, polysaccharides, and essential amino
acids [14,15]. They also contain many vitamins, such as vitamins A, B, C, and E [16].
Few marine algae-derived bioactive compounds, such as phlorotannins, polysaccharides,
fucoidans, alginic acid, tripeptides, pyropheophytin, and oxylipin, have been shown to
reduce the risk of cancer, diabetes, and inflammatory diseases [15]. Hence, in this review
we focused our attention on the diversity of marine algal bioactive compounds and the
recent findings about their molecular mode of action in potentially fighting cancer, diabetes,
and inflammation (Figure 1). Furthermore, algal extracts showed potential antimicrobial
activity against aerobes, psychotropic, proteolytic, and lipolytic bacteria and act as natural
preservatives. Additionally, they can prevent lipid oxidation [17,18].

Figure 1. Potential beneficial effects of algal metabolites on human health. Secondary metabolites in marine algae could
provide novel drug candidates for fighting various diseases, e.g., by reducing the α-amylase and α-glucosidase activity in
diabetes; by reducing inflammation thanks to their antioxidant capacity; and inhibiting cellular proliferation in tumor cells.
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2. Biological Activities of Marine Algae and Potential Health Benefits via
Dietary Supplements

Diet plays an important role in disease prevention as more than 33% of diseases,
such as cancer, diabetes, and inflammation-associated chronic diseases, could be avoided
by changing lifestyle and food habits [19,20]. Nutritional supplements from natural sources
could also play an important role in preventing diseases. Phytochemicals from marine
algae, such as peptides, amino acids, lipids, fatty acids, sterols, polysaccharides, carbo-
hydrates, polyphenols, photosynthetic pigments, vitamins, and minerals, some of which
are represented in Figure 2, can act as potent antioxidants and have beneficial effects as
anti-diabetic and chemotherapeutic drugs, as detailed below.

 

Figure 2. Chemical structure of several algal metabolites that can have beneficial health effects by acting as antioxidants:
(a) eckol, (b) dieckol, (c) 7-phloroeckol, and (d) dioxinodehydroeckol, four phlorotannins; (e) 2-chloro-3-(bromomethylene)-6-
bromo-7-methyl-1,6-octadiene, a halogenated monoterpene; (f) type I and (g) type II fucoidans; (h) fucosterol; (i) astaxanthin
and (j) fucoxanthin; (k) k-carrageenan; (l) laminaran; and (m) alginate.
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2.1. Peptides and Amino Acids

Hydrolysis of proteins can lead to bioactive peptides that can present beneficial health
aspects and modulate the outcome of the disease. Bioactive phyto-peptides have 3 to
20 amino acid residues and display biological properties such as antioxidant, anticancer,
anti-inflammation, and immunomodulation. For example, purified peptides from Chlorella
vulgaris can prevent cellular damage and can act as potent anticancer agents [21,22].

The protein content in macro and micro algae comprises all essential amino acids
which prevent cellular damage. The red alga Palmaria palmata is rich in Leu, Val, and Met,
and their mean levels are similar to ovalbumin. Similarly, Ile and Thr concentrations are
comparable to those in legume proteins. The green alga Ulva rigida contains Leu, Phe,
and Val as major essential amino acids [23,24].

2.2. Lipids and Fatty Acids

The structural complexity of lipids and fatty acids are highly diverse and contribute to
their therapeutic efficacy. It has been reported that small amounts of saturated fatty acids
can help prevent cardiovascular diseases. Marine algae contain polyunsaturated fatty acids
(PUFAs) and significant amounts of monounsaturated fatty acids which are beneficial to
human health and could help reduce cardiovascular diseases [25].

2.2.1. Polyunsaturated Fatty Acids (PUFAs)

Humans are incapable of synthesizing PUFAs that, on the other hand, are abundant
in both macro and microalgae. PUFAs in microalgae are mainly composed of omega-3 and
omega-6 fatty acids (e.g., EPA and AA) [26]. PUFAs regulate blood clotting and blood pressure
and modulate the function of the brain and nervous systems [27]. Moreover, they decrease
the risk of several chronic diseases, such as diabetes and cancer. Additionally, they regulate
inflammatory responses by producing eicosanoids, well-known inflammation mediators [27].
Omega-3 and omega-6 PUFA from macroalgae are already used as dietary supplements [28].
Red and brown algae have a high level of omega-3 fatty acids (e.g., EPA and GLA) and
omega-6 fatty acids (e.g., AA and linoleic acid). Brown algae Laminaria ochroleuca and Undaria
pinnatifida are a rich source of octadecatetraenoic acid, an omega-3 PUFA [29]. Green sea-
weed Ulva pertusa was found to be rich in hexadecatetraenoic (omega-3), oleic (omega-9),
and palmitic acids (SFA). The lipid fraction of microalgae C. vulgaris contains oleic, palmitic,
and linolenic acids. The green microalga Haematococcus sp. also contains short-chain fatty
acids. Long-chain PUFAs are also used as nutritional supplements and food additives [30].
Spirulina sp. is a promising source of GLAs, a precursor of leukotrienes, prostaglandins,
and thromboxans that regulate inflammatory, immunological, and cardiovascular disorders.
Cyanobacteria and some green algae also contain bioactive fatty acids such as palmitic, oleic,
and lauric acids along with DHA [22].

2.2.2. Sterols

Sterols are a class of lipids extensively found in both macro and microalgae. Sterols and
some of their derivatives have potential biological, e.g., anti-inflammatory, activity. Sterols
from Spirulina triggers the formation of the plasminogen-activating factor in vascular
endothelial cells. Fucosterol, ergosterol, and chondrillasterol are found in brown algae and
cholesterol has been found in red algae [22,31].

2.3. Polysaccharides and Carbohydrates

Polysaccharides are abundant in seaweeds and also found in microalgae. They gen-
erally comprise about 4% to 76% of the total dry weight of the alga. Polysaccharides
are classified according to their chemical structure, such as sulfuric acid polysaccharides,
sulfated xylans, and galactans (generally found in green algae). Moreover, alginic acid,
fucoidan, laminarin, and sargassan are found in brown algae [32]. Agar, carrageenans,
xylans, and floridean are generally found in red algae. Many algal polysaccharides present
bioactivity and could become drug candidates with potential use in several human health
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disparities [33]. Carrageenans are sulfated galactans and they are extensively used in phar-
maceutical and food industries. Soluble fibers such as fucans, alginates, and laminarans
are found in brown seaweeds, whereas soluble fibers such as sulfated galactans (agars and
carrageenans), xylans, and floridean starch are abundantly found in red seaweeds [34].
Green algae contain xylans, mannans, starch, and ionic sulfate group-containing polysac-
charides in combination with uronic acids, rhamnose, xylose, galactose, and arabinose.
Many of the polysaccharides can be regarded as dietary fibers and are classified into two
groups, i.e., soluble and insoluble fibers [35,36]. Seaweeds contain about 25% to 75% dietary
fibers in comparison to their dry weight, a higher percentage compared to that found in
fruit and vegetables [37]. The algal dietary fiber consumption has several health benefits as
they can be used as antitumor, anticancer, anticoagulant, and antiviral agents. Fucoidans
are extensively found in the cell walls of brown macroalgae [38]. Fucoidans have several
biological activities and act as antioxidant, antitumor, anti-inflammatory, antidiabetes,
antiviral, anticoagulant, and antithrombotic agents. Additionally, they also modulate the
human immune system [1]. Furthermore, laminarin is the second main source of glucan,
abundantly found in brown algae, and it acts as a facilitator of intestinal metabolism [36].

Carbohydrates, such as glucose and starch, are abundantly found in microalgae [39].
Many biological functions of microalgal species are due to the presence of carbohydrates.
Chlorella pyrenoidosa and Chlorella ellipsoidea contain glucose and a wide variety of combi-
nations of galactose, mannose, rhamnose, N-acetylglucosamine, N-acetylgalactosamine,
and arabinose that exert immune-modulatory and antiproliferative activity [40]. β-1,3-
Glucans extracted from Chlorella have been shown to act as immunomodulators that can
reduce blood lipids [41].

2.4. Polyphenolic Compounds

Marine algal bioactive compounds are potent antioxidant agents that protect from ox-
idative damage [42]. The antioxidant activity of bioactive compounds from marine algae is
associated with protection against cancer, inflammatory, diabetes, and several ROS-related
diseases [43]. Polyphenolic compounds are mainly found in both micro and macroalgae [42].
The phenolic components include hydroxycinnamic acids, phenolic acids, simple phenols, xan-
thones, coumarins, naphthoquinones, stilbenes, flavonoids, anthraquinones, and lignins [21].
The phlorotannins with potential antioxidant activity belong to polyphenolic compounds that
have been screened from several brown algae. Phlorotannins are known for their chemopre-
ventive, antibacterial, antiproliferative, and UV-protective properties [22].

2.5. Photosynthetic Pigments

Macroalgae contain chlorophylls and carotenoids as major photosynthetic pigments.
Carotenoids are well known for their antioxidant properties and dietary carotenoids
have high nutritional and therapeutic value [44]. Carotenoids are well known for their
chemopreventive effect against several cancer subtypes. Microalgae are also the main
source of antioxidants such as β-carotene and astaxanthin. β-Carotene is a natural colorant
that has been conventionally used as food and drinks colorants and can act as dietary food
supplements or additives with a high antioxidant capacity [45].

2.6. Vitamins and Minerals

Vitamins are micronutrients essential for human body growth and development. Sea-
weeds and microalgae are known to be a good source of vitamin B1, B2, and B12. Vitamin
B12 (cobalamin) is extensively found in higher concentrations in green and red algae
compared to brown algae [46]. Vitamin B12 is generally found in red macroalgae such
as Palmaria longat and Porphyra tenera. The highest vitamin B12 content was found in red
seaweed Porphyra sp. and green algae, such as Enteromorpha sp. and Spirulina. Cobalamin
deficiency can cause health diseases, such as neuropsychiatric disorders and megaloblas-
tic anaemia. Vitamin C (ascorbic acid) is present in all red, brown, and green seaweeds.
Vitamin C has several health benefits, such as radical scavenging activity, antiaging, and im-
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mune stimulant activity. Vitamin E is a mixture of tocopherols. α Tocopherol occurs in
green, red, and brown seaweeds. Phaeophyceae also contain β- and γ-tocopherols and
displayed outstanding antioxidant activity. Vitamins C and E were also found in Laminaria
digitata and U. pinnatifida [22].

Seaweeds and macroalgae are rich in minerals, trace elements, and maintain inorganic
atoms in seawater. Minerals and trace elements are required for the human diet [47]. Phaeo-
phyceae, such as U. pinnatifida and Sargassum, and rhodophyta, such as Chondrus crispus
and Gracilariopsis, are considered dietary supplement that meet the recommended daily
intake of some of the major minerals, such as Na, K, Ca, and Mg, as well as trace minerals,
such as Fe, Zn, Mn, and Cu. In addition, seaweeds are also important sources of Ca
as they reduce Ca deficiency risk in pregnant women and adolescents and they inhibit
preadolescent aging [48].

3. Marine Bioactive Metabolites and Their Therapeutic Efficacy

The marine ecosystem is a source of novel natural secondary metabolites with promis-
ing biomedical applications [49]. The impact of marine algae in the area of traditional
medicine is huge and they have been used as Yunani hakim in many countries, such as
China and Egypt. Marine algae produce diverse secondary metabolites and might be
the most promising sources of proteins, vitamins, omega-3, carotenoids, phenolic acids,
and flavonoids, as well as other natural antioxidants [50]. These marine bioactive com-
pounds act as free radical scavengers and prevent oxyradical formation thus reducing
oxidative stress and, as such, they have great importance in the prevention of cancer,
diabetes, early aging, and several other inflammatory diseases (Figure 3).

 

Figure 3. Potential effects of algal metabolites in different human disease.
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Marine bioactive compounds, such as algal photosynthetic pigments, phycobilipro-
teins, carotenoids, polyphenols, terpenes, phlorotannins, and polysaccharides, have shown
promising therapeutic activity in both in vitro and in vivo models [25,29,38,51].

3.1. Marine Bioactive Metabolites and Modulation of In Vitro Antioxidant Activity

Reactive oxygen species (ROS) comprise a group of oxygenic ions that are highly
reactive and pose a serious threat to biological components, ultimately leading to serious
disorders such as cancer, diabetes mellitus, neurodegenerative and inflammatory dis-
eases [52]. The oxygen-containing radicals comprise of peroxyl (ROO•), hydroxyl (OH•),
hydroperoxyl (HO2

•), superoxide (O2
•), alkoxyl (RO•), thiyl peroxyl (RSOO•), sulfonyl

(ROS•), and nitric oxide (NO•) radical, as well as non-radical oxidizing agents such as
singlet oxygen (1O2), hydrogen peroxide (H2O2), hypochlorous acid (HOCl), and organic
hydroperoxides (ROOH) [52–55]. Cells can detoxify ROS as they are furnished with antioxi-
dant defense mechanisms to maintain cellular equilibrium. Antioxidants fight against ROS
and exert a positive effect on human health by protecting macromolecules such as proteins,
DNA, and membrane lipids [56]. The use of synthetic antioxidants used as food additives,
such as butylated hydroxyanisole, butylated hydroxytoluene, tertiary-butylhydroquinone,
and propyl gallate, might represent a threat because of their side effects [57]. Hence,
the development of novel antioxidants from natural sources like marine flora can represent
a promising approach. Marine algae could neutralize ROS because of their antioxidant
compounds, such as phycobilins, phycocyanin, carotenoids, astaxanthin, polyphenols,
and vitamins, which can act against cancer, diabetes, inflammation, aging, and immune
responses. The antioxidant capacity of various marine algae, such as green, red, and brown
algae species, has been already extensively reported in the literature.

Antioxidant activity of marine algal compounds have been determined by several
methods, such as 2,2-diphenyl-1-picrylhydrazil (DPPH) radical scavenging, ferric reducing
antioxidant power (FRAP), lipid peroxide inhibition, ABTS radical scavenging, nitric
oxide (NO) scavenging, hydrogen peroxide radical scavenging assays, superoxide radical
and hydroxyl radical scavenging assays. The methanolic extract of blue-green algae
has shown potent DPPH radical scavenging activity. In addition, phycocyanin from
Spirulina platensis showed strong H2O2 scavenging activity [58]. Antioxidant properties in
green algae Ulva fasciata and Ulva reticulate were characterized by free-radical-scavenging
due to the presence of flavonoids [59–61]. In brown algae such as Ecklonia cava, Eisenia
bicyclis, and Ecklonia kurome antioxidant activities were characterized by DPPH-radical
scavenging [62]. Ethanolic extracts of Gracilaria tenuistipitata and Callophyllis japonica also
have shown potential antioxidant activities [63,64].

3.2. Intricate Role of Algal Bioactive Metabolites as Anticancer Agents

Free radicals and ROS generally promote cancer initiation. Synthetic chemopreventive
drugs often present several adverse side-effects to the tumor vicinity and bodily organs
because of poor specificity and generalized biodistribution [65]. Several marine algal
bioactive compounds have been designated as potent chemopreventives due to inhibition
of cellular proliferation, modulation of the cell cycle, and induction of apoptosis [66,67].

3.2.1. Inhibition of Cell Proliferation

Several studies have reported that marine algal bioactive compounds have antipro-
liferative and inhibitory activity against several cancer subtypes in in vitro as well as
in vivo [68]. Sulfated polysaccharides purified from brown seaweeds exhibited an antipro-
liferative effect on human leukemia and lymphoma cell lines [38]. They have also been
reported to inhibit proliferation of breast (MCF-7) and cervical (HeLa) cancer cells [38].
Sulfated polysaccharides extracted from the brown seaweed Sargassum vulgare displayed
inhibition of cell proliferation in HeLa and B16 cells without cytotoxicity in normal rabbit
aortic endothelial cells [69]. Furthermore, sulfated polysaccharides from red seaweed
Amansia multifidi inhibited the cellular viability of HeLa cells. The polysaccharides isolated
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from Gracilariopsis lemaneiformis, consisting of 3,6-anhydro-L-galactose and D-galactose
and a linear structure of repeated disaccharide agarobiose units, hindered the viability of
B16, A549, and MKN-28 cell lines [70]. Similarly, low-molecular-weight sulfated polysac-
charides from green seaweed Gayralia oxysperma inhibited the cell viability of U87MG
glioblastoma cells even at microgram-level concentrations (10, 100, and 1000 μg/mL) with-
out any evident cytotoxicity [71]. Fucoidans isolated from Undaria pinnatifida also showed
inhibition of cellular viability in SK-MEL-28, T-47, RPMI-7951, T47D, and DLD-1 cancer cell
lines at microgram concentrations. Moreover, fucoidans isolated from the sporophyll of U.
pinnatifida demonstrated to be able to inhibit cell growth in HeLa, A549, PC-3, and HepG2
cell lines, although at higher concentrations (treatment with 0.8 mg/mL for 24 h) [72].
Furthermore, in prostate cell lines (DU-145), fucoidans treatment marked a 90% reduction
in cell viability [73]. Similarly, Fucus vesiculosus derived fucoidans were reported to reduce
cell viability of human colorectal carcinoma (HCT116) cell line by 60% [74]. Fucoidan
from Ecklonia cava have been also reported to inhibit proliferation of MDA-MB-231 cells.
Moreover, the administration of fucoidan (20 mg/kg for 28 days) in a DU-145 cell-induced
xenograft rat model has reduced the tumor growth by 50% [73]. Carrageenans from Kappa-
phycus alvarezii reduced the growth of liver, colon, breast, and osteosarcoma cell lines [75].
Similarly, treatment of phlorotannins (a type of polyphenol) isolated from E. cava has
marked a reduction in cell viability in MDA-MB-231 and MCF-7 cells by 55% and 64%,
respectively [76]. Similarly, phlorotannin-rich extracts from Ascophyllum nodosum reduced
the cell viability of HT-29 colon cancer cells [77].

Halogenated monoterpenes isolated from red seaweeds Plocamium cornutum and Plo-
camium suhrii displayed potent antiproliferative activity as compared to anticancer drug
cisplatin [78]. U. pinnatifida isolated fucoxanthins has a cytotoxic effect against LNCaP,
DU145, PC-3, Caco-2, HT-29, DLD-1, HeLa, and Jurkat cell lines [79,80]. Moreover, fucox-
anthinol displayed an anti-proliferative effect against drug-resistant HT-29-derived cells,
and inhibited xenograft tumor development in a dose-dependent manner [81]. The guaiane
sesquiterpene derivative guai-2-en-10-ol isolated from the green seaweed Ulva fasciata,
reduced viability of breast cancer MDA-MB-231 cell line [82]. G. tenuistipitata aqueous
extract counteracted the cellular proliferation in H1299 cells. Heterofucans from Sargassum
filipendula exhibited anti-proliferative effects on cervical, prostate, and liver cancer cells [83].
Aqueous extracts of Sargassum oligocystum and Gracilaria corticata inhibited proliferation of
human leukemic cell lines [84,85]. Ethanolic and methanolic extracts of Gracilaria tenuis-
tipitata exhibited anti-proliferative effects against Ca9-22 oral cancer cells [86–88]. Several
studies have reported that algae consumption modulates cancer prevention. The diets
containing seaweeds decreased the growth of DU-145 human prostatic tumor cells in
nude mice. Moreover, the administration of red algae Eucheuma cottonii extracts as dietary
supplement to rats displayed tumor repression [89].

3.2.2. Cell Cycle Arrest and Inhibition of Angiogenesis

Inhibition of cell cycle hinders cancer cell proliferation for the subsequent exhibition of
anticancer activity. Sulfated polysaccharides from G. oxysperma arrested the cell cycle [71].
Fucoidan from Fucus vesiculosus arrested the cell cycle at the G1 phase in HCT116 human
colorectal carcinoma and HT-29 colon cancer cells [74]. Fucoxanthin arrested the cell cycle
via downregulation of cyclin D1, D2, CDK4 and upregulation of p15INK4B and p27Kip1
expression [90]. Fucoxanthin from Laminaria japonica arrested the sub-G1 phase of the cell
cycle in WiDr cancer cells [91]. Moreover, in LNCap prostate cancer cells, fucoxanthin arrested
the G1 phase of the cell cycle via MAPK/ JNK and GDD45A pathways [92]. Pheophorbide a,
from G. elliptica arrested the cell cycle in the G0/G1 phase in glioblastoma cells [93]. Aqueous
extract of G. tenuistipitata induced G2/M arrest in the H1299 cell line [64]. Angiogenesis
plays a key role in tumor growth and metastasis. Polysaccharides isolated from S. vulgare
exhibited angiogenesis inhibitory activity. Fucoidans isolated from U. pinnatifida signif-
icantly reduced the expression of the angiogenesis factors VEGF-A and VEGF-162 [94].
Sulfated polysaccharides from brown seaweed Sargassum vulgare displayed antiangiogenic
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activity in HeLa and B16 cells without damage to the tumor vicinity [69]. Furthermore,
dieckol decreased the expression of angiogenic markers such as PCNA, VEGF, COX-2,
MMP-2, and MMP-9 to inhibit metastasis [95].

3.2.3. Induction of Apoptosis

Apoptosis (or programmed cell death, PCD) is the main goal of anticancer drugs.
Several reports have demonstrated the role of algal bioactive compounds and polysaccha-
rides as potent anticancer agents by modulating apoptosis, as schematized in Figure 4.
Sulfated polysaccharides from Phaeophyceae act as novel chemopreventive drugs owing
to their free-radical scavenging activity [1]. Sulfated polysaccharides induced apoptosis
in human leukemic monocyte lymphoma cell line (U-937) [1]. Polysaccharides from Cap-
sosiphon fulvescens induced apoptosis in gastric cancer cells via modulation of PI3K/Akt
pathway [96]. Polysaccharides from U. lactuca increased the activity of antioxidant enzymes
in a DMBA-induced breast cancer model via diminished lipid peroxidation as well as GSH-
Px activity to restrain apoptosis [97]. Polysaccharides from red seaweed Champia feldmannii
demonstrated in vivo antitumor effects in mice transplanted with sarcoma 180 tumors
via modulation of apoptosis [98]. The polysaccharides isolated from sea lettuce U. lac-
tuca displayed in vitro and in vivo anticancer activity in breast cancer via modulation of
apoptosis. It also displayed a chemopreventive effect in DMBA-induced breast cancer
in rat post-administration for 10 weeks and prevented breast-histological alterations and
carcinogenic wounds. Additionally, it also amplified the p53 expression and inhibited the
Bcl-2 expression to induce apoptosis in breast cancer cells [97].

 

Figure 4. Apoptosis modulation by algal metabolites in cancer prevention. Polysaccharides, sulfated
polysaccharides, iodine, dieckol, fucoxanthine, fucoidan, and polyphenols downregulate the expres-
sion of anti-apoptotic protein Bcl-xl, Bcl-2. Similarly, they enhance the Bax expression to aid apoptosis.
Fucoidan supports the intrinsic apoptosis via regulating the cytosolic release of cytochrome C. Fu-
coxanthine and fucoidan induces the expression of caspase 9 and caspase 3 to induce apoptotic cell
death. Moreover, fucoidan, fucoxanthine, heterofucans, dieckol, iodine, and carrageenans induce
apoptosis through modulation of caspase 3 activity via death receptor-mediated apoptotic cell death
in several cancer cell lines. In addition to this, they also regulate caspase 8 activity inducing extrinsic
apoptosis in different cancer cells.
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Fucoidans isolated from the sporophyll of U. pinnatifida displayed apoptosis in DU-145
cell-induced xenograft rat model via inhibition of the JAK3/STAT pathway. In addition,
fucoidan (IC50 530 ± 3.32 mg/mL) also reduced the viability of B16 melanoma cells via acti-
vating apoptosis [99]. Fucoidan from Fucus vesiculosus induced p53-independent apoptosis
in HCT116 human colorectal carcinoma cell line [74]. Fucoidan from L. japonica induced
apoptosis via activation of caspase-3, poly(ADP-ribose) polymerase (PARP), and DNA
degradation in HT-29 cell line [100]. Moreover, fucoidan from E. cava induced apoptosis in
MDA-MB-231 and MCF-7 cells via induction of p53 and activation of Bax, caspases 3 and 9,
and PARP with inhibition of Bcl-2 [76]. Furthermore, fucoidan from Cladosiphon okamuranus
displayed induction of apoptosis in MCF-7 cells via activation of caspase-3 and DNA
fragmentation [101]. F. vesiculosus extracts enhanced mitochondria membrane permeability
thus inducing apoptosis via cytoplasmic release of cytochrome C and the Smac/DIABLO
pathway in human colon cancer cells [102]. Similarly, fucoidan from F. vesiculosus treatment
induced apoptosis in HT-29 colon cancer cells via decreasing the expression of Bcl-xL, Bcl-2
and upregulation of Bax, pro-caspases 3, 7, and 9. An upregulation of Rb and E2 factor
proteins and Fas-regulated extrinsic apoptosis was also evident post fucoidan treatment in
HT-29 colon cancer cells [103].

Fucoxanthin from Laminaria japonica induced apoptosis via DNA fragmentation in
human colon adenocarcinoma WiDr cells [91]. Fucoxanthin from Ishige okamurae exhib-
ited anticancer activity in melanoma B16F10 cells both in vitro (B16F10 cell line) and
in vivo (Balb/c mice implanted with B16F10 cells) via induction of apoptosis. Moreover,
fucoxanthin induced apoptosis via caspases activation and reduction of BclxL and IAP
expression [90]. Laminarin from Laminaria digitata induced apoptosis in human colon
cancer (HT-29) cells and activated ErbB2 phosphorylation. Moreover, it also inhibited cell
proliferation and induced apoptosis in prostate cancer (PC-3) cells and increased the ex-
pression of P27kip1 and PTEN [104]. Dieckol from E. cava daily administration (40 mg/kg
for 15 weeks) decreased cancer cell proliferation in albino rats via induction of apopto-
sis [95]. The guaiane sesquiterpene derivative guai-2-en-10-ol from green seaweed Ulva
fasciata induced apoptosis in MDA-MB-231 breast cancer cell line via direct interaction with
the kinase site of EGFR [82]. The halogenated monoterpene, mertensene from red alga
Pterocladiella capillacea induced apoptosis in HT-29 and LS174 via modulation of ERK1/2,
Akt, and NF B pathways [78]. Ethanolic and methanolic solvent extracts of Gracilaria tenuis-
tipitata displayed apoptosis in Ca9-22 oral cancer cells via DNA damage. Furthermore,
methanol extract of Plocamium telfairiae induced caspase-dependent apoptosis in HT-29
colon cancer cells [88]. Iodine and polyphenols from L. japonica induced apoptosis via
inhibiting SOD activity [105]. The red alga Porphyra yezoensis can induce cancer cell death
via apoptosis in a dose-dependent manner in in vitro cancer cell lines without exhibiting
cytotoxicity towards the normal cells. Moreover, Carrageenans, heterofucans, dieckol,
and iodine can induce cancer cell death via apoptosis in a dose-dependent manner in
in vitro cancer cell lines without exhibiting cytotoxicity towards the normal cells. Fur-
thermore, L. japonica water extracts induced apoptosis in several human breast cancer
cell lines. Moreover, Eucheuma cottonii extract displayed the upregulation of antioxidant
enzymes such as catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase
(GPx) in cancer-induced rats [89]. Methanolic extracts of Fucus serratus and F. vesiculosus
exhibited protection of DNA damage induced by H2O2 in Caco-2 cells [106]. Furthermore,
Pelvetia canaliculata inhibited H2O2-induced superoxide dismutase depletion in Caco-2
cells [106]. C. japonica ethanol extracts inhibited H2O2-induced apoptosis via activating
cellular antioxidant enzymes [63]. G. tenuistipitata aqueous extract enhanced the recovery
of these cells from H2O2-induced DNA damage in the H1299 cell line [59]. Apoptosis
modulation by algal metabolites in different cancerous cell lines with molecular pathways
are summarized in Table 1.

137



M
ol

ec
ul

es
2

0
2

1
,2

6,
37

T
a

b
le

1
.

M
ar

in
e

al
ga

lb
io

ac
ti

ve
m

et
ab

ol
it

es
an

d
th

ei
r

fu
nc

ti
on

al
ro

le
in

ap
op

to
si

s.

B
io

a
ct

iv
e

C
o

m
p

o
u

n
d

s
A

lg
a
l

S
o

u
rc

e
s

C
e

ll
L

in
e

s/
In

V
iv

o
M

o
d

e
ls

In
v

o
lv

e
d

F
u

n
ct

io
n

a
l

In
v

o
lv

e
m

e
n

t
R

e
f.

1
Su

lf
at

ed
po

ly
sa

cc
ha

ri
de

s
Br

aw
n

al
ga

e
H

um
an

le
uk

em
ic

m
on

oc
yt

e
ly

m
ph

om
a

ce
ll

lin
e

(U
-9

37
)

In
hi

bi
ti

on
of

ce
ll

pr
ol

if
er

at
io

n
[1

]

2
Po

ly
sa

cc
ha

ri
de

s
C

ap
so

si
ph

on
fu

lv
es

ce
ns

G
as

tr
ic

ca
nc

er
ce

lls
M

od
ul

at
io

n
of

PI
3K

/A
kt

pa
th

w
ay

[9
6]

3
Po

ly
sa

cc
ha

ri
de

s
U

.l
ac

tu
ca

D
M

BA
-i

nd
uc

ed
br

ea
st

ca
nc

er
m

od
el

D
im

in
is

he
d

lip
id

pe
ro

xi
da

ti
on

al
so

G
Px

ac
ti

vi
ty

[9
7]

4
Po

ly
sa

cc
ha

ri
de

s
C

ha
m

pi
a

fe
ld

m
an

ni
i

M
ic

e
tr

an
sp

la
nt

ed
w

it
h

sa
rc

om
a

18
0

tu
m

or
s

R
ed

uc
ti

on
of

tu
m

or
gr

ow
th

[9
8]

5
Po

ly
sa

cc
ha

ri
de

s
U

.l
ac

tu
ca

D
M

BA
-i

nd
uc

ed
br

ea
st

ca
nc

er
in

ra
t

Pr
ev

en
te

d
br

ea
st

-h
is

to
lo

gi
ca

la
lte

ra
tio

ns
an

d
ca

rc
in

og
en

ic
w

ou
nd

s
[9

7]

6
Po

ly
sa

cc
ha

ri
de

s
U

.l
ac

tu
ca

Br
ea

st
ca

nc
er

ce
lls

p5
3

ex
pr

es
si

on
an

d
in

hi
bi

te
d

th
e

Bc
l-

2
ex

pr
es

si
on

[9
7]

7
Fu

co
id

an
C

os
ta

ri
a

co
st

at
a

D
LD

-1
55

%
(1

00
μ

g/
m

L)
[1

07
]

SK
-M

EL
-2

8
20

%
(1

00
μ

g/
m

L)
[1

07
]

8
Fu

co
id

an
s

U
.p

in
na

tifi
da

D
U

-1
45

ce
ll-

in
du

ce
d

xe
no

gr
af

tr
at

m
od

el
In

hi
bi

ti
on

of
th

e
JA

K
3/

ST
A

T
pa

th
w

ay
[9

9]

9
Fu

co
id

an
Fu

cu
s

ve
si

cu
lo

su
s

H
C

T1
16

hu
m

an
co

lo
re

ct
al

ca
rc

in
om

a
ce

ll
lin

e
p5

3-
in

de
pe

nd
en

t
[7

4]

10
Fu

co
id

an
L.

ja
po

ni
ca

H
T-

29
ce

ll
lin

e
C

as
pa

se
-3

,P
A

R
P,

an
d

D
N

A
de

gr
ad

at
io

n
[1

00
]

11
Fu

co
id

an
E.

ca
va

M
D

A
-M

B2
31

an
d

M
C

F-
7

ce
lls

In
du

ct
io

n
of

p5
3

an
d

ac
ti

va
ti

on
of

Ba
x,

ca
sp

as
es

3
an

d
9,

an
d

PA
R

P
w

it
h

in
hi

bi
ti

on
of

Bc
l-

2
[7

6]

12
Fu

co
id

an
C

la
do

si
ph

on
ok

am
ur

an
us

M
C

F-
7

ce
lls

A
ct

iv
at

io
n

of
ca

sp
as

e-
3

an
d

D
N

A
fr

ag
m

en
ta

ti
on

[1
01

]

13
Ex

tr
ac

ts
F.

ve
si

cu
lo

su
s

H
um

an
co

lo
n

ca
nc

er
ce

lls
C

yt
op

la
sm

ic
re

le
as

e
of

cy
to

ch
ro

m
e

C
an

d
th

e
Sm

ac
/D

IA
BL

O
pa

th
w

ay
[1

02
]

14
Fu

co
id

an
F.

ve
si

cu
lo

su
s

H
T-

29
co

lo
n

ca
nc

er
ce

lls
D

ec
re

as
ed

ex
pr

es
si

on
of

Bc
l-x

L,
Bc

l-2
an

d
up

re
gu

la
tio

n
of

Ba
x,

pr
o-

ca
sp

as
es

3,
7,

an
d

9
[1

03
]

15
Fu

co
id

an
F.

ve
si

cu
lo

su
s

H
T-

29
co

lo
n

ca
nc

er
ce

lls
U

pr
eg

ul
at

io
n

of
R

b
an

d
E2

fa
ct

or
pr

ot
ei

ns
an

d
Fa

s
re

gu
la

ti
on

[1
03

]

16
Fu

co
xa

nt
hi

n
La

m
in

ar
ia

ja
po

ni
ca

H
um

an
co

lo
n

ad
en

oc
ar

ci
no

m
a

W
iD

r
ce

lls
D

N
A

fr
ag

m
en

ta
ti

on
[9

1]

17
Fu

co
xa

nt
hi

n
Is

hi
ge

ok
am

ur
ae

M
el

an
om

a
B1

6F
10

ce
lls

C
as

pa
se

s
ac

ti
va

ti
on

an
d

re
du

ct
io

n
of

Bc
lx

L
an

d
IA

P
ex

pr
es

si
on

[9
0]

18
D

ie
ck

ol
E.

ca
va

A
lb

in
o

ra
ts

D
ec

re
as

ed
ca

nc
er

ce
ll

pr
ol

if
er

at
io

n
[9

5]

138



M
ol

ec
ul

es
2

0
2

1
,2

6,
37

T
a

b
le

1
.

C
on

t.

B
io

a
ct

iv
e

C
o

m
p

o
u

n
d

s
A

lg
a
l

S
o

u
rc

e
s

C
e

ll
L

in
e

s/
In

V
iv

o
M

o
d

e
ls

In
v

o
lv

e
d

F
u

n
ct

io
n

a
l

In
v

o
lv

e
m

e
n

t
R

e
f.

19
G

ua
ia

ne
se

sq
ui

te
rp

en
e

U
lv

a
fa

sc
ia

ta
M

D
A

M
B-

23
1

br
ea

st
ca

nc
er

ce
ll

lin
e

D
ir

ec
ti

nt
er

ac
ti

on
w

it
h

ki
na

se
si

te
of

EG
FR

[8
2]

20
H

al
og

en
at

ed
m

on
ot

er
pe

ne
,

m
er

te
ns

en
e

Pt
er

oc
la

di
el

la
ca

pi
lla

ce
a

H
T-

29
an

d
LS

17
4

ER
K

1/
2,

A
kt

,a
nd

N
F

B
pa

th
w

ay
s

[7
8]

21
Et

ha
no

lic
an

d
m

et
ha

no
lic

ex
tr

ac
ts

G
ra

ci
la

ri
a

te
nu

is
tip

ita
ta

C
a9

-2
2

or
al

ca
nc

er
ce

lls
D

N
A

da
m

ag
e

[8
8]

22
M

et
ha

no
lic

ex
tr

ac
t

Pl
oc

am
iu

m
te

lfa
ir

ia
e

H
T-

29
co

lo
n

ca
nc

er
ce

lls
In

du
ce

d
ca

sp
as

e-
de

pe
nd

en
t

[8
8]

23
Io

di
ne

an
d

po
ly

ph
en

ol
s

L.
ja

po
ni

ca
H

T-
29

co
lo

n
ca

nc
er

ce
lls

In
hi

bi
ti

on
of

SO
D

ac
ti

vi
ty

[1
05

]

24
Ex

tr
ac

t
Eu

ch
eu

m
a

co
tt

on
ii

C
an

ce
r-

in
du

ce
d

ra
ts

U
pr

eg
ul

at
io

n
of

an
ti

ox
id

an
te

nz
ym

es
,e

.g
.,

C
A

T,
SO

D
,

an
d

G
Px

[8
9]

25
M

et
ha

no
lic

ex
tr

ac
ts

Fu
cu

s
se

rr
at

us
an

d
F.

ve
si

cu
lo

su
s

C
ac

o-
2

ce
lls

D
N

A
da

m
ag

e
[1

06
]

26
M

et
ha

no
lic

ex
tr

ac
ts

Pe
lv

et
ia

ca
na

lic
ul

at
a

C
ac

o-
2

ce
lls

In
hi

bi
te

d
H

2O
2-

in
du

ce
d

SO
D

de
pl

et
io

n
[1

06
]

27
Et

ha
no

le
xt

ra
ct

s
C

.j
ap

on
ic

a
C

ac
o-

2
ce

lls
A

ct
iv

at
in

g
ce

llu
la

r
an

ti
ox

id
an

te
nz

ym
es

[6
3]

28
A

qu
eo

us
ex

tr
ac

t
G

.t
en

ui
st

ip
ita

ta
H

12
99

ce
ll

lin
e

A
ct

iv
at

in
g

ce
llu

la
r

an
ti

ox
id

an
te

nz
ym

es
[5

9]

139



Molecules 2021, 26, 37

3.3. Anti-Inflammatory Activity of Marine Algal Bioactive Metabolites

Inflammation is a molecular marker of carcinogenesis. Marine natural products are
well-known anti-inflammatory agents due to their potent antioxidant activity. Several
anti-inflammatory compounds with potential pharmacological applications have been
isolated from marine algal sources. Macroalgae contain several polysaccharides, such as
fucoidan, fucans, alginates, laminarin, agar, and carrageenans, which are used as prebiotic
compounds and that can have potential application as anti-inflammatory agents. Marine-
derived carotenoids and astaxanthin exhibit potent anti-inflammatory activity [108,109].

The anti-inflammatory activity of marine algae is due to the presence of PUFAs (e.g.,
omega-3) that potentiate inhibition of inflammation [27]. Several studies have demon-
strated that omega-3 to 6 fatty acids reduce inflammation when taken as dietary supple-
ments [27]. The polysaccharide extracted from Turbinaria ornate, Delesseria sanguinea exhibited
anti-inflammatory potential in several in vitro systems. Sulfated polysaccharide fraction from
Gracilaria caudate, a galactan from Gelidium crinale, a mucin-binding agglutinin from Hypnea cer-
vicornis, lectin from Pterocladiella capillacea, and sulfated galactofucan from Lobophora variegata
also exhibited anti-inflammatory potency [110]. Oral administration of marine polysaccharide
in an in vivo mouse model reduced the initiation of inflammation [111].

The alga Spirulina had demonstrated anti-inflammatory effects when assessed using a
non-alcoholic steatohepatitis model [112]. C-phycocyanin from Spirulina platensis blocked
inflammation via inhibiting the expressions of nitric oxide synthase, cyclooxygenase-2,
and production of pro-inflammatory cytokines [113,114]. Methanolic extracts of Ulva
lactuca and U. conglobate have shown anti-inflammatory effects in murine hippocampal
HT22 cell line [115]. Lycopene from Chlorella marina demonstrated anti-inflammatory
effects in an arthritic rat model [116]. Phytosterols from Dunaliella tertiolecta, aqueous and
methanolic extracts of Caulerpa mexicana and lectin from Caulerpa cupressoides exhibited anti-
inflammatory activities in several in vitro models [117]. Ethanolic extract of Ecklonia cava
inhibited LPS-induced inflammation in human endothelial cells [118]. Furthermore, Ishige
okamurae showed anti-inflammatory effects in a few in vitro models [119]. The astaxanthin
isolated from Haematococcus pluvialis reduced gastric inflammation in Helicobacter pylori-
infected mice via decreasing bacterial density [120]. Moreover, astaxanthin reduced the
production of pro-inflammatory mediators and cytokines such as nuclear factor-κB (NF-κB),
tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6), and suppresses T lymphocyte
activation in asthma patients [120]. Fucans from Sargassum vulgare, Lobophora variegata, and
Spatoglossum schroederi also displayed anti-inflammatory effects [121]. Furthermore, Alginic
acid from Sargassum wightii exhibited anti-inflammatory effects in vivo in a rat model [121].

Methanolic extract of Bryothamnion triquetrum exhibited an anti-inflammatory effect in
Swiss albino mice [122]. Two fatty acids of Gracilaria verrucosa such as (E)-10-oxooctadec-8-
enoic acid and (E)-9-oxooctadec-10-enoic acid inhibited the production of inflammatory
markers, such as nitric oxide, IL-6, and TNF-α [123]. The sulfoglycolipidic isolated from the
red alga Porphyridium cruentum exhibited an anti-inflammatory effect due to the presence
of AA (6.8%), palmitic acid (26.1%), and EPA (16.6%), and omega-9 fatty acid (10.5%) [124].
Pheophytin from Enteromorpha prolifera has superoxide radical (O2

•_) reducing potential
and inflammatory responses in mice [125,126]. A glycoprotein extracted from Porphyra
yezoensis exhibited anti-inflammatory effects in LPS-stimulated macrophages [118]. Further-
more, phlorotannins (a polyphenol derived from Eisenia bicyclis, Ecklonia cava, and Ecklonia
kurome), and sargachromanol G (derived from Sargassum siliquastrum) showed promising
anti-inflammatory activity via inhibition of the production of inflammatory mediators
in LPS-stimulated cells [127,128]. Moreover, methanolic extract of Neorhodomela aculeata
inhibited ROS generation, H2O2-induced lipid peroxidation, and inducible nitric oxide
synthase in neurological diseases via inhibition of inflammation [129].

3.4. Significance of Marine Algal Bioactive Metabolites as Anti-Diabetes Drugs

Diabetes mellitus is a chronic metabolic disorder which is characterized by high
blood glucose levels that lead to renal dysfunction, cardiovascular diseases, and retinal
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damage [1]. Dietary management is a novel target for treating diabetes via maintaining
the correct concentrations of both blood glucose and blood lipids [130]. Commercially
available antidiabetic drugs exert several diseases-associated adverse side effects during
treatments [131]. In this context, the identification of natural antidiabetic drugs with en-
hanced drug efficacy and lesser adverse effects has gained the attention of researchers
in recent times. Marine algae-derived bioactive compounds exhibited antidiabetic prop-
erties furnished by regulation of various signaling pathways, such as inhibitory effect
on enzymes such as α-amylase, α-glucosidase, aldose reductase, dipeptidyl peptidase-4,
and protein tyrosine phosphatase 1B (PTP 1B) enzyme [132]. Enzymes like α-amylase and
α-glucosidase play a significant role in the digestion of carbohydrates, leading to a delay
in glucose absorption in blood and also to a reduction of glucose levels in blood plasma.
Subsequently, these compounds may be exploited as potential functional food ingredients
for preventing or diminishing insulin resistance and diabetes [132].

Marine algal compounds modulated the GLUT-4 and AMPK signaling pathways and
triggered glucose tolerance [1]. Recent investigations displayed that fucoidan act as prebi-
otics and regulate the intercellular metabolism and blood sugar level [1]. Fucoidan isolated
from S. fusiforme controlled the blood glucose level, recovered liver function, and inhib-
ited oxidative stress in STZ-induced diabetic rats [133]. Fucoidan from Ecklonia maxima
acted as a potent α-glucosidase inhibitor with a very low IC50 value (0.27–0.31 mg/mL)
and regulated type II diabetes [134]. Fucoidan from Fucus vesiculosus displayed a robust
α-glucosidase inhibitor in diabetes treatment [135]. Furthermore, low molecular weight
fucoidan (LMWF) from S. hemiphyllum in combination with fucoxanthin displayed anti-
diabetic properties in type II diabetes rat model (db/db). The oral administration of LMWF
in combination with fucoxanthin decreased blood glucose and fasting blood sugar lev-
els [135]. The synergistic drug effect was more effective in the in vivo model via reduction of
urinal sugar level as compared to the LMWF treatment alone. LMWF enhanced the hepatic
glycogen concentration and antioxidant enzymes which were assisted by lipid metabolism.
The lipid metabolism displayed the regulation of glucose transporter (GLUT), insulin
receptor substrate (IRS-1), peroxisome proliferator-activated receptor-gamma (PPARγ),
and uncoupling protein (UCP)-1 level with the treatment of LMWF in combination with
fucoxanthin [135]. Fucoidan from Cucumaria frondosa amplified the expression of insulin
receptor substrate 1, Glut-4, and PI3K/Akt, glucose transporter protein in insulin-resistant
rats [1]. Fucoidan from Saccarina japonica abridged blood sugar level too [1,136].

Moreover, sulfated fucoidan isolated from Undaria pinnatifida inhibited hyperglycemia
by eliciting insulin sensitivity in a diabetic mouse (C57BL/KSJ/db/db) model [137]. Fu-
coidan from Sargassum wightii inhibited alpha-D-glucosidase that transport glucose into the
blood and reduce glucose level in blood [138]. Dieckol, fucodiphloroethol G, 6,6′-Bieckol, 7-
phloroeckol, phlorofucofuroeckol A from E. cava and phloroglucinol, dioxinodehydroeckol,
eckol from E. stolonifera and E. bicyclis displayed robust α-glucosidase activity and reduced
blood sugar level [139–141]. Furthermore, dieckol-rich extract from E. cava improved
insulin sensitivity [142]. Polyphenolic-rich extract from I. okamurae improved insulin sen-
sitivity [143]. Moreover, polyphenolic-rich extract from E. cava inhibited glucose uptake
effect in skeletal muscle [141]. Fucosterol from Pelvetia siliquosa reduced serum glucose
concentration and inhibited sorbitol accumulation in the lenses in Sprague–Dawley diabetic
rats [144]. Phlorotannin components from Ascophyllum nodosum displayed potential inhibi-
tion of α-amylase and α-glucosidase activities in in vitro models [145]. Sodium alginate
from Laminaria angustata inhibited the rising blood glucose and insulin levels in Wistar
rats [146]. Fucoxanthin and fucosterol from Undaria pinnatifida and Ecklonia stolonifera dis-
played aldose reductase inhibition [147,148]. Furthermore, pheophorbide-A, pheophytin-A
also displayed aldose reductase inhibition [149]. Algal bioactive metabolites and their
functional role in diabetes are summarized in Table 2.
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4. Algal Metabolites as Prebiotics for Human Health with Special References
to Fucoidan

Algal metabolite consumption, such as polysaccharides, sulfated polysaccharides,
fucoidans, chlorophylls, phycobilins, fucoxanthins, carotenoids, polyphenols, and omega-3
fatty acids, decreases blood pressure and sugar level, and it can have antiviral, anti-
inflammatory, anticancer, and neuroprotective effects, as well as act as immune boost-up.
The immunomodulatory potential of prebiotics modulates immune fitness via several
metabolic processes and interactions with the gut microbiota in humans [165]. The gut
microbiota produces short-chain fatty acids (SCFA) such as propionate, acetate and butyrate
by breaking down prebiotics and modulating the immune response [165]. Intravenous use
of acetate amplified the activity of NK cells in cancer patients. In addition, it activated
G protein-coupled receptors (GPR41 and GPR43) in rats, thus triggering mitogen-activated
protein kinase (MAPK) signaling and modulating the transcription factors activity [166].
Acetate also increased the production of IL-10 in rats and prevented the inhibitory activity
of butyrate on IL-2 production [167]. Daily administration of fucoidans from A. nodosum
increased in Lactobacillus and Ruminococcus in the intestine of mice [168].

Fucoidan possesses a wide range of immune-modulation effects by stimulating activa-
tion of natural killer (NK) cells, dendritic cells (DCs), and T cells and increasing anti-tumor
and anti-viral responses [169]. Fucoidan enhanced immune modulation via activation
of macrophage facilitated by membrane receptors, such as TLR4, cluster of differentia-
tion 14 (CD14), competent receptor-3 (CR-3), and scavenging receptor (SR). This led to
signal transduction via MAPK and activation of transcription factors, and it also induced
cytokines production, which regulates activation of NK cells and T lymphocytes [170].
In this regard, treatment of C57BL/6 rats with fucoidan extracted from Fucus vesiculosus up-
regulated pro-inflammatory cytokines (IL-6, IL-12, and TNF-α) in serum and spleenocytes
after 3 h of administration [171]. Furthermore, fucoidan from L. cichorioides, L. Japonica,
and F. evanescens served as TLR ligands and their interaction with TLR-2 and TLR-4 recep-
tors in vitro activated NF-jB. Furthermore, it also controlled the expression of the defense
mechanisms of intrinsic immunity, such as secretion of chemokines, cytokines, and man-
ifestation of MHC class I and II particles [1]. These are essential for the defense against
foreign attackers and for activating adaptive immune systems. A clinical trial based on the
diet supplementation of 1 g/day of fucoidan from Undaria pinnatifida on adult male and
female volunteers for 24 weeks showed modulation of the immunity to seasonal influenza
vaccine by antibody production [172]. Based on these reports, there are several evidences
that fucoidan acts as a potent prebiotic and that it is able to modulate immunity. This is
achieved by interacting with intestinal cells of the gut microbiota and direct motivation of
immune cells through TLRs.

5. Conclusions and Future Perspectives

Natural extracts have been used since ancient times for treating various illnesses.
Products from natural products have also provided a large number of pharmaceuticals,
or their prototypes, in recent times. Among the many natural sources, marine algae can
still play a pivotal role in human health and disease because of the need for novel drug
candidates. Their extracts are already well-known in traditional medicine and more recent
studies investigated the many beneficial effects of their secondary metabolites, such as
reduction of oxidative stress and modulation of apoptosis, and the main findings of these
researches are summarized in this review. The exploitation of these results might lead to
the development of novel algal dietary supplements and pharmaceuticals for preventing
and treating chronic malfunctions and other age-associated chronic diseases. For example,
sulfated fucoidans have been shown to be potential candidates as new pharmaceuticals
in fighting cancer and diabetes. However, despite the extensive use of algae-derived
compounds and extracts in the food industry, there are still no FDA-approved anticancer,
antioxidant, anti-inflammatory, and antidiabetic drugs. Technology transfer from the pre-
clinical results to the clinical application of secondary metabolites extracted from marine
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algae is still in its infancy and not fully exploited and more clinical studies are needed to
really evaluate the pharmaceutical efficacy algal compounds.

In conclusion, marine algae offer a great variety of bioactive molecules with potential
health benefits. Several types of marine algae are already consumed as food additives and
nutritional supplements, potentially exerting their beneficial effects through diet. There is,
however, an impelling necessity of considering the algal bioactive compounds in new drug
discovery programs and to investigate their biological effects in deeper detail in order to
find new pharmaceuticals with preventive and therapeutic efficacy.
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Abstract: Background: Health care-associated infections (HAIs) are a significant public health
problem worldwide, favoring multidrug-resistant (MDR) microorganisms. The SARS-CoV-2 infection
was negatively associated with the increase in antimicrobial resistance, and the ESKAPE group
had the most significant impact on HAIs. The study evaluated the bactericidal effect of a high
concentration of O3 gas on some reference and ESKAPE bacteria. Material and Methods: Four
standard strains and four clinical or environmental MDR strains were exposed to elevated ozone
doses at different concentrations and times. Bacterial inactivation (growth and cultivability) was
investigated using colony counts and resazurin as metabolic indicators. Scanning electron microscopy
(SEM) was performed. Results: The culture exposure to a high level of O3 inhibited the growth of
all bacterial strains tested with a statistically significant reduction in colony count compared to the
control group. The cell viability of S. aureus (MRSA) (99.6%) and P. aeruginosa (XDR) (29.2%) was
reduced considerably, and SEM showed damage to bacteria after O3 treatment Conclusion: The
impact of HAIs can be easily dampened by the widespread use of ozone in ICUs. This product usually
degrades into molecular oxygen and has a low toxicity compared to other sanitization products.
However, high doses of ozone were able to interfere with the growth of all strains studied, evidencing
that ozone-based decontamination approaches may represent the future of hospital cleaning methods.

Keywords: ozone; pathogenic bacteria; antimicrobial resistance; SEM; ESKAPE pathogens;
antimicrobial activity

1. Introduction

Health care-associated infections (HAI) are a significant public health problem world-
wide, especially in developing countries where the frequency can be at least three times
higher than that of resource-rich countries [1]. It is estimated that approximately four
million people acquire HAIs in the European Union (EU) and that some 37,000 persons
die due to resistant infections acquired in hospital environments. Most of these deaths
(67.6%) are caused by multidrug-resistant (MDR) bacteria to antimicrobials [2]. The 2016
European Annual Report recorded the incidence density (DI) for ventilator-associated
pneumonia (VAP) of 3.9/1000 days, central catheter-associated bloodstream infections
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(CCAB) of 1.7/1000 days, and infections of the urinary tract related to a catheter (ITURC)
of 2.1/1000 days [2], while in Brazil, the DI of device-related HAIs in the year 2016 in-
dicated VAP of 13.6/1000 days, primary clinical bloodstream infection associated with
central vascular catheter (CBIACC) of 4.6/1000 days, and catheter-related urinary tract
infections (CRUTI) of 5.1/1000 days [3]. The increasing burden of HAIs stemming from
poor infection monitoring and control practices are among the drivers of antimicrobial
resistance. Evidence indicates a strong relationship between antimicrobial resistance and
HAIs [4], with MDR pathogens being a common cause [5,6]. Although they are frequent
adverse events with high morbidity and mortality rates and costs, HAIs are recognized as
preventable in up to 70% of cases [7].

Antimicrobial resistance (AMR) results from bacteria’s natural evolution and adap-
tation processes. However, selection pressure has accelerated it, originating from the
inadequate or excessive use of antimicrobials, favoring MDR microorganisms’ appearance
and rapid spread [8–10]. The problem is highlighted in the ICU, where patients have
higher risk factors for nosocomial infections. In addition, the cost of antimicrobial resis-
tance in these infections is very high, as diseases caused by these pathogens have worse
clinical outcomes, prolonged hospital stays, and increased mortality rates [11]. More than
700,000 deaths are associated with AMR [12,13], and by 2050, the number of lives lost
annually could reach 10 million [14]. The COVID-19 pandemic was declared by the World
Health Organization (WHO) on 12 March 2020 [15–17]; at that time, the disease had been
spreading rapidly since the first detection of the SARS-CoV-2 coronavirus in Wuhan, China,
in December 2019 [18]. The SARS-CoV-2 infection had a negative association with the
increase in antimicrobial resistance for reasons related mainly to the rise in the practical
use of antimicrobials, the overcrowding of health systems, a lack of management measures,
and a decrease in the pace of activity of laboratories in surveillance cultures and diagnostic
tests to detect antimicrobial-resistant organisms.

On the other hand, the lower impact on the development of antimicrobial resistance
may be associated with increased infection control measures adopted to prevent the con-
tamination of healthcare professionals with SARS-CoV-2, including hand hygiene and
the use of individual protective equipment and devices to decontaminate the air and sur-
faces [19]. According to some studies, up to 5% of patients infected with SARS-CoV-2 had
to be admitted to the ICU [20,21]. In addition, it has been documented that up to 50%
of these patients may have had secondary bacterial infections or superinfections, mainly
bacteremia and urinary tract infections [22,23]. Undoubtedly, the dramatic increase in
COVID-19 deaths includes HAI coinfection cases. Furthermore, the hospitalization length
increases the risk of being affected by HAIs, which may even exacerbate a severe morbidity
condition, further leading to the patient’s death, particularly if with comorbidity [24]. A
study in Lombardy, the Italian region with the most COVID-19 deaths, revealed that most
HAIs occurred in ICUs [25]. Other authors reported the high prevalence of HAIs in ICUs
in Italy and associated such infections with the use of a urinary catheter, surgical drainage,
intravascular catheters, and mechanical ventilation [26,27]. These infections are more
prevalent in terminally ill patients and are primarily due to the spread of MDR pathogens.

Among the MDR pathogens, those from the ESKAPE group have the most significant
impact on HAIs. Also called “super bacteria”, they group six pathogens that can escape
the biocidal activity of antimicrobials: Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. [28,29].
The inefficiency of antimicrobials against these pathogens is due to several resistance
mechanisms, such as drug inactivation, modification of drug binding sites/targets, changes
in cell permeability, and mutation [30]. As a result, these pathogens can survive in the
hospital environment for extended periods and be transported from one individual to
another, thus spreading in the community and hospital [31].

A priority list of antimicrobial-resistant bacteria was described in 2017 by WHO to
support renewed efforts in researching and developing new antimicrobials, diagnostics,
vaccines, and other tools [32]. Most ESKAPE pathogens appear on this list of the most
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problematic microbial species, which appeals to focus research efforts on this topic [33].
The European Centre for Disease Prevention and Control (ECDC) and the US Centers for
Disease Control and Prevention (CDC) provided the following standardized definitions
for MDR, extensively drug-resistant (XDR), and pan-drug resistant (PDR) bacteria. MDR
bacteria are defined as those with acquired resistance to at least one agent in three or more
categories of antimicrobials. XDRs are not susceptible to at least one agent in all classes
of antimicrobials except two or fewer types (i.e., they remain sensitive to only one or two
categories). Bacteria resistance to all agents in all antimicrobial types is called PDR [34].
The environment plays a central role in transmitting hospital-acquired pathogens and the
pathogenesis of HAIs.

Many bacteria, especially MDR, can survive in the hospital environment for several
months, particularly in areas close to patients. Among the factors that favor the contamina-
tion of the health services environment, we can mention the hands of health professionals in
contact with surfaces; maintenance of damp, wet, and dusty surfaces; precarious conditions
of coatings; and maintenance of organic matter [35]. The presence of dirt, mainly organic
matter of human origin, can serve as a substrate for the proliferation of microorganisms or
favor the presence of vectors, which can passively carry these agents. This indicates the im-
portance of rapid cleaning and disinfection of any area with organic matter, regardless of the
hospital area [33]. The effective disinfection of surfaces and the environment is considered
one of the primary measures to control the spread of HAIs. Unfortunately, many studies
have concluded that current cleaning methods are microbiologically ineffective. This failure
concerns daily cleaning and final cleaning after the patient is discharged. Improvements in
environmental cleanliness are associated with a decrease in hospital-acquired pathogens
and HAIs [36]. Last year, a new global emergency introduced the requirement for further
disinfection and sanitization procedures to optimize the quality of care and work safety in
professional environments [37,38].

According to all this and considering the increasing prevalence of MDR microorgan-
isms in hospitals, which has become a severe threat to public health, the need for safe
and validated technologies capable of ensuring the disinfection of air environments, room
surfaces, and sanitary materials has become evident against the current pandemic or future
events. In this sense, the study of alternative methods and/or agents for disinfection and
sanitization should receive special attention, and ozone (O3) can be a valid option with
different objectives [39]. Ozone is a blue-colored gas with a characteristic odor, presented
in the triatomic form of oxygen (O3), and is partially soluble in water and highly unstable,
decomposing quickly into oxygen. Therefore, it cannot be produced in large quantities
without being continuously [40]. With an oxidative potential superior to most commercial
disinfectants and a faster reaction faster than O2, it has been studied for decades in medicine
and biological sciences, becoming a versatile therapeutic agent which helps treat several
diseases [41]. The exposure to ozone, also known as the time concentration value (mg
L-1 min), is the most important operational parameter in O3 disinfection, representing
the time-integrated ozone concentration in its most general form. Medium temperature
also has a strong influence [42,43]. The humidity is also a key parameter when ozone is
applied in the gas phase, requiring high relative humidity conditions to obtain a significant
inactivation of target microorganisms [44,45]. The chemical composition of the surface to
be treated and its shape and texture could also be important factors.

Gaseous disinfectants are proven to be effective because, in addition to the antimi-
crobial effect, gas can reach surfaces difficult to get by conventional cleaning [46,47]. For
example, ozone gas in the concentration of 25 ppm caused a significant reduction in the
number of viable bacteria and the total biomass of K. pneumoniae biofilm [48]. Furthermore,
ozone seems to be very effective against planktonic bacteria, which are susceptible to ozone
action and are often significantly reduced or completely eradicated from the surfaces with
smaller concentrations [49–52]. Currently, with the COVID-19 pandemic, ozone has been
investigated as a possible preventive measure for the spread of infection [53], in hospital hy-
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giene for disinfecting rooms [54], in viability on different surfaces [55], and as a therapeutic
option in the treatment of patients [24,56].

Ozone acts first on the cell membrane as a disinfectant, reacting with glycoproteins,
glycolipids, and nucleic acids. Then, microorganisms are inactivated by cell disruption
due to the action of molecular ozone or free radicals during the decomposition of the
gas [57]. Studies show that ozone influences the global polarity of the bacterial surface [58],
involving mechanisms of lipid peroxidation [59] and the degradation of transmembrane
proteins that control the flow of ions. Thus, cells rupture with a subsequent leakage of ions
between the media, resulting in the microorganism’s death [60].

Despite having been used in the hospital environment for some time, little is known
about the potential of this agent, especially in the Brazilian context, where studies on
the subject are scarce. Therefore, from this perspective and due to the aspects reported,
there was an interest in evaluating the bactericidal action of high concentration ozone
gas on some reference bacteria used in the process of assessing the bactericidal activity of
disinfectants and some bacteria from the ESKAPE group that have a high antimicrobial
resistance profile.

2. Materials and Methods

2.1. Bacterial Strains

Standard strains (Staphylococcus aureus (ATCC 6538), Salmonella enterica subsp. enterica
serovar choleraesuis (ATCC 10708), Escherichia coli (ATCC 25922), and Pseudomonas aeruginosa
(ATCC 15442)) were obtained from the American Type Culture Collection (ATCC) (Plast
Labor Ind. Com. EH Lab. Ltd.a, Rio de Janeiro, Brazil). Representative MDR strains of the
ESKAPE group were also used, with four clinical strains isolated from HAIs, which were:
methicillin-resistant S. aureus (MRSA), carbapenemase-producing K. pneumoniae (KPC+),
A. baumannii PDR carrying the blaOXA-23 gene and representing one of the genotypes
disseminated in Brazil (ST15/CC15), and an environmental strain of P. aeruginosa (XDR)
from hospital effluent. These strains were kindly provided by Dr. Maria H. S. Villas-
Bôas (National Institute for Quality Control in Health of the Oswaldo Cruz Foundation—
INCQS/FIOCRUZ) and Dra. Catia Chaia de Miranda (Interdisciplinary Medical Research
Laboratory, LIPMED, FIOCRUZ). These bacterial strains were initially cultivated according
to the instructions of the ATCC, aliquoted, and stored in cryotubes containing tryptic soy
broth (TSB, Difco) with 20% glycerol (v/v) and kept at −20 ◦C for later use.

2.2. Ozone Generating and Monitoring

The ozone generating equipment (SANITECH O3-80-Sanitization, Astech Serv. and
Fabrication Ltd.a., Petrópolis, Brazil) is adjustable from 10 to 80 ppm, and the capacity to
treat the room air up to 1000 m3 (not habitable) was used. The environmental concentration
of O3 emitted was monitored and measured using two portable electrochemical ozone
detection modules (model ZE14-O3) (Zhengzhou Winsen Electronics Technology Co., Ltd.,
Honã, Zhengzhou, China). In addition, this equipment was coupled to a module con-
taining a digital temperature and relative humidity sensor (model AM2302) (Guangzhou
ASAIR Electronic Co., Ltd., Guangzhou, China). The ZE14-O3/AM2302 modules constantly
monitored these three parameters during the experiment, with 2–3 s detection and simulta-
neous recording on a computer. The measurement was made with the ZE14-O3/AM2302
(Sensors 1 and 2) inserted directly inside each container, always on the first shelf.

2.3. Inoculation of the Test Surface

The strains were removed from the freezer stock culture for bacterial reactivation,
sown in TSB, and incubated at 37 ◦C for 24 h. After the microorganisms were suspended
in sterile 0.85% saline, the concentration of 108 colony-forming units (CFU) mL−1 was
determined with a densitometer (Densichek Plus, BioMérieux, Rio de Janeiro, Brazil). The
successive dilutions (105 and 104 CFU mL−1) were made in the brain–heart infusion broth
(BHI). One hundred microliter aliquots of each bacterial suspension (S. aureus, S. enterica,
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E. coli, P. aeruginosa, S. aureus (MRSA), K. pneumoniae (KPC+), A. baumannii (PDR), and
P. aeruginosa (XDR)) in different concentrations (105 and 104 CFU mL−1) were plated in
triplicate by spread plate on Triptona Soy Agar (TSA; DIFCO Laboratories Inc., Detroit, MI,
USA) and incubated at 37 ◦C for 24 h.

2.4. Ozone Treatment

The ozone generated was infused into two hermetically sealed containers, with a
volume of approximately 1 m3 each (Figure S1). The plates inoculated with the different
microorganisms were placed on each container’s shelves. After closing the lid of each
container, we started the exposure to ozone using only one SANITECH O3-80-Sanitization
ozone generator, producing ozone at a concentration of 80 ppm (maximum) (Figure S1).
ATCC strains were exposed to ozone for 1, 10, 20, 30, and 40 min. According to the results
obtained with the reference strains, we verified that the initial concentration of the inoculum
(104 or 105 CFU/mL) had no significant interference in the colony count results, but rather
the time of exposure to ozone presented the best impact at 40 min. As a result, the other
strains (ESKAPE) were exposed to ozone at 105 CFU/mL/40 min. The ozone-generating
equipment takes time to reach its maximum concentration (ppm). For this reason, for
each exposure time determined, a 2 min addition to the readings was considered after
this initial time. After the exposure time, the container was opened, and the plates were
closed and incubated at 37 ◦C for 24 h. As a positive control for the assay, we used plates
with TSA containing the same bacterial suspensions but without exposure to ozone. These
plates remained at room temperature and were incubated at 37 ◦C for 24 h, with the plates
exposed to ozone. A plate containing only TSA was used as a negative control. The test
was performed in triplicate. Colony counting was performed only on plates with many
colonies from 0 to 300.

2.5. Cell Viability

The cell viability was measured on a selected bacterial suspension of 105 CFU mL−1

after 40 min exposure to O3 based on previous results (cell count—CFU mL−1). The entire
previous experiment was performed again (at the defined concentration and time), and after
24 h of incubation, three distinct colonies from each plate were inoculated separately in a
test tube containing TSB broth (Difco). As a positive control of the assay, we performed the
same procedure with the plates that were not exposed to O3, where three distinct colonies of
each dish were inoculated separately in a test tube containing TSB broth (Difco). Afterward,
100 μL of the bacterial suspension of each colony was transferred, in triplicate, to the wells
of the 96-well microplate, which was incubated at 37 ◦C for 24 h. Each strain was tested
in duplicate and bacterial growth was detected by adding 0.02% resazurin (7-hydroxy-
phenoxazin-3-one 10-oxide; Sigma-Merck, St. Louis, MO, USA) with 1 h incubation [61].
Resazurin is a non-toxic, non-fluorescent blue reagent that, after enzymatic reduction,
becomes highly fluorescent. This conversion occurs only in viable cells; as such, the amount
of resorufin produced is proportional to the number of viable cells in the sample [62–64].
As a negative control, we used TSB broth, and the measurement at 590 nm was conducted
on an ELISA plate reader (Flex Station 3; Molecular Devices, San José, CA, USA).

The collected data were analyzed using the program R (version 3.6.0) (Vienna, Austria)
and R Studio, where the paired t-test was applied to compare the statistical significance be-
tween the two samples (with and without treatment with O3) with ≤0.01. Each experiment
was repeated three times for each microorganism treated with O3.

2.6. Scanning Electron Microscopy (SEM)

SEM visualizes morphological changes in the bacteria species. For analysis, control
cells under O3 treatment were fixed for 1 h with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer. After fixation, the cells were washed three times in PBS for 5 min, post-fixed for
15 min in 1% osmium tetroxide (OsO4), and rewashed three times in PBS for 5 min. Next,
the samples were dehydrated in an ascending series of ethanol (7.5, 15, 30, 50, 70, 90, and
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100% ethanol) for 15 min each step, critical point dried with CO2, sputter-coated with
a 15 nm thick layer of gold, and examined in a Jeol JSM 6390 (Tokyo, Japan) scanning
electron microscope.

3. Results

3.1. Monitoring of Ozone Concentration

Monitoring the O3 concentration inside each container showed that the average ozone
emission from the equipment (1 to 40 min) ranged from 21.1 ppm to 71.7 ppm, with the
average of all measurements being 43.9 ppm (Figure 1). The mean ozone concentration
in the 40 min time chosen for testing with the MDR strains was 30.8 ppm (Figure 2). The
ambient temperature ranged from 22.5 ◦C to 24.3 ◦C, with an average of 23.4 ◦C. Regarding
the relative humidity of the air, it went from 71.4% RH to 75.5% RH, with an average of
74.2% RH (Table 1, Figure 2).

Figure 1. The number of colony-forming units (CFU) in different bacterial strains (S. aureus
(ATCC 6538), P. aeruginosa (ATCC 15442), S. enterica (ATCC 10708), and E. coli (ATCC 25922)) was
counted. CFU counting was performed in the control group (no treatment) and bacterial suspensions
(105 CFU/mL) after exposure to ozone for 1, 10, 20, 30, and 40 min.

Figure 2. Average temperature, relative humidity, and ozone concentration at times of 1, 10, 20, 30,
and 40 min with ATCC (S. aureus (ATCC 6538), P. aeruginosa (ATCC 15442), S. enterica (ATCC) strains
10708), and E. coli (ATCC 25922)) and multidrug-resistant S. aureus (MRSA), P. aeruginosa (XDR),
A. baumannii (PDR), and K. pneumoniae (KPC+).
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Table 1. Monitoring ozone concentration, temperature, and humidity of different bacterial strains
after exposure to ozone.

Ozone Exposure
Time (Minutes)

Evaluated Parameters

Temperature
(◦C)

Relative Humidity
of Air (% RH)

Ozone
Concentration (ppm)

1 22.5 77.2 71.7

10 22.8 74.6 48.8

20 23.7 75.5 47.2

30 23.9 71.4 21.1

40 24.3 72.4 30.8

Mean 23.4 74.2 43.9

3.2. Ozone Treatment

The culture exposure at different times (1 to 40 min) with a high level of gaseous O3
was able to inhibit the in vitro growth of all bacterial strains tested (Figures 1 and 2) with a
statistically significant reduction in colony count compared to the control group (not treated
with ozone) (Table 2). Among the ATCC strains (105 CFU/mL), P. aeruginosa (ATCC 15442)
was the only one that did not significantly reduce the CFU count with only 1 min of ozone
exposure, with a reduction of only 17.5% CFU. The other strains significantly reduced
the number of colonies, with the most significant reduction being for S. enterica (ATCC
10708) (90.4%), followed by E. coli (ATCC 25922) and S. aureus (ATCC 6538) (both 98%).
After 10 min of exposure to ozone, all ATCC strains showed a significant reduction in the
number of counted CFU: S. aureus (ATCC 6538), 99.4%; P. aeruginosa (ATCC 15442), 93.2%;
and S. enterica (ATCC 10708), 95.1%. E. coli (ATCC 25922) maintained the same percentage
reduction of 98%. From 20 min to 40 min of exposure to ozone, all ATCC strains showed
higher percentages of reduction in the number of CFU counts, ranging from 97.2% to 99.7%.
In the MDR strains (105 CFU/mL), a significant reduction in the number of counted CFU
in 40 min was observed: S. aureus (MRSA) with a reduction of 99.99%, P. aeruginosa (XDR)
with 99.7%, A. baumannii (PDR) with 99.5%, and K. pneumoniae (KPC+) with 95.5%.

Table 2. Count and percentage reduction in the number of CFU in ATCC (S. aureus (ATCC 6538), P.
aeruginosa (ATCC 15442), S. enterica (ATCC 10708), and E. coli (ATCC 25922)) strains and multidrug-
resistant S. aureus (MRSA), P. aeruginosa (XDR), A. baumannii (PDR), and K. pneumoniae (KPC+). ATCC
strains (105 CFU/mL) after exposure to ozone (1, 10, 20, 30, and 40 min) and in bacterial suspensions
of multi-resistant strains (105 CFU/mL) after exposure to ozone (40 min).

Bacterial
Strains

Ozone Exposure Times

C
1′ 10′ 20′ 30′ 40′

Count Number CFU/% of Reduction

S. aureus (ATCC
6538) 6287 123.1/98 36/99.4 31.9/99.5 27.2/99.6 20.4/99.7

P. aeruginosa
(ATCC 15442) 3767 3109/17.5 256/93.2 105.2/97.2 65.33/98.3 57.8/98.5

S. enterica
(ATCC 10708) 7391 711.3/90.4 360.8/95.1 69.7/99.1 63.11/99.2 53.9/99.3

E. coli
(ATCC 25922) 3090 62/98 66.1/98 57.2/98.1 31.2/99 30.3/99
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Table 2. Cont.

Bacterial
Strains

Ozone Exposure Times

C
1′ 10′ 20′ 30′ 40′

Count Number CFU/% of Reduction

S. aureus
(MRSA) 4041 - - - - 0.1/99.99

P. aeruginosa
(XDR) 1946 - - - - 6.33/99.7

A. baumannii
(PDR) 3228 - - - - 16.6/99.5

K. pneumoniae
(KPC+) 1894 - - - - 86/95.5

C: control not exposed to ozone; CFU: colony-forming units.

3.3. Cell Viability

Ozone treatment significantly reduced bacterial growth in S. aureus (MRSA), leading
to an inhibition of about 99.6%, followed by P. aeruginosa XDR (29.2%) (Figure 3). No
difference was found in bacterial viability after ozone treatment in strains of S. aureus
(ATCC 6538), P. aeruginosa (ATCC 15442), S. enterica (ATCC 10708), E. coli (ATCC 25922),
A. baumannii (PDR), and K. pneumoniae (KPC+) (Figures 3 and 4).

Figure 3. Analysis of cell viability after ozone treatment in different bacterial strains (S. aureus
(ATCC 6538), S. enterica (ATCC 10708), E. coli (ATCC 25922), and P. aeruginosa (ATCC 15442)). The
measurement of fluorescence intensity (relative fluorescence units, RFU) after the conversion of
resazurin to resofurin by viable bacteria was performed in the control group (no treatment) and
bacterial suspensions (105 CFU/mL) after exposure to ozone for 40 min. Results represent values
from 3 randomly chosen colonies in the control group (no treatment) and after treatment with ozone.
The black dots represent the values of fluorescence emission after addition of resazurin.
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Figure 4. (A) The number of colony-forming units (CFU) in different bacterial strains (S. aureus
(MRSA), P. aeruginosa (XDR), A. baumannii (PDR), and K. pneumoniae (KPC+)) were counted. The
number of CFU in the control group (no treatment) and bacterial suspensions (105 CFU/mL) after
exposure to ozone for 40 min was quantified. The black dots represent the number of CFU count
of the different strains. (B) Analysis of cell viability after ozone treatment in different bacterial
strains (S. aureus (MRSA), P. aeruginosa (XDR), A. baumannii (PDR), and K. pneumoniae (KPC+)). The
measurement of fluorescence intensity (Relative fluorescence units, RFU) after the conversion of
resazurin to resofurin by viable bacteria was performed in the control group (no treatment) and
bacterial suspensions (105 CFU/mL) after exposure to ozone for 40 min. Results represent three
randomly chosen colonies in the control group (no treatment) and after ozone treatment. The
black dots show cell viability values through fluorescence emission after the addition of resazurin.
** Statistically significant (p < 0.01); **** statistically significant (p < 0.001).

3.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy was performed to confirm membrane damage to bacte-
rial species. Morphological analysis showed that S. aureus (MRSA) and P. aeruginosa (XDR)
present membrane alterations after O3 treatment. All bacterial controls showed smooth
and homogeneous surfaces. The therapy produced some cell wall protrusions (Figure 5).
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Figure 5. Morphological analysis of O3 treatment by electron microscopy. S. aureus (MRSA) (a,b)
and P. aeruginosa (XDR) (c,d) are seen without (a,c) and under O3 treatment (b,d). An alteration in
S. aureus (MRSA) shape is seen (arrowhead) in b. Damage in bacteria is observed after treatment
(arrows) (b). Note that control cells are rounded and present in a homogeneous surface (a). Damaged
cells are observed after treatment in P. aeruginosa (XDR) (arrows) (d). Some cell wall protrusions are
observed in treated cells (arrowhead) (d). These aspects were not verified in control cells (c).

4. Discussion

Ozone generating equipment is already used as an easy and effective method of disin-
fection and sanitization to prevent the spread of MDR microorganisms in hospital wards.
Furthermore, the portable characteristic of the equipment makes the mobile sanitation
process viable for application in specific hospital areas [50,65,66]. Its high efficiency has
been evaluated against many microorganisms, such as bacteria, fungi, and viruses, both on
the surface and suspended in the air [45], and, for this reason, it has also been validated by
several international organizations [67]. The practical applicability of ozone gas in the hos-
pital environment can improve the microbiological condition, preventing and contributing
to reducing HAI rates. For this reason, in this in vitro study, we used gaseous ozone, which
has a greater disinfectant capacity due to its distribution and uniform penetration. Thus,
we can inactivate microorganisms that may be present both on the surfaces and under the
covers of hospital furniture [38].

Although few studies have investigated the relationship between ozone concentration
and the microclimate conditions of different environments [68], some experiments have
demonstrated that ozone concentration and relative humidity values played an important
role in ozone efficiency and antimicrobial effect [69]. Humidity is an important parameter
and must be considered because, in arid environmental conditions, the disinfection proce-
dure may require a considerably longer exposure time. In addition, microorganisms die
more quickly with increasing humidity, which favors the formation of free radicals [69].
Hudson and colleagues evaluated the effect of concentration, exposure time, and relative
humidity in a study using 12 viruses. This work showed a reduction of three orders of
magnitude, concerning the initial virus titer, at a concentration of 25 ppm of ozone per
15 min exposure to >90% RH [70]. Another study suggested that ozone sterilization was
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more effective with no air movement (no fans) at low temperature and humidity than
at high temperature and humidity [71]. Finally, a recent study analyzed the influence of
microclimate on the effectiveness of ozone indoors, showing that different temperature con-
ditions, relative humidity, and distance from the ozone generator did not reduce microbial
load [38]. The current study’s parameters were satisfactory, with relative humidity ranging
from 71.4% RH to 77.2% RH and an average temperature of around 23.4 ◦C.

The total ozone dose has been considered an essential factor for biocidal activity
and is calculated as the product of exposure time and concentration [72]. In 2008, Tseng
and Li [73] reported that the ozone dosage required for 99% viral inactivation should be
calculated as ppm × min (i.e., a product of the ozone gas concentration multiplied by
the duration), obtaining a value of 114 min [ppm] at 55% relative humidity to inactivate
the dsDNA virus (T7). Although it has not been tested for antiviral action on pathogenic
viruses or their substitutes, Pironti et al. [38] evaluated ozone’s effectiveness in Gram-
negative bacteria as an indicator of microbial contamination. By calculating the mean
concentration (1.6 ppm) and the exposure time (70 min), the value of 112 min [ppm], which
was very close to that suggested by others to inactivate the viruses, was obtained [73].
As stated in the literature, the critical factor for the inactivation of microorganisms in the
total ozone dose is calculated as the product of the exposure time and the concentration.
However, considering this calculation, our values will be higher as we use higher ozone
concentrations and exposure times with large variation intervals (10 in 10 min). According
to our measurements, the average ozone concentration recorded reached 43.9 ppm, reaching
the minimum average value of 21.1 ppm and the maximum average value of 71.1 ppm,
with the complete disappearance of the ozone after 30 min. Short exposure time to ozone
was able to interfere with bacterial growth, showing that in 1 min, ozone inhibited colony
growth by 90% (1 log10) for S. enterica ATCC 10708 and 98% (~2 log10) for S. aureus ATCC
6538 and E. coli ATCC 25922, respectively. P. aeruginosa ATCC 15442 was an exception,
showing an inhibition rate of 17.5% with 1 min exposure to ozone. Conversely, at 10 min
of exposure, its bacterial growth inhibition rate increased to approximately 95%. After
exposure to ozone for 10 min, S. aureus ATCC 6538 showed a reduced rate in colony growth
(CFU/mL) around 99% (2 log10). The same was verified for S. enterica (ATCC 10708) at
20 min and E. coli ATCC 25922 at 30 min. The longest exposure time used in this study
was 40 min, and among the ATCC strains tested, P. aeruginosa ATCC 15442, despite a high
value, had the lowest rate of reduction in colony growth (98.5%) in comparison to others.
In the MDR strains of the ESKAPE group, ozone was able to reduce the increase by 99.99%
(3 log10) of the colonies, followed by P. aeruginosa (XDR) with 99.7% (~3 log10), A. baumannii
(PDR) with 99.5%, and K. pneumoniae (KPC+) with 95.5% (~1.5 log10). Our results agree
with previous studies that demonstrated a reduction in colony number (CFU/mL) by
around three log10 bacteria known to cause hospital-acquired infections [47,49,74]. One
of the studies used an ozone dose of 25 ppm for 20 min, with a short period of excess
moisture (90% RH) and was able to inactivate more than 3 log10 in most bacteria, including
A. baumannii, Clostridium difficile, and methicillin-resistant S. aureus, both in a laboratory
test system and under simulated field conditions [49]. Another study obtained the same
reduction by applying the exact ozone dosage at different exposure times and 75–95% [74].
According to Moat et al., the increase in ozone concentration can lead to disinfectant
efficacy [47]. Zoutman et al. showed that it could only achieve a greater than six log10
reduction for MRSA at an ozone concentration of 500 ppm (exposure time 90 min) at a
relative humidity of 80%, produced by a separate humidifier [75].

Reduced cell viability is one of the highly reliable biomarkers of cytotoxicity [76].
Several tests allow evaluating cell viability after a toxicity study in cultured cells. In our
study, the method used to assess cell viability was the resazurin reduction assay, one of the
most frequently used tests. Resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide) is a redox
dye indicator of metabolic activity in cell cultures and has numerous applications, such as
toxicity, proliferation, and cell viability studies [64]. Resazurin is a non-fluorescent blue
reagent that, by the action of the dehydrogenase enzyme found in metabolically active cells,
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is reduced to resorufin, which is highly fluorescent and has a pink color. This conversion
only occurs in viable cells; as such, the amount of resorufin produced is proportional to the
number of viable cells in the sample [64]. Resazurin is not toxic to cells, and the occurrence
of cell death is not necessary to obtain the measurements. It is a simple and fast test that
can be measured either by colorimetry or fluorimetry [62], and the amount of resorufin
produced is proportional to the number of viable cells [63]. According to our results, we
observed that ozone significantly reduced the in vitro growth of bacteria.

Conversely, when we investigated its metabolic capacity through resazurin, we found
a significant reduction in values only for two strains, showing that ozone was able to
interfere with the cell viability of S. aureus (MRSA), which showed inhibition of about
99.6%, followed by P. aeruginosa XDR (29.2%). Curiously, in a recent study using the same
strains, we showed that ozone at low concentrations did not interfere with bacterial growth,
but it could significantly inhibit cell viability [51]. Interestingly, all species’ reference strains
(ATCC) were less susceptible to ozone treatment. Similarly, a study demonstrated that
the antibiotic resistance of the isolates was not correlated to a higher ozone tolerance [77].
The increased susceptibility of PaXDR and MRSA to ozone may be due to a metabolic
cost associated with antibiotic resistance that decreases fitness and reduces the ecological
versatility of resistant strains [78].

Although not as pronounced, the effectiveness of ozone as a disinfectant varies signifi-
cantly between different types of bacteria, even at the strain level [79,80], and depends on
several factors such as the growth stage, the cell envelope, the efficiency of repair mecha-
nisms, and the type of viability indicator used [81–83]. In addition, some factors can reduce
the ozone stability or protect microorganisms from its effects, thus decreasing the disinfec-
tion efficiency, such as concentration and type of dissolved organic material or the presence
of flakes or particles [84–86]. Yet, ozone decomposition results in superoxide, hydroperoxyl,
and hydroxyl radicals [87,88]. Microorganisms, through detoxification enzymes, can de-
velop mechanisms such as the production of superoxide dismutases, reductases, peroxides,
and catalases to neutralize the lethal effects of reactive oxygen species [58,89,90]. In E. coli,
two of these mechanisms’ (SoxR and OxyR) responsive redox transcription regulators have
already been well described [91]. Both regulators are induced in the presence of radicals [92]
and activate several genes such as soxS and sod, which, in turn, protect against these radicals
through DNA repair or removal of the radicals [91]. DnaK and RpoS are two general stress
gene regulators that, although not dedicated mechanisms of protection against oxidative
radicals, have previously been shown to confer protection against them [93–95]. S. aureus
uses the expression of several of these detoxification proteins, including catalase (katA),
superoxide dismutase (sodA, sodM), thioredoxin reductase (trxB), thioredoxin (trxA), alkyl
hydroperoxide reductase (ahpC, ahpF) enzymes, and glutathione peroxidase (gpxA) [96].
Similar radicals are produced during ozone treatments; therefore, these genes are expected
to play an important role in protecting cells against this technology in different bacteria
that could also justify interfering with cell viability.

The disinfectant potential of ozone is attributed to its ability to promote cell wall
disturbance and extravasation of ions and intracellular molecules, triggering cell death [96].
The primary cellular targets for ozone are nucleic acids, where damage can range from base
lesions to single- and double-strand breaks [80]. Lesions can lead to more or less compro-
mising point mutations, whereas massive DNA breakage is lethal if not repaired [96–99].
Many studies prove that the cell envelope is also affected during ozonation, even before
severe DNA damage [100–102]. Ozone can influence the global polarity of the bacterial
surface [58], involving mechanisms of lipid peroxidation [59,103] and the degradation of
transmembrane proteins that control the flow of ions. As a result, the cells will rupture
with a subsequent leakage of ions between the media, resulting in the death of the microor-
ganism [60]. In addition, the high oxidative potential of ozone contributes to changes in
the zeta potential. A physical property is applied to assess the degree of peripheral elec-
tronegativity on the cell surface when suspended in a fluid [104]. In a study by Feng et al.
(2018), as the ozone dose increased, the zeta potential tended to decrease, becoming hostile
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and causing greater bacterial instability in the medium [58,105]. Ozone is a gas that can
oxidize glycoproteins, glycolipids, and cell wall amino acids, destroying sulfhydryl groups
in enzymes and causing the breakdown of cell enzymatic activity [106,107].

Our study expands on and corroborates what is already known about the gas since the
analysis of the inhibition of microbial growth and/or reduction of the CFU count in plates
exposed to ozone, containing both reference strains and clinical and environmental strains
highly resistant to antimicrobials, compared to the control group, proved its effectiveness as
a chemical compound in microbial control processes. The practical applicability of gaseous
ozone in hospital environments can improve the microbiological condition, preventing
and contributing to HAI rates. It is exciting and unprecedented evidence of the potential
for ozone disinfection because, in natural indoor environments, it is possible to disinfect
surfaces not typically disinfected with hand-applied liquid disinfectants. In this sense,
it can eliminate MDR organisms with a significant advantage compared to mechanical
disinfection methods with liquid disinfectants of environmental surfaces in health care
establishments, including the hospital environment, where it is common to use other
chemical compounds in liquid form.

5. Conclusions

HAIs represent the most common adverse event in ICUs and are usually caused
by MDR bacteria. As a result, preventing the transmission of MDR bacteria has become
increasingly important to limit the spread of these infections, and a correct sanitization
protocol is particularly crucial. Given the prolonged hospital stays and increased treatment
costs seen in patients who develop HAIs, ozone-based decontamination approaches that
have low toxicity compared to other sanitization products may represent the future of
hospital cleaning methods as a highly cost-effective and promising intervention capable of
being used as an additional procedure for terminal cleaning, in addition to the “classic”
terminal cleaning (by current biocides). Our results evidenced the antimicrobial potential of
gaseous ozone in bacteria that are currently a significant problem worldwide. In the future,
this resource may be a part of the protocol for the disinfection of hospital environments
and surfaces, ensuring the control of microbial development.
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samples to ozone.
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Abstract: This study aimed to investigate how prolonged storage of adult retinal pigment epithelial
(ARPE-19) cell sheets affects cell metabolism, morphology, viability, and phenotype. ARPE-19 cell
sheets were stored at three temperatures (4 ◦C, 16 ◦C, and 37 ◦C) for three weeks. Metabolic status and
morphology of the cells were monitored by sampling medium and examining cells by phase-contrast
microscopy, respectively, throughout the storage period. Cell viability was analyzed by flow cytometry,
and phenotype was determined by epifluorescence microscopy after the storage. Lactate production
and glucose consumption increased heavily, while pH dropped considerably, through storage at
37 ◦C compared to 4 ◦C and 16 ◦C. During storage, morphology started to deteriorate first at 4 ◦C,
then at 37 ◦C, and was maintained the longest at 16 ◦C. Viability of the cells after three weeks of
storage was best preserved at 16 ◦C, while cells stored at 4 ◦C and 37 ◦C had reduced viability.
Dedifferentiation indicated by reduced expression of retinal pigment epithelium-specific protein
65 (RPE65), zonula occludens protein 1 (ZO-1), and occludin after three weeks of storage was noticed
in all experimental groups compared to control. We conclude that storage temperature affects the
metabolic status of ARPE-19 cells and that 16 ◦C reduces metabolic activity while protecting viability
and morphology.

Keywords: retina; storage condition; temperature; regenerative medicine; cell therapy; age-related macular
degeneration (AMD); oxidative stress

1. Introduction

The retinal pigment epithelium (RPE) is a monolayer of pigmented cells located between the
neurosensory retina and the choroid [1,2]. Loss and dysfunction of RPE cells lead to major pathological
changes as seen in age-related macular degeneration (AMD), Stargardt disease, and other macular
dystrophies [3]. Transplantation of tissue-engineered RPE cell sheets or suspensions offers the promise
of a single-intervention cure [4–7]. A growing body of preclinical studies employing several animal
models and various RPE cell sources supports the feasibility of this treatment [8–22]. Several clinical
studies have demonstrated promising results [23–26]. Other studies assessing the transplantation of
RPE cells derived from different sources are underway [27].

The cells can be delivered to the subretinal space by means of the cell suspension or as an RPE
patch [28,29]. However, the preparation of RPE for transplantation in humans is a complex and costly
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procedure, and upcoming regulatory demands [30] are likely to lead to the establishment of specialized
cell processing centers, as described by Oie et al. for human oral mucosal cells [31]. Development of a
suitable storage method will be essential to enable the transportation of cell constructs from processing
centers to clinics worldwide, thereby ensuring wider access to this novel treatment.

Through several studies [32–36], we and others have explored the feasibility of establishing a
xenobiotic-free storage system for RPE cells above freezing temperatures. This would circumvent the
need for cryoprotectants, which are known to cause damage to stored cells [37–39]. We showed that
storage at 16 ◦C best preserves adult retinal pigment epithelial (ARPE-19) cells stored for one week
compared to eight other temperatures [32]. In the present study, we investigated the effect of storage
temperature on the metabolic shift of ARPE-19 cells and evaluated the consequences measured by
morphology, viability and phenotypes.

2. Results

2.1. Effect of Three-Week Storage on the Metabolism of Cultured ARPE-19 Cells

To study the effect of storage time and temperature on metabolic parameters (lactate, glucose, pH,
pO2, and pCO2), the storage medium was sampled every alternate day. Lactate concentration was
dramatically increased after storage at 37 ◦C (0.5–8.6 mmol/L), while it was only slightly increased
after storage at 4 ◦C and 16 ◦C (0.1–0.5 mmol/L and 0.1–1.4 mmol/L, respectively) (Figure 1A).

Figure 1. Effect of storage temperature on the metabolic function of RPE cells. The level of lactate (A),
glucose (B), pH (C), pO2 (D), and pCO2 (E) in the storage medium was measured every alternate day
during the storage period. Data are presented as mean ± standard deviation of the mean. (n = 8).

The glucose concentration decreased markedly in cultures stored at 37 ◦C for three weeks
(5.0–0.2 mmol/L), while only a slight reduction was noted in cultures stored at 4 ◦C and 16 ◦C
(5.0–4.8 mmol/L and 5.2–4.7 mmol/L, respectively) (Figure 1B). The pH was maintained at 7.1 at 4 ◦C
and 16 ◦C throughout the three weeks of storage but gradually declined at 37 ◦C storage from 7.1 to
6.6 (Figure 1C). The pO2 was maintained in all temperature groups throughout the storage period
(27.0–27.7 kPa at 4 ◦C, 25.0–24.7 kPa at 16 ◦C, and 22.9–22.2 kPa at 37 ◦C) (Figure 1D). The pCO2

decreased gradually in all storage groups (2.2–1.5 kPa at 4 ◦C, 2.0–1.1 kPa at 16 ◦C, and 1.8–0.7 kPa at
37 ◦C) (Figure 1E). The partial pressure of both O2 and CO2 was inversely proportional to the storage
temperature. The metabolic investigations thus show that during the storage duration, the 16 ◦C
conditions kept the measured parameters more stable than the 4 ◦C and 37 ◦C groups.

2.2. Effect of Three-Week Storage on the Morphology of Cultured ARPE-19 Cells

To study the morphological effects of storage duration at the three different storage temperatures,
phase contrast photomicrographs were captured every alternate day. Prior to storage, cells were
generally well apposed and showed typical ARPE morphology (Figure 2A,M,Y).
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Figure 2. Effect of storage temperature on the morphology of adult retinal pigment epithelial (ARPE-19)
cells. Phase-contrast photomicrographs were captured every alternate day during the storage period.
Photomicrographs A, M and Y show ARPE-19 cell cultures before storage at three different temperatures.
Photomicrograph B–L, N–X, and Z–ak demonstrate the morphology of the ARPE-19 cell cultures
following 1 to 21 days of storage at 4 ◦C, 16 ◦C and 37 ◦C, respectively. Black arrows indicate apoptotic
cells. Asterisks indicate intercellular spacing (magnification: 400×; n = 4).

At the end of the three-week storage period, cells stored at 16 ◦C showed a morphology most
similar to the control. Signs of apoptosis (marked with a black arrow) and intercellular spacing
(marked with an asterisk; Figure 2N–X) were infrequently observed at this storage temperature.
The majority of cells stored at 4 ◦C and 37 ◦C showed signs of cell damage, apoptosis, and necrosis.
These signs included extensive loss of cell–cell contact, detachment from the surrounding cells and

172



Molecules 2020, 25, 5809

shrinkage of cytoplasm. In the 4 ◦C storage group, the deformation of cells was evident from day one
(Figure 2B) when the cells started to shrink. In the 37 ◦C group, cell detachment and fragmentation into
apoptotic bodies were observed from day 13 (Figure 2ag–ak). The morphological evidence suggests
that both 4 ◦C and 37 ◦C storage conditions are suboptimal for maintaining the morphology of the
cells, while 16 ◦C preserved it for the longest duration.

2.3. Effect of Three-Week Storage on the Viability of Cultured ARPE-19 Cells

To assess cell survival after storage at 4 ◦C, 16 ◦C and 37 ◦C for three weeks, cell viability was
analyzed by measuring annexin V-binding and PI uptake using flow cytometry (Figure 3A).

Figure 3. Effect of storage temperature on the viability of ARPE19 cells. Live, necrotic and apoptotic cells
were detected by flow cytometry using annexin V and propidium iodide (PI). Cultured ARPE-19 cells
were stored at three temperatures for three weeks. Dot plots (A) from the flow cytometry analysis were
gated based on unstained cells for each experiment (not shown). The cell populations were distributed
in four quadrants where the lower left quadrant represents live cells (annexin V and PI-negative),
the upper left and right quadrants together represent necrotic cells (only PI-positive as well as both
annexin V and PI-positive), while the lower right quadrant represents apoptotic cells (annexin V-positive
and PI-negative). Control cells were not stored. The bar chart illustrates the percentages of live (B),
necrotic (C), and apoptotic (D) cells. Data are presented as the mean ± standard deviation of the mean
of four independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Cell viability after three weeks of storage (defined as the percentage of cells that were annexin
V- and PI-negative) was significantly reduced at 4 ◦C (84% ± 5%, p = 0.047) and 37 ◦C (63% ± 6%;
p < 0.001), but not at 16 ◦C (91% ± 2%; p = 0.84), compared to the control (94% ± 1%) (Figure 3B).
Necrotic cells, which were annexin V-negative and PI-positive, were significantly increased at 37 ◦C
(19% ± 6%; p < 0.001), but not at 4 ◦C (14% ± 5%, p = 0.07) or 16 ◦C (7% ± 3%, p = 0.92), compared to the
control (5% ± 1%) (Figure 3C). Similarly, the percentage of annexin V-positive and PI-negative apoptotic
cells was increased only at 37 ◦C (16% ± 7%; p < 0.001), but not at 4 ◦C (1% ± 0.2%; p = 0.99) or 16 ◦C
(1% ± 0.5%; p = 0.99), compared to the control (0.2% ± 0.2%) (Figure 3D). The viability analysis thus
indicates that among the three storage conditions tested here 16 ◦C condition is better for preserving
cell viability similar to the non-stored cells.
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2.4. Effect of Three-Week Storage on the Phenotype of Cultured ARPE-19 Cells

To study the effect of storage temperature on ARPE-19 phenotype following three weeks of storage
at 4 ◦C, 16 ◦C, and 37 ◦C, the cells were immunostained with four different markers. The anti-RPE65
antibody was used to target an RPE-selective protein essential for the regeneration of visual pigment [40].
RPE65-expression normalized to control (set to 100%) appeared to be inversely proportional to the
storage temperature (4 ◦C: 50% ± 24%, p = 0.011; 16 ◦C: 29% ± 7%, p < 0.001; 37 ◦C: 19% ± 8%, p < 0.001)
(Figure 4A,B).

 

Figure 4. The effect of storage temperature on ARPE-19 cell phenotype. (A) The expression of RPE65,
ZO-1 (white arrow points within a zoomed inset), occludin and actin in ARPE-19 cell cultures stored
for three weeks at 4 ◦C, 16 ◦C, or 37 ◦C was compared with non-stored control cultures. Nuclear DNA
was stained with 4′,6-diamidino-2-phenylindole (blue). (B) Expression of the markers quantified
by measuring the total fluorescence intensity normalized by cell number. The bar charts show the
fluorescence intensity of anti-RPE65, anti-ZO-1, anti-occludin, and anti-actin relative to control cultures
(100%). Magnification 200×. Data are expressed as mean ± standard deviation of the mean. * p < 0.05,
*** p < 0.001 and **** p < 0.0001.

To assess the presence of intercellular tight junctions, staining with anti-ZO-1 and anti-occludin
antibodies was performed. The ZO-1 marker localized to cell borders and was present between all
apposed cells in the control group, indicating a tight junction organization typical of native RPE
(Figure 4A). Compared to the non-stored control (set to 100%; Figure 4A,B) ZO-1-expression was
reduced following storage at all storage temperatures (29% ± 13%, p = 0.035; 35% ± 10%, p = 0.0155
and 17% ± 8%, p = 0.0510 for 4, 16 ◦C and 37 ◦C, respectively). Occludin, another tight junction marker,
was also significantly reduced following storage at all storage temperatures (24% ± 19%, p < 0.001;
37% ± 18%, p < 0.001; and 24% ± 7, p < 0.001; for 4 ◦C, 16 ◦C, and 37 ◦C, respectively) compared to the
non-stored control (set to 100%; Figure 4A,B).

Alexa Fluor 568 phalloidin staining was applied for selective labeling of F-actin in order to visualize
the cytoskeleton and evaluate the formation of stress fibers. Actin staining revealed a continuous
cytoplasmic network of filamentous structures in the control cultures, with the formation of stress
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fibers seen in some cells (Figure 4A). After storage at 4 ◦C, there was disorganization and complete
loss of actin filamentous structure (Figure 4A). However, in the 16 ◦C group, actin filaments were less
stretched and more circular, whereas the filaments were maintained after storage at 37 ◦C compared to
the control (Figure 4A). Measuring the fluorescence intensity of the filament staining showed that at
4 ◦C storage it was significantly lower (28% ± 14%; p < 0.001) compared to the control (Figure 4B),
while, there was no statistically significant difference at 16 ◦C storage (60% ± 43%; p = 0.070) at 37 ◦C
(100% ± 75%; p > 0.999) after three weeks (Figure 4A,B).

3. Discussion

In this study, we investigated how prolonged storage of ARPE-19 cell sheets affects cell metabolism,
morphology, viability, and phenotype. We found that the temperature affects the metabolic shift over
time. Among the three temperature groups, 16 ◦C kept the metabolic shift low, cell viability high,
and morphology preserved. However, the phenotype was not maintained at control levels after storage
at any of the temperatures.

Our results demonstrated an increased breakdown of glucose to lactate with a concomitant
reduction in pH during storage at 37 ◦C compared to 4 ◦C and 16 ◦C. This is in accordance with earlier
findings in stored human-induced pluripotent stem cell-derived retinal pigment epithelium cells [36],
epidermal cell sheets [41], cultured human conjunctival cells [42] and human oral keratinocytes [43].
The high lactate/glucose ratio indicates that the glycolytic pathway accounts for a large part of energy
production from glucose and could possibly represent a cellular adjustment to avoid an excessive
production of damaging reactive oxygen species generated through the oxidative phosphorylation
pathway [44]. Lactate concentration at 37 ◦C storage rose linearly until day 11, after which it started
to level off, possibly due to accelerated cell death. In fact, when evaluating the corresponding
microscopy images of the same storage group, it appears that apoptotic bodies started to form after
day 11. This could be related to the considerable drop in pH at 37 ◦C storage, which can induce
cell apoptosis [45]. Since the storage media is easily accessible without affecting the cells, therefore,
the lactate, glucose, and pH values together may be considered as critical quality control parameters for
RPE-cells during storage at 37 ◦C. At 4 ◦C and 16 ◦C storage, the changes in the metabolic parameters
were not as dramatic as 37 ◦C. At 4 ◦C storage, cells exhibited typical signs of apoptosis and necrosis
early on during storage without any obvious connection to metabolic parameters. At 4 ◦C, cells die
mainly because of low temperature-related stress [32], whereas, at 37 ◦C, the primary causes may
be associated with accumulation of lactate, pH reduction and associated apoptosis [43,45]. At 16 ◦C,
the morphology of the cells was maintained the longest without dramatic changes in metabolic
parameters. Thus, storage at 16 ◦C reduced the metabolic rate of the cells while not exerting the
detrimental effect of low temperature-associated stress [43].

This explanation is corroborated by the post-storage viability, which demonstrated that after 16 ◦C
storage, the live-cell percentage did not significantly differ from non-stored control cells (Figure 3).
In a study by Kitahata et al., cell suspension of human-induced pluripotent stem-cell-derived retinal
pigment epithelium cells demonstrated a higher percentage of viable cells at 16 ◦C compared to 4 ◦C,
25 ◦C and 37 ◦C following 24 h of storage [36]. However, our previous study demonstrated the viability
of about 50% after one-week storage at 16 ◦C [32]. This discrepancy can be explained by a change in the
viability assessment analysis. In the present study, we used flow cytometry to measure the expression
of the apoptotic marker, phosphatidylserine, by binding of annexin V and determine the dead cells by
PI staining. Viability was calculated as the percentage of non-stained cells from total acquired cells
suspension for the analysis. In the previous study, viability was not assessed in the suspended cells,
rather as fluorescence intensity of calcein-acetoxymethyl ester staining on adherent cells determined
by a microplate fluorometer.

The RPE is a highly specialized tissue performing several functions that are crucial for sight,
including phagocytosis of shed photoreceptor outer segments, regeneration of visual cycle pigments,
and transport of nutrients and fluid between the choroid and neuroretina [3,46]. These traits are affected
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by macular disease and could be remedied by transplanted tissue. It is, therefore, important that
transplanted cells display differentiated RPE properties. The ARPE-19 cell line is a widely employed
model for the study of RPE biology. While it displays significant functional differentiation [47,48],
it does not mirror all characteristics of native RPE, and its phenotype is highly dependent on culture
conditions [49–52]. However, the use of serum-free media and plastic substrates, which are employed
herein, have been shown to reduce dedifferentiation in culture [49,53]. Earlier, we showed that ARPE-19
cells stored at 16 ◦C for one week are capable of maintaining the expression of the RPE differentiation
marker RPE65 [32]. The current results demonstrated a reduced RPE65 expression at 16 ◦C following
three weeks’ storage compared to one-week storage, which may indicate dedifferentiation of ARPE-19
cells with increasing storage duration. Similarly, we earlier showed maintained expression of the tight
junction markers ZO-1 and occludin after one-week storage of ARPE-19 cells [32,33]. The expression
of these markers is not maintained after three weeks’ storage. The effect of storage on cell phenotype
has been described previously for several cell types. Studies have demonstrated that cultured limbal
cells can be stored for one week in an organ culture medium at 23 ◦C with intact phenotype [54].
Similarly, cultured human oral keratinocytes can be stored under the conditions described herein for
one week without signs of differentiation [43]. Microarray analysis demonstrated upregulation of tight
junction proteins after one-week storage at 37 ◦C compared to 12 ◦C, indicating an increased synthesis
of tight junctions in HOK cells stored at 37 ◦C [55]. In cultured epidermal cell sheets stored at different
temperatures for two weeks, there was a tendency of increased expression of differentiation markers
at all temperatures except for 12 ◦C [56]. Based on these observations, it seems that the phenotypic
plasticity during storage varies between different cell types.

In the present study, there were also changes in the distribution of the actin cytoskeleton, which is
important for cell adhesion, morphogenesis, and phagocytosis. Contractile actomyosin bundles
called stress fibers assemble following mechanical stress and are common in cultured epithelial
cells [57,58]. Actin staining revealed a continuous cytoplasmic network of filamentous structures
in the control cultures, with the formation of stress fibers seen in some cells. These features were
maintained after storage at 37 ◦C. After storage at 4 ◦C and 16 ◦C, however, there was a disruption
of the actinic cytoskeleton. Disrupted staining patterns of the actin cytoskeleton, tight junctions,
and adherens junctions in the RPE in relation to elevated reactive oxygen species were previously
reported elsewhere. [59] ARPE-19 cells stored at 16 ◦C for one week displayed a similar distribution with
a predominantly circumferential actin arrangement and fewer elongated cells than control cultures [32].

Replacement of the diseased RPE is on the verge of becoming a reality in regenerative therapies to
cure age-related macular degenerative diseases. The successful outcome with the first two patients
from a clinical study by transplanting cultured cell sheet has demonstrated the potential effectiveness
of the therapy [26]. The development of complementary storage techniques for RPE transplants is
likely to have a large medical impact as it allows flexibility in scheduling surgery and can widen
patients’ access to future applications of regenerative therapy.

We conclude from our study that the storage temperature affects the metabolic status of ARPE-19
cells and that 16 ◦C is superior for keeping the metabolic activity low while protecting the viability and
morphology. Our study infers the importance of monitoring metabolic parameters as quality control
of the stored ARPE-19 cells.

4. Materials and Methods

4.1. Cell Culture Media and Reagents

ARPE-19 cells were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA).
Dulbecco’s Modified Eagle’s Medium: nutrient mixture F12 (hereafter named DMEM:F12), fetal bovine
serum (FBS), bovine serum albumin (BSA), trypsin-EDTA, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), sodium bicarbonate, gentamycin, phosphate-buffered saline (PBS), penicillin, streptomycin,
4′,6-diamidino-2-phenylindole (DAPI), propidium iodide (PI), Tween-20 and PAP pen were purchased
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from Sigma-Aldrich (St. Louis, MO, USA). Fluorescein isothiocyanate (FITC)-labeled annexin V (to bind
PS), annexin V-binding buffer containing 10 mM HEPES (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl2,
were purchased from Becton Dickinson Biosciences (BD), Belgium. Minimum essential medium (MEM) was
purchased from Invitrogen (Carlsbad, CA, USA). Pipettes, 25 cm2 flasks, 15 mL and 50 mL centrifugation
tubes, 1 L glass bottles, and pipette tips were supplied by VWR International (West Chester, PA, USA).
Vacuum filtration rapid filter mix was supplied by BioNordika (Oslo, Norway). Mouse anti-RPE65,
rabbit anti-occludin, FITC-conjugated goat anti-mouse IgG and FITC-conjugated goat anti-rabbit IgG
antibodies were obtained from Abcam (Cambridge, UK). Mouse anti-ZO-1 and Alexa Fluor 568 phalloidin
were purchased from Life Technologies (Carlsbad, CA, USA).

4.2. Culture of ARPE-19 Cells

Human ARPE-19 cells were routinely cultured in 95% air and 5% CO2 at 37 ◦C in DMEM:F12 containing
10% FBS, 50 units/mL penicillin and 50 μg/mL streptomycin. The cells at passage 6 were seeded
(120,000 cells/flask) in 25 cm2 culture flasks with filter closer. The culture medium was changed every other
day, and confluent cultures were obtained on the sixth day. Control cultures, which were not subjected to
subsequent storage, were immediately prepared for the various analyses.

4.3. Storage of ARPE-19 Cells

After the six-days culture period, the T25 flasks were removed from the incubator, and the culture
medium was replaced by a storage medium consisting of 9.53 g MEM, 25 mM HEPES, 600 mg/L sodium
bicarbonate and 50 μg/mL gentamycin in 1 L distilled water. The filter cap of the flasks was changed to
a solid cap to avoid evaporation during storage. Thereafter, the cultures were randomized for storage
at three temperatures (4 ◦C, 16 ◦C and 37 ◦C) for three weeks in storage containers without CO2 supply.
The storage containers have been described previously [32]. The stability of the temperature inside the
storage containers has been reported [60] and was controlled regularly throughout all experiments.

4.4. Metabolic Analysis

Samples of the storage medium (2 mL) were taken every alternate day from day 1 to day 21 and
were analyzed using a Radiometer ABL 700 blood gas analyzer (Radiometer, Bronshoj, Denmark)
at room temperature. The following parameters were studied: pH, glucose, lactate, partial pressure
of oxygen (pO2) and partial pressure of carbon dioxide (pCO2). The experiment was repeated eight
times (n = 8).

4.5. Morphology Analysis

Morphology of the stored ARPE-19 cell cultures was assessed by light microscopy every alternate
day during the storage period. The experiment was repeated four times (n= 4). Photomicrographs were
captured at 400× magnification using a Leica DM IL LED microscope and a Canon EOS 5D Mark
II camera.

4.6. Viability Analysis

Viability after three weeks of storage was analyzed by a flow cytometer (BD Accuri C6 flow
cytometer, Becton Dickinson, CA, USA) using FITC-conjugated annexin V and PI. Annexin V binds
selectively to phosphatidylserine (in the presence of calcium ions), which is anchored at the cytosolic
face of the plasma membrane in viable cells. During the early phases of apoptosis, phosphatidylserine is
re-localized to the outer surface of the plasma membrane, where it can be detected with fluorescently
labeled annexin V [61]. Apoptotic cells were defined as annexin V-positive and PI-negative. PI passes
through permeable cell membranes of necrotic cells and stains double-stranded DNA. Viable cells
were defined as both annexin V- and PI-negative.
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The analysis was performed according to the protocol provided by the supplier and repeated four
times (n = 4). Briefly, RPE cells were trypsinized and centrifuged at room temperature. The supernatant
was aspirated from the cell pellet, which was resuspended in 200 μL of annexin V-binding buffer
containing annexin V-FITC (1 μL/mL) and incubated for 25 min at room temperature. PI dye (10 μg/mL)
was added for further 5-min incubation at room temperature before the suspension was analyzed
using a flow cytometer.

4.7. Phenotype Analysis

Cells were cultured in T25 flasks and stored at 4 ◦C, 16 ◦C and 37 ◦C for three weeks, as described
above. Samples were subsequently prepared for immunocytochemical characterization with 30 min of
4% formaldehyde fixation at room temperature followed by one hour of permeabilization and blocking
in PBS containing 1% BSA and 0.01% Tween-20. Control cells were processed for immunocytochemistry
immediately after the six-day culture period. Anti-RPE65 (1:50), anti-ZO-1 (1:50) and anti-occludin
(1:50) antibodies were diluted in blocking solution (PBS with 1% BSA). In the negative controls,
primary antibodies were substituted with PBS. Samples were incubated for one hour at room
temperature. FITC-conjugated goat anti-mouse secondary antibodies (diluted 1:200 in blocking
solution) and FITC-conjugated goat anti-rabbit secondary antibodies (1:250) were added for one hour
at room temperature. Specimens were washed three times in PBS, and 1 μg/mL DAPI was added
during the last wash to stain the nuclear DNA. To visualize the actin cytoskeleton, samples were fixed,
blocked, and permeabilized as described above and stained with 100 units/mL, which is equivalent
to approximately 20 μM Alexa Fluor 568 phalloidin. After incubating for 1 h at room temperature,
specimens were washed in PBS and stained with DAPI.

The samples were studied using a Nikon Eclipse Ti fluorescence microscope and photographed at
×200 magnification with a DS-Qi1 black-and-white camera. Identical exposure length and gain were
maintained for all compared samples, and the image brightness was within the dynamic range of the
camera. The experiments were repeated four times (n = 4).

The photomicrographs were then objectively assessed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA) as described previously [62], with some modifications. In brief,
for DAPI count, 16-bit photomicrographs of DAPI-stained nuclei were converted to 8-bit images before
being auto-thresholded to binary photos using the “Make Binary” function in ImageJ. Touching cell
nuclei were separated by the “Watershed” command. Cell debris and other smaller cellular particles
were excluded from analysis on the basis of size by the “Analyze Particle” function. For phenotypic
quantification, unevenly transmitted light was subtracted from all 16-bit photomicrographs using
the “Subtract Background (rolling = 50)” command in ImageJ before the total fluorescence intensity
was measured. Finally, the total fluorescence intensity in each photomicrograph was divided by the
number of DAPI-stained nuclei in each corresponding DAPI-photomicrograph. By using this method,
we were able to normalize for differences in cell density in each photomicrograph.

4.8. Statistical Analysis

A one-way analysis of variance with Tukey’s post hoc comparisons (SPSS ver. 19.0 or GraphPad
prism 8.2.1) was used for statistical evaluation of the results. P values below 0.05 were considered significant.
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Abstract: There is substantial evidence in the literature that patients with cystic fibrosis (CF) have
higher oxidative stress than patients with other diseases or healthy subjects. This results in an
increase in reactive oxygen species (ROS) and in a deficit of antioxidant molecules and plays a
fundamental role in the progression of chronic lung damage. Although it is known that recurrent
infection–inflammation cycles in CF patients generate a highly oxidative environment, numerous
clinical and preclinical studies suggest that the airways of a patient with CF present an inherently
abnormal proinflammatory milieu due to elevated oxidative stress and abnormal lipid metabolism
even before they become infected. This could be directly related to cystic fibrosis transmembrane
conductance regulator (CFTR) deficiency, which appears to produce a redox imbalance in epithelial
cells and extracellular fluids. This review aims to summarize the main mechanism by which CFTR
deficiency is intrinsically responsible for the proinflammatory environment that characterizes the
lung of a patient with CF.

Keywords: cystic fibrosis; oxidative stress; cystic fibrosis transmembrane conductance regulator;
antioxidant

1. Introduction

Cystic fibrosis (CF) is still today the most common lethal genetic disease with auto-
somal recessive inheritance in the Caucasian population, with a prevalence of 1 case per
2500 live births [1]. The disease is caused by a mutation in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene that causes the CFTR protein to become dysfunctional.
When the protein is not working correctly, there is reduced transport of chloride ions with
consequent dysregulation of epithelial lining fluid (mucus) transport in the lung, pancreas
and other organs [2].

There are more than 2000 different mutations in the gene encoding the CFTR protein [3].
Among these, seven main groups have been identified based on the type of DNA alteration
that characterizes the mutation. Class I mutations induce a block of protein synthesis.
Class II mutations, of which the more common F508del mutation is part, synthesize a
misfolded CFTR protein, leading to the failure of maturation and trafficking to the cell
surface. Mutations of class III, also termed as “gating defect”, affect the activation of
ion transport function, while mutations of class IV reduce the number of chloride ions
transported through pore channels. Class V mutations allow the synthesis of the protein
in reduced quantities. Class VI mutations produce unstable CFTR with a short half-life.
Class VII mutations, recently introduced, interfere with mRNA splicing, leading to the
absence of full-length mature RNA, so the CFTR protein is totally absent, as occurs in class
I mutations [4–7].

The presence of so many mutations reflects the extremely variable phenotypes: some
subjects have a severe clinical presentation, and their life expectancy is dependent on
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lung or liver transplantation. On the other extreme, there are patients who manifest the
pathology later in life, or early but with mild symptoms or even without any [8].

Among the different organs affected, in the lungs, the accumulation of thick mucus
decreases the ciliary mucus clearance function, favoring colonization by numerous germs,
first bacteria, leading to infection, inflammation and other complications. The inflammation
is a self-amplifying process: a vicious circle is established and constitutes a chronic challenge
to the integrity of airway epithelial cells [9]. Oxidative stress is a key element contributing
to persistent cellular damage and preventing proper airway remodeling.

Oxidative stress is a complex process in which excess reactive oxygen species (ROS)
affect, either directly or indirectly, all structural and functional components of cells at a
molecular level [10–12]. This arises because the production of these chemical species is
increased and/or because the physiological defense capacity towards them, thanks to the
antioxidant system, is reduced. Changes in the balance between oxidant and antioxidant
substances are considered a normal part of cell physiology; many cellular signaling path-
ways, in fact, are regulated by changes in redox balance [13]. In CF patients, malabsorption
of dietary antioxidants, induced by exocrine pancreatic insufficiency and by a decrease in
bile acids, and the inability of cells with the CFTR mutation to efflux glutathione (GSH)
play an essential role in the systemic redox imbalance already exacerbated by the excessive
release of oxidants by neutrophils [14]. This sustained redox imbalance leads to the estab-
lishment of an oxidizing environment that causes the oxidation of proteins, DNA, lipids
and other metabolites with the consequent alteration of various signaling pathways [13].

In consideration of the pathogenetic mechanism described above, it is logical that
the optimization of the antioxidant and anti-inflammatory status represents an important
goal in patients with CF. There is substantial evidence that antioxidant supplementation
positively influences the outcome of CF patients, especially in terms of a reduction in
pulmonary exacerbation, but the efficacy is limited and transient [15,16]. New therapeutic
strategies are therefore necessary and are under study.

CFTR-targeted therapeutics, mainly responsible for the increase in life expectancy
that has occurred in recent years, in association with antioxidant and anti-inflammatory
therapies, appear to be the only weapon to reduce the underlying inflammatory state that
leads to progressive lung damage.

Ivacaftor was the first drug able to act on the causes of the disease by improving
the function of the defective protein. It is suitable for gating mutations (class III) in
the CFTR gene. Lumacaftor/ivacaftor was the first drug used for the defect in the pro-
cessing and transport of the CFTR protein in patients with CF with a double copy of
the F508del mutation. Last but not least, we can mention the triple combination elax-
acaftor/tezacaftor/ivacaftor, which works as a modulator of the CFTR protein that is
defective and therefore responsible for the symptoms of the disease [17–19].

This review aims to summarize the main mechanism by which CFTR deficiency is
intrinsically responsible for the proinflammatory environment that characterizes the lung
of a patient with CF.

A combination of antioxidant, anti-inflammatory and CFTR-targeted therapeutics
could be required for full correction of the CF phenotype to decrease the basic inflammatory
status, improving the disease outcome.

2. Literature Search Methodology

Literature searches for specific research were conducted using the PubMed database
with keywords such as “cystic fibrosis”, “oxidative stress”, “cystic fibrosis transmembrane
conductance regulator” and “antioxidant”. We included review articles, meta-analyses,
case–control studies, case reports and letters to the editor, including only papers over the
last 10 years and published in English. Only studies specifically correlating oxidative
stress and cystic fibrosis were considered. The review was completed by searching for
bibliographic references and definitions of the topic described above.
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3. Evidence from Literature

One of the main determinants of progressive lung damage in CF is represented by
chronic oxidative stress, which leads to the establishment of an intrinsically proinflamma-
tory environment. The mechanisms behind this are still partially unknown, but several
studies have shown the direct implication of CFTR protein dysfunction, mainly in the lungs,
but also in extrapulmonary tissues such as the pancreas and intestine [20].

Several molecular mechanisms have been proposed to explain the link between CFTR
deficiency and oxidative stress (Figure 1).

Figure 1. Summary of the consequences of the loss of functional CFTR in cystic fibrosis patients.

There is some evidence that the efflux of GSH out of cells is a chloride-dependent
mechanism involving the CFTR channel. Indeed, CFTR shares a structural similarity with
ABCC proteins, which normally export glutathione and/or glutathione S-conjugates [13].
Glutathione (GSH) is a tripeptide with antioxidant properties consisting of cysteine, glycine
and glutamic acid. It represents the first-line defense of the lung against oxidative stress-
induced damage, and its availability inside the cell is fundamental to sustaining a good
redox state. The ratio between reduced and oxidized glutathione is an indicator of the
cellular redox state and describes the antioxidative capacity of cells [21].

Unsurprisingly, in patients with CF, low CFTR activity is correlated with GSH de-
ficiency, resulting in an altered extracellular ratio between oxidized and reduced glu-
tathione [22–24]; oxidized glutathione species are significantly elevated, and there is an
inadequate response to neutrophil-mediated oxidative stress during infections. Rather,
the reactive oxidant species produced by neutrophils, including myeloperoxidase (MPO)-
derived hypochlorous acid, contribute to the oxidation of glutathione, leading to a vicious
cycle. Dickerhof N et al. demonstrated that the pharmacological inhibition of MPO by
orally administrated AZM198 decreases oxidative stress and improves infection outcomes
in mice with CF-like inflammation without interfering with the clearance of bacteria [25].
Still, few studies have been conducted or are ongoing on the beneficial effects of direct
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GSH supplementation in CF. For example, Calabrese et al. studied the possible beneficial
effects of long-term treatment with inhaled glutathione [26]. Hewson et al. established
that exogenous administration of γ-glutamylcysteine (GGC), the immediate precursor of
glutathione, can increase intracellular levels of total glutathione and protect CF cells from
lipopolysaccharide (LPS)-induced cell damage [27].

It has also been demonstrated that the administration of N-acetylcysteine (NAC), the
acetylated form of the amino acid L-cysteine and a precursor to glutathione, is able to
reduce the redox imbalance, increasing the GSH level. Furthermore, an influence of NAC
on nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) activation was
observed [14].

Mutated CFTR is associated with the alteration of some signal transduction pathways
at a cellular level, such as that of NFkB, required for the transcription of various proinflam-
matory molecules. NFkB overexpression is an intrinsic underlying feature of the patient
with cystic fibrosis and is exacerbated by hyperproduction of ROS and by bacterial stimula-
tion on the cell surface that induces further activation. Moreover, the CFTR mutation is also
associated with reduced production of peroxisome proliferator-activated receptor (PPAR),
a transcription factor that normally counteracts the action of NFKB [14,20]. This results in
increased production of oxidizing molecules and proinflammatory cytokines such as IL-1,
TNF, IL-6 and IL-17A.

In normal cell physiology, under conditions of increased oxidant production, a series
of pathways are activated that play an active role in the suppression of inflammatory
signaling. Among these, the most important is the Nuclear factor erythroid 2-related factor
2 (Nrf2) pathway, an antagonist of proinflammatory transcription factors such as NFkB.
Following the hyperactivation of the inflammatory response, the Kelch-like-ECH-associated
protein 1 (KEAP1) protein, which normally binds Nrf2 in the cytoplasm of cells, oxidizes
and dissociates from Nrf2, allowing its subsequent transcriptional activation, which leads
to the production of over 200 antioxidant and detoxifying proteins; these include heme
oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase 1 (NQO1), glutamate–cysteine
ligase (GCL) and glutathione S transferase (GST). Nrf2-mediated HO-1 expression is also
regulated by transcription factor BTB (TF BTB) and CNC Homology 1 (Bach1), which
suppress HO-1 expression [26,28]. The heme oxygenase-1/carbon monoxide (HO-1/CO)
pathway is essential to ensure a controlled immune response and effective bactericidal
activity by monocytes and macrophages. The blunt activation of this pathway in CF patients
therefore contributes to hyperinflammation and defective host defense against bacteria.
Recent studies have shown that the administration of controlled doses of CO can induce
HO1 by reducing lung hyperinflammation and oxidative stress [29]. Furthermore, CO
stimulates autophagy [29], the cellular mechanism that is fundamental to efficient bacterial
clearance by immune cells. Recent works prove that CFTR deficiency in macrophages
and neutrophils results in an inability to kill bacteria and, thus, in limited autophagy
activity [30].

There is much evidence that the Nrf2 pathway is dysfunctional in cells with mutated
CFTR [13,28,29].

Laselva et al. demonstrated that the administration of dimethyl fumarate (DMF), an
activator of the Nrf2 pathway, drastically reduced both the basal and stimulated expression
of proinflammatory cytokines while also exerting an antioxidant effect [30].

Borcherding et al. demonstrated that the CFTR modulators VX-809 (Lumacaftor) and
VX-661 (Tezacaftor) significantly increase Nrf2 activity in CF patients [31]; this could repre-
sent one of the mechanisms through which CFTR modulators mitigate the inflammatory
response and oxidative stress.

Pellullo et al., in their study, used mRNA extracted from nasal epithelial cells to
analyze the expression levels of the genes involved in oxidative stress. They found that
the expression of Nrf2 mRNA and its targets, such as HO-1 and miR-125b, is upregulated
in the nasal epithelia cells of CF patients compared to healthy subjects. This suggests that
the protective mechanisms against oxidative stress may be functional but not sufficient
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to counteract the hyperproduction of ROS and the oxidative stress that characterizes the
pathology. Moreover, the authors found that elevated HO-1 and miR-125b levels are
associated with an improved FEV1 value, so they could be considered potential predictive
biomarkers of CF clinical outcomes. The wide expression range of these markers could
partly explain the phenotypic variability of CF, beyond the mutations of the CFTR gene
itself [28].

Another mechanism that links CFTR deficiency and oxidative stress and that con-
tributes to CF airways’ chronic damage is the alteration of lipid metabolism [29]. Thanks to
several studies, it has been found that CF airway pathology is related to alterations in fatty
acids, ceramides and cholesterol, but their role in the etiopathogenesis of CF pulmonary
pathology is unclear.

An increased ratio of long-chain to very long chain ceramide species (LCC/VLCC),
abnormalities in sphingosine phosphate (S1P) metabolism and, consequently, abnormal
lipid levels in the blood and lungs are hallmarks of CF. Lipid synthesis is increased, whereas
their catabolism is reduced, contributing to inflammation, oxidative stress and impaired
autophagy. In this view, dyslipidemia should be considered a contributor to CF airways’
chronic damage, and thus, lipid metabolism should become an important therapeutic
target [32–34].

Signorelli et al. have shown that modulating the synthesis of sphingolipids and
hindering the accumulation of ceramide with Myrocin (Myr), a sphingolipid synthesis
inhibitor, significantly reduces the accumulation of lipids, promotes the oxidation of fatty
acids and reduces inflammation and oxidative stress, and it restores the defensive response
against pathogen infection, which is defective in CF [35].

Veltman et al. examined the consequences of CFTR deficiency on lipid metabolism,
highlighting how the alterations concerning the metabolism of fatty acids and ceramide
induce a state of chronic oxidative stress, but also, in turn, chronic oxidative stress can
cause a great imbalance in the metabolism of lipids. The new CFTR-modulating drugs
considerably reduce the alterations of lipid balance, confirming the role of CFTR as a
regulator of cellular lipid balance [36].

4. Discussion

The role of oxidative stress in the progression of lung injury in CF patients has been
widely recognized and very well described in the literature (Table 1). It has been shown that
in patients with CF, there is an important deficit of antioxidant molecules and an increase
in oxidative stress [24,37]. The sustained imbalance between oxidant and antioxidant
species induces chronic inflammation, which is the key element contributing to persistent
cellular damage and preventing proper airway remodeling. Both hereditary and acquired
factors, such as CFTR deficiency and persistent infections, contribute to abnormal and
self-sustaining lung inflammation in CF.

Table 1. Summary of the main studies pointing towards the involvement of oxidative stress in
CF disease.

Authors Type of Study Aim of the Study
Materials and

Methods
Main Findings

Checa et al.
2021 [10] Research article

To identify oxidative
stress modulators in CF
airway epithelial cells

Unbiased genome-wide
RNAi screen using a

randomized
siRNA library

The usefulness of combining
unbiased genome-wide

knockdown to uncover new
genes/pathways involved in

oxidative stress to identify and
characterize new drugs.
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Table 1. Cont.

Authors Type of Study Aim of the Study
Materials and

Methods
Main Findings

Guerini et al.
2022 [14] Review

To show the potential
role of N-acetylcysteine

in preventing and
eliminating biofilms as

an anti-inflammatory and
antioxidant drug.

NA
It is possible to establish that this
molecule offers great hope for the

treatment of this disease.

Ciofu et al.
2014 [15]

Cochrane
systematic review

To synthesize existing
data on the effect of
antioxidants such as
vitamin C, vitamin E,

ß-carotene, selenium and
glutathione in

CF disease.

Randomized controlled
studies and

quasi-randomized
controlled studies of
people with cystic
fibrosis comparing

antioxidants to placebo
or standard care.

Intensive antibiotic treatment and
other drugs used in CF patients
make it very difficult to evaluate

the usefulness of antioxidant
therapy. Based on the available

evidence, glutathione
(administered either orally or by
inhalation) appears to improve

lung function.

Sagel et al.
2018 [16] Research article

To evaluate the effects of
an oral

antioxidant-enriched
multivitamin supplement

in CF disease and
clinical outcomes.

Multicenter
randomized,
double-blind,

controlled trial; 73
pancreatic-insufficient

subjects with CF 10
years of age and older
with an FEV1 between

40% and 100%
predicted were

randomized to 16
weeks of an

antioxidant-enriched
multivitamin or control
multivitamin without

antioxidant
enrichment.

Antioxidant supplementation was
safe and well tolerated. It

increased systemic antioxidant
concentrations with a modest

reduction in systemic
inflammation after 4 weeks.

Antioxidant treatment was also
associated with a lower risk of first

pulmonary exacerbation.

Bergeron et al.
2021 [17] Review

To summarize the current
knowledge of CF

genetics and therapies
restoring CFTR function,

particularly CFTR
modulators and

gene therapy.

NA

There is hope that the treatment
burden can be decreased using

highly effective CFTR
modulator therapy.

Wu et al. 2003
[21] Research article

To analyze the role of
glutathione in

antioxidant defense,
nutrient metabolism and

regulation of
cellular events.

NA

New knowledge on the efficient
utilization of dietary protein or

precursors for GSH synthesis and
its nutritional status is critical for

the development of effective
therapeutic strategies to treat CF.

Zhao et al.
2019 [22]

Systematic review
and meta-analysis

To explore the influence
of glutathione versus

placebo on pulmonary
function in cystic fibrosis.

NA
Glutathione improved pulmonary

function in CF, as shown by the
increase in FEV1.
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Table 1. Cont.

Authors Type of Study Aim of the Study
Materials and

Methods
Main Findings

Dickerhof
et al. 2017 [23] Original article

To establish whether
oxidative stress or

glutathione status could
be associated with
bronchiectasis and

whether glutathione
deficiency could be

linked to CF or a
consequence of
oxidative stress.

A total of 263 children
and infants, out of

which 205 had CF and
58 did not. Collectively,

they provided 635
BAL samples.

Glutathione deficiency exists in
the lower respiratory tract during
early stages of cystic fibrosis lung
disease, and treatments targeting

glutathione have potential benefits
for CF patients.

Causer et al.
2020 [24]

Systematic review
and meta-analysis.

To evaluate the
concentrations of
proinflammatory

molecules and
antioxidant substances in
the serum or plasma of

CF and non-CF
control patients.

Mean contents of blood
biomarkers from

people with clinically
stable CF and non-CF
controls were used to

calculate the
standardized mean

difference (SMD) and
95% confidence

intervals (95% CI).

Protein carbonyls, F2-isoprostane
8- iso-prostaglandin F2α and

malondialdehyde were
significantly higher, and vitamins
A, β-carotene and albumin were
significantly lower in the plasma

or serum of people with CF
versus controls.

Dickerhof
et al. 2020 [25] Research article

To investigate whether
the 2-thioxanthine

inhibitor AZM198, when
given orally, can inhibit

myeloperoxidases in
airways of βENaC mice

and block oxidative
stress without

compromising the host’s
defense mechanisms.

Transgenic β-epithelial
sodium channel

(βENaC)-
overexpressing mice (n

= 10) were infected
with Burkholderia

multivorans and treated
twice daily with the

MPO inhibitor
AZM198.

Blocking hypochlorous acid
production in epithelia during
pulmonary infections through
inhibition of MPO improves

morbidity in mice with CF-like
lung inflammation without
interfering with clearance of

bacteria. Inhibition of MPO is an
approach to limit oxidative stress

in cystic fibrosis lung disease
in humans.

Calabrese
et al. 2014 [26] Research article

To evaluate the effect of
inhaled GSH in patients

with CF.

A total of 54 adult and
51 pediatric patients
were randomized to

receive inhaled GSH or
placebo twice daily for

12 months.

In the pediatric group, a 12-month
treatment with inhaled GSH did

not lead to any significant increase
in FEV1 from baseline.

Inhaled GSH has positive effects in
CF patients with moderate

lung disease.

Hewson et al.
2020 [27] Research article

To demonstrate that
novel antioxidant
therapy with the

immediate precursor to
glutathione,

γ-glutamylcysteine
(GGC), ameliorates

LPS-induced cellular
stress in vitro.

Human airway basal
epithelial cells were

obtained by brushing
the nasal inferior

turbinate and from
bronchoalveolar lavage

fluid during
bronchoscopy.

Proteomic analysis
identified perturbations

in several pathways
related to cellular

respiration,
transcription, stress

responses and cell–cell
junction signaling.

Administration of exogenous
γ-glutamylcysteine to CF airway
epithelium in vitro can increase
total intracellular glutathione
levels and protect cells from

LPS-induced cellular damage.
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Table 1. Cont.

Authors Type of Study Aim of the Study
Materials and

Methods
Main Findings

Pelullo et al.
2020 [28] Research article

To evaluate if oxidative
stress and the aberrant

expression levels of
genes and microRNAs

(miRNAs/miRs)
implicated in

detoxification may be
associated with a better

clinical outcome.

Used total RNA
extracted from nasal
epithelial cells and

analyzed the
expression levels of

oxidative stress genes
and one miRNA using
quantitative PCR in a

representative number
of patients with CF

compared with healthy
individuals.

The activation of an inducible
oxidative stress response to protect

airway cells against reactive
oxygen species injuries in CF

patients. The correlations of HO-1
and miR-125b expression with an
improved FEV1 value suggested

that these factors may
synergistically protect airway cells

from oxidative stress damage,
inflammation and apoptosis.

Di Pietro
Caterina et al.

2020 [29]
Review

Blunted heme
oxygenase-1 activation in

CF-affected cells
contributes to

hyperinflammation and
reduction in the host

defense against
infections. They

discussed potential
cellular mechanisms that

may lead to decreased
heme oxygenase-1

induction in CF cells.

NA

Induction of heme oxygenase-1
may be beneficial for the treatment
of CF lung disease. They discussed

recent studies highlighting how
endogenous heme oxygenase-1

can be induced by administration
of controlled doses of CO to

reduce lung hyperinflammation,
oxidative stress, bacterial infection
and dysfunctional ion transport,

which are all hallmarks of CF
lung disease.

Laselva et al.
2021 [30] Research article

To understand the role of
dimethyl fumarate as an
anti-inflammatory and
antioxidant drug in CF,

they focused on the effect
of dimethyl fumarate on

CF-related cytokine
expression, ROS

measurements and CFTR
channel function.

Human immortalized
bronchial

epithelial cells:

Dimethyl fumarate reduced the
inflammatory response to LPS

stimulation in both CF and non-CF
bronchial epithelial cells and
restored the LPS-mediated

decrease in Kaftrio-TM-mediated
CFTR function in CF cells bearing

the most common mutation.

Borcherding
et al. 2019 [31] Research article

To determine the effects
of CFTR modulation on
Nrf2 in primary non-CF
and CF human bronchial

epithelial cells.

They used primary
non-CF or CF human

bronchial
epithelial cells.

The primary finding of this study
is that the F508del CFTR correctors

VX809 and VX661 reverse the
dysregulation of Nrf2 activity in

primary human CF epithelial cells,
and that this rescue is CFTR

function-dependent.

Nandy
Mazumdar

et al. 2021 [32]
Research article

Examined the role of
BACH1 globally in the

oxidative stress response
in the airway epithelium

and also its role in
modulating

CFTR expression.

RNA from confluent
cultures was extracted

with TRIzol
(Invitrogen), and cDNA
was prepared with the

TaqMan reverse
transcription kit.

BACH1 regulates CFTR gene
expression by modulating locus

architecture through its occupancy
of enhancers and structural

elements, and depletion of BACH1
alters the higher-order chromatin

structure.
BACH1 may have a dual effect on

CFTR expression by direct
occupancy of CREs at

physiological oxygen (∼8%) while
indirectly modulating expression

under conditions of
oxidative stress.
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Table 1. Cont.

Authors Type of Study Aim of the Study
Materials and

Methods
Main Findings

Scholte et al.
2019 [34] Research article

To determine whether
lipid pathway

dysregulation is also
observed in BALF from
children with CF and to
identify biomarkers of
early lung disease and

potential
therapeutic targets.

A comprehensive panel
of lipids that included

sphingolipids,
oxylipins, isoprostanes

and lysolipids, all
bioactive lipid species
known to be involved
in inflammation and

tissue remodeling, were
measured in BALF

from children with CF
and age-matched

non-CF patients with
unexplained

inflammatory disease

Several lipid biomarkers of early
CF lung disease were identified,

which point toward potential
disease therapeutic approaches

used to complement
CFTR modulators.

Signorelli et al.
2021 [35] Research article

To demonstrate that
Myriocin modulates the
transcriptional profile of

CF cells in order to
restore autophagy,

activate an antioxidative
response, stimulate lipid
metabolism and reduce

lipid peroxidation.

They labeled the cells
by means of a

fluorescent probe with
a high affinity for
neutral lipids. We
compared CF to

healthy cells.

Lipid synthesis is increased in CF,
whereas their catabolism is

reduced, contributing to
inflammation, oxidative stress and
impaired autophagy. Myriocin, an
inhibitor of sphingolipid synthesis,
significantly reduces inflammation.
Targeting sphingolipids’ de novo

synthesis may counteract lipid
accumulation by modulating the
CF altered transcriptional profile,

thus restoring autophagy and lipid
metabolism homeostasis.

Veltman et al.
2021 [36] Research article

To examine the impact of
CFTR deficiency on lipid

metabolism and
proinflammatory

signaling in airway
epithelium using a mass

spectrometric
protein array.

They used CF mouse
lung and

well-differentiated
bronchial epithelial cell

cultures of CFTR
knockout pigs and

CF patients.

Protein array analysis revealed
differential expression and

shedding of cytokines and growth
factors from CF epithelial cells

compared to non-CF cells,
consistent with sterile

inflammation and tissue
remodeling under
basal conditions.

Olveira et al.
2017 [37] Research article

To assess oxidation
biomarkers and levels of

inflammation to
determine whether there
is an association between
these parameters and the

intake of macrolides.

Cross-sectional study
with clinically stable CF

patients and healthy
controls. Serum and

plasma inflammatory
and oxidative stress

biomarkers were
measured:

interleukin-6, reactive
C protein, tumor
necrosis alpha,

glutathione peroxidase,
total antioxidant

capacity, catalase and
superoxide dismutase,
together with markers
of lipid peroxidation.

Inflammation and oxidation
biomarkers were increased in

patients with CF compared with
controls. The use of azithromycin

was associated with reduced
TNF-α levels and did not influence

oxidation parameters.
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The central role of CFTR deficiency has been increasingly recognized in recent years.
Mutations in the CFTR gene appear to make CF epithelial cells more susceptible to inflam-
mation compared with healthy cells; for this reason, once an infection is introduced, it
triggers the onset of mucosal damage and chronic airway infection. CFTR dysfunction,
in fact, not only alters ion exchange and fluid secretion in the lungs but also causes the
dysregulation of several signaling pathways, generating an innate oxidative state that,
over time, could promote the loss of lung epithelial cell integrity. Impaired extracellular
glutathione transport, alterations in lipid metabolism, dysregulation of the main pro- and
anti-inflammatory signaling pathways and unbalanced autophagy are the main molecu-
lar mechanisms correlated with CFTR dysfunction in CF. Starting from this consolidated
knowledge, numerous research groups have identified targets and strategies aimed at re-
ducing the exaggerated immune response that causes chronic inflammation in CF, without
altering the natural defenses against infection. Currently used drugs, such as steroidal
and non-steroidal anti-inflammatories, mucolytics and antibiotics, reduce inflammation,
improving the natural history of the disease; however, there are a lot of concerns about
their chronic use because of their immunosuppressive effects that compromise the host’s
defenses [29].

New therapeutic approaches are therefore needed and are currently being evaluated,
with the aim of reducing the proinflammatory response in CF, preserving the host de-
fense against microorganisms. The most promising results come from the use of CFTR
modulators, which, in the last several years, have radically changed the natural history
of CF. In our review, we found that the excellent results from the use of these drugs are
related not only to the restoration of physiological ion exchanges, which improve mu-
cociliary clearance, but also, given the close correlation between CFTR deficiency and
oxidative stress, to the reduction in the basic inflammatory status that characterizes CF
patients. Further studies are needed to confirm, through the evaluation of specific markers,
whether CF patients treated with modulators have a significant reduction in oxidative
stress. However, these therapies are targeted for specific mutations characterizing CF, and
it is not known how long they will have this crucial role in containing the inflammatory
response. Future therapeutic perspectives should include the use of additional antioxidant
and anti-inflammatory drugs, in combination with CFTR modulators, which specifically
target the altered signaling pathway, in order to obtain a more selective response without
altering the local tissue defenses.

5. Conclusions

Mutations in the CFTR gene produce an inherently proinflammatory cellular environ-
ment, in addition to repeated infections that set the stage for chronic airway infection and
progressive loss of lung function. Although the molecular mechanisms underlying it are not
fully understood, this aspect represents a central feature of the disease and, consequently,
an important therapeutic target.
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