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Abstract: With the intensification of population aging, aging-related diseases are attracting more and
more attention, thus, the study of aging mechanisms and anti-aging drugs is becoming increasingly
urgent. Resveratrol is a potential candidate as an anti-aging agent, but its low bioavailability limits its
application in vivo. In this work, a 4-hydroxy-3′-trifluoromethoxy-substituted resveratrol derivative
(4–6), owing to its superior cell accumulation, could inhibit NO production in an inflammatory cell
model, inhibit oxidative cytotoxicity, and reduce ROS accumulation and the population of apoptotic
cells in an oxidative stress cell model. In D-galactose (D-gal)-stimulated aging mice, 4–6 could
reverse liver and kidney damage; protect the serum, brain, and liver against oxidative stress; and
increase the body’s immunity in the spleen. Further D-gal-induced brain aging studies showed
that 4–6 could improve the pathological changes in the hippocampus and the dysfunction of the
cholinergic system. Moreover, protein expression related to aging, oxidative stress, and apoptosis in
the brain tissue homogenate measured via Western blotting also showed that 4–6 could ameliorate
brain aging by protecting against oxidative stress and reducing apoptosis. This work revealed that
meta-trifluoromethoxy substituted 4–6 deserved to be further investigated as an effective anti-aging
candidate drug.

Keywords: resveratrol derivatives; anti-aging; oxidative stress; inflammation; apoptosis; D-galactose

1. Introduction

Aging is a complex natural process, characterized by the degeneration of function
and structure, as well as the decrease in resistance and adaptability. Due to the increase
in the population and the extension of lifespan, the aging population is increasing, and
aging-related diseases have attracted great attention worldwide, therefore, exploring the
mechanisms of aging and developing anti-aging drugs have become increasingly important.

The aging process relates to many complex factors, including multiple genetic and
environmental factors and diet. Cumulative research has shown that reactive oxygen
species (ROS) caused by oxidative stress play an important part in aging [1–3]. Excessive
accumulation of ROS can induce oxidative stress and disrupt the structure of proteins, phos-
pholipids, and DNA, even leading to damage in cells and tissues [4]. Therefore, resisting
oxidative stress or inhibiting the production of ROS is an effective prevention or treatment
strategy for preventing age-related diseases, especially neurodegenerative diseases [5–7].
In addition, inflammation is believed to play an important part in the aging process [8,9].
Chronic inflammation is common in aging and age-related diseases. Accumulating ev-
idence indicates that aging is accompanied by a low-grade chronic inflammatory state
and can be explained by the imbalance between anti-inflammatory and pro-inflammatory
factors [10].

Resveratrol, a stilbene derivative, is a natural nutrient in grapes, which possesses
many biological characteristics, such as anti-inflammatory, neuroprotective, anti-cancer,
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anti-oxidative, and anti-diabetic effects [11–13]. In recent years, the anti-aging potential
of resveratrol has been one of the most eye-catching biological activities [14–22]. Resver-
atrol is a potential candidate as an anti-aging agent, which can exert its anti-aging and
health benefits via anti-oxidative, calorie-restrictive, and anti-inflammatory effects through
activating the nuclear factor erythroid 2-related factor 2 (Nrf2), sirtuin 1 (Sirt1), and AMP-
activated protein kinase (AMPK) signaling pathways. However, resveratrol demonstrates
low aqueous solubility and rapid metabolism in vivo [23,24], which limits its bioavailability
and may also be the major obstacle in translating its effects to humans. Therefore, various
derivatives have been studied to overcome these limitations. For example, fluorinated
substance 1–4 (3,5-dihydroxy-4′-trifluoromethoxy-trans-stilbene) showed excellent stability
and cell uptake ability in A549 cells. However, 1–4 induced obvious premature senescence
and caused a clear block in cells in the G1 phase (81.5%), so as to improve the anti-cancer
effect [25].

In this study, a series of resveratrol derivatives modified with fluorinated groups,
which improve biological activities, metabolic stability, and bioavailability [26,27], were
comprehensively studied concerning their structure-activity relationship in anti-aging activ-
ity within separate inflammatory and oxidative stress cell models induced by lipopolysac-
charide (LPS) and tert-butyl hydroperoxide (t-BHP). We then investigated whether the
active derivative demonstrated a protective effect on D-galactose (D-gal)-stimulated aging
mice and revealed the mechanism.

2. Results and Discussion
2.1. Resveratrol Derivatives

Twenty resveratrol derivatives (see Figure 1 below), substituted with a fluorinated
group (F, CF3, or CF3O) in different positions in the phenyl ring (ortho-, meta-, or para-),
were designed and synthesized according to our previous publications [25,28]. 
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Figure 1. Structures of resveratrol and its derivatives.
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2.2. In Vitro Study
2.2.1. Initial Screening

Chronic inflammation is common in aging and age-related diseases. The relation-
ship between aging and inflammation is accurately reflected in the term “inflamm-aging”,
which is an important factor in the rate and lifespan of aging [29–31], representing a chronic,
progressive increase in the inflammatory response associated with aging [32], Retarding
“inflamm-aging” can improve the aging process and the health status of
elderly people.

Oxidative stress also plays an important part in maintaining low-grade inflammation
in aging and age-related diseases [28,33,34]. Aging, inflammation, and oxidative stress have
causal relationships [35], which can cause and affect each other, and are complex. Therefore,
we chose the inflammatory and oxidative stress cell models in Raw264.7 macrophage cells
separately induced by LPS and t-BHP for initial the screening of the resveratrol derivatives.

Effects on Inflammation in LPS-Stimulated Raw264.7 Cells

Studying the anti-inflammatory effects of the resveratrol derivatives was carried out
by determining the inhibitory effects on the LPS-stimulated excessive production of NO in
Raw264.7 cells. As shown in Table 1, all of the hydroxyl-substituted resveratrol derivatives
(2–1, 2–5, 3–1, and 3–5) showed much lower IC50 values than resveratrol 1–1, indicating
they had higher anti-inflammatory activity. Among the fluorinated resveratrol derivatives,
4–6 showed the highest activity. For the 4-hydroxyl derivatives with the same fluorinated
group, the meta-fluorinated derivative had the highest activity. (F, 4–4 > 4–1 or 1–2; CF3,
4–5 > 4–2 or 1–3; OCF3, 4–6 > 4–3 or 1–4).

Table 1. The inhibition of the LPS-stimulated NO accumulation.

Num IC50 (µM) Num IC50 (µM) Num IC50 (µM)

1–2 45.8 ± 2.26 1–3 82.5 ± 1.70 1–4 30.5 ± 1.55
2–2 16.5 ± 1.45 2–3 22.7 ± 0.99 2–4 23.6 ± 2.10
3–2 22.9 ± 1.38 3–3 21.9 ± 2.69 3–4 13.1 ± 0.20
4–1 23.4 ± 0.13 4–2 23.2 ± 1.76 4–3 26.0 ± 1.36
4–4 14.9 ± 1.12 4–5 13.8 ± 1.06 4–6 11.1 ± 1.05
1–1 33.5 ± 3.03 2–1 2.2 ± 0.01 3–1 3.02 ± 0.03

2–5 18.8 ± 1.75 3–5 7.96 ± 0.23

Effects on Oxidative Stress in t-BHP-Stimulated Raw264.7 Cells

The ability of the resveratrol derivatives to inhibit oxidative cytotoxicity in Raw264.7
cells induced by t-BHP was determined using the MTT method in order to assess the
resistance to oxidative stress. As illustrated in Figure 2, in contrast with the control group,
the cell viability was decreased after inducement with different concentrations of t-BHP
(Figure 2B). In the group induced with 2 mM t-BHP, six resveratrol derivatives (2–1, 2–5,
3–1, 3–2, 3–5, and 4–6) obviously protected Raw264.7 cells against oxidative cytotoxicity
induced by t-BHP (Figure 2A). However, there was no dose relationship. When high
concentrations of derivatives were used, the cell viability decreased, which was mainly due
to the toxic activity of the derivative itself (Figure S2). In addition, resveratrol 1–1 did not
show any protective effect (Figure 2A), and the other derivatives (1–2, 1–3, 1–4, 2–2, 2–3,
2–4, 3–3, 3–4, 4–1, 4–2, 4–3, 4–4, and 4–5) showed low or no activity (Figure S1).
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Figure 2. Effects of resveratrol derivatives on oxidative stress in Raw264.7 cells stimulated with t-
BHP. (A) Cells were incubated with drugs for 24 h, then induced with 2 mM t-BHP for 3 h. (B) Cells 
were treated with 4–6 for 24 h, then induced with 0.5, 1, 2, or 3 mM t-BHP for 3 h. The MTT method 
was used to measure cytotoxicity. (A) *** p < 0.001 vs. the control group; # p < 0.05, ## p < 0.01, ### p < 
0.001 vs. the 2 mM t-BHP group. (B) ** p < 0.01, *** p < 0.001 vs. the control group; ### p < 0.001 vs. the 
0.5 mM group; ● p < 0.05, ●● p < 0.01, ●●● p < 0.001 vs. the 1 mM group; ★★★ p < 0.001 vs. the 2 mM 
group; ▲▲▲ p < 0.001 vs. the 3 mM group. 

  

Figure 2. Effects of resveratrol derivatives on oxidative stress in Raw264.7 cells stimulated with t-BHP.
(A) Cells were incubated with drugs for 24 h, then induced with 2 mM t-BHP for 3 h. (B) Cells were
treated with 4–6 for 24 h, then induced with 0.5, 1, 2, or 3 mM t-BHP for 3 h. The MTT method was
used to measure cytotoxicity. (A) *** p < 0.001 vs. the control group; # p < 0.05, ## p < 0.01, ### p < 0.001
vs. the 2 mM t-BHP group. (B) ** p < 0.01, *** p < 0.001 vs. the control group; ### p < 0.001 vs. the
0.5 mM group; • p < 0.05, •• p < 0.01, ••• p < 0.001 vs. the 1 mM group; ⋆⋆⋆ p < 0.001 vs. the 2 mM
group; ▲▲▲ p < 0.001 vs. the 3 mM group.

2.2.2. Cellular Uptake

After the initial screening of the resveratrol derivatives in the inflammation and
oxidative stress cell models, active derivatives 2–1, 2–5, 3–1, 3–5, and 4–6 were chosen for
further evaluation of cellular uptake activity. As shown in Figure 3, resveratrol 1–1 and
only the polyhydroxyl-substituted resveratrol derivatives (2–1, 3–1, and 3–5) demonstrated
low cell accumulation, only monohydroxyl-substituted derivative 2–5 demonstrated better
cell accumulation, and meta-trifluoromethoxy-substituted derivative 4–6 demonstrated the
best cell accumulation. The enhanced cellular uptake of 4–6 may have been attributed to
the introduction of the meta-trifluoromethoxy group, potentially facilitating 4–6’s ability
to penetrate the cell membrane and enter the cell more effectively. Resveratrol, similar to
other polyphenolic compounds, can be absorbed by small intestine mucosal cells and enter
the circulatory system. In the body, they are easily degraded by metabolic enzymes in the
liver and intestines, greatly reducing their bioavailability [36]. In this study, the resveratrol
derivative 4–6, which was substituted with the meta-trifluoromethoxy group, was selected
as the chemical for further study. Filippis et al. also reported that a halogenated E-stibenol
showed higher antioxidant activity than resveratrol in C2C12 cells, which was attributed to
the presence of a trifluoromethyl group together with a chlorine atom [36].

2.2.3. Effects of Resveratrol 1–1 and Its Active Derivative 4–6 on the Excessive
Accumulation of ROS in t-BHP-Stimulated Raw264.7 Cells

ROS production is one of the most important indices underlying oxidative stress and
plays an important part in the aging process. The effects of 1–1 and 4–6 on ROS production
in Raw264.7 cells induced by t-BHP were further measured. As illustrated in Figure 4A,
stimulation of the cells with t-BHP led to an increase in ROS, and inducement with t-BHP
for 10 min increased the level of ROS. Pre-treatment with 1–1 or 4–6 caused the ROS
accumulation induced by t-BHP to remarkably reduce in a dose-dependent manner, and
the activity of 4–6 was slightly better than that of 1–1. The prevention of ROS accumulation
by 4–6 implied that 4–6 could protect cells against oxidative damage.
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Figure 3. Cellular uptake of resveratrol and its active derivatives. Cells were pre-treated with com-
pounds for 0.5, 1, 2, 3, or 4 h. Measurement of the intracellular compound concentrations was per-
formed using HPLC. 

Figure 3. Cellular uptake of resveratrol and its active derivatives. Cells were pre-treated with
compounds for 0.5, 1, 2, 3, or 4 h. Measurement of the intracellular compound concentrations was
performed using HPLC.
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BHP. (A) ROS levels induced by 2 mM t-BHP for different times. (B) ROS levels induced by 2 mM 
t-BHP for 10 min after cells were treated with 2.5, 5, and 10 µM of 1–1 or 4–6 for 1 h. Measurement 
of the ROS levels was carried out using flow cytometry. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the 
control group. ### p < 0.001 vs. the t-BHP group. 

  

Figure 4. Effect of 1–1 or 4–6 on the excessive accumulation of ROS in Raw264.7 cells induced by
t-BHP. (A) ROS levels induced by 2 mM t-BHP for different times. (B) ROS levels induced by 2 mM
t-BHP for 10 min after cells were treated with 2.5, 5, and 10 µM of 1–1 or 4–6 for 1 h. Measurement
of the ROS levels was carried out using flow cytometry. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the
control group. ### p < 0.001 vs. the t-BHP group.

2.2.4. Effects of Resveratrol 1–1 and Its Active Derivative 4–6 on Apoptosis in Raw264.7
Cells Induced by t-BHP

There is a close relationship between oxidative stress and apoptosis [37,38]. t-BHP
could induce cell apoptosis by activating oxidative stress. As seen in Figure 5, t-BHP caused
cell apoptosis, evidenced by the 60.83% late apoptotic cells. Treatment with resveratrol
1–1 did not decrease the percentage of apoptotic cells, while 4–6 remarkably reduced
the percentages of apoptosis. The result suggested that 4–6 could effectively inhibit cell
apoptosis caused by oxidative stress.
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urement of apoptosis was carried out using flow cytometry. The percentages of normal, early apop-
tosis, late apoptosis, and necrosis are indicated in each quadrant; sequentially lower-left, lower-
right, upper-right, and upper-left. 

  

Figure 5. Flow cytometric analysis of apoptosis in Raw264.7 cells induced by t-BHP. Apoptosis
induced by 1 mM t-BHP for 1 h after cells were pre-treated with 5 or 10 µM 1–1 or 4–6 for 1 h.
Measurement of apoptosis was carried out using flow cytometry. The percentages of normal, early
apoptosis, late apoptosis, and necrosis are indicated in each quadrant; sequentially lower-left, lower-
right, upper-right, and upper-left.

2.2.5. Molecular Docking Analysis of 1–1 and Its Derivative 4–6

Resveratrol is the most well-known SIRT1 activator [39], which can simulate the anti-
aging effect of heat restriction and participate in the regulation of the average life cycle
of organic organisms [40–43]. Numerous studies have evaluated the computer-binding
affinity of resveratrol or other active compounds to the human SIRT1 protein [44–47].

Molecular docking was calculated to predict the binding of the parent molecule resvera-
trol 1–1 or active derivative 4–6 with SIRT1. As shown in Figure 6, 1–1 may form conventional
hydrogen bonds, pi-alkyl, and pi-cation interactions with SIRT1. 4–6 may form conventional
hydrogen bonds, pi-alkyl, alkyl, halogen (fluorine), pi-cation, and pi-pi T-shaped interactions
with SIRT1, among which, the meta-trifluoromethoxy group may form conventional hydrogen
bonds, halogen (fluorine), and alkyl interactions. Moreover, the LibDockScore of 4–6 and
SIRT1 was higher than that of 1–1 and SIRT1 (4–6, 106.569; 1–1, 88.508), which was consistent
with the comparison of inhibiting NO production (4–6, 11.1 ± 1.05 µM; 1–1, 33.5 ± 3.03 µM).
These results indicate that 4–6 displayed a significantly higher affinity towards SIRT1 than
resveratrol 1–1, which may be attributed to the enhanced biological activity of 4–6.
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tions on 3D and 2D diagrams. 

  

Figure 6. Molecular docking of resveratrol 1–1 and its derivative 4–6 with the SIRT1 protein structure
(PDB ID 5BTR). (A,B) SIRT1-1–1 interactions on 3D and 2D diagrams. (C,D) SIRT1-4–6 interactions
on 3D and 2D diagrams.

2.3. In Vivo Study

The changes caused by the chronic injection of D-gal are similar to the natural aging of
animals [48,49]. Therefore, D-gal-stimulated aging mice are used to study aging as a classic
animal model, [50] in which brain aging is like that in humans, such as oxidative stress,
inflammation, apoptosis, neuronal degradation, and so on [50,51]. The anti-aging activity
of 4-6 was further assayed using aging mice caused by D-gal.

2.3.1. Biochemical Analyses of Serum for Liver and Kidney Function Test

The extent of liver and kidney injury was evaluated by determining the levels of
aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen
(BUN), and creatinine (CRE) in the serum. Regarding liver damage, D-gal caused an
increase in the AST level in the model group. Additionally, 200 mg/kg/day VE could not
suppress the increase in AST, while 200 mg/kg/day 4–6 could suppress the D-gal-induced
increase in AST, and 4–6 could reverse D-gal-induced liver damage. Regarding the levels
of ALT, there were no significant differences among the control, model, VE, and 4–6 groups
(Figure 7B, p > 0.05). Regarding kidney damage, D-gal caused increases in the levels of
BUN and CRE. Both VE and 4–6 could reduce the level of BUN. 200 mg/kg/day VE could
slightly reduce the level of CRE. Furthermore, 4–6 could reduce the level of CRE. These
results indicate that 200 mg/kg/day 4–6 could reverse both liver and kidney injuries caused
by D-gal.
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Figure 7. Serum AST (A), ALT (B), BUN (C), and CRE (D) levels for liver and kidney function. These
biomarkers were assessed using the corresponding detection reagent kits. *** p < 0.001 vs. the control
group. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the model group.

2.3.2. Effects of 4–6 on D-gal-Stimulated Oxidative Stress in the Serum

Oxidative stress is an important aging mechanism induced by D-gal [51]. The total
antioxidant capacity (T-AOC) and the activity of anti-oxidative defense enzymes catalase
(CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx) in the serum of ag-
ing mice induced by D-gal as biomarkers of oxidative stress were measured. As illustrated
in Figure 8, D-gal caused reductions in these biomarkers in the serum. 200 mg/kg/day
VE could reverse the D-gal-induced reduction in T-AOC, CAT, and SOD, but could not
increase the reduced level of GPx. For the intervention of 4–6, it reversed the D-gal-induced
reductions in serum T-AOC, CAT, GPx, and SOD in a concentration-dependent manner.

2.3.3. Effects of 4-6 on Oxidative Stress Stimulated with D-gal in the Brain and Liver

Furthermore, the level of malondialdehyde (MDA), an end product of lipid peroxida-
tion, and the activities of CAT, GPx, and SOD in the brain or liver of aging mice stimulated
with D-gal as biomarkers of oxidative stress were measured.

As illustrated in Figure 9, in contrast with the control group, D-gal stimulated the
increase in MDA level and the reductions in CAT and SOD activity in the brain. However,
there were no significant differences in the GPx levels among the groups (Figure 9C,
p > 0.05). Treatment with either VE or 4–6 could effectively reverse the changes in the MDA,
CAT, and SOD levels stimulated with D-gal. The activity of 4–6 was better than that of VE.
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Figure 8. Effects of 4–6 on serum oxidative stress biomarkers in aging mice stimulated with D-gal.
(A) T-AOC. (B) CAT. (C) GPx. (D) SOD. These oxidative stress biomarkers were assessed using their
detection reagent kits. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the control group. # p < 0.05, ## p < 0.01,
### p < 0.001 vs. the model group.
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SOD. These oxidative stress biomarkers were assessed using their detection reagent kits. ** p < 
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Figure 9. Effects of 4–6 on oxidative stress biomarkers in the brain. (A) MDA. (B) CAT.
(C) GPx. (D) SOD. These oxidative stress biomarkers were assessed using their detection reagent kits.
** p < 0.01,*** p < 0.001 vs. the control group. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the model group.
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As illustrated in Figure 10, in contrast with the control group, D-gal stimulated the
increase in MDA levels and the reduction in CAT and GPx activity in the liver. However,
there were no significant differences in the SOD levels among the groups (Figure 10D,
p > 0.05). Treatment with either VE or 4–6 could effectively reverse these changes in MDA,
CAT, and GPx levels. The activity of 4–6 was better than that of VE.
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Figure 10. Effects of 4–6 on oxidative stress biomarkers in the liver. (A) MDA. (B) CAT. (C) GPx. (D) 
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Figure 10. Effects of 4–6 on oxidative stress biomarkers in the liver. (A) MDA. (B) CAT. (C) GPx.
(D) SOD. These oxidative stress biomarkers were assessed using their detection reagent kits. ** p < 0.01,
*** p < 0.001 vs. the control group. ## p < 0.01, ### p < 0.001 vs. the model group.

These results indicate that 4–6 could effectively increase the activity of anti-oxidative
defense enzymes, further protect against oxidative stress, and reduce the production of
lipid peroxidation.

2.3.4. Effects of 4–6 on D-gal-Induced Inflammation in the Spleen Tissue

Oxidative stress can also be induced in the spleen of aging mice stimulated with D-gal.
As illustrated in Figure 11A, in contrast with the control group, D-gal caused an increase in
the MDA level of the spleen. Treatment with either VE or 4–6 could reverse the change in
MDA level caused by D-gal.

In addition to oxidative stress, the spleen is a crucial organ in the human immune
system, which has the function of synthesizing and secreting immune substances, and
can also produce active substances related to immune regulation. As age increases, the
structure and function of the spleen gradually decline. Therefore, we further evaluated
whether 4–6 can protect the spleen in D-gal-induced aging mice.
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ulated aging mice (B). The MDA level was assessed using its detection reagent kit. The expressions 
of iNOS, IL-6, TNF-α, and SA-β-gal were analyzed using Western blotting. ImageJ 1.53e software 
was used to analyze the densitometric quantifications. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the 
control group. ## p < 0.01, ### p < 0.001 vs. the model group (C). 

  

Figure 11. Effects of 4–6 on MDA (A), iNOS, IL-6, TNF-α, and SA-β-gal in the spleen of D-gal-
stimulated aging mice (B). The MDA level was assessed using its detection reagent kit. The ex-
pressions of iNOS, IL-6, TNF-α, and SA-β-gal were analyzed using Western blotting. ImageJ 1.53e
software was used to analyze the densitometric quantifications. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
the control group. ## p < 0.01, ### p < 0.001 vs. the model group (C).

Inducible nitric oxide synthase (iNOS) is a class of enzymes that utilizes the oxidative
stress of NO to assist macrophages in fighting pathogens in the immune system. Cytokines
are glycoproteins or small-molecule polypeptides, which are synthesized and secreted by
tissue cells. They can regulate innate and adaptive immunity, participate in inflammatory
reactions, repair damaged tissues, and so on. INOS and two cytokines (interleukin (IL)-6
and tumor necrosis factor-α (TNF-α)) were determined using Western blotting.

As illustrated in Figure 11B,C, in contrast with the control group, D-gal stimulated
the increase in the iNOS, IL-6, and TNF-α expression levels of the spleen. Treatment
with 4–6 decreased these increased expression levels. Meanwhile, the expression level of
senescence-associated-β-galactosidase (SA-β-gal), a marker of aging, was also significantly
increased in the spleen of aging mice stimulated with D-gal, while 4–6 could reverse the
D-gal-induced change in SA-β-gal level in aging mice.

These results indicate that D-gal could cause oxidative stress and inflammation in the
spleen of aging mice, while 4–6 could increase the body’s immunity by regulating iNOS
and cytokines and protect the spleen against oxidative and inflammatory damage, thereby
ameliorating the aging of mice.

2.3.5. Effects on Histopathological Alternations in Aging Mice Caused by D-gal

Histopathological studies on brain, liver, and spleen tissues were performed using HE
staining. As illustrated in Figure 12, the morphology of the hippocampus, liver, and spleen
of control mice was normal. In the model group, D-gal caused a loose structure, blurred
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membrane boundaries, and morphological changes in the DG area of the hippocampus
as well as cell swelling, binuclear phenomenon in the liver tissue, and a reduction in the
white pulp of the spleen tissue. These results suggest that hippocampal neurons and the
liver and spleen were damaged by D-gal. However, 4–6 could reverse these D-gal-induced
histopathological changes.
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Figure 12. Effects on the histopathology of the hippocampus, liver, and spleen. HE staining was
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Nissl bodies are a feature of the structure of neurons and their quantity indicates the
condition of the neuronal cell [52]. Furthermore, the brain tissue was stained via Nissl
staining to observe the status of the neurons. The model group was slightly stained with
Nissl, but VE and 4–6 could improve this situation, especially 4–6, as illustrated in Figure 13.

2.3.6. Effects on AchE and Ach in the Brain of Aging Mice Stimulated with D-gal

Acetylcholine (Ach) is an important neurotransmitter in the body and acetylcholin
esterase (AchE) is a specific cholinergic marker protein, which can degrade acetylcholine
in the synaptic cleft. The cholinergic system is important for learning and memory [53,54].
Clinically, the Ach level and AchE activity in the brain could be used to detect the biochemical
indicators of aging.

As illustrated in Figure 14, D-gal upregulated AchE expression, and, correspondently,
decreased the level of Ach, in contrast with the control group. Treatment with 4–6 reversed
the changes in Ach level and AchE activity. Treatment with 1–1 could reduce the activity of
AchE but could not increase the level of Ach. These results suggest that 4–6 may improve
cholinergic system dysfunction.
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Figure 13. Effects on the histopathology of the subfields of the hippocampus (CA1, CA3, and DG).
Nissl staining was used for the paraffin sections. (Scale bar: CA1, 50 µM; CA3, 50 µM; DG, 200 µM).
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Figure 14. Effects of 4–6 on (A) Ach and (B) AchE in brain tissue. The Ach level and AchE activity
were assessed using their corresponding detection reagent kits. ** p < 0.01, *** p < 0.001 vs. the control
group. ## p < 0.01, ### p < 0.001 vs. the model group.

2.3.7. Effects on Protein Expression Related to Aging, Oxidative Stress, and Apoptosis in
the Brain Homogenate of Aging Mice

The brain aging of mice induced by D-gal is similar to that of humans. Furthermore,
protein expression related to aging, oxidative stress, and apoptosis in the brain homogenate
of aging mice was assayed via Western blotting.

SIRT1 is a protein related to mammalian aging, which is an important factor in regu-
lating redox conditions, energy metabolism, cell apoptosis, and prolonging lifespan. SIRT1
can delay aging, extend lifespans, and prevent aging-related diseases [55], while SIRT1
deficiency can promote the expression of aging-related genes [56]. Moreover, p53/p21
(the p53-dependent pathway) and p16/Rb (the p53-independent pathway) are two critical
signaling pathways for regulating cellular senescence [57,58]. Therefore, the expressions
of SIRT1, p53, p21, and p16, senescence-associated proteins, were detected in the brain
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tissue. As illustrated in Figure 15, D-gal downregulated SIRT1 expression (Figure 15B) and
upregulated the expression levels of p53, p21, and p16 (Figure 15B). Treatment with 4–6
increased the SIRT1 level and reduced the p53, p21, and p16 levels. These results suggest
that 4–6 could intervene and reverse D-gal-induced mouse aging. Eren et al. reported that
resveratrol also has corresponding effects on cells.
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Figure 15. Effects on aging, oxidative stress, and apoptosis in brain tissue. (A) The expression levels
of the corresponding proteins were analyzed with Western blotting. (B–D) Quantitative analysis of
the corresponding proteins. ImageJ software was used to analyze the densitometric quantification.
** p < 0.01, *** p < 0.001 vs. the control group. ## p < 0.01, ### p < 0.001 vs. the model group.

Nrf2 is a key signaling pathway for oxidative stress, binding to ARE to regulate phase
II antioxidant enzymes like HO-1 and NQO1 [59]. Many studies have also shown that the
Nrf2 pathway is a mechanism that counteracts the aging effect caused by D-gal. To confirm
the protective effect of 4–6 via regulating the Nrf2 pathway, Nrf2 and HO-1 expression
levels were assayed. As illustrated in Figure 15, D-gal downregulated Nrf2 and HO-1
expression (Figure 15A,C), while 4–6 effectively reversed these changes (Figure 15A,C).
These results indicate that 4–6 could resist oxidative stress through the Nrf2 signaling
pathway to protect the brain in aging mice.

The apoptosis of nerve cells can cause neural cell senescence, and this plays an im-
portant part in the aging of the nervous system [60–62]. D-galactose can activate both
the extrinsic and intrinsic pathways of apoptosis [51]. Therefore, the effects of 4–6 on
Bax and Caspase 3 expression in brain tissue were studied. As shown in Figure 15, D-gal
upregulated the expression levels of Caspase 3 and Bax (Figure 15A,D), while 4–6 decreased
these changes (Figure 15A,D). These results suggest that 4–6 could reverse D-gal-induced
brain tissue apoptosis.

2.3.8. Medicinal and Chemical Properties of 4–6

The medicinal and chemical properties of drug molecules can predict whether they
can penetrate the blood-brain barrier. According to the literature, the standards for drug
molecules to pass the blood-brain barrier are as follows: cLogP = 0–5, MW < 450, and
PSA < 70 Å2 [63]. As shown in Table 2, the value of cLogP for 4–6 (4.96) was larger than
that of the parent molecule 1–1 (2.99), which meant that 4–6 had stronger lipophilicity, the
MW of 4–6 was less than 450, and the value of PSA for 4–6 (29.46) was smaller than that of
the parent molecule 1–1 (60.68). These results suggest that 4–6 has the ability to penetrate
the blood-brain barrier in vivo.
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Table 2. Medicinal and chemical properties of 4–6.

Num cLogP a Molecular Weight
MW (g/mol)

Polar Surface Area
PSA (Å2) a

4-6 4.96 280.25 29.46
1-1 2.99 228.25 60.68

a The data were calculated online from the website: www.molinspiration.com (accessed on 7 February 2023).

3. Conclusions

In summary, a series of resveratrol derivatives were investigated for their anti-inflammatory
and anti-oxidative stress activities in cell models, and several derivatives with better activity
were selected. The 4-Hydroxy-3′-trifluoromethoxy-substituted resveratrol derivative (4–6),
demonstrating the best cell accumulation, could inhibit the excessive production of NO in an
inflammatory cell model, inhibit oxidative cytotoxicity, and reduce ROS accumulation and the
population of apoptotic cells in an oxidative stress cell model. In D-gal-stimulated aging mice,
4–6 could reverse liver and kidney injury (serum AST, ALT, BUN, and CRE), protect against
oxidative stress damage (T-AOC, MDA, CAT, GPx, and SOD) in the serum, brain, and liver, and
increase the body’s immunity (iNOS, IL-6, and TNF-α) in the spleen. In addition to protecting
the brain from oxidative stress (biomarkers of oxidative stress), 4–6 could significantly improve
the D-gal-induced histopathological alternations (HE and Nissl staining) in the hippocampus
and the dysfunction of the cholinergic system (Ach and AchE). Furthermore, protein expression
related to aging (SIRT1, p53, p21, and p16), oxidative stress (Nrf2 and HO-1), and apoptosis
(Caspase 3 and Bax) in the brain measured using Western blotting also showed that 4–6 could
ameliorate aging through protecting against oxidative stress and reducing apoptosis. In addition,
the molecular docking simulation showed that 4–6 could effectively form interactions with
SIRT1. Moreover, the predicted medicinal and chemical properties of 4–6 demonstrated the
ability to penetrate the blood-brain barrier.

This work revealed that meta-trifluoromethoxy-substituted-4–6 deserved to be further
investigated as an effective anti-aging candidate drug. However, further research is needed
on the anti-aging effects and mechanisms of 4–6 on other tissues. In order to improve its
bioavailability, nanomaterials loaded with 4–6 are also needed in further investigations.

4. Materials and Methods
4.1. Synthesis

Derivatives were synthesized from a corresponding aldehyde and benzyl phosphonate
via the Witting-Horner reaction, and their 1H and 13C NMR spectroscopy were witnessed
in previously published papers [25,28] (See Supplementary Materials).

4.2. Cell Culture

Raw264.7 cells (Shanghai Institute of Biochemistry) were cultured in DMEM medium
(Hyclone, Logan, UT, USA), including 1% antibiotic solution (Beyotime, Shanghai, China),
10% fetal bovine serum (Gibco, South America origin), and 5% CO2 at 37 ◦C.

4.2.1. Determination of the Inhibition of NO

In 96-well plates, 100 µL of cells were seeded (1 × 106 cells/mL). The cells were seeded
with different compounds in fresh medium for 24 h after overnight incubation. A total
of 75 µL of cell supernatant was mixed with 75 µL of fresh Griess reagent solution. The
solution was determined at 540 nm using a microplate reader.

4.2.2. t-BHP-Induced Oxidative Cytotoxicity

In 96-well plates, 100 µL of cells were seeded (2 × 105 cells/mL). The cells were seeded
with different compounds in fresh medium for 24 h after overnight incubation. Different
concentrations of t-BHP solution were added and stimulated for 3 h. After washing with 10
mM PBS solution (pH 7.4), 100 µL of MTT (0.5 mg/mL) solution was added. 100 µL of DMSO
was added after 4 h. The solution was determined at 570 nm using a microplate reader.

www.molinspiration.com
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4.2.3. Cell Cytotoxic Assay

In 96-well plates, 100 µL of cells were seeded (2 × 105 cells/mL). The cells were seeded
with different compounds in fresh medium for 24 h after overnight incubation. Then, 10 µL
of MTT (5 mg/mL) solution was added. 100 µL DMSO was added after 4 h. The solution
was measured at 570 nm using a microplate reader.

4.2.4. Cellular Uptake

In 6-well plates, 2 mL of cells were seeded (1.5 × 106 cells/mL). The cells were seeded
with 50 µM of resveratrol (1–1) or its derivatives (2–1, 2–5, 3–1, 3–5, and 4–6) in fresh
medium for 0.5, 1, 2, 3, or 4 h, after overnight incubation. The solution was washed twice
with 1 mL of ice-cold PBS, then 0.8 mL of MeOH was added into each well at 4 ◦C for 24 h.
After centrifugation, 200 µL of the supernatant was determined using a microplate reader.

λmax and ε were measured in methanol (200 µL) using a 96-well plate:
1–1, A = −0.0086 + 0.00949C, λ = 308 nm; 2–1, A = −0.0084 + 0.01519C, λ = 305 nm;

2–5, A = −0.0110 + 0.01358C, λ = 305 nm; 3–1, A = −0.0174 + 0.01213C, λ = 324 nm; 3–5,
A = 0.0084+ 0.01274C, λ = 326 nm; 4–6, A = −0.0132+ 0.01507C, λ = 320 nm. (C, µM)

4.2.5. Determination of Intracellular ROS

In 96-well plates, 100 µL of cells were seeded (2 × 105 cells/mL). The cells were
seeded with resveratrol 1–1 or derivative 4–6 in fresh medium for 1 h after overnight
incubation. The cells were stimulated with 2 mM t-BHP for 10 min and washed with PBS
solution. The cells were treated with 10 µM DCFH-DA for 30 min under dark conditions
and then washed twice with PBS. The fluorescence intensity of the cells was determined
using a benchtop flow cytometer (Millipore Guava easyCyte 8HT, California, MA, USA).
(Ex/Em = 488 nm/530 nm).

4.2.6. Determination of Cell Apoptosis

In 6-well plates, 2 mL of cells were seeded (1 × 106 cells/mL). The cells were seeded
with 5 or 10 µM resveratrol 1–1 or derivative 4–6 in fresh medium for 1 h after overnight
incubation. The cells were stimulated with 1 mM t-BHP for 1 h and washed with PBS
solution. According to the product manual, the cells were treated using a commercial
reagent kit (Annexin V-FITC/PI Apoptosis Detection Kit, BD, Franklin Lakes, NJ, USA). A
benchtop flow cytometer was used to analyze 10,000 cells.

4.3. Molecular Docking Studies of SIRT1 and the Compounds

The structure of SIRT1 (5BTR) was downloaded from the RCSB PDB database. The
structure of SIRT1 was composed of the N-terminal region and the histone deacetylases
(HDACs) domain, which was utilized for docking studies according to the literature [64]. The
active site, AD5, of the SIRT1 (A chain) protein was used for molecular docking. The combined
spherical area was x = −17.917889, y = 64.825133, z = 12.769794, radius = 14.5000. The LibDock
module from Discovery studio 2020 was used for molecular docking, and the interaction with
the highest score between SIRT1 and the compound (1–1 or 4–6) was analyzed.

4.4. Animal

C57bl/6j mice (7-month-old, male, weighing approximately 30 g, Pengyue, Jinan,
China) could freely drink food and water at 23 ± 2 ◦C with a 12-h light/dark cycle.
The mouse experiment was approved by the ethics committee of Liaocheng University
(approval code: 2023022718).

4.4.1. Treatment of Mice

Following a week of adaptation, the mice were randomly divided into six groups with
eight mice in each group: the control group, the model group (the D-Gal-induced group), the
VE-treated group (200 mg/kg/day), and the 4–6-treated groups (50, 100, and 200 mg/kg/day).
The mice in the control group were injected intraperitoneally and were administered saline



Molecules 2024, 29, 86 17 of 20

orally. The mice in the model group were injected with D-Gal (500 mg/kg/day) daily for
10 weeks. In the VE or 4–6 groups, mice were injected with D-Gal (500 mg/kg/day) and were
administered an oral saline suspension of VE or 4–6 daily for 10 weeks. After the last injection
and oral administration dose, the mice were fasted for 12 h, then euthanized, and their tissues
were immediately excised.

4.4.2. Biochemical Analysis

The AST, ALT (Applygen Technologies Inc., Beijing, China), BUN, and CRE (Nanjing
Jiancheng Bioengineering Institute) contents in the serum and the biomarkers of oxidative
stress (T-AOC, CAT, SOD, GPx, and MDA) (Beyotime) in the brain, liver, spleen, and serum
were assessed using commercial reagent kits according to the product manuals. The Ach
level and AchE activity (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in the
brain tissue were also determined using commercial reagent kits.

4.4.3. Histopathological Examination

The brain, liver, and spleen were fixed with formalin, followed by embedding in
paraffin and sectioning. HE was used to stain the sections, and the section of brain tissue
was stained with Nissl. Then, photomicrographs were taken using an Olympus microscope
(BX53 + DP80, Tokyo, Japan).

4.4.4. Western Blot Assays

RIPA buffer containing protease inhibitors (Beyotime) was used to lyse tissues. The
primary antibodies were as follows: IL-6 (Wanleibio, Shenyang, China,), TNF-α (Wanleibio),
Caspase-3 (Cell Signaling Technology, Danvers, MA, USA), iNOS (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), Bax (Cell Signaling Technology), SIRT 1 (Wanleibio), p53
(Wanleibio), p21 (Wanleibio), SA-β-gal (Cell Signaling Technology), p16 (Wanleibio), Nrf2
(Beyotime), HO-1 (Wanleibio), and β-actin (Wanleibio). The secondary antibodies were as
follows: HRP-labeled goat anti-mouse and anti-rabbit IgG(H + L) (Beyotime).

4.5. Data Analyses

Statistical analyses were carried out using a one-way analysis of variance and Dun-
nett’s multiple comparison test with GraphPad Prism software (version 5.01). The statistical
significance was considered if p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29010086/s1, Figure S1: Effects of resveratrol derivatives
on t-BHP-induced oxidative stress in Raw264.7 cells. Raw264.7 cells were treated with the compound
for 24 h, and then induced with 2 mM t-BHP for 3 h. Measurement of cytotoxicity using the MTT assay.
Data were expressed as means ± SD (n = 3) from independent experiments; Figure S2: Cell viability
of resveratrol derivatives in Raw264.7 cells. Raw264.7 cells were treated with the compound for 24 h.
Measurement of cytotoxicity using the MTT assay. Data were expressed as means ± SD (n = 3) from
independent experiments; Figure S3: Synthetics routs of resveratrol derivatives. Refs. [25,28,65–76]
are cited in supplementary file.

Author Contributions: Y.L.: Project administration, investigation, and data analysis; X.C.: Investi-
gation and validation; Z.T.: Investigation and validation; X.W.: Funding acquisition; J.Y.: Funding
acquisition, data curation, and writing-original draft preparation; G.L.: Funding acquisition, writing-
reviewing, and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant No.
81901420), Shandong Provincial Natural Science Foundation (Grant No. ZR2023MB089), the Research
Fund of Liaocheng University (NO. 318012106), and the “Guangyue Young Scholar Innovation Team”
from Liaocheng University (LCUGYTD2022-04).

Institutional Review Board Statement: The mouse experiment was approved by the ethics committee
of Liaocheng University (approval code: 2023022718).

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/molecules29010086/s1
https://www.mdpi.com/article/10.3390/molecules29010086/s1


Molecules 2024, 29, 86 18 of 20

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Shinmura, K. Effects of caloric restriction on cardiac oxidative stress and mitochondrial bioenergetics: Potential role of cardiac

sirtuins. Oxid. Med. Cell. Longev. 2013, 2013, 528935. [CrossRef] [PubMed]
2. Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol. 1956, 11, 298–300. [CrossRef]
3. Sohal, R.S.; Weindruch, R. Oxidative stress, caloric restriction, and aging. Science 1996, 273, 59–63. [CrossRef] [PubMed]
4. Sohal, R.S.; Orr, W.C. The redox stress hypothesis of aging. Free Radic. Biol. Med. 2012, 52, 539–555. [CrossRef]
5. Barnham, K.J.; Masters, C.L.; Bush, A.I. Neurodegenerative diseases and oxidative stress. Nat. Rev. Drug Discov. 2004, 3, 205–214.

[CrossRef] [PubMed]
6. Finkel, T.; Holbrook, N.J. Oxidants, oxidative stress and the biology of ageing. Nature 2000, 408, 239–247. [CrossRef] [PubMed]
7. Yin, S.T.; Tang, M.L.; Deng, H.M.; Xing, T.R.; Chen, J.T.; Wang, H.L.; Ruan, D.Y. Epigallo-catechin-3-gallate induced primafry

cultures of rat hippocampal neurons death linked to calcium overload and oxidative stress. Naunyn Schmiedebergs Arch. Pharmacol.
2009, 379, 551–564. [CrossRef]

8. Ruan, Q.; Liu, F.; Gao, Z.; Kong, D.; Hu, X.; Shi, D.; Bao, Z.; Yu, Z. The anti-inflamm-aging and hepatoprotective effects of
huperzine A in D-galactose-treated rats. Mech. Ageing Dev. 2013, 134, 89–97. [CrossRef]

9. Vatner, S.F.; Zhang, J.; Oydanich, M.; Berkman, T.; Naftalovich, R.; Vatner, D.E. Healthful aging mediated by inhibition of
oxidative stress. Ageing Res. Rev. 2020, 64, 101194. [CrossRef]

10. Candore, G.; Caruso, C.; Colonna-Romano, G. Inflammation, genetic background and longevity. Biogerontology 2010, 11, 565–573.
[CrossRef]

11. Catalina, A.L.; Isabel, V. Resveratrol as an anti-inflammatory and anti-aging agent: Mechanisms and clinical implications. Mol.
Nutr. Food Res. 2005, 49, 405–430.

12. Zhang, L.X.; Li, C.X.; Kakar, M.U.; Khan, M.S.; Wu, P.F.; Amir, R.M.; Dai, D.F.; Naveed, M.; Li, Q.Y.; Saeed, M.; et al. Resveratrol
(RV): A pharmacological review and call for further research. Biomed. Pharm. 2021, 143, 112164. [CrossRef] [PubMed]

13. Teka, T.; Zhang, L.; Ge, X.Y.; Li, Y.J.; Han, L.F.; Yan, X.H. Stilbenes: Source plants, chemistry, biosynthesis, pharmacology,
application and problems related to their clinical application-a comprehensive review. Phytochestry 2022, 197, 113128. [CrossRef]
[PubMed]

14. Chu, S.H.; Yang, D.; Wang, Y.P.; Yang, R.; Qu, L.B.; Zen, H.J. Effect of resveratrol on the repair of kidney and brain injuries and
regulation on klotho gene in D-galactose-induced aging mice. Bioorg. Med. Chem. Lett. 2021, 40, 127913. [CrossRef] [PubMed]

15. Uddin, M.J.; Farjana, M.; Moni, A.; Hossain, K.S.; Hannan, M.A.; Ha, H. Prospective pharmacological potential of resveratrol on
delaying kidney aging. Int. J. Mol. Sci. 2021, 22, 8258. [CrossRef] [PubMed]

16. Chen, Q.F.; Gu, P.L.; Liu, X.M.; Hu, S.H.; Zheng, H.; Liu, T.; Li, C.Y. Gold nanoparticles encapsulated resveratrol as an anti-aging
agent of delay cataract development. Pharmaceuticals 2023, 16, 26. [CrossRef] [PubMed]

17. Kohandel, Z.; Darrudi, M.; Naseri, K.; Samini, F.; Aschner, M.; Pourbagher-shahri, A.M.; Samarghandian, S. The role of resveratrol
in aging and senescence: A focus on molecular mechanisms. Cur. Mol. Med. 2023. [CrossRef]

18. Zhou, D.D.; Luo, M.; Huang, S.Y.; Saimaiti, A.; Shang, A.; Gan, R.Y.; Li, H.B. Effects and mechanisms of resveratrol on aging and
age-related diseases. Oxid. Med. Cell Longev. 2021, 2021, 9932218. [CrossRef]

19. Pezzuto, J.M. Resveratrol: Twenty years of growth, development and controversy. Biomol. Ther. 2019, 27, 1–14. [CrossRef]
20. Kaeberlein, M. Resveratrol and rapamycin: Are they anti-aging drugs? BioEssays 2010, 32, 96–99. [CrossRef]
21. Kasiotis, K.K.; Pratsinis, H.; Kletsas, D.; Haroutounian, S.A. Resveratrol and related stilbenes: Their anti-aging and anti-angiogenic

properties. Food Chem. Toxicol. 2013, 61, 112–120. [CrossRef] [PubMed]
22. Khafaga, A.F.; Noreldin, A.E.; Taha, A.E. The adaptogenic anti-aging potential of resveratrol against heat stress-medicated liver

injury in aged rats: Role of HSP70 and NF-κB signaling. J. Therm. Biol. 2019, 83, 8–21. [CrossRef] [PubMed]
23. Belguendouz, L.; Fremont, L.; Linard, A. Resveratrol inhibits metal ion-dependent and independent peroxidation of porcine

low-density lipoproteins. Biochem. Pharmacol. 1997, 53, 1347–1355. [CrossRef] [PubMed]
24. Gambini, J.; Ingles, M.; Olaso, G.; Lopez-Grueso, R.; Bonet-Costa, V.; Gimeno-Mallench, L.; Mas-Bargues, C.; Abdelaziz, K.M.;

Gomez-Cabrera, M.C.; Vina, J.; et al. Properties of resveratrol: In vitro and in vivo studies about metabolism, bioavailability, and
biological effects in animal models and humans. Oxid. Med. Cell. Longev. 2015, 2015, 837042. [CrossRef] [PubMed]

25. Yang, J.; Li, J.; Qu, X.Y.; Liu, G.Y.; Liu, R.M. A novel resveratrol derivative induces oxidative stress, G1 cell cycle arrest and
premature senescence in A549 cells. Lat. Am. J. Pharm. 2019, 38, 907–917.

26. Liu, G.Y.; Zhai, Q.; Chen, J.Z.; Zhang, Z.Q.; Yang, J. 2,2′-Fluorine mono-carbonyl curcumin induce reactive oxygen species-
Mediated apoptosis in Human lung cancer NCI-H460 cells. Eur. J. Pharmacol. 2016, 786, 161–168. [CrossRef] [PubMed]

27. Barata-Vallejo, S.; Bonesi, S.; Postigo, A. Late stage trifluoromethylthiolation strategies for organic compounds. Org. Biomol. Chem.
2016, 14, 7150–7182. [CrossRef]

28. Yang, J.; Liu, F.L.; Cao, Y.X.; Li, Y.R.; Liu, G.Y. 3,5-dihydroxy-4’-fluoro-trans-stilbenzen inhibits the proliferation of A 549 cells via
G1 cell cycle arrest and premature senescence. Lat. Am. J. Pharm. 2019, 38, 1838–1845.

https://doi.org/10.1155/2013/528935
https://www.ncbi.nlm.nih.gov/pubmed/23577224
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1126/science.273.5271.59
https://www.ncbi.nlm.nih.gov/pubmed/8658196
https://doi.org/10.1016/j.freeradbiomed.2011.10.445
https://doi.org/10.1038/nrd1330
https://www.ncbi.nlm.nih.gov/pubmed/15031734
https://doi.org/10.1038/35041687
https://www.ncbi.nlm.nih.gov/pubmed/11089981
https://doi.org/10.1007/s00210-009-0401-4
https://doi.org/10.1016/j.mad.2012.12.005
https://doi.org/10.1016/j.arr.2020.101194
https://doi.org/10.1007/s10522-010-9286-3
https://doi.org/10.1016/j.biopha.2021.112164
https://www.ncbi.nlm.nih.gov/pubmed/34649335
https://doi.org/10.1016/j.phytochem.2022.113128
https://www.ncbi.nlm.nih.gov/pubmed/35183567
https://doi.org/10.1016/j.bmcl.2021.127913
https://www.ncbi.nlm.nih.gov/pubmed/33705905
https://doi.org/10.3390/ijms22158258
https://www.ncbi.nlm.nih.gov/pubmed/34361023
https://doi.org/10.3390/ph16010026
https://www.ncbi.nlm.nih.gov/pubmed/36678523
https://doi.org/10.2174/1566524023666230602162949
https://doi.org/10.1155/2021/9932218
https://doi.org/10.4062/biomolther.2018.176
https://doi.org/10.1002/bies.200900171
https://doi.org/10.1016/j.fct.2013.03.038
https://www.ncbi.nlm.nih.gov/pubmed/23567244
https://doi.org/10.1016/j.jtherbio.2019.04.012
https://www.ncbi.nlm.nih.gov/pubmed/31331528
https://doi.org/10.1016/S0006-2952(96)00820-9
https://www.ncbi.nlm.nih.gov/pubmed/9214696
https://doi.org/10.1155/2015/837042
https://www.ncbi.nlm.nih.gov/pubmed/26221416
https://doi.org/10.1016/j.ejphar.2016.06.009
https://www.ncbi.nlm.nih.gov/pubmed/27266668
https://doi.org/10.1039/C6OB00763E


Molecules 2024, 29, 86 19 of 20

29. Franceschi, C.; Bonafe, M.; Valensin, S.; Olivieri, F.; Deluca, M.; Ottaviani, E.; Benedictis, G.D. Inflamm-aging: An evolutionary
perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244–254. [CrossRef]

30. Abdul, R.P.; Song, J.K. Fucoidan as bio-functional molecule: Insights into the anti-inflammatory potential and associated molecular
mechanisms. J. Funct. Foods 2017, 38, 415–426.

31. Uryga, A.K.; Bennett, M.R. Ageing induced vascular smooth muscle cell senescence in atherosclerosis. J. Physiol. 2016, 594,
2115–2124. [CrossRef] [PubMed]

32. Wang, M.; Fu, Y.; Gao, C.; Jia, Y.T.; Huang, Y.Q. Cartilage oligomeric matrix protein prevents vascular aging and vascular smooth
muscle cells senescence. Biochem. Bioph. Res. Commun. 2016, 478, 1006–1013. [CrossRef] [PubMed]

33. Franceschi, C.; Capri, M.; Monti, D.; Giunta, S.; Olivieri, F.; Sevini, F.; Panourgia, M.P.; Invidia, L.; Celani, L.; Scurti, M.
Inflammaging and anti-inflammaging: A systemic perspective on aging and longevity emerged from studies in humans. Mech.
Ageing Dev. 2007, 128, 92–105. [CrossRef] [PubMed]

34. De la Fuente, M.; Miquel, J. An update of the oxidation-inflammation theory of aging: The involvement of the immune system in
oxi-inflamm-aging. Curr. Pharm. Des. 2009, 15, 3003–3026. [CrossRef] [PubMed]

35. Xia, S.J.; Zhang, X.Y.; Zheng, S.B.; Khanabdali, R.; Kalionis, B.; Wu, J.Z.; Wan, W.B.; Tai, X.T. An update on inflamm-aging:
Mechanisms, prevention, and treatment. J. Immunol. Res. 2016, 2016, 8426874. [CrossRef] [PubMed]

36. Filippo, E.S.D.; Giampietro, L.; Filippis, B.D.; Balaha, M.; Vincenzo, F.; Locatelli, M.; Pietrangelo, T.; Tartaglia, A.; Amoroso, R.;
Fulle, S. Synthesis and biological evaluation of halogenated E-stilbenols as promising antiaging agents. Molecules 2020, 25, 5770.
[CrossRef] [PubMed]

37. Kannan, K.; Jain, S.K. Oxidative stress and apoptosis. Pathophysiology 2000, 7, 153–163. [CrossRef] [PubMed]
38. Agostini, M.; Marco, B.D.; Nocentini, G.; Delfino, D.V. Oxidative stress and apoptosis in immune diseases. Int. J. Immunopathol.

Pharmacol. 2002, 15, 157–164. [CrossRef]
39. Howitz, K.T.; Bitterman, K.J.; Cohen, H.Y.; Lamming, D.W.; Lavu, S.; Wood, J.G.; Zipkin, R.E.; Chung, P.; Kisielewski, A.; Zhang,

L.L.; et al. Small molecule activators of sirtuins extend Saccharomyces cerevisiae lifespan. Nature 2003, 425, 191–196. [CrossRef]
40. Wood, J.G.; Rogina, B.; Lavu, S.; Howitz, K.; Helfand, S.L.; Tatar, M.; Sinclair, D. Sirtuin activators mimic caloric restriction and

delay ageing in metazoans. Nature 2004, 430, 686–689. [CrossRef]
41. Baur, J.A.; Pearson, K.J.; Price, N.L. Resveratrol improves health and survival of mice on a high-calorie diet. Nature 2006, 444,

337–342. [CrossRef] [PubMed]
42. Kuno, A.; Hori, Y.S.; Hosoda, R.; Tanno, M.; Miura, T.; Shimamoto, K.; Horio, Y. Resveratrol improves cardiomyopathy in

dystrophin-deficient mice through SIRT1 protein-mediated modulation of p300 protein. J. Biol. Chem. 2013, 288, 5963–5972.
[CrossRef] [PubMed]

43. Kayashima, Y.; Katayanagi, Y.; Tanaka, K.; Fukutomi, R.; Hiramoto, S.; Imai, S. Alkylresorcinols activate SIRT1 and delay ageing
in Drosophila melanogaster. Sci. Rep. 2017, 7, 43679. [CrossRef] [PubMed]

44. Naini, R.; Chikati, R.; Vudem, D.R.; Kancha, R.K. Molecular docking analysis of imine stilbene analogs and evalustion of their
anti-aging activity using yeast and mammalian cell models. J. Recept. Signal Transd. 2019, 39, 55–59. [CrossRef] [PubMed]

45. Devi, K.P.A.; Shimoga Janakirama, A.R.; Martin, A. SIRT1 activation by Taurine: In vitro evaluation, molecular docking and
molecular dynamics simulation studies. J. Nutr. Biochem. 2022, 102, 108948.

46. ManNa, D.; Bhuyan, R.; Ghosh, R. Probing the mechanism of SIRT1 activation by a 1,4-dihydropyridine. J. Mol. Model. 2018, 24, 340.
[CrossRef]

47. Hou, X.B.; Rooklin, D.; Fang, H.; Zhang, Y.K. Resveratrol serves as a protein-substrate interaction stabilizer in human SIRT1
activation. Sci. Rep. 2016, 6, 38186. [CrossRef]

48. Zhang, Z.F.; Fan, S.H.; Zheng, Y.L.; Lu, J.; Wu, D.W.; Shan, Q.; Hu, B. Purple sweet potato color attenuates oxidative stress and
inflammatory response induced by D-galactose in mouse liver. Food Chem. Toxicol. 2009, 47, 496–501. [CrossRef]

49. Kumar, A.; Prakash, A.; Dogra, S. Centella asiatica attenuates D-galactose-induced cognitive impairment, oxidative and mitochon-
drial dysfunction in mice. Int. J. Alzheimer’s Dis. 2011, 2011, 347569.

50. Shwe, T.; Pratchayasakul, W.; Chattipakorn, N.; Chattipakorn, S.C. Role of D-galactose-induced brain aging and its potential used
for therapeutic interventions. Exp. Gerontol. 2018, 101, 13–36. [CrossRef]

51. Ho, S.C.; Liu, J.H.; Wu, R.Y. Establishment of the mimetic aging effect in mice caused by D-galactose. Biogerontology 2003, 4, 15–18.
[CrossRef] [PubMed]

52. Nie, J.; Tian, Y.; Zhang, Y.; Lu, Y.L.; Li, L.S.; Shi, J.S. Dendrobium alkaloids prevent Aβ25–35-induced neuronal and synaptic loss
via promoting neurotrophic factors expression in mice. PeerJ 2016, 4, e2739. [CrossRef] [PubMed]

53. Everitt, B.J.; Robbins, T.W. Central cholinergic systems and cognition. Annu. Rev. Psychol. 1997, 48, 649–684. [CrossRef] [PubMed]
54. Mohapel, P.; Leanza, G.; Kokaia, M.; Lindvall, O. Forebrain acetylcholine regulates adult hippocampal neurogenesis and learning.

Neurobiol. Aging 2005, 26, 939–946. [CrossRef] [PubMed]
55. Bordone, L.; Guarente, L. Calorie restriction, SIRT1 and metabolism: Understanding longevity. Nat. Rev. Mol. Cell Biol. 2005, 6,

298–305. [CrossRef]
56. Hwang, J.W.; Yao, H.; Caito, S.; Sundar, I.K.; Rahman, I. Redox regulation of SIRT1 in inflammation and cellular senescence. Free

Radic. Biol. Med. 2013, 61, 95–110. [CrossRef]
57. Herranz, N.; Gil, J. Mechanisms and functions of cellular senescence. J. Clin. Investig. 2018, 128, 1238–1246. [CrossRef]

https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1113/JP270923
https://www.ncbi.nlm.nih.gov/pubmed/26174609
https://doi.org/10.1016/j.bbrc.2016.08.004
https://www.ncbi.nlm.nih.gov/pubmed/27498005
https://doi.org/10.1016/j.mad.2006.11.016
https://www.ncbi.nlm.nih.gov/pubmed/17116321
https://doi.org/10.2174/138161209789058110
https://www.ncbi.nlm.nih.gov/pubmed/19754376
https://doi.org/10.1155/2016/8426874
https://www.ncbi.nlm.nih.gov/pubmed/27493973
https://doi.org/10.3390/molecules25235770
https://www.ncbi.nlm.nih.gov/pubmed/33297520
https://doi.org/10.1016/S0928-4680(00)00053-5
https://www.ncbi.nlm.nih.gov/pubmed/10996508
https://doi.org/10.1177/039463200201500301
https://doi.org/10.1038/nature01960
https://doi.org/10.1038/nature02789
https://doi.org/10.1038/nature05354
https://www.ncbi.nlm.nih.gov/pubmed/17086191
https://doi.org/10.1074/jbc.M112.392050
https://www.ncbi.nlm.nih.gov/pubmed/23297412
https://doi.org/10.1038/srep43679
https://www.ncbi.nlm.nih.gov/pubmed/28252007
https://doi.org/10.1080/10799893.2019.1605529
https://www.ncbi.nlm.nih.gov/pubmed/31132911
https://doi.org/10.1007/s00894-018-3877-3
https://doi.org/10.1038/srep38186
https://doi.org/10.1016/j.fct.2008.12.005
https://doi.org/10.1016/j.exger.2017.10.029
https://doi.org/10.1023/A:1022417102206
https://www.ncbi.nlm.nih.gov/pubmed/12652185
https://doi.org/10.7717/peerj.2739
https://www.ncbi.nlm.nih.gov/pubmed/27994964
https://doi.org/10.1146/annurev.psych.48.1.649
https://www.ncbi.nlm.nih.gov/pubmed/9046571
https://doi.org/10.1016/j.neurobiolaging.2004.07.015
https://www.ncbi.nlm.nih.gov/pubmed/15718053
https://doi.org/10.1038/nrm1616
https://doi.org/10.1016/j.freeradbiomed.2013.03.015
https://doi.org/10.1172/JCI95148


Molecules 2024, 29, 86 20 of 20

58. Mijit, M.; Caracciolo, V.; Melillo, A.; Amicarelli, F.; Giordano, A. Role of p53 in the regulation of cellular senescence. Biomolecules
2020, 10, 420. [CrossRef]

59. Sykiotis, G.P.; Bohmann, D. Stress-activated cap’n’collar transcription factors in aging and human disease. Sci. Signal. 2010, 3, re3.
[CrossRef]

60. Lockshin, R.A. Programmed cell death: History and future of a concept. J. Soc. Biol. 2005, 199, 169–173. [CrossRef]
61. Yuan, J.; Yankner, B.A. Apoptosis in the nervous system. Nature 2000, 407, 802–809. [CrossRef] [PubMed]
62. Higami, Y.; Shimokawa, I. Apoptosis in the aging process. Cell Tissue Res. 2000, 301, 125–132. [CrossRef] [PubMed]
63. Pajouhesh, H.; Lenz, G.R. Medicinal chemical properties of successful central nervous system drugs. NeuroRx 2005, 2, 541–553.

[CrossRef] [PubMed]
64. Manjula, R.; Gokhale, N.; Unni, S.; Deshmukh, P.; Reddyrajula, R.; Bharath, M.M.S.; Dalimba, U.; Padmanabhan, B. Design,

synthesis, in-vitro evaluation and molecular docking studies of novel indole derivatives as inhibitors of SIRT1 and SIRT2. Bioorg.
Chem. 2019, 92, 103281. [CrossRef] [PubMed]

65. Treadwell, E.M.; Cermak, S.C.; Wiemer, D.F. Synthesis of schweinfurthin C, a geranylated stilbene from macaranga schweinfurthii.
J. Org. Chem. 1999, 64, 8718–8723. [CrossRef]

66. Yerien, D.E.; Bonesi, S.; Postigo, A. Fluorination methods in drug discovery. Org. Biomol. Chem. 2016, 14, 8398–8427. [CrossRef]
[PubMed]

67. Lee, I.; Choe, Y.S.; Choi, J.Y.; Lee, K.H.; Kim, B.T. Synthesis and Evaluation of18F-Labeled Styryltriazole and Resveratrol
Derivatives forβ-Amyloid Plaque Imaging. J. Med. Chem. 2012, 55, 883–892. [CrossRef]

68. Kang, S.S.; Cuendet, M.; Endringer, D.C.; Croy, V.L.; Pezzuto, J.M. Synthesis and biological evaluation of a library of resveratrol
analogues as inhibitors of COX-1, COX-2 and NF-κB. Bioorgan. Med. Chem. 2009, 17, 1044–1054. [CrossRef]

69. Yang, J.; Liu, G.Y.; Chen, J.Z.; Guo, S.J. Resveratrol derivative containing fluorine group, and preparation method and application.
CN Patent 2017,107011127A, 4 August 2017.

70. Shang, Y.J.; Qian, Y.P.; Liu, X.D.; Dai, F.; Shang, X.L.; Jia, W.Q.; Liu, Q.; Fang, J.G.; Zhou, B. Radical-scavenging activity and
mechanism of resveratrol-oriented analogues: Influence of the solvent, radical, and substitution. J. Org. Chem. 2009, 74, 5025–5031.
[CrossRef]

71. Lion, C.J.; Matthews, C.S.; Stevens, M.F.G.; Westwell, A.D. Synthesis, Antitumor Evaluation, and Apoptosis-Inducing Activity of
Hydroxylated (E)-Stilbenes. J. Med. Chem. 2005, 48, 1292–1295. [CrossRef]

72. Chan, S.Y.; Loh, Y.C.; Oo, C.W.; Yam, M.F. In vitro study and structure-activity relationship analysis of stilbenoid derivatives as
powerful vasorelaxants: Discovery of new lead compound. Bioorg. Chem. 2020, 104, 104239. [CrossRef] [PubMed]

73. Wang, B.; Zhang, Y.K.; Chen, J.; Zhang, W.; Song, J.G.; Balzo, U.D.; Brown, L.; Boddupalli, S.; Bobzin, S.; Gilat, S.; et al.
Cytoprotective compounds, pharmaceutical and cosmetic formulations, and methods. U.S. Patent 2003,73712, 17 April 2003.

74. Zhang, Y.; Wang, Q.; Li, L.L.; Le, Y.; Liu, L.; Yang, J.; Li, Y.L.; Bao, G.C.; Yan, L.J. Synthesis and preliminary structure-activity
relationship study of 3-methylquinazolinone derivatives as EGFR inhibitors with enhanced antiproliferative activities against
tumour cells. J. Enzym. Inhib. Med. Chem. 2021, 36, 1205–1216. [CrossRef] [PubMed]

75. Bavo, F.; Pallavicini, M.; Pucci, S.; Appiani, R.; Giraudo, A.; Oh, H.; Kneisley, D.L.; Eaton, B.; Lucero, L.; Gotti, C.; et al.
Subnanomolar affinity and selective antagonism at α7 nicotinic receptor by combined modifications of 2-triethylammonium ethyl
ether of 4-Stilbenol (MG624). J. Med. Chem. 2023, 66, 306–332. [CrossRef] [PubMed]

76. Liang, J.H.; Yang, L.; Wu, S.; Liu, S.S.; Cushman, M.; Tian, J.; Li, N.M.; Yang, Q.H.; Zhang, H.A.; Qiu, Y.J.; et al. Discovery of
efficient stimulators for adult hippocampal neurogenesis based on scaffolds in dragon’s blood. Eur. J. Med. Chem. 2017, 136,
382–392. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom10030420
https://doi.org/10.1126/scisignal.3112re3
https://doi.org/10.1051/jbio:2005017
https://doi.org/10.1038/35037739
https://www.ncbi.nlm.nih.gov/pubmed/11048732
https://doi.org/10.1007/s004419900156
https://www.ncbi.nlm.nih.gov/pubmed/10928285
https://doi.org/10.1602/neurorx.2.4.541
https://www.ncbi.nlm.nih.gov/pubmed/16489364
https://doi.org/10.1016/j.bioorg.2019.103281
https://www.ncbi.nlm.nih.gov/pubmed/31561106
https://doi.org/10.1021/jo9908795
https://doi.org/10.1039/C6OB00764C
https://www.ncbi.nlm.nih.gov/pubmed/27506398
https://doi.org/10.1021/jm201400q
https://doi.org/10.1016/j.bmc.2008.04.031
https://doi.org/10.1021/jo9007095
https://doi.org/10.1021/jm049238e
https://doi.org/10.1016/j.bioorg.2020.104239
https://www.ncbi.nlm.nih.gov/pubmed/33142420
https://doi.org/10.1080/14756366.2021.1933466
https://www.ncbi.nlm.nih.gov/pubmed/34074193
https://doi.org/10.1021/acs.jmedchem.2c01256
https://www.ncbi.nlm.nih.gov/pubmed/36526469
https://doi.org/10.1016/j.ejmech.2017.05.025

	Introduction 
	Results and Discussion 
	Resveratrol Derivatives 
	In Vitro Study 
	Initial Screening 
	Cellular Uptake 
	Effects of Resveratrol 1–1 and Its Active Derivative 4–6 on the Excessive Accumulation of ROS in t-BHP-Stimulated Raw264.7 Cells 
	Effects of Resveratrol 1–1 and Its Active Derivative 4–6 on Apoptosis in Raw264.7 Cells Induced by t-BHP 
	Molecular Docking Analysis of 1–1 and Its Derivative 4–6 

	In Vivo Study 
	Biochemical Analyses of Serum for Liver and Kidney Function Test 
	Effects of 4–6 on D-gal-Stimulated Oxidative Stress in the Serum 
	Effects of 4-6 on Oxidative Stress Stimulated with D-gal in the Brain and Liver 
	Effects of 4–6 on D-gal-Induced Inflammation in the Spleen Tissue 
	Effects on Histopathological Alternations in Aging Mice Caused by D-gal 
	Effects on AchE and Ach in the Brain of Aging Mice Stimulated with D-gal 
	Effects on Protein Expression Related to Aging, Oxidative Stress, and Apoptosis in the Brain Homogenate of Aging Mice 
	Medicinal and Chemical Properties of 4–6 


	Conclusions 
	Materials and Methods 
	Synthesis 
	Cell Culture 
	Determination of the Inhibition of NO 
	t-BHP-Induced Oxidative Cytotoxicity 
	Cell Cytotoxic Assay 
	Cellular Uptake 
	Determination of Intracellular ROS 
	Determination of Cell Apoptosis 

	Molecular Docking Studies of SIRT1 and the Compounds 
	Animal 
	Treatment of Mice 
	Biochemical Analysis 
	Histopathological Examination 
	Western Blot Assays 

	Data Analyses 

	References

