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The oxidative stress reaction is the imbalance between oxidation and antioxidation in the body, resulting in excessive production of
oxygen free radicals in the body that cannot be removed, leading to excessive oxidation of the body, and causing damage to cells and
tissues. A large number of studies have shown that oxidative stress is involved in the pathological process of many diseases, so
inhibiting oxidative stress, that is, antioxidation, is of great significance for the treatment of diseases. Studies have shown that
many traditional Chinese medications contain antioxidant active bioactive compounds, but the mechanisms of those
compounds are different and complicated. Therefore, by summarizing the literature on antioxidant activity of traditional
Chinese medication-based bioactive compounds in recent years, our review systematically elaborates the main antioxidant
bioactive compounds contained in traditional Chinese medication and their mechanisms, so as to provide references for the

subsequent research.

1. Introduction

Oxidative stress is the imbalance between oxidation and anti-
oxidation in the body, which leads to the excessive produc-
tion of oxygen free radicals that cannot be removed,
resulting in excessive oxidation and thereby causing damage
to cells and tissues [1-3]. Free radicals are also produced in a
normal physiological state, but there are two kinds of antiox-
idant systems in our body: enzyme antioxidant system and
nonenzymatic antioxidant system [4]. They clear free radi-
cals produced by normal metabolism in the body to maintain
the dynamic balance of free radical production and clearance
and protect the body from oxidative damage. When the body
is damaged exogenously or endogenously, the oxidation
capacity of the body is enhanced, producing excessive free
radicals and releasing a large number of reactive oxygen spe-
cies (ROS). However, the reduction of antioxidant capacity
makes the accumulation of excessive free radicals in the body
cannot be removed, thus causing oxidative damage to the
body and the occurrence of diseases [4]. Modern studies have

shown that many traditional Chinese medications (TCM)
and their bioactive compounds are rich in antioxidants,
mainly including flavonoids, phenols, terpenes, polysaccha-
rides, saponins, alkaloids, vitamins, and trace elements [5,
6]. Through their direct or indirect effects on the body’s anti-
oxidant system, they achieve the purpose of eliminating
excessive free radicals and thus protect the body [6]. Here,
we summarize these recent advances in the field of TCM-
based bioactive compounds as they apply to oxidative stress.
In addition, current barriers for further research are also dis-
cussed. Due to the ongoing research in this field, we believe
that stronger evidence to support the application of TCM-
based bioactive compounds for oxidative stress will emerge
in the near future.

2. TCM-Based Bioactive Compounds and
Oxidative Stress

2.1. Polyphenols. Many TCM contain polyphenols, and their
antioxidant mechanism is mainly related to the hydrogen
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donor of their phenolic hydroxyl groups, which can bind to
free radicals and terminate the chain reaction of free radicals
[7-9].

As natural polyphenolic phytochemicals that exist pri-
marily in tea, tea polyphenols have been shown to have many
clinical applications [10, 11]. Tea polyphenols could protect
tri-ortho-cresyl phosphate-induced ovarian damage via inhi-
biting oxidative stress [12] and ameliorate hepatic oxidative
stress though reducing hepatic inflammation and NLRP3
inflammasome activation caused by a moderate dose of per-
fluorodecanoic acid [13]. Additionally, it can not only regu-
late the antioxidant enzyme system in the body and play an
efficient scavenging effect on free radicals by activating the
Nrf2/Keapl pathway [9, 14] but also inhibit the oxidase sys-
tem in the body, such as inhibiting the production of
NADPH oxidase, to reduce the production of ROS in vascu-
lar endothelium and protect the heart [9, 15]. Additionally,
tea polyphenols could protect PCI2 cells against
methamphetamine-induced reactive oxide species produc-
tion through increasing the antioxidant capacities and
expressions of the phosphorylation of ataxia telangiectasia
mutant and checkpoint kinase 2 [16]. Tea polyphenols
decrease intracellular reactive oxygen species accumulation
via activating NFE2L2 and MAPK pathways in bovine mam-
mary epithelial cells exposed to hydrogen peroxides [17].
Fresh tea leaf is unusually rich in polyphenols known as cat-
echins which may constitute up to 30% of the dry leaf weight
[18]. Catechins are ROS scavengers and metal ion chelators,
whereas their indirect antioxidant activities comprise induc-
tion of antioxidant enzymes, inhibition of prooxidant
enzymes, and production of the phase II detoxification
enzymes and antioxidant enzymes [19]. In a paralleled, cross-
over, and randomized controlled study, single-dose con-
sumption of green tea catechins influences oxidative stress
biomarkers, which could be beneficial for oxidative metabo-
lism at rest and during exercise, possibly through the
catechol-O-methyltransferase mechanism [20].

Salvianolic acid is another activity of phenolic acids. Sal-
vianolic acid A/B/C are bioactive polyphenols extracted from
Radix Salviae (Danshen), which possesses a variety of phar-
macological activities. Salvianolic acid A effectively protects
the kidney against oxidative stress in 5/6 nephrectomized rats
by activating the Akt/GSK-35/Nrf2 signaling pathway and
inhibiting the NF-«B signaling pathway [21]. Salvianolic acid
A ameliorates oxidation in ischemia-reperfusion-induced
injury, and these protective effects may partially occur via
activation of Nrf2/HO-1 and Akt/mTORCI signaling path-
ways [22, 23]. Salvianolic acid A prevents Ang II-induced
oxidative stress by inhibiting the activation of the Akt path-
way in the macrophages [24]. Salvianolic acid B abolishes
oxidative stress in the hippocampus by inhibiting NLRP3
inflammasome activation [25]. Salvianolic acid B protects
the endothelial cells against oxidative stress injury by inhibit-
ing endothelial permeability and MAPK and NF-«B signaling
pathways [26]. Salvianolic acid B relieves oxidative stress via
inhibiting the transforming growth factor-B1 pathway in
lipopolysaccharide-induced acute lung injury rats [27]. Sal-
vianolic acid B protects against subarachnoid hemorrhage-
triggered oxidative damage by upregulating the Nrf2 antiox-
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idant signaling pathway, which may be modulated by SIRT1
activation [28]. Furthermore, salvianolic acid C protects the
hepatocytes from acetaminophen-induced oxidative stress
damage by mitigating mitochondrial oxidative stress through
inhibition of the Keap1/Nrf2/HO-1 signaling axis [29]. Sal-
vianolic acid C effectively attenuates lipopolysaccharide-
induced oxidative stress via the TLR4/NF-«xB pathway [30].

The antioxidative effect of resveratrol in vivo is not to
scavenge ROC directly but to play a role as a gene regulator
[31-33]. Resveratrol inhibits NADPH oxidase-mediated pro-
duction of ROS by downregulating the expression and activ-
ity of the oxidase [31]. Resveratrol can activate SIRT1 [34].
Studies have shown that among the established SIRT1 tar-
gets, FoxO transcription factors contribute to the antioxida-
tive effects of resveratrol by upregulating antioxidative
enzymes and eNOS [31, 34, 35]. SIRT1 inhibits the produc-
tion of ROS in mitochondria through proliferator-activated
receptor-coactivator-la  deacetylation and nitric oxide-
dependent mechanism [36]. Resveratrol results in relieving
oxidative stress, which may be largely associated with the
alleviation of metabolic disturbances [37]. In addition, res-
veratrol upregulated the activities of some antioxidant
enzymes by activating Nrf2 [31, 38]. Resveratrol also has
effects on nonenzymatic antioxidants [31]. For example, res-
veratrol can upregulate y-glutamylcysteine synthetase by
activating Nrf2 [38], thus increasing the content of glutathi-
one in endothelial cells [39].

Polyphenols include also flavonoids, which are a series of
compounds with C6-C3-C6 as the basic carbon frame [40,
41]. Their antioxidant and anti-inflammatory activities are
mainly due to their ability to prevent or inhibit reactions
related to oxygen free radicals, mediate or increase the activ-
ity of antioxidant enzymes, and thus scavenging ROS [2].
They can improve the antioxidant status by weakening the
activity of the NF-«B pathway and inhibiting the expression
of a variety of inflammatory cytokines and chemokines, such
as monocyte chemoattractant protein-1, nitric oxide syn-
thase, cyclooxygenase, lipoxygenase, cell adhesion molecules,
tumor necrosis factor, and interleukin [2, 42].

Baicalein, a widely distributed natural flavonoid [43],
downregulates protein kinase R-like ER kinase and upregu-
lates Nrf2 to significantly alleviate oxidative stress [44-47].
Moreover, baicalein exerts a protective effect under oxidative
stress through regulating the KLF4/MARCHS5/Drp1 pathway
[48, 49], stabilizing carboxyl terminus of Hsc70-interacting
protein activity to promote receptor-interacting serine/-
threonine kinase 1/3 ubiquitination and degradation [50],
and regulating PARP-1/AIF [51] and NF-«B pathways [47,
52].

Baicalin, also extracted from Scutellariae Radix (Huang-
qin) [53, 54], alleviates intestinal oxidative damage by inhi-
biting NF-«B and increasing mTOR signaling to modulate
downstream oxidative responses after deoxynivalenol chal-
lenge [55, 56]. Baicalin inactivates succinate dehydrogenase
to suppress ROS production and protects glutamine synthe-
tase protein stability against oxidative stress [57]. Baicalin
treatment inhibits the NF-«B and p38 MAPK signaling path-
ways, thereby achieving its antioxidant effect in a dose-
dependent manner in atherosclerosis [58]. Baicalin also
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protects against LPS-induced injury by decreasing oxidative
stress [59] and represses C/EBP 3 via redox homeostasis [60].

Luteolin is a common flavonoid that is abundantly pres-
ent in various edible plants; it is known to exhibit beneficial
effects [61]. Luteolin effectively alleviates oxidative stress
injury induced by hydrogen peroxide through P38
MAPK/NF-xB activation [42, 62-64]. Luteolin activates the
Nrf2 pathway and increases the antioxidant defense capaci-
ties of ochratoxin A-treated cells [65]. Luteolin exhibits anti-
oxidative property in lipopolysaccharide-stimulated murine
macrophages through transforming growth factor beta-
activated kinase 1 TAKI1 inhibition and Nrf2 activation
[66]. Luteolin also enhances the antioxidative process in
intracerebral hemorrhage and testicular injury by activating
the p62-Keap1-Nrf2 [67] or Nrf2/HO-1 pathway [68]. More-
over, p21 upregulation and mTOR signaling inhibition are
involved in the antioxidant effect of luteolin [69].

The antioxidation of quercetin is mainly the result of the
joint action of the catechol group on the B ring and the free
hydroxyl group (OH-) on the A ring [70, 71]. In addition,
quercetin has a 3-OH group, which is an effective inhibitor
of lipid oxidation and can effectively reduce the abnormal
production of ROS [42, 70]. Quercetin attenuates d-
galactose-induced  aging-related  oxidative  alterations
through NF-xB [72], reverses lipopolysaccharide or 1,2-
dimethylhydrazine-mediated oxidative stress via targeting
the MAPK/Nrf2/Keapl signaling pathway [73, 74], and
improves d-galactosamine-induced cellular damage by inhi-
biting oxidative stress via inhibiting HMGBI1 [75] and SIR-
T1/ER stress [76].

Silymarin can increase the activity of antioxidant
enzymes, such as superoxide dismutase and catalase, so it
can scavenge free radicals efficiently. Silymarin can also
inhibit lipid peroxidation, so it can protect the integrity of
the structure and function of hepatocytes from various oxi-
dative damage [77, 78].

Puerarin prominently alleviated oxidative stress through
TLR4/NLRP3 inflammasome activation [79], Nrf2 pathway
[80, 81], and antioxidant enzymes [80] by significantly
downregulating HIF-la and upregulating TIMP-3 and
BCL-2 [82]. Moreover, puerarin may inhibit MAPK and
active STAT3 to enhance the antioxidant capacity [83].

2.2. Saponins. The main saponins in TCM are steroidal sapo-
nins and triterpenoid saponins. The contents of steroidal
saponins were more in Anemarrhenae Rhizoma (Zhimu),
Asparagi Radix (Tiandong), Ophiopogonis Radix (Maidong),
and Paris polyphylla (Chonglou), and the contents of triter-
penoid saponins in Panax ginseng C.A. Mey (Renshen),
Acanthopanax senticosus (Rupr. Maxim.) Harms (Ciwujia),
and Cimicifugae Rhizoma (Shengma) were higher.

The levels of malondialdehyde and lactate dehydrogenase
can be reduced by timosaponin, which improves superoxide
dismutase and nitric oxide [84]. The research showed that
timosaponin could protect PC12 cells by reducing the level
of ROS induced by hydrogen peroxide [85]. Timosaponin
may have the effect of protecting INS-1 pancreatic 8 cells
through reducing IL-1f production by inhibiting the NLRP3
inflammasome in macrophages and restoring the insulin

secretion ability and cell viability by reducing oxidative stress
[86]. Timosaponin can also reduce the activity of NF-«B to
inhibit the production of inflammatory factors and reduce
the inflammatory response [84].

Ginsenoside, a potential treatment candidate for the
attenuation of aging-related disease [87], produces
antidepressant-like effects on chronic unpredictable mild
stress-exposed rats involving protection against oxidative
stress and thus the neuronal deterioration resulting from
inflammatory responses [88]. Ginsenoside not only upregu-
lates GPX4 to reduce oxidative stress and thereby alleviates
6-hydroxydopamine-induced neuronal damage [89] but also
effectively attenuates D-galactose-induced oxidative stress
via restoring the upstream PI3K/AKT signaling pathway
[90]. Besides, ginsenoside significantly ameliorates oxidative
stress through regulating SIRT1 [91]. In cardiomyocytes, gin-
senoside decreases oxidative stress via activating the antioxi-
dant signal pathway of AMPK [92, 93], PERK/Nrf2/HMOX1
[94], and Nrf2 pathways [95, 96].

2.3. Polysaccharides. Polysaccharides are a kind of compound
composed of more than 10 glycosyl groups bound by glyco-
sidic bonds, which is one of the four basic substances of life
[97]. Polysaccharides have the characteristic of antioxidant
stress. Several antioxidant mechanisms of polysaccharides
include direct scavenging of ROS, enhancement of antioxi-
dant enzyme activity, and binding of polysaccharide mole-
cules with metal ions necessary for ROS to inhibit the
production of free radicals [98-100].

Astragalus polysaccharides extracted from the dried
rhizome of Astragalus membranaceus (Huangqi) can
improve the activity of antioxidant enzymes and reduce
oxidative stress indices [97, 101-103]; it alleviates hydro-
gen peroxide-triggered oxidative injury via elevating the
expression of KLF2 via the MEK/ERK pathway [104]
and alleviates tilmicosin-induced toxicity by inhibiting oxi-
dative damage and modulating the expressions of HSP70,
NF-«B, and Nrf2/HO-1 pathway [105]. Astragalus polysac-
charides can also effectively alleviate oxidative stress-
mediated osteoporosis, which may be related to its regula-
tion of the FoxO3a/Wnt2/B-catenin pathway [106].
Astragalus polysaccharides combined with matrine exert
a synergistic protective effect against oxidative stress,
which might be associated with regulating TFF3 expres-
sion [107].

Lycium barbarum polysaccharides from Goji berries or
Lycium barbarum L. (Gougqi) could protect retinal ganglion
cells from CoCl,-induced apoptosis by reducing mitochon-
drial membrane potential and ROC [108]. And Lycium bar-
barum polysaccharides present antioxidant effects with
utility [109, 110], resulting from direct reduction of ROS, res-
toration of endogenous antioxidant enzymes, and downregu-
lation of p-elF2a, GRP78, and CHOP [97, 101, 110, 111].

Ziziphus jujuba polysaccharides from Ziziphus jujuba
Mill (Zao) contain four fractions (one neutral polysaccharide
fraction named ZJPN and three acidic polysaccharide frac-
tions named ZJPal, ZJPa2, and ZJPa3 separately), and their
superoxide anion scavenging ability is stronger than
hydroxyl radicals [112]. In addition, the acidic
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TaBLE 1: TCM-based bioactive compounds and oxidative stress.

Bioactive compounds Cellular and molecular mechanisms References
Polyphenols
Reduce inflammation and NLRP3 inflammasome activation, regulate the antioxidant enzyme
system and play an efficient scavenging effect on free radicals by activating the Nrf2/Keapl B
Tea polyphenols pathway, inhibit the oxidase system, increase the antioxidant capacities and expressions of p- (9, 12-17]
ATM and p-Chk2, and activate NFE2L2 and MAPK pathways.
Regulate Akt, Keapl/Nrf2/HO-1, TLR4/NF-«B, and MAPK signaling pathways, inhibit NLRP3
Salvianolic acid inflammasome activation, inhibit endothelial permeability, and inhibit transforming growth [21-30]
factor-31 pathway.
Inhibit NADPH oxidase-mediated production, activate SIRT1, upregulate antioxidative enzymes
Resveratrol and eNOS, alleviate metabolic disturbances, upregulate the activities of some antioxidant enzymes [31, 34-39]
by activating Nrf2, and upregulate y-glutamylcysteine synthetase by activating Nrf2.
Downregulate PERK and upregulate Nrf2; regulate KLF4-MARCH5-Drpl, PARP-1/AIF, and NF-
Baicalein «B pathways; and stabilize CHIP activity to promote RIPK1/RIPK3 ubiquitination and [44-52]
degradation.
Inhibit NF-«B and p38 MAPK signaling pathways and increase mTOR signaling, inactivate
Baicalin succinate dehydrogenase to suppress ROS production, and repress C/EBPf3 via redox [55-60]
homeostasis.
Luteolin Activate P38 MAPK/NF-«B, Nrf2, and p21 pathways; inhibit mTOR signaling. (42, 62-69]
. Attenuate oxidative alterations through NF-xB and MAPK/Nrf2/Keapl signaling pathways;
Quercetin inhibit HMGB1 and SIRT1/ER stress. [72-76]
Silymarin Increase the activity of antioxidant enzymes; inhibit lipid peroxidation. [77, 78]
Alleviate oxidative stress through TLR4/NLRP3 inflammasome activation, Nrf2 pathway, and
Puerarin antioxidant enzymes by downregulating HIF-1« and upregulating TIMP-3 and BCL-2; inhibit [79-83]
MAPK and active STAT3.
Saponins
Timosaponin Reduce MDA and LDH, improve SOD and NO, reduce ROS, reduce IL-1p production by [84-86]
b inhibiting the NLRP3 inflammasome, and reduce the activity of NF-«B.
. . Upregulate GPX4; restore the PI3K/AKT signaling pathway; regulate SIRT1; and activate AMPK,
Ginsenoside PERK/Nrf2/HMOXI, and Nrf2 pathways. [88-96]
Polysaccharides
Improve the activity of antioxidant enzymes and reduce oxidative stress indices; alleviate oxidative
Astragalus injury via elevating the expression of KLF2 via the MEK/ERK pathway; inhibit oxidative damage ~ [97, 101-
polysaccharides and modulate the expressions of HSP70, NF-«B, and Nrf2/HO-1 pathway; and regulate 106]
FoxO3a/Wnt2/-catenin pathway.
Lycium barbarum Reduce mitochondrial membrane potential and ROC, reduce ROS, restore endogenous [97, 101,
polysaccharides antioxidant enzymes, and downregulate p-eIF2«, GRP78, and CHOP. 108-111]
Ziziphus jujuba . . . _ . . .
polysaccharides Strong superoxide anion scavenging ability; outstanding chelation to ferrous ions. [101, 112]
Angelica Increase SOD, reduce MDA, and overenhance the phosphorylation of Akt/hTERT; upregulate [113-115]
polysaccharides mir-126, which could activate the PI3K/AKT and mTOR signal pathways.
Cordyceps Good ability of scavenging DPPH and ABTS free radicals. [101]
polysaccharides

polysaccharide fractions show outstanding chelation to fer-
rous ions [101].

Other polysaccharides such as Angelica polysaccha-
rides can increase the activity of superoxide dismutase,
reduce the level of malondialdehyde, and overenhance
the phosphorylation of Akt/hTERT to mitigate the harm
of the peroxidation of low-density lipoprotein [113,
114]. Further, Angelica polysaccharides can upregulate
miR-126, which could activate the PI3K/AKT and mTOR
signal pathways, to attenuate cellular oxidative response
damage [115].

Cordyceps (Dongchongxiacao) is a genus of ascomycete
fungi that has been used for TCM [116]. The polysaccharides
contained in Cordyceps have a good ability to scavenge
DPPH and ABTS free radicals [101, 117].

3. Conclusions

Many TCM-based bioactive compounds are rich in antioxi-
dants and have good development prospects. However, dif-
ferent bioactive compounds have different targets for
inhibiting oxidative stress (see Table 1), and the side effects
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of various bioactive compounds have not been fully studied.
Therefore, we need to further explore the antioxidant mech-
anisms of TCM and in-depth study the side effects of related
bioactive compounds to provide protection for the treatment
of related diseases.
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The protective effects of Porphyra yezoensis polysaccharides (PYPs) with molecular weights of 576.2 (PYP1), 105.4 (PYP2), 22.47
(PYP3), and 3.89kDa (PYP4) on the oxidative damage of human kidney proximal tubular epithelial (HK-2) cells and the
differences in adherence and endocytosis of HK-2 cells to calcium oxalate monohydrate crystals before and after protection were
investigated. Results showed that PYPs can effectively reduce the oxidative damage of oxalic acid to HK-2 cells. Under the
preprotection of PYPs, cell viability increased, cell morphology improved, reactive oxygen species levels decreased,
mitochondrial membrane potential increased, S phase cell arrest was inhibited, the cell apoptosis rate decreased,
phosphatidylserine exposure reduced, the number of crystals adhered to the cell surface reduced, but the ability of cells to
endocytose crystals enhanced. The lower the molecular weight, the better the protective effect of PYP. The results in this article
indicated that PYPs can reduce the risk of kidney stone formation by protecting renal epithelial cells from oxidative damage and
reducing calcium oxalate crystal adhesion, and PYP4 with the lowest molecular weight may be a potential drug for preventing

kidney stone formation.

1. Introduction

A kidney stone is a complex multifactorial disease and one of
the common causes of renal damage. Exposure of renal epi-
thelial cells to high oxalic acid can induce oxidative stress of
cells and generate reactive oxygen species (ROS), thereby
causing oxidative damage to renal epithelial cells and induc-
ing the formation of kidney stones [1, 2]. Therefore, finding
low-cost and effective drugs to reduce the damage of renal
epithelial cells caused by oxalic acid is important to prevent
kidney stones.

Studies over the past decades have shown that antioxi-
dants in diet may help prevent or delay oxidative damage,
thereby reducing the risk of various diseases caused by oxida-
tive damage [3]. Seaweed polysaccharides are natural biolog-
ical compounds that are beneficial to human health due to

their effective antioxidant properties and free radical scav-
enging properties [4-6]. Presa et al. [7] obtained six kinds
of sulfated polysaccharides from green seaweed Udotea fla-
bellum, which can protect cells from oxidative damage
caused by FeSO,, CuSO,, and ascorbate.

The factors that affect the activity of polysaccharides
include the acid group content, polysaccharide structure,
polysaccharide conformation, and molecular weight (Mw)
of polysaccharides [8]. Di Lorenzo et al. [9] showed that
polysaccharides from Opuntia ficus can repair wounds and
accelerate skin regeneration, and polysaccharides with low
Mw have strong repair activity. Sun et al. [10] proved that
low-Mw polysaccharides from Porphyridium cruentum
(6.53kDa) have better antitumor and immunoregulatory
activities than high-Mw polysaccharides (903.3kDa). Zhao
et al. [11] showed that tea polysaccharides (TPSO, TPS1,
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TPS2, and TPS3) with Mws of 10.88, 8.16, 4.82, and 2.3 kDa,
respectively, could inhibit the adhesion of calcium oxalate
monohydrate (COM) to human renal proximal tubular
(HK-2) cells, and TPS2 with moderate Mw had the best pro-
tective effect. In addition, TPS with lower molecular weight
have a better ability to increase the percentage of the dihy-
drate crystalline phase in CaOx crystals and reduce the size
of CaOx monohydrate crystals [12].

The Porphyra yezoensis polysaccharide (PYP) is a low-
cost, rich-source polysaccharide with high sulfuric acid
groups and has good antioxidant capacity. PYP has a typical
Porphyran structure and a backbone of alternating (1 — 3)-
linked f-D-galactose units and (1 — 4)-linked 3,6-anhydro-
a-L-galactose or (1 — 4)-linked a-L-galactose 6-sulfate units
[13]. Qian et al. [14] showed that plasma triglycerides, total
cholesterol, and plasma low-density lipoprotein cholesterol
in rats after oral administration of PYP were significantly
reduced, indicating that PYP had a hypolipidemic activity.
Fu et al. [15] proved that PYP has an immunoregulatory
activity. PYP regulates the immune system by activating
the NF-«B signaling pathway, promotes differentiation and
activation of regulatory T cells (Tregs), and regulates the
balance of T helper (Th)1/Th2 cells to maintain immune
homeostasis. Chen and Xue [16] demonstrated that PYPs
can inhibit the proliferation of SGC-7901 tumor cells,
induce tumor cell apoptosis, and have antitumor effects on
SGC-7901 mice, which can be used for cancer prevention
and treatment.

In previous studies [13], we degraded the original PYP
with Mw = 4669 kDa, obtained a series of degraded polysac-
charides with low Mw, and characterized their chemical
structures. This PYP has a repair effect on oxidatively dam-
aged HK-2 cells, and the polysaccharide with the lowest
Mw (4.02 kDa) has the best repair effect. In addition, we also
studied the differences in toxicity and calcification of
hydroxyapatite (HAP) on A7R5 cells before and after PYP
protection [17]. PYPs could effectively reduce the cytotoxic-
ity of HAP and inhibit the osteogenic transformation of the
A7R5 cells. PYP protection inhibited cell necrosis and
decreased alkaline phosphatase activity and expressions of
bone/chondrocyte phenotype genes.

The repair of damaged cells by polysaccharides is equiv-
alent to the treatment of diseases, whereas the preprotection
of cells from oxidative damage is equivalent to the active pre-
vention of diseases. Therefore, the preprotection of cells with
exogenous antioxidants is more important to human health
than repairing damaged cells. Kidney stones not only cause
great harm to human beings but also lead to serious eco-
nomic losses. Using scientific methods to prevent the occur-
rence of kidney stones or reduce their recurrence rate will be
less than the cost of treatment and will reduce the pain of
patients. Therefore, clinically, the scientific significance of
preventing kidney stones is greater than that of treatment.
PYPs also have a protective effect from calcium oxalate crys-
tals [18]. PYP protection reduced the crystal toxicity, pre-
vented the destruction of the cytoskeleton, reduced the
expression of osteopontin and transmembrane protein
(CD44), and finally inhibited the adhesion and endocytosis
of HK-2 cells to nano-COM.
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Besides calcium oxalate crystals, oxalic acid is also one of
the most common foreign toxic substances that lead to stone
formation. But the protective effect of degraded PYPs on HK-
2 cells from cytotoxicity of oxalic acid has not been studied.
In this study, normal HK-2 cells were preprotected by PYPs
with different Mws, and then we studied the resistance of
the protected cells to oxidative damage of oxalic acid and
the ability to inhibit crystal adhesion and promote crystal
endocytosis. We aimed to provide insight into preventing
kidney stone formation and delaying its recurrence.

2. Materials and Methods
2.1. Materials and Apparatus

2.1.1. Materials. Natural P. yezoensis polysaccharide (PYPO)
was provided by Shaanxi Ciyuan Biotechnology Co., Ltd.
The polysaccharide content was 95%. Four different molecu-
lar weights of degraded polysaccharides PYP1 (576.2kDa),
PYP2 (105.4kDa), PYP3 (22.47 kDa), and PYP4 (3.89 kDa)
were obtained by the H,O, oxidative degradation method
[13]. The polysaccharide structure was characterized by 'H
NMR, ">C NMR, FT-IR, and GC-MS spectral analysis. PYP
has a typical Porphyran structure and has a backbone of alter-
nating (1 — 3)-linked 3-D-galactose units and (1 — 4)-linked
3,6-anhydro-a-L-galactose or (1 — 4)-linked «-L-galactose
6-sulfate units. The contents of the sulfate group (-OSO;H)
of PYPs are 17.51% to 17.86%, and the contents of -COOH
are 1.42% to 1.70% [13].

Calcium oxalate monohydrate (COM) crystals have a size
of about 100 nm. Human proximal tubular epithelial (HK-2)
cells were purchased from the Shanghai Cell Bank of the Chi-
nese Academy of Sciences (Shanghai, China). The following
materials were also purchased for the study: fetal bovine
serum and cell culture medium (DMEM) (Gibco, USA); pen-
icillin and streptomycin (Beijing Pubo Biotechnology Co.,
Ltd., Beijing, China); cell proliferation assay kit (CCK-8),
JC-1 (5,5,6,6-tetrachloro-1,1 3,3’ -tetraethyl-imidacarbocya-
nine iodide) dye, Annexin V-FITC/PI cell apoptosis and
necrosis double dye kits, 4',6-diamidino-2-phenylindole
(DAPI), fluorescein isothiocyanate (FITC), LysoTracker
Red, and reactive oxygen species (ROS) kit (Shanghai Beyo-
time Bio-Tech Co., Ltd., Shanghai, China); and cell culture
plates of 6, 12, and 96 wells (NEST, China). Conventional
reagents such as oxalic acid and anhydrous ethanol are ana-
Iytically pure (Guangzhou Chemical Reagent Factory,
China).

2.1.2. Apparatus. The apparatus used in the study include
the following: microplate reader (Safire2, Tecan, Minne-
dorf, Switzerland); X-L type environmental scanning elec-
tron microscope (SEM, Philips, Eindhoven, Netherlands);
X-ray powder diffractometer (D/MAX2400, Japan); inverted
fluorescence microscope (Leica DMRA2, Germany); optical
microscope (Olympus, CKX41, Japan); flow cytometer
(FACSAria, BD Corporation, CA, USA); and confocal laser
scanning microscope (LSM510 Meta Duo Scan, Zeiss,
Germany).
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2.2. Experimental Methods

2.2.1. Cell Culture and Grouping. HK-2 cells were cultured in
DMEM containing 10% fetal bovine serum in a 5% CO,
humidified environment at 37°C. Upon reaching a mono-
layer of 80%-90% confluence, cells were gently blown after
trypsinization to form a cell suspension for subsequent cell
experiments. The cell suspension (1x 10° cells/mL) was
inoculated per well in 96-well plates and incubated for 24 h.
The cells were divided into three groups: (1) control group,
where only the serum-free DMEM culture medium was
added; (2) protection group, where the serum-free medium
containing PYPs with concentrations of 20, 40, 60, 80, and
100 ug/mL was added, and the culture medium was aspirated
after 12h. The cells were then treated with 2.8 mmol/L of
oxalate dissolved in PBS and incubated for 3.5h; and (3)
injured group, in which 2.8 mmol/L of oxalate dissolved in
PBS was added and incubated for 3.5 h.

2.2.2. Cell Viability Detection. The density of seeded cells and
experimental grouping were the same as those in Section
2.2.1. After the treatment time was reached, 10 uL of CCK-
8 reagent was added to each well and incubated for 1.5h in
the dark. Absorbance (A) was measured at 450 nm according
to the CCK-8 kit instruction. Cell viability was determined
using the following equation:

A(treatment group)

Cell viability (%) = x100. (1)

A(control group)

2.2.3. Cell Morphology Observation by Hematoxylin-Eosin
(HE) Staining. The cell suspension (1 x 10° cells/mL, 2 mL)
was inoculated per well in 6-well plates and incubated for
24h. The cells were divided into three groups: (1) control
group, where only the serum-free DMEM culture medium
was added; (2) protection group, where the serum-free
medium containing PYPs with concentrations of 100 yg/mL
was added, and the culture medium was aspirated after
12h. The cells were then treated with 2.8 mmol/L of oxalate
dissolved in PBS and incubated for 3.5h; and (3) injured
group, in which 2.8 mmol/L of oxalate dissolved in PBS was
added and incubated for 3.5h. After the treatment time was
reached, cells were fixed with 4% paraformaldehyde for
15min and stained with hematoxylin and eosin according
to the manufacturer’s instructions. Morphological changes
of the cells were observed under a microscope.

2.2.4. Changes in Intracellular Reactive Oxygen Species (ROS)
Levels. We followed the methods of Huang et al. [17]. The
density of seeded cells and experimental grouping were the
same as those in Section 2.2.3. After the treatment time was
reached, 500 uL of DCFH-DA diluted with the serum-free
medium was added. The samples were stained with DCFH-
DA for 30 min, the cells were qualitatively observed under a
fluorescence microscope, and the fluorescence intensity was
quantitatively detected by a microplate reader.

2.2.5. Measurement of Mitochondrial Membrane Potential
(A¥m). We followed the methods of Huang et al. [17]. The
density of seeded cells and experimental grouping were the

same as those in Section 2.2.3. After the treatment time was
reached, the cells were stained with JC-1 for 1h in the dark,
and the cells were qualitatively observed under a fluorescence
microscope. In the same operation as above, the cells were
digested with 0.25% trypsin (moderate digestion), and the
cell deposits were centrifuged at 1000 rpm for 5min. The
samples were detected by flow cytometry according to the
requirements of the JC-1 kit.

2.2.6. Cell Cycle Detection. The density of seeded cells and
experimental grouping were the same as those in Section
2.2.3. After the treatment time was reached, the cells were
washed twice with PBS and digested with 0.25% trypsin;
then, 10% fetal bovine serum DMEM was used to terminate
digestion, and the cells were centrifuged at 1000 rpm for
5min. The collected cells were washed twice with PBS, then
fixed using 70% ethanol for 24 h at 4°C. Ethanol was removed
by centrifugation, and the cells were washed twice with PBS.
Cells were then resuspended in 200 L propidium iodide (PI)
and kept at 37°C for 15min. The cell cycle was analyzed by
the flow cytometer.

2.2.7. Apoptosis and Necrosis Detection. We followed the
methods of Huang et al. [17]. The density of seeded cells
and experimental grouping were the same as those in Section
2.2.3. After the treatment time was reached, the cells were
washed twice with PBS and digested with 0.25% trypsin;
then, 10% fetal bovine serum DMEM was used to terminate
digestion, and the cells were centrifuged at 1000 rpm for
5min. Then, 200 4L of the binding buffer was added and
mixed thoroughly into the cells. The cells were stained with
5 uL of Annexin V-FITC, incubated in the dark at room tem-
perature for 10 min, and then centrifuged. The supernatant
was removed. Afterward, 200 4L of the binding buffer was
added and mixed thoroughly into the cells. Then, 5 uL of PI
was added to stain the cells. After the treatment was admin-
istered, the cells were detected through flow cytometry.

2.2.8. Phosphatidylserine (PS) Exposure Assay. The density of
seeded cells and experimental grouping were the same as
those in Section 2.2.3. After the treatment time was reached,
the cells were washed twice with PBS and digested with 0.25%
trypsin; then, 10% fetal bovine serum DMEM was used to
terminate digestion, and the cells were centrifuged at
1000 rpm for 5 min. 200 uL of the binding buffer was added
and mixed thoroughly, stained with 5uL of Annexin V-
FITC for 30min at 4°C in the dark, and then detected
through flow cytometry.

2.2.9. Preparation of Fluorescence-Labeled COM. A mixture
of 0.05g of COM and 5mL of APTES in 50 mL of anhydrous
ethanol was refluxed with continuous stirring under nitrogen
for 3h. Next, 0.025 g of FITC was added to the mixture for a
reaction time of 6 h at 74°C. The FITC-tagged COM was then
collected through centrifugation, washed several times with
anhydrous ethanol and distilled water to ensure that no free
FITC remained, and dried.

2.2.10. Quantitative Analysis of Internalized COM Crystals.
We followed the methods of Huang et al. [17]. The density



of seeded cells and experimental grouping were the same as
those in Section 2.2.3. Cells in groups were exposed to a
serum-free medium containing 200 ug/mL FITC-labeled
COM crystals for 24 h. After reaching the incubation times,
the cells were treated with ethylenediaminetetraacetic acid
(EDTA) (5mM) for 5min to remove the adherent COM,
and the percentages of cells with internalized crystals and
the fluorescence intensity were measured by flow cytometry.

2.2.11. Observation of COM Localization in Lysosomes. We
followed the methods of Huang et al. [17]. The density of
seeded cells and experimental grouping were the same as
those in Section 2.2.3. Cells in groups were exposed to a
serum-free medium containing 200 ug/mL FITC-labeled
COM crystals for 24 h. After reaching the incubation times,
the cells were stained with 70 nM LysoTracker Red to label
lysosomes for 2h and then fixed with paraformaldehyde for
30 min, and the cell nucleus was stained with DAPI. The
crystal distribution was observed by a confocal laser scanning
microscope.

2.2.12. Quantitative Analysis of Adherent COM Crystals. We
followed the methods of Huang et al. [17]. The density of
seeded cells and experimental grouping were the same as
those in Section 2.2.3. Cells in groups were exposed to a
serum-free medium containing 200 ug/mL FITC-labeled
COM crystals for 1 h in 4°C that inhibited endocytosis of cells
to COM [19]. The cells were washed twice with cold PBS to
eliminate unbound crystals, followed by trypsinization, and
the percentage of cells with adherent crystals was measured
by a flow cytometer.

2.2.13. SEM Observation of Adhered Crystals on the Cell
Surface. The density of seeded cells and experimental group-
ing were the same as those in Section 2.2.3. Cells in groups
were exposed to a serum-free medium containing 200 pg/mL
COM crystals for 1h. After reaching the adhesion time, the
cells were washed with PBS and fixed in 2.5% glutaraldehyde
at 4°C for 24h, dehydrated in gradient ethanol (30%, 50%,
70%, 90%, and 100%, respectively), dried under the critical
point of CO,, and treated with gold sputtering. The crystal
adhesion was observed by SEM.

2.2.14. Statistical Analysis. Experimental data were expressed
as the mean + standard deviation (X + SD). The experimental
results were analyzed statistically using SPSS 13.0 software
(SPSS Inc., Chicago, IL, USA). The differences in the means
between the experimental groups and the control group were
analyzed using one-way ANOVA, followed by the Tukey
post hoc test. If p < 0.05, there was significant difference; if
P <0.01, the difference was extremely significant; if p > 0.05
, there was no significant difference.

3. Results

3.1. PYP Preprotection Reduces Oxalic Acid Damage to HK-2
Cells. Four kinds of PYPs were used to preprotect HK-2 cells.
The oxidative damage of oxalic acid to HK-2 cells before and
after PYPs preprotected cells was detected by the CCK-8
method (Figure 1). The cell viability of the injured group
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F1GURE 1: Cell viability change of HK-2 cells before and after PYP
protection. NC: normal control; DC: damaged control. Oxalate
damage concentration: 2.8 mmol/L; damage time: 3.5 h; protective
time: 12 h. Compared with the DC group, *p < 0.05, **p < 0.01.

(53.68%) was significantly lower than that of the control
group (100%), whereas the cell viability of the protection
group was higher than that of the injured group, indicating
that the preprotection of the four PYPs could improve the
ability of HK-2 cells to resist oxidative damage caused by
oxalic acid.

As the Mw of PYP decreased or the concentration of
polysaccharides increased, the viability of cells increased; that
is, the low-Mw PYP4 had a good preprotective effect. At a
concentration of 100 ug/mL, the cell viability after 12h pre-
protection by PYP1, PYP2, PYP3, and PYP4 was 83.88%,
87.21%, 89.43%, and 92.84%, respectively.

3.2. PYP Preprotection Improves Cell Morphology. Hematox-
ylin-eosin staining was used to observe the morphological
changes of damaged HK-2 cells before and after PYP protec-
tion (Figure 2). Normal HK-2 cells were tightly connected,
large, and plump. The morphology of HK-2 cells in the
injured group was irregular and disordered, the cell volume
was reduced, the cell density was reduced, and the cells had
the tendency to apoptosis. HK-2 cells preprotected by PYPs
were less damaged by oxalic acid, resulting in the increase
in the number of normal cells and decrease in the number
of apoptotic cells (indicated by arrows in Figure 2), of which
PYP4 had the best protective effect, indicating that PYP4
with low Mw had the best protective ability for HK-2 cells.

3.3. PYP Preprotection Reduces Intracellular ROS. Figure 3
shows the changes in the ROS of cells after protecting PYPs.
Compared with the normal group, HK-2 cells in the injured
group have the strongest fluorescence intensity, indicating
that the ROS level was the highest. However, the fluorescence
intensity of ROS in the cells preprotected by PYPs decreased
to different degrees, indicating that PYPs can reduce the gen-
eration of ROS in the cells, thereby reducing the oxidative
damage of the cells, and PYP4 with the lowest Mw had the
most significant degree of reduction.
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FiGure 2: Morphological changes of HK-2 cells before and after PYP protection. ¢(PYP) =100 pug/mL; oxalate damage concentration:
2.8 mmol/L; damage time: 3.5 h; protective time: 12 h. The red arrow indicates apoptotic cells.
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F1Gure 3: ROS changes in HK-2 cells before and after PYP protection. (a) Fluorescence microscopy images. (b) Quantitative fluorescence
intensity of ROS. NC: normal control. DC: damaged control. Oxalate damage concentration: 2.8 mmol/L; damage time: 3.5h; ¢(PYP) =
100 pg/mL; protective time: 12 h. Compared with the DC group, *p < 0.05, **p < 0.01.

3.4. PYP Preprotection Inhibits Decline in Mitochondrial
Membrane Potential (A¥m). The fluorescent probe JC-1 is
a cationic lipophilic dye that can freely pass through the cell
membrane. At high AYm (normal cells), the fluorescent
probe JC-1 molecules accumulated in the mitochondrial
matrix to form polymers (J-aggregates), which produced
red fluorescence (Figure 4(a)). When cells are damaged, AY
m decreased, and JC-1 was primarily in a monomer form
(JC-1-monomer), producing green fluorescence.

Figure 4(a) is the change of A¥Ym quantitatively detected
by flow cytometry. Compared with the normal group of cells
(4.43%), the red fluorescence of the injured cells was weaker,
and the green fluorescence was stronger, indicating that AY
m decreased remarkably (51.07%). After the protection of
PYPs, the red fluorescence of the cells increased, the green
fluorescence decreased, A¥m decreased in different degrees,
and the decreased value of A¥Ym decreased (18.05%-—
45.85%) (Figure 4(c)), indicating that the degree of cell dam-
age was reduced.

3.5. S Phase Cells Decreased and GI Phase Cells Increased
after PYP Preprotection. The stagnation of the cell cycle
reflects the degree of DNA damage. The greater the degree
of DNA damage, the greater the cell damage. After the nor-
mal HK-2 cells were damaged by oxalic acid, the number of
cells in the S phase increased (Figure 5(b)), and the number
of cells in the G1 phase decreased (Figure 5(c)), indicating
that oxalic acid-damaged HK-2 cells were arrested in the S
phase. After PYP preprotection, S phase cells decreased and
G1 phase cells increased, among which the number of G1
phase cells preprotected by PYP4 increased more, indicating
that PYP4 had a better protective effect.

3.6. PYP Preprotection Inhibits Cell Apoptosis. Figure 6 shows
apoptosis and necrosis of cells before and after PYP prepro-
tection. The result was quantitatively detected by the
Annexin V/PI double staining method. Compared with the
control group (apoptotic cells (3.36%)), the number of apo-
ptotic cells (32.36%) in the oxalic acid-damaged group was
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FIGURE 4: A¥m changes in HK-2 cells before and after PYP protection. (a) Fluorescence microscopy images. (b) Flow cytometric data of A¥m.
(c) Quantitative results. Experimental conditions and statistical significance are the same as in Figure 3.
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F1GURE 5: Cell cycle progressions of HK-2 cells before and after PYP protection. (a) Flow cytometric data of the cell cycle. (b) Quantitative
result of the S phase. (c) Quantitative result of the G1 phase. Experimental conditions and statistical significance are the same as in Figure 3.

significantly increased. After PYP protection, PYPs can effec-
tively reduce the number of apoptotic cells (7.31%-23.52%),
of which PYP4 had a better inhibitory effect (7.31%).

3.7. PYP Preprotection Inhibits Phosphatidylserine (PS)
Exposure. Under normal circumstances, PS is located inside
the renal tubular epithelial cell membrane, but after the cell
membrane is damaged, part of the PS will migrate to the out-
side of the cell membrane. As shown in Figure 7, the amount
of PS exposure on the surface of HK-2 cells in the normal
group was lower (4.77%), whereas the amount of PS exposure

(42.17%) in the cells damaged by oxalic acid was significantly
increased. After preprotection by PYPs, the amount of PS
exposure decreased (19.68%-3.95%), and the protective
effect of PYP4 was more significant.

3.8. PYP Preprotection Promotes Endocytosis of COM Crystals
by Cells. After using DAPI and LysoTracker Red to label the
nucleus and lysosome, respectively, the nucleus and lysosome
showed blue fluorescence and red fluorescence, respectively.
The distribution of green fluorescence-labeled COM crystals
in cell lysosomes can be observed by a confocal microscope.
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F1GURE 6: Cell apoptosis and necrosis of HK-2 cells before and after PYP protection. (a) Flow cytometric data of cell apoptosis and necrosis.
(b) Quantitative results. Experimental conditions and statistical significance are the same as in Figure 3.

As shown in Figure 8, the COM crystal with green fluores-
cence overlaps with the lysosome with red fluorescence,
which indicated that the nano-COM crystal has entered the
lysosome. A large number of COM crystals overlapped in
normal cells indicating that more crystals were endocytosed
by normal cells. However, the number of overlapping COM
crystals in the injured group decreased, indicating that the
damaged cell lysozyme has a reduced ability to internalize
COM crystals. After the cells were preprotected by PYPs,
the number of crystals entering the lysosome increased com-
pared with the injured group, and as the Mw of PYP

decreased, the number of crystals entering the lysosome
gradually increased.

Flow cytometry was used to quantitatively detect the dif-
ference in endocytosis of nano-COM crystals by cells before
and after PYP preprotection (Figure 9(a)). After incubating
FITC-labeled COM crystals with a size of approximately
100 nm with HK-2 cells at 37°C for 24h, EDTA was used to
remove the crystals adhered to the cell surface. The cells with
FITC signals detected were the cells that endocytosed crystals
[20, 21]. The proportion of cells endocytosing crystals in the
oxalic acid-damaged group (19.47%) was significantly lower
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FIGURE 7: PS exposure of HK-2 cells before and after PYP protection. (a) Flow cytometric data of PS exposure. (b) Quantitative results.
Experimental conditions and statistical significance are the same as in Figure 3.

than that in the normal control group (41.06%). The cell pro-
portion of endocytic crystals after PYP preprotection was
between the control and injured groups (23.34%-33.48%)
(Figure 9(b)), and the lower the Mw, the larger the cell pro-
portion of endocytic crystals.

3.9. PYP Preprotection Inhibits COM Adhesion on the Cell
Surface. A scanning electron microscope was used to observe
the adhesion of HK-2 cells to COM crystals before and after
PYP protection (Figure 10). The normal control group had
plump cell morphology, smooth cell surface, and fewer
amounts of adhered crystals. However, in the injured group,
the cell morphology changed evidently, the cell surface
became rough, and the amount of adherent crystals on the
cell surface increased remarkably. The cells preprotected by
PYPs were less damaged; the amount of crystals adhering

to the cell surface was between the cells of the control and
damaged groups, and as the Mw of PYP decreased, the
amount of crystals gradually decreased; i.e., PYP4 with the
lowest Mw had the best protective effect on the cells.

Flow cytometry was used to quantitatively detect the dif-
ference in cell adhesion to nano-COM crystals before and
after PYP preprotection (Figure 11). The nano-COM crystals
were incubated with cells at 4°C. At this temperature, the
endocytosis behavior of cells was inhibited, but crystal adhe-
sion was unaffected [20, 21]. The percentage of cells adhering
to the crystals was measured by flow cytometry, and cells pre-
senting FITC signals were regarded as cells with adherent
crystals (Figure 11(a)). The percentage of cells adhering to
crystals in the normal group was 11.05%, which was signifi-
cantly lower than that in the injured group (51.05%). How-
ever, the percentage of cells adhering to crystals in the PYP
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F1GURE 8: Observation of the accumulation of nano-COM in HK-2 cell lysosomes before and after PYP protection by confocal microscopy.
COM concentration: 200 yg/mL; endocytosis time: 24 h. Use DAPI and LysoTracker Red to label the nucleus (blue) and lysosome (red),

respectively. Other experimental conditions are the same as in Figure 3.

protection group was 22.71%-44.76% (Figure 11(b)), and the
percentage of cells adhering to crystals in the PYP4 protec-
tion group was the lowest (22.71%).

4. Discussion

4.1. PYPs Preprotect HK-2 Cells from Oxidative Damage. The
damage of renal epithelial cells is the main reason for kidney
stone formation, and the addition of exogenous antioxidants
may reduce the oxidative damage of cells. Antioxidants such
as vitamin E [22] and seaweed polysaccharides [23] can effec-
tively protect kidney cells from oxidative stress mediated by
oxalic acid in vitro. PYP is a polysaccharide with high sulfate
content and strong antioxidant capacity. As such, we evalu-
ated the protective effects of PYPs with different Mws on oxa-
lic acid-induced oxidative damage of HK-2 cells. The cell
viability test results and cell morphology observation showed
that PYP preprotection could reduce the damage of oxalic
acid to cells (Figures 1 and 2).

The excessive production of ROS is the main mechanism
that causes cell damage. Oxalic acid causes toxicity to cells,
leading to the generation of ROS in cells (Figure 3). The pro-
duction of ROS can cause oxidative stress in cells, leading to
the dysfunction of normal cells. ROS primarily occurs in the
mitochondria of cells; thus, ROS is the direct cause of the
decrease in A¥m. Excessive ROS can increase the perme-
ability of the mitochondrial membrane and depolarize the
mitochondria, resulting in the decrease of A¥m. Our results
indicated that cells preprotected by PYPs have reduced ROS
production and decreased A¥m, thereby reducing oxidative
damage caused by oxalic acid.

Oxidative stress can also lead to DNA damage, thereby
causing cell cycle retention [24]. Cells in the oxalic acid-
treated group experienced S phase retention (Figure 5(b)).
The specific inhibition caused DNA damage, leading cells
to enter the death procedure [25]. Therefore, mitochon-
drial dysfunction and DNA damage activate apoptosis,
leading to cell apoptosis (Figure 6). The cells protected



Oxidative Medicine and Cellular Longevity

11

NC PYP1 PYP2
300 377 336 1
240 4 M2 320 1 M2 M2
41.60% 23.34% 240 25.46%
| —
180 240 1
g g g
> o S 160 1
© 120 © 160 © ‘
60 1 80 - 80 1
0 e 0 S S 0 L
101 102 103 104 105 106 107 1085 101 102 103 104 105 106 107 1085 101 102 103 104 105 106 107 1085
FITC-H FITC-H FITC-H
421 1 364 320
M2 ] M2 M2
300 19.47% 28.24% 240 33.48%
P 240 1 P P
g g g e
3 2001 S 160 - 3
100 - 80 1 "h“\ 80 -
0 e e e 0 e 0 T -
10! 102 103 104 105 106 107 1085 10! 102 103 104 105 106 107 1085 10! 102 103 10% 105 106 107 1085
FITC-H FITC-H FITC-H
DC PYP3 PYP4
(a)
E
[
=
2
™
@]
=
s %
x

NC

DC PYP1 PYP2 PYP3 PYP4

Polysaccharide protection

(b)

FIGURE 9: Flow cytometry analysis of internalized COM crystals by HK-2 cells before and after PYP protection. (a) Flow cytometric data. (b)
Quantitative results. COM concentration: 200 yg/mL; endocytosis time: 24 h. Use DAPI and LysoTracker Red to label the nucleus (blue) and
lysosome (red), respectively. Compared with the DC group, *p < 0.05, **p < 0.01.

by PYPs gradually reduced the number of S phase cells
and the number of apoptosis. This result is consistent with
previous studies, and similar results were obtained in
SRA01/04 cells treated with Lycium barbarum polysaccha-
rides [26].

Based on the abovementioned research results, we pro-
pose the following causes of the protective effect of PYPs
on HK-2 cells (Figure 12): oxalic acid can cause oxidative
damage of cells and intracellular ROS generation and lead
to mitochondrial dysfunction and S phase cell cycle reten-
tion, thereby inducing cell apoptosis. However, after PYPs

preprotect the cells, PYPs effectively improved the ability
of HK-2 cells to resist the oxidative damage mediated by
oxalic acid and reduced the generation of ROS in the cells,
the damage to the mitochondria, and the number of cells
staying in the S phase and apoptotic cells.

The protective effect of PYPs on HK-2 cells enhances the
ability of cells to resist exogenous damage and inhibits
changes in cell morphology, apoptosis, and PS eversion,
which can increase the resistance of cells to adhered crystals
and reduce the risk of crystal aggregation on the cell surface,
thereby inhibiting the formation of kidney stones.



12

FIGURE 10: SEM observation of the nano-COM crystals adhered to the surface of HK-2 cells before and after PYP protection. COM
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4.2. PYP Protection Reduces Adhesion to COM Crystals on
Cells and Promotes Crystal Endocytosis. Normal renal tubular
epithelial cells have a complete structure and function, and
few active sites are found on the cell surface, which adhere
to urine microcrystals; thus, such cells can resist the adhesion
of urine microcrystals. Cell damage is the primary condition
for crystal adhesion [27, 28]. The mechanism diagram of
protection of HK-2 cells by PYPs with different molecular
weights is shown in Figure 12. Our results indicated that
oxalic acid can cause damage to cells, destroy the tight junc-
tions between cells (Figure 2), change the polarity of the cell
membrane surface, migrate cell membrane components
(such as PS) to the cell surface (Figure 7), and induce a large
number of negatively charged crystal adhesion molecules
such as osteopontin [29], hyaluronic acid, and CD44 on
the cell surface [30]. These negatively charged macromole-
cules can adhere to positively charged surfaces of COM crys-
tals, thereby promoting the adhesion of crystals to cells
(Figures 10 and 11). The crystals adhering to the cell surface
can further damage the cells and increase the adhesion of the
crystals. However, the cells preprotected by PYPs have effec-
tively improved their ability to resist oxidative damage; the
degree of cell damage is reduced, and the adhesion sites on

the cell surface are reduced, thereby reducing the adhesion
of cells to crystals (Figure 11).

However, cells can reduce the damage caused by the
adhered crystals through endocytosis [31]. As the endocy-
tosed crystals enter the lysosomes (Figure 8), the crystals dis-
solve in the acidic environment inside the lysosomes and are
expelled from the body [32]. Moreover, as the endocytosed
crystals in cells depend on the integrity of the cell membrane
structure and function, the endocytosis of damaged cells will
be weakened, and crystals entering the lysosomes will be
decreased (Figure 9). However, the ability of PYP-protected
cells to engulf crystals is enhanced, and the number of crys-
tals entering the lysosomes is increased.

The protection of renal epithelial cells with PYPs can not
only reduce the adhesion of crystals on the cell surface but
also improve the ability of cells to engulf crystals. These
aspects can reduce the risk of adhesion and aggregation of
crystals on the cell surface, thereby reducing the risk of kid-
ney stone formation.

4.3. PYP with Low Mw Has Good Protective Ability on Cells.
The biological activity of polysaccharides is affected by their
structural characteristics, including the Mw and functional
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group content of polysaccharides [33]. Only when the Mw of
polysaccharides is within a certain range can it exert the best
biological activity, and for polysaccharides with different
properties, the Mw range for exerting the best activity is dif-
ferent. Under normal circumstances, degraded polysaccha-
rides can better exert their biological activities. Xing et al.
[34] confirmed that the scavenging effect of low-Mw chitosan
(9kDa) on hydroxyl radicals is stronger than that of high-
Mw chitosan (760kDa). Zhao et al. [35] demonstrated that
low Mw of sulfated polysaccharides from Laminaria japonica
has a strong antioxidant effect, which has a protective effect
on liver injury induced by CCl, and D-GalN in mice.

The results showed that PYP with low Mw has a strong
ability to inhibit HK-2 cells from oxidative damage; thus,
PYP4 shows the strongest ability to inhibit COM crystal
adhesion and promote endocytosis of COM crystals. The
inhibition of HK-2 cells may be related to the following fac-
tors: polysaccharides with larger Mw and steric hindrance,
overlapping polysaccharide chains, stronger intramolecular
hydrogen bond force, tighter structure, and weaker ability
to contact with cells, thereby preventing the active groups
from exerting their effect [36]. However, the Mw of poly-
saccharides decreases; polysaccharides have a higher degree
of freedom, increased solubility in vivo, and more exposed
acidic groups (-OSO;-) and can easily enter the cells to
react directly with free radicals, thereby increasing the anti-
oxidant capacity of cells. Some studies have also shown that
low-Mw polysaccharides have more terminal hydroxyl
groups, which are conducive to scavenging free radicals
[37]. Therefore, PYP4 with the lowest Mw shows the stron-
gest biological activity.

5. Conclusions

Four PYPs with Mws of 576.2, 105.4, 22.47, and 3.89 kDa can
protect HK-2 cells from oxidative damage by oxalic acid, and
the lower the Mw, the stronger the protective ability of
polysaccharides. Under the protection of PYPs, cell vital-
ity increased; cell morphology improved; the ROS level
decreased; mitochondrial membrane potential increased; S
phase cell arrest was inhibited; and the apoptotic cell rate,
PS exposure, and the amount of COM crystals adhering
to the cell surface decreased, whereas the amount of endo-
cytosed crystals increased. These results indicated that
PYP4 could reduce the risk of calcium oxalate kidney
stone formation and might be a potential drug for pre-
venting kidney stones.
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Phytocompounds and medicinal herbs were used in traditional ancient medicine and are nowadays increasingly screened in both
experimental and clinical settings due to their beneficial effects in several major pathologies. Similar to the drug industry,
phytotherapy is interested in using nanobased delivery systems to view the identification and characterization of the cellular and
molecular therapeutic targets of plant components. Eugenol, the major phenolic constituent of clove essential oil, is a
particularly versatile phytochemical with a vast range of therapeutic properties, among which the anti-inflammatory,
antioxidant, and anticarcinogenic effects have been systematically addressed. In the past decade, with the emerging
understanding of the role of mitochondria as critical organelles in the pathophysiology of noncommunicable diseases, research
regarding the role of phytochemicals as modulators of bioenergetics and metabolism is on a rise. Here, we present a brief
overview of the major pharmacological properties of eugenol, with special emphasis on its applications in dental medicine, and
provide preliminary data regarding its effects, alone, and included in polyurethane nanostructures, on mitochondrial
bioenergetics, and glycolysis in human HaCaT keratinocytes.
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1. Introduction

Eugenol (4-allyl-2-methoxyphenol) is the major volatile, bio-
logically active component of clove oil, classically obtained
from the dried flower buds of Eugenia caryophyllata Thunb.
(Myrtaceae) [1]. This phytochemical has emerged from
ancient times as a versatile molecule with a plethora of appli-
cations in drug, food and cosmetic industries, and agriculture
[2]. In medicine, eugenol is best known for its original use in
dentistry as cavity filling cement with local antiseptic and
analgesic effects [3, 4]. However, the compound has been sys-
tematically investigated for numerous other pharmacological
activities, such as anti-infective (antimicrobial, antihelmintic,
antiviral, antifungal, antiparasitic, and insecticidal) [5, 6],
anti-inflammatory, antioxidant [7, 8], and anticarcinogenic,
when administered alone or in synergistic association with
conventional therapies [9-11].

Modulation of multiple intracellular signaling pathways
is the hallmark of most phytochemicals, and a tremendous
amount of research is currently aimed at providing their
thorough characterization. This is particularly true for their
counteracting effects against oxidative stress and low-grade
chronic inflammation, the major interconnected pathome-
chanisms of noncommunicable diseases (cardiometabolic,
renal, liver pathologies, and cancer), and ageing [12]. Euge-
nol has elicited dose-dependent radical scavenging and
anti-inflammatory activities in various in vitro experiments
and animal models of chronic diseases [13], as well as anti-
proliferative and cytotoxic effects on several cancer cell lines
and tumors [14, 15].

Phytochemicals present the advantages of low toxicity
and high tolerability but there is an unmet need to both pre-
vent their early metabolization and direct them towards the
subcellular specific domains of action. Nowadays, an increas-
ing amount of research is aimed at enhancing bioavailability
and providing targeted delivery of natural compounds
(recently reviewed in refs. [16, 17]). In the past decade, sev-
eral natural product-based nanoformulations using polyure-
thane structures have been prepared, yielding promising
results [18-23].

After oral administration in humans, eugenol is rapidly
absorbed, metabolized, and almost completely excreted into
urine as sulphate or glucuronide conjugates [24]. To over-
come these disadvantages, a previous study reported the
encapsulation of eugenol in polyurethane nanostructures
with good thermal stability and encapsulation efliciency that
can be further used for in vitro and in vivo testing [25].

Despite the fact that prolongation of the circulating life-
time and/or cellular entry may be facilitated by nanocarriers,
the effects of these particles on various organelles require a
thorough characterization. This is particularly true for mito-
chondria, organelles that are currently viewed as integrative
hubs for energetics, redox control, and in/out signaling of
almost all cells; indeed, it is mitochondrial dysfunction that
triggers oxidative stress, potentiates inflammation in the set-
ting of chronic pathologies [26], and influences all steps of
oncogenesis, including cancer progression [27, 28].

The present paper is double-aimed (i) to provide a brief
overview of eugenol pleiotropic cellular effects with a partic-
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ular emphasis on its controversial role in dental medicine
and (ii) to present preliminary data regarding the effects of
eugenol, alone, and in polyurethane nanoformulations, on
mitochondrial bioenergetics, and glycolysis in HaCaT
human keratinocytes.

2. Overview of the Eugenol Use in
Dental Medicine

Eugenol belongs to the phenol propanoid class (C,,H;,0,)
and is, probably, the compound with the longest history of
use in dental medicine in association with other materials,
the most popular being a zinc oxide-eugenol (ZOE) paste.
ZOE is obtained by mixing the zinc oxide powder with the
liquid eugenol resulting in a zinc eugenolate chelate matrix.
Owing to advantages such as low cost, good sealing, and easy
handling, ZOE formulations have been widely used since the
beginning of the last century as temporary restorative or
impression materials, cements, bases, and liners and have also
been incorporated in various endodontic sealers [29-31].

After filling a dentinal cavity with ZOE temporary
cements, low amounts of eugenol slowly diffuse through the
dentin tubules and exert anti-inflammatory, immune-
modulatory [32], antinociceptive effects on the dental pulp,
and sensitive teeth [29, 33, 34] together with antibacterial
and anticariogenic activities [35, 36]. The anti-inflammatory
effect of eugenol has been widely reported by several studies,
being ascribed to the following mechanisms: (i) inhibition of
the synthesis of inflammatory mediators by interference with
the arachidonic acid metabolism [37], particularly via the
cyclooxygenase pathway (decreased prostaglandins and
thromboxanes) and less via the lipooxygenase pathway
(decreased leukotrienes) [38-40], (ii) inhibition of neutrophil
chemotaxis and decreased superoxide generation [41], and
(iii) reduction of pain via inhibition of the periapical/intraden-
tal nerve activity [42, 43]. More recently, the beneficial role of
eugenol-based paste on preventing alveolar osteitis and pro-
moting superior wound healing was reported in a study that
included 270 patients having the third molars extracted [44].

At variance to their protective effects, ZOE-based mate-
rials were also reported to elicit local cytotoxicity, in particu-
lar pulpal chronic inflammation, degeneration, and even
necrosis either when placed in direct contact with vital tissues
or via diffusion across dentinal tubules. Among the presumed
mechanisms, an increase in cell membrane permeability/in-
jury (due to their lipophilicity), alteration of ionic homeosta-
sis, oxidation by peroxidases (with subsequent formation of
cytotoxic metabolites), and generation of reactive oxygen
species (ROS) was mostly reported [42, 45].

There is a huge amount of research demonstrating the
cytotoxicity of various ZOE cements on human primary/per-
manent cell lines and animal cell lines/models. Several con-
clusions can be drawn from these studies. First, the results
of the cytotoxicity studies in animal-based cell models are
different from the ones obtained in human cells, even for
the same tested material. Thus, the Chinese hamster lung
fibroblasts [46] or mouse fibroblasts [47, 48] are more sensi-
tive to eugenol’s toxic effects as compared to primary or
immortalized human cell lines; accordingly, human cells
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should be used for the clinical relevance of these studies. Sec-
ond, all ZOE-based root canal sealers dissolve when exposed
to an aqueous environment for extended periods and may
cause mild to severe cytotoxic reactions [49] with the highest
toxic effect being recorded for the freshly mixed material
[50]; thus, the time-dependent evolution of cytotoxicity
should be equally addressed. Third, all sealing materials will
trigger periapical inflammation when present in the apical
tissues; therefore, confining the filling to the root canal (i.e.,
avoiding overfilling) is critical for preventing/reducing
chronic inflammation [51]. In this regard, Hong et al. delib-
erately overfilled root canals of monkey incisors with two
ZOE-based sealers and reported mild to severe irritation of
the periapical tissues that persisted over the 6-month period
of experimental follow-up [52].

Last but not least, an important yet rather less addressed
issue in the literature, is the dose titration. Jeng et al. investi-
gated the dose-dependency of cytotoxicity and reported that
eugenol was toxic to primary oral mucosal fibroblasts in high
concentrations (=3 mmol/L), and cell death was associated
with intracellular depletion of glutathione and ATP, respec-
tively. At variance, a protective effect was described at lower
concentrations (<1 mmol/L) presumably via the inhibition
of xanthine oxidase activity and lipid peroxidation [53].
Comparable results with respect to total cell death were
obtained when human diploid fibroblasts were incubated
with high doses of eugenol (4 mM) [54]. Cytotoxicity of euge-
nol against normal human pulp fibroblasts was also demon-
strated in terms of reduction of cell growth/survival and
impairment of reparative processes, such as synthesis colla-
gen and expression bone sialoprotein [55].

The group of Sagakami reported that eugenol elicited
indiscriminate toxicity towards both normal human oral cells
(cultured pulp cells, periodontal ligament fibroblasts, and
gingival fibroblasts) and oral squamous cell carcinoma cell
lines; specifically, eugenol induced rapid (after 4 h of incuba-
tion) nonapoptotic cell death with very low tumor specificity
(IC 50 for normal cells was very close to the one for tumor
cells) as compared to classic chemoterapeutic drugs [56].
These authors also reported a hormetic effect in cultured
periodontal ligament fibroblasts (but interestingly, not in
gingival fibroblasts) with an anti-inflammatory activity at
lower doses that was lost when eugenol was applied in a
higher dose [57]. Of note, a similar hormetic response (anti-
oxidant at low doses, no effect, or prooxidant at high doses)
was previously reported in the literature for another natural
polyphenol, resveratrol [58].

Cytotoxic effects for ZOE and eugenol were reported not
only for primary human oral cells but also towards immortal-
ized human cells (dental pulp stem cells and oral keratino-
cytes), albeit in the latter case, zinc (and not eugenol) was
considered to be responsible for most of the cytotoxicity
[32, 56, 59]. Moreover, despite early ZOE toxicity, it was
eugenol that downregulated the expression of the mRNA
genes responsible for the synthesis of proinflammatory cyto-
kines (IL-1, IL-6, and IL-8) in inflamed human dental pulp
stem cells (but not in mouse bone marrow monocytes) [32].

A word of caution is in order in pediatric dentistry
regarding eugenol genotoxicity. Escobar-Garcia et al.

reported DNA damage in human pulp fibroblasts from pri-
mary teeth, when eugenol was applied in the lowest concen-
trations (0.06-5.1uM), an effect that, paradoxically,
disappeared at higher concentrations (320 to 818 uM) [60].
More recently, the same group reported that eugenol in low
concentration (13 uM) elicited an anti-inflammatory effect
on cultured dental pulp fibroblasts exposed to lipopolysac-
charide (LPS) that consisted in the inhibition of the gene
expression of TNF-« (but not of IL-18) and of the NF-«B
signaling pathway; unexpectedly, a proinflammatory effect
was found for eugenol in non-LPS-exposed fibroblasts (i.e.,
in the absence of the induced inflammation) [61]. In a recent
elegant study, Jeanneau et al. confirmed the anti-
inflammatory properties of eugenol when applied alone on
LPS-stimulated human periodontal fibroblasts assessed by
its ability to inhibit the secretion of proinflammatory cyto-
kines, IL-6 and TNF-a; however, the effects were not recapit-
ulated when a ZOE cement was used. Moreover, neither
eugenol alone nor the cement-based eugenol could decrease
monocyte adhesion and migration as compared to a
hydrocortisone-based cement. The authors concluded that
the hydrocortisone (but not eugenol)-containing root sealers
are able to modulate the initial steps of inflammation [62].

In isolated cases, eugenol was demonstrated to act as a
contact allergen capable to trigger allergic responses, most
frequently, by delayed hypersensitivity reactions (contact
stomatitis), and rarely by type I hypersensitivity reactions
(contact urticaria or even anaphylactic shock) [63-66].

Other disadvantages of eugenol/ZOE were published,
such as inhibition of the polymerization of methacrylate
monomers and resins, low mechanical strength, and limited
durability (degradation occurs through hydrolysis) that
might cause secondary fractures and reduction of the bond
strength of posts luted to root canals [59, 67-70].

However, there is no general consensus in the literature
regarding the “ugly” side of eugenol. Accordingly, in the past
decade, several groups reported that ZOE is a suitable base
material for composite resin restoration that did not affect
(or even positively impacted) the composite polymerization
measured by their microhardness [29, 71] and the bond
strength [72]. Moreover, recent systematic reviews were not
able to show evidence for the superiority of one sealing mate-
rial over another with respect to biocompatibility and fracture
resistance of endodontically treated teeth; also, only moderate
evidence for the lack of a reinforcing effect for ZOE-based
sealers was reported [73, 74]. The beneficial vs. deleterious
effects of eugenol and ZOE are summarized in Table 1.

At variance from the conflicting results regarding the
indications and contraindications of eugenol in dental medi-
cine, there is a relative consensus in the literature on its ben-
eficial effects in the setting of inflammation and cancer in
both cell lines and animal models, as briefly described in
the following subchapters.

3. Protective Cellular Effects of Eugenol: A
Bird’s Eye View

The link between inflammation and cancer was firstly pro-
posed by the visionary German pathologist and anthropologist
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TaBLE 1: The “good” vs. the “bad” side of eugenol and ZOE-based materials in dentistry.

Type of

Beneficial effects Deleterious effects Ref.
study

Type of material

; (i) Anti-inflammatory properties
Eugenol In vivo (ii) Antinociceptive activity o (33]
(i) Antimicrobial activity against the

Eugenol In-vitro periodontal pathogens o (3]

(i) Antibacterial activity against oral
pathogens
(ii) Cario-protective action
Eugenol In vitro (iii) Antifungal activity — [36]
(iv) Cytotoxic action against several
cancer cells
(v) Antimutagenic action

(i) Suppresses polymerization
Eugenol In vitro — (ii) Reduce.s the mechanlcal properties [29]
of composite resins but to a distance of

less than 100 nm
(i) Promoted wound healing
Eugenol In vivo (ii) Anti-inflammatory action — [44]
(iii) Analgesic action
(i) Cytotoxic effects to oral mucosal fibroblasts
Eugenol In vitro (i) No DNA strand break activity (ii) Decrease of cellular ATP level [53]
(iil) Inhibition of lipid peroxidation

Eugenol In vitro (i) Concentration-dependent effect on (i) Decreased cell survival [55]
8 cellular growth (ii) Decreased collagen synthesis
Eugenol In vitro (i) Apoptosis of oral SCC cells line (i) Low tumor-specificity [56]
Eugenol In vitro (i) Toxic effects on dental pulp fibroblasts (even at [60]
8 very low concentrations)
) (i) Hypersensitivity response of oral mucosa
Eugenol In vivo (ii) Cytotoxic effects [63]
Eugenol In vitro (1)1Retarfiat1.0n of the resin dental materials [67]
polymerization
. (i) Anti-inflammatory effect (i) Decrease in cell viability
ZOE [n vitro (ii) Immunomodulatory effects (ii) Cytotoxic effect in high concentrations [32]
ry it g
7OE In vivo (i) Anaesthetic action [43]

(ii) Inhibition of intradental nerve activity

7OE In vitro (i) Good mechanlcal properties as a base (71]
under composite materials

In vivo (i) Anti-inflammatory effects

ZOE . (ii) Inhibition of synthesis of — [39]
In vitro o
cyclooxygenase derivatives

. (i) Increased cytotoxicity and apoptosis of human
ZOE Invitro- — periodontal ligament fibroblasts [46]

ZOE In vitro — (i) High cytotoxicity for fibroblasts cell lines [47]

. (i) Cytotoxic activity
ZOE Invitro — (ii) Inhibition of the metabolic activity [48]

. (i) High cytotoxicity on human periodontal
ZOE Invitro: — ligament cells and V79 cells [49]

. (i) Cytotoxic activity on human periodontal
ZOE Invitro — ligament fibroblasts and L929 cells (501

(i) Negative effects on microtensile bond strength

ZOE Invitro — of adhesives to dentin [59]

ZOE (Endomethasone) In vitro — (i) Decrease in bond strength to the root dentin [68]

(i) Periapical inflammation with
ZOE (Endomethasone) Invivo — granulomatous reaction around the [51]
sealer particles
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TasLE 1: Continued.
Type of material Ts};ﬁil;)f Beneficial effects Deleterious effects Ref.
. (i) Decreased cell migration and secretion
ZOE + hydrocortisone . .
(Endomethasone N) In vitro of IL-6 and TNF-« by human periodontal — [62]

ligament cells

Rudolf Virchow, and the importance of preventing and/or
reversing inflammation for the cancer control is nowadays
widely recognized [75]. Eugenol exerts protective anti-inflam-
matory, antioxidant, and anticarcinogenic effects, as shown by
several studies described below and summarized in Table 2.

3.1. Anti-Inflammatory and Antioxidant Activities of
Eugenol. Inflammation is the natural response of our body
against a variety of aggressors (physical or chemical agents,
pathogens, injured cells, immune complexes, etc.) that exerts
protective effects in the acute phase and becomes deleterious
in the chronic one.

Oxidative stress is classically defined as the overproduc-
tion of reactive oxygen species (ROS) and/or decreased anti-
oxidant defense [8] and, together with inflammation, are
responsible for extensive cellular damage in the vast majority
of chronic noncommunicable pathologies, such as cardiovas-
cular [76, 77], metabolic [78], renal [79], neurodegenerative
[80] diseases, cancer [81], and ageing [12].

Important, a bidirectional relationship between inflam-
mation and oxidative stress occurs in that inflammation that
arises as a defense reaction in response to ROS-mediated
local tissue injury may become a source of supplementary
oxyradicals. Moreover, both conditions share as a common
denominator the fact that in the long run they become the
major systemic pathomechanisms of the abovementioned
chronic diseases [82]. The major sources of ROS are mito-
chondria, the NADPH oxidases, xanthine oxidase, uncoupled
eNOS, and, more recently, monoamine oxidases (MAQOs) [83].
The antioxidant enzymes are mainly represented by superox-
ide dismutases, catalase, glutathione peroxidases, thioredoxin
peroxidases, and heme oxygenase-1. Any impairment of the
fragile equilibrium of pro- vs. antioxidant systems is responsi-
ble for the occurrence of oxidative stress [84] that may further
trigger/potentiate the inflammatory reaction. The close link
between the redox status and inflammation has been system-
atically documented by reports on aggravated inflammatory
response when either the ROS-producing enzymes were over-
expressed or the antioxidant enzymes were knocked-down
(reviewed in ref. [77]).

Two excellent summative reviews on the anti-inflamma-
tory/antioxidant activity of phenylpropanoids and eugenol,
respectively, were recently published [7, 85]. While the for-
mer review mainly summarized the papers reporting a
decrease in the expression of various inflammatory media-
tors (TNF-a, NF-xB, COX-2, IL-1?, IL-4, IL-5, IL-6, iNOS,
and NO) in both in vitro and in vivo models and also, of those
associated with an increase in the antioxidant enzymes
(superoxide dismutase, glutathione peroxidase, catalase, and
glutathione peroxidase) [7], the latter addressed the effects
of eugenol on the arachidonic acid- (AA-) derived mediators

of inflammation. Thus, these authors reported the inhibitory
effect of eugenol on prostaglandins and leukotrienes produc-
tion and reduction in edema formation in several animal
models of inflammation. Moreover, in human platelets, euge-
nol inhibited the AA and platelet-activating factor- (PAF-)
induced aggregation. It has been also shown that eugenol
and sodium eugenol acetate produced an inhibition in AA-
induced thromboxane B, and PGE, formation in a
concentration-dependent manner. A structurally similar
compound, methyl-eugenol was evaluated in cerebral ische-
mic models and reported to increase superoxide dismutase
and catalase activity, inhibit NO production, decrease the
proinflammatory cytokines (TNF-a, IL-1f3, and IL-6), and
increase the anti-inflammatory ones (IL-10 and TGF-p),
thus, indicating a potential role in the treatment of
ischemia-related inflammatory diseases [85].

Leukocyte recruitment to tissue is of paramount impor-
tance in the inflammatory process. In this regard, eugenol
was proven to mitigate leukocyte rolling, adhesion, and
migration to the inflammatory site [86]. These results are
supported by other studies performed on LPS-treated mice
in which eugenol reduced lung infiltration with neutrophils/-
macrophages [87] and mitigated the release of inflammatory
cytokines (TNF-a, IL-1f3, and IL-6) [88] and the activation of
NF-«B [87]. Moreover, in a murine model of ovalbumin-
induced allergic asthma, eugenol inhibited eosinophil lung
tissue infiltration and reduced the levels of both ovalbumin-
specific IgE as well as IL-4 and IL-5, the key cytokines in
allergic pathologies, thereby suppressing the generation of a
Th2-type immune response [89].

Recently, oral administration of eugenol in rats fed a
high-fat diet (1 month) was reported to significantly decrease
both total serum cholesterol and LDL cholesterol. Moreover,
it mitigated inflammation and steatosis in liver sections,
decreased the activities of the hepatic enzymes alanine ami-
notransferase and alkaline phosphatase, and increased the
ones of the antioxidant enzymes superoxide dismutase and
catalase in hypercholesterolemic rats. These observations
further support the pleiotropic effects of the compound and
delineate new avenues for research in fatty liver disease ther-
apy [90]. Also, the anti-inflammatory and antioxidant effects
of eugenol in association with cinnamaldehyde on peripheral
blood mononuclear cells (PBMCs) harvested from patients
with rheumatoid arthritis have been reported [91].

In recent years, the inflammatory response has been also
related to the occurrence of mitochondrial dysfunction. In
particular, mitochondrial DNA but also cardiolipin and N-
formyl peptides are released as a result of cellular stress/dam-
age and have been reported to induce systemic inflammation
[26]. In the presence of severe inflammation, mitochondrial
dysfunction was described to be associated with cell death



fragmentation

6 Oxidative Medicine and Cellular Longevity
TaBLE 2: Overview of the anti-inflammatory, antioxidant, and anticarcinogenic effects of eugenol.
Eugeno¥ Parameters/tumor type Biological effects Ref.
properties
Antl— Histological quar.ltlﬁ.catlon o.fhver inflammatory Decrease of the liver inflammatory cell infiltration [90]
inflammatory foci/microscopic field
Anti- . Decrease of the TNF-a and IL-6 level in the culture
inflammatory Cytokine levels supernatant of RA-PBMCs [91]
Anti- . . . Decrease of skin COX-2 expression and serum TNF-a, IL-6,
inflammatory Mouse skin expression of COX-2 cytokine levels and PGE2 level in TPA-treated mice (93]
.Antl- Leukocyte migration Decrease of the number and adherence of leukocytes (86]
inflammatory
Anti- . Inhibition of lung infiltration with eosinophils decrease of IL-
inflammatory Cytokine levels 4 and IL-5 levels [89]
Antl_ Cytokine levels Inhibition of TNF-a, IL-1p, and IL-6 release (88]
inflammatory
Anti- Inflammatory cells cytokine level NF-xB Inhibition of lung infiltration with neutrophils/macrophages; [76]
inflammatory activation reduction of TNF-« release and of NF-xB activation
Anti- Inflammation-related gene expression (NF-«B, IL- e .
inflammatory 18, and TNF-a) Inhibition of NF-xB and TNF-a gene expression [61]
Antioxidant Antioxidant enzyme (SOD and CAT) activity Increase of serum SOD and CAT activity [90]
Intracellular ROS production and reduced Decrease of ROS generation and increase of reduced
Antioxidant glutathione level antioxidant enzyme (SOD, CAT, glutathione level in RA-PBMC increase of SOD, CAT, and  [91]
and GPx) activity GPx activity in RA-PBMC culture
Antioxidant Cutaneous glutathione level and glutathione Increase of cutaneous glutathione level and glutathione [95]
reductase, CAT, and GPx activity reductase, CAT, and GPx activity in TPA-treated mice
Anticarcinogenic MCEF-7 human breast cancer cells Inhibition of human breast cancer cell proliferation [102]
Anticarcinogenic Mouse skin cancer Reduction in tumor size and incidence [95]
Anticarcinogenic Mouse skin cancer Restriction of skin carcinogenesis at the dysplastic stage [96]
Inhibition of gastric carcinoma development through NF-xB [99]
suppression
Anticarcinogenic Rat gastric cancer Apoptosis stimulation through modul?tiqn.().f Bcl—2' prot.eins,
Apaf-1, caspases, and cytochrome c inhibition of invasion [98]
and angiogenesis by MMP activity and VEGF and TIMP-2
expression modulation
. . HSC-2 human oral squamous cell carcinoma cell Nonapoptotic cell death through oxidative stress and
Anticarcinogenic . . . [108]
line reduction of ATP utilization
S . Human melanoma cells B16 xenograft mouse ~ Tumor size reduction and delay in tumor growth; prevention
Anticarcinogenic . [97]
model of metastasis
. . Proliferation inhibition and apoptosis stimulation through
Anticarcinogenic Human breast cancer cells down-regulation of survivin and the E2F1 transcription factor [103]
Inhibition of cell proliferation, migration, and invasion
Anticarcinogenic A549 human lung adenocarcinoma cells through modulation of MMP activity and the PI3K/Akt  [100]
pathway
. . HCT-15 and HT-29 human colorectal Apoptosis stimulation through the reduction of A¥m with
Anticarcinogenic . R . [106]
adenocarcinoma cells oxidative stress and DNA fragmentation
Apoptosis stimulation through oxidative stress, MPT, and
Anticarcinogenic ~ HL-60 human promyelocytic leukemia cells cytochrome c release, reduction of Bcl-2 level and DNA  [107]
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TasLE 2: Continued.

Eugeno! Parameters/tumor type Biological effects Ref.
properties

Anticarcinogenic Human KB oral squamous carcinoma cells and Cell growth inhibition and apoptosis stimulation [104]

8 DU-145 androgen-insensitive prostate cancer cells & pop
MDA M2 CE (et e, SO mlton o e drstn v

Anticarcinogenic SIHA (cervix cancer lines), SK-Mel-28, and A2058 ¢ P > P [105]

(melanoma lines)

cytoplasmic membrane, mitochondrial failure, PCNA
downregulation

RA-PBMCs: PBMCs isolated from rheumatoid arthritis patients; TPA: 12-O-tetradecanoylphorbol-13-acetate; MAPK: mitogen-activated protein kinases; SOD:
superoxide dismutase; CAT: catalase; GPx: glutathione peroxidase; PARP: polyadenosinediphosphate-ribose polymerase; MPT: mitochondrial permeability
transition; PCNA: proliferation cell nuclear antigen; A¥m: mitochondrial membrane potential.

via necrosis; conversely, in the setting of moderate inflamma-
tion, the intrinsic, mitochondrial-dependent apoptotic way
of death will prevail. Interestingly, eugenol has been reported
to induce early (less than 1h exposure) mitochondrial col-
lapse and vacuolization, followed by nonapoptotic cell death
in human normal oral cells. Thus, at variance from the classic
proapoptotic effect in cancer cells, eugenol might activate
pyroptosis (inflammatory cell necrosis) or paraptosis (associ-
ated with mitochondria enlargement and cytoplasmic vacuo-
lization) as cell death pathways in normal cells [92].

Therefore, targeting both chronic inflammation and oxi-
dative stress (mainly, mitochondrial-derived) represent a
promising therapeutic strategy in various pathologies. Both
effects have also been described in relation to the anticarcino-
genic effects of eugenol as detailed below.

3.2. Anticarcinogenic Activity of Eugenol. Phytochemicals are
biologically active plant compounds with preventive and/or
curative anticancer properties that display low toxicity and
reduced side effects as compared to standard therapies.
Assessing their beneficial effects as an adjunctive therapy in
cancer currently represents one of the most active field of
research [93]. Cancer treatment requires the inhibition of
aberrant cell proliferation and destruction of malignant cells.
In this respect, eugenol has been reported to elicit pro-
apoptotic effects in several (but not all) tumor/cell lines.

Accordingly, a study performed in primary melanoma
cell lines established from patients’ tissues described an anti-
proliferative activity for the dimeric forms (biphenyls) of
eugenol which was mild for dehydrodieugenol, higher for
its 0,0 ' -methylated form (0,0 '-dimethyl-dehydrodieu-
genol), and markedly pronounced for the racemic mixture
of the brominated biphenyl (6,6 '-dibromo-dehydrodieu-
genol) (S7) [94].

In a murine model of skin cancer, Kaur et al. found that
treatment with eugenol did not influence tumor develop-
ment, but succeeded to decrease the tumor size [95]. The
anticarcinogenic effect of eugenol was accompanied by anti-
inflammatory properties, as shown by the reduction of sev-
eral inflammatory markers such as cyclooxygenase-2
(COX-2), nitric oxide synthase (iNOS), cytokine levels (IL-
6), tumor necrosis factor-alpha (TNF-«), and prostaglandin
E2 [95]. Moreover, in a mouse skin cancer model, eugenol
displayed chemopreventive properties, reducing the inci-
dence and size of skin tumors and improving animal survival

rates through apoptosis stimulation, cellular proliferation
inhibition, and restriction of skin carcinogenesis at the dys-
plastic stage via c-Myc and H-ras oncogene downregulation
and p53 tumor suppressor gene expression upregulation
[96]. The tumor-suppressive effects of eugenol in skin can-
cers has been described to occur in relation to human mela-
noma and was associated with tumor size reduction, delay
in tumor growth, and prevention of metastasis [97].

In a rat model of chemically-induced gastric cancer, treat-
ment with eugenol decreased tumor incidence to 16.66%.
Eugenol treatment triggered apoptosis via the mitochondrial
pathway through the modulation of Bcl-2 proteins, apoptotic
protease activating factor 1 (Apaf-1), caspases and cytochrome
¢, and limited angiogenesis by modifying the activity of the
matrix metalloproteinases (MMP), vascular endothelial factor
(VEGF), and tissue inhibitor of metalloproteinase-2 (TIMP-2)
[98, 99]. Similarly, in a human lung adenocarcinoma cell line,
reduction of the MMP-2 (along with phosphate-Akt) expres-
sion was demonstrated after eugenol administration, leading
to inhibition of cell viability and impaired cell migration and
invasion [100].

Moreover, in several human breast cancer cell lines, the
epoxide forms of eugenol, lupeol, and lutein have been
reported to induce apoptosis [101], while methyl-eugenol
inhibited cancer cell proliferation [102]. These effects were
recapitulated in the case of eugenol as well, via the downreg-
ulation of the breast cancer oncogene E2F1 and its antiapop-
tosis target survivin and upregulation of the cell cycle arrest-
inducing protein p21"A™, respectively [103]. Indeed, the
proapoptotic effect of eugenol was confirmed not only in
the case of breast cancer but also in human oral squamous
carcinoma cells [104] and human cervix cancer and mela-
noma lines, respectively [105]. Treatment with this com-
pound led to cell cycle deregulation and DNA damage via
cytoplasmic membrane disruption, ROS overproduction,
mitochondrial membrane potential decrease, and the down-
regulation of proliferating cell nuclear antigen, an essential
factor in DNA replication and repair [105]. Excessive ROS
generation, dissipation of the mitochondrial membrane
potential, and DNA fragmentation have also been reported
by other studies as mechanisms of eugenol-induced apopto-
sis. Thus, in a human colorectal adenocarcinoma cell line,
these effects were accompanied by p53 and caspase-3 activa-
tion [106], while in a human promyelocytic leukemia cell
line, the reduction of the antiapoptotic Bcl-2 protein level



and the release of cytochrome ¢ into the cytosol were
recorded [107]. However, it must be noted that eugenol was
reported to also induce nonapoptotic cell death through oxi-
dative stress and reduction of ATP utilization in a human
oral squamous cell carcinoma line [108].

The anticarcinogenic (chemopreventive-antioxidant and
cytotoxic, prooxidant, and proapoptotic) effects of eugenol
were the topic of a recent excellent review [109].

3.3. Modulation of Mitochondrial Metabolism by Eugenol.
Mitochondrial dysfunction is currently accepted as the cen-
tral pathomechanism of cancer. Therefore, targeting mito-
chondrial metabolic pathways has emerged as a valuable
strategy to inhibit tumor growth. The mitochondria-
targeted drugs or phytochemicals induce selectively disrup-
tion of cancerous mitochondria (and subsequent death of
malignant cells) via several mechanisms, such as inhibition
of respiratory function and ATP depletion, induction of the
mitochondrial permeability transition, and, the previously
mentioned, mitochondrial DNA damage [110].

Eugenol’s effect on mitochondrial respiration can be
traced back to the late 70s when Cotmore et al. firstly reported
in isolated rat liver mitochondria a dose-dependent inhibition,
particularly of the nicotinamide adenine dinucleotide- (NAD-
) supported respiration (using glutamate as substrate) together
with the uncoupling of the oxidative phosphorylation from the
electron transport [111]. Several years later, Usta et al. pro-
vided further insights into the effects of the compound on
mitochondrial function in the same in vitro model. In brief,
these authors demonstrated that eugenol dose-dependently
elicited the (i) inhibition of NADH oxidase (complex I of the
electron transport system), (ii) reduction of mitochondrial
membrane potential (A¥m), and (iii) stimulation of the
ATPase activity of F1IFO-ATP-ase (complex V) with subse-
quent ATP depletion in rat liver mitochondria [112].

Eugenol is a weak lipophilic acid (i.e., it might permeate
the mitochondrial membranes and release a H' into the
matrix) and also an analogue of dinitrophenol (a classical
mitochondrial uncoupler). Together with complex I inhibi-
tion, these properties might be responsible for the dissipation
of the proton gradient across the inner membrane (normally
used by the ATP synthase to generate ATP); subsequently,
the enzyme will work in the reverse mode and become an
energy-dissipating structure [113]. Of note, eugenol had no
effect on succinate dehydrogenase (complex II of the electron
transport system) activity in isolated rat mitochondria. More
recently, the same group reported the chemosensitivity of a
human breast cancer cell line MCF-7 to eugenol. The com-
pound elicited a dose-dependent: (i) decrease in cellular via-
bility and proliferation (ECy,: 0.9 mM), (ii) decrease in ATP
level and mitochondrial membrane potential, (iii) increase
in reactive oxygen species generation, (iv) release of
cytochrome-c and lactate dehydrogenase, and (v) nonapop-
totic Bcl-2 independent toxicity [114]. The last finding is in
line with the results from the group of Sakagami, which con-
firmed the nonapoptotic cell death in three human normal
oral cell types (gingival fibroblast, periodontal ligament fibro-
blast, and pulp cell) yet with no effect on ATP utilization
(except for periodontal fibroblasts). Importantly, Sakagami

Oxidative Medicine and Cellular Longevity

et al. also reported that eugenol (2 mM) elicited a rapid sup-
pression (after 20 min incubation) of the tricarboxylic acids
cycle in all three cell lines mentioned above, whereas the
intracellular concentration of glycolytic metabolites slightly
increased [92]. In an elegant study, Yan et al. further pro-
vided mechanistic insights into the signal transduction
underlying the anticarcinogenic effect of eugenol in MCF10A
human breast epithelial cells transfected with the H-ras
oncogene (MCF10A-ras). These authors reported that euge-
nol (200 uM) suppressed cell growth and inhibited oxidative
phosphorylation and fatty acids oxidation via the downregu-
lation of the c-Myc/PGC-1B/ERRa pathway. Of note, the lat-
ter was upregulated in the breast cancer MCF10A-ras cells
but not in the untransformed MCF10A cells [115].

In line with these observations, we aimed to investigate
the effect of eugenol, free, or encapsulated in polyurethane
nanoformulations [25], on both mitochondrial bioenergetics
and glycolysis in SCC-4 human squamous cell carcinoma
cells by means of the extracellular flux analyzer Seahorse
XF24e (Agilent Technologies Inc.). This automatic platform
provides a simultaneous measurement of oxygen consump-
tion rate (OCR) as an indicator of mitochondrial respiration,
and the extracellular acidification rate (ECAR) as an indirect
measurement of anaerobic glycolysis, according to a previ-
ously described method [116]. In brief, cellular metabolic
activity was challenged with the classic modulators of the
mitochondrial electron transport chain: the first automatic
injection was performed using oligomycin (1 pg/ml), the
inhibitor of the mitochondrial ATP synthase; FCCP (3 uM),
a classic uncoupler, was further injected, followed by antimy-
cin A (5uM), the inhibitor of mitochondrial complex III.
OCR was reported in units of pmoles/min and ECAR in
mpH/min. SCC-4 human squamous carcinoma cells were
incubated for 24 h with eugenol (free or incorporated in poly-
urethane structures), and we found that free eugenol (50 M)
induced a decrease of OCR parameters (i.e., inhibition of
mitochondrial respiration) coupled with an increase of ECAR
(ie., stimulation of glycolysis); surprisingly, opposite effects
were recorded for eugenol nanoformulations, i.e., an increase
in basal and maximal respiration (OCR) plus a decrease in gly-
colysis (ECAR) [116]. The effects of free eugenol are in line
with the abovepresented literature data, yet the paradoxical
effect of nanostructures requires further investigations.

We further recapitulated the experiments using the nor-
mal HaCaT human keratinocytes incubated with 50 uM free
eugenol (EU), polyurethane particles alone (P), and EU
encapsulated in polyurethane structures (EU + P) for 24, 48,
and 72h. First, the cytotoxic effect of the compounds on
HaCaT cells was assessed at 24 h—Figure 1(a), 48 h—Fi-
gure 1(b), and 72h—Figure 1(c), respectively. Cytotoxicity
was evaluated by means of the MTT assay, as previously
described [117]. HaCaT cells were seeded in 96-well culture
plates (1 x 10* cells/well) and allowed to attach. Next, the
medium was replaced and cells were incubated for 24, 48,
and 72 h, respectively, with the tested compounds. Cells were
randomized into 5 groups: control group—untreated cells
(CTRL); DMSO group—cells treated with 50 uyM DMSO
used to prepare the free EU stock solution (DMSO); group
treated with 50 yuM free EU (EU); group treated with 50 yM
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FiGureg 2: The effects of compounds (50 uM) on HaCaT cell migration. (EU: free eugenol, P: polyurethane nanostructure alone, EU + P:
eugenol included as nanoformulation). Pictures were taken at 0, 3, and 24 h poststimulation (10x magnification).

polyurethane structures which were used to encapsulate EU
(P); and group treated with 50 uM encapsulated EU (EU
+P). A volume of 10 uL of 5mg/mL MTT solution from
the MTT toxicology assay kit (Sigma-Aldrich) was added in
each well. In the presence of NADPH-dependent cellular oxi-
doreductases, MTT precipitated as the insoluble formazan
(during 4h). The reduced MTT was measured spectrophoto-
metrically at 570 nm, using a microplate reader (xMarkMi-
croplate Spectrophotometer, Bio-Rad). All experiments
were performed in triplicate.

At 24 h poststimulation, EU elicited a discrete, nonsignif-
icant cytotoxic effect, whereas the polyurethane structures (P,
EU + P) provoked an unexpected mild increase in cell viabil-
ity (Figure 1(a)). Similar results were obtained at 48 h of stim-

ulation (Figure 1(b)), while at 72 h, the EU group also showed
a trend for an increase in cell viability vs. CTRL (Figure 1(c)).

We further evaluated the effect of the compound (50 uM)
on HaCaT cell migration using the scratch assay, as previ-
ously described [118]. To this aim, 2 x 10° cells/well were cul-
tured in 12-well plates for 48h prior to the experiment.
Scratches were drawn in well-defined zones of the cells
monolayer (at a confluence of 90%) using a sterile pipette
tip. The detached cells were removed by washing with PBS
before stimulation, and afterward, the cells were incubated
with the compounds. Images of the cells were taken at the
starting point of the experiment, and after 3 and 24 h, respec-
tively, using the inverted microscope Olympus IX73 and the
cellSense Dimension software. Figure 2 shows that P and EU
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+ P groups exhibited a promigratory effect upon HaCaT cells
at 24 h poststimulation vs. the control group. EU alone elic-
ited at 24 h stimulation a mild reduction of cellular migration
as compared to P/EU + P groups.

Finally, we evaluated the bioenergetic profile of HaCaT
human keratinocytes treated with the compounds (50 uM)
at 24 h—Figure 3, 48 h—Figure 4, and 72 h—Figure 5 using
the Seahorse extracellular flux analyzer, as previously
described.

No significant effect on OCR and ECAR was observed
after 24 h of treatment (Figure 3). At variance, a significant

metabolic inhibition was noticed for the two other periods
of exposure (Figures 4 and 5). Thus, in the EU and EU +P
groups, both OCR and ECAR significantly decreased at 48 h
of incubation (Figure 4). Surprisingly, at 72h, not only EU
and EU+P but also P, the polyurethane particles per se,
induced a significant inhibitory effect on both metabolic
pathways, oxidative phosphorylation, and glycolysis
(Figure 5).

The polyurethane nanostructures represent a safe formu-
lation as previously reported [25], since they neither elicited a
cytotoxic effect on HaCaT cells regardless of the incubation
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period (Figures 1(a)-1(c), P group) nor interfered with their
migration (Figure 2, P group). However, the nanoformula-
tions significantly depressed the cellular metabolism at 72h
(Figure 5, P group).

4. Conclusions

Eugenol is a versatile molecule that has successfully survived
the test of time in dental medicine. Nowadays, it has emerged
as a promising phytochemical in the armamentarium of
adjunctive anticancer therapeutics via the modulation of
chronic inflammation, oxidative stress, and mitochondrial
dysfunction, the major pathomechanisms of noncommunic-
able diseases. The current understanding of the signaling
pathways responsible for eugenol interaction with cellular
metabolism is far from being elucidated. Further studies
aimed at characterizing its effects on bioenergetics and mito-
chondrial metabolism in both normal and malignant cell
lines are fully warranted.
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Gymnema inodorum (Lour.) Decne. (G. inodorum) is widely used in Northern Thai cuisine as local vegetables and commercial herb
tea products. In the present study, G. inodorum extract (GIE) was evaluated for its antioxidant and anti-inflammatory effects in LPS
plus IEN-y-induced RAW264.7 cells. Major compounds in GIE were evaluated using GC-MS and found 16 volatile compounds
presenting in the extract. GIE exhibited antioxidant activity by scavenging the intracellular reactive oxygen species (ROS)
production and increasing superoxide dismutase 2 (SOD2) mRNA expression in LPS plus IFN-y-induced RAW264.7 cells. GIE
showed anti-inflammatory activity through suppressing nitric oxide (NO), proinflammatory cytokine production interleukin 6
(IL-6) and also downregulation of the expression of cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and IL-6
mRNA levels in LPS plus IFN-y-induced RAW264.7 cells. Mechanism studies showed that GIE suppressed the NF-«B p65
nuclear translocation and slightly decreased the phosphorylation of NF-«B p65 (p-NF-«B p65) protein. Our studies applied the
synchrotron radiation-based FTIR microspectroscopy (SR-FTIR), supported by multivariate analysis, to identify the FTIR
spectral changes based on macromolecule alterations occurring in RAW264.7 cells. SR-FTIR results demonstrated that the
presence of LPS plus IFN-y in RAW264.7 cells associated with the increase of amide I/amide II ratio (contributing to the
alteration of secondary protein structure) and lipid content, whereas glycogen and other carbohydrate content were decreased.
These findings lead us to believe that GIE may prevent oxidative damage by scavenging intracellular ROS production and
activating the antioxidant gene, SOD2, expression. Therefore, it is possible that the antioxidant properties of GIE could
modulate the inflammation process by regulating the ROS levels, which lead to the suppression of proinflammatory cytokines
and genes. Therefore, GIE could be developed into a novel antioxidant and anti-inflammatory agent to treat and prevent
diseases related to oxidative stress and inflammation.

1. Introduction

Inflammation is the immune system’s response to harmful
stimuli, such as infection and tissue injury [1]. Macrophages
are a diverse group of white blood cells known for eliminat-
ing pathogens through phagocytosis. Macrophages play a

central role in promoting inflammatory lesions, which cause
pathological tissue damage in various inflammatory diseases
[2]. It is well known that interferon-gamma (IFN-y) or
lipopolysaccharide (LPS) is sufficient to induce classically
activated macrophages [3]. The nuclear factor kappa light
chain enhancer of activated B cells (NF-«B) is an important
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transcription factor playing crucial roles in the inflammatory
response [4]. In response to inflammatory stimuli, the
nuclear localization signal of cytosolic NF-«B into the
nucleus binds to a consensus sequence in the promoters of
target genes including proinflammatory cytokines, chemo-
kines, adhesion proteins, and inducible enzymes (COX-2
and iNOS) [5]. Due to the response with the existence of
cellular stimuli, activated macrophages produce high levels
of proinflammatory cytokines, including IL-6, interleukin
13 (IL-1f3), TNF-a, and prostaglandin (PGE,) [6]. These
cytokines are involved in the process of pathological pain.
During inflammation, free radical molecules such as NO
and reactive oxygen intermediates (ROI) are also generated
by inflammatory cells. Free radicals are involved in an imbal-
ance of the redox system and damaging cells and tissues [7].
The link between oxidative stress and inflammation has
extensively been demonstrated that the mechanism by which
continued oxidative stress can lead to chronic inflammation.
This mechanism leads to various inflammatory diseases such
as diabetes, cardiovascular diseases, cancer, degenerative dis-
eases, ischemia, and anemia [8]. Currently, the available drug
in treating inflammatory disorders is often not successful,
lacking availability, high cost, and causes of undesirable side
effects [9, 10]. Based on these, the necessity for exploring a
better anti-inflammatory therapeutic agent is always in need.

Herbs’ use as traditional medicine has a long history in
treating various diseases, including inflammatory diseases.
It is currently well known that many bioactive compounds
derived from natural products play an essential role in a wide
range of therapeutic effects [11]. The World Health Organiza-
tion (WHO) recognizes the vital role of traditional medicines
and continues to support the integration of conventional
medicine into each country’s health system [12].

G. inodorum is one of the local Thai vegetables belonging
to the family Asclepiadaceae. It is found ubiquitously in
Southeastern Asia, including Thailand, especially in the
northern region. In Thailand, its local name is “Phak chin
da” or “Phak chiang da.” It has been known to have therapeu-
tic effects in curing certain diseases, including diabetes melli-
tus, rheumatic arthritis, and gout. The literature survey
reported that the leaves of G. inodorum had many phyto-
chemical compounds such as phenolics, flavonoids, terpe-
noids, and glycoside [13, 14]. Moreover, its antioxidant,
antiadipogenesis, antidiabetic, and hypoglycemic effects were
also reported [14-16]. Therefore, the phytochemical constitu-
ents presented in G. inodorum may contribute to its biological
activity. Numerous studies exhibited that the phytochemical
compounds, especially flavonoids and phenolic content, had
contributed to the redox-modulating properties of natural
compounds, which had also been shown to modulate the
inflammatory response virtually [15-17]. Along this line, it
is possible that G. inodorum may exert a beneficial effect on
alleviating intracellular ROS and inflammation. However, to
the best of our knowledge, this plant’s antioxidant and anti-
inflammatory activities have not earlier been reported,
especially for the research study in cell-based assays.

Fourier-transform infrared spectroscopy (FTIR) is an
analytical technique widely applied for studying the vibra-
tional fingerprint for organic compounds [17]. This tech-
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nique was previously applied to study biomedical research
to investigate biomolecule profiles (lipid, protein, nucleic
acids, and carbohydrate) in various biological samples with-
out the need for probe molecules [18-20]. Synchrotron light
is exceptionally bright. When a synchrotron light (SR)
source, FTIR spectroscopy, and microscopy are combined
together, it is called “Synchrotron radiation-based FTIR
microspectroscopy (SR-FTIR).” This technique takes advan-
tage of synchrotron light brightness, making it possible to
record high-quality spectra and explore the biochemical
changes within biological samples’ microstructures without
destruction’s inherent structures of its [21].

The present study is aimed at investigating the anti-
inflammatory and the antioxidant effect of GIE on LPS plus
IFN-y-induced RAW264.7 cells. The SR-FTIR was applied
to detect biomolecule changes in RAW264.7 cells induced
by LPS plus IFN-y and their response to GIE treatment.

2. Materials and Methods

2.1. Preparation of GIE. G. inodorum (dried leaves) was
purchased from commercial products (Chiangda organic
company garden, Chiangmai, Thailand). The voucher speci-
mens were deposited at the botanical garden of Suranaree
University of Technology (SUT) Herbarium and authenti-
cated by Dr. Santi Wattatana, a lecturer and a plant biologist
at the Institute of Science, SUT, Thailand. The plant extrac-
tions were conducted following the method of Tiamyom
et al. [14]. Briefly, the dried powder of G. inodorum was
soaked in 95% ethanol with a ratio of 1:3 (g:mL) at room
temperature for 7 days. The pooled extract was filtered
through Whatman No. 1 filter paper. The ethanolic extract
was concentrated using a vacuum rotary evaporator at 50°C
and lyophilized to obtain the powder of GIE. The crude
extract was stored at -20°C till use in subsequent experiments.
GIE was dissolved in dimethyl sulfoxide (DMSO) and diluted
to 0.1% (v/v) in the cell culture medium.

2.2. Identification of Phytochemical Constituents of GIE Gas
Chromatography-Mass Spectrometry (GC-MS) Analysis. GC-
MS analysis of GIE was performed using a Bruker 450-GC/Bru-
ker 320-MS equipped with Rtx-5MS fused silica capillary column
(30 mlength x 250 ym diameter x 0.25 ym film thickness). For
GC-MS detection, an electron ionization system was operated
in the electron impact mode with ionization energy of 70 eV.
The injector temperature was maintained at 250°C, and the
ion-source temperature was 200°C. The oven temperature
was programmed from 110°C (2min), with an increase of
10°C/min to 200°C (3 min), then 5°C/min to 280°C, ending
with a 20 min isothermal at 280°C. The MS scan range was
45-500 atomic mass units (amu), and helium was used as the
carrier gas with a flow rate of 1.0 mL/min. The chemical com-
ponents were identified by matching their mass spectra with
those recorded in the NIST mass spectral library 2008.

2.3. Ferric Reducing/Antioxidant Power (FRAP) Assay. The
ferric reducing capacity of GIE was determined by using
the colorimetric method as described by Rupasinghe et al.
[22]. Briefly, 20 uL of each of the samples and 180 uL of
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FRAP reagent (300 mM acetate buffer (pH 3.6), 10 mM 2, 4,
6-tripyridyl-s-triazine (TPTZ), and 20mM FeCl;e6H,0
solution) were mixed in a 96-well plate for 6 min. The absor-
bance was recorded at 595nm using a microplate reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The differ-
ent concentrations of Trolox (Cat. No. 238813, Sigma-
Aldrich, St. Louis, USA) and vitamin C (Cat. No. 95210,
Fluka Chemie GmbH, Buchs, Switzerland) were used to
develop the standard calibration curve. FRAP values were
expressed as a milligram of Trolox equivalent antioxidant
capacity (TREA) or vitamin C equivalent antioxidant capac-
ity (VCEA) per gram of dry extract.

24.  2,2-Diphenyl-1-Picryl-Hydrazyl ~ (DPPH)  Radical-
Scavenging Activity Assay. The ability of GIE to scavenge the
DPPH radical was estimated according to the method of Yang
etal. [23]. Briefly, an aliquot of 100 4L of the sample at different
concentrations was added to 100 4L of 0.2 mM DPPH solution
(Cat. No. D9132, Sigma-Aldrich, St. Louis, USA) in a 96-well
plate. The reaction mixture was kept in the dark for 15min,
and the absorbance was measured at 517 nm using a micro-
plate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
The positive standards (Trolox and vitamin C) were prepared
using the same procedure. A lesser absorbance rate demon-
strated higher radical scavenging activity. The percentage
inhibition of free radical was calculated using the following
equation:  %Inhibition = [(A ool — Agample /A x 100.
The sample concentration providing 50% inhibition (ICs)
was determined from a dose-response curve using linear
regression analysis.

control ]

2.5. Cell Culture. The murine macrophage cell line RAW264.7
(CLS Cell Lines Service GmbH., Eppelheim, Germany) was
cultured in RPMI-1640 medium (Cat. No. 1IVG1-31800022)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Cat. No. 1IVG7-10270-106) and 100 U/mL penicillin-
streptomycin (Cat. No. 1IVG7-15140-122) (GIBCO, Grand
Island, NY, USA). Cells were maintained at 37°C in 95%
humidified with 5% of the CO, atmosphere.

2.6. Measurement of Cell Proliferation by the 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyl-Tetrazolium  Bromide
(MTT) Assay. The effect of GIE on cell viability was evalu-
ated by using a tetrazolium dye colorimetric assay as
described by Tiamyom et al. [14] and Dunkhunthod et al.
[24]. Briefly, RAW264.7 cells were seeded in a 96-well plate
(2 x 10* cells/well) and cultured for 24 h. Cells were treated
with different concentrations of GIE for 24h. Following
treatment, the culture medium was removed, the MTT solu-
tion (0.5 mg/mL) (Cat. No. M6494, Invitrogen, Carlsbad, CA,
USA) was added and further incubated at 37°C for 4 h. Sub-
sequently, 150 uL. DMSO was added to dissolve formazan
crystal formed by viable cells, and absorbance was measured
at 540nm with a microplate spectrophotometer (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

2.7.  Detection of Intracellular ROS by 2.7
-Dichlorofluorescein-Diacetate (DCFH-DA) Assay. Relative
changes of intracellular ROS in RAW264.7 cells were moni-
tored using the fluorescent probe DCFH-DA (Cat. No.

D6883, Sigma-Aldrich, St. Louis, USA) as previously
described by Sittisart and Chitsomboon [25]. Briefly,
RAW?264.7 cells were seeded onto a 96-well black plate at
2.0 x 10* cells/well and cultured for 24h. After removing
the medium, the cells were pretreated with GIE at the con-
centration of 50, 100, 200, or 300 pug/mL or a selective ROS
scavenger, N-acetyl-cysteine 3mM (NAC, Cat. No. A9165,
Sigma-Aldrich, St. Louis, USA) for 3h prior to exposing
them to 1 ug/mL lipopolysaccharide (LPS) (LPS from Escher-
ichia coli O111:B4, Cat. No. L2630, Sigma-Aldrich, St. Louis,
USA) plus 10ng/mL IFN-y (Cat. No. 200-16, Shenandoah
Biotechnology Inc., Warwick, PA, USA) for 24h. After
removing the medium and washing the cells with PBS twice,
20 uM DCFH-DA in Hank’s Balanced Salt Solution (HBSS,
Cat. No. TFS-CB-14175095, GIBCO, Grand Island, NY,
USA) was then added, and the cells were incubated for
30min at 37°C. The cells were washed twice with
phosphate-buffered saline (PBS), and fluorescence intensity
was measured using a Gemini EM fluorescence microplate
reader (Molecular Devices, Sunnyvale, CA, USA) with an
excitation wavelength of 485nm and an emission wave-
length of 535nm. Data were expressed as the percentage
of 2'-7'-dichlorofluorescein (DCF) fluorescence intensity
that was calculated according to the following formula:
DCEF fluorescence intensity (%) = (DCF fluorescence intensit

Viest group/ DCF fluorescence intensity_ . grOup) x 100.

2.8. Cell Treatment. The RAW 264.7 cells (6 x 10° cells/well)
were seeded in a 6-well plate and cultured for 24 h. The cells
were pretreated with GIE at the concentration of 50, 100, 200,
or 300 ug/mL or 1 uM dexamethasone (DEX, Cat. No. API-
04, G Bioscience, St. Louis, MO, USA) or 300 pg/mL of vita-
min E (Vit.E, Cat. No. 95240, Fluka Chemie GmbH, Buchs,
Switzerland) for 3 h prior to exposing them to 1 ug/mL LPS
plus 10 ng/mL IEN-y for 24 h.

2.9. Observation of Morphological Changes by Hematoxylin
Staining. The phenotype feature of RAW264.7 cells was
observed by staining with hematoxylin solution described
by Dunkhunthod et al. [24] and visualized under the inverted
fluorescence microscope (Olympus Corporation, Shinjuku,
TYO, Japan).

2.10. Determination of NO by Griess Reagents. After treat-
ment, the culture supernatants were collected for analysis of
NO using Griess reagents. The accumulation of nitrite in cul-
ture supernatants as an indicator of NO production by
RAW264.7 cells was evaluated using Griess reagent (Cat.
No. 109023, Merck KGaA, Darmstadt, Germany) as described
by Sittisart and Chitsomboon [25]. The amount of nitrite in
the samples was calculated using the linear sodium nitrite
calibration curves at a concentration range of 2.5-100 yM.

2.11. Determination of Proinflammatory Cytokines (IL-6 and
TNF-a) and Anti-inflammatory Cytokines (IL-10) by ELISA.
After treatment, the supernatants containing antigens were
collected. The levels of IL-6, TNF-q, and IL-10 were quanti-
fied by DuoSet® ELISA Kits (IL-6; Cat. No. DY406-05,
TNF-a; Cat. No. DY410-05, and IL-10; Cat. No. DY417-05,



R & D systems Inc., Minneapolis, MN, USA) according to the
manufacturer’s instructions. The optical density of each well
was measured at 450 nm with a microplate reader (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The number of cyto-
kines in the samples was calculated using standard cytokine
linear calibration curves at indicated concentration ranges.

2.12. Detection of mRNA Expression by Quantitative Real-
Time Polymerase Chain Reaction (qRT-PCR). To determine
the level of mRNA expression of inflammatory genes (iNOS
and COX-2) and antiantioxidant genes, including SOD2, glu-
tathione S-transferase pi 1 (GSTP1), NAD(P)H quinone
dehydrogenase 1 (NQOL1), cysteine ligase catalytic subunit
(GCLC), and glutamate-cysteine ligase regulatory subunit
(GCLM) in RAW264.7 macrophage cells after treating with
GIE. Total RNA was isolated using TRIzol reagent (Cat.
No. 15-596-026, Invitrogen, Carlsbad, CA, USA), and 2 ug
of total RNA was reverse transcribed to single-stranded
cDNA using the SuperScript VILO c¢cDNA Synthesis Kit
(Cat. No. 11754-050, Invitrogen™, California, USA) at 42°C
for 1h. qPCR was performed in a LightCycler® 480 Real-
Time PCR System (Roche Diagnostics, Mannheim,
Germany) using SYBR green master mix. The PCR was per-
formed in a final volume of 20 yL containing 1 yL of primer
mixture (10uM), 10uL of 2X SYBR Green Master Mix
(Cat. No. 04707516001, Roche Diagnostics, Mannheim,
Germany), 5uL of cDNA template (5ug), and 4uL of
nuclease-free distilled water. Real-time PCR cycles included
initial denaturation at 95°C for 5min, 95°C for 10, annealing
at 60°C for 20, and extension at 72°C for 30s through 40
cycles. The specificity of each of the PCR products was con-
firmed by melting curve analysis. The fold change in mRNA
expression was calculated by comparing the GAPDH nor-
malized threshold cycle numbers (Ct) in the untreated- and
GIE treated-LPS plus IFN-y-induced cells compared to the
uninduced cells using the 2744t method. Triplicate wells
were run for each experiment, and two independent experi-
ments were performed. The primer sequences designed for
qRT-PCR analysis are listed in Table 1.

2.13. Western Blotting Analysis. The expression of NF-«B p65
and p-NF-«B p65 in RAW264.7 macrophage cells after treat-
ing with GIE for 24h was examined. After incubation, the
cells were washed three times with PBS and placed in
150 uL of ice-cold lysis buffer (1 mL RIPA buffer supple-
mented with 2mM phenylmethylsulfonyl fluoride (PMSF),
2 uM leupeptin, and 1 uM E-64) for 20 min. The disrupted
cells were then transferred to microcentrifuge tubes and cen-
trifuged at 14,000 g at 4°C for 30 min. The supernatant was
collected, and the protein concentration of cell lysate was
estimated by the Lowry method [26]. Thirty micrograms of
cellular proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using 10%
polyacrylamide gels (125 volts, 120 min). The proteins in
the gel were transferred onto a nitrocellulose membrane
(Amersham, Pittsburgh, PA, USA) at 80 volts for 1h. The
membrane was blocked with 5% bovine serum albumin
(BSA) in 0.1% Tween 20 in a PBS buffer (0.1% PBST) at room
temperature for 1h. The membranes were then incubated
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with a 1:1,000 dilution of the mouse monoclonal anti-NF-
xB p65 antibody (F-6, Cat. No. sc-8008), anti-p-NF-«B p65
(27.Ser 536, Cat. No. sc136548), and a-tubulin (B-7, Cat.
No. sc-5286) (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) at 4°C overnight. After extensive washing with 0.1%
PBST, the membranes were incubated with a 1:5,000 dilu-
tion of the secondary antibody mouse IgGx light chain bind-
ing protein conjugated to horseradish peroxidase (m-IgGx
BP-HRP, Cat. No. sc-516102, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) at room temperature for 1h. The
membranes were washed three times for 5min each time,
with 0.1% PBST. The membranes were incubated for 3 min
in SuperSignal™ West Pico Chemiluminescent Substrate
(Cat. No. 34079, Thermo Scientific, Waltham, MA, USA)
and exposed to film. The relative expression of NF-xB p65
and p-NF-«B p65 proteins was quantified densitometrical
using the software image J. The a-tubulin was used as a
housekeeping protein.

2.14. Immunofluorescence Staining. As a marker of NF-xB
activation, the NF-xB p65 subunit’s nuclear translocation
was visualized in RAW264.7 cells by immunofluorescence
microscopy. Cells were seeded at a density of 6 x 10* cells/
well in an 8-well cell culture slide. After 24 h of incubation,
cells were pretreated with 300 ug/mL GIE or 1 uM of DEX
for 3h. Then, cells were coincubated with 1pug/mL LPS
+10ng/mL IEN-y for another 24h. After incubation, cells
were fixed with 4% paraformaldehyde for 15min and then
permeabilized with 0.1%Triton-X100 for 10 min at room
temperature. After washing with PBS, the samples were
blocked in 0.1% PBST containing 4% BSA and then
incubated overnight at 4°C with the mouse monoclonal
anti-NF-«B p65 antibody (F-6, Cat. No. sc-8008, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) diluted 1:200 in 0.1%
PBST containing 1% BSA. After washing with 0.1% PBST,
each reaction was followed by incubation for 1h with anti-
mouse conjugated to Alexa 488-conjugated goat anti-mouse
IgG (Cat. No. ab150113, Abcam, Cambridge, UK) diluted
1:250 in 0.1% PBST containing 1% BSA. After washing with
0.1% PBST, the cells were incubated with 10 mg/mL Hoechst
33258 diluted 1:2000 in 0.1% PBST (Cat. No. H3569, Invi-
trogen, Waltham, MA, USA) for 10 min at room temperature
and then washed with 0.1% PBST. Slides were mounted with
Bio Mount HM mounting medium (Cat. No. 05-BMHM100,
Bio-Optica Milano S.p.a., Milano, Italy). Images of the fixed
RAW264.7 cells were taken with confocal microscopy
(Nikon, Melville, NY, USA).

2.15. Detection of Biomolecule Changing by SR-FTIR
Microspectroscopy. FTIR experiments were conducted using
a spectroscopy facility at the Synchrotron Light Research
Institute (Public Organization), Nakhon Ratchasima,
Thailand. Sample preparation was performed, as previously
described by Dunkhunthod et al. [24]. FTIR spectra were
acquired in transmission mode with a Vertex 70 FTIR spec-
trometer coupled with an IR microscope Hyperion 2000
(Bruker Optics, Ettlingen, Germany), using synchrotron
radiation as an IR source. The microscope was equipped with
a 64x64 element MCT, FPA detector, which allowed
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TasBLE 1: Oligomeric nucleotide primer sequence of qRT-PCR.

Gene Forward primer (5'-3") Reverse primer (5'-3")

iNOS CAGCACAGGAAATGTTTCAGC TAGCCAGCGTACCGGATGA
COX-2 TTTGGTCTGGTGCCTGGTC CTGCTGGTTTGGAATAGTTGCTC
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
TNF-« CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
SOD2 TTAACGCGCAGATCATGCA GGTGGCGTTGAGATTGTTCA
GSTP1 TGGGCATCTGAAGCCTTTTG GATCTGGTCACCCACGATGAA
NQO1 TTCTGTGGCTTCCAGGTCTT AGGCTGCTTGGAGCAAAATA
GCLC GATGATGCCAACGAGTCTGA GACAGCGGAATGAGGAAGTC
GCLM CTGACATTGAAGCCCAGGAT GTTCCAGACAACAGCAGGTC
GAPDH AACGACCCCTTCATTGAC TCCACGACATACTCAGCAC

simultaneous spectral data acquisition with a 36x objective.
The measurements were performed using an aperture size
of 10 um x 10 um with a spectral resolution of 4cm™, with
64 scans coadded. FTIR spectrum was recorded within a
spectral range of 4000-600cm™ using OPUS software
(Bruker Optics Ltd., Ettlingen, Germany).

Unsupervised explorative multivariate data analysis by
Principal Component Analysis (PCA) was conducted using
variables within a spectral range of 3,000-2,800 cm™! and
1,800-950 cm™'. Data manipulations were processed follow-
ing the method of Tiamyom et al. [14] with slight modifica-
tion. Briefly, the data were preprocessed by taking the
second derivative using the Savitzky-Golay algorithm (with
15 points of smoothing), followed by normalization with
extended multiplicative signal correction (EMSC) (Unscram-
bler® X software version 10.5, CAMO Software AS, Oslo,
Norway). The outcome of the analysis could be presented
as 2D score plots and loading plots. The integrated peak areas
of the second derivative FTIR spectra were calculated using
OPUS 7.2 software (Bruker Optics, Ettlingen, Germany) in
the lipid regions (3000-2800cm™), nucleic acids regions
(1257-1204cm™ and 1125-1074cm™), and glycogen and
other carbohydrates regions (1181-1164cm™ and 1063-
1032 cm™). The band area ratio of amide I to amide II was
obtained by calculating the ratio of the amide I (1670-
1627cm™) area to the area under the amide II (1558-
1505cm’™") regions.

2.16. Statistical Analysis. All data are expressed as the
means + S.D. from at least three independent experiments.
The statistical significances (Statistical Package for the Social
Sciences, version 19) were determined by performing a one-
way analysis of variance (ANOVA). Tukey’s test was used
as a post hoc test. p<0.05 was considered as statistically
significant difference, which was indicated by the different
superscript letters.

3. Results and Discussion

3.1. GC-MS Analysis of Volatile Oil Constituents of GIE. In
this study, the phytochemical constituents of GIE were ana-
lyzed. GC-MS analysis in GIE reported about 16 compounds
(as shown in Table 2). The major prevailing compounds were

linolenic acid (24.91%), n-Hexadecanoic acid (Palmitic acid)
(16.98%), and Methylparaben (11.58%). Besides, it also pre-
sented the other chemical compounds, which are known to
exhibit important pharmacological activity, in particular,
anti-inflammatory and antioxidant activities such as phytol
[27, 28], squalene [29], y-tocopherol, dl-a-tocopherol [30,
31], and stigmasterol [32, 33].

Phytol, diterpene alcohol, has been reported to have
remarkable anti-inflammatory activity by reducing
carrageenan-induced paw edema and inhibiting the recruit-
ment of total leukocytes and neutrophils, a decrease in IL-
13 and TNF-«a levels and oxidative stress [27]. Jeong [28] also
reported that phytol suppressed H,0,-induced inflamma-
tion, as indicated by the reduced expression of the mRNA
levels of TNF-a, IL-6, IL-8, and COX-2. Squalene, a natural
lipid belonging to the terpenoid family, significantly inhib-
ited the secretion of proinflammatory cytokines (TNF-a,
IL-1B, IL-6, and IFN-y), proinflammatory enzymes (iNOS,
COX-2, and myeloperoxidase (MPO)), and enhanced
expression levels of anti-inflammatory enzymes (heme
oxygenase-1 (HO-1)) and transcription factors (Nrf2 and
PPARy) in overactivation of neutrophils, monocytes, and
macrophages [29]. y-Tocopherol and dl-a-tocopherol exhib-
ited anti-inflammatory activity in vitro and in vivo, whereas
the combination of y- and a-tocopherols seems to be more
potent than supplementation with a-tocopherols alone [30].
These results provide evidence that GIE is a source of
antioxidants and anti-inflammatory agents, which could
have beneficial effects on treating inflammation-related
diseases. However, further studies are needed to clarify
pharmacological properties.

3.2. Antioxidant Capacity of GIE. Antioxidants can act via
several pathways. Therefore, to investigate the antioxidant
activity of the GIE, we estimated their reducing antioxidant
power and free radical scavenging by using the FRAP and
DPPH radical scavenging assays, respectively. Trolox and
vitamin C were used as standard antioxidant compounds.
As shown in Table 3, GIE exhibited antioxidant activity due
to its ability to reduce ferric ion (Fe’") to ferrous ion (Fe*")
by 24.00 £ 0.69 ug VCEA/mg of dry extract and 28.06 +
0.78 ug TREA/mg of dry extract. GIE at a concentration of
406.59 + 0.11 pug/mL displayed the ability to scavenge DPPH
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TaBLE 2: GC-MS analysis of GIE.
No. Peak name Formula Molecular weight (g/mol) RT (min) %Area
1 2,3-Dihydrobenzofuran CgHgO 120.15 4.74 3.76
2 2-Methoxy-5-vinylphenol CoH,,0, 150.17 5.89 1.42
3 Methylparaben CgH, O, 152.15 7.71 11.58
4 Tetradecanoic acid C,,H,s0, 228.37 11.09 2.86
5 n-Hexadecanoic acid C,6H;,0, 256.43 14.06 16.98
6 Phytol C,oH,,0 128.17 16.73 5.96
7 Linolenic acid C,sH300, 278.43 17.42 24.91
8 Octadecanoic acid C,sH;60, 284.48 17.70 2.04
9 Glycerol beta-palmitate C,oH;50, 330.50 23.60 5.54
10 Beta-Monolinolein C,,H;,0, 354.52 26.36 6.31
11 9,12,15-Octadecatrienal C,sH;,0 262.43 26.51 9.50
12 Squalene C;0Hs, 410.72 28.27 0.93
13 y-Tocopherol C,sH,50, 416.68 31.37 1.80
14 dl-a-Tocopherol C,oH5,0, 430.72 33.04 233
15 Stigmasterol C,oH,O0 412.69 35.67 2.50
16 Olean-12-ene-3,28-diol, (3beta)- C;0H;00, 442.73 46.98 1.57

TaBLE 3: The FRAP and DPPH scavenging activities of GIE and
standard compounds.

FRAP values DPPH scavengin
Sample  (ug VCEA/mg (ug TREA/mg activity (IC.,) & /rﬁL
of dry extract) of dry extract) ty (Cso) g
GIE 24.00 +0.69 28.06+0.78 406.59 +0.11°
Vitamin — — 44.57 % 0.59°
C
Trolox — — 67.19 +4.82°

Values are mean + S.D. (n = 3) and are representative of three independent
experiments with similar results. One-way ANOVA performed the
comparison, and Tukey was used as a post hoc test. The degree of
significance was denoted with different letters for the comparison between
sample groups. p < 0.05 was considered as statistically significant.

radical at 50% (IC,;). In contrast, the positive antioxidant
controls, vitamin C, and Trolox exhibited the IC., values of
approximately 44.57 + 0.59 yg/mL and 67.19 + 4.82 ug/mL,
respectively.

Based on GC-MS analysis (Table 2), GIE contained many
bioactive compounds such as phytol, squalene, y-tocopherol,
dl-a-tocopherol, and stigmasterol, which were reported to
have antioxidant activity. Previous studies demonstrated that
the phytochemical screening of GIE indicated the presence of
phenolic, flavonoids, terpenoids, and glycoside [14, 15].
Numerous studies have shown that plant products’ antioxi-
dant capacity is related to their phenolic and flavonoid con-
tents [34-36]. The synergistic effect of some substances
present in GIE had been reported the antioxidant activity.
Previous studies showed that the combination of squalene
and a-tocopherol displayed a synergistic effect by reducing
the rate of oxidation in a crocin bleaching assay where squa-
lene might act as a competitive compound to a-tocopherol
[37]. The sunflower seed oil containing total polyphenols
and a-tocopherol had a positive K, /K| ratio of rate constants

for antioxidant and crocin value antioxidant activity. It is
possible that the synergistic effect occurs between a-tocoph-
erol and total polyphenols [38]. Besides, the presence of a-,
B-, y-tocopherol in sunflower seed oil may contribute to the
oil resistance to oxidation [38, 39]. Therefore, the presence
of squalene, a-tocopherol, y-tocopherol, and phenolic in
GIE may provide synergistic effects on antioxidant activity.
However, it is also essential to further confirm whether
the antioxidant activity of the combination of a-tocopherol
plus squalene or other volatile compounds in GIE is syner-
gistic. Moreover, the synergistic action of such compounds
from plants had been calculated by the combination index
(CI) [40-42].

3.3. Cytotoxic Effects of GIE on RAW264.7 Cells. The cytotox-
icity of GIE was evaluated by MTT assay. The RAW264.7
cells were treated with various concentrations of the GIE,
ranging from 100 to 500 ug/mL for 24h. As shown in
Figure 1(a), the results demonstrated that GIE at the concen-
tration ranges of 100-400 ug/mL did not show a toxic effect
on RAW264.7 cells (p > 0.05). At the highest tested concen-
tration (500 pg/mL), the number of living RAW264.7 cells
decreased by up to 71.50% compared to the control group.
Based on these results, the nontoxic concentration ranges of
GIE (50, 100, 200, and 300 pg/mL) were selected for treating
cells in further investigation.

3.4. GIE Attenuated the Intracellular ROS Generation and
Increased SOD2 mRNA Expression in LPS plus IFN-y-
Induced RAW264.7 Cells. ROS generated by inflammatory
cells also stimulates pathways that lead to the amplification
of inflammation. ROS-induced kinase activation leads to
the activation of transcription factors, which triggers the
generation of proinflammatory cytokines and chemokine.
Therefore, it is possible that the inflammation would be
controlled by suppressing intracellular ROS production.
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FI1GURE 1: (a) Cytotoxic effects of GIE on RAW264.7 cells. Cells were treated with different concentrations of GIE (100-500 pg/mL) for 24 h.
MTT assay was used to determine cell viability. Values are expressed as a percentage of the control. (b) GIE attenuated the intracellular ROS
production in LPS plus IFN-y-induced RAW264.7 cells. The intracellular ROS levels are expressed as a percentage of the control. (c) The
effects of GIE on antioxidant mRNA expression in LPS plus IFN-y-induced RAW264.7 cells. (d) GIE suppressed NO production in LPS
plus IFN-y-induced RAW264.7 cells. Nitrite concentration was determined from a sodium nitrite standard curve, and the results are
expressed as a concentration (uM) of nitrite in a culture medium. (e) The effects of GIE on COX-2 and iNOS mRNA expression in LPS
plus IFN-y-induced RAW264.7 cells. The data represent the mean + S.D. of two independent experiments. Cells were pretreated with GIE,
NAGC, or DEX for 3h and then coincubated with LPS plus IFN-y for 24 h. UN: uninduced cells; IN: untreated LPS plus IFN-y-induced
cells; NAC: cells were pretreated with NAC at 3 mM; DEX: cells were pretreated with DEX at 1 uM; GIE (50, 100, 200, and 300): cells were
pretreated with GIE at concentrations range of 50, 100, 200, and 300 ug/mL, respectively. One-way ANOVA performed the comparison,
and Tukey was used as a post hoc test. The degree of significance was denoted with different letters for the comparison between sample
groups. p < 0.05 was considered as statistically significant.



Antioxidants are proved that help to protect cells and tissue
from damage caused by free radical molecules [43]. Accord-
ing to FRAP and DPPH results, the possibility of GIE to scav-
enge intracellular ROS formation was further evaluated using
the cell-base assay, DCFH-DA model. LPS and IFN-y were
chosen as an inflammatory inducing molecule, which can
trigger the generation of a series of inflammatory mediators
and reactive oxygen. NAC, as a nutritional supplement, was
applied as the positive antioxidant control. The cells were
pretreated with various concentrations of GIE (50, 100, 200,
and 300 ug/mL) for 3h and then coincubated with LPS plus
IFN-y for another 24 h. As shown in Figure 1(b), while LPS
plus IFN-y increased ROS formation in RAW264.7 cells (by
1.76-fold compared to uninduced cells), pretreated cells with
GIE significantly reduced ROS generation in a
concentration-dependent manner. Surprisingly, the highest
concentration of GIE showed the efficacy of decreasing the
intracellular ROS level to 56.72 + 3.62%, which was a similar
level of the basal intracellular ROS production
(56.56 +3.18%) in uninduced cells (UN). As expected, the
positive antioxidant compound, NAC, possessed a potent
free radical scavenging activity by decreasing the intracellular
ROS level to 44.07 + 3.82% compared to untreated LPS plus
IFN-y-induced cells. These results lead us to believe that
GIE could inhibit ROS production by scavenging free radi-
cals in cells, which is confirmed by the results of the FRAP
and DPPH assay (Table 3). Our study was in agreement with
other studies, which reported that G. inodorum displayed the
antioxidant activity measuring by various in vitro antioxidant
assays [13, 44]. However, this is the first report of the study,
proving the antioxidant effect of this plant in the cell-based
assay. Next, the inhibitory effect of GIE on oxidative stress
was investigated by measuring antioxidant enzyme mRNA
expression in RAW264.7 cells induced by LPS plus IFN-y.
Following stimulation of the cells by LPS plus IFN-y, SOD2
mRNA expression exhibited a slight increase, along with a
significant decrease in GSTP1, NQO1, GCLC, and GCLM
mRNA expression (Figure 1(c)). Treatment by 300 ug/mL
GIE achieved a statistically significant increase in SOD2
mRNA expression in LPS plus IFN-y-induced cells
(p < 0.05). However, with concentrations of 300 yg/mL, there
was no statistically significant difference in the mRNA
expression of GSTP1, NQO1, GCLC, and GCLM compared
to LPS plus IFN-y-induced cells (IN) (p > 0.05). These results
provide evidence that GIE inhibited ROS production by
upregulating the expression of SOD2 mRNA levels in LPS
plus IFN-y-induced RAW264.7 cells.

ROS is considered to be a causal factor in inflammatory
responses. Higher levels of ROS can cause toxicity or act as
signaling molecules. The cellular levels of ROS are controlled
by low molecular mass antioxidants and antioxidant
enzymes. SOD2 is one of the primary cellular antioxidant
enzymes, which catalyze the dismutation of superoxide anion
(O,") to oxygen and hydrogen peroxide (H,0,) [45]. SOD2
was actively expressed via the NF-«B pathway during the
progression of inflammatory conditions. The intracellular
SOD2 has a protective role by suppressing the nucleotide-
binding oligomerization domain, leucine-rich repeat, and
pyrin domain-containing (NLRP) inflammasome-caspase-
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1-IL-13 axis under inflammatory conditions [46]. Superoxide
dismutase (SOD) also acts as an anti-inflammatory due to its
inhibitory effects on the release of lipid peroxidation-derived
prostaglandins, thromboxane, and leukotrienes [47]. There-
fore, GIE elevated the levels of SOD2 can be an effective
therapeutic strategy in oxidative stress and inflammation.

3.5. GIE Suppressed the Production of NO and Attenuated
iNOS and COX-2 mRNA Expression in LPS plus IFN-y-
Induced RAW264.7 Cells. NO is a reactive nitrogen species
(RNS), which also plays essential biology roles, similar to
ROS. NO is synthesized by activating macrophages involved
in an immune and inflammatory response. Inhibition of NO
production was usually used as the necessary pharmacologi-
cal treatment of inflammation-related diseases. Therefore, in
this study, we investigated whether GIE could modulate NO
production in LPS plus IFN-y-induced RAW264.7 cells and
measured for NO production using the Griess assay. The
anti-inflammatory agent, dexamethasone (DEX), was used
as the reference drug. As shown in Figure 1(d), the results
showed that LPS plus IFN-y induced significantly increased
NO production (p<0.05), reaching 45.68 +1.26 uM in
untreated LPS plus IFN-y-induced cells (IN). GIE reduced
NO production in a dose-dependent manner. Moreover, the
extract at concentrations of 200 and 300 ug/mL significantly
suppressed NO production compared to untreated LPS plus
IFN-y-induced cells (IN) (p < 0.05). The highest concentra-
tion of GIE at 300 ug/mL exhibited the NO suppression
(12.62% of NO inhibition), approximately the same efficiency
as the reference drug, DEX (15.80% of NO inhibition).

In the inflammatory response, NO and PGE, are synthe-
sized by iNOS and COX-2, respectively [48]. To confirm if
the suppression of NO production by GIE was related to
change in iNOS as well as COX-2 mRNA levels, qRT-PCR
was performed. Figure 1(e) showed that iNOS and COX-2
mRNA expression was increased in LPS plus IFN-y-induced
cells (IN). At the same time, pretreated GIE significantly
decreased the expression of iNOS and COX-2 mRNA levels
in a concentration-dependent manner (p < 0.05). The pres-
ent study indicates that the suppressive effect of GIE on NO
production is mediated through the inhibition of iNOS
mRNA expression. Therefore, iNOS reduction leads to the
lower of PGE, and COX-2 expression in activated macro-
phages with LPS. There is no doubt that LPS and IFN-y also
efficiently enhance COX-2 expression in RAW264.7 cells
[49]. Our results demonstrate that GIE can exhibit anti-
inflammatory activity by attenuating COX-2 mRNA expres-
sion. Thus, GIE might play essential roles in ameliorating
inflammation by suppressing NO production and downregu-
lation of iNOS and COX-2 mRNA expression.

3.6. GIE Suppressed Proinflammatory Cytokines (IL-6 and
TNF-w), Proinflammatory mRNA Expression, and Slightly
Increased Anti-inflammatory Cytokines (IL-10) in LPS plus
IEN-y-Induced RAW264.7 Cells. Inflammation is mediated
by cytokines released from immune cells in response to
pathogens’ molecular components, such as the LPS of
gram-negative bacteria. TNF-« in inflammatory processes is
an essential proinflammatory mediator, leading to other
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FI1GURE 2: GIE suppressed the secretion of (a) proinflammatory cytokines IL-6, (b) TNF-«, and slightly increased (c) anti-inflammatory
cytokines IL-10 secretion in LPS plus IFN-y-induced RAW264.7 cells. The effects of GIE on (d) IL-6 and (e) TNF-a mRNA expression.
Cells were pretreated with GIE or DEX for 3h and then coincubated with LPS plus IFN-y for 24 h. UN: uninduced cells; IN: untreated
LPS plus IFN-y-induced cells; DEX: cells were pretreated with DEX at 1 uM; GIE (50, 100, 200, and 300): cells were pretreated with GIE at
concentrations range of 50, 100, 200, and 300 ug/mL, respectively. The data represent the mean + S.D. of two independent experiments.
One-way ANOVA performed the comparison, and Tukey was used as a post hoc test. The degree of significance was denoted with
different letters for the comparison between sample groups. p < 0.05 was considered as statistically significant.
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(g

FiGure 3: Effects of GIE on the morphology of LPS plus IFN-y-induced RAW264.7 cells. Cells were stained with hematoxylin staining: (a)
uninduced RAW264.7 cells, (b) untreated LPS plus IFN-y-induced cells, (c) cells were pretreated with DEX at 1 uM, (d), (e), (f), and (g)
cells were pretreated with GIE at concentrations range of 50, 100, 200, and 300 yg/mL, respectively (original magnification at x600, scale
bar; 10 ym).

inflammatory molecular expressions as IL-6 and COX-2.  confirm the anti-inflammatory activity of the GIE, the effects
However, IL-10 is a key anti-inflammatory cytokine with  of the extract on proinflammatory cytokine (IL-6 and TNEF-
immunomodulatory effects, causing the inhibition of another «) and anti-inflammatory cytokine (IL-10) production were
proinflammatory cytokine such as TNF-a [50]. In order to  evaluated in LPS plus IFN-y-induced RAW264.7 cells by
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F1GURE 4: Effects of GIE on the nuclear translocation of NF-«B p65 in LPS plus IFN-y-induced RAW264.7 cells at 24 h. Cells were pretreated
with GIE or DEX for 3 h and then coincubated with LPS plus IFN-y for 24 h. The nuclear translocation of NF-«B p65 was detected using an
immunofluorescence assay and visualized under confocal microscopy. The figure represents the cell morphology (bright field), the nuclear
translocation of NF-«B p65 (green fluorescence), nucleus (blue fluorescence), and costaining (overlay green and blue fluorescence). Scale
bar, 20 um. UN: uninduced cells; IN: untreated LPS plus IFN-y-induced cells; DEX: cells were pretreated with DEX at 1 uM; GIE300: cells

were pretreated with GIE 300 pg/mL.

using ELISA. The results indicated that GIE at all tested-
concentration significantly suppressed LPS plus IFN-y-
induced IL-6 production (p < 0.05; Figure 2(a)) and slightly
decreased TNF-a production compared to untreated LPS
plus IFN-y-induced cells (IN) (Figure 2(b)). As expected,
DEX (a reference drug) could also inhibit LPS plus IFN-y-
induced IL-6 and TNF-a production by 95.38% and
58.88%, respectively. Surprisingly, LPS plus IFN-y induced
the secretion of IL-10 about 6.5-fold compared to uninduced
cells. DEX significantly increased the secretion of IL-10 level
by almost 36.78% compared to untreated LPS plus IFN-y-
induced cells (p <0.05; Figure 2(c)). While pretreated-GIE
only showed a slight increase in IL-10 levels (around 5-
10%) but no significant difference compared to untreated
LPS plus IFN-y-induced cells (p > 0.05). qRT-PCR was per-
formed to investigate whether suppression of TNF-«a and
IL-6 production by GIE was related to a change in mRNA
levels for both proinflammatory cytokines. Increasing con-
centrations of GIE produced a decrease in the order of IL-6
mRNA levels in LPS plus IFN-y-induced cells (Figure 2(d)).
However, GIE slightly decreased TNF-a mRNA levels
compared to LPS plus IFN-y-induced cells (Figure 2(e)).
The profile of IL-6 and TNF-« suppression by GIE suggests
that GIE acts more potent on IL-6 than TNF-a.

Base on GC-MS analysis, the volatile oil compounds
presenting in GIE, including phytol, squalene, y-tocopherol,
dl-a-tocopherol, and stigmasterol, have been reported to
have anti-inflammatory and antioxidant activities. Therefore,
the anti-inflammatory effects of the GIE could simply rely on
volatile oil components that may exert synergistic effects.
This is the first study concerning the inhibitory activity
against proinflammatory cytokines (IL-6 and TNF-«) in
LPS plus IEN-y-induced RAW264.7 cells. The secretion of
proinflammatory cytokines, TNF-« and IL-6, is an important
factor in upregulating the inflammatory process. The high
levels of TNF-a and IL-6 play a critical role in acute and
chronic inflammatory diseases; both cytokines are prime
targets for intervention by anti-inflammatory therapeutic
agents. Therefore, the development of anti-inflammatory
substances, which can modulate proinflammatory mediators’
production, is an efficient way to manage inflammatory con-
ditions. These results provide evidence that GIE could be a
source of anti-inflammatory agents, which may have a bene-
ficial effect on treating inflammation-associated diseases.

3.7. Effects of GIE on the Morphology of LPS plus IFN-y-
Induced RAW264.7 Cells. The morphological alteration in
LPS plus IFN-y-induced RAW264.7 cells in the presence or
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F1Gure 5: Effects of GIE on phosphorylation of NF-«B p65 induced by LPS plus IFN-y in RAW264.7 cells. Cells were pretreated with GIE or
DEX for 3 h and then coincubated with LPS plus IFN-y for 24 h. The protein expression was analyzed by Western blotting. (a) The cellular
proteins were used to detect the phosphorylated NF-«B p65 and total form of NF-«B with a-tubulin as a housekeeping control protein. (b)
Mean densitometric values are expressed as bar charts. The data represent the mean + S.D. of three independent experiments. One-way
ANOVA performed the comparison, and Tukey was used as a post hoc test. The degree of significance was denoted with different letters
for the comparison between sample groups. p <0.05 was considered as statistically significant. UN: uninduced cells; IN: untreated LPS
plus IFN-y-induced cells; DEX: cells were pretreated with DEX at 1 uM; GIE300: cells were pretreated with GIE 300 pg/mL.

absence of GIE were also observed (as seen in
Figures 3(a)-3(g)). The results demonstrated that LPS
and IFN-y caused cell morphology to change into a pseudo-
podia formation, spreading, and pancake-like shape within
24h of stimulation (Figure 3(b)). The phenotypic polariza-
tion of macrophages allows the macrophage to engulf lipids,
dead cells, other substances perceived as danger signals and
secrete a large number of inflammatory molecules [51, 52].
In contrast, uninduced cells (UN) displayed a circular shape,
a common form of RAW264.7 cells (Figure 3(a)). The pre-
treatment with GIE decreased the degree of cell spreading
and pseudopodia formation, which was obviously observed
in cells after pretreated with GIE 300 ug/mL (Figure 3(g)).
Our results are in substantial agreement with a previous
study of Kang et al. that the cotreatment of LPS with the
crude methanol extract of Citrus aurantium L. reduces the
level of cell spreading and pseudopodia formation by
suppressing cell differentiation [53].

3.8. Effects of GIE on NF-xB p65 Nuclear Translocation and p-
NF«B p65 (27.Ser 536) Protein Expression in LPS plus IFN-y-
Induced RAW264.7 Cells. Given that LPS plus IFN-y-induced
inflammation is through Toll-like receptor (TLR) signaling,
NF-«B is activated and translocate into the nucleus to regu-
late the induced transcription of proinflammatory genes
[54]. As a marker of NF-«B activation, the nuclear transloca-
tion of the NF-«B p65 was visualized in LPS plus IFN-y-
induced RAW264.7 cells by immunofluorescence confocal
microscopy. As shown in Figure 4, LPS plus IFN-y-induced
RAW264.7 cells (IN) showed marked NF-«B p65 staining
in the nuclei, while uninduced cells (UN) showed weaker
nuclear NF-xB expression but stronger staining in the cyto-

plasm. GIE treatment (GIE300) attenuated LPS plus IFN-y-
induced nuclear translocation of NF-«B p65. Based on these
findings, GIE can decrease the nuclear translocation of NF-
B, thus further inhibiting the expression of target inflamma-
tory genes.

To further investigate whether GIE can regulate NF-«xB
signaling in LPS plus IFN-y-induced RAW264.7 cells, the
phosphorylation of NF-«B p65 was detected by Western blot-
ting. Stimulation of the uninduced cells by LPS plus IFN-y
(IN) exhibited significantly higher phosphorylation of NF-
kB p65 than uninduced cells (UN) (p < 0.05; Figures 5(a)
and 5(b)). Pretreatment with 1 yM DEX or GIE showed a
trend to reduce the phosphorylation of NF-xB p65 proteins,
but no significant difference compared to LPS plus IFN-y-
induced cells (IN) (p > 0.05). This result suggests that GIE
exhibits a slight inhibitory effect on the phosphorylation of
NEF-«B p65 to exert its anti-inflammatory effects.

In oxidative stress and anti-inflammation, enhancement
of antioxidant gene expression plays an essential role in cell
protection. It has been reported that superoxide dismutase
(SOD) can modulate ROS-dependent signaling pathways
during inflammatory responses [55]. The activation of Nrf2
antioxidant pathway prevents LPS-induced transcriptional
upregulation of proinflammatory cytokines [56]. This
research found that GIE increased the antioxidant gene
expression, SOD2, and reduced NO and ROS production.
Therefore, it is possible that the antioxidant properties of
GIE could modulate the inflammation process caused by
regulating the ROS levels.

3.9. Vitamin E Exhibited Anti-inflammatory Activities by
Suppressing iNOS, COX-2, and IL-6 mRNA Expression in
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FIGURE 6: (a) Cytotoxic effects of Vit.E on RAW264.7 cells for 24 h. MTT assay was used to determine cell viability. Values are expressed as a
percentage of the control. (b) The effect of Vit.E compared to GIE on NO production in LPS plus IFN-y-induced RAW264.7 cells. Nitrite
concentration was determined from a sodium nitrite standard curve, and the results are expressed as a concentration (#M) of nitrite in a
culture medium. The data represent the mean + S.D. of three independent experiments. (c) The effects of Vit.E on COX-2 and iNOS
mRNA expression in LPS plus IFN-y-induced RAW264.7 cells. (d) The effects of Vit.E on TNF-a, IL-6, and SOD2 mRNA expression in
LPS plus IFN-y-induced RAW264.7 cells. The data represent the mean + S.D. of two independent experiments. Cells were pretreated with
GIE or DEX for 3h and then coincubated with LPS plus IFN-y for 24 h. UN: uninduced cells; IN: untreated LPS plus IFN-y-induced cells;
DEX: cells were pretreated with DEX at 1uM; GIE 300: cells were pretreated with GIE 300 ug/mL; VitE (150 and 300): cells were
pretreated with Vit.E 150 and 300 ug/mL, respectively. One-way ANOVA performed the comparison, and Tukey was used as a post hoc
test. The degree of significance was denoted with different letters for the comparison between sample groups. p < 0.05 was considered as
statistically significant.

LPS plus IFN-y-Induced RAW264.7 Cells. GIE has been  active constituents have been demonstrated in several
reported to have antioxidant and anti-inflammatory activi-  studies. Therefore, it is essential to confirm whether the
ties in LPS plus IFN-y-induced RAW264.7 cells in this  active ingredients contributed to the antioxidant and anti-
research. Based on GC-MS analysis, we found that GIE con-  inflammatory abilities of GIE. The dl-alpha-tocopherol or
sisted of many volatile oil compounds, including phytol,  Vit.E was chosen to elucidate the anti-inflammation and anti-
squalene, y-tocopherol, dl-a-tocopherol, and stigmasterol. oxidative activities in LPS plus IFN-y-induced RAW264.7
The antioxidant and anti-inflammatory activities of these  cells. The cytotoxicity of Vit.E was evaluated. The results
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TaBLE 4: Band assignments of major absorptions in FTIR spectra in 3000-950 cm™ regions.

Band position of 2™ derivative spectra (cm™)

Assignments

2962
2923
2875
2852

1655

1544
1515
1463
1452
1394
1243
1176
1087
1047
963

CHj stretching (antisymmetric) due to the methyl terminal of membrane phospholipids

CH, antisymmetric stretching of methylene group of membrane phospholipids

CH, symmetric stretching: lipids and proteins

CH, symmetric stretching: mainly lipids

Amide I: C=0 (80%) and C-N (10%) stretching, N-H (10%) bending vibrations:

proteins a-helix

Amide II: N-H (60%) bending and C-N (40%) stretching vibrations: proteins a-helix

CO, antisymmetric stretching

CH, bending vibrations: mainly lipids with little contributions from proteins
CH, bending vibrations: mainly lipids with little contributions from proteins
COO" symmetric stretching: fatty acids and amino acids
PO*asymmetric stretching vibrations: RNA, DNA, and phospholipids
C-O vibrations from glycogen and other carbohydrates
PO*asymmetric stretching vibrations: RNA, DNA, and phospholipids
C-O vibrations from glycogen and other carbohydrates

C-C/C-O0 is stretching of deoxyribose vibration

exhibited that Vit.E at 150 and 300 yg/mL did not reduce the
cell viability compared to RAW264.7 cells (Figure 6(a)).
Then, the noncytotoxic concentration of Vit.E at 300 yg/mL
was chosen to perform subsequent experiments. Vit.E did
not suppress NO production induced by LPS plus IFN-y in
RAW264.7 cells (Figure 6(b)). The results indicated that
Vit.E showed a significantly suppressed iNOS and IL-6
mRNA expression lower than untreated LPS plus IFN-y-
induced cells (IN) (p < 0.05; Figures 6(c) and 6(d)), whereas
COX-2, TNF-q, and SOD2 were lower than IN but no signif-
icant difference (p > 0.05; Figures 6(c) and 6(d)). Therefore,
these results imply that Vit.E exhibits the inhibitory effect
on the inflammatory gene expression, which is related to
the anti-inflammatory effects of GIE. As mentioned above,
GIE consists of many volatile oils; therefore, the antioxidant
and anti-inflammatory activities of it may cause by other
chemical compositions found in this plant. Moreover,
phenolic, flavonoids, terpenoids, and glycoside in GIE were
reported in previous studies [14, 15]. The presence of flavo-
noids had been reported to be associated with the antioxidant
and anti-inflammatory activities of several plant extracts [25,
57, 58]. Thus, it is possible that phenolic and flavonoid com-
pounds in GIE could provide substantial antioxidant and
anti-inflammatory activities. In order to compare the inhibi-
tory effect of Vit.E and GIE, GIE at 300 ug/mL contains Vit.E
approximately 6.99 yg/mL. The results indicated that GIE at
300 pug/mL had inhibitory effect on COX-2 (73.48% inhibi-
tion, Figure 1(e)), iNOS (64.58% inhibition, Figure 1(e)), and
IL-6 (75.72% inhibition, Figure 2(d)) mRNA levels higher
than VitE alone at 300 ug/mL, which inhibited COX-2
(40.74% inhibition, Figure 6(c)), iNOS (56.86% inhibition,
Figure 6(c)), and IL-6 (58.42% inhibition, Figure 6(d)). These
results imply that the anti-inflammatory effect of GIE on
these cells may have synergistic activities that cause by the
combination of compounds presenting in GIE.

3.10. SR-FTIR Detected Biomolecule Alterations in RAW264.7
Cells. SR-FTIR was applied to detect the effects of GIE on bio-
molecule alterations such as lipids, proteins, nucleic acids,
and carbohydrates based on their specific vibrational finger-
prints. The detailed spectral band assignments of samples
are given in Table 4. As shown in Figure 7(a), the represen-
tative FTIR spectra acquired in the 3800-900 cm™ from four
individuals of sample groups, including uninduced
RAW264.7 cells, untreated LPS plus IFN-y-induced
RAW264.7 cells, 1uM of DEX-, and 300pug/mL GIE-
treated LPS plus IFN-y-induced RAW264.7 cells. The
second derivative analysis in spectral regions ranges from
3,000 to 2800cm™ for lipid regions and 1800 to 950 cm™
for protein regions, nucleic acid, and other carbohydrate
regions (as shown in Figures 7(b) and 7(c)) respectively.
The 2" spectral revealed the prominent differences between
the average spectra belonging to the different groups. The
spectral differences were clearly observed mainly in lipid
regions centered at 2962cm™, 2923cm’, and 2852cm’,
protein regions centered at 1655 cm™ and 1544 cm™, nucleic
acid and other carbohydrates regions centered at 1243 cm’’,
1176cm™, 1087cm™, and 1047 cm™’. The integral area of
2™ derivative FTIR spectral regions in each region was
calculated to analyze the differences between lipid regions
(2972-2951cm™’, 2934-2910cm™', 2878-2870cm’', and
2856-2843 cm™"), nucleic acids (1257-1204cm™ and 1125-
1074cm™), glycogen, and other carbohydrates (1181-
1164cm™ and 1063-1032cm™) as shown in Figure 8(a).
The level of lipid content was significantly increased in all
test groups compared to the uninduced group (p <0.05),
whereas the highest level of lipid was found in DEX- and
GIE-treated groups. This increase in lipid content might
be due to the changing of the cell membrane and lipid accu-
mulation in RAW264.7 cells. According to the results of cell
morphological changes stained by hematoxylin staining, the
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FIGURE 7: FTIR spectra obtained using SR-FTIR and processed with a second derivative. (a) Average original FTIR spectra (3800-900 cm™), (b)
average the second derivative spectra of lipid regions (3000-2800 cm ™), and (c) average the 2™ derivative spectra of protein and nucleic acid and
other carbohydrate regions (1800-950 cm™). The data obtained from uninduced cells (UN, = 70), untreated LPS plus IFN-y-induced cells (IN,
n="70), 1 uM of DEX-treated cells (DEX, n =70), and 300 ug/mL of GIE-treated LPS plus IFN-y-induced cells (GIE300, n = 70).

phenotypic changes of RAW264.7 cells are induced by LPS
and IFN-y (Figures 3(b)-3(g)). The increasing lipid content
may be related to the inflammatory phenotype of macro-
phages in which they are able to engulf lipids, dead cells,
and other substances perceived as danger signals via phago-
cytosis [52]. All ingested lipids are then processed by acid
lipases within the lysosomes, leading to free fatty acids and
cholesterol generation [59]. Nevertheless, our data indicated
that nucleic acid content seemed to increase in the DEX-
treated cells and decrease in GIE-treated cells. However,
the differences were not statistically significant from both
uninduced cells and untreated LPS plus IFN-y-induced cells
(p>0.05). According to these findings, the present data
showed that the selected GIE concentration did not affect
the cells’ nucleic acids, consistent with the cytotoxic effect
of GIE obtained from MTT assay. These results are
confirmed by the study of Machana et al. [60], which
reported the DNA content in apoptotic cell death, by
contrast, to increase during necrotic cell death. As shown
in Figure 8(a), the glycogen and other carbohydrate content

of the untreated LPS plus IFN-y-induced cells were signifi-
cantly decreased compared to the uninduced cells (p < 0.05).
Upon DEX and GIE treatment, the glycogen and other carbo-
hydrate contents were increased compared to the untreated
LPS plus IFN-y-induced cells. The band area ratio of amide
I (1670-1627 cm™')/amide 11 regions (1558-1505cm™) was
calculated to obtain information about changes in protein
composition and structure (Figure 8(b)). There was a signifi-
cant increase in the ratio of amide I to amide II bands in
untreated LPS plus IFN-y-induced RAW264.7 cells compared
to the uninduced RAW264.7 cells (p < 0.05), revealing an
alteration in the structures of proteins. In comparison, the
GIE treating group showed a significant decrease in amide
I/amide II ratio compared to untreated LPS plus IFN-y-
induced RAW264.7 cells (p <0.05). According to amide I
and amide II profiles depending on the protein structural
composition, the changing of amide I/amide II ratio sug-
gests that there are some alterations in protein structure
and conformation in LPS plus IFN-y-induced RAW264.7
cells [18].



16
0.05
7] c
b [
] b By
0.04 | XX
i IO
] X
Yol
] Pode!
- XX
[+ 0.9,
o 0.03 XX
= i XX
=] 038
—_ XX
e ] fo%e!
&b b %S
TR ! a
= XX
= 0.02 0%
= S o
] %! ]
1 % S
4 IXX] "%
0.0 KX
1 %! ]
0.01 ho%e} o)
: XS <
7 (%] B
] % Lol
R <X
T KX
N XX
20
0.00 - oL

Lipid Nucleicacid ~ Glycogen and
other carbohydrates
Hl UN B DEX
=R IN XX GIE300

()

Oxidative Medicine and Cellular Longevity

N
wn
J

2.0

Amide I/amide II ratio

0.5

0.0

UN IN
|

"1 ug/mL LPS+10 ng/mL IFN-y |

DEX GIE300
|

(®)

FIGURE 8: Bar graph shows (a) integrated areas of remarkable lipid, nucleic acid, glycogen, and other carbohydrate regions and (b) the amide
I/amide 1I ratio of 2™* derivative spectra. Data are represented as means + $.D. for three replicates. The data obtained from uninduced cells
(UN, n =70), untreated LPS plus IFN-y-induced cells (IN, # = 70), 1 yM of DEX-treated cells (DEX, n = 70), and 300 ug/mL of GIE-treated
LPS plus IFN-y-induced cells (GIE300, # = 70). One-way ANOVA performed the comparison, and Tukey was used as a post hoc test. The
degree of significance was denoted with different letters for the comparison between sample groups. p < 0.05 was considered as statistically

significant.

Based on the spectral differences, the PCA analysis was
applied to confirm any possible discrepancies between four
sample groups in spectral ranges of 3000-2800cm™’ and
1800-950 cm ™. Four clusters of spectra were distinctly visual-
ized in two-dimensional score plots, including PC1 vs. PC2,
PC1 vs. PC3, and PCl vs. PC4 score plot as shown in
Figures 9(a)-9(c), respectively. PCA loading plots were used
to indicate the contribution of variables between sample
groups (as shown in Figures 9(d) and 9(e)). The PCA analysis
obviously illustrated that the clusters of untreated LPS plus
IFN-y-induced RAW264.7 cells (IN) and DEX-treated cells
(DEX) were separated from the cluster of GIE-treated cells
(GIE300) along PC1 (33%). They were also separated from
the group of uninduced RAW264.7 cells (UN) along with
the PC2 score (9%) as shown in Figure 9(a). The amide I
band from protein at 1629 cm™ and 1623 cm™ (assigned to
the f3-sheet structure) were heavily loaded for negative PC1
and positive PC2 loading, respectively (Figure 9(d)), which
were responsible for discriminating the untreated LPS plus
IFN-y-induced RAW264.7 cells and DEX-treated cells,
respectively. These data indicated that the amide I protein
of the untreated LPS plus IFN-y-induced RAW264.7 cells
and DEX-treated cells were higher than the uninduced and
GIE-treated cells. The cluster of DEX-treated cells was dis-
criminated from uninduced and untreated LPS plus IFN-y-
induced RAW264.7 cells along PC3 (8%) (Figure 9(b)) in
correlation with the positive loading centered at 2960 cm™’,
2925cm™’, and 2854cm™, assigned to the C-H stretching
vibration of lipid in the cells (Figure 9(e)). Moreover, the
cluster of uninduced and DEX-treated cells could be distin-
guished from wuntreated LPS plus IFN-y-induced

RAW264.7 cells by their having positive PC4 scores (5%)
(Figure 9(c)), which were associated with the negative load-
ing plot centered at 1232cm™, 1201cm™, and 998cm™,
attributing to C-C from nucleic acid and C-O from a glyco-
protein and other carbohydrates. This data displayed that the
glycogen and other carbohydrates in uninduced and DEX-
treated cells were higher than untreated LPS plus IFN-y-
induced RAW264.7 cells. These results provide evidence that
PCA analysis has corresponded to the integrated peak areas
obtained from 2"¢ derivative spectra (Figures 8(a) and 8(b)).

4. Conclusions

To our knowledge, the present study is the first report of
the antioxidant and anti-inflammatory effects of GIE in
LPS plus IFN-y-induced RAW264.7 cells. GIE exerted an
antioxidative effect based on its ROS scavenging properties
and elevating the antioxidant gene expressions. GIE pos-
sesses anti-inflammatory effects by suppressing both proin-
flammatory mediators and gene expression in LPS plus
IFN-y-induced RAW264.7 cells. The data from SR-FTIR
spectroscopy exhibited that LPS plus IFN-y could affect
the biochemical profile of RAW264.7 cells. SR-FTIR analy-
sis was able to evaluate the effect of GIE on the changing of
macromolecules, including lipid, protein structure, nucleic
acid, glycogen, and other carbohydrates. These findings
provide evidence that GIE has significant antioxidant and
anti-inflammatory properties and could serve as a potent
compound of those activities that warrant further research
and development.
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Hypertension is a dominant risk factor for the development of cardiovascular, kidney, and eye diseases. In Africa, it increasingly
leads to hospitalisation and a strain on the public health system. However, rather than modern medicine, African traditional
healers are the first choice for most South Africans. Therefore, this study is aimed at gathering information on herbal remedies
traditionally used for the treatment of high blood pressure in Vhavenda, South Africa, and comparing this information with
reports in the literature regarding plants used to manage high blood pressure. An ethnobotanical survey was carried out in
Vhembe district and its environs with 53 herbalists and indigenous people aged between 36 and 66 years from January to
October 2019 using a semistructured questionnaire. The plants were collected with each respondent; they were authenticated
and kept in herbarium. A total of 51 different plants were mentioned as being most commonly used for hypertension treatment.
Of these, 44 plants were identified, with those from the Fabaceae family followed by plants from the Celastraceae family being
commonly mentioned. Of these, the Elaeodendron transvaalense, Tabernaemontana elegans, Elephantorrhiza elephantina, and
Aloe vossii were commonly cited species. According to the literature data, most of the identified plants are yet to be scientifically
investigated for the treatment of hypertension, whereas only preliminary investigations have been carried out on other plants,
suggesting that these preliminary investigations may have highlight promising antihypertensive activities in vitro that are
indicative of their potential as antihypertensive drugs. Therefore, there is a need to scientifically investigate the antihypertensive
potentials of these plants as a potential source of antihypertensive treatment and compounds.

1. Introduction

Hypertension is increasing at an alarming rate as a major
public health concern after infection with the human immu-
nodeficiency virus (HIV) and tuberculosis (TB). It is becom-
ing one of the common cardiovascular diseases and a major
health concern worldwide [1]. The two types of hypertension
viz systolic and diastolic, graded as to patient blood pressure
(BP): grade I or mild (BP 140-159/90-99 mmHg), grade II or
moderate (BP 160-179/100-109 mmHg), and grades IIT and
IV or severe (BP>180-210/110-120 mmHg) [2]. The exact
causes of high blood pressure are unknown, but several risk
factors such as family history, smoking, extensive use of alco-
hol, being overweight or obese, high sodium intake, high
sugar intake, or lack of physical activity have been linked to

the development of hypertension [3]. The incidence of
hypertension has been reported mainly in individuals over
50 years in age, although there have been a few reports
involving younger patients [4]. There are also reports that
suggest that other conditions such as kidney failure, insulin
resistance, atherosclerosis, cardiovascular diseases, and ner-
vous system problems cause or exacerbate high blood pres-
sure [5, 6]. There are different treatment regimens for
hypertension, but these are associated with side effects, and
hence, there is still a need for alternative treatment modali-
ties. In this regard, different societies have their own systems
in place to maintain and restore well-being, including tradi-
tional medicine that are of great importance as research has
shown that their therapeutic properties are associated with
secondary plant metabolites which treat the disease
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effectively with fewer or no side effects compared to the use of
synthetic drugs [7].

A recent report suggests that more than three quarters of
the world population depends on traditional medicine [8]. In
Africa, the use of traditional medicine is popular due to trust
and belief in its efficacy and dissatisfaction shown towards
modern medicine [9]. Traditional medicine was in existence
in Africa long before western medicine, and it is believed to
link with “ubuntu,” connecting the patient to the land and
to embrace nature [10]. Thus, traditional medicine is an
integral and important part of the African heritage with this
system developed by the society and passed on from one
generation to the next in various forms [11, 12].

In Africa, traditional healers are believed to heal the
physical and psychospiritual unwellness of an individual,
reflecting a holistic approach to healing and treatments [9,
13]. This has led to a dependence on traditional healers such
that they provide health services to over 80% of the popula-
tion in rural communities due to their accessibility and
affordability, and they have become the first choice for treat-
ment for many people [14-16]. The relatively small number
of health facilities and the associated delays in processing
and treatment have influenced rural communities in their
choice of traditional medicine rather than modern health
care [10, 17]. In Thailand, the government has developed a
healing system called “traditional Thai medicine” involving
a health policy designed to reduce the use of expensive mod-
ern medicines that is linked to a scientific approach of 4-year
curricula for training programs that culminate in a bachelor’s
degree [18]. Zimbabwe has also taken the initiative where
they have their own Traditional Medical Practitioner Act
which integrates traditional and modern medicines [19].
The South African government is attempting to close the
gap between modern medicine and traditional medicine by
providing complementary and alternative health services
[20, 21]. In 2007, the South African government passed the
Traditional Health Practitioner Act No. 22 so that in May
2014, sections of this Act provided more autonomy to the
Traditional Health Practitioner Council of South Africa
[22-24]. In light of these developments, this study is aimed
at documenting indigenous knowledge on the herbal reme-
dies used by the people of Vhembe District, Thulamela,
South Africa, for the treatment of hypertension.

2. Methods

2.1. Ethnobotanical Survey

2.1.1. The Study Area and Population. Vhembe is one of the
five districts in the Limpopo Province, South Africa (SA),
located in the far northern part of South Africa sharing bor-
ders with Zimbabwe and Mozambique. It covers a surface
area of 25,596 km?® with a population of 1,393,949 in 2016
(Figure 1), is a predominantly rural, cultural hub, and is a cat-
alyst for agricultural and tourism development [25, 26]. The
Vhembe district consists of three ethnics groups with Tho-
hoyandou as the capital. It is the former Tsonga homeland
of Gazankulu with Hlanganani and Malamulele. It has a pop-
ulation of 800,000 Venda-speaking, 400,000 Tsonga-speak-
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ing, and 27,000 Northern Sotho-speaking citizens [27].
Interviews with participants in this study were conducted at
Thulamela municipality, Thohoyandou town which has a
population of 618,462 and a growth rate of 0.62% (2001-
2011) [27]. The study area falls into the category of villages
with a high prevalence of hypertension.

2.1.2. Ethics Approval. Consent to enter Tshififi village was
obtained from the headman of the Tshikalange Tribal
Authority. This allowed the proposed study to proceed
within the jurisdiction of Tshififi and nearby areas. In prac-
tice, the respondents were each provided with a consent form
that was approved by the University of South Africa’s Ethics
Committee (REC Reference No. 2018/CAES/146) before the
study was explained to them. Each respondent who agreed to
participate in the study then signed the consent form before
the interviews were conducted in the knowledge that their
anonymity was assured. Collected plant samples were
authenticated at the Horticulture center, University of South
Africa, Science Campus, and the voucher specimen was
deposited.

2.1.3. Data Collection. Since high blood pressure is a common
health problem in the study area, the traditional healers were
not asked for information on their diagnostic criteria. The
survey was conducted during January and October 2019
and involved conducting face-to-face interviews with each
respondent—in the local dialect where the respondent
answered 12 open-end questions so that the researcher could
collate demographic details of the traditional healers as well
as the plants that they used to manage hypertension. The
demographic information about each respondent included
their age, gender, educational background, and locality. The
information about the plants includes the vernacular names
of the plants, parts used, methods of preparation of the rec-
ipes, route of administration, dosage, duration of treatment,
and the management of other diseases for which the plants
are used. The study relied on the recommendations of the
headman, who identified the traditional healers and other
qualified respondents.

2.1.4. Plant Collection and Identification. A good rapport was
established between the researcher and the respondents and
with their assistance; plant species were collected during
several visits over the course of the study. The selected
respondents were those often-assisting traditional healers in
plant collection from their natural habitat. A broad approach
was used to correctly identify collected plant materials. This
involved (i) comparison against samples in the Unisa
Herbarium, (ii) against data from the literature, and (iii) con-
sultation with botanists from within the Unisa College of
Agriculture and Environmental Science (CAES) laboratories,
the Unisa Department of Life and Consumer Sciences, and
the Unisa Horticulture Centre. Consulted data bases included
the PlantZAfrica database (http://pza.sanbi.org/), SANBI
infobases (https://www.sanbi.org/resources/infobases/), and
Vhenda inventory [28]. The voucher specimens of all the
collected plant species were deposited in the Herbarium at
the University of South Africa, Science Campus.


http://pza.sanbi.org/
https://www.sanbi.org/resources/infobases/
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FIGURE 1: Study area: Vhembe district located in Limpopo province, South Africa.

2.1.5. Data Processing and Analysis. Data acquired from the
questionnaire were uploaded onto a Microsoft Excel (365)
spreadsheet and analyzed using both descriptive and infer-
ential statistics. Percentages were used to analyse the respon-
dents’ sociodemographic data, and the relative frequency of
citation (RFC) was used to determine the relative use of the
plants.

(1) Relative Frequency of Citation (RFC). This was calculated
using the formula:

Fc
RFC= —, 1
= (M)

where Fc is the number of respondents who cited a species
and N is the total number of the respondents. The RFC was
used to determine the importance of a particular plant spe-
cies (0 < RFC < 1).

2.2. Literature Review. ScienceDirect, PubMed, and Google
Scholar databases were used to compare the literature report-
ing on medicinal plants showing antihypertensive activity
against the data obtained in the survey. This was carried

out using keywords (antihypertensive plants, ethnobotanical
survey, medicinal plants, ethnomedicine, ethnobotany,
herbal medicine, and treatment of hypertension). To obtain
information on plants used in South Africa, the word “South
Africa” was inserted and combined with the different key-
words as indicated earlier.

3. Results
3.1. Ethnobotanical Survey

3.1.1. Demographic Information of the Participants and Their
Knowledge of Hypertension. A total of 60 respondents were
approached to participate in this study, and of these, 53
agreed to participate including 23 traditional healers. As
shown in the sociodemographic data of the participants
(Table 1), the participants were based across 11 villages,
47.2% of the participants were males and 52.8% were females.
All of the participants spoke Tshivenda, and most worship
the ancestors (92.5%). The majority of the participants
(43.4%) were within the age range of 56 to 66 years suggest-
ing that the older age groups are the custodians of traditional
knowledge. About forty percent (39.6%) of the participants
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had primary education, 47.2% secondary education, 1.9%
tertiary education, and 11.3% had no formal education. None
of the participants in this study was employed, and with the
exception of one healer who used eight plant species and
another who used 12 plant species, all of the participants used
up to six plant species to treat hypertension. All the tradi-
tional healers that participated in this survey got their train-
ings through family knowledge particularly from ancestors.

3.1.2. Diversity of Plants Used for the Treatment of
Hypertension. The information on the medicinal plants used
for traditional management of hypertension is presented in
Table 2. A total of 51 plants species belonging to 30 families
were reported as part of the hypertension treatment program
in this study. The family distribution is shown in Figure 2.
Members of the Fabaceae family were most commonly men-
tioned (10 times) followed by members of the Celastraceae
family (3 times). Most of the plant parts used in the treatment
decoction involved the roots, leaves, stems, and/or a combi-
nation of these parts (Figure 3). A decoction was prepared
by drying, crushing, and soaked the plant part in water before
a teacup of decoction was orally administered two or three
times a day, while the majority (49%) of the respondents
use the roots followed by the leaves with 40% usage
(Figure 3).

3.1.3. Frequently Collected Plant Species. The RFC value of
each reported medicinal plant species was calculated and
summarized (Table 2). The plants with 50% or more citations
(RFC>0.5) were considered to be relatively important
plants. In total, 3 plants were cited frequently by the
respondents: Mukuvhazwivhi/Mulumanamana (Elaeoden-
dron transvaalense), Muhatu (Tabernaemontana elegans),
and Gumululo (Elephantorrhiza elephantina) with RFC
values of 0.71, 0.52, and 0.52, respectively.

3.2. Analysis of Literature Review. From the review of litera-
ture, 62 families comprising to 139 plant species were report-
edly used for the treatment of hypertension and related
symptoms (Suppl. Table 1). The Asteraceae (n=16) is the
most commonly reported family, followed by the Fabaceae
(n=9), Rutaceae (n=8), Anacardiaceae (n=7), and
Lamiaceae (n=7) with the indicated number of plant
species, respectively. The plants that were frequently cited
in the literature are Psidium guajava L., Catharanthus
roseus (L.), Citrullus lanatus (Thunb.), Agave americana
(L.), Hypoxis hemerocallidea (Fisch.), Musa acuminata,
Clausena anisata (Willd.), and Ruta graveolens.

3.2.1. Comparative Analysis of the Ethnobotanical Survey
with Literature Data. Comparing the antihypertensive plants
in the ethnobotanical research with data from the literature
revealed that 14% have been reported from the medicinal
plants in the survey as antihypertensives. Furthermore, there
are similarities between the ethnobotanical survey and data
from the literature in terms of the most frequently cited fam-
ilies. The Fabaceae is the dominantly represented family
whereas the most frequently reported plant is the C. sativa
both in the survey and literature data. In contrast, 88% of
the plant species identified in the present survey have not

been reported previously in South Africa as antihypertensive
plants. These newly reported plants include Elaeodendron
transvaalense, Tabernaemontana elegans, and Elephantor-
rhiza elephantina.

3.2.2.  Plant-Derived = Compounds  Reported  for
Antihypertensive Activity. A quick summary obtained from
the literatures clearly identified different classes of com-
pounds. Some of these compounds have been evaluated for
their antihypertensive activities using in vitro or in vivo
assays belonging to different classes such as phenolics, flavo-
noids, glycosides, alkaloids, saponins, tannins, triterpenes,
and peptides (Suppl. Table 1). Phenolics (n=44) are the
most commonly reported group of compounds identified
with antihypertensive activities, followed by flavonoids
(n=31) and alkaloids (n = 27).

3.2.3. Reported Mechanisms of the Herbal Remedies and
Extracts towards the Alleviation of Hypertension. In the liter-
ature, most of the plants used for the management of hyper-
tension carry out their antihypertensive activity through the
inhibition of angiotensin-converting enzyme (ACE), reduc-
tion of oxidative stress, vasorelaxation via the nitric oxide-
guanylyl cyclase pathway, and a prostaglandin-mediated
mechanism as well as anti-inflammatory activities. Other
reported mechanisms include the activation of the ATP-
sensitive potassium channel, lowering of systolic blood
pressure, EDRF-dependent or -independent pathways,
endothelium-dependent vasorelaxation, a 1 agonist effect
and direct vasoconstrictive effect, lowering left ventricular
systolic pressure, reduction of systemic blood pressure and
heart rate, inhibition of oxytocin-induced contraction, nitric
oxide and angiotensin II-like activities, redox-sensitive phos-
phorylation of eNOS via the PI3-kinase pathway, and inhibi-
tion of Na+ and K+ reabsorption. Supplementary Table 1
shows that 24 plants inhibit ACE only, and 38 plants
possess both antioxidant and anti-inflammatory activities,
while 59 plant species have not been investigated for their
mechanism of action.

4. Discussion

4.1. Demographic Information. As there were more females
than males interviewed in the current survey, the predomi-
nance of women in relation to men can probably be ascribed
to the involvement of men in other fields of work or the inter-
view period such as when men were not at home. This is in
agreement with the findings of a comparable study con-
ducted in the Western Cape, South Africa [1], that reported
a higher proportion of female over male respondents. The
higher number of females to males in this study is similar
to previous reports [1, 102, 103], but some authors also pro-
vided contrasting reports by suggesting that parents usually
prefer to transfer indigenous knowledge to boys [104]. It will
be fair to say that not all the respondents are traditional
healers, so women being traditionally caretakers of the
family’s health may have impacted their knowledge on
medicinal plants that exceed those of men. However, the pre-
dominance of women to men as the custodian of traditional
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FIGURe 2: Distribution of use by traditional healers of plant families for the treatment of hypertension in the Vhembe district.
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FIGURE 3: Plant parts as well as mode of preparation and administration of plants for use in treating hypertension.

knowledge varies according to the population under investi-
gation in terms of their sociocultural characteristics. The
higher percentage of ages between 55 and 66 years corrobo-
rates with previous reports suggesting that mainly adults
and older people practice traditional medicine [103, 105,
106]. This study clearly shows the persistent gap in knowl-
edge of herbal practice between the younger and older gener-
ations, suggesting the urgent need for documentation of this
invaluable knowledge. Interestingly, the high education level
of the informants and traditional healers in this study is
enough to encourage the documentation of this knowledge
or practice. This contrasts with reports that most traditional
practitioners in Nigeria involved in maternal healthcare have
no formal education [107].

4.2. Medicinal Plants Used in the Treatment of Hypertension.
Most of the respondents in the present ethnobotanical survey
mentioned medicinal plants belonging to the Fabaceae,
Celastraceae, and Rubiaceae families. In other reports on

the medicinal plants used for the treatment of hypertension,
members of these families are often reported alongside with
the Asteraceae and Rutaceae for use in the phytotherapy of
various diseases including hypertension [50, 108-110]. In
this study, the regular mention of the Fabaceae family is in
agreement with previous reports on the plants used to man-
age hypertension [111-113]. This study also confirmed that
the Fabaceae family is one of the plant families that is highly
represented in the study area. The higher percentage usage of
the roots and leaves is not uncommon and has been reported
to be the preparation of herbal recipes in many other tradi-
tional medicines [114]. The reported findings in this study
on the high frequency of leaves’ use could be related to their
visibility and ease of collection. The preparation of the leaves
and roots in ground form for drinking is in agreement with
surveys carried out in Ethiopia [115], Nigeria [116], Camer-
oon [117], and South Africa [108] suggesting that this is a
common practice in traditional medicine. Most traditional
healers may consider medicines that are milled in a mortar
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to a powder to be more efficient, as the powdered form of the
plant material enhances the extraction of the active ingredi-
ents. Improved extraction efficiency from a powder may be
due to a specific increase in the surface area of powdered par-
ticles that improves extraction of the medicinally important
plant compounds. The predominance of trees to shrubs and
herbs is similar to the survey in Botswana [118] and contrasts
with the results of a survey in parts of the Eastern Cape prov-
ince of South Africa where the commonly used plant is a herb
[119]. To the best of our knowledge, Elacodendron transvaa-
lense and Tabernaemontana elegans frequently used in this
study have never been reported in an ethnobotanical survey
or investigated for the treatment of hypertension. However,
Elephantorrhiza elephantina is part of the treatment regimen
used by the Bapedi people for treating hypertension [120].
Elaeodendron transvaalense is also used in traditional medi-
cine by the Vhavenda people of South Africa in the treatment
of stomach ailments, cancer, diarrhoea, coughs, herpes, skin
infections, inflammations, rashes, HIV/AIDS, and other
sexually transmitted diseases. A report has indicated the
extraction from E. transvaalense of three triterpenoids
lup-20(30)-ene-3a,29-diol, lup-20(29)-ene-30-hydroxy-3-one,
and W-taraxastanonol together with some polyphenols
[52]. Extracts of the plant Tabernaemontana elegans are
used as to wash wounds, treat heart and pulmonary dis-
eases, chest pains, and cancer, and have been reported to
contain monoterpene bisindole alkaloids, such as tabernae-
montanine, dregamine, 16-epidregamine, tabernaelegantine
G, tabernaelegantinine B, voacangine, and vobasine. In
addition, the alkaloids from T. elegans have been reported
to induce apoptosis in colon carcinoma cells and show anti-
microbial activity [38, 121, 122].

4.3. Antihypertensive Herbal Medicine Preparations and
Route of Administration. This current study on plants used
to treat hypertension reports mainly on single herbal prepa-
rations. Although there are reports on monocomponent rec-
ipes in traditional medicine, multiherbal preparations have
also been reported [50, 108, 120]. Furthermore, the reported
medicinal plants reported here are commonly used in the
management of other disease conditions such as diabetes,
cancer, sexually transmitted infections, tuberculosis, fever,
skin infection, and sexual problems [2, 50, 114, 115, 117,
118, 121, 123]. In this study, the preparation of the medici-
nal recipes was by decoction and administered orally.

4.4. Analysis of the Literature Data Compared with the
Survey. A review of the literature for plants used to treat
hypertension in South Africa identified a large number of
medicinal species (n=139), and some of these plants have
also been reported elsewhere for the treatment of hyperten-
sion. In South Africa, the most frequently cited plants are
Psidium guajava, Catharanthus roseus, Citrullus lanatus,
Agave americana, Hypoxis hemerocallidea, Musa acuminata,
Clausena anisata, Ruta graveolens, Lantana camara, Trichilia
emetica, Leonotis leonurus, Ballota africana, Momordica
charantia, and Cannabis sativa [124-129]. For instance, Psi-
dium guajava with the highest citation is also commonly
used in other parts of the world such as India, Mexico, Nige-
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ria, and Spain for the management of hypertension [124, 125,
129]. Comparison of the survey results with the literature
data shows that the majority of the medicinal plants reported
from the survey have not been previously reported for the
treatment of hypertension. Although they appear in the
inventory of plants used by the people of Vhenda, these
plants have not been identified as antihypertensives [28].
This study indicates the multipurpose usage of medicinal
plants and the dominance of the Fabaceae family of plants
as an essential component of traditional medicine. With
more than 490 species, the Fabaceae family is the second larg-
est family of medicinal plants currently being used in tradi-
tional medicine. The family has been reported to show
different medicinal potentials including antioxidant, antidia-
betic, antibacterial, cytotoxic, and antihypertensive proper-
ties [130, 131]. In parallel to the data reported in the
current study, the possible mechanisms for the antihyperten-
sive properties of the Fabaceae family may involve the PI3-
kinase/PKB/Akt pathway, inhibition of ACE and/or antioxi-
dant properties [130].

4.4.1. Plant Species in the Survey Previously Investigated for
Their Antihypertensive Properties. The antihypertensive
activity of Opuntia ficus-indica Mill. was reported among
Zulu medicinal plants where the aqueous leaf extract inhib-
ited the activity of ACE in vitro [132]. Other investigations
on O. ficus-indica have indicated antihypercholesterolemic,
antihyperlipidemic, anti-inflammatory, and antioxidant
activities perhaps due to the presence of phenolics and flavo-
noid compounds [133]. R. caffra, also known as quinine tree,
is a fast-growing tree predominantly found in Africa. It is tra-
ditionally used for the treatment of hypertension, cough,
stomach ailments, wounds, and diarrhoea [36]. Antihyper-
tensive activity associated with this plant was shown by a
reduction in the systolic and diastolic blood pressure in spon-
taneously hypertensive rats [134]. The high blood pressure
lowering effect has been linked to the presence of reserpine
[135]. The cultivation for food of Cannabis sativa L. also
known as hemp has been limited due to the presence of the
psychoactive compound (tetrahydrocannabinol). However,
a peptide isolated from the hemp seed has been reported to
show antioxidant and antihypertensive activities through
the inhibition of ACE [136].

4.4.2. Toxicity Report. One of the traditional healers con-
firmed the warning that there is a need to carefully consider
the use of Senna plant seeds in traditional remedies as the
seeds of Senna occidentalis could be lethal [137]. The oral
administration to rats of Elephantorrhiza elephantina extract
was reported to lead to a decrease in their respiratory rate
[123]. However, a report [52] confirmed that the use of
Elaeodendron transvaalense showed few side effects. A report
indicated that the extracts of D. sanguinea induced cardiac
glycoside poisoning in sheep [138]. Foetidin, isolated from
member of the Cucurbitaceae, has been reported to be
toxic to certain cell lines [52]. Crude methanol and dichlo-
romethane extracts of S. didymobotrya roots were reported
to be toxic after a period of 14 days, killing 80% of mice at
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a dose of 5000mg/kg body weight with an LD, of
1927 mg/kg [103].

5. Conclusion

Traditional knowledge is sacred and is jealously guided. As a
result, the Vhavenda people of South Africa have developed
their own traditional way of treating hypertension. The pres-
ent survey documented medicinal plants belonging to 30
families that are used for the treatment of hypertension and
other diseases. Since the traditional healers in the study area
use combinations of plants to treat hypertension, the efficacy
of the treatment may be due to an ability to treat a broad
spectrum of conditions such as bacterial infection, malaria,
oxidative stress, and inflammation. This efficacy, together
with the beneficial interaction between the healer and
patient, may result in a psychosomatic improvement in the
patient that combines to reduce blood pressure. However,
according to the literature review, most of these plants have
not been reported or investigated for their antihypertensive
activity. This study will assist in the identification of useful
plants. Also, these plants need to be investigated and their
bioactive compounds isolated, to contribute to the discovery
of new, effective, and affordable antihypertensive drugs.
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Bioactive compounds such as benzoquinone derivates presented in fermented wheat germ extract (FWGE) have several positive
effects on overall health status of humans and animals alike. Since available data regarding the antioxidant activity of FWGE are
limited, the aim of our study was to investigate its effects on the cellular redox homeostasis applying primary hepatocyte cell
cultures of rat origin. Cultures were challenged to lipopolysaccharide (LPS) treatment for 2 or 8 hours to trigger inflammatory
response. Further, culture media were concomitantly supplemented with or without FWGE (Immunovet®, 0.1% and 1%). In
order to monitor the metabolic activity of the cell cultures, CCK-8 test was applied, while reactive oxygen species (ROS)
production was measured using Amplex Red method. Malondialdehyde concentration of culture media as a specific marker of
lipid peroxidation and the activity of glutathione peroxidase in cell lysates were also determined to monitor the redox status of
the cultures. Based on our findings, it can be concluded that FWGE did not show cytotoxic effects in any applied concentration
in cell cultures. Furthermore, FWGE efficiently decreased cellular ROS production and lipid peroxidation rate in case of LPS-
induced inflammatory response. However, without LPS treatment, higher concentration of FWGE increased the rate of both
ROS and malondialdehyde synthesis. This observation may refer to the prooxidant activity of high dose FWGE, which is an
important beneficial effect regarding tumor cells. However, in case of noninflamed hepatocytes, considering the results of
glutathione peroxidase activity, the application of the product did not result in severe oxidative distress. In accordance with the
abovementioned findings, FWGE as a redox modulator, applied in the appropriate concentration, can serve as a promising
candidate in the supplementary therapy of patients suffering from various inflammatory diseases, decreasing the free radical
generation, thus avoiding the occurrence of cytotoxic effects.

1. Introduction

Based on its various beneficial biological effects, fermented
wheat germ extract (FWGE) is successfully used in human
medicine, mainly in the supportive therapy of people suffer-
ing from cancer. Bioactive compounds—most importantly
different benzoquinone derivates—found in FWGE provide
significant anticancer effects by influencing several cellular
molecular mechanisms [1]. The FWGE stimulates the
immune response against tumor cells by decreasing the

MHC-I expression in the cell membrane and rendering can-
cer cells more effectively be recognized by natural killer (NK)
cells [1]. In addition, FWGE increases tumor necrosis factor
o (TNFa) production by macrophages, leading to improved
immune response towards tumor cells, inhibition of angio-
genesis, and increased apoptosis of the target cells [2]. Fur-
thermore, FWGE is also able to increase interleukin 1« (IL-
1a), IL-2, IL-5, and IL-6 levels [3], which are considered to
be among the main regulatory molecules of the inflammatory
response. Beyond its immunomodulatory effects, FWGE can
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enhance oxidative stress in tumor cells, inducing cell destruc-
tion caused by the produced free radicals [4]. Moreover, it
has the ability to affect the carbohydrate and nucleotide
metabolism of cancer cells. As an example, by the inhibition
of hexokinase enzyme, it is able to decrease cellular ATP pro-
duction and hinder the synthesis of pentoses, which are nec-
essary for cell division [5]. Besides, FWGE impedes the
activity of ribonucleotide reductase enzyme, directly deceler-
ating the production of nucleotides needed for the DNA syn-
thesis [6]. As a result of all the mentioned effects, FWGE is
able to effectively decrease the proliferation of several malig-
nant tumor types and to increase the apoptosis of these cells.
These findings were initially confirmed in studies on HT-29
colorectal adenocarcinoma and HL-60 leukaemia cell lines
[2]. By virtue of the efficient antitumor activity of FWGE,
slower tumor growth rate has been detected, resulting in lon-
ger life expectancy. The FWGE-triggered improvement of
the general health condition and the successful prevention
of cancer-associated cachexia can also contribute to the bet-
ter prognosis [7]. The decreased velocity of tumor growth
and metastasis formation was described in case of numerous
forms of tumors, such as in melanoma, in neuroblastoma,
and in different cervical, testicular, or thyroid cancer types
[6].

With the modulation of cellular and humoral immune
response, FWGE can serve as a considerable effector not just
in point of its immunomodulatory activity towards the neo-
plastic cells but also as a result of its general immunostimula-
tory effects [6]. Significant enhancement of the immune
response was detected in FWGE treated, beforehand immu-
nosuppressed mice, mainly resulting from the effective
induction of differentiation and blast transformation of lym-
phocytes [8]. Beyond these results, FWGE is capable to be
used in different immune-mediated diseases and to resolve
the immunosuppressive effects caused by cyclophosphamide
treatment [6, 9]. Considerable anti-inflammatory activity of
FWGE was also detected based on the inhibition of cycloox-
ygenase (COX) enzymes, successfully supporting the action
of nonsteroidal anti-inflammatory drugs (NSAIDs) [7].

Regarding the potential antioxidant effects of FWGE,
containing high concentration of bioactive free radical scav-
enger molecules, only limited data are available. It was
reported to decrease the amount of reactive oxygen species
(ROS) such as superoxide anion radicals [10]. However, fur-
ther research is required concerning the antioxidant activity
of FWGE.

Following its application in human medicine, FWGE was
also introduced to veterinary practice for companion ani-
mals, and based on its immunostimulatory, anti-inflamma-
tory, and suggested antioxidant effects, it can serve as a
proper candidate for maintaining and improving the general
health status of the patients [11]. The application of FWGE
can be of high importance in case of elderly, debilitated ani-
mals, suffering in various chronic diseases [12]. Furthermore,
applying FWGE in companion animals affected by neoplastic
diseases may also be promising, based on its antitumor activ-
ity and its ability to improve general health condition. In
addition, FWGE can be also effectively used as a natural
growth promoter in chicken [11] and turkey [12], contribut-
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ing to improved productivity and health conditions of farm
animals. In accordance with its antimicrobial activity, FWGE
is proved to be efficient to treat mycoplasma infection [13]
and to mitigate the spreading of Salmonella Typhimurium
in chicken; further, the efficiency of different applied vaccines
can be also enhanced by dint of FWGE’s immunostimulatory
effects [14].

In spite of the above described effects—such as antitu-
mor, immunostimulatory, anti-inflammatory, and antimi-
crobial activity—only limited data are available about the
possible effects of FWGE on the antioxidant status of eukary-
otic cells. Hence, in this present study, we aimed to investi-
gate the effects of FWGE (Immunovet®) on the redox
homeostasis as well as on the oxidative status of the liver.
The investigations were carried out using primary hepatocyte
cultures of rat origin, which model can be a proper tool to
observe the exact molecular mechanisms on the cellular level.
This in vitro study—applying rat as a widely used and
accepted model animal in the research—can serve with rele-
vant and valuable information about FWGE-induced alter-
ations in farm and companion animals, moreover in humans.

2. Materials and Methods

All reagents used in the study were purchased from Sigma-
Aldrich (Darmstadt, Germany), except when otherwise spec-
ified. Animal procedures described hereinafter were per-
formed in strict accordance with the national and
international law along with institutional guidelines and were
confirmed by the Local Animal Welfare Committee of the
University of Veterinary Medicine, Budapest, and by the
Government Office of Pest County, Food Chain Safety, Plant
Protection, and Soil Conservation Directorate, Budapest,
Hungary.

2.1. Cell Isolation and Culturing Conditions. Isolation and
culturing of primary rat hepatocytes were carried out based
on our formerly developed and published method [15].
Briefly, hepatocyte isolation was performed using 8-week-
old Wistar rats (approx. 200-250 g). Animals were kept and
fed according to the actual Hungarian and European animal
welfare laws. After carbon dioxide narcosis, median laparot-
omy was performed followed by the cannulation of the vena
portae and the thoracic section of the vena cava caudalis. The
liver was flushed and exsanguinated through the portal sys-
tem, using different buffers and multistep perfusion. In order
to recirculate the buffers, the effusing amount of the solutions
was collected via the vena cava caudalis.

To perfuse the liver, 300 mL ethylene glycol tetraacetic
acid (EGTA, 0.5mM) containing Hanks’ Balanced Salt Solu-
tion (HBSS) buffer, 200 mL EGTA-free HBSS buffer, and
finally, 130 mL EGTA-free HBSS buffer, supplemented with
50 mg type IV collagenase (Serva, Duisburg, Germany), and
2.5mM CaCl, and MgCl, were used.

During the liver perfusion, all of the applied buffers were
warmed up to 40°C and oxygenated with Carbogen (95% O,,
5% CO,); the velocity was set to 30 mL/min. The collagenase
containing buffer was recirculated until the complete disinte-
gration of the liver parenchyma. After excision of the liver
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and disruption of the capsule, cell suspension was filtered
using sterile gauze sheets. Cell suspension was placed for
50 min into 25 mg/mL bovine serum albumin (BSA) contain-
ing ice-cold HBSS in order to avoid undesired cluster
formation.

Hepatocytes were isolated using low speed multistep dif-
ferential centrifugation (3 times, 100 x g, 2min), and the
gained pellets were resuspended in Williams’ Medium E sup-
plemented with 50 mg/mL gentamycin, 2mM glutamine,
20IU/L insulin, 4pug/L dexamethasone, 0.22% NaHCO,,
and in the first 24 h of culturing with 5% foetal bovine serum
(FBS).

After resuspendation, viability of hepatocytes was tested
by trypan blue exclusion test, always exceeding 90%. The
number of the cells was determined by cell counting in Biir-
ker’s chamber to further adjust the appropriate cell concen-
trations to 10° cells/mL. Hepatocytes were seeded onto 96-
and 6-well Greiner Advanced TC cell culture dishes (Greiner
Bio-One Hungary Kft., Mosonmagyarévar, Hungary) previ-
ously coated with collagen type I (10ug/cm2), using
200 uL/well seeding volume in the 96-well plates and
2mL/well in the 6-well plates. Cultures were incubated at
37°C and 100% relative air humidity. Cell culture media were
changed after 4 h, and confluent monolayer cell cultures were
gained after 24 h incubation (Figure 1).

2.2. Treatments of Cultured Cells. After 24 h, culturing cells
were treated using cell culture media supplemented with 0
(control) or 10 ug/mL Salmonella enterica serovar. Typhi-
murium derived lipopolysaccharide (LPS) for 2 and 8 h incu-
bation time. Further, in both of the control and LPS-
challenged cultures, subgroups were prepared using 0.1%
and 1% FWGE prepared from Immunovet®, silymarin
(50 ug/mL), or ursodeoxycholic acid (UDCA, 200 yug/mL)
containing cell culture medium. In the latter two cases, cul-
tures were treated with proved hepatoprotective and antiox-
idant substances.

To gain the FWGE working solutions (Immunovet®), 1 g
of FWGE granules was homogenized using a mortar until a
fine powder was received and dissolved in 10 mL sterile phos-
phate buffered saline (PBS) solution. The gained stock solu-
tion (100 mg/mL; 10%) was filtered in different steps, using
gauze sheets (3 layers, 2 times filtering), a cell strainer
(70 ym pore size), and a sterile filter (0.22 ym pore size) in
the end (Merck Millipore, Burlington, MA, USA). Stock solu-
tion (10%) was diluted with PBS to 1% and 0.1%
concentrations.

On both of the 96- and 6-well plates, 6 replicates were
prepared per one treatment group (n =6). In case of the 6-
well plates, following either 2 or 8 h incubation, samples were
taken from the cell culture media. Thereafter, wells were
washed with PBS, and cells were lysed using Mammalian
Protein Extraction Reagent (M-PER™, Thermo Fisher Scien-
tific, Waltham, MA, USA). All of the collected samples were
stored until further analysis at —80°C.

2.3.  Measurements of Cellular Metabolic Activity,
Extracellular H,O, and Malondialdehyde Concentrations,
and Glutathione Peroxidase Activity. Following the treat-
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FIGURE 1: Primary hepatocyte cultures of rat origin after 24h
incubation. Giemsa staining, bar = 30 ym.

ments, metabolic activity of cells cultured on 96-well plates
was checked using CCK-8 assay (Dojindo, Rockville, USA),
monitoring the total amount of NADH+H" produced in
the cellular catabolic reactions, successfully reflecting also
to the potential cytotoxic effects. According to the manufac-
turer’s instructions, 10 uL. CCK-8 reagent and 100 uL Wil-
liams” Medium E were added to the cultured cells, and after
2h of incubation at 37°C, the absorbance was measured at
450 nm with a Multiskan GO 3.2 reader (Thermo Fisher Sci-
entific, Waltham, MA, USA).

Extracellular H,O, concentration was detected in the cul-
ture medium using the fluorimetric Amplex Red method
(Thermo Fisher Scientific, Waltham, MA, USA). After
30 min incubation of 50 uL freshly prepared, Amplex Red
(100 uM) and HRP (0.2 U/mL) containing working solution
with 50 4L culture medium at room temperature (21°C),
fluorescence (Aex=560nm; Aem =590nm) was detected
using a Victor X2 2030 fluorometer (Perkin Elmer, Waltham,
MA, USA).

Malondialdehyde (MDA) concentration as a marker of
lipid peroxidation was monitored in cell culture media with
a specific colorimetric test. According to the protocol,
300 uL freshly prepared thiobarbituric acid (TBA) stock solu-
tion was mixed with 100 uL cell culture media. Solutions
were incubated at 95°C for 1h followed by 10 min cooling
on ice. Absorbance was measured at 532 nm with a Multiskan
GO 3.2 reader (Thermo Fisher Scientific, Waltham, MA,
USA).

As one of the most prominent members of the antioxi-
dant defence system, activity of glutathione peroxidase
enzyme of the cell lysates was also determined using a color-
imetric kinetic assay. At first, GPx Assay Buffer was prepared
according to the manufacturer’s protocol, and 455 uL was
mixed with 25 yL of NADPH Assay Reagent and 5 uL sub-
strate solution (tert-butyl hyperoxide). The decrease of
absorbance was continuously detected at 340nm (initial
delay: 15 sec; interval: 10 sec; number of readings: 6). Enzyme
activity was calculated using the formula provided by the
manufacturer.

2.4. Statistics. All the data analysis was performed using the R
3.5.3. software (GNU General Public License, Free Software
Foundation, Boston, MA, USA). On both of 96- and 6-well



plates, six wells were included in one treatment group. Nor-
mal distribution and homogeneity of variance were checked
by Shapiro-Wilk test and Levene’s test, respectively. Differ-
ences between various groups were assessed using one-way
analysis of variance (ANOVA) and Tukey’s post hoc tests
for pairwise comparisons. Results were assessed as the
mean + standard error of the mean (SEM). Differences were
assumed significant at P < 0.05. Results of the FWGE, sily-
marin, and UDCA treated groups were compared to the
respective control groups (LPS free or LPS supplemented
control groups). The effects of LPS supplementation were
considered as main effect compared to the control groups
without LPS treatment.

3. Results

3.1. Measurement of Cellular Metabolic Activity. Metabolic
activity of the cultured cells was monitored using CCK-8
assay, indicating the cellular aerobe catabolic processes.
According to our results, the majority of the applied treat-
ments were not able to affect the metabolic activity of the cul-
tures, except the observed significant decrease in case of the
2h long 0.1% FWGE (P =0.016; Figure 2(a)) exposure in
the LPS challenged groups and the 8h long silymarin and
UDCA (P =0.029 and P < 0.001; Figure 2(b)) treatments of
LPS free control cells.

3.2. Measurement of H,0, Production. The extracellular ROS
production of the cells (H,0, concentration in the cell cul-
ture media) was monitored with the Amplex Red method.
ROS concentrations were elevated after both of the incuba-
tion times in the LPS treated groups (2h incubation: P =
0.0012; 8 h incubation: P = 0.036; Figures 3(a) and 3(b)).

In cell cultures without LPS treatment, FWGE applied in
1% significantly increased ROS concentration of the cell cul-
ture media after both 2h and 8 h incubation (P < 0.001 and
P =0.007, Figures 3(a) and 3(b)). Similarly to these findings,
ROS production was significantly and tendentiously
increased as a result of 2h silymarin and UDCA treatments
without LPS application (silymarin: P =0.014; UDCA: P =
0.058; Figure 3(a)).

On the other hand, LPS triggered elevation of the ROS
levels was significantly decreased applying both FWGE and
silymarin supplementation after 8h incubation (0.1%
FWGE: P=0.020; 1% FWGE: P=0.027; silymarin: P=
0.006; Figure 3(b)).

3.3. Determination of Malondialdehyde Concentration. In
order to monitor the lipid peroxidation processes in the cell
cultures, MDA concentration was measured in the media
after both incubation times. In the cells with no LPS treat-
ment, FWGE applied in 1% concentration caused signifi-
cantly higher MDA level after 2h as well as 8h incubation
time (2h: P <0.001; 8 h: P =0.003; Figures 4(a) and 4(b)).
However, together with LPS treatment, 1% FWGE signifi-
cantly decreased the production of MDA after both incuba-
tion times (2h: P <0.001; 8h: P =0.044; Figures 4(a) and
4(b)). Similarly to these findings, following 2h of LPS expo-
sure, FWGE applied in lower concentration as well as sily-
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marin and UDCA treatment significantly decreased the
MDA concentration of the cell culture supernatants (0.1%
FWGE: P =0.018, silymarin: P=0.004, UDCA: P <0.001;
Figure 4(a)).

3.4. Measurement of Glutathione Peroxidase Activity. The
activity of glutathione peroxidase enzyme of the lysed cells
was monitored after 8 h incubation. As the effect of LPS chal-
lenge, enzyme activity was significantly elevated (P < 0.001;
Figure 5.). Both of the applied FWGE concentrations along
with the silymarin and UDCA incubation decreased the
activity of glutathione peroxidase in the cell cultures without
LPS treatment (0.1% FWGE, silymarin, and UDCA: P <

0.001; 1% FWGE: P = 0.004; Figure 5). In LPS exposed cells,
only the UDCA treatment was able to decrease the activity of
glutathione peroxidase enzyme in a significant manner
(P =0.002; Figure 5).

4. Discussion

In the present study, cellular effects of FWGE applied at dif-
ferent concentrations were investigated in cultured primary
rat hepatocytes. FWGE is a standardized extract fermented
by Saccharomyces cerevisiae, adjusted to a yield of 0.4 mg/g
2,6-dimethoxy-p-benzoquinone. The impact of FWGE on
metabolic activity and redox homeostasis of cell cultures
was monitored and analyzed in comparison with the potent
hepatoprotective agents silymarin and UDCA. Applied con-
centrations of FWGE were set up based on the available liter-
ature data. In other studies, 1% FWGE (10 mg/mL) showed
cytotoxic and cytostatic activity after 24 h incubation, while
in case of pancreas and mammary tumors, it had cytotoxic
effects already at 0.5% [4]. Further, higher sensitivity of
tumorigenic cells does not necessarily correspond with the
potential cytotoxic effects of FWGE in healthy, nontumori-
genic cell types. However, considering the relatively higher
vulnerability of primary hepatocyte cultures towards differ-
ent toxic effects, in our study, FWGE was applied at 0.1%
and 1% (1 and 10mg/mL) concentrations. Dose of LPS
(10 pug/mL) was determined previously in our studies regard-
ing inflammatory processes using primary hepatocyte
models [16], mimicking a severe inflammatory response.
Incubation times (2 and 8 h) were also chosen in accordance
with the similar investigations carried out in hepatocyte cell
cultures, mimicking an acute and a subacute hepatic
inflammation.

Cellular metabolic activity was monitored with the CCK-
8 method. With the help of the assay, information can be
gained regarding aerobe catabolic processes of biological oxi-
dation by screening cellular NADH+H+ production. Based
on our results, in case of LPS challenged cell cultures, a
slightly but significantly decreased catabolic activity was
detected in the samples treated with 0.1% FWGE
(Figure 2(a)). This slight decrease presumably does not mean
an intense cytotoxic effect but can refer to a rearrangement in
the activity of different metabolic processes. Therefore,
according to our findings, FWGE did not cause cytotoxic
effects at 0.1 and 1% concentrations after 2 and 8h
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FIGURE 2: Metabolic activity of cultured cells after 2h (a) and 8 h (b) incubation measured with the CCK-8 assay. LPS 0: cultures with no LPS
exposure; LPS 10: LPS treated cultures (10 ug/mL); FWGE 01: 0.1% FWGE; FWGE 1: 1% FWGE; SILY: silymarin (50 yg/mL); UDCA:
ursodeoxycholic acid (200 yg/mL). Mean + SEM, *P < 0.05, ***P < 0.001.

incubation time in hepatocytes under normal physiological
circumstances.

ROS production, as a key indicator of oxidative stress,
was monitored by the determination of H,O, concentration
of the cell culture media. ROS production of LPS nontreated
cultures was significantly elevated as the effect of 1% FWGE
application after both 2h and 8h incubation (Figures 3(a)
and 3(b)). This finding suggests that the application of
FWGE at elevated concentrations may lead to oxidative
stress in healthy hepatocytes not affected by inflammation.
In contrast to these effects, in case of LPS challenged cultures,
similarly to silymarin treatment, FWGE was capable to
decrease the intensity of oxidative stress (Figure 3(b)). For
this reason, based on our results, it can be stated that FWGE
can show different effects on ROS production of healthy cells
and cultures affected by severe inflammatory processes. Pre-
sumably, in the first scenario, it may have a mild prooxidant
activity at high doses, while in the latter case, it can serve with
relevant antioxidant effects. Depending on the applied con-

centration and other different factors, numerous investiga-
tions can be found in the literature referring the possibility
of prooxidant effects of molecules considered as antioxidants.
As an example, both pro- and antioxidant activities of flavo-
noids [17] or pyrroloquinoline quinone, applied widely as
farm animal feed additive and redox modulator [18], were
described under in vitro as well as in vivo conditions.

H,0,, investigated in our study, plays a multifaceted role
in the regulation of the cellular redox homeostasis [19].
According to our recent knowledge, similarly to Ca®*, ATP,
or cAMP, H, O, belongs to the group of main secondary mes-
senger molecules [20]. Its increased concentration can lead to
alterations of the cellular morphology and metabolism,
decreasing or increasing cell proliferation; further, it is also
involved in the activation of immune cells. It is of great
importance that normal, well-regulated production of H,O,
is necessary for the development and maintenance of the so
called oxidative eustress, resulting in beneficial physiological
effects and efficacious cellular adaptation to different external
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FIGURE 3: Extracellular ROS production of cell cultures after 2h (a) and 8 h (b) incubation measured with the Amplex red method. LPS 0:
cultures with no LPS exposure; LPS 10: LPS treated cultures (10 yg/mL); FWGE 01: 0.1% FWGE; FWGE 1: 1% FWGE; SILY: silymarin
(50 pg/mL); UDCA: ursodeoxycholic acid (200 pg/mL). Mean + SEM, #P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001.

factors [19]. By this reason, elevated intensity of ROS produc-
tion does not necessarily mean pathologic alterations of the
cells as long as it is occurring within the confines of appropri-
ately regulated and beneficial oxidative eustress. The pres-
ence of prooxidants can however contribute to the
occurrence of oxidative distress, which can drive to cellular
impairments such as the damage of DNA and proteins
together with increased intensity of lipid peroxidation [19].
It is also an important aspect that the antitumor activity of
FWGE is partially based on the prooxidant effect of the
extract, since the increased H,O, production and the there-
fore occurring oxidative distress entails the destruction of
the cancer cells, resulting in slower growth and smaller tumor
size [4].

Concerning the results of our study, FWGE administra-
tion in higher dose can supposedly increase ROS production
of healthy liver cells; however, in case of inflammatory pro-
cesses, application for a longer time, both in lower and higher

concentration, is able to decrease H,O, production of cells,
restoring the conditions of normal oxidative eustress. The
presented data reminds to the importance of appropriate
therapeutic dosage, avoiding the application of the antioxi-
dants in too high concentration leading to prooxidant activ-
ity in healthy organisms.

One of the main consequences of the oxidative stress can
be the increased cellular lipid peroxidation and the subse-
quent impairment of the cell membranes, resulting in the
increment of membrane permeability. Lipid peroxidation
was monitored by measuring the MDA concentration of cell
culture media, which indicates the status of the cellular mem-
branes. The FWGE administered in higher dose (1%) signif-
icantly increased MDA concentration, similarly to ROS
production, in the LPS nontreated cultures mimicking
healthy conditions after both incubation times (Figures 4(a)
and 4(b)). In contrast, elevated MDA production in LPS trig-
gered inflammation, in correlation with ROS production, was
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F1GURE 4: Malondialdehyde concentration measured in the cell culture media after 2h (a) and 8 h (b) incubation. LPS 0: cultures with no LPS
exposure; LPS 10: LPS treated cultures (10 ug/mL); FWGE 01: 0.1% FWGE; FWGE 1: 1% FWGE; SILY: silymarin (50 yg/mL); UDCA:
ursodeoxycholic acid (200 yg/mL). Mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001.

efficiently decreased when applying both FWGE concentra-
tions after 2h incubation and by 1% FWGE extract after 8h
incubation (Figures 4(a) and 4(b)). These results together
with ROS production refer to the significance of appropri-
ately chosen concentration of FWGE in order to avoid the
adventitiously occurring prooxidant effects in normal,
healthy circumstances. However, accordingly applied FWGE
can serve as proper tool not only to remarkably decrease cel-
lular free radical production but also to avoid the possible
membrane damage caused by intense lipid peroxidation.
The function of the whole glutathione system was moni-
tored with the applied glutathione peroxidase assay by asses-
sing the NADPH+H' amount needed for converting
glutathione back to its reduced form by glutathione reduc-
tase. Glutathione is one of the most prominent antioxidants,
oxidized by glutathione peroxidase enzyme, while taking part
in the binding and inactivating of generated free radicals.
With our measurements, we were able to achieve a more

accurate picture regarding the function of the whole glutathi-
one system, which—as a crucial intracellular antioxidan-
t—refers to the oxidative status of the cells.

According to the present results, LPS treatment signifi-
cantly increased the activity of the glutathione peroxidase
(Figure 5), reflecting the more intense function and capacity
of this antioxidant defence system due to the LPS provoked
oxidative distress. Further, other studies showed similar
results regarding the enhanced glutathione peroxidase
enzyme activity observed in the liver of LPS challenged mice
[21]. Similarly to silymarin and UDCA, FWGE was able to
significantly reduce the activity of glutathione defence system
in LPS nontreated cell cultures. The mildly decreased activity
of the glutathione peroxidase caused by FWGE, indicating
the overall oxidative status of the cells, suggests that the
observed elevated ROS and MDA levels do not necessarily
contribute to oxidative distress in noninflamed hepatocytes.
In order to clarify possible species-specific differences,
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FIGURE 5: Glutathione peroxidase activity of the cultured cells after 8 h incubation. LPS 0: cultures with no LPS exposure; LPS 10: LPS treated
cultures (10 pg/mL); FWGE 01: 0.1% FWGE; FWGE 1: 1% FWGE; SILY: silymarin (50 yg/mL); UDCA: ursodeoxycholic acid (200 pg/mL).

Mean + SEM, **P < 0.01, ***P < 0.001.

further investigations using cell culture models of companion
animal origin would be also beneficial in the future to observe
the effects of FWGE in these target species.

5. Conclusions

Summarizing our results, it can be stated that the extract of
FWGE containing Immunovet® product applied in well con-
sidered appropriate concentration did not possess cytotoxic
effect in rat-derived primary hepatocyte cultures. The FWGE
effectively decreased the ROS production of cultured cells
and the consecutively occurring lipid peroxidation in case
of LPS triggered inflammation in the applied in vitro hepatic
model. Notwithstanding that the incidental prooxidant activ-
ity of FWGE in higher concentration is also remindful, it
does not necessarily lead to oxidative distress. In conclusion,
FWGE as a redox modulator can provide good possibilities in
alleviating inflammation associated oxidative distress, pre-
venting cell destruction and hence improving general health
condition.
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Cardiotoxicity as an off-target effect of doxorubicin therapy is a major limiting factor for its clinical use as a choice cytotoxic agent.
Seeds of Irvingia gabonensis have been reported to possess both nutritional and medicinal values which include antidiabetic, weight
losing, antihyperlipidemic, and antioxidative effects. Protective effects of Irvingia gabonensis ethanol seed extract (IGESE) was
investigated in doxorubicin (DOX)-mediated cardiotoxicity induced with single intraperitoneal injection of 15 mg/kg of DOX
following the oral pretreatments of Wistar rats with 100-400 mg/kg/day of IGESE for 10 days, using serum cardiac enzyme
markers (cardiac troponin I (cTT) and lactate dehydrogenase (LDH)), cardiac tissue oxidative stress markers (catalase (CAT),
malonyldialdehyde (MDA), superoxide dismutase (SOD), glutathione-S-transferase (GST), glutathione peroxidase (GSH-Px),
and reduced glutathione (GSH)), and cardiac histopathology endpoints. In addition, both qualitative and quantitative analyses
to determine IGESE’s secondary metabolites profile and its in vitro antioxidant activities were also conducted. Results revealed
that serum ¢Tnl and LDH were significantly elevated by the DOX treatment. Similarly, activities of tissue SOD, CAT, GST, and
GSH levels were profoundly reduced, while GPx activity and MDA levels were profoundly increased by DOX treatment. These
biochemical changes were associated with microthrombi formation in the DOX-treated cardiac tissues on histological
examination. However, oral pretreatments with 100-400 mg/kg/day of IGESE dissolved in 5% DMSO in distilled water
significantly attenuated increases in the serum ¢Tnl and LDH, prevented significant alterations in the serum lipid profile and the
tissue activities and levels of oxidative stress markers while improving cardiovascular disease risk indices and DOX-induced
histopathological lesions. The in vitro antioxidant studies showed IGESE to have good antioxidant profile and contained 56
major secondary metabolites prominent among which are y-sitosterol, Phytol, neophytadiene, stigmasterol, vitamin E,
hexadecanoic acid and its ethyl ester, Phytyl palmitate, campesterol, lupeol, and squalene. Overall, both the in vitro and in vivo
findings indicate that IGESE may be a promising prophylactic cardioprotective agent against DOX-induced cardiotoxicity, at
least in part mediated via IGESE’s antioxidant and free radical scavenging and antithrombotic mechanisms.
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1. Introduction

Doxorubicin (otherwise known as Adriamycin) is one of the
antibiotic cytotoxic agent belonging to the anthracycline
class of anticancer agents [1]. Doxorubicin is known to bind
to and intercalate with DNA, thereby inhibiting the resealing
action of topoisomerase II during normal DNA replication
needed for cancer cell division and growth [2-5]. Doxorubi-
cin is often used in clinical setting in combination with other
classes of anticancer agents as “chemo cocktail” in the
management of various types of solid and blood cancers such
as breast and ovarian, leukemia (acute myelogenous leuke-
mia (AML) and acute lymphoblastic leukemia), Hodgkin
lymphoma, non-Hodgkin lymphoma, Wilm’s tumor, neuro-
blastoma, and sarcoma [6-8]. For example, for breast cancer
management, doxorubicin is typically combined and given
with cyclophosphamide; for lymphomas and leukemias, it is
combined with other cytotoxic agents to make regimens like
CHOP (cyclophosphamide, doxorubicin hydrochloride,
vincristine sulfate, and prednisone), R-CHOP (rituximab,
cyclophosphamide, doxorubicin hydrochloride, vincristine
sulfate, and prednisone), and ABVD (doxorubicin, bleomy-
cin, vinblastine, dacarbazine) [9-12]. However, the clinical
use of doxorubicin have been reported to be associated with
major common side effects such as pain at the injection site,
anorexia, fever, nausea and vomiting, stomatitis, dyspnea,
nose bleeding, alopecia, immunosuppression, weight gain,
hepatic and renal injuries, and severe cardiotoxicity [3, 13],
while its occasional side effects include hyperuricemia, heart
failure, pericardial effusion, cardiomyopathy, conjunctivitis,
and skin rashes [14, 15]. Of these side effects, cumulative
and dose-related cardiomyopathy and heart failure are of
grave concerns to cancer patients and managing physicians
alike, thus, limiting its clinical use [16-18]. Although the
pathogenesis of doxorubicin-induced cardiotoxicity has been
reported to be complex and fuzzy, the pivotal role of iron-
mediated formation of reactive oxygen species (ROS) cannot
be underscored [19].

In preventing the development of doxorubicin-induced
cardiotoxicity, chemocurative and chemopreventive strate-
gies involving the use of flavonoids, especially monoHER,
have been advocated [20, 21]. MonoHER has been reported
to elicit potent antioxidant, iron chelating, and carbonyl
reductase inhibiting effects while still protecting the antitu-
mor activity of anthracycline anticancer agents [22]. Simi-
larly, the effectiveness of dexrazoxane (an iron chelating
agent) [5, 23], dextromethionine [24, 25], and angiotensin-
converting enzyme inhibitors—zofenopril and lisinopril
[26, 27]—in ameliorating doxorubicin-related cardiotoxicity
have also been reported. These agents, especially dexrazox-
ane, are known to mitigate oxidative stress by chelating iron
and catalytically inhibiting topoisomerase II, thus preventing
doxorubicin-induced double strand DNA breaks [28, 29].
However, these chemopreventive agents are expensive and
not readily accessible to patients, therefore, necessitating
the need for the discovery and development of more effective
but cheaper and more readily accessible alternatives espe-
cially ones of medicinal plant origin. One of these is the Irvin-
gia gabonensis seed extract.
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Irvingia gabonensis (Aubry-Le Comte ex O’Rorke) Bail
belonging to the family, Irvingiaceae, is known as African
Mango (in English). Its other common names include bread
tree, African wild mango, wild mango, and bush mango [30,
31], and its local names include Apon (in Yoruba, Southwest
Nigeria), Ogbono (in Igbo, Southeast Nigeria), and Goron or
biri (in Hausa, Northern Nigeria) [32, 33]. Irvingia gabonen-
sis is widely cultivated in West African countries including
southwest and southeast Nigeria, southern Cameroon, Cote
d’Ivoire, Ghana, Togo, and Benin, to produce its edible fruit
whose seed is used in the preparation of local delicious vis-
cous soup for swallowing yam and cassava puddings [34].
Fat extracted from its seeds is commonly known as dika fat
and majorly consists of C12 and C14 fatty acids, alongside
with smaller quantities of C10, C16, and Cl18, glycerides
and proteins [34]. Irvingia gabonensis seeds are also a good
source of nutrients including a variety of vitamins and min-
erals such as sodium, calcium, magnesium, phosphorus,
and iron. It is also a rich source of flavonoids (quercetin
and kaempferol), ellagic acid, mono-, di-, and tri-O-methyl-
ellagic acids, and their glycosides which are potent antioxi-
dants [35, 36].

Phytochemical analysis of its seeds showed that it
contains tannins, alkaloids, flavonoids, cardiac glycosides,
steroids, carbohydrate, volatile oils, and terpenoids [33, 37,
38] and its proximate composition of moisture 1.4 +0.11%,
ash 6.8 +0.12%, crude lipid 7.9 + 0.01%, crude fiber 21.6 +
0.45%, and crude protein 5.6 + 0.20% [33]. Pure compounds
already isolated from the seed extract of include: methyl 2-[2-
formyl-5-(hydroxymethyl)-1 H-pyrrollyl]-propanoate,
kaempferol-3-0-8-D-6"  (p-coumaroyl) glucopyranoside
and lupeol (3B-lup-20(29)-en-3-ol). Erstwhile, the antioxi-
dant property of Irvingia gabonensis seed extract has been
largely attributed to its high lupeol content [39].

In view of the above, the current study was designed at
evaluating the possible protective effect of the crude non-
defatted ethanol seed extract of Irvingia gabonensis against
doxorubicin-mediated cardiotoxicity in rats using cardiac
injury markers, oxidative stress markers, and histopathology
results as endpoint outcomes.

2. Materials and Methods

2.1. Extraction Process and Calculation of Percentage Yield.
For Irvingia gabonensis seed extraction, 3kg of pulverized
Irvingia gabonensis dried seeds was macerated in 12L of
absolute ethanol for 72 hours after which it was continuously
stirred for 1 hour before it was filtered using 180 mm of filter
paper. The filtrate was then concentrated at 40°C to complete
dryness using rotary evaporator. The dark-colored, oily
paste-like residue left behind was weighed, stored in air-
and water-proof container which was kept in a refrigerator
at 4°C. This extraction process was repeated for two more
times. From the stock, fresh solutions were made whenever
required.

% vyield was calculated as {weightof crude extract
obtained (g) + weight of pulverized dry seed extracted (g) } x
100.
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2.2. Preliminary Qualitative Phytochemical Analysis of
IGESE. The presence of saponins, tannins, alkaloids, flavo-
noids, anthraquinones, glycosides, and reducing sugars in
IGESE was detected by the simple and standard qualitative
methods described by Trease and Evans [40] and Sofo-
wora [41].

2.3. Preliminary Quantitative Determination of Secondary
Metabolites in and Phytoscan of IGESE. Preliminary quanti-
tative analysis of the secondary metabolites (including
phenol, flavonoids, tannin, terpenoids, steroids, reducing
sugars, saponin, and phlobatannin) in IGESE was done using
methods earlier described by Olorundare et al. [42]. Simi-
larly, using gas chromatography-mass spectrophotometer
(GC-MS) for phytoscan, the relative abundance of the
secondary metabolites in IGESE was done using the proce-
dures earlier described by Olorundare et al. [42].

2.4. In Vitro Antioxidant Studies of IGESE. DPPH scavenging
activity, FRAP, and nitric oxide scavenging activities of
IGESE were determined using the procedures earlier
described by Olorundare et al. [42].

2.5. Experimental Animals. Young adult male Wistar Albino
rats (aged 8-10 weeks old and body weight: 140-160 g) used
in this study were obtained from the Animal House of the
Lagos State University College of Medicine, Ikeja, Lagos
State, Nigeria, after an ethical approval (UERC Approval
number: UERC/ASN/2020/2022) was obtained from the
University of Ilorin Ethical Review Committee for Postgrad-
uate Research. The rats were handled in accordance with
international principles guiding the Use and Handling of
Experimental Animals [43]. The rats were maintained on
standard rat feed (Ladokun Feeds, Ibadan, Oyo State, Nige-
ria) and potable water which were made available ad libitum.
The rats were maintained at an ambient temperature
between 28 and 30°C, humidity of 55 + 5%, and standard
(natural) photoperiod of approximately 12/12 hours of alter-
nating light and dark periodicity.

2.6. Measurement of Body Weight. The rat body weights were
taken at the beginning and last of the experiment using a dig-
ital rodent weighing scale (®Virgo Electronic Compact Scale,
New Delhi, India). The obtained values were expressed in
grams (g).

2.7. Induction of DOX-Induced Cardiotoxicity and Treatment
of Rats. Prior to commencement of the experiment, rats were
randomly allotted into 7 groups of 7 rats per group such that
the weight difference between and within groups was not
more than +20% of the average weight of the sample pop-
ulation of rats used for the study. However, the choice of
the therapeutic dose range of 100, 200, and 400 mg/kg/day
of IGESE was made based on the result of the orientation
studies conducted.

Treatments of rats with distilled water, 100-
400 mg/kg/day of IGESE in 5% DMSO distilled water,
20 mg/kg/day of vitamin C (standard antioxidant drug) for
10 days, and subsequent treatment with single intraperito-

neal dose (15mg/kg) doxorubicin in 0.9% normal saline on
day 11 are as indicated in Table 1.

2.8. Collection of Blood Samples. 72 hours postdoxorubicin
injection, overnight fasted rats were humanely sacrificed
under light inhaled diethyl ether anesthesia, and whole blood
samples were collected directly from the heart with fine 21G
injectable needle and 5 ml syringe without causing damage to
the heart tissues. The rat heart, liver, kidneys, and testes were
carefully identified, harvested, and weighed.

2.9. Bioassays. Blood samples collected into 10 ml plain sam-
ple bottles were allowed to clot at room temperature for 6
hours and then centrifuged at 5000 rpm to separate clear sera
from the clotted blood samples. The clear samples were
obtained for assays of the following biochemical parameters:
serum cardiac troponin I, LDH, TG, TC, and cholesterol frac-
tions (HDL-c, LDL-c) using estimated standard bioassay
procedures and commercial Kkits.

2.10. AI and CRI Calculation. Al was calculated as LDL — ¢
(mg/dl) + HDL — ¢ (mg/dl) [44], while CRI was calculated
as TC (mg/dl) + HDL - ¢ (mg/dl) [45].

2.11. Determination of Cardiac Tissue Antioxidant Profile.
After the rats were sacrificed humanely under inhaled diethyl
ether, the heart was harvested en bloc. The heart was gently
and carefully divided into two halves (each consisting of the
atrium and ventricle) using a new surgical blade. The left half
of the heart was briskly rinsed in ice-cold 1.15% KClI solution
in order to preserve the oxidative enzyme activities of the
heart before being placed in a clean sample bottle which itself
was in an ice-pack filled cooler. This is to prevent the break-
down of the oxidative stress enzymes in these organs.
Activities of cardiac tissue oxidative stress markers such
as SOD, CAT, MAD, GSH, GPx, and GST were assays using
methods earlier described by Olorundare et al. [42].

2.12. Histopathological Studies. The right halves of the seven
randomly selected rats from each treatment and control
groups were subjected to histopathological examinations;
the choice of the right ventricle was based on its reported
most susceptibility to doxorubicin toxicity of the four heart
chambers. The dissected right heart half was briskly rinsed
in normal saline and then preserved in 10% formo-saline. It
was then completely dehydrated in 100% ethanol before it
was embedded in routine paraffin blocks. 4-5 ym thick sec-
tions of the cardiac tissue were prepared from these paraffin
blocks and stained with hematoxylin-eosin. These were
examined under a photomicroscope connected to a host
computer for any associated histopathological lesions.

2.13. Statistical Analysis. Data were presented as mean + S.E
.M. of four observations for the in vitro studies and mean
+ S.D. of seven observations for the in vivo studies, respec-
tively. Statistical analysis was done using a two-way analysis
of variance followed by the Student-Newman-Keuls test on
GraphPad Prism Version 5. Statistical significance was
considered at p < 0.05, p <0.001, and p < 0.0001.
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TaBLE 1: Group treatment of rats.
Groups Treatments
Group I 10 ml/kg of distilled water given p.o. for 10 days +1 ml/kg of 0.9% normal saline given i.p. on day 11
Group II 200 mg/kg/day of IGESE in 5% DMSO-distilled water given p.o. for 10 days +1 ml/kg of 0.9% normal saline given i.p. on day 11
Group III 10 ml/kg/day of distilled water given p.o. for 10 days +15 mg/kg of doxorubicin hydrochloride in 0.9% normal saline given i.p. on
day 11
20 mg/kg/day of Vit. C dissolved in 5% DMSO-distilled water given p.o. for 10 days +15 mg/kg of doxorubicin hydrochloride in
Group IV Lo .
0.9% normal saline given i.p. on day 11
100 mg/kg/day of IGESE dissolved in 5% DMSO-distilled water given p.o. for 10 days +15 mg/kg of doxorubicin hydrochloride in
Group V . . .
0.9% normal saline given i.p. on day 11
200 mg/kg/day of IGESE dissolved in 5% DMSO-distilled water given p.o. for 10 days +15 mg/kg of doxorubicin hydrochloride in
Group VI . . ;
0.9% normal saline given i.p. on day 11
Group 400 mg/kg/day of IGESE dissolved in 5% DMSO-distilled water given p.o. for 10 days +15 mg/kg of doxorubicin hydrochloride in
VII 0.9% normal saline given i.p. on day 11
3. Results TaBLE 2: Quantitative analysis of the secondary metabolites in

3.1. % Yield. Complete extraction of Irvingia gabonensis eth-
anol seed extract in absolute ethanol resulted in an average
yield of 4.31%, which was a very dark brown, oily, and
sweet-smelling paste-like residue that was soluble in metha-
nol and ethanol but not in water.

3.2. Preliminary Qualitative Phytochemical Analysis of
IGESE. This shows the presence of phenol, flavonoids, tan-
nin, terpenoids, steroids, and reducing sugars, while saponin
and phlobatannin were absent.

3.3. Preliminary Quantification of the Secondary Metabolites
in IGESE. Preliminary quantitative analysis of IGESE show-
ing the relative abundance and quantification of secondary
metabolites (expressed in mg/100g of dry IGESE) shows
the presence of phenol (57.18+0.05), flavonoids
(18.19 £ 0.07), alkaloids (50.51 +0.17), steroids
(47.47 £0.03), tannin (41.60 £ 0.03), and reducing sugars
(65.64 +0.23) (Table 2).

3.4. Phytoscan for Secondary Metabolites in IGESE Using Gas
Chromatography-Mass Spectrometry. The presence and rela-
tive abundance of fifty-six (56) major secondary metabolites
in IGESE obtained through gas chromatography-mass
spectrometry and phytoscan based on CAS Library search
included 4,6-di-O-methyl-alpha-d-galactose (27.08%), n-hex-
adecanoic acid (5.51%), undecanoic acid (5.08%), 9,12,15-
octadecatrienoic acid, (Z,Z2,Z) (4.84%), y-sitosterol (4.18%),
Phytol (3.84%), neophytadiene (3.77%), ethyl 9,12,15-octade-
catrienoate (3.65%), stigmasterol (3.03%), vitamin E (2.91%),
hexadecanoic acid, ethyl ester (2.51%), Phytyl palmitate
(1.92%), campesterol (1.34%), lupeol (1.22%), 9,12-octadeca-
dienoic acid (Z,Z) (0.96%), octadecanoic acid, ethyl ester
(0.91%), lup-20(29)-en-3-one (0.84%), B-amyrone (0.82%),
phenol (0.82%), 1-hexacosanol (0.77%), pyrrolidine, 1-(1-
cyclohexen-1-y1)-(0.71%), triacontyl acetate (0.66%), octade-
canoic acid, 2,3-dihydroxypropyl ester (0.59%), y-tocopherol
(0.35%), 1,2-bis(trimethylsilyl) benzene (0.34%), and squalene
(0.26%) (Table 3 and Figure 1).

IGESE (mg/100 g of dry extract sample).

Secondary metabolite Quantity (mg/100 g of dry extract)

Flavonoids 18.19 £ 0.07
Alkaloids 50.51+0.17
Reducing sugar 65.64+0.23
Phenols 57.18 £0.05
Steroids 47.47 £0.03
Tannin 41.60 £ 0.03

3.5. In Vitro Antioxidant Profiling of IGESE

3.5.1. Determination of DPPH Scavenging Activity of IGESE.
Table 4 shows the in vitro DPPH scavenging activities of
25 ug/ml, 50 ug/ml, 75 pg/ml, and 100 ug/ml of IGESE in
comparison with those of corresponding doses of the stan-
dard antioxidant drug (Vit. C) used. IGESE’s DPPH scaveng-
ing activities were significantly (p <0.001 and p < 0.0001)
dose related at 75 pg/ml and 100 pg/ml, and these were com-
parable to that of Vit. C (Table 4).

3.5.2. Determination of NO Scavenging Activity of IGESE.
Table 5 shows the in vitro NO scavenging activities of
25 ug/ml, 50 pg/ml, 75 pg/ml, and 100 ug/ml of IGESE in
comparison with those of corresponding doses of the stan-
dard antioxidant drug (Vit. C). IGESE’s NO scavenging activ-
ities of the extract were significantly (p <0.001, p <0.0001)
dose related and comparable to that of Vit. C at 75 pug/ml
and 100 ug/ml of IGESE (Table 5).

3.5.3. Determination of FRAP of IGESE. Table 6 shows
IGESE’s in vitro ferric reducing activity power of 25 ug/ml,
50 pug/ml, 75 pg/ml, and 100 pg/ml in comparison with those
of corresponding doses of the standard antioxidant drug.
Again, IGESE’s FRAP activities were significantly (p < 0.05,
p<0.001, p<0.0001) dose dependent and comparable to
that of Vit. C especially at 50 ug/ml, 75 ug/ml, and 100 pg/ml
of IGESE (Table 6).
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TaBLE 3: Quantitative analysis of the secondary metabolites (PhytoScan) of Irvingia gabonensis ethanol seed extract (IGESE) using gas
chromatography-mass spectrometry.

Pk# RT Area (%) Library/IDRef# CAS# Quality (%)
1. 4.069 0.1378 Ethanol, 2-(ethylamino)- 000110-73-6 80
2. 4.906 0.0411 Oxime-, methoxy-phenyl- 1000222-86-6 91
3. 5.137 0.1764 1,2-Cyclopentanedione 003008-40-0 78
4. 5.455 0.0811 Cyclotetrasiloxane, octamethyl- 000556-67-2 83
5. 5.721 0.8170 Phenol 000108-95-2 90
6. 5.905 0.1070 Phenol 000108-95-2 60
7. 8.291 0.1399 Z,7-7,11-Hexadecadien-1-ol 1000131-01-4 50
8. 8.458 0.0616 Cyclotetrasiloxane, octamethyl- 000556-67-2 64
9. 10.387 0.0843 Naphthalen-4a,8a-imine, octahydro- 005735-21-7 50
10. 10.503 0.7119 Pyrrolidine, 1-(1-cyclohexen-1-yl)- 001125-99-1 50
11. 11.288 0.1380 Cycloheptasiloxane, tetradecamethyl- 000107-50-6 60
12. 12.137 0.4489 4-Methyl-2,5-dimethoxybenzaldehyde 004925-88-6 60
13. 13.125 5.0814 Undecanoic acid 000112-37-8 53
14. 14.516 3.7713 Neophytadiene 000504-96-1 89
15. 15.088 27.0790 4,6-di-O-methyl-alpha-d-galactose 024462-98-4 52
16. 15.695 5.5072 n-Hexadecanoic acid 000057-10-3 99
17. 15.816 2.5123 Hexadecanoic acid, ethyl ester 000628-97-7 98
18. 16.116 0.0474 Heptadecanoic acid 000506-12-7 55
19. 16.595 0.1190 Heptadecanoic acid, ethyl ester 014010-23-2 60
20. 16.774 3.8358 Phytol 000150-86-7 91
21. 17.063 4.8375 9,12,15-Octadecatrienoic acid, (Z,Z,Z)- 000463-40-1 99
22. 17.185 3.6541 Ethyl 9,12,15-octadecatrienoate 1000336-77-4 99
23. 17.352 0.9067 Octadecanoic acid, ethyl ester 000111-61-5 98
24. 17.508 0.3478 14-Pentadecenoic acid 017351-34-7 86
25. 18.420 0.1330 Bicyclo[3.1.1]heptan-2-one, 6,6-dimethyl- 024903-95-5 55
26. 18.605 0.0633 Cis-vaccenic acid 000506-17-2 91
27. 18.761 0.1262 Heptadecanoic acid, ethyl ester 014010-23-2 70
28. 19.264 0.0555 Cyclopentadecanone, 2-hydroxy- 004727-18-8 90
29. 19.425 0.173 Ethyl 9-hexadecenoate 054546-22-4 58
30. 19.599 0.594 Octadecanoic acid, 2,3-dihydroxypropyl ester 000123-94-4 87
31. 19.818 0.0961 1,4-benzenedicarboxylic acid, mono(1-methylethyl) ester 1000400-56-6 52
32. 19.934 0.0379 Cis-9-tetradecenoic acid, heptyl ester 1000405-20-8 70
33. 20.078 0.1537 Docosanoic acid, ethyl ester 005908-87-2 93
34. 20.251 0.0452 18-nonadecenoic acid 076998-87-3 64
35. 20.742 0.3606 1,3,12-nonadecatriene 1000131-11-1 64
36. 20.887 0.1046 2-methyl-Z,Z-3,13-octadecadienol 1000130-90-5 55
37. 21.510 0.2565 Squalene 000111-02-4 90
38. 22.844 0.3462 y-Tocopherol 007616-22-0 98
39. 23.052 0.6599 Triacontyl acetate 041755-58-2 95
40. 23.341 2.9085 Vitamin E 000059-02-9 99
41. 24.040 1.3362 Campesterol 000474-62-4 99
42. 24.277 3.0258 Stigmasterol 000083-48-7 99
43. 24.427 0.7673 1-hexacosanol 000506-52-5 91
44. 24.542 0.1545 Hexadecanoic acid, 2-hydroxy-,methyl ester 016742-51-1 59
45. 24.750 4.1775 y-Sitosterol 000083-47-6 99
46. 24.843 0.8204 B-Amyrone 000638-97-1 94
47. 25.241 0.8408 Lup-20(29)-en-3-one 001617-70-5 97
48. 25.443 1.2194 Lupeol 000545-47-1 58
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TastLE 3: Continued.
Pk# RT Area (%) Library/IDRef# CAS# Quality (%)
49. 25.559 0.0751 Benz[b]-1,4-oxazepine-4(5H)-thione, 2,3-dihydro-2,8-dimethyl- 1000258-63-4 50
50. 25.969 0.3833 Stigmast-4-en-3-one 001058-61-3 87
51. 26.431 0.0624 2,4-Cyclohexadien-1-one, 3,5-bis(1,1-dimethylethyl)-4-hydroxy- 054965-43-4 50
52. 26.829 1.9166 Phytyl palmitate 1000413-67-8 96
53. 27.170 0.1216 1,4-Bis(trimethylsilyl)benzene 013183-70-5 78
54, 27.592 0.0250 2,4-Cyclohexadien-1-one, 3,5-bis(1,1-dimethylethyl)-4-hydroxy- 054965-43-4 50
55. 28.463 0.3430 1,2-Bis(trimethylsilyl)benzene 017151-09-6 76
56. 29.376 0.9577 9,12-Octadecadienoic acid (Z,Z)- 000060-33-3 50

Pk#: peak number; RT: retention time; Area%: percentage area covered; Library/ID Ref#: library/identification number; CAS#: chemical abstract scheme

number.
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FI1GURE 1: GC-MS analysis showing the relative abundance of the secondary metabolites in IGESE.

TaBLE 4: In vitro DPPH scavenging activity (% inhibition) of 25-
100 pg/ml of IGESE and Vit. C.

18.00 A
20.00 4§
32.00 4

TABLE 6: In vitro FRAP activities of 25-100 pug/ml of IGESE and
Vit. C.

Dru Graded doses Dru Graded doses

& 25ugml  S0ug/ml  75ug/ml 100 ug/ml & 25ugml S0ug/ml  75ug/ml 100 ug/ml
IGESE 14.59+0.31 43.53+0.19 67.98+0.38" 7544+051°  [GESE 0.08+0.00 0.13+0.04° 0.28+0.00° 0.48+0.00°
Vit.C 45.06+0.28 56.55+0.55" 76.92+0.31° 89.83+021° Vit C 0.24+0.00 038+0.00° 0.48+0.00° 0.63+0.00°

P and  represent significant increases at p < 0.05, p < 0.001, and p < 0.0001,
respectively, when compared to the baseline value at 25 pg/ml.

TaBLE 5: In vitro nitric oxide (NO) scavenging activity of 25-
100 pug/ml of IGESE and Vit. C.

Dru Graded doses
& 50 pg/ml 75 pg/ml

25 pg/ml 100 pg/ml

IGESE 13.55+0.70 39.98+0.70 68.39+0.32° 77.09+0.13¢
Vit. C 47.89+0.14 63.09+0.24° 76.07 +0.47° 84.91+0.31°

% and © represent significant increases at p < 0.05, p < 0.001, and p < 0.0001,
when compared to the baseline value at 25 pyg/ml.

©® and © represent significant increases at p < 0.05, p < 0.001, and p < 0.0001,
respectively, when compared to the baseline value at 25 pg/ml.

3.6. Effect of IGESE on the Cardiac Tissue Oxidative Stress
Markers (GSH, GST, GPx, SOD, CAT, and MDA) of DOX-
Treated Rats. Intraperitoneal injection of DOX to rats
resulted in significant (p <0.05, p < 0.001, and p < 0.0001)
decreased activities of SOD, CAT, GPx, GST, and GSH levels
while significantly increasing (p <0.001) MDA activities
(Table 7). However, oral pretreatment with IGESE signifi-
cantly (p <0.05, p<0.001, and p<0.0001) attenuated the
alterations in the activities of these cardiac tissue enzyme
markers. Similarly, IGESE pretreatment significantly
(p<0.001 and p <0.0001) and dose dependently reduced
MDA levels (Table 7).
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TABLE 7: Antioxidant enzyme activities of 100-400 mg/kg/day of IGESE in DOX-treated rat cardiac tissue.
Groups Antioxidant parameters
P GSH GST GPx SOD CAT MDA

I 18.8+1.6 1.6+0.2 1.2+0.1 95+1.8 43.6 +4.7 4.3+0.5
11 20.4+0.6 2.7 +0.25 2.0+£0.2 104+1.2 62.7+4.4 6.0+0.5
III 14.8 +0.8>" 1.1+0.2% 1.0+ 0.1* 6.9+ 0.6 16.7 £2.3< 12.8 + 1.0¢*
v 21.3+£1.3%"¢ 2.6+0.3° 2.4+0.2%° 11.5+1.5%¢ 51.4 + 5244 5.2+0.5%
Y% 17.0 + 1.4¢ 2.0+0.2¢ 1.3+0.1 11.1+1.5%4 54.2 + 6.5 5.3+0.6°
VI 19.6 + 1.8%+d 2.4+0.1°%¢ 2.3+0.3%¢ 12.8 + 1.4 56.6 + 4.34+d 3.9+0.4"
VII 24.7 £1.3%h¢ 3.0 +0.4f 3.3 +0.4f 15.4 +1.65"° 78.7 + 6.9 3.5+0.4

b represents a significant increase at p < 0.001 when compared to untreated negative (normal) control (Group I) values; °* represents a significant increase at
P <0.0001 when compared to IGESE-only treated (Group II) values; ***> and® represent significant decreases at p < 0.05, p < 0.001, and p < 0.0001, respectively,
when compared to Groups I values; ** and °* represent significant increases at p < 0.001 and p < 0.0001, respectively, when compared to untreated positive
control (DOX-only treated, Group II1) values; while © and © represent significant decreases at p < 0.001 and p < 0.0001, respectively, when compared to

untreated positive control (DOX-treated only, Group III) values, respectively. ¢ ©

and  represent significant increases at p < 0.05, p < 0.001, and p < 0.0001,

respectively, when compared to untreated positive control (DOX-treated only, Group III).

3.7. Effect of IGESE on Cardiac Marker Enzymes (cTnl and
LDH) of DOX-Treated Rats. Single intraperitoneal injection
of DOX resulted in significant (p < 0.0001) increases in the
serum LDH and cTnl levels when compared to that of untreated
negative control (Group I) values (Table 8). However, with oral
pretreatments with 100-400 mg/kg/day of IGESE significantly
attenuated (p <0.05, p <0.001, and p <0.0001) increases in
the serum ¢Tnl and LDH levels dose dependently (Table 8),
and these attenuations were comparable to that induced by oral
pretreatment with 20 mg/kg/day of Vit. C (Table 8).

3.8. Effect of IGESE on the Serum Lipids (TG, TC, HDL-c,
LDL-c) Level of DOX-Treated Rats. Acute intraperitoneal
DOX injection resulted in significant (p < 0.05) decreases in
the serum TG, significantly (p < 0.001) increased serum TC
and LDL-c while inducing insignificant (p > 0.05) alterations in
the serum HDL-c level (Table 9). However, with 100-
400 mg/kg/day of IGESE oral pretreatment, there were significant
(p < 0.05 and p<0.0001) dose-related increases in the serum TG
and HDL-c concentrations, while there were significant (p > 0.05
and p < 0.001) decreases in the serum TC and LDL-c concentra-
tions when compared to DOX-only treated rats (Table 9). Oral
pretreatment with 20 mg/kg/day of vitamin C elicited similar
effects on the measured serum lipids parameters (Table 9).

3.9. Effect of Oral IGESE Pretreatment on Cardiovascular Risk
Indices (AI and CRI) of DOX-Treated Rats. Acute intraperito-
neal injections with DOX resulted in significant (p < 0.001)
increases in the Al and CRI values when compared to Groups
I and II values (Table 10). However, with oral pretreatment
with 100-400 mg/kg/day of IGESE, there were significant
(p<0.05, p<0.001, and p <0.0001) dose-related decreases
in the AI and CRI values with similar effect induced by oral
pretreatments with 20 mg/kg/day of Vit. C (Table 10).

3.10. Histopathological Studies of the Effect of IGESE Oral
Pretreatment on DOX-Intoxicated Treated Heart. Figure 2 is
a photomicrograph of a cross-sectional representative of
DOX-only treated heart showing myocyte congestion and

TasLE 8: Effect of 100-400 mg/kg/day of IGESE on serum LDH and
cardiac troponin I (cTnl) levels in DOX-intoxicated rats.

Treatment groups LDH (U/L) cTnl (ng/ml)
I 4347 + 596.4 3.4+1.1

I 4338 +238.1 3.7+1.1

111 8151 + 441.0° 40.5 + 3.5
v 4887 +217.5° 11.4+3.5<
\% 4737 +260.2%" 25.5 +3.3%"
VI 4188 +229.2%" 19.8 + 2.4
VII 3679 + 346.1 14.8+1.1

* represents a significant increase at p < 0.0001 when compared to untreated
normal control (Group I) and IGESE only treated (Group II) values, while **
b and © represent significant decreases at p < 0.05, p < 0.001, and p < 0.0001,
respectively, when compared to DOX-only treated (Group III) values,
respectively.

antemortem coronary microthrombi when compared to
untreated normal (Figure 3) and IGESE-only treated heart tis-
sues with normal cardiac architecture (Figure 4). However,
pretreatment with varying doses of IGESE resulted in dose-
related improvements in the histological distortions induced
by DOX especially at 200mg/kg/day (Figure 5) and
400 mg/kg/day of IGESE (Figure 6); although, histological fea-
tures of vascular congestion were still seen with 100 mg/kg/day
of IGESE oral pretreatment (Figure 7). On the contrary, there
were histological features of persistent coronary microthrombi
in rat heart pretreated with 20 mg/kg/day of Vit. C, indicating
the lingering DOX-induced histological lesions, even with the
standard antioxidant drug (Figure 8).

4. Discussion

The clinical use of doxorubicin in the management of solid
and hematological cancers has been widely limited by its
off-target severe cardiotoxicity which manifests biochemi-
cally by elevation of serum enzyme markers of cardiotoxicity.
The diagnostic serum marker enzymes of cardiotoxicity are
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TaBLE 9: Effect of 100-400 mg/kg/day of IGESE on complete serum lipid profile.
Groups G Serum lipids
(mmol/l) TC(mmol/l) HDL-c(mmol/l) LDL-c(mmol/1)
I 1.2+0.1 2.0+0.1 0.7+£0.0 0.7+£0.0
II 1.1+0.1 1.8+0.1 0.6+0.0 0.6+0.1
III 0.9+0.1" 2.7 £0.3 0.7+£0.0 1.6+0.2%%
v 1.2+0.1% 1.4+0.25 0.8+0.1%" 0.4+0.2"
A% 1.0£0.2 2.4+0.2% 0.8+0.1** 1.2+0.1%
VI 1.3+0.2% 2.3+02% 0.9+0.1° 1.1+0.2%
VII 1.5+0.0° 1.6+0.1° 0.6+0.0 0.6+0.1"

a

“represents a significant decrease at p < 0.05 when compared to (Groups I and II) values, while “* represents a significant increase at p < 0.0001 when compared

to Groups I and 1T values; ¢~ and © represent significant decreases at p < 0.05 and p < 0.0001, respectively, when compared to DOX-only treated (Group IIT)
values; 4" and ©* represent significant increases at p < 0.05 and p < 0.001, respectively, when compared to DOX-only treated (Group III) values.

TasLE 10: Effect of 100-400 mg/kg/day of IGESE on cardiovascular
risk indices (atherogenic index (AI) and coronary risk index
(CRI)) values in DOX-intoxicated rats.

Treatment groups TC -+ HDL - ¢ (AI) LDL - c+HDL - ¢ (CRI)

I 2.83+0.05 1.05 +0.07
I 2.86 +0.12 1.11£0.15

111 3.85+0.19° 2.28 +0.20°
v 1.88 +0.39% 0.64 +0.33
\% 3.10 £ 0.23% 1.51 +0.16%
VI 2.56 +0.27°" 1.30+0.27°"
VII 2.62+0.18" 0.98 +0.165

b and " represent significant increases at p<0.001 and p <0.0001,

resgectively, when compared to Groups I and II values, respectively, while
* "> and © represent significant decreases at p < 0.05, p <0.001, and p <
0.0001, respectively, when compared to untreated positive control (DOX-
only treated) (Group III) values, respectively.

AST, ALT, CK-MB, LDH, and c¢Tnl which leak from cardiac
tissue damage to the bloodstream due to their tissue specific-
ity and serum catalytic activity [46]. DOX administration
may result in the damage to the myocardial cell membrane
or make myocytes more permeable, resulting in the leakage
of the diagnostic cardiac enzyme markers cardiac AST,
ALT, CK-MB, LDH, and cTnl into the bloodstream and their
high circulating levels. In the present study, DOX-mediated
cardiotoxicity was fully established as evidenced by the pro-
found elevations in the serum ¢Tnl and LDH levels which
is in complete agreement with previous studies [47-52]. With
oral IGESE pretreatments, the serum levels of cTnl and LDH
were profoundly attenuated toward normal serum level indi-
cating the ameliorative potential of IGESE in DOX-mediated
cardiotoxicity. These effects were probably mediated through
high antioxidant and/or free radical scavenging activities of
IGESE on the myocardium, thus reducing the damaging
effects of DOX to the cardiac muscle fibers, subsequently
minimizing the leakage of such enzymes in the serum. Simi-
larly, ROS-mediated mechanism is one of the proposed DOX-
mediated cardiotoxicity mechanisms, leading to oxidative

FIGURE 2: A cross-sectional representative of 15 mg/kg of DOX-only
intoxicated rat cardiac tissue showing antemortem coronary artery
microthrombi and congested cardiomyocytes suggestive of
coronary intravascular thrombosis (x400 magnification,
Hematoxylin and Eosin stain).

stress that causes cardiomyopathy [53]. Oxidative stress has
been reported to increase lipid peroxidation as indicated by
an increase in MDA levels and altered enzymatic and nonen-
zymatic antioxidant systems [54, 55]. In this study, MDA level
was profoundly increased by DOX treatment, while DOX
treatment also suppressed the cardiac tissue activities of
SOD, CAT, GPx, GST, and GSH levels in the treated rats in
agreement with other studies. These altered biochemical alter-
ations were supported by histological lesions characterized by
myocyte congestion and coronary intravascular microthrombi
formation. DOX has been previously reported to profoundly
reduce vascular blood flow, disintegrate vascular endothelium,
and promote GPIIb/IIla-mediated platelet adhesion and
aggregation, all resulting in microthrombi formation [56-
58]. The fact that IGESE prevented microthrombi formation
in DOX-treated coronary vasculature as evidenced by histo-
pathological results of this study highlighted the possible
inherent antithrombotic potential of IGESE; although, further
studies are still needed in this respect in order to validate this
hypothesis. However, IGESE profoundly attenuated
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FIGURE 3: A cross-sectional representative of normal rat cardiac
tissue showing normal cardiac histoarchitecture  (x400
magnification, Hematoxylin and Eosin stain).

FIGURE 4: A cross-sectional representative of 200 mg/kg/day of
IGESE-only pretreated rat cardiac tissue showing normal cardiac
histoarchitecture (x400 magnification, Hematoxylin and Eosin
stain).

significant alterations in the cardiac tissue oxidative markers
whose activities were significantly suppressed by DOX intoxi-
cation. IGESE has the tendency to neutralize ROS like super-
oxide radicals, singlet oxygen, nitric oxide, and peroxynitrite,
thereby reducing the damage to lipid membranes [39]. Simi-
larly, oral IGESE pretreatments profoundly improved and
reversed the DOX-induced histological lesions especially at
200 mg/kg/day and 400 mg/kg/day of IGESE pretreatments.
The effects of DOX on serum lipids are also signifi-
cant. DOX has been reported to cause hyperlipidemia
(which include increased serum cholesterol, triglyceride,
LDL-c, and FFAs) [59-64] and increases cardiovascular
disease risk [65]. This hyperlipidemia is thought to be
mediated via downregulation of PPAR-y and subsequently
affect GLUT4 and FAT/CD36 expression resulting in glu-
cose and fatty acid transporters expression and causing
hyperglycemia and hyperlipidemia [65]. Irvingia gabonen-
sis seeds have been reported to induce weight loss, antihy-
perlipidemia, and reduced cardiovascular disease risk

FIGURE 5: A cross-sectional representative of 200 mg/kg of IGESE
pretreated, DOX intoxicated rat cardiac tissue showing mildly
congested cardiomyocytes (x400 magnification, Hematoxylin and
Eosin stain).

FIGURE 6: A cross-sectional representative of 400 mg/kg of IGESE
pretreated, DOX intoxicated rat cardiac tissue showing normal
cardiac histoarchitecture (x400 magnification, Hematoxylin and
Eosin stain).

factors in both animal [59-64] and human studies [66-
72] which were reportedly mediated via downregulation
of the PPAR-y and leptin genes and upregulation of the
adiponectin gene mechanisms [67]. Thus, the results of
this study are in tandem with those of earlier studies.
The GC-MS analysis and phytoscan of IGESE are also
notably significant. IGESE is shown to contain high contents
of 4,6-di-O-methyl-alpha-d-galactose, n-hexadecanoic acid,
undecanoic acid, 9,12,15-octadecatrienoic acid, y-sitosterol,
phytol, neophytadiene, ethyl 9,12,15-octadecatrienoate, stig-
masterol, vitamin E, hexadecanoic acid ethyl ester, Phytyl
palmitate, campesterol, and lupeol. Phytosterols such as
sitosterol, stigmasterol, campesterol, and phytols have been
reported to effectively mitigate lipid peroxidation through
antioxidant and free radical scavenging mechanisms and
physically stabilize cell membrane [73] as well as effectively
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FIGURE 7: A cross-sectional representative of 100 mg/kg/day of
IGESE-pretreated, DOX-intoxicated cardiac tissue showing mild-
to-moderate vascular congestion but normal myocardiocytes
(x400 magnification, Hematoxylin-Eosin stain).

FIGURE 8: A cross-sectional representative of 20 mg/kg/day of
vitamin C pretreated, DOX intoxicated rat cardiac tissue showing
mild-to-moderate antemortem coronary artery thrombus and
normal cardiomyocytes suggestive of coronary intravascular
thrombosis (X400 magnification, Hematoxylin and Eosin stain).

lowered cholesterol especially the LDL-c fraction [74-78].
Similarly, stigmasterol, y-sitosterol, lupeol, lupeol acetate,
and a-amyrin are known to exhibit other important pharma-
cological activities such as anticancer, anti-inflammatory,
and antibacterial activities [79]. Lupeol in particular is
known to mediate anti-inflammatory, antimicrobial, anti-
protozoal, antiproliferative, anti-invasive, antiangiogenic,
and cholesterol-lowering activities [79, 80]. Phytol is an
important diterpene that possesses antimicrobial, antioxi-
dant, and anticancer activities [81, 82]. Hexadecanoic acid
is known to exhibit strong antimicrobial and anti-
inflammatory activity [83]. Squalene, a triterpene, is a natural
antioxidant [84], possessing various other pharmacological
properties including antimicrobial property [85, 86]. Neo-
phytadiene is a good analgesic, antipyretic, anti-inflamma-
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tory, antimicrobial, and antioxidant compound [87, 88].
Thus, the presence of stigmasterol, y-sitosterol, lupeol, phy-
tols, and neophytadiene in high amounts in IGESE could be
responsible for the cholesterol-lowering, antioxidant, and
antilipiperoxidation activities of IGESE in DOX-mediated
cardiotoxic rats. Similarly, flavonoids, steroids, cardiac gly-
cosides, tannin, and saponin have been reported to elicit
antithrombotic activities [89-91], and more specifically,
plant-derived sitosterol has been reported to have antico-
agulant and thrombus-preventing activities in mice [78,
92, 93]. Thus, the presence of these phytochemicals espe-
cially steroids and tannin in high amounts in IGESE could
be responsible for the observed antithrombotic action of
IGESE in DOX-intoxicated rats.

5. Conclusion

Overall, results of this study showed that IGESE effectively
attenuated DOX-mediated cardiotoxicity and its cardiopro-
tective activities were mediated via antioxidant, free radical

scavenging, antilipoperoxidation, and antithrombotic
mechanisms.
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ip.: Intraperitoneal

IGESE: Irginvia gabonensis ethanol seed extract

KCL Potassium chloride

LDH: Lactate dehydrogenase

LDL-c: Low density lipoprotein cholesterol

MDA: Malondialdehyde

NO: Nitric oxide

p.o.: Per os

PPARy: Peroxisome proliferator-activator receptor
gamma

ROS: Reactive oxygen species

rpm: Revolution per minute

S.EM.: Standard error of the mean

SOD: Superoxidase dismutase
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TC: Total cholesterol

TG: Triglyceride

UERC: UNILORIN ethics and research committee
UNILORIN: University of Ilorin

Vit. C: Vitamin C.
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Chronic obstructive pulmonary disease (COPD), characterized by oxidative stress and inflammation, is one of the leading causes of
death worldwide, in which cigarette smoke (CS) is the major risk factor. Dendrobium officinale polysaccharides (DOPs) are the
main active ingredients extracted from Dendrobium officinale, which have been reported to have antioxidant and anti-
inflammatory activity as well as inhibition of mucin gene expression. This study is aimed at investigating the effect of DOPs on
CS-induced mucus hypersecretion and viscosity in vitro and in vivo. For in vitro study, primary normal human bronchial
epithelial cells (HBECs) differentiated at the air-liquid interface (ALI) culture for 28 days were stimulated with cigarette smoke
medium (CSM) in the absence or presence of various concentrations of DOPs or N-acetylcysteine (NAC) for 24 hours. For
in vivo study, male Sprague-Dawley rats were randomized to sham air (SA) as control group or CS group for 56 days. At day 29,
rats were subdivided and given water as control, DOPs, or NAC as positive control as a mucolytic drug via oral gavage for the
remaining duration. Samples collected from apical washing, cell lysates, bronchoalveolar lavage (BAL), and lung tissues were
evaluated for mucin gene expression, mucus secretion, and viscosity. DOPs ameliorated the CS-induced mucus hypersecretion
and viscosity as shown by the downregulation of MUC5AC mRNA, MUC5AC secretary protein, and mucus viscosity via
inhibition of mucus secretory granules in both in vitro and in vivo models. DOPs produced its effective effects on the CS-
induced mucus hypersecretion and viscosity via the inhibition of the mucus secretory granules. These findings could be a
starting point for considering the potential role of DOPs in the management of the smoking-mediated COPD. However, further
research is needed.

1. Introduction

Chronic obstructive pulmonary disease (COPD), which is
characterized by persistent airflow limitation and airway
inflammation, is the third leading cause of death globally
[1]. Cigarette smoke (CS), as the major risk factor for COPD,
has been reported to be associated with chronic airway
inflammation, airway epithelium impairment, and mucus
hypersecretion [2-4]. Traditional pathogenetic theory is
linking COPD with inflammatory process; however, recent
finding revealed the significant role of chronic mucus

hypersecretion in the pathogenesis of COPD [5]. Therefore,
new treatment should be developed targeting on mucus
hypersecretion.

The airway epithelial surface is covered by mucus, which
is an extracellular gel with two major components, water and
mucins, protecting the lung from continuous environmental
exposure [6]. Under healthy condition, the sputum mucus
solid concentration is 1.7% (by weight), which is increased
to 3.7% in COPD patients [7]. The viscosity of mucus is
determined by mucus solid concentration, increased mucus
viscosity led to disability of cilia clearance [8]. Mucus is
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mainly secreted by epithelial surface goblet cells and secre-
tory cells from submucosal glands in large airways [6].
Mucin-5AC (MUC5AC) is the major gel-forming mucin in
proximal airways by surface goblet cells, which are the pre-
dominant subtype found in COPD patients [9]. Moreover,
CS could also induce MUC5AC mucin overexpression, and
the increased MUC5AC is correlated with smoking history
[3, 10]. Epidermal growth factor receptor (EGFR) might play
a crucial role in the regulatory mechanism of CS-induced
mucus hypersecretion [11]. Cigarette smoke activates EGFRs
which activate mitogen-activated protein (MAP) kinases and
cause upregulation of mucin MUC5AC in airway epithelial
cells and led to mucus hypersecretion [12]. Due to the
increased synthesis and secretion of mucins, mucus is usually
dehydrated and more viscous, impeding mucus clearance in
COPD airways [13]. N-Acetylcysteine (NAC) has been
widely used as a mucolytic drug; however, its efficacy is lim-
ited [14]. Therefore, more effective mucolytic drugs should
be developed.

The genus Dendrobium is one of the largest groups of the
family Orchidaceae. In China, more than fifty Dendrobium-
based health food products for promoting body fluid produc-
tion have been approved by the State Food and Drug Admin-
istration (see Supplementary Table (available here)).
Polysaccharides are considered as one of the main active
ingredients in Dendrobium plants [15]. Dendrobium offici-
nale polysaccharides (DOPs) have been reported to possess
multiple pharmacological activities including antioxidant,
anti-inflammatory, antiapoptotic, and hypoglycemic activi-
ties [16]. Recent findings demonstrated that DOPs inhibited
MUCS5AC expression, leading to amelioration of airway
inflammation in a rat model of COPD as well as improve-
ment of vital capacity in COPD patients [17]. However,
insight into the mechanism of DOPs on inhibiting the CS-
indusssssced MUC5AC overproduction in relation to viscos-
ity of mucus in the airways is lacking. This study is aimed at
investigating the effects of DOPs on CS-induced mucus
hypersecretion and viscosity.

2. Materials and Methods

2.1. Cigarette Smoke Medium (CSM) Preparation. Cigarette
smoke (CS) generated from two cigarettes in the same packet
with the mouthpiece filters removed (Camel (11mg tar,
0.8 mg nicotine); RJ. Reynolds, Winston-Salem, NC, USA)
was drawn into a syringe before bubbling in 20ml
phosphate-buffered saline (PBS). The solution was filter-
sterilized through a 0.22 ym membrane filter and regarded
as 100% CSM. The CSM was standardized by measuring
absorbance (OD =1.1) at 320nM wavelength using a spec-
trophotometer CLARIOstar (BMG Labtech; Ortenberg, Ger-
many) and was stored in aliquots at -80°C.

2.2. Preparation of DOPs. DOPs were extracted by Hong
Kong GMP Pharmaceutical Factory (Bright Future Pharma-
ceutical Laboratories Ltd.). High-performance liquid chro-
matography (HPLC) was performed to fingerprint total
DOPs (see Supplementary Figure).
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2.3. DOP Treatment in CSM-Exposed Air-Liquid Interface
(ALI) Culture of Primary Human Bronchial Epithelial Cells.
Well-differentiated normal primary human bronchial epithe-
lial cells (HBECs; n=5) were prepared using a previously
described protocol [18]. HBECs from 2 different donors
(Lonza, Walkersville, MD, USA; American Type Culture
Collection (ATCC), Rockville, MD, USA) were seeded onto
collagen-coated 12 mm transwell inserts with 0.4 ym pore
size (2.5%10° cells per well; Corning Life Sciences, MA).
After 100% confluent, medium was removed from the apical
side of transwell and left to 28-day differentiation in an ALI
medium with 1:1 mixture of BEBM (Lonza, Walkersville,
MD, USA) and DMEM (Gibco, Carlsbad, CA) supplemented
with 52 yg/ml bovine pituitary extract (BPE), 5 ug/ml insulin,
0.5 ug/ml hydrocortisone, 10 ug/ml transferrin, 0.5 pug/ml
epinephrine, 0.5ng/ml human epidermal growth factor
(hEGF), 1.5ug/ml bovine serum albumin (BSA), and
15ng/ml retinoic acid. After 18h starvation, cells were
treated with 4% CSM in the absence or presence of various
concentrations of DOPs (0.01, 0.1, or 1ug/ml) or N-
acetylcysteine (NAC; 10 nM, as positive control) for 24 hours
(Figure 1(a)). Apical washing (350 ul) from ALI cultures of
well-differentiated HBECs was collected and frozen in ali-
quots for further analysis.

2.4. DOP Treatment in CS-Exposed Rats. Equal numbers
(n=8) of male Sprague-Dawley (SD) rats were randomly
divided into sham air (SA) as control group or CS group
for 56 days. Rats in the CS group were exposed to CS using
the computer-controlled whole body inExpose smoking
system (SCIREQ, Montreal, Canada) at a total particulate
matter (TPM) of 2000 mg/m” for 1 hour (20 cigarettes) daily,
while rats in the SA group were subjected to the same proce-
dure in another ventilated chamber but exposed to fresh air.
Cigarettes (10mg TAR and 0.8mg nicotine, Camel, R/J.
Reynolds, Winston-Salem, NC, USA) were obtained from
local commercial retailers. At day 29, rats were subdivided
and given water as control, two doses of DOPs (50 mg/kg
and 200 mg/kg b.wt.), or NAC (300 mg/kg b.wt., as positive
control) daily via oral gavage for the remaining duration
(Figure 1(b)). On day 57, rats were sacrificed 24 h after last
exposure with overdose of pentobarbital (100 mg/kg; i.p.).
Bronchoalveolar lavage (BAL) was obtained through washing
with 1.5 ml ice-cold PBS for three times in total. After centri-
fugation at 1000 rpm for 10 min at 4°C to remove cellular
debris, the supernatant was frozen in aliquots for further
use. The largest lobe of the left lung tissue was fixed in 4%
formalin solution and embedded in paraffin for sectioning.
The remaining lung tissues were collected and frozen for
further analysis. All animal procedures were performed in
strict accordance with the guidelines from ARRIVE and
Directive 2010/63/EU of the European Parliament, and the
animal protocols were approved by the Committee on the
Use of Live Animals in Teaching and Research (CULATR)
of The University of Hong Kong (No. 4538-17).

2.5. RNA Extraction and RT-PCR for MUC5AC mRNA. Well-
differentiated HBECs and lung tissues were harvested for
RNA extraction using TRIzol reagent (Invitrogen, USA).
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FIGUre 1: Experimental protocols for in vitro and in vivo models. (a) Schematic overview of air-liquid interface (ALI) culture of well-
differentiated HBEC model with different treatments (n=5). (b) Schematic overview of male Sprague-Dawley (SD) rat model with

different treatment groups (n = 8).

Total RNA was DNase treated (Invitrogen, USA) before
cDNA synthesis. Reverse transcription of RNA was con-
ducted with EvoScript Universal cDNA Master kit (Roche,
Basel, Switzerland) following the manufacturer’s instruction.
Quantitative RT-PCR assay was performed using SYBR
Green Real-Time Master Mix (Applied Biosystems, Lithua-
nia) based on the manufacturer’s protocol. Relative quantity
of mRNA was obtained by using the comparative Ct method
and normalized by housekeeping genes such as human ribo-
somal protein S13 (RPS13) or rat glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). The primer for human
MUC5AC is as follows: 5'-CTT TGG CAT CTG TGA GGA
GC-3' (forward primer) and 5'-CAC AGA AGC AGA GGT
CTT GC-3' (reverse primer). The primer for rat MUC5AC is

as follows: 5'-AAC TCT GCC CAC CAC AAG C-3' (for-
ward primer) and 5'-TGC CAT CTA TCC AAT CAG TCC
AAT-3' (reverse primer).

2.6. MUC5AC ELISA. The method of MUC5AC ELISA was
adapted from Parker et al’s previous report [18]. Apical
washing from the well-differentiated HBECs and BAL from
rats was diluted (1:5 and 1:10, respectively) in carbonate-
bicarbonate coating buffer (Sigma-Aldrich, St. Louis, MO,
USA) and incubated at 37°C for 18 h. After washing with
PBS/Tween-20 (0.05%), the plate was blocked with 2% BSA
(Sigma-Aldrich) for 1h at room temperature. After washing,
a 1:200 dilution of MUC5AC mouse Mab (45M1; Thermo
Fisher Scientific, Carlsbad, CA, USA) was added and
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F1GURE 2: Transmission electron microscopy (TEM) images of in vitro model. Primary normal human bronchial epithelial cells (HBECs) after
28-day air-liquid interface (ALI) culture were stimulated with (a) control medium, (b) 4% cigarette smoke medium (CSM), (c) 4% CSM with
Dendrobium officinale polysaccharides (DOPs) (1 ug/ml), and (d) 4% CSM with N-acetylcysteine (NAC) (10 mM). c: ciliated cells; g: goblet

cells; arrow: secretory vesicles. Scale bar: 5 ym.

F1GURE 3: Transmission electron microscopy (TEM) images of airway epithelium of rat trachea. Male Sprague-Dawley (SD) rats were exposed
to sham air (as control) or cigarette smoke for 56 days. At day 29, rats were subdivided as (a) sham air with water (as control), (b) cigarette
smoke with water, and (c) cigarette smoke with DOPs (200 mg/kg b.wt.) via oral gavage for the remaining duration. c: ciliated cells; g: goblet

cells; arrow: secretory vesicles. Scale bar: 2 ym.

incubated for 1 h at room temperature. A 1:2000 dilution of
rabbit anti-mouse IgG antibody conjugated to HRP (Novus
Biologicals, Littleton, CO, USA) was added after washing
and incubated for 1h at room temperature. After washing,
tetramethylbenzidine (TMB) substrate solution (BD Biosci-
ences, San Diego, CA, USA) was added and developed in
the dark for 15min. The reaction was stopped by adding
2N H,SO,, and the plate was read at 450 nm with 570 nm
for wavelength correction using a spectrophotometer
(CLARIOstar®, BMG Labtech, Ortenberg, Germany).

2.7. Mucus Viscosity. Apical washing from well-differentiated
HBECs and BAL from rat was measured using a Brookfield
LVDV-II+Pro cone and plate digital viscometer with CP-40
spindle (Brookfield AMETEK, MA, USA). The measure-
ments were carried out at 25°C using a water bath with tem-

perature controller. Viscosity measured at a speed of 40 rpm
and shear rate of 300 1/s was used to compare the groups
after normalizing to relevant control, adapted from
Sanchez-Véliz et al’s previous report [19]. Data were col-
lected from the first 30 s of the experiments.

2.8. Transmission Electron Microscopy (TEM). Selected ALI
cultures of well-differentiated HBECs and rat trachea were
fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences,
Ft. Washington, PA, USA) and sent to Electron Microscope
Unit (EMU) of The University of Hong Kong for further pro-
cesses. The samples were observed under a Philips CM 100
transmission electron microscope.

2.9. Histopathology. Alcian Blue/Periodic  Acid-Schiff
(AB/PAS) staining was applied to identify goblet cells in the
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Fi1GURE 4: Effect of DOPs on CS-induced mucus secretion and viscosity in in vitro model. Primary normal human bronchial epithelial cells
(HBEC:s) after 28-day air-liquid interface (ALI) culture were treated with DOPs or N-acetylcysteine (NAC) and then 4% cigarette smoke
medium (CSM) for 24 hours. (a) Analysis of MUC5AC mRNA expression was carried out by real-time qPCR. (b) MUC5AC protein was
quantitated by ELISA in apical washing. (c) Mucus viscosity was measured using a Brookfield LVDV-II+Pro cone and plate digital
viscometer with CP-40 spindle in apical washing. Values are expressed as mean + SEM (n=5). *p < 0.05, **p <0.01, and ***p < 0.001 for
one-way ANOVA test with post hoc analysis (Bonferroni). “p < 0.05, **p < 0.01, and ***p < 0.001 for Student’s ¢-test.
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FiGurek 5: Effect of DOPs on CS-induced mucus secretion and viscosity in rat lungs. Male Sprague-Dawley rats were randomized to sham air
(SA) (as control) or cigarette smoke (CS) group for 56 days. At day 29, rats were subdivided and given water as control (SA and CS groups),
two doses of DOPs (100 mg/kg b.wt. and 200 mg/kg b.wt.) (SD, CL, and CD groups), or N-acetylcysteine (NAC; 500 mg/kg b.wt. as positive
control) (SN and CN groups) daily via oral gavage for the remaining duration. (a) Analysis of lung MUC5AC mRNA expression was carried
out by real-time qPCR. (b) MUC5AC protein was quantitated by ELISA in bronchoalveolar lavage (BAL). (c) Mucus viscosity was measured
using a Brookfield LVDV-II+Pro cone and plate digital viscometer with CP-40 spindle in BAL. Values are expressed as mean + SEM (n = 8).
**p <0.01 and ***p < 0.001 for one-way ANOVA test with post hoc analysis (Bonferroni). “p < 0.05, *p < 0.01, and **p < 0.001 for Student’s

t-test.

airways. Images of 5 fields for epithelium in rat cartilaginous
airways were captured randomly at x40 magnifications by
using a Nikon microscope (Nikon Instruments Inc., Tokyo,
Japan) with a Nikon DS-Ri2 Digital Camera. The PAS-
positive cells were measured using the software Nikon NIS-
Elements BR.

2.10. Western Blot Analysis. Total protein of rat lung homog-
enate was separated in SDS-polyacrylamide gel and trans-
ferred onto a nitrocellulose membrane (GE Healthcare,
Germany). After blocking, target protein was detected using
specified antibody for analysis of phospho-EGFR (T678;
ImmunoWay Biotechnology, Plano, TX, USA; 1:1000
dilution). Protein expression levels were normalized with a-
tubulin.

2.11. Statistical Analysis. Data were presented as mean +
SEM. One-way ANOVA test with post hoc analysis (Bonfer-
roni) was applied to compare multiple groups. Student’s ¢
-test was also carried out for variables measured at a single

time point where appropriate. All the statistical analyses were
performed using GraphPad Prism 7 (GraphPad Software
Inc., San Diego, CA, USA). Significance was achieved if p
value < 0.05.

3. Results and Discussion

Under TEM, CSM or CS exposure caused an increase in the
number of secretory vesicles and enlargement of the secre-
tory vesicles associated with mucus secretion in the goblet
cells in vitro (Figures 2(a) and 2(b)) and in vivo
(Figures 3(a) and 3(b)), respectively, which were reversed
by DOP treatment (Figures 2(c) and 3(c)). However, NAC
treatment attenuated only the CSM-induced swollen secre-
tory vesicles and caused no effect on the number of secretory
vesicles (Figure 2(d)). The enlargement of secretory vesicles
might lead to increased mucus secretion and viscosity. Treat-
ment of DOPs diminished the number and the size of the
secretory vesicles in both CS-exposed cell and rat models.
As a mucolytic drug, NAC ameliorated only CS-induced
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Figure 6: Effect of DOPs on CS-induced goblet cell hyperplasia in rat lungs. Male Sprague-Dawley (SD) rats were exposed to sham air (as
control) or cigarette smoke for 56 days. At day 29, rats were subdivided as (a) SA: sham air with water (as control); (b) CS: cigarette
smoke with water; (c) CD: cigarette smoke with DOPs (200 mg/kg b.wt.); and (d) CN: cigarette smoke with NAC (500 mg/kg b.wt.) via
oral gavage daily for the remaining duration. (a—d) Representative images of cartilaginous airways in the rat lung sections stained with
Alcian Blue/Periodic Acid-Schiff (AB/PAS). Scale bar = 100 ym. Goblet cells appear as purple staining (arrows) over epithelium. AB/PAS
staining revealed increased goblet cell hyperplasia after CS exposure and DOPs or NAC reduced the CS-induced goblet cell hyperplasia.
(e) Quantification of AB/PAS-positive cells per length of epithelium for goblet cells of different groups. Values are expressed as mean +
SEM (n=38). *p <0.05 and **p < 0.01 for one-way ANOVA test with post hoc analysis (Bonferroni).

swollen secretary vesicles in the goblet cells with no reduction
in the number of secretory vesicles, suggesting the differential
mucolytic effect between DOPs and NAC.

CSM or CS exposure caused significant upregulation of
MUC5AC mRNA expression in well-differentiated HBECs
under ALI culture (Figure 4(a)) and in rat lung
(Figure 5(a)), which was attenuated by DOPs in a dose-
dependent manner. However, NAC had no attenuation of
CSM-induced MUC5AC mRNA in vitro (Figure 4(a)) but
caused significant reduction in CS-induced MUC5AC
mRNA in rat lung (Figure 5(a)). Following a similar trend
to gene expression, CSM or CS stimulated mucus hypersecre-
tion in apical washing of well-differentiated HBECs under
ALI culture (Figure 4(b)) and in rat BAL (Figure 5(b)) by
MUCS5AC ELISA, which was effectively reversed by DOPs
dose dependently (Figures 4(b) and 5(b)). NAC had no effect
on CSM- or CS-induced mucus hypersecretion in vitro and
in vivo. CSM or CS induced significant elevation of mucus
viscosity in apical washing (Figure 4(c)) and in rat BAL
(Figure 5(c)), respectively, which was ameliorated by DOPs
and NAC (Figures 4(c) and 5(c)). In line with the in vivo find-
ings, CS exposure caused a significant increase in the number
of goblet cells containing mucus in the epithelium of the car-
tilaginous airways, which was reduced by the treatment with
DOPs using PAS staining (Figure 6). Furthermore, previous
findings suggested that epidermal growth factor receptor

(EGFR) is essential to mucin synthesis in response to CS
stimulation [12, 20]. CS exposure caused significant upregu-
lation of phospho-EGFR protein expression in rat lung,
which was not reversed by either DOPs or NAC (Figure 7).
However, NAC alone caused elevation of phospho-EGFR
protein expression in rat lung (Figure 7).

The findings of the present study for the first time
showed that DOPs could ameliorate mucus hypersecretion
and mucus viscosity via inhibition of swollen secretory vehi-
cles in the airway epithelium in both CSM- or CS-exposed
models in vitro and in vivo. Mucus is essential for its role in
protecting the airways. However, chronic inflammatory lung
diseases, such as COPD, are often associated with excessive
mucus production, especially in chronic bronchitis. Smoking
is a common stimulus to promote mucus secretion via syn-
thesis and secretion of MUC5AC [21]. MUC5AC has been
recognized as the predominant secretary mucin in human
airway epithelial cells, and its expression increases in smokers
and COPD patients [22]. In this study, CS exposure caused
upregulation of mucin MUC5AC in both in vitro and
in vivo models, in agreement with previous studies [11, 23].
DOPs inhibited CS-induced MUC5AC overproduction in
in vitro and in vivo models, in line with Song et al.’s previous
report [17]. However, NAC had no significant effect on CS-
induced MUC5AC overproduction in vitro and in vivo. The
mechanism of NAC as a mucolytic drug might work through
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Ficurk 7: Effect of DOPs on CS-induced activation of epidermal
growth factor receptor (EGFR) in rat lungs. Total protein from rat
lungs was extracted. Phospho-EGFR was normalized by a-tubulin
(housekeeping). Values are expressed as mean + SEM (n=38). ***p
<0.001 for one-way ANOVA test with post hoc analysis
(Bonferroni). “p < 0.01 for Student’s ¢-test.

depolymerization of the mucin glycoprotein oligomer by
hydrolyzing the mucin disulfide bonds and led to lessening
of mucus viscosity [14, 24]. Although previous findings sug-
gested that NAC could reduce mucin MUCA5C expression
[25], the current data provided evidence for the insufficiency
of NAC as a mucolytic drug especially under healthy condi-
tion [26]. The present findings on DOPs suggest a potential
effective drug for amelioration of mucus hypersecretion. It
is well recognized that CS induces mucus viscosity, which is
consistent with the current findings in both in vitro and
in vivo models [27]. DOPs attenuated CS-induced mucus vis-
cosity dose dependently in both cultured cells and rat models,
while NAC effectively reduced CS-induced mucus viscosity
only.

To further study the mechanism of cigarette smoke-
induced MUC5AC overexpression in airway epithelium, the
expression of EGFR, which plays a crucial role in mucin
production [28], was investigated. Oxidant stimuli such as
CS exposure activate the expression of EGFR, which leads
to activation of MAP kinases resulting in mucin gene
(MUCS5ACQ) transcription and induces mucus hypersecretion
[12, 28]. Consistent to the previous findings, CS caused ele-
vation of activated EGFR expression in rat lung [20, 23].
However, DOP had no significant effect on the inhibition
of CS-induced EGEFR activation, indicating that the alterna-
tive pathways might be involved in manipulating mucin
MUCS5AC overproduction. Unexpectedly, NAC alone caused
upregulation of activated EGFR in rat lung of the sham air-
exposed group. Except as a mucolytic drug, NAC also acts
as an antioxidant to overcome oxidant-antioxidant imbal-
ance in the inflammatory airways [29, 30], suggesting that
NAC may serve as an oxidant under healthy condition.

Nevertheless, the present study has certain limitations.
Firstly, direct CS exposure was not applied on the apical side
of the epithelium in the in vitro study to mimic the human
settings. Secondly, a passive smoking rat model was used
in vivo, which might not exactly reflect the condition of
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COPD patients who have actively smoked for a long time.
Lastly, consolidating evidence for the mechanism of action
of DOPs on viscosity is still lacking, which warrants further
study.

In summary, DOPs produced its effective effects on CS-
induced mucus hypersecretion and viscosity via the inhibi-
tion of the mucus secretory granules. These findings could
be a starting point for considering the potential role of DOPs
in the management of the smoking-mediated COPD. How-
ever, further research is needed.

Abbreviations

AB/PAS:  Alcian Blue/Periodic Acid-Schiff

ALL Air-liquid interface

BAL: Bronchoalveolar lavage

BPE: Bovine pituitary extract

BSA: Bovine serum albumin

COPD: Chronic obstructive pulmonary disease

CS: Cigarette smoke

CSM: Cigarette smoke medium

CULATR: Committee on the Use of Live Animals in
Teaching and Research

DOPs: Dendrobium officinale polysaccharides

EGFR: Epidermal growth factor receptor

EMU: Electron Microscope Unit

GAPDH:  Glyceraldehyde 3-phosphate dehydrogenase

HBECs: ~ Human bronchial epithelial cells

hEGEF: Human epidermal growth factor

HPLC: High-performance liquid chromatography

MAP: Mitogen-activated protein

MUC5AC: Mucin-5AC

NAC: N-Acetylcysteine

PBS: Phosphate-buffered saline
RT-PCR: Real-time polymerase chain reaction
RPS13: Ribosomal protein S13

SA: Sham air

SD: Sprague-Dawley

SEM: Standard error of the mean

TEM: Transmission electron microscopy
TMB: Tetramethylbenzidine

TPM: Total particulate matter.

Data Availability

Data will be available on request (judithmak@hku.hk).

Conflicts of Interest

The authors have no conflict of interest to declare.

Authors’ Contributions

RC, YL, MSMI, KYZ, and JCWM designed the study. RC
performed the experiments, collected and analyzed the data,
and drafted the manuscript. YL assisted in the experiments,
provided technical guidance, and analyzed the data. YL,
KYZ, and JCWM secured the funding and edited the manu-
script. All authors read and approved the final manuscript.



Oxidative Medicine and Cellular Longevity

Acknowledgments

This work was supported by Health and Medical Research
Fund (HMRF) 15161911, Hong Kong SAR.

Supplementary Materials

Supplementary Table: examples of Dendrobium-based drugs
and health food products approved by the State Food and
Drug Administration in China. Supplementary Figure:
HPLC fingerprint for total Dendrobium officinale polysac-
charides (DOPs) used in this study. (Supplementary
Materials)

References

(1]

(4

—_

(10]

(11]

(12]

J. Vestbo, S. S. Hurd, A. G. Agusti et al., “Global strategy for the
diagnosis, management, and prevention of chronic obstructive
pulmonary disease: GOLD executive summary,” American
Journal of Respiratory and Critical Care Medicine, vol. 187,
no. 4, pp. 347-365, 2013.

J. Lee, V. Taneja, and R. Vassallo, “Cigarette smoking and
inflammation: cellular and molecular mechanisms,” Journal
of Dental Research, vol. 91, no. 2, pp. 142-149, 2012.

M. X. Shao, T. Nakanaga, and J. A. Nadel, “Cigarette smoke
induces MUC5AC mucin overproduction via tumor necrosis
factor-a-converting enzyme in human airway epithelial
(NCI-H292) cells,” American Journal of Physiology-Lung Cel-
lular and Molecular Physiology, vol. 287, no. 2, pp. L420-
L1427, 2004.

A. C. Schamberger, C. A. Staab-Weijnitz, N. Mise-Racek, and
O. Eickelberg, “Cigarette smoke alters primary human bron-
chial epithelial cell differentiation at the air-liquid interface,”
Scientific Reports, vol. 5, no. 1, article 8163, 2015.

L. Cerveri and V. Brusasco, “Revisited role for mucus hyperse-
cretion in the pathogenesis of COPD,” European Respiratory
Review, vol. 19, no. 116, pp. 109-112, 2010.

J. V. Fahy and B. F. Dickey, “Airway mucus function and dys-
function,” The New England Journal of Medicine, vol. 363,
no. 23, pp. 2233-2247, 2010.

D. B. Hill, P. A. Vasquez, J. Mellnik et al., “A biophysical basis
for mucus solids concentration as a candidate biomarker for
airways disease,” PLoS One, vol. 9, no. 2, article e87681, 2014.
R. A. Cone, “Barrier properties of mucus,” Advanced Drug
Delivery Reviews, vol. 61, no. 2, pp. 75-85, 2009.

G. Caramori, C. di Gregorio, I. Carlstedt et al., “Mucin expres-
sion in peripheral airways of patients with chronic obstructive
pulmonary disease,” Histopathology, vol. 45, no. 5, pp. 477-
484, 2004.

G. Caramori, P. Casolari, C. di Gregorio et al, “MUC5AC
expression is increased in bronchial submucosal glands of sta-
ble COPD patients,” Histopathology, vol. 55, no. 3, pp. 321-
331, 2009.

Y. Liang, K. W.K. Liu, S. C. Yeung, X. Li, M. S. M. Ip, and J. C.
W. Mak, “(-)-Epigallocatechin-3-gallate reduces cigarette
smoke-induced airway neutrophilic inflammation and mucin
hypersecretion in rats,” Frontiers in Pharmacology, vol. 8,
p. 618, 2017.

P. J. Barnes, “Inflammatory mechanisms in patients with
chronic obstructive pulmonary disease,” Journal of Allergy
and Clinical Immunology, vol. 138, no. 1, pp. 16-27, 2016.

(13]

(14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

G. D. Leikauf, M. T. Borchers, D. R. Prows, and L. G. Simpson,
“Mucin apoprotein expression in COPD,” Chest, vol. 121,
no. 5, pp. 1665-1828, 2002.

C. Ehre, Z. L. Rushton, B. Wang et al,, “An improved inhaled
mucolytic to treat airway muco-obstructive diseases,” Ameri-
can Journal of Respiratory and Critical Care Medicine,
vol. 199, no. 2, pp. 171-180, 2019.

T. B. Ng, J. Liu, J. H. Wong et al., “Review of research on Den-
drobium, a prized folk medicine,” Applied Microbiology and
Biotechnology, vol. 93, no. 5, pp. 1795-1803, 2012.

Y.Lam, T. B. Ng, R. M. Yao et al., “Evaluation of chemical con-
stituents and important mechanism of pharmacological biol-
ogy in Dendrobium Plants,” Evidence-Based Complementary
and Alternative Medicine, vol. 2015, Article ID 841752, 25
pages, 2015.

T.-H. Song, X.-X. Chen, S. C. W. Tang et al., “Dendrobium offi-
cinale polysaccharides ameliorated pulmonary function while
inhibiting mucin-5AC and stimulating aquaporin-5 expres-
sion,” Journal of Functional Foods, vol. 21, pp. 359-371, 2016.
J. Parker, S. Sarlang, S. Thavagnanam et al, “A 3-D well-
differentiated model of pediatric bronchial epithelium demon-
strates unstimulated morphological differences between asth-
matic and nonasthmatic cells,” Pediatric Research, vol. 67,
no. 1, pp. 17-22, 2010.

R. Sanchez-Véliz, M. J. Carmona, D. A. Otsuki et al., “Impact
of cardiopulmonary bypass on respiratory mucociliary func-
tion in an experimental porcine model,” PLoS One, vol. 10,
no. 8, article e0135564, 2015.

L. Zhang, J. Li, J. Hu et al,, “Cigarette smoke extract induces
EGFR-TKI resistance via promoting EGFR signaling pathway
and ROS generation in NSCLC cell lines,” Lung Cancer,
vol. 109, pp. 109-116, 2017.

L. E. Haswell, K. Hewitt, D. Thorne, A. Richter, and M. D.
Gaga, “Cigarette smoke total particulate matter increases
mucous secreting cell numbers in vitro: a potential model of
goblet cell hyperplasia,” Toxicology In Vitro, vol. 24, no. 3,
pp. 981-987, 2010.

Y. P. Dj, J. Zhao, and R. Harper, “Cigarette smoke induces
MUCS5AC protein expression through the activation of Sp1,”
Journal of Biological Chemistry, vol. 287, no. 33, pp. 27948-
27958, 2012.

K. Kanai, A. Koarai, Y. Shishikura et al., “Cigarette smoke aug-
ments MUC5AC production via the TLR3-EGFR pathway in
airway epithelial cells,” Respiratory Investigation, vol. 53,
no. 4, pp. 137-148, 2015.

A. M. Sadowska, “N-Acetylcysteine mucolysis in the manage-
ment of chronic obstructive pulmonary disease,” Therapeutic
Advances in Respiratory Disease, vol. 6, no. 3, pp. 127-135,
2012.

M. Mata, A. Ruiz, M. Cerda et al., “Oral N-acetylcysteine
reduces bleomycin-induced lung damage and mucin Muc5ac
expression in rats,” European Respiratory Journal, vol. 22,
no. 6, pp. 900-905, 2003.

M. Decramer, M. Rutten-van Moélken, P. R. Dekhuijzen et al.,
“Effects of N-acetylcysteine on outcomes in chronic obstruc-
tive pulmonary disease (Bronchitis Randomized on NAC
Cost-Utility Study, BRONCUS): a randomised placebo-
controlled trial,” The Lancet, vol. 365, no. 9470, pp. 1552-
1560, 2005.

V. Y. Lin, N. Kaza, S. E. Birket et al., “Excess mucus viscosity
and airway dehydration impact COPD airway clearance,”


http://downloads.hindawi.com/journals/omcl/2020/8217642.f1.docx
http://downloads.hindawi.com/journals/omcl/2020/8217642.f1.docx

10

(28]

(29]

(30]

European Respiratory Journal, vol. 55, no. 1, article 1900419,
2020.

P. Burgel and J. Nadel, “Roles of epidermal growth factor
receptor activation in epithelial cell repair and mucin produc-
tion in airway epithelium,” Thorax, vol. 59, no. 11, pp. 992—
996, 2004.

M. G. Matera, L. Calzetta, and M. Cazzola, “Oxidation path-
way and exacerbations in COPD: the role of NAC,” Expert
Review of Respiratory Medicine, vol. 10, no. 1, pp. 89-97, 2015.
P. Santus, A. Corsico, P. Solidoro, E. Braido, F. di Marco, and
N. Scichilone, “Oxidative stress and respiratory system: phar-
macological and clinical reappraisal of N-acetylcysteine,”
COPD: Journal of Chronic Obstructive Pulmonary Disease,
vol. 11, no. 6, pp. 705-717, 2014.

Oxidative Medicine and Cellular Longevity



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2020, Article ID 8163868, 55 pages
https://doi.org/10.1155/2020/8163868

Review Article

Hindawi

The Great Healing Potential Hidden in Plant Preparations of
Antioxidant Properties: A Return to Nature?

Malgorzata Kielczykowska

and Irena Musik

Chair and Department of Medical Chemistry, Medical University of Lublin, 4A ChodZzki Street, 20-093 Lublin, Poland

Correspondence should be addressed to Malgorzata Kielczykowska; malgorzata.kielczykowska@umlub.pl

Received 29 July 2020; Revised 20 August 2020; Accepted 12 September 2020; Published 10 October 2020

Academic Editor: Patricia Morales

Copyright © 2020 Malgorzata Kietczykowska and Irena Musik. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

The application of chemicals in industry and agriculture has contributed to environmental pollution and exposure of living
organisms to harmful factors. The development of new pharmaceutical agents enabled successful therapy of various diseases, but
their administration may be connected with side effects. Oxidative stress has been found to be involved into etiology of
numerous diseases as well as harmful action of drugs and chemicals. For some time, plant origin substances have been studied
as potential protective agents alleviating toxicity of various substances and symptoms of diseases. The aim of the current review
was to present the diversity of the research performed during the last five years on animal models. The outcomes showed a huge
protective potential inherent in plant preparations, including alleviating prooxidative processes, strengthening antioxidant
defence, ameliorating immune parameters, and reversing histopathological changes. In many cases, plant origin substances were
proved to be comparable or even better than standard drugs. Such findings let us suggest that in the future the plant
preparations could make adjuvants or a replacement for pharmaceutical agents. However, the detailed research regarding dose
and way of administration as well as the per se effects needs to be performed. In many studies, the last issue was not studied,
and in some cases, the deleterious effects have been observed.

1. Introduction

In the recent centuries, a great change of the conditions of the
human life has taken place, due to the development of indus-
try, agriculture, medicine, and pharmacy. The new synthetic
substances were applied to protection of crops as well as suc-
cessful therapy of various diseases. However, except for ben-
eficial influence, consisting in numerous facilitations of
human existence and extending human life span, negative
effects have also occurred [1, 2]. A growing pollution of nat-
ural environment, resulting from the industry development,
has been observed for many years [3-5]. Despite the efforts
aiming at alleviating and preventing this phenomenon, it still
belongs to the most important problems to be solved by the
mankind. The application of plant protection products has
made another contribution to environmental contamination
[6-9]. As it is not possible to improve the situation immedi-
ately, many people, i.e., industrial workers or farmers are still

exposed to harmful substances like heavy metals [4, 10-12],
organic chemicals (e.g., CCl,) [13, 14], or pesticides and plant
growth regulators [8, 15]. Another problem results from
introducing plenty of new pharmaceutical agents. They
allowed to relieve suffering of many subject and successive
treatment in cases of mortal diseases. However, on the other
hand, plenty of side effects have also been observed [16, 17].
Analgesic and antipyretic drugs like acetaminophen or aspi-
rin can induce liver and kidney damage [18-22]. The anti-
neoplastic agents can cause severe disturbances like
testicular damage [23], nephrotoxic [16, 24], cardiotoxic
[25, 26], and hepatotoxic [27] effects. Antibiotics have also
proved to show side effects including liver and kidney dam-
age [28, 29]. The widespread practice of using different addi-
tives to preserve and improve the taste of food makes another
source of toxic action on human organisms [30]. The grow-
ing life span is connected with an increase in incidence of
neurodegenerative disorders like Parkinson’ disease [31] or
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Alzheimer’s disease [32]. Furthermore, in the recent decades,
obesity, hyperlipidemia, and connected disturbances have
become a significant worldwide problem [33, 34].

All the presented facts have made the scientists search
for any agents which could exert protective effects against
toxic environmental pollutants and chemicals used in
industry and agriculture and replace the standard drugs
or make beneficial adjuvants. The return to natural prod-
ucts, sometimes used for thousands years in traditional
medicine, has become one of the significant directions of
this research [35-39]. It could be stated, without any exag-
geration, that “a great return to nature” is recently being
observed. Plant extracts and plant origin substances per se
do not show so many side effects as pharmacological sub-
stances. On the other hand, they contain numerous com-
pounds of anti-inflammatory and antioxidative properties
like polyphenolic derivatives and flavonoids [40-42]. The
presented facts prompted large-scale research on possibili-
ties of application of plant preparations as protective agents
against toxicity of various substances as well as adjuvants
alleviating the symptoms of diseases, obesity, and traumata
[6, 25, 38, 43-49]. A great quantity of plant species have
been investigated, and the obtained results seem to be very
promising. Some studies have included the comparison of
the investigated materials with standard drugs, and the out-
comes suggest that in many cases the replacement would be
possible [20, 31, 35, 50-53]. However, many questions
remain to be solved as to the best way of treatment and
the most beneficial dose.

Oxidative stress—the disturbed balance between genera-
tion of reactive oxygen species (ROS) and antioxidants’ level
in an organism—has been found to be involved, less or more,
into the etiology of most diseases [54-56]. This process
involves the generation of ROS, active particles capable of
injuring all bioactive compounds—protein, lipids, and
nucleic acids in an organism. Lipid peroxidation caused by
ROS may lead to damage of membrane lipids. Living organ-
isms developed a wide range of endogenous substances, both
enzymatic and low-molecular ones, which can neutralize
ROS. Negative effects resulting from stress, exposure to
toxic substances, side effects of the standard drugs, or even
food supplements have also been proved connected with
prooxidative processes and deterioration of antioxidant
defence [13, 30, 40, 57, 58]. Plant origin preparations, in
turn, have been found to exert a strong antioxidant action
due to high content of components of antioxidative proper-
ties. Numerous studies have revealed their direct influence
on oxidative processes by reducing lipid peroxidation or
protein carbonylation as well as increase in antioxidant
enzymes’ activities and low-molecular antioxidant concen-
trations [34, 43, 59, 60].

Different pathways involved in oxidative and inflamma-
tory processes have been found to be affected in the course
of protective action of plant preparations.

The studies have shown the involvement of Nrf2 and
Keap1 proteins. Nrf2 is regarded as a key transcription factor
mediating the endogenous antioxidant response, and Keapl
is its negative regulator. Under oxidative stress conditions,
Nrf2 is released and translocated to the nucleus where it
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binds to ARE regions in DNA and stimulates antioxidant
enzyme gene expression. Both Nrf2 and Keapl as well
proteins regulated by Nrf2, responsible for defence against
antioxidant stress like HO-1 and y-GCS, have been found
to be disturbed by harmful factors (cadmium or high-fat diet)
and regulated by plant preparations [12, 61]. Plant origin
substances have been reported to cause upregulation of
Nrf2, HO-1, and y-GCS in both nonexposed and Pb-
exposed rats [62].

Another pathway connected with oxidative and inflam-
matory processes which have been proved involved into pro-
tective properties of plant preparations is NF-xB pathway.
NF-«B is a transcription factor responsible for expression of
proinflammatory cytokines [56]. Its activation can be trig-
gered by TLR receptors, belonging to pattern recognition
receptors. The inflammation and redox balance have been
found to be strongly connected with each other [63]. Inter-
leukins, y-interferon and tumour necrosis factor, have been
found to affect ROS production [64]. The involvement of
the LPS-TLR4-NF-«B pathway into protective action of plant
materials has been reported [56, 65]. Other authors have
stated that a protective effect of a plant extract, resulting from
antioxidative and anti-inflammatory influence observed in
diabetes animal model, could be attributed to inhibition of
NF-«B activation [66].

Mitogen-activated protein kinases (MAPK) belong to
enzymes which make mediators of various processes occur-
ring in cells like death, proliferation, or differentiation. The
MAPK pathway begins from a signal from an extracellular
receptor and through a cascade of subsequent protein phos-
phorylation leads to activation of different proteins including
transcription factors (e.g., p53 protein) and finally to the
expression of genes. ROS have been proven to be connected
with particular steps of the MAPK pathway. There are three
kinds of MAPK in mammals: p38 MAPK, ERKI1 (extracellu-
lar signal-regulated kinase 1), and JNK (c-Jun N-terminal
kinase) [64, 67]. The studies on plant revealed the influence
of the studied plant materials on some elements of the MAPK
pathway [42].

The next pathway connected with oxidative stress which
has been found affected by plant preparations is the JAK/-
STAT pathway. An outside signal, usually being a cytokine,
binds to a membrane receptor resulting in its dimerization.
The next stage is the activation of JAK which renders possible
phosphorylation of receptor, which in turn enables STAT
binding and phosphorylation. Activated by phosphorylation
STAT is then translocated into the nucleus where it acts as a
transcription factor [68]. The relationships between this
pathway and ROS have been reported [69]. In the current
study, disturbances of oxidative balance as well as bone mar-
row damage and reduction in pJAK2/JAK2 and pSTAT5a/S-
TAT5a, caused by radiation exposure, have been found to be
improved by a plant preparation, which made the authors
suggest that the studied material can stimulate the JAK2/-
STATS5a signal pathway [70].

The aim of the current review is to present the results of
the studies performed in the last five years regarding the pro-
tective and medicinal properties of plant origin preparations
with particular emphasis on their antioxidant action.
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2. The Protective Properties of Plant
Preparations against Toxicity of
Various Factors

2.1. The Protective Influence of Plant Preparations against
Chemicals Applied in Agriculture. The use of different che-
micals in food production has been growing dramatically
in the recent years, causing the contamination of the natu-
ral environment and increasing thread to human health.
Neurotoxicity, hepatotoxicity, reproductive disturbances,
and cancerogenesis belong to the negative effects exerted
on organisms [6, 8, 15, 71]. Moreover, chemicals of lipo-
philic character can be accumulated in membranes [9].
Enhanced generation of ROS was proved involved into their
harmful influence [6, 9, 71]. Plant origin materials were
revealed to show protective properties not only by strength-
ening the antioxidant barrier but also by reversing histo-
pathological changes. A wide range of different materials
was studied, including simple extracts [2, 6, 7] as well as
commercial products [9, 15]. The saponins from Tribulus
terrestris, which were reported to possess antiaging action,
were found to exert protective effects against rotenone-
induced parkinsonism [15].

The details concerning the above mentioned studies are
presented in Table 1.

2.2. The Protective Influence of Plant Preparations against
Toxic Effects of Heavy Metals. Environmental pollution with
heavy metals makes a great global problem. The most toxic
ones are lead, cadmium, and mercury. Even low concentra-
tions can cause severe disturbances of organism, including
brain, hepatic, renal, and reproductive damage [10]. As their
harmful action is connected with oxidative stress induction,
plant extracts showing antioxidant properties were studied
as possible protective agents and the obtained results were
found to be promising [10, 11], although the accumulation
of a toxic metal could not be prevented in every case [62].

The ability of plant origin substances proanthocyanidins
to prevent lead-induced hepatotoxicity was suggested to be
connected with the Nrf2/ARE pathway (as an increase of
mRNA expression levels of Nrf2 in the liver of mice admin-
istrated with proanthocyanidins and/or lead was observed)
as well as with the reduction of endoplasmatic reticulum
stress via a decrease in stress-related proteins GRP78 and
CHOP [62].

In the experiments concerning the toxicity of mercury,
plant extracts relieved the negative effects in the case of both
an inorganic form (mercury (II) chloride) and organic one
(dimethylmercury); at the same time, the beneficial influence
included not only oxidant and immunological parameters
but also histopathological changes [4, 72, 73].

Plant extracts were also found to exert wide protective
effects against the third most dangerous heavy metal cad-
mium, with the results being confirmed by in vitro studies
with using murine hepatocytes [3]. Additionally, an animal
study showed the involvement of the Nrf2/Keapl pathway
into the protective action of Pyrantha fortuneana extract as
the plant material, given both alone and coadministered with
cadmium caused a significant increase in expression of Nrf2

and decrease in expression of Keapl in the kidneys of rats
vs. the control and Cd-exposed group, respectively [12].

Apart from lead, mercury, and cadmium the research
concerning metals’ toxicity included also liver injury caused
by iron overload. 70% methanol extract of Drosera
burmannii Vahl. showed a distinct, dose-dependent efficacy
against iron-induced hepatoxicity. This effect, particularly
in case of the highest dose, was comparable with that exerted
by a standard drug desirox—an iron chelator. Additionally,
the studied extract studied in vitro showed the ability to che-
late Fe** ions. Such findings made the authors suggest that
the studied preparation might be used as a medicine in cure
of iron overload-induced diseases [50].

The details concerning the above-mentioned studies are
presented in Table 2.

2.3. The Protective Influence of Plant Preparations against
Various Chemicals. Plant origin substances, extracts and
their particular fractions, essential oils, and seed powders
were found to reverse or alleviate disturbances of organism
resulting from exposure to different chemicals. The resent
research included various compounds, e.g., hepatotoxic tet-
rachloromethane (CCl,) used for years as a solvent and
now regarded as an environmental pollutant [14], alumin-
ium known for its neurotoxicity [74], aflatoxins produced
by toxigenic fungi which made food contaminants [75],
and chemicals used in industry and laboratory experiments
like thioacetamide [76] or 1-chloro-2,4-dinitrobenzene
[77]. Additionally, plant origin substances were proved to
decrease mouse mortality resulting from the acute CCL, tox-
icity [78] as well as from Concanavalin A exposure [79]. Fur-
thermore, several studies included the influence of plant
materials alone, and generally, no harmful effects were
observed [14, 54, 74, 75, 78, 80, 81].

The details of the performed studies are presented in
Table 3.

2.4. The Protective Influence of Plant Preparations against
Carcinogens. Plant extracts were studied using animal model
as for their possible application in tumour therapy due to the
presence of anticancer and antioxidant components. The
necessity of searching for new agents, suitable for tumour
treatment, was challenged by the lack of effective chemother-
apy and severe side effects associated with the used medi-
cines. The obtained results seem to be promising as the
studied materials alleviated carcinogen-induced oxidative
stress as well as disturbances of immunological parameters
[47, 88, 89]. Histolopathological studies confirmed the bene-
ficial effects of the investigated preparations [46, 89].

The detailed results of the performed studies are pre-
sented in Table 4.

2.5. The Protective Influence of Plant Preparations against
Ethanol. Alcohol excessive consumption and addiction leads
to different negative effects: liver injuries including steatosis
[56,91], brain damage [92], and reproductive system damage
[93]. The disturbances of oxidative balance were suggested to
be one of the factors underlying alcohol toxicity, which was
confirmed by intensification of lipid peroxidation as well as



Oxidative Medicine and Cellular Longevity

(+++) AOS-UW ‘AOS-UZ/MD ‘Te103 A0S
xdD ‘sdnoid HS- VAN WS1om aaTe[a1
(++) “O°H pue LyD :studpiprdyg
(+++) LVD ‘d0S-uz/mD
XdD “O°H VAN WB1om daTie[dI
(++) 11303 AOS
‘sdnoxd Hs- (0) AOS-UN s1sa,
(+++) 1, 'wniag

L LvD snsa,

‘LVD XdD ‘sdnoid Hs- ‘| ‘O°H
VAW ySom aanepor :stwAprpidy
T dos-uW
‘dos-uz/mo
€100 4OS ‘LVD XdD ‘sdnoid Hs-
‘| “O°H ‘VAW YySom 2ane[a1 :s0sa,
T 1 'wnisg
‘o'd ‘sfep (¢ 10 Lep/m'q
3y/8w 0 (opronsad ) uoryreeN

30¢-5T PO Yoom-g
Qo1 IR
skep (¢ 10§ “o-d “m-q Sxy/Sw g
SIO [BIJUSSI SV120]S DINPUPADT

[1£] e 39 Twapag

(01 +++ ‘G ++)
I HLIN jJo
uorssaxdxa 2Ane[2I pue HP-HO-8
‘(sasop yroq ++)
SONI pue g-XOD jo uorssazdxa
dAne[2I

(01 ++ ‘g +) aurwredop (OT +++ S 0)

T LVD ‘dos ‘HsD ururedop
‘L DP-HO-8 ‘VA ‘T H.LI PUe Z-X0OD
‘SONI JO UOTsSa1dXa SAT)B[AT (WINJRLIS

1 suoinau J[qerA Jo 9

882-0¢
I OUIG[E SSIMS S[BIN
skep /1 10§
“od “A[rep Sy/Sw g1 10 G

[s1]

SuoN
. (N . b H
VD ¢| suornau osnoud4d jo g, :erdiu enuelsqng (VSn) ‘0D sirodg moN ‘e 19 TueIyezZ[Y
(0T ++ ‘6 0) VAN ‘A0S ‘HSD ‘wnerng T (Aep 81) xopur Lyanpy (suruodes 965y “urur) 3ur 0001
(0T +++ G ++) "0's ‘Y 7 F 8F Yoea uaard Sy/3w 1 jo sasop auru SIOIqE} PoeDXD
S14JS2LI2 ] SNNQLL] PIZIpIepue
suonau dnjoud4d jo o cwstuosunyred pasnpur-auouajor apoisad v M 'L SHTQIL POZIPIEPURIS
‘(0T +++ 05 +)
SUOINAU J[QEIA JO 9 :eIIu enuEISqNS
(0T +++ ‘5 +) (&ep ,81) Xopu1 Lyanoy
| uoneywowSery
(+++) uonejuowdery TnIawo3 s314500n3] Jo uonenYuI ‘sanqn) 3y Suruly s[[ed
TnIawo]3 s334500N3] JO UOTJRI[YUT [ereyda o) jo sisorau
9oeds s, uewmog padreua 9oeds s uewmog padie[ua :Loupry
‘(++) saqn} ayy Surur sRd 1 Xd9 ‘dos ‘LvD ‘LN ‘HSD 8 067 IOQE S0 JEISTA ST
1 vom Terpytda 2y Jo s1so1au :Aoupry ‘HS-dN ‘ddOV Aqrep “o°d “mq Sy/3u 0og

(+++) LN ‘(++) XdD ‘A0S ‘LVO ‘HSD
‘HS-dN ‘ddOV
Od “O°H VAW ‘HAT :Aoupny
(++) BaIN D ‘QWN[OA ‘(+) Y[ ‘BN
(+++) VO 4O
{(++) 19D ‘HA'T BN (+) TV BWSL[]

D ‘| swmjoa puLIn
| HA71 a1 rewse g

Od “O°H VAW ‘HAT :Aoupny
T vQ ‘@aIn D | swmoa UL
L HAT ‘v ‘eom gD T 41V LOD ‘ewse[d
Aep ST [Bun 7 woy skep ¢
Arom3 “d'1 (05T 0€/1) "M'q /8w £9
Amfur Loupry

paonput-ajozeuoduad appIduny v

amsodxa ajozeuoouad JuLmp juswyesn; pue
sAep 9 10j JusUI}LAIRI]
Joe1)X2 snoanbe yniy vsniaL PLVIIN

[l
T 12 2uEqERyD)

as uad yuerd jo s1oayq uoneredaid juerd Jo s3090 2A1199301

$109pJ9 2anedou pue ‘9msodxa jo swm
pue Lem 9sop 9oue)sqns dIX0) Y[,

s[ewTue
quaunjear) jo awrn pue Aem 9sop ‘voneredard juelq

2OU2IJY

-mynouide ur paridde saoueysqns jo £3101x0) Jsurede syoenxos jueld jo sontodoid sanosjord oy, 1 A14V],



Oxidative Medicine and Cellular Longevity

(++) HSD ‘VAW :4supry
(++) HSD “(+) VAW 12AIT
(+H) D
udBonu edIn gV ISV LTV ‘Wniag

parpmis 10N

T HSO | VAW Asupry
T HSD ‘| VAW 1017
19D waBonu vaIm ‘qTV ISV LTV ‘Wniog
skep ¢ 105 “o'd Sy/8wr gg ‘(yuaSe apwIZuny e)
2)eWeqIed J[OZEPIWIZUI]-Z-[AYIOW ‘WIZBPUIQIR))

800Z-0ST ‘sye1 oulq[e IeISIM SN
skep g 10y “o-d By/Sur gog
Iy o) Jo 1ake|
[EUISNUT JO JORIIXD [OUBYID 040/ HIUDLG SHILINY)

(2] Te 30 ezI

(sasop 30q +++) TerpypIda Jo sisordau
‘sa[nqn) [eual
Surury rerpyiids jo uorjezijonoea
(00T +++ ‘00T ++) Yn) Temisword urury
[BIPYIOPUS JO UOIJZI[ONDBA ASUPTY]
(sasop y1oq +++)
sprosnuis oneday pue UreA [eI)U2

| voreane J0 uonsaduod 9onp afiq jo ersejdradAy

] s[[ed
1122 12pdny 1o Arojewuwreyyur yyim uonenyur fexsod
:s3s0p log 007

++ ‘00T +) uoneAnse [[oo sogdny :I9ATT
(s9s0p 30q +++) uagonu
v ‘g TV (00T +++ ‘00T ++) d1 LOD
ATV
LSV (s3s0p y3oq ++) YD LTV ‘umiag
{(sasop roq +++)
Kaupny “1oAT :1ySrom dAnR[RY

| rerpypds jo stsoxdau
‘sa[nqny Teua Jurury [erpyids jo
uonezionoea 9yn} Ie[niawors Surur
[BI[AYI0PUS JO UOTeZI[ONdeA :ASUpIY]
| sprosnuts oneday pue ureA [e1ULd Jo
uonsaduod 9onp ay1q jo erserdrad4Ay
‘S[[02 ATOJeUIUIR[JUI ()IM UOT)RX)[JUT
[e10d ‘uoreanoe oo 1oydny :19AIT
19D ‘uaBonmu earn
LD ATV “LTV ISV ‘T €TV ‘d.L ‘wnids
| Asupny <7 19A1] 3yStom aaney
s{ep 9ATINDISU0D
8z 10§ “0'd (05T J0 01/1) "m'q 8/Swr 6T
(spronoasur ue) uLnyRwIadAD)

3 05 oqe syex arewrdy Surueapy
sAep 2A1INDISUOD
gz “o-d “m'q /3w 00z 10 001
JORIIXD OI[OURYIR %08
(3487 eupuexay ‘Auedwo)
wooxy [q) 2oewod adeid v.afiuta sijip

[6] Te 10 essoy

(+++) XdD
(++) OdT ‘HSD ‘A0S LV 33,
(++) HT ‘HSd ‘1, ‘ewise|d
(+++) stwAprprda “(++) $91593 Yo M.
SUON :pId€ d1}22BOIOTYIIP JO T/S ¢
(+++) HSD ‘0dT ‘A0S ‘LVD $93s3],
(+++) HT ‘HSd ‘L rewse[d
(+++) stwhprpido ‘s2359) Jydop
:pIo® 21320B0IOTYIIP JO T/3 S0

TXdD ‘HSD ‘| OdT ‘dOS ‘LVD $2152],
T HT ‘HSd ‘L ewse[d
1 stwdprpido ‘523593 3ydop
/8¢
T HSD ‘| OdT ‘A0S ‘LVO 2383,
T HT ‘HSq ‘1, ‘ewse[d
1 stwdprprds ‘523593 Jydopm
71860
syyuow g 10§
1o1em Junyurip se /37 10 7/3 60
(opi1Suny e) proe d1390R0I0[YdIJ

8007081 181 TeISTM TR
SYJuOU ¢ I0§
“o'd “Aqrep Sy/Tur
joexxa snoanbe
ymay wiped a3ep T v4af1jd300p x1ua0yq

[£] Te 30 waxy 19

T dOS-UN ‘d0S-uz/mD
‘e101 dOS

as 1ad yued jo syopyg uoneredaid juerd jo syoope aand9j0I1g

s109y0 aanedau pue 9msodxa jo swn
pue Lem 9sop 9oue)sqns 1o} Y[,

s[eurrue
. . . 0UIYY
Juaunea) jo awr pue Aem 9sop ‘uoneredaid juelq

‘panunuoy) :] 414V],



Oxidative Medicine and Cellular Longevity

"109]J9 [BIDYIUAQ OU :(() 9992 [e1oaUaq a3o[dWI0d © :(+++) 09J9 [BDYIUQ JOUNSIP © :(++) 9P [RIOY2UI] JYSIS B :(+) JOIIUOD 'SA SBIIDUT UL : | [OIIUOD "SA ISLIIIAP B :]

SUON

S091-0F1 ‘syex JBISIM SR
S99M ¥ 10§
“81 “A[rep 8y/8w 057 (8] T 19 yerey
JORIIXd [OURYJIU
19ad areuerdawod T wingpuvis vorung

1 LVD ‘dOS ‘uondearountuwr
(+++) LVD ‘dOS ‘uondearountur 10)do001 uaSorpue Jo Juadiad eare 1313,
103d2oa1 uaBopue jo yuadiad eare :sIs9 T, sxoam ¥ 103 Arep <81 Sy/3w oz
(103emn3a1 yymoid juerd e) ¢-proe dII2qqID)

as 4ad yuerd jo s1oayy

§109y0 aAnedau pue ‘9msodxa jo swn s[ewrrue

0UIYNY
pue Lem 9sop ‘@oue)sqns d1xo} A [, quaunean) Jo awr) pue Lem osop ‘uonjeredard juelq

uoneredaid juerd jo syoapge aand9j0I1g

‘panunuoy) :] A14V],



Oxidative Medicine and Cellular Longevity

(+++) 9159 “JOAT[ ‘(++) UTeIq ‘AQUPD| 9IEY ‘HSD

(+++) LoupTy “TOAT[ (++) UTRIq ‘S2)53) IR YD)

(+++) Aoupry ‘ureIq ‘(++) $9389) JIBAY IOAI] XJD)

(+++) 593593 “ureIq 41y ‘ASUPDY IOAI[ :1SD ‘AOS

(+++) 521593 “AUPD| (++) LI “UTRIq “TIAI] VD
(+++) 119y

IOAT[ ‘(++) $9189) ‘Urelq ‘AoUpNY :01Q) SWAZU0D [BJO],

(+++) Loupry

“(++) $9159) 9IBIY “UTRIq “TIA] :60) SWAZU0D [eJ0],

T HSD ‘Ad9D 4D *dD ‘18D ‘dOS
‘LVD ‘0TO PUB 60 SoWAZu200 630} | uonejfuoqred
urajo1d Oseprxo HAVN ‘OdT ‘SOY ‘Wniwped :s3)s9],
T HSD ‘Ad9D 4D XdD ‘1S9 ‘dOS
‘LVD ‘0TO PUB 60 SoWAZUS00 €30} | uonejfuoqred
urjoid oseprxo HAVN ‘OdT ‘SOY ‘wniwuped :urelg
T HSD ‘ad9D 4D XdD 1S9 ‘dOS
‘LVD ‘0TO PUB 60 S9WAZUS00 €30} | uonejfuoqred
urjoi1d 9seprxo HAVN ‘OdT ‘SOY ‘Wniuped :31es

80¢-0z ‘spuow
7-T “90TW OUIq[e S[eUI SSIMG
SPLIOTYD WNIWpPed £q Pamo[[o}
skep ¢ 103 “o'd “m*q Sy/3w 001

Pa1pmIs JON (+++) ure1q T HSD ‘dd99D 4D *XdO ‘LSO ‘d0S . [€] e enQ
. ‘LVD ‘010 PUe 60 SoWAzu200 [e10) ‘| uonefuoqred
“(++) $9189) 9IBIY ‘AOUPTY “ISAI] :UOTJR[AUOGIED UT0I] . S)ORIIXd
¢ ‘ ‘ ¢ ¢ . ur2)o1d aseprxo HAVN ‘Od'T ‘SOY ‘Wntwpe :A5upry
{(+++) $9)89) ‘urerq preay ‘Aoupny IoAl :0d1 . s any . snoanbe syred [eroe suvnjonyf
(++) 59389 ‘uTRIq )T ‘ASUPTY ISAT] T HSD ‘499 ¥D *dD “1SD ‘A0S vapAyug pue voyvnby vaouwiodf
. . . ) ‘LVD ‘01O PUB 60 SIWAZU200 [e10] ‘| uonefuoqred
PSEPIX0 HAAVN d9O SOY 'UopINq WIPED o1 4 asepixo ¢ ‘ CUNTUIDED :IOAT
:$30B1X9 Ylog ! ts @.é EQ.<Z .MWWMAmOm. ! .%Eu. 'T
(++) >"IQH DL DL ‘v ISV LTV ‘WNIdg TaH 9L UH. .Hw< LIV s
(++) OH DT oo T 4DH ‘OdY poold
et o.v I ‘0'd “Arep 2ou0
SPEE fod ‘sep 9 10J “m'q S/Swr § OPLIOTY> WNIWPEd pD
1xao TLVO XdD ‘HSD ‘L VAW ‘qd :4oupny 8051 Moqe
‘HSD Aoupry (+++) LVD XdD ‘HSD VAW ‘(++) qd Aoupry TLVD XdD ‘HSD ‘| VAW ‘qd 1oA1] ‘sjed d[ewr Aome(-andeads
Lxao (+++) LVD XdD ‘HSD VAW ‘(++) qd 12AIT TOT-T1 “A-ANIT | 9-TI ‘g T-1TI 0-ANLL ‘wmidsg sxpam 9 105 “od ‘Aep/By/Buroog  [11] Te 1 Aysog-[a
‘HSD I9AIT (+++) 01-TI pue d-INT ‘(++) 9-TI ‘J1-TI :wmnidg SY99M 9 I0J ‘Iojem 10RIIXd

1 01-T11 'wniag

Sunyuup ur /3w gog 23e3908 Ped q

[ouey)? Jed[ stvdna snudy

L 1-OH 1 T-OH ‘s05-4 ‘gJaN jo uorssardxa v N 2Ane[R1
SOD-A‘GIN  “(+++) HSD ‘VAW ‘(++) dOHD ‘8Ld¥UD 7-Pg Xeq
Jo uorssardxa  jo uorssardxe WARIW 9ANE[I ‘qOS XdD ‘(+) qd “TATT

VAN (++) TV LSV LTV ‘wnidg

QATIR[I HISAIT (0) q4 pooig

1 z-1og jo uorssaxdxa

VN 2A1R[I | JOHO PUe 8Ld¥D
xeq JO UOIssaIdxa YN JATB[AI St [[oM st VN
pue qq | 4pys1[s 1-OH ‘SOD-d TN Jo uorssardxa
VNYW 2A0e[1 T qOS PUe XdD ‘HSD H2AIT
L TV LSV LTV ‘uniag
1 qd :pooig
SY99M 9 J0J 19jeM SUD[ULIP UI 947°() 2383908 ped] qd

PIO-YooMm-¢ ‘oot Jurwruny] S[ej
SYOIM 9 I0J PoM
£1049 skep x1s “o°d “m"q Sxy/Swr o1
(eury) Surfuen
“fuedwo) £3ojouyda,
[eo1paIy Sue[oz) spaas adeid
WOIJ PajoeIIXd SUIpruefooyjueorq

[29] e 32 8uoT

(++) T-1od Xeg XdH
‘LVD ‘2dOS J0 VNY W Jo uoissa1dxa (-)-QH 2AI]

L1-OH pue xeqg “1z-1og pue X0
‘LVD ‘TAOS JO VNYW JO uotssardxa 1oAr]
TUD XdD ‘LVD ‘A0S ‘HSO ‘| “OH pue ON

8081-0ST
‘PIO-99M-G ‘S1eX TRISTAN I[N

1 xdo (+++) XdD “HSD ‘0dT ‘(++) YD ‘LVO ‘A0S ‘OdT ‘UOnEMWNIIE qd WYSIOM SANR[DI 1A skep ¢ 10§ qf 210Jq BT 1
‘HSD :19ATT ZO%H ‘ON ‘UoneMuINe qq YYSOM SATRRI (I9ATT 7 9-1a™ ‘| 2-1a71 ‘OL q 1 “Aprep ‘o-d -mq Sy/8w 01 [01] wrUON 1PPqV
(+++) >71AT DL LTV O ‘WqnIIq [230) G TV LTV LSV :Wnisg PRI (7 1) [ourpau-ioyem
LSV (++) 5"IQH DL ‘UIqNIIIq [£10) TV ‘WNIdG d't shep ¢ 105 A[rep “m'q sanea] vijofiSuoiqo viafodipuy
S/8w o7 “A3101X0) 23N 18I0 PRI[ q
as 4ad s109p° aanedau pue S[EWIUE JUSUIIEAI) JO SN

yerd jo 198 uoneredaxd juerd Jo s30010 241309301

9Insodxa Jo awir) pue Aem 9sop ‘9ourISqNS dIX0) A ],

pue Lem osop ‘voneredard jueg ol

"sTe3owr £aeay Jo £3101x0) Jsurede sooueysqns urdrio juerd Jo s1o9pe 9anodjo1d Ay, ig AIAV],



Oxidative Medicine and Cellular Longevity

UON

(++) 4D XdD LSO ‘1d0S
VAN ‘vononpoid §OY ‘uonenuaouod SH
“(+) 3ujuod [KapAyyms [e30) <1 yD sndureooddrpy

) ) PIO-Y2oM-/,
10n (ank T mmu WMUA LVD . . ‘syex Aopme(g-ondexdg sreIN
dow uh 8% 0 ﬁﬂw ww houwmwum H.MMM\MN%WW Spam 10§ Arep “o'd By/8ur 001

ponpold SOY ‘uonern H: 'H JOBIIXD [OURYJD

soam ¥ 103 “d'1 By/81 ¢ Aqrep Amozowyiowrp SH 0408 Je3| Daafiquons xvuDdOIpUAC]

[€£] Te 3o wry

L gIN
‘TOON ‘SDD
-4 ‘1-OH ‘1deay]
Jo uorssardxo
:Loupny

| uj01d ZJIN pue TOON ‘SOD
-4 ‘1-OH ‘1dea)] jo uorssaxdxa (++) urjoxd v-IN T,
pue Xeq ‘z-[2g jo uoissardxa (++) YD ‘A0S ‘HSO
XdD “LVO ‘ON VAN ‘uonenumdde p)y :Aoupry
(++) YD pue y ‘eaIn rewise[q
(++) 3ySrom Loupry
(++) ured jySrom Lpog

1 urjoxd gJaN pue
TOON ‘SOD-4 ‘T-OH ‘z-1d o uorssaidxe D ‘A0S 80L1-061
‘HSD XdD ‘LYD ‘| urejord v-INJ, pue xeq ‘[deay)  ‘plo-3oam-g-/ ‘SIEI JEISIM I[eN
Jo uortssaxdxe ‘ON VAN ‘Uone[nwnode p)) :Aoupny skep ¢ 103 “o-d Byy/Swr 05

1 gD pue e ‘y rewse[q WNIWPED 210J9q [ | YUSUNBIIIJ
1 1y8rom Asupry JOBIIXd [OURY}D
1 ured 3ySrom Apog %09 SUNIJ vUvaUNI0f vyJUVIVIL

«d'1 ‘sfep g 103 Arep /8w 6'9 ‘OpLIO[YD WNIWPED PD

[z1] TR19 oY

lwyg
DSSH/HSD
Tweynd T
WOT,LVO I9AIT

(W HT LT 0T +++) PO “(WHT LT ‘0T +++) 'PD VAW
(WHT LT 0T € +++) PO (W LT OT +++) 'PD :ISO
(WHT LT 0T +++) “pD (W FHT LT 0T +++) 'PD “O°H
(W/T | WL +++) °pD (W T +++) 'PD :DSSH/HSO
AEN~ +++ Aaoﬂ 0 AEM ++v
5pD (W LT ‘0T ‘€ +++) 'pD 11SD
(W/T - W ++) pD
(wyg | Wt +++) 'pO 9O
T (WFHT +++ W LT PUB O] ++ “WE 0) PO
(WHT LT ++ WOT € +++) 'PD XD
(W LT ++) °PD 1LVO
(W ZT +++) °pD
(W LT +++ WOT 0 “WE +) 'PD :qOS 19AT]

L (Wypz 2101 *pD) (WHz L1 01 'PD) VAW ¢l
(WHT LT 0T ‘€ *PD) (W LT 01 'PD) ISO | (WHT LT
0T *pD) “(WHT LT ‘0T 'PD) “O°H 1 (W LT ‘0T “pD)  PIO-Y2oM-F-¢ ‘SJeI TeIST\ o[etd,]
(W £1 'PD) DSSO/HSD T (W AT 0T ‘€ “PD) (W LT syjuont y¢ 10
01 ‘¢ 'PD) IO ¢1 (wi£T ‘01 pD) ‘(wpg ‘o1 'pp) L1 0T ‘€103 Py Bupjuup A[uo agy
O T (WFHT LT 0T ‘€ “PO) “(WHTLI0TS 'PO) XdD JO 10} uORN[OS SnoADE %[0
(puefod ‘uhzsny, ‘@1edyied
. A pue e
T (w21 °pD) IOWNSUOY) PAWEPY) 1PRIIXD
LVO T (W £T *pD) pue (W £T ‘0T ‘€ 'PD) AOS AT soruiaq 1 nduvoouvjous viniosy
SYIUOW $7 10 £ ‘0T ‘¢ 10J (°pD) By/Swr g
10 ('pD) 8/ 1 AP UL SPLIO[Y> WNLWPEd PO

[s] Te 3
eYSUAZIN

paIpmis JoN

(00Z T ‘00T +++) ON (S3s0p y10q +++)
SBALY, SN VAW (007 +++ 00T ++) LVD
‘(s9s0p Y10q ++) 3SJ LV, ,BD PUe 3sed LV, M/, N
‘LSO ‘A0S ($250p y10q +) XD srukprpidy
(sasop oq |) XdH
‘00z | ‘00T +++) 3SBJ LV, 8D (S950p 110q +++)
LSO “LVO ‘A0S ‘ON VAW (00T +++ 00T ++)
ased IV, M/, BN ‘(S3S0p J30q ++) aseq H<+Nw§ S1SIT,
(s9sop y1oq ++) bzﬁmg
“Amouu ‘S[[25 Jo JUN0d :udwas [ewAprpidy
(00T +++ 00T ++) 2U0I31S01S3)

‘(sas0p 30q +) HSA (002 + ‘00T 0) HT ‘Wnidg

T.ISD XdD “LVO ‘A0S ‘| ON Pur VAW :studprpidy
T 3sed LV, SN OSed.LV 8D OSed LV M/,BN
‘ISD XdD ‘LVD ‘dOS ‘| ON Pue VAN SHS2L,

T Aqera Armour ‘s[2o Jo Junod uawds ewdprprdg
T HSd ‘HT L :wnidg
*d'r “mrq Syy/Sur ¢ asop 9[Surs © “OpLIO[YO WNIWpEd PO

8061-0ST ‘syex IBISIM S[eIN
yuauneany \OpY I9yye skep
P 10y “o°d “m-q /8w 00z 10 001
1OBIX3 JOURJoW
Spaos SxQ&QQQQU vjauayn|d

(1] Te 30
uedrue[Q

as uad
yuerd jo syagg

uoneredaxd juerd Jo s30050 241309301

$109j2 aAnedau pue S[eWITU. JUSUILII) JO dUIT)
9msodxa Jo awr) pue Lem 9sop ‘@oue)sqns O1x0} Y, pue Aem osop ‘uoneredaid jue(q

ADURIRJY

‘ponunuoy) g 414V ],



Oxidative Medicine and Cellular Longevity

"109JJ9 [NJULIRY S} JO UOTIBIYISUIUI :(-) 2992 [RIOY2UIQ OU :(() 9932 [BDYIU] )9[dW0D © :(+++) 19913 [RIOYIUIQ JOUNSIP B :(++) 9932 [BDYUq JYSI[S © :(+) JOIIUOD "SA ISLIIOUT UE : | OIIUOD 'SA ISP € :]

(00z pue 00T ++ 05 0) HSD
$(S950P [[e +++) Od'T PU® ‘18D
‘LVD 00T +++ 00T ++ 05 0) QOS I2ATT

1 OdT T HSD ‘LSO ‘LVD ‘08 AT
| unuIey ‘wiqnarq ‘g TV LSV LTV ‘Wniag

30z
Q0T SSIMG J[RIAl
UBI)XP UOII JO UOnO(Ur )sIy

PRIPTIS JON (00T +++ 00T PUB 0S ++) UNLLIdY (skep om3 L1949 35Op 3U0) SISOP 2AY ghwwﬂ.www\».iw: MMHESWMNM% ﬁN [0s] e 39 23840
pue JTV «(Sesop [[e ++) ISV pue I/ TV ed1emq 3y/3w g1 uenXIP-UOI] ) t«wﬁw Moc%mwa 00T 05
(00T +++ 00T ++ 0§ +) UIqNIIIq WMIdg %02 THEA, HHMDULINg DIZSOA]
| uonsaduos remosea 8 091-07T
(++) uonsaduod remosea [ennsIoN ‘UoneIauaBap remues3 ‘syex afewr Lome(g-ondeidg
[ennsIUI ‘UoneIauagdop Jemueid s1s01au ‘s1s0109u ‘BuryEms :S[[ [eryda dapqny [eudy skep £ 103 Afrep <81 Sy/Sw 0071
SIpIIS 10 “(+) Suryoms :s[peo TerPY3Ide 9Ny reudy T LVD pue XdD ‘HSD Aaupny 101X [5] Te 10 08
Poipm ION (+) HSD (0) LVD *dD Aoupry 10 'NNE T 4TV ‘dlL ‘wmnidg fouey? 9609 (euryd ‘weuduog ~ °
(+++) dL ‘{(++) NNg 9D ‘gTV ‘wniag 1 :3ySiom Apog “Auedwor) syeorynooeuLIeyq
(++) 9ySrom Lpog Aep . oy wo <o's Sy/Bur jo URIXI']) BWOZIYY pue
asop 9[3urs & ‘opuIo[yp (I1)4Amorowr S 1001 paup T winjpud wnaipy
(+++) :uononpoixd wrads A[re(q 1 :uononpoid wiads Apreq 3
(++) SUVEL PUE SOY 1 savdl pue sOY 0% moqe
. . ! 11 amssT IEEOSS 7 ISD ‘A0S ‘LVD ‘d.L :onssn IeMmonsa], ‘syex ofewt Aome(J-ongdeidg
QUON 180 dOS 'LvD dlL: o [oRSIL T L “IAH | 1AT ‘O o1sa[oyd YD ‘NNg ‘ewse[d sep ¢ 10§ “o'd “m*q Sx/8w 0oz [2£] Te 30 ueye(
(+++) L pue NNg ‘(++) TdH T 1ufrom &
. ’ . . ySrom £pog JOBIIXD [OURY)D
PUE YD “IAT ‘(-) DL T0I13$3[0YP Buse[q i " .
o ADO d'1 shep og 105 'M'q paas ‘uury wingp wnipodouayy
() o fpog Sy/Buwr 10 oprioyd (Ip)dmdzaw S
as uad 1099 aanedou pue STRTUTUE USUIJET) JO SUIT)

jyuerd jo syagg

uoneredaxd juerd jo s30070 2A1309)01

9rnsodxa Jo awr) pue Lem 9sOp 9oUBISqNS JIX0) A ],

pue Lem 9sop ‘voneredard juelg

ADURIRJY

"paNuUTIu0Y 7 A14V],



Oxidative Medicine and Cellular Longevity

10

(+) VA Aoupry | VAW :4supny $Y23m £ ‘91w XPp [N
¢ B e) ¢ LI9AT o0d ¢ .
suoN (++) ®D VAN 1ATT .H O A<m:>m A o'd Aep 1ad 20u0 skep £, .w& (saaeay Jo 8787 (8] ‘e 10 wYOIys0X
(+++)¥D 1¥D ‘NNd 1SV 1TV euwsed WOJJ SpeW TW [) TW 7°() JUSUNBIIIJ
(++) NNg LSV LTV ‘ewselq -d'1 “wonpa(ur sfdurs e $y/3 ¢ '1DD JOBIIXD JeI[ 1121194 VSUS
(0S¥ 00€ +++ ‘0ST ++) XdD 1%Dd 9
 duou (5350p e ++) “GDd ‘9T V-INL ‘OPHO-8  ~TI ‘V-ANL ‘DPHO-8 ‘S1onppe urajord payrpous-gNH BOST-05T stex foued nBeds
e ‘sjonppe u101d PAYIPOW-ANH ‘OdTHO  ‘OdT T ¥D ‘Ad9D “LYD UD XdD ‘LSO ‘HSD “oAIT o¢ q SY/ot 05F “00E 05T [08] Te 3 qeys
[uo "m°q . . . . . ) . ] juounjean)-fep-g pue s{ep g1 10J JUSUIEIIIIJ
Sy/Bw 0cp ad9D ‘LVD U9 ‘ISD ‘HSD H2AIT L ISV LTV :wmiag 1ORIIX [OURHIIW ] DIOYiPY DULPUO))
(sasop [[e ++) LSV 1TV ‘wnidg skep P PUB (€] UO $350p 0M) “m’q Sy o1 DD
8072002
T 1SD YD XdD SJeI TeISIM S[BIN
‘A0S “LVD ‘HSD ‘| VAW 1217 ‘od “skep £ 105 /8w 001
. A,+++v .DOm A.<m:>~R . | 4TV ISV “I'TV 'wmniag JUBWIIedI)I] (bS] e 12
SUON (++) IS XdD “LYD ‘HSO ¥O “2AIT [To 2a170 UI "|DD [oueng-u pue BAOUOIWITS
(+++) dTV 1SV LTV ‘Wnidg
%01 JO 8/ Tw 7' asop 23urs e 9383008 [AYI0 IDCHD YIM JOBIIXS [OUBYJOW
Ayorxojoyeday paonpur-"1pD 9508 JO UOIOBIJXD JAISS200NS £q PaUTEIqO—IOBIIXD
STjouRING-U T Snuvjnssadsuous snjpdviisy
Xdo ¢ ‘@OS | s1soI1o3u s9rNQN) [BWIXOI
- O ‘LVD ‘dOS Mmqns | d
(0p pue ‘ST ++ a3 Jo S0 [erpPyIds pue remiswo[d ‘4T Adupny
‘G +) s1soxdau sa[nqny fewrrxoid ayj Jo syjad erpyIds 3072-00T
Juou KO LV ‘A0S ‘OdT : TXdD LV ‘d0S
DoTDRIS pue 1enIdawo8 XD ‘LVD ‘A0S ‘OdT Adupry SIBI IRISIM BN .
Ao (0% pue ‘ST ++ ‘G +) XdD “LVO ‘A0S ‘| s1so1ou ey pue sjfd A1ojewrwreyur ‘OJT AT -o'd ‘sdep £ oy Afrep “meq By/Bw o pue g1 G @_hw_mh N
mw\mﬁ ow ‘Od’1 ‘STSOIOU JB[N[[0 PUE S[[20 ATOJRITUR[JUT :TIAIT T 1ay ‘| YD ‘eamn JuawIyRAIIRIJ P TP
s o VST S ) AD “EIn 1A s 1ATDL DL IO HAT ATV LSV LTV wniag 11O [enuss? jea| ] puadid vijuap
TaH ‘DL DL “LOO ‘HAT A1V LSV LTV :Wwnidg dshep 2 2 w0 wq By T FOD
(++) SON! ‘T-OH ‘9-TI 0-ANL L soNt
“(s350p w10q |) 0T-T1 JO zems.aﬁ VAW IAT - T-OH ‘01-T1 ‘9-T1 V-ANLLJo Uoissardxa y\pyur s1oary 8007081 SIBI OUIQ[E JBISIA BN
S (00S 05T .+A+v Im+m2 Sﬁwm ++gmmw *) T dL ‘LVD ‘HS-dN ‘| VAN 19T ‘od “skep £ 107 B/Bw 00g 10 05T IAUILINAI] [€1] e 10 pre
PRIPIITION LV VAN 2008+ Dec W LR | HQ'T ‘WqnIQq 4TV ‘IO ISV LTV :wnisg 1RIXD [OURUID %60, EL T PISIV
(5350p 130q ++) SNy vqagno 4adl,
uIqnIIIq ‘dTV (005 ++ 05T +) 1OD drByTU Yo W o fodid
(005 ++ ‘057 0) HA'T ISV ‘L'TV 1wniag Jo asop 9[durs e fyorx0j0jeday peonpur-"1nD
as .ad yuerd woexedsid yuerd jo s3> 2A19101G sy0ap2 aanjeSou pue @Insodxs jo s[ewiue pue ——
Jo s1agyq : : awr) pue Lem 9sop oue)sqns dIx0} YT, quaunean) Jo awr pue Lem @9sop ‘uoneredard jueg

*STesTUIaYD JUIAPIP Jo A1o1x0) Jsurede suoneredard jueld jo s10ays aanaj01d ay T, i¢ a1aV],



11

Oxidative Medicine and Cellular Longevity

(+++) J1-T1 0-ANL TPV VAW

L g1-11 0-ANL
APV VAW T LVYD XdD ‘qOS ‘ureig

syppam g “ootur Surwruny] 2dA)-prim oI
“31 ‘skep g 10§ ‘Aep 1od 3y/3 1

SUON (+4) IVUD XdD ‘qOS :ureig skep (6 103 (193em Sunuup ay ur 8Y/3w 01) sayesA[o1pAy urdjord [#2] Te 30 Suag
' DIV pue ‘([errewn jue(d 19358 smoy 9) s (eury) ‘onfdueyg “py7 “0D AIMMOUBY [e2130[00H
Kep/3xy/Swr 0z 25030e[eS- (1 £4q paonpur £1OIX0J0ININ €3G TXUEBRYS) [eIW INUTEM PaNIefo(
(00€ Pue ‘00T ++ 0T 0) SUOINIU DIJOIIIU JO % | suomou sijomsu
‘(00€ pue ‘00T ++ ‘0T +++) SUOINAU J[qQeIA JO % 0 94 ‘T suoInau 9[qeIA JO 9 :edIe sndureooddr 3 0c-S7 o1 ssImg dfe
30 % 7 19®1A 3O % VO 'H 0€-GT ‘I SSIMG [e]
parpnis 30N %HMMWMMMWMWMWM T @Os “LvD ‘| VAW ssndwraoddigy EOHRRSIUIIIpS "IV JO £ sy o O [¥8] Te zewoy],
. VA “(00€ Pue 00T +++ 0T 0) Ly :snduresoddrry Taos "] vaw 2a1os ureig Bunsess skep gp 10 “0'd “Aep/@y/ul 00¢ ‘001 ‘01
$250P [[e (+++) skep 06 10§ “od Aep/3y/Sur o1 JOBI)X2 JI[OYOO[eOIPAY Jed[ voriajuasAp viuagng
dOS pue YIN :X2)100 urerg Ayprxojomau paonpur-“[Dry
| SISOIQY ‘SISOIDaU ‘UOTJRUITUB[JUI “IOAT] 305z moqe syex >w§mm-o:mmam PN
L J-IDL @H-AN D-ANI H12AIT fpan § 105 (s4ep L jo pua
(++) SISOIQY ‘SISOIDAU ‘UOTJRUTUB[JUI IAT : Y1 18 %007 01 dn Suryoeas ‘uoneredard
1d-1o1 A . e lvam -ewserq N i . [94] Te 3
ot (++) J-IOL ‘@1-IN D-INLL 1oAIT oM < To1 ATaM SOt 301 yoed unmp 9,67 £q paseaIdour Jusjuod YY) S
HIAT (+) VAN -ewse[d ..Mw :3.M g M\ww 001 ¢ \C:.wﬁ . Bﬁ\wﬁ Ioyem Sunyuuip ur 2ogod paredaxd A[ysarg feoradyed
uE.oEu vmusﬁc?o?ESo.umoE H (22500 2uapad ndieyy,,
: S : PapURIq 9JJOD) JPOD $NYFUIQLd] VIIVISI]
(sas0p 13oq ++) T HS-dN ‘| VAW 1oAT]
HS-dN (00T ++ ‘01T 0) VAN 19ATT T1ad pue 41 | TAIA “IA1 8072-00T ‘PIO-Y99M-6-8 ‘SIeT JeISIM SN
paTpIIS 10N (250P 1}0q ++) D1 ‘DL DL ‘UWqRIq ‘1OD ‘dTV LTV ‘LY wniog Spam ¢ 10j “ord “awq By/fur 00 puv 001 (€8] 'Te 32 zoaTeq
’ OL ‘WqnIq ‘gTV LTV (00T ++ 00T +) A1 “meq Sy oo 1ORIIXO [OURYIR %0/
TATA “1A7T “1OD (00T ++ 001 0) e w SOARD] ISUDIDINS UNUD]OS
TAH “dL (00T + 001 0) LSV ‘wnidg (1+1) uered pmby ut 10O
(1) AOS “(+++) P-INL
SAVAL ‘(++) 911 “(+) SO “TJ-dDL “LVD 1oAIT
(++) dL ISV LTV “(+)
f ¢ Ay ¢ 1 . MW O/ITV I [eN
suMQof YTV ‘WANIIIG YO (0) d'TY ‘NAF ‘wnadg T.LvD ‘dos ‘| 9-T1 ‘o°d “(Aep/3y/8wi zg'¢ unni)
BRI ERITA(BEI VY P/o :
(1) A0S “(H+) LVD 011 TF-IDL 0-INL ‘SOY ‘SUVEL 1oAIT 1oeIIX3 19)em uelq eoumb par jo 3y/8 51
D-ANL ‘SYVEL (++) SOU (+) 1g-dDL H1oA1T Tdmv oaw.w.M%Emwmwoﬂw%wc oa ums\w .
parpmIs 10N (++) UIqnINq ‘L, 1SV | NNg 90 ‘uqnapq ‘surmqor o .%%w SepyButopg oy (28] e 12 ur
‘ 9O ‘(+ ‘surmqoi3 ¢ ¢ wnio ‘ r7 ¢ ¢ . :
LTV 40 ;“HWM E.H«mh_omwﬁwm:v d1v S a1V .& LTV LSV :wnisg 1opmod pass ojoym eoumb pax jo S8 €1°
(++4) 1VD “d'1 sxam 9 105 (Aepung JoRIIX? UeIq snoanbe
. ot o o - . ) pue Aepsiny L) Apfeom sawm oMy “m'q S/ Tw g0 DD 9OBIIXD URIqQ IIOUBYID 905 Iopmod pass sjoym
dos® qﬂ~+ JWNV W@w% .»M +W%W~%%%@wMMmH HRATT :(eoumnb par) zproy wnuvsoutiof winipodouayr
LTV (+) sWqo[8 g1y ‘NN YO (0) TV :wmniag
:1opmod pass [0y
25 4ad yuerd uoneredoxd jued jo spaga aa1d2101g S22 AEAAU puv 2msodia jo SR P IUIY
Jo sypapq : : awn pue £em 9sop @duBISqNS SIX0) YT, quaunyear) jo aurr pue Lem ‘esop ‘uoneredard jue[q

‘ponunuo)) ¢ 414V ]J,



Oxidative Medicine and Cellular Longevity

12

(+) VAN LYD AT
(+++) ISV pue [TV ‘wnisg
(+++) snwdty

(+) 12411 “(0) Aouppy =xoput JySO M

paIpnis 10N

201 O/qeq d[eWd]
skep g1 10§ Aep e 2ou0 “3'1 Syy/Sw 0og
1 snwAy | Loupn| pue IoA1[ :xopur JySo M ("PYT “0D [eonnaseULIRY]
Yoom & 20U0 syueg Surlag £q Joox passadoid) joox
<A1 35y/8wr 0T aFewWep ISAI[ PaONpUI-Y UI[EABUEBIUO))  Passdd0id sypuidnfo vputiopy woij sapLreydoesi[oq

1 VA “TLvD :1eary
1 LSV pue [Ty :wniag

[6£] Te 10 nX

(+++) LVD (++) VAN ‘A0S “19AIT
(++4) DOV-L ‘(++) VAW ‘dTV ISV
LTV ‘DL [0I2383[0YP 9 O-TAH O-1(T ‘Wnidg
(+++) 09 “(++) dDOH OIM LOH ‘L1d Poold
(+++) axejur pooy “(++) ured 1ySopm
DIy

1 Va7 LvD ‘dos :1Ar7
1l vamw ‘a1v 1sv ‘I1v
9-TAH 2-1AT DL ‘T [01$3[0YD DOV, O ‘WG
1 0gM IOH T I'1d O9Y ‘9DH :poold

S0ST-0FT Quour | ‘syex ourqe e
skep G¢ 10§ 9a1p 0}
uonippe 1opmod 3y (m/m) %07

[sz]

SUON . . .
(+++) LVO .A++v .<D§ﬂ Qo,m 1A 1 yeru pooy ‘ured 193 M sopmod 1y wodRN pue Ipeg
(++4) TV LSV ‘L'TV ‘DL D0V skep cg 10 Aep/mq Sy/8u ocg A11aquopio8 odeo vuvianiad syvsdyq
-1, 0918310y 9 - TAH 2-1AT ‘(+) VAW ‘wnidg oy pue g surxorepy
(+++) OFY “(++) 4DOH “OIM “LOH “L1d :Poold .
(+++) axeyur pooy “(++) ured 1ySopm
'aqv
¢ . 1 810 xogdmy T sDSAN 10A1] PIO-29M-8-9 0T 5/ TV{ d[eWd]
L spo 1 sosam TMHW M:Mw ww%x HAAIT | 9-INLL “4-NI “ISV & omq Sy/Bw oz v
1ogdnyy AN ISV LTV iV UeAeaeston) 1TV 'V UI[EABUEDOUO)) I3)J€ SINOY Z PUE ‘9T ‘g WNIIG UI[EABUBDUO)) 910Jq [ 7 JUIUIJEIII] (s8] 'Te 30 Suayy
“TOATT owe wwﬁ:o L m.m . .ﬁ. o AT meq Sy/Sur gt J0BIIXd [OURYJD
Y Hvepae9rs S 3s0p Tey3d[qns suneday paonpul-y Ul[eABUBIUOD) %56 wnjjfydoiasay wnwydarooviq
2s0p 19y31y € 10J 1022 19)2q © | saquimu [[22 yseus -upyg
Amuwnm wo 4 .ahu ﬁwhﬁ bwu MMHM . | s1ySrom woards pue sopou ydwid PIO-YooM-G 0TI O/q[eq [eWd,]
w%wwt ﬁMi n_.:mo mm ou wa. PIS 1 ssowyoryy reg $9oMm ¢ I0J A[rep ‘sIea pue un[s
parpnis 10N ( m R ﬁw.ulﬁwc. hb N oE whﬁ ¢—1 sAep uo ‘rea pue unys [esIop 3y} 0} oy 03 Aqreordoy “Tur/Swr g pue Tuy/Sw [£2] Te 3o Sueg
(8 ++ wmwv .Huﬁ% M o ! uw wa M (2Im)XTWI 10 2AT[0-2U03%% UT) gON %S0 JO TH 00T JOBIIXD OT[OURYID %S6
ons wﬁ.moww Loﬁ .u.muwo % S snneuap drdoje §J001 NNOH snotuodvl Xawmy
1w P I0q ++) issowpi e PaonpuI (-aUSZUIGOTIUIP-F°Z-0I0[Yd-T) -GONA
1 uorssaxdxo urjord ONB? :onssn d1I0Y
¢ 3 :nSs1) o110
(002 +++ 00T +) mmuZ B onioY | uonewroy aprxoadns :£1211e prore)
(00Z +++ 001 ++) T A9] “ON/.FON ‘| Dd VAN :euwse[d 802z-00¢ ‘svex Aome(r-anderds s[ey
o uonjew1o} aprxoradns :A1211e prore) | 44 ‘ags mssoxd poorg «o:d “Aprep 2ou0 Sy/8u 00¢ 10 001 (18] Te 0
N (00T +++ 00T ++) [9A9] 3 ) W ! 3y /3 2oewod s3Iy 9y Jo 19BNXI DIOUBYID %66 uedefraguoyny
$)oam ¢ 10§ “1ojem Sunjurp ur £e ur
LON/-*ON VAW (00T +++ 001 0) Dd Bwse[d o e 0y . %E&c«.uw FAPPISY/Em 05 UNUDISIIDMY] DUISIPLIUY
¢ : d )
(8250P 1hoq ++) d " Pmssaid poold 3PIXO JLIIU PAONPUI-12)s3 [AY3owW dUTUISIe-T-0NTU_ N
as 4ad yuerd voneredard juerd 1o $199779 21193701 sy00p0 2an3edou pue ‘@rnsodxo jo S[ewTue pue SIS
Jo sypapq : 193 B9 oM d sur) pue Lem 9sop 9dueIsqns d1xo) Y, quaunyear) jo aurr pue Lem ‘esop ‘uoneredard jue[q s

‘ponunuo)) ¢ 414V ]J,



13

Oxidative Medicine and Cellular Longevity

"}J09JJ3 [eDYAUI] O :(() 99Pd [eIYAUq 239[dWOD © :(+++) 9933 [RIOYIUq JOUNSIP © :(++) 992 [eDYauaq 1YSI[S © :(+) {OITUOD 'SA ISLIIDUT U :| OIIUOD "SA ISLIIIP © :]

| surayoxd ¢gq

(++) pue YNDJ Jo uorssardxo 3 0CT-01 ‘SPoM 0]-6 ‘ST OUIq[e e

SUON surj01d ¢6J pue YNDJ Jo uorssardxa (++) adewrep oSewrep YN VAN T HSD “1SD ‘A0S ‘LVD I2ATT spom vmﬁ g1 mq /3 %MOM 4l [0€] peaqourg

VNA (++) VAW ‘HSD 1SD ‘A0S LVD AIT 1 ISV 1TV T surmnqo3 <q, umiag PRIIXD I51EM JE3] B, 12/1210 VSULIOY pue wiyeIqry

(+++) ISV “LTV ‘(++) d.L ‘(+) sSw[nqo[3 ‘wnidg oM § 10§ “8 “m'q By/Bw g Jeragl ’

fyrxojojeday paonpur-sjeureIn[s WNIPOSOUOIA
1 SON! ‘1-OH
199J2 31} JOUNSIP IOW N[} ISOP ) 19)ea1d YT, “OT-TL ‘O-TI
(00€ | ‘0ST +) 01-TI Jo uorssardxa :19A1T
(5350p Y10q ++) “-INLL Jo uotssaxdxa yNJw ‘A3anoe urpuiq YN
SONI ‘T-OH ‘9-I “0-gNLL, JO uotssardxa (9d) 69¥-IN ‘OdIN VAW ‘T AOS ‘HSD LV 19AIT 8502-081 PIO-pUOUI-T SIEL ITISIM SPIN
PRIPISION ¢\ gnanoe Surpuiq VN (59d)68%-aN ‘OdIN ! urqnIpq ISV ‘dTV LTV Swnd skep p1 105 “ord By/3w 0 pue 05T JLUNTINIIG [£8] "2 32 ysrey

. o .@, v . " O LOO WG LLSY TV LTV - S J0BIIXd [OURBYJD PSS WiNALIDS uinip1daT

VAW ‘A0S ‘HSO (00€ ++ 0ST +) LVD 19AIT Lep

(so50p oy e Y maag ST 21 0“1 ionnoadsor BB o pue By/Bus ooy

' Kyorxojoreday paonpur-§JT-+UTUES0IIB[RD)-(]
(00T +++ 05 ++) VAN | suorss
pue suorsa] [esr3ojoyyedolsty 3 9l . .
Jo £y119A0s a8e1oA® (SASOP JOq ++) reatBojouedorsiy jo 310438 dBeiae ‘911 0-ANLL
1 HAT aos Ammw D-INL ‘GA-IN ‘9-TI eoH] ‘@-IN VAW T OS ‘HSD 71edH 8 £T-GT 901U OUIq[E SSIMS eI
. ’ | suorsoy skep ¢ 10§
HBWWMMQMEO (001 +++ .AMMmMWVLMM%“MMWW.d — [eo13o1oyredolsty jo Ar1oaas oSerone “o'd Gy/8w QT 10 (0§ JUGUEIIIRI] [98] Te 12 powyy
Syy/8w 001 (S0P UJOq ++) “@I-IN (00T ++ ‘05 +) SUOISa] 911 s.mZH memZ <.m:2 wDOm Emm.u IAIT PrX [ouriow
eo13o[oyiedolsTy Jo A1110Ads 98eIoAR (TOATT L 1012 NN HAT TV ISV LTV umis yed [epiae supjonad vvoind
= . ; ; dr8y/Sw ot

(00T +++ ‘0S ++) HAT “(S2s0p y10q ++)

asop a13urs e ‘“AJIX0j0IpIEd Uk -0jeday padnpur-
TUI? GN-ND ATV ISV LTV ‘wnisg PO ERPROWIPTP A PPRPESdl

as 4ad yuerd s199p2 aanjedou pue nsodxs Jo s[ewirue pue
duey uoneredaid juerd jo syoaye 2a1d91014 12°49 21 p E [ewaTue p

dUdIJY
Jo syayyg s pue Lem 9sop DdUBISqNS I1X0) AT, quaurear) Jo awm pue Lem @9sop ‘uoneredard jueg

‘ponunuoy) ¢ 414V ]J,



Oxidative Medicine and Cellular Longevity

14

"J09jo [NJULIEY] 3Y) JO UOTIEIYTSUUT :(-) $J93Jd [EDYAUQ OU :(()) 9932 [e1dyauaq a1[dwod © :(+++) 9932 [EIOYaUq JOUNISIP © :(++) 9039 [e1dYauaq 1YSI[S © :(+) OIUOD SA ISLIIIUT UE : | JOIJUOD 'SA ISLIIIP € :]

(00§ +++ 05T ++) AOS Pue XdDH

| VAN pue uoneurioy

3 022-007 ‘Soom 9 ‘syex Lopme(g-onSerds ey
SUBJOUWIAXOZE I)Je SYJUOU 7

. : 1007 3d£10 Juerraqe < OS XdD ‘LVD :Uo[0) N [06] Te 1

pa1pn3s 10N | (5350p WOq +4) LVD VAN $[PM SALINIOSUO3 7 10] YOOM © 29U0 “>'8 Dy/Suti ¢ 105 Aep e 2ouo “o-d By/Sw 00g 10 057 Iqeoynoy
uoneurIoj 10y 3d41d Juerraqe :uofo) JOBIIXS JUBYJOWOIOYIIP
100§ 1d£10 JueIIoqR PIONPUI-OULYIOWAXOZY .
wozIyI ‘1 suaosvindind vuinoiny
T } T LV XdD ‘A0S “19AIT 800¢ 1MOqe ‘P[O-oIM-F ‘SJeT JEISIM S[EN

LVD I2ArT A?owov ﬁon ++) LVD XdD skep £ 3s1yy oy 10y “d'T “m'q S/SW O] ‘SSOIIS ATIEPIXO skep 1¢ 10§ ‘Arep “o-d “m'q Sy/3w go¢ 10 0ST [£7]
. (00€ ++ 0ST +) AOS “ToAIT ; ~ Te 19 seyizny
:s3s0p jog Ppaonpur-(SUTWESONIUAYIAWIP) SUTWERAYIIWIPOSOIIN-N JOBIIXS [OUBYISUWI 9408 STOMO[} vIpnduv oSvjniag

(00Z T 00T +++) VAW
“($3S0P 10q ++) SISOIDAU [eD0] puE UoneIUIZP
Tenqorenur (007 +++ ‘00T ++) XdO
(00T ++ 00T +) s1s01qQY pue [yD ‘OS 12AIT
(s3s0p |30q +++) ISD-IND
9-T1 ‘gT-TI 0-dANL (00T ++ ‘00T +++) TI-1I
00T +++ ‘001 ++) ATV
(00T ++ 001 +) LTV ‘uIqniiq
[e303 (00T + 00T ++) TI-TI (00T 0 ‘00T ++)
0T-TI ‘(s3sop yioq T) A-INT LSV :wnisg

paIpnis 10N

T 1LVD ‘dos *do ‘| VAW
‘SISOIDAU [D0§ ‘UOTIRISUITIP IB[NQOTRIIUT ‘SISOIQL “TIATT
1 dSO-IND “T-TI ‘T1-TI 0T-TI “A-INI
91 ¢/ T-T1 “0-ANLL ‘WIqnIIq [2303 ‘gTV LTV LSV ‘Wniag
*d'1 Sy/3w g¢ Amfur 10A1] paonpuUI-2UTWIESOITUTAYIOWI (]

3002-081 ‘Pro-oom-9 ‘syex Lopme(q-anderds aey
uaSourores Suimorjoy
skep ¢ 10 A[rep “o-d “3y/3w 0oz 10 001 (o]
JOBIIXD [OUBYID 96/ (AueuLIon Te 32 10YyD
nai8sS1aqualsa A DY 0D X3 HAUID) Ianeq UnIely)
Je3[ voyvISY v]jPIU)

(1) 21711 XdD “(+++) LTV
(+4) 7L ‘ASD-INDO ‘-1 YD ‘A0S
‘(1) o111 LSV
VAW ‘dTV “(0) LVD F-TI ‘wniag
mq 38 0T

T %11 “CI-1I ‘-1 LVO XdD 94D ‘dos ‘| VAW
ASO-IND ‘J1-T1 ©1-11 ‘dTV LSV LTV ‘wnig
‘o'd ‘qearayur sAep g1 je ‘m'q Sy/Swr 081

S0Z1-00T PIO-29M-9-G ‘SIel IeISIA S[BA
sururesONIUAYIATP Io)e Aep Jxou [88]

@Qﬂﬁsuw uOZ < Coppe . . .
(4+44) TT-T1 PT-TT XdD $350p OM} PUIOUIDIED o) uo Sunre)s ‘sypam (T 10 A[rep “m'q3Y/B 0’11060 Te 30 ue]
ISV LTV ‘(++) ATV USD-IND 9D ‘A0S Te[nyPoojeday paonpur-auTWesSONIUAYIalJ 1ORIIXD 191eM (SAEP BMIY) T PAafijd1ovp X1u20yd
() 0 7T () JT-T1 VAW ‘LYD ‘winidg
mq /860
1 1d-189 30 T XD ‘LD ‘dOS

(++) 1d-LSD 0 (0) XdD JO uorssa1dXa YN UI dATJR[T 1IOATT

“LVD ‘QOS JO U01ssa1dXa Y NYUW ATV 14T TXdD “LvD 8052-00 ‘s1e1 TeIST AN I[RIN [68]

SUON (M oa “(+++) vaw
‘(+4) Od “(+) LVD ‘@OS LSO ‘HSD XD IArT

(1) HAT ‘(+++) 1SV ‘(++) LTV ‘wnieg

‘@os ‘1 18D ‘HSD Dd ‘Od VAW AT
| HQT 1SV LTV ‘wniag
JuauILIRdX? A1) JO JPIM 8 PUE 9
b e ed1 Sy/8wr 0oz sururesonUAYIAIg

$PaM 9T 0] SB1 0) UDAI puE (M/M) 98 13IP 0} PIppE

9)eua30T0Y] SALLIqAIN[q "] ULNSOQUIAL0D WNIUIIIVA 032 miurg

as 4ad yuerd

uoneredaxd juerd Jo s1999 2A1199101
J0 spay n Jue[d JO 51099 9A1}D3101d

$309J2 2AT}EZSU pue
9msodxo jo aun pue Aem 9sop ‘uaSourdied Y],

s[euwITue pue

0U2IAJD
quaunear) Jo swrn pue Lem 9sop ‘voneredaid jue(q et

‘suaSourored jsurede suonjeredard jueld jo syoage aanosjoid oy, F A14V],



Oxidative Medicine and Cellular Longevity

deterioration of antioxidant barrier, observed in animals
exposed to ethanol [44, 56, 91]. The involvement of oxidant
stress into ethanol toxicity was also showed by Phunchago
et al. [92] who observed the protective influence of antioxi-
dant vitamin C. The studies presented in the current review
proved that plant materials showed a wide range of protective
actions including ameliorating of liver markers, oxidative
parameters, and alleviation of histopathological changes
[56, 91, 92]. The involvement of LPS-TRL4-NF-xB pathway
was also been proved [56, 65].

The detailed results of the performed studies are pre-
sented in Table 5.

2.6. The Protective Influence of Plant Preparations against
Toxic Effects of Antipyretic and Analgesic Drugs. The applica-
tion of antipyretic and analgesic drugs has been growing rap-
idly in recent years. Acetaminophen, known also as
paracetamol, N-acetyl-p-aminophenol or APAP, a substitute
of aspirin, is one of the most often used over-the-counter
medicines. However, its application can cause severe hepato-
toxicity, and this fact is all the more dangerous because of
possible overdose resulting from self-administration [18, 22,
40, 95]. Another side effect, connected with paracetamol
application, is nephrotoxicity [22, 40]. The harmful action
of acetaminophen includes oxidative stress, particularly the
depletion of GSH and protein sulthydryl groups blocking
[96]. Several studies revealed the possibility of plant extract
application as protective adjuvants, wherein Moringa
peregrine, Genista quadriflora, Teucrium polium geyrii, and
Cassia surattensis showed the best influence which included
not only amelioration of liver damage markers but also
improvement of antioxidant parameters and reduction of
the lipid peroxidation process [19, 20, 96].

The details concerning the mentioned investigations are
presented in Table 6.

2.7. The Protective Influence of Plant Preparations against
Toxic Effects of Antibiotics. Not only are antibiotics used for
the treatment of Gram-negative bacterial infection, but they
also can cause side effects to occur [98, 99]. Gentamycin
belongs to those which are used in case of strains resistant
to other antibiotics, but its application can lead to hepato
and nephrotoxicity [28]. The similar properties are shown
by an antibiotic polymyxin, whose application was ceased
because of its nephrotoxicity, but an increased drug resis-
tance of Gram-negative strains has rendered it being used
again [99]. Oxidative stress as well as inflammation processes
was suggested to take part in the development of the men-
tioned negative effects [29, 98, 99]. Materials obtained from
plants containing antioxidant components and affecting
immune functions were investigated as to their possible pro-
tecting application, and the results seem to be promising
although they also pointed to the necessity of taking proper
precautions and precise choosing the dose as in some cases
the higher dose showed a better influence [29, 98], while
other authors reported quite opposite results [28].

The details concerning the above mentioned issues are
presented in Table 7.
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2.8. The Protective Influence of Plant Preparations against
Toxic Effects of Anticancer Drugs. Cancer successful therapy
is often a great problem because of the side effects of the
applied agents which include deterioration of reproductive
proficiency [23], nephrotoxicity [16, 100], and hepatotoxicity
[37] and cardiotoxicity [26]. The results of the studies pre-
sented below clearly show that the toxic action of anticancer
drugs is strongly connected with the prooxidative processes,
deterioration of antioxidant barrier, and histopathological
changes. The extracts of different plants, used as spices and
drugs in traditional medicine for centuries, were studied for
their protective potential [101]. Both simple extracts and par-
ticular fractions [25, 26] proved their protective properties
which included the amelioration of the disturbed oxidant
parameters. Antioxidant and antiapoptotic properties of
plant extracts were confirmed by in vitro investigations
performed on renal tubular epithelia cells [100] and cardio-
myocytes [25]. Histopathological changes were also found
to be relieved by plant materials [16, 23, 24, 26, 102].

The details concerning the above mentioned issues are
presented in Table 8.

2.9. The Protective Influence of Plant Preparations against
Side Effects of Various Drugs. Many drugs’ administration is
accompanied with numerous side effects which cause life
complication and may negatively influence patients’ compli-
ance. These facts prompted the searching for any adjuvants
reversing or at least alleviating side effects. Recently, a grow-
ing interest in plant origin substances, often those used in tra-
ditional medicine, is being observed [104, 105]. The studies
presented below revealed the effectiveness of plant extracts
against toxicity of diverse drugs: psychiatric (lithium carbon-
ate), thyrostatic (Propylthiouracil), and cardiac activity stim-
ulators (Isoproterenol), a contrast medium (Iodixanol), and
dermatological medicine (Triamcinolone acetonide). The
negative influence of the studied drugs often included deteri-
oration of antioxidant barrier [105, 106]. The studied
preparations showed beneficial effects, and in vitro studies
confirmed their antioxidant potential [104, 107].

The details concerning the above mentioned issues are
presented in Table 9.

2.10. The Protective Effects of Plant Preparations Observed in
Animal Models of Different Disorders

2.10.1. The Protective Effects of Plant Preparations Observed
in Arthritis. Arthritis has recently become a serious, world-
wide problem as this disease is related with pain and physical
disability, and no effective therapy except for a surgery can be
applied [49]. As the risk of it increases with age, the growing
spam life contributes to the still enhancing incidence. Plant
substances were found to prevent enhancement of the proin-
flammatory cytokines like IL-1p, IL-6, and TNF-a, involved
into osteoarthritis pathogenesis of OA. Additionally, the
reduction of metalloproteinases responsible for joint damage
as well as upregulation of their inhibitors—TIMPs and extra-
cellular matrix components—was observed [48, 49]. Further-
more, plant origin substances were reported to reverse
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oxidative parameters’ disturbances, also taking part in osteo-
arthritis development [55].

The detailed outcomes of the performed studies are col-
lected in Table 10.

2.10.2. The Protective Effects of Plant Origin Materials in
Cases of Neurodegenerative Disorders. The next type of dis-
orders studied with using an animal model was neurode-
generative diseases. ROS have been reported to be
involved in the development of Alzheimer’s, Huntington’s,
and Parkinson’s diseases. Extracts obtained from plants
used in traditional Chinese and Ayurveda medicine, posses-
sing numerous therapeutic properties and containing anti-
oxidant components, were shown to exert a considerable
beneficial influence [31, 32, 39].

Traumatic brain injury, regarded as a worldwide grave
challenge being a cause of many death and disability cases,
is considered to need an effective therapy. Water extracts
of plant commercial products were revealed to show a
beneficial influence on immunological and oxidative
parameters [38, 60].

Psychiatric disorders like anxiety or depression were also
proved to be connected with neurodegenerative disturbances
as well as changes of immunological and oxidative parame-
ters which were alleviated by plant extracts [111, 112].

The detailed outcomes of the performed studies are col-
lected in Table 11.

2.10.3. The Protective Effects of Plant Origin Materials in
Cases of Animal Menopause Model. In menopausal women,
the deficiency of sex hormones can lead to various distur-
bances of organism. The research concerning hormone
replacement therapy showed that it can cause different side
effects, so the attention was paid to nonpharmaceutical
agents, all the more because plant flavonoids were proved
to possess phytoestrogen properties [114]. In the performed
studies, plant origin materials improved some elements of
lipid profile and oxidative parameters deteriorated by ovari-
ectomy [115]. Bone mineral density in rats was also amelio-
rated, although this effect became less distinct along with
lengthening of the experiment [114]. However, in some cases,
the obtained results were not so distinctly beneficial [116].

The details of the performed studies are collected in
Table 12.

2.104. The Protective Effects of Plant Origin Materials in
Lung Disorders. Plant origin substances were shown to pos-
sess some efficacy against lung disorders, and the beneficial
effect included the improvement of oxidative and inflamma-
tory parameters, morphological disturbances, and factors
controlling extracellular matrix functions and vascular
homeostasis [117-119].

The details of the performed studies are collected in
Table 13.

2.10.5. The Protective Effects of Plant Origin Materials in
Lipid Profile Disturbances. Lipid profile disturbance is associ-
ated with severe diseases like diabetes as well as hepatic and
cardiovascular disorders [120]. It is rated among the main
factors causing disability and death [34]. Factors which were
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used to induce such a condition were also found to cause
intensification of prooxidative processes connected with
deterioration of antioxidant defence and DNA damage. Plant
preparations proved to display beneficial effects, although
only in one case per se influence was studied [120].

The detailed results of the performed studies are collected
in Table 14.

2.10.6. The Protective Effects of Plant Origin Materials in
Ischaemia/Reperfusion Model. Ischaemia/reperfusion dam-
age is a serious problem which can occur as a consequence
of surgery, e.g., transplantation or coronary bypass, and
may lead to severe injuries, resulting among other things
from increase in ROS generation. Pretreatment with plant
materials, obtained from species used in traditional medicine,
was found to be effective against prooxidative processes and
histopathological changes observed in ischaemia/reperfusion
animal model [123-126].

The detailed results of the performed studies are collected
in Table 15.

2.10.7. The Protective Effects of Plant Origin Materials in
Animal Model Diabetes. Plant origin substances were
observed to be effective at reversing disturbances observed
in the course of diabetes. A wide range of agents was studied,
simple extracts, combinations of two extracts as well as an oil,
banana pasta or substances separated from plant material. A
great variety of species was investigated, including herbs,
fruits, or vegetables. Many of them had been known as being
useful in different fields of medicine, sometimes from ancient
times [66, 127-129]. In several studies, biochemical, oxidant,
and inflammatory parameters in the blood and organs
including the lens, brain, liver, pancreas, kidney, and heart
were found considerably improved or restored by different
materials [42, 57, 66, 128, 129]. Histopathological investiga-
tion revealed that plant preparations showed a considerable
ability to attenuate pancreas, kidney, and liver damage
observed in the animal model of diabetes [127, 128, 130].
The beneficial influence of plant extracts on the deterioration
of sperm quality [131], diabetes-associated cataract, and ret-
inopathy and an ability to suppress MAPK signal transduc-
tion [42] and the amyloidogenic pathway [57] were
reported. However, there are limitations of these investiga-
tions as in most of them the effect of the applied plant sub-
stance was not studied.

The detailed results of the performed studies are collected
in Table 16.

2.10.8. The Protective Effects of Plant Origin Materials in
Animal Model of Obesity. Plant origin preparations were also
investigated as to their potential to prevent pathological pro-
cesses connected with obesity. This direction seems to be of
great importance as obesity and related disturbances, result-
ing from sedentary lifestyle as well as excessive consumption,
are becoming more and more serious world problem [132,
133]. Diet-induced obesity was found to be connected with
different disturbances of various parameters including liver
markers and lipid profile as well as inflammation, lipogene-
sis, and oxidative balance. The performed research revealed
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the protective effect of plant preparations which involved
improvement of oxidative balance by activation of the
Nrf2/HO-1 antioxidant pathway [61] and the ameliorating
effect on lipid status [132, 133]. The latter was also confirmed
in vitro as the lipolysis-promoting influence in 3T3-L1 cells
was observed [61]. In mice fed a high-fat diet, coadministra-
tion of Euterpe oleracea extract reversed the changes of lipo-
genic proteins expression in the liver. Additionally, the
investigated preparation increased hepatic expression of
ABCGS5 and ABCGS transporters responsible for removing
excess of cholesterol by secretion into bile [43].

The detailed results of the performed studies are collected
in Table 17.

2.10.9. The Protective Influence of Plant Preparations against
Gastric  Ulcer-Inducing Factors. The gastric ulcers are
regarded as the most common disease of gastrointestinal
tract, but they can be caused by many various factors. Ther-
apy of different disorders with using nonsteroidal anti-
inflammatory drugs like indomethacin and excessive
consumption of alcohol belong to important ones [45, 134].
As pharmaceutical agents are not fully effective and their
application may also be connected with development of side
effects, an alternative ways of treatment became the subject
of research. Plant origin substances showed a wide range
of beneficial effects, including alleviated or reversed oxida-
tive stress which was found to be involved into gastric
ulcer etiology as well as mechanism of indomethacin
toxicity [135-137].

The detailed results of the performed studies are pre-
sented in Table 18.

2.10.10. The Protective Effects of Plant Origin Materials in
Animal Model of Different Disorders. The symptoms of many
other various disturbances were affected in a positive way by
using plant materials of experimentally confirmed antioxi-
dant properties and containing acknowledged antioxidants
like phenolic acids and flavonoids [36, 41, 138]. A wide range
of diseases: lithiasis, thyroid disorders, retinal degeneration,
irritable bowel syndrome, hyperthyroidism, periodontitis,
and mammary gland hyperplasia, were studied, pointing to
great possibilities “hidden” in plant origin agents.

The details of the performed studies are presented in
Table 19.

2.11. The Protective Effects of Plant Origin Materials against
Radiation. Plant extracts also showed some efficacy against
radiation-induced damage. The research revealed the
involvement of JAK-STAT pathway into the mechanism of
the protective influence on the hematopoietic system [70].
Animal studies also showed the reversing effect of plant
material on the disturbances of antioxidant defence caused
by y-radiation in blood and organs [145, 146]. One of the
recent in vitro investigations, performed on keratinocyte
cells, confirmed the antioxidant action of a plant preparation
against UVB radiation, which could contribute to develop-
ment of new skin protective strategies [147].

The details of the performed studies are presented in
Table 20.

Oxidative Medicine and Cellular Longevity

3. The Comparison of Plant Preparations with
Standard Drugs and Supplements: The
Dependence of Effects on Treatment Way
and Doses

The effects of plant origin materials were often investigated
in comparison with those shown by standard drugs. The
results clearly show that there may be a possibility to replace
different medicines with plant preparations which do not
cause so many severe side effects, but the detailed research
must be performed before the final conclusions can be made.

The question of advantage of plant origin extracts over
any standard drug is complicated, and a univocal answer is
very difficult as in some cases the differences in the influence
of the compared agents were strongly dependent on the
applied dose [45, 135] and studied parameters [115, 129].

Hamm et al. [116] found that hops (Humulus lupus L.)
flavonoid-rich extract protected against ovariectomy-
induced visceral adiposity and increase in liver triglycerides
observed in 7-month-old retired breeder C57BL/6 mice.
However, particularly in case of the former parameter, the
observed effect was not so distinct as that noted in animals
receiving 17-f3-estradiol. Additionally, hops extract could
not prevent the loss of uterus weight caused by the surgery
while estrogen showed quite a considerable reversing effect.

Leung et al. compared the effect of black tea extract with
that exerted by estrogen in ovariectomized rats. The results
were characterized by a considerable diversity. In case of
body weight reduction, estradiol’s benefit influence was
much better. In contrast, aortic cGMP and serum TC and
peNOS, NOX2, NOX4, and ROS generation in the aorta were
affected in similar or even entirely the same way by both
agents. Additionally, in case of serum TG the plant materials
proved to possess much better ability to restore the values
observed in sham-operated control animals [115].

3.1. The Comparison of Crude Extracts and the Particular
Substances Separated from Plant Materials. The plant extract
can show better properties than particular compounds
administered alone as there may occur some synergistic
effects among its components. Such an assumption could
be supported by the results reported by He et al. [148] who
compared the influence of Paeonia suffruticosa seed extract
and 10 compounds (oligostilbenes) isolated from it with
using an in vitro IL-13-induced osteoarthritis model. In the
study performed on rabbit chondrocytes, IL-18 caused a sig-
nificant decrease in viability and 10 studied components used
alone showed an improving effect, but the intensity of this
effect was markedly different, depending on the structure.
However, the application of the extract containing all the oli-
gostilbenes showed the best effect, comparable with that
observed for diacerein—a drug of IL-1f-inhibition action,
used in osteoarthritis therapy. Such results made the authors
suggest the possibility of synergism among the particular
oligostilbenes.

3.2. Plant Preparations as Lipid Profile Regulating Agents -
The Comparison with Standard Drugs. Plan preparations
were studied in regard to the possibility of their application
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as lipid profile normalizing agents, and the results seem to be
auspicious [120-122]. Additionally, the researchers per-
formed comparisons with standard drugs. The outcomes
showed that the efficacy of plant material needs not be worse
than that showed by acknowledged pharmaceutical agents.
However, it should be emphasized that the final effects may
be different, depending on the applied dose.

Veber et al. [34] compared the effects of two doses (125 or
250 mg/kg) of aqueous extract of red cabbage with that
showed by fenofibrate, a drug used in therapy of abnormal
lipids in the blood, on oxidative stress parameters in rats with
hyperlipidemia caused by Triton WR-1339. Although the
higher dose proved to possess protective properties generally
comparable with the drug, the lower one in some cases
showed no efficiency.

Erica multiflora L. leaf methanolic extract (150 or
250 mg/kg) effect was studied in rats with Triton WR-1339-
induced hyperlipidemia in comparison with fenofibrate tak-
ing into account chosen lipid and antioxidant parameters.
The higher dose showed comparable or even better protective
action than the medicine. In contrast, total DNA damage was
alleviated much better by the used drug [120].

Onyenibe et al. [122] investigated the efficiency of two
doses of Monodora myristica aqueous extract as a protective
agent in case of deterioration of lipid profile and oxidative
parameters in hypercholesterolemic rats and compared the
obtained results with those noted for a standard drug Ques-
tran. The authors found that generally two doses of plant
preparation, namely, 100 and 200 mg/kg b.w., showed a bet-
ter influence.

The effects of lipid-lowering drugs simvastatin and cipro-
fibrate as well as aqueous extract of Campomanesia adaman-
tium O. Berg root were compared in rats with high-fructose
diet-induced hyperlipidemia. The plant material exerted the
entirely comparable influence in case of lipid parameters
and even better as regards body weight gain lowering [121].

3.3. The Comparison of Plant Extracts of Hepatoprotective
Properties with Pharmaceutical Agents. Liu et al. [51] com-
pared the protective action of pretreatment with Sonneratia
apetala fruit water extract (100, 200, and 400 mg/kg) against
hepatic damage caused by acetaminophen in mice with the
effect of an acknowledged antidote NAC (N-acetyl-L-cyste-
ine). The scientists observed the protective influence of plant
preparation, which was not only comparable but in some cases
better—particularly for serum ALT and AST as well as hepatic
lipid peroxidation, antioxidant enzymes, TNF-a, and IL-6.

Similarly, the rich polyphenol fractions of methanolic
extracts of Genista quadriflora Munby and Teucrium polium
geyrii Maire showed a protective effect against hepatoxicity of
acetaminophen (APAP) and the comparison with N-acetyl-
cysteine showed their comparable properties with the drug,
except for histological changes where Teucrium polium geyrii
Maire exerted a better influence than two other studied
agents [20].

3.4. The Comparison of Plant Extracts with Silymarin, an
Acknowledged Dietary Supplement of Hepatoprotective
Properties. Many drugs and chemicals are distinguished by

43

their hepatoxic effects. In view of the increasing environmen-
tal pollution as well as more and more common application
of different drugs, often over-the-counter ones, the protective
agents are highly desirable [18]. Silymarin, a preparation
obtained from Silybum marianum L., has been used as a
hepatoprotective adjuvant for years. Currently, the attention
has been pointed to other plants, often those used since
antiquity in traditional medicine [44]. Different hepatotoxic-
ity animal models were used to perform comparison with
silymarin.

The possibility of replacing silymarin by an extract of
Cassia fistula L. leaves was studied by Kaur et al. [35] in rats
exposed to thioacetamide. The studied extract was applied at
three doses (50, 100, and 200 mg/kg b.w.), and beneficial
effects of the two higher ones were not worse than those
observed in rats receiving silymarin.

The similar observations were reported by Fahmi et al.
[53] who compared the protective properties of dietary gin-
ger against diethylnitrosamine hepatotoxicity in rats with
those showed by silymarin and found that the studied mate-
rial in the form of ginger powder or essential oil exerted the
same or even better beneficial action.

Choi et al. [46] studied the possibility of Centella asiatica
leaf ethanol extract (100 or 200 mg/kg) using as a protective
agent against dimethylnitrosamine-induced hepatotoxicity
in rats. The authors determined different inflammatory cyto-
kines and mediators, liver injury markers, oxidant parame-
ters, and histophological changes. In some cases (liver
histology, serum IL-1f, TNF-q, and IL-2), both doses of the
extract showed a better action than silymarin. In case of
AST, ALP, IL-6, and INF-y or liver MDA, both agents dis-
played the similarly significant properties. Furthermore, liver
antioxidant enzymes were best ameliorated by the higher
dose of plant preparation.

El-Hadary and Ramadan [52] in turn stated that Moringa
oleifera leaf extract displayed protective properties against
hepatotoxic action of diclofenac sodium. The comparison
with silymarin proved that the plant preparation exerted
comparable or even better effect.

Ahmad and Zeb [18] in turn compared an effectiveness of
silymarin and different doses of water extract of Trifolium
repens leaves against acetaminophen-induced hepatoxicity
in mice. The authors reported that in case of most studied
hematological, serum biochemical, and liver oxidative
parameters, the effect of the highest dose was not worse than
that shown by silymarin.

However, the comparison of protective action of leaf
extract of Solanum surattense with that observed for sily-
marin in CCl -exposed rats revealed that the latter had
entirely better effect regarding liver injury markers and lipid
profile in serum as well as lipid peroxidation process in the
liver [83].

On the other hand, Dogan and Anuk [44] observed
that in ethanol-exposed rats water extract of leaves of
Platantus orientalis L. generally showed the protective
effects comparable or even better than those observed in
silymarin-given animals. Interestingly, in case of some
parameters, both silymarin and extracts showed insuffi-
cient effectiveness.
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The possibility of applying a plant extract as an adjuvant
which could augment an action of an acknowledged agent
was also studied on an example of silymarin. Azim et al.
[19] investigated effects of silymarin alone, Moringa pere-
grina leaf extract alone, and coadministration of those sub-
stances in rats subjected to acetaminophen. Generally, as
regards plasma liver injury markers and oxidative parame-
ters, the protective influence of all three treatments was
found to be practically complete, but in some cases, the com-
bination of both agents exerted the best effect. Interestingly,
DNA damage was most markedly alleviated by plant extract
alone while silymarin showed the slightest efficacy.

3.5. Immunosuppressive and Anti-Inflammatory Drugs vs.
Plant Preparations. Pistacia weinmannifolia root extract
was compared regarding anti-inflammatory effects with
roflumilast—a drug used in the therapy of lung inflammatory
disorders, in mice with pulmonary inflammation induced by
cigarette smoke and lipopolysaccharide. The results of the
experiment showed that the studied preparation possessed
protective properties absolutely comparable with the applied
medicine [149].

Sundaram et al. [55] studied the protective effect of gug-
gulipid (an extract from Commiphora whighitii gum resin)
against morphology changes, cartilage degradation, and pro-
oxidative processes in rats with experimental arthritis. Along
with the evaluation of the plant preparation properties, the
authors performed the comparison with a standard nonste-
roidal anti-inflammatory drug ibuprofen. The influence of
the studied extract proved to be comparable or even much
more effective, particularly in cases of hematological and
oxidative parameters.

In a study performed on mice subjected to 1-chloro-2,4-
dinitrobenzene with the aim of inducing atopic dermatitis-
like skin lesion, the effect of Rumex japonicus Houtt. root
extract was compared with the efficacy of a synthetic gluco-
corticoid dexamethasone. The alleviation of the disease
severity caused by the topical application of the plant extract
was not much worse (particularly in the case of the higher
dose) than that observed in animals treated intraperitoneally
with dexamethasone [77].

Kaveh et al. [117] in turn compared the influence of dif-
ferent doses of hydroethanolic extract of Portulaca oleracea
with that exerted by dexamethasone in rats with experimen-
tal asthma. According the authors, the effect of the highest
dose (4 mg/mL in drinking water) was comparable with the
drug. However, the lowest dose (1 mg/mL in drinking water)
in some cases showed no beneficial influence.

In some cases, the pharmaceutical agents showed a better
effect. Sdayria et al. [41] reported that in mice with
carrageenan-induced paw edema pretreatment with a non-
steroidal anti-inflammatory drug indomethacin or Euphor-
bia retusa methanol extract showed comparable effects
concerning % edema inhibition, although indomethacin dis-
played a little better properties. However, in case of oxidant
parameters in the liver and paw, the drug exerted more dis-
tinct beneficial influence.

In the experiment performed by Jeong et al. [48], a non-
steroidal anti-inflammatory drug celecoxib proved to be
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much better in reversing the changes of biochemical param-
eters observed in rats with monosodium iodoacetate-induced
osteoarthritis than a water extract of leaves of Morus alba L.
Histological examinations confirmed the drug advantage.

3.6. Standard Drugs vs. Plant Preparations in Stomach Ulcer
Animal Model. Sattar et al. [137] performed a comparison
of protective action of Myristica fragrans extract and sucral-
fate (a drug used for stomach ulcer treatment) in rats with
ethanol-induced gastric ulcers. Although the plant prepara-
tion was not so effective with regard to amelioration of total
acidity of stomach contents as well as macroscopic evaluation
of gastric mucosa, ulcer index, and percentage of protection,
its application did not cause serious increase in pH of stom-
ach content as sulfacrate (4.25 vs. 5.0).

On the other hand, Biebersteinia multifida hydrometha-
nolic extract showed a quite comparable or better protective
effect than another drug—namely, omeprazole—in cases of
gastric ulcers caused by 75% ethanol in rats. This effect
included a decrease in ulcer area and number as well as
enhancement of total antioxidant capacity in gastric
mucosa [134].

Ateufack et al. [150] compared the effect of Piptadenias-
trum africanum stem bark aqueous and methanol extracts
(125, 250, or 500 mg/kg) in rat gastric ulcer induced by the
HCl/ethanol mixture, indomethacin, and acetic acid with
that showed by standard drugs (Maalox, Misoprostol, or
Ranitidine). Plant extracts, particularly aqueous one when
applied in the highest dose, displayed the protective action
even better than the investigated drugs in case of animals
exposed to HCl/ethanol mixture or indomethacin, but not
in those treated with acetic acid.

Rtibi et al. [135] reported that in rats exposed to ethanol,
pretreatment with Ceratonia siliqua L. aqueous extract (500,
1000, and 2000 mg/kg b.w.) showed a better or comparable
effect with the standard drug famotidine when applied at
the highest dose, while the lowest one was found to be either
less effective or even ineffective at all.

The interesting results were reported by Chanda et al.
[45]. The scientists studied the possibility of using Paederia
foetida Linn. leaf methanol extract (100 and 200 mg/kg
b.w.) as a gastroprotective agent in rats with gastric ulcers
induced by indomethacin-pylorus ligation, alcohol, or water
immersion stress. The effects were compared with those
obtained for standard drugs ranitidine, sucralfate, and lanso-
prazole, respectively. As concerns ulcer protection, in the first
and third models, there were no distinct differences between
the plant material (particularly the higher dose) and the
applied drug. In contrast, in the second model, the higher
dose of extract showed much better effectiveness than the
lower one, but nonetheless not so high as sucralfate.

3.7. The Comparison of Plant Preparations with
Cytoprotective Adjuvants Used in Radio and Chemotherapy.
The advantage of plant origin substances over drugs was also
shown by Dong et al. [70]. Ethanol extract of JXT (a tradi-
tional herb obtained from the Spatholobus suberectus Dunn
dry rattan) given orally to mice caused a significant improve-
ment of the biochemical parameters previously disturbed by
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Co y-radiation, i.e., morphology, bone marrow cell num-
ber, and liver lipid peroxidation level as well as activity of
antioxidant enzymes. This effect was comparable or better
than that exerted by amifostine, an agent applied in cases of
radiation syndrome during radiotherapy.

3.8. Plant Preparations vs. Drugs and Supplements Applied in
Neurological and Psychiatric Disorders. Pharmaceutical
agents used for the treatment of psychiatric and neurodegen-
erative disorders may cause side effects worsening the condi-
tion of patients. Plant preparations, often used for centuries
in traditional medicine, have been found to possess anxiolytic
and antistress properties, and the comparison with acknowl-
edged drugs and supplements showed their comparable effi-
cacy [17, 58].

Plant materials, namely, extracts from two Hypericum
species, were studied with regard to their effect on oxidative
stress and inflammatory cytokines in an experimental anxi-
ety animal model. The comparison with pure quercetin and
a control drug alprazolam was also performed. In most cases,
the disturbed brain parameters were positively influenced in
a comparable or more distinct way by plant materials than by
two other studied substances. It should be emphasized that in
some cases the worst effect was observed in animals treated
with alprazolam [17].

Almeida et al. [58] compared the protective effect of
Clitoria ternatea extract with that shown by cotreatment with
dietary supplements choline and docosahexanoic acid
against brain oxidative stress caused by separation from
mothers in rat pups. During 30-day experiment including
the stressing factor and treatments as well as during the sub-
sequent 330-day follow-up, both agents revealed comparable
properties regarding the prevention of lipid peroxidation
increase and thiol group content depletion.

Chonpathompikunlert et al. [31] compared the neuro-
protective effect of Apium graveolens L. extract with that
showed by a standard drug Tidomet Plus in an animal model
of Parkinson disease. The efficacy of two doses (250 and
375 mg/kg b.w.) proved to be quite comparable (the lower
one) or even better (the higher one) with the medicine as
regards improvement of behavioral performance, oxidative
parameters, and activities of monoamine oxidases A and B.

3.9. Antidiabetic Drugs vs. Plant Preparations. The possibility
of plant preparations application in diabetic subjects was also
studied. It was prompted by side effects occurring in patients
treated by pharmacological agents. The outcomes seem to be
promising although in view of the reported results the accu-
rate research is needed to determine mechanism of action
and the most beneficial dose [66, 127].

Khanra et al. [129] stated that Abroma augusta L. leaf
methanol extract (100 or 200 mg/kg) was not so efficient at
reversing the serum parameters disturbed in rats by type 2
diabetes course, particularly in the case of the lower dose, as
a standard drug glibenclamide. However, in the case of allevi-
ating DNA fragmentation, ATP level, chosen oxidant param-
eters, and expression of NF-xB in the kidney and heart, the
prevalence of the drug was not so distinct.
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The comparison of glibenclamide and methanolic extract
of Caralluma europaea was performed by Dra et al. [127] on
diabetic mice. The higher dose of plant material (500 mg/kg
b.w.) was better effective in the reduction of blood glucose
than a drug, beginning from the 4™ hour after administra-
tion, while a lower one (250 mg/kg b.w.) showed a compara-
ble effect. Additionally, according to the authors, the lower
dose showed a more distinct beneficial influence in case of
histopathological damage observed in diabetic animals.

The similar results were obtained by Du et al. [66] who
compared the protective properties of a standard drug met-
formin hydrochloride and different doses (100, 250, and
500 mg/kg) of polysaccharide separated from Lycium bar-
barum in the rat model of diabetes induced by high-fat diet
+streptozotocin. Metformin showed a better effect in case
of fasting blood glucose and INF-a. As for insulin and
ICAM-1, the highest dose of plant origin material proved to
possess better ameliorating properties, while serum GPx
was more improved by two higher doses.

Balbaa et al. [57] investigated the differences in effects
of administration of Nigella sativa seeds oil, standard
drugs metformin and glimepiride, and their combinations
to diabetic rats. The oil had a better protective action
when administrated alone than in combination with
metformin or glimepiride against oxidative stress and neu-
roinflammatory cytokines’ increase. When the results of
administration of those three agents alone to diabetic rats
were compared, the best properties of a plant material
were also confirmed.

3.10. Plant Extract or a Single Substance of Antioxidant
Properties? As beneficial effects of plant preparations were
attributed to their antioxidative properties, some researches
performed the comparisons with simple substances of
acknowledged antioxidant character. The results showed that
plant materials could exert a better influence due to the pres-
ence of many component which might cooperate with one
another.

Jahan et al. [72] studied the possibility of application of
Chenopodium album Linn. seed extract as a protective agent
against the damage of reproductive functions caused by mer-
cury exposure. They compared the effect of the plant extract
with that showed by a known antioxidant vitamin C which
was reported to exert beneficial influence on male fertility.
Except for plasma cholesterol and triglycerides as well as
GST and TBARS in testicular tissue, the benefit influence of
the studied plant material was comparable or even better.
The similar observations were reported as regards the testic-
ular morphometric parameters.

The comparison of the protective influence of Nigella
sativa extract and vitamin E against cisplatin nephrotoxicity
was performed by Hosseinian et al. [16]. The cisplatin-
induced negative changes, i.e., renal damage and thiol group
decrease, and lipid peroxidation enhancement in the serum
and kidney, were alleviated in a rather comparable way,
except for serum thiols, where the prevalence of plant extract
was indisputable.

The effects of two Hypericum (H. maculatum and H.
perforatum) species extracts on oxidative stress and
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inflammatory cytokines were studied in an experimental
anxiety animal model and compared with pure quercetin.
The beneficial influence of plant extracts was mostly compa-
rable and in many cases better, particularly in the case of
Hypericum maculatum [17]. Such results could point to syn-
ergistic action of various components of extracts, acting as
confirmation of the conclusions made by He et al. [148].

3.11. The Action of a Plant Preparation Depending on Its
Dose, Time and Form of Treatment

3.11.1. The Relationships between the Dose and the Effects. In
many studies, the protective effects of plant extracts and con-
stituents showed a direct dependency on the used dose [15,
29, 31, 56, 80, 107, 117].

However, sometimes, the similar effects were observed
for a considerable wide range of the applied doses. Liu et al.
[91] studied an effect of various doses (0.0625, 0.125, 0.25,
0.5g/kg b.w.) of ginseng oligopeptides against ethanol toxic-
ity, and the observed differences were quite slight considering
the size of the applied range.

Malik et al. [39] performed a study on animals with Hun-
tington’s disease like symptoms and observed practically the
same influence of two different doses (100 and 200 mg/kg) of
Celastrus paniculatus seed ethanol extract on memory func-
tions, locomotor activity, and oxidative parameters in the
brain parts.

The relationships between used doses and an exerted
influence were also studied in the experiment concerning
the protective properties of water extract of Sonneratia ape-
tala fruit against liver damage caused by acetaminophen
exposure in mice. The effects of pretreatment with different
doses (100, 200 and 400 mg/kg) were very interesting as in
the case of some parameters a strong dose dependency was
observed (e.g., liver GSH and MDA), while some other ones
were affected in the same way, regardless of the applied dose
(liver GSH, T-AOC, and TNF-«) [51].

In another study, Wang et al. [119] investigated the pro-
tective properties of two doses (4.6 or 14 g/kg b.w.) of aque-
ous extract of Salvia Miltiorrhiza Bge. f. alba in the
monocrotaline-induced animal model of pulmonary hyper-
tension. Various parameters were studied: mean pulmonary
artery pressure, right ventricular systolic pressure, pulmo-
nary artery remodelling, plasma vasoactive factors NO, 6-
Keto-PGFla, ET-1, and TXB,, and lung TGF-f1, but the
observed differences were not as considerable as one could
expect taking into account the difference between the applied
doses.

The similar observations were reported by El-Hadary and
Ramadan [52] who studied two doses of Moringa oleifera leaf
extract (150 and 300 mg/kg b.w.) against hepatotoxicity of
diclofenac sodium. Both doses displayed protective proper-
ties, but again, the difference between them was not so great
as one could predict considering their range.

Onyenibe et al. [122] studied the efficacy of two doses of
Monodora myristica aqueous extract at preventing impair-
ment of lipid profile and oxidative parameters in hypercho-
lesterolemic rats and generally found no difference between
100 mg/kg b.w. and 200 mg/kg b.w.
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Such results point to the necessity of complex research of
any possible protective agent with using a wide range of
doses. The issue of dependency between the used dose and
its effects proved to be additionally complicated as not always
a direct relationship was found. The effects of different doses
were sometimes divergent as in the experiment performed by
Khan et al. [88], who studied the influence of two doses
0.5g/kg b.w. and 1.0g/kg b.w. of ajwa dates (Phoenix
dactylifera L.) water extract on the biochemical parameters
in rats with diethylnitrosamine-induced liver cancer. The
lower one in some cases showed even a harmful effect (poten-
tializing the changes caused by the carcinogen), while the
higher one showed considerable protective properties. Addi-
tionally, the lower dose effect was characterized by a signifi-
cant diversity as apart from showing the above-mentioned
harmful influence, it also exerted a beneficial action, ranging
from slight to strong.

In some cases, the higher dose had the worse effect than a
lower one. In the study performed by Omole et al. [26], con-
cerning the possible use of pretreatment with kolaviron (a
mixture of flavonoids obtained from Garcinia kola seeds,
200 or 400 mg/kg/d) against toxicity of cyclophosphamide,
the higher dose proved to be less beneficial, not only exerting
less protective properties but also causing a slight increase in
lipid peroxidation in the heart tissue.

The similar observations were reported by Apaydin Yil-
dirim et al. [28] who studied the influence of Helichrysum pli-
catum DC. subsp. plicatum extract (100 or 200 mg/(kg-d)
against nephrotoxic as well as hepatotoxic effects of gentami-
cin in rats. The authors stated that the higher dose showed
much less beneficial influence. Additionally, the higher dose
exerted some harmful effects, particularly regarding histopa-
hological changes, when administered alone.

In some studies, it would be really very difficult to decide
which dose should be chosen for usage. In the experiment
performed by Wattanathorn et al. [42], the beneficial influ-
ence of the combination of extracts of Mangifera indica L.
and Polygonum odoratum L. against diabetes cataract and
retinopathy was distinctly showed, but the effect of different
doses (2, 10, or 50 mg/kg b.w.) was found to be highly diverse.

Phunchago et al. [92] studied the possible protective
effect of Tiliacora triandra water extract against ethanol-
induced hippocampus damage in rats. The authors com-
pared three doses: 100, 200, and 400 mg/kg b.w., and found
that the middle one showed the best influence in improving
some studied parameters while in few cases the worst influ-
ence was found for the highest one.

3.11.2. The Relationships between the Period of Treatment
and the Effects. The period of the treatment with the studied
substances also proved to be a factor of importance. Xu et al.
[60] investigated the effect of Rhubarb extract on the oxida-
tive parameters in rats with traumatic brain injury. Accord-
ing to the reported results, the degree of improvement in
lipid peroxidation intensity as well as antioxidants levels
showed a dependency on the time of experiment. The ani-
mals sacrificed after a longer period, starting from surgery
and plant material treatment, showed a better amelioration
of the studied parameters.
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3.11.3. The Relationships between the Way of Preparing Plant
Materials and Their Effects. As plant extracts contain many
active substances of different solubilities in various solvents,
the way of the preparation of the used substances also proved
to be an issue of importance.

Malik et al. [39] studied the fractions of Celastrus
paniculatus seed ethanol extract, obtained by suspending
it in water and sequential partitioning with using petro-
leum ether, ethyl acetate and n-butanol. These materials
were investigated as to their ability to ameliorate the neu-
rotoxic effect of 3-nitropropionic acid by reversing changes
of oxidative parameters in striatum and cortex of experi-
mental rats. In the case of improvement of enhanced
MDA and nitrites as well as decreased CAT, SOD, and
GSH, ethanol extract and aqueous fraction proved to be
the most effective; the petroleum ether fraction showed
much less efficacy while n-butanol and ethyl acetate ones
practically none.

3.11.4. Treatment of Pretreatment? The way of treatment, i.e.,
pre or post, in some cases was shown to be a crucial factor
influencing the observed effect to a considerable degree.
Afsar et al. [23] studied the effects of ethyl acetate fraction
of Acacia hydaspica methanol extract against cisplatin toxic-
ity and observed that the protective influence observed in the
case of posttreatment started concomitantly with cisplatin
and continued for five days was decidedly less distinct than
that of 15-day pretreatment combined with posttreatment.

On the other hand, some authors did not report any
differences between the mentioned two ways. Khattab et al.
[146] did not observe any differences between pre- and post-
treatment with Borago officinal L. seed oil in rats exposed to
y-radiation.

The similar effects were observed by Nasri et al. [109]
in rats subjected to a contrast medium iodixanol and 70%
ethanol green tea extract. The plant agent alleviated
iodixanol-induced histopathological kidney changes, but
no significant differences between pre- and posttreatment
were observed.

Hosseinian et al. [16] studied the possible protective
effect against cisplatin nephrotoxicity of Nigella sativa extract
(100 and 200 mg/kg) using the design, whereby two ways of
administration were applied—pretreatment alone or with
the addition of posttreatment. The outcomes were really
interesting. In case of renal SH groups and tissue damage as
well as serum SH groups and MDA plant material proved
to possess beneficial effect, regardless of the way of
administration.

4. The Effects of Plant Preparations Per Se

The fact that generally effects of plant preparations per se
were observed occasionally makes the considerable limitation
of the studies presented in the current review. Only a few sci-
entists reported observations considering any influence of the
studied materials. Sheweita et al., for instance, investigated
the effects of application of essential oils of Foeniculum
vulgare (fennel) Miller seeds, Cuminum cyminum L. (cumin)
seeds, and Syzygium aromaticum L. (clove) flower and
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reported that the used oils themselves caused several benefi-
cial effects like decrease in liver TBARS as well as enhance-
ment of liver antioxidants [101].

El-Kashlan et al. [143] found the decrease in lipid perox-
idation as well as reinforcement of antioxidant defence in rats
receiving commercial date palm pollen.

El-Rahman et al. [110] reported alleviation of prooxida-
tive processes as well as the increase in antioxidants in rats
given Saussurea lappa root extract.

Furthermore, the beneficial influence of plant prepara-
tions included not only improvement in biochemical param-
eters. Sheng et al. [33] reported that, apart from positive
effect on body and adipose tissue weight and insulin sensitiv-
ity, liver, and kidney functions, addition of mulberry leaves
powder to diet also caused amelioration of microbiota com-
munity structure in gut of obese mice.

Balbaa et al. [57] investigated the differences in the
effects of administration of Nigella sativa seeds oil, antidia-
betic drugs metformin and glimepiride, and their combina-
tions to rats. In some cases, the plant oil per se showed the
least or no negative effect in nondiabetic rats when com-
pared to medicines. The reduction of brain f-amyloid-42
as well as the increase in antioxidants’ level was observed.
On the other hand, brain lipid peroxidation was found to
be enhanced.

However, some authors reported the negative effects of
plant preparations on experimental animal organisms.

Apaydin Yildirim et al. [28] observed histopathological
changes in organs of animals treated with Helichrysum plica-
tum DC. subsp. plicatum extract.

In one of the recently published articles, Nahdi et al.
[151] observed that leaf Hypericum humifusum aqueous
(200 or 400 mg/kg b.w.) and methanolic (10 or 20 mg/kg
b.w.) extracts, given to rats, induced histopathological
changes as well as impaired biochemical parameters includ-
ing an increase in WBC, liver MDA, plasma ALT, AST, and
LDH. Additionally, activities of hepatic antioxidant enzymes
CAT and SOD were markedly decreased vs. control with no
treatment. Interestingly, in case of the aqueous extract, the
worse effect was exerted by the lower dose while the metha-
nolic one was found to be more harmful when given in the
higher dose.

5. Conclusions

The outcomes of the studies presented in the current
review showed a huge potential inherent in plant prepara-
tions. They were revealed to reverse or alleviate toxicity of
different factors, side effects of drugs, and symptoms of
various diseases. In many cases, they were proved to be
comparable or better than standard drugs which let us sug-
gest that in future the plant origin substances could make a
replacement for pharmaceutical agents. However, the pre-
sented above results of some experiments point to the fact
that the proper precautions must be undertaken before
applying any plant material. The detailed research regard-
ing the per se effects, dose, and way of administration
needs to be performed.
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Abbreviations

AA: Ascorbic acid

Ap: B-Amyloid peptide

ABCG: ATP-biding cassette, subfamily G
transporters

ACC: Acetyl-CoA carboxylase

AChE: Acetylcholine esterase

ACP: Acid phosphatase

ADA: Adenosine deaminase activity

AGE: Advanced glycation end product

AGGRECAN:  Cartilage-specific proteoglycan core protein

ALB: Albumin

AlCL;: Aluminium chloride

ALP: Alkaline phosphatase

ALT: Alanine aminotransferase

AOPP: Advanced oxidation protein products

AR: Aldose reductase

ARE: Antioxidant-responsive element

AST: Aspartate aminotransferase

ATP: Adenosine triphosphate

BALF: Bronchoalveolar lavage fluid

BAP: Biological antioxidant power

BAT: Brown adipose tissue

Bcl-2: B-cell lymphoma 2

BMP2: Bone morphogenetic protein 2

BUN: Blood urea nitrogen

b.w.: Body weight

Ca: Calcium

Ca®*ATPase:  Calcium-activated adenosine 5'
-triphosphatase

CAT: Catalase

CCly: Tetrachlorometan (carbon tetrachloride)

Cd: Cadmium

Cd3e: Cluster of differentiation 36

cGMP: Cyclic guanosine-3',5'-monophosphate

ChAT: Choline acetyltransferase

CHOP: C/EBP homologous protein

CK-MB: Creatinine kinase-MB

COL2: Collagen type-II

COL10: Collagen type 10

COMP: Cartilage oligomeric matrix protein

COX-2: Cyclooxygenase-2

CR: Creatinine

CRP: C-reactive protein

CS: Citrate synthase

cTnl: Cardiac troponin I

CTX-IL: C-telopeptide of type II collagen

Cu: Copper

CYP2EL: Cytochrome P450-2E1

DBP: Diastolic blood pressure

DC: Diene conjugate

DHEAs: Dehydroepiandrosterone sulfate

DNA: Deoxyribonucleic acid

E2: Estradiol

eNOS: Endothelial nitric oxide synthase

ERK1/2: Extracellular signal-regulated kinase 1 and 2

ET-1: Endothelin-1

Fatp4:
Fe:

FFA:
FRAP:
FSH:

fT3:

fT4:
y-GCS:
GGT:
GM-CSF:

G6PD:
GPx:

GR:
GRP78:
GSH:
GSSG:
GSSG-red:
GSSP:
GST:

HA:
HbA,c:
HCT:
HDL:
HDL-c:
Hg:

HGB:
HMG-CoA-R:

HNE:
HO-1:
H,0,:
HOMA-IR:

ICAM-1:
iLcv.:
IDE:
IFN-a:
IFN-y:
ig.:
IgG:
IgM:

IL:

im.:
iNOS:
ip.

Lv.
JAK:

K:
KEAP1:
6-Keto-PGFla:
LDH:
LDL:
LDL-c:
LH:

Lpl:
LPO:
LPS:
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Fatty acid transport protein 4
Iron

Free fatty acids

Ferric reducing ability of plasma
Follicle-stimulating hormone
Free T3

Free T4

y-Glutamyl cysteine synthetase
y-Glutamyl transferase
Granulocyte-macrophage colony-
stimulating factor
Glucose-6-phosphate dehydrogenase
Glutathione peroxidase
Glutathione reductase

78 kDa glucose-regulated protein
Reduced glutathione

The oxidized form of glutathione
Oxidized glutathione reductase
Glutationylated proteins
Glutathione-S-transferase
Hyaluronidase

Glycated hemoglobin
Haematocrit

High-density lipoprotein
High-density lipoprotein cholesterol
Mercury

Haemoglobin
3-Hydroxy-3-methylglutaryl CoA
reductase

4-Hydroxy-2-nonenal

Heme oxygenase 1

Hydrogen peroxide

Homeostasis model assessment-insulin
resistance

Intercellular adhesion molecule
Intracerebroventricular

Insulin degradation enzyme
Interferon-o

Interferon-y

Intragastrically
Immunoglobulina G
Immunoglobulina M

Interleukin

Intramuscularly

Inducible nitric oxide synthase
Intraperitoneally

Intravenously

Janus kinase

Potassium

Kelch-like ECH-associated protein 1
6-Keto-prostaglandin F1 alpha
Lactate dehydrogenase
Low-density lipoprotein
Low-density lipoprotein cholesterol
Luteinizing hormone

Lipoprotein lipase

Lipid peroxidation
Lipopolysaccharide
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MAO-A:
MAO-B:
MCP-1:
M-CSF:
MDA:
MDSCs:
Mg

MIP:
MMP-1:

MMP-3:
MMP-13:
MMP:
MPO:
mRNA:
MT:
MTH 1:

Na:
NADH:

Na*/K"ATPase:

NASH:
NF-«B:
NO:
NO;:
NO,:
NOX:
NP-SH:
NQOI1:
Nrf2:
8-OHdG:
OSI:

P:

P53:
pACC:
pAMPK:

Pb:

PC:

PCG:
PCNA:
peNOS:
PGE,:
PGI2:
PHGPx:
PKC:
PLT:

P38 MAPK:
pNF-«B:
p.o.:

QR:
RANTES:

RBC:

Mg**ATPase:

Monoamine oxidase type B
Monoamine oxidase type B

Monocyte chemoattractant protein 1
Macrophage colony-stimulating factor
Malondialdehyde

Myeloid suppressor cells

Magnesium

Magnesium-activated adenosine 5’
-triphosphatase

Macrophage inflammatory protein
Matrix metalloproteinase-1, interstitial
collagenase

Matrix metalloproteinase-3, stromelysin-1
Matrix metalloproteinase-13, collagenase 3
Matrix metalloproteinase
Myeloperoxidase

Messenger ribonucleic acid
Metallothionein

A gene encoding 8-o0xo0-7,8-dihydrodeoxy-
guanosine triphosphatase

Sodium

Nicotinamide adenine dinucleotide
reduced form

Sodium- and potassium-activated adeno-
sine 5'-triphosphatase

Nonalcoholic steatohepatitis

Nuclear factor-kappa B

Nitric oxide

Nitrate

Nitrite

NADPH oxidase

Nonprotein sulfthydryl groups
NAD(P)H:quinone oxidoreductase 1
Nuclear erythroid 2-related factor 2
8-Hydroxy-2 ! deoxyguanosine
Oxidative stress index

Phosphorus

p53 protein

Phosphorylated acetyl-CoA carboxylase
Phosphorilated adenosine-
monophosphate-activated protein kinase
Lead

Protein carbonyls

Protein carbonyl groups

Proliferating cell nuclear antigen
Phosphorylated eNOS

Prostaglandin E,

Prostacyclin

Phospholipid hydroxyperoxide GPx
Protein kinase C

Platelets

P38 mitogen-activated protein kinase
Phospho-NF-«B

Orally

Quinone reductase

Regulated on Activation, Normal T-cell
Expressed and Secreted

Red blood cells

ROS:
SBP:
S.C.:
SDH:
SH:
SHBG:
SOD:
SPF:
Srebfl:

SREBP-1c:
STAT:

T:
T-AOC:
TAS:
TBARS:
TC:

TG:
TGF-p:
tHcy:
TIMP:
TLC:
TLR:
TNF-a:
TOS:
TP:
TSH:
TXA,:
TXB,:
UA:
UDPGT:
VEGE:
VLDL:
VLDL-c:
WBC:
XO:

7n:
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Reactive oxygen species

Systolic blood pressure
Subcutaneously

Sorbitol dehydrogenase

Thiol groups

Sex hormone-binding globulin
Superoxide dismutase

Specific pathogen free

Sterol regulatory element-binding tran-
scription factor 1
Sterol-regulatory-element binding protein-
Ic

Signal transducer and activator of
transcription

Testosterone

Total antioxidant capacity

Total antioxidant status
Thiobarbituric acid reactive substances
Total cholesterol

Triglycerides

Transforming growth factor beta

Total homocysteine

Tissue inhibitor of metalloproteinases
Total leukocytic count

Tall-like receptor

Tumor necrosis factor alpha

Total oxidant status

Total protein

Thyroid-stimulating hormone
Thromboxane A2

Thromboxane B2

Uric acid

UDP-glucuronosyl transferase
Vascular endothelial growth factor
Very low-density lipoprotein

Very low-density lipoprotein cholesterol
White blood cells

Xanthine oxidase

Zinc.
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The widespread use of therapeutic glucocorticoids has increased the frequency of glucocorticoid-induced osteoporosis (GIOP). One
of the potential pathological processes of GIOP is an increased level of oxidative stress and mitochondrial dysfunction, which
eventually leads to osteoblast apoptosis. Proanthocyanidins (PAC) are plant-derived antioxidants that have therapeutic potential
against GIOP. In our study, a low dose of PAC was nontoxic to healthy osteoblasts and restored osteogenic function in
dexamethasone- (Dex-) treated osteoblasts by suppressing oxidative stress, mitochondrial dysfunction, and apoptosis.
Mechanistically, PAC neutralized Dex-induced damage in the osteoblasts by activating the Nrf2 pathway, since silencing Nrf2
partly eliminated the protective effects of PAC. Furthermore, PAC injection restored bone mass and promoted the expression of
Nrf2 in the distal femur of Dex-treated osteoporotic rats. In summary, PAC protect osteoblasts against Dex-induced oxidative
stress and mitochondrial dysfunction via the Nrf2 pathway activation and may be a promising drug for treating GIOP.

1. Introduction

Dexamethasone (Dex) is a synthetic glucocorticoid (GC)
used widely for treating inflammatory and autoimmune dis-
eases [1, 2]. However, chronic Dex treatment is associated
with adverse effects, including decreased bone mineral den-
sity and microarchitecture porosity, eventually leading to
glucocorticoid-induced osteoporosis (GIOP) and osteone-
crosis [3-5]. Currently, therapeutics for GIOP are pre-
dominantly aimed to prevent excessive bone resorption;
however, this therapy does not help to restore bone mass
and bone microstructure. In addition, long-term use of anti-
resorptive drugs, such as bisphosphonates, may lead to a
decrease in bone turnover. The development of GIOP is
based on the disbalance between osteogenesis and osteoclas-
togenesis [6]. Therefore, preventing the deleterious effects on
osteoblasts has become a major issue, and the underlying

mechanisms of Dex on osteoblasts remains to be unraveled.
This is because endogenous GC activities are required for
the maintenance of bone homeostasis [6]; however, excess
GCs impede bone formation by impairing osteoblast differ-
entiation, mineralization function, and survival [7]. The
harmful effects of GC on osteoblasts are now considered as
crucial factors in the development of GIOP [8, 9]. High-
dose and long-term use of Dex leads to osteoblast apoptosis,
which has been reported to be associated with the accumula-
tion of reactive oxygen species (ROS) and the loss of
mitochondrial membrane potential (MMP) [10, 11]. Fur-
thermore, Dex-induced ROS accumulation and mitochon-
drial damage in osteoblasts exacerbate GIOP progression
and bone mass loss through lipid peroxidation, inhibition
of antioxidant enzymes, and increased osteoblast apoptosis
[10, 11]. Moreover, an excess of oxidative stress induced by
Dex has been reported to negatively impact the osteoblast
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differentiation and mineralization function. Thus, key to the
treatment of GIOP involves reducing intracellular oxidative
stress in osteoblasts.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a vital
transcription factor that is dysregulated in various oxidative
stress-related pathologies [12]. Since ROS accumulation
accelerates the development of GIOP [13, 14] and the activa-
tion of Nrf2 can effectively reduce oxidative stress and
apoptosis [15], it is a promising therapeutic target for GIOP.
In addition, Ibafez et al. observed significant bone loss in
ovariectomized Nrf2”" compared to that in wild type controls
[16], which points to an osteoprotective function of Nrf2 as
well [17]. It combats intracellular oxidative stress by activat-
ing multiple downstream genes, such as heme oxygenase-1
(HO-1), superoxide dismutase (SOD), glutathione (GSH),
and catalase (CAT) [18, 19], by binding to the upstream anti-
oxidant response element (ARE) sequence [20].

Several plant-derived antioxidants can activate the Nrf2
pathway and protect cells against oxidative damage [21].
Proanthocyanidins (PAC) are a group of polyphenolic
flavonoids present in many vegetables, flowers, fruits, and
nuts [22] and exhibit antibacterial, antiviral, antioxidant,
and other pharmaceutical effects [23]. In addition, several
studies have shown that PAC can activate the Nrf2 pathway
[24, 25]. However, their potential therapeutic effect in GIOP
is still elusive. We demonstrated for the first time that PAC
can suppress osteoblast apoptosis and dysfunction during
the GIOP development by activating the Nrf2 pathway, indi-
cating that PAC are a suitable therapeutic option for GIOP.

2. Materials and Methods

2.1. Reagents, Antibodies, and Media. PAC (=96%) and Dex
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Primary antibodies against COL1A1, RUNX2, and OCN
were from Abcam (Cambridge, UK), and those targeting
Nrf2, HO-1, Bax, Bcl-2, cleaved caspase-3, 3-actin, and lamin
B were obtained from Cell Signaling Technology (Danver,
MA, USA). Fetal bovine serum (FBS), Dulbecco’s Modified
Eagle Medium (DMEM), and penicillin/streptomycin were
purchased from Gibco BRL (Thermo Fisher Scientific,
Waltham, MA, USA). All other chemicals used were of ana-
lytical grade complying with tissue and cell culture standards.

2.2. Cell Culture. Primary osteoblasts were isolated from the
calvarial bone of 1-day-old Sprague Dawley rats by continu-
ous digestion with trypsin-collagenase [26] and cultured in
complete DMEM supplemented with 1% (v/v) penicillin-
streptomycin and 10% (v/v) FBS under 5% CO, at 37°C.
Medium was changed every other day, and the cells were
passaged when 80-90% confluent. In brief, cells received the
following treatment: (1) Dex group: cells were treated with
5uM Dex for 48 hours, then cultured in complete DMEM
medium for another 48 hours; (2) Dex+PAC group: cells
were treated with 5 yuM Dex for 48 hours and then cocultured
with 0.1 and 1 uM PAC for another 48 hours; and (3) control
group: untreated osteoblasts were cultured for the same
period of time as controls.
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2.3. Cytotoxicity Assay. The effect of PAC and Dex on osteo-
blast viability was determined using the Cell Counting Kit-8
(CCK-8) assay (MedChemExpress LLC; Monmouth Junc-
tion, NJ, USA). The cells were seeded in a 96-well plate at
the density of 5 x 10° cells per well and treated with varying
doses of PAC (0.01, 0.1, 1, and 10 uM) with or without Dex
pretreatment for 48 hours. After 48 hours, 10 ul of CCK8
reagent was added to each well, and the cells were incubated
for another hour. The absorbance or optical density (OD)
at 450nm was measured using the Multiskan GO micro-
disk spectrophotometer (Thermo Fisher Science, Waltham,
MA, USA).

2.4. Osteogenic Differentiation of Primary Calvarial
Osteoblasts. The cells were seeded in a 24-well plate at the
density of 5x 10* cells per well. After having received the
indicated treatment, osteoblasts were cultured in DMEM
supplemented with 20 uM ascorbic acid and 10 mM f-glyc-
erophosphate. The media was replaced every other day. The
alkaline phosphatase (ALP) activity was measured after 7
days of differentiation using the ALP Staining Kit (Beyotime
Institute of Biotechnology; Jiangsu, China). For mineraliza-
tion and bone nodule formation, the cells were cultured
under osteogenic conditions for 21 days, fixed, and stained
with Alizarin Red S (ARS) (Solarbio Science & Technology;
Beijing, China).

2.5. Western Blotting. Total protein was extracted from cul-
tured cells using RIPA lysis buffer (Beyotime Institute of Bio-
technology) containing protease and phosphatase inhibitors
(Sigma-Aldrich) for 30 min at 4°C. The nuclear and cytoplas-
mic protein fractions were separated using a commercial kit
according to the manufacturer’s instructions (Beyotime
Institute of Biotechnology). The cell lysates were centrifuged,
and the protein concentration in the supernatant was deter-
mined by the BCA Protein Assay Kit (Beyotime Institute of
Biotechnology) as per the manufacturer’s protocol. An equal
amount of protein (20 ug) per sample was denatured in SDS
loading buffer by boiling for 5 mins and resolved on a 10-15%
SDS-polyacrylamide gel. The protein bands were then
transferred overnight to polyvinylidene difluoride (PVDF)
membranes (Merck Millipore; Burlington, MA, USA) at
4°C. After blocking with 5% skim milk diluted in Tris-
buffered saline with 0.1% Tween 20 (TBST) for 2 hours at
room temperature, the blots were probed for 12 hours with
the suitable primary antibodies at 4°C. The membranes were
washed thrice with TBST and incubated with the corre-
sponding HRP-conjugated secondary antibodies for 4 hours
at room temperature. The positive bands were visualized by
enhanced chemiluminescence on a ChemiDoc XRS+ imager
(Bio-Rad; Hercules, CA, USA) and quantified by densitome-
try analysis using Image Lab V3.0 software (Bio-Rad). The
experiment was repeated thrice.

2.6. Immunofluorescence. Primary calvarial osteoblasts were
cultured on glass coverslips under suitable conditions, fixed
with 4% paraformaldehyde (PFA) for 15min at room
temperature, and then permeabilized with 0.5% (v/v) Triton
X-100 in PBS for 20 mins. Nonspecific antibody binding
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was blocked with 1% (w/v) goat serum albumin for 1 hour at
room temperature, followed by overnight incubation with
primary antibodies in 0.2% BSA-PBS at 4°C with gentle
shaking. The cells were washed with PBS and incubated with
fluorescence-conjugated secondary antibodies for 1 hour at
room temperature in the dark. After counterstaining with
DAPI for 5 mins at room temperature, the cells were viewed
under the Olympus BX53 fluorescence microscope (Olym-
pus Life Science; Tokyo, Japan). Integrated optical density
(IOD) of the positively stained samples was calculated using
Image-Pro Plus software (Media Cybernetics, Inc; Rockville,
MD, USA).

2.7. Transfection. The siRNA targeting Nrf2 was obtained
from the RiboBio company. The osteoblasts were transfected
with the Nrf2 or control siRNA according to the manufac-
turer’s protocol.

2.8. Caspase-3 Activity Assay. The caspase-3 activity in the
suitably treated cells was measured using a Caspase-3 Activ-
ity Assay Kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) as per the manufacturer’s instructions. In
general, treated cells were washed 3 times with PBS and
resuspended in lytic buffer and placed on ice for 20 minutes.
The lysis solution was then added to the reaction buffer con-
taining Ac-DEVD-pNA and incubated at 37°C for 2 hours.
Subsequently, the absorbance of yellow pNA from its corre-
sponding precursor was measured by a spectrometer at
405nm. The caspase-3 activity was calculated as the ratio of
the value obtained from the treated cells to the value obtained
from untreated control cells.

2.9. TUNEL Assay. Apoptosis was measured using an in situ
Cell Death Detection Kit (Roche, South San Francisco, CA,
USA) according to the instruction of the manufacturer. The
number of the apoptotic cells was counted in three random
fields under a fluorescence microscope (Olympus Life Sci-
ence; Tokyo, Japan).

2.10. Quantification of SOD, CAT, and GPx Activities. The
suitably treated cells were washed twice with PBS and lysed
on ice for 30 minutes. The activities of SOD, CAT, and GPx
in the lysates were detected using commercial assay Kkits
(Jiancheng Biotechnology, Nanjing, China) as per the
manufacturer’s instructions.

2.11. Intracellular ATP and ROS Assay. Intracellular ATP
and ROS levels were measured using the ATP Assay and
Reactive Oxygen Species Assay Kits according to the
manufacturer’s instructions (Beyotime, Shanghai, China).

2.12. Mitochondrial Function Assays. The mitochondrial
membrane potential (MMP) and superoxide ion levels in
the suitably treated osteoblasts were determined by, respec-
tively, staining with JC-1 and MitoSox as per the manufac-
turer’s guidelines (Beyotime, Shanghai, China). Stained cells
were observed under a fluorescence microscope (Olympus
Life Science; Tokyo, Japan).

2.13. Transmission Electron Microscopy (TEM). Treated pri-
mary calvarial osteoblasts were fixed in 2.5% glutaraldehyde

for 12 hours at 4°C, postfixed in 2% osmium tetroxide
for 1 hour, and stained with 2% uranyl acetate for 1 hour
at room temperature. Then, cells were dehydrated in cold
graded ethanol series (30%, 50%, 70%, 80%, 90%, 100%
ethanol; 10 mins each) and washed three times with 100%
acetone (20 min each time with gentle rocking). Next, cells
were embedded in araldite epoxy resin, and semithin sections
were cut and stained with toluidine blue. TEM images were
captured on a Hitachi Field Emission Transmission Electron
Microscope (Hitachi High-Technologies Corp.; Tokyo,
Japan).

2.14. Establishment of a Rat Model of GIOP. All animal
experiments were approved by the Animal Ethics Commit-
tee of The Second Affiliated Hospital and Yuying Children’s
Hospital of Wenzhou Medical University (Wenzhou, China)
and conducted pursuant to the criteria outlined in the Guide
for the Care and Use of Laboratory Animals (NIH, Bethesda,
MD, USA). Forty-five 3-month-old SD male rats were
purchased from Shanghai Laboratory Animal Center
(SLACCAS; Shanghai, China) and housed under SPF con-
ditions at 22-25°C and 12 hours of the light/dark cycle. All
animals had free access to tap water and a standard rodent
diet consisting of 2.5% casein, 0.8% phosphorus, 1% cal-
cium, 70-80% carbohydrates, and 5% fat (Provimi Kliba
AG, Kaiseraugst, Switzerland). After one week of acclimati-
zation, the rats were randomly divided into the vehicle con-
trol (sham group), untreated GIOP, and PAC-treated GIOP
groups (n =15 each). GIOP was induced by daily intraper-
itoneal injections of 5mg/kg Dex for 4 weeks as previously
described [4], and the rats in the sham group received daily
injections of PBS during the same period. After 4 weeks of
Dex treatment, the animals showing signs of osteoporosis
as per X-ray radiograph imaging were treated with the
vehicle or PAC (10 mg/kg) for another 8 weeks. The rats
were sacrificed after the treatment regimen, and the bilat-
eral femurs were removed and fixed in 4% paraformalde-
hyde. All procedures were conducted in strict accordance
with the Animal Care and Use Committee of Wenzhou
Medical University (Wenzhou, China).

2.15. Micro-CT Analysis. Microstructural analysis of the
distal femoral bones was performed using a cabinet cone-
beam micro-CT system and associated software (uCT 50,
Scanco Medical; Briittisellen, Switzerland). The images were
acquired at 70kV, 200uA, and a spatial resolution of
14.8 mm in all directions. Three-dimensional reconstructed
images were generated, and the volume of interest (VOI)
included the trabecular compartment 2 mm below the high-
est point of the growth plate to the distal 100 CT slices. Quan-
titative bone parameters assessed within the VOI included
the percentage bone volume to tissue volume (BV/TV), the
mean trabecular thickness (Tb.Th, mm), the mean trabecular
number (Tb.N, 1/mm), the mean trabecular separation
(Tb.Sp, mm), and the mean connective density (Conn.D,
1/mm?).

2.16. Histology, Immunohistochemistry (IHC), and
Immunofluorescence. The fixed femurs were decalcified in
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FiGure 1: Effects of PAC on osteoblast viability. (a) The chemical structure of PAC. (b) Percentage of viable cells receiving treatment with
different PAC doses for 48 h. (c) Percentage of viable cells pretreated with Dex with/without different concentrations of PAC. The data in
the figures represent the averages + SEM of 5 times in duplicates. **p < 0.01 versus the relative groups.

10% EDTA for 4 weeks, dehydrated through an ethanol
gradient (70 to 100%), cleared with xylene, and embedded
in paraffin. Hematoxylin-eosin and Mason trichrome stain-
ing were performed on longitudinal 4 ym-thick serial slices
according to the manufacturer’s instructions. For IHC,
6 um-thick sections were incubated with the anti-Nrf2 pri-
mary antibody, followed by the horseradish peroxidase
detection system according to the manufacturer’s protocol
(Vector Laboratories; Burlingame, CA, USA). For immuno-
fluorescence staining, the sections were incubated overnight
with the anti-Nrf2 antibody at 4°C, followed by the
fluorochrome-conjugated secondary antibody at 37°C in the
dark for 1 hour. After counterstaining with DAPI for 1 min-
ute, the tissue sections were observed under a Olympus BX53
light/fluorescence microscope equipped with a Olympus
DP71 digital camera (Olympus Life Science). The in situ
Nrf2 expression was analyzed using Image-Pro Plus software.

2.17. Statistical Analyses. All statistical analyses were per-
formed using the GraphPad Prism software (San Diego,
CA, USA), and the data was presented as the mean +
standard error of mean (SEM) from at least three experimen-
tal repeats. Two-tailed Student’s ¢-test was used to compare
means between two groups, and one-way ANOVA with
Bonferroni or Dunnett corrections was used for multiple
comparisons. p < 0.05 was considered statistically significant.

3. Results

3.1. PAC Alleviated Dex-Induced Damage in Osteoblasts.
PAC are electrophilic flavanols found predominantly in
dark-colored plants (Figure 1(a)). We treated the primary
osteoblasts with varying doses of PAC, and 1uM was the
highest nontoxic concentration (Figure 1(b)). Furthermore,
PAC rescued the impaired viability of the Dex-treated cells
in a dose-dependent manner (Figure 1(c)). Based on these
results, 0.1 and 1 uM PAC were used for subsequent experi-
ments. Dex treatment significantly increased the number of
TUNEL positive apoptotic osteoblasts, which was alleviated
by PAC (Figure 2(e)). Consistent with these findings, the
proapoptotic caspase-3, cleaved caspase-3, and Bax were
upregulated, the antiapoptotic Bcl-2 was downregulated in
Dex-treated cells (Figures 2(a)-2(d), (f)), and these proteins
returned to normal levels after PAC treatment. Taken
together, our results indicated that PAC were able to amelio-
rate Dex-induced damage in osteoblasts.

3.2. PAC Neutralized Dex-Induced Oxidative Stress in
Osteoblasts. The molecular basis of GIOP is the decreased
osteogenic ability caused by high oxidative stress levels and
mitochondrial dysfunction in the osteoblasts. Therefore, we
also evaluated the effect of PAC on ROS production, mito-
chondrial dysfunction, and antioxidant enzyme activity in
the Dex-treated osteoblasts. Compared to the untreated cells,
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differentially treated osteoblasts. (e) Representative fluorescence images showing coculture with PAC (1 uM) reduced Dex-induced
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Dex exposure increased ROS accumulation, which was neu-
tralized by PAC pretreatment (Figure 3(a)). The MMP and
mitochondrial ROS were, respectively, detected using JC-1
and MitoSox probes. The Dex-treated cells had significantly
lower MMP and elevated superoxide anion content com-
pared to the control cells, and both were restored to near-
physiological levels by PAC treatment (Figure 3(b)). This
was further corroborated via TEM analysis, showing a
deteriorating morphology of mitochondria after Dex expo-
sure, which was restored by PAC treatment (Figure 3(c)).

In addition, Dex-treated osteoblasts, coculture with PAC,
also restored the activities of SOD, CAT, and GPx
(Figures 3(d)-3(f)), along with ATP levels (Figure 3(g)).

3.3. PAC Restored the Differentiation and Mineralization of
Dex-Treated Osteoblasts. The osteogenic function of osteo-
blasts is inhibited by oxidative stress and mitochondrial
dysfunction [4, 5]. Therefore, we next assessed the effect
of PAC on the early differentiation and mineralization of
the Dex-treated cells. Dex markedly reduced osteogenic
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differentiation, as measured by the ALP activity after 7
days of culture, and decreased the formation of calcium
nodules by the 21* day (Figures 4(a) and 4(b)). However,
cotreatment with PAC restored the ALP activity and the
extent of mineralization in the Dex-treated osteoblasts,
which also correlated with an upregulation of the osteo-
genic transcription factors RUNX2, COL1Al, and OCN
after 7 days of osteogenic induction (Figures 4(c)-4(f)).
Taken together, PAC protect osteoblasts against the inhib-
itory effects of Dex.

3.4. The Osteoprotective Effects of PAC Are Mediated by the
Nrf2 Pathway. It was previously reported that PAC increased
the nuclear translocation of Nrf2 in a lead-induced liver
injury model, suggesting that the Nrf2 pathway likely
mediates the protective effects of PAC [27]. As shown in
Figures 5(a)-5(d), PAC treatment markedly reversed the
inhibitory effect of Dex on the Nrf2 nuclear translocation
and HO-1 expression and decreased the cytoplasmic Nrf2
levels in a dose-dependent manner (Figure 5(e)). Consistent
with this, Nrf2 silencing abrogated the protective effects of
PAC on the Dex-treated cells. Nrf2 knockdown partly
decreased the expression levels of RUNX2, COL1A1, and
OCN levels in the cells cotreated with PAC and Dex after
7 days of osteogenic induction (Figures 6(a)-6(d)) and
reversed the beneficial effects of PAC on osteoblast differ-
entiation and mineralization (Figures 6(e) and 6(f)). Taken
together, PAC protect the osteoblast function by inducing
the nuclear translocation of Nrf2 and activating its down-
stream pathway.

3.5. Pac Treatment Mitigated the Development of GIOP In
Vivo. To further verify our assumption, the GIOP rat model
was used in this study. The microstructure of the distal femur
was determined by micro-CT scanning, and various parame-
ters including BV/TV, Tb.Sp, Tb.Th, and Tb.N were calcu-
lated for each group (Figures 7(a)-7(e)). Compared to the
untreated Dex-induced osteoporotic rats, 8 weeks of the
PAC administration significantly increased BV/TV and
Tb.N and decreased Tb.sp. Consistent with this, the histolog-
ical examination of the distal femur sections indicated more
numerous trabeculae in the PAC-treated versus untreated
GIOP model. Moreover, the expression of Nrf2 in the distal
femur was higher in the PAC-treated compared to the
untreated animals (Figures 7(f)-7(i)). Taken together, PAC
are potentially therapeutic against GIOP.

4. Discussion

In our study, we have proven for the first time that PAC can
protect rat osteoblasts from oxidative stress, mitochondrial
dysfunction, and osteogenic impairment induced by Dex.
Mechanistically, as shown in Figure 8, PAC activated the
antioxidant Nrf2 pathway and subsequently decreased
ROS accumulation and mitochondrial superoxide levels
in osteoblasts. In the in vivo GIOP model, PAC alleviated
bone loss and upregulated the expression of Nrf2 in the
distal femurs.

GCs are used to treat multiple inflammation-related dis-
eases, and an estimated 1-2% of the population is currently
receiving long-term GC treatment [28, 29]. Dex is a synthetic
GC that accelerates osteoporosis and significantly increases
the risk of fracture when used for an extended period of time
[30]. Studies show that it can inhibit osteoblast proliferation
and promote apoptosis [31, 32] by triggering oxidative stress
and mitochondrial dysfunction. Li et al. found that Dex treat-
ment increased intracellular ROS accumulation as well as the
dissipation of MMP in MG63 cells [4]. The mitochondrial
accumulation of ROS induced a vicious cycle of oxidative
stress and mitochondrial dysfunction, which culminated in
the activation of the apoptotic pathway [33]. Almeida et al.
reported MMP loss and apoptosis in osteoblasts following
Dex treatment [34]. Consistent with these studies, we found
that Dex treatment led to osteoblast malfunction and apopto-
sis. Therefore, reducing the level of oxidative stress and mito-
chondrial dysfunction in osteoblasts is a potentially effective
method for treating GIOP.

Proanthocyanidins (PAC) are a group of antioxidant
polyphenolic flavonoids present in the dark pigmented fruits
and vegetables [35]. Rodriguez-Pérez et al. reported that PAC
prevent the H,0,-induced mitochondrial dysfunction and
apoptosis in embryonic kidney cells [36]. In addition, the
PAC administration protected against the iron overload-
induced nephrotoxicity in rats [37]. Consistent with the
above, we found that PAC significantly reduced Dex-
induced oxidative stress and mitochondrial dysfunction in
osteoblasts. Furthermore, PAC reduced the high rate of
apoptosis in Dex-treated cells, downregulated the expression
of apoptosis-associated protein Bax and cleaved caspase-3,
and upregulated the anti-apoptosis protein Bcl-2. These
results indicated that PAC may have an antiapoptosis effect
to osteoblasts via attenuating the level of oxidative stress.

The major cause of bone loss in GIOP is the decrease in
the osteoblast function. Dex inhibited osteoblast differentia-
tion and accelerated the development of bone loss [4]. In
addition, Dex disharmonizes organelle homeostasis within
osteoblasts, thereby exacerbating its destiny of malfunction
[32]. In the current study, we observed that Dex treatment
reduced the expression of osteogenesis-related proteins
RUNX2, COL1Al, and OCN, which was accompanied by
the loss of osteogenic phenotype of ALP and ARS. Further-
more, coculture with PAC upregulated the expression of
these proteins, which were suppressed by Dex and subse-
quently restored osteoblastogenesis in vitro. In vivo PAC
treatment potently inhibited bone loss and microarchitechi-
ture destruction induced by Dex. Therefore, PAC protect
osteoblasts from Dex-induced oxidative stress and mito-
chondrial dysfunction and eventually restored osteoblastic
function.

Nrf2 is considered an important transcription factor, and
its activation can upregulate the expression of downstream
genes of multiple antioxidant enzymes, such as HO-1, SOD,
CAT, and GPx [5]. Consistent with previous reports that
PAC activated the Nrf2 pathway, PAC facilitated the Nrf2
nuclear translocation and upregulated the expression of anti-
oxidant enzymes in Dex-treated osteoblasts, which eventu-
ally lowered the level of oxidative stress and enhanced
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osteogenic function. In addition, knocking down Nrf2 abro-
gated the osteoprotective effects of PAC, which further indi-
cated that the Nrf2 pathway mediated the PAC action.
Consistent with the in vitro experiments, PAC prevented
GIOP progression and restored the Nrf2 in situ expression
in a rat model.

5. Conclusion

To sum up, our study proved that PAC protected osteoblasts
against Dex-induced oxidative stress, mitochondrial dys-
function, and osteogenic impairment by activating the Nrf2
pathway. In addition, the PAC administration suppresses
the process of the GIOP development and mitigates the
GIOP development in vivo. However, a potential limitation
of our study is that we did not compare the effect of PAC
to several clinical medications used for the treatment in
GIOP patients, whereas this comparison could help us evalu-
ate PAC as a remedy for GIOP. Thus, this needs to be proved
in future studies. Despite this limitation, our study has shown
that Dex-induced oxidative stress and mitochondrial dys-
function are deleterious for the osteoblast differentiation
and mineralization function. Meanwhile, these results, PAC
supplementation may significantly improve clinical out-
comes of GIOP patients.
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effects of different treating time of PAC on Dex-induced oste-
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SEM of 3 times in duplicates. **p < 0.01 versus the untreated

group,
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Microglial inflammation plays an important part in the progression of multiple neurological diseases, including neurodegenerative
diseases, stroke, depression, and traumatic encephalopathy. Here, we aimed to explore the role of pterostilbene (PTE) in the
microglial inflammatory response and subsequent damage of cocultured neural cells and partially explain the underlying
mechanisms. In the coculture system of lipopolysaccharide-activated BV-2 microglia and SH-SY5Y neuroblastoma, PTE (only
given to BV-2) exhibited protection on SH-SY5Y cells, evidenced by improved SH-SY5Y morphology and viability and LDH
release. It also attenuated SH-SY5Y apoptosis and oxidative stress, evidenced by TUNEL and DCFH-DA staining, as well as
MDA, SOD, and GSH levels. Moreover, PTE upregulated SIRT-1 expression and suppressed acetylation of NF-xB p65 subunit
in BV-2 microglia, thus decreasing the inflammatory factors, including TNF-a and IL-6. Furthermore, the effects above were
reversed by SIRT-1 inhibitor EX527. These results suggest that PTE reduces the microglia-mediated inflammatory response and
alleviates subsequent neuronal apoptosis and oxidative injury via increasing SIRT-1 expression and inhibiting the NF-«xB
signalling pathway.

1. Introduction

Inflammation is considered to play a pivotal part in diverse
diseases, including neurodegenerative diseases [1, 2], brain
trauma [3], stroke [4], infection [5], and even mental disor-
ders [6], in the central nervous system (CNS). Accumulating
evidences suggest that microglia, the resident innate immune
cells, which accounts for 10% of CNS cells, are the active par-
ticipants in the pathophysiological processes related to these
neuroinflammatory diseases [7]. In physiological situations,

the microglia detect, transduce, integrate, and respond to
extracellular signals, and participate in brain development
and maintenance of CNS homeostasis by regulating pro-
grammed cell death, phagocytosis, and synaptic plasticity
[7]. However, microglia dysfunction in pathological condi-
tions and promote neurotoxicity through excessive inflamma-
tory cytokine release [8]. Studies have shown that microglia-
mediated inflammation and production of proinflammatory
factors, including interleukins (ILs) and tumour necrosis fac-
tor (ITNF) or noninflammatory factors, such as superoxide
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ions, are important pathogenic bases of neurological diseases,
such as intracranial infections, stroke, trauma, and Alzhei-
mer’s disease (AD) [1-6]. These overly released superoxide
and cytokines trigger the oxidative injury and apoptosis of
neurons. Therefore, targeting microglial functions and regu-
lating microglia-mediated inflammatory processes and oxida-
tive stress may yield potent paradigms for therapies of CNS
disorders that were inconceivable under a neuron-centric view
of the brain [7].

Pterostilbene (PTE), also known as trans-3,5-dimethoxy-
4'-hydroxystilbene, is a natural stilbenoid in grapes, berries,
and Chinese herbs. It belongs to the dimethylated analogs
of resveratrol and is well known for its indisputable anti-
inflammatory activity in vitro and in vivo [9, 10]. Moreover,
PTE exhibit many pharmacological activities [11], including
antiaging [12], anticancer [13, 14], antidiabetes [15], regulat-
ing fat metabolism [15-17], antioxidation [18-20], antide-
pression [10], and neuroprotection [10, 21]. Intriguingly, in
the CNS, PTE are able to penetrate the blood brain barrier
(BBB) and to modulate neural activity [22], which may exert
protection against degenerative disorders [21], hyperprolac-
tinemia [23], and stroke [18, 24, 25]. The biological effects
of PTE on neural cells involve the regulation of neurogenesis
[10], apoptosis [19], neuroinflammation [18, 24], and oxida-
tive stress [19, 20]. Previously, we have found that PTE atten-
uates neural impairments in different neurological disorders,
including glutamate or high-glucose-induced oxidative stress
in neural cells [19, 20], inflammation and mitochondrial
oxidative stress injury after cerebral ischemia reperfusion
[18, 25], inflammation and oxidation-involved early brain
injury following subarachnoid haemorrhage (SAH) [24].
Additionally, recent studies have shown that PTE inhibits
the amyloid-3- and lipopolysaccharide- (LPS-) induced
activation of microglia [26-28], whereas, it remains not fully
clear whether PTE exerts neuronal protective effects by
regulating microglia-mediated inflammatory and oxidative
injury, as well as the molecular mechanisms.

Sirtuin 1 (SIRT-1), one of the seven mammalian homo-
logues belonging to the silent mating type information
regulation 2 family, is a regulator of proteins and genes
involved in antioxidation, anti-inflammation, antiapoptosis,
insulin response, metabolism, mitochondrial biogenesis, syn-
aptic plasticity, stress resistance, and genomic stability, which
is thus important in cell survival under stressful conditions
[29, 30]. In the CNS, SIRT-1 plays an important role in pro-
moting neurodevelopment, delaying brain senescence, main-
taining homeostasis, and modulating circadian rhythm [30,
31] and has also been demonstrated as the neuroprotective
roles under the condition of neurodegeneration and cerebral
ischemia [30]. Furthermore, accumulating studies have
suggested that SIRT-1 exhibits a key role in regulating neuro-
inflammation following CNS disturbances via inhibiting
NACHT domain-, leucine-rich repeat-, and PYD-containing
protein 3 (NLRP3) inflammasome activation, Toll-like recep-
tor (TLR) 4 signalling, nuclear factor- (NF-) kB pathway, and
IL-1p transcription, which may relate to the modulating of
microglial function [32-35]. Previously, we have also found
that SIRT-1/NF-xB signalling could attenuate inflammatory
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injury in experimental SAH models [36]. Interestingly, PTE
has been proved as a potent SIRT-1 activator in different cells,
including hepatic cells [37], cardiomyocytes [38], and skeletal
muscle cells [39]. However, the role of SIRT-1 signalling in
microglia after PTE treatment and the relationship between
microglial inflammation and neuronal oxidative injury in
the PTE mediated neuroprotection have not been well
investigated.

In view of the above, PTE presents the therapeutic poten-
tial to prevent or reduce microglial inflammation and neuro-
nal oxidative stress injury in neurological disorders, such as
neurodegenerative diseases, trauma, brain stroke, and infec-
tions. Therefore, in this study, we aimed to evaluate a possible
modulating activity of PTE on the microglia-mediated
inflammatory and neuronal oxidative injuries and to explore
the underlying mechanisms mediated by SIRT-1signalling.

2. Material and Methods

2.1. Materials. PTE, EX527, and DCFH-DA and DAPI fluo-
rescent probes were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Lactate dehydrogenase (LDH) cytotoxicity, Cell
counting kit-8 (CCK-8), MDA, SOD, and GSH assay kits
were obtained from Beyotime Biotechnology (Shanghai,
China). TUNEL kit was obtained from Roche (Mannheim,
Germany). TNF-« and IL-6 ELISA kits were obtained from
Sangon Biotech (Shanghai, China). Antibodies against
SIRT-1, p65, and acetylated p65 at Lys310 were obtained
from Cell Signalling Technology (Danvers, MA, USA). Anti-
bodies against 5-actin, caspase 3, cleaved-caspase 3, Bax, Bcl-
2, and secondary antibodies labelled by HRP were obtained
from Wanleibio (Shenyang, China). Transwell Chamber
was purchased from Corning (NY, USA). Cell culture
reagents were obtained from Gibco (Grand Island, NY,
USA). SH-SY5Y human neuroblastoma cell line and BV-2
mouse microglia cell line were obtained from the Neurologi-
cal Lab of Tangdu Hospital.

2.2. Experimental Protocol

(i) Step 1. Evaluate the influences of PTE on the BV-
2/SH-SY5Y cocultivation system, containing the
effects on SH-SY5Y survival and SIRT-1 expression
within BV-2 cells. The cells were randomly divided
into the control and PTE (2.5, 5.0, or 10.0 uM)
groups (n=6). The groups were incubated with
PTE or vehicle (0.01% DMSO) for 2h and with
FBS-free DMEM for another 24h, followed by
detections

(ii) Step 2. Investigate whether PTE treatment alleviates
the injury of SH-SY5Y cells induced by LPS-
activated BV-2 cells. Firstly, the damage effect on
SH-SY5Y cells of LPS-activated BV-2 microglia
was verified. The SH-SY5Y neuroblastomas were
randomly divided into the control, BV-2 alone,
LPS alone, and LPS-activated BV-2 groups (n = 6),
which were separately incubated or cocultured with
the vehicle, BV-2 cells, LPS (100 ng/mL), or BV-2
cells with LPS (100ng/mL) stimulation for 24h.
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Secondly, the protective effects of PTE were tested. The
SH-SY5Y cells were randomly divided into the control,
LPS-activated BV-2 cocultured, LPS-activated BV-2
cocultured+PTE (2.5, 5.0, or, 10.0uM)-treated
groups (n=6). In the experimental groups, the
BV-2 microglia with the stimulation of LPS
(100 ng/mL) were pretreated with PTE or vehicle for
2h, followed by coculturing with SH-SY5Y cells for
24h. The BV-2 microglia of the control group were
treated with vehicle and without LPS stimulation.
After interventions above, further detections were
carried out, including cell survival, apoptosis, oxida-
tive stress, and inflammatory factor.

(iii) Step 3. Explore the role of SIRT-1 in the protective
effect of PTE against the injury induced by the
LPS-activated BV-2 microglia. The SH-SY5Y cells
were randomly divided into the control, LPS-
activated BV-2 cocultured, LPS-activated BV-2
cocultured+5uM PTE, LPS-activated BV-2 cocul-
tured+5 uM PTE+EX527 groups (n =6). The BV-2
cells in the EX527-treated group were preincubated
with 100 nM EX527 for 24 h, and other interventions
of all groups were the same as step 2. After the inter-
ventions, further detections were carried out, includ-
ing the expression of proteins, cell survival,
apoptosis, oxidative stress, and inflammatory factor.

2.3. Cell Culture and Treatments. SH-SY5Y and BV-2 cells
were cultured with Dulbecco’s modified Eagle medium
(DMEM) as previously described [18]. Culture media were
changed every 2 days. PTE and EX527 were dissolved with
dimethylsulfoxide (DMSO) and then diluted in DMEM
before experiments (DMSO <0.1%). The coculture system
was established as previously described [40]. In the coculture
assay, BV-2 cells were cultured in a Transwell chamber (pore
size 0.4 um, polylysine-coated polycarbonate membrane) at a
density of 2 x 10°/well, and then treated with PTE or vehicle
for 2 h, followed by LPS (diluted with phenol red-free DMEM
at a final concentration of 100 ng/mL) stimulation and cocul-
turing with SH-SY5Y cells for 24 h. In the inhibitory assay,
BV-2 microglia were preincubated with EX527 at a final con-
centration of 100 nM.

2.4. Cell Viability and LDH Release Assay. The cell viability
and LDH generation were measured using the CCK-8 and
LDH release assay kits according to the manual. Briefly,
following experimental intervention, cells were incubated
with CCK-8 solution for 3h at 37°C, and then the superna-
tants were transferred into a 96-well plate and detected at
450 nm. To detect LDH level, the culture media were trans-
ferred and incubated with 60 yL LDH detection buffer per
well in a 96-well plate on a constant temperature (25°C) light-
proof shaker for 30 min. Finally, the absorbance was detected
using the microplate reader at 490 nm. The percentage of
LDH release was then computed.

2.5. Western Blotting Assay. Cells were harvested after exper-
imental intervention and lysed in 200 uL lysis buffer. Protein
quantification and western blotting were conducted as previ-

ously described [18]. In short, the prepared samples were
separated on the SDS-PAGE gel and then transferred onto
a PVDF membrane, which was then cut into stripes accord-
ing to the markers and incubated with different primary anti-
bodies for 12h at 4°C. Next, the stripes were washed and
incubated with corresponding secondary antibodies for 2h
at 25°C. The concentrations of different antibodies were
prepared as follows: anti-SIRT-1 (1:1000), anti-Ac-p65
(1:1000), anti-p65 (1:1000), anti-B-actin (1:2000), anti-
Bcl-2 (1:1000), anti-Bax (1:1000), anti-cleaved-caspase 3
(1:500), anti-caspase 3 (1:500), and secondary HRP-labelled
antibodies (1:20000). Finally, the stripes were reacted with a
chemiluminescent reagent and then scanned under an imag-
ing system (Bio-Rad, Hercules, CA), followed by analysis
using Image]J software (version 1.46).

2.6. TUNEL Staining. Cells were cultured in a special 24-well
plate used for fluorescent detection. After the experimental
intervention, cells were fixed in 4% paraformaldehyde for
30 min, and then reacted with a TUNEL solution for 1h,
and subsequently incubated with DAPI for 15min at 37°C,
followed by a fluorescence microscopy. Images were analysed
using Image]J software (version 1.46).

2.7. DCFH-DA Staining. The intracellular reactive oxygen
species (ROS) were stained using fluorescent probe DCFH-
DA as previously described. After the experimental interven-
tion, the cells were treated with 10 ymol/L DCFH-DA in a
lightproof place at 37°C for 30 min, followed by a fluores-
cence microscopy. Images were analysed using Image] soft-
ware (version 1.46).

2.8. Measurement of MDA, SOD, GSH, TNF-a, and IL-6.
Generally, after the experimental intervention, the cell sam-
ples were lysed and centrifuged to obtain intracellular super-
natants. The MDA level, SOD activity, GSH level, and TNF-«
and IL-6 levels in the supernatants were assessed using corre-
sponding commercial detection kits, according to the manu-
facturer’s instructions.

2.9. Statistical Analysis. All data were analysed using Graph-
Pad Prism 5.0 (GraphPad Software Inc., La Jolla, CA) and are
shown as mean + standard error of mean (SEM). Group means
were compared by one-way analysis of variance (ANOVA),
and Tukey’s post hoc tests were then performed for significant
groups. It was considered significant when p < 0.05.

3. Results

3.1. The Effects of PTE on Cell Viability of SH-SY5Y, LDH
Release, and SIRT-1 Expression in BV-2 Cells, in Coculture
System. We first investigated the effects of PTE on the
SH-SY5Y and BV-2 coculture systems without LPS stimula-
tion at different concentrations. PTE (2.5, 5.0, or 10.0 uM)
treatment had no effects on SH-SY5Y cell viability or LDH
release in the cocultured system (Figures 1(a)-1(c)). Inter-
estingly, PTE treatment (5.0 and 10.0uM) significantly
increased SIRT-1 expression in BV-2 cells to 1.29 +0.08-
and 1.46 + 0.01-fold, respectively (Figure 1(d)).
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FiGurek 1: Effects of PTE on the SH-SY5Y and BV-2 coculture systems. The BV-2 cells were incubated with vehicle control or PTE (2.5, 5.0, or
10.0 uM) for 2 h, followed by cocultivation with SH-SY5Y cells for 24 h. (a) The morphology of SH-SY5Y cells was photographed under an
inverted/phase-contrast microscope, and (b) viability was quantified using a CCK-8 assay. (c) The LDH release in supernatants was
determined using an LDH release assay and expressed as the percentage of maximum. (d) The expression of SIRT-1 in BV-2 cells was
measured using western blot analysis and normalized to that of S-actin. Data are shown as mean + SEM. n = 6. “p < 0.05, compared with

the control. #p < 0.05, compared with PTE 2.5 uM.

3.2. The Effects of PTE on Cell Viability, LDH Release,
and Apoptotic Rate of SH-SY5Y in LPS-Activated BV-2
Coculture System. As shown in Figure 2(a), SH-SY5Y cells were
cultured with the vehicle, BV-2 cells, LPS, and LPS-activated
BV-2 cells for 24h. Either BV-2 or LPS alone had no effect
on cell morphology and viability of SH-SY5Y. Obviously,
LPS-activated BV-2 microglia shrank and floated cocultured
SH-SY5Y cells in morphology and weakened the viability of
SH-SY5Y cells (OD value =0.81 + 0.03) compared with that
of the control (OD value = 0.55 + 0.03). In the cocultured sys-
tem, the OD values of SH-SY5Y and BV-2 in the control group
were 0.74+0.02 and 0.99+0.06, and LPS stimulation
impaired SH-SY5Y viability (OD value = 0.50 + 0.01) and pro-
motes BV-2 viability (OD value = 1.88 + 0.07). PTE (2.5, 5.0,
or 10.0 uM) significantly increased OD values of SH-SY5Y to
0.65 £ 0.02, 0.76 £ 0.03, and 0.76 + 0.04 and decreased those
of BV-2 cells to 1.54+0.03, 1.24+0.08, and 1.07 +0.04,
respectively (Figures 2(b) and 2(c)). Similarly, PTE (2.5, 5.0,
or 10.0uM) decreased LDH release in supernatant to
0.15+0.01%, 0.12 + 0.01%, and 0.09 + 0.00% compared with
0.18 £ 0.01% of the LPS-activated BV-2 group (Figure 2(d)).
In addition, apoptotic SH-SY5Y were stained with TUNEL.
The apoptosis rate in LPS-activated BV-2 coculture group
were 67.10 + 6.08%, and PTE (2.5, 5.0, or 10.0 uM) treatment
significantly decreased that to 38.6 +4.51%, 17.23 + 6.96%,
and 14.01 + 3.83%, respectively (Figures 2(e) and 2(f)).

3.3. The Effects of PTE on Oxidative Stress of SH-SY5Y and
Inflammatory Factors in Supernatant in LPS-Activated BV-2
Coculture System. DCFH-DA staining was used to mark oxi-
dative SH-SY5Y cells, the average intracellular fluorescent

density were 29.48 + 2.45 per pixel in the control group and
significantly increased to 70.76 + 1.03 per pixel in the LPS-
activated BV-2 coculture group. PTE (2.5, 5.0, or 10.0 uM)
treatment decreased the fluorescent density to 51.31 +0.85,
43.63 +£1.43, and 37.81+£1.09 in a dose-dependent manner
(Figures 3(a) and 3(b)). Similarly, PTE treatment decreased
the MDA level, increased the SOD activity, and elevated the
GSH level in SH-SY5Y cells, compared with those of the
LPS-activated BV-2 coculture group (3.83 +0.19 mmol/mg,
22.84+0.99U/mg, and 2.23 £ 0.15uM). These effects were
significant with 5.0 M and 10.0 uM PTE, which separately
changed the MDA level, SOD activity, and GSH level to
2.51+0.23 mmol/mg, 39.69 +3.33U/mg, and 3.94+0.39
pM at 5.0 uM and 2.10 + 0.29 mmol/mg, 48.05 + 3.65 U/mg,
and 4.59 + 0.37 uM at 10.0 uM, respectively (Figures 3(c)-3(e)).
The levels of inflammatory factors, TNF-« and IL-6, in the
supernatant were 1.46 + 0.09 ng/mL and 3.70 + 0.16 ng/mL in
the LPS-activated BV-2 coculture group, compared with
0.08 £0.00ng/mL and 0.01+0.01ng/mL in the coculture
group without LPS stimulation. PTE (2.5, 5.0, or 10.0 uM) sep-
arately decreased the levels of TNF-« to 1.07 + 0.04 ng/mL,
0.61 +0.06 ng/mL, and 0.55 + 0.04ng/mL and those of IL-6
to 2.81+0.20ng/mL, 1.49+0.07ng/mL, and 0.95+0.03
ng/mL, in a dose-dependent manner (Figures 3(f) and 3(g)).

3.4. The Effects of PTE and EX527 on Expression of SIRT-1
and Acetylated p65 in LPS-Activated BV-2 Microglia and
Inflammatory Factors in Supernatant. We further estimated
the expression of SIRT-1 and acetylated NF-xB subunit p65
in BV-2 microglia. LPS stimulation suppressed the expres-
sion of SIRT-1 and promoted the acetylation of p65, and
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F1GuURE 2: LPS induces BV-2 activation and SH-SY5Y injury in the coculture system, and PTE shows protective effects after LPS stimulation.
SH-SY5Y cells were cocultured with BV-2 cells, LPS (100 ng/mL), or both BV-2 cells and LPS for 24 h, separately. (a) The morphology and
viability of SH-SY5Y cells were observed under an inverted/phase-contrast microscope or using a CCK-8 assay, respectively. The BV-2 cells
were preincubated with vehicle control or PTE (2.5, 5.0, or 10.0 M) for 2 h, followed by LPS stimulation and coculturing with SH-SY5Y cells
for 24 h. The viability of (b) SH-SY5Y and (c) BV-2 cells was measured using a CCK-8 assay. (d) The LDH release in supernatants was
determined using an LDH release assay and expressed as the percentage of maximum. (e) The apoptosis of SH-SY5Y cells was assessed
using a TUNEL assay. The apoptotic nuclei were stained with TUNEL (green), and all nuclei were stained with DAPI (blue). (f) Apoptotic
rate was computed as a percentage of the TUNEL- to the DAPI-positive nuclei. Data are shown as mean + SEM. n=6. “p <0.05,
compared with the control. #p < 0.05, compared with the a-BV-2. ¥p <0.05, compared with the PTE 2.5 uM. LPS: lipopolysaccharide;

a-BV-2: LPS-activated BV-2 coculture group.

PTE treatment significantly increased the level of SIRT-1 and
decreased acetylated p65. However, EX527 treatment obvi-
ously reversed the effects of PTE (Figures 4(a) and 4(b)). In
addition, The levels of TNF-« and IL-6 in the supernatant
were increased in the LPS-activated BV-2 coculture group,
and then those were decreased in 5.0 uM PTE-treated group,
while the effects of PTE were significantly reversed in the
EX527-treated group, which increased the levels of TNF-«
and IL-6 to 2.07+0.07ng/mL and 5.28+0.18ng/mL
(Figures 4(c) and 4(d)).

3.5. The Effects of PTE and EX527 on Apoptosis and Oxidative
Stress of SH-SY5Y in LPS-Activated BV-2 Coculture System.

As shown in Figures 5(a) and 5(b), LPS stimulation on
BV-2 cells significantly decreased the ratio of Bcl-2 to
Bax and increased the percentage of cleaved-caspase 3 in
cocultured SH-SY5Y cells, compared with those in the
control group, and PTE (5.0uM) treatment significantly
reversed these effects. However, EX527 abolished the
effects of PTE. PTE also decreased the fluorescent density
of the DCFH-DA and MDA levels and increased the
SOD activity and GSH level of SH-SY5Y cells, compared
with those of the LPS-activated BV-2 coculture group.
These effects of PTE were obviously abolished by EX527,
which increased the fluorescent density of the DCFH-DA
and MDA levels to 57.22 + 1.28 per pixel and 3.72+0.12
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nmol/mg and decreased the SOD activity and GSH level
to 25.79+248U/mg and 2.36+£0.23uM, respectively
(Figures 5(c)-5(f)).

4. Discussion

PTE is a stilbenoid presenting in grapes and berries and also
the biologically active compound of a Chinese herb, dragon’s
blood [10]. PTE has biological activities penetrating the BBB
and shows no toxicity to neurons [22, 41]. Previously, we
reported that PTE shows no toxic effect on HT22 neural cells
at 10 uM in vitro [19]. In this study, 10.0 uM PTE treatment
had no effects on SH-SY5Y cell viability or LDH release in
the cocultured system, and this is consistent with the observa-
tion reported.

Recently, accumulating evidences have demonstrated the
benefits of PTE and other analogue stilbenoids, including
resveratrol, piceatannol, and gnetol, against inflammatory
and oxidative processes in vitro and in vivo [9]. The anti-
inflammatory effects of PTE involve many intra- and extra-

cellular signals, including nitric oxide (NO), inducible nitric
oxide synthase (iNOS), NLRP3, NF-«B, TNF-a, and ILs
[26-28, 42, 43]. We previously reported that PTE alleviates
early inflammatory injury after SAH by inhibiting NLRP3
inflammasome and Nox2-related oxidative stress [24] and
also attenuates the secondary astrocyte-induced inflammatory
and oxidative stress after ischemia reperfusion injury by
suppressing NF-xB signalling [18]. This anti-inflammatory
activity together with the antioxidant activity of PTE is
believed to stand behind the neuroprotective effects against
neurological disorders, especially the neurodegenerative
diseases [21, 26, 27, 41, 42, 44] and stroke [39]. However, the
effector cells and the underlying mechanisms are not entirely
elucidated.

Microglia were first properly visualized and described as
a distinct cell population in 1919 and have been considered
the resident phagocytes of the innate immune system in the
CNS since 1924. It was until the 1980s did researchers found
that the microglia act as the indicator of immune activation
and are correlated with the amyloid plaques in AD [45].
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Multiple studies suggested that the microglia play an impor-
tant role in the CNS health and disease, involving the surveil-
lance of local environment, phagocytosis, releases of
cytokines, chemokines, and growth factors, as well as the
interaction with infiltrating immune cells [46]. More
recently, studies have indicated that the microglia drives pro-
grammed cell death by inducing apoptosis of neurons
through the release of superoxide ions, nerve growth factor,
or TNF, without provoking inflammation, as well as prune
developing axons and synapses and regulates neuronal and
synaptic plasticity [7]. With the technical advances, the pro-
inflammatory M1-like and anti-inflammatory M2-like polar-
ization phenotypes of the microglia were found, although
some regarded them as a simplified interpretation of data
when the microglial development and function had not been
fully elucidated [47]. Interestingly, microglial polarization
was observed in the cerebral haemorrhagic stroke, indicating
an involvement of the microglia in producing proinflamma-
tory or anti-inflammatory factors. Besides, the phagocytosis
of cell debris and the potential crosstalk between microglia
and T lymphocytes, neurons, astrocytes, and oligodendro-

cytes are also important pathologies after haemorrhagic
stroke [48]. Additionally, in response to specific stimuli or
with neuroinflammation, the microglia also have the capacity
to damage and kill neurons. The uncontrolled microglial
inflammatory response may result in the neuronal injury in
neurodegenerative diseases, including Parkinson’s disease
(PD), Huntington’s disease (HD), AD, and prion diseases,
chronic traumatic encephalopathy, amyotrophic lateral sclero-
sis, and frontotemporal dementia [49]. Finally, although many
mysteries exist regarding the effects and mechanisms of the
microglia in neurological diseases, it shows the microglia as
a promising future to treat neurological disorders, especially
to cure neurodegeneration.

Increasing evidence has proved that PTE has regulatory
effects on neurological disorders, especially neurodegenera-
tion and stroke [18]. However, the modulatory roles of PTE
in microglial activation and following injury have not been
given enough attention. Neurodegenerative diseases have
strong connections with microglial activation [50, 51]. A
recent study compared the protective effects of PTE and its
structural analogues on neurodegenerative diseases. It
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evaluates activities of these analogues on the LPS-induced
release of proinflammatory factors, containing NO, iNOS,
IL-6, IL-18, and TNF-a, in BV-2 cells, and further
involvement of the MAPKs (ERK1/2, JNK, and p38) and
NF-«B signalling pathways [28]. Also, PTE was proved
to attenuate the neuroinflammatory response induced by
amyloid-f in BV-2 microglia through inhibiting the
NLRP3/caspase-1 inflammasome pathway [26], indicating
a therapeutic effect of PTE in AD. However, the interac-
tion of microglia and released proinflammatory factors
with neurons were not entirely elucidated. Consistent with
the reported evidence, we found that LPS induced BV-2
activation, evidenced by the increased release of IL-6 and
TNF-a, and further PTE treatment attenuated the level

of TNF-«a and IL-6 in the media of BV-2 microglia in a
dose-dependent manner. Besides, coculturing with LPS-
activated BV-2 microglia cells, rather than BV-2 or LPS
alone, induced the shrinkage, floating, and decreased via-
bility of SH-SY5Y. Obviously, PTE treatment improved
the SH-SY5Y viability, attenuated the BV-2 viability, and
decreased LDH release in this coculture system. Similarly,
PTE alleviated apoptosis and oxidative stress of SH-SY5Y
cells induced by coculturing with LPS-activated BV-2
microglia. These may indicate an interaction between acti-
vated BV-2 and SH-SY5Y cells via proinflammatory fac-
tors, which induces apoptosis and oxidative injury of SH-
SY5Y, and PTE could inhibit the activation of BV-2
microglia and subsequent generation of proinflammatory
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factors, thus presenting a neuronal protective effect in neu-
rodegenerative diseases and stroke.

SIRT-1 is an evolutionarily conserved protein belonging
to the sirtuin family of NAD (+)-dependent deacetylases
[30]. For a long time, SIRT-1 has been considered to be cor-
related with neural development and antiaging in mammals,
offering significant potential as an effective treatment
strategy for neurodegenerative diseases [29, 31]. Recently,
SIRT-1 has been reported to present protective effects on
neurological diseases including AD, PD, motor neuron dis-
eases, depression, cerebral ischemia, and SAH, which may
relate to its regulatory functions in metabolism, stress resis-
tance, inflammation, oxidative stress, and genomic stability
[30, 31, 33, 36]. Besides, in the CNS, especially in the hypo-
thalamus, SIRT-1 exerts pivotal roles in modulating the
circadian rhythm and systemic energy homeostasis [30].
Importantly, accumulating evidences have shown that brain
SIRT-1 plays neuroprotective roles in the context of neurode-
generative disorders and cerebral ischemia [30]. Studies have
reported that increased SIRT-1 expression is related to
reduced LPS-induced synaptic dysfunctions, suggesting a
potential intervention for oxidative stress-related neurode-
generative diseases [52]. Also, studies have shown that
activating SIRT-1 alleviated the SAH injury primarily by
inhibiting the TLR4 [34] and NF-«B signalling pathway
[36]. As to the relationship between microglia and SIRT-1,
it was reported that SIRT-1 is decreased with the senescence
of microglia and the SIRT-1 deficiency in microglia leads to
memory deficits through IL-18 upregulation [32]. Another
in vivo study showed that SIRT-1 promotes functional recov-
ery and neuronal survival via attenuating microglial inflam-
mation after spinal cord injury [35]. Therefore, it could be
speculated that SIRT-1 is an intracellular modulator of
microglia-mediated inflammation. Multiple studies have

revealed that PTE could activate SIRT-1 signalling in hepatic
[37], myocardial [38], and skeletal muscle cells [39]. Interest-
ingly, a study reported that a two-month diet of PTE or its
analogue resveratrol did not increase SIRT-1 expression or
the downstream signalling activation, whereas it increased
peroxisome proliferator-activated receptor (PPAR) « expres-
sion, and thus modulated cellular stress, inflammation, and
AD pathology [44]. However, another study suggested that
resveratrol-related SIRT-1 activation alleviates cerebral
ischemia reperfusion injury by inhibiting proinflammatory
cytokine, reducing oxidative stress and apoptosis, and may
protect against AD by inhibiting amyloid-p fibril formation,
antiamyloidogenic effect, and delaying cognitive decline [12].
The effect of PTE on SIRT-1 activation in the neural cells is
still undocumented. In this study, PTE treatment signifi-
cantly increased the expression of SIRT-1, decreased the
acetylation of NF-«B subunit p65 in BV-2 microglia, and
thus alleviated LPS-induced release of TNF-a and IL-6,
which further attenuated apoptosis and oxidative injury of
cocultured SH-SY5Y neuronal cells. Furthermore, the regula-
tory effect on SIRT-1 and ac-p65 of PTE were reversed by
SIRT-1 inhibitor EX527, as well as the neuroprotective
effects, as indicated by the increased apoptosis and oxidative
markers. These suggest that the effects of PTE on reducing
microglial inflammation and subsequent neuronal oxidative
stress and apoptosis are mediated by SIRT-1/NF-«B signal-
ling pathways.

5. Conclusions

In summary, PTE reduced LPS-induced release of inflamma-
tory factors, IL-6 and TNF-q, in BV-2 microglia, and thus
attenuated oxidative stress and apoptosis in cocultured
SH-SY5Y neural cells. Additionally, PTE mediated the



10

downregulation of NF-xB subunit p65 acetylation, which was
likely due to increased SIRT-1 expression. This indicates that
PTE treatment inhibited the NF-«B pathway and might
induce direct interactions between SIRT-1 and NF-«B by
stimulating SIRT-1 signalling, which then led to inhibition of
LPS-induced microglial activation and subsequent inflamma-
tory response, and thus attenuated the neuronal apoptosis
and oxidative injury (Figure 6). These findings suggest PTE
as a promising therapy of inflammation and oxidation-
related diseases in the CNS, including neurodegenerative dis-
eases and stroke, and provide a microglia-centric view of
anti-inflammation and neuroprotection.
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