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Preface to "A Feasible Approach for Natural Products
to Treatment of Diseases"

In a world where the pursuit of improved health and well-being is a universal goal, the

significance of natural products in the treatment of diseases cannot be underestimated. Nature,

with its vast repertoire of plants, herbs, and other organic sources, has long provided humanity

with a remarkable array of therapeutic compounds. From ancient civilizations to modern medical

advancements, the potential of natural products to positively impact our health has remained an

enduring subject of fascination and exploration.

This reprint, titled “A Feasible Approach for Natural Products to Treatment of Diseases”, delves

into the fascinating realm of natural products, unravelling their inherent properties, mechanisms

of action, and their potential role in the pursuit of effective disease management. Through

comprehensive experiments of scientific research and reviews, this book aims to shed light on the

immense potential of natural products as a viable approach to enhancing health and combating

diseases.

We thank all the authors for their invaluable contributions to this reprint. Their collective

expertise, extensive research, and dedication have shaped a comprehensive resource that bridges

the gap between traditional wisdom and contemporary scientific understanding. Their insights,

experimental findings, and critical analyses have enriched the contents of this reprint, fostering a

deeper understanding of the therapeutic potential locked within nature’s abundant offerings. It is

through their tireless efforts that we are able to present a diverse and multidimensional exploration

of natural products, offering new avenues for healthcare professionals, researchers, and enthusiasts

to harness the power of these fascinating resources from nature.

Sokcheon Pak and Soo Liang Ooi

Editors
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Editorial: A Feasible Approach for Natural Products to
Treatment of Diseases
Soo Liang Ooi and Sok Cheon Pak *

School of Dentistry and Medical Sciences, Charles Sturt University, Bathurst, NSW 2795, Australia;
sooi@csu.edu.au
* Correspondence: spak@csu.edu.au

The potential of natural products from both plant and animal sources to treat diseases
remains enormous, as our understating forms just the tip of the iceberg. There are also
other issues to address regarding extraction, isolation, and standardization of any naturally
derived compounds and their effective mode of therapeutic delivery. Hence, much research
is needed before any natural products can be feasibly applied in treatments. The aim of this
Special Issue was to first bring together academics and researchers whose work focuses on
natural products to explore and debate different therapeutic perspectives, methodological
approaches, and analytical findings. The second aim was to explore key developments and
highlight new areas of research and ideas emerging on natural products. Finally, the third
aim was to highlight and debate the potential translation of research from the bench to the
bedside, which may directly benefit humans.

The opening article by Zhang et al. [1] explores a novel class of antifungal antibiotics
from Icacina trichantha Oliv., a potential plant source of various bioactive endophytes. The
authors document the endophytic fungus Penicillium oxalicum derived from the Icacina
species and its related bioactivity. A novel macrolactam named oxalactam A is detailed,
and dipeptides and alkaloids were isolated from this fungus. The article describes the
isolation, structural elucidation, and anti-fungal activities of these isolates. These findings
indicate an alternative natural source of new fungicides.

Somwong et al. [2] next explore the underlying mechanisms of the fresh stem bark
extract of Holoptelea integrifolia (Roxb.) Planch. in the context of treating human cutaneous
diseases. They used thin layer and gas chromatography to screen phytochemicals from
this sample. Two bioactive compounds, friedelin and lupeol, were identified, and their
activity in wound healing was investigated in keratinocytes. Both compounds exhibited
wound healing activity by increasing keratinocyte migration and matrix metalloproteinase-
9 production. In addition, gene expressions for wound healing and pro-inflammation were
increased and reduced, respectively, after treatment with n-hexane extracts of H. integrifolia
and its bioactive compounds. Thus, the wound healing and anti-inflammation properties
are mediated by regulating the gene expression involved in skin re-epithelialization.

As major active compounds from Angelica sinensis and Astragalus membranaceus, An-
gelica sinensis polysaccharide (ASP) and Astragalus membranaceus polysaccharide (AMP)
are known to exert anti-fibrosis and hepatoprotective effects. Wen et al. [3] studied their
roles and related mechanisms in liver regeneration. The study demonstrated that ASP and
AMP promoted hepatocyte proliferation at various concentrations in vitro while inducing
hepatoprotection of liver injuries, demonstrating an enhanced liver/body weight ratio and
reduced serum transaminase and total bilirubin levels after partial hepatectomy in mice.
Further analyses confirmed the involvement of the JAK2/STAT3/HK2 pathway in ASP-
and AMP-accelerated liver regeneration. These results indicate ASP and AMP as potential
hepatoprotective agents.

In another combined in vivo and in vitro experiment, Moon et al. [4] showed that
walnuts (Juglans regia) could be a potential functional food to improve diabetic cognitive
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deficits and neuronal impairments. The study found evidence that walnuts inhibit reac-
tive oxygen species production in high-glucose-induced neuronal and hippocampal cells
and ameliorate behavioral and memory dysfunction in mice with cognitive impairment
induced by a high fat diet. Further amelioration of cerebral damage with walnut treat-
ment was observed via protein expression of the JNK signaling and apoptosis pathways.
Hence, walnuts could protect against cerebral disorders, insulin resistance, oxidative stress,
and inflammation.

Molineria recurvata (MR) is used to manage diabetes mellitus. Dey et al. [5] investigated
the protective effects of MR extracts versus nephropathy in streptozotocin-induced diabetic
rats. The MR extracts showed anti-fibrotic properties, demonstrated by downregulated
expressions of fibronection, collagen, and α-smooth muscle actin. Increased oxidative
stress caused by induced hyperglycemia was improved after administration of MR extracts,
with the marked restoration of antioxidant enzymes. Diabetic-induced renal injuries with
accompanying inflammation were also ameliorated by MR extracts, with increased levels
of SIRT1 and SIRT3 and a reduced claudin-1 level in the kidneys. Thus, MR could promote
renal repair by repressing inflammation and oxidative stress.

Idriss et al. [6] investigated inhibitors from Saussurea costus against the main protease,
as it is an ideal target for COVID-19 treatment. The authors found that eight of the active
inhibitors were carbohydrates, five were fatty acids, three were terpenoids, two were
carboxylic acids, one was a tannin, one was a phenolic compound, and one was a sterol.
In addition, the Saussurea costus aqueous extract had no virucidal effect and inhibited the
virus after cell entry. As such, the findings justify using this plant, especially in rural
communities, for preventing and treating COVID-19.

As a flagellated parasitic protozoan, Trypanosoma brucei causes African trypanosomia-
sis, a neglected tropical disease. According to Chaudhuri et al. [7], two natural antimetabo-
lites, cholesta-5,7,22,24-tetraenol (CHT) and ergosta-5,7,22,24(28)-tetraenol (ERGT), possess
antiprotozoal properties as a trypanocidal agent against T. brucei. In addition, CHT/ERGT
protected mice infected with T. brucei by increasing their survival time. Hence, CHT and
ERGT are promising candidates for antitrypanosomal drugs.

When food products containing arginine, glucose, or maltose undergo heat processing,
arginyl-fructose (AF) and arginyl-fructosyl-glucose (AFG) are formed. It is known that
AF and AFG can modulate the glucose uptake from dietary carbohydrates by exhibiting
an inhibitory effect on α-glucosidases. Lee et al. [8] investigated AFs anti-hyperglycemic
effect in barley using AF-enriched barley extract (BEE) in mice. Mice who were fed a
high fat diet and treated with BEE showed a suppressed body weight gain and increased
serum adiponectin levels. The accumulation of intracellular lipids and the expressions of
adipogenic genes in the preadipocytes were significantly decreased after treatment with
BEE. Thus, BEE could be used as a weight management strategy by inhibiting adipogenesis
and increasing adiponectin levels.

Hordyjewska et al. [9] critically examined whether electric cell-substrate impedance
sensing (ECIS) could be a valuable tool for live monitoring of changes in the morphology
and physiology of cancer cells. Betulin and betulinic acid are naturally occurring pentacyclic
lupane-type triterpenoids, possessing a broad spectrum of biological activities, including
antitumor activities. The ECIS results confirmed the great potential effects of betulin and
betulinic acid’s antitumor properties on lung and breast cancer cell lines. Moreover, both
substances showed a negligible toxic effect on healthy epithelial cells. The ECIS method
is an appropriate alternative to the currently used assay for testing the in vitro anticancer
activity of compounds.

Lemieszek et al. [10] bring our attention to the significance of young barley on
the human body in terms of colon cancer prevention. The water extracts of young
green barley (Hordeum vulgare) were evaluated for their immunoenhancement properties.
Polysaccharide-rich young green barley extracts may have immunomodulatory properties
associated with enhancing the natural killer cells’ ability to recognize and eliminate human
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colon cancer cells without any side effects on normal colon epithelial cells. The findings
indicate the beneficial effect of the consumption of young barley regarding colon cancer.

This Special Issue includes three review articles. Yao and Liu [11] offer a compre-
hensive review of terpenoids, focusing on non-alcoholic fatty liver disease (NAFLD).
Despite a lack of clinical research, the authors found that terpenoids could have a thera-
peutic role in NAFLD by regulating lipid metabolism, insulin resistance, oxidative stress,
and inflammation.

Song et al. [12] introduce Citri Reticulatae Pericarpium (CRP), derived from the ripe
peel of the Rutaceae plant Citrus reticulate Blanco and its cultivars. It is often used to treat
diseases with coughs, expectoration, nausea, and vomiting as the main symptoms. The
authors review the pharmacology of CRP and the mechanism of flavonoids as the key
components of CRP against cancers with a high diagnosis rate. Although CRP does not
prevent certain aspects of cancer, it reverses or suppresses the development of cancer
through various pathways.

Another review article by Phillips et al. [13] explores the current research on medicinal
mushrooms in the context of COVID-19. The authors identify the key properties claimed
to confer health benefits. Also considered are the barriers or limitations that may impact
the general recommendations of medicinal mushrooms as a therapy. Notably, the authors
include mushrooms commonly available for culinary use and obtainable as a dietary
supplement for medicinal purposes.

In the last few decades, there has been a wealth of research into natural products.
This Special Issue has brought together active researchers who have explored a diverse
range of products and provided rich insights into their underlying mechanisms. We believe
that further preclinical and clinical research is still required to uncover the active con-
stituents, mechanisms of action, pharmacokinetics, safety, and toxicity of natural products
for therapeutic use. The diverse and critical perspectives within this Special Issue provide
a springboard to enable the continual development and enhancement of natural products
in therapeutic applications.

Conflicts of Interest: The authors declare no conflict of interest.
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Terpenoids: Natural Compounds for Non-Alcoholic Fatty Liver
Disease (NAFLD) Therapy
Pengyu Yao 1 and Yajuan Liu 2,*
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Technology, Chinese Academy of Sciences, Jinan 250101, China

2 Department of Febrile Diseases, Shandong University of Traditional Chinese Medicine, Jinan 250355, China
* Correspondence: tgqolyj@163.com

Abstract: Natural products have been the most productive source for the development of drugs.
Terpenoids are a class of natural active products with a wide range of pharmacological activities
and therapeutic effects, which can be used to treat a variety of diseases. Non-alcoholic fatty liver
disease (NAFLD), a common metabolic disorder worldwide, results in a health burden and economic
problems. A literature search was conducted to obtain information relevant to the treatment of
NAFLD with terpenoids using electronic databases, namely PubMed, Web of Science, Science Direct,
and Springer, for the period 2011–2021. In total, we found 43 terpenoids used in the treatment of
NAFLD. Over a dozen terpenoid compounds of natural origin were classified into five categories
according to their structure: monoterpenoids, sesquiterpenoids, diterpenoids, triterpenoids, and
tetraterpenoids. We found that terpenoids play a therapeutic role in NAFLD, mainly by regulating
lipid metabolism disorder, insulin resistance, oxidative stress, and inflammation. The AMPK, PPARs,
Nrf-2, and SIRT 1 pathways are the main targets for terpenoid treatment. Terpenoids are promising
drugs and will potentially create more opportunities for the treatment of NAFLD. However, current
studies are restricted to animal and cell experiments, with a lack of clinical research and systematic
structure–activity relationship (SAR) studies. In the future, we should further enrich the research on
the mechanism of terpenoids, and carry out SAR studies and clinical research, which will increase
the likelihood of breakthrough insights in the field.

Keywords: non-alcoholic fatty liver disease (NAFLD); natural products; terpenoids; mechanisms; treatment

1. Introduction

In the epidemiology of liver disease, there has been a gradual transition in focus from
infectious diseases to metabolic diseases. Non-alcoholic fatty liver disease (NAFLD) has
become a serious public health issue, affecting the health of approximately one-quarter
of adults worldwide, causing wide-ranging social and economic implications [1]. The
prevalence of NAFLD is 25% globally, and it has become the most rapidly increasing
cause of liver-related mortality [2]. The prevalence of NAFLD is increasing rapidly world-
wide and is predicted to become more prevalent in the future as the obese and diabetic
populations increase [3].

NAFLD is a clinicopathological syndrome characterized by parenchymal cell steato-
sis and fat storage without history of excessive alcohol consumption. Its disease patho-
physiological development ranges from non-alcoholic hepatic steatosis to non-alcoholic
steatohepatitis (NASH) and hepatic fibrosis, potentially evolving into hepatic cirrhosis, hep-
atocellular carcinoma (HCC), and liver failure. The prevalence of NASH is approximately
30% for patients with NAFLD, and approximately 20% of NASH patients with fibrosis
progress to cirrhosis [4]. However, NAFLD is a diagnosis of exclusion rather than one of
inclusion, and so the new nomenclature “metabolic-associated fatty liver disease (MAFLD)”
has been proposed [5]. The standardization of the nomenclature for NAFLD still needs to
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be explored. So far, the above two terms have been accepted. NAFLD is a complex disease
in which disease severity is influenced by genetic, environmental, and behavioral factors
(e.g., diet, physical activity, and socioeconomic influences) [6]. NAFLD is considered the
hepatic manifestation of metabolic syndrome and involves pathological changes in multiple
systems, including metabolic disease (such as metabolic syndrome, type 2 diabetes mellitus,
obesity, and hypertension) [7,8], cardiovascular disease (such as coronary heart disease,
atherosclerosis, cardiomyopathy, and arrhythmia) [9], extrahepatic carcinomas (such as
incident gastric and colorectal cancer) [10], and chronic kidney disease [11].

The underlying pathophysiological mechanism of NAFLD remains unclear, although it
is typically characterized by an accumulation of lipids in the liver that stems from multiple
factors. Furthermore, it coexists with inflammation, hepatic cell injury, and the deposition
of collagen fibers. The “two-hit hypothesis” explains how simple fatty liver or steatosis
progresses to severe NASH and liver fibrosis [12], in the pathogenesis of early NAFLD.
With the in-depth study of the pathological mechanism, this view seems unable to fully
summarize the complexity of NAFLD, and the “multiple impact model” has been proposed
and widely used. Factors such as lipid accumulation, insulin resistance [13], oxidative
stress [14], the gut microbiome [15], and inflammation [16] have been implicated in the
pathogenesis of NAFLD, but the mechanisms that drive disease progression are not fully
understood. NAFLD is a disease with a favorable prognosis, but when NAFLD progresses
to NASH, it can be fatal, as inflammation and fibrosis progress to end-stage liver disease.
Therefore, the prevention and early treatment of NAFLD are very important. Despite this
high prevalence of NAFLD, there are currently no approved treatments.

The identification of drug candidates that can successfully treat NAFLD, with few or
no side effects, is a huge challenge. Natural products have played an important role in
drug discovery and were the basis of most early medicines [17], especially in the treatment
of chronic and metabolic diseases. Some of the most famous drugs worldwide, includ-
ing aspirin, morphine, artemisinin, berberine, and paclitaxel, are derived from natural
sources [18]. With the advances in natural medicinal chemistry technology, it is possible
to determine the chemical composition of plants and their application in drug discov-
ery. Over the nearly four decades from 1981 to 2019, natural products, as sources of new
drugs, still exist and account for a large share of new drug discovery [19]. Terpenoids
are a class of active natural products with a wide range of pharmacological effects and
that represent a rich reservoir of candidate compounds for drug discovery [20]. Based on
their chemical structure, terpenoids are composed of several subclasses, including hemiter-
penoids, monoterpenoids, sesquiterpenoids, diterpenoids, sesterterpenoids, triterpenoids,
and tetraterpenoids. Terpenoids have been widely used for the treatment of many dis-
eases due to their broad range of biological activities, such as anti-microbial, anti-cancer,
hypotensive, anti-hyperlipidemic, anti-hyperglycemic, anti-inflammatory, anti-oxidant,
anti-parasitic, immunomodulatory, and anti-cholinesterasic activities [21]. The therapeutic
effects of terpenoids in NAFLD have been increasingly discussed, suggesting their great
potential in the treatment of NAFLD, and potentially representing a new direction for
breakthroughs in drug development. There are many studies on terpenoids in NAFLD, but
there is still a lack of a systematic analysis of these therapeutic applications. The purpose of
this article is to review the recent research progress concerning terpenoids in the treatment
of NAFLD and the underlying mechanism of action, and to provide a comprehensive
introduction of this class of compounds and their potential in the treatment of NAFLD.

2. Methods

We searched the electronic databases PubMed, Excerpt Medica, Web of Science, Sci-
ence Direct, and Springer for the period 2011–2021 regarding the use of terpenoids to
treat NAFLD, using the following search terms: (“terpenoid” OR “monoterpenoids” OR
“sesquiterpenoids” OR “diterpenoids” OR “triterpenoids” OR “tetraterpenoids”) AND
(“non-alcoholic fatty liver disease” OR “metabolically associated fatty liver disease” OR

6



Molecules 2023, 28, 272

“non-alcoholic fatty liver” OR “non-alcoholic steatohepatitis” OR “NAFLD” OR “NAFL”
OR “MAFLD” OR “NASH”).

Studies were excluded from this review if they were found to harbor significant
methodological errors or to lack scientific value. In order to aid in classification efforts,
studies regarding mixtures of different compounds or crude extracts were also excluded
from this study, in addition to those focused on terpenoids with poorly defined chemical
structures. Not all terpenoids have been described in detail in the literature; for example,
studies of the carotenoid family often ignore their presence as terpenoids. Therefore,
according to the results of the literature search, we conducted a secondary literature search
for the obtained terpenoids. The limitations of the first search were supplemented and our
research system was greatly enriched. Finally, 43 terpenoids were obtained.

In total, 43 natural compounds were classified into five categories according to their
structure, namely monoterpenoids, sesquiterpenoids, diterpenoids, triterpenoids, and
tetraterpenoids. Figure 1 shows the numbers of the different types of terpenoids.
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3. Terpenoids and Their Mechanism of Action in the Treatment of Non-Alcoholic Fatty
Liver Disease

Increasing evidence indicates that terpenoids can effectively inhibit the progression of
FALD, play a therapeutic role in different stages of the pathological process of disease, and
effectively prevent and treat FALD through a variety of approaches, including improving
lipid metabolism, inhibiting oxidative stress, inhibiting inflammation, and preventing
fibrosis. Table 1 provides and introduction to the basic information of terpenoids, including
the subclass, compounds, molecular formula, weight, and sources. Table 2 summarizes
the effects and the mechanisms of action of 43 terpenoids, including the animal/cell
model, dosage, target, mechanism, and effect. Figure 2 shows the chemical structure of
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43 terpenoids. We will classify these terpenoids according to their chemical structure and
introduce the results of research into their use in the treatment of NAFLD.
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3.1. Monoterpenoids

Monoterpenoids are compounds with a basic carbon frame that consists of two iso-
prene and C10, constituting a large family of natural products. Iridoids belong to the
monoterpenoids. In total, our study identified nine monoterpenoids capable of treat-
ing NAFLD.

3.1.1. Paeoniflorin

Paeoniflorin is a monoterpenoid glycoside extracted from Paeonia albiflora Pallas, which
has been extensively studied due to its remarkable pharmacological effects, low toxicity,
and few side effects [22]. Paeoniflorin has been reported to possess anti-inflammatory,
anti-oxidative stress, anti-hyperlipidemic, and hepatoprotective activities [23]. The anti-
NAFLD effect of paeoniflorin is involved in many aspects. It could be used to improve
lipid metabolism, improve glucose metabolism, and inhibit inflammation for the protection
of liver function [24]. Insulin is a hormone with multiple functions, among which is to
inhibit the lipolysis of adipose tissue. The first hit of the “two-hit hypothesis” is that
insulin resistance causes hepatic steatosis. The insulin-sensitizing effect of paeoniflorin is
among the reasons behind its efficacy in preventing NAFLD. Paeoniflorin could exert an
insulin-sensitizing effect by regulating the insulin signaling pathway IRS/Akt/GSK3β [25].
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This is also why paeoniflorin can be of benefit for a variety of metabolic diseases, such as
diabetes, hypertension, hyperlipidemia, and NAFLD. The activation of the LKB1/AMPK
signaling pathway is another key mechanism by which paeoniflorin exerts its effects. The
protective effects of paeoniflorin might be involved in the activation of LKB1/AMPK
signaling pathways, which results in the inhibition of lipogenesis, insulin resistance, and
hepatic steatosis [26]. NAFLD is a chronic inflammatory disease, and anti-inflammatory
therapy is beneficial throughout its pathological process. The significant anti-inflammatory
effect of paeoniflorin is key in preventing NAFLD from transforming into NASH, and the
inhibition of the ROCK/NF-κB signaling pathway in the NASH liver is associated with the
mechanism of its anti-inflammatory action [27].

3.1.2. Catalpol

Catalpol is an iridoid compound widely distributed in many plant families and
is mainly extracted from the roots of Rehmannia glutinosa (Gaertn.) Libosch. ex Fisch.
and C. A. Mey. Catalpol possesses extensive pharmacological activities, such as anti-
inflammatory, anti-oxidative stress, anti-diabetic, anti-stroke, and anti-osteoporosis activ-
ity [28]. Catalpol’s role in metabolic diseases is widely recognized. Activated AMPK can
enhance lipocatabolism and produce ATP to regulate lipid metabolism. Catalpol regulates
lipid metabolism through the activation of AMPK, thereby reducing hepatic steatosis [29].
AMPK is a potential target for treating diseases, which is often associated with changes in
metabolism [30]. Catalpol induces autophagy and attenuates lipotoxicity, the mechanism
of action of which is also through AMPK activation [31].

The activation of the p66shc/cytochrome C cascade is responsible for causing ROS
metabolism, hepatic steatosis, and apoptosis in NAFLD. The anti-oxidative stress and liver-
protective effects of catalpol are dependent on the miR-96-5p/p66shc/cytochrome C cas-
cade [32]. In addition, anti-inflammatory activity has been shown to be a key effect of
catalpaol in the treatment of NAFLD [33]. Due to the complexity of the mechanism of action,
the underlying mechanism of catalpol’s anti-inflammatory effect has not been fully elucidated.

3.1.3. Geniposide

Geniposide, as a kind of iridoid glycoside extracted from Gardenia jasminoides J. Ellis,
has many biological effects, such as anti-inflammatory, hepatoprotective, and cholagogic
effects [34]. Insulin resistance leads to fat accumulation in the liver, which is the first hit
in the onset of NAFLD. Excess fat accumulation in the liver leads to a vicious cycle of
aggravated insulin resistance and induced oxidative stress, which increases the pathological
complexity of NAFLD. Geniposide inhibits lipid accumulation via enhancing anti-oxidative
stress and anti-inflammation activity, which mostly depend on upregulating the Nrf2/HO-1
and AMPK signaling pathways [35]. Geniposide exerts protective effects against hepatic
steatosis, the underlying mechanism of which may be associated with its regulation of
adipocytokine release and expression of PPARa [36].

3.1.4. Genipin

Genipin is a metabolite derived from genipioside and has been recognized as a bene-
ficial compound against metabolic disorders. For decades, genipin has been extensively
studied and used in the field of liver disease, including in the treatment of acute liver injury,
fulminant hepatitis, NAFLD, and other non-cancer liver diseases [37]. Genipin potentially
serves as an effective therapeutic intervention against NAFLD, effectively antagonizing
hyperlipidemia and hepatic lipid accumulation, by regulating the miR-142a-5p/SREBP-1c
axis [38]. Pyroptosis not only causes liver cell death, but also aggravates the inflammatory
response and process of fibrosis. Pyroptosis plays an important role in the development of
NAFLD; thus, it is important to stop pyroptosis to prevent disease. Genipin reverses liver
damage and inhibits UCP2-mediated pyroptosis [39].
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3.1.5. Sweroside

Sweroside is a natural product found in Swertia bimaculata (Siebold and Zucc.) Hook.
f. and Thomson ex C. B. Clarke. Sweroside is a typical iridoid that exhibits diverse biologi-
cal activities, such as hepatoprotective, anti-diabetic, and anti-inflammatory effects [40].
The peroxisome proliferator-activated receptors (PPAR-α, PPAR-β/δ, and PPAR-γ) are
members of the nuclear receptor super-family and play crucial roles in glucose and lipid
metabolism [41]. The activation of PPARα induces the oxidation of fatty acids, and regu-
lates liver fat metabolism. Sweroside may ameliorate obesity and the fatty liver via the
regulation of lipid metabolism and its anti-inflammatory activity; these effects are closely
associated with the regulation of PPAR-α [42]. The activation of the NLRP3 inflammasome
increases NASH, induces intense inflammatory responses, causes pyrodeath, increases lipid
accumulation, and promotes fibrosis. Sweroside can inhibit these pathological changes by
blocking the activation of the NLRP3 inflammasome in macrophages and liver tissues [43].

3.1.6. Swertiamarin

Swertiamarin is a typical natural iridoid found in Swertia bimaculata (Siebold and Zucc.)
Hook. f. and Thomson ex C. B. Clarke, which has been reported to cure many metabolic
diseases, such as diabetes and hyperlipemia [44]. Hepatic steatosis is a common liver
pathological lesion, defined as the presence of large and small vesicles of fat, predominantly
triglycerides, accumulating within hepatocytes. Swertiamarin ameliorates obesity and
improves insulin resistance by improving dyslipidemia and attenuating inflammation,
which further improves hepatic steatosis. The p38 MAPK and NF-κB pathways participate
in some of its effects, but its mechanism of action is still not fully understood [45].

3.1.7. Aucubin

Aucubin is widely distributed in plants, such as Eucommia ulmoides Oliv., Plantago
asiatica L., and Scrophularia ningpoensis Hemsl. It has shown many positive effects, such
as anti-oxidant, anti-aging, anti-inflammatory, anti-fibrotic, anti-cancer, hepatoprotective,
neuroprotective, and osteoprotective properties [46]. Nrf2 is the main regulator of the cellu-
lar defense system against oxidative stress. Nrf2, similar to AMPK, is often concerned in
the treatment of NAFLD. Aucubin inhibits lipid accumulation, the inflammatory response,
and oxidative stress via the Nrf2/HO-1 and AMPK signaling pathways [47].

3.1.8. Gentiopicroside

Gentiopicroside, the main active ingredient of Gentiana scabra Bunge, has anti-inflammatory,
anti-fibrosis, anti-oxidative stress, and anti-apoptosis activity [48]. These effects make
gentiopicroside a significant contributor to the treatment of NAFLD. Gentiopicroside may
be a useful therapeutic strategy for NAFLD through the alleviation of oxidative damage
and lipid accumulation in the liver. The upregulation of the Nrf2 anti-oxidant pathway is
thought to be a key mechanism behind its function [49].

3.1.9. Geraniol

Geraniol is an acyclic isoprenoid monoterpene isolated from the essential oils of
aromatic plants, including Elsholtzia ciliata (Thunb.) Hyl., Murraya exotica L., Rosa rugosa
Thunb., and several other plants. Treatment with geraniol reduced blood lipids, attenuated
hepatic fibrosis and apoptosis, and suppressed inflammation in NASH [50]. The mechanism
of action of geraniol in NAFLD has not been thoroughly studied, and its pathway and
target in this disease have not been mentioned in the literature.

3.2. Sesquiterpenoids

Sesquiterpenoids are a class of enormously diverse natural products derived from
a 15-carbon precursor, contains three isoprene units. Sesquiterpenoids have a variety of
skeletal structures due to the diversity of sesquiterpene hydrocarbon backbones. In total,
our study identified three sesquiterpenoids capable of treating NAFLD.
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3.2.1. Curcumol

Curcumol, as an important component of Curcuma phaeocaulis Valeton, structurally
belongs to the guaiacane sesquiterpene natural products. While curcuminoids have been
extensively studied for their anti-microbial, anti-oxidant, anti-inflammatory, and other
effects, the therapeutic efficacy of curcumol is still emerging [51]. The treatment of NAFLD
using curcumol is a research hotspot. Cellular senescence has attracted much interest
from researchers due to its involvement in NAFLD. Hepatocyte senescence can be found
in the liver of NAFLD patients, which aggravates steatosis in the liver. When the liver
is injured, the ferritinophagy signaling pathway can be activated, inducing the decom-
position of ferritin storage and iron-rich mitochondrial proteins, releasing excess iron
into the cytoplasm, leading to disordered iron metabolism in the liver, and eventually
pathological iron overload. Excess iron can cause cell senescence, and further promote
the pathological progression of NAFLD. Previous research has clarified the mechanism of
the curcumol inhibition of hepatocyte senescence through the YAP/NCOA4 regulation of
ferritinophagy in NAFLD [52]. In addition, curcumerol has a significant protective effect
on liver function and liver fibrosis, which may be related to the regulation of the TLR4,
TAK1, and NF-κB/p65 signaling pathways to reduce inflammatory factors and increase
anti-inflammatory factors [53].

3.2.2. β-Patchoulene

Patchoulene is among the natural compounds derived from Pogostemon cablin (Blanco)
Benth. In the volatile oil of patchouli there exist four isoforms, of which β-patchoulene is
one. β-patchoulene is well known for its anti-inflammatory and anti-oxidative functions
in various diseases. β-patchoulene exerts a positive effect against NASH by interrupting
the vicious cycle between oxidative stress, histanoxia, and lipid accumulation. The activa-
tion of the CD36/AMPK signaling pathway to balance lipid metabolism disorders is its
internal mechanism [54,55].

3.2.3. β-Caryophyllene

β-caryophyllene is an odoriferous bicyclic sesquiterpene found in various herbs and
spices, such as Rosmarinus officinalis L., Cinnamomum cassia (L.) D. Don, Ocimum basilicum L.,
and Lavandula angustifolia Mill. β-caryophyllene has potential efficacy in preventing and
ameliorating non-alcoholic fatty liver disease and its associated metabolic disorders. AMPK
is considered to be an effective target for regulating insulin synergism in the treatment
of metabolic diseases, and has been highly studied in NAFLD. β-caryophyllene could
attenuate lipogenesis and lipid accumulation by upregulating the AMPK signaling pathway.
Further mechanistic studies revealed that the β-caryophyllene-induced activation of AMPK
could be mediated by the CB2 receptor-dependent Ca2+/CaMKK signaling pathway [56].

3.3. Diterpenoids

Diterpenoids are terpenoids composed of four isoprene structural units. More than
126 different diterpenoid carbon skeletons have been identified, which can give rise to
more than 18,000 compounds [57]. Diterpenoids are widely exploited in the clinic and in
research. In total, our study identified five diterpenoids capable of treating NAFLD.

3.3.1. Carnosic Acid

Carnosic acid is a phenolic diterpene isolated from Rosmarinus officinalis Linnaeus and
Salvia japonica Thunb., which possesses anti-tumor, anti-inflammatory, neuroprotection,
anti-oxidative, and anti-microbial properties [58,59]. The effectiveness of carnosic acid in
preventing fat accumulation, especially in fatty livers, and in relieving glucose intolerance
has been proven [60]. Studies have shown that carnosic acid is an effective anti-obesity
agent that regulates fatty acid metabolism in C57BL/6J-ob/ob mice. It can regulate the
expression of hepatic lipogenesis-related genes (L-FABP, SCD1, and FAS), which decreased,
whereas lipolysis-related gene (CPT1) expression increased [61]. However, other studies
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have confirmed that carnosic acid has a certain level of hepatotoxicity in a dose-dependent
manner, so a proper safety assessment is required before use [62]. How to avoid the toxic
damage of drugs and give full play to their effects is a problem worth discussing.

Carnosic acid may be used as a potential therapeutic agent in the treatment of NAFLD-
related metabolic diseases. Related research has revealed that carnosic acid possesses the
ability to improve high-fat-diet-induced NAFLD in mice through reducing the lipogenesis
and inflammation in the liver [63]. Studies have found a link between liver cell apoptosis
and the miR-34a/SIRT1/p66shc pathway, which can be regulated by CA in NAFLD [64].
Brain damage in non-alcoholic fatty liver disease is clearly present and has been demon-
strated in many studies. Data in the literature suggest a role of NAFLD in promoting
early cerebral alterations with cognitive impairment, subclinical ischemic lesions, and
cerebrovascular accidents [65]. HFD-induced NAFLD can exacerbate dopaminergic neuron
injury, while carnosic acid is able to prevent such impairment [66]. The development of
this compound may provide a new path for the prevention and treatment of NAFLD
complications.

3.3.2. Ginkgolide (A,B)

Ginkgolide, a natural substance extracted from Ginkgo biloba L., is a terpenoid com-
pound composed of sesquiterpene lactone and diterpene lactone. Eleven terpene lactones
were isolated from ginkgo biloba leaves. Ginkgolides A, B, C, J, K, L, M, N, P and Q be-
long to the diterpene lactones, while ginkgolides belong to the sesquiterpene lactones [67].
Ginkgolide has been widely used in clinical practice because of its rich pharmacological
effects and weak side effects. It has anti-oxidation, anti-inflammation, anti-aging, anti-
platelet aggregation, and anti-apoptosis effects, and lowers blood pressure, promotes blood
circulation, and protects the central nervous system.

Ginkgolide A may be a natural compound with great therapeutic promise, espe-
cially for the treatment of cardiovascular, hepatological, and neurological diseases [68].
Ginkgolide A is non-toxic at high concentrations, and may be feasible as a therapeutic agent
for NAFLD patients. Studies have confirmed that ginkgolide A’s effects on NAFLD mainly
include anti-oxidative stress and anti-inflammation activity. Ginkgolide A showed hepatopro-
tective efficacy by inducing cellular lipoapoptosis and by inhibiting inflammation [69].

Ginkgolide B is a diterpenoid compound isolated from ginkgo biloba leaves, which is
the most significant active component in active lactones. Pregnane X receptor (PXR, NR1I2)
is a ligand-activated nuclear hormone receptor and its value in metabolic diseases has been
emphasized in recent years. Targeting PXR may be a strategy for the therapy of metabolic
diseases. Ginkgolide B may have beneficial effects on metabolic disorders, possibly through
the activation of PXR, such as blocking body weight gain, attenuating hypertriglyceridemia
and hepatic steatosis, and improving bile acid homeostasis in DIO mice [70].

The ferroptosis of hepatocytes and intrahepatic macrophages may lead to the pro-
gression of simple fatty liver degeneration to NASH, and the inhibition of ferroptosis is
gradually becoming a new treatment strategy for NAFLD. Ginkgolide B treatment has a spe-
cific effect on lipid accumulation and oxidative-stress-induced ferroptosis in NAFLD, the
mechanism of action of which is through the regulation of the Nrf2 signaling pathway [71].

3.3.3. Acanthoic Acid

Acanthoic acid is a pimaradiene diterpene isolated from the root of Eleutherococcus
senticosus (Rupr. and Maxim.) Maxim. The treatment of liver disease is an important
aspect of acanthoic acid applications, and the value of acanthoic acid in liver disease has
been widely explored, having been studied in alcoholic liver disease [72], drug-induced
hepatotoxicity [73], and fulminant liver failure [74]. Acanthoic acid may be proved to be
an attractive candidate for the treatment of NAFLD, as it can attenuate liver steatosis and
fibrosis in NAFLD. The farnesoid X receptor (FXR) and liver X receptor (LXR) are involved
in lipid metabolism, glucose metabolism, and inflammatory activation, and maintain the
nutrient/energy balance of the liver. Acanthoic acid can regulate fat metabolism, and
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especially prevent lipid accumulation and fatty acid synthesis, the mechanism of which is
to activate the FXR and LXR signaling pathways, contributing to the increased expression
of the AMPK-SIRT1 signaling pathway [75].

3.3.4. Dehydroabietic Acid

Dehydroabietic acid is a diterpene found in tree pine, derived from Pinaceae plants
such as Pinus massoniana Lamb. and Picea asperata Mast. Various bioactive effects of dehy-
droabietic acid have been studied, including anti-bacterial, anti-fungal, and anti-cancer
activities [76]. The accumulation of iron-dependent lipid peroxides is among the important
causes of NAFLD. Dehydroabietic acid can improve NAFLD by regulating lipid metabolism
and inhibiting ferroptosis, and its ability to reduce triglyceride (TG), total cholesterol (TC),
and lipid peroxidation levels is significant [77].

3.4. Triterpenoids

Triterpenoids, composed of four isoprene structural units, are derived from (E, E, E)
-geranylgeranyl diphosphate (GGPP). More than 126 different triterpenoid carbon skeletons
have been identified, which give rise to more than 18,000 compounds [78]. The complexity
and diversity of the structure of triterpenoids results in different biological activities, and are
widely exploited in the clinic and in research. In total, our study identified 20 triterpenoids
capable of treating NAFLD.

3.4.1. Ginsenoside (Rg1, Rg2, Rh1, Rb1, Rb2 and Mc1)

Panax ginseng C. A. Mey. is among the most widely used natural medicinal plants
worldwide. Ginsenosides, the major bioactive constituents of Panax ginseng C. A. Mey.,
are a series of glycosylated triterpenoids which belong to protopanaxadiol (PPD)-, pro-
topanaxatriol (PPT)-, ocotillol (OCT)-, and oleanane (OA)-type saponins. Approximately
300 ginsenosides have been isolated and identified from different Panax species [79]. The
known ginsenoside monomers can be divided into three categories: ginsenodiols (such as
Rb1, Rb2, Rc, Rd, and F2), ginsenotriols (such as Re, Rg1, Rg2, Rf, and Rh1), and pentacyclic
triterpenoid saponins (such as RO). Ginsenoside Rb1, Rb2, Rg1, Rg2, Rh1 and Mc1 and
other components have been proven to have liver-protective effects and can be used to
treat NAFLD.

Ginsenoside Rg1, a bioactive phytochemical, is the most reported ginsenoside in
the field of NAFLD therapeutic research. Improving fat synthesis and metabolism is an
important measure of its function. Ginsenoside Rg1 significantly improves fat metabolism
and synthesis, inhibits lipid synthesis, decreases lipid uptake, enhances lipid oxidation
and reduces hepatic steatosis, by regulating PPAR A and PPAR γ expression [80]. FOXO1
may be involved in many aspects of liver pathology, such as hepatic aging, steatosis, and
glucose and lipid metabolism dysregulation. Ginsenoside Rg1 exerts the pharmaceutic
effect of maintaining FOXO1 activity in the liver, thus protecting livers from senescence-
and metabolic-abnormality-induced fatty liver disease [81]. Ginsenoside Rg1 may protect
NAFLD through inflammation; the anti-inflammatory activity of ginsenoside Rg1 includes
the inhibition of endoplasmic reticulum(ER) stress and inflammasome activation [82]. The
changes in the transcriptome also suggest that the efficiency of ginsenoside Rg1 treatment
on NAFLD may be associated with two hub genes, Atf3 and Acox2 [83]. This has been
demonstrated in its ability to improve liver function and alleviate pathological processes in
animal models of NAFLD.

Ginsenosides Rg2 and Rh1 belong to the category of ginsenotriols. Saponin extract
contains amounts of ginsenosides Rg2 and Rh1, which can inhibit inflammation-mediated
pathological inflammasome activation in macrophages, thereby preventing NAFLD devel-
opment [84]. In addition to its anti-inflammatory effects, the administration of ginsenosides
Rg2 significantly ameliorated HFD-induced hepatic oxidative stress and apoptosis in a
SIRT1-dependent manner [85]. The effects of these compounds are not singular, but com-
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plex and multifaceted. Ginsenoside Rh1 has a positive effect on NAFLD via its anti-fibrotic
and hepatoprotective activity [86].

Ginsenosides Rb1 and Rb2 belong to the category of ginsenodiols. Ginsenoside Rb1 can
reduce liver cell apoptosis, and the activation of PPAR-γ may be the internal mechanism [87].
Ginsenoside Rb2 has a significant positive effect on NAFLD and glucose intolerance, and
the underlying molecular mechanism consists of alleviating hepatic lipid accumulation
and restoring hepatic autophagy via sirt1 induction and AMPK activation [88].

Ginsenoside Mc1, a newly identified deglycosylated ginsenoside, is converted from
the major ginsenoside Rc. Ginsenoside Mc1 exerts protective effects against apoptotic
damage, insulin resistance and lipogenesis in the liver [89].

Therefore, ginsenoside supplementation could be a potential therapeutic strategy to
prevent NAFLD in patients. Of course, the therapeutic value of many different ginsenosides
in NAFLD remains to be explored.

3.4.2. Ursolic Acid

Ursolic acid is a natural triterpene compound and is widely distributed in nature. It
is known to be found in at least hundreds of plants, many of which are aromatic plants
and fruit trees used in traditional Chinese medicine. Ursolic acid exists in various forms
in plants, some in the free state, some in the binding state of ester or glycoside, and some
as other polysubstituted derivatives. Ursolic acid has widespread pharmacologic activity,
including anti-tumor, anti-inflammatory, anti-oxidant, anti-apoptotic, anti-allergy, and
anti-carcinogenic effects [90]. Ursolic acid effectively ameliorated HFD-induced hepatic
steatosis through a PPAR-an involved pathway, via improving key enzymes in the control
of lipid metabolism [91]. Ursolic acid treatment significantly prevents the development of
NAFLD and liver injury in db/db mice, most likely through increasing lipid β-oxidation
and inhibiting hepatic ER stress [92]. The LXRα is a multifunctional nuclear receptor that
controls lipid homeostasis. Ursolic acid, a novel LXRα antagonist, can inhibit adipogenesis
through this mechanism in NAFLD [93]. Ursolic acid administration not only has ther-
apeutic effects, but can also prevent the occurrence of disease when ingested at an early
stage. The administration of ursolic acid during periods of developmental plasticity shows
prophylactic potential against dietary-fructose-induced NAFLD [94].

3.4.3. Betulinic Acid

Betulinic acid is a pentacyclic triterpene distributed in a variety of plants, such as
Betula platyphylla Sukaczev. It shows a wide spectrum of biological and pharmacological
properties, such as anti-inflammatory, anti-diabetic, and anti-hyperlipidemic effects. The
FXR plays an important role in hepatic homeostasis. The activation of FXR can reduce
lipotoxicity and increase cholesterol excretion, thus playing a role in improving insulin resis-
tance, with anti-inflammatory and anti-fibrosis effects. Betulinic acid is a novel FXR agonist,
and can alleviate endoplasmic reticulum stress-mediated NAFLD through the activation of
FXR. The effect of BA is via the FXR-mediated inhibition of PERK/EIF2α/ATF4/CHOP
signaling [95]. Betulinic acid can regulate fat metabolism by delaying lipid accumulation,
reducing fat synthesis, inhibiting hepatic steatosis, and promoting fatty acid oxidation,
among other effects. Betulinic acid effectively ameliorates intracellular lipid accumulation
in liver cells by modulating the AMPK-SREBP signaling pathway [96]. Betulinic acid
protects hepatocytes from abnormal lipid deposition in NAFLD through the YY1/FAS
pathway [97].

3.4.4. Glycyrrhizic Acid

Glycyrrhizic acid is a triterpene glycoside isolated from Glycyrrhiza uralensis Fisch., which
is an edible and medicinal plant. Glycyrrhizin has anti-inflammatory, anti-allergy, and anti-
oxidative stress effects. As a sweetener, glycyrrhizin is widely used in all kinds of food.
Glycyrrhizin can reduce liver lipogenesis, increase lipid metabolism, reduce liver inflammation,
and prevent anti-liver fibrosis by intervening in the pathological process of NAFLD [98]. Gly-
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cyrrhizic acid protects against NAFLD through the suppression of lipid synthesis, promoting
fatty acid β-oxidation and triglyceride-rich lipoproteins lipolysis, inhibiting gluconeogenesis
and the promotion of glycogen synthesis, and reversing insulin resistance [99]. However, the
internal mechanism of glycyrrhizin intervention in the pathology of NAFLD remains to be
further clarified. The bile acids (BAs) modulate lipid and glucose metabolism, inflammation,
and fibrosis, and are closely related to the pathological process of NAFLD [100]. Glycyrrhizic
acid alleviates non-alcoholic steatohepatitis via modulating bile acids [101].

3.4.5. Glycyrrhetinic Acid

Glycyrrhetinic acid, a pentacyclic triterpenoid saponin metabolite of glycyrrhizin,
is extracted from Glycyrrhiza uralensis Fisch. 18β glycyrrhetinic acid, uralenic acid, and
enoxolone are the aliases of glycyrrhetinic acid. Vitamin A (VA) plays critical roles in
various physiological functions, including the regulation of glucose and lipid homeostasis
in the liver [102]. Glycyrrhetinic acid, as a novel AKR1B10 inhibitor, could promote retinoic
acid synthesis. Glycyrrhizic acid restored the balance of VA metabolism in NAFLD/NASH
mice by metabolizing to glycyrrhetinic acid [103].

Hepatocyte nuclear factor 4-alpha (HNF4α) is best known for its role as a master
regulator of liver-specific gene expression. Glycyrrhetinic acid was reported to act as
a partial HNF4α antagonist to modulate hepatic very low-density lipoprotein (VLDL)
secretion and gluconeogenesis [104]. Free fatty acid (FFA)-induced lipotoxicity plays a
crucial role in the pathogenesis of NAFLD. Glycyrrhetinic acid reduces hepatic lipotoxicity
by stabilizing the integrity of lysosomes and mitochondria and inhibiting cathepsin B
expression and enzyme activity [105].

3.4.6. Oleanolic Acid

Oleanolic acid is a pentacyclic triterpenoid found in many plants, which has been
isolated from more than 1620 plant species [106]. It has attracted the attention of the
scientific community because of its wide range of biological activities. The regulation of
metabolism by oleanolic acid is a combination of its multiple mechanisms of action in
NAFLD. The interplay between the gut and liver, the so-called “gut–liver axis” (GLA), has
been widely considered as a potential therapeutic target for NAFLD. Oleanolic acid has a
protective influence on imbalances in GLA homeostasis, has anti-oxidative stress and anti-
inflammatory effects, and improves glucose tolerance and insulin resistance by regulating
GLA in NAFLD [107]. The expression of LXRs is correlated with the degree of hepatic fat
deposition, as well as with hepatic inflammation and fibrosis in NAFLD patients. Oleanolic
acid may be a novel antagonist of LXRα- and PXR-mediated lipogenesis, and plays a role
in the treatment of NAFLD by inhibiting liver X receptor alpha and pregnane X receptor to
attenuate ligand-induced lipogenesis [108]. In addition, it has been reported that dietary
supplementation with oleanolic acid in the neonatal phase of development potentially
encourages hepatoprotection against the development of NAFLD in adult life [109].This
suggests that oleanolic acid can be used as an early preventative measure. As a derivative
of oleanolic acid, 3-acetyl-oleanolic acid shows good potential against NAFLD, including
the amelioration of lipid accumulation, anti-steatotic effects, and the inhibition of apoptosis.
The therapeutic effect of 3-acetyl-oleanolic may lie in two aspects: altering the secretion
of multiple adipokines and activating AMPK-related pathways [110]. Ha-20 is a newly
discovered oleanolic acid derivative, which effectively suppresses fat accumulation in the
liver. FABP4/aP2 is among the key carrier proteins in fat accumulation, and HA-20 inhibits
adipogenesis in a manner involving the PPARγ-FABP4/aP2 pathway [111].

3.4.7. Astragaloside IV

Astragaloside IV, among the major compounds from the extract of Astragalus mem-
branaceus, is a cycloartane-type triterpene glycoside chemical, which has a series of pharma-
cological effects including anti-inflammatory and anti-oxidant activity and the regulation of
energy metabolism [112]. AS-IV attenuates free fatty acid (FFA)-induced ER stress and lipid
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accumulation via the AMPK signaling pathway, which further supports its use as a promis-
ing therapeutic for the treatment of NAFLD [113]. Insulin resistance participates in liver fat
accumulation, hepatocyte steatosis, and steatohepatitis, and is the central link between the
occurrence and development of NAFLD. AS-IV inhibits PTP1B and effectively improves
insulin resistance, and also has an effect on the prevention and treatment of NAFLD [114].

3.4.8. Mogroside V

Mogroside, the main sweet component of Siraitia grosvenorii (Swingle) C. Jeffrey ex A.
M. Lu and Zhi Y. Zhang, is a triterpene glucoside, and more than 20 triterpene saponins
have been isolated and identified. It has the functions of lowering blood glucose, lowering
blood lipids, and scavenging free radicals, alongside anti-inflammatory and anti-oxidant
effects [115]. Mogrosides protect against the development of NAFLD, and the mechanisms
of action underlying this inhibitory effect may be associated with the promotion of AMPK
phosphorylation and the enhancement of anti-oxidative defenses through the upregulation
of p62 expression [116]. Mogroside V is the representative active ingredient in mogroside,
and it has been confirmed to play an important role in NAFLD after in-depth study.
Mogroside V exerts a pronounced effect, improving hepatic steatosis and alleviating lipid
accumulation through the regulation of the disequilibrium of lipid metabolism in the liver
via an AMPK-dependent pathway [117].

3.4.9. Asiatic Acid

Asiatic acid, an active substance of Centella asiatica (L.) Urb., belongs to the cate-
gory of triterpenoids. It possesses a wide spectrum of biological activities, notably anti-
inflammatory, anti-diabetic, anti-oxidant, hepatoprotective, and anti-viral effects (specif-
ically, hepatitis C virus) [118]. The overexpression of NF-KB plays an important role in
the occurrence and development of liver inflammation, hepatocyte apoptosis, and hepatic
fibrosis. Asiatic acid can relieve oxidative stress and inflammation by inhibiting the NF-
kB signaling pathway, effectively alleviating hepatic steatosis, hepatocyte apoptosis, and
hepatocyte injury [119].

3.4.10. Corosolic Acid

Corosolic acid is a natural pentacyclic triterpenoid, mainly derived from plants such
as Eriobotrya japonica (Thunb.) Lindl., Eriobotrya japonica (Thunb.) Lindl., Actinidia chi-
nensis Planch., and Lagerstroemia speciosa (L.) Pers. It exerts anti-diabetic, anti-obesity, anti-
inflammatory, anti-hyperlipidemic, and anti-viral effects [120]. Among the many cytokines,
TGF-β1 plays the most important role in liver fibrosis. The Smad protein family is involved in
TGF-β signa‘ling, of which Smad2 is a member of the receptor-activated Smad class. Corosolic
acid prevents non-alcoholic liver injury and fibrosis in the progression of NASH through
regulating the TGF-β1/Smad2, NF-κB, and AMPK signaling pathways [121].

3.4.11. Arjunolic Acid

Arjunolic acid is a pentacyclic triterpenoid found in Cymbidium goeringii (Rchb. f.)
Rchb. f. and Chrysanthemum morifolium (Ramat.) Hemsl. The multifunctional therapeutic
application of arjunolic acid has already been documented in terms of its various biolog-
ical functions, including anti-oxidant, anticholinesterase, anti-tumor, and anti-asthmatic
effects [122]. Arjunolic acid could ameliorate lipid accumulation, inhibit steatosis, and
reduce blood fat. The upregulation of PPARγ expression may be an important molecular
mechanism of action [123].

3.4.12. Ganoderic Acid A

Ganoderic acid A is a triterpenoid compound, extracted from Ganoderma lucidum
(Curtis) P. Karst. Ganoderic acid A shows a variety of pharmacological activities, such as
reducing blood lipid levels, lowering blood pressure, protecting the liver, and regulating
liver function [124]. Ganoderic acid A could improve NAFLD by regulating the levels of
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signaling events involved in free fatty acid production, lipid oxidation, and liver inflamma-
tion. Previous research confirms that the alteration of the expression of signaling events in
the AMPK-mediated pathway is its key mechanism [125].

3.4.13. Ilexgenin A

Ilexgenin A, a pentacyclic triterpenoid, is among the main bioactive compounds in
Quercus aliena Blume and Ilex brachyphylla (Hand.-Mazz.) S. Y. Hu. Ilexgenin A showed
beneficial effects on rats with NAFLD by lowering their liver weight, regulating lipid
metabolism, and ameliorating steatosis in the liver. In addition, Ilexgenin A synergistic
effect on other drugs in NAFLD has been further explored. Ilexgenin A enhances the effects
of simvastatin and combinations of drugs on NAFLD without changes in the pharmacoki-
netics of simvastin [126].

3.4.14. Rotundic Acid

Rotundic acid is a natural pentacyclic triterpene compound in Ilex rotunda Thunb. with
many pharmacological activities. As a single pure compound, rotundic acid’s therapeutic
effect and mechanism have been reported in relation to liver diseases such as hepatocel-
lular carcinoma [127]. The value of rotundic acid in NASH treatment is gradually being
recognized. The sterol regulatory element binding proteins-1c (SREBP-1c) and sterol-coA
desaturase-1 (SCD-1) play an important role in the process of fatty acid anabolism. Ro-
tundic acid could attenuate the symptoms of NASH, and the mechanism of action was
through downregulating the expression of the SREBP-1c/SCD1 signaling pathway [128].

3.4.15. Saikosaponin D

Saikosaponin D, the epoxy ether-type pentacyclic triterpenoid compound extracted
from Radix bupleuri, exerts various pharmacological properties, with its anti-inflammatory
activity being among the key benefits [129]. Saikosaponin D has a hepatoprotective effect in
NAFLD via its anti-inflammatory action and ability to act as an anti-oxidant [130]. However,
the specific mechanism of saikosaponin D is still unclear and needs to be further studied.

3.5. Tetraterpenoids

Tetraterpenoids are composed of eight isoprene units and C40 polyene. All carotenoids are
derivatives of tetraterpenes, and are thus produced from eight isoprene molecules (four terpene
units) [131]. In total, our study identified six tetraterpenoids capable of treating NAFLD.

3.5.1. Lycopene

Lycopene belongs to the tetraterpene carotenoid family and is found in red fruits and
vegetables, such as Solanum lycopersicum L., Citrullus lanatus (Thunb.) Matsum. and Nakai,
Citrus aurantium (Lour.) Engl., and Daucus carota var. sativa Hoffm. Eleven conjugated
double bonds predetermine the anti-oxidant properties of lycopene and its ability to
scavenge lipid peroxyl radicals, reactive oxygen species, and nitric oxide [132]. Lycopene
has numerous biological activities, such as anti-cancer, anti-oxidant, cardioprotective, anti-
inflammatory, anti-platelet aggregative, and anti-hypertensive action [133]. Carotenoid
metabolism in animals is mainly dependent on two enzymes—BCMO1 and β-carotene-
9′,10′-dioxygenase (BCO2)—and lycopene is the same. Lycopene feeding has widespread
effects on hepatic metabolism, stress, nuclear receptors, and nuclear coregulator gene
expression, of which some are substantially dependent upon the BCO2 genotype. A total
of 19 genes were affected by lycopene feeding [134]. NAFLD is strongly associated with
mesenteric adipose tissue (MAT), and represents an immune dialogue between the gut
and liver. The study of the enterohepatic immune axis provides evidence that MAT
inflammation contributes to the pathology of NAFLD. The lycopene-mediated ability
to prevent hepatic steatosis was associated with modulations in MAT lipid metabolism.
Lycopene reduced steatosis by increasing MAT fatty acid utilization, and upregulating
PPARa-inducible genes may be among its functions [135].
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Lycopene prevents the progression of lipotoxicity-induced non-alcoholic steatohepati-
tis by decreasing oxidative stress in mice. The intrinsic mechanism of action is lycopene de-
creasing LPS-/IFN-γ-/TNFα-induced M1 marker mRNA levels in peritoneal macrophages,
as well as the TGF-β1-induced expression of fibrogenic genes in a stellate cell line [136].
The hepatoprotective and anti-oxidant effects of lycopene on NAFLD, downregulating the
expression of TNF-α and CYP2E1, may be among the mechanisms of action [137]. Lycopene
reduced hepatic steatosis in mice fed a high-fat diet by upregulating miR-21, identifying
FABP7 as a novel target of miR-21 [138]. In addition, lycopene can reduce multiple risk
factors of non-alcoholic fatty liver disease. Studies have confirmed that lycopene can
reduce the damage to the liver caused by obesity [139], smoking [140], hypertension [141],
diabetes [142], hyperlipidemia [143], and other risk factors, which is conducive to curbing
the occurrence and development of NAFLD. Of course, many diseases could benefit from
the effects described above.

The synergistic effect of lycopene in combination with other drugs is a new devel-
opment for lycopene. Luteolin and lycopene in combination can effectively ameliorate
NAFLD in a “two-hit” manner through the activation of the Sirt1/AMPK pathway. The
luteolin (20 µM) + lycopene (10 µM) therapeutic combination was found to be the best, and
significantly improved cell viability and lipid accumulation in PA-induced HepG2 cells
and primary hepatocytes [144].

3.5.2. Astaxanthin

Astaxanthin is a kind of ketone carotenoid belonging to the tetraterpenoids [145]. As-
taxanthin is widely found in nature (especially in shrimp, fish, crab, algae, etc.), and shows
a wide range of pharmacological activities, include anti-oxidant, anti-inflammatory, anti-
lipid peroxidation, and immune enhancement effects. Studies have shown that astaxanthin
has important preventive and therapeutic effects on liver fibrosis, non-alcoholic fatty liver,
liver cancer, and drug- and ischemia-induced liver injury, and has potential as a therapeutic
agent in both healthy and diseased livers [146]. One animal study found that the expres-
sion of 8848 genes was associated with NASH in mice. Among these genes, 1137 were
significantly up- or downregulated by astaxanthin [147]. Previous research suggests that
astaxanthin might be a novel and promising treatment for NAFLD, and can effectively
prevent and treat the disease at multiple stages. The increased hepatic expression of endoge-
nous anti-oxidant genes is an effective way for astaxanthin to intervene in NAFLD. In an
astaxanthin-supplemented liver, NRF-2 mRNA expression doubled, and the expression of
its target endogenous anti-oxidant genes increased [148]. Fibrosis results from the dysregu-
lation of fibrogenesis in hepatic stellate cells (HSCs). Astaxanthin prevents TGFβ1-induced
pro-fibrogenic gene expression by inhibiting Smad3 activation in hepatic stellate cells [149].
Vitamin E has become a standard treatment for NASH. Astaxanthin displays multiple
functions in the inhibition of NASH progression via modulating intrahepatic immunity
comparison with vitamin E [150]. Liver macrophages play a central role in inflammatory
cell infiltration and immune response in NASH. The beneficial effects of astaxanthin were
attributable in part to both the decreased hepatic recruitment of T cells and macrophages,
as well as an M2-dominant polarization of macrophages/Kupffer cells to attenuate hepatic
inflammation and fibrosis [151]. Mitochondria regulate hepatic lipid metabolism, cell
death, and oxidative stress. Astaxanthin attenuated hepatocyte damage and mitochondrial
dysfunction in NAFLD by upregulating the FGF21/PGC-1α pathway [152].

3.5.3. β-Cryptoxanthin

β-Cryptoxanthin, a xanthophyll carotenoid, has been isolated from a variety of
sources, including orange, papaya, egg yolk, butter, and apples. β-cryptoxanthin has
been shown to contribute to the improvement of NAFLD through a multifaceted approach,
including improved insulin resistance, the suppression of inflammation and oxidative
stress, a reduction in macrophages and a shift of their subsets, and the control of lipid
metabolism by PPAR family activation [153]. A study recruited 92 NAFLD outpatients for a
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12-week, single-center, parallel-group, double-blind RCT, and confirmed that a hypocaloric
high-protein diet supplemented with β-cryptoxanthin safely and efficaciously improves
NAFLD [154]. This clinical study also revealed that an energy-restricted HPD supple-
mented with BCX more efficaciously alleviates oxidative stress and inflammation in NAFLD
as compared with a standard energy-restricted diet [155]. β-Carotene oxygenases 1 and
2 (BCO1 and BCO2) are the enzymes that metabolize carotenoids. β-cryptoxanthin feed-
ing mitigates high-refined-carbohydrate diet (HRCD)-induced NAFLD in both wild-type
(WT) and BCO1−/−/BCO2−/− double-knockout (DKO) mice through different mecha-
nisms in the liver–mesenteric adipose tissues axis, depending on the presence or absence
of BCO1/BCO2 [156]. The consumption of β-cryptoxanthin possibly prevents NASH,
which contributes to the anti-oxidative stress, anti-inflammation, immunoregulatory, and
fibrosis-suppressing effects of β-cryptoxanthin [157]. The expression of lipopolysaccharide-
inducible and/or TNF-α-inducible genes was suppressed by cryptoxanthin, probably via
the inhibition of macrophage activation. NAFLD can be defined as lipotoxic liver injury
and progression to NASH. β-cryptoxanthin prevents and reverses insulin resistance and
steatohepatitis, at least in part, through an M2-dominant shift in macrophages/Kupffer
cells in a lipotoxic model of NASH [158].

3.5.4. β-Carotene

β-carotene is a common carotenoid that is important for human health. Major sources
of β-carotene in the human diet are primarily green leafy vegetables, carrots, apricots, sweet
potatoes, red palm oil, mature squashes, pumpkins, and mangoes [159]. β-carotene might
be a promising preventive and protective nutrient for fatty liver disease, and has been
reported to alleviate hepatic steatosis (SS), inflammation, and fibrosis in in vivo and in vitro
studies [160]. In the dietary carotenoids and NAFLD among US Adults across 2003–2014
study, it was confirmed that higher intake and serum levels of most carotenoids were
associated with lower odds of having NAFLD [161]. A community-based cross-sectional
study involving total of 2935 participants aged 40–75 years found that higher levels of α-
carotene, β-carotene, lutein + zeaxanthin, and total carotenoids were significantly associated
with a decrease in the degree of NAFLD [162]. β-carotene is beneficial for the treatment and
prevention of NAFLD, and can enhance the therapeutic effect of other drugs on NAFLD. The
combination of rosuvastatin with β-carotene is more effective than rosuvastatin alone [163].
α-carotene was recognized as having therapeutic value for NAFLD, but α-carotene has
consistently been included in broader carotenoid studies, with a lack of more specific work.

3.5.5. Lutein

Lutein and its isomers, zeaxanthin and meso-zeaxanthin, are xanthophyll carotenoids
found commonly in green leafy vegetables, avocados, and eggs, which play significant roles
in human health [164]. Lutein is involved in the treatment of NAFLD by regulating the
expression of the key factors related to insulin signaling and lipid metabolism in the liver.
Lutein supplementation could ameliorate hepatic lipid accumulation and insulin resistance
induced by a HFD, possibly via the activation of the expression of SIRT1/PPAR-α and
other key factors in insulin signaling pathways [165].

3.5.6. Cycloastragenol

Cycloastragenol, a tetracyclic triterpenoid compound, is a secondary metabolite iso-
lated from Astragalus membranaceus var. mongholicus (Bunge) P. K. Hsiao, and has a wide
spectrum of pharmacological functions, which are attracting attention in the research com-
munity. It has been shown to have anti-aging, anti-oxidation, anti-inflammation, anti-cancer,
and cardiovascular-protective effects [166]. Nuclear receptor FXR, although known as a
bile acid receptor, is also related to liver lipid metabolism and glucose metabolism. Cycloas-
tragenol alleviates hepatic steatosis, reduces lipid accumulation, and lowers blood glucose
in NAFLD via the stimulation and enhancement of the FXR signaling pathway [167].
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4. Conclusions

The data reported in this review highlight that, despite the very large number of studies
investigating the health effects of terpenoids in humans, triterpenoids have been the main
focus, with 20 triterpenoids proving effective in the treatment of NAFLD. Different classes
of terpenoids have been shown to be present in different amounts in NAFLD treatment, and
can be ranked as follows: triterpenoids > monoterpenoids > tetraterpenoids > diterpenoids
> sesquiterpenoids. This is because compared with other terpenoids, triterpenoids are more
diverse, widely distributed, and abundant. In particular in the 21st century, the diversity
and importance of the biological activities of triterpenes have attracted much attention and
have become a popular area of natural medicinal chemistry research. In addition, their
effects may be related to the unique side chains of these triterpenes, which may facilitate
the formation of links with the target proteins and thus exhibit better activity. It is necessary
to conduct some research on molecular docking technology to further evaluate the affinity
of ligand binding to the target protein receptor, so as to better explain the systematic
structure–activity relationship.

The pathogenesis of NAFLD is complex and implicates a cross talk between various
metabolically active sites. Experimental models play a crucial role in elucidating the patho-
physiology of diseases and the pharmacological effects of the drug. In this review, animal
models and cell models are the main methods of study. In order to study the pathogenesis
of non-alcoholic fatty liver disease and the effect of drug treatment, transgenic animals,
chemical-induced animals, and three high-fat-diet-induced experimental animal models
are often used as research models for NAFLD. The animal model of fatty liver induced
by a high-fat diet has similar pathological characteristics to those in humans, with a high
success rate and low mortality. The method is simple, easy to repeat, and has become the
main choice for drug research. Mice and rats have been used most frequently in NAFLD
modeling and therefore constitute the main focus of animal model research. Although it
is easy to establish NAFLD models in rats and mice, long-term drug observation cannot
be achieved, which has also led to the lack of studies on the development of NALFD to
end-stage cirrhosis. The cell lines used to establish cell models include primary hepatocytes
from animals and humans, immortalized cell lines, and hepatoid cells derived from induced
pluripotent stem cells. HepG2 is a popular hepatic cell line, used in a wide range of studies.
As a class of nontumorigenic cells, with high proliferation rates and an epithelial-like mor-
phology, it performs many differentiated hepatic functions. The HepG2 cell manufacturing
model induced by palmitate and oleic acid is a common choice of NAFLD cell model. The
induced pluripotent hepatocyte technology still has some problems, such as the low success
rate of inducing cell transformation and easy genetic mutation in the process of induction,
which limit its wide application. This review found that animal and cell experiments are
often used to study the effects of terpenoids on NAFLD, and their complementarity can
better reveal the mechanism of action and efficacy characteristics of terpenoids.

The different doses and methods of administration in these studies are an issue worth
exploring. In animal studies, there are generally two ways to administer a drug: one is
to administer a certain amount of the drug, and the other is to add it to the food in a
certain percentage. Of the 76 animal modeling studies, 15 were conducted with a diet
supplemented with terpenoids. Most of them use the method of administration according
to a certain dose, which is more convenient for calculation and statistics, and can be easily
controlled. The dosage of terpenoids in these studies was different, with even the dosage
of one terpene compound being different in different experiments. In fact, different doses
of terpenoids play a different role in the effective treatment of NAFLD, but there is only
limited information on the effects of these different doses of terpenoids on hepatic cells.
Drug administration in cell experiments mainly takes two forms: one is the direct addition
into the medium, and the other is the pretreatment of the drug; the latter is less used. The
cells were usually treated with different doses of terpenoids for 24 h to discover their effects
on the cells. Unnecessarily high doses can increase the risk of complications and adverse
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effects associated with the drug. The current research is inadequate, so more studies are
required to define the best dose.

Based on the above reports, there is a high probability that multiple edible terpenoids
are potential candidates for managing NAFLD. Although the efficacy of terpenoids in
treating NAFLD has been demonstrated in both animal and cell studies, the efficacy of most
terpenoids has not been supported by clinical evidence. Some drugs have already been put
to use in clinical practice, but the small number of cases in which they have been applied to
date precludes an evaluation of their long-term durability. In China, oleanolic acid has been
used as an over-the-counter (OTC) hepatoprotective drug for decades [168]. As early as
1993, it was used in clinical controlled trials as a classic anti-hepatitis drug [169], but there
are not yet any clinical studies on NAFLD, although it is a drug with a long clinical history.
Dietary carotenoids are thought to provide health benefits in terms of decreasing the risk
of NAFLD and have been confirmed both in vitro and in vivo. Lycopene, astaxanthin, β-
cryptoxanthin, β-carotene, and lutein are popular research topics in the field of carotenoid
therapy for NAFLD. Clinical studies on these compounds are richer than those on other
terpenoids. This is because these terpenoids are more commonly found in the daily diet.
Ginkgo biloba extract is a popular topic in natural compound research and has a wide
clinical research base. The Ginkgo biloba special extract EGb 761® is currently listed in
local clinical guidelines in Germany, Switzerland, and some Asian countries, including
Indonesia, the Philippines, and China [170]. Although ginkgolides have been proven to
be effective for NAFLD, there is no clinical research support. Glycyrrhizic acid has been
developed in Japan and China as a hepatoprotective drug in cases of chronic hepatitis,
such as Stronger Neo-Minophagen C and compound clycyrrhizin tablets. Licorice and its
derivatives are recognized as safe by the US Food and Drug Administration (FDA). The
long medicinal history and rich clinical studies of glycyrrhizic acid provide possibilities
for its development and application in NAFLD. However, glycyrrhizic acid can cause a
metabolic syndrome presenting as pseudohyperaldosteronism, which limits its clinical
application [171]. There exists the idea that “The best way to discover a new drug is to start
with an old one”—these terpenoids seem to be able to achieve clinical breakthroughs more
quickly than other terpenoids.

NAFLD is not a single disease, but encompasses a range of liver diseases, from hepatic
steatosis to NASH, and can eventually lead to cirrhosis and even death. Lipid metabolism
disorder, insulin resistance, oxidative injury, inflammatory reaction, apoptosis, cytosis,
and autophagy interact with each other to form a complex regulatory network, resulting
in a series of pathological cascades of NAFLD. Terpenoids can protect the injured liver
tissue by inhibiting and regulating the above factors. NAFLD is the result of a serious
systemic disorder of lipid metabolism. Regulating lipid metabolism is a common effect of
all terpenoids included in this review, included the inhibition of hepatic lipid accumulation,
the regulation of steatosis, the inhibition of hepatic lipogenesis, and the promotion of fatty
acid oxidation. Inflammation is among the features necessary for a histologic diagnosis
of NASH, involved in the whole pathological process of NAFLD. A total of 28 terpenoids
have been shown to play an anti-inflammatory role in NAFLD, thereby inhibiting the
progression of the disease. The anti-inflammatory effects of these terpenoids also inhibit
programmed cell death, liver fibrosis, and liver tissue damage. The increased production
of ROS in the liver leads to lipid peroxidation/oxidative stress, which then leads to the
functional dysfunction of the liver cytoplasmic body, as well as apoptosis and deterioration.
A total of 19 terpenoids play a therapeutic role in NAFLD via their anti-oxidative stress
activity. Insulin resistance plays a key role in the pathological process of NAFLD, with
the prevalence of NAFLD being 5-fold higher in patients with diabetes compared to those
without [172]. Insulin resistance is involved in the metabolic basis of NAFLD. In this review,
13 terpenoids are reported to improve insulin resistance in the study of NAFLD. In fact,
a large number of terpenoids are reported to improve insulin resistance in the study of
diabetes, but they have not been mentioned in the study of NAFLD. Liver fibrosis is the
most important predictor of mortality in NAFLD. Untreated NASH may lead to liver
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fibrosis and eventually HCC. A total of 10 terpenoids have been proved to have anti-fibrotic
effects, which is of great significance for the long-term treatment of NAFLD. Pyroptosis, as
a novel form of pro-inflammatory programmed cell death, has become a popular research
topic in the life sciences. Pyroptosis is considered to play an important role in low-grade
chronic inflammation, which is thought to be the core of the pathological mechanism of
NAFLD [173]. Although the involvement of pyroptosis in NAFLD has been well established,
little has been written about the role of pyroptosis through this natural compound. Only
one terpenoid has been reported to cause pyroptosis in NAFLD. The maintenance of iron
distribution is crucial to the metabolic response of hepatocytes. The ectopic storage of iron
between hepatocytes and astrocytes is a key factor in the development of non-alcoholic
fatty liver disease [174]. However, only one terpenoid has been revealed to regulate iron
homeostasis and protect the liver. To accelerate the application of the latest pathological
mechanisms in the field of drug research, and provide new potential targets for the further
drug development of terpenoids, in the future, we need to enrich the research on the effects
of terpenoids on NAFLD, encouraging new ideas for drug use and disease treatment.

We found that the signaling pathways and targets of these terpenoids were consistent
to a certain extent. The evolution of AMPK and its homologs enabled excellent responsivity
and control of cellular energetic homeostasis [175]. The central role of AMPK in maintaining
cellular energy homeostasis has made it a promising target for drugs aimed at preventing
and/or treating NAFLD. The effects of 14 terpenoids on NAFLD through the AMPK
signaling pathway were reported in the literature. The peroxisome proliferator-activated
receptors (PPAR-α, PPAR-β/δ, and PPAR-γ) are members of the nuclear receptor super-
family and play crucial roles in lipid metabolism [41]. Eight terpenoids were confirmed to
exert an intervention effect through this receptor, and PPAR-α and PPAR-γ were the key
to this effect, of which PPAR-α was the most frequently mentioned. PPAR-α and PPAR-γ
are the master regulators of adipogenesis and adipose tissue development and both of
them have specific expression in the liver. The gene expression program induced by Nrf2
transcription factor plays a critical role in cell defense responses against a broad variety
of cellular stresses, including oxidative stress, metabolism, and inflammation [176]. Five
terpenoids exert anti-oxidative stress, anti-inflammatory, and liver-protective effects by
regulating Nrf2. In recent years, accumulating evidence has indicated that sirtuins play
important roles in regulating the metabolic processes related to fatty liver diseases [177]. SIRT
1 is the most extensively studied sirtuin and is involved in fatty liver diseases. Five terpenoids
regulate lipid metabolism, oxidative stress, and inflammation in the liver via SIRT 1.

The existence of these common pathways and targets provides a reference for the
further improvement of the study of terpenoids in the treatment of NAFLD and promotes
the study of the mechanism of action of these terpenoids.

Some terpenoids reviewed in this paper show potent activity in the treatment of
NAFLD. However, current studies are restricted to animal and cell experiments, with a lack
of clinical research and systematic SAR studies. Further clinical research and SAR studies
with terpenoids could provide more insight into the effectiveness of these complicated
pharmacological properties, enabling terpenoids to be used safely and efficiently.
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Abbreviations

non-alcoholic fatty liver disease NAFLD
non-alcoholic fatty liver NAFL
non-alcoholic steatohepatitis NASH
metabolic-associated fatty liver disease MAFLD
hepatic fibrosis HF
palmitate PA
methionine-choline deficient MCD
low-density lipoprotein receptor knockout LDLr−/−

lipopolysaccharide LPSO
non-esterified fatty acid NEFA
Yin Yang 1 YY1
fatty acid synthase FAS
endoplasmic reticulum ER
free fatty acids FFA
carbon tetrachloride CCl4
thioacetamide TAA
high-fat + high-carbohydrate diet HFHCD
uncoupling protein-2 UCP2
liver X receptors LXRs
anti-oxidant redux elements ARE
over the counter OTC
Food and Drug Administration FDA
high-refined carbohydrate diet HRCD
double knockout DKO
wild-type WT
β-carotene oxygenase 1 BCO1
β-carotene oxygenase 2 BCO2
sirtuin 1 SIRT 1
farnesoid X receptor FXR
liver X receptor LXR
sterol regulatory element binding proteins-1c SREBP-1c
steroyl-coA desaturase-1 SCD-1
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Abstract: A novel macrolactam named oxalactam A (1), three known dipeptides (2–4) as well
as other known alkaloids (5–7) were obtained from the endophytic fungus Penicillium oxalicum,
which was derived from the tuber of Icacina trichantha (Icacinaceae). All chemical structures were
established based on spectroscopic data, chemical methods, ECD calculations, and 13C-DP4+ analysis.
Among them, oxalactam A (1) is a 16-membered polyenic macrolactam bearing a new skeleton of
2,9-dimethyl-azacyclohexadecane core and exhibited potent anti-Rhizoctonia solani activity with a
MIC value of 10 µg/mL in vitro. The plausible biosynthetic pathway of 1 was also proposed via
the alanyl protecting mechanism. Notably, three dipeptides (2–4) were first identified from the
endophytic fungus P. oxalicum and the NMR data of cyclo(L-Trp-L-Glu) (2) was reported for the first
time. In addition, the binding interactions between compound 1 and the sterol 14α-demethylase
enzyme (CYP51) were studied by molecular docking and dynamics technologies, and the results
revealed that the 16-membered polyenic macrolactam could be a promising CYP51 inhibitor to
develop as a new anti-Rhizoctonia solani fungicide.

Keywords: oxalactam A; macrolactam; anti-Rhizoctonia solani; Penicillium oxalicum; molecular docking;
molecular dynamics

1. Introduction

Rice sheath blight (RSB), also called “snakeskin disease”, “mosaic footstalk”, and
“rotten footstalk”, is one of the most devastating rice diseases caused by the necrotrophic
pathogen Rhizoctonia solani [1,2]. The RSB incidence has witnessed a sharp increase ow-
ing to the unrestricted nitrogen fertilizers and semi-dwarf high-yield cultivars in recent
decades [3]. In China, RSB was already the second most serious disease in rice, which could
lead to a yield loss of 10~30% with 15~20 million hm2 every year [4,5], even up to 50% in
the Yangtze river valley in epidemic years [6,7]. Currently, chemical fungicides are major
approaches to preventing RSB and related diseases with increased human health risks,
environmental pollution, and resistant phytopathogens [8]. Therefore, natural anti-R. solani
agents, such as strobilurins or QoI from Strobilurus tenacellus (wild mushroom) [8], have
engaged worldwide attention owing to their environmental friendliness, high selectivity,
and new mechanism of action.

Recently, macrolactam scaffolds are usually regarded as precursor components with high
efficacy including antibiotics, antifungals, anticancer as well as immunosuppressants [9].
A typical macrocyclic glycopeptide antibiotic, vancomycin, has been applied to treat
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Gram-positive bacterial infections including methicillin-resistant Staphylococcus aureus
and penicillin-resistant Streptococcus pneumonia in the clinic for a long time [9]. Previous
investigations indicated that 59% of approved small molecules bearing a macrolactam core
are natural products or related derivatives [10]. Therefore, macrolactam components might
be a promising lead scaffold for pharmaceutical purposes [11]. However, there is no report
on their anti-R. solani activity in agricultural applications.

Icacina trichantha Oliv. (Icacinaceae), distributed in West and Central Africa [12], is an
excellent plant resource that has the concomitant function of both medicine and foodstuff to
relieve constipation, food poisoning, and malaria [13]. Due to the tropical rainforest climate
near the equator in Nigeria, I. trichantha might be a potential plant source to seek various
bioactive endophytes producing interesting secondary metabolites. Until now, no report on
the endophytic fungus derived from Icacina species and related bioactivity has been docu-
mented. Previously, our group found that Penicillium oxalicum from the tuber of I. trichantha
could significantly reduce the growth of R. solani strain with a 96.83% of inhibition rate
(Alternaria alternata, 83.33%; Fusarium solani, 50.67%; Colletotrichum gloeosporioides, 76.04%)
by the plate confrontation test (Figure S2, Table S1). Therefore, the further anti-R. solani
activity-guided fractionation resulted in the isolation of one novel macrolactam (1), three
dipeptides (2–4) as well as other alkaloids (5–7) (Figure 1). Notably, oxalactam A (1) repre-
sents the first example of a 16-membered polyenic macrolactam bearing a 2,9-dimethyl-
azacyclohexadecane core, and this is the first report of the NMR data for cyclo(L-Trp-L-Glu)
(2). Additionally, three dipeptides (2–4) were first identified from the endophytic fungus
P. oxalicum. Among them, oxalactam A (1) exhibited potent anti-R. solani activity with a
MIC value of 10 µg/mL by the mycelium growth rate method in vitro. Herein, the isolation,
structural elucidation, anti-R. solani activity, molecular docking, and molecular dynamics
simulation of these isolates were elaborated.

Figure 1. Chemical structures of compounds 1–7.

2. Results and Discussion
2.1. Isolation and Structural Identification

Oxalactam A (1), [α]20
D + 2.00 (c 0.1, MeOH), was isolated as a white amorphous

powder. Its molecular formula could be verified as C23H37NO9 in line with the HR-ESI-MS
at m/z 518.2943 [M + CH3CH2OH + H]+ (calcd for C25H44NO10, 518.2965) and its 13C NMR
data, indicating six degrees of unsaturation. The presence of double bonds in 1 could be
assigned based on a maximum absorption at 207 nm in the UV spectrum. The 1H NMR
spectrum (Table 1) showed resonances attributed to five olefinic protons at δH (5.84, 5.72,
5.49, 5.45, 5.15), two oxygenated methines at δH (4.44, 4.14), and one glucopyranosyl group
in 1. Additionally, the combination of 13C NMR, DEPT135, and HSQC data suggested the
presence of a methyl at δC 16.3, a carbonyl at δC 175.6, three double bonds at δC (136.9,
134.8, 134.7, 131.2, 129.2, 125.0), and a glucopyranosyl segment at δC (104.9, 78.1, 78.0, 75.1,
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71.7, 62.8) in 1. Three double bonds, a carbonyl, and a glucopyranosyl account for five
degrees of unsaturation, the remaining one demonstrated the presence of a monocycle
system in the aglycone of 1.

Table 1. NMR Spectroscopic Data (500 MHz, CD3OD) for Oxalactam A (1).

Oxalactam A (1)

Position δH (J in Hz) δC, Type

2 175.6, C
3 4.44 (d, J = 6.0 Hz) 74.2, CH
4 5.49 (dd, J = 16.0, 6.0 Hz) 129.2, CH
5 5.84 (dt, J = 16.0, 6.0 Hz) 134.8, CH
6 2.04, m 33.6, CH2
7 1.40, m 29.3, CH2
8 1.98 (t, J = 7.5 Hz) 41.0, CH2
9 136.9, C
10 5.15 (t, J = 6.5 Hz) 125.0, CH
11 2.06, m 28.8, CH2
12 2.04, m 33.9, CH2
13 5.72 (dt, J = 15.1, 6.1 Hz) 134.7, CH
14 5.45 (dd, J = 15.1, 5.4 Hz) 131.2, CH
15 4.14 (dd, J = 10.1, 5.4 Hz) 73.0, CH
16 3.97, m 54.7, CH

17a 3.71 (dd, J = 10.3, 3.4 Hz); 69.8, CH2
17b 4.13, overlap
18 1.60, s 16.3, CH3
1′ 4.27 (d, J = 7.8 Hz) 104.9, CH
2′ 3.19, m 75.1, CH
3′ 3.28, m 78.1, CH
4′ 3.27, m 71.7, CH
5′ 3.36, m 78.0, CH
6a’ 3.86, (d, J = 11.7 Hz) 62.8, CH2
6b’ 3.66, (dd, J = 11.7, 4.3 Hz)

The 1H−1H COSY and HSQC data (Figure 2) suggested the presence of three spin sys-
tems in 1, (a) H-3/H-4/H-5/H2-6/H2-7/H2-8, (b) H-10/H2-11/H2-12/H-13/H-14/H-15/
H-16/H2-17, and (c) H-1′/H-2′/H-3′/H-4′/H-5′/H2-6′. Additionally, HMBC correlations
(Figure 2) from one methyl singlet H3-18 to C-8/C-9/C-10 suggested the direct connections
of C-8, C-10, and C-18 toward C-9. The connection between C-2 and C-3 was verified by
the key HMBC correlation from H-3 to C-2. The HMBC correlation from the H-1′ to C-17
established the connections of one glucopyranosyl group to the oxygenated primary carbon
C-17. Furthermore, H-16 (δH 3.97)/C-16 (δC 54.7) were different compared to a typical
oxygenated secondary carbon, thus, a nitrogen bridge exists between C-2 and C-16 accord-
ing to the molecular formula and resulting degrees of saturation of 1. Notably, all three
trans double bonds ∆4,5, ∆13,14, and ∆9,10 could be established by the coupling constants of
JH-4/H-5 = 16.0 Hz, JH-13/H-14 = 15.1 Hz, and the key NOESY correlation between H-8 and
H-10. Consequently, the planar structure of oxalactam A (1) was constructed as (4E,9E,13E)-3,15-
dihydroxy-16-(glucopyranosyl-O-methyl)-9-methyl-azacyclo-hexadeca-4,9,13-trien-2-one.

However, due to the flexibility of the 16-membered ring, the relative configura-
tion of oxalactam A (1) could not only be constructed from the NOESY data and re-
quire a special assignment. The stereochemistry of C-3 and C-15 were confirmed ac-
cording to the DP4+ probability for theoretical 13C NMR shifts of four possible isomers
(3R*,15S*,16S*)–1, (3R*,15R*,16S*)–1, (3S*,15S*, 16S*)–1, and (3S*,15R*,16S*)–1. Finally,
(3R*,15S*,16S*) could be determined as the relative configuration of 1 with a 97.08% DP4+
probability (Figure 3) [14].
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Figure 2. Key 1H–1H COSY and HMBC correlations of 1.

Figure 3. Linear correlation plots of calculated-experimental 13C NMR chemical shift values for
(3R*,15S*,16S*)–1, (3S*,15S*,16S*)–1, (3S*,15R*,16S*)–1, and (3R*,15R*,16S*)–1.

To confirm the assigned structure of 1, (3R*,15S*,16S*)–1/(3R*,15R*,16S*)–1/(3S*,15S*,
16S*)–1/(3S*,15R*,16S*)–1 were further analyzed by the artificial neural networks (ANNs)
method [15]. The NMR data of four possible isomers were recalculated at the OPT/HF/
3-21G and GIAO/PCM/mPW1PW91/6-31G(d,p) levels in methanol, the ANNs calculation
results classified four possible isomers of 1 into category 1 (correct) based on the analysis of
18 parameters (Figures S3–S6), and the ratio of category 1 (correct) to category 2 (incorrect)
was calculated as 0.8573:0.1198 for (3R*,15S*,16S*)–1 [0.3963:0.5382 for (3R*,15R*,16S*)–1,
0.4834:0.4027 for (3S*,15S*,16S*)–1, and 0.6683:0.2713 for (3S*,15R*,16S*)–1], confirming the
relative configuration of 1 as (3R*,15S*,16S*)–1.

Oxalactam A (1) could be proposed as a 3-aminobutyrate unit in the starter position
based on the β-amino acid incorporation pathway in polyketide macrolactam biosynthe-
sis reported previously [16]. Therefore, the absolute configuration of C-16 in 1 could
be assigned as S. Moreover, the coupling constant of H-1′ (J = 7.8 Hz) assigned the
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β-glucopyranosyl linkage in 1, and the D-glucose was proved by the comparison of the
HPLC retention times of the monosaccharide derivative of hydrolysate of 1 (tR = 21.924 min)
with those of the standards D-glucose (tR = 22.179 min) and L-glucose (tR = 19.962 min)
(Figures S28–S30). Further, the absolute configuration of 1 was verified by the electronic
circular dichroism (ECD) method with time-dependent density functional theory [17]. The
positive Cotton effect (222.4 nm) of 1 was consistent with that (224.2 nm) in the theoretically
calculated ECD spectrum of (3R,15S,16S)–1 (Figure 4). Thus, compound 1 was constructed
as depicted and given a trivial name oxalactam A.

Figure 4. Experimental ECD for 1 and calculated ECD spectra for 1 and its enantiomer.

Oxalactam A (1) was the first example of a 16-membered polyenic macrolactam bearing
a 2,9-dimethyl-azacyclohexadecane scaffold, and its biosynthetic pathway was also similar
to those of vicenistatin from Streptomyces halstedii [18,19]. As shown in Figure 5, oxalactam
A (1) biosynthesis originated from L-glutamate, which could convert into 3-aminobutyrate
by VinH/VinI [20]. VinN, a adenylation enzyme, could recognize 3-aminobutyrate and
transfer it to 3-aminobutyrate-VinL, which was aminoacylated with L-alanine under the
catalysis of VinM to generate a dipeptidyl-VinL. The dipeptidyl group could be tied to
the ACP domain of the modular PKS VinP1 by VinK. Then, modular PKSs VinP1–P4
elongated the polyketide chain with a terminal alanyl group, which could be removed
by VinJ before intermediate IV generation by VinP4 thioesterase domain. Finally, the
hydroxylase and glycosyl-transferase could successfully catalyze IV to yield oxalactam
A (1). This alanyl protecting mechanism was also detected in the biosynthetic pathways of
some other antibiotics including butirosin [21,22] and desertomycin [23].

Besides, three known dipeptides (2–4) and other alkaloids (5–7) were identified as cyclo(L-
Trp-L-Glu) (2) [24], cyclo(L-Pro-L-Phe) (3) [25,26], cyclo(L-Pro-L-Tyr) (4) [27], penipanoid A (5) [28],
(Z)-N-(4-Hydroxystyryl)-carboxamide (6) [28], and (E)-N-(4-Hydroxystyryl)-carboxamide (7) [28],
by the specific rotation, HR-ESI-MS, and NMR data analyses, as well as the comparison
with the literature data. Significantly, three dipeptides (2–4) were first identified from the
fermentation liquid of P. oxalicum, and the NMR data of cyclo(L-Trp-L-Glu) (2) was reported
for the first time. These isolated alkaloids in our study enriched the chemical diversity of
secondary metabolites from Penicillium genus.
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Figure 5. Proposed biosynthesis pathway of 1.

2.2. Anti-Rhizoctonia solani Activity

The previous investigation indicated that P. oxalicum is a promising fungal agent
to prevent plenty of plant diseases [29], including Phytophthora root rot of azalea [30],
Pythium seed rot [31], and tomato Fusarium and Verticillium wilts [32]. These applications
have aroused our interest to search for active secondary metabolites from the endophytic
fungus P. oxalicum as anti-R. solani drugs to relieve rice sheath blight. Consequently, all
isolates 1–7 were evaluated for their anti-R. solani activity using the mycelium growth rate
method in vitro. Among these alkaloids, compound 1 was the most active component with
a 29.30% of inhibition rate at the concentration of 100 µM (MIC = 10 µg/mL), whereas
compounds 2–7 did not show potent anti-R. solani activity under the same condition (Table 2,
Figures S27 and S28). Up to now, this is the first 16-membered polyenic macrolactam with
anti-R. solani activity for agricultural tools.

Table 2. Anti-Rhizoctonia solani activity of compounds 1–7 in Vitro *.

No. Inhibition Rate (%) ** MIC (µg/mL) ED50 (µM)

1 29.30 ± 2.91 10 /
2 −7.82 ± 1.31 / /
3 2.13 ± 2.29 / /
4 0.83 ± 2.12 / /
5 −3.34 ± 2.12 / /
6 0.83 ± 2.12 / /
7 2.11 ± 2.94 / /

Carbendazim *** 82.39 ± 7.32 / /
Hexaconazole *** 70.55 ± 5.8 [33] / 2.44 [33]

* All measurements were carried out in triplicate. ** The test concentrations of compounds 1–7 and carbendazim
are all 100 µM and hexaconazole is 10 µM. *** Standard anti-Rhizoctonia solani positive control substance.
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2.3. Assessment of Binding Affinity of 1 and CYP51

The 14α-demethylase enzyme (CYP51, PDB ID: 3GW9) [34] is an essential compo-
nent of the fungal cell membrane, which played an important role in the fungal-specific
ergosterol biosynthesis pathway. Azole antifungals (hexaconazole for example) could
compete with the CYP51 substrate by binding to the heme iron in the active site in a
ligand–binding pocket, leading to ergosterol depletion, membrane fluidity reduction, and
lipid layer destruction [35]. To analyze the binding mode of compound 1 to CYP51 enzyme,
molecular docking and dynamics studies have been performed using Discovery Studio
2019. The result illustrated that 18-methyl of 1 showed favorable steric interactions with
LUE356, MET460, and VAL461 residues (Figure 6), and MET460 might cause a misfolded
fungus-specific loop that affects the binding efficiency of the cognate NADPH-cytochrome
P450 reductase [36]. Moreover, the 1,2,4-triazole and 1,3-dichlorobenzene moieties of hexa-
conazole were observed to generate interactions with the ALA291, CYS422, and ILE423
(Figure 7), and the ALA291 substitution is vital for the microbial resistance to triazole
drugs including voriconazole and fluconazole [37]. Notably, it showed that the higher
negative binding energy value of 1 (−202.0196 kcal/mol) compared to that of hexaconazole
(−105.4279 kcal/mol) indicated more favorable binding interactions between compound 1
and the CYP51 enzyme (Table 3) [33], which could explain the reason for the superiority of
compound 1 over hexaconazole.

Figure 6. 2D and 3D images of oxalactam A (1) with the target protein CYP51 (Pink dotted lines:
Pi-Alkyl interactions, light green dotted lines: Van Der Waals interactions, deep green dotted lines:
Conventional hydrogen bond).

Table 3. The interaction analysis of the molecular docking study on 14α-demethylase CYP51 with
oxalactam A (1) and hexaconazole.

Compound Binding Energy (kcal/mol) Interaction with Amino Acids

1 −202.0196 TYR103, THR295, LEU356,
GLY414, MET460, VAL461

Hexaconazole * −105.4279 ALA291, LEU356, LEU359,
CYS422, ILE423

* Standard anti-Rhizoctonia solani positive control substance.
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Figure 7. 2D and 3D images of hexaconazole with the target protein CYP51 (Orange dotted lines: Pi-
Anion interactions, pink dotted lines: Pi-Alkyl interactions, purple dotted lines: Pi-Sigma interactions).

The steric interactions between CYP51 enzyme and oxalactam A (1)/hexaconazole
were further estimated by molecular dynamics simulation according to RMSD (Root-mean-
square deviation), RMSF (Root-mean-square fluctuation), and the total energy (Figure 8).
Accordingly, RMSD values suggested that both complexes could reach an equilibrium
state at 0.6–0.9 nm of the vibration amplitude within 200 ps. Additionally, the active
and binding sites (THR295–LEU359/GLY414–VAL461) of CYP51–1 have a slightly higher
RMSF than those of the CYP51–hexaconazole, indicating the CYP51–hexaconazole complex
possesses better thermodynamic stability. Notably, the CYP51–1 complex showed lower
total energy values than that of CYP51–hexaconazole with 55 kcal/mol per picosecond,
which demonstrated that the binding affinity of CYP51–1 was much stronger than that
of CYP51–hexaconazole. These results indicated that compound 1 could directly bind
to the high-affinity catalytic areas of the CYP51 enzyme and yield stable enzyme–ligand
complexes in the saline condition.
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3. Materials and Methods
3.1. General Experimental Procedures

A UV-2600 spectrophotometer (Shimadzu, Kyoto, Japan) was applied to measure
the UV absorption spectra. An MCP 150 digital polarimeter (Anton Paar, Graz, Austria)
was utilized to gain the optical rotations. A J-810 spectrometer (JASCO, Kyoto, Japan)
could be exerted to acquire CD spectra in methanol at room temperature. The HR-ESI-MS
data could be collected by a Waters SYNAPT G2-Si Q-TOF mass spectrometer (Waters,
Milford, MA, USA). The NMR spectra were recorded on a Bruker AV-500 spectrometer
(Bruker, Karlsruhe, Germany). The semi-preparative RP-HPLC included a dual-wavelength
detector, a Shimadzu LC-20AR instrument, and an Ultimate XB-C18 column (10 × 250 mm,
5 µm, Welch).

50



Molecules 2022, 27, 8811

3.2. Strain Material

The test endophytic fungus was obtained from the fresh tubers of the West African
plant I. trichantha, the Orba village in Nsukka of the Enugu State, Nigeria, in June 2011. It
was identified as P. oxalicum based on its morphological characteristics and 16S rRNA
gene sequence by Shanghai Shenggong Bioengineering Co., Ltd. A voucher sample
(ZRZ20210301) was stored in the Key Laboratory of prescriptions of Nanjing University of
traditional Chinese medicine.

3.3. Fermentation and Isolation

The potato dextrose agar (PDA) was used to culture the P. oxalicum strain at room
temperature for 72 h. Next, the PDA was cut into small pieces and then inoculated
into a mass of sterilized Erlenmeyer flasks containing 10 g glucose, 4 g soluble starch,
2.5 g peptone, 1 g sodium chloride, 1 g calcium carbonate, 0.25 g magnesium sulfate, 1 g
yeast extract, 0.25 g dipotassium hydrogen phosphate, and 500 mL distilled water. All
flasks were incubated at room temperature for 72 h. The culture broths (82 L) and the
smashed mycelium were extracted by ethanol three times, then combined and concentrated
under reduced pressure to yield a crude extract, which was partitioned between ethyl
acetate and water to obtain the EtOAc-soluble extract (42.58 g). This part was loaded on a
200~300 mesh silica gel eluted with CH2Cl2–MeOH (100:0 to 0:100, v/v) to furnish eight
fractions (Fr.1~Fr.8).

Fr.6 (3.67 g) was separated by MPLC with an MCI column to yield seven subfractions
Fr.6-1~Fr.6-7 (MeOH–H2O, 10:90 to 100:0, v/v). Compound 2 (12.71 mg) was purified
from Fr.6-6 (80.60 mg) by a semi-preparative HPLC with an Ultimate XB-C18 column
(MeOH–H2O, 45:55, v/v, 3 mL/min). Fr.6-8 (1.47 g) was treated with excess sodium carbon-
ate, then loaded on a 200~300 mesh silica gel CC using CH2Cl2–MeOH (10:1, v/v) mixed
solvent to yield compound 1 (140.59 mg). Fr.3 (4.58 g) was isolated as nine sub-fractions
(Fr.3-1~Fr.3-9) by a Sephadex LH-20 column with pure methanol. A semi-preparative HPLC
(MeOH–H2O, 30:70, v/v, 3 mL/min) was applied to purify compound 3 (3.02 mg) from
Fr.3-3 (0.78 g). Compounds 6 (10.88 mg) and 7 (5.84 mg) were also purified from Fr.3-5
(0.39 g) by a semi-preparative HPLC (MeOH–H2O, 20:80, v/v, 3 mL/min). Fr.4 (11.18 g)
was acquired by MPLC with an MCI column (MeOH–H2O, 5:95 to 100:0, v/v) to afford
nine fractions Fr.4-1~Fr.4-9. Compounds 4 (101.00 mg) and 5 (3.50 mg) were finally purified
from Fr.4-7 (0.58 g, MeOH–H2O, 17:83, v/v, 3 mL/min) and Fr.4-9 (0.21 g, MeOH–H2O,
35:65, v/v, 3 mL/min) by a semi-preparative HPLC, respectively.

Oxalactam A (1): A white amorphous powder; [α]20
D +2.00 (c 0.1, MeOH); UV (MeOH)

λmax (log ε) 207 (3.24) nm; CD (MeOH): λmax (∆ε) 222.0 (+1.30) nm; 1H NMR (CD3OD,
500 MHz) data, see Table 1; 13C NMR (CD3OD, 125 MHz), see Table 1; HR-ESI-MS m/z
518.2943 [M + CH3CH2OH + H]+ (calcd for C25H44NO10, 518.2965).

3.4. Enzymatic Hydrolysis

Oxalactam A (1) (2 mg) and β-cellulase (0.5 mg) were dissolved in an aqueous solution
(2 mL) at 50 ◦C for 4 h. The reaction solution was extracted by EtOAc five times, 5 mL each.
The EtOAc extract liquor was combined and evaporated, and analyzed by the TLC and
HPLC methods. Finally, the aglycone of compound 1 was purified by a semipreparative
HPLC with an Ultimate XB-C18 column.

3.5. Sugar Identification

The Enzymatic Hydrolysis mixtures were analyzed using HPLC with an Ultimate
XB-C18 column (CH3CN/H2O/CH3COOH = 25:75:0.1, 0.8 mL/min). The sugar moiety of
D-glucose in 1 (tR = 21.924 min) was assigned by the comparison of the retention time of
the monosaccharide derivative with those of D-glucose (tR = 22.179 min) and L-glucose
(tR = 19.962 min) [38].
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3.6. ECD and NMR Calculation Methods

HyperChem 8.0 program was carried out to search for the most stable stereoisomers
of compound 1 with molecular mechanics MMFF94s. Gaussian 16 software was applied to
optimize geometries to screen minimum-energy conformers at the OPT/B3LYP/6-31+G(d)
(OPT/HF/3-21G for ANNs analysis) level. The optimized conformers were submitted
to the ECD calculation program with the TD/B3LYP/6-311+G(d) level in methanol. The
overall ECD curves were summed up by the Boltzmann distribution averaging of all
conformers with SpecDis 1.71 software [39]. Additionally, the 13C NMR shifts calculation of
all stable conformers of 1 was conducted with the GIAO/PCM/mPW1PW91/6-311G(d,p)
(GIAO/PCM/mPW1PW91/6-31G(d,p) for ANNs analysis) level in methanol. The DP4+
probability and linear regression were obtained by analyzing overall theoretical NMR data
to verify the relative configurations of C-3/C-15 in 1 [14].

3.7. The Plate Confrontation Test

The fungal blocks of Rhizoctonia solani, Alternaria alternata, Fusarium solani, and
Colletotrichum gloeosporioides (each diameter 5 mm) were, respectively inoculated in the cen-
ter of the PDA plate (each diameter 150 mm), and purified endophytic fungus P. oxalicum
was inoculated in the surroundings. All plates were incubated at room temperature for
72 h. Each treatment was repeated three times and the sterile water was used as a blank
control. The antagonistic effect was determined by the width of the inhibition belt when
colonies fully covered the whole Petri dish in blank control.

3.8. Anti-Rhizoctonia solani Assays In Vitro

The sensitivity of R. solani to compounds 1–7 from the endophytic fungus P. oxalicum
was measured by the mycelium growth rate method in vitro. This phytopathogenic fungus,
R. solani, was provided by Beijing Baioubowei Biotechnology Co., Ltd.

A mycelial plug (1 cm in diameter) was cut from the beforehand PDA medium fully
covered by R. solani colonies, which was placed with their mycelia-side down on the PDA
medium in the center of each plate containing 100 µM of pure compounds 1–7. The positive
control is hexaconazole (100 µM), a commercial fungicide. An equal concentration of DMSO
solution served as the solvent control. A thermostatic chamber was applied to inoculate
the treatment plates, and the average diameter of each R. solani colony was recorded
based on the previous literature [40]. The anti-R. solani activity was evaluated in terms of
the inhibition rate, which was performed in triplicate for each treatment. The inhibition
ratio could be acquired by the following formula: Inhibition (%) = (A − B)/A × 100% (A:
average diameter of the control group, B: average diameter of the treatment group) [41].

3.9. Molecular Docking Study

The molecular docking simulation [42] of compound 1 and hexaconazole to the sterol
14α-demethylase enzyme (CYP51, PDB ID: 3GW9) was performed by the CDOCKER proto-
col of Discovery Studio 2019 (BIOVIA, San Diego, CaA). The CYP51 X-ray crystal structure
was downloaded from RCSB Protein Data Bank (http://www.rcsb.org, accessed on 1 June
2022). All conformations of compound 1 were searched by ChemHyper 8.0 program with
the density functional method (6-31G*). The CYP51 protein was protonated and deleted
water at pH 7 using Prepare Protein tool under the CHARMm forcefield [43]. Additionally,
the implicit solvent model was selected as the Generalized Born with Molecular Volume
method. Additionally, the binding energy of CYP51–1/hexaconazole was calculated by the
Spherical Cutoff mode. All other parameters were set as default.

3.10. Molecular Dynamics Simulation

Molecular dynamics simulation [42] was also performed for CYP51–1/hexaconazole
based on molecular docking results using the Standard Dynamics Cascade protocol of
Discovery Studio 2019 (BIOVIA, San Diego, CA, USA). This software brings together over
30 years of peer-reviewed research and world-class in silico techniques such as molecular me-
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chanics, free energy calculations, and biotherapeutics developability and more into a common
environment, and it could be available at the website: https://www.3ds.com/products-
services/biovia/products/molecular-modeling-simulation/biovia-discovery-studio/ (ac-
cessed on 1 January 2022).

The CYP51–1/hexaconazole complex was in the aqueous environment with the Ex-
tended Simple Point Charge water model under the CHARMm force field [44]. The entire
system was equilibrated under NVT (isothermal-isochoric) and NPT (isothermal-isobaric)
ensembles to maintain the stabilized pressure [45]. All hydrogen bonds were constrained
during equilibration using LINC algorithms [46]. Besides, the Particle Mesh Ewald module
was applied for the long-range ionic interaction [47]. Finally, the entire trajectories were
saved for analysis at a frequency of 1 ps.

4. Conclusions

In summary, a novel macrolactam (1), three dipeptides (2–4) as well as other alkaloids
(5–7) were isolated from the fermentation liquid of P. oxalicum derived from the tuber of
I. trichantha. Among them, only oxalactam A (1) displayed anti-R. solani activity at 100 µM
with a 29.30% of inhibition rate in vitro (MIC = 10 µg/mL). Notably, the content of 1 is
more than 1.70 mg/L in the fermentation liquid of the endophytic fungus P. oxalicum.
These findings provided an alternative natural resource to obtain novel anti-R. solani
macrolactam leads.
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Abstract: The stem bark of Holoptelea integrifolia (Roxb.) Planch. has been applied for the treatment of
human cutaneous diseases as well as canine demodicosis in several countries. However, no detailed
mechanistic studies have been reported to support their use. In this study, thin-layer chromatography
and gas chromatography were used to screen phytochemicals from the fresh stem bark extract of
H. integrifolia. We found the two major bioactive compounds, friedelin and lupeol, and their activity
on wound healing was further investigated in keratinocytes. Both bioactive compounds significantly
reduced wound area and increased keratinocyte migration by increasing matrix metalloproteinases-9
production. Subsequently, we found that the mRNA gene expressions of cadherin 1 and desmoglobin
1 significantly decreased, whereas the gene expression involved in keratinocyte proliferation and
homeostasis (keratin-17) increased in compound-treated human immortalized keratinocytes cells.
The expression of inflammatory genes (cyclooxygenase-2 and inducible nitric oxide synthase) and
pro-inflammatory cytokine genes (tumor necrosis factor-alpha and interleukin-6) was reduced by
treatment with n-hexane extract of H. integrifolia and its bioactive compounds. Our results revealed
that H. integrifolia extract and its bioactive compounds, friedelin and lupeol, exhibit wound-healing
activity with anti-inflammatory properties, mediated by regulating the gene expression involved in
skin re-epithelialization.

Keywords: Holoptelea integrifolia; MMP-9; anti-inflammation; wound healing; friedelin

1. Introduction

Holoptelea integrifolia (Roxb.) Planch. is a medicinal plant that is traditionally used
for the treatment and prevention of several diseases. The bark and leaves of this plant
are the most investigated parts and have anti-inflammatory effects, and their extracts are
externally applied to treat several skin diseases, such as leprosy, leukoderma, and chronic
wounds [1,2]. The stem bark extract of this plant contains various phytochemicals, such as
terpenoids, friedelin, β-amyrin, betulin, betulinic acid, and lupeol [3].

Cutaneous wound healing is a complex biological process that can be classified
into three major phases: inflammation, proliferation, and maturation phase [4,5]. Re-
epithelialization during the proliferative phase is important for successful wound closure.
Matrix metalloproteinases (MMPs) play a crucial role in augmenting keratinocyte migration
by degrading extracellular matrix proteins secreted by keratinocytes in the neo-epidermis.
Among these, MMP-1 and MMP-9 have been reported to function as mediating enzymes
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for keratinocyte migration, and MMP-9 in particular promotes terminal cell differentia-
tion [6]. Moreover, inflammation can occur immediately after skin injury, leading to the
upregulation of several pro-inflammatory cytokines, including cyclooxygenase-2 (COX-2)
and inducible nitric oxide synthase (iNOS) that play a critical role in inflammation. These
enzymes are triggered to produce pro-inflammatory mediators, thereby enhancing the
expression of pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α)
and interleukin-6 (IL-6).

Various herbal drugs and formulations have been widely used in the treatment of
wounds for years as several natural products, such as alkaloids, tannins, flavonoids, and
terpenes promote the wound healing process. However, traditional herbal medicinal
products for wound healing require elucidation of their molecular mechanisms. This will
provide beneficial clues for accelerating wound healing and encourage fighting against
skin infection.

Several studies have reported the wound-healing activity of H. integrifolia. For example,
the wound-healing activity of H. integrifolia extracts was examined in excision wound model
in Wister rats, the external application of these extracts on the wound sites show more than
90% wound healing was recorded in treated groups by 14 days of post-surgery, whereas
only 62.99% was observed in the control group albino rats. In addition, in incision model,
the higher collagen re-deposition than the control group was presented in treated group.
Not only wound healing property, but also prevented microbes from invading the wound,
protecting it against microbial infections [7,8].

In this study, we extracted the fresh stem bark of H. integrifolia using various solvents
and investigated the bioactive components in these extracts for keratinocyte wound healing
and anti-inflammatory activity. This is the first study suggesting that H. integrifolia stem
bark extracts and their active compounds modulate the expression of re-epithelialization-
related genes and MMP-9, thereby enhancing wound-healing activity.

2. Results
2.1. Effects of H. Integrifolia n-Hexane Extract on Cell Viability in Human and
Canine Keratinocytes

According to the TLC result (Supplementary Figure S1), among those various solvent,
n-hexane extract provides highest content of phytochemical components after extraction.
Therefore, n-hexane extract was selected to use in this study. Human and canine ker-
atinocytes were treated with various concentrations of H. integrifolia n-hexane extract
(1–20 µg/mL), and cell viability was evaluated using the CellTiter 96® assay kit. After
24 h of treatment, the viability of human keratinocytes significantly decreased to 57.9%
and 31.4% at 10 µg/mL and 20 µg/mL, respectively (Figure 1A), while it decreased to
70.8% and 3.87%, respectively, after 48 h of treatment. Similarly, the cell viability of canine
keratinocytes significantly decreased to 27.0% and 18.1% at 10 and 20 µg/mL n-hexane
extracts, respectively, after 24 h of treatment (Figure 1B), whereas it was completely abol-
ished in both 10 and 20 µg/mL after 48 h of treatment. Subsequently, 1 µg/mL n-hexane
extract was selected, and the scratch wound healing assay was conducted using human
keratinocytes. Results showed that the wound area was marginally affected by the n-hexane
extract; however, no significant difference in the percentage of wound area between the
DMSO control and the n-hexane extract treatment was observed (Figure 1C).

2.2. Identification of Friedelin and Lupeol in n-Hexane Extract

H. integrifolia extract contains several phytochemicals, including friedelin and lupeol [3,9,10].
The n-hexane extract was analyzed using TLC, and the developed TLC indicated that
two triterpenoids, friedelin (Rf = 0.9625, 0.9125) and lupeol (Rf = 0.8625), were the major
components in the extract (Figure 2A). Subsequently, the chromatogram of GC-FID analysis
showed the following compounds: lupeol (RT 97) and friedelin (RT 104) (Figure 2B), which
had the standard specific peaks of each compound. Thus, friedelin and lupeol were the
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major phytochemical components found in the n-hexane extract of the fresh stem bark of
H. integrifolia.
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tions of H. integrifolia n-hexane extract. The percentage of cell viability is presented as the mean of 
cell viability with standard error of the mean (SEM) compared to the DMSO treatment. Statistical 
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Figure 1. Cell growth inhibition by H. integrifolia in human and canine keratinocytes. (A) Human
keratinocyte (HaCaT) cells and (B) canine keratinocyte (CPEK) cells treated with various concentra-
tions of H. integrifolia n-hexane extract. The percentage of cell viability is presented as the mean of
cell viability with standard error of the mean (SEM) compared to the DMSO treatment. Statistical
significance is indicated as *** p < 0.001, **** p < 0.0001, ns = not significant. (C) The effect of 1 µg/mL
of n-hexane extracts on wound healing using the scratch assay.

2.3. Effect of Friedelin and Lupeol on Cell Viability and Wound-Healing Activity in Keratinocytes

Human and canine keratinocytes were treated with various concentrations of friedelin
(0.01 to 4 µM) and lupeol (0.2 to 20 µM). The cell viability results showed that the percentage
of cell survival in 4 µM friedelin-treated HaCaT cells decreased to 57.7% and 65.3% at 24 and
48 h, respectively (Figure 3A, left); 20 µM lupeol-treated HaCaT cells viability decreased to
76.0% and 71.15% at 24 and 48 h, respectively. For the canine keratinocytes, 0.4 µM friedelin
reduced canine keratinocyte viability to 49.3% and 59.2% at 24 and 48 h, respectively
(Figure 3B, left). Lupeol at concentration 20 µM decreased canine keratinocytes cell viability
to 63.1% and 54.7%, respectively, while lupeol at concentration 2 µM decreased it to 82.1%
(Figure 3B, right). A scratch assay was conducted using friedelin and lupeol at non-toxic
doses. Results revealed that friedelin (0.04 µM) and lupeol (0.2 µM) reduced the percentage
of wound area by 78.84% (p < 0.01) and 11.17% (p < 0.001) at 48 h, respectively, compared
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to the DMSO treatment (Figure 3C). Thus, friedelin and lupeol treatment may facilitate
wound closure after 48 h of treatment.
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Figure 2. Chemical analysis of fresh stem bark n-hexane extract of H. integrifolia. (A) Thin-layer
chromatography (TLC) shows two triterpenoids, friedelin and lupeol, in fresh stem bark n-hexane
extraction of H. integrifolia. The upper panel indicates the TLC sheet before being sprayed with
anisaldehyde-sulfuric acid reagent, whereas the lower panel presents the TLC sheet after being
sprayed. (B) Gas chromatograph of friedelin and lupeol in the n-hexane crude extract of H. integrifolia.
The blue line represents a peak of the standard compound.

2.4. MMPs Expression by Friedelin

The MMPs are well-known proteins that play important roles in wound-healing
activity [11,12]. To investigate the effect of friedelin on proteins belonging to the MMP
family involved in keratinocyte re-epithelialization, a human MMP array was performed.
As shown in Figure 4A, friedelin treatment increased most MMPs and TIMPs, with the
highest increase in the density of MMP-9 protein (2.36-fold increase) compared with the
control (DMSO) treatment. The quantitative density of the protein was plotted as fold
change compared to that of the control treatment (Figure 4B). To confirm the antibody
array data, friedelin (0.04 µM) and lupeol (0.2 µM) were treated into HaCaT cells and
the conditioned medium was collected to determine the activity of MMP-9 using gelatin
zymography assay. TGF−β1 (0.5 µM) treatment was used as a positive control and the
DMSO treatment was used as a negative control. As shown in Figure 4C, the activity of
MMP-9 was significantly increased using lupeol (0.2 µM) treatment to 3.54-fold (p < 0.01)
after 24 h and 4.66-fold (p < 0.0001) after 48 h, respectively, in a dose-dependent manner,
when compared with the negative control. However, following friedelin treatment, a
significant increase in MMP-9 activity (3.1-fold) was observed only after 48 h of treatment.
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Figure 3. The cell viability of friedelin and lupeol on human and canine keratinocyte cells. Cell
viability of human keratinocyte cells (A) and canine keratinocyte cells (B) treated with various
concentrations of friedelin and lupeol. The percentage of cell viability was calculated as the percentage
of DMSO treatment. The mean of cell viability is plotted with mean ± SEM. Statistical analysis was
performed using one-way ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns = not
significant. (C) The effect of friedelin (0.04 µM) and lupeol (0.2 µM), on wound healing using scratch
assay at 0, 24, and 48 h. The adjacent graph represents the percentage of the wound area. Statistical
significance is indicated as ** p < 0.01, *** p < 0.001, ns = not significant compared to the control.

2.5. Effect of Friedelin/Lupeol on Gene Expression in Human Keratinocyte Re-Epithelialization

Desmosomes, adhesions, and structural components, cadherin 1 (CDH-1) and desmoglobin
1 (DSG-1), contribute to keratinocyte migration [13]. In addition, keratin-17 (KRT-17) has
been associated with wound-healing activity in keratinocyte proliferation [14,15]. HaCaT
cells were treated with 0.04 µM friedelin or 0.2 µM lupeol for 24 and 48 h, respectively,
and the RNA expression of CDH-1, DSG-1, and KRT-17 was evaluated to determine the
compound-altered gene expression. As shown in Figure 5, friedelin-treated cells signifi-
cantly decreased CDH-1 gene expression by 0.27-fold (p < 0.0001) and 0.56-fold (p < 0.001)
compared with the DMSO control at 24 and 48 h, respectively, whereas lupeol-treated cells
at 48 h showed a significant decrease in CDH-1 expression to 0.29-fold (p < 0.0001). DSG-1
gene expression significantly decreased after 48 h of treatment with friedelin, however, not
in lupeol-treated cells. The expression of KRT-17 was significantly increased by 2.75-fold
(p < 0.01) at 48 h after lupeol treatment, compared with the DMSO control.
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Figure 4. Antibody array analysis using friedelin-treated HaCaT cells. HaCaT cells were treated
with 0.04 µM friedelin for 24 h; the conditioned media were harvested; and the antibody array was
conducted using the human matrix-metalloproteinase (MMPs) family array. (A) The membrane
indicates the original membrane after hybridization with conditioned media from either control-
treated or friedelin-treated cell. (B) The graph represents the fold increase in MMPs during the MMP
array, which were calculated compared to the control-treated sample. (C) The effect of friedelin
and lupeol on MMP-9 activity was determined using gelatin zymography. The graph presents the
MMP-9 activity compared to the control treatment. Statistical analysis was performed using one-way
ANOVA, ** p < 0.01, **** p < 0.0001.

2.6. Effect of H. integrifolia n-Hexane Extract and Friedelin/Lupeol on Anti-Inflammatory Activity
in RAW 264.7 Cells

Wound-healing activity is associated with the production of inflammatory cytokines
and their clearance by macrophages [16]. To determine whether the extract and its bioactive
compounds exhibited anti-inflammatory activity, LPS-induced RAW macrophage cells were
used as a positive control. The n-hexane extracts (2.5 and 25 µg/mL) were used to treat the
LPS-induced RAW cells. qRT-PCR results indicated that expression of genes involved in
two inflammatory enzymes, COX-2 and iNOS, and two pro-inflammatory cytokines, TNF-α
and IL-6, were downregulated in extract-treated cells compared to the positive control
LPS-treated cells (Figure 6A). Similarly, 1 and 20 µM friedelin/lupeol treatment resulted
in reduced COX-2, iNOS, TNF-α, and IL-6 gene expression (Figure 6B). To confirm the
qRT-PCR data, the protein expression of the inflammatory enzymes, COX-2 and iNOS, was
evaluated using Western blotting. As shown in Figure 6C, friedelin and lupeol treatment
decreased LPS-induced COX-2 and iNOS expression in a dose-dependent manner.
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Figure 6. Effect of H. integrifolia n-hexane extract and its bioactive compounds, friedelin and lupeol,
on anti-inflammatory activity using RAW 264.7 macrophage cells stimulated by LPS. The H. integrifolia
n-hexane crude extracts (A) and its bioactive compounds friedelin and lupeol (B) were treated for
24 h. Anti-inflammatory gene expression, including COX-2, iNOS, TNF-α, and IL-6, was measured
using qRT-PCR. The expression was plotted as mean ± SEM. (C) Western blot analysis of the anti-
inflammatory effect on compound treated LPS induced RAW cells. After treatment with compounds
for 24 h, immunoblotting was conducted using COX-2, iNOS antibodies. The results demonstrate the
decrease in inflammatory marker proteins in dose-dependent manners. This blot is representative
of three independent experiments. Statistical significance is indicated as * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
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3. Discussion

The bark of H. integrifolia (Roxb.) Planch is used for the treatment of inflammatory dis-
eases and applied dermally on wound lesions by Indian tribes [1]. Triterpenes/triterpenoids
and sterols are the major bioactive compounds identified in this plant; however, many other
compounds may be biologically active. Although H. integrifolia (Roxb.) Planch has potential
for wound healing [7] and in vivo anti-inflammatory activity [17–19], the molecular mecha-
nisms by which it affects the wound healing process remain unclear. Therefore, in this study,
we demonstrated that increased MMP-9 activity, modulated gene expression involved in
re-epithelization, and anti-inflammatory activity are key players in the wound-healing
activity of H. integrifolia.

We identified friedelin and lupeol as the phytochemical components present in the
n-hexane extract. Friedelin (or friedelan-3-one) has also been identified in the non-polar
soluble fraction of H. integrifolia stem bark extract [1,9] and is a potent anti-inflammatory
compound [20,21]. Lupeol is commonly found in many plants, including H. integrifolia stem
bark extracts [3,22]. The biological activity of lupeol has anti-oxidizing, anti-cancerous,
anti-inflammatory, and wound healing properties [23,24]. Thus, friedelin and lupeol may
be promising compounds for wound-healing activity and elucidating their molecular
mechanism may contribute to the development of wound healing applications.

A critical process in wound healing is re-epithelialization, which shows evident ac-
tivity in the proliferative phase and is continuously active until the extracellular matrix
remodeling phase. Chronic non-healing wounds can develop because of unsuccessful
re-epithelialization. The scratch assay represents cell proliferation and migration [25], and
our results suggest that n-hexane extract (1 µg/mL) does not significantly reduce wound
scratches. However, friedelin and lupeol significantly reduced the in vitro wound scratches
(Figure 3). This could be explained by the fact that 1 µg/mL of the extracts used in our
study showed insufficient dose to exhibit wound-healing activity, whereas friedelin and
lupeol are required at nanomolar concentrations to exhibit wound-healing activity.

During the early progression of wound healing, MMPs production, secreted by ker-
atinocytes, is increased. MMPs initiate the degradation of the extracellular matrix to
allow keratinocyte migration. We evaluated the effects of the extract and its active com-
pounds on proteins in the MMP family using a human MMP array. Results revealed that
friedelin treatment caused the highest increase in MMP-9 compared to the control treatment
(Figure 4A,B). Several studies have indicated that MMP-1 and MMP-9 secreted from mi-
grating keratinocytes promote cell migration and re-epithelialization by degrading cell–cell
adhesion proteins [26]. Keratinocytes are the main constituents of the epidermis that re-form
the epidermal layer at the wound site and secrete MMP-9 during wound healing progres-
sion [5]. Gelatin zymography results demonstrated that MMP-9 activity was increased by
friedelin and lupeol treatment (Figure 4C), thereby enhancing re-epithelialization.

In addition, at the middle and later stages of wound repairing, keratinocytes detach
from each other to allow cell migration and re-form the epidermal layer at the wound
site. The expression of KRT-17 increases cell growth, resulting in cell hyperproliferation
during wound healing [27]. A previous study has suggested that KRT-17 contributes to
the restoration of epidermal permeability barrier in keratinocyte homeostasis [28]. Our
results demonstrated altered expression of KRT-17 with other genes (CDH1 and DSG-1)
in friedelin- and lupeol-induced keratinocytes, confirming the role of friedelin/lupeol in
re-epithelialization during the healing process.

Inflammation is a critical complication of tissue injury and wound lesions, which can
lead to serious conditions. Macrophages play crucial roles in inflammatory stimuli by
producing proinflammatory cytokines. Downregulated transcription of proinflammatory
genes results in a decrease in the inflammatory response [29]. Therefore, to investigate the
effects of H. integrifolia n-hexane extract and its bioactive compounds on inflammation, we
evaluated the inflammatory enzymes and cytokines. Our results revealed the beneficial
effects of n-hexane extract and a single compound in LPS-induced RAW cells by down-
regulating the expression of associated inflammatory genes. Our results are consistent
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with those of previous studies, indicating that lupeol downregulates the gene expression of
TNF-α and IL-6 [30,31]. In addition, 20 µM lupeol reduced the protein expression of COX-2
and iNOS, which induced an inflammatory state to increase prostaglandin production.

Similar to the observations of n-hexane extracts, the single bioactive compounds,
friedelin and lupeol, illustrated notable benefits for wound healing and anti-inflammatory
activity. A detailed study of the pharmacology and action mechanism of H. integrifolia may
help in understanding the relationship between its pharmacological effects and traditional
uses in the future.

In conclusion, our results demonstrated that the fresh stem bark extract of H. integrifolia
and its single bioactive compounds, friedelin and lupeol, exhibited wound-healing activity
via alteration of gene expression related to re-epithelialization, increased MMP-9 activity,
and enhanced anti-inflammatory activity.

4. Materials and Methods
4.1. Reagents and Cell Lines

Lupeol (#L5632) and friedelin (#92187) were purchased from Sigma-Aldrich (St. Louis,
MA, USA). Human immortalized keratinocyte (HaCaT) cells were purchased from Cell Line
Service (Eppelhein, Germany), and canine immortalized keratinocyte (CPEK) cells were
kindly provided by Dr. Cheol-Yong Hwang (College of Veterinary Medicine, Seoul National
University). The murine macrophage cell line, RAW 264.7, was purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). All cell lines were maintained in
Dulbecco’s modified Eagle medium (DMEM, Gibco, Grand Island, NY, USA) containing
10% fetal bovine serum (FBS), supplemented with 100 U/mL penicillin and 100 mg/mL
streptomycin (Gibco), at 37 ◦C in an incubator with a humidified atmosphere of 5% CO2.

4.2. Plant Preparation and Extraction

Fresh bark of H. integrifolia was collected from Soem Ngam, Lampang, in the northern
part of Thailand from March 2019 to August 2019. All specimens were identified by
Dr. Narin Printarakul, a taxonomist at the Department of Biology, Faculty of Science,
Chiang Mai University. Voucher specimen numbers HI001-003 were maintained at the
Chiang Mai University Herbarium. The plant samples were chopped and grounded into
small pieces and then separately macerated with various solvents, including n-hexane,
dichloromethane, ethanol, methanol, and deionized water in a ratio of 1:10 w/v on a shaker
at room temperature overnight. The macerated solution was filtered using Whatman
filter paper (Thermo Fisher Scientific, Waltham, MA, USA) before evaporation on a rotary
evaporator or water bath for water extraction. The crude extracts were then stored at 4 ◦C.

4.3. Thin-Layer Chromatography (TLC)

TLC was performed with fresh stem bark extracts of H. integrifolia and compared to
phytochemicals, such as terpenoids, flavonoids, and phenolic compounds; 1 mg/mL of
each extract was spotted on a TLC sheet (TLC silica gel 60F245, Merck KGaA, Darmstadt,
Germany) with toluene/ethyl acetate/ethanol (8:6:1, v/v). The TLC sheet was sprayed
with anisaldehyde-sulfuric acid reagent (0.5% p-anisaldehyde, 10% glacial acetic acid,
85% methanol, and 5% sulfuric acid). After air-drying, the sheet was heated at 100 ◦C for
5–10 min.

4.4. Gas Chromatography Analysis (GC-FID)

The n-hexane extract and standard compounds were analyzed using a gas chromato-
graph (Agilent 7890 B, Agilent Technologies, Santa Clara, CA, USA). The sample (1 µL)
was injected into the column and split at a ratio of 1:10 (v/v) at 250 ◦C. The injected vol-
ume was separated in HP-5 column (length 30 m, diameter 0.320 mm, and film thickness
0.25 µm) at 100 ◦C, then increased by 4 ◦C/min until 270 ◦C and held at 270 ◦C for 125 min.
The flame ionization detector was programmed to operate at 270 ◦C. The chromatogram
retention-time result of the plant extract and a single compound was compared.
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4.5. Cell Viability Assay

All cell lines were seeded at 5000 cells/well in a 96 well-plate. The cells were then
treated with various concentrations of plant extracts and single compounds for 24 h. The
cell viability assay was performed using the CellTiter 96® Aqueous One Solution Cell
Proliferation Assay kit (Promega, Madison, WI, USA). The optical density was measured
using a MultiskanTM FC microplate spectrophotometer (Thermo Fisher Scientific) at a
wavelength of 492 nm. Cell viability was then calculated and compared with that of the
control group.

4.6. Immunoblotting Analysis

The treated cells were washed twice with cold phosphate-buffered saline (PBS), and
proteins were extracted using RIPA cell lysis buffer (#R4100, GenDEPOT, TX, USA) with
proteinase inhibitor (#BPI001, Biomax, Seoul, Republic of Korea). The protein concentration
was measured using the PierceTM BCA protein assay kit (#23225, Thermo Fisher Scientific),
and 40 µg of each protein sample was heated at 98 ◦C for 5 min and then run through
8% SDS-PAGE gel. The protein samples were then transferred to a 0.22 µm PVDF membrane
(#GE10600021, GE Healthcare Life Sciences, Solingen, Germany) and blocked with 5% non-
fat milk in 0.1% TBS-T for 1 h. The blotted membrane was probed using specific antibodies
against COX-2 (#sc-166475, Santa Cruz Biotechnology, Dallas, TX, USA) and iNOS (#13120s,
Cell Signaling Technology, Danvers, MA, USA), 1:1000 dilution with 5% non-fat milk in
0.1% TBS-T at 4 ◦C overnight. This was followed by washing thrice with 0.1% TBS-T
solution for 10 min and probing with secondary antibodies (goat anti-rabbit IgG [H + L]
secondary antibody, HRP, #31460, 1:5000 dilution, Thermo Fisher Scientific) for 2 h at RT.
The blots were developed using Pierce™ ECL Western blotting Substrate (#32106, Thermo
Fisher Scientific), visualized using Alliance Q9 mini (Cambridge, UK), and quantified using
ImageJ software 1.52a (National Institutes of Health, Bethesda, MD, USA).

4.7. Scratch Assay

HaCaT cells were seeded in six-well plates and incubated until they reached confluence.
Scratches were developed using a sterile pipette tip, and the cells were washed twice
with PBS to remove loose cells and debris. The cells were treated with n-hexane extract
(1 µg/mL), friedelin (0.04 µM), and lupeol (0.2 µM). Wound area progression was observed
using a light microscope (Nikon Ti-U; Nikon Instruments, Tokyo, Japan). The wound area
was determined using the ImageJ software with the wound healing size tool plugin for
ImageJ/Fiji® [32].

4.8. Antibody Array

The RayBio ® C-Series Human MMP Antibody Array C1 was purchased from Ray-
Biotech (Peachtree Corners, GA, USA). HaCaT cells were seeded in six-well plates until
they reached 80% confluency. Cells were treated with 0.04 µM friedelin and 1% DMSO in
serum-free medium for 24 h. The conditioned medium was collected and centrifuged at
4500 rpm for 5 min to remove cell debris. The antibody array was prepared according to
the manufacturer’s instructions. The membranes were developed for chemiluminescence
detection using the Alliance Q9 advanced imaging system, and the intensity was measured
using ImageJ software. Positive control spots were used to normalize the signal intensity
between treatments.

4.9. Gel zymography Assay

HaCaT cells were seeded in six-well plates until they reached 80% confluence. The
cells were treated with friedelin (0.04 and 0.4 µM) and lupeol (0.2 and 2 µM) in DMEM
with 5% FBS for 24 h and 48 h. Gelatinase activity was determined according to a previous
study [33]. Conditioned media were collected and spun down to remove cell debris.
The protein from the conditioned medium was separated using gel electrophoresis in a
0.5% gelatin–8% acrylamide gel and then washed twice with 2.5% Triton X-100 solution
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(#T8787, Sigma-Aldrich) for 60 min. The gel was incubated with enzyme activating buffer
(0.05 M Tris, 0.02 M NaCl, 0.005 M CaCl2, and 0.02% sodium azide) at 37 ◦C overnight. It
was then stained using 0.2% Coomassie blue (Coomassie blue R 250 solution, #CBC006,
LPS solution, Daejeon, Republic of Korea) and washed with de-staining buffer (10% acetic
acid in 40% methanol) until the clear band was visible. The image was captured using the
Alliance Q9 advanced imaging system, and the gelatinase activity was measured using
ImageJ software.

4.10. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from HaCaT cells according to the manufacturer’s pro-
tocol using TRIzol reagent (#15596018; Invitrogen, MA, USA). RNA (1 µg) was reverse
transcribed using the Verso cDNA Synthesis Kit (Thermo Fisher Scientific). The cDNAs
were amplified using a MiniAmp Plus Thermal Cycler (A37835; Applied Biosystems,
Waltham, MA, USA). Target gene expression was examined through qRT-PCR using SYBR
Green reagents (PowerUp SYBR Green Master Mix, A25741, Applied Biosystems) with a
QuantStudio 1 real-time PCR system (Applied Biosystems), according to the manufacturer’s
instructions. The list of primer sequences for each specific gene is shown in Table 1.

Table 1. List of the human primers used in qRT-PCR.

human KRT-17 sense strand 5′-GAGATTGCCACCTACCGCC-3′

anti-sense strand 5′-ACCTCTTCCACAATGGTACGC-3′

human DSG-1 sense strand 5′-GAGATTGCCACCTACCGCC-3′

anti-sense strand 5′-ACCTCTTCCACAATGGTACGC-3′

human CDH-1 sense strand 5′-GCTGGACCGAGAGAGTTTCC-3′

anti-sense strand 5′-CAAAATCCAAGCCCGTGGTG-3′

human GAPDH sense strand 5′-GTCTCCTCTGACTTCAACAGCG-3′

anti-sense strand 5′-ACCACCCTGTTGCTGTAGCCAA-3′

RAW 264.7 macrophage cells were seeded in a 35 mm cell culture dish until the con-
fluency reached 80%. The cells were then treated with 1 µg/mL lipopolysaccharide (LPS;
#L4391, Sigma-Aldrich) in serum-free medium for 1 h to induce inflammation. Subse-
quently, the cells were treated with 2.5 µg/mL and 20 µg/mL of n-hexane extract, friedelin,
and lupeol for 18 h. The total RNA was extracted using a PureLink™ RNA Mini Kit
(#12183020, Invitrogen). Two microgram of the total RNA was converted to cDNA using a
Tetro cDNA Synthesis Kit (#BIO-65042, Bioline, Toronto, Canada) and a Thermal Cycler
Labcycler (Senso Quest, Göttingen, Germany). To determine mRNA expression, cDNA
was mixed with the SensiFAST™ SYBR No-ROX Kit (#BIO-98005, Bioline, Toronto, Canada)
and amplification was performed using iCycler IQ5 (Bio-rad, Hercules, CA, USA). The
mRNA expression levels of target genes were normalized to that of Gapdh. The relative
gene expression was calculated using the comparative Ct (2−∆∆Ct) method. The primer
sequences for each specific gene are shown in Table 2.

Table 2. List of the mouse primers used in qRT-PCR.

mouse COX-2 sense strand 5′–CCCCCACAGTCAAAGACACT-3′

anti-sense strand 5′–GAGTCCATGTTCCAGGAGGA-3′

mouse iNOS sense strand 5′–GTCTTGCAAGCTGATGGTC-3′

anti-sense strand 5′–CATGATGGTCACATTCTGC-3′

mouse TNF-α sense strand 5′–GCCTCTTCTCATTCCTGCTTG-3′

anti-sense strand 5′–CTGATGAGAGGGAGGCCATT-3′

mouse IL-6 sense strand 5′–TACCACTTCACAAGTCGGAGGC-3′

anti-sense strand 5′–CTGCAAGTGCATCATCGTTGTTC-3′

mouse GAPDH sense strand 5′–CAGGAGCGAGACCCCACTAACAT-3′

anti-sense strand 5′–GTCAGATCCACGACGGACACATT-3′
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4.11. Statistical Analysis

Data were expressed as mean ± SD or SEM from at least three independent experi-
ments. Statistical analyses were performed using GraphPad Prism 9.0.0 software. Signifi-
cant differences were indicated by * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238540/s1, Figure S1: The TLC of phytochemical
components of H. integrifolia extract with various solvents.
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Abstract: The promotion of liver regeneration is crucial to avoid liver failure after hepatectomy.
Angelica sinensis polysaccharide (ASP) and Astragalus membranaceus polysaccharide (AMP) have
been identified as being associated with hepatoprotective effects. However, their roles and specific
mechanisms in liver regeneration remain to be elucidated. In the present study, it suggested that the
respective use of ASP or AMP strikingly promoted hepatocyte proliferation in vitro with a wide range
of concentrations (from 12.5 µg/mL to 3200 µg/mL), and a stronger promoting effect was observed
in combined interventions. A significantly enhanced liver/body weight ratio (4.20%) on day 7 and
reduced serum transaminase (ALT 243.53 IU/L and AST 423.74 IU/L) and total bilirubin (52.61 IU/L)
levels on day 3 were achieved by means of ASP-AMP administration after partial hepatectomy in
mice. Metabonomics showed that differential metabolites were enriched in glycolysis with high
expression of beta-D-fructose 6-phosphate and lactate, followed by significantly strengthened lactate
secretion in the supernatant (0.54) and serum (0.43) normalized to control. Upon ASP-AMP treatment,
the knockdown of hexokinase 2 (HK2) or inhibited glycolysis caused by 2-deoxy-d-glucose decreased
hepatocyte proliferation in vitro and in vivo. Furthermore, pathway analysis predicted the role of
JAK2/STAT3 pathway in ASP-AMP-regulated liver regeneration, and phosphorylation of JAK2 and
STAT3 was proven to be elevated in this promoting process. Finally, downregulated expression of
HK2, an attenuated level of lactate secretion, and reduced hepatocyte proliferation were displayed
when STAT3 was knocked out in vitro. Therefore, it can be concluded that ASP-AMP accelerated liver
regeneration and exerted a hepatoprotective effect after hepatectomy, in which the JAK2/STAT3/HK2
pathway was actively involved in activating glycolysis.

Keywords: Angelica sinensis polysaccharide; Astragalus membranaceus polysaccharide; hexokinase 2;
glycolysis; JAK2/STAT3 pathway; liver regeneration

1. Introduction

Liver failure is a potentially fatal complication after liver resection, with an inci-
dence of about 7% in patients with healthy parenchyma and as high as 30% in those
with cirrhosis [1,2]. Although the liver possesses an intrinsic regenerative capacity, it is
challenging for the host to survive after major liver resection, with there being a high
mortality rate [3]. Improving the liver’s capacity to regenerate is crucial, as demonstrated
by accumulating evidence surrounding this highly complex process [4]. Currently, there
are no clinically available therapeutic agents that enhance liver regeneration, especially in a
post-liver-resection setting [5].
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To promote liver regeneration, we attempt to search for natural products from tra-
ditional Chinese medicines as an abundant resource to be utilized in drug develop-
ment [6]. The Danggui Buxue Decoction (DBD) is composed of Angelica sinensis and
Astragalus membranaceus at the ratio of 1:5 and has been widely used as a Chinese herbal
medicine and functional food for thousands of years [7,8]. The DBD has also been proven to
exert a protective effect on hepatic fibrosis [9] and have tissue regeneration capability [10].
As major active ingredients from Angelica sinensis and Astragalus membranaceus, Angelica
sinensis polysaccharide (ASP) and Astragalus membranaceus polysaccharide (AMP) possess a
variety of beneficial pharmacological activities towards the liver [11,12]. Evidence indicates
that ASP and/or AMP exert anti-fibrosis [12] and hepatoprotection [13,14] activities. These
results strongly support the potential for liver regeneration promotion by means of the
combined use of ASP and AMP (ASP-AMP).

The liver maintains glucose homeostasis, in which gluconic biomolecules are dynam-
ically regulated to provide energy as well as the anabolic molecules required for liver
regeneration [15]. Metabonomics indicates that liver metabolites change remarkably before
and after hepatectomy [16]. Interestingly, polysaccharides have been proven to activate liver
glycometabolism-related signaling pathways in diabetes mellitus rats [17]. AMP showed
beneficial effects in lowering blood glucose and triglyceride levels [18]. Meanwhile, during
the regeneration process, hexokinase 2 (HK2) is actively involved in glycolysis, the inhibi-
tion of which leads to reduced proliferation of hepatic cells [19]. These observations suggest
that HK2-mediated glycometabolism might be directly related to ASP-AMP-assisted liver
regeneration. In addition, ASP and AMP have recently been proposed to be involved
in various pathway regulations via triggering a variety of molecular responses in the
liver [11,20]. ASP induces IL-22 secretion in liver tissue via the activation of the signal
transducers and activators of transcription (STAT3) pathway to attenuate liver fibrosis [21].
AMP diminished the formation of free radicals and cytokines by the downregulation of
STAT3 expression [22]. To date, the regulating effect of ASP and AMP on liver regenera-
tion has not been fully elucidated, and the potential mechanism in metabolic alternations
remains to be explored.

The present study aimed to reveal the potential mechanism by which ASP-AMP
promoted liver regeneration (Scheme 1). First, the effect of ASP and/or AMP on cell
proliferation was evaluated in vitro and in vivo. Second, metabonomics was performed on
hepatocytes and liver tissue treated with ASP-AMP to investigate the differential metabo-
lites. Finally, the predicted pathways from network pharmacology were verified and the
specific mechanism by which ASP-AMP promoted liver regeneration was analyzed.
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 Scheme 1. Schematic illustration of combined use of Angelica sinensis polysaccharide and As-
tragalus membranaceus polysaccharide promoting liver regeneration via the activation of the
JAK2/STAT3/HK2 pathway and enhanced glycolysis.

2. Results
2.1. ASP-AMP Promoted Hepatocytes Proliferation In Vitro

To confirm the combined effect of ASP and AMP on hepatocytes, two normal liver
cell lines were first treated with ASP or AMP with different concentrations. NCTC clone
1469 was cultured with ASP at concentrations ranging from 12.5 µg/mL to 3200 µg/mL
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for 7 days. The ASP (12.5 µg/mL) significantly enhanced the proliferation of NCTC clone
1469 (p < 0.01), but higher concentrations did not promote or even reduce the proliferation
from day 1 to day 7 (Figure 1a). Meanwhile, significant differences were observed in
AMP-treated groups on day 1, day 3, day 5, and day 7 (p < 0.001, Figure 1b). The ability
of AMP to promote proliferation improved with the increase in concentration, and this
promoting ability reached its peak when the concentration was 100 µg/mL. Furthermore,
the promoting effect at the optimal concentration (ASP 12.5 µg/mL and AMP 100 µg/mL)
was verified by the EdU assay, and it demonstrated that the ratios of red to blue points were
significantly higher in ASP (7.01%) and AMP (7.58%) groups than that in the control group
(5.03%) on day 3 (p < 0.05, Figure 1c,d). Simultaneously, the proliferation effect of ASP or
AMP was verified in BRL-3A. Similar to the results in NCTC clone 1469 in Figure 1a, a
relatively low dose of ASP (100 µg/mL) had the most promoting effect on BRL-3A on day 3,
day 5, and day 7 (p < 0.01, Figure S1A, see Supplementary Materials). With the increase in
ASP concentration (from 100 µg/mL to 3200 µg/mL), inhibited cell viability was observed
on day 5 and day 7 in BRL-3A. AMP with a concentration of 200 µg/mL began to work,
and it exerted the greatest promoting function when the concentration reached 800 µg/mL
(p < 0.05, Figure S1b). The EdU assay indicated that the number of hepatocytes increased
more rapidly in the ASP (6.41%) and AMP (6.78%) groups than that in the control group on
day 3 (4.53%) (p < 0.001, Figure S1c,d). These results reveal that respective use of ASP and
AMP at specific concentrations could promote hepatocyte proliferation.
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Figure 1. Angelica sinensis polysaccharide (ASP) and Astragalus membranaceus polysaccharide (AMP)
promoted proliferation of NCTC clone 1469. The cell viability of hepatocytes treated by various
concentrations of ASP (a) and AMP (b) for 7 days, which was determined by Alamar Blue Cell
Viability Reagent (n = 3). (c) Click-iT EdU proliferation staining of hepatocytes treated with ASP
and AMP for 3 days (scale bar = 100 µm). (d) Analysis of relative expression rates of positive EdU
staining (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001.

Furthermore, representative concentrations of ASP and AMP were selected in terms of
the promoting effect presented in Figure 1 and Figure S1. NCTC clone 1469 cells that were
cultured with both ASP (20 µg/mL) and AMP (100 µg/mL) proliferated significantly faster
than cells solely cultivated with ASP at a concentration of 20 µg/mL (p < 0.01, Figure 2a) or
AMP at a concentration of 100 µg/mL (p < 0.05, Figure 2b). Consistent with the results of
cell viability in Figure 2a,b, EdU-positive hepatocytes were observed at a rate of 8.91% in
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the ASP-AMP group (20 µg/mL of ASP, 100 µg/mL of AMP, Figure 2c,d). The relative value
in the ASP-AMP group was significantly higher than that in ASP or AMP group (p < 0.05).
Meanwhile, ASP with a concentration of 160 µg/mL and AMP with a concentration of 800
µg/mL were chosen to verify the promoting effect of ASP-AMP on proliferation in BRL-3A
cells (Figure S2). Significantly promoted cell proliferation by ASP-AMP was observed via
cell viability analysis (p < 0.05, Figure S2a,b), as well as in the EdU assay results (p < 0.05,
Figure S2c,d). It was demonstrated the upon the concentration above, combined use of
ASP and AMP at a ratio of 1:5 enhanced the proliferation-promoting effect compared to
their separate use.
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Figure 2. Combined treatment with both ASP and AMP enhanced the proliferation of NCTC clone
1469 cells. (a) The cell viability of hepatocytes treated with a combination of ASP and AMP compared
to the separate use of ASP (a) or AMP (b) for 7 days (n = 3). (c) Click-iT EdU proliferation staining
of hepatocytes treated with ASP, AMP, and ASP-AMP for 3 days (scale bar = 100 µm). (d) Relative
expression rates of positive EdU staining (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. ASP-AMP Accelerated Liver Regeneration and Reduced Liver Injury after Hepatectomy
In Vivo

As shown in the schematic diagram of 70% hepatectomy in mice, after median incision
( 1©) the left ( 2©) and middle ( 3©) lobes of livers were resected in sequence, and the right
and caudate ( 4©) lobes of livers were left in residue (Figure 3a). After hepatectomy, Balb/c
mice treated with ASP-AMP for 7 days were sacrificed, and after the harvest of the isolated
liver tissue, a larger volume was displayed in the ASP-AMP group (Figure 3b). A higher
liver to body weight ratio was observed in the ASP-AMP group (4.20%), being 1.34 times
higher than that of control group (p < 0.05, Figure 3c). Meanwhile, this ratio in the Sham
group was 5.44%, indicating that the residual liver mass in the ASP-AMP group increased
to 77.21% of the unresected liver. H&E analysis of the liver tissues showed no nuclear
condensation or fragmentation in either group (Figure 3d). Strikingly, the ASP-AMP group
exhibited increased hepatocyte proliferation after hepatectomy, as evidenced by increased
Ki67 staining when compared with the control and sham groups (p < 0.001, Figure 3d,e).
ASP-AMP-treated mice displayed a potent reduction in plasma levels of alanine amino-
transferase (ALT, 243.53 IU/L), aspartate aminotransferase (AST, 423.74 IU/L), and total
bilirubin (52.61 IU/L) three days after hepatectomy, demonstrating the hepatoprotection of
liver injury (p < 0.05, Figure 3f–h).
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Figure 3. ASP-AMP enhanced liver regeneration after partial hepatectomy. (a) Schematic represen-
tation of 70% hepatectomy in mice. (b) The view of isolated liver tissues at day 7 (n = 5). (c) Ratio
of liver weight to body weight 7 days after hepatectomy (n = 5). (d) Representative H&E and Ki67
staining of liver sections 3 days after hepatectomy (scale bar = 200 µm). (e) The quantification of
Ki67 staining of liver sections 3 days after hepatectomy. Plasma ALT (f), AST (g), and total bilirubin
(h) levels in mice 1 day, 3 days, and 7 days after hepatectomy with ASP-AMP intervention (n = 3).
LM, liver middle lobe; LL, liver left lobe; LR, liver right lobe; LC, liver caudate lobe. ALT, alanine
aminotransferase; AST, aspartate aminotransferase. * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.3. ASP-AMP Enhanced HK2 Involved Glycolysis to Promote Liver Regeneration

To detect the variations of metabolites in ASP-AMP-promoted liver regeneration,
metabonomics between the ASP-AMP treated group (test) and control group (Ctrl) was per-
formed. A hierarchical clustering analysis was executed on all of the different metabolites,
and the relative quantitative values of the difference metabolites were normalized, con-
verted, and clustered. It can be intuitively observed that most of the metabolites were highly
expressed in the ASP-AMP-treated groups (Figure 4a,b). These results are consistent with
those in the volcano maps (Figure S3a,b). The enriched and differentially expressed metabo-
lites in the KEGG pathway analysis are presented in bubble charts (top 20) in Figure 4c for
hepatocytes and Figure 4d for liver tissue. The differential metabolites of the ASP-AMP
intervention group and control group were enriched in glycolysis/gluconeogenesis, the
citrate cycle (TCA cycle), and the pentose phosphate pathway (red lines). Two metabo-
lites (beta-D-fructose 6-phosphate and lactate) with a p value < 0.05, and four metabolites
(fructose 1, 6-bisphosphate, phosphoenolpyruvic acid, dihydroxyacetone phosphate, and
succinic acid semialdehyde) with moderate elevation related to glycometabolism were
displayed (Figure 4e,f). These results lay the foundation for understanding the ASP-AMP-
intervened metabolic pathways and differential metabolites. Furthermore, it was verified
in the hepatocyte supernatant (Figure 4g) and serum (Figure 4h) that ASP-AMP improved
the lactate secretion (p < 0.01).
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Figure 4. Differential metabolites found by metabolomics analysis and metabolic pathway analysis
in NCTC clone 1469 cells (n = 6) and liver tissue (n = 8) after hepatectomy treated with ASP-AMP.
Clustering heat map of total differential metabolites in hepatocytes (a) and liver tissue (b). Red
refers to upregulated and blue refers to downregulated metabolites. KEGG pathway enrichment
bubble diagram in hepatocytes (c) and liver tissue (d). The top 20 in terms of metabolite numbers
are displayed, including glycolysis/gluconeogenesis, the citrate cycle (TCA cycle), and the pentose
phosphate pathway. Six predictive metabolites related to glycometabolism are shown for hepato-
cytes (e) and liver tissue (f). Relative abundances were log10-transformed. Data were generated by
LC-UHPLC. Lactate measurement in the hepatocyte supernatant (g) and mouse serum (h). Ctrl refers
to the control group, and test refers to the experimental group treated with ASP-AMP for 3 days.
** p < 0.01, and *** p < 0.001.

The results above reveal that lactate-assisted glycolysis was actively involved in the
process of ASP-AMP promoting liver regeneration. However, the exact enzyme dom-
inating the process remains unclear. To elucidate the mechanism by which ASP-AMP
regulates liver regeneration, several genes of rate-limiting enzymes demonstrated to be
modulated in glycolysis were analyzed, including HK2, lactate dehydrogenase (LDHA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 6-phosphofructo-2-kinase/Fructose-
2,6-biphosphatase 3 (PFKB3), pyruvate kinase (PKM2), and GLUT1. ASP-AMP-administered
NCTC clone 1469 cells demonstrated activated HK2 and GLUT1 at transcription level
(p < 0.01, Figure 5a). Subsequently, we verified the protein expression of HK2 and GLUT1,
and HK2 was upregulated, while the regulation of GLUT1 expression was insignificant
(Figure 5b,c). To assess the impact of HK2 on lactate secretion and growth of hepatocytes,
knockdown of HK2 in NCTC clone 1469 cells was performed by using an shRNA specific
to HK2 (HK2 shRNA#2) (Figure 5d). Knockdown of HK2 decreased the lactate secretion
in the supernatant (p < 0.05, Figure 5e), and inhibited the proliferation of NCTC clone
1469 cells for 7 days (p < 0.01, Figure 5f,g). The IHC staining of HK2 was lowly expressed
in the ASP-AMP+2DG group compared with the ASP-AMP group (p < 0.001, Figure 5h),
as well as the Ki67 staining (p < 0.001, Figure 5i). These results confirm that ASP-AMP
accelerated liver regeneration via HK2-assisted glycolysis in vitro and in vivo.
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Figure 5. ASP-AMP accelerated the hexokinase 2 (HK2) involved glycolysis to promote liver regener-
ation. (a) RT-PCR analysis of rate-limiting enzymes related to glycolysis. (b) Western blot analysis for
HK2 and GLUT1 after ASP-AMP treatment in NCTC clone 1469 cells (n = 3). (c) Relative protein was
quantitatively expressed by densitometric analysis and is shown as the fold change relative to β-actin.
(d) Efficiency of knockdown of HK2 in NCTC clone 1469 cells. (e) Lactate levels in supernatant of
HK2 knockdown NCTC clone 1469 cells (n = 3). (f) The cell viability of HK2 knockdown NCTC
clone 1469 cells treated with a combination of ASP and AMP for 7 days (n = 3). (g) Click-iT EdU
proliferation staining of HK2 knockdown NCTC clone 1469 cells treated with ASP-AMP for 3 days
and the relative expression rates of positive EdU staining (Scale bar = 100 µm). (h) Representative
images of IHC staining for HK2 in the liver tissue of mice after hepatectomy when treated with
ASP-AMP or ASP-AMP+2DG for 3 days and the analysis of percentage of HK2 positive area (Scale
bar = 100 µm). (i) Ki67 staining of liver sections with 3 days of ASP-AMP+2DG after hepatectomy
and the quantification of positive cells (scale bar = 100 µm). * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.4. ASP-AMP Activated JAK2/STAT3 Signaling Pathway to Increase the Liver Regeneration

To elucidate the potential targets and molecular mechanisms of ASP-AMP-promoted
liver regeneration, network pharmacology and bioinformatics were performed. The results
show that ASP and AMP obtained 321 and 156 potential targets, respectively, in which a
total of 417 targets were involved. A total of 1131 proteins were selected as the potential
targets related to liver regeneration (Figure S4a). According to the above results, 417 puta-
tive targets of drugs (ASP and AMP) and the 1131 liver regeneration-related targets were
imported to TBtools 1.038 to obtain 145 common targets (Figure S4b). Then, a PPI network
reflected the function of the targets in liver regeneration and discovered the interactive
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effects (Figure 6a). Enrichment analysis involved GO and KEGG pathway analysis. We
selected the top four GO items according to p values and counted 145 genes using bioin-
formatics (Figure 6b). For GO biological processes, the targets were highly enriched in the
positive regulation of cell proliferation (GO: 0008284) in Biological Process (red line). As for
pathway analysis, the JAK/STAT signaling pathway played a significant role in promoting
liver regeneration (Figure 6c).
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Figure 6. Activation of the JAK2/STAT3 signal pathway dominated the ASP-AMP-promoted liver
regeneration. (a) PPI network of the common targets of drugs and liver regeneration. According to
the degree value, the nodes were arranged from large to small and the color of the node changes
from orange to yellow to green. (b) GO enrichment analysis. The top four terms in Biological Process,
Cellular Component and Molecular Function are displayed. (c) The KEGG signaling pathway of ASP
and AMP promoting liver regeneration. (d) RT-PCR analysis of predictive target factors in ASP-AMP
promoted liver regeneration (n = 3). (e) The expression of JAK2, p-JAK2, STAT3, and p-STAT3 in
hepatocytes were analyzed by Western blot (n = 3). (f) Densitometric analysis of grey value related to
β-actin expression. (g) Pharmacologically inhibiting JAK2 downregulated the expression of p-STAT3,
MYC, and PCNA, and upregulated p53 (n = 3). (h) Quantitative analysis of protein expression related
to β-actin. (i) Lactate expression in the supernatant of hepatocytes with ASP-AMP and/or ruxolitinib
treatment for 3 days (n = 3). (j) Cell viability of NCTC clone 1469 cells treated with ASP-AMP and/or
ruxolitinib for 7 days (n = 3). (k) Click-iT EdU proliferation staining of hepatocytes treated with
ASP-AMP and/or ruxolitinib for 3 days and relative expression rates of positive EdU staining (scale
bar = 100 µm). * p < 0.05, ** p < 0.01, and *** p < 0.001.
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According to the above predicted targets in Figure 6a, transcription levels of genes
including C-JUN, epidermal growth factor receptor (EGFR), vascular endothelial growth
factor A (VEGFA), interleukin 6 (IL-6), STAT3, JAK2, mitogen-activated protein kinase 1
(MAPK1), sarcoma gene (SRC), insulin, and tumor necrosis factor (TNF) were detected
after the ASP-AMP treatment. STAT3 and JAK2 were upregulated in NCTC clone 1469 cells
(Figure 6d). Western blot displayed that ASP-AMP increased phosphorylation of JAK2 and
STAT3 (Figure 6e,f). Accordingly, associated downstream signaling factors, such as PCNA
and MYC, were upregulated, and p53 was downregulated (Figure 6g,h). To verify that the
JAK2/STAT3 pathway was the main pathway participating in the regulation of the liver by
ASP-AMP, ruxolitinib was used to inhibit JAK2 activity pharmacologically (Figure 6g,h).
The protein level of STAT3 and the phosphorylation of STAT3, PCNA, MYC, and p53 were
reversed. Lactate in the supernatant decreased accordingly in the ASP-AMP+ruxolitinib
group (p < 0.001, Figure 6i). The inhibition of JAK2 reduced cell proliferation for 7 days
(p < 0.05, Figure 6j–l). These results demonstrate that JAK2/STAT3 dominated the process
of the ASP-AMP-accelerating liver regeneration.

2.5. STAT3 Upregulated HK2 in the Process of the ASP-AMP Promoting Liver Regeneration

To evaluate the relationship between STAT3- and HK2-involved glycolysis in liver
regeneration promoted by ASP-AMP, STAT3 was knocked down in NCTC clone 1469 cells
(shSTAT3#3) (Figure 7a). The knockdown of STAT3 decreased the protein expression of
HK2 (Figure 7b,c) and diminished the lactate secretion in the supernatant after ASP-AMP
intervention (p < 0.001, Figure 7d). Subsequently, the effects on cell proliferation were
analyzed. Cell viability and the EdU assay displayed that cell proliferation was significantly
inhibited in STAT3 knockdown NCTC clone 1469 cells (p < 0.001, Figure 7e,f).
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Figure 7. ASP-AMP accelerated HK2-assisted glycolysis via JAK2/STAT3 activation to enhance
liver regeneration. (a) Efficiency of knockdown of STAT3 in NCTC clone 1469 cells. (b) HK2 was
analyzed by Western blot in STAT3 knockdown hepatocytes (n = 3). (c) Densitometric analysis of
protein expression related to β-actin. (d) Lactate in supernatant of STAT3 knockdown hepatocytes
(n = 3). (e) The cell viability of STAT3 knockdown NCTC clone 1469 cells treated with ASP-AMP for
7 days (n = 3). (f) Click-iT EdU proliferation staining and relative positive EdU staining analysis of
STAT3 knockdown NCTC clone 1469 cells treated with ASP-AMP for 3 days (Scale bar = 100 µm).
*** p < 0.001.
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3. Discussion

Improving liver regeneration after hepatectomy has clinically proven difficult. Al-
though surgical strategies including portal vein embolization/ligation and associated liver
partition and portal vein ligation for staged hepatectomy have been proven to be effective
in liver regeneration, applications are limited due to strict inclusion criteria, severe compli-
cations, and high medical costs [23]. Agents including amiodarone [24], thalidomide [25],
etanercept [26], and bicyclol [27] have been reported to enhance liver regeneration in
animal models; however, they were rarely applied in clinical practice due to their side
effects (kidney damage, gut reaction, perception abnormalities, or perception barriers, etc.)
and toxicity. Physiologically, the cell proliferative response to hepatectomy lasted for
72 h, reaching a peak at 24–36 h, and then increasingly shifted to a termination phase [28].
Rapid administrations to regulate the proliferative process during the initial 72 h were of
significance in enhancing liver regeneration [29].

Simultaneously, ASP and AMP—the main active polysaccharides in DBD—obtained
essential implications in promoting regeneration [30]. By means of different extraction or
structural synthesis processes, bioactive polysaccharides from plants have been tested for
the biological engineering and regeneration of practically all tissues [6,31,32]. For instance,
hyaluronic acid was proven to participate in articular pathologies, skin remodeling, vascular
prosthesis, adipose tissue engineering, and nerve reconstruction [33]. Decorin accelerated
liver regeneration after partial hepatectomy in fibrotic mice [34]. As for ASP, it has been
proven to exert a hepatoprotective effect in CCl4-induced hepatic dysfunction and tissue
damage in mice [35]. Hepatic toxicity caused by 5-fluorouracil could be antagonized by
ASP via apoptosis reduction through the Nrf2 pathway [36]. AMP reduced endoplasmic
reticulum stress and restored glucose homeostasis in the liver [37]. Furthermore, the
hepatoprotective effect of ASP-AMP was observed in CCl4-induced intoxication in mice,
and the effect was stronger than that of the respective use of ASP or AMP [14]. Based
on the evidence, this study verified that ASP-AMP exerted a significant promoting effect
on liver regeneration in vitro and in vivo, as well as hepatoprotection after liver resection,
especially during the first 72 h. This provides evidence that supplementation of Qi and
blood via ASP and AMP facilitated the regenerative capacity of the liver. Meanwhile, the
promoting effect of ASP and AMP on cell proliferation was observed, which was within
an effective range of concentrations from 12.5 to 3000 µg/mL. Importantly, these results
support the safety of ASP and AMP application for further clinical use.

Major hepatectomy in mice metabolically led to a rapid fall in blood glucose levels in
terms of a dramatic reduction in glycogen stores and gluconeogenic capacity [38]. How-
ever, the restoration of liver mass depended on increased energy production, which was
indispensable for the recovery of liver function [39]. Increased hepatic glycometabolism
was observed in an improved liver regeneration after fatty liver resection [40]. Thus, the
metabolic process might be regulated for enhanced liver regeneration within the 72 h
proliferative phase. With the promoting effect of ASP-AMP, metabonomics suggest that
differential metabolites are enriched in the glycolysis process with related metabolites in-
cluding beta-D-fructose, 6-phosphate, and lactate. As glucose was metabolized into lactate
via glycolysis in the cytoplasm, the increased lactate levels in supernatant and serum veri-
fied the enhanced glucose mobilization in the initial period of liver regeneration. This was
also consistent with a previous report which indicated that glycolysis actively participated
in regulating the termination of liver regeneration [41]. Furthermore, we observed overex-
pression of HK2 in the transcription and protein level caused by ASP-AMP treatment, and
conversely the knockdown of HK2 elicited decreased lactate secretion and suppressed cell
proliferation in vitro and in vivo. As an essential rate-limiting enzyme in glycolysis, HK2
has been reported to be actively involved in glycolysis-related liver diseases, especially in
hepatocellular carcinoma [42,43]. As for liver regeneration, the prolonged regaining of liver
weight after hepatectomy could be observed to be parallel with decreased activities of the
HK2-related glycolytic pathways by microarray analysis [44]. Therefore, this indicates that
ASP-AMP mediates glycolysis via the regulation of HK2.
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Regarding ASP-AMP’s promoting role in liver regeneration, the specific mechanism
remains to be explored. Through predictions of network pharmacology and further verifi-
cation, we focused on the JAK2/STAT3 pathway activated by ASP-AMP. The JAK2/STAT3
pathway and the following cascade was considered to be a critical pathway in priming
the hepatocytes for proliferation [45]. JAK2 is one of the JAKs which have been identified
as being widely expressed in human cells and have molecular masses ranging from 120
to 140 kDa [46]. JAK2 mediates the activation of STAT3 in cells exposed to formulations.
In detail, the proliferation process involved IL-6R activation and the engagement of JAK
protein-bound gp130, the promotion of which resulted in phosphorylating STAT3, caus-
ing an expression of multiple target genes important for hepatocyte proliferation such
as MYC, MCL1, and PCNA [3,47]. The JAK2/STAT3 activation played a pivotal role in
the acceleration of liver hypertrophy in a rat hepatectomy model [48]. The suppressed
mitogenic JAK2/STAT3 pathway inhibited cell cycle progression and constrained the ability
of partial hepatectomy to stimulate hepatocyte replication [49]. These observations were
consistent with our observation that the activation of the STAT3 pathway contributed to cell
proliferation in a liver graft [50]. Simultaneously, the JAK2/STAT3 pathway has also been
proven to be positively associated with glycolysis which was regulated in the malignant
progression of tumors [51,52]. These above results support the assertion that JAK2/STAT3
plays a role in liver regeneration via glycolysis. Although evidence has indicated that
ASP or AMP indirectly regulate the JAK2/STAT3 pathway in various diseases [53,54],
the combined effect of ASP-AMP on liver regeneration is so far unreported, especially in
metabolic pathways.

Based on the role of JAK2/STAT3 in glycolysis and liver regeneration, the regulatory
effect between STAT3 and HK2 should be further clarified. Previous reports indicated that
the upregulation of STAT3/HK2 contributed to the activation of dendritic cells by leptin-
induced glycolytic metabolism [55], and circular RNA circCUL3 eliciting the Warburg
effect of gastric cancer [56]. Meanwhile, suppressed proliferation in hepatocellular carci-
noma cells or the inhibition of glycolysis was achieved by the blocking of the JAK2/STAT3
pathway [57,58]. Furthermore, STAT3 was reported to bind to the promoter of the HK2 gene
to regulate proliferation in gastric epithelial cells [59]. In the therapy of porcine delta coro-
navirus by selenomethionine, the STAT3 could repress miR-125b-5p-1 expression, which
targets and inhibits the expression of HK2 [60]. In line with these reports, we observed
that by the knockdown of STAT3 in hepatocytes, HK2 expression was downregulated
accordingly, followed by inhibited lactate secretion and cell proliferation. These results
imply that the activation of STAT3 could regulate glycolysis and hepatocytes proliferation
via HK2.

4. Materials and Methods
4.1. Cell Culture and Reagent

Normal liver cell line NCTC clone 1469 and BRL-3A cells were purchased from the
Shanghai Institute of Cell Biology at the Chinese Academy of Sciences (Shanghai, China)
and cultured in DMEM supplemented with 10% fetal bovine serum (BSA, 1099-141, Thermo
Fisher Scientific, Inc., Waltham, MA, USA), 1 × 105 U/L penicillin and 100 mg/L strep-
tomycin (15140122, Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a humidified
atmosphere with a 5% CO2 incubator at 37 ◦C. Trypsin-EDTA (0.05%) (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) was used for cell passages. Cells were authenticated
by STR profiling, and experiments were performed from 5 passages. shRNAs targeting
HK2 or STAT3 were designed by OBiO Biotechnology Co. LTD (Shanghai, China). Three
shRNAs targeting the coding sequence of mRNA were inserted into the pLKO.1 vector.
The efficacy of each shRNA was assessed by Western blot of the NCTC clone 1469 cells,
which were infected with the virus for 3 days. The shRNA with strongest knockdown
efficacy was used for further experiments. ASP (DSTDDO28301) and AMP (DSTDH010901)
were purchased from Desite Biotechnology Co., LTD (Chengdu, China). The informa-
tion regarding ASP and AMP, including identification, ingredients, and physicochemical
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properties, etc., can be seen in http://www.028desite.com (accessed on 6 December 2021).
Ruxolitinib (SD4740) and 2-deoxy-d-glucose (2DG, ST1024) were obtained from Beyotime
Biotechnology (Shanghai, China).

4.2. Cell Viability

NCTC clone 1469 and BRL-3A cell lines were inoculated into 96-well plates with a
concentration of 1 × 104 cells per well and incubated with a variety of concentrations
(12.5 µg/mL, 25 µg/mL, 50 µg/mL, 100 µg/mL, 200 µg/mL, 400 µg/mL, 800 µg/mL,
1600 µg/mL, and 3200 µg/mL) of ASP and AMP for 7 days. Cell viability was determined
by a AlamarBlue® Cell Viability Assay Kit (AB, DAL1100, Invitrogen Corporation, Waltham,
MA, USA) on day 1, day 3, day 5, and day 7. The cells were supplemented with AB solution
(medium199: fetal bovine serum: AB = 8:1:1 v/v) after the removal of the medium and
PBS washing. For 4 h of incubation, the absorbance (optical density, OD) at 570 nm was
measured and calculated according to the formula: Cell viability (%) = (OD experimental −
OD blank)/(OD control − OD blank) × 100%. Experiments were performed in triplicate.

4.3. Click-iT Plus EdU Proliferation Staining

ASP (20 µg/mL) and/or AMP (100 µg/mL) were added to NCTC clone 1469 cells,
and ASP (160 µg/mL) and/or AMP (800 µg/mL) were added to BRL-3A cells for 3 days’
culture in 12-well plates. The EdU working solution (Beyotime Biotechnology, Shanghai,
China) was added to the culture medium to obtain a final concentration of 10 µM. The
cells were incubated with the solution for 2 h in an incubator at 37 ◦C. After removal of
the solution, cells were treated with paraformaldehyde (1.5 M) for 15 min. Cells were then
washed in PBS for 15 min, followed by 0.5% Triton-X 100 in PBS for 10 min. Click Additive
Solution was prepared according to the manufacturer’s instructions and added to each
well, which was incubated for 30 min in the dark. Then, 5 µg/mL Hoechst 333,425 was
added to the wells, and they were incubated for additional 30 min. During every step,
cells were washed twice with 3% BSA in PBS. Finally, cells were examined using the Zeiss
fluorescence microscope. Four views of each well were randomly recorded with triplicate
samples (n = 3). The quantification of blue and red points was performed by ImageJ (v 1.53,
National Institutes of Health, Stapleton, NY, USA).

4.4. Experimental Animals

The study was approved by the Animal Research Ethics Committee of Chengdu
University of Traditional Chinese Medicine (Chengdu, China) and complied with the
Guidelines for Animal Experiments. Thirty-six Balb/c mice aged 5 weeks old and weigh-
ing 18–22 g were purchased from Chengdu Dashuo Biotechnology Co., Ltd. (Chengdu,
China; license no. SCXK 2008-24). All mice were maintained on a 12/12 h light/dark
cycle, allowed free access to water and food, and acclimated for at least 5 days prior to
surgery. Mice in the Sham group underwent the procedures of opening and closing the
abdomen. Mice in the control group underwent 70% liver resection without any other treat-
ment. Mice in the ASP-AMP group were orally administrated ASP (250 mg/kg/day) and
AMP (1 g/kg/day) for 7 days after 70% hepatectomy. Mice in the ASP-AMP+2DG group
were injected intraperitoneally with 2-DG (a hexokinase inhibitor, 1 g/kg, Sigma, Arklow,
Ireland) on days 1, 2, 3, and 6 using sterile saline as a vehicle, based on the treatment in
the ASP-AMP group. Inhalation of CO2 (20% of the displacement volume per minute)
was used for euthanasia. Harvested liver tissues were fixed in 4% paraformaldehyde for
24 h at room temperature and stored in 75% ethanol at 4 ◦C for further histology and
immunohistochemistry (IHC) analysis.

4.5. Seventy Percent Partial Hepatectomy in a Murine Model

For the mouse model of partial hepatectomy, 2/3 of the liver was resected according
to the previous description [61]. Briefly, mice were anesthetized with 2% isoflurane and
2 L/min oxygen flow to maintain anesthesia by isoflurane. A midline abdominal skin and
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muscle incision was created to expose the xiphoid process. The 4-0 silk thread was placed
on the base of the left lateral lobe and the lobe was ligated over the top of it. The tied lobe
was curved above the suture using microsurgery. Similarly, the median hepatic lobes were
then ligated and resected. Finally, after closing the abdomen, the skin surrounding the
suture was wiped with betadine, and mice were placed on a warming pad for recovery.

4.6. Enzyme-Linked Immunosorbent Assay (ELISA)

The whole blood of sacrificed mice was kept at room temperature for 2 h and cen-
trifuged at 4000 rpm for 10 min to collect serum. Serum ALT (JL20911, Jonln Co., Ltd.,
Shanghai, China), AST (C010-2-1, Nanjing Jiancheng Bio Co., Ltd., Nanjing, China), and
total bilirubin (C019-1-1, Nanjing Jiancheng Bio Co., Ltd., Nanjing, China). According to
the instructions, the concentration gradient dilution standard was added to the 96-well
plate (100 µL per well), 100 µL of mouse serum was then added to the 96-well plate in
turn, and each sample was placed into 3 duplicate wells, which were incubated at 37 ◦C
for 1 h. After discarding the liquid, 100 µL per well of biotinylated antibody was directly
added without washing and incubated at 37 ◦C for 1 h. Then, the samples were washed
3 times with 1 × wash solution. After this, 100 µL per well of enzyme conjugate working
solution was added and incubated at 37 ◦C for 30 min. Subsequently, 90 µL per well of
substrate was added, and incubated at 37 ◦C for 15 min, followed by 10 µL per well of
stop solution. We immediately measured the absorbance of the solution at 450 nm on a
microplate (Multiskan GO, Thermo Fisher Scientific, Inc., Waltham, MA, USA).

4.7. Untargeted Metabolomics by Liquid Chromatography Coupled Mass Spectrometry (MS/MS)

See details in Methods S1.

4.8. Lactate Measurement

For lactate measurement in serum, the whole blood of treated mice was firstly collected
and centrifuged at 4000 rpm for 10 min to obtain the serum. For the analysis of lactate in
cell cultures, cells were seeded at approximately 3 × 105 in 6-well plates and treated with
different concentrations of ASP and/or AMP for 3 days. After centrifugation, the culture
medium and cells were collected. The lactate content was estimated using the L-lactate
assay kit (Jiancheng Bioengineering, Nanjing, China) according to the manufacturer’s
protocol. Lactate dehydrogenase catalyzed the conversion of lactate to pyruvic acid, and
the absorbance at 530 nm was determined spectrophotometrically after the addition of a
color developing agent, which showed a linear relationship with lactate content. Three
replicates were performed, and the experiments were repeated three times for accuracy.

4.9. Western Blot

Total cell protein was collected (KGP2100, KeyGEN BioTECH, Beijing, China), and
its quantification was performed using the BCA (cat. no. KGP902, KeyGEN BioTECH,
Beijing, China) method. Proteins were separated by SDS-PAGE and transferred through
PVDF membranes. After blocking the membrane with 5% BSA for 2 h at room temperature,
membranes were incubated overnight at 4 ◦C with one of the following primary antibodies:
rabbit monoclonal anti-STAT3 (ab68153, Abcam, Cambridge, UK), rabbit monoclonal anti-
phospho STAT3 (ab32143, Abcam, Cambridge, UK), rabbit monoclonal anti-Janus kinase 2
(JAK2, ab108596, Abcam, Cambridge, UK), rabbit monoclonal anti-phospho JAK2 (ab32101,
Abcam, Cambridge, UK), rabbit monoclonal anti-proliferating cell nuclear antigen (PCNA,
ab92552, Abcam, Cambridge, UK), rabbit monoclonal anti-MYC (ab32072, Abcam), mouse
monoclonal anti-P53 (ab90363, Abcam, Cambridge, UK), rabbit monoclonal anti-β-actin
(Bsm-33036M, Biosynthesis, Beijing, China), rabbit monoclonal anti-HK2 (ab209847, Abcam,
Cambridge, UK), and rabbit monoclonal anti-glucose transporter 1 (GLUT1, ab115730,
Abcam, Cambridge, UK). All antibodies were diluted at 1:1000 in TBST (T1086, Solarbio,
Beijing, China). After washing with PBS, membranes were incubated with secondary
antibodies, including goat anti-mouse IgG antibody (bs-0296G, Bioss, Beijing, China) and
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goat anti-rabbit IgG antibody (bs-0295G; Bioss, Beijing, China), which were diluted to 1:4000
by TBST, for 1 h at room temperature. After washing off the excess secondary antibody,
protein intensity was determined with Clarity Western ECL Substrate (Bio-Rad Laboratories
Co. Ltd., Hercules, CA, USA) and measured by Image Lab software (5.2.1 Version, Bio-Rad
Laboratories Co. Ltd., Hercules, CA, USA). Proteins were quantified by densitometric
analysis of ImageJ (version 1.8.0.172, Bethesda, MA, USA).

4.10. Histology and Immunohistochemistry (IHC) Analysis

Murine liver tissues were collected, fixed in 4% paraformaldehyde for 48 h, dehydrated,
and embedded in paraffin. The paraffin tissue blocks were cut into 4 µm-thick sections,
deparaffinized with xylene and passed through graded alcohol (10009218, ChengFeng
Co., Ltd., Hangzhou, China). To detect the expression of HK2 and Ki-67 in liver tissue,
sections were incubated with anti-HK2 antibody (1:200, ab209847, Abcam, Cambridge,
UK) or anti-Ki67 antibody (1:200, bs-2130R, Bioss, Beijing, China). Sections were incubated
overnight at 4 ◦C and rinsed 3 times with 1 × PBS for 5 min each time. Reagents were
added according to the instructions of the secondary antibody kit (sp-9000; ZSGB-Bio,
Beijing, China), and finally DAB (ZLI-9018; ZSGB-Bio, Beijing, China) were added for a
2 min reaction. Four views were randomly collected from each section, and images were
acquired using an optical microscope (DM3000, Leica Co., Ltd., Weztlar, Germany).

4.11. Real-Time Quantitative PCR Analysis

Total cellular RNA was extracted by using Trizol Reagent (Invitrogen, Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Reverse transcription was performed using Prime-
Script (Takara Bio, Inc., Nojihigashi Kusatsu, Japan), first removing gDNA by using the
following conditions: 42 ◦C for 2 min. The conditions used for reverse transcription were
as follows: 37 ◦C for 15 min and 85 ◦C for 5 s. The cDNA was subjected to PCR by adding
SYBR Green (Takara Bio, Inc., Nojihigashi Kusatsu, Japan), and the sequences of the primers
used are shown in Table 1. Real-time quantitative PCR detection was performed by using
a CFX96 Deep well (Bio-Rad Laboratories, Inc., Hercules, CA, USA) under the following
cycling conditions: 95 ◦C for 30 s, 95 ◦C for 5 s, and 60 ◦C for 30 s, with 40 cycles. Experi-
ments normalized the mRNA expression of each gene with β-actin as an internal control.
All samples were repeated three times. Finally, the relative gene expression results were
calculated using the 2−∆∆Ct method.

Table 1. Primers which have been used for real time PCR.

Primer Name Sequence 5′-3′ Product Length

HK2 Forward: ATGATCGCCTGCTTATTCACG 110 bp
Reverse: CGCCTAGAAATCTCCAGAAGGG

LDHA Forward: ACATTGTCAAGTACAGTCCACAC 114 bp
Reverse: TTCCAATTACTCGGTTTTTGGGA

GAPDH Forward: TGACCTCAACTACATGGTCTACA 85 bp
Reverse: CTTCCCATTCTCGGCCTTG

PFKFB3 Forward: CAACTCCCCAACCGTGATTGT 83 bp
Reverse: TGAGGTAGCGAGTCAGCTTCT

PKM2 Forward: CGCCTGGACATTGACTCTG 135 bp
Reverse: GAAATTCAGCCGAGCCACATT

GLUT1 Forward: TCAAACATGGAACCACCGCTA 123 bp
Reverse: AAGAGGCCGACAGAGAAGGAA

C-JUN Forward: ACTCGGACCTTCTCACGTC 110 bp
Reverse: GGTCGGTGTAGTGGTGATGT

EGFR Forward: ATGAAAACACCTATGCCTTAGCC 83 bp
Reverse: TAAGTTCCGCATGGGCAGTTC
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Table 1. Cont.

Primer Name Sequence 5′-3′ Product Length

VEGFA Forward: GCACATAGAGAGAATGAGCTTCC 105 bp
Reverse: CTCCGCTCTGAACAAGGCT

IL-6 Forward: CTGCAAGAGACTTCCATCCAG 131 bp
Reverse: AGTGGTATAGACAGGTCTGTTGG

STAT3 Forward: CACCTTGGATTGAGAGTCAAGAC 112 bp
Reverse: AGGAATCGGCTATATTGCTGGT

JAK2 Forward: GGAATGGCCTGCCTTACAATG 108 bp
Reverse: TGGCTCTATCTGCTTCACAGAAT

MAPK1 Forward: GGTTGTTCCCAAATGCTGACT 84 bp
Reverse: CAACTTCAATCCTCTTGTGAGGG

SRC Forward: TTTGGCAAGATCACTAGACGGG 111 bp
Reverse: GAGGCAGTAGGCACCTTTTGT

INS Forward: CACTTCCTACCCCTGCTGG 177 bp
Reverse: ACCACAAAGATGCTGTTTGACA

TNF Forward: CAGGCGGTGCCTATGTCTC 89 bp
Reverse: CGATCACCCCGAAGTTCAGTAG

β-actin Forward: GGCTGTATTCCCCTCCATCG 154 bp
Reverse: CCAGTTGGTAACAATGCCATGT

4.12. Network Pharmacology and Bioinformatics

See details in Methods S2.

4.13. Statistical Analysis

Statistical analysis was performed using SPSS version 22.0 (IBM, Corp., Armonk, NY,
USA). All the data are expressed as mean ± standard deviation. One-way ANOVA or
unpaired two-tail Student’s t-test was used to determine differences among groups. A
statistically significant difference was considered significant at p = 0.05, * p < 0.05, ** p < 0.01,
and *** p < 0.001.

5. Conclusions

The present investigations demonstrated that ASP-AMP acted as a promoting factor
for liver regeneration. ASP-AMP intervention in hepatocytes enhanced proliferation by
accelerating HK2-associated glycolysis. Moreover, ASP-AMP-induced glycolysis involved
liver regeneration by JAK2/STAT3/HK2 signaling. These findings demonstrate that ASP
and AMP, as natural agents, are feasible and experimentally recommended in the treatment
of liver regeneration in patients who undergo hepatectomy. To impel the use of ASP-AMP
in clinic therapy, the pharmacokinetics and toxicity should be further investigated. In
addition, several missing links remain to be elucidated in future studies, including the
molecular mechanism responsible for the ASP-AMP-mediated upregulation of JAK2 and
the STAT3-induced HK2 activation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27227890/s1, Method S1: Untargeted metabolomics by
liquid chromatography coupled mass spectrometry (MS/MS); Method S2: Network pharmacology
and bioinformatics; Figure S1: Angelica sinensis polysaccharide (ASP) and Astragalus membranaceus
polysaccharide (AMP) promoted the proliferation of BRL-3A; Figure S2: Combined use of both ASP
and AMP enhanced the proliferation of BRL-3A; Figure S3: Volcanic map of differential metabolites;
Figure S4: Potential targets analysis of drugs (ASP and AMP) and liver regeneration.
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Abstract: Citri Reticulatae Pericarpium (CRP), also known as “chenpi”, is the most common qi-
regulating drug in traditional Chinese medicine. It is often used to treat cough and indigestion, but
in recent years, it has been found to have multi-faceted anti-cancer effects. This article reviews the
pharmacology of CRP and the mechanism of the action of flavonoids, the key components of CRP,
against cancers including breast cancer, lung cancer, prostate cancer, hepatic carcinoma, gastric cancer,
colorectal cancer, esophageal cancer, cervical cancer, bladder cancer and other cancers with a high
diagnosis rate. Finally, the specific roles of CRP in important phenotypes such as cell proliferation,
apoptosis, autophagy and migration–invasion in cancer were analyzed, and the possible prospects
and deficiencies of CRP as an anticancer agent were evaluated.

Keywords: Citri Reticulatae Pericarpium; flavonoids; anticancer; mechanism; phenotype

1. Introduction

Citri Reticulatae Pericarpium is a commonly used traditional Chinese medicine de-
rived from the ripe peel of the Rutaceae plant Citrus reticulate Blanco and its cultivars [1],
which was first recorded in Shen Nong Ben Cao Jing and has a history of thousands of
years in China. As a botanical medicine with the same origin of medicine and food, CRP
has various pharmacological effects, which can be used alone or combined with other
traditional Chinese medicines to form many well-known classical prescriptions. It is widely
used in the clinical treatment of diseases of various systems and has outstanding advan-
tages for diseases of the respiratory and digestive system, especially diseases with cough,
expectoration, nausea and vomiting as the main symptoms.

The clinical efficacy of CRP has been affirmed, especially its contribution in cancer
treatment. Researchers began to explore its mechanism, trying to find out its counter-
measures against cancer in cancer cell lines and animal models, and concluded that the
natural compounds flavonoids contained in CRP are the implementers of its anti-cancer
effect. According to reports, flavonoids of CRP have outstanding performance in terms
of regulating key signaling pathways and related effectors, blocking the cancer cell cycle
to resist proliferation, inducing cell apoptosis, enhancing autophagy and inhibiting cell
migration and invasion. Thanks to these research results and data, the core code of CRP as
an anticancer agent has gradually been revealed.

As a novel anticancer agent, CRP has received extensive attention, and many studies
have confirmed that CRP and its active ingredients have inhibitory effects on cancer.
This review aims to collect and introduce the mechanism of CRP and its components in
inhibiting cancer, focusing on breast cancer, lung cancer, prostate cancer, hepatic carcinoma,
gastric cancer, colorectal cancer, esophageal cancer, cervical cancer, bladder cancer and
other cancers with a high diagnosis rate.
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2. Pharmacological Effects and Chemical Composition of CRP

Pharmacological studies have found that when applied to the digestive system, the
efficacy of CRP is to ameliorate gastrointestinal smooth muscle activity, accelerate gastric
emptying and intestinal push, alter gut microbiota, protect the esophagus and gastrointesti-
nal mucosa and resist peptic ulcer [2–7]. To date, CRP has proven effects in the respiratory
system, including but not limited to inhibiting airway inflammation, fighting acute lung in-
jury and pulmonary fibrosis [8–13]. In terms of the cardiovascular system, CRP can improve
cardiac insufficiency, alleviate cardiac hypertrophy and myocardial fibrosis, prevent hyper-
lipidemia and keep cardiomyocytes away from the damage of hypercholesterolemia [14–18].
Experiments have found that CRP’s neuroprotective properties confer the ability to prevent
neurodegeneration caused by Parkinson’s, Alzheimer’s, Huntington’s disease and multiple
sclerosis [19–22]. Unlike the above systems, CRP has relatively few studies in the related
direction of the urinary system and has been reported to be anti-inflammatory and enhance
renal function [23–25]. It is worth mentioning that CRP exhibits anti-inflammatory activity
not only in the urinary system, but also in various systems of the body. Nobiletin is consid-
ered to be a marker of anti-inflammatory effect of CRP, while Xue N. et al. suggested that
naringenin inhibits reactive oxygen species (ROS) and inflammatory cytokines involved
in the process of CRP against inflammatory damage [26,27]. The antioxidant capacity of
CRP is also an important part of its pharmacological action, and it is positively correlated
with the aging of CRP [28]. Data proves that long-term storage benefits the quality of CRP,
in which phenolic acids play a key role [29]. Moreover, the antioxidant activity of CRP is
closely related to the fungi represented by Aspergillus niger growing on its surface, which
can promote the transformation of flavonoids in CRP to increase its content [30].

The composition of natural compounds of CRP is complex. Through supercritical CO2
extraction [31,32], Soxhlet extraction [1,33,34], pressurized liquid extraction (Wei L) and
high-speed countercurrent separation [35], 161 constituents from CRP have been extracted
and identified, including 65 flavonoids, 51 phenolic acids, 27 fatty acids and 18 amino
acids [29,36]. Certainly, flavonoids are the most relevant class of all compounds with the
pharmacological effects of CRP, and flavanone, flavone, and polymethoxyflavone aglycones,
flavanone-and flavone-O-glycosides and flavone-C-glycosides are all the compounds it
contains [37–39]. Due to its abundant content, hesperidin has been used as a chemical
reference for CRP quality control by the Chinese Pharmacopoeia. Among them, in terms
of exerting medical effects, the representative flavonoids are tangeretin and nobiletin,
belonging to the polymethoxyflavones, and naringin and hesperidin, belonging to the
flavanone O-glacosides (Table 1, Figures 1 and 2).
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90



Molecules 2022, 27, 5622

Table 1. The Flavonoids in CRP.

Classification Chemical Component Molecular Formula Molecular Mass References

Polymethoxyflavones Nobiletin C21H22O8 402 [40]
3,5,6,7,8,3′,4′-Heptamethoxyflavone C22H24O9 433 [40]

5-Hydroxy-6,7,8,3′,4′-
pentamethoxyflavone C20H20O8 388 [40]

Tangeretin C20H20O7 373 [40]
Monohydroxy-trimethoxyflavone C18H16O6 329 [40]

Monohydroxy-tetramethoxyflavone C19H18O7 359 [40]
Monohydroxy-pentamethoxyflavone C20H20O8 389 [40]

Trihydroxy-dimethoxyflavone C17H14O7 331 [40]
Trihydroxy-trimethoxyflavone C18H16O8 361 [40]

Isosinensetin C20H20O7 373 [40]
Monohydroxy-hexamethoxyflavone C21H22O9 419 [40]

Tetramethoxyflavone C19H18O6 343 [40]
Hexamethoxyflavone C21H22O8 403 [40]

Sinensetin C20H20O7 373 [40]
Tetramethyl-O-isoscutellarein C19H18O6 343 [40]
Dihydroxy-trimethoxyflavone C18H16O7 345 [40]

Trimethoxyflavone C18H16O5 313 [40]
Pentamethoxyflavone C20H20O7 373 [40]

Tetramethyl-O-scutellarein C19H18O6 343 [40]
Dihydroxy-tetramethoxyflavone C19H18O8 375 [40]
Dihydroxy-pentmethpxyflavone C20H20O9 405 [39]

Natsudaidai C19H18O7 359 [40]
Flavanone O-glycosides Hesperidin C28H34O15 611 [40]

Naringin C27H32O14 581 [40]
Eriocitrin C27H32O15 597 [40]

Neohesperidin C27H32O15 597 [40]
Narirutin C27H32O14 581 [40]

Prunin C21H22O10 435 [40]
Neohesperidin C28H34O15 611 [40]

Poncirin C28H32O414 595 [40]
Didymin C28H34O14 595 [40]
Melitidin C33H40O18 725 [40]

Flavone O-glycosides Rhoifolin C27H30O14 579 [40]
Hexamethoxyflavone-o-glucoside C27H33O13 565 [40]

Luteolin-7-O-rutinoside C27H30O15 595 [40]
Diosmin C28H32O15 609 [40]

Neodiosmin C28H32O15 609 [40]
Sudachiin C or B C30H34O17 667 [40]

Flavone C-glycosides Vicenin-2 C27H30O15 595 [40]
Diosmetin-6,8-di-C-glucoside C28H32O16 625 [40]

Lucenin-2 C27H30O16 611 [40]
Apigenin-8-C-glucoside C21H20O10 433 [40]
Diosmetin-6-C-glucoside C22H22O11 463 [40]

Apigenin-6,8-di-C-glucoside C27H30O2 595 [39]
Chysoeriol-6,8-di-C-glucoside C28H32O16 625 [39]

Flavanone aglycones Naringenin C15H13O5 273 [40]
Hesperetin C16H14O6 303 [40]

91



Molecules 2022, 27, 5622

Molecules 2022, 27, x FOR PEER REVIEW 4 of 19 
 

 

Figure 1. (A) Citrus reticulata Blanco tree (B) fresh ripe citrus (C) fresh mature pericarps (D) CRP. 

 
Figure 2. The chemical structure of nobiletin, hesperidin, tangeretin and naringin contained in CRP. 

3. Epidemiological Investigation of Cancer 
Cancer develops from the clonal expansion of abnormal cells inside the body [41]. As 

changes in the prevalence and distribution of the main risk factors, cancer incidence and 
mortality are rapidly growing worldwide. Cancer was the leading cause of premature 
death in 57 countries until 2020 [42]. Based on cancer incidence and mortality from the 
GLOBOCAN 2020 and The World Health Organization database, the most commonly di-
agnosed cancers worldwide were female breast cancer, lung and prostate cancer; the most 
common cause of cancer death were lung, liver and stomach cancers [43,44]. Female breast 
cancer has now surpassed lung cancer as the leading cause of global cancer incidence in 
2020 with more than 6 million deaths [45]. The causes of cancer are multifaceted, with 
multiple external factors combined with internal genetic changes leading to cancer, but it 
mainly originates from both environment and genetics [46]. Unhealthy lifestyles, such as 
cigarette smoking, alcohol abuse, excess fat and red meat intake and lack of fiber, can also 
affect the development of cancer [47,48]. Conventional treatment modalities for cancer 
include surgery, radiation therapy, chemotherapy, targeted therapy, hormonal therapy 
and immunotherapy [49]. However, current treatments are often accompanied by various 
physical and psychological side effects, which severely impact the prognosis and life ex-
pectancy of patients. Throughout the past few years, both clinical and laboratory studies 
of the treatment of cancer through traditional Chinese medicine have gained great atten-
tion. The efficacy and safety of herbal medicine make it unique in the treatment of cancer. 
At the same time, Chinese medicine can also be used as an adjuvant to reduce the side 
effects of conventional cancer treatment. 

4. The Performance of CRP in the Typical Phenotype of Cancer 
Broadly speaking, cancer is a disease caused by dysregulation of cell proliferation 

[50]. The manifestation of cell proliferation is cell division, and mitosis is the main means 
of cell division in eukaryotes, which is periodic. The cell cycle goes through 4 phases: G1, 
S, G2 and M; and 3 checkpoints: G1/S, G2/M and SAC [51]. Apparently, this program is 
regulated by proliferation signals, cyclins and corresponding cyclin-dependent kinases 
(CDKs) [52]. Inactivation or mutation of growth suppressor genes and overexpression of 
oncogenes lead to uncontrolled proliferation of cancer cells and upregulation of cyclin-
CDKs’ expression, which in turn affects cell cycle progression and mitosis [53]. However, 
mTOR, which coordinates growth metabolism, suppresses the PI3K/AKT pathway to at-
tenuate its anti-proliferative effect [54]. From the perspective of cancer metabolism, one of 

Figure 2. The chemical structure of nobiletin, hesperidin, tangeretin and naringin contained in CRP.

3. Epidemiological Investigation of Cancer

Cancer develops from the clonal expansion of abnormal cells inside the body [41].
As changes in the prevalence and distribution of the main risk factors, cancer incidence
and mortality are rapidly growing worldwide. Cancer was the leading cause of premature
death in 57 countries until 2020 [42]. Based on cancer incidence and mortality from the
GLOBOCAN 2020 and The World Health Organization database, the most commonly
diagnosed cancers worldwide were female breast cancer, lung and prostate cancer; the
most common cause of cancer death were lung, liver and stomach cancers [43,44]. Female
breast cancer has now surpassed lung cancer as the leading cause of global cancer incidence
in 2020 with more than 6 million deaths [45]. The causes of cancer are multifaceted, with
multiple external factors combined with internal genetic changes leading to cancer, but
it mainly originates from both environment and genetics [46]. Unhealthy lifestyles, such
as cigarette smoking, alcohol abuse, excess fat and red meat intake and lack of fiber, can
also affect the development of cancer [47,48]. Conventional treatment modalities for cancer
include surgery, radiation therapy, chemotherapy, targeted therapy, hormonal therapy
and immunotherapy [49]. However, current treatments are often accompanied by various
physical and psychological side effects, which severely impact the prognosis and life
expectancy of patients. Throughout the past few years, both clinical and laboratory studies
of the treatment of cancer through traditional Chinese medicine have gained great attention.
The efficacy and safety of herbal medicine make it unique in the treatment of cancer. At the
same time, Chinese medicine can also be used as an adjuvant to reduce the side effects of
conventional cancer treatment.

4. The Performance of CRP in the Typical Phenotype of Cancer

Broadly speaking, cancer is a disease caused by dysregulation of cell proliferation [50].
The manifestation of cell proliferation is cell division, and mitosis is the main means of
cell division in eukaryotes, which is periodic. The cell cycle goes through 4 phases: G1,
S, G2 and M; and 3 checkpoints: G1/S, G2/M and SAC [51]. Apparently, this program
is regulated by proliferation signals, cyclins and corresponding cyclin-dependent kinases
(CDKs) [52]. Inactivation or mutation of growth suppressor genes and overexpression of
oncogenes lead to uncontrolled proliferation of cancer cells and upregulation of cyclin-
CDKs’ expression, which in turn affects cell cycle progression and mitosis [53]. However,
mTOR, which coordinates growth metabolism, suppresses the PI3K/AKT pathway to atten-
uate its anti-proliferative effect [54]. From the perspective of cancer metabolism, one of the
biological markers of cancer, the Warburg effect, a form of energy metabolism manifested
in aerobic glycolysis, enhances the proliferation and division, invasion and anti-apoptosis
of cancer cells [55]. It is worth noting that in the G1 phase, on the one hand, cyclin D1
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inactivates the inhibition of a mitochondria through the action of a series of factors, such as
NRF-1, PPARγ and PGC-1α [56–58]. On the other hand, during G1 phase in cancer cells,
PKM2 affected by PFK1, Ras, HIF-1 and PI3K/AKT/mTOR upregulates the gene CCND1
encoding cyclin D1 by increasing c-Myc expression and promoting β-catenin transactiva-
tion [59–61]. Conversely, PKM2 activated under the action of proliferative signals, such
as EGFR, NF-κB and AKT, can also upregulate the expression of HIF-1, STAT3 and c-Myc
through the STAT3 signaling pathway to maintain cell cycle progression [62–64]. Naringin
and tangeretin were determined to affect cyclin D and beta-catenin, resulting in cell cycle
arrest, which in turn counteracts the disordered proliferation of cancer cells. In addition, in
the anti-proliferation process of CRP, effectors on JAK/STAT, PI3K/AKT/mTOR pathways
are also involved (Figure 3).
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Interestingly, some proteins are involved in both cell proliferation and apoptosis. For
example, p53 not only acts on its key effectors PUMA and p21 to induce cell cycle arrest
to inhibit proliferation, but also acts as an upstream activator of pro-apoptotic proteins
to initiate apoptosis [65,66]. It is reasonable to think that the cycle arrest caused by the
regulation of P53 by hesperidin and tangeretin is the result of this.

The morphological changes of apoptosis are cytoplasmic shrinkage, chromatin py-
knosis, nuclear fragmentation and plasma membrane blebbing, which finally form an
apoptotic body [67]. Biochemical changes that can be observed during this process include
caspase activation, DNA and protein breakdown, membrane changes and recognition by
phagocytes [68]. The intrinsic apoptotic pathway is due to growth factor loss, DNA damage,
ER stress, ROS overload, replication stress, microtubule alterations and mitotic defects,
resulting in irreversible enhancement of mitochondrial outer membrane permeability and
the release of pro-apoptotic factors [67,69]. The BCL-2 family is an indispensable regulatory
protein in the internal apoptosis pathway, including the pro-apoptotic BAX, BAK, BAD,
BCL-XS, BID, BIK, BIM and Hrk, and the anti-apoptotic BCL-2, BCL -Xl, BCL-W, BFL-1 and
MCL-1 [70]. Under the action of cytotoxic signals, BH3-like proteins, such as BIM, BAD,
PUMA and Noxa, transmit the signals to the downstream BAX and BAK. Under normal
conditions, BAX located in the cytoplasm is enriched in mitochondria and becomes an
activated state [71–73]. During this process, BAK is also activated. The apoptosis-inhibiting
proteins BCL-2, BCL-XL, MCL-1, etc., can combine with BAX and BAK to suppress their
activity [74]. Cytochrome c is released under the action of these two diametrically opposed
proteins and then binds to Apaf-1 under the induction of apoptotic factors, such as Smac,
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DIABLO and Omi/HtrA2, to form apoptosome to further activate caspase-3 [75]. The
apoptosis inhibitor IAP family binds to and prevents the activation of caspase, forming
a negative feedback mechanism [76]. Another apoptosis-inducing factor induces apopto-
sis in a caspase-independent manner. Excessive DNA damage leads to the onset of the
PPAR-1-dependent cell death program; AIF then translocates from the mitochondria to the
nucleus, followed by nuclear condensation, phosphatidylserine exposure at the plasma
membrane and mitochondrial transmembrane collapse, a process unaffected by caspase
inhibitors [77]. The extrinsic apoptosis pathway is completed by death receptors that are
members of the TNFR superfamily, and the death receptors that receive cytotoxic signals
bind to their ligands. For instance, Fas/FasL, the most representative one, activates pro-
caspase-8 into caspase-8 through the combination of FADD and DED and then activates
other executioners of the caspase family in turn [78–80]. Activated caspase-8 activates BAX
and BAK by cleaving BID to release cytochrome c, a link that links the extrinsic and intrinsic
apoptotic pathways. Activated caspase-3 and caspase-7 cleave ICAD, which is an inhibitor
of caspase-activated DNase, and then release CAD, resulting in DNA fragmentation and
ultimately, complete apoptosis [78]. CRP is involved in the release of related proteins
on the internal/external apoptotic pathway, as well as upstream and downstream signal-
ing pathways, including but not limited to ERK and PPARγ-dependent or independent
(Figure 4).
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Autophagy suppresses tumors by eliminating oncogenic substrate proteins, toxic un-
folded proteins and damaged organelles, preventing chronic tissue damage and cancer de-
velopment; conversely, autophagy-mediated intracellular recycling promotes tumor growth
metabolism in cancer [81]. Autophagy was originally thought to be tumor-suppressive, as
the absence of the autophagy-related protein ATG6 has been observed in human breast,
ovarian and other cancers [82]. The mTOR and ULK complexes mediated by AMPK, p53,
PI3K/AKT and MAPK/ERK cooperate with ATG on the autophagic membrane to form au-
tophagosomes, which in turn control the entire autophagy process [83–86]. The formation
of autophagosomes involves a series of proteins and multimolecular complexes, involving
BECLIN 1, LC3, Rab complex, etc. [86]. The damaged organelles are captured by the au-
tophagosome membrane, recognized by the autophagy substrate p62, and then degraded
by lysosomes [87]. Autophagy inhibition is beneficial to tumor growth, as its deficiency
leads to the accumulation of p62, and the binding of p62 to mTORC1 inhibits autophagy
and activates NF-κB and NRF-2, which further promotes tumor cell proliferation [88–90].
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From a metabolic point of view, the existence of autophagy allows cells to still metabolize
in a starved state, which means that the activation of autophagy is sufficient to maintain
tumor cell survival [87,91]. CRP has not been researched in the field of autophagy for a
long time, but it is currently certain that its effects on autophagy include but are not limited
to regulating the PI3K/AKT/GSK-3c/mTOR pathway (Figure 5).
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Cancer metastasis is the spread of cancer cells to distant organs, and the invasion–
migration of cancer cells during this process is controlled by multiple factors. The process
of cell invasion–migration consists of the following aspects: (a) local invasion and cell
migration of the basement membrane; (b) intravascular deep vasculature and/or lym-
phatic system; (c) survival in the circulation; (d) arrest and extravasation at distant organ
sites; and (e) colonization at metastatic sites [92]. Protocols for single cell invasion in-
volve protease, actin cytoskeleton, integrin-dependent, integrin-independent and Rho- and
Rock/MLCK-dependent modes of migration into mesenchymal migration and glide-like
“amoematoid-migration” [93,94]. Epithelial–mesenchymal transitions (EMT) during cell
migration and invasion is regulated by transcription factors such as slug, Twist, ZEB1 and
ZEB2, which inhibit E-cadherin, the cornerstone of the epithelial state [95,96]. In addition,
the double negative feedback loop formed by miR-200 and ZEB1/ZEB2 is another impor-
tant mechanism for regulating EMT [96]. The invasion–metastasis cascade of cancer cells
begins with the destruction of BM, and its damage is the result of MMPs as enzymatically
hydrolyzed active proteins [97,98]. Indeed, the effects of MMPs on cancer are multifaceted,
including inflammation, cell proliferation, extracellular matrix (ECM) degradation, cell
migration, resistance to cell death, replicative immortality and metastatic niches; the most
critical role is the degradation and remodeling of the ECM during cancer cell invasion
and metastasis [99]. One of the sources of TGF-β, which has the function of inhibiting
tumor cell differentiation, is the inactive precursor after proteolysis of MMP-9. At the
same time, the regulation of VEGF by MMP-9 can promote tumor angiogenesis, which
is beneficial to tumor colonization [100–102]. In addition, TGF-β1 can also be activated
by MMP-14 and MMP-2 [103]. All three of the above proteins cleave LTBP-1 of the ECM
to indirectly regulate the activity of TGF-β [104,105]. NF-κB enhances the production of
MMPs, and its ability is restricted by TIMPs, with which it can form complexes that inhibit
proteolysis [106,107]. In particular, MMP-7 inhibits apoptosis by cleaving Fas ligands,
making it a place in the process of apoptosis [108]. The ability of hesperidin, naringin to
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downregulate MMPs has been demonstrated, which allows it to successfully reverse EMT
(Figure 6).
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5. Inhibitory Effect of CRP and Its Active Components on Cancer
5.1. Breast Cancer

With the highest diagnosis rate in women, breast cancer severely threatens the survival
and quality of life of women around the world. The mechanism of CRP in the treatment
of breast cancer is still under study. According to the existing results, flavonoids such
as nobiletin, tangeretin, hesperidin and naringin play a crucial role. The study found
that nobiletin can simultaneously inhibit the ERK1/2 and PI3K/AKT pathways to sup-
press the growth of TNBC MDA-MB-468 cells and perform anti-tumor effects through
anti-proliferation and induction of apoptosis [109]. Tangeretin inhibits breast cancer cell
metastasis by targeting TP53, PTGS2, MMP9 and PIK3CA and regulating the PI3K/AKT
pathway [110]. Tangeretin inhibits the formation of BCSCs and targets BCSCs by inhibiting
the Stat3/Sox2 signaling pathway, thereby treating breast cancer and BCSCs [111]. Tan-
geretin also attenuates DMBA-induced oxidative stress, reduces kidney DNA damage and
has chemo preventive activity against DMBA-induced breast cancer with cellular engraft-
ment [112,113]. Hesperidin exhibits a concentration-dependent cytotoxicity effect on human
breast cancer cell line MCF-7, which induces apoptosis and causes DNA damage [114,115].
The combination of hesperidin and chlorogenic acid modulates mitochondrial and ATP
production via the estrogen receptor pathway and synergistically inhibits the growth of
MCF-7 [116]. Naringin inhibits cell proliferation and promotes apoptosis and G1 cycle
arrest through regulating the β-catenin pathway, thereby suppressing the growth potential
of TNBC cells [117]. What’s more, hesperidin performed the inhibitory activity of the
proliferation of MCF-7-GFP-Tubulin cells, fought against drug-resistant cancer cells and
amelioratde the cell migration of MDA-MB 231 cells [118–120].

5.2. Lung Cancer

As the second most common cancer worldwide, lung cancer is the leading cause
of cancer death in 2020, with incidence and mortality rates approximately twice as high
in men as in women [45]. Under the current situation of extremely low survival rate,
how to improve the rate and the quality of life of patients diagnosed with lung cancer
has become the main subject of medical research. CRP is good at treating respiratory
system diseases, and pharmacological research has carried out in-depth exploration on the
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treatment of lung cancer. Smoking greatly increases the risk of lung cancer. Hesperidin is
able to down-regulate the expression of MMPs and enhance antioxidant status to combat
nicotine toxicity and suppression of smoking-induced lung cancer [121]. The antioxidant
capacity of hesperidin also inhibits tumor cell proliferation in benzo(a)pyrene-induced
lung cancer mouse models [122]. Another study found that inhibition of NSCLC cells
proliferation and promotion of apoptosis through the miR-132/ZEB2 signaling pathway
may be one of the mechanisms by which hesperidin alleviates NSCLC [123]. Hesperidin
also induces apoptosis through the mitochondrial pathway, up-regulates the expression of
P21 and P53 to triggers G0/G1 phase arrest in A549 cells and down-regulates cyclin D1
for anti-proliferation [124,125]. Another set of experiments by Xia R found that blocking
the SDF-1/CXCR-4 pathway to inhibit the migration of A549 cells and the suppression of
EMT phenotype transformation are also the approach for hesperidin to prevent tumors
and its metastasis [126]. Taking A549 cells as the research object, another important natural
compound of CRP, naringin, attenuates the EGF-induced MUC5AC mucin and mRNA
overexpression by inhibiting the synergistic activity of MAPKs/AP-1 and IKKs/IκB/NF-κB
signaling pathways [127]. Chen M found that naringin exhibited the capacity to inhibit
PI3K/AKT/mTOR and NF-κB pathways and activate the expression of miR-126 in H69
cells, thereby preventing cell growth and inducing apoptosis in SCLC cells [128].

5.3. Prostate Cancer

Prostate cancer is the most common malignancy among men worldwide, with 1.4 million
cases diagnosed in 2016 and more than 380,000 deaths [129]. A series of experimental studies
have demonstrated that flavonoids in CRP have positive effects on weakening cell viability
and inducing cytotoxicity in prostate cancer. The expressions of NF-κB and HIF-1α were
down-regulated in nobiletin-treated prostate cell lines DU145 and PC-3 cells, accompanied
by decreased phosphorylation of AKT, which in turn impairs cell viability [130]. Coinciden-
tally, tangeretin also down-regulated the expression of AKT and AR in C4-2 cells and
synergistically antagonized the resistance of CRPC cells to sorafenib or cisplatin [131].
In PC-3 cells, the pathways of tangeretin-induced cytotoxicity include not only caspase-
30mediated apoptosis, but also inhibition of PI3K/AKT/mTOR pathway to reverse the
EMT process [132].

5.4. Liver Cancer

Primary liver cancer, including hepatocellular carcinoma (HCC) and intrahepatic
cholangiocarcinoma, was the sixth most commonly diagnosed cancer and the third leading
cause of cancer death globally in 2020, with HCC accounting for 75–85% of these [45,133].
Hence, the exploration of CRP in the treatment of liver cancer mainly focuses on the
direction of HCC. Zheng J. et al. verified that the regulation of JNK/Bcl-2/BECLIN1
pathway-mediated autophagy is the mechanism by which tangeretin antagonizes the
proliferation and migration of HepG2 cells [134]. Hesperidin’ fight against HCC cells’
invasiveness is achieved by suppressing the activities of NF-κB and AP-1 to down-regulate
the expression and secretion of MMP-9 in acetaldehyde- and TPA-induced HCC [135,136].
The pro-apoptotic protein BAX is the key to cell apoptosis, and up-regulation of BAX to
induce apoptosis in HepG2 cells is an effective way for hesperidin and naringin to inhibit
liver cancer [137,138]. The fact that naringin reduces cell proliferation in DEN-induced
hepatocarcinoma rats is manifested by a marked decrease in AgNOR/nuclear and PCNA
levels, as well as altered DNA fragmentation in liver tissue [139].

5.5. Gastric Cancer

According to statistics, in 2020, there were more than 1 million new cases of gastric
cancer, causing 769,000 deaths, ranking fourth and fifth in the world in morbidity and
mortality, respectively [45]. Relying on the long-term clinical experience of CRP in the
treatment of digestive system diseases, related experiments have thus explored multi-
ple mechanisms of anti-gastric cancer. Endoplasmic reticulum stress mediates apoptosis
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and autophagy. Nobiletin down-regulates AKT/mTOR signaling pathway to promote
endoplasmic reticulum stress response in SNU-16 cells, which may be an integral part
of its anticancer activity [140]. Mitochondrial apoptosis mediated by activated caspase-9
and Fas/Fas L synergistically enables tangeretin to fulfill its mission of inhibiting AGS
cells [141]. Mitochondrial-mediated apoptosis is also applicable to the killing effect of
hesperidin on AGS cells. The level of reactive oxygen species in AGS cells after hesperidin
intervention increases, and the MAPK signaling pathway is regulated to induce cell apop-
tosis [142]. Radiation therapy is one of the main methods for the treatment of tumors at
present, through downregulating the expression of Notch-, Jagged1/2, Hey-1 and Hes-1,
downregulating the expression of miR-410, causing attenuated invasion and migration in
GC cells; tangeretin greatly enhanced the radiosensitivity of GC cells [143].

5.6. Colorectal Cancer

As the third most common cancer in terms of incidence and the second in mortality,
colorectal cancer accounts for one tenth of all diagnosed cancers and deaths [45]. Similar to
gastric cancer, the advantages of CRP in digestive diseases are also reflected in colorectal
cancer. Nobiletin and its major metabolites M1, M2 and M3 in the colon have established
roles in cell cycle arrest and apoptosis, thus effectively inhibiting AOM/DSS induced
colitis-associated colon cancer in CD-1 male mice [144]. In rectal cancer, the mechanism of
nobiletin is downregulating MMP-7 gene expression to inhibit the invasion and metastasis
of cancer cells [145]. Tangeretin and 5-FU synergistically up-regulate P21 in HCT-116 cells,
which in turn activates the P53-mediated DNA damage response and triggers apoptosis
via the JNK pathway, suggesting that the combination of tangeretin and 5-FU suppresses
the autophagy pathway, enabling cancer cells susceptible to oxidative stress-induced
programmed cell death [146]. Inhibition of colon cancer by hesperidin involves multiple
alterations, including caspase-3-mediated apoptosis, the autophagy program initiated by
PI3K/Akt/GSK-3c and mTOR pathway and, down-regulation of NF-κB and its target
molecules iNOS and COX-2 to attenuate oxidative stress and enhance antioxidants to fight
tumor-induced inflammation [147–150]. The above phenomenon also occurred in naringin-
treated CRC cells, where the suppression of the PI3K/AKT/mTOR pathway resulted in
ameliorated abnormal proliferation and apoptosis [151].

5.7. Esophageal Cancer

Esophageal cancer, another intractable disease of the digestive system, is also accompa-
nied by a particularly high fatality rate, with about 1 in every 18 cancer patients dying from
it [45]. The way that naringin combats esophageal cancer is to suppress the proliferation
and colony formation and the invasion of Eca109 cells by regulating related proteins to
block the JAK/STAT signaling pathway, so as to promote cell apoptosis [152]. In nude mice,
synephrine has a significant inhibitory effect on ESCC xenografts, and in vitro experiments
have observed that it down-regulates Galectin-3 to inactivate the AKT/ERK pathway in
ESCC cells [153].

5.8. Cervical Cancer

Although cervical cancer is the fourth leading cause of cancer death in women, the
most common cancer and the leading cause of cancer death in many countries worldwide,
it is considered a preventable cancer [45]. The inhibition of NEU3 activity in HeLa cells
and A549 cells mediated by naringin resulted in the accumulation of GM3 ganglioside,
which further led to the weakening of EGFR signaling, and finally resulted in cell growth
restriction. At the same time, the down-regulation of phosphorylation of EGFR and ERK
was also involved in the process [154]. Lin R’s data demonstrated that naringin abolishes
Wnt/β-catenin signaling and ultimately triggers cell cycle arrest at G0/G1 phase in Cervical
cancer cells, while ER stress-induced cell killing is also a pathway for naringin to act on [155].
Naringin also induces cell cycle arrest in the G2/M phase, inhibits cell growth and induces

98



Molecules 2022, 27, 5622

apoptosis via the NF-κB/COX-2-caspase-1 pathway, thereby exerting its anticancer activity
on SiHa cells and HeLa cells [156,157].

5.9. Bladder Cancer

The incidence of bladder cancer in men is much higher than women, making it
the sixth most common cancer and the ninth cause of cancer death [45]. Apoptosis is
an important mechanism of CRP against bladder cancer discovered in current research.
Nobiletin-induced apoptosis is accomplished through the regulation of endoplasmic retic-
ulum stress via PERK/elF2α/ATF4/CHOP pathway and PI3K/AKT/mTOR pathway,
and its inhibitory effect on BFTC cell growth is positively correlated with concentration
range [158]. Anti-tumor formation through apoptosis is also suitable for tangeretin by
inducing the release of pro-apoptotic factors such as cytochrome c to form an apoptotic
complex with activated caspase-9, thereby initiating the apoptotic response and disrupting
mitochondrial function, resulting in BFTC-905 cells being cytotoxic [159].

5.10. Other Cancers with High Diagnosis Rate

In addition to the above-mentioned cancers, CRP is quite successful in the treatment of
other common cancers. The mechanism of nobiletin against osteosarcoma metastasis is to
down-regulate the expression of MMP-2 and MMP-9 via ERK/JNK pathways and inhibit
the movement, migration and invasion of U2OS and HOS cells through activation of NF-κB,
CREB and SP-1 proteins [160]. Moreover, naringin suppresses the migration and invasion of
human chondrosarcoma by up-regulating the expression of miR-126 and downregulating
VCAM-1 expression [161]. By inhibiting MAPK and AKT/protein kinase B signaling
pathway and downregulating cell cycle-related factors, nobiletin achieves the purpose of
combating glioma cell proliferation and migration [162]. Suppression of the cyclin-D/cdc-2
complex formation leads to cell cycle arrest at G2/M arrest, decreased glioblastoma cell
growth after tangeretin treatment, increased G2/M phase cells and induces apoptosis [163].
Blocking the MAPKs signaling pathway, downregulating the activity and expression of
MMPs, thereby inhibiting the invasion, migration and adhesion of U87 cells, is a non-
negligible characteristic of naringin’s anti-metastatic properties [164]. Negative effects
on cell proliferation by inhibiting the FAK/cyclin D1 pathway, promoting apoptosis via
affecting the FAK/BADs pathway and attenuating cell invasion and metastasis through
the FAK/MMPs pathway are another example of naringin in the treatment of glioblastoma
cells [165]. Naringin-treated Walker 256 carcinosarcoma rats inhibited tumor growth, down-
regulated the expression of IL-6 and TNF-α and significantly prolonged the survival rate
without the occurrence of cachexia [166]. Induction of apoptosis by activating caspase-3
and up-regulation of intracellular ROS and blocking cell cycle progression in G2 phase
are the main ways that hesperidin reduces the viability of gallbladder cancer cells [167].
Inhibition of MAPK pathway, STAT3 activation and down-regulation of ER signaling
pathway in the genome seems to be an important mechanism by which hesperidin induces
apoptosis or autophagy in ECC-1 cancer cells [168]. Hesperidin inhibits mesothelioma
cell growth by inducing apoptosis by downregulating the mRNA and protein expression
levels of Sp1 and its regulatory proteins [169]. Hesperidin triggers apoptosis in lymphocyte
lineages in a PPARγ-dependent or PPARγ-independent manner and inactivates NF-κB,
which in turn sensitizes Ramos cells to chemotherapeutic agent-induced apoptosis [170].
The mechanism of action of hesperidin in NALM-6 cells is manifested in multiple aspects.
It can not only play pro-apoptotic and anti-proliferative effects via PPARγ-dependent
and PPARγ-independent pathways, but also affect apoptosis and cytotoxicity through
PI3K/AKT/IKK signaling pathway [171,172]. As early as 1998, some scholars have found
that hesperidin has an inhibitory effect on 12-O-tetradecanoyl-13-phorbo lactate-induced
skin tumor [173]. In vitro, hesperidin affected PD-L1 expression in HN6 cells and HN15
cells by reducing the phosphorylation of STAT1 and STAT3, thereby inhibiting cancer
cell survival and avoiding evasion of antitumor immunity. Correspondingly, in vivo
experiments found that hesperidin had a negative effect on 4-NQO-induced proliferation of
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rat oral cancer [174–176]. Nobiletin inhibited the proliferation of TCA-8113 cells and CAL-
27 cells through cell cycle arrest in G1 phase, accompanied by changes in intracellular levels
of acidified PKA and phosphorylated CREB, impaired mitochondrial function, glucose
consumption and pyruvate and lactate production [177]. The antagonism of nobiletin on
LPS- and INF-γ-induced PGE2, COX-2, NO endows it with the property of preventing
inflammation-related tumors [178]. Nobiletin has positive and negative regulatory effects
on MMPs and TMP-1, which is a specific manifestation of its interference with PI3K
signaling pathway to suppress tumors [179].

6. Conclusions

To sum up, the performance of CRP, especially its flavonoids, in the fight against
cancer, is worthy of recognition because, while it does not prevent the process of a certain
aspect of cancer alone, it reverses or suppresses the development of cancer through various
pathways, which is a characteristic that traditional anti-cancer agents lack compared to
traditional Chinese medicine. Because of the multiple functions of CRP, its ability has not
been thoroughly studied. In addition, CRP is also commendable as an advantage in that it
is a natural product that is homologous to medicine and food, which makes it inexpensive
and easy to obtain. However, the most prominent defect of CRP as an anti-cancer agent is
the lack of clinical research, which will be an important content of CRP to be explored next.
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Abstract: This study was conducted to evaluate the protective effect of Juglans regia (walnut, Gim-
cheon 1ho cultivar, GC) on high-fat diet (HFD)-induced cognitive dysfunction in C57BL/6 mice.
The main physiological compounds of GC were identified as pedunculagin/casuariin isomer, stric-
tinin, tellimagrandin I, ellagic acid-O-pentoside, and ellagic acid were identified using UPLC Q-
TOF/MS analysis. To evaluate the neuro-protective effect of GC, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 2′,7′-dichlorodihydrofluorecein diacetate (DCF-DA) analysis
were conducted in H2O2 and high glucose-induced neuronal PC12 cells and hippocampal HT22 cells.
GC presented significant cell viability and inhibition of reactive oxygen species (ROS) production.
GC ameliorated behavioral and memory dysfunction through Y-maze, passive avoidance, and Morris
water maze tests. In addition, GC reduced white adipose tissue (WAT), liver fat mass, and serum
dyslipidemia. To assess the inhibitory effect of antioxidant system deficit, lipid peroxidation, ferric
reducing antioxidant power (FRAP), and advanced glycation end products (AGEs) were conducted.
Administration of GC protected the antioxidant damage against HFD-induced diabetic oxidative
stress. To estimate the ameliorating effect of GC, acetylcholine (ACh) level, acetylcholinesterase
(AChE) activity, and expression of AChE and choline acetyltransferase (ChAT) were conducted, and
the supplements of GC suppressed the cholinergic system impairment. Furthermore, GC restored
mitochondrial dysfunction by regulating the mitochondrial ROS production and mitochondrial
membrane potential (MMP) levels in cerebral tissues. Finally, GC ameliorated cerebral damage by
synergically regulating the protein expression of the JNK signaling and apoptosis pathway. These
findings suggest that GC could provide a potential functional food source to improve diabetic
cognitive deficits and neuronal impairments.

Keywords: walnut; Juglans regia; high-fat diet; insulin resistance; inflammation; cognitive function;
JNK/NFκB pathway

1. Introduction

Diabetes, one of the major metabolic diseases, has increased in prevalence over the past
few decades, and more than 150 million people currently suffer from diabetes worldwide [1].
The causes of diabetes are reported to obesity, hyperglycemia, insulin resistance, and
hormone changes derived from changes in diet such as high-fat and high-carbohydrate
diets [2]. A high-fat diet (HFD) impairs energy homeostasis in the whole body due to
comprehensive factors and lifestyle changes and contributes to obesity [3]. Obesity is related
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to type 2 diabetes by causing insulin resistance, increasing fasting plasma insulin levels, and
impairing glucose tolerance [4]. Hyperglycemia by glucose intolerance leads to an increase
in the formation of advanced glycation end products (AGEs) and activation of nuclear factor-
kappa B (NFκB), leading to the activation of inflammation [5]. Furthermore, brain tissue is
easily damaged by the overproduction of reactive oxygen species (ROS) due to the metabolic
abnormalities accompanying insulin resistance. Oxidative stress caused by HFD leads to
the activation of c-Jun N-terminal kinase (JNK), which precedes cell death by apoptosis and
inflammation through the downregulation of protein kinase B (Akt) phosphorylation [6,7].
Inhibition of Akt activity ultimately promotes the hyperphosphorylation of tau protein
and the production of amyloid β (Aβ) peptides, leading to synaptic dysfunction [8,9].
Moreover, the expression of pro-inflammatory cytokines due to insulin resistance increases
the permeability of the blood–brain barrier (BBB) [10–12]. It causes neuronal inflammation,
neurodegenerative diseases, and cognitive dysfunction in the hippocampal areas [13,14].
Therefore, HFD is associated with type 2 diabetes and leads to Alzheimer’s disease (AD)
by increasing diabetic cognitive dysfunction due to insulin resistance [15]. Thus, it is
important to evaluate the protective or ameliorating effect of natural resources against
HFD-induced diabetic disease. In previous studies, research was conducted to assess the
diabetic pathology in an alloxan (ALX) and/or streptozotocin (STZ)-induced animal model
without nutritional supplements [16]. However, in contrast to the HFD-induced model,
ALX and STZ can cause toxic reactions in other organs and lead to a different aspect of the
expression of hyperglycemic status [17]. Therefore, an HFD-induced diabetic model was
used for evaluation in this study.

Walnut (Juglans regia) is a crop grown worldwide that has various nutrients such as
high unsaturated fatty acid, amino acid, mineral contents, fat-soluble vitamins containing α-
and γ-tocopherol, and unsaturated fatty acids, such as oleic acid, linoleic acid and linolenic
acid [18,19]. In addition, walnuts have various physiologically active compounds such as
ellagitannin-based tannins with physiologically bioactive substances [20]. Ellagitannins
are polyphenols in which hexahydroxydiphenic acid (HHDP) esters, or their metabolites,
are mostly combined with glucose [21]. When ingested into the human body, ellagitannin
is hydrolyzed to ellagic acid and/or gallic acid, and those metabolites have physiological
activities such as anti-diabetic activity, regulation of hepatic steatosis and serum lipid
composition, anti-amnesic effect, and inhibition of inflammasome activation [22–25]. Based
on these bioactive substances, walnut showed antioxidant activity, hyperlipidemia, anti-
diabetic activity, and anti-inflammatory activity [18,26–28]. Furthermore, walnut showed
a protective effect on BBB damage and improved cognitive dysfunction in Aβ-induced
mice [29]. However, there are few studies related to the protective effect of walnut against
HFD-induced cognitive deficit. Therefore, this study was conducted to evaluate the protec-
tive effect of Gimcheon 1ho cultivar walnut (GC) on cerebral disorder by insulin resistance,
oxidative stress, and inflammation in HFD-induced diabetic disorder mice.

2. Materials and Methods
2.1. Chemicals

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2′,7′-
dichlorodihydrofluorecein diacetate (DCF-DA), fetal bovine serum (FBS), calf serum (CS),
dimethyl sulfoxide (DMSO), penicillin, streptomycin, Roswell Park Memorial Institute
medium 1640 (RPMI 1640), Dulbecco’s modified Eagle’s medium (DMEM), bovine serum
albumin (BSA), hydrogen peroxide (H2O2) D-glucose, phosphoric acid, thiobarbituric acid
(TBA), trichloroacetic acid (TCA), sodium hydroxide, hydroxylamine, hydrogen chloride
(HCl), 2,4,6-tris(2-pyridyl)-s-triazine, ferric chloride hexahydrate, sodium acetate, sodium
phosphate, sodium azide, fructose, mannitol, sucrose, HEPES sodium salt, digitonin, egtazic
acid (EGTA), hydroxylamine, 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), tris base, acetic
acid, pyruvic acid, malate, 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine
iodide (JC-1), potassium chloride (KCl), potassium dihydrogen phosphate, magnesium
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chloride, pyruvate, hydroxylamine, and sodium hydroxide and solvents were obtained
from Sigma-Aldrich Chemical Corporation (St. Louis. Mo, USA).

2.2. Sample Preparation

The walnut (Juglans regia) used in this experiment was obtained from Gimcheon 1ho
cultivar (GC) walnut in an experimental forest (production in 2018) of Gimcheon City
(Department of Forestry and Greenery) (Gimcheon, Korea) and verified by the National
Institute of Forest Science (NIFoS) (Suwon, Korea). According to the previous study, GC
presented significant contents of unsaturated fatty acids, total tocopherols, and essential
amino acids than other Korean cultivars [30]. The sample was prepared using vacuum
lyophilization (Operon, Gimpo, Korea) and stored at −20 ◦C. The lyophilized sample was
extracted with 50-fold 80% ethanol concentrations at 40 ◦C for 2 h. The extraction sample
was filtered through No.2 filter (Whatman Inc, Kent, UK) and concentrated using a vacuum
rotary evaporator (N-N series, Eyela Co., Tokyo, Japan). The concentrated extract of GC
was lyophilized and stored at −20 ◦C until use.

2.3. UPLC Q-TOF/MS

The main physiological compounds in the GC were analyzed using ultra-performance
liquid chromatography–ion mobility separation–quadrupole time of flight/tandem mass
spectrometry (UPLC IMS Q-TOF/MS, Vion, Waters Corp., Milford, MA, USA). UPLC
separation was investigated with an ACQUITY UPLC BEH C18 column (2.1 × 100 mm,
1.7 µm particle size; Waters Corp.). The sample was analyzed using distilled water and
acetonitrile (ACN) containing 0.1% formic acid at a flow rate of 0.35 mL/min for 10 min.
The mass spectrometer used electrospray ionization (ESI) in the negative ion mode. The
capillary and cone voltages were set at 2.5 kV and 40 V, respectively, and the source
and desolvation temperatures were performed at 100 ◦C and 400 ◦C, respectively. Mass
spectral data were collected from m/z 50 to 1500 and processed using MarkerLynx software
(Waters Corp.).

2.4. In Vitro Cells Study
2.4.1. Cell Culture

PC12 cells with the characteristics of adrenal gland blastoma cell lines were purchased
by the Koran Cell Line Bank (Seoul, Korea) and cultured in RPMI 1640 medium with 10%
FBS, 50 units/mL penicillin and 100 µg/mL streptomycin. HT22 hippocampal cells were
supplied in October 2017 from the Department of Anatomy of the College of Veterinary
Medicine, Gyeongsang National University. HT22 cells were cultured in a DMEM medium
containing 10% CS, 50 units/mL penicillin and 100 µg/mL streptomycin. Cells were
cultured at 37 ◦C in 5% CO2.

2.4.2. Neuronal Cell Viability and Intracellular ROS

The cell viability was performed using the MTT assay [31]. PC12 and HT22 cells
were seeded in 96 well plates (1 × 104 cells/well). After 24 h, the samples and Vitamin
C as the positive control were treated. After 24 h, H2O2 was treated for 3 h. MTT stock
solution (10 mg/mL) was added to the pretreated cells for 3 h. The production of violet
formazan crystals was determined using a microplate reader (Epoch 2, BioTek, Winooski,
VT, USA). The absorbance was measured at 570 nm (determination wavelength) and 655 nm
(reference wavelength).

The intracellular ROS contents were performed using the DCF-DA method [31]. After
sampling and H2O2 treatment, a DCF-DA reagent was added to cells and incubated
for 50 min. After that, fluorescence levels were performed using a fluorometer (Infinite
F200, TECAN, Männedorf, Switzerland) at 485 nm (excitation wavelengths) and 525 nm
(emission wavelengths).
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2.5. Animal Experimental Design

The male C57BL/6 mice (4 weeks old) were obtained from Samtako (Osan, Korea).
The experimental animals were randomly assigned to 4 groups: NC group (Normal chow),
HFD group, and HFD with sample groups (GC20 and GC50; 20 and 50 mg/kg of body
weight, respectively). The mice were selected by body weight and oral glucose tolerance
test (OGTT) to confirm the diabetic condition and randomly divided into four groups
(n = 8; total n = 32). After HFD feed was supplied for 12 weeks, samples were orally in-
gested for 4 weeks to GC20 and GC50 groups. The NC and HFD groups were orally
administered with the same amount of water. All animal experiments in the study were in
compliance with the Institutional Animal Care and Use Committee (IACUC) of Gyeongsang
National University (certificate: GNU-190530-M0028; approved on 30 May 2019).

2.6. Glucose Tolerance Test

Fasting blood glucose was measured once a week during sample intake at 15 weeks
old. To measure the fasting blood glucose concentration, mice were fasted for 8 h. After
4 weeks, D-glucose (2 g/kg of body weight) was orally administered to all mice at 19 weeks
old to evaluate the OGTT. Blood glucose level collected from the tail vein was measured
using an Accu-Chek glucose meter at 0, 15, 30, 60, 90, and 120 min (Roche Diagnostics,
Basel, Switzerland).

2.7. Behavioral Tests
2.7.1. Y-Maze Test

The Y-maze was designed with an internal dimension of 470 mm × 160 mm and
460 mm in height for testing mice. Each mouse was placed at the end of the arm of the
maze and allowed to explore freely in the maze for 8 min [32]. The movement and path
tracing were recorded using a video system (Smart 3.0, Panlab, Barcelona, Spain).

2.7.2. Passive Avoidance Test

Passive avoidance equipment consists of two compartments as the bright and dark
parts, and a door that can pass between them was located between compartments [33]. The
compartments were composed of a dark chamber with electrical shock capability. In the
first experiment, the mice were located in a bright chamber. When the mice’s four feet
entered the dark compartment, a mild foot electrical shock was applied at 0.5 mA for 3 s,
and the latency time of the bright compartment was recorded. On the following day, the
step-through latency to reenter the dark compartment was measured.

2.7.3. Morris Water Maze (MWM) Test

MWM circular pool designed in diameter of 900 mm × 300 mm height was split into
4 zones as N, S, E, and W by marks on the outside of the pool. In the center of the W
quadrant, a platform was submerged below the surface. The pool water was diluted using
non-toxic tempera paint. Experimental animals swam to find the platform for a maximum
of 1 min and were trained repeatedly for 4 days. After 4 days of training, the platform was
removed and retention time in the W zone was measured using a video system (Smart 3.0,
Panlab) [34].

2.8. Blood Serum Biochemical

After the behavioral tests, mice were fasted for 8 h and sacrificed using exposure
to CO2. The blood sample was collected at the postcaval vein to evaluate blood serum
biochemical analysis. The collected blood samples were centrifuged at 10,000× g for 10 min
at 4 ◦C to obtain supernatants of blood. Lactate dehydrogenase (LDH), TG, total cholesterol
(TCHO) and high-density lipoprotein cholesterol (HDLC) contents were measured using a
clinical chemistry analyzer (Fuji dri-chem 4000i, Fujifilm Co., Tokyo, Japan). Low-density
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lipoprotein cholesterol (LDLC) level and the ratio of HDLC to TCHO (HTR) were calculated
as follows [35].

LDLC (mg/dL) = TCHO−
(

HDLC +
TG
5

)

HTR(%) =
HDLC
TCHO

× 100 (1)

2.9. Preparation of Tissue

Before evaluating the ex vivo test, brain, liver, perirenal white adipose tissue (WAT)
fat, retroperitoneal WAT fat, epididymal WAT fat and mesenteric WAT fat tissues were
collected, and organ weight was measured. The collected brain tissues were homogenized
in a bullet blender (Next Advance Inc., AverillPark, NY, USA). The collected sample was
quantitated to calculated using Bradford protein assay [36].

2.10. Antioxidant Activity
2.10.1. Malondialdehyde (MDA) Level

To determine MDA level, the supernatant was obtained from brain and liver tissues
by centrifugation (5000 rpm, 10 min, 4 ◦C). The supernatants reacted with 1% phosphoric
acid and 0.67% TBA at 95 ◦C using a water bath for 60 min. The mixtures were spun down
at 600× g for 10 min and measured at 532 nm (Epoch 2, BioTek) [37].

2.10.2. Ferric Reducing Antioxidant Power (FRAP) in Serum

The serum supernatants were obtained as previously described to determine serum
antioxidant levels. The serum level of FRAP was measured according to the modified
method of Benzie [38]. FRAP solution mixed in 300 mM sodium acetate buffer (pH 3.6),
10 mM TPTZ in 40 mM HCl and 20 mM iron (III) chloride. After 30 min in the dark, the
absorbance was measured at 593 nm.

2.10.3. AGEs Formation in Serum

The serum AGEs level was measured according to the method of Sampath [39]. To
confirm the serum of AGEs formation, serum was diluted to 1:20 with PBS (pH 7.4).
The fluorescence was measured using a fluorometer (Infinite F200, TECAN) at 360 nm
(excitation wavelengths) and 460 nm (emission wavelengths) and calculated as a relative
unit of controls.

2.11. Cerebral Cholinergic System
2.11.1. Acetylcholine (ACh) Level

The ACh level experiment was measured according to the method of Vincent [40]. The
supernatant was obtained from brain tissues by centrifugation (12,000× g, 30 min, 4 ◦C).
The supernatant was mixed with an alkaline hydroxylamine reagent (2 M hydroxylamine
in 0.1 M HCl and 3.5 N NaOH). After mixing, 0.5 N HCl and 0.3 M FeCl3 were added and
immediately performed using a microplate reader (Epoch 2, BioTek).

2.11.2. Acetylcholinesterase (AChE) Activity

To assess the AChE activity, the supernatant from brain tissues was mixed with 50 mM
sodium phosphate buffer and incubated at 37 ◦C for 15 min [41]. After, the reactants were
added to Ellman’s reaction mixture and detected at 405 nm (Epoch 2, BioTek).

2.12. Mitochondrial Activity
2.12.1. Extraction of Mitochondria from Brain Tissues

To extract the cerebral mitochondria, brain tissues were homogenized with 10-times
as much mitochondrial isolation (MI) buffer (215 mM mannitol, 75 mM sucrose, 0.1% BSA,
20 mM HEPES sodium salt, pH 7.2) with 1 mM EGTA using a bullet blender (Next Advance
Inc.). The homogenates were centrifuged at 1300× g for 5 min. After, the supernatants of
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homogenates were centrifuged at 13,000× g for 10 min to obtain the pellet. The pellets
were mixed with MI buffer containing 0.1% digitonin in DMSO and incubated on ice for
5 min. After, the supernatants were centrifuged at 13,000× g for 10 min. Then, the pellets
were re-suspended in MI buffer and centrifuged again at 13,000× g for 15 min. Finally, the
pellets were suspended in MI buffer.

2.12.2. Mitochondrial ROS Contents

Mitochondrial ROS contents were estimated by the DCF-DA assay. The mitochondrial
extraction solution was reacted with DCF-DA with respiration buffer (125 mM potassium
chloride, 2 mM potassium phosphate, 20 mM HEPES, 1 mM magnesium chloride, and
500 µM EGTA). After incubation for 20 min, the reactant was detected at 535 nm (excitation
wavelength) and 458 nm (emission wavelength) using a fluorescence microplate reader
(Infinite 200, TECAN) [42].

2.12.3. Mitochondrial Membrane Potential

The level of mitochondrial membrane potential was measured by the JC-1 assay. The
mitochondria isolation extract was mixed with JC-1 dye in MI buffer containing 5 mM
pyruvate and 5 mM malate and incubated at room temperature for 20 min in the dark. The
reactant was detected at 535 nm (excitation wavelength) and 590 nm (emission wavelength)
using a fluorescence microplate reader (Infinite 200, TECAN) [42].

2.13. Western Blot

The brain tissues were homogenized in lysis buffer (GeneAll Biotechnology, Seoul,
Korea) containing 1% protease inhibitor. The homogenates were centrifuged at 13,000× g
for 10 min at 4 ◦C to obtain supernatants of homogenates and reacted by loading buffer at
95 ◦C for 5 min. The protein is separated in electrophoresis through the SDS-PAGE on 8 or
12% SDS gels and transferred to PVDF membranes. The membranes were blocked with 5%
skim milk solution in with Tris-buffered saline with 0.5% Tween-20 (TBST), and reacted
with primary antibodies at 4 ◦C. After reaction overnight, membranes were reacted with
horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000) for 1 h. Finally,
the membrane reacted with chemiluminescence reagent (TLP-112, TransLab., Daejeon,
Korea) was analyzed using the iBright™ CL1000 Imaging System (Thermo Fischer Scientific,
Rockford, IL, USA). Strip procedure was conducted using strip buffer (TLP-116.1, TransLab.)
at 25 ◦C for 30 min and re-blotted for evaluation of other protein expressions. β-actin was
used as a loading control marker. The density of expression was calculated using ImageJ
software (National Institutes of Health, Bethesda, MD, USA). Antibody information is
presented in Table 1.

Table 1. List of primary antibody information used in this study.

Antibody Catalog Conc. Manufacturer

β-actin sc-69879 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
AChE sc-373901 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
p-JNK sc-6254 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
p-Akt sc-514032 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
p-tau sc-12952 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
IDE sc-393887 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
Aβ sc-28365 1:1000 Santa Cruz Biotech (Dallas, TX, USA)

BAX sc-7480 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
Caspase-1 sc-392736 1:1000 Santa Cruz Biotech (Dallas, TX, USA)

TNF-α sc-393887 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
IL-1β sc-4592 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
HO-1 sc-136960 1:1000 Santa Cruz Biotech (Dallas, TX, USA)
ChAT 20747-1AP 1:1000 Bioneer (Daejeon, Korea)

p-NF-κB #3033 1:1000 Cell Signaling Tech (Danvers, MA, USA)
Caspase-3 CSB-PA05689A0Rb 1:1000 Cusabio (Hubei, China)
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2.14. Statistical Analysis

The results for the whole data were proposed as mean ± SD and analyzed by using a
one-way analysis of variance (ANOVA) with Duncan’s multiple range test (p < 0.05) of SAS
9.4 (SAS Institute Inc., Cary, NC, USA). All experimental data were evaluated for normality
and variance homogeneity with the Shapiro–Wilk and Levene’s variance homogeneity
tests. Data were statistically represented as significantly different from the NC group (*)
and significantly different from the PM group (#), respectively (* and # p < 0.05, ** and
## p < 0.01).

3. Results
3.1. UPLC Q-TOF/MS

To identify physiological compounds, GC was qualitatively confirmed using UPLC
Q-TOF/MS analysis (Figure 1, Table 2). The LC/MS spectrum was compared to that of can-
didate compounds found in previous reports, especially when compounds in walnut were
reported [20,24,27,41]. The ESI-MSE spectra were continuously collected in negative ion
mode (M−H)−, and the seven main fragments were identified as pedunculagin/casuariin
isomer I (bis-HHDP–glucose) (783.06 m/z), strictinin (633.07 m/z), pedunculagin/casuariin
isomer II (bis-HHDP–glucose) (783.06 m/z), (-)-epicatechin (289.07 m/z), tellimagrandin I
isomer (digalloyl-HHDP–glucose) (785.07 m/z), ellagic acid-O-pentoside (433.03 m/z), and
ellagic acid (300.99 m/z) [43].
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Figure 1. UPLC Q-TOF/MSE chromatography in negative ion mode of ethyl acetate fraction from
Gimcheon 1ho (GC) cultivar walnut (Juglans regia).

Table 2. Identification of main compounds of Gimcheon 1ho (GC) cultivar walnut (Juglans regia).

Peak No. RT a

(min)
Negative Ion Mode

(m/z)
MSE Fragments

(m/z)
Proposed Compound Compounds

Formula

1 4.05 783.06 481.06, 300.99, 275.02 Pedunculagin/casuariin
isomer (bis-HHDP-glucose) I C34H24O22

2 4.21 633.07 481.06, 300.99 Strictinin C27H22O18

3 4.30 783.06 481.06, 300.99, 275.02 Pedunculagin/casuariin
isomer (bis-HHDP-glucose) II C34H24O22

4 4.52 289.07 245.08 (−)-Epicatechin C15H14O6

5 4.58 785.07 483.07, 300.99, 275.02,
169.01

Tellimagrandin I (Digalloyl-
HHDP-glucopyranose) C34H26O22

6 4.79 433.03 300.99, 299.98 Ellagic acid-O-pentoside C19H14O12
7 5.01 300.99 302.00 Ellagic acid C14H6O8

a RT means retention time. All results were detected in negative ion mode using UPLC Q-TOF/MSE.
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3.2. Protective Effect against H2O2 and High Glucose-induced Neurotoxicity in PC12 and
HT22 Cells

The neuroprotective effects of GC against H2O2 and high glucose in PC12 and HT22
cells are shown in Figures 2 and 3. In the results of cell viability in PC12 cells, the H2O2-
treated group (55.08%) and high glucose-treated group (85.23%) showed cytotoxicity that
decreased by 44.92% and 14.77%, respectively, compared to the control group (100%)
(Figure 2a,b). On the other hand, treatment of the GC groups with 20 µg/mL (69.32% and
108.89%) and 50 µg/mL (72.50% and 111.33%) showed significantly increased cell viability
compared to the H2O2 and high glucose-treated groups. In addition, the hippocampal HT22
cells were evaluated (Figure 2c,d). Both the 20 µg/mL (84.73% and 91.34%) and 50 µg/mL
(94.91% and 94.96%) GC groups showed an increase in cell viability from neurotoxicity
caused by H2O2 (69.64%) compared to the high glucose (89.26%)-treated group.
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Figure 2. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans
regia): (a) cell viability from H2O2-induced cytotoxicity in PC12 cells; (b) cell viability from high-
glucose-induced cytotoxicity in PC12 cells; (c) cell viability from H2O2-induced cytotoxicity in HT22
cells; (d) cell viability from high glucose-induced cytotoxicity in HT22 cells. Results shown are
mean ± SD (n = 3). Data are statistically represented with * = significantly different from the NC
group, and # = significantly different from PM group; * and # p < 0.05, ** and ## p < 0.01. Bold line
indicates mean.
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Figure 3. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans
regia): (a) ROS production from H2O2-induced cytotoxicity in PC12 cells; (b) ROS production from
high glucose-induced cytotoxicity in PC12 cells; (c) ROS production from H2O2-induced cytotoxicity
in HT22 cells; (d) ROS production from high glucose-induced cytotoxicity in HT22 cells. Results
shown are mean ± SD (n = 3). Data are statistically represented with * = significantly different from
the NC group, and # = significantly different from PM group; * and # p < 0.05, ** and ## p < 0.01. Bold
line indicates mean.

Intracellular ROS in the H2O2 (137.83%) and high-glucose (107.52%)-treated groups
increased by 37.83% and 7.52%, respectively, compared to the control group (100%) in PC12
cells (Figure 3a,b). However, the 20 µg/mL (65.88% and 81.78%) and 50 µg/mL (59.67% and
81.60%) GC groups had a decreased level of ROS production. In addition, intracellular ROS
production in HT22 increased with H2O2 (251.46%) and high glucose (106.27%) compared
to the control group (100.00%). In contrast, GC treatment showed a remarkable reduction
in oxidative stress induced by high glucose at concentrations of 20 µg/mL (75.34% and
87.74%) and 50 µg/mL (61.02% and 79.27%) (Figure 3c,d).

3.3. Glucose Tolerance Test

To confirm the induction of type 2 diabetes through the HFD, fasting blood glucose
was measured at 15 weeks old. The HFD group (210.50 mg/dL) was confirmed to have
HFD-induced glucose intolerance, and the fasting glucose level was 1.51 times higher
compared to the NC group (139.50 mg/dL) (Figure 4a). The fasting blood glucose level
of the HFD group (208.44 mg/dL) significantly increased compared to the NC group
(147.57 mg/dL) at 19 weeks old. On the other hand, the GC20 (180.45 mg/dL) and GC50
(186.52 mg/dL) groups showed a significant decrease compared to the HFD group. OGTT
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was conducted at 0, 15, 30, 60, 90, and 120 min, and the above experimental results were
expressed as area under the curve (AUC) (Figure 4b,c). Compared to the normal control
group (7090.31 dL/mL∗min), the AUC of the HFD group (17,134.41 dL/mL∗min) showed
a 2.42-fold increase, confirming that glucose tolerance increased. However, the GC20 and
GC50 groups showed AUC levels of 5413.12 and 4963.79 dL/mL∗min, respectively, and a
significantly lower AUC level compared to the HFD group.
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Figure 4. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans
regia) in HFD-induced mice: (a) fasting glucose; (b) oral glucose tolerance test (OGTT) at 19 weeks old;
(c) area under the curve (AUC) of OGTT. Results shown are mean ± SD (n = 5). Data are statistically
represented with * = significantly different from the NC group, and # = significantly different from
PM group; * and # p < 0.05, ** and ## p < 0.01. Bold line indicates mean.

3.4. Behavioral Tests

To investigate spontaneous alternation behavior, a Y-maze test was conducted for
8 min with HFD-induced diabetics [32]. The total number of arm entries (n) in the maze
did not show a significant difference between all animals in exercise ability affecting spatial
behavior (Figure 5a). The HFD group (45.99%) showed decreased spontaneous alternation
behavior compared to that of the NC group (57.63%) (Figure 5b). However, the behavior of
the GC groups (GC20, 58.67% and GC50, 62.69%) improved compared to that of the HFD
group. In particular, it was confirmed that the above two groups significantly restored
ability, similar to the NC group. In an image showing the path tracing of each group of
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mice as a 3D schematic diagram, the HFD group showed reduced spontaneous alternation
behavior. In contrast, the NC and GC groups were similarly indicated in each arm.
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Figure 5. Protective of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans regia)
in HFD-induced mice: (a) a number of arm entries; (b) spontaneous alternation behavior; (c) 3D
moving routes in Y-maze test; (d) latency during habituation; (e) step-through latency in passive
avoidance test; (f) escape latency in the hidden test; (g) retention time in W zone; (h) path tracing
of each group in Morris water maze (MWM) test. Results shown are mean ± SD (n = 5). Data are
statistically represented with * = significantly different from the NC group, and # = significantly
different from PM group; * and # p < 0.05, ** and ## p < 0.01. Bold line indicates mean.

A passive avoidance test was performed to measure short-term working memory
ability associated with the amygdala [33]. The first step-through latency showed no
significant differences between all groups (Figure 5d). There is no prior memory of the
average time entering the trial test. In the trial test, the step-through latency of the HFD
group (61.80%) was reduced in short-term memory by 38.2% compared with the NC group
(100%) (Figure 5e). On the other hand, the GC20 and GC50 groups (82.10% and 75.47%,
respectively) were considerably ameliorated compared to the HFD group.

To measure spatial learning acquisition and long-term memory, an MWM test was
conducted [34]. In the hidden trial on the fourth day, the escape latency time of the HFD
group (22.33 s) was delayed compared to the NC group (8.78 s) (Figure 5f). On the other
hand, the GC groups had improved escape latency time following GC administration
(GC20, 12.47 s, and GC50, 11.61 s). In the probe test, the retention time in the W zone of the
HFD group (22.19%) decreased compared with that of the NC group (38.37%) (Figure 5g).
However, the GC groups showed significantly increased retention times (GC20, 38.59%
and GC50, 29.71%) compared to the HFD group. In a schematic diagram of the swimming
path (Figure 5h), it was seen that the movement in the W zone of the HFD group decreased
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compared with the NC group. However, the GC groups showed improved movement in
the W zone.

3.5. Blood Serum Biochemicals and Changes in Weight of Organs
3.5.1. Blood Serum Biochemicals

Serum biomarkers are shown in Table 3. The levels of LDH (782.14 U/L), TG
(122.00 mg/dL), TCHO (215.57 mg/dL), and LDLC (59.74 mg/dL) of the HFD group
increased higher than those of the NC group (LDH, 280.29 U/L; TG, 95.00 mg/dL; TCHO,
124.14 mg/dL; LDLC, 22.00 mg/dL). The GC groups showed no significantly decreased TG
(GC20, 118.14 mg/dL) and TCHO (GC20, 215.00 mg/dL, GC50 201.29 mg/dL) compared
to the HFD group. However, the levels of LDH (660.43 U/L and 537.57 U/L, respectively)
and LDLC (39.53 mg/dL and 33.33 mg/dL, respectively) in the GC groups seemed to
significantly decrease compared to the HFD group. In particular, the GC50 group had
reduced LDH (537.57 U/L) and TG (109.29 mg/dL) levels compared to the HFD group. In
addition, the HFD groups increased HDLC (131.43 mg/dL) and decreased HTR (60.77%)
compared to the NC group (83.86 mg/dL, 67.63%, respectively). On the other hand, the
GC groups had improved HDLC (157.43 mg/dL, 150.86 mg/dL, respectively) and HTR
(70.80% and 69.61%, respectively) compared to the HFD group.

Table 3. Effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans regia) on
serum biomarkers.

Groups NC HFD GC20 GC50

LDH (U/L) 280.29 ± 79.82 782.14 ± 231.88 ** 660.43 ± 244.87 537.57 ± 127.19 #

TG (mg/dL) 95.00 ± 19.17 122.00 ± 11.49 * 118.14 ± 12.93 109.29 ± 12.72 #

TCHO (mg/dL) 124.14 ± 14.3 215.57 ± 21.16 ** 215.00 ± 35.72 201.29 ± 37.75
LDLC (mg/dL) 22.00 ± 4.26 59.74 ± 5.24 ** 39.53 ± 10.24 ## 33.33 ± 20.71 ##

HDLC (mg/dL) 83.86 ± 9.19 131.43 ± 18.18 ** 157.43 ± 25.83 150.86 ± 25.39
HTR (%) 67.63 ± 2.14 60.77 ± 3.35 ** 70.80 ± 9.67 69.61 ± 8.23

Results shown are mean ± SD (n = 5). Data are statistically represented with * = significantly different from the
NC group, and # = significantly different from PM group; * and # p < 0.05, ** and ## p < 0.01.

3.5.2. Changes in Weight of Organs

To estimate fat accumulation, organs mass is presented in Table 4. The weight of the
brain showed no significant differences between all groups. However, the weight of the
liver (2.67 g), hepatic lipid (19.58 mg/g), perirenal WAT fat (0.35 g), retroperitoneal WAT
fat (1.23 g), epididymal WAT fat (2.22 g), mesenteric WAT fat (0.90 g) and total WAT fat
(4.39 g) in the HFD group increased compared to the NC group (liver, 1.28 g; hepatic lipid,
6.83 mg/g; perirenal WAT fat, 0.12 g; retroperitoneal WAT fat, 0.29 g; epididymal WAT
fat, 1.25 g; mesenteric WAT fat, 0.25 g and total WAT fat, 2.00 g). The liver weight and
hepatic lipid in the GC20 (1.70 g, 15.28 mg/g, respectively) and GC50 (1.54 g, 10.28 mg/g,
respectively) groups were reduced compared to the HFD group. In addition, the perirenal
(GC20, 0.40 g and GC50, 0.40 g), retroperitoneal (GC20, 0.71 g and GC50, 0.75 g), and
epididymal (GC20, 1.65 g and GC50, 0.94 g) WAT fat and total WAT fat (GC20, 3.50 g and
GC50, 3.26 g) of the GC groups were suppressed compared to the HFD group. However,
mesenteric WAT fat showed no significant difference between the GC groups (GC20, 0.91 g
and GC50, 0.95 g) compared to the HFD group.

121



Molecules 2022, 27, 5316

Table 4. Effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans regia) on
organ weights.

Group NC HFD GC20 GC50

Brain (g) 0.36 ± 0.04 0.36 ± 0.03 0.36 ± 0.04 0.35 ± 0.02
Liver (g) 1.28 ± 0.27 2.67 ± 0.31 ** 1.70 ± 0.16 ## 1.54 ± 0.34 ##

Hepatic lipid (mg/g) 6.83 ± 0.13 19.58 ± 2.93 ** 15.28 ± 0.86 # 10.28 ± 2.75 ##

Perirenal WAT fat (g) 0.12 ± 0.10 0.35 ± 0.11 ** 0.40 ± 0.06 0.40 ± 0.07
Retroperitoneal WAT fat (g) 0.29 ± 0.19 1.23 ± 0.33 ** 0.71 ± 0.28 ## 0.75 ± 0.17 ##

Epididymal WAT fat (g) 1.25 ± 0.39 2.22 ± 0.54 ** 1.65 ± 0.49 # 0.94 ± 0.73 ##

Mesenteric WAT fat (g) 0.25 ± 0.13 0.90 ± 0.22 ** 0.91 ± 0.27 0.95 ± 0.09
Total WAT fat (g) 2.00 ± 0.45 4.39 ± 0.29 ** 3.50 ± 0.05 # 3.26 ± 0.40 ##

Results shown are mean ± SD (n = 5). Data are statistically represented with * = significantly different from the
NC group, and # = significantly different from PM group; # p < 0.05, ** and ## p < 0.01.

3.6. Inhibition of Lipid Peroxidation

To estimate the inhibition of lipid peroxidation in hepatic and cerebral tissues, the
hepatic and cerebral levels of MDA were assessed. The MDA level in the hepatic and
cerebral tissues of the HFD group (1.73 and 3.57 mmole/mg of protein, respectively)
increased compared to the NC group (1.09 and 2.69 mmole/mg of protein, respectively)
(Figure 6a,b). Conversely, the levels in the GC20 (1.09 and 3.20 mmole/mg of protein) and
GC50 (1.20 and 3.04 mmole/mg of protein) groups decreased more than the HFD group in
hepatic and cerebral tissues, respectively.
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Figure 6. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans
regia) on malondialdehyde (MDA) contents in HFD-induced mice biochemical changes related with
antioxidant system: (a) hepatic MDA level; (b) cerebral MDA level Results shown are mean ± SD
(n = 5). Data are statistically represented with * = significantly different from the NC group, and
# = significantly different from PM group; # p < 0.05, ** and ## p < 0.01. Bold line indicates mean.

3.7. Serum Level of FRAP and AGEs Formation

To examine the serum level of FRAP and AGEs formation in HFD-induced mice, a
FRAP and AGEs formation assay was performed. There was no difference in FRAP levels
in serum between the NC group (0.52) and the HFD group (0.53) (Figure 7a). However, the
GC groups (GC20, 0.61 and GC50, 0.63) were increased. AGEs formation in serum was
evaluated. The HFD group (121.02%) had accumulated AGEs compared to the NC group
(100%) (Figure 7b). Conversely, the GC groups (GC20, 110% and GC50, 105%) inhibited
AGEs formation in serum.
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Figure 7. Protective of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans regia)
in HFD-induced mice: (a) serum level of FRAP; (b) serum level of AGEs formation. Results shown
are mean ± SD (n = 5). Data are statistically represented with * = significantly different from the NC
group, and # = significantly different from PM group; * and # p < 0.05. Bold line indicates mean.

3.8. Cholinergic System

To assess the cognitive functions of the cholinergic system in cerebral tissue, ACh
levels, AChE activity, and expression levels of AChE and choline acetyltransferase (ChAT)
were evaluated. The ACh levels of the HFD group (4.30 mmol/mg of protein) decreased
compared to the NC group (6.47 mmol/mg of protein) (Figure 8a). However, the inges-
tion of GC showed considerably increased ACh levels (6.26 mmol/mg of protein and
5.84 mmol/mg of protein, respectively). The AChE activity of the HFD group (130.27%)
increased compared to the NC group (100%) (Figure 8b). However, the GC groups (GC20,
112.07% and GC50, 115.24%) reduced AChE activity compared to the HFD group.

The expression of AChE and ChAT is shown in Figure 8c–e. The AChE expression level
in the HFD group (1.16) was up-regulated compared to the NC group (1.00). On the other
hand, the GC groups (GC20, 0.93 and GC50, 0.93) suppressed AChE expression compared
to the HFD group. The ChAT expression level in the HFD group (0.81) was down-regulated
compared to the NC group (1.00) (Figure 8e). However, the GC groups (GC20, 1.00 and
GC50, 0.92) showed up-regulated ChAT expression compared to the HFD group.

3.9. Mitochondrial Activity

To substantiate mitochondrial function in cerebral tissues, ROS production and MMP
levels were evaluated. The ROS production of the HFD group in cerebral tissues (114.93%)
increased compared to the NC group (100%) (Figure 9a). However, the GC20 (69.53%) and
GC50 (78.40%) groups showed considerably decreased ROS production compared with the
HFD group. The MMP of the HFD group in cerebral tissues (68.61%) decreased compared
to the NC group (100%) (Figure 9b). In contrast, the GC20 (94.88%) and GC50 (97.50%)
groups showed restored MMP in cerebral tissues compared to the HFD group.

123



Molecules 2022, 27, 5316

Molecules 2022, 27, x FOR PEER REVIEW 18 of 29 
 

 

  

(a) (b) 

 

(c) 

  

(d) (e) 

Figure 8. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans 

regia) on HFD-induced mice: (a) ACh level; (b) AChE activity; (c) representative western blots for 

total protein and expression of AChE, ChAT and β-actin; (d) protein expression levels of AChE; (e) 

protein expression levels of ChAT. Results shown are mean ± SD (a and b: n = 5, c-e: n = 3). Data are 

statistically represented with * = significantly different from the NC group, and # = significantly dif-

ferent from PM group; * and # p < 0.05, ** and ##p < 0.01. Bold line indicates mean. 

  

A
C

h
 l
e
v
e
l 
(m

m
o

l/
m

g
 o

f 
p

ro
te

in
)

2

3

4

5

6

7

8

NC HFD GC20 GC50Groups

HFD

Sample
(mg/kg of B.W.)

- + + +

- - 20 50

**

##

#

A
C

h
E

 a
c
ti

v
it

y
 (

%
 o

f 
c
o

n
tr

o
l)

80

90

100

110

120

130

140

150

NC HFD GC20 GC50Groups

HFD

Sample
(mg/kg of B.W.)

- + + +

- - 20 50

**

#

#

A
C

h
E

 /
 

-a
c
ti

n
 r

e
la

ti
v
e
 e

x
p

re
s
s
io

n

0.8

0.9

1.0

1.1

1.2

1.3

1.4

NC HFD GC20 GC50Groups

HFD

Sample
(mg/kg of B.W.)

- + + +

- - 20 50

*

#

##

C
h

A
T

 /
 

-a
c
ti

n
 r

e
la

ti
v
e
 e

x
p

re
s
s
io

n

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

NC HFD GC20 GC50Groups

HFD

Sample
(mg/kg of B.W.)

- + + +

- - 20 50

**

##

#

Figure 8. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans
regia) on HFD-induced mice: (a) ACh level; (b) AChE activity; (c) representative western blots for
total protein and expression of AChE, ChAT and β-actin; (d) protein expression levels of AChE;
(e) protein expression levels of ChAT. Results shown are mean ± SD (a,b: n = 5, c–e: n = 3). Data
are statistically represented with * = significantly different from the NC group, and # = significantly
different from PM group; * and # p < 0.05, ** and ## p < 0.01. Bold line indicates mean.
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Figure 9. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans
regia) on mitochondrial dysfunction in HFD-induced mice: (a) cerebral ROS contents; (b) cere-
bral MMP levels Results shown are mean ± SD (n = 5). Data are statistically represented with
* = significantly different from the NC group, and # = significantly different from PM group; ** and
## p < 0.01. Bold line indicates mean.

3.10. Protein Expression in Cerebral Tissue
3.10.1. Synaptic Disorders and Neuronal Apoptosis

Cerebral protein expressions associated with synaptic disorders and neuronal apopto-
sis are shown in Figure 10a. p-JNK (1.20), p-tau (1.19), and Aβ (1.20) expression levels in the
HFD group significantly increased compared to the NC group (Figure 10b). For the GC20
and GC50 groups p-JNK (0.98 and 1.00, respectively), p-tau (0.74 and 0.45, respectively),
and Aβ (1.16 and 0.94, respectively) expression levels were significantly decreased. In
addition, the HFD group showed a decreased expression level of p-Akt (Ser 473) (0.85)
and insulin-degrading enzyme (IDE) (0.53) compared to the NC group (1.00) (Figure 10b).
However, the GC20 and GC50 groups statistically up-regulated p-Akt (Ser 473) (0.82 and
1.11, respectively) and IDE (0.65 and 0.82, respectively) expression levels compared to the
HFD group. Furthermore, the expression levels of B-cell lymphoma (BCl)-2 associated X
protein (BAX) (1.43) and caspase-3 (1.25) were significantly up-regulated in the HFD group
compared to the NC group (1.00) (Figure 10b). In contrast, the GC20 and GC50 groups had
significantly down-regulated BAX (0.88 and 0.69, respectively) and caspase-3 (0.91 and 0.69,
respectively) expression levels compared to the HFD group.

3.10.2. Neuroinflammation

Cerebral protein expressions related to neuronal inflammation are shown in Figure 11a.
The expression levels of inflammation-related factors TNF-α (1.13), IL-1β (2.11), p-NFκB
(1.29) and caspase-1 (1.29) were significantly increased in the HFD group compared to the
NC group (1.00) (Figure 11b). On the other hand, the GC20 and GC50 groups statistically
ameliorated TNF-α (0.90 and 0.85, respectively), IL-1β (1.30 and 1.14, respectively), p-NFκB
(0.95 and 0.83, respectively) and caspase-1 (0.87 and 0.60, respectively) expression levels
compared to the HFD group. Moreover, heme oxygenase-1 (HO-1) expression levels in
the HFD group (0.53) were significantly down-regulated compared to the NC group (1.00)
(Figure 11b). HO-1 (1.07 and 1.01) expression levels were significantly up-regulated in the
GC20 and GC50 groups compared to the HFD group.
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Figure 10. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut
(Juglans regia) on HFD-induced synaptic disorders and neuronal apoptosis in mice brain tissues:
(a) representative Western blots for total protein and expression; (b) protein expression levels of
p-JNK, p-Akt, p-tau, IDE, Aβ, BAX, caspase-3. Results shown are mean ± SD (n = 3). Data are
statistically represented with * = significantly different from the NC group, and # = significantly
different from PM group; * and # p < 0.05, ** and ## p < 0.01. Bold line indicates mean.
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Figure 11. Protective effect of 80% ethanolic extract from Gimcheon 1ho (GC) cultivar walnut (Juglans
regia) on HFD-induced neuroinflammation in mice brain tissues: (a) representative Western blots for
total protein and expression; (b) protein expression levels of TNF-α, IL-1β, p-NFκB, caspase-1, and
HO-1. Results shown are mean ± SD (n = 3). Data are statistically represented with * = significantly
different from the NC group, and # = significantly different from PM group; * and # p < 0.05, ** and
## p < 0.01. Bold line indicates mean.

4. Discussion

Diabetes is a metabolic disease caused by inflammation in a complex immunological
process and is related to HFD intake, leading to obesity [3,44]. In general, HFD-induced
systemic oxidative stress is associated with reduced insulin sensitivity and the promotion
of inflammation following damage in a variety of organs [45]. Insulin resistance and
inflammation are the major factors contributing to the degree of severity of the progression
of cognitive impairment [10]. Therefore, this study was conducted to evaluate the protective
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effect of GC on increased oxidative stress, inflammation, and insulin resistance in HFD-
induced diabetic disorder.

Type 2 diabetes is characterized by hyperglycemia related to impaired glucose tol-
erance [46]. High glucose causes reactive oxygen and nitrogen species, primarily mi-
tochondrial dysfunction [47]. Therefore, the abnormal metabolism of glucose, such as
hyperglycemia, leads to excess free radical and oxidative stress generation [48]. Chronic
hyperglycemia is considered a cause of brain injury by increasing neuroinflammation and
apoptotic neuronal death [49]. This study showed that GC effectively protected neuronal
cells against H2O2 and high glucose-induced neurotoxicity and reduced ROS production
in PC12 and HT22 cells. Walnut, which has an abundance of polyunsaturated fatty acids
(PUFAs) and polyphenolic compounds, reduced cerebral oxidative stress and inflammatory
reaction by enhancing neuronal signaling [30,50]. According to Muthaiyah et al., walnut
extract protected neuronal cells against Aβ-mediated cytotoxicity by increasing the capacity
of endogenous antioxidant defenses and modulating the cellular redox state [51]. Therefore,
GC might be effective in ameliorating ROS production and neurodegeneration.

Increased levels of circulating FFAs are implicated in pancreatic β-cell dysfunction,
leading to glucose intolerance [15]. High levels of serum FFA are an important cause of
obesity-associated insulin resistance and complications of dyslipidemia [52]. HFD caused
dyslipidemic changes by increasing serum levels such as triacylglycerol, TCHO, LDLC, and
very-low-density lipoprotein (VLDLC) and decreasing HDLC levels [53]. Dyslipidemia
increases oxidative stress through a lipid chain reaction related to endothelial dysfunction
and inflammation [45]. Increased oxidative stress induced by insulin resistance, dyslipi-
demia, and impaired glucose tolerance ultimately lead to type 2 diabetes [54,55]. On the
other hand, GC intake improved glucose tolerance and aberrant lipid profiles in serum and
significantly increased HDLC content. According to previous studies, the administration
of walnut extract for 6 weeks in streptozotocin (STZ)-induced diabetic CD rats reduced
blood glucose levels and increased insulin sensitivity by ameliorating insulin resistance [56].
Walnut oil-derived PUFA administration decreased fasting blood glucose and increased
hepatic glycogen levels in pregnant diabetic rats [57]. In addition, walnut significantly
reduced serum cholesterol, LDLC, TG, and VLDLC levels and increased HDLC compared
to STZ-induced diabetic rats [58]. Moreover, the linoleic acid and α-linolenic acid in walnut
significantly lowered TCHO, LDL, and TG in obese females [58]. According to Shi et al.,
the administration of walnut polyphenol extracts inhibited intestinal lipid absorption in
HFD-induced mice [26]. Tellimagrandin I, one of the walnut polyphenols, inhibited the
TG mechanism in the hyperglycemia model [43]. Consequently, GC consumption plays an
important role in improving glucose tolerance and serum lipid levels and preventing type
2 diabetes.

HFD contributes to chronic inflammation and hyperglycemia, resulting in increased
oxidative stress [44]. Exposure to hyperglycemia conditions results in irreversible AGEs
by rearrangement without degradation of reversible Amadori-type initial glycation prod-
ucts [59]. The accumulation of AGEs induces oxidative stress and contributes to insulin
resistance and tissue damage [60]. High levels of oxidative stress destroy cellular mem-
branes, resulting in the overproduction of cytotoxic aldehyde byproducts such as MDA [10].
The production of lipid peroxidation can react with cellular proteins or DNA to form
adducts, causing biomolecular damage [37]. In addition, oxidative stress increases the
permeability of the BBB, alters the morphology of the brain, damages the central nervous
system (CNS), and ultimately promotes neurodegenerative disorders [61]. This study
showed that GC significantly reduced AGEs and inhibited MDA in the brain. Furthermore,
GC with significantly increased FRAP ability in serum shows antioxidant activity in HFD.
According to previous studies, intake of walnut in mice increased plasma antioxidant
capacity [62]. Walnut prevented oxidative damage in tissues by reducing lipid oxidation in
an ethanol-induced rat model [63]. In addition, it was reported that the unsaturated fatty
acids in walnuts effectively inhibit lipid peroxidation [21,62,64]. In conclusion, GC inhibits

127



Molecules 2022, 27, 5316

hepatic and cerebral lipid peroxidation and the formation of serum AGEs and increases
serum antioxidant activity to improve HFD-induced oxidative stress.

High levels of FFA are oxidized by β-oxidation in liver mitochondria or accumulated
to TG by esterification [65]. The production of electron donors such as reduced nicoti-
namide adenine dinucleotide (NADH) and dihydroflavine-adenine dinucleotide (FADH2)
by β-oxidation produces ATP according to the mitochondrial electron transport chain
(ETC) [47]. However, increased β-oxidation of FFA results in significant loss of ETC due
to overproduction of ROS in mitochondria [66]. Abnormally damaged ETC activity re-
duces mitochondrial membrane potential and ATP synthesis [67]. Brain mitochondrial
dysfunction occurring in association with neuronal insulin resistance could lead to the
development of neuronal damage [10]. However, the administration of GC improved
mitochondrial membrane potential function and suppressed oxidative stress in the brain.
Similar to this, ellagitannin of walnut polyphenol effectively improved hyperlipidemia
and metabolic syndrome by enhancing peroxisomal β-oxidation [42]. In addition, walnut
showed mitochondrial ROS scavenging activity and improvement of neuronal energy
metabolism in Aβ-injected mice [29]. Therefore, GC may protect against neuronal loss by
improving the function of cerebral mitochondria.

HFD-induced diabetes is a risk factor for cognitive impairment in AD [68]. Hippocam-
pus, amygdala, and cerebellar granule cells are susceptible to oxidative stress, and oxidative
stress-induced brain damage significantly affects behavioral and cognitive decline [60]. In-
creased oxidative stress derived from HFD causes neuronal inflammation in the hippocam-
pal region and impairs hippocampal synaptic plasticity, learning, and memory [14]. When
spatial memory in a rodent model is assessed, hippocampal-dependent memory/learning
deficits are highly correlated with cognitive–behavioral impairments [69]. In this study,
the HFD group showed significant memory impairment in behavioral tests [27,70]. On the
other hand, the administration of GC showed improvement in spatial learning and memory
function in HFD-induced mice. According to previous studies, walnut could improve
the memory and cognition of d-galactose-induced aging mice in behavioral tests [70]. In
addition, walnut extract has been shown to ameliorate behavioral disorders and memory
deficits in an Aβ1-42-induced mouse model [29]. Similar to previous studies, it is suggested
that GC reduces memory deficits in HFD-induced behavioral disorders.

Cholinergic neural circuits play essential roles in memory dysfunction [41]. However,
alterations of cholinergic function are associated with memory impairment in animals [71].
Ach, a cholinergic neurotransmitter, is released from a broad range of cortical and subcor-
tical sites at the end of synapses and plays an essential role in cognitive functions such
as learning and memory [72]. Normally, ACh is synthesized by ChAT by mediating the
transfer of the acetyl group from acetyl CoA to choline at the synaptic endings of cholinergic
neurons [73]. However, excessive intake of HFD results in cholinergic dysfunction such
as abnormal changes in ChAT and AChE expression in many brain regions, including the
hypothalamus, hippocampus, amygdala, and cortex [74]. In this study, GC intake restored
the cholinergic system in brain tissue and significantly improved the protein expression
levels of ChAT and AChE. According to previous studies, walnut inhibited cerebral AChE
activity, indicating improvement in learning and memory in D-galactose-induced aging
mice [71]. In addition, ellagitannins such as tellimagradin I purified from Trapa taiwanensis
Nakai hulls showed AChE inhibitory activities in scopolamine-induced amnesia mice [75].
In conclusion, GC containing various ellagitannins has an effect on the cholinergic system
by protecting against cognitive dysfunction in HFD-induced mice.

Excessive intake of HFD causes various damages to brain tissue, which is similar
to the pathology of AD [9]. HFD impairs JNK/Akt signaling related to brain insulin
resistance and leads to cognitive dysfunction [10]. Inhibited Akt activity increases the
phosphorylation of GSK-3β and continuously induces hyperphosphorylation of tau protein
and aggregation of neurofibrillary tangles (NFTs), leading to synaptic dysfunction and
apoptosis [8]. Another pathological feature of HFD-induced insulin resistance is the
presence of islet amyloid deposits by the Aβ1-40 and Aβ1-42 peptides due to increased
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γ-secretase activity in the brain [5]. IDE is one of the Aβ-degrading enzymes involved in
the selective cleavage of Aβ peptides in combination with insulin degradation and prevents
the formation of amyloid deposits [76]. However, when insulin is increased in the blood,
IDE does not cleavage Aβ effectively and causes Aβ neurotoxicity, which eventually leads
to AD amyloidosis [9,77]. Neurotoxicity via the accumulation of Aβ peptides and tau
NFTs down-regulates BCl-2 at synapses and dendrites and up-regulates BAX to activate
downstream signals of apoptosis [78]. Activation of BAX at the mitochondrial surface forms
macropores on the mitochondrial outer membrane, leading to the release of cytochrome c
into the cytosol [79]. In addition, the release of cytochrome c from mitochondria induces
caspase-3 activation, which stimulates signaling pathways and leads to synaptic loss and
neuronal apoptosis [80]. In the present study, GC caused a significantly improved HFD-
induced JNK/Akt signaling pathway and suppressed the expression of tau and Aβ. In
addition, GC inhibited BAX and caspase-3 activation and protected against HFD-induced
cerebral apoptosis. According to Ma et al., walnut supplementation significantly reduced
the activated cell death-associated expression of p-p38 mitogen-activated protein kinase
(p38K) and p-JNK [62]. In addition, it was confirmed that ingestion of walnut extract
inhibited Aβ and tau production in brain tissue by improving the Akt signaling pathway in
Aβ-induced mice [29]. Additionally, ellagic acid dose-dependently decreased pathogenic
Aβ oligomers and Aβ cytotoxicity in origin SH-SY5Y cells [81]. Moreover, walnut protected
against apoptosis by reducing BAX protein levels and cytochrome c release in UVB-induced
origin HaCaT cells [82]. Furthermore, walnut peptides inhibited apoptosis by inhibiting
the expression of cytochrome c and caspase-3 [83]. These results suggest that GC regulates
JNK/Akt signaling to protect against significantly suppressed insulin resistance-mediated
synaptic disorders and apoptosis.

HFD-mediated excessive FFA activates inflammation by releasing inflammatory cy-
tokines in brain tissue [10,84]. Increased expression of various pro-inflammatory cytokines
such as TNF-α and IL-1β activates NFκB, a transcriptional activator [62]. The active NFκB
promotes the transcription of NFκB-dependent genes, such as leucine-rich repeat (NLR)
pyrin domain containing 3 (NLRP3), pro-IL-1β, and TNF- α in the nucleus [85]. The NLRP3
family member forms, triggering autocatalytic activation of caspase-1 and suppresses nu-
clear factor erythroid 2–related factor 2 (Nrf2) expression [86]. This reaction reduces the
expression of HO-1 with a strong antioxidant effect and stimulates the production of IL-1β
and TNF-α [87,88]. Thus, excessive inflammatory cytokine expression contributes to the
pathogenesis of inflammatory responses and cognitive impairment [11,89]. GC restored
neuroinflammation by suppressing protein expression levels of TNF-α, IL-1β, p-NFκB,
caspase-1, and HO-1. In a previous study, walnut peptides inhibited NFκB pathway acti-
vation and attenuated the neurotoxic cascade by overexpression of IL-1β and TNF-α [83].
In addition, walnut reduced the production of TNF-α, IL-1β, and IL-6 by suppressing
their mRNA expressions in LPS-induced mice [89]. Furthermore, walnut-derived peptides
protected insulin resistance and decreased oxidative stress by activating HO-1 in high
glucose-induced origin HepG2 cells [27]. Ellagic acid protected against inflammation such
as nitric oxide (NO), MDA, IL-1β, TNF-α, cyclooxygenase 2 (COX-2), and NFκB expres-
sion in carrageenan-induced rats [90]. Therefore, GC may improve cognitive function by
ameliorating neurodegenerative disorders by reducing neuroinflammation.

Overall, walnut showed a protective effect against HFD-induced diabetic symptoms
such as glucose tolerance, diabetic cognitive dysfunction, hyperlipidemia, mitochondrial
deficit, apoptosis, and neuronal inflammation. Walnut contains various physiological com-
pounds such as PUFA, α-linolenic acid, ellagitannins, ellagic acid, and bioactive peptides.
According to previous studies, walnut-derived PUFA decreased fasting blood glucose,
TCHO, LDL, and TG levels and inhibited lipid peroxidation [21,57,58,62]. Walnut ellagi-
tannin, such as tellimagradin I and ellagic acid, enhanced peroxisomal β-oxidation and
reduced the TG mechanism and inflammatory responses [42,90]. In addition, ellagitannins
protected against synaptic dysfunction by regulating AChE activity and pathogenic Aβ

oligomers [75,81]. Various bioactive peptides of walnut inhibited apoptosis by regulating
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mitochondrial apoptosis and suppressed insulin resistance by increasing the HO-1 path-
way [27,83]. In conclusion, based on these physiological activities, GC showed protective
effects against HFD-induced diabetic dysfunctions through complex and diverse pathways
(Figure 12).
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5. Conclusions

In summary, based on this study, GC showed a significant neuroprotective effect in
neuronal cells and hippocampal cells induced by H2O2 and high glucose stresses. GC
restored behavioral dysfunction in HFD-induced C57BL/6 mice. In addition, GC protected
antioxidant and cholinergic systems and improved mitochondrial dysfunction. Further-
more, the administration of GC suppressed synaptic disorders by regulating AChE and
ChAT expression. In addition, GC inhibited cerebral cytotoxicity via JNK cascade signaling.
GC down-regulated inflammatory responses by regulating the protein expression of TNF-α,
IL-1β, p-NFκB, caspase-1, and HO-1. In conclusion, it is suggested that GC extract can be
used as a material for functional foods that improve memory loss and cognitive dysfunction
by regulating synaptic function and inflammation.
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14. Maciejczyk, M.; Żebrowska, E.; Chabowski, A. Insulin resistance and oxidative stress in the brain: What’s new? Int. J. Mol. Sci.
2019, 20, 874. [CrossRef] [PubMed]

15. Fraulob, J.C.; Ogg-Diamantino, R.; Fernandes-Santos, C.; Aguila, M.B.; Mandarim-de-Lacerda, C.A. A mouse model of metabolic
syndrome: Insulin resistance, fatty liver and non-alcoholic fatty pancreas disease (NAFPD) in C57BL/6 mice fed a high fat diet.
J. Clin. Biochem. Nutr. 2010, 46, 212–223. [CrossRef]

16. Verspohl, E.J. Recommended testing in diabetes research. Planta Med. 2002, 68, 581–590. [CrossRef] [PubMed]
17. Srinivasan, K.; Ramarao, P. Animal model in type 2 diabetes research: An overview. Indian J. Med. Res. 2007, 125, 451–472.

[PubMed]
18. Li, L.; Tsao, R.; Yang, R.; Liu, C.; Zhu, H.; Young, J.C. Polyphenolic profiles and antioxidant activities of heartnut (Juglans

ailanthifolia Var. cordiformis) and persian walnut (Juglans regia L.). J. Agric. Food Chem. 2006, 54, 8033–8040. [CrossRef] [PubMed]
19. Li, L.; Tsao, R.; Yang, R.; Kramer, J.K.; Hernandez, M. Fatty acid profiles, tocopherol contents, and antioxidant activities of heartnut

(Juglans ailanthifolia Var. cordiformis) and persian walnut (Juglans regia L.). J. Agric. Food Chem. 2007, 55, 1164–1169. [CrossRef]
[PubMed]

20. Samaranayaka, A.G.; John, J.A.; Shahidi, F. Antioxidant activity of english walnut (Juglans Regia L.). J. Food Lipids 2008, 15, 384–397.
[CrossRef]

21. Okuda, T.; Yoshida, T.; Hatano, T. Ellagitannins as active constituents of medicinal plants. Planta Med. 1989, 55, 117–122.
[CrossRef] [PubMed]

22. Abdel-Moneim, A.; Yousef, A.I.; El-Twab, A.; Sanaa, M.; Abdel Reheim, E.S.; Ashour, M.B. Gallic acid and p-coumaric acid
attenuate type 2 diabetes-induced neurodegeneration in rats. Metab. Brain Dis. 2017, 32, 1279–1286. [CrossRef] [PubMed]

23. Yoshimura, Y.; Nishii, S.; Zaima, N.; Moriyama, T.; Kawamura, Y. Ellagic acid improves hepatic steatosis and serum lipid
composition through reduction of serum resistin levels and transcriptional activation of hepatic ppara in obese, diabetic KK-Ay
mice. Biochem. Biophys. Res. Commun. 2013, 434, 486–491. [CrossRef] [PubMed]

24. Yu, M.; Chen, X.; Liu, J.; Ma, Q.; Zhuo, Z.; Chen, H.; Zhou, L.; Yang, S.; Zheng, L.; Ning, C.; et al. Gallic acid disruption of
Aβ1–42 aggregation rescues cognitive decline of APP/PS1 double transgenic mouse. Neurobiol. Dis. 2019, 124, 67–80. [CrossRef]
[PubMed]

25. He, X.M.; Zhou, Y.Z.; Sheng, S.; Li, J.J.; Wang, G.Q.; Zhang, F. Ellagic acid protects dopamine neurons via inhibition of NLRP3
inflammasome activation in microglia. Oxid. Med. Cell Longev. 2020, 2020, 2963540. [CrossRef]

26. Shi, D.; Chen, C.; Zhao, S.; Ge, F.; Liu, D.; Song, H. Walnut polyphenols inhibit pancreatic lipase activity in vitro and have
hypolipidemic effect on high-fat diet-induced obese mice. Food Nutr. Res. 2014, 2, 757–763. [CrossRef]

131



Molecules 2022, 27, 5316

27. Wang, J.; Wu, T.; Fang, L.; Liu, C.; Liu, X.; Li, H.; Shi, J.; Li, M.; Min, W. Peptides from walnut (Juglans mandshurica Maxim.)
protect hepatic HepG2 cells from high glucose-induced insulin resistance and oxidative stress. Food Funct. 2020, 11, 8112–8121.
[CrossRef] [PubMed]

28. Sun, B.; Yan, H.; Li, C.; Yin, L.; Li, F.; Zhou, L.; Han, X. Beneficial effects of walnut (Juglans regia L.) oil-derived polyunsaturated
fatty acid prevents a prooxidant status and hyperlipidemia in pregnant rats with diabetes. Nutr. Metab. 2020, 17, 1–11. [CrossRef]

29. Kim, J.M.; Lee, U.; Kang, J.Y.; Park, S.K.; Shin, E.J.; Kim, H.; Kim, C.; Kim, M.; Heo, H.J. Anti-amnesic effect of walnut via the
regulation of BBB function and neuro-inflammation in Aβ1-42-induced mice. Antioxidants 2020, 9, 976. [CrossRef]

30. Kim, G.H.; Kim, J.M.; Park, S.K.; Kang, J.Y.; Han, H.J.; Shin, E.J.; Moon, J.H.; Kim, C.W.; Lee, U.; Shin, E.C.; et al. Nutritional
composition of domestic and imported walnuts (Juglans regia L.). J. Korean Soc. Food Sci. Nutr. 2020, 49, 608–616. [CrossRef]

31. Kim, J.M.; Park, S.K.; Kang, J.Y.; Park, S.B.; Yoo, S.K.; Han, H.J.; Cho, K.H.; Kim, J.C.; Heo, H.J. Green tea seed oil suppressed
Aβ1-42-induced behavioral and cognitive deficit via the Aβ-related Akt pathway. Int. J. Mol. Sci. 2019, 20, 1865. [CrossRef]
[PubMed]

32. Van der Borght, K.; Havekes, R.; Bos, T.; Eggen, B.J.; Van der Zee, E.A. Exercise improves memory acquisition and retrieval in the
Y-maze task: Relationship with hippocampal neurogenesis. Behav. Neurosci. 2007, 121, 324–334. [CrossRef] [PubMed]

33. Newman, J.P.; Kosson, D.S. Passive avoidance learning in psychopathic and nonpsychopathic offenders. J. Abnorm. Psychol. 1986,
95, 252–256. [CrossRef] [PubMed]

34. Morris, R. Developments of a water-maze procedure for studying spatial learning in the rat. J. Neurosci. Methods 1984, 11, 47–60.
[CrossRef]

35. Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [CrossRef] [PubMed]

36. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

37. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [CrossRef] [PubMed]

38. Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.
Biochem. 1996, 239, 70–76. [CrossRef]

39. Sampath, C.; Rashid, M.R.; Sang, S.; Ahmedna, M. Green tea epigallocatechin 3-gallate alleviates hyperglycemia and reduces
advanced glycation end products via nrf2 pathway in mice with high fat diet-induced obesity. Biomed. Pharmacother. 2017, 87,
73–81. [CrossRef]

40. Vincent, D.; Segonzac, G.; Vincent, M.C. Colorimetric determination of acetylcholine by the Hestrin hydroxylamine reaction and
its application in pharmacy. Ann. Pharm. Fr. 1958, 16, 179–185.

41. Ellman, G.L.; Courtney, K.D.; Andres jr, V.; Featherstone, R.M. A new and rapid colorimetric determination of acetylcholinesterase
activity. Biochem. Pharmacol. 1961, 7, 88–95. [CrossRef]

42. Brown, M.R.; Geddes, J.W.; Sullivan, P.G. Brain region-specific, age-related, alterations in mitochondrial responses to elevated
calcium. J. Bioenerg. Biomembr. 2004, 36, 401–406. [CrossRef] [PubMed]

43. Shimoda, H.; Tanaka, J.; Kikuchi, M.; Fukuda, T.; Ito, H.; Hatano, T.; Yoshida, T. Effect of polyphenol-rich extract from walnut on
diet-induced hypertriglyceridemia in mice via enhancement of fatty acid oxidation in the liver. J. Agric. Food Chem. 2009, 57,
1786–1792. [CrossRef] [PubMed]

44. Berbudi, A.; Rahmadika, N.; Tjahjadi, A.I.; Ruslami, R. Type 2 diabetes and its impact on the immune system. Curr. Diabetes Rev.
2020, 16, 442–449. [CrossRef] [PubMed]

45. Kesh, S.; Sarkar, D.; Manna, K. High-fat diet-induced oxidative stress and its impact on metabolic syndrome: A review. Asian J.
Pharm. Clin. Res. 2016, 9, 47–52.

46. World Health Organization. Classification of Diabetes Mellitus; World Health Organization: Geneva, Switzerland, 2019.
47. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813–820. [CrossRef]
48. Allen, D.A.; Yaqoob, M.M.; Harwood, S.M. Mechanisms of high glucose-induced apoptosis and its relationship to diabetic

complications. J. Nutr. Biochem. 2005, 16, 705–713. [CrossRef] [PubMed]
49. Hamed, S.A. Brain injury with diabetes mellitus: Evidence, mechanisms and treatment implications. Expert Rev. Clin. Pharmacol.

2017, 10, 409–428. [CrossRef] [PubMed]
50. Poulose, S.M.; Miller, M.G.; Shukitt-Hale, B. Role of walnuts in maintaining brain health with age. J. Nutr. 2014, 144, 561S–566S.

[CrossRef] [PubMed]
51. Muthaiyah, B.; Essa, M.; Chauhan, V.; Chauhan, A. Protective effects of walnut extract against amyloid beta peptide-induced cell

death and oxidative stress in PC12 cells. Neurochem. Res. 2011, 36, 2096–2103. [CrossRef]
52. Boden, G. 45Obesity, insulin resistance and free fatty acids. Curr. Opin. Endocrinol. Diabetes Obes. 2011, 18, 139–143. [CrossRef]

[PubMed]
53. Noeman, S.A.; Hamooda, H.E.; Baalash, A.A. Biochemical study of oxidative stress markers in the liver, kidney and heart of high

fat diet induced obesity in rats. Diabetol. Metab. Syndr. 2011, 3, 1–8. [CrossRef] [PubMed]
54. Leopold, J.A.; Loscalzo, J. Oxidative mechanisms and atherothrombotic cardiovascular disease. Drug Discov. Today Ther. Strateg.

2008, 5, 5–13. [CrossRef] [PubMed]

132



Molecules 2022, 27, 5316

55. Tangvarasittichai, S. Oxidative stress, insulin resistance, dyslipidemia and type 2 diabetes mellitus. World J. Diabetes 2015, 6,
456–480. [CrossRef] [PubMed]

56. Li, Y.; Chen, D.; Zhang, F.; Lin, Y.; Ma, Y.; Zhao, S.; Chen, C.; Wang, X.; Liu, J. Preventive effect of pressed degreased walnut meal
extracts on T2DM rats by regulating glucolipid metabolism and modulating gut bacteria flora. J. Funct. Foods 2020, 64, 103694.
[CrossRef]

57. Ebrahim Abbasi, O.; Arash Noori, S.; Ali, R. Effects of walnut on lipid profile as well as the expression of sterol-regulatory element
binding protein-1c (SREBP-1c) and peroxisome proliferator activated receptors α (PPARα) in diabetic rat. Food Nutr. Sci. 2012, 3,
2. [CrossRef]

58. Mushtaq, R.; Mushtaq, R.; Khan, Z.T. Effect of walnut on lipid profile in obese female in different ethnic groups of Quetta,
Pakistan. J. Nutr. 2009, 8, 1617–1622. [CrossRef]

59. Voziyan, P.A.; Khalifah, R.G.; Thibaudeau, C.; Yildiz, A.; Jacob, J.; Serianni, A.S.; Hudson, B.G. Modification of proteins in vitro by
physiological levels of glucose: Pyridoxamine inhibits conversion of Amadori intermediate to advanced glycation end-products
through binding of redox metal ions. J. Biol. Chem. 2003, 278, 46616–46624. [CrossRef] [PubMed]

60. Unoki, H.; Yamagishi, S. I Advanced glycation end products and insulin resistance. Curr. Pharm. Des. 2008, 14, 987–989. [CrossRef]
[PubMed]

61. Salim, S. Oxidative stress and the central nervous system. J. Pharmacol. Exp. Ther. 2017, 360, 201–205. [CrossRef] [PubMed]
62. Ma, Z.F.; Ahmad, J.; Khan, I.; Wang, C.W.; Jiang, P.; Zhang, Y. Interaction of phytochemicals from walnut on health: An updated

comprehensive review of reported bioactivities and medicinal properties of walnut. J. Biol. Act. Prod. Nat. 2019, 9, 410–425.
[CrossRef]

63. Bati, B.; Celik, I.; Dogan, A. Determination of hepatoprotective and antioxidant role of walnuts against ethanol-induced oxidative
stress in rats. Cell Biochem. Biophys. 2015, 71, 1191–1198. [CrossRef] [PubMed]

64. Fukuda, T.; Ito, H.; Yoshida, T. Antioxidative polyphenols from walnuts (Juglans regia L.). Phytochemistry. 2003, 63, 795–801.
[CrossRef]

65. de Mello, A.H.; Costa, A.B.; Engel, J.D.G.; Rezin, G.T. Mitochondrial dysfunction in obesity. Life Sci. 2018, 192, 26–32. [CrossRef]
[PubMed]

66. Gusdon, A.M.; Song, K.; Qu, S. Nonalcoholic fatty liver disease: Pathogenesis and therapeutics from a mitochondria-centric
perspective. Oxid. Med. Cell. Longev. 2014, 2014, e637027. [CrossRef]

67. Brownlee, M. The pathobiology of diabetic complications: A unifying mechanism. Diabetes 2005, 54, 1615–1625. [CrossRef]
[PubMed]

68. Bagkos, G.; Koufopoulos, K.; Piperi, C. A new model for mitochondrial membrane potential production and storage. Med.
Hypotheses 2014, 83, 175–181. [CrossRef]

69. Park, H.R.; Park, M.; Choi, J.; Park, K.; Chung, H.Y.; Lee, J. A high-fat diet impairs neurogenesis: Involvement of lipid peroxidation
and brain-derived neurotrophic factor. Neurosci. Lett. 2010, 482, 235–239. [CrossRef]

70. Wahl, D.; Coogan, S.C.; Solon-Biet, S.M.; de Cabo, R.; Haran, J.B.; Raubenheimer, D.; Cogger, V.C.; Mattson, M.P.; Simpson, S.J.;
Le Couteur, D.G. Cognitive and behavioral evaluation of nutritional interventions in rodent models of brain aging and dementia.
Clin. Interv. Aging 2017, 12, 1419–1428. [CrossRef]

71. Liu, J.; Chen, D.; Wang, Z.; Chen, C.; Ning, D.; Zhao, S. Protective effect of walnut on d-galactose-induced aging mouse model.
Food Sci. Nutr. 2019, 7, 969–976. [CrossRef] [PubMed]

72. Heydemann, A. An overview of murine high fat diet as a model for type 2 diabetes mellitus. J. Diabetes Res. 2016, 2016, e2902351.
[CrossRef] [PubMed]

73. Newman, E.L.; Gupta, K.; Climer, J.R.; Monaghan, C.K.; Hasselmo, M.E. Cholinergic modulation of cognitive processing: Insights
drawn from computational models. Front. Behav. Neurosci. 2012, 6, 24. [CrossRef] [PubMed]

74. Oda, Y. Choline acetyltransferase: The structure, distribution and pathologic changes in the central nervous system. Pathol. Int.
1999, 49, 921–937. [CrossRef] [PubMed]

75. Chang, E.H.; Chavan, S.S.; Pavlov, V.A. Cholinergic control of inflammation, metabolic dysfunction, and cognitive impairment in
obesity-associated disorders: Mechanisms and novel therapeutic opportunities. Front. Neurosci. 2019, 13, 263. [CrossRef]

76. Chen, L.; Lin, S.; Lee, Y.; Wang, C.; Hou, W. Hydrolysable tannins exhibit acetylcholinesterase inhibitory and anti-glycation
activities in vitro and learning and memory function improvements in scopolamine-induced amnesiac mice. Biomedicines 2021,
9, 1066. [CrossRef] [PubMed]

77. Malito, E.; Hulse, R.E.; Tang, W. Amyloid β-degrading cryptidases: Insulin degrading enzyme, neprilysin, and presequence
peptidase. Cell. Mol. Life Sci. 2008, 65, 2574–2585. [CrossRef] [PubMed]

78. Qiu, W.Q.; Folstein, M.F. Insulin, insulin-degrading enzyme and amyloid-β peptide in Alzheimer’s disease: Review and
hypothesis. Neurobiol. Aging 2006, 27, 190–198. [CrossRef] [PubMed]

79. Paradis, E.; Douillard, H.; Koutroumanis, M.; Goodyer, C.; LeBlanc, A. Amyloid β peptide of Alzheimer’s disease downregulates
Bcl-2 and upregulates Bax expression in human neurons. J. Neurosci. 1996, 16, 7533–7539. [CrossRef]

80. Singh, R.; Letai, A.; Sarosiek, K. Regulation of apoptosis in health and disease: The balancing act of BCL-2 family proteins. Nat.
Rev. Mol. Cell Biol. 2019, 20, 175–193. [CrossRef] [PubMed]

133



Molecules 2022, 27, 5316

81. Wang, L.; Wei, Y.; Ning, C.; Zhang, M.; Fan, P.; Lei, D.; Du, J.; Gale, M.; Ma, Y.; Yang, Y. Ellagic acid promotes browning of white
adipose tissues in high-fat diet-induced obesity in rats through suppressing white adipocyte maintaining genes. Endocr. J. 2019,
66, 923–936. [CrossRef] [PubMed]

82. Garrido, C.; Galluzzi, L.; Brunet, M.; Puig, P.E.; Didelot, C.; Kroemer, G. Mechanisms of cytochrome c release from mitochondria.
Cell Death Differ. 2006, 13, 1423–1433. [CrossRef] [PubMed]

83. Park, G.; Kim, H.G.; Hong, S.-P.; Kim, S.Y.; Oh, M.S. Walnuts (Seeds of Juglandis sinensis L.) protect human epidermal keratinocytes
against UVB-induced mitochondria-mediated apoptosis through upregulation of ROS elimination pathways. Skin Pharmacol.
Physiol. 2014, 27, 132–140. [CrossRef] [PubMed]

84. Liu, C.; Guo, Y.; Zhao, F.; Qin, H.; Lu, H.; Fang, L.; Wang, J.; Min, W. Potential mechanisms mediating the protective effects of a
peptide from walnut (Juglans mandshurica Maxim.) against hydrogen peroxide induced neurotoxicity in PC12 cells. Food Funct.
2019, 10, 3491–3501. [CrossRef] [PubMed]

85. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NFκB signaling in inflammation. Signal. Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
[PubMed]

86. Shimada, K.; Crother, T.; Karlin, J.; Dagvadorj, J.; Chiba, N.; Chen, S.; Ramanujan, V.K.; Wolf, A.; Vergnes, L.; Ojcius, D.; et al.
Oxidized mitochondrial DNA activates the NLRP3 inflammasome during apoptosis. Immunity 2012, 36, 401–414. [CrossRef]
[PubMed]

87. Liang, J.; Li, L.; Sun, Y.; He, W.; Wang, X.; Su, Q. The protective effect of activating Nrf2/HO-1 signaling pathway on cardiomyocyte
apoptosis after coronary microembolization in rats. BMC Cardiovasc. Disord. 2017, 17, 272. [CrossRef] [PubMed]

88. Sah, S.K.; Lee, C.; Jang, J.; Park, G.H. Effect of high-fat diet on cognitive impairment in triple-transgenic mice model of Alzheimer’s
disease. Biochem. Biophys. Res. Commun. 2017, 493, 731–736. [CrossRef]

89. Wang, S.; Zheng, L.; Zhao, T.; Zhang, Q.; Liu, Y.; Sun, B.; Su, G.; Zhao, M. Inhibitory effects of walnut (Juglans regia) peptides on
neuroinflammation and oxidative stress in lipopolysaccharide-induced cognitive impairment mice. J. Agric. Food Chem. 2020, 68,
2381–2392. [CrossRef]

90. Sánchez-González, C.; Ciudad, C.J.; Noé, V.; Izquierdo-Pulido, M. Health benefits of walnut polyphenols: An exploration beyond
their lipid profile. Crit. Rev. Food Sci. Nutr. 2017, 57, 3373–3383. [CrossRef]

134



Citation: Dey, P.; Kundu, A.; Lee,

H.E.; Kar, B.; Vishal, V.; Dash, S.; Kim,

I.S.; Bhakta, T.; Kim, H.S. Molineria

recurvata Ameliorates

Streptozotocin-Induced Diabetic

Nephropathy through Antioxidant

and Anti-Inflammatory Pathways.

Molecules 2022, 27, 4985. https://

doi.org/10.3390/molecules27154985

Academic Editors: Sokcheon Pak and

Soo Liang Ooi

Received: 30 May 2022

Accepted: 1 August 2022

Published: 5 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Molineria recurvata Ameliorates Streptozotocin-Induced
Diabetic Nephropathy through Antioxidant and
Anti-Inflammatory Pathways
Prasanta Dey 1,†, Amit Kundu 1, Ha Eun Lee 1, Babli Kar 2, Vineet Vishal 3 , Suvakanta Dash 4, In Su Kim 1 ,
Tejendra Bhakta 4,* and Hyung Sik Kim 1,*

1 School of Pharmacy, Sungkyunkwan University, 2066, Seobu-ro, Jangan-gu, Suwon 16419, Korea
2 Bengal Homoeopathic Medical College and Hospital, Asansol 713301, India
3 Department of Botany, Bangabasi Evening College, Kolkata 700009, India
4 Regional Institute of Pharmaceutical Science & Technology, Agartala 799006, India
* Correspondence: tbhakta2010@gmail.com (T.B.); hkims@skku.edu (H.S.K.)
† Current address: Rutgers Cancer Institute of New Jersey, Rutgers University, New Brunswick, NJ 08901, USA.

Abstract: Molineria recurvata (MR) has been traditionally used to manage diabetes mellitus in India.
However, the molecular mechanism of MR on the diabetic-induced nephropathy has not been clearly
investigated. Thus, this study investigates the protective effects of the MR extract on nephropathy
in streptozotocin (STZ)-induced diabetic rats. Diabetes was instigated by a single intraperitoneal
injection of STZ (45 mg/kg) in male Sprague-Dawley rats. Once the diabetes was successfully in-
duced, the MR extract (200 mg/kg/day) or metformin (200 mg/kg/day) was orally administered for
14 days. Renal function, morphology changes and levels of inflammatory cytokines were measured.
Blood glucose concentrations were considerably reduced in STZ-induced diabetic rats following
treatment with the MR extract. The administration of the MR extract substantially restored the
abnormal quantity of the oxidative DNA damage marker 8-hydroxy-2′-deoxy-guanosine (8-OHdG),
malondialdehyde, glutathione, oxidized glutathione, superoxide dismutase, catalase, interleukin
(IL)-1β, IL-6, IL-10, and transforming growth factor-β (TGF-β). The urinary excretion of kidney injury
molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), selenium binding protein
1 (SBP1), and pyruvate kinase M2 (PKM2) was significantly reduced in diabetes rats after adminis-
tration of the MR extracts. In the kidneys of STZ-induced diabetic rats, the MR extracts markedly
downregulated the expression of fibronectin, collagen-1, and α-smooth muscle actin (α-SMA). In
particular, the MR extracts markedly increased the level of SIRT1 and SIRT3 and reduced claudin-1 in
the kidney. These results suggest that the MR extracts exhibits therapeutic activity in contrast to renal
injury in STZ-induced diabetic rats through repressing inflammation and oxidative stress.

Keywords: Molineria recurvata; diabetic nephropathy; urinary biomarkers; inflammation;
oxidative stress

1. Introduction

Diabetic patients have developed different microvascular disorders including
nephropathy, retinopathy, and neuropathy [1,2]. Around 40% of newly diagnosed pa-
tients with diabetes in both Asian and Western countries have diabetic nephropathy (DN),
which is one of the major causes of end-stage renal disease (ESRD) [3]. Hypertension, obe-
sity, and sustained hyperglycemia are the major risk factors for the initiation or progression
of DN and induce glomerular malfunction and kidney damage. Since the progression of
DN to ESRD is irreversible, it is important to take precise therapeutic approaches to amelio-
rate kidney injury. Progress has been made in our understanding of the pharmacology of
DN, and effective drugs are currently being introduced for the treatment of DN in diabetic
patients [4,5].
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In patients with diabetes, the accumulation of advanced glycation end products
(AGEs), which play a major role in the development of diabetic nephropathy, is one of
the main causes of chronic kidney damage [6]. Oxidative stress and chronic inflammation
are strongly connected with the development and progression of diabetic nephropathy [7].
The high excretion of urinary microalbumin, thickening of the basement membrane, and
mesangial expansion are some of the primary characteristics of diabetic nephropathy [8].
The deposition of extracellular matrix (ECM) proteins also has an important role in the
progression of diabetic nephropathy [9,10]. Diabetic nephropathy can also lead to glomeru-
losclerosis and renal fibrosis, reflecting the fact that that the epithelial-mesenchymal transi-
tion (EMT) occurs owing to the loss of E-cadherin and the deposition of α-smooth muscle
actin (α-SMA) [11,12]. It has been also established that expression of transforming growth
factor-β (TGF-β) is highly upregulated and glomerular function capacity is reduced in
patients with diabetic nephropathy [10,13].

The plant Molineria recurvata (of the family Hypoxidaceae) is grown widely in Tripura
and other hotter regions of India. The leaves, which have fewer or no side effects compared
to marketed drugs for diabetes, have been utilized for the management of diabetic mellitus
for many years in the Northeastern part of India. The leaf extract of Molineria recurvata
(MR) possesses anticoagulant and anthelmintic activity [14,15], but the exact molecular
mechanism underlying the protective effects against DN is still undetermined. Here, we
aimed to evaluate the protective impacts of the MR extract on DN in streptozotocin (STZ)-
induced diabetic rats. This study will also highlight the underlying molecular mechanism
modulated by the MR extract on STZ-induced diabetic rats.

2. Results
2.1. Phytochemical Properties of the MR Extract

A yield of 12.01% MR methanolic extract was obtained from 100 g of leaves. As
indicated in Table 1, initially phytochemical examination discovered the existence of alka-
loids, carbohydrates, steroids, flavonoids, and hydroxy-anthraquinone glycosides in the
methanolic leaf extract of MR [16].

Table 1. Photochemical properties of the MR extracts from the leaf of Molineria recurvata.

Phytochemicals Methanolic Extract

Alkaloid +++
Carbohydrate +
Saponin −
Steroid ++
Sulphate −
Tannin −
Flavonoid ++
Hydroxy-anthraquinone glycoside +
Starch −
Dextrin +

+++: Copiously present; ++: moderately present; +: slightly present; −: absent.

2.2. Acute Toxicity Study of the MR Extract

We measured the toxicity of the MR extract in rats. No indications of any unusual
emaciation, respiratory depression, behavior, posture, or mortality at a highest dosage
(1000 mg/kg) of the MR extract were observed. No mortality was observed in the groups
treated with the MR extract. Therefore, we decided 1000 mg/kg was safe to conduct our
further study. Here, based on the solubility, volume, and safety of the MR extract that could
be simply dispensed orally, we selected 200 mg/kg as an efficient dose.
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2.3. Protective Impact of the MR Extract on Blood Glucose Concentrations in
STZ-Administered Rats

The oral glucose tolerance test and insulin tolerance test was initially performed in
different groups of rats (Supplementary Figure S1A,B). In STZ-administered rats, the blood
glucose concentration was significantly enhanced compared with the control group. After
14 days of oral administration of the MR extract and standard compounds, the fasting
blood glucose amount was noticeably reduced in STZ-treated rats treated by the MR extract
(200 mg/kg), to a level that was comparable with that achieved in Mef (200 mg/kg)-treated
rats. Thus, it was shown that the MR extract could successfully synchronize the blood
glucose amounts in STZ-stimulated diabetic rats (Figure 1A).
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Figure 1. Effects of the MR extract on blood glucose level, body and organ weight, and histopatho-
logical modifications in STZ-treated rats. (A) Blood glucose level (fasting). (B) Changes in body
weight. (C) Relative change of the kidney, liver, and pancreas weight. The abnormal alterations
in these factors were restored by MR treatment. All values are the mean ± S.D. (n = 6). Statis-
tical calculation was completed by one-way ANOVA subsequently by Tukey’s honest significant
difference (HSD) post hoc test for multiple comparisons. (*** p < 0.001). ## p < 0.01, ### p < 0.001
compared with the STZ group. (D) Alteration of the histopathology in the kidney and pancreas
(H&E stained). The STZ-treated diabetic rats displayed enlarged cortex with expansion (asterisk),
glomerular sclerosis (arrowheads), and dilatation. The medulla showed interstitial nodular sclerosis,
tubular dilatation, and fibroplasia (asterisk). The treatment of STZ-treated rats with the MR extract
induced minor occurrence of the medulla and tubular injury, normal-sized renal cortex, and normal
histological structure of thin tubules (arrows). Original magnification: 200×, scale bar: 50 µm. In
contrast, the pancreas is composed of exocrine components that are tightly packed by acinar cells and
organized into small lobules divided by intact intralobular and interlobular connective tissue septa.
The pathology of both exocrine and endocrine components has changed after STZ treatment. Most of
the acinar cells were enlarged, and tiny vacuoles were noted. The interlobular ducts were covered
with a flattened epithelium (black arrowheads). STZ treatment destroyed almost all the islet β-cells.
However, the MR extract restored the general pathology of the pancreas of diabetic rats. Atrophic
changes in the acinar cells were negligible. The border between the exocrine and endocrine portions
became more distinctive. All images are symbolic of three rats per investigational group. Original
magnification: 200×, scale bar: 100 µm. (E) Quantitative investigation of the Bowman capsule size
and glomerular and interstitial spaces of H&E-stained kidney sections in the experimental rats. NC:
Normal control, STZ: streptozotocin-treated group, STZ + MR: Streptozotocin-treated rats received
MR extract, STZ + Mef: Streptozotocin-treated rats received Metformin.
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2.4. Protective Effect of the MR Extract on Organ and Body Weight Alterations in
STZ-Administered Rats

The total body weight of STZ-administered rats decreased drastically contrasted to
that of the normal control group. After 14 days of oral administration with the MR extract,
the body weight of diabetic rats treated with the MR extract (200 mg/kg) was normalized
to levels comparable to those of rats treated with Mef (200 mg/kg; Figure 1B). Additionally,
the average weight of the major organs (the liver and pancreas) was boosted distinctly in
STZ-administered rats after administration of the MR extract, but the MR extract caused a
marked reduction in kidney weight (Figure 1C).

2.5. Protective Effect of the MR Extract on Histopathological Injury in STZ-Administered Rats

The histopathology of the kidney tissues was examined by Hematoxylin & eosin
staining. In STZ-administered rats, both the kidneys showed distinct hydropic variation
in the proximal tubules and enlarged glomerular size. Moreover, morphological changes
in the interstitial space and Bowman capsules were observed, and glomerular space was
enhanced in STZ-administered diabetic rats (Figure 1D,E). Nonetheless, the deformity in
the kidney morphology was restored markedly after the MR extract or Mef administration
(Figure 1D,E).

Moreover, a histological inspection was also performed to estimate any changes in the
pancreatic acini and islets of Langerhans. STZ-administered rats exhibited few islets with
numerous vacuous areas; further, they had randomly shaped islets in the pancreas which
are comparable with the transparent and round borders across the islets in the pancreas of
normal rats. These malformations were reestablished successfully after administration with
the MR extract (200 mg/kg) or Mef (200 mg/kg), proving that the MR extract successfully
recovered STZ-induced pancreatic damage (Figure 1D). Therefore, the MR extract could
repair diabetes-induced damage to the pancreatic structure.

2.6. Protective Effect of the MR Extract on Renal Injury Biomarkers in STZ-Administered Rats

In the case of diabetes-induced kidney injury, the microalbuminuria level is a represen-
tative parameter in the urine [17]. We found that STZ-treated rats increased microalbumin-
uria and serum creatinine concentration in the urine. The concentration of microalbumin
excreted in urine and serum creatinine was markedly restored after 14 days of administra-
tion of the MR extract (200 mg/kg) or Mef (200 mg/kg) (Figure 2A,B). The urinary volume
and urinary creatinine level was also restored after administration of the MR extract to the
STZ-treated rats (Supplementary Figure S2A,B). To further confirm the protective effect
of MR extract against STZ-induced kidney toxicity, western blotting was performed for
urinary excretion of biomarkers (KIM-1, SBP-1, NGAL, and PKM2). The oral administration
of the MR extract or Mef reduced the expression of nephrotoxicity biomarkers, which was
upregulated markedly in STZ-treated rats (Figure 2C,D). The concentration of the kidney
injury marker (3-IS) was also determined [18]. STZ increased 3-IS concentration in the urine,
serum, and kidney, and the resulting high 3-IS level was normalized after administration of
the MR extract or Mef (Figure 2E).

2.7. MR Extract Reduced AGE Levels in STZ-Treated Rats

In hyperglycemia, the extensive development of AGEs is responsible for the progress
of diabetic nephropathy [19]. In patients with chronic renal disease, the AGE concentration
in serum is not correlated appropriately with diabetic events, possibly because serum
concentrations of AGEs are not associated with its deposition in the target tissues. Hence,
we measured the AGE amounts in the kidney of STZ-treated rats. STZ treatment drastically
increased AGE levels in the kidney but was normalized after administration of the MR
extract (200 mg/kg) or Mef (200 mg/kg) (Figure 3A).
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ANOVA subsequently by Tukey’s HSD post hoc test for multiple comparisons (*** p < 0.001). (C)
The expression pattern of kidney damage biomarkers (KIM-1, SBP-1, NGAL, and PKM2) in the
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(E) Alteration of 3-indoxyl sulfate concentration in STZ-treated rats in the urine, serum, and kidney tis-
sues was quantified by high-performance liquid chromatography (HPLC). Values are the mean ± S.D.
(n = 6). Statistical evaluation was completed by one-way ANOVA subsequently by Tukey’s HSD post
hoc test for multiple comparisons (*** p < 0.001, ** p < 0.01, * p < 0.05). NC: Normal control, STZ:
streptozotocin-treated group, STZ + MR: Streptozotocin-treated rats received MR extract, STZ + Mef:
Streptozotocin-treated rats received Metformin.

2.8. Effect of the MR Extract on Oxidative Biomarkers in STZ-Administered Rats

We quantified the concentration of ROS and MDA in the renal tissues of STZ-treated
rats, as augmentation of oxidative stress is directly related to elevated AGE concentration in
the case of patients with diabetes. After the administration of the MR extract (Figure 3B,C),
the levels of ROS and MDA were markedly reduced; these amounts were elevated in STZ-
treated rats as compared to the control group. The 8-OHdG (important factor in oxidative
DNA damage) concentration was drastically elevated in diabetic-induced rats, which was
restored after administration of the MR extract and Mef (Figure 3D). GSH (a non-enzymatic
antioxidant) level was reduced markedly in diabetic rats; however, the GSSG level was
elevated in diabetic rats compared to the normal control group. GSH and GSSG amounts
were restored in STZ-treated rats after administration of the MR extract or Mef (Figure 3E,F).
The concentration of SOD (an essential oxidative protein for maintaining mitochondrial
functions) was distinctly decreased in STZ-treated rats. However, administration of the
MR extract or Mef significantly ameliorated SOD levels (Figure 3G). Furthermore, the
concentration of CAT in STZ-administration rats was restored after administration of the
MR extract or Mef (Figure 3H).
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were measured in the kidneys of diabetic animals. (E–H) Variations in oxidative biomarkers (GSH,
GSSG, SOD, and CAT) were evaluated in the kidneys of diabetic animals. Data are expressed as the
mean ± S.D. of duplicate experiments (n = 6). (I–L) Changes in the level of the pro-inflammatory
cytokines in STZ-treated rats. Data are expressed as the mean ± S.D. of duplicate experiments
(n = 6). Statistical analysis was completed by one-way ANOVA subsequently by Tukey’s HSD post
hoc test for multiple comparisons (*** p < 0.001, ** p < 0.01, * p < 0.05). NC: Normal control, STZ:
streptozotocin-treated group, STZ + MR: Streptozotocin-treated rats received MR extract, STZ + Mef:
Streptozotocin-treated rats received Metformin.

2.9. Protective Effect of the MR Extract on Inflammatory Cytokines in Diabetic Rats

The impact of the MR extract on the maintenance of inflammatory cytokine levels
was examined by ELISA. Significant increases in the serum concentrations of inflammatory
cytokines (IL-1β, IL-6, and TGF-β1) were observed in diabetic rats, whereas the amount of
the anti-inflammatory cytokine IL-10 was reduced (Figure 3I–L). After administration of
the MR extracts or Mef, these inflammatory cytokine levels were normalized in diabetes
rats (Figure 3I–L).

2.10. Protective Effect of the MR Extract on Renal Fibrosis in Diabetic Rats

The deposition of ECM proteins, which leads to renal fibrosis, increased markedly in
glomerular and tubular cells in diabetic-induced hypertrophy. Therefore, the expression
of ECM-related proteins was measured in the kidneys of rats. The expression of TGF-β,
α-tubulin, vimentin, fibronectin, collagen-1, and α-SMA was upregulated in STZ-induced
rats (Figure 4A and Supplementary Figure S3). The administration of the MR extracts or
Mef ameliorated the ECM-proteins deposition in the kidney (Figure 4A and Supplementary
Figure S3). Furthermore, we confirmed the expression of collagen-1, fibronectin, and
α-SMA in the kidney by IHC staining. As shown in Figure 4B, the expressions of these
proteins (stained as brownish granules) were higher in STZ-treated rats and were markedly
reduced after the administration of the MR extracts and Mef.
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(A) Expression pattern of E-cadherin, TGF-β1, α-tubulin, vimentin, fibronectin, collagen-1, and
α-SMA in the kidney of rats, as determined by western blotting. β-Actin was used as the loading
control. The results represent three independent experiments. (B) Immunohistochemical analysis
of collagen-I, fibronectin, and α-SMA in the kidneys of animals from all groups. Original magni-
fication: 200×, scale bar: 50 µm. (C) Images of kidney sections stained with Masson’s trichrome,
which indicated renal collagen deposition (blue). Original magnification: 200×, scale bar: 100 µm.
(D) Level of 4-hydroxyproline content in the serum of STZ-treated rats. Data are expressed as the
mean± S.D. of duplicate experiments (n = 6). Statistical analysis was performed by one-way ANOVA
followed by Tukey’s HSD post hoc test for multiple comparisons (*** p < 0.001, ** p < 0.01). NC:
Normal control, STZ: streptozotocin-treated group, STZ + MR: Streptozotocin-treated rats received
MR extract, STZ + Mef: Streptozotocin-treated rats received Metformin.

In addition, renal fibrosis was investigated by MT staining to determine the degree of
collagen deposition in diabetic kidneys. Diabetic rats resulted in the deposition of a high
level of collagen in renal tissues followed by nodular formation (Figure 4C), which was
reduced after administration of the MR extract or Mef. The hydroxyproline concentration
was also drastically increased in the kidney tissues of STZ-treated diabetic rats. However,
administration of the MR extracts or Mef reduced hydroxyproline concentration in the
kidney to a similar level as in normal control rats (Figure 4D).

2.11. Effects of the MR Extract on SIRTs and Claudin-1 Expression in the Renal Cortex of
STZ-Treated Rats

SIRTs and claudin-1 are involved in metabolic disorders resulting from diabetic
nephropathy [20,21]. In this study, the SIRT1, SIRT3, and SIRT4 expression was markedly
downregulated in the renal cortex of STZ-treated rats compared to the normal control
group. However, administration of the MR extracts markedly increased the expression
of SIRT1, SIRT3 and SIRT4 in the kidney of STZ-treated rats. Claudin-1 expression was
upregulated in STZ-treated rats, but noticeably downregulated after administration of the
MR extract or Mef (Figure 5A and Supplementary Figure S4). Furthermore, SIRT1 and
claudin-1 expression was also assessed using IHC staining. A robust higher expression
of SIRT1 was observed in the kidneys of glomeruli of the normal control group, whereas
claudin-1 levels were increased in the renal interstitial tubules of the STZ-treated group.
Administration of the MR extracts restored the expression of SIRT1 and claudin-1 in the
glomeruli and interstitial tubules (Figure 5B).
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(A) western blotting analysis of SIRT1, SIRT3, SIRT4, and claudin-1 expression. β-Actin expression
was used as the loading control. The results represent three independent experiments. (B) Immuno-
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Original magnification: 200×, scale bar: 50 µm. NC: Normal control, STZ: streptozotocin-treated
group, STZ + MR: Streptozotocin-treated rats received MR extract, STZ + Mef: Streptozotocin-treated
rats received Metformin.

3. Discussion

Since primordial times, natural medicinal plants containing different phytochemicals
such as alkaloids, glycosides, steroids, flavonoids, tannins, and polysaccharides, which
help to cure various diseases, have been used [22–28]. Previous studies have shown
that the methanol extracts from the leaves of MR contain several compounds including
steroids, alkaloids, and flavonoids. Owing to their pharmacological activities such as
antioxidant [29,30] and anti-inflammatory properties [31,32], MR extract has been used
traditionally for the treatment of kidney damage. Here, we examined the defensive role of
the MR extract against STZ-induced DN.

STZ produces a necrotic effect on pancreatic beta cells and decreases insulin secretion.
Hence, it is used widely to establish the type I diabetic model [33,34]. Blood glucose level
was markedly increased after 5 days of STZ treatment. Nonetheless, the blood glucose
level was restored after 14 days of treatment with the MR extract (200 mg/kg) or Mef (200
mg/kg) administration, which proved that the MR extract restrains the adverse effects
of hyperglycemia, thereby aiding in the management of renal abnormalities. Prolonged
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hyperglycemia caused by STZ treatment reduced the body weight of diabetic rats, which
was restored after MR treatment; this showed the protective effect of MR on the muscle
tissues damaged by hyperglycemia. Owing to hypertrophy, the weight of the kidney in
STZ-treated rats was increased compared to normal rats, but the weight was normalized
after the administration of the MR extract or Mef. The administration of the MR extract
protected the renal structural and functional parameters, which reflected the protective role
of the MR extract against tubular damage by STZ-induced diabetic nephrotoxicity. The
MR extract successfully restored all the structural and functional abnormalities including
interstitial fibrosis, glomerular collapse, hemorrhage within tubules and glomeruli, and
tubular degeneration in STZ-induced diabetic rats [6,35].

The urinary level of microalbumin is a critical marker of diabetic nephropathy [36,37].
STZ treatment resulted in an abnormal increase in microalbumin and creatinine levels,
which was suppressed by treatment with the MR extract or Mef. Tubular and glomerular
damage was detected by the analysis of urinary protein-based biomarkers [38–42]. The
urinary secretion of KIM-1, SBP-1, NGAL, and PKM2 was markedly increased in the STZ-
treated group and was normalized after the administration of the MR extract. This reflects
that diabetic renal injury develops by complex mechanisms of hyperglycemia, oxidative
stress, and inflammation [43,44].

According to Won et al., 2016, 3-IS is a vital renal injury biomarker present in the
serum, urine, and kidney tissues, and it was markedly increased in both the serum and
renal tissue in diabetes model [18]. In this study, we also observed a significantly elevated
level of 3-IS in diabetic rats, which was recovered after MR treatment. The accretion of
3-IS in the kidney was linked to secretion ability and signified tubular damage. Moreover,
ROS production in the tubular region was increased and NF-κB was activated at a high
concentration of 3-IS, which was directly correlated with plasminogen activator inhibitor-
1 [45]. In the case of patients with chronic kidney disease, 3-IS concentration in serum was
increased [46,47]. During kidney injury, a high concentration of 3-IS reduces superoxide
scavenging activity [48]. Our results showed that the MR extract may have the ability to
prevent ROS generation by hindering the accumulation of 3-IS in the kidney of STZ-induced
diabetic rats.

Relatively high concentrations of AGEs play an important function in the progression
of diabetic nephropathy [19]. In diabetic nephropathy, a high concentration of AGEs is not
only associated with the structural abnormalities of renal cortex and blood vessels. There-
fore, targeting AGEs can leads to a therapeutic regime against diabetic nephropathy [35,49].
The kidneys are highly prone to the deposition and development of AGEs [50], and elevated
accumulation of AGEs can damage the kidneys and their surrounding blood vessels [49].
The concentration of AGEs is directly associated with the degree of abnormality in the
kidney structure [35]. During hyperglycemia, AGEs are highly deposited in the kidney,
enhancing ROS generation and ultimately injuring the kidney. These make AGEs an attrac-
tive therapeutic target for the prevention of diabetic nephropathy. Here, we showed that
the MR extract markedly inhibited AGE formation in the kidneys of STZ-treated diabetic
rats. This result aligned well with a previous study, where it was found that the overpro-
duction of AGEs increased ROS generation in diabetic rats [51,52]. Thus, the modification
of antioxidant enzymes is a possible therapeutic regimen for diabetic nephropathy.

Insulin resistance increases the oxidative stress that simultaneously increased glyco-
oxidation and lipid peroxidation [53]. When the concentration of unstable ROS surpasses
the cellular defense mechanism, it interacts with vital cellular macromolecules that leads
to tissue damage and functional abnormalities [54]. Apart from the biological functional
changes, increased level of oxidative stress also reduced serum- antioxidant enzyme ac-
tivities, increased cellular leakage, and lead to the loss of functional integrity of renal
membrane, which in turn increased the glomerular filtration rate and glomerular sclero-
sis [55,56]. Antioxidants neutralize the harmful free radicals and neutralize the oxidative
cellular damage. Physiological changes in concentration can effect on the resistance of
cellular DNA, proteins and lipids to oxidative damage [55,56]. In presence of high glucose
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concentration, MDA level is increased in vascular smooth muscle cells, proximal tubule
cells, and mesangial cells. In diabetic patients, a high concentration of MDA is found in
the renal cortex, plasma, and aorta [57]. Hence, antioxidant controlling opens up a new
therapeutic strategy for the patients with diabetic nephropathy.

In hyperglycemia-induced diabetic nephropathy, a high level of blood glucose in-
creased ROS generation, producing a high level of oxidative stress, which causes renal
failure [58–61]. In this study, the decrease in antioxidant potential due to hyperglycemia in
STZ-induced diabetic rats was improved by the administration of the MR extract, with the
marked restoration of the SOD and CAT levels. MDA and 8-OHdG levels were increased
in the kidneys of STZ-treated rats, and the administration of the MR extract markedly
reduced MDA and 8-OHdG. In diabetic nephritic disorders, 8-OHdG concentration is
increased in the urine [50,62]. Hyperglycemia induces oxidative stress; hence, the GSH
to GSSG ratio was decreased [63]. The concentration of GSH and GSSH was higher and
lower, respectively, in the STZ-treated diabetic rats than in the normal control group, and
the administration of MR restored this abnormality.

Cytokines play an important role in intercellular kidney injury and produce secondary
messengers such as acute phase proteins, cell adhesion molecules, and transcription fac-
tors [64]. According to clinical data, the concentration of IL-1β and IL-6 was increased
in patients with diabetic nephropathy [65]. In our study, STZ-treatment increased the
concentrations of both IL-1β and IL-6. Although the exact molecular mechanism through
which pro-inflammatory cytokines affect the regulation of diabetic nephropathy is not
determined, it has been theorized that pro-inflammatory cytokines are closely associated
with the thickening of the basement membrane and podocyte abnormalities [66]. According
to Shahzad et al., 2015, IL-1β levels were elevated in the renal cortex and the serum of
db/db mice in an age-dependent manner [67]. Here, the administration of the MR extract
markedly reversed the increase in IL-1β levels. Our study supported other studies, which
also reported that the IL-6 concentration was unusually increased in STZ-induced diabetic
rats and was normalized after administration of the MR extract. Owing to the high concen-
tration of IL-6, thickening of the glomerular membrane, mesangial cell proliferation, and
alteration of endothelial permeability were detected in DN [68].

Renal fibrosis depends on the accumulation rate of ECM proteins, mesangial cell
proliferation, and thickening of the glomerular basement membrane [69,70]. TGF-β1 has
a critical role in the maintenance of diabetic-induced renal fibrosis, which is regulated by
the α-SMA expression [71]. In this study, the expression of TGF-β, α-tubulin, vimentin,
fibronectin, collagen-1, and α-SMA was upregulated markedly, but E-cadherin expression
was downregulated after STZ treatment and was further decreased by MR administration.
These data were further supported by the IHC staining for collagen-1, fibronectin, and
α-SMA; STZ increased their expression level, which was restored by treatment with the
MR extract. The administration of the MR extract decreased collagen deposition, which
was confirmed by MT staining. Hydroxyproline is a well-known basic marker of kidney
fibrosis [42]. Its levels were considerably restored after MR treatment in STZ-induced
diabetic rats. Therefore, the MR extract possesses anti-fibrotic activity against diabetic-
induced renal injury.

SIRT1 plays a vital role in the metabolism and inflammation of diabetic-induced renal
injury [20,72] and reduced activity of SIRT1 in the renal cortex is common in diabetic
disorders [21]. Hence, it is a possible target in the treatment of DN [73,74]. The expression
of SIRT1 and claudin-1 were negatively correlated with each other both in the glomerular
sections and proximal tubules [75]. An increase in SIRT1 expression level restored diabetic
renal injury and impaired ROS-mediated apoptosis in mesangial cells [76,77]. In our study,
the administration of the MR extracts upregulated SIRT1 and downregulated claudin-1 pro-
tein expression in the STZ-induced group. SIRT3 inhibits the inflammation associated with
oxidative stress [78] and can scavenge ROS to protect kidney tissues against cell senescence
and apoptosis [79,80]. It is an essential constituent of the acetyl-proteome in the mitochon-
dria [81], and the upregulated expression of SIRT3 improved mitochondrial dysfunction
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and protected against renal injury. In this study, the MR extract upregulated SIRT3 expres-
sion in diabetic rats. SIRT4 also plays a role in the regulation of mitochondrial function and
the pathogenesis of metabolic disorders including renal dysfunction, but its exact role in
diabetic-induced kidney damage remains unclear. In the mitochondria, SIRT4 assists in the
conversion of glutamate to α-ketoglutarate and controls insulin secretion from pancreatic
β-cells in response to glucose and amino acids [82]. Our western blotting results showed
that STZ-treatment markedly downregulated SIRT4 expression, which was consistent with
the results of previous studies in a mouse model of type-2 diabetes [83] and insulin-resistant
rats [84]. Our immunohistochemistry results also supported the western blotting data. The
overexpression of SIRT4 improved renal injury in hyperglycemic conditions.

The pharmacological effect of our crude leaf extract on blood glucose level and it’s
possible mechanism depend on the modulation of sirtuin proteins (SIRT1, SIRT3, and
SIRT4). SIRT1 possesses anti-inflammatory activity via deacetylation or inactivation of the
p65 subunit by reducing ROS production. It also regulates apoptosis, metabolism, and
mitochondrial biogenesis [85–87]. The downregulation of SIRT1 in proximal tubule upreg-
ulates the claudin-1 expression in podocyte that results in the interruption of glomerular
filtration, podocyte malfunction, and albuminuria [75]. Our current study also revealed the
lower expression of SIRT1 in DN model. However, after treatment with the MR extract,
the expression of SIRT1 was restored. The anti-inflammatory role of SIRT3 is associated
with oxidative stress in diabetes induced kidney injury. This protective function of SIRT3
is highly related to the reduction in ROS production and attenuation of inflammation
formation [78–80]. SIRT4 overexpression inhibits apoptosis and increases proliferation
along with reduced ROS production and increased mitochondrial membrane potential.
Under hyperglycemic conditions, SIRT4 overexpression may decrease podocyte injury and
inhibit podocyte apoptosis [88]. Therefore, the up regulation of SIRT1, SIRT3 and SIRT4 and
downregulation of Claudin 1 by MR extract might prevent renal fibrosis by suppressing
mitochondrial oxidative stress and the production of inflammatory cytokines. However,
further experiments are necessary to identify the individual isolated compound and its
mechanisms in our study.

In our study, the administration of the MR extract upregulated the expression of all
SIRT proteins (SIRT-1, SIRT-3, and SIRT-4), which may be associated with the protective
effect of the MR extract against DN. Our data suggested that the MR extract has an excellent
therapeutic efficacy against DN. However, our extract has the potential to reduce the STZ-
induced diabetic nephropathy, but isolation and characterization of the crude extract limits
our present study. Further research is necessary to characterize the active constituent
behind this protective effect of the MR extract against STZ-induced diabetic nephropathy
to unfold the mechanistic approach.

4. Materials and Methods
4.1. Chemicals and Reagents

Streptozotocin (STZ) and metformin (Mef) were acquired from Sigma–Aldrich Biotech-
nology (St. Louis, MO, USA). The primary antibodies including kidney injury molecule-1
(KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), selenium binding protein-1
(SBP1), pyruvate kinase muscle isozyme M2 (PKM2), collagen-1, E-cadherin, TGF-β1, vi-
mentin, fibronectin, α-tubulin, claudin-1, α-SMA, SIRT1, SIRT3, SIRT4, and β-actin were
obtained from Abcam (Cambridge, MA, USA). Immobilon Forte Western HRP substrate
(cat. no. WBLUF0100) and polyvinylidene difluoride (PVDF) membrane were procured
from Millipore (Burlington, MA, USA). Other chemicals were obtained from Sigma–Aldrich
(St. Louis, MO, USA).

4.2. Preparation of the MR Extract

MR leaves were collected in February and March from the rural belt of Tripura (India).
This plant was authenticated by the Dr. B. K. Datta (Department of Botany, Tripura
University, India). The reference number was BOT/HEB/AC7228. The leaves were cleaned
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with distilled water, dried in the shade, powdered, and then extracted with methanol (1 L)
at 90 ◦C for 6 h. The solvent was removed under reduced pressure in a rotary evaporator
and MR extracts were stored in a sealed container at 4 ◦C until required [14,15].

4.3. Design of Animals Experiment and Acute Toxicity Study

Eight-week-old Sprague-Dawley male rats (body weight 250 ± 5 g) were purchased
from Charles River Animal Laboratories (Orient, Seoul, Korea) and accommodated in a
specific-pathogen-free (SPF) room with a 12 h light/dark cycle. The relative air temperature
and humidity were set at 23 ± 0.5 ◦C and 55 ± 2%, respectively. Before the start of
the experiment, the animals received a 2-week adjustment period. All rats were given
ad libitum access to tap water and food (PMI, Brentwood, MO, USA). This study was
approved by Sungkyunkwan University Laboratory Animal Care Service (A20180420-2865)
following the regulations of the Korea Food and Drug Safety Administration (KFDA). The
oral toxicity study of the MR extract was performed following OECD guidelines. MR
extract (500 and 1000 mg/kg) was administered orally to Sprague-Dawley rats for 7 days,
and the rats were observed for toxicity symptoms including diarrhea, changes in sleep,
changes in skin color, convulsions, and respiratory symptoms.

4.4. Experimental Design

In all rats, diabetes was induced by a single intraperitoneal (i.p.) injection of STZ
(45 mg/kg; dissolved in 0.1 M cold citrate buffer, pH 4.5). After 5 days, the fasting
blood glucose level was measured, and the animals with blood glucose levels higher
than 300 mg/dL were considered diabetic and selected for subsequent experiments. The
experimental design is shown in Figure 6. The rats were divided into four groups (n =
6 animals per group): Group 1, the normal control group (NC), in which the animals
received citrate buffer by oral gavage for 14 days; Group 2, the STZ group (STZ), in which
the animals received a single STZ (45 mg/kg) injection i.p. [6]; Group 3, the STZ + Mef
group (standard; STD), in which the animals received STZ injection and Mef (200 mg/kg)
daily by oral gavage for 14 days; and Group 4, the STZ + MR extract group (test), in
which the animals received STZ injection and MR extract (200 mg/kg) daily by oral gavage
for 14 days. According to Figure 1, the MR extract and Mef were administered on day
6 after STZ injection. The Mef dose was selected as 200 mg/kg, based on the study by
Niture et al., 2014 [89], which reported the dose to be effective at controlling the glucose
level. Moreover, a dose of ≥ 600 mg/kg/day can result in toxic signs and symptoms [90].
Therefore, 200 mg/kg Mef selected for this study was appropriate for regulating the blood
glucose level without producing any toxicity. All animals were observed for any clinical
abnormality and dose-associated toxicities, and body weight was regularly measured.
Blood from the animals was collected from the tail vein, and blood glucose level was
measured on days 0, 7, and 14 days using a glucometer (ACCU-CHEK; Daeil Pharm. Co
Ltd., Seoul, Korea). Urine samples were collected on days 7 and 14 using a metabolic cage.
After sacrifice, major organs (kidney, liver, and pancreas) were perfused with saline to
eliminate any trace of blood and then stored at −80 ◦C for biochemical analysis. Urine and
serum samples were frozen at −20 ◦C for urinary and biochemical analysis.
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Figure 6. Experimental plan. Diabetes was induced by a single intraperitoneal (i.p.) injection of
STZ (45 mg/kg). Citrate buffer was administered to the normal control group (n = 6). After 5 days
of STZ treatment, the remaining rats were divided randomly into three groups: the STZ group
(n = 6), STZ + MR (200 mg/kg of MR extract) group (n = 6), and the STZ + Mef (200 mg/kg) group
(n = 6). The subsequent two groups (group 3 and 4) received MR extract and Mef (standard drug),
respectively, for a total of 14 days. STZ: Streptozotocin, Mef: Metformin, and MR: Molineria recurvate.
p.o.: mouth orally.

4.5. Histological Analysis

The right kidney of each animal was fixed in formaldehyde with 10% phosphate-
buffered saline (PBS). The tissue sections (5-µm slices) were embedded in paraffin and
were stained with hematoxylin and eosin (H&E) for studying histopathological alterations.
All paraffin sections were de-paraffinized with xylene, rehydrated in a graded alcohol
series, rinsed with deionized water, and stained with H&E for 1 min. After washing in
tap water for 5 min, the stain was developed. The tissue sections were destained with
acidified ethanol, washed in tap water, dehydrated, mounted, and stained with eosin for
30 s. Finally, the stained slides were examined for any histopathological changes using a
Zeiss Axiphot light microscope (Zeiss, Carl Zeiss, Oberkochen, Germany).

4.6. Urine Analysis and Quantification of Biochemical Parameters

All the animals were shifted to metabolic cages overnight for 24 h before they were sac-
rificed on day 10. The total urine volume was collected and measured and then centrifuged
at 879× g and 4 ◦C for 10 min. The supernatant was collected for the investigation of urinary
biomarkers. Furthermore, the blood from each rat was collected from the hepatic vein and
centrifuged at 2000× g and 4 ◦C for 10 min to separate the serum. The urine and serum of
each rat were kept at −80 ◦C for subsequent experiments. The quantitative analysis of crea-
tinine, microalbumin, and total protein (from the collected urine samples) was performed
using the TBA-200FR NEO urine chemistry analyzer (Toshiba, Tochigi-Ken, Japan).

4.7. Detection of 3-Indoxyl Sulfate

The concentration of 3-indoxyl sulfate (3-IS) was quantified in the urine, plasma,
and kidney tissue using high-performance liquid chromatography (HPLC), as described
in our previous study [88]. The 3-IS was detected and quantified using a C18 column
(5 µm; 250 mm × 4.6 mm) from Azilant (Torrance, CA, USA) at a flow rate of 0.9 mL/min
at room temperature. First, kidney tissue (100 mg) was homogenized with phosphate
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buffer, centrifuged, and the supernatant was collected. The plasma, urine, and kidney
samples were then extracted with acetonitrile (1:1 ratio; precipitation of protein occurs)
and centrifuged (1000× g). The resulting supernatants were analyzed for 3-IS. A blank
urine sample containing an internal standard (2-naphthalene sulfonic acid) and 10 different
concentrations of 3-IS (1.56–800 µg/mL) was used to construct the calibration plots. After
extraction, the collected samples were transferred into a sample tube and thoroughly mixed
with acetonitrile containing an internal standard (diclofenac sodium salt, Tokyo Chemical
Industry, Tokyo, Japan). The isocratic mobile phase (a mixture of 0.2% TFA in Milli-Q water
and acetonitrile in a ratio of 80:20 v/v) was used at a flow rate of 1 mL/min at 25 ◦C. The
wavelength of the IS was 280 nm, and the retention time was 7.5 min.

4.8. Examination of Advanced Glycation End Products

AGE assay was completed as per manufacturer’s instructions, as previously described
by Kaur et al. [91]. In this ELISA, the AGE samples (test and standard) were blocked in a
microplate precoated with the AGE-specific antibody. The wells were washed, incubated,
washed again to remove unbound conjugate, and incubated at 37 ◦C for 1 h. All the
wells were again supplemented with an HRP-conjugated secondary antibody and further
incubated at room temperature for 1 h. Subsequently, the substrate solution was added
and incubated for 2–20 min to develop the color. The absorbance at 450 nm was recorded
using a microplate reader.

4.9. Evaluation of Oxidative Stress

The kidney tissues (200 mg) from each rat were homogenized in ice-cold HEPES
buffer (20 mM, pH 7.2), and then centrifuged (1500× g). The protein concentration of
the supernatant was quantified using a Protein Assay Kit (500–0006, Bio-Rad, Hercules,
CA, USA). Intercellular reactive oxygen species (ROS; Cell Biolabs, San Diego, CA, USA),
malondialdehyde (MDA; MDA-586, OxisResearCh™, Portland, OR, USA), reduced forms
of glutathione (GSH) and oxidized GSH (GSSG; Cayman Chemical Co., Ann Arbor, MI,
USA), superoxide dismutase (SOD) activity, and catalase (CAT) peroxidation (Cayman
Chemical Co., Ann Arbor, MI, USA) were quantified in accordance with the manufacturer’s
protocol. In contrast, 8-hydroxy-2′-deoxy-guanosine (8-OHdG) in urine samples was
investigated using an ELISA assay kit (Cell Biolabs, San Diego, CA, USA) in accordance
with the company’s instructions.

4.10. Assessment of Inflammatory Cytokines

The inflammatory biomarkers, namely IL-1β, IL-6, IL-10, and TGF-β, of diabetic
nephropathy, were investigated using ELISA Kit (Abcam, Cambridge, MA, USA) according
to the manufacturer’s protocol.

4.11. Investigation of Hydroxyproline

Hydroxyproline was quantified using a hydroxyproline assay kit (Cell BioLabs, San
Diego, CA, USA) in accordance with the manufacturer’s protocol, and the levels were
reported as micromoles per milligram of protein.

4.12. Western Blot Analyses

Western blotting was performed as previously described [92–94]. For the urine sam-
ples, the urine was centrifuged (1000× g for 10 min), and the supernatant (considered to
contain the total urinary proteins) was collected and diluted in a 1:2 ratio with double
distilled water (DDW). Protein from the kidney tissue was collected using a PRO-PREP cell
lysis buffer. The samples were electrophoresed on a 6–12% sodium dodecyl sulfate (SDS)
polyacrylamide gel. After electrophoresis, the resolved protein bands were transferred
onto PVDF membranes, blocked, incubated with primary and corresponding secondary
antibodies, and developed using Immobilon Forte Western HRP substrate. All uncropped
western blot images are mentioned in Supplementary Figure S5A–Q.
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4.13. Immunohistochemical Evaluation

Immunohistochemical (IHC) analysis of rat kidney tissues was performed as previ-
ously described [95]. To examine the expression of α-SMA, fibronectin, collagen-1, SIRT1,
and claudin-1 in tissues from all groups, the slides were exposed to the appropriate primary
antibodies after de-paraffinization, hydration, and antigen retrieval. The slides were moved
to a xylene chamber, dipped in alcohol and water, and then incubated with 3% hydrogen
peroxide. Subsequently, non-specific binding to the slides was blocked, and the slides were
incubated with primary antibodies and then with horseradish peroxidase (HRP)-conjugated
secondary antibodies, in accordance with the manufacturer’s instructions. Finally, all im-
munostained slides were visualized using diaminobenzidine tetrahydrochloride (DAB),
counterstained with hematoxylin, and examined using a microscope.

4.14. Statistical Analysis

Data are presented as the mean± standard deviation (S.D.; n = 6). One-way analysis of
variance (ANOVA) was followed by Tukey’s (honest significant difference) post hoc test for
multiple comparisons. Analyses were performed using GraphPad Prism 5 software (Version
5.0, San Diego, CA, USA). Post hoc testing was performed for intergroup comparisons
using the least significant difference test. The following levels of statistical significance
were considered: *** p < 0.001, ** p < 0.01, and * p < 0.05.

5. Conclusions

In our study, methanolic extract of MR leaves markedly normalized STZ-induced
increases in the levels of blood glucose, AGEs, oxidative stress, inflammatory cytokines,
and kidney function biomarkers, and repaired the histopathological damage to the kidney
and pancreas. The administration of the MR extract enhanced the antioxidant capability by
increasing GSH, SOD, and CAT levels in the STZ-treated diabetic group. Hence, the MR
extract can be utilized as a novel therapeutic agent for renal disorders including diabetic
nephropathy. Future experiments will highlight the targets and molecular mechanism of the
MR extract to aid the discovery and development of new drugs for diabetic nephropathy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27154985/s1, Figure S1: Effect of MR extract on the
(A) oral glucose tolerance and (B) insulin tolerance in STZ treated diabetic rats. Figure S2: Effect
of MR extract on the (A) urinary volume and (B) urinary creatinine level in STZ treated diabetic
rats. Figure S3: Effects of MR extract on expression of renal fibrosis biomarkers in STZ-treated rats.
The band intensity was analyzed densitometrically using ImageJ software. (*** p < 0.001, ** p < 0.01,
* p < 0.05). Figure S4: Effects of MR extract on SIRTs and claudin-1 expression in the kidneys of
diabetic rats. The band intensity was analyzed densitometrically using ImageJ software. (*** p < 0.001,
** p < 0.01, * p < 0.05). Figure S5: Uncrop images of the western blots. (A) Kim-1, (B) SBP-1, (C) NGAL,
(D) PKM2, (E) E-Cadherin, (F) TGF-b1, (G) 1-Tubulin, (H) Vimentin, (I) Fibronectin, (J) Collagen-I,
(K) a-SMA, (L) b-actin, (M) SIRT1, (N) SIRT3, (O) SIRT4, (P) Claudin-1, (Q) b-actin.
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Abbreviations

AGEs Advanced glycation end products
CAT Catalase
DAB Diaminobenzidine tetrahydrochloride
DN Diabetic nephropathy
ECM Extracellular matrix
EMT Epithelial-mesenchymal transition
ESRD End-stage renal disease
GSH Glutathione
GPx Glutathione peroxidase
H&E Hematoxylin and eosin
HPLC High-performance liquid chromatography
HRP Horseradish peroxidase
3-IS 3-indoxyl sulfate
KIM-1 Kidney injury molecule-1
IL-1β Interleukin-1β
MDA Malondialdehyde
MR Molineria recurvata
ROS Reactive oxygen species
8-OHdG 8-Hydroxy-deoxyguanosine
PBS Phospahte-buffered saline
PKM2 Pyruvate kinase M2
PVDF Polyvinylidene difluoride
SBP-1 Selenium binding protein 1
SDS Sodium dodecyl sulfate
SOD Superoxide dismutase
STZ Streptozotocin
α-SMA α-Smooth muscle actin
TBA Thiobarbituric acid
TGF-β Transforming growth factor-β
TNF-α Tumor necrosis factor-α
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Abstract: Siddha medicine is one of the oldest medical systems in the world and is believed to have
originated more than 10,000 years ago and is prevalent across ancient Tamil land. It is undeniable
that inhibitor preferences rise with increasing solubility in water due to the considerations pertaining
to the bioavailability and the ease of which unabsorbed residues can be disposed of. In this study,
we showed the phytochemical discrimination of Saussurea costus extracted with water at room
temperature as a green extraction procedure. A total of 48 compounds were identified using gas
chromatography-mass spectrometry (GC-MS). The fatty acids had a high phytochemical abundance
at 73.8%, followed by tannins at 8.2%, carbohydrates at 6.9%, terpenoids at 4.3%, carboxylic acids at
2.5%, hydrocarbons at 2.4%, phenolic compounds at 0.2%, and sterols at 1.5%. Of these compounds,
22 were docked on the active side and on the catalytic dyad of His41 and Cys145 of the main
protease of SARS-CoV-2 (Mpro). Eight active inhibitors were carbohydrates, five were fatty acids,
three were terpenoids, two were carboxylic acids, one was a tannin, one was a phenolic compound,
and one was a sterol. The best inhibitors were 4,8,13-Cyclotetradecatriene-1,3-diol, 1,5,9-trimethyl-
12-(1-methylethyl), Andrographolide, and delta.4-Androstene-3.beta.,17.beta.-diol, with a binding
affinity that ranged from −6.1 kcal/mol to −6.5 kcal/mol. The inhibitory effect of Saussurea costus of
SARS-CoV-2 entry into the cell was studied using a pseudovirus with Spike proteins from the D614G
variant and the VOC variants Gamma and Delta. Based on the viral cycle of SARS-CoV-2, our results
suggest that the Saussurea costus aqueous extract has no virucidal effect and inhibits the virus in the
events after cell entry. Furthermore, the biological activity of the aqueous extract was investigated
against HSV-1 virus and two bacterial strains, namely Staphylococcus aureus ATCC BAA 1026 and
Escherichia coli ATCC 9637. According to this study, an enormous number of water-soluble inhibitors
were identified from Saussurea costus against the Mpro, and this is unprecedented as far as we know.

Keywords: coronavirus SARS-CoV-2; COVID-19; main protease; Saussurea costus; molecular docking;
GC-MS profiling
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1. Introduction

Coronaviruses are a large family of single-stranded, enveloped, zoonotic RNA viruses,
and some cause fewer mild disease, such as fevers and the common cold, than others [1–4].
However, other viruses cause more severe illnesses such as Middle East Respiratory Syn-
drome (MERS) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and
some of these viruses are easily transmitted from person to person, unlike other viruses [5,6].
It has been found that civet cats can transmit SARS-CoV to humans; MERS-CoV is transmit-
ted between dromedary camels and humans, but SARS-CoV-2 was first found in seafood
markets [7]. However, the origin of the SARS-CoV-2 virus is not known, and the two oppos-
ing theories that have recently dominated discussion are the “laboratory escape” hypothesis
and zoonotic evolution [8].

The severe acute respiratory syndrome coronavirus was isolated from the airway
epithelial cells of infected humans, and a phylogenetic analysis of full-length genome se-
quences obtained from infected patients revealed that SARS-CoV-2 is similar to SARS-CoV
and uses the same cell entrance receptor, angiotensin-converting enzyme 2 [9]. Additionally,
many mutants of the SARS-CoV-2 virus have been discovered, including the Omicron vari-
ant (B. 1.1.529) and the Delta variant (AY.3), which have high transmissibility rates [10–12].
As a consequence, they pose a huge threat to public health around the world [13–15]. The
World Health Organization (WHO) has declared a medical emergency; scientific research is
tackling this condition worldwide [16].

In the laboratory, drug-testing techniques assist scientists in identifying new and
suitable candidates versus different convergent diseases [17]. However, developing drugs
consumes time, money, humans, and specialized equipment. Therefore, many develop-
ing countries have resorted to using herbs to treat many diseases [18]. In ancient times
and throughout history, plants were the main source of medicine and pharmaceuticals.
However, modern medicine has mostly ignored medicinal plants [19]. Medicinal plants are
widely used to treat many common diseases such as malaria, cholera, and asthma. Herbal
medicine is considered to be the principal healthcare system of choice in various developing
countries for several factors, including cost and the lack of availability of other systems.
Antiviral plant compounds may work by inactivating virus particles, reducing endocytic
activity, inhibiting viral enzymes and molecular reproduction mechanisms, altering virus
capsid properties, blocking virus adsorption and penetration into human cells, inhibiting
reverse transcriptase, inhibiting translation, reducing the expression level, and apopto-
sis [20]. Investigating the possible applications of medicinal plants could be beneficial
for the control of the pandemic. Several studies have found that medicinal herbs such as
Vernonia amygdalina, Nigella sativa, Eurycoma longifolia, and Azadirachta indica can assist in
the prevention of and hasten the recovery from COVID-19 disease [21].

One of the essential herbs is Saussurea costus, which is widely used in Asia and the
Arab world [22]. The plant is a member of the Asteraceae family, which is located world-
wide; however, its most prevalent regions are India, Pakistan, and the Himalayas [23,24].
Saussurea costus is an herb used in many traditional medicine systems to treat asthma,
inflammatory diseases, ulcers, and stomach problems [25,26]. Furthermore, several lab-
oratory and animal model studies have demonstrated that Saussurea costus shows anti-
inflammatory, anti-trypanosomal, potent anticancer, antibacterial, antifungal, and antiviral
activity, confirming its tradition of use in various forms of medicine [26–34].

In spite of vaccination efforts and distinguished therapies for some viral illnesses,
humans continue to lose the battle against viruses [35]. Therefore, for infectious diseases in
particular, people need to go back to medicinal plants, which are a huge and all-natural
drug store [36]. This study put a special emphasis on finding inhibitors against the main
protease (Mpro), as it is considered an ideal target for the treatment of COVID-19 [37–42].
The blind molecular docking approach was performed utilizing the elucidated compounds
extracted in water at room temperature from Saussurea costus. It is indisputable that the
inhibitor preference increases with increased solubility in water and answers why people
in rural communities use this plant to prevent and treat COVID-19.
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2. Materials and Methods
2.1. Cell Cultures and Plasmids

DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(Gibco), antibiotics (Sigma-Aldrich, Saint Louis, MO, USA), and non-essential amino acids
(Gibco) was used to sustain HEK293T and stable HEK293T-ACE2-expressing cells at 37 ◦C
and in a 5% CO2 environment. Puromycin was also present in the HEK293-ACE2 cells at
a final concentration of 1 µg/mL. the following plasmids were used: pNL4.3-Env-FLuc,
spike-G614-19, and pCMV-VSV-G [43].

2.2. Extraction and Preparation for GC-MS Analysis

Saussurea costus root was purchased from an herbal store in Riyadh, Saudi Arabia. An
amount of 50 gm of dry Saussurea roots was extracted with 250 mL of distilled water for
96 h at room temperature using a multifunctional Orbital Shaker (BioSan PSU-20i). The
supernatant was then filtered through filter paper, and the extract was allowed to dry. To
0.1 g of the extract, 1.5 g of anhydrous sodium sulfate was added and then dissolved with
10 mL of analytical-grade ethanol. The solution was then passed through a 0.45 mm syringe
filter and into a 1.5 mL vial, where it was prepared for injection into GC-MS.

2.3. GC-MS Analysis Conditions

This study was carried out on samples through the use of the GM-MS technique
model (GC-MS-QP2010-Ultra) with serial number 020525101565SA (Shimadzu, Kyoto,
Japan), and a capillary column (Rtx-5 ms-30 m 0.25 mm 0.25 mm) manufactured by Restek,
D-81379 Munich, German. The sample was injected using the split mode with helium as
the carrier gas passing through at a flow rate of 1.61 mL/min. The temperature program
was started at 50 ◦C with a rate of 10 ◦C per minute and ended at 300 ◦C with a hold
time of 10 min. The injection port temperature was 300 ◦C, the ion source temperature
was 200 ◦C, and the interface temperature was 250 ◦C. It took 35 min to analyze the
sample using the scan mode in the m/z 40–500 charges to ratio range, with a run time of
40 min. The sample’s constituents were determined by evaluating their retention index
and mass fragmentation patents to tose available in the National Institute of Standards and
Technology library (NIST).

2.4. Molecular Docking

The crystal structure of the Mpro of SARS-CoV-2 (PDB ID: 6Y2E) was downloaded from
the Protein Data Bank database. Then, water residues were removed before minimization
for 1000 steepest descent steps at 20 conjugate gradient steps. The 3D structure of the
screened compounds was generated as a PDB file utilizing SMILES strings and PubChem
ID using the build structure function in UCSF Chimera which developed by Resource
for Biocomputing, Visualization, and Informatics (RBVI) at the University of California,
San Francisco, USA [44–47]. Their energy was minimized with an antechamber plugin in
UCSF Chimera for 14,000 steepest descent steps at 8000 conjugate gradient steps. Molecular
docking was accomplished using the AutoDock Vina bulging in UCSF Chimera [48]. A
grid box of (–15 × −24 × 15) Å centered at (35, 65, 65) Å was used while maintaining the
default parameter values. The predicted affinity score was explored through the UCSF
Chimera View Dock tool. UCSF Chimera has been used to process and visualize images,
hydrogen bonds, and van der Waals interactions [44,45,48–51].

2.5. Antibacterial Activity Evaluation

The disc diffusion assay was utilized to evaluate the extract’s initial antimicrobial
activity against the selected microbial strains, including a Gram-positive bacterium
(Staphylococcus aureus ATCC BAA 1026) and a Gram-negative bacterium (Escherichia coli
ATCC 9637). The Kirby–Bauer disc diffusion susceptibility protocol was used with minor
modifications [52]. Briefly, the aqueous crude extract was reconstituted in sterile distilled
water to obtain a concentration of 100 mg/mL. Microbial strains were adjusted to 0.5 Mc-
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Farland (108 CFU/mL) suspension using normal saline (0.9% NaCl) and were directly
swabbed onto nutrient agar plates (Oxoid, UK). An amount of 10 µL of the aqueous extract
(100 mg/mL) was placed on sterile 6-millimeter paper discs and allowed to dry under
aseptic conditions. A disc holding 10 µL of normal saline served as a negative control,
while discs containing chloramphenicol (2.5 mg/mL) served as a reference drug (positive
control), and the plates were incubated at ambient temperature for up to 18 h. Plates were
then inspected for the inhibition zones around the discs and the test was repeated twice.

2.6. Cytotoxicity Assays

Cytotoxicity assays were performed as previously described [53]. Using the resazurin
technique, the maximum non-toxic concentration was determined. In a 96-well plate,
HEK293T-ACE2 cells were grown at a density of 1 × 104 cells per well while being exposed
to various doses of the natural products. Cells treated with the vehicle (DMSO) were
utilized as a standard and control. At 48 h after resazurin addition, cell viability was
assessed after 3 h. At 570 and 630 nm, the Multiskan TM GO (Thermo Scientific, Waltham,
MA, USA) was used to detect absorbance. The MNTC has the highest concentration and
less than 10% cytotoxicity.

2.7. Antiviral Activity against SARS-CoV-2

The assay was performed in HEK293-ACE2 cells as previously described [54]. Briefly,
1 × 104 cells in suspension were added to each well of 96-well plates and infected in the
presence of 2 mg/mL of the extract. Firefly luciferase activity was measured 48 h later using
the Dual-Luciferase Reporter Assay System kit (Promega, Madison, WI, USA) and the
Fluoroskan FL (Thermo Scientific). HEK293T-ACE2 cells transduced with the pseudotyped
virus without the extract were used as untreated control cells. The following formula was
used to calculate the percentage of inhibition: 100 − (RLUs of treated cells/RLUs of control
untreated cells) × 100.

2.8. Time of Addition Assay of HSV-1

The time of addition assay was carried out in three different experimental conditions
according to the time the extract was added. In the pre-infection condition, the extract was
added two hours before viral adsorption. Subsequently, cells were washed with PBS, the
viral inoculum was added, and the infection was performed as previously described. In the
adsorption condition, the extract was added with the viral inoculum and was incubated
for 1 h at 37 ◦C. After that, the viral inoculum was removed, cells were washed with PBS
and replaced with DMEM 2%, and infection was performed as previously described. For
the post-entry condition, the viral inoculum was added and incubated for 1 h at 37 ◦C,
washed with PBS, and DMEM 2% with the extract was added. After 72 h, the virus genome
in the supernatant was quantitated by qPCR, and the antiviral activity was quantified as
previously described [54].

2.9. Statistical Analysis

The data of at least three separate experiments were provided as the mean and stan-
dard deviation (SD). Each group’s differences were evaluated through a t-test. Lines
between the groups being compared represent statistically significant differences (* p = 0.05,
** p = 0.01, *** p = 0.001, and **** p = 0.001).

3. Results and Discussion

Phytochemical analysis of an extract of the Saussurea root revealed the presence of
forty-eight chemical substances, all of which exhibited specific mass spectral fragmentation
characteristics similar to known compounds in the National Institute of Standards and
Technology (NIST) library, as shown in Table S1. According to the data, fatty acids account
for the highest percentage of phytochemicals at 73.8%, followed by tannins at 8.2%, carbo-
hydrates at 6.9%, terpenoids at 4.3%, carboxylic acids at 2.5%, hydrocarbons at 2.4%, and
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sterols at 1.5%. Phenolic compounds account for the lowest percentage of phytochemicals,
at 0.2%, as shown in Figure 1.
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Figure 1. Phytochemicals in water-extracted compounds from Saussurea costus as identified by GC-MS.

The identified extracted compounds were used in blind docking experiments against
the Mpro, with a particular focus on the interaction with the catalytic dyad of His41
and Cys145 in addition to Glu166 residue (Figure 2). In Table 1, we present the results
of the docking experiment, which clearly show the uniqueness of the water extract of
Saussurea costus, as 22 of the 48 compounds showed the ability to interact with the active
sites of the Mpro. Of these compounds, eight were carbohydrates, five were fatty acids, three
were terpenoids, two were carboxylic acids, one was a tannin, one was a phenolic com-
pound, and one was a sterol. Figure 3 depicts the docked complexes of the top seven candi-
dates. In Figure 3, the hydrogen bonds and van der Waals interactions that were formed
between these screened compounds and the Mpro expected from the molecular docking
were monitored. The compounds 4,8,13-Cyclotetradecatriene-1,3-diol-1,5,9-trimethyl-12-(1-
methylethyl) (cmd34), Andrographolide (cmd35), and delta.4-Androstene-3.beta.,17.beta.-
diol (cmd42) showed a higher binding affinity among the identified compounds, with the
binding affinity ranging from −6.3 kcal/mol to −6.5 kcal/mol. They are a hydrocarbon,
a terpenoid, and a sterol, respectively. These results indicate that Saussurea costus, which
is used in traditional medicine as a COVID-19 remedy, produced an enormous number
of inhibitors against the Mpro that were water soluble in green conditions. Therefore, the
plant’s mixture of active components may have a more effective therapeutic impact than a
single isolated chemical.

The literature has shown that tannins, terpenoids, and phenolic substances can inhibit
SARS-CoV-2 [55–58]. In addition, it has been reported that the quinolin-2-carboxylic acids
found in Ephedra sinica are being suggested as possible treatment agents for COVID-19 [59].
Fatty acids are self-defense agents in organisms and have a variety of biological actions,
particularly anti-inflammatory properties [60]. Carbohydrates have not been demonstrated
to have a therapeutic impact on their own, but they may boost the efficacy of the therapeu-
tically essential components and be used to produce polysaccharide immunomodulatory
with potential medicinal and vaccine applications [61,62]. Sterol molecules have exhibited
a wide range of biological actions, the majority of which act as cancer inhibitors, anti-
inflammatory agents, and immunomodulatory and anti-viral agents [63]. Some of the
compounds isolated from this plant, including costsunolide, dehydrocostus lactone, and
cynaropicrin, appear to be capable of being developed as bioactive molecules [64–66].
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Table 1. The binding affinity of the extracted compounds active against 3-chymotrypsin-like pro-
tease (3CLpro).

Compound ID/Class Structure Binding Affinity
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−4.6/ 

(44.33–45.19) 
HIS 164 

HIS 163, HIS 164, MET 165, GLU 

166, PHE 140, LEU 141, ASN 142, 
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Cmd13/carbohydrate 
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163 
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Cmd15/fatty acid 
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(25.99–27.47) 
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HIS 163, HIS 164, MET 165, GLU 

166, PHE 140, LEU 141, GLY 143, 

ASN 142, SER 144, CYS 145 

Cmd18/Phenolic 

Compound 
 

−4.9/ 

(42.17–45.62) 

HIS 164, GLU 

166 

GLN 189, PRO 168, THR 190, HIS 

164, MET 165, GLU 166, MET 49, 

HIS 41, CYS 145 

Cmd20/carbohydrate 
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(29.29–33.07) 
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Cmd26/Fatty acid 

 

−4.2/ 
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HIS 163, SER 
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SER 144, HIS 163, THR 25, LEU 27, 

GLU 166, GLN 189, ASN 142, MET 

49, PHE 140, LEU 141 

−5.1/
(29.29–33.07) GLY 143

MET 49, GLU 166,
ASN 142, GLY 143,
GLN 189, MET 165,

LEU 141, HIS 41, CYS 145

Cmd21/Carboxylic
acid
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LEU 27, HIS 41, ASN 142,

CYS 145, HIS 164

Cmd34/Hydrocarbon
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−3.7/
(26.63–30.65) HIS 163
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SER 144, GLN 189, PHE
140, LEU 141, ASN 142,

HIS 41, HIS 164, MET 165

Cmd40/Terpenoid
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As shown in Figure 4, the results of the antibacterial evaluation of the crude aqueous
extract of Saussurea costus showed no activity in an inhibition zone of less than 7.0 mm
(the diameter of the paper disc is 6.0 mm). Previous studies reported that methanol and
ethanol extracts have remarkable antibacterial activities against various Gram-positive
and Gram-negative bacteria [67,68]. Our results are also in agreement with a previous
study that revealed that the water root extract of Saussurea costus did not show antibacterial
activity against a Gram-positive bacterium (Bacillus subtilis) and a Gram-negative bacterium
(Escherichia coli); however, these results showed higher activity with the non-polar extract
(Chloroform extract) [69], indicating that the bioactive phytochemical molecules were not
attracted by the aqueous extract and that the bioactive compounds might have a non-polar
or a hydrophobic nature.

To determine the antiviral activity against SARS-CoV-2, the inhibitory activity was
evaluated using the pseudovirus method. This system allows for the study of inhibitors
of virus entry into the cell [54]. The antiviral activity was performed using a pseudovirus
with Spike proteins from the D614G variant and the VOC variants Gamma and Delta. As
shown in Figure 5, no antiviral effect of the extract from Saussurea costus was observed, and
unexpectedly, an increase in pseudovirus infection by the extract was observed. This effect
was similar for all three SARS-CoV-2 variants. These results suggest that the extract from
Saussurea costus facilitates the cell entry of SARS-CoV-2.
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Figure 5. Antiviral activity of Saussurea costus aqueous extract against SARS-CoV-2. HEK−293T
ACE2 cells were infected with the corresponding Spike-pseudotyped virus in the presence and
absence of the extract. After 24 h, the luciferase activity was measured. The % of inhibition was
determined as the ratio between treated and untreated cells.

Also, the antiviral activity of the S. costus aqueous extract against HSV-1 was evaluated.
For this purpose, serial dilutions of the extract were performed, and the amount of virus
produced was evaluated by qPCR. As shown in Figure 6, the Saussurea costus aqueous
extract showed antiviral activity with an effective concentration 50 (EC50) of 1.35 mg/mL.
In addition, a cytotoxic concentration (CC50) of 4.92 mg/mL and a selectivity index of 3.6
were observed.
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Figure 6. Antiherpetic activity and cytotoxicity of Saussurea costus aqueous extract. (A) Vero cells were
incubated with increasing concentrations of the extract, and after 72 h, the cytotoxicity was measured
as described in Section 2. (B) Vero cells were infected at MOI 1.5 with HSV-1 and incubated with
increasing concentrations of the extract. After 72 h, the virus genome production was quantitated
in the supernatant by qPCR. The % of inhibition was determined as the ratio between treated and
untreated infected cells. Data are expressed as mean +/− SD for n = 2.
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To obtain some information on the step of the viral cycle at which the extract exhibits
antiviral activity, a time-of-infection study was performed. For this purpose, the extract was
added at different times during infection. In the pre-infection condition, the extract was
added 2 h prior to the addition of the virus and then removed to continue with the infection.
In the adsorption condition, the virus was added together with the extract and incubated
for one hour and then removed. In the post-entry condition, the extract was added after
the virus entered the cell. As can be seen in Figure 7, the aqueous extract of Saussurea costus
showed post-entry antiviral activity. This suggests that the Saussurea costus aqueous extract
has no virucidal effect and inhibits the virus during the events after cell entry.

Molecules 2022, 27, x FOR PEER REVIEW 10 of 13 
 

 

absence of the extract. After 24 h, the luciferase activity was measured. The % of inhibition was 

determined as the ratio between treated and untreated cells. 

 

Figure 6. Antiherpetic activity and cytotoxicity of Saussurea costus aqueous extract. (A) Vero cells 

were incubated with increasing concentrations of the extract, and after 72 h, the cytotoxicity was 

measured as described in Section 2. (B) Vero cells were infected at MOI 1.5 with HSV-1 and incu-

bated with increasing concentrations of the extract. After 72 h, the virus genome production was 

quantitated in the supernatant by qPCR. The % of inhibition was determined as the ratio between 

treated and untreated infected cells. Data are expressed as mean +/− SD for n = 2. 

 

Figure 7. Time of addition assay of Saussurea costus aqueous extract. Vero cells were infected at MOI 

1.5 and incubated with the extract at different times during the infection as is described in Section 

2. After 24 h.p.i, the virus genome production was quantitated in the supernatant by qPCR. The % 

of inhibition was determined as the ratio between treated and untreated infected cells. Data are 

expressed as mean +/− SD for n = 3. 

The information presented here describes the chemical profiles of Saussurea costus 

derived from a green extraction procedure using a water-based solvent at ambient tem-

perature. Eighty-four compounds were identified, including fatty acids, tannins, carbohy-

drates, terpenoids, carboxylic acids, hydrocarbons, phenolic compounds, and sterols. The 

inhibitory effect of Saussurea costus on SARS-CoV-2 entry into the cell was studied using 

a pseudovirus with Spike proteins from the D614G variant and the VOC variants Gamma 

and Delta. Furthermore, the inhibition of the Mpro by these compounds was investigated 

using the molecular docking approach. Twenty-two candidates showed a good affinity to 

bind with the active site of the Mpro. According to this study, twenty-two candidates were 

Figure 7. Time of addition assay of Saussurea costus aqueous extract. Vero cells were infected at MOI
1.5 and incubated with the extract at different times during the infection as is described in Section 2.
After 24 h.p.i, the virus genome production was quantitated in the supernatant by qPCR. The %
of inhibition was determined as the ratio between treated and untreated infected cells. Data are
expressed as mean +/− SD for n = 3.

The information presented here describes the chemical profiles of Saussurea costus
derived from a green extraction procedure using a water-based solvent at ambient tempera-
ture. Eighty-four compounds were identified, including fatty acids, tannins, carbohydrates,
terpenoids, carboxylic acids, hydrocarbons, phenolic compounds, and sterols. The in-
hibitory effect of Saussurea costus on SARS-CoV-2 entry into the cell was studied using a
pseudovirus with Spike proteins from the D614G variant and the VOC variants Gamma and
Delta. Furthermore, the inhibition of the Mpro by these compounds was investigated using
the molecular docking approach. Twenty-two candidates showed a good affinity to bind
with the active site of the Mpro. According to this study, twenty-two candidates were iden-
tified from Saussurea costus against the Mpro, which has been used in traditional medicine
as a COVID-19 remedy. The number of water-soluble inhibitors that were identified from
Saussurea costus against the Mpro is unprecedented to our knowledge.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27154908/s1, Table S1: GC-MS discrimination of phy-
tochemicals from the water extract of Saussurea costus.
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Abstract: Trypanosoma brucei, the causative agent for human African trypanosomiasis, is an emerging
ergosterol-dependent parasite that produces chokepoint enzymes, sterol methyltransferases (SMT),
not synthesized in their animal hosts that can regulate cell viability. Here, we report the lethal effects of
two recently described natural product antimetabolites that disrupt Acanthamoeba sterol methylation
and growth, cholesta-5,7,22,24-tetraenol (CHT) and ergosta-5,7,22,24(28)-tetraenol (ERGT) that can
equally target T. brucei. We found that CHT/ERGT inhibited cell growth in vitro, yielding EC50

values in the low nanomolar range with washout experiments showing cidal activity against the
bloodstream form, consistent with their predicted mode of suicide inhibition on SMT activity and
ergosterol production. Antimetabolite treatment generated altered T. brucei cell morphology and
death rapidly within hours. Notably, in vivo ERGT/CHT protected mice infected with T. brucei,
doubling their survival time following daily treatment for 8–10 days at 50 mg/kg or 100 mg/kg. The
current study demonstrates a new class of lead antibiotics, in the form of common fungal sterols, for
antitrypanosomal drug development.

Keywords: ergosta-5,7,22,24(28)-tetraenol (ERGT); cholesta-5,7,22,24-tetraenol (CHT); ergosterol
biosynthesis; antimetabolite; suicide substrate; Trypanosoma brucei

1. Introduction

Trypanosoma brucei, a group of flagellated parasitic protozoa, infect both human and
domestic animals and cause a fatal disease, African trypanosomiasis (AT) [1]. The disease
is transmitted by an insect vector, the tsetse fly. During its digenetic life cycle, T. brucei
undergoes a complex developmental process [2]. The procyclic and the bloodstream forms
are the two major developmental forms of T. brucei that are found in the insect gut and
the mammalian blood, respectively. World Health Organization (WHO) classified AT as a
neglected tropical disease. The available drugs for AT originate as synthetic compounds, are
mostly toxic, antiquated, develop resistance and difficult to administer [3]. Recent efforts
of the Drugs for Neglected Diseases Initiative (DNDi) developed two new promising
oral drugs, fexinidazole and oxaboroles, by screening small molecule chemical libraries
against T. brucei [4,5]. Despite their promiscuity, fexinidazole has potential to develop
cross-resistance to nifurtimox [6], a widely used current therapy for AT, and the actual
target for oxaboroles is yet to be identified. Interestingly, an alternative approach that has
recently advanced new trypanocides against AT derives from the isolation and testing
natural products through traditional bioactivity-guided isolation steps or from the recently
applied genome mining and engineering efforts [7,8]. Therefore, these successes involving
synthetic compounds or natural products notwithstanding, there continues to be an urgent
need to develop new anti-parasitic drugs that can prevent parasite growth through novel
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modes of action that might include blockage of crucial enzymes in essential metabolic
pathways in African trypanosomes [9,10].

Antimetabolites in primary metabolism have emerged as effective chemotherapeutic
agents against some forms of cancer by selectively disrupting a productive biosynthetic
step [11,12]. Typically, these compounds are designed to show substrate mimicry and
under physiological conditions they are expected to enter cells, then outcompete a relevant
intermediate for a targeted enzyme that provides an essential end-product. Most of these
antimetabolites are synthetic compounds with a functional warhead, making them suicide
substrates. Consequently, the inhibitory influence of these drugs goes beyond simple
competitive inhibition; following irreversible binding of inhibitor via covalent attachment
to the active site of the enzyme causing its inactivation accompanied by muted biosynthesis
of the essential end-product that, therefore, produces suppression of cell growth and
development [13–16]. Covalent drugs have gained further notoriety [17,18] in their use to
treat AT. Thus, a highly effective fluorinated substrate analog was developed in the later
part of the 20th century against the ornithine decarboxylase in the polyamine biosynthesis
pathway and appears under the brand name, Ornidyl, among others, and its chemical
name, eflornithine [9].

Noting recent therapeutic successes involving other small molecule inhibitors, VNI
targeting 14α-sterol demethylase enzyme in the trypanosome ergosterol biosynthesis path-
way [19], we considered the sterol methyltransferase (SMT) enzyme as another druggable
target for ergosterol biosynthesis in trypanosomes. SMTs have been shown to form covalent
attachments to their substrate analogs, similar structurally to zymosterol (fungi/protozoa)
or cycloartenol (plants), making these analogs suicide substrates (Figure 1) [20]. In con-
tradistinction to the mechanism of action of typical ergosterol biosynthesis inhibitors, such
as VNI, which bind through electrostatic interactions, the substrate mimics we designed
produce their electrophilic handle only after the catalytic reaction cycle is turned on, yield-
ing a sterol methyl intermediate positively charged in an unconventional side chain location
(Supplementary Materials, Figure S1), otherwise these analogs are functionally inert upon
binding. So far as is known, inhibitors coupled to cell death that interfere with ergosterol
production and processing typically generate altered plasma-membrane structures, or in
some cases altered mitochondrial membranes, as a consequence of changes to apoptosis-
like and autophagic events [21,22]. Fascinated by the possibility that suicide inhibitors
could interfere with sterol methylation in Acanthamoeba [22], it was thought that they could
be developed elsewhere to control the ergosterol-dependent disease processes associated
with parasites. Thus, we initiated a program several years ago to identify suicide inhibitors
(synthetic) that specially block the sterol methylation pathways of T. brucei (Tb) or Acan-
thamoeba castellanii (Ac) and inhibit the ergosterol biosynthesis pathways in these protozoa
without effect on cholesterogenesis in animals [23–26]. Our work is based on the condition
that the major genetic difference in host C27-cholesterol biosynthesis pathway and parasites
Tb and Ac C28-ergosterol and C29-7-dehydroporifersterol biosynthesis pathways [22,24]
(Figure 1) reside in the sterol methyltransferase (SMT) gene synthesized in Ac and Tb but
not in animals [27]. Because the variant SMTs in these pathogens are product specific and
mechanistically distinct in kinetoplastids and amoebae yielding ∆24(28)- or ∆25(27)-24-alkyl
sterols (Figure S1), the differences in the reaction pathway of sterol methylation in these
organisms and their absence in the host organism affords a path to drug selectivity in
the form of our newly discovered steroidal chemotherapeutics (synthetic compound) and
steroidal antibiotics (natural compound) that uniquely target SMT activities.
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Figure 1. Differences in inhibition of steroidogenesis affected by steroidal antimetabolites.
As shown, in ergosterol synthesis CHT and ERGT specifically inhibit the D25(27)-SMT in Tb and
Ac via suicide (irreversible) inhibition. Alternatively, in cholesterogenesis neither CHT nor ERGT
attach irreversibly to any enzyme in the pathway (A). Antimetabolites ERGT and CHT derived from
yeast (B).

In our search for more effective synthetic mimics to complex SMT, we surrepti-
tiously observed a pair of natural substrates, cholesta-5,7,22,24-teraenol (CHT) and ergosta-
5,7,22,24(28)-tetraenol (ERGT), produced in the yeast ergosterol biosynthesis pathway that
could bind and alter catalysis of either the Ac or Tb SMT [26–29] in similar fashion to that
of 26,27-dehydrozymosterol tested against the yeast SMT [30,31]. For these reasons, we
asked whether CHT or ERGT could bind Tb SMT in vivo and in so doing, play a protective
role in animals infected with the parasite. We chose to study mice infected with Tb since
several reports revealed the ergosterol biosynthesis pathway can be uncoupled, producing
cell death, when the cells are subjected to inhibitors targeting crucial enzymes in the post-
squalene pathways of trypanosome steroidogenesis [10,32]. Consistent with these reports,
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in our studies of the transition state inhibitor 25-azalanosterol against Tb SMT, we observed
the analog prevented Tb cell proliferation in the low micromolar range [33] and quelled
the parasite burden in vivo, effectively protecting the infected mice from the disease [25].
Because the recently discovered steroidal antimetabolites CHT and ERGT, distinct from
the conventional anti-infectives of ergosterol synthesis [21,34], can covalently bind the Tb
SMT during catalysis [30], this predicts their suicide inhibitor properties in Tb ergosterol
biosynthesis and in so doing, provides a new armamentarium for therapeutic study. Here,
mice infected with Tb parasites were treated with the suicide inhibitors CHT and ERGT
or with no inhibitor. The effects of these short-term treatments upon cell proliferation and
subcellular organization in vitro and in vivo were determined.

2. Results
2.1. ERGT/CHT Generates Marked Inhibition of T. brucei BF Growth in Cell Culture

From our recent observation that a sparking level of ergosterol, i.e., hormonal/trace
amount of 24-alkyl sterol produced biosynthetically in bloodstream form (BF) [25] against
bulk amounts of cellular cholesterol derived from the culture medium [35], is necessary for
trypanosome growth and the report showing in Trypanosoma cruzi that sterol methylation
is also essential in vivo and in vitro for trypanosome growth [36], we were encouraged to
look for new leads, in the form of CHT and ERGT, that could be used to treat pathogens
capable of catalyzing the sterol methylation route yielding a D25(27)-product. As observed
previously, certain intermediates of the yeast sterol biosynthesis pathway, cholesta-5,7,22,24-
tetraenol (CHT) and ergosta-5,7,22,24(28)-tetraenol (ERGT), while ineffective against the Ac
SMT1 enzyme, which generates a ∆24(28)-product, can nonetheless inhibit sterol methylation
catalyzed by other SMTs such as the Ac SMT2 isoform capable of generating an alternate
∆25(27)-product. Importantly, incubation of these fungal sterols at the low nanomolar range
against Ac trophozoites cells led the substrate to distinctly bind Ac SMT2, followed by
cellular loss of 24-alkyl sterol and cell death within hours of the initial cell treatment [28].
Strikingly, as determined for the related suicide inhibitors previously studied, the depleting
effect of the foreign sterol containing a reactive conjugated diene on ergostanoid biosyn-
thesis was specific to the pathogen while ineffective against the cholesterol biosynthesis
pathway in cultured HEK cells, which did accumulate CHT and ERGT and metabolize
them to ∆5,22,24-trienol products [28].

Noting the similarity in sterol methylation patterning catalyzed by Ac SMT2 and
Tb SMT1 in generating a ∆25(27)-product (Figure S1) [28,29] and the understanding that
Tb cell growth is vulnerable to a loss of sterol methylation synthesis, we proceeded to
test CHT and ERGT on Tb cell growth in culture. Preliminary tests of these compounds
yielded potent growth inhibition of bloodstream form (BF) cells in cell culture, relevant
to any future studies of their efficacy in animal models of infection. Consistent with the
Ac studies [28], the BF is highly sensitive to both CHT and ERGT (Figure 2), displaying
calculated EC50 values of 2.9 ± 0.2 nM and 0.52 ± 0.05 µM for CHT and ERGT, respectively,
while the EC90 for these compounds was 8.8 ± 0.5 nM and 2 ± 0.3 µM, respectively. We
have shown previously that CHT and ERGT do not have any effect on growth of the human
epithelial kidney cells (HEK) in culture when treated with up to 40 µM concentrations [28]
of either CHT or ERGT. Consequently, the approximate specificity index of CHT and ERGT
calculated against the cell growth of HEK and Tb-BF is ~103, showing targeted potency
toward trypanosomes and not the human host.

172



Molecules 2022, 27, 4088

Figure 2. T. brucei cell growth at different concentrations of CHT and ERGT. T. brucei BF cells were
inoculated at a cell density of 104/mL in HMI-9 medium containing different concentrations of CHT
(0–0.62 µM) (A) and ERGT (0–5 µM) (B). Cells were counted after 2 days. Cell numbers were plotted
against the concentrations of drugs to determine the EC50 of each compound for each type of cell.
Experiments were done in triplicate to calculate the standard deviations.

2.2. CHT and ERGT Cause Cell Death within Hours of Treatment

Microscopically evident, altered morphology associated with death was detected
when the bloodstream form (BF) cells were incubated at EC90 of either ERGT or CHT. To
investigate this process further, we incubated cells (1 × 106/mL) at 5 × EC50 concentrations
of CHT and ERGT separately for a shorter period (2–4 h) and observed the cell morphology
under the microscope (Figure 3A–C). During these conditions cell viability was minimally
affected. Cells treated with vehicle control were compared in parallel. The control cells
were intact, fully motile, and alive at both time points (2 and 4 h), as expected (Figure 3A).
In contrast, treated cells acted differently. At the 2 h time point, BF cells treated with either
CHT or ERGT were mostly intact and motile but some cells (1–2%) tended to circularize
(Figure 3B,C, left panel). However, at the 4 h time point almost 90% of cells were circularized,
flagella detached, and appeared dead (Figure 3B,C, right panel). Therefore, CHT/ERGT
kills Tb-BF very rapidly, like Ac. The effect of CHT on Tb-BF cell morphology was more
drastic in comparison to ERGT.

2.3. Antimetabolites Cause Mitochondrial Swelling and Mitophagy

To observe if there were any changes in the intracellular structure of T. brucei due
to the treatment with antimetabolites, we harvested BF cells after 4 h treatment with
a representative antimetabolite, ERGT, at 5 × EC50 concentration and prepared them
for electron microscopy (EM) (Figure 4A,B). Captured images revealed many vesicular
structures inside the treated cells in comparison with control (Figure 4B). We found the
nucleus (N) and kinetoplast (K) DNA, the mitochondrial DNA in trypanosomes [37] in
the control cells as expected (Figure 4A). The presence of dividing nucleus and extended
kinetoplast in the control indicated that the cells were replicating. In contrast, in the
ERGT-treated cells we did not identify any dividing nucleus, instead the presence of
autophagosomes (Figure 4B) was seen. In contrast to the tubular mitochondria in the
control (Figure 4A), mitochondria in the ERGT-treated cells were enlarged without any
cristae structures (Figure 4B). These results show a significant alteration in the intracellular
structure, including a major change in the mitochondria in the BF that may lead to cell
death upon treatment with these antimetabolites.
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Figure 3. Effect of CHT/ERGT treatment on cell morphology. T. brucei BF cells (1 × 106/mL) were
incubated with CHT and ERGT at their respective 5 × EC50 concentrations. Untreated control cells
were used in parallel (A). At different time points (2 and 4 h) cells (100 µL of the culture) were
harvested, spread on microscope slides, and stained with Giemsa solution. Images were taken with
a Keyence phase-contrast microscope using 40× objective. A major change in morphology was
observed for cells treated with CHT (B) and ERGT (C) at 4 h time point. Experiments were repeated
three times and multiple areas on the slides were observed for each sample. Scale bars represent
50 µm.
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Figure 4. Electron microscopy of the ERGT-treated T. brucei. T. brucei BF cells were incubated with
ERGT at 5 × EC50 for 4 h. Cells were harvested, treated with fixative solution, and prepared for
electron microscopy as described in the materials and methods. Untreated control cells were run in
parallel (A). Images from cells treated with ERGT are shown in (B). N and K represent nucleus and
kinetoplast. M represents mitochondria. Presence of autophagosome, swollen mitochondria, and
large vacuoles found in treated cells are indicated. Two individual biological replicates were used for
EM and multiple sections from each sample were examined. Scale bars represent 1 µm.

2.4. Washout Experiments of CHT and ERGT Reveal Inhibition of BF Growth and by Analogy
Ergosterol Production

We investigated to determine whether washout experiments in the form of an extended
duration of action can be observed through growth response. Here, we assumed that
covalent adduct of antimetabolite SMT should remain upon seeding treated cells into fresh
medium that thereby prevents cell growth, otherwise the steroidal antimetabolite should
undergo conversion to product, freeing up SMT for new catalysis that therefore permits a
resumption in ergosterol production and cell growth to the control levels. For this purpose,
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the BF cells were treated with CHT and ERGT at respective 5 × EC50 concentrations for 2 h.
Cell numbers were not decreased during this short-term treatment and cells were mostly
intact and motile as shown in Figure 3B,C (left panels). Cells were harvested, washed
to remove any residual compounds and reinoculated in fresh medium with different cell
numbers (104/mL, 103/mL, 102/mL, and 101/mL) and allowed to grow in appropriate
conditions for 4 days, the point when the BF cells reached the stationary phase when
inoculated at 103/mL (Figure 5A). Once reaching the stationary phase, BF cells die very
rapidly due to a quorum-sensing-like phenomenon [38]. Therefore, control cells inoculated
at 104/mL reached at the maximum level before day 4 and some cells died thereafter
(Figure 5A), as expected. In contrast, we found that BF cells treated with either CHT
or ERGT had significant growth inhibition in comparison with control after removal of
the antimetabolites. Cell growth was almost undetectable till day 4 after washout of the
CHT (Figure 5B). This indicates that CHT treatment caused an inherent damage in the
BF, which was not recovered even after removal of the antimetabolites. Cells treated with
ERGT also showed a lingering growth inhibitory effect (Figure 5C). Cell numbers were
below the detection levels up to 3 days, even when inoculated at 104/mL or 103/mL.
After that, cells grew slowly and reached the level of 2 × 106/mL at day 4. Therefore, as
observed for inhibitor sensitivity, treatment with CHT had longer effects on BF cell growth
in comparison with ERGT. These results strongly support our previous observation that
these antimetabolites covalently bound and inactivate the target enzyme SMT. Moreover,
these different antimetabolite treatment outcomes are to be expected since the ERGT/CHT
inhibited growth response is subject to endogenous Tb SMT1 acceptance of the fungal
sterols. As reported, a first methylation substrate (e.g., CHT) is converted by the Tb enzyme
about ten times more effectively than a second methylation substrate (e.g., ERGT) [23].

Figure 5. Extended effect of CHT and ERGT on T. brucei BF cell growth. The BF cells were
pretreated with CHT and EREGT at 5 × EC50 concentrations for 2 h. Cells were harvested, washed to
remove drugs and reinoculated in fresh medium at different cell numbers (104/mL, 103/mL, 102/mL
and 101/mL). The untreated control cells were run in parallel starting with different inoculum sizes.
Cell number was counted each day for 4 days and plotted against time in culture. (A) control,
(B) and (C) are CHT and ERGT treated cells, respectively. Standard errors were calculated from four
independent experiments.
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2.5. Protective Role of CHT/ERGT on Mice Infected with T. brucei

To test the efficacy of CHT and ERGT in T. brucei infection, groups of mice were in-
fected with the T. brucei 427 strain, which creates an acute form of the disease. Since we had
some success with treating mice infected with Tb at doses of 5 mg/kg 25-azalanosterol [25],
we tested CHT or ERGT at this dosage in the Tb-infected mouse with no beneficial results.
Consequently, we then tested a higher level of steroidal antimetabolite to outcompete
the circulating cholesterol for lipoprotein binding necessary for uptake by the Tb blood-
stream form [35]. For these studies, mice were divided into six groups (five mice in each
group). Starting at the same day of infection, group-I and -II mice were treated with ERGT
(50 mg/kg and 100 mg/kg body weight, respectively) each day. The group-III and -IV
infected mice were similarly treated with CHT (50 mg/kg and 100 mg/kg body weight,
respectively) each day and the group-V and -VI were vehicle control for 50 mg/kg and
100 mg/kg dosages, respectively. As expected, the control infected mice had all died by
5–6 days post-infection, whereas the treated mice lived longer. In further detail, three
of the five ERGT-treated (50 mg/kg body weight) mice died on day 8 and rest had died
by 10 days post-infection (DPI) (Figure 6A). We didn’t observe any better results when
increasing the dose to 100 mg/kg/day (Figure 6B). The results show that like in in vitro
data, CHT has a slightly higher trypanocidal efficiency than ERGT, consistent with their
substrate recognition. However, doubling the dosages didn’t show much additive effect.
This is possibly because the compounds are metabolized at the sterol core structure [28]
by the host. Counting the parasite numbers in the blood of the infected mice revealed
that the parasite numbers were below the detection levels (~103/mL) in the first 2 days of
post-infection, increased exponentially after that period, and reached maximum by day
5 in the control groups (Figure 6C,D), which are the characteristics of the acute form of
the disease in laboratory animals [39,40]. In contrast to the control, we couldn’t detect any
parasites in the blood till 6 days post-infection, when treated with ERGT (50 mg/kg/day)
(Figure 6C). The blood parasitemia reached maximum levels at different time points and
most of the mice stayed alive till day 8. Blood parasite counts were below the detection
level up to day 7 in the group of mice treated with CHT (50 mg/kg body weight/day);
however, after that it increased exponentially (Figure 6C). Increasing the doses of ERGT
or CHT (100 mg/kg/day) didn’t show any further delay in the appearance of the parasite
number in the blood above the detection limit (Figure 6D). Neither did it take any longer
time to reach lethal levels. Overall, our studies showed that ERGT/CHT protected mice
infected with T. brucei by doubling their survival time, which is equivalent to 100% increase
in life expectancy, following daily treatment for 8–10 days at 50 mg/kg.
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Figure 6. Protective role of CHT/ERGT on animal infection with T. brucei. Six groups of Balb/C
mice (5 mice in each group) were injected intraperitoneally with T. brucei bloodstream form parasite
(1 × 104 cells/mouse). Two groups were treated with ERGT (50 mg/kg) or CHT (50 mg/kg) via
intraperitoneal injection once per day post-infection (A). Another two groups of mice were treated
with ERGT 100 mg/kg) or CHT (100 mg/kg) (B) via the same route once per day post-infection.
Controls for these groups were injected with appropriate amount of buffer used to prepare the
antimetabolites. The blood parasitemia levels were monitored each day post-infection by counting
the number of T. brucei in blood collected from the tail vein. Survival curves for the control (infected
but not treated with any drug) and infected mice treated with ERGT were plotted using Graphpad
Prism. To reduce the pain and distress mice were sacrificed when the parasitemia levels reached
>5 × 108 cells/mL of blood and death is considered one day after euthanasia. (C,D) Log of parasite
numbers in the blood of the infected mice are plotted against days post infection. Standard deviations
were calculated from 5 counts from each mouse on each day. Parasite numbers on day 1 and 2
post-infection were below the detection limit.

3. Discussion

Fungi, plants, and protozoan species use SMT for generation of a vast array of 24-alkyl
sterol structures necessary for cell growth and development [41,42]. The primary sequences
and tetrameric subunit organization of a wide range of these catalysts reflect a common
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active-site topography that can accept a wide range of structurally similar substrates.
However, under selection pressure, this enzyme evolved to accept alternate substrate side
chain groups enabling species-specific product formation and an SMT-specific dead-end
complex [43–45]. As determined, it is straight-forward to detect the isolated CHT-SMT
complex through characterization of the C28-diol product by GC-MS/1H-NMR analysis,
as reported for studies on Tb SMT1 and Ac SMT2 (Figure S1), [20,28,29]. Importantly,
the C28-diol product is not a biosynthesis product but a saponification product; its iden-
tification serves as a chemical signature for the compound in its biosynthetic state as a
C28-intermediate-SMT adduct, reported first in studies on the yeast SMT incubated with
the suicide substrate 26,27-dehydrozymosterol [30,31], then for the natural plant substrate
24-methyl cycloartenol tested against the soybean SMT1 [44,45]. An issue now is whether
fungal sterols (such as CHT), which can bind irreversibly to Tb SMT [29] could behave as
growth inhibitors against the kinetoplastid parasite in vitro and in vivo.

In our testing of CHT and ERGT against T. brucei we observed that they are trypanocidal
at nanomolar concentrations, consistent with their predicted suicide inhibitor/antimetabolite
effect on ergosterol biosynthesis. Consequently, we desired to explore their efficacy in
a mouse model of infection. Previous efforts to identify more selective irreversible in-
hibitors for this enzyme continued and led to the discovery of pro-drugs and their as-
sociated zymosterol derivatives [27,34,44] that can serve as suicide inhibitors of ergos-
terol biosynthesis [33,46]. The EC50 of these compounds were in the range of 10–20 µM
with specificity indexes 3–6 [34,46]. In contrast to synthetic 26,27-dehydrolanosterol or
26-fluorolanosterol [34,46], the EC50s of natural CHT and ERGT against the T. brucei blood-
stream form reported here are 2.9 ± 0.2 nM and 0.52 ± 0.05 µM, which are much lower
than the previously identified suicide inhibitors. CHT is more potent than ERGT. This is
possibly because of differences in productive binding to the Tb SMT, which could be due
to the distinct binding sites for the two inhibitors and/or affected by the expression level
of Tb SMT, sensitive to pressures of lipoprotein cholesterol. In any case, the selectivity
index of these compounds for the BF was about three orders of magnitude as determined
in vitro, showing that the compound is non-toxic to the parasite host. In addition, these
antimetabolites showed a long-lasting effect for the bloodstream form, showing irreversible
inactivation of the target enzyme, 24-SMT.

In animal models for T. brucei acute infection, CHT/ERGT showed promising results.
CHT/ERGT-treated mice survived longer than the untreated control group. Although the
parasite counts in the blood at the initial 5–6 days of infection were below the detection
levels, once they cross this threshold they increase exponentially. There are multiple
possibilities for these results. (1) T. brucei could be adapted by changing the means of drug
uptake/efflux at the latter days of treatment or became resistant by other means. (2) It is
also possible that the parasites were cleared from the bloodstream during initial treatment;
however, a population that hides inside tissues (adipose tissue or brain) escaped, because
drug concentration could be below the cidal levels in these tissues and that creates a space
for their adaptation. These adapted parasites emerged in larger numbers at later time
points. (3) The third possibility is that the antimetabolites are metabolized in the host and
that metabolism was induced with a longer treatment period, thus the serum levels of these
compounds dropped at the latter days and parasite population increased exponentially. We
didn’t find any toxicity of CHT/ERGT at the dosage of treatment. We also didn’t observe
any better effect by increasing the dose from 50 to 100 mg/kg/day via intraperitoneal
injection. It was also not recommended for more frequent administration of these inhibitors
due to the smaller size of the animals and volumes required to administer. However,
these results warrant further trials with larger animals and more frequent administration
of these effective compounds and perhaps in combination therapy with conventional
antitrypanosomal drugs. Overall, we found that CHT and ERGT are promising candidates
to develop drugs targeting 24-SMT in both A. castelanii and T. brucei that cause deadly
diseases in humans.
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4. Material and Methods
4.1. Tb Cell Culture

T. brucei strain Lister 427 BF cells (ATCC NR-42009) were cultured in HMI-9 medium
supplemented with 10% heat-inactivated fetal bovine serum (Bio-Techne, Minneapolis,
MN, USA) and 10% Serum Plus (Thermo Fisher Scientific, Waltham, MA, USA) in a CO2
incubator (5% saturation) at 37 ◦C as described [47]. To measure cell growth, BF cells were
inoculated at 104/mL or as indicated, the parasite numbers were counted in a hemocytome-
ter chamber using a phase-contrast microscope and plotted versus time of incubation.

4.2. Preparation of ERGT and CHT for Treatment and Sterol Analytics

Cholesta-5,7,22,24-tetraenol (CHT) and ergosta-5,7,22,24(28)-tetraenol (ERGT) were
purified from the yeast mutants ERG6 and ERG5, respectively [28]. Stock solutions of
ERGT and CHT were made in DMSO at a concentration of 10 mM, diluted accordingly
before addition to the culture medium. For in vivo experiments, the stock solution of ERGT
and CHT was made in DMSO at 100 mg/mL. At the time of treatment stock solution
was diluted 25-fold in 1X PBS and injected intraperitoneally at the dose of 50 mg/kg or
100 mg/kg body weight for each mouse.

4.3. Inhibition Studies in Culture

Determination of EC50/EC90 and wash out experiments to assess the effect of sterol
biosynthesis inhibitor on cell growth in vitro were performed against cultured T. brucei
cells as described previously [24,28]. Briefly, for determination of EC50/EC90, BF cells from
a logarithmic phase culture were inoculated at 104/mL in 24-well plates. CHT/ERGT were
serially diluted in medium from the stock solution as described above. Triplicate wells
were set up for each concentration. Cells were counted each day for 2 days from each well
twice and plotted against time with calculated standard deviations. For washout studies,
the BF cells were pretreated with CHT and ERGT at 5 × EC50 concentrations for 2 h. Cells
were harvested, washed to remove drugs, and reinoculated in fresh medium at different
cell numbers (104/mL, 103/mL, 102/mL and 101/mL). The untreated control cells were
run in parallel starting with different inoculum sizes. Cell numbers were counted each day
for 4 days and plotted against time in culture.

4.4. Giemsa Staining

T. brucei BF was grown in appropriate medium in the presence or absence of the
drugs. At different time points cells were harvested, resuspended in fresh medium at a
concentration of 105–106/mL, spread on a slide and left to air dry. Slides were flooded
with 10% Giemsa stain solution and kept at room temperature for 20–30 min. Slides were
washed with water to remove the excess dye and allowed to dry. Image was taken with a
Keyence phase-contrast microscope using 40× objective

4.5. Electron Microscopy

Cells were fixed in 2% (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde in 0.1 M
sodium cacodylate buffer (SCB), pH 7.2 [48]. Cells were then washed with SCB, post-fixed
with 1% osmium tetroxide in SCB, stained with 0.5% aqueous magnesium uranyl acetate,
dehydrated, and embedded in Spurr’s resin. Blocks were sectioned at 50–70 nm thickness
and stained with 5% (w/v) uranyl acetate in 1% acetic acid and 0.4% (w/v) lead citrate in
0.1 N NaOH. Section grids were inserted into FEI CM12 twin lens 420 transmission electron
microscopes (FEI) to capture images.

4.6. Animal Experiments

In the model of acute infection (Haubrich et al., 2015), female Balb/C mice (6–8 weeks
old) for T. brucei infection were purchased from the Envigo laboratory, weight 25 g on
average: 5 mice/group. Animals were allowed to be acclimated for 3–5 days in the Animal
Care facility in Meharry Medical College. For T. brucei infection, BF cells were harvested
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from exponentially growing cultures and resuspended in 1X PBSG (phosphate buffered
saline containing 5 mM glucose) at a concentration of 2 × 104/mL. Each mouse was
injected intraperitoneally with 0.5 mL of cell suspension (1 × 104 cells). In these conditions,
parasitemia against Tb reaches maximum of 1 × 109 cells on day 6 after infection. Mice
were treated separately with ERGT and CHT (50 or 100 mg/kg body weight/mice/day) via
intraperitoneal injection starting at the day of infection. The control mouse group received
only vehicle. Parasitemia was monitored daily by counting the parasite numbers in blood
(3–5 µL) collected by tail snipping. To reduce the pain and distress and to set up a humane
end-point, mice were sacrificed when the parasitemia levels reached >5 × 108 cells/mL of
blood and death is considered one day after euthanasia. All mice were closely monitored
for any distress or pain by periodical assessment of body weight, food intake, hair coat, and
activities in accordance with the animal protocol guidelines of the Meharry Medical College.
Mice under severe distress were sacrificed after consultation with the Animal Care Facility
Veterinarians. All studies were conducted in accordance with National Institutes of Health
guidelines for the use of experimental animals, and the protocols were approved by the
Meharry Institutional Animal Care and Use Committee (protocol number: 141017MC172,
Animal Welfare assurance number: A3420-01)

5. Conclusions

We identified two natural byproducts of yeast sterol metabolism with potent anti-
trypanocidal property but non-toxic to human cells. We believe these studies bridged,
for the first time, the natural products involving sterols other than cholesterol and their
chemical biology with the health sciences. We showed that CHT/ERGT, which can act as
substrates of Tb SMT, and form an adduct with the enzyme during catalysis, can carry out
their inhibitory effects on ergosterol biosynthesis with lethal consequences. Importantly,
these antimetabolites work at nanomolar concentrations in vitro to inhibit cell growth.
These products are also effective in vivo in a mouse model of T. brucei acute infection,
doubling the survival time of the animals. Therefore, these potent trypanocidals deserve
further investigation to optimize their treatment doses and pharmacokinetics to develop
novel chemotherapies for AT.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27134088/s1, Figure S1: Sterol methylation steps cat-
alyzed by SMT1 (first C24-methylation step) and SMT2 (second C24-methylation step) enzymes that
occur across kingdoms after recognition of their natural or substrate analogue.
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Abstract: In our previous study, we reported that arginyl-fructose (AF), one of the Amadori re-
arrangement compounds (ARCs) produced by the heat processing of Korean ginseng can reduce
carbohydrate absorption by inhibiting intestinal carbohydrate hydrolyzing enzymes in both in vitro
and in vivo animal models. This reduced absorption of carbohydrate might be helpful to control
body weight gain due to excessive carbohydrate consumption and support induced calorie restriction.
However, the weight management effect, except for the effect due to anti-hyperglycemic action, along
with the potential mechanism of action have not yet been determined. Therefore, the efforts of this
study are to investigate and understand the possible weight management effect and mechanism action
of AF-enriched barley extracts (BEE). More specifically, the effect of BEE on lipid accumulation and
adipogenic gene expression, body weight gain, body weight, plasma lipids, body fat mass, and lipid
deposition were evaluated using C57BL/6 mice and 3T3-L1 preadipocytes models. The formation of
lipid droplets in the 3T3-L1 treated with BEE (500 and 750 µg/mL) was significantly blocked (p < 0.05
and p < 0.01, respectively). Male C57BL/6 mice were fed a high-fat diet (30% fat) for 8 weeks with
BEE (0.3 g/kg-body weight). Compared to the high fat diet control (HFD) group, the cells treated
with BEE significantly decreased in intracellular lipid accumulation with concomitant decreases
in the expression of key transcription factors, peroxisome proliferator-activated receptor gamma
(PPARγ), CCAAT/enhancer-binding protein alpha (CEBP/α), the mRNA expression of downstream
lipogenic target genes such as fatty acid binding protein 4 (FABP4), fatty acid synthase (FAS), and
sterol regulatory element-binding protein 1c (SREBP-1c). Supplementation of BEE effectively lowered
the body weight gain, visceral fat accumulation, and plasma lipid concentrations. Compared to the
HFD group, BEE significantly suppressed body weight gain (16.06 ± 2.44 g vs. 9.40 ± 1.39 g, p < 0.01)
and increased serum adiponectin levels, significantly, 1.6-folder higher than the control group. These
results indicate that AF-enriched barley extracts may prevent diet-induced weight gain and the
anti-obesity effect is mediated in part by inhibiting adipogenesis and increasing adiponectin level.

Keywords: Amadori rearrangement compounds; barley; anti-obesity; arginyl-fructose; adipogenic
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1. Introduction

The energy imbalance resulting from excessive food intake and increased caloric intake
results in obesity, a serious health concern that can lead to increased incidence of chronic
diseases such as coronary heart disease, diabetes, nonalcoholic fatty liver disease (NAFLD),
and cancer [1]. Obesity can be characterized by weight gain resulting from excessive body
fat accumulation. Genetic and environmental factors may induce weight gain, but it has
been clearly defined that calorie intake is a predominant factor. Diet-induced obesity (DIO)
animal models are commonly used to study obesity since these models reflect the state of
human obesity much better than genetically modified models [2]. These models are based
on the fact that a high fat diet increased weight gain and initiated the diabetic stage in mice
and rats [3,4].

Adipogenesis is a process in which preadipocytes are hyperplastically transformed
into adipocytes, resulting in hypertrophy and dysfunctional adipocytes due to the excessive
storage of lipids as triglycerides through increased adipogenesis. It has been reported that
adipogenesis and adipogenesis are initiated by the expression of differentiation-related
transcription factors when preadipocytes are exposed to adipogenic inducers. Recent
evidence suggests that dietary factors containing several bioactive compounds can effec-
tively change adipocyte number as well as adipocyte size by regulating the expression of
these adipocyte differentiation-related transcription factors [5,6], potentially resulting in
fewer adipocytes. Therefore, the regulation of key transcription factors such as PPARγ
and C/EBPα in the early stage of adipogenesis, and the control of expression of fatty acid
synthase (FAS), lipoprotein lipase (LPL), fatty acid binding protein 4 (FABP), and hormone
sensitive lipase (HSL) are being studied in various strategies using bioactive compounds
derived from foods, especially in plant foods.

Barley is a widely consumed cereal among the most ancient cereal crops. Almost
80–90% of barley production is for animal feeds and malt, but now barley is gaining
renewed interest as an ingredient for the production of functional foods due to their
concentration of bioactive compounds, such as β-glucans and tocols [7]. Moreover, there
are many classes of phenolic compounds in barley, such as benzoic and cinnamic acid
derivatives, proanthocyanidins, quinines, flavonols, chalcones, flavones, flavanones, and
amino phenolic compounds [8]. Barley is traditionally roasted in some Asian countries to
produce a beverage (Japanese roasted barley tea, Mugicha) and during this roasting process
various aroma compounds are formed [9]. The predominant amino acids present in barley
have been reported to be glutamine and proline, but arginine is also found in significant
levels [10], and barley is also an excellent source of glucose due to the presence of maltose.

During the heat process of food products that contain reducing sugars and amino
acids, non-enzymatic browning (or Maillard reaction) takes place [11]. More specifically,
food products containing arginine and glucose or maltose and undergoing heat processing,
initially form arginyl-fructose (AF) and arginyl-fructosyl-glucose (AFG) through Amadori
rearrangement (ARC) in products such as grains [12]. Previous reports have demonstrated
that AF and AFG can modulate glucose uptake from dietary carbohydrates by exhibiting
an inhibitory effect on α-glucosidases [12,13]. Furthermore, AF’s anti-hyperglycemic effect
has been demonstrated by using Korean Ginseng as a model food, in both animal and
clinical models [14,15]. Through this mechanism, the inhibiting carbohydrate hydrolyzing
enzymes, ARCs, additionally contribute towards the reduction in the caloric uptake, which
can in turn result in weight and fat gain management.

The development of melanoidins and their antioxidant effects in roasted barley have
been investigated in the past [16]. However, very limited information is available about
the development of the ARC’s content in roasted barley, other than aroma compounds,
and their subsequent enhanced anti-obesity effect. Therefore, to evaluate the effect of
ARC-rich barley extract on weight management and investigate the possible mechanism
of action on improving weight gain, it is essential to measure the changes in body weight
gain, body weight, plasma lipids, body fat mass, and lipid deposition. Consequently, the
purpose of this study was (i) to investigate the changes in physical condition and (ii) fat
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metabolism-related biochemical markers such as transcriptional factors, gene expression,
and (iii) to measure the changes in cell-based fat accumulation and its morphology on
supplementation of heat-processed/AF-enriched barley extract (BEE) in C57BL/6 mice fed
high-fat diets.

2. Results
2.1. BEE Inhibits Adipocyte Differentiation

Initially we evaluated the possible cytotoxicty of BEE on preadipocyte 3T3-L1 cells.
As shown in Figure 1a, when 3T3-L1 cells were treated with 250 to 750 µg/mL of BEE for
48 h at 37 ◦C, our findings demonstrated no cytotoxicity at the tested doses (Figure 1a).
Adipogenesis during the differentiation of 3T3-L1 preadipocytes into mature adipocytes
was evaluated with the supplementation of BEE. These results suggest that higher concen-
trations of BEE administration (250 to 750 µg/mL) inhibit adipogenesis (Figure 1b). More
specifically, we observed that BEE inhibited lipid accumulations in a dose-dependent man-
ner. The formation of lipid droplets in the 3T3-L1 treated with BEE (500 and 750 µg/mL)
was significantly blocked (p < 0.05 and p < 0.01, respectively, Figure 1b).
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Figure 1. Effects of BEE on the lipid accumulation of 3T3-L1 cells. (a): 3T3-L1 preadipocytes cells
were seeded at a density of 1 × 104 cells per well in 96-well plates and incubated in culture medium
at 37 ◦C for 24 h to allow attachment. The attached cells were either untreated control or treated
with 10, 100, or 1000 µg/mL of BEE at 37 ◦C for 48 h. After 48 h of incubation. The effects of
BEE on cell viability were measured by MTT assay. The data are presented as relative cell viability
values. Data are the means ± standard deviation (S.D.) values of at least 3 independent experiments.
(b): 3T3-L1 preadipocytes were grown and differentiated with the differentiation cocktail in the
absence and presence of varying concentrations (0, 250, 500, and 750 µg/mL) of BEE throughout
the differentiation for 8 days. After 8 days of differentiation, these cells were subjected to Oil Red
O staining for control and BEE to compare intracellular lipid accumulation (control: without BEE,
normal: no differentiation). The results are expressed as the mean ± S.D (n ≥ 6). Significantly
different from control group (* p < 0.05, ** p < 0.01).

2.2. BEE Alleviates HFD-Induced Obesity in In Vivo Model

To prove the results from the in vitro experiment, the effects of BEE administra-
tion (0.3 g/kg-body weight) were evaluated in a high fat diet (HFD)-induced obesity
C57BL/6 mice model for 54 days with dietary composition described in the section of
material and methods. BEE supplementation, along with an HFD, resulted in signifi-
cant changes in food intake and weight gain after day 24, compared to the control group
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(Figure 2). More specifically, by the last day of the experiment, there was no significant dif-
ference in food consumption between the control and BEE group (Figure 2a). Additionally,
BEE consumption significantly reduced weight gain compared to the control (Figure 2b).
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Figure 2. Changes in food intake (a) and body weight gains (b) before/after administration of BEE.
Male C57BL/6 mice had free access to a high fat diet (HFD) (30% fat) to induce the weight gain for
54 days. During an HFD administration for 54 days, BEE was orally administrated (0.3 g/kg-body
weight/day, peroral zonde injection) to BEE group C57BL/6 mice, 2 times per day (9–10 a.m. and
4–5 p.m.) with 0.15 g/kg-body weight each. Ten C57BL/6 mice were used for each group. Each
point represents mean ± S.D. (n = 10). Food intake and body weight levels were compared between
control (HFD) and treatment group (BEE) at each time point by unpaired Student’s t-test (* p < 0.05;
** p < 0.01).

By looking at specific parameters, we observed that although the initial weight of the
mice in the control and BEE groups were similar, a significant reduction was observed
at the end of the experiment in the BEE-treated animals when compared to the control
(HFD) (p < 0.01, Table 1). By estimating the changes from initial weight to final weight, BEE
supplementation reduced weight gain by around 35% compared to the control.

Table 1. Effects of BEE treatment on various parameters in C57BL/6.

Parameters
C57BL/6

HFD BEE

Initial body weight (g) 28.90 ± 1.66 28.90 ± 1.97
Final body weight (g) 45.26 ± 2.17 37.60 ± 2.60 **

Final body weight gain (g) 16.06 ± 2.44 9.40 ± 1.39 **
FER (%) † 8.70 ± 2.75 4.99 ± 1.63 **

Total cholesterol (mg/dL) 125.10 ± 11.42 112.26 ± 11.35
Triglyceride (mg/dL) 79.76 ± 5.60 52.36 ± 9.81 **

HDL Cholesterol (mg/dL) 38.34 ± 11.28 62.94 ± 13.06 *
LDL Cholesterol (mg/dL) 70.81 ± 8.62 38.85 ± 14.00 **

† FER, Feed efficiency ratio (%) = [Body weight gain (g)/Food intake (g)] × 100. Each experiment was compared
between control (HFD) and BEE administration group (BEE) at each time point by unpaired Student’s t-test
(* p < 0.05; ** p < 0.01).

Interestingly, after the 24th day, in the case of the BEE-administered group, food intake
increased, but compared to the HFD control group, the body weight decreased. These
results are considered to be related to the postprandial blood glucose rise inhibitory effect
of the arginyl-fructose (main key compound in BEE) reported in the previous study [12,13].
In addition to the regulation effect of BEE on adipogenesis/lipogenesis, it indicates that the
effect of inhibiting the absorption of ingested carbohydrates into the small intestine also
may act, giving a synergistic effect.
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Additionally, we observed that BEE administration significantly reduced the LDL
cholesterol (p < 0.01) and total triglyceride (p < 0.01) levels, and increased HDL cholesterol
(p < 0.05) when compared to the control (HFD) (Table 1, Figure 3). As shown in Table 2,
treatment with BEE also markedly decreased the weight of fat mass for each fat tissue
location (Table 2).
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or without administration of BEE. Each point represents mean ± S.D. (n = 10). Triglyceride, total
cholesterol, HDL, LDL contents were compared between control (HFD) and treatment group (BEE) at
each time point by unpaired Student’s t-test (* p < 0.05; ** p < 0.01).

Table 2. Effects of BEE treatment on various organs and adipose tissue weight in C57BL/6.

Parameters (mg/g)
C57BL/6

HFD BEE

Liver 40.892 ± 4.691 35.059 ± 3.917
Kidney 7.215 ± 0.458 8.321 ± 0.564 **
Cecum 3.433 ± 0.619 4.589 ± 1.084

Mesenteric fat 20.805 ± 1.276 15.337 ± 1.791 **
Retroperitoneal fat 11.945 ± 1.801 11.301 ± 2.289 *

Kidney fat 4.027 ± 2.347 3.177 ± 0.699
Subcutaneous fat 54.673 ± 8.099 33.792 ± 8.907 **
Epididymal fat 49.196 ± 5.720 37.537 ± 6.018 *
Small intestine 17.553 ± 1.853 21.095 ± 4.944

Each experiment was compared between control (HFD) and BEE administration group (BEE) at each time point
by unpaired Student’s t-test (* p < 0.05; ** p < 0.01).

Additionally, BEE administration resulted in a significant increase in the levels of the
hormone adiponectin (p < 0.01) (relevant to insulin sensitivity), TNF-α (p < 0.05), while
reducing leptin (p < 0.01) (suggesting improvement of leptin resistance) and insulin levels
(p < 0.01) when compared to the control (HFD) (Table 3).
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Table 3. Effects of BEE treatment on various obesity-related hormone and cytokine parameters
in C57BL/6.

Parameters
C57BL/6

HFD BEE

Adiponectin (µg/mL) 34.93 ± 8.46 54.81 ± 10.81 *
Leptin (ng/mL) 41.26 ± 8.60 22.19 ± 8.24 **
TNF-α (pg/mL) 31.00 ± 2.58 42.03 ± 9.09 *

IL-6 (µg/mL) 67.55 ± 14.84 41.92 ± 11.82 *
Insulin (µg/mL) 0.77 ± 0.08 0.48 ± 0.06 **

Each experiment was compared between control (HFD) and BEE administration group (BEE) at each time point
by unpaired Student’s t-test (* p < 0.05; ** p < 0.01).

2.3. BEE Administration Decreases the Expression of Adipogenesis/Lipogenesis-Related Genes in
Epididymal Fat Biopsy from C57BL/6 Mice

CEBPα, FAS, PPARγ, and SREBP-1c are the main key genes of fat metabolism and
are involved in the regulation of fat metabolism. Increased CEBPα expression is related to
adipocyte hypertrophy, impaired insulin signaling, and decreased glucose utilization [17].
It has been well reported that decreased FAS and PPARγ expressions are considered as
regulation factors of adipogenesis [18]. SREBP-1c participated in adipocyte differentiation
and adipogenesis is a major regulator of lipid homeostasis transcription [19]. Our obser-
vations demonstrated that PPARγ (p < 0.05) and C/EBPα (p < 0.001) mRNA levels were
significantly decreased with the administration of BEE (0.3 g/kg-body weight) (Figure 4b,d).
Additionally, we observed that BEE supplementation markedly decreased the expression
levels of key target lipogenic genes, fatty acid synthase (FAS) (p < 0.001), lipoprotein lipase
(LPL) (p < 0.01), and fatty acid binding protein 4 (FABP4) (p < 0.001), and sterol regulatory
element-binding protein 1c (SREBP-1c) (p < 0.01) (Figure 4a,c,e,f), an observation that corre-
lates with the reduced PPARγ and C/EBPα mRNA expression. The above lipid metabolism
results indicated that BEE treatment affected the gene and/or protein expression of CEBPα,
FAS, SREBP-1c, and PPARγ in C/57BL6 related to lipid metabolism.

2.4. BEE Administration Decreases the Fat Accumulation in the HFD-Induced C57BL/6 Mice

Our initial study with preadipocyte 3T3-L1 examined whether BEE treatment markedly
alleviates hepatic fat accumulation in HFD-induced C57BL/6 mice. We investigated the
liver weight of mice after 8 weeks of BEE administration. While the liver weight was found
to be increased in HFD mice, the BEE treatment prevented this increase in the HFD mice
(Figure 5b,c).

Diet-induced obesity through the administration of a western-type diet high in fat
and sugar to mice can result in a higher weight of adipose and liver tissues. The increased
adipose tissue weight can be due to hypertrophy (bigger cells) or hyperplasia (more cells)
of adipocytes, or a combination of both. Hematoxylin and eosin (H&E) staining of adipose
tissue sections was conducted to compare the sizes of the individual adipocytes.

For the BEE treatment group, the adipose tissue mass (subcutaneous and epididymal
fat) was significantly lower than the HFD group (Table 2). The difference in adipocyte size
was evident in H&E-stained samples of both normal control and HFD. Moreover, the BEE
treatment group’s adipose tissues showed smaller adipocytes than the HFD adipose tissue
(Figure 6b,c).
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Figure 4. RT, real-time PCR quantitative analysis of adipocyte differentiation-related genes expression
in the 3T3-L1. For real-time PCR, we used SYBR green mix with gene-specific primers ((a): fatty acid
synthase (FAS), (b): CEBP/α, (c): lipoprotein lipase (LPL), (d): PPARγ, (e): FABP4, and (f): SREBP-1c).
Each value is expressed as mean ± S.D. and is representative of at least three separate experiments.
Different letters indicate statistically significant differences between groups with one-way ANOVA
followed by Duncan’s test of p < 0.05. The results are expressed as the mean ± S.D (n ≥ 6). Statis-
tical significances from control group were determined by Student’s t-test (* p < 0.05, ** p < 0.01,
*** p < 0.001).
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3. Discussion

In this paper we present the anti-obesity effects of BEE in a rodent preadipocyte cell
line, 3T3-L1 cells, and also in a C57BL/6 mice model of HFD-induced obesity. Our findings
suggest the dose-dependent inhibition of lipid accumulation and 3T3-L1 preadipocyte
differentiation with BEE supplementation. Additionally, BEE decreased the expression
of PPARγ and C/EBPα, which are important transcription factors regulating adipocyte
metabolism, and also decreased the expression of their downstream target genes including
FABP4, LPL, and FAS. The latter genes are adipocyte-specific and are involved in maintain-
ing the adipocyte phenotype. Additionally, we confirmed that the tested doses of BEE do
not have any toxicity against 3T3-L1 cells.

The anti-obesity effect of BEE administration was evaluated in a mice model for
42 days and we observed that BEE supplementation decreased body weight compared to
the control without a significant difference in food intake. In addition, BEE administration
reduced the levels of triglycerides, total cholesterol, and LDL cholesterol levels while
increasing the HDL cholesterol level.

Dietary fat intake and obesity have been strongly correlated through numerous epi-
demiological studies [20]. Hypertrophic adipocytes and the dysfunction of adipose tissue
are the main obesity characteristics. Reducing the uptake of dietary lipids in adipocytes can
result in elevated triglycerides and reduced HDL cholesterol levels. It has been well-defined
that adipocyte differentiation is characterized by the increased expression of PPARγ and
C/EBPα [21]. We observed that BEE treatment significantly reduced levels of PPARγ and
C/EBPα. We also observed a significant reduction in FABP4, FAS, and LPL gene expression.
The correlation between PPARγ and C/EBPα and lipogenesis has been well-defined, but
our findings further confirm it. Our findings in the animal trial suggest that BEE can
result in reduced body weight, triglyceride, and total cholesterol while increasing HDL
cholesterol. Based on these observations, we suggest that BEE can possibly be used as a
weight management strategy through adipogenesis inhibition.

Adiponectin is a hormone secreted by adipocytes that plays an important role in
maintaining lipid homeostasis. Adiponectin is secreted from adipose tissue and binds to
adiponectin receptors (adipoR1 and adipoR2) in the liver, enhancing insulin sensitivity
while maintaining low levels of lipids in the liver through controlling lipogenesis, and in-
creasing β-oxidation through the activation of AMP protein kinase. Obesity downregulates
adiponectin secretion, leading to excessive lipid accumulation including triglyceride and
LDL cholesterol. As a result, higher levels of adiponectin are important in the prevention of
obesity. Our observations suggest that BEE administration increases the adiponectin levels,
which can be an additional mechanism for the weight gain reduction effect observed in
this study.

Leptin is a hormone produced by the adipose tissue and communicates the state
of body energy repletion to the central nervous system (CNS) in order to suppress food
intake and permit energy expenditure [22–24]. Most obese individuals exhibit elevated
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circulating leptin levels commensurate with their adipose mass, a condition defined as
leptin resistance [25]. In our study we observed that leptin levels were higher in the HFD
group when compared to the BEE group. This suggests that leptin resistance might have
developed in the HFD group and not in the BEE-treated group, indicating that BEE prevents
the development of leptin resistance. This could be another mechanism for the observed
weight management effects of BEE supplementation.

In conclusion, BEE administration reduces weight gain and body fat accumulation
in a mouse model. Our observations provide strong supporting evidence for additional
studies to better define the potential weight management effect of BEE. Here we report a
mechanism through the management of adipocyte differentiation and adiponectin secretion.
Our previous research results related to arginyl-fructose, a major active ingredient in BEE,
were that AF showed a calorie-restriction effect [12,13]. Considering this, AF, the main
component of BEE, also inhibited the activity of α-glucosidase in the small intestine and
blocked the absorption of disaccharides, which may have a synergistic effect on the anti-
adipogenesis/obesity efficacy, resulting in a statistically significant decrease in weight
gain. In the future, it is important to determine how BEE might affect glucose and lipid
metabolism in various relevant tissues, such as skeletal muscle and the liver.

4. Materials and Methods
4.1. Materials

Arginyl-fructose (AF)-enriched barley powder (BEE) was purchased from Kunpoong
Bio Co., Ltd. (Jeju, Korea). Corn starch, casein, vitamin mix, mineral mix, calcium phos-
phate, and sodium chloride were purchased from Raon Bio (Yonginsi, Korea). Total choles-
terol and total glyceride kits were purchased from Stanbio laboratory (Boerne, TX, USA). Un-
less noted, all chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). The
fast SYBR real-time PCR master mix, Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), bovine calf newborn serum (BCS), penicillin-streptomycin (p/S), and
trypsin-EDTA were obtained from Life Technologies (Grand Island, NY, USA). Adiponectin
ELISA kit was purchased from Thermo Fisher Scientific (Invitrogen, Carlsbad, CA, USA).
3T3-L1 cells (ATCCV®CL-173TM) were used below passage 12. 3T3-L1 preadipocytes
were propagated and cultured in DMEM medium supplemented with 10% BCS and 1%
P/S until confluent and maintained for additional 2 days and differentiated as reported
previously [26] with or without BEE.

4.2. Sample Preparation

In order to obtain an arginyl-fructose (AF)-enriched barley powder (BEE) sample,
gelatinization was performed at 80 ◦C for 1 h in 500 L distilled water after milling and pul-
verizing of 25 kg of barley. Then, 50 mL of a triple complex enzyme (AMG® glucoamlyase,
Viscoflow® MG, Pectinex® (1:1:1 ratio), Bagsvaerd, Denmark) and 5.9 kg of citric acid were
added and reaction was performed at 60 ◦C for 18 h. Arginine (14.9 kg) was added to adjust
the neutral pH. To maximize the content of the Amadori derivative, heating was carried
out at 95 ◦C for 4 h. Filtration of mixture was carried out using a filter paper, and 54.2 kg of
dextrin was added. To obtain Amadori derivative containing barley powder, spray drying
followed at 170 ◦C. AF content in BEE was 22%, approximately.

4.3. Determination of Cell Viability and Morphometric Analysis

The effects of BEE on 3T3-L1 cell viability were determined using an established MTT
assay. Briefly, the 3T3-L1 preadipocytes cells were seeded at a density of 1 × 104 cells
per well in a 96-well plate and incubated in culture medium at 37 ◦C for 24 h to allow
at-tachment. The attached cells were either untreated control or treated with 250, 500, or
750 µg/mL of BEE at 37 ◦C for 48 h. After 48 h of incubation, the cells were washed
with phosphate-buffered saline (PBS) prior to the addition of MTT (0.5 µg/mL PBS) and
incubated at 37 ◦C for 2 h. Formazan crystals were dissolved with dimethyl sulfoxide
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(100 µL/well) and detected at OD570 with a model Emax (Molecular Devices, Sunnyvale,
CA, USA).

Fresh dissected mice epididymal adipose and liver tissue samples (n = 5) were fixed
by immersion in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at
4 ◦C. Samples were then washed in phosphate buffer and dehydrated in a graded series
of ethanol, cleared in xylene, and embedded in paraffin blocks. Five-micrometer-thick
sections of the tissues were stained with hematoxylin and eosin to assess morphology.
Images from light microscopy were digitalized and the diameters of at least 100 adipocytes
of each section were determined using Axio Vision software (Carl Zeiss Imaging Solutions).

4.4. Oil Red O (ORO) Staining

To determine the degree of differentiation as measured by intracellular lipid content,
ORO was performed as previously described [27]. Briefly, 3T3-L1 preadipocytes were cul-
tured in DMEM/high-glucose medium containing 10% calf serum until confluent (day −2)
and maintained for an additional 2 days (until day 0). Differentiation was induced on
day 0 by the addition of 0.5 mmol/L methylisobutylxanthine, 1 µmol/L dexamethasone,
1.0 µg/mL insulin, and 10% fetal bovine serum (FBS) in DMEM. After 48 h (day 2), the
medium was replaced with DMEM containing 1.0 µg/mL insulin and 10% FBS. Medium
was changed every 2 days thereafter until the cells were collected for analysis [18]. BEE
was reconstituted as 1000 µg/mL stock solutions in DMSO (dimethyl sulfoxide) and added
at the indicated concentrations on day 0. Cells were cultured with BEE until cells were
collected for analysis. After 8 days of differentiation, 3T3-L1 adipocytes were washed
with 4% paraformaldehyde once and fixed with 4% paraformaldehyde for 20 min at room
temperature. Cells were then washed with 60% isopropanol once and stained with diluted
Oil Red O solution for 30 min. After photographing the stained cells, the dye retained in
3T3-L1 cells was eluted with 100% isopropanol and the absorbance was measured by a
microplate reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA) at 490 nm.

4.5. Quantitative Real-Time PCR

RNA was isolated with TRIzol® plus RNA purification kit according to manufacturer’s
protocol (Life Technologies, Grand Island, NY, USA). One microgram of total RNA was used
to synthesize cDNA using Revert Aid First Strand cDNA Synthesis kit (Thermo Scientific,
Waltham, MA, USA). The reaction was performed with Fast SYBR® Green Master Mix
containing 1 µM of primer pair and 100 ng of cDNA under 40 cycles with each of 95 ◦C for
1 sec and 58 ◦C for 20 s. Relative levels of the target mRNA expression were determined by
ViiATM 7 real-time PCR system (Life technologies, Grand Island, NY, USA), normalized to
GAPDH calculated with the 2−(∆∆nd) method. The primer sequences are listed in Table 4.
All the results were normalized to the housekeeping gene, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), to control for variations in mRNA concentrations. Relative
quantification was performed using the comparative delta-delta Ct method according to
the manufacturer’s instructions (Applied Biosystems).

4.6. In Vivo Experimental Design

Five-week-old male C57BL/6 mice were purchased from Joongang Experimental
Animal Co. (Seoul, Korea) and fed a high fat diet (30% fat) (Table 5) for 54 days. After
3 days the normal diet (Pico 5053) was switched to a high fat diet (HFD) (Oriental Bio. Co.,
Seongnam, Korea) for 54 days. During the HFD administration for 8 weeks, C57BL/6 mice
were divided into two groups, one group received HFD and the second group received HFD
with BEE. BEE was orally administrated 2 times a day (9–10 a.m. and 4–5 p.m.). Distilled
water (D.W.) was used as a vehicle for a solution of the experimental compound, BEE. In
a control group, D.W. was used as a vehicle for oral administration without BEE using a
zonde injection needle. The dose of each BEE administration was 0.15 g/kg-body weight,
yielding a final dose of 0.3 g/kg-body weight/day. The animals were housed in individual
cages in a room with a 12 h light/dark cycle (lights on from 06:00 h) with 50%± 7% relative
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humidity. In this study, ten C57BL/6 mice were used for each group. The experimental
protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of
the Hannam University (Approval number: HNU2020-0014). The mice had free access to
water throughout the experimental period. The mice were anesthetized with pentobarbital
and sacrificed, and blood was collected and serum was processed and stored at −80 ◦C
until used. The retroperitoneal, mesenteric, kidney, subcutaneous, and epididymal fat
tissue depots were rapidly removed and weighed. Samples for RNA and protein analysis,
and for DNA quantification were immediately frozen in liquid nitrogen and stored at
−70 ◦C until analysis.

Group I: Control.
Group II: BEE 0.3 g/kg-body weight/day.

Table 4. Primer for real-time quantitative PCR.

Genes Primer Sequences

Accession Number Forward (5′-3′) Reverse (5′-3′)

GAPDH
CGTCCCGTAGACAAAATGGT TTGATGGCAACAATCTCCACNM_008084

PPARγ
GAAAGACAACGGACAAATCACC GGGGGTGATATGTTTGAACTTGNM_011146

C/EBPα
TTGTTTGGCTTTATCTCGGC CCAAGAAGTCGGTGGACAAGNM_007678

FABP4
AGCCTTTCTCACCTGGAAGA TTGTGGCAAAGCCCATCNM_024406

FAS
TGATGTGGAACACAGCAAGG GGCTGTGGTGACTCTTAGTGATAANM_007988

SREBP-1c
ACGGAGCCATGGATTGCACA AAGGGTGCAGGTGTCACCTTNM_011480

LPL
GGACGGTAACGGGAATGTATGA TGACATTGGAGTCAGGTTCTCTCTNM_008509

PCR, polymerase chain reaction; PPARγ, peroxisome proliferator-activated receptor γ; C/EBPα, CCAAT/enhancer
-binding protein α; FAS, fatty acid synthase; SREBP-1c, sterol regulatory element-binding protein-1c;
LPL, lipoprotein lipase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Table 5. Composition of high fat diet (g/kg).

High Fat Diets (g/kg)

Corn starch 321
Sucrose 100
Casein 200

Corn oil 100
Lard 200

Cellulose 30
DL-methionine 2
Vitamin mix (1) 10
Mineral mix (2) 35

Choline bitartrate 2
(1) Vitamin mixture: AIN-93VX; (2) Mineral mixture: AIN-93G.

4.7. Blood Analysis

The plasma total cholesterol and total glyceride concentration was measured using a
kit (Stanbio lab., Boerne, TX, USA). Serum adiponectin levels in SD rats were detected by
ELISA kit (Invitrogen, Carlsbad, CA, USA).

4.8. Statistical Analysis

Statistical analyses were carried out using the statistical package SPSS 10 (Statistical
Package for Social Science, SPSS Inc., Chicago, IL, USA) program and significance of each
group was verified with the analysis of One-way analysis of variance (ANOVA) followed by
the Duncan’s multiple range test of p < 0.05 and the Student’s t-test for comparison of means.
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Abstract: Electric cell–substrate impedance sensing is an advanced in vitro impedance measuring
system which uses alternating current to determine behavior of cells in physiological conditions. In
this study, we used the abovementioned method for checking the anticancer activities of betulin and
betulinic acid, which are some of the most commonly found triterpenes in nature. In our experiment,
the threshold concentrations of betulin required to elicit antiproliferative effects, verified by MTT and
LDH release methods, were 7.8 µM for breast cancer (T47D), 9.5 µM for lung carcinoma (A549), and
21.3 µM for normal epithelial cells (Vero). The ECIS results revealed the great potential of betulin
and betulinic acid’s antitumor properties and their maintenance of cytotoxic substances to the breast
cancer T47D line. Moreover, both substances showed a negligible toxic effect on healthy epithelial
cells (Vero). Our investigation showed that the ECIS method is a proper alternative to the currently
used assay for testing in vitro anticancer activity of compounds, and that it should thus be introduced
in cellular routine research. It is also a valuable tool for live-monitoring changes in the morphology
and physiology of cells, which translates into the accurate development of anticancer therapies.
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1. Introduction

Routine analysis carried out on cell lines usually allows for the assessment of one pa-
rameter at the same time, such as the number, morphology, and phenotype of cells, as well
as the viability and metabolic activity of the cell, the synthesis of intracellular transcription
factors, or the release of many regulatory proteins. The impedance method seems to be
a promising, non-invasive technique for studying cells and their morphological changes
caused by various stimuli. Giaever and Keese were the pioneers of this technique. They
developed electric cell–substrate impedance sensing (ECIS) as a continuous monitoring
system to study cell behavior using a real-time and label-free method [1–3]. These mea-
surements detect changes in the morphology of the cells, which, in turn, are derived from
specific metabolic processes. In this system, electrodes are used to apply low alternating
current. Those electrodes which measure the voltage change are mounted at the bottom of
a standard matrix. When the cells attach to the matrix and electrodes, they act as insulators,
increasing impedance. The flow of the current is hindered depending on the number of cells
covering the electrode, cells’ shape, and the type of cells attached to the electrode surface.
The structure design of the ECIS measuring system includes (Figure 1): two electrodes
(one is a small working electrode and the other a large counter electrode on the bottom
of the culture plate) connected to the edge of a culture chip—the chip is connected to the
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lock-in amplifier. The whole setup is placed inside an incubator in steady conditions of
37 ◦C and under a 5% CO2 atmosphere. After cell seeding, cells drift downward and attach
to the stratum of the electrode, which then passes the impeded current directly into the
bulk electrolyte as the result of anchored plasma membrane intrusion above the electrode
surface [1,4,5].
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In this system, frequency is a very important factor. At low frequencies (<2000 Hz),
the majority of the current flows between the cells. At high frequencies (>40,000 Hz), most
of the current flows directly through the isolated cell membranes. The impedance at high
frequencies is affected more significantly by the cell membrane, while at low frequencies,
the response is more dependent on the space below and between cells [2,4,6].

ECIS is capable of detecting morphology changes in the subnanometer to micrometer
range. In ECIS, a small alternating current (I) is applied across the electrode pattern at the
bottom of the ECIS arrays (a direct current (DC) cannot be used). This results in a potential
(V) across the electrodes which is measured by the ECIS instrument. As cells grow and
cover the electrodes, the current is impeded in a manner related to the number of cells
covering the electrode, the morphology of the cells, and the nature of the cell attachment.
When cells are stimulated to change their function, the accompanying changes in cell
morphology alter the impedance. The data generated are impedance versus time [1,7,8].

Ohm’s law is the basis for the measurement of the electrical impedance of biological
objects (Formula (1)), which describes the relation between resistance (R), current (I), and
voltage (U) in an electrical circuit at a given time (t):

R(t) = U(t)/I(t) (1)

However, it should be noted that within the AC system, current and voltage not
only differ in their amplitude but also their phase (ϕ). In this case, resistance alone is
not sufficient to describe these relations. Instead, the complex impedance (Z) or, in most
cases, the magnitude of the impedance (|Z|) is used, containing resistance plus reactance
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(X), which results from AC flow through capacitors and inductors driving the phase shift
between voltage and current [9,10].

Thus, in AC systems:
|Z(f)| =

√
[R2 +X(f)2]

ϕ = arctan (X/R)
(2)

Due to the characteristics of cell membrane, when performing impedance measure-
ments on intact cells, the cells form connections with the resistor and the capacitor, in
parallel. Here, resistance represents the opposition to current flow, whereas capacitance (C)
describes the separation of electric carriers at the insulating bilayer of the cell membrane
that causes polarization of the cell. The direct parameters derived from impedance mea-
surements are the resistance and capacitance of cells. The quality and function of the cell
barrier are represented by the resistance and, therefore, the resistance towards para- and
trans-cellular current flow should be considered. Capacitance provides an overall measure
of electrode coverage [9,11,12].

Therefore, the different behavior of the cells after their seeding, adherence, prolifera-
tion, and reaction to the substances added to the substrate, as a result, produces a change
in impedance. To check whether the ECIS method would be a good method for assessing
antiproliferative and anticancer activity, we chose compounds belonging to the triterpene
family: betulin and betulinic acid. Betulin (BE; lup-20(29)-ene-3β,28-diol) and betulinic
acid (BA; 3β-hydroxy-lup-20(29)-en-28-oic acid) belong to triterpenes and are found in
the outer layer of the bark of white birch species such as Betula alba, Betula verrucasa, or
Betula pendula [13]. The most important pharmacological activity of these triterpenoids
is the inhibition of the development of some chemo-resistant tumors, such as melanoma
or gliomas [10,14–17]. Although BE and BA are very similar in structure, there is a major
difference in their cytotoxic activity—BA is less cytotoxic to healthy cells than BE [18]. How-
ever, both of them are characterized by a lack of toxicity both in vitro and in vivo within
normal cells, and that is the reason why BE and BA are considered potential precursors of
many new medicinal preparations [14,19,20].

This study aimed to determine whether the anticancer effects of betulin and betulinic
acid on human lung carcinoma (A549) and human breast carcinoma (T47D) lines can be
determined by the ECIS method, or only by common tests such as MTT or LDH. We chose
such a configuration of cancer cell lines because lung cancer usually metastasizes to the
nipple first [21]. For the Vero cell line, non-pathological epithelial cells served as a control
for the experiment.

2. Results
2.1. The MTT Results

To examine whether BE and BA have cytotoxic activity in chosen cell line types, we
first assessed their effect on the viability of cell lines with an MTT assay during a 48 h
culture period. As shown in Table 1, BE inhibited cell growth in T47D, A549, and Vero
cells with an IC50 of 7.8, 9.5, and 21.3 µM, respectively. BA, a structure-related derivative
of betulin, showed a potent antiproliferative effect with lower IC50 values in the same cell
lines (5.4, 6.9, and 18.6 µM, respectively), indicating that betulin has a mechanism slightly
distinct from BA in the inhibition of cell growth.

Table 1. IC50 values of BE and BA on T47D and A549 cell lines as determined during 48 h period of
MTT assay, using non-linear, four-parameter regression analysis.

IC50 (µM)

Compound/Cell Line T47D A549 Vero

BE 7.8 9.5 21.3
BA 5.4 6.9 18.6

201



Molecules 2022, 27, 3150

2.2. The LDH Results

To obtain a reliable IC50 value of BE and BA towards a Vero cell, we applied another
cytotoxicity test but, this time, using a different mechanism of action to MTT. Vero cells
were treated with increasing doses of BE and BA, ranging from 1 µM to 100 µM during a
48 h culture period. LDH release was observed after 48 h of BE and BA treatment, and this
release was significantly increased with 20 µM of betulin and betulinic acid (Figure 2). The
LDH assay revealed that both compounds caused modest cytotoxicity in normal Vero cell
culture, consistent with the results obtained from the MTT assay. Accordingly, 20 µM of BA
and BE were used in further studies concerning Vero cell lines.
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2.3. The ECIS Results

Using the ECIS system, we monitored selected cell lines (T47D, A549, and Vero) contin-
uously for up to 72 h and noted significant changes in impedance after the administration
of appropriately selected concentrations of BE (8, 10, and 20 µM) and BA (5, 7, and 20 µM).
Based on the obtained results, it can be noted that both substances affect electrical parame-
ters during cultivation in a different mode (Figure 3). Every cell type has its characteristic
adhesion and growth curve that can be manipulated by stimuli such as the chemical struc-
ture or concentration of substances in the medium. As made clear at the starting phase
(cell attachment), the impedance increased in all cell cultures: A549 (Figure 3a), T47D
(Figure 3b), and Vero (Figure 3c) cells, and it grew even further (negative control). After the
addition of BE and BA, the impedance increase was insignificant for the A549 line, whereas
recorded impedance values of the T47D line treated with BE showed a sharp decrease in
impedance values and a slight decrease when treated with BA, followed by a linear increase
in values for both cases. A similar trend of impedance value changes was observed for the
Vero line.

Moreover, to present the influence of a well-known cytotoxic substance on the Vero
cell line, rotenone was used. Cell viability was assessed after 48 h of incubation by the MTT
assay (Figure 4a); then, two concentrations were used for ECIS monitoring (Figure 4b). The
influence of a lower concentration of rotenone was characterized by a slow decrease in
impedance, while treatment with a higher concentration resulted in an immediate decrease
in impedance.
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3. Discussion

Explaining the relationship between changes in electrical parameters in cell cultures
and the processes influencing its survival seems to be an interesting challenge. No matter
how satisfactory this answer might be, in the face of new technical possibilities (such as
ECIS) and assuming that changes in the electrical properties of cells precede changes on
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the biochemical level, it would be very interesting to examine the character and dynamics
of these changes. It is possible only with the monitoring of selected electrical parameters,
i.e., the impedance, resistance, and capacity of the cell membrane, in real time and after the
application of chosen bioactive compounds to the examined cell lines [9–11,22].

Drug discovery and screening of bioactive compounds are often performed in cell-
based test systems to reduce costs and save time. Traditionally, microscopy, spectrophotom-
etry, and flow cytometry techniques are used to examine cell cultures. The abovementioned
methods are considered standard in studies conducted on cell cultures. While these
methods may provide insight into the physiological function of every single cell or into
pathological changes that could have occurred, they usually require fluorescence, chemilu-
minescence, or radioactive ways of marking, which lead to cell destruction. The marking
process causes the loss of important biological information about living cells [23,24]. ECIS
is an innovative and non-invasive method used to monitor cell parameters such as cell
membrane capacity, resistance, or impedance in real-time analysis. Additionally, ECIS
measurements provide information about temporal changes in the cell–cell contacts which
are not available for single-cell observations. Depending on the experimental setup, ECIS
measurements show an excellent time resolution, ranging from seconds (for example, mi-
cromotion) to minutes. So far, this technique has been successfully used in the study of
cell viability, the determination of IC50, and the influence of various biological factors on
cellular processes [25,26].

Previous studies have reported that BE and BA have an anticancer effect in human
lung or breast cancer cell lines. In our experiment, we also confirmed the antiproliferative
activity of these compounds on such lines, and our obtained IC50 values are in agreement
with the literature [17,27,28] on the matter. Comparisons made using IC50 (Table 1) showed
that the most sensitive cell line to BA and BE was T47D (breast carcinoma). This agrees with
the results obtained by other authors [17,29]. Results regarding ECIS are rather similar, but
their analysis allows us to observe the accurate influence of BE and BA on cells. Based on
impedance measurements in the cultures of the examined cells exposed to BE, significant
differences in the impedance values were observed. Likewise, the A549 line was the most
sensitive to the action of BE. After BE addition, further cell growth was stopped rapidly
compared to the negative control and lasted until the end of incubation, which indicates
the antiproliferative effect of the test substance on these cells. If we compare the effect of
BE on A549 cells, it can be seen that, unlike with betulin, the effect of betulinic acid on these
cells cannot be demonstrated.

In the case of T47D cells (Figure 3b), the effect of BE was slightly different. After
substance addition, a gradual but significant drop in impedance and, subsequently, a slow
and linear growth was observed. Given that during the experiment the medium was not
exchanged, the drop in impedance in the negative control cultures reflects the increase in
cell deaths associated with the depletion of nutrients and the accumulation of metabolites.
Therefore, the effect of betulin appears to be all the more interesting since, according to the
results, it seems to prolong the life of T47D cells. On the other hand, BA had a pronounced
and efficiently antiproliferative effect on T47D cells.

The effects of BE and BA on the cells of the Vero line are similar (Figure 3c) to those
of T47D cells, although the increase in cell proliferation is greater, demonstrating the
tolerance of these cells towards BE and BA, which was also confirmed with other normal
lines [14,19,20]. Rotenone—an inhibitor of complex I of the electron transport chain (ETC)—
was used as a positive control at two concentrations, which is a good example to illustrate
the changes in impedance when a toxicant is used at concentrations higher than the IC50.
Rotenone use at the 10 µM level caused an immediate decrease in the impedance value,
proving a strong antiproliferative effect which was also confirmed by the MTT test.

The literature surrounding the study suggests that the selective cytotoxic activity
of BE and BA may result from their direct influence on the mitochondrial bioenergetics
and functioning of the lipid membrane. A well-known feature of neoplastic cells is their
intensive proliferation, which means the intensification of their energy changes. Mito-
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chondria lie at the centers of these changes, so the fate of the cell depends on their proper
functioning. Although BE and BA are structurally similar, differing only in the substituent
at C-17, they may act differently on the same cell type, for example, inducing the release
of cytochrome C from the mitochondria in different ways [30]. Aside from this, possible
triterpene–lipid interactions should also be considered. Rodrıguez et al. showed that penta-
cyclic monohydroxytriterpenes affect the dynamics and structural properties of the artificial
lipid bilayer dipalmitoylphosphatidylcholine (DPPCB) and that some of the triterpenes,
such as α-amyrin, are incorporated into the lipid bilayer at the same high concentrations as
cholesterol [31]. The susceptibility of steroid-like compounds to incorporation into the arti-
ficial lipid membranes of multilamellar liposomes of DPPCB is strongly dependent on their
structure [32,33]. Thus, the hypothesis for the existence of interactions between triterpenes
and cellular membrane lipids (their having an ordering or destabilizing influence on the
lipid components of the membrane) does not seem unfounded. Few studies focused on
the structural similarity of BE and BA with cholesterol [33,34]. It is widely recognized that
one of the most important structural functions of cholesterol is modulating the fluidity of
lipid membranes. By blending in between the elastic membrane phospholipids, it modifies
their interactions, consequently modulating the dynamics of the bilayer [35–37]. A similar
effect is attributed to BE and BA: it is presumed that, due to their structural similarity to
cholesterol, they may exhibit similar properties to the aforementioned cholesterol or to
other steroids and thus show a very high affinity for lipid cell membranes. Nevertheless,
the effect on the membranes may not be the same. Dubinin et al. reported that BE changes
the surface properties of the lipid membrane, facilitating its aggregation or fusion. Further-
more, BE and BE can react with mitochondrial permeability transition (MPT) pores in the
mitochondria [38]. Carvalho et al. came to similar conclusions on the effect of BE on the
plasticity of lysosomal membranes [39]. Moreover, lipid membranes are mainly made of
cardiolipin and have low cholesterol levels. Consequently, their activity may be disturbed
by an excess of BE or BA, which could explain their cytotoxicity [33,34].

To sum up, it must be realized that a cytotoxic compound in one cell line may well be
much less active or even inactive in other cell lines, even within the same cancer type. The
antiproliferative effect of the compound may also depend on the particular phase of the cell
cycle. Therefore, there may be some differences in its properties. In our opinion, for precise
measurements of cell viability (e.g., the cytotoxicity of tested compounds), it is worth
comparing two or more different vitality tests, e.g., MTT and LDH with the ECIS method.
It should be emphasized that the widely used MTT test (which allows for measuring the
activity of energy transformations in mitochondria) should be used with caution, since
many living cells may not show oxidative activity in mitochondria. Additionally, MTT was
reported to interact with thiol-containing antioxidants [40], plant extracts [41], and other
biologically relevant substances [42], leading to false positive endpoint measurements.
Therefore, it is very important to select appropriate research methods to best capture the
changes taking place in cells as a result of the action of the tested compounds, as well as to
develop and implement them.

4. Material and Methods
4.1. Preparation of Betulin and Betulinic Acid

Both betulin and betulinic acid with purity >99% and rotenone with purity >95% were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions of betulin (100 mM),
betulinic acid (100 mM), and rotenone (1 mM) were prepared in DMSO (Sigma-Aldrich,
St. Louis, MO, USA) and stored at −20 ◦C.

4.2. Cell Lines Cultures

Human lung carcinoma (A549) and human breast carcinoma (T47D) were obtained
from the European Collection of Cell Cultures and were cultured in RPMI-1640 media,
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, Waltham, MA,
USA), penicillin G (100 U/mL) (Sigma-Aldrich, St. Louis, MO, USA), and streptomycin
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(100 µg/mL) (Sigma-Aldrich, St. Louis, MO, USA). Cultures were kept at 37 ◦C in a hu-
midified atmosphere of 95% air and 5% CO2. The control group was a Vero (fibroblast-like
kidney from African green monkey) cell line obtained from Sigma-Aldrich and cultured
in DMEM (Sigma-Aldrich, St. Louis, MO, USA), supplemented with L-glutamine (Gibco,
Waltham, MA, USA) and 10% heat-inactivated fetal bovine serum (FBS, Gibco). All ex-
amined cell lines were tested against mycoplasma contamination with microbiological
assays.

4.3. The Cell Proliferation Assay—MTT Assay

The cell viability was assessed by employing a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Roche, Basel, Switzerland) in which the yellow
tetrazolium salt was metabolized by viable cells to purple formazan crystals. T47D, A549,
and Vero cells were seeded on 96-well microplates (Nunc) at the density of 1 × 104 cells/well
and left for 24 h. The next day, the culture medium was removed and the cells were
exposed to serial dilutions (0, 1, 5, 10, 20, 40, 50, 75, and 100 µM) of BE and BA made in
a serum-free medium, for 48 h. Additionally, the Vero cell line was exposed to rotenone
in concentrations: 0.1, 1, 10, 100 nM, 1, and 10 µM. Each compound in each concentration
was tested in triplicate. Next, the cells were incubated for 4 h with 20 µL of MTT solution
(5 mg/mL). The formazan grains formed by viable cells were solubilized with 200 µL of
DMSO, and the color intensity was measured at a 570 nm wavelength. The results were
expressed as an IC50—the concentration of compound (in µM) that inhibits the proliferation
rate of the tumor cells by 50%, as compared to the untreated control cells. For further
experiments, values close to the IC50 concentrations of BE and BA were chosen for each
line. The experiment was performed in three independent repetitions.

4.4. Cytotoxicity Assay—LDH Assay

A cytotoxicity detection kit based on the measurement of lactate dehydrogenase
activity was applied (Tox-7, Sigma). The assay is based on the reduction of NAD by the
action of lactate dehydrogenase released from damaged cells. The resulting NADH is
utilized in the stoichiometric conversion of a tetrazolium dye. To evaluate the effect on
normal cell viability, Vero cells were treated with increasing doses of BE and BA, ranging
from 1 µM to 100 µM during a 48 h culture period. Next, cells were collected and incubated
with substrate mixture for 30 min at room temperature, in the dark. In the end, the
reaction was terminated by the addition of 1 N HCl, and the color product was quantified
spectrophotometrically at a 450 nm wavelength.

4.5. Impedance Sensing Assay—ECIS Assay

The ECIS system’s Ztheta instrument (Applied Biophysics Ltd., Troy, NJ, USA) was
used to measure the impedance. It contained two separate units: the station controller Zθ,
located outside the incubator, and a docking station containing two 8-well plates, which
were placed in the incubator space. The standard 8-well ECIS disposable arrays consist of
gold film electrodes delineated with an insulating film and mounted on a 20 mil optically
clear Lexan® polycarbonate substrate. The eight-well top assembly is made of polystyrene.
The gold layer is sufficiently thin (approx. 50 nm) to allow microscopic observation of the
cells using a standard inverted tissue culture microscope. Each well has a surface area for
cell attachment and growth of ~0.8 cm2 and holds a maximum volume of about 600 µL.
Gold pads at the edge of the array connect electrodes to the ECIS electronics via contact
with spring-loaded pins within the electrode array station. The electrodes used were 8W10E
(Applied Biophysics Ltd., Troy, NJ, USA), which comprised 8 wells and 10 active electrodes
in each well. ECIS electrodes were placed in a holder plate in a humid incubator at 37 ◦C
and 5% CO2. Prior to inoculation, the arrays were incubated for 24 h with DMEM (Vero
cells) and RPMI (A549, T47D cells) in the incubator overnight. Following stabilization,
the array was removed from the array station and inoculated with cells. Inoculation of
arrays was carried out by 600 µL/well of cell suspension ~1.2 × 105 cells/mL. After 24 h,
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the examined compounds were added to inoculated wells in concentrations presented in
Table 1, which were selected based on the MTT and LDH experiments’ results.

After cell manipulation, the matrix holder was placed in an incubator, and real-time
measurements were initiated. The maximum response for Z, R, and C occurred at different
frequencies. In this study, the default optimal frequencies were used: resistance (R) 4000 Hz,
impedance (Z) 32,000 Hz and capacitance (C) 64,000 Hz. The changes in cellular behavior
in response to the compound were recorded as impedance signals, and the data obtained
were processed through ECIS software (Applied Biophysics Ltd., Troy, NJ, USA). After
cell stimulation with the tested substance, the morphological changes that followed were
expressed in the impedance values measured with the ECIS system.

5. Conclusions

Our study, with the use of lung (A549) cancer, breast (T47D) cancer, and normal
epithelial cells (Vero), confirmed the possibility and justification of using the ECIS technique
in anticancer in vitro research. Due to its non-destructive measurements, ECIS allowed for
further cell testing after the end of the experiment. An unquestionable advantage is the
live-tracking of changes in cell morphology, which reflects the processes of proliferation
or cytotoxicity. Therefore, the ECIS method can be successfully used as a replacement
or in combination with the commonly used colorimetric assays for cell viability testing,
which could be translated to develop better treatment protocols and obtain the best possible
cytotoxicity effect against cancer cells in time.
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Abstract: Many mushroom species are consumed as food, while significant numbers are also utilised
medicinally. Mushrooms are rich in nutrients and bioactive compounds. A growing body of in
vitro, in vivo, and human research has revealed their therapeutic potentials, which include such
properties as anti-pathogenic, antioxidant, anti-inflammatory, immunomodulatory, gut microbiota
enhancement, and angiotensin-converting enzyme 2 specificity. The uses of medicinal mushrooms
(MMs) as extracts in nutraceuticals and other functional food and health products are burgeoning.
COVID-19 presents an opportunity to consider how, and if, specific MM compounds might be utilised
therapeutically to mitigate associated risk factors, reduce disease severity, and support recovery. As
vaccines become a mainstay, MMs may have the potential as an adjunct therapy to enhance immunity.
In the context of COVID-19, this review explores current research about MMs to identify the key
properties claimed to confer health benefits. Considered also are barriers or limitations that may
impact general recommendations on MMs as therapy. It is contended that the extraction method
used to isolate bioactive compounds must be a primary consideration for efficacious targeting of
physiological endpoints. Mushrooms commonly available for culinary use and obtainable as a dietary
supplement for medicinal purposes are included in this review. Specific properties related to these
mushrooms have been considered due to their potential protective and mediating effects on human
exposure to the SARS CoV-2 virus and the ensuing COVID-19 disease processes.

Keywords: COVID-19; β-glucans; immunomodulation; anti-inflammation; anti-oxidant; ACE2
regulation

1. Introduction

Mushrooms have long been regarded as healthful and widely consumed for their
culinary and nutritional values. Some species have an ancient tradition as medicinal ther-
apies, and increasingly, this is being realised in a contemporary context [1,2]. However,
until recently, the scientific understanding of mushrooms’ application as a medicinal agent
has been chiefly empiric [3]. Interest in advancing the health properties and pharma-
cological activities means that clinical research is growing, and much of the traditional
knowledge is being documented and validated [4]. Indeed, there is an interdisciplinary
field of science studying medicinal mushrooms (MMs), with an increasing number of
human studies emerging. This, along with industry technological developments, means
that some mushrooms are now regarded as a class of drugs called “mushroom pharmaceu-
ticals” [1]. Physiological activities revealed from numerous studies include anti-pathogenic,
antioxidant, anti-inflammatory, immunomodulatory, and anticoagulation effects, plus gut
microbiota enhancement, pulmonary cytoprotection, and angiotensin-converting enzyme
(ACE) 2 specificity [4,5]. These actions are mainly attributable to the bioactive compounds
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present in the fruiting bodies and the mycelium, depending on the species [2]. For exam-
ple, Ganoderma lucidum contains more than 120 different triterpenes plus polysaccharides,
proteins, and other bioactive compounds [6].

Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS CoV-2), presents an opportunity to consider how macro-fungi
or their derivatives might be harnessed and utilised as therapeutic agents. In particular, this
pertains to their use in optimising health to avoid or mitigate risk factors, prevent severe
disease outcomes, and improve recovery prospects as commonly noted or experienced.
For example, the immune response is crucial in COVID-19 pathogenesis, and its modulation
to control the hyperinflammatory response would be advantageous. Additionally, the virus
appears to have a higher prevalence for and more severe outcomes in populations with
particular risk factors and comorbidities associated with age, obesity, metabolic, cardio-
vascular, and inflammation-mediated conditions [7,8]. Many of these factors are known
to respond to, and are modifiable through, dietary or lifestyle interventions. Therefore,
with their potential and specific therapeutic effects, MMs seem well placed to be considered
as nutraceutical options, or at the very least, as health-promoting food sources. More-
over, as vaccines become the mainstay for preventing severe outcomes, finding effective
immune-enhancing adjuncts will be beneficial.

MMs are increasingly being utilised as a nutritional food source in the “food as
medicine” health-promoting dietary approach [9]. They are also used as dietary supple-
ments, biocontrol agents, and cosmetics. Most pertinent is their use as nutraceuticals and
natural products for pharmacological therapy, which are valued for their immunological,
anti-inflammatory, and health-promoting effects [4]. However, of prime consideration is
that mushrooms’ properties, mechanisms of action, and potential efficacies can be influ-
enced by many variables, including climate, location, cultivation, processing, and extraction
techniques [4,10]. The nomenclature may also be a problem as it affects accurate identi-
fication and, thus, attribution. As more research is achieved, and commercialisation and
application continue to increase, these variables must be addressed. However, more work
may yet be required. Particular aspects such as extraction methods may be very pertinent
in this quest.

In the broader context of COVID-19, this narrative review investigates the use of mush-
rooms as medicine, exploring the bioactive compounds they contain and the associated
pro-health claims. Specific properties have been considered due to their potential health
enhancement or mediating effects on human exposure to the SARS CoV-2 virus or the ensu-
ing COVID-19 disease processes. Mechanisms of action, physiological effects, and potential
capabilities such as antiviral, antioxidant, immunomodulatory, cardiovascular regulation,
and health-promoting factors will be highlighted.

The research question has two parts; (1) does the research support the potential of MMs
to enhance health and protect against or ameliorate symptoms associated with COVID-19,
and (2) what limitations currently impact utilising mushrooms as a reliable medicinal treat-
ment? Research findings associated with specific mushrooms such as Agaricus spp. (e.g.,
bisporus, (common white button/brown)), Cordyceps militaris, Flammulina velutipes/enokitake
(Enoki), G. lucidum (Reishi), Grifola frondosa (Maitake), Hericium erinaceus (Lion’s Mane),
Lentinus edodes (Shiitake), Pleurotus spp. (e.g., ostreatus, (Oyster)), and Trametes versicolor
(Turkey Tail) are considered.

2. Research Methods

Major databases were initially searched via the Primo search tool of Charles Sturt
University Library using the keywords “mushrooms” and “health” and “COVID-19” or
SARS CoV-2”. Further searches included specific mushroom species such as “Ganoderma
spp.” and compounds such as “β-glucans” and health effects such as “inflammation” or
“immunomodulation”. Reference lists associated with pertinent papers were examined
extensively for additional source material.
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3. SARS CoV-2 Virus and COVID-19 Infection

Human coronaviruses such as the common cold generally cause mild illnesses but
can mutate over time [11]. SARS CoV-2, a novel species of the Coronaviridae family, is the
infective agent that causes COVID-19. Structural elements of the virus critically enable
attachment, cell activity, multiplication, and infectiousness [12], with ACE2 being the
primary entry receptor [13]. SARS CoV-2 has become a global concern due to its mutative
nature, transmissibility, virulence factors, and the severity of the disease processes [12].
SARS CoV-2 enters the lungs through the respiratory tract, directly infecting upper and
lower tract cells. Infection typically involves the upper respiratory area and nasal ciliated
epithelial cells, the lung, and alveolar epithelial cells [7,13]. Additionally involved are
other types of endothelial cells of the arteries, immune, smooth muscle, and intestine [7].
This presents implications for systemic organ involvement, particularly through the pro-
inflammatory immune response that characterises the disease sequelae.

Presentation of the disease can range from no symptoms (asymptomatic) to severe
illness with potentially life-threatening complications or fatal outcomes [11]. For the vast
majority, symptoms are similar to those of mild to moderate influenza. Present may
be fever, dry cough, sore throat, muscle pain, and fatigue in the initial phase, and it
can extend to headache, anorexia, malaise, dyspnoea, nasal congestion, haemoptysis,
diarrhoea, lymphopaenia, and difficulty with reading and distinguishing smells in the
ensuing phases [7,12]. Continuing respiratory distress can lead to acute respiratory distress
syndrome (ARDS), requiring intensive medical intervention [12]. While most people
recover, at increased risk for severity are the immunocompromised, elderly, male gender,
and people with comorbid conditions such as cardiovascular diseases (CVD), diabetes,
hypertension, and poor nutritional status [7,14,15].

4. Immune and Inflammatory Responses to COVID-19

Host innate and adaptive immune cells, particularly lymphocytes (T cells, B cells, and
natural killer (NK) cells), are called upon to defend against SARS CoV-2 viral invasion and
tissue damage [12,15]. The optimal immune response in humans involves the coordina-
tion of cytokine and chemokine activation, recruitment of defence cells, and secretion of
antibodies in a timely, localised, and functional way. The combined immune and antiviral
activation is tightly regulated and balanced to eliminate and resolve the viral invasion and
promote tissue repair [15].

However, interference with, and aberration of, the immune responses along with
associated hyperinflammation is a key characteristic of the increased disease severity of
COVID-19 [12,13]. In the progression from a normal response to one that may lead to death,
total T cells along with CD8+ and CD4+ required for clearing viral invasion are known to
decrease markedly, leading to cell exhaustion and dysfunction [14–16]. Triggered, recruited,
and increased in a highly organised cellular and molecular cascade are pro-inflammatory
type 1 and type 2 cells, particularly interleukins of IL-6, IL-10, IL-2, and IL-7, as well as
granulocyte, colony-stimulating factor, and tumour necrosis factor (TNF) [12,13]. There is
also interference in the native immune response generated via Toll-like and other receptors.
This triggers the expression of interferons and activates antiviral effectors such as NK cells
and macrophages, and DNA replication and transcription anomalies triggering apoptotic
pathways [7].

Systemic manifestations involve severe inflammation, respiratory complications, alter-
ations of the circulatory system through endothelial cell interactions and damage to the
vascular barrier, capillaries, and organs, dysregulation of the ACE2 receptor gateway, and
disruption of the renin–angiotensin–aldosterone system (RAAS) [14,15,17]. Furthermore,
cardiometabolic disease risk factors are implicated in the increased severity, morbidity, and
mortality associated with COVID-19. Of note is that cardiovascular mortality is greater
in all influenza pandemics than in all other causes, and acute respiratory viral infections
are triggering factors for cardiovascular disease. Events such as myocardial infarction
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and inflammation, thromboembolism, and vasculitis are evident, and high blood pressure,
obesity, and diabetes are known comorbidities [7,18,19].

5. Mushrooms as Prevention or Treatment for COVID-19
5.1. General Features

Mushrooms are macro-fungi with a distinctive fruiting body, either hypogeous (un-
derground) or epigeous (aboveground). There are estimated to be around 140,000 known
species of macro-fungi belonging mainly to the phyla Basidiomycetes and some to As-
comycetes. Many more hundreds of thousands of fungi are assumed yet to be identified and
classified [4,6,20]. Some 2000 are edible, and a few hundred wild and cultivated mushrooms
have long been utilised as MMs [5,20]. Nutritionally, mushrooms are low in energy and are
generally a good source of macro and micronutrients and trace elements, although there
is variability [21–24]. As functional foods, they are also anti-inflammatory and known to
modulate gut bacteria [25]. Species-specific structural and maturation elements of fruiting
bodies and mycelia, and potentially even the fermented substrate from which the prepared
product may have been produced, impact effects. Variances involve the chemistry, bioactive
fractions derived from them, and biological activity [2,17,26].

5.2. Structural Elements and Bioactive Compounds

MMs produce bioactive primary and secondary metabolites and specific molecular
weight compounds such as polysaccharides, polysaccharide–protein complexes, polyphe-
nols, terpenoids, lectins, coumarins, ribosomal and non-ribosomal peptides, peptidogly-
cans, alkaloids, fatty acids, sterols, and antioxidants [1,2,5,6,20,27–29]. The most studied
health-promoting properties and effects of MMs appear to be related to polysaccharides,
lectins, protein complexes, sterols, and polyphenols such as terpenoids [2,17]. For exam-
ple, lectins are non-immunoglobulin binding storage proteins that play a crucial role in
such biological processes as cell signalling, cell–cell interactions in the immune system,
and host defence mechanisms [20]. Mushroom polysaccharides have a strong ability to
carry biological information, and via such function, they have antitumour, antioxidant,
immunomodulatory, anti-inflammatory, antimicrobial, anti-obesity, and anti-diabetic ef-
fects [18]. To some extent, all of the bioactive compounds mentioned above have a body
of knowledge that could be examined in respect of SARS CoV-2 virus protection and
COVID-19 symptom reduction, as these compounds demonstrated beneficial effects that
may be very helpful. Notably, these effects include inflammation regulation, immune
and reactive oxygen species (ROS) modulation, host defence mechanisms involvement,
microbial activity, pulmonary cytoprotection, and ACE2 specificity or inhibition [4,17,30].

However, β-glucans (D fraction) appear to have wide-ranging effects and benefits
that deserves further examination. Additionally, mushroom-derived β-glucans are becom-
ing more common in nutraceutical products and are promoted in a functional culinary
sense. The limitations that may impact the appropriate application must also be con-
sidered. For example, their efficacy is very dependent on species, extraction techniques,
and methods.

5.3. β-Glucans

Glucans are heterogeneous polysaccharides, with short or long-chain glucose polymers
linked by large numbers of glucose sub-units, different branching, branch linkage, and
backbone structures. They are a natural component of the cell walls. In addition to
mushrooms, glucans are also a constituent of foods such as cereals. Thus, to be clear,
the fungi glucans, in particular, β-glucans, are discussed and referred to as edible mushroom
polysaccharides (EMPs).

The molecular weight, chain length, and side-branching structures of mushroom β-
glucans can be species and cultivar specific, influencing variance, complexity, and biological
activity [5,17,31,32]. The purity and purification processes are essential in characterising
the structure [25]. Growing environments, drying conditions, and isolation/extraction
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methods are also crucial for the intensity of β-glucans’ activities [18]. The solubility and
particulate size of β-glucans are important physical features as many receptors involved can
activate different immune responses [31]. For example, particulate β-glucans are known
to directly stimulate immune cell activation through a dectin-1 pathway, while soluble
β-glucans require complement receptor-3 dependent pathway activation.

The immunomodulatory properties of mushroom-derived β-glucans exert more po-
tent immunoinflammatory effects than other types and have long been recognised for
this [31,33]. Immunomodulation is characterised by the ability to correct deviated immune
functions. This may be through supporting declined or suppressed parameters or nor-
malising overactive or increased functions [34]. Notably, due to their confirmed complex
mode of action, β-glucans are recognised as biological response modifiers (BRMs). They
induce epigenetic programming in innate immune cells to produce a more robust immune
response and act as pathogen-associated molecular patterns, binding to specific pathogen
recognition receptors, inducing innate and adaptive immune responses [31,33]. They can
also stimulate the activity of macrophages [35] and neutrophils, support NK cell activity,
influence the production of cytokines and chemokines, and modulate antibody production,
amongst many other functions [34].

Several authors have described the concept of trained immunity [14,33,36] as being a
modified and epigenetic innate immune response capable of producing antibody-free mem-
ory to a secondary heterologous stimulus that is more robust. However, Geller and Yan [36]
cautioned that due to the development of hyperinflammatory symptoms, such as those that
may occur in COVID-19, the use of a therapy that could induce trained immunity effects
warrants particular consideration. Notwithstanding, due to their immune enhancement
benefits, studies examined the use of biomacromolecule compounds, including polymers
such as β-glucans and chitosan as vaccine adjuvants [37–39]. Moreover, the potential of
using β-glucans as a wide-spectrum immune-balancing food-supplement-based enteric
vaccine adjuvant for COVID-19 was explored by Ikewaki et al. [33].

6. Systemic Pro-Health Responses and Activities Associated with Specific MMs

The following synopsis examines the various pro-health effects and activities of specific
macro-fungi elucidated in research that may have applications to the pathological sequelae
and outcomes associated with COVID-19. The effects and potential benefits of MMs are
illustrated in Figure 1.

6.1. Anti-Pathogenic

The basic viral cycle, also associated with SARS CoV-2, involves attachment, penetra-
tion, uncoating, replication, assembly, and release [40]. Mushroom extracts and bioactive
compounds impede viral entry into host cells and multiplication, inhibit virus adsorption,
replication, nucleic acid synthesis, and disrupt other pathogens [3,6,14]. It is known that
proteolytic enzymes facilitate the cleavage of S glycoprotein, which is a critical step in SARS
CoV-2 viral attachment [12]. Since protease inhibitors have been isolated from G. lucidum,
C. militaris, and A. bisporus [14], MMs may have therapeutic utility.

Cordycepin isolated from C. militaris exerted an antiviral effect through a protein ki-
nase inhibitory mechanism and an inhibitory role towards ribonucleic acid (RNA) synthesis
and Epstein–Barr virus (EBV) replication [41]. Ganoderma compounds isolated from G. lu-
cidum effectively inhibited human immunodeficiency virus (HIV)-1 and HIV-1 protease [42].
Additionally, various triterpenoids (isolated from G. lucidum and other Ganoderma species)
were active against HIV-1, influenza type A, and herpes simplex type 1 [6]. In vitro and
in vivo studies on a range of common viral agents from Agaricus spp. including Agaricus
blazei Murril (AbM), H. erinaceus, and G. frondosa demonstrated antiviral properties [3].
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Figure 1. Medicinal mushrooms demonstrated modulatory and regulatory effects via the actions of
bioactive compounds. These effects may apply in the pathophysiology and sequelae of SARS CoV-2
infection in humans. Potential benefits to consider and investigate specifically in this context involve
mitigating disease risk factors, reducing disease severity, and supporting recovery.

MMs are also purported to have anti-bacterial functions [1]. To confirm this potential,
Hearst et al. [43] conducted an in vitro microbiological assessment using aqueous extracts
of L. edodes and P. ostreatus. The aqueous extract of L. edodes demonstrated potent activity
when tested in culture against 29 bacterial isolates (Gram-positive and Gram-negative) and
10 fungal/yeast agents. Here, 85% of the bacterial and 50% of the fungal organisms were
inhibited by the L. edodes extract. The results compared favourably against Ciproflaxin,
which is a broad-spectrum antibiotic that was deployed as the control. In contrast, P. ostrea-
tus aqueous extract showed minimal activity on the same range of pathogens, with only
three out of 39 samples inhibited, while none of the yeast and mould species was affected.
Additionally, a purified source of lentinan, a specific class of β-glucan, reduced populations
of multiple antibiotic-resistant clinical isolate Klebsiella pneumoniae in an in vivo lung infec-
tion model and showed potential for treating sepsis-induced lung injury and boosting type
1 interferon response to RNA viruses such as influenza and coronavirus [17].

6.2. Immune Modulation

A response elicited from L. edodes named “the lentinan antiviral effect” has been
attributed to innate immune responses and specific immunity regulation. Acting as a BRM,
lentinan can promote T helper cell (Th) type 1 response and improve Th1/Th2 balance. It
may also activate inflammasomes, enhance immune cells, activate the complement system,
and promote cytotoxicity and phagocytosis [2,44]. An in-house hot water extract of L. edodes
was compared to a commercially sourced lentinan extract (Carbosynth–Lentinan (CL)) to
investigate if isolates could alleviate the immune cascade in conditions experienced by
COVID-19 patients, such as ARDS. β-glucans from L. edodes reduced IL-1β and IL-6 in lung

216



Molecules 2022, 27, 2302

injury and activated macrophages in vitro [17]. β-glucans were also used to investigate
oxidative stress alleviation in H2O2-treated THP-1 cells. Viability, apoptosis and necrosis
were assessed. CL extract attenuated oxidative stress-induced early apoptosis, and the
in-house lentinan extract attenuated late apoptosis [17].

Lectin derived from P. ostreatus has been studied as a hepatitis B virus DNA vaccine
adjuvant and demonstrated effectiveness in enhancing surface protein antibodies [45].
Studies utilising pleuran (insoluble β-glucans derived from P. ostreatus) administered in
oral liquid syrup form have suggested numerous positive immunomodulatory effects
in recurrent upper and lower respiratory tract infection (RRTI). Demonstrated effects of
pleuran, particularly in studies with children, include reduced incidences of RRTI, otitis
media, tonsillopharyngitis, bronchitis, laryngitis, and other flu and cold-like symptoms,
plus fewer days off school [46–48].

AbM extract is another rich source of BRMs. Via the actions of, for example, proteogly-
cans, β-glucans, and ergosterol, anti-inflammatory, anti-pathogenic, and immunomodula-
tory cytokine effects were stimulated, vaccine efficacy was improved, and cytotoxic effects
were induced [49–52]. Andosan™, a product primarily manufactured from AbM extract,
combined with H. erinaceus and G. frondosa, has been investigated in clinical studies [3]. Inde-
pendently, these three mushrooms have demonstrated efficacy for their immunomodulatory,
anti-infective, antitumour, and anti-inflammatory effects with reduced pro-inflammatory
cytokines and oxidative stress, and beneficial gut microbiota responses [52]. H. erinaceus
contains aromatic compounds such as hericerins and erinacines that appear to function
as a nerve growth factor as well as the beneficial immunomodulating and antitumour
properties derived from the glycoproteins and polysaccharides [52]. Further highlight-
ing this, polysaccharides extracted from liquid-cultured mycelia and fruiting bodies of G.
frondosa demonstrated antioxidant, antitumour, anti-inflammatory, hepatoprotection, and
immunostimulatory activity [53]. Grifolan, a β-glucan isolated from G. frondosa, showed
enhanced cellular immunity and modulation activities evidenced by increasing IL-2 and
IL-10 production and augmentation of IL-6, IL-1, and TNF-α expression [54].

Water extract of four different MMs, including G. lucidum, caused NK cell-induced
cytotoxicity against cancer cells, but an ethanol extract did the opposite by reducing
intracellular pathway activation [55]. Various triterpene acids and sterols isolated from G.
lucidum fruiting bodies revealed antitumour and anti-inflammatory effects as demonstrated
via induction of EBV early antigen by 12-O-tetradecanoylphorbol-13-acetate [56].

T. versicolor has a long traditional history of use to promote health, strength, and
longevity. More recently, numerous studies, including clinical trials, suggest properties
and effects that include antimicrobial, antiviral, antitumour, anti-inflammatory, antioxidant,
hepatoprotective, bone protective, and notably immunopotentiation [57,58]. Two bioactive
mycelia extracts of protein bound polysaccharides from T. versicolor, namely polysaccha-
ropeptide (PSP) and polysaccharide krestin (PSK), are currently utilised medicinally in
some countries as integrated cancer therapy and adjuncts for chemotherapy and radio-
therapy [2,57,59]. From a range of randomised and non-randomised controlled trials, both
PSK and PSP promoted positive impacts on anticancer effects [60]. Deemed resulting from
the immunomodulation and potentiation of immune surveillance, PSK and PSP positively
affect immune parameters, haematological function, performance status, quality of life,
body weight, fatigue, pain, nausea, anorexia, and median survival [59–61]. Additionally,
antitumour and antimetastatic effects were noted through direct tumour-inhibiting experi-
ments in vivo [60]. Of interest in the context of COVID-19 application is the mechanisms of
T. versicolor. This appears to be through the inducement of predominantly pro-inflammatory
cytokines: not only those associated with TNF-α and NK cells but also pleiotropic cytokines
such as IL-1α and 1β and IL-6, plus prostaglandin E2, histamine, activation of complement-
3, and T cell proliferation [57,59,61]. While this may be desired to improve cancer outcomes,
such as enhancing the immunosuppressive status, a cautionary approach in applying T.
versicolor due to the hyperinflammatory response associated with COVID-19 progression
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should be taken. However, perhaps, there may be a place for consideration in the context
of long COVID or playing a role as a vaccine adjuvant.

6.3. Antioxidant

The antioxidant/ROS system plays a significant role in pathogenic protection, regula-
tion, and homeostasis in the human body. For example, the increased activity of ROS is a
key feature in the pathogenesis and progression of many disease states such as atheroscle-
rosis, arterial thrombosis, hyperlipidaemia, hypertension, cancer, obesity, insulin resistance,
diabetes mellitus, hepatic and renal conditions, amongst many others [62]. These disease
states are representative comorbidities associated with SARS CoV-2 and COVID-19 sequalae
and experience. The antioxidant capacity of MMs has been demonstrated in various studies
through radical scavenging, lipid peroxidation inhibition, and increasing antioxidant en-
zyme activities [30,54,63,64]. Bioactive compounds such as phenolics, indoles, flavonoids,
glycosides, polysaccharides, tocopherols, glutathione and ergothioneine, ascorbic acid,
carotenoids, vitamin D, copper, manganese, zinc, and selenium in MMs all participate in
reducing oxidative stress [62,65]. Ergothioneine deserves special mention, as it has a vast
array of unique cytoprotective properties pertinent to COVID-19 pathologies, including
scavenging reactive oxygen and nitrogen species. It is able to modulate inflammation,
inhibit the expression of vascular adhesion proteins, and protect against respiratory burst,
amongst many other antioxidant activities [63]. Notable amounts of bioavailable ergoth-
ioneine were demonstrated in the fruiting bodies of A. bisporus [66], L. edodes, P. ostreatus,
and mycelia of C. militaris (strain cm5), H. erinaceus, and P. eryngii [67,68].

Liquid–liquid partitioned fractions of H. erinaceus were evaluated for their anti-atherosclerotic
potential through evaluation of in vitro inhibitory effect on low-density lipoprotein (LDL) oxida-
tion and 3-hydroxy-2methylglutaryl coenzyme A (HMG-CoA) reductase activity [69]. Several
bioactive compounds with antioxidant activity were isolated, in particular ergosterol. Hexane
solvent fraction demonstrated the most potent inhibiting oxidisation of LDL and HMG-CoA
reductase activity. This indicates a possible role in preventing oxidative stress-mediated vascular
disease processes [69].

Radical scavenging properties associated with catalase activity, glutathione reductase,
and glutathione peroxidase activities were demonstrated in varying degrees from methanol
and water extracts isolated from the gills, stipe, and caps of two wild strains and one
cultivated strain of A. bisporus [70]. Fourteen selected culinary MMs were evaluated for
in vitro antioxidant and ACE inhibitory activities [30]. The mushrooms were extracted
by boiling water for 30 min. The total phenolic content was determined with G. lucidum
demonstrating the highest phenolic content and the most potent ACE inhibitor. Antioxidant
capacity was carried out via measuring the free radical scavenging effect, β-carotene, lipid
peroxidation, reducing power ability, cupric-ion-reducing antioxidant capacity, and ACE
inhibition. An antioxidant index was determined based on the average percentage relative
to quercetin. G. lucidum and H. erinaceus were shown to be relatively high compared to the
other mushrooms [30].

6.4. ACE2 Regulation

The deleterious effects of COVID-19, such as those associated with cardiometabolic and
other hallmark disorders, demonstrate dysregulation of the homeostatic function within
the RAAS [7,13,71,72] . RAAS maintains dynamic control of vascular function. ACE2 is
an integral membrane protein present in the lungs, liver, heart, kidney, and endothelium.
ACE2 dysregulation appears to strongly impact the RAAS, manifesting effects involving
hyperinflammation and oxidative stress. MMs have been investigated for ACE inhibitory,
antiplatelet, anti-inflammatory, and antioxidant activity [30,73,74].

In MMs, bioactive compounds such as triterpenes, sterols, phenolic compounds,
and polysaccharide fractions possess metabolic-modulating capabilities [54]. These in-
clude blood pressure, glycaemia, cholesterol, triglyceride, and weight-lowering activities.
The ACE inhibitory activity of several mushroom species was assessed via hot water and
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alcohol extracts [30]. G. lucidum, particularly as a hot water extract, and Pleurotus spp.
demonstrated potent ACE inhibitory activity, which is assumed to be due to the phenolic
content and antioxidant capacity. However, variations existed between species and de-
pended on the extraction method [30]. In vitro digestion of P. ostreatus identified several
peptides known to be ACE inhibitors [75]. A randomised, double-blind prevention trial is
underway in the Democratic Republic of the Congo involving Tomeka®, a herbal mixture
containing A. bisporus and other food-based nutrients such as soy, which is regarded for
its potent ACE2 inhibition. The study aims to assess the intervention effect on COVID-
19 markers of the RAAS, such as angiotensin-II and angiotensin-(1-7) [71]. Nutritional
elements may support ACE inhibition indirectly by intercepting viral entry or via regu-
lation and improvements in biomarkers associated with the involvement of the various
systems [71]. For example, excessive sodium ions can impair the endothelial vasculature
and risk hypertension, but manifestations may be ameliorated with higher potassium ion
levels. Hence, mushrooms, which generally contain high potassium and low sodium may
be a good nutritional source for ACE inhibition as well [1,24].

7. Comorbidities and Mortality Risk Reduction or Mitigation
7.1. Cardiometabolic Disorders Associated with COVID-19

Compounds of MMs have demonstrated biological activity with the potential to reduce
the risk of cardiometabolic disease and comorbidity effects associated with COVID-19.
One-third of patients with COVID-19, aged 40–60 years, have been identified as being
afflicted with comorbidities such as CVD and hypertension [7]. Metabolic disorders,
including obesity, diabetes, and hyperlipidaemia, are also featured in disease severity [7,8].
Additionally, meta-analyses have identified increased mortality risk and the need for
intensive care for older patients with cardiovascular morbidities [7].

Fruiting bodies and mycelium extracts of edible mushrooms (some more than others)
can be a valuable source of lovastatin, which is a statin group compound [76]. This
compound inhibits HMG-CoA reductase, which is the rate-limiting step in cholesterol
biosynthesis. Thus, MMs with activity associated with lovastatin’s mechanisms of action
may be a promising source of anti-hypercholesterolaemic agents. Most notably, such
cholesterol-lowering potential has been observed in the fruiting bodies of Pleurotus spp.
and others, including A. bisporus and H. erinaceus [66,69,75–77]. This potential, along with
the absorption and stimulatory effect of dietary fibres and gut effects on faecal excretion,
makes for a promising functional food application.

The effects of various MMs have also been studied with other cardiometabolic pa-
rameters. Dicks and Ellinger [75] undertook a systematic review of eight clinical studies
of subjects with and without type 2 diabetes mellitus (T2DM) using fresh, cooked, or dry
powder P. ostreatus. These studies seemed to reveal beneficial effects, although the risk of
bias was high or unclear due to methodological weaknesses and/or inadequate reporting in
most studies. Nevertheless, observed were effects in glycaemic control (reduction in fasting
and/or 2 h postprandial glucose), lipids metabolism (decrease in total cholesterol (TC), LDL
cholesterol, and/or triglycerides), some reduction in blood pressure, antioxidant effects,
and a decrease in food intake with no weight change [75]. The administration of total
polysaccharides extracted from P. ostreatus was given for four weeks in a high-fat diet and
streptozotocin (STZ)-induced type 2 diabetic rats [78]. Elevated blood glucose levels were
reduced, insulin resistance improved, and glycogen increased. The mechanisms occurred
through the activation of GSK-2 phosphorylation in the liver and GLUT4 translocation in
muscle tissue. In high-fat-fed rats, A. bisporus demonstrated increased high-density lipopro-
tein (HDL) along with reductions in TC and LDL, and additionally, in type 2 diabetic rats
induced by STZ, glucose levels decreased [79]. The anti-hyperglycaemic effect, along with
antioxidant protection on the pancreas, kidney, and liver, were also demonstrated with H.
erinaceus polysaccharides on STZ-induced rats [80].

The pharmacological effects of C. militaris SU-12 residue polysaccharide were in-
vestigated in a study utilising high-fat emulsion-induced hyperlipidaemic mice models.

219



Molecules 2022, 27, 2302

Identified were the characteristics of the polysaccharides, concluding these to have demon-
strable antihyperlipidaemic, hepatoprotective activities, and an increase in antioxidant
activity when serum and liver sections were analysed [81]. STZ-induced type 1 diabetic rats
were used in a study that compared G. frondosa (water-soluble powdered whole Maitake
fraction SX), two anti-diabetic drugs, and a control to assess circulating glucose levels and
blood pressure (BP) [82]. All treatments generally decreased circulating glucose levels com-
pared to control. However, only the Maitake group consistently demonstrated enhanced
insulin sensitivity, significantly lowered systolic BP plus a decrease in the RAAS, and in-
creased nitric oxide system activity. F. velutipes powder and extract were shown to have
good antioxidant activity. They were a rich source of dietary fibre and mycosterol capable
of impacting and reducing cardiometabolic disease parameters such TC, LDL cholesterol,
and triglycerides (TGs) [83]. However, G. lucidum has produced less consistent results. In a
study with high-fat-fed rabbits, Li et al. [84] assessed that atherosclerotic plaques were
attenuated along with a reduced generation of ROS and malondialdehyde.

In contrast, no positive results were revealed in a prospective double-blind ran-
domised, placebo-controlled trial of 84 subjects with type 2 diabetes mellitus and metabolic
syndrome over 16 weeks using G. lucidum, G. lucidum with C. sinesis, or a placebo [85].
The primary outcome measures were blood glucose biomarkers (glycosylated haemoglobin
(HBA1c) and fasting plasma glucose), and secondary outcome measures were HDL and
LDL, TGs, BP, C-reactive protein, and apolipoproteins A and B markers. When the two
intervention groups were combined due to sample size inadequacy, there was no effect on
either the primary or secondary outcomes [85]. In a secondary analysis to investigate the
benefits of daily intake of A. bisporus on cardiometabolic risk, the stored serum of predia-
betic patients with features of metabolic syndrome were analysed. No significant changes
to body weight, cardiovascular or metabolic parameters were observed, and plasma leptin
did not change. Nevertheless, ergothioneine concentrations, oxygen radical absorbance
capacity, and adiponectin were increased, with a reduction of advanced glycation end
products (AGEs) [86].

7.2. Gut Microbiota Modulation as a COVID-19 Risk Reduction Consideration

It is recognised that the intestinal flora structure, the abundance and diversity of
microbiota, or activity can influence positive or negative health outcomes. For example,
aberrances of gut microbiota may contribute to chronic inflammatory diseases such as
atherosclerosis, thrombosis, diabetes, and asthma, which may be in part due to oxidative
stress [87]. On the other hand, symbiosis reduces cardiovascular and other metabolic dis-
eases’ risks, lowers postprandial blood glucose, increases satiety for weight management,
and improves laxation [88]. These are all factors associated with COVID-19 disease severity
and are also lifestyle associated; therefore, they are modifiable and applicable to lower-
ing risk. Fortunately, the functions and diversity of gut microbiota are influenced by the
non-digestible and digestible fibres and prebiotic properties of mushrooms. Ma et al. [25]
reviewed collated studies from various disease models that demonstrated health improve-
ment from EMPs. Correlations between EMPs and beneficial host microbiota suggest
regulatory effects [25]. Similar effects may also be induced via mannitol, raffinose, resistant
starch, and chitin found in mushrooms [88]. Benefits of EMPs highlighted by Ma et al. were
metabolic improvements such as reduction in TC and other lipid markers, anti-obesity ac-
tivities, inflammation and insulin resistance, improved gut mucosa integrity and intestinal
morphology, signalling pathways, and pro-inflammatory cytokines inhibition [25].

Short-chain fatty acids (SCFAs), including acetic acid, propionic acid, butyric acid,
and valeric acid, are known to provide beneficial health effects such as nutrient supply
to the colonic epithelium, oxidative stress reduction, immune stimulation, and colonic
pH modulation [87]. However, the proportion of SCFAs varies depending on the EMPs
from different mushrooms [25]. G. lucidum appears most significant for microbiota-derived
health effects. Specifically, G. lucidum polysaccharide (GLP) appeared to have notable
anti-diabetic and anti-obesity effects [89,90]. For example, GLP restored the gut microbiota
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of T2DM rats to a normal level and modified metabolites [91], and GLPS3 (G. lucidum
mycelium polysaccharide strain S3) increased the relative abundance of beneficial bacteria
Lactobacillus, Roseburia, and Lachnospiracea in mice induced with repetitively intraperi-
toneal injection of diethyldithiocarbamate [87]. An increase in Roseburia after dietary
administration with GLPS3, was considered an indicator of the health-promoting activities
of the SCFAs and possibly also of immune stimulation.

Contrasting findings were reported by Lee et al. [92] when examining results from
the Nurses’ Health Study (for women) and the Health Professionals Follow Up Study
(for men). In these studies, respondents were asked how often they consumed fresh,
cooked, or canned mushrooms (species unidentified). Data collected were short and long-
term changes in biomarkers such as lipids, insulin, inflammation, or cardiovascular risks
such as sex, lifestyle factors, and certain medical conditions. No benefit of mushroom
consumption on cardiovascular disease and T2DM was elucidated. However, a potential
inverse relationship to T2DM was suggested.

Table 1 summarises the research findings exhibiting pro-health effects and benefits
resulting from bioactive compounds or secondary metabolites of selected MMs, which are
deemed applicable for potential COVID-19 therapy consideration.

Table 1. Research findings for specific mushroom species demonstrating beneficial effects and
activities for potential pro-health therapeutic application.

Mushroom Bioactive Compound Pro-Health Effects References

A. bisporus
(Common
white)

Phenolics
e.g., Ergothioneine

Antioxidant; increased ORAC activity; increased
adiponectin; reduced AGEs; increased glutathione
reductase and catalase activities

[63,70,86]

Polysaccharides Gut microbiota regulation; intestinal barrier integrity [25]

Secondary metabolites

Anti-hyperglycaemic; inhibitory effects on LDL oxi-
dation; reduced HMG-CoA reductase activity; LPS
reduction; ACE2 inhibition; cardiometabolic parame-
ters improvement

[30,66,79,80]

Ergosterol Cytotoxic [51]

Andosan™ Commercial extract
AbM + H. erinaceus and
G. frondosa

Immunomodulatory;
anti-inflammatory; anti-tumour [49]

Tomeka™ Commercial extract
A. bisporus + soy Anti-pathogenic [3,29]

C. militaris
(Cordyceps)

Cordycepin Antiviral; RNA synthesis inhibition; suppressed EB
viral replication; cytotoxic [14,41]

Antioxidant; anti-hyperlipidaemic; hepatoprotective [81]
SCFAs Immune regulation and health promoting [25]

F. velutipes
(Enoki)

Polysaccharides/
dietary fibre Reduced cardiometabolic parameters [83]

Antioxidant Mycosterol [83]

G. frondosa
(Maitake)

Polysaccharides Anti-inflammatory; antioxidant; immunomodulatory [31,53]
Increased insulin sensitivity; decreased systolic BP;
decreased RAAS; increased NO [82]
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Table 1. Cont.

Mushroom Bioactive Compound Pro-Health Effects References

G. lucidum
(Reishi)

Polysaccharides
SCFAs production; gut microbiota regulation; anti-
obesity; anti-inflammation; reduced metabolic endo-
toxaemia; decreased FBG and insulin levels

[87,89–91]

Ganodermic compounds—
triterpenoids, other phenolics

Antioxidant; atherosclerotic plaque attenuation; anti-
tumour; anti-inflammation; antiviral HIV-1 and HIV-1
protease inhibition

[30,42,56,64,84]

Mycelia fractions ACE inhibition [73]

H. erinaceus
(Lion’s
Mane)

Mycelia polysaccharide
fractions

Anti-hyperglycaemic; improved antioxidant en-
zymatic activities [69,80]

Fruiting body solvent
fractions

LDL oxidation inhibition; HMG-CoA reductase
inhibition

L. edodes
(Shiitake)

Polysaccharides;
β-glucans

Antiviral; antioxidant; immunomodulatory; cytotoxic;
anti-inflammatory; microbiome regulation

[1,2,6,17,25,44]

Aqueous extract Anti-bacterial; anti-fungal [43]

Lovastatin Hypolipidaemic [76]

P. ostreatus
(Oyster)

β-glucans-pleuran Immunomodulatory [36,46–48]

Lectins Vaccine adjuvant [20,45]

Phenolics, peptides ACE2 inhibition [30,75]

Lovastatin HMG-CoA reductase inhibition [75–77]

Polysaccharides Cardiometabolic parameter improvements [75,78]

T. versicolor
(Turkey
Tail)

PSP, PSK Cancer therapy/adjuvants; Immunomodulatory [57,59–61]

Gut microbiota modulation [25]

Glucans, phenolics Antioxidant [62]

8. Considering Limitations or Barriers in the Application of Mushrooms as a Medicine

Many factors may impact nutrient characteristics and potentially optimal and effi-
cacious bioactivity of any particular plant compound, including MMs. These involve
environmental influences such as plant provenance (e.g., geographic region, climate, and
temperature); cultivation practices and production methods; plant structure; and isolation
and extraction techniques and methods [4,29,55,70,93,94]. For example, in a study by Co-
hen et al. [95], fifteen dried and crushed Basidiomycetes MM strains, fruiting bodies, and
mycelia were analysed. The protein and carbohydrate content ranges were 8.6–42.5% and
42.9–83.6%, respectively. Varying results for macro and micronutrients, and of concern,
possible toxic elements, were reported as well. These results seem consistent with previ-
ous findings [24]. Therefore, consuming mushrooms with the intention of deriving some
health or medicinal benefit may need to consider these influences to enhance or mitigate
inhibitory effects.

The extraction methods and the part of the plant utilised appear to significantly impact
bioactive potential. As an example, Pop et al. [96] demonstrated the isolation of a range of
biocompounds from Trametes spp. using three different extraction solvents of water, ethanol,
and methanol. Even within the same species, the bioactivity might differ depending on the
type of extraction (water or ethanol/methanol) and the structure/section of the fruiting
body [5,29,55,69].
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Friedman’s review [29] on H. erinaceus isolated specific bioactive secondary metabolites
using various solvents and according to the different plant structures such as mycelia and
the polysaccharide fractions. In cultivated H. erinaceus mycelia, ergosterol content and
new sterols were isolated. Antioxidant properties in a water-soluble polysaccharide were
identified but not in an ethanol extraction of another polysaccharide within the same
species. Ma et al. [25] comprehensively examined the role EMPs have in their activities
against obesity, inflammatory bowel disease, and cancer. They characterised the type of
polysaccharide along with the extraction method and demonstrated that the carbohydrate
structure and chemistry, and thus the methods to isolate, are vital information for assigning
effects. Martel et al. [55] surveyed studies on cells, animals, and humans utilising various
constituents of mushrooms and plants. Depending on the extraction method, the effects on
a wide variety of immune cell types were either stimulatory or inhibitory. The dichotomy
appeared to be due to the differential solubility and potency of the main constituents in the
extracts. Within the same species, water-soluble polysaccharide extracts activated immune
responses, but ethanol extracts inhibited them, although there were a few exceptions.

It is recognised that improved techniques and technologies may remedy disadvan-
tages associated with the extraction of bioactive compounds, such as long extraction times,
low selectivity, and solubility [53,97]. As an example of the potential associated with im-
proved technologies, Wu et al. [53] undertook a study to evaluate the anti-inflammatory
effects of total polysaccharides and β-glucans extracted from G. frondosa mycelia. The po-
tential mechanisms were evaluated by examining effects on nitrite, prostaglandins, pro-
inflammatory cytokines (TNF-α, IL-6 and IL-1β), and intracellular reactive oxygen species
in lipopolysaccharide-induced macrophage cells. They compared a conventional extract
method using ethanol with three different high pressure-assisted extractions (PE-200,
PE-400, PE-600). The PE method in each case yielded greater extraction and content of
polysaccharides and β-glucans and exerted stronger anti-inflammatory activities than the
conventional method. Benson et al. [26] demonstrated that three components of T. versicolor
(mycelium, initial substratem and fermented rice flour substrate), plus different extractions
and combinations, could produce varied immune responses and activities when tested on
human peripheral blood mononuclear cell cultures.

These highlights demonstrate that there may be variations in the isolates depending on
the methods utilised. Additionally, more modern and improved techniques may produce
a superior raw product, potentially creating differences in the efficacies associated with
mechanisms of action and health benefit claims. Therefore, it seems essential to their
application to expect mushroom therapeutic treatments to be produced from regions and
in conditions that result in the most efficacious response, according to the most current
research. As more and more commercialised products are becoming available for general
purchase, as well as in therapeutic settings, it is vital to ascertain pharmacokinetics, timing
of administration, dosage, mode, and formulation variances [27]. These are all factors
to be considered in the application of bioactive compounds. This can only be accurate
and informed if the whole plant or extract characteristics have been clearly identified and
elucidated. Figure 2 summarises important considerations and some potential limitations
as presented in this appraisal. Key inputs into isolating bioactive compounds are influenced
by many factors. Extraction methods, in particular, appear to be very important. Effects
from the extracts from the same and different species can vary and even produce an
opposite effect in activity. Beyond this, other factors need consideration if MMs are to be
utilised for therapeutic and treatment purposes.
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Figure 2. Factors to consider if medicinal mushrooms are to be utilised for therapeutic and treat-
ment purposes.

9. Conclusions

This review identified major findings of in vitro, in vivo, and human studies for mush-
rooms utilised in the medicinal context. Particular species were used as examples and
examined for their health effects due to their ready availability and/or use in nutraceutical
products. COVID-19 pathogenesis presents a spectrum of systemic health impacts for con-
sideration. In particular, this relates to the aberrant immune and inflammatory responses
that can lead to severe and detrimental consequences. It was demonstrated that specific
bioactive compounds derived from mushrooms are capable of inducing a physiological
effect that could be considered applicable in preventing COVID-19, mitigating symptoms
or reducing disease severity. These effects include anti-pathogenic, anti-inflammatory,
immune-modulatory, antioxidant, and ACE inhibitory activity. Thus, MMs are well placed
as a possible therapeutic option due to these functions and properties.

Increasingly, MMs are being commercialised and promoted for their health-promoting
benefits. However, potentially, many of the health claims may be ahead of the actual
research validation, particularly concerning human translatability in specific contexts—
in this case, COVID-19. Many factors such as extraction method, growing conditions,
standardisation practices, mechanisms of action, and formulation synergies require greater
understanding and examination. Hence, continued efforts must be applied to realising more
research and improving data collection and modelling, particularly in humans, with all
these variables and factors in mind.
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COVID-19 corona virus disease 2019
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DNA deoxyribonucleic acid
EBV Epstein–Barr virus
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HDL high-density lipoprotein
HIV human immunodeficiency virus
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NO nitric oxide
PE pressure-assisted extractions
PPR pattern recognition receptor
PSK polysaccharide Krestin
PSP polysaccharopeptides
RAAS renin–angiotensin–aldosterone-system
RNA ribonucleic acid
ROS reactive oxygen species
RRTI recurrent respiratory tract infection
SARS-CoV-2 severe acute respiratory distress syndrome coronavirus-2
SCFAs short-chain fatty acids
STZ streptozotocin
T2DM type 2 diabetes mellitus
TC total cholesterol
TG triglycerides
Th helper T cell
TNF tumour necrosis factor
TvM Trametes versicolor mycelium
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65. Podkowa, A.; Kryczyk-Poprawa, A.; Opoka, W.; Muszyńska, B. Culinary–medicinal mushrooms: A review of organic compounds
and bioelements with antioxidant activity. Eur. Food Res. Technol. 2021, 247, 513–533. [CrossRef]
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Abstract: Young green barley (YGB) water extract has revealed a beneficial impact on natural killer
(NK) cells’ ability to recognize and eliminate human colon cancer cells, without any side effects for
normal colon epithelial cells. The direct anticancer effect of the tested compounds has been also
shown. The mixture of oligosaccharides found in this extract was characterized by chemical analyses
and via FT-IR spectroscopy and MALDI-TOF MS techniques. The YGB preparation contained 26.9%
of proteins and 64.2% of sugars, mostly glucose (54.7%) and fructose (42.7%), with a small amount
of mannose (2.6%) and galactose (less than 0.5%). Mass spectrometry analysis of YGB has shown
that fructose oligomers contained from 3 to 19 sugar units. The number of fructans was estimated to
be about 10.2% of the dry weight basis of YGB. The presented results suggest the beneficial effect of
the consumption of preparations based on young barley on the human body, in the field of colon
cancer prevention.

Keywords: cancer immunotherapy; fructan; FT-IR; mass spectrometry; young green barley

1. Introduction

Oncological immunotherapy, also known as immuno-oncology, is a modern method
of cancer treatment consisting of administering non-toxic preparations, modulating the
immune system’s response by increasing and/or improving its ability to prevent, control,
and fight cancer. Immuno-oncology can educate the immune system to better recognize,
more effectively attack, and successfully eliminate cancer cells. At the beginning of the
21st century, the American Society of Clinical Oncology announced that oncological im-
munotherapy will dominate the treatment of neoplastic diseases and, after 2020, it could
be used in the treatment of even every second type of cancer. In the beginning, immuno-
oncology mainly focused on immunostimulatory cytokine treatments. Recently, natural
killer cell-based immunotherapy has emerged as the most promising therapeutic approach
for both hematological malignancies and solid tumors [1]. The natural killer (NK) cells
were first identified as unique large granular lymphocytes able to detect and rapidly kill
abnormal cells without prior sensitization; thus, they are the first line of defense for the
immune system against cells infected with bacteria and viruses, as well as malignant
cells [2]. The importance of NK cells for cancer treatment has been confirmed in epidemi-
ological studies, which revealed the negative correlation between NK cells activity and
the risk of cancer development and metastasis [1]. The main considerations relating to
NK cell-based immunotherapy are the NK cell source and the method of enhancement of
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NK cell anticancer activity. The presented studies address the second issue, in particular,
being focused on barley (Hordeum vulgare), which is the fourth most important grain crop
in the world and the richest source of dietary fiber among the cereals. For many years,
barley was valued solely for its nutritional properties; recently, more and more scientific
reports have indicated its health benefits. In the early 1990s, Japanese scientists showed
that the most valuable source of both nutrients and bioactive substances is young green
barley, defined as seedlings up to 200 h after sprouting, with a height of between 20 and
30 cm [3–5]. More recent studies have also indicated barley grass as a functional food with
many health-promoting effects (e.g., anti-aging, antioxidant, anti-inflammatory, immunity
enhancement, detoxification, hypolipidemic effects, improvement of gastrointestinal ac-
tivity, blood pressure regulation, anti-hypoxia, antifatigue) as well as a potential agent
against several human chronic diseases, including cancer, cardiovascular disease, obesity,
diabetes, and stroke [6]. The health benefits of young green barley are associated with
many of its different elements; however, immunomodulatory properties are typically con-
sidered to be due to providing a large amount of dietary fiber, especially in the form of
polysaccharides [6–8]. The immunoenhancement effects of polysaccharides isolated from
young barley leaves have been demonstrated by Kim et al. and Han et al., in both in vitro
and in vivo studies [9,10]. Kim et al. have reported the stimulation of proliferation and the
production of cytokines (IL-6, GM-CSF) in cells derived from Peyer’s patches, in response
to arabinoxylan- and rhamnogalacturonan I-rich polysaccharides that were isolated from
barley grass (BLE0) [9]. Furthermore, the intestinal immunostimulatory activity observed
in vitro has been also proved in mice, wherein the oral administration of BLE0 augmented
IgA production and increased the levels of IgA-related cytokines (IL-10, TGF-β) [9]. Fur-
ther studies on the abovementioned crude barley polysaccharides (BLE0) confirmed their
immunostimulatory effects. They have been shown to elicit an increase in the proliferation
and secretion of cytokines (IL-2, IL-4, IL-10, IFN-γ) in CD3/CD28-activated mice spleno-
cytes. Additionally, oral administration of barley polysaccharides enhanced the immune
system of mice with cyclophosphamide-induced immunosuppression, via the stimulation
of splenocyte proliferation and acceleration of NK cell cytotoxic activity [10]. Han et al.
have shown that water-soluble barley polysaccharide (BP-1) significantly improved the
immune ability of immunosuppressive mice in several different ways, including: increas-
ing the number of bone marrow cells as well as white blood cells in peripheral blood;
promoting the proliferation of spleen cells, NK cells and macrophages; stimulating NK
cell cytotoxic activity; improving the phagocytosis activity of macrophages; increasing the
level of IL-2, TNF-α and IFN-γ in serum and the spleen; and enhancing the production of
IgG and IgM in the spleen [11]. Ryu et al. have shown that water-soluble barley β-glucan
suppressed the proliferation of mice splenocytes, accelerated by concanavalin A, IL-2, or
alloantigen. Additionally, the tested β-glucan suppressed the death-induced activity of
allogenic lymphocytes Tc and allogenic lymphokine-activated killer cells [12]. These im-
munomodulatory properties were also reported in the case of commercially available barley
β-glucan. Misra et al. demonstrated that β-glucan derived from barley improved immune
system activity in fish through an increase in leukocyte number, complemented activation,
and stimulated phagocytic activity as well as bactericidal activity [13]. Aoe et al., who
investigated the impact of the high-fructan barley product named BARLEYmax (BM; con-
taining fructan 9.0%, β-glucan 6.3%, and resistant starch 3%) on the growth of microbiota
that are present in the rat gut, revealed a beneficial effect of the investigated carbohydrates
on health-promoting species belonging to the Bifidobacterium, Oscillospira, Parabacteroides
and Sutterella species, which may prevent colonic inflammation and enhance intestinal
immunological functions [14]. Furthermore, Aoe et al. have shown that BM possesses
stronger prebiotic properties than the high-β-glucan barley line (BG; containing β-glucan
9.0%, fructan, 2.2%, and resistant starch, 0.5%) [14]. The beneficial effect of BARLEYmax on
the gut microbiome was also proven in clinical studies, wherein 4 weeks’ consumption at
12 g/day of this high-fructan barley product increased the abundance of Bacteroides and
decreased the abundance of Clostridium subcluster [15]. Similarly, Sasaki et al. revealed in an
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in vitro model of the human colonic microbiota that polysaccharide-rich young green barley
leaf extract (YBL; containing carbohydrates at 46.5%, including fructan at 9.4%, proteins
at 29.0%, and minerals at 17.5%) increased the abundance of bacteria related to the genus
Bifidobacterium and stimulated the growth of bacteria related to the genera Faecalibacterium,
Lachnospira, Roseburia, and unclassified Ruminococcaceae. The discovered bifidogenic and
butyrogenic effects of YBL have been associated with health-promoting properties as a
result of gut immune system stimulation, as well as via inflammatory inhibition [16].

Despite the fact that several scientific reports have revealed the immunoenhance-
ment properties of polysaccharides derived from barley, due to the high variability of
polysaccharides and the associated diversity of biological activities, it is worth continuing
research into this group of compounds. The aim of the current study was to evaluate the
immunomodulatory properties of the water extract of young green barley (Hordeum vulgare)
reached with polysaccharides by evaluating its influence on the viability and proliferation
of NK-92 cells and above all their ability to kill human colon cancer LS180 cells representa-
tive for the common cancers worldwide. At the same time, the selectivity of the anticancer
effect of polysaccharide-activated NK cells was also evaluated on the human normal colon
epithelial CCD841 CoN cells. Furthermore, to investigate the major compounds related to
the immunomodulatory effect, the structural characterization of extract polysaccharides
was conducted.

2. Results
2.1. Young Green Barley Extract Composition

In the first stage, the chemical composition of young green barley extract was investi-
gated. The total sugar and protein contents were examined using colorimetric methods
(phenol-sulphuric acid assay, Pierce BCA protein assay). These studies revealed that
the tested extract consisted mainly of sugars (64.2 ± 1.14%), while the protein amount
(26.9 ± 4.09%) was also significant. Electrophoretic separation (SDS-PAGE) of young green
barley extract (YGB) confirmed the presence of proteins with a molecular weight of around
55 kDa and 35 kDa, as well as proteins weighing less than or equal to 15 kDa. The obtained
data could indicate that YGB is a carbohydrate-protein complex (Figure 1).

Figure 1. Electrophoretic separation (SDS-PAGE) of young green barley extract (YGB). The 12%
polyacrylamide gel used after protein separation was stained with Coomassie Brilliant Blue. As a
standard, a molecular protein mass marker (from 15 to 250 kDa) was used.

The FT-IR spectrum of YGB preparation ranged from 400 cm−1 to 4000 cm−1, as shown
in Figure 2. The results showed an intense and broad absorption peak at 3269 cm−1 for
O-H and N-H stretching vibrations, a peak at 2933 cm−1 for C-H stretching vibrations,
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and a broad absorption band in the region of 950–1200 cm−1, with a maximum at 1053 for
coupled C-O and C-C stretching and C-OH bending vibrations. All these absorption bands
are characteristic of polysaccharides [17]. The peaks at around 2933 cm−1 and 2880 cm−1

indicate the presence of C-H bonds (C-H stretching vibration of CH3 and CH2 groups
from carbohydrate molecules, respectively) [18]. The broad symmetrical signal (ranging
from 1740 to 1500 cm−1), with a maximum at 1593 cm−1, might be indicative of proteins
as well as adsorbed water (bending vibrations from amide I and amide II; absorbing
groups: C=O, C-N, N-H, and H-O-H) [19,20]. The next intense broad signal at 1397 cm−1

corresponded with the absorbance of the CH2 and CH3 functional groups (deformational
vibrations) from both sugars and proteins. The prominent and overlapping absorption
bands between 1150 and 970 cm−1 were assigned to the C-O-C glycosidic bond vibrations
and ring vibrations, as well as the C-O-H stretching vibrations of side-group bounds. These
are commonly present in sugars [21]. The YGB preparation also showed absorption peaks at
940 and 860 cm−1, which are especially characteristic of α-d-glucose [22]. A broad signal at
618 cm−1 could be indicative of pyranose rings [23]. A very intense band with a maximum
at ~1050 cm−1, and two sharp lines of similar intensity in the regions of 820 and 780 cm−1

indicate the presence of fructose from fructans [18].

Figure 2. FTIR spectrum of young green barley extract (YGB).

Standard sugar analysis of the YGB preparation revealed the presence of glucose
(87%), and small amounts of mannose and galactose (7% and 6%, respectively). This
method does not allow the detection of ketoses (which are, in this case, converted to two
alditol acetates). Therefore, YEB preparation was hydrolyzed under mild conditions (1 M
HClaq, 1 h, 50 ◦C), and the liberated monosugars were converted into methoxime peracetate
(MOA) derivatives [24,25]. This procedure allowed us to identify fructose (42.7%) in an
amount comparable to glucose (54.7%). A small amount of mannose (2.6%) and only traces
of galactose (less than 0.5%) were also detected.

Table 1 contains the results of the methylation analysis and shows all derivatized
compounds that were found. Fructose derivatives were found as terminal, →6)-linked
and branched,→1,6)-linked forms, whereas glucose was terminal,→3)-linked,→4)-linked,
and→6)-linked, as well as branched,→3,6)-linked. Mannose was exclusively terminal,
and galactose—terminal,→3)-linked and→6)-linked. Among all the above-mentioned
derivatives, terminal sugars prevailed, giving about 75% of all methylated end-products.
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Table 1. Linkage analysis of young green barley extract (YGB). The sample was subjected to methy-
lation, hydrolysis, reduction, and acetylation. The obtained permethylated alditol acetates were
identified by GLC–MS, based on their mass spectra and retention times. The main permethylated
alditol acetates are shown in bold type.

Component Amount (%)

t-Fruf -(2→ 22.3
t-Manp-(1→ 1.2
t-Glcp-(1→ 47.2
t-Galp-(1→ 5

→6)-Fruf -(2→ 9.7
→3)-Glcp-(1→ 0.9
→4)-Glcp-(1→ 3.1
→3)-Galp-(1→ 0.5
→6)-Glcp-(1→ 3
→6)-Galp-(1→ 2
→1,6)-Fruf -(2→ 3.5
→3,6)-Glcp-(1→ 1.6

For the determination of fructan content, the PAHBAH reducing sugar method was
used. The fructan content of young barley was calculated from the absorbance of the color
complex and was then converted to a dry weight basis per 100 g of product. The average
fructan content of the tested samples was 10.23 ± 0.22 g per 100 g dry weight basis (i.e.,
10.2% of dry weight YEB extract).

The size of the oligomer/polymer of carbohydrates present in YEB was estimated
using the mass spectrometry technique. The MALDI-TOF mass spectrum, in positive ion
mode, is shown in Figure 3. A series of intensive signals appeared in the same intervals
of 162.05 u, pointing to hexose as a repeating unit. In the MALDI-TOF mass spectrum of
YEB (Figure 3A), only those polymers containing up to 10 hexose units (DP = 10) were
shown, but, when tracing the spectrum at low intensities in the mass range from 1700 to
3000 m/z, it was possible to find oligomers up to DP = 19 (data not shown). The smallest
oligomer visible in Figure 3A had m/z at 543.138. Its fragmentation pattern has been
shown in Figure 3B. This MALDI MS-MS spectrum revealed the only fragment ion m/z at
381.062, which corresponded to a disaccharide potassium adduct, probably composed of
glucose and fructose residues (sucrose, [G+F+K]+). This disaccharide may be here a kind
of backbone to which the next fructose units are linked during the biosynthesis process,
forming the fructan detected in the YGB preparation.

The complexity of the MALDI-TOF mass spectrum is displayed in Figure 3C, showing
that the main signal (oligomer potassium adduct, [M+K]+) is accompanied by the sodium
adduct ([M+Na]+), as well as these molecules that are deprived of water ([M-H2O+K]+ and
[M-H2O+Na]+, respectively). It should be noted that the protonated ([M+H]+) ions were
not detected at the mass spectrum; thus, it can be concluded that the YGB preparation is a
rich source of potassium and sodium salts.

2.2. Young Green Barley Extract Impacts NK-92 Cell Viability and Proliferation

In order to evaluate the immunomodulatory potential of the YGB, its influence on NK-
92 cell membrane integrity, metabolic activity, and proliferation was assessed via the LDH
(lactate dehydrogenase), MTT (thiazolyl blue tetrazolium bromide), and BrdU (bromod-
eoxyuridine) tests, respectively (Figure 4). The LDH test revealed that the tested extract was
not cytotoxic against NK-92 cells. Furthermore, the extract, when in concentrations from
25 µg/mL to 500 µg/mL, significantly decreased the lactate dehydrogenase release from
treated cells. The MTT test has shown that YGB, when in concentrations from 25 µg/mL to
250 µg/mL, did not impact NK-92 viability, while at concentrations of 500 and 1000 µg/mL,
it decreased the lymphocytes’ metabolic activity by 4.4% and 5.1%, respectively. The BrdU
test revealed no changes in the proliferation of NK-92 cells treated with YGB when used in
concentrations equal to or less than 250 µg/mL. On the contrary, the tested extract, when
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used at concentrations of 500 and 1000 µg/mL, inhibited DNA synthesis in NK-92 cells,
reducing cell proliferation by 9.8% and 11.4%, respectively.

Figure 3. MALDI-TOF mass spectrum of young green barley extract (YGB) obtained in positive ion
mode (A); MS-MS of the ion at m/z 543.1 (B); details of the spectrum A in the range of 670–710 m/z (C).

Figure 4. The influence of young green barley extract (YGB) on NK-92 cell viability and proliferation.
Cells were exposed to culture medium alone (control) or with YGB at the following concentrations of
25, 50, 100, 250, 500, and 1000 µg/mL for 48 h. Cell viability was determined by the examination of
both cell membrane integrity, using an LDH assay (A), and metabolic activity using an MTT assay
(B), while cell proliferation was measured via an immunoassay based on BrdU incorporation (C). The
results are presented as a mean ± SEM of at least 4 measurements. * p < 0.05 vs. control, one-way
ANOVA test; post hoc test: Dunnett.
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2.3. Young Green Barley Extract Enhances NK-92 Cells’ Cytotoxicity in Human Colon Cancer
LS180 Cells without any Side Effects on Human Colon Epithelial CCD841 CoN Cells

Before studying the impact of YGB on NK cells’ cytotoxic activity, the extract’s influ-
ence on normal and cancer colon cells was examined via LDH, MTT, and BrdU assays.
As presented in Figure 5 (left panel), YGB in the whole range of analyzed concentrations
(from 50 to 1000 µg/mL) did not affect the viability of the human colon epithelial cells
(CCD841 CoN), which was seen in all the performed assays. On the contrary, when tested
at the highest concentration, the extract decreased the metabolic activity of human colon
adenocarcinoma LS180 cells by 21.3% (Figure 5D), and simultaneously inhibited DNA
synthesis in the investigated cell line by 10.7% (Figure 5F). At the same time, when tested
at concentrations of 50, 250, and 1000 µg/mL YGB, the extract was cytotoxic against colon
cancer cells, as was shown by the increase in LDH release to the culture medium by 26.5%,
31.8%, and 36.4%, respectively (Figure 5D).

In the next step, YGB’s influence on the NK-92 cells’ cytotoxicity was determined under
the same conditions. First, NK-92 cells, when used alone, did not cause any side effects in
the investigated human colon epithelial cells. Similarly, the NK-92 cells’ impact on CCD841
CoN viability did not change in the presence of tested extract (Figure 5; left panel). On
the contrary, NK-92 cells distinctly inhibited the metabolic activity and DNA synthesis of
human colon cancer cells and disrupted the integrity of their cell membranes. Furthermore,
the anticancer properties of NK-92 cells were enhanced by YGB in a dose-dependent manner.
As presented in Figure 5B, the cytotoxic effect of NK-92 cells in response to treatment
with YGB increased from 133.9% to 143.5% (50 µg/mL), 147.3% (250 µg/mL), and 162.5%
(1000 µg/mL). The beneficial effect of tested compounds was also observed in another assay.
The MTT test (Figure 5D) revealed that the metabolic activity of colon cancer cells treated
with both NK-92 cells and the tested extract decreased from 74.7% to 54.9% (50 µg/mL),
51.0% (250 µg/mL), and 47.5% (1000 µg/mL), while the BrdU assay (Figure 5F) showed
the significant antiproliferative properties of NK cells against LS180 cells, which intensified
in the presence of YGB, as reflected in the decrease in DNA synthesis from 85.5% to 66.5%
(50 µg/mL), 62.8% (250 µg/mL), and 59.5% (1000 µg/mL). It should be highlighted that
the inhibition of the LS180 cells’ metabolic activity, as well as the DNA synthesis caused by
NK-92 in the presence of YGB in the whole range of tested concentrations, was significantly
stronger than the decrease in cancer cell viability induced by the extract when used alone
(comparison of corresponding YGB concentrations). A similar pattern of changes was
observed in the results of the LDH test. Nevertheless, a comparison of results obtained
from LS180 cells treated with only NK-92 cells, vs. LS180 exposed simultaneously to
both NK cells and YGB, revealed statistically significant differences in cancer cell viability
and proliferation at the whole range of tested extract concentrations, while a significant
distortion of cell membrane integrity was only noted at 1000 µg/mL YGB.

2.4. Young Green Barley Extract Enhances Colon Cancer Cell Death in Response to NK-92 Cells

To confirm the observed cytotoxic effect in LS180, cells of NK-92, used separately
and together, a YGB cell death detection ELISA assay (Figure 6A) and nuclear double
staining were performed (Figure 6B). The results of the ELISA assay revealed that the
investigated extract in the tested concentrations was not able to induce apoptosis in
LS180 cells at the same time as a number of nucleosomes were released into the cell culture
medium (a marker of necrosis) and increased by 69.9% (50 µg/mL), 86.5% (250 µg/mL),
and 103.2% (1000 µg/mL). NK-92 cells, when used alone, killed LS180 cells and induced
both programmed cell death and necrosis, which was demonstrated by the increase in
the number of DNA fragments recorded in the cytoplasmic fraction of colon cancer cells
(126.5% of control) and the medium collected from above the cell culture (264.2% of control).
Similar to the MTT and LDH results, this research revealed that the anticancer proper-
ties of NK-92 cells were enhanced by YGB in a dose-dependent manner. The proapop-
totic abilities of NK-92 cells in LS180 cells increased in response to YGB, from 126.5%
(LS180 cells treated with only NK-92 cells) to 131.8% (50 µg/mL), 136.4% (250 µg/mL),
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and 143.5% (1000 µg/mL); however, the statistically significant enhancement of NK-92
cells’ ability to induce programmed cell death was observed only after NK cells were
co-incubated with 1000 µg/mL YGB. Conversely, the number of necrotic colon cancer
cells that were observed in response to NK-92 when co-incubated with the tested extract
increased from 264.2% (LS180 cells treated with only NK-92 cells) to 302.9% (50 µg/mL),
337.6% (250 µg/mL), 388.8% (1000 µg/mL), and the reported YGB intensification of NK
cells’ cytotoxicity was statistically significant in the whole range of the investigated extract
concentrations. Furthermore, LS180 cell-killing by NK-92 in the presence of YGB, in the
whole range of tested concentrations, was significantly improved compared to the direct
anticancer effect of the extract (comparison of corresponding YGB concentrations).

Figure 5. Influence of young green barley extract (YGB) on NK-92 cell cytotoxicity against normal
and cancer colon cells. The human colon adenocarcinoma cell line LS180 and human colon epithelial
cell line CCD841 CoN, and were exposed to culture medium alone (control) or the YGB (50, 250,
and 1000 µg/mL) used alone, or to NK-92 cells in the absence or presence of YGB (50, 250 and
1000 µg/mL) for 48 h. NK-92 cells were used in the same concentration as treated cells. Changes in
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investigated cells in response to YGB, used alone or together with NK cells, were determined by
examining cell membrane integrity using an LDH assay (A,B), metabolic activity using an MTT assay
(C,D), and DNA synthesis using the BrdU assay (E,F). Results are presented as mean ± SEM of at
least 4 measurements. * p < 0.05 vs. control; ˆ p < 0.05 colon cells treated with both NK-92 cells and
YGB extract vs. colon cells treated with only NK-92 cells; # p < 0.05 colon cells treated with both
NK-92 cells and YGB extract vs. colon cells exposed to YGB at the same concentration as those being
tested in a one-way ANOVA test; Tukey post hoc test.

Figure 6. Cell death induction in human colon cancer cells, in response to NK cells co-incubated
with young green barley extract (YGB). The impact of YGB (50, 250, and 1000 µg/mL) or NK-92 cells,
used together or separately, on the viability of the human colon adenocarcinoma cell line LS180 was
investigated after 48 h of incubation. (A) Enrichment of nucleosomes in the cytoplasmic fraction
(an apoptosis marker) or cell culture medium (a necrosis marker) was determined by a cell-death
detection ELISA assay. The results are presented as the mean ± SEM of at least 4 measurements.
* p < 0.05 vs. control; ˆ p < 0.05 cancer cells treated with both NK-92 cells and YGB extract vs. cancer
cells treated with only NK-92 cells; # p < 0.05 cancer cells treated with both NK-92 cells and YGB
extract vs. cancer cells exposed to YGB at the same concentration as tested. One-way ANOVA test;
post hoc test: Tukey. (B) Untreated LS180 cells (control), as well as LS180 cells exposed to the extract
with or without NK-92 cells, were double-stained (Hoechst and propidium iodide) and examined
under fluorescence microscopy. Representative pictures are presented; the magnification is 400×.

The results described above were reflected in the microscopic analysis of LS180 cells
that were double-stained with Hoechst and propidium iodide (Figure 6B). The conducted
studies have shown single colon cancer cells undergo programmed cell death in both
untreated and YGB-treated LS180 cells. Nevertheless, YGB, when used alone, significantly
damaged colon cancer cell membranes, and the observed cytotoxicity was dose-dependent.
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On the contrary, NK-92 cells induced both necrosis and apoptosis in the investigated
colon cancer cells; however, the cytotoxic effect was dominant. The anticancer effect
of the NK cells distinctly increased in the presence of the tested extract, which was as-
sociated with elevated levels of both necrotic and apoptotic LS180 cells; however, the
disintegration of cell membranes was the dominant mode of cancer cell elimination. The
enhancement of colon cancer cell death by YGB-treated NK-92 cells was directly dependent
on extract concentration.

3. Discussion

Young green barley water extract has been shown to contain more than 64% of sac-
charides, composed mainly of glucose and fructose. Methylation analysis shows that the
majority of them are in the terminal position, which might suggest that the preparation
contains short oligosaccharides. Interestingly, the presence of saccharose—the metabolic
precursor of fructans—could not be observed in the MALDI-TOF mass spectrum. This
means that saccharose can be quickly metabolized or exported outside of the leaves. Fruc-
tans are considered to be the main saccharide reserves in the vegetative tissues of grasses,
including barley [26]. The oligosaccharides observed in the analyzed extract can be rec-
ognized as plant fructan. Mixed-type fructan (containing both (1→2) and (6→2)-linked
fructosyl units were found in the YGB preparation, based on methylation analysis and
the mass spectrometry technique. The fructan content in YGB was also determined and
represented approximately 10.2% of the dry matter basis of the analyzed samples. This type
of sugar polymer is typical for cereals, such as barley [27,28]. Plant fructans are usually
shorter than bacterial ones and, in general, contain less than 50 fructosyl units. Nemeth and
co-workers showed changes in the distribution of different chain lengths and the pattern
of fructan structures in the barleys derived from different cultivars or breeding lines [29].
In the case of YGB extract, the fructose oligomers had fewer than 20 units, and the most
frequent fraction that was found contained 4 sugars—this is probably nystose. Nystose
was described earlier as a component of barley grains [30].

Despite the fact that the immunomodulatory properties of plant fructans are becoming
better and better known, most of the studies focused only on their indirect influence on the
immune system components, which is a consequence of their prebiotic properties [31,32].
Nevertheless, the results from recent studies dedicated to fructans isolated from a wide
range of plants revealed that the mentioned carbohydrates may also directly impact im-
mune cells and, consequently, modulate the immune system responses [31]. Unfortunately,
there is a lack of evidence presenting the direct impact of barley fructans on the components
of the immune system. Nevertheless, considering the fact that the main component of the
investigated extract was also fructooligosaccharide, the discovery of a beneficial impact on
immune cells was predicted.

It should be emphasized that the chemical examination of YGB revealed that, next to
carbohydrates, the second main component of the investigated extract was proteins, the
total amount of which was around 27%. The electrophoretic separation of young green
barley extract revealed the presence of proteins with a molecular weight of around 55 kDa
and 35 kDa, as well as proteins weighing less than or equal to 15 kDa. The obtained
data indicated that YGB was a carbohydrate–protein complex. Considering the proven
enhancement impact of protein ligands on both the anticancer and immunomodulatory
properties of polysaccharides [33], discovered that the presence of proteins in YGB seems
to be beneficial. It should be emphasized that, according to our best knowledge, the data
presented herein is the first report published about the immunomodulatory properties of
the barley carbohydrate-protein complex.

The immunomodulatory properties of young green barley extract were examined
using NK-92 cells, the best-described human NK cell line, the therapeutic utility of which
has been confirmed in several clinical trials [34,35]. NK-92 cells characterized the ability
to produce cytokines, as well as high cytotoxic activity. Although they are highly cancer-
specific, the cells can be further modified to express different cancer receptors to increase
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the targeting and killing of cancer cells, as well as to express therapeutic antibody-binding
receptors, which also enhances their anticancer activity. Furthermore, NK-92 cells are able
to resist the suppression induced by many agents released by cancer cells, thanks to the
absence of killer inhibitory receptors (KIR) [35,36]. The above-mentioned features, as well
as their long-term growth potential, have made NK-92 cells an attractive model by which
to study the function of human NK cells, and have become an excellent tool for evaluating
the immunoenhancement properties of compounds of various origins; thus, this cell line
was selected to examine the possibility of using polysaccharide-rich young green barley
extract in oncological immunotherapy.

Evaluation of the direct impact of young green barley extract on NK cells revealed that
the tested compounds are not cytotoxic in the whole range of investigated concentrations,
and did not affect the viability and proliferation of NK-92 cells in a wide range of tested
concentrations (from 25 to 250 µg/mL); however, at higher doses (500 and 1000 µg/mL) the
extract decreased both lymphocyte metabolic activity and DNA synthesis. Several studies
have reported the stimulation of leucocyte proliferation by barley polysaccharides; however,
the beneficial effect on NK cell numbers was reported only by Han et al., who revealed
the increase of NK cell proliferation in immunosuppressive BALB/c mice in response to
water-soluble barley polysaccharide (BP-1; molecular weight 67 kDa) [11]. Nevertheless, it
needs to be highlighted that NK-92 cells are human lymphoma-derived cells and, despite
the fact that they are phenotypically similar to activated normal NK cells [36], the results
obtained from studies conducted on this cell line should be interpreted in light of this
data. Because of the reaction observed in response to higher doses of young green barley
extract, the slight decrease of NK-92 cell viability and proliferation with a simultaneous
lack of YGB cytotoxicity did not unequivocally determine the existence or absence of the
immunomodulatory properties of the test substance.

In order to verify the possibility of using young green barley extract-derived
carbohydrate-protein complex in oncological immunotherapy based on NK cells, YGB’s
influence on NK-92 anticancer activity was evaluated. Because immunotherapy should
be both effective and safe, studies have been conducted on both normal and cancer cell
lines (human colon epithelial CCD841 CoN cells and human colon cancer LS180 cells). An
in vitro model of colon cancer was chosen because of the fact that this type of cancer is one
of the most common cancers in terms of incidence and mortality rate in the world.

In the first step of these studies, the direct anticancer effect of YGB as well as NK
cells used separately has been analyzed. The obtained results revealed that the examined
compounds significantly decreased the viability and proliferation of colon cancer LS180
cells, as well as effectively damaging their cell membranes and causing necrosis induction.
At the same time, YGB did not affect human colon epithelial CCD841 CoN cells. The
observed high selectivity of the examined compounds can be understood as a lack of
negative influence on normal colon cells, with an evident anti-cancer effect against colon
cancer cells, which corresponds with the previous results of our research group [37,38].

Similar to YGB, NK-92 cells also revealed a high selectivity of action in relation
to colon cancer cells. The recorded anticancer effect of NK cells was mostly associated
with cytotoxicity; however, significant apoptosis induction was also noted. In terms of
oncological immunotherapy, the observed ability of NK-92 cells to induce different cancer
cell death would create the possibility of modulating the immunogenicity of the tumor
microenvironment, which is important in the case of therapy efficiency and safety.

The discovered anticancer effect of NK-92 cells and YGB, when used alone, intensified
when the lymphocytes and the extract were used together. The beneficial impact of NK
cells co-incubated with the examined polysaccharide-rich young green barley extract
was observed on metabolic activity, DNA synthesis, cell membrane integrity, and cell
death induction in LS180 cells. The enhancement of NK cells’ anticancer activity by
YGB was dose-dependent; nevertheless, a significant improvement in the NK-92 cells’
proapoptotic and cytotoxic abilities was noted only in the presence of tested compounds
at the highest tested concentration (1000 µg/mL), while other investigated phenomena
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were evidently improved by YGB in the whole range of tested concentrations. It should
be highlighted that cancer cell elimination by NK-92 in the presence of YGB in the whole
range of tested concentrations was significantly stronger than the decrease in cancer cell
viability and proliferation, as induced by the extract when used alone at the corresponding
concentrations. Nevertheless, the synergy of the anticancer actions of NK-92 cells and the
tested compounds was observed in all performed studies except the LDH assay. The YGB
in the whole range of investigated concentrations that were given to cancer cells together
with NK cells caused a stronger inhibition of metabolic activity and DNA synthesis, as
well as improved apoptosis induction, than would have been anticipated from the mere
summation of the direct effects of the lymphocytes and tested compounds. In the case
of necrosis, a synergy of action was observed in an NK cell co-incubated with YGB at a
concentration of 1000 µg/mL. The observed enhancement of the NK cells’ cytotoxic abilities
in response to barley polysaccharides corresponds with previously published data [10]. Ex
vivo studies conducted by Han et al. revealed that the oral administration of crude barley
polysaccharides (BLE0; mainly composed of neutral sugars and uronic acid and containing
minor levels of 2-keto-3-deoxy-mannooctanoic acid-like materials) significantly recovered
the cyclophosphamide-induced reduction of NK cell activity against YAC-1 mouse T cell
lymphoma cells [10].

In summary, the results of the present studies indicate that polysaccharide-rich young
green barley extract may have immunomodulatory properties associated with the enhance-
ment of NK cells’ ability to recognize and eliminate human colon cancer cells without any
side effects on normal colon epithelial cells. Furthermore, the obtained data also revealed
the direct anticancer effect of the tested compounds, as well as high selectivity against
neoplastic cells. Although the presented studies were performed only on cell lines, their
importance is supported by the fact that they focused on NK92 cells with proven therapeu-
tic utility in clinical studies. The discovered beneficial impact of the investigated extract
on NK92 cells’ anticancer properties brings hope for its therapeutic use, especially as an
adjuvant in the currently applied immunotherapies for colon cancers. Despite the fact that
over 90% of the extract components have been determined, further study is necessary to rec-
ognize other functional ingredients, next to the discovered carbohydrate-protein complexes,
that may also influence the discovered immunoenhancement properties of YGB.

4. Materials and Methods
4.1. Reagents

Unless indicated otherwise, the chemicals used in this study were purchased from
Sigma-Aldrich Co. LLC, Saint Louis, MO, USA.

4.2. Preparation of Young Green Barley Extract

The powdered young green barley juice (Hordeum vulgare) was purchased from Green
Ways (Prague, Czech Republic). First, 5 g of the product was dissolved in 150 mL sterile
water. Extraction was then carried out for 24 h on a rotator at room temperature. The
resulting mixture was centrifuged (4075× g, 10 min, 20 ◦C) and the collected supernatant
was filtered through a microbiological filter. The resulting filtrates were then subjected to
a freeze-drying process. The lyophilizate thus obtained was stored at −20 ◦C. The stock
solution of young green barley (25 mg/mL) was prepared by dissolving the lyophilizate
in PBS (phosphate-buffered saline). The stock solution was stored at −20 ◦C. Working
solutions of the extract were prepared by dissolving a stock solution in a culture medium.
In this manuscript, young green barley extract has been expressed as YGB.

4.3. Sugar Content Determination

The total sugar content in YGB was determined using the phenol-sulphuric acid
method, as previously described [39], using glucose as a standard. The tested extract
(200 µL) was mixed with 5% aqueous phenol solution (200 µL) and concentrated H2SO4
(1 mL). After 10 min of incubation at room temperature, absorbance was recorded on
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a microplate reader, the BioTek ELx800 (Highland Park, Winooski, VT, USA) at 490 nm
wavelength. The results were expressed as the percentage of YGB.

4.4. Protein Content Determination

The protein concentration in YGB was determined using a Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instruc-
tions. Bovine serum albumin was used as a standard. Absorbance was recorded on a
microplate reader, a BioTek ELx800, at 570 nm wavelength. The results were expressed as
the percentage of YGB.

4.5. Proteins Separation—SDS-PAGE

YGB at a concentration of 25 mg/mL was solubilized in sample buffer (30% glycerol,
10% SDS, 0.5 M Tris-HCl, pH 6.8, 0.012% bromophenol blue, 5% β-mercaptoethanol) and
boiled for 5 min. Then, 10 µL of the YGB sample, as well as 5 µL of Page Ruler Plus pre-
stained protein ladder (Thermo Fisher Scientific, Waltham, MA, USA), were loaded onto the
12% polyacrylamide gel. Protein separation was carried out at 80 V for 30 min, followed by
200 V for 60 min for the resolving gel, using a Power Pac (Bio-Rad Laboratories, Hercules,
CA, USA). The gel was stained for 30 min with Coomassie Brilliant Blue, dissolved in
water/methanol/acetic acid (5/4/1, v/v/v), and the destaining of the gel was achieved
using Coomassie solvent for 3 h. The estimation of the molecular mass of proteins was
performed using the abovementioned molecular protein mass marker (from 15 to 250 kDa).

4.6. Chemical Analyses of Sugars

Monosugars were liberated from 1 mg of the YGB sample by hydrolysis, using
2 M trifluoroacetic acid (100 ◦C, 4 h), and were converted into alditol acetates via re-
duction with NaBD4 and acetylation, as described elsewhere [40]. The obtained alditol
acetates were analyzed via gas-liquid chromatography coupled with mass spectrometry
(GLC-MS) technique.

To obtain the acetylated methyl glycosides, the YGB sample was subjected to methanolysis
(2 M HCl/methanol, 85 ◦C, 2 h) and acetylation (pyridine/acetic anhydride, 85 ◦C, 30 min).

To obtain the peracetylated derivatives of methyl oximes, the YGB preparation was
mildly hydrolyzed (1 M HClaq 50 ◦C, 1 h) and dried under a vacuum. Methoxylamine
hydrochloride (100 µL, 0.18 M in pyridine) was added and the sample was incubated at
70 ◦C for 1 h. Acetic anhydride was added (100 µL), then a sample was incubated at 45 ◦C
for 1 h. The sample was dried, dissolved in ethyl acetate, and analyzed by GLC-MS. The
standard aldoses (mannose, glucose, galactose) and ketoses (fructose, tagatose, sorbose)
were prepared in the same way.

The linkage position between sugar components in the sample was established by
methylation analysis [41] and the extraction of permethylated products into chloroform,
followed by acid hydrolysis (2 M TFA, 100 ◦C, 4 h), reduction with NaBD4, and acetylation.
The obtained partly methylated alditol acetates were analyzed by GLC–MS.

4.7. Fructan Content Determination

The fructan content was determined using the PAHBAH reducing sugar method, with
the help of the Fructan Assay Procecedure Kit (Megazyme, Bray, Ireland), following the
manufacturer’s instructions. First, 100 mg increments of three independent lyophilized
samples were used in triplicate. The PAHBAH color complex absorbance was recorded on a
microplate reader, BioTek ELx800, at a 405 nm wavelength. Fructan content was calculated
using the Megazyme Mega-Calc spreadsheet (Megazyme, Ireland).

4.8. FTIR Spectroscopy

An infrared absorption spectrum (FTIR-ATR) of the YGB was recorded using an FTIR
spectrometer, the Nicolet 8700A (Thermo Scientific). The spectral range was from 400 to
4000 cm−1.
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4.9. GLC-MS Analysis

The sugar derivatives were analyzed by GLC-MS using a gas chromatograph 7890A
(Agilent Technologies, Inc., Wilmington, DE, USA) connected to a mass selective detector
(MSD 5975C, inert XL EI/CI (Agilent Technologies, Inc., Wilmington, DE, USA)). The
chromatograph was equipped with an HP-5MS column (30 m × 0.25 mm) and used helium
as a carrier gas. The temperature program was as follows: 150 ◦C for 5 min, increased to
310 ◦C (5 ◦C min−1); the final temperature was maintained for 10 min. The components
were identified based on their mass spectra and retention time and then compared with the
known standards.

4.10. Mass Spectrometry

The MALDI-TOF MS (Matrix-Assisted Laser Desorption/Ionization—Time of Flight
Mass Spectrometry) and MS-MS (tandem mass spectrometry) of YGB were performed with
a SYNAPT G2-Si HDMS instrument (Waters Corporation, Milford, MA, USA) equipped
with a 1 kHz Nd: YAG laser system (355 nm wavelength). Acquisition of the data was per-
formed using the MassLynx software, version 4.1 SCN916 (Waters Corporation, Wilmslow,
UK). To act as a matrix, 2,5-dihydroxybenzoic acid solution (20 µg/µL) in 50% acetonitrile
was used. The sample was dissolved in 50% methanol to a concentration of 20 µg/µL and
then mixed with matrix solution in the proportion of 1:1 (v/v) [42]. Spectra were recorded
in a positive ion mode. For MS/MS experiments, isolated precursor ions were fragmented
using a collision voltage of 15 V. MS data were collected for 120 s. Mass spectra were
assigned with multi-point external calibration using red phosphorous (Sigma Aldrich, St.
Louis, MO, USA).

4.11. Cell Lines

Human natural killer cells (NK-92) and human colon epithelial cells (CCD841 CoN)
were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Human colon adenocarcinoma cells (LS180) were obtained from the European Collection
of Cell Cultures (ECACC, Center for Applied Microbiology and Research, Salisbury, UK).

NK-92 cells were grown in Alpha Minimum Essential Medium without ribonucleo-
sides and deoxyribonucleosides, and with 2 mM L-glutamine and 1.5 g/L sodium bicar-
bonate, supplemented with 0.2 mM inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic
acid, 200 U/mL recombinant IL-2, 12.5% horse serum, and 12.5% fetal bovine serum (FBS).
CCD841 CoN cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% FBS. LS180 cells were grown in a 1:1 mixture of DMEM and nutrient
mixture, Ham F-12, supplemented with 10% FBS. All media were supplemented with peni-
cillin (100 U/mL) and streptomycin (100 µg/mL). Cells were maintained in a humidified
atmosphere of 95% air and 5% CO2 at 37 ◦C.

4.12. Cell Treatment

In the case of the MTT, LDH, and BrdU assays, cells were seeded on 96-well microplates
at a density of 5 × 104 cells/mL. In the case of microscope evaluation, cells were seeded on
Lab-Tek Chambers Slides (Nunc) at a density of 5 × 104 cells/mL.

Basic variant: Immediately after seeding on cell culture vessels, the NK-92 cells were
exposed to a series of YGB dilutions. Conversely, adherent cells (CCD841 CoN, LS180)
were treated with a series of YGB dilutions 24 h after cell seeding into cell culture vessels.
YGB dilutions were prepared in a culture medium suitable for individual cell lines.

The variant in co-cultures: Adherent cells were seeded on cell culture vessels. The
following day, the culture medium was removed, and the cells were exposed to NK92 cells
in the absence or presence of a series of YGB dilutions. The proportion of adherent cells
to NK cells was 1:1. The YGB dilutions were prepared in a culture medium suitable for
NK-92 cells.

In both variants of the experiments, cells were treated with YGB, or NK-92 cells, or
YGB + NK-92 cells for 48 h, and afterward, proper investigations were performed.
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4.13. Cytotoxicity Assessment—LDH Assay

After treatment, the cells growing on microplates were centrifuged at 300× g for
10 min, at room temperature. Then, the culture supernatants were collected in new 96-well
microplates, which were used to perform an LDH assay following the manufacturer’s
instructions (In Vitro Toxicology Assay Kit—Lactate Dehydrogenase-Based, Sigma Aldrich,
St. Louis, MO, USA). Absorbance was recorded on a microplate reader (BioTek ELx800), at
a wavelength of 450 nm.

4.14. Assessment of Metabolic Activity—MTT Assay

After cell treatment, the metabolic activity of cells was investigated using the MTT test.
In brief, cells were incubated with MTT solution (5 mg/mL in PBS) for 6 h. Then, formazan
crystals were solubilized overnight in SDS buffer (pH 7.4) (10% SDS in 0.01 N HCl), and
the product was quantified spectrophotometrically by measuring the absorbance at 570 nm
wavelength using the microplate reader (BioTek ELx800).

4.15. Assessment of DNA Synthesis—BrdU Assay

After cell treatment, DNA synthesis was measured with a colorimetric immunoassay,
Cell Proliferation ELISA BrdU (Roche Diagnostics GmbH, Penzberg, Germany), according
to the manufacturer’s instructions. Absorbance was recorded on a microplate reader
(BioTek ELx800) at a wavelength of 450 nm.

4.16. Cell Death Detection—ELISA

After cell treatment, cell death (both apoptosis and necrosis) was assessed using the
Cell Death Detection ELISA PLUS kit (Roche Diagnostics, Mannheim, Germany), according
to the manufacturer’s instructions. Studies were conducted in cytoplasmic fractions as well
as the cell medium collected from above the cell cultures, which allowed the determining
of nucleosome quantity in apoptotic and necrotic cells, respectively. Absorbance was
measured at a wavelength of 405 nm, using a microplate reader (BioTek ELx800).

4.17. Cell Death Detection—Nuclear Double Staining

After treatment, cell death was visualized using nuclear double-staining. Cells were
incubated for 5 min with a fluorochrome mixture: Hoechst 33342 (0.24 mg/mL) and
propidium iodide (PI) (0.15 mg/mL). The stained cells were observed under an Olym-
pus BX51 System microscope and the micrographs were prepared using the CellFamily
AnalySIS software.

4.18. Statistical Analysis

The obtained data were developed in the following programs: Microsoft Excel 2010
and GraphPad Prism 5.0. The results are presented as the mean value and standard error
of the mean (SEM). The data were analyzed using a one-way ANOVA test with Dunnett’s
or Tukey’s post hoc tests, and column statistics were used for comparisons. Significance
was accepted at p < 0.05.
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