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Preface

Celebration of the lifetime achievements of Professor Chi-Tang Ho 
on the occasion of his 80th birthday

 

Professor Chi-Tang Ho has been the cornerstone of many innova-
tive developments and contributions to the Food Chemistry, start-
ing with his pioneering work in food flavors and antioxidants such 
as those of rosemary and then many other natural antioxidants and 
phenolic compounds from different sources that unraveled many 
mechanistic pathways previously unknown to the field. In addi-
tion, he has trained many graduate students and highly cited scien-
tists that serve in key positions in academia, industry and govern-
ment institutes.

Dr. Ho graduated with a B.S. from National Taiwan University 
in 1968 and then an M.A. and a Ph.D. degree in organic chemistry 
in 1971 and 1974, respectively, from Washington University in St. 
Louis. He then joined the Department of Food Science at Rutgers 
in 1978 as an assistant professor and moved through the ranks to 
professor in 1993, where he is now an Emeritus Distinguished 
Professor. Dr. Ho was a main proponent of many initiatives and 
served as the associate editor of the Journal of Agricultural and 
Food Chemistry for many years as well as all other activities in the 
Agricultural and Food Chemistry Division.

In recognition of his scientific groundbreaking achievements, it 
is our great honor and privilege to dedicate this issue to recognize 
him on the occasion of his 80th birthday.

The following is an excerpt by Professor Min-Hsiung Pan, a 
Distinguished Professor at the National Taiwan University who 
serves as the Guest Editor for this issue. Dr. Pan was a Visiting 
Professor in Dr. Ho’s lab while serving as a professor at National 
Kaohsiung Marine University.

“Prof. Chi-Tang Ho was an illuminating thread, woven with un-
paralleled brilliance through the realms of food science and more. 
I recount the transformative experience under his guidance and a 

distinguished mentor.”
He continues to say “Our academic camaraderie blossomed 

through scholarly discussions, unveiling numerous research ave-
nues, and fostering intellectual curiosity. At every turning point, as 
new information or research direction surfaced, Prof. Ho promptly 
shared and discussed with me potential developments of each new 
project. Our collaboration persisted in my tenure at Taiwan, tran-
scending the challenges of a 12-hour time difference. Prof. Ho 
remained my trusted confidant, and the first to consult on intrigu-
ing research and cutting-edge technologies.” He then adds “To 
date, the countless individuals who have collaborated with Prof. 
Ho attest to his continuous willingness to mentor and contribute 
to the flourishing development of the field of food science. Prof. 
Ho’s distinguished outstanding in the academic community is un-
derscored by numerous honours, including election as a Fellow 
of the American Chemical Society in 2010, the Royal Society of 
Chemistry in the UK in 2014, the International Academy of Food 
Science & Technology in 2006, the Institute of Food Technologists 
in 2003, and the International Society for Nutraceuticals & Func-
tional Foods in 2018.”

This preface/foreword not only serves as an expression of pro-
found admiration we all have for Prof. Ho but also stands as a 
testament to the transformative influence he has wielded upon the 
academic journey for many of us. Perhaps, in the grand design of 
academic encounters, our connection with Prof. Ho was orches-
trated by a higher force, adding an extra layer of significance to 
our scholarly journey and to the rest of the scientific community 
in the global arena.

Fereidoon Shahidi and Min-Hsiung Pan
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Abstract

Bioactive peptides are well-known for their remarkable tissue affinity, specificity, and effectiveness in promoting 
health. Extracted from food proteins, these bioactive peptides have displayed significant potential as functional 
foods and nutraceuticals. Throughout the years, numerous potential bioactive peptides derived from food sourc-
es have been documented. These bioactive peptides offer a wide range of crucial functions within the human 
body, including acting as antioxidants, antimicrobial agents, anti-inflammatory compounds, anti-hypertensive 
substances, and immunomodulators. More recently, extensive research has been conducted to investigate the 
origins, bioavailability, potential physiological effects and functionality, as well as the mechanisms of action of 
bioactive peptides in rendering health benefits. Researchers have also delved into various technological methods 
for preparing, purifying, and characterizing these peptides. This contribution primarily centers on exploring the 
antioxidant and antimicrobial aspects of bioactive peptides.

Keywords: Bioactive peptides; Antioxidant activity; Antimicrobial activity and mechanism.

Bioactive peptides (BP) are composed of specific amino acid se-
quences that positively impact bodily functions or conditions that 
may influence health (Akbarian et al., 2022). BP commonly are 
made up of 2–20 amino acids, whereas proteins are polypeptides 
with higher molecular weights (MW) (Zaky et al., 2022). The se-
quence and composition of BP define their bioactivity characteris-
tics. These peptides can be released from their precursor proteins 
by digestive enzymes during gastrointestinal digestion or by in 
vitro proteolytic processes with exogenous proteases (Shahidi and 
Zhong, 2015; Udenigwe and Aluko, 2012).

Bioactive peptides are isolated and generally produced from an-
imal and plant proteins or other sources (Daliri et al., 2017, Awuchi 
et al., 2022). Animal proteins have traditionally been investigated 
for their high protein content and balanced essential amino acids 
(Qin et al., 2022). Milk and dairy products have been identified 
as potential sources of bioactive peptides (Punia et al., 2020). In 

addition, they can be produced from eggs and meat (Madhu et al., 
2022). Various marine species, such as tuna, sardine, herring, and 
salmon, are an important source of BP (Mirzapour-Kouhdasht and 
Garcia-Vaquero, 2022). BP, derived from crustaceans, regulate 
various physiological processes such as cardiac function, pigmen-
tation shifts, exoskeleton and internal muscle movements, meta-
bolic activities, growth, transformation stages, and reproductive 
functions, some of these are also observed for those generated 
from other sources (Daliri et al., 2017).

Since plant sources have greater sustainability, low cost, and 
serve as an essential component in diet, the search for acquiring 
peptides from plant sources has increased (Rizzello et al., 2017). 
For example, Val-Tyr (VY), a multifunctional dipeptide, may 
be released from a protein source such as brewed sake or milk 
(Jakubczyk et al., 2020). The vegetable protein sources have also 
yielded favorable results using rice, soy, peanuts, peas, corn, algae, 
pseudo cereals, garlic, turmeric, spinach, and cocoa (Chalamaiah 
et al., 2019; Esfandi et al., 2019; Fernández-Tomé and Hernández-
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Ledesma, 2019; Montesano et al., 2020; Phongthai et al., 2018; 
Rizzello et al., 2017; Shi et al., 2016; Wang et al., 2019).

Bioactive peptides generated from food possessing provide ex-
cellent potential for creating functional foods and/or nutraceuticals 
to prevent or treat certain chronic diseases. The production and 
characterization of bioactive peptides with antimicrobial, anti-in-
flammatory, antihypertensive, anti-obesity, and antioxidant attrib-
utes have been extensively published. These are classified into two 
types of endogenous and exogenous peptides (Abril et al., 2022; 
Zambrowicz et al., 2013). Endogenous peptides are produced in 
different cells, such as neural cells (analgesic/opioid application), 
immune cells (role in inflammation and antimicrobial), or various 
glands, such as the pituitary and adrenal glands (Froehlich, 1997). 
Exogenous peptides enter the body from various sources, such as 
food, dietary supplements, and medications (Akbarian et al., 2022; 
Chakrabarti et al., 2018; Geissler et al., 2010; Satake et al., 2002). 
BP have received much attention due to their application for en-
hancing health and reducing the risk of diseases by producing 
healthy foods, drugs, and other products (Akbarian et al., 2022).

Bioactive peptides derived from food proteins can be obtained ei-
ther by enzymatic hydrolysis or by fermentation using starter cul-
tures. Few studies have shown a combination of these two methods 
to produce peptides with enhanced biological activities. Addition-
ally, bioactive peptides can be chemically synthesized due to their 
low presence in nature and the growing commercial interest in cre-
ating synthetic bioactive peptides. Here, we are primarily focusing 
on enzymatic hydrolysis and microbial fermentation.

Enzymatic hydrolysis is a common method for procuring protein 
and hydrolysates/peptides from various food sources, especially 
by using digestive enzymes (Luna-Vital et al., 2015; Cruz-Casas et 
al., 2021). Enzymatic hydrolysis can be carried out in three differ-
ent ways: i) using immobilized enzymes, ii) under traditional batch 
conditions, and iii) using ultrafiltration membranes.

The immobilized enzymes in a two-phase system, where one 
phase exclusively contains the enzyme and the other solely the 
product, as described by Rizzello et al. (2016), offer substantial 
benefits. The immobilization of enzymes is more economically ad-
vantageous and simplifies the separation of enzymes and products, 
thereby minimizing the risk of product contamination and enabling 
enzyme reuse, thus lowering the production cost (Michalak et al., 
2017). The method conducted under traditional batch conditions is 
the least favored. This is due to the high enzyme costs, low yields 
and productivity, as well as the production of unwanted secondary 
metabolites resulting from enzymatic autolysis that contribute to 
its limited use (Cruz-Casas et al., 2021).

Ultrafiltration membranes have become the most known meth-
od for obtaining bioactive peptides. Ultrafiltration membranes, 
which hold back the enzyme and protein substrate while facilitat-
ing the separation of peptides through the application of hydrau-
lic pressure, play a crucial role (Boukil et al., 2018). Throughout 
hydrolysis, proteins are continuously transformed into bioactive 
peptides, which are then released and separated from the reactor 
based on the membrane’s molecular weight cut-off. By selecting a 

membrane with the appropriate pore size, typically recommended 
to be 3–6 times smaller than the molecular mass of the enzyme, 
the molecular weight of the final product can be precisely man-
aged, ensuring the enzyme’s retention (Ewert et al., 2022; Mora 
and Toldrá, 2023).

The final product of enzymatic hydrolysis depends on the type 
of enzyme used, the type of protein precursor, the degree of hy-
drolysis, and the separation method of the product. Even though 
crude and purified peptides are used for different applications to 
reduce the final production cost, the use of crude peptides is often 
preferred (Alavi and Ciftci, 2023).

Microbial fermentation is a biotechnological method used to de-
rive bioactive peptides. This technique employs microorganisms 
that produce proteolytic enzymes, aiming for these enzymes to 
break down proteins into smaller peptide fragments (Jia et al., 
2021). The microorganisms typically utilized include bacteria, 
fungi, or yeasts, which might naturally occur in the substrate or be 
introduced as a starter culture (Najafian et al., 2021; Chakrabarti et 
al., 2018, Maghraby et al., 2023).

The microbial fermentation process encompasses various sys-
tems, with submerged fermentation and solid-state fermentation 
being the most prevalent. Submerged fermentation involves cul-
tivating microorganisms in a liquid, nutrient-rich medium. This 
method is particularly effective for microorganisms that thrive in 
high-moisture environments, such as bacteria. It has the benefit 
of facilitating the purification of bioactive peptides produced dur-
ing the process (Tolpeznikaite et al., 2023). On the other hand, 
solid-state fermentation consists of microbial growth on nutrient-
rich solid substrates. It has the advantage of releasing nutrients 
and is suitable for fungi and microorganisms with minor moisture 
requirements (Subramaniyam and Vimala, 2012). During the mi-
crobial fermentation process, it is essential to handle the appropri-
ate substrate, suitable microorganisms, and optimal environmental 
conditions, such as pH, temperature, and humidity, to generate 
peptides with better bioactivity (Melini et al., 2019). Table 1 shows 
the few industrial bioactive peptides and their antioxidant activity.

Within the bacterial group, lactic acid bacteria (LAB) are no-
tably prominent and acclaimed as some of the most effective mi-
croorganisms for producing bioactive peptides. Their significance 
stems from their remarkable ability to adapt to various environ-
ments and substrates, both animal and plant-based (Cruz-Casas 
et al., 2021; Melini et al., 2019). Furthermore, LABs are distin-
guished by their potent proteolytic system, which is a key feature 
contributing to their efficiency in peptide production (Kieliszek et 
al., 2021) and is used to produce BP. Their role in producing fer-
mented products is not only due to their physiological effect but 
also their technological importance in developing texture and taste 
(Akbarian et al., 2022).

Antioxidant peptides typically the size of these peptides plays a 
crucial role in determining their effectiveness and behavior in the 
body, affecting both how they are transported to their target sites 
and how the gastrointestinal system processes them (Tadesse and 
Emire, 2020). These factors can enhance their antioxidant capacity 
within the body. The antioxidant activity of the two aromatic ami-
no acids tryptophan (Trp) and phenylalanine (Phe) has been related 
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to their capacity to act as radical scavengers, and the antioxidant 
activity of tyrosine is attributed to the special capability of phe-
nolic group that acts as a hydrogen donor. Moreover, the presence 
of histidine (His) in peptides is directly associated with their ability 
to donate hydrogen and trap lipid peroxyl radicals, further enhanc-
ing their antioxidant effectiveness (Ajibola et al., 2011). Bioac-
tive peptides with antioxidant properties are found in plant-based 
proteins from industrial food processing and by-products. These 
sources include soybean, wheat germ, hemp seeds, rice bran, ses-
ame bran, wheat bran, and rapeseed, highlighting the potential of 
plant-derived substances to contribute to health benefits through 
their antioxidant activities (Flynn et al., 2008, Toldrá et al., 2018).

Many proteins, protein hydrolysates, and specific amino acids 
have demonstrated significant antioxidant activity. For example, 
it has been shown that a mixture of tryptophan and lysine inhib-
its the oxidation of butter’s fat (Amarowicz and Shahidi, 1997). 
Some non-polar amino acids, such as proline and methionine, also 
render antioxidant activity in sardine and vegetable oils (Harnedy 
and FitzGerald, 2012). Taurine, hypotaurine, carnosine and anser-
ine have been demonstrated to exert an antioxidant effect in vitro 
(Surai et al., 2021). Proteins from animal, plant and microbial ori-
gin, such as gluten, egg albumin, casein and yeast protein, have 
also been shown to render antioxidant activity (Czelej et al., 2022). 
In almost all cases, low-molecular-weight peptides exhibit higher 
antioxidant activity than intact proteins.

Protein digests have different antioxidant activities depending 
on the size of the peptides and their amino acid sequences as well 
as, the protein source and the hydrolysis condition (Shahidi and 
Zhong, 2015). Some bioactive peptides and their antioxidant ac-
tivity, such as soy peptides obtained from soy protein using dif-
ferent enzymes (papain, pepsin, chymotrypsin, Alcalase, and Fla-
vourzyme), have resulted in different degrees of hydrolysis that 
dictate the outcome ( ). Whey pro-
tein hydrolysates are known for their radical scavenging activity 
and lipid oxidation inhibition (Kleekayai et al., 2020). A study by 
Mann et al. (2015) assessed the antioxidant activity of flavoured 
milk enriched with whey protein hydrolysates (WPH) treated with 
Flavouzyme, Alcalase, and Corolase PP. The WPH evaluated for 
their degree of hydrolysis and antioxidant activity, using the ABTS 
method, showed higher antioxidant activity (Flavouzyme, 0.81; 

Alcalase, 1.16; and Corolase, 1.42) compared to whey protein con-
centrate (WPC, 0.19). Corolase-treated WPH exhibited the highest 

to the antioxidant effect. Meanwhile, strawberry and chocolate-fla-
voured milk with 2% WPH showed up to 42% increased antioxi-
dant activity, suggesting WPH is an effective natural antioxidant 
for inclusion in food products (Mann et al., 2015).

Plants are excellent sources of natural biopeptides, even though 
plant proteins are found in smaller quantities in crops eaten by 
plant-eating animals or in the leftover materials from agricultural 
and industrial processes (César et al., 2024). Nonetheless, due to 
their benefits, such as high production rates, cost-effectiveness, 
short harvesting times, lack of conflict with regional religious or 
cultural practices, and remarkable biological effectiveness, plant-
based proteins are increasingly being explored as ideal starting 
materials for the production of bioactive peptides (Hossain et 
al., 2022; Senadheera et al., 2023; Yeo and Shahidi, 2020). Many 
plants and their waste products, including legumes, grains, veg-
etables, fruits, seeds, husks, and leaves, have served as sources 
for discovering antioxidant peptides. Thus, oilseeds such as rape-
seed/ canola and soybean as well as cereals, and legumes stand out 
globally for their protein content, making them primary sources 
of phytochemical- containing proteins (Lizárraga-Velázquez et 
al., 2020). This situation presents more chances for access, cost-
efficiency, and a variety of bioactive peptides, such as those with 
antioxidant properties, further evidenced by the extensive compar-
ison between animal peptides and their protein sources. However, 
research has particularly highlighted that proteins from cereals and 
legumes are richest in peptide fragments known for their antioxi-
dant capabilities (Zhu et al., 2022). Notably, antioxidant peptides 
have been found in major grains like oats (Du et al., 2016), wheat 
(Heo et al., 2022), rye (Leung et al., 2018), buckwheat (Luo et al., 
2020), corn (Jin et al., 2016), and millet (Agrawal et al., 2016).

Antioxidative peptides from marine species and the by-products 
from the aquaculture industry have also been extensively studied 
(Awuchi et al., 2022; Jimeno et al., 2004; Noyer et al., 2011; Ngo 
et al., 2011). Furthermore, Amarowicz and Shahidi (1997) showed 
synergistic effects of capelin protein hydrolysates with synthetic 
antioxidants butylated hydroxyanisole (BHA), butylated hydroxy-

Lacitum Milk YLGYLEQLLR Enzymatic hydrolysis 
with Alcalase

Stress relief Nagai et 
al., 2006

Evolus Milk VPP IPP Fermentation with L. 
helveticus LBK-16H

Antihypertensive effect Flynn et 
al., 2008

Calpis Sour milk VPP IPP Fermentation with L. helveticus 
CP790 and S. cerevisiae

Antihypertensive effect Siltari et 
al., 2012

Bonito peptide Bonito fish LKPNM Enzymatic hydrolysis 
with thermolysin

Helps regulate angiotensin-
converting enzyme

Guénard et 
al., 2019

Vasotensin Bonito fish LKPNM Enzymatic hydrolysis 
with thermolysin

Antihypertensive effect Fujita and 
Yoshikawa, 
1999

Capolac Milk CPP Isolation process Calcium absorption Chalamaiah 
et al., 2019

Cholesterol blocker Soy CSPHP Enzymatic hydrolysis Cholesterol reduction Chalamaiah 
et al., 2019
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toluene (BHT), and tert-butylhydroquinone (TBHQ) were ob-
served (Amarowicz and Shahidi, 1997, 1999). Table 2 shows the 
food derived bioactive peptides with their antioxidant activity.

Several in vivo studies have examined the biological effects 
of antioxidant peptides derived from various protein sources. A 
notable example is the research conducted by Chou et al. (2014), 
which investigated the antioxidant effects of peptides obtained 
from chicken liver through pepsin-assisted hydrolysis. This study 
focused on measuring the reduction of malondialdehyde (MDA) 
type compound accumulation, a known marker of secondary li-
pid oxidation, and the stimulation of antioxidant enzymes CAT, 
GPx, and SOD in mice subjected to chronic d-galactose intake, 
a condition known to increase the production of reactive species. 
The administration of chicken liver hydrolysate to mice at doses 
of 0.05 and 0.25 g/kg resulted in antioxidant status in their brain, 
heart, liver, and kidney of the mice that were equivalent to or better 
than those of the control or d-galactose-treated animals (Lorenzo 
et al., 2018).

Several studies have shown that the antioxidant activity of BP is 
due to their action as 1) radical scavenger inhibitors, 2) chelators 
of metal ions or 3) physical shielding (Rajapakse et al., 2005; Wu 
et al., 2003).

Antioxidant peptide molecules neutralize free radicals through 
two primary mechanisms: hydrogen atom transfer (HAT) and sin-
gle electron transfer (SET). These processes enable the quench-
ing of reactive oxygen and nitrogen species. Evaluation methods 
like the oxygen radical absorbance capacity (ORAC) and total 
radical-trapping antioxidant parameter (TRAP) assays utilize HAT 
principles to assess the capability of antioxidants to scavenge free 
radicals by donating a hydrogen atom (Zhu et al., 2022). The ef-
fectiveness of the HAT reaction depends on the bond dissociation 
energy and the ionization potential (IP) of the antioxidant’s hydro-
gen-donating group. On the other hand, SET-based assessments, 
such as the DPPH radical scavenging capacity, ferric reducing 
antioxidant power (FRAP), and ABTS, measure an antioxidant’s 
ability to reduce radicals, metals or carbonyls by electron donation 
(Prior et al., 2005; Lorenzo et al., 2018). This capacity is affected 
by the deprotonation of reactive groups and their IP. Nonetheless, 
it is recognized that both HAT and SET mechanisms often occur 
simultaneously in most instances, with the predominant mecha-

nism influenced by the antioxidant’s structure, which affects its 
solubility and partition coefficient in the system (Akbarian et al., 
2022; Awuchi et al., 2022; Sharma et al., 2011).

As chelators of metal ions, BP inhibit the production of free 
radicals by removing metallic prooxidants metal ions (Wang et al., 
2014) The peptide’s carboxyl and amino groups participate in the 
chelating function (López-garcía et al., 2022). Studies have shown 
that chelating peptides are rich in histidine ( ). The 
copper-chelating peptides are abundant in histidine and inhibit 
copper’s oxidative activity. The imidazole ring of the histidine pri-
marily facilitates the binding of copper. Copper chelating peptides 
can prevent copper-assisted oxidation activity that can damage the 
luminal of stomach cells and oxidation of low-density lipoprotein 
(LDL) if it reaches the bloodstream (Timoshnikov et al., 2022).

In the physical shielding mechanism, peptides inhibit lipid per-
oxidation by acting as a barrier or membrane. They can work as a 
surfactant component and split at the oil-water interface, forming 
a thick membrane coating to avoid the direct interaction of lipids 
with radicals and other oxidizing agents (Nikoo and Benjakul, 
2015).

Antimicrobial peptides (AMP) are a diverse group of molecules 
with thousands of AMP sequences identified so far (Huan et al., 
2020). These are mostly short-chain peptides with 10–55 amino 
acids, with overall positive charge and structures containing both 
hydrophobic and hydrophilic regions (Li et al., 2021). AMP are 
categorized differently by structure, amino acid sequence, or bio-
logical function (Mishra et al., 2018).

configuration, and these have been extensively studied. An exam-
-

can clawed frog Xenopus laevis, which is effective against many 
pathogens, including bacteria, fungi, yeast, and viruses (Brogden, 
2005). However, magainin failed in clinical trials due to being less 
effective than the standard antimicrobial treatment (Dijksteel et al., 
2021). In current clinical trials as a topical antimicrobial treatment 
for foot ulcers in diabetic patients, an analog of magainin 2 with an 
increased content of positively charged amino acids, which is the 
C-terminally modified MSI-78, referred to as a pexiganan peptide, 
is being used (Ting et al., 2020).

The second category of antimicrobial peptides have a secondary 

Whey protein hydrolysate Radical scavenging activity Mann et al., 2015
Egg yolk protein hydrolysate Radical scavenging activity Marcet et al., 2023
Porcine skin collagen hydrolysate Radical scavenging activity Chi et al., 2014
Capelin protein hydrolysate Inhibition of carotene-linoleate oxidation Shahidi and Amarowicz, 1996;  

Amarowicz et al., 1999
Seal protein hydrolysate Inhibition of carotene-linoleate oxidation Shahidi and Amarowicz, 1996
Canola protein hydrolysate Radical scavenging activity Cumby et al., 2008
Soy peptides Inhibition of thiobarbituric acid reactive substances (TBARS)
ß-Lactoglobulin-derived peptides Radical scavenging activity Hernandez-Ledesma et al., 2004
Caseinophosphopeptides Radical scavenging activity Kim et al., 2007
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sheet peptides’ flexibility is limited by disulfide bonds between 
Pirtskhalava et al., 

2021; Zasloff, 2002).
The third class of antimicrobial peptides do not adopt either 

-
icidin family, which contains a significant amount of proline, an 

-
tures (Xhindoli et al., 2016).

The primary target of antimicrobial peptides is membrane permea-
bilization, and there are various models (see Figure 1) that describe 
how AMP primarily disrupt the cytoplasmic membrane. The ac-
tion mechanisms of AMPs can be categorized into groups based 
on whether they target the cell membrane or non-membrane cel-
lular components (Wimley, 2010; Espeche et al., 2024). In the case 
of AMP that specifically act on membranes, it is established that 
electrostatic interactions play a significant role, primarily facilitat-
ing the attraction between cationic AMP and negatively charged 
bacterial membrane components like lipopolysaccharide, peptido-
glycan, and teichoic acid (Espeche et al., 2024). AMP that do not 
target the membrane act on intracellular targets (Matsuzaki, 2019).

The cellular membranes of both Gram-positive and Gram-
negative bacteria contain high levels of phospholipids, phosphati-
dylglycerol, and cardiolipin. These components possess nega-
tively charged principal groups that effectively draw in positively 
charged antimicrobial peptides. Among AMP, the cationic amphi-

are multiple theories detailing the mechanisms by which amphip-
Figure 

1a), AMP organizes into a barrel-like ring around an aqueous pore 
(Chen et al., 2019; Epand et al., 2016). Initially, the AMP are ori-
ented parallel to the membrane; however, they ultimately become 
inserted perpendicularly into the lipid bilayer, as observed in stud-
ies by Epand et al. (2016). Only a few numbers of AMP have been 
demonstrated to adopt barrel-stave models, with alamethicin being 
one example (Laver, 1994), pardaxin (Rapaport and Shai, 1991), 
and protegrin (Brogden, 2005) as examples.

Another model, known as the toroidal pore model (Figure 1b), 
provides valuable insights into peptide-membrane interactions. In 

this model, AMP bind to the polar head groups of lipids, causing 
a separation of the headgroups and introducing a positive curva-
ture strain (Kabelka and Vácha, 2021; Matsuzaki, 2019). AMP like 
Aurein 2.2 (Cheng et al., 2009), melittin (Raghuraman and Chatto-
padhyay, 2007), and several other AMP have been shown to form 
toroidal pores.

The third model, referred to as the carpet model (Figure 1c), 
is based on the concept that AMP can exert their action without 
forming specific pores in the membrane (Steiner et al., 1981; Shai, 
2004). In this model, AMP accumulate parallel to the lipid bilayer, 
reaching a maximum concentration where they envelop the mem-
brane surface, essentially creating a “carpet.” This transformation 
results in unfavourable interactions on the membrane’s surface, 
causing alterations in phospholipid interactions that increase mem-
brane fluidity and ultimately lead to membrane disruption and loss 
of membrane integrity (Nakajima, 2003).

Several AMP have been shown to interact with bacteria without 
disrupting the membrane to cause substantial permeabilization. 
Such peptides usually cross the membrane and reach one or more 
intracellular targets (Kumari and Booth, 2022; Huang, 2000; Mat-
suzaki, 1998; Shai, 2004). These AMP first interact with the cyto-
plasmic membrane and then accumulate intracellularly to block 
cellular processes such as DNA and RNA replication and protein 
synthesis; this disruption could effectively kill bacteria (Singh et 
al., 2022).

Lactic acid bacteria (LAB) in fermented foods possess bioac-
tive peptides with antimicrobial activity and many food compo-
nent peptides and are good candidates as food additives. The rising 
incidence of infections caused by human pathogens like Mycobac-
terium tuberculosis and Staphylococcus aureus have demonstrated 
the consequences of growing resistance to traditional antibiotics 
(Prestinaci et al., 2015). In some cases, the pathogen could not be 
killed by any antibiotics. As a potential alternative to conventional 
antibiotics, antimicrobial peptides are good candidates to over-
come this issue.

Antimicrobial peptides can be toxic to humans, and many ef-
forts have been made to make them less toxic while improving 
their potency to eliminate bacteria. Some strategies, such as chemi-
cal strategies, enhance peptide specificity and stability. To improve 
the stability of AMP, researchers have tried to modify and optimize 
the cyclization of peptides linking C and N termini to improve se-
rum stability and microbicidal activity (Etayash et al., 2020).

Another approach to improve the stability of AMP is to replace 
natural amino acids with non-natural amino acids or D-amino ac-
ids to protect AMP from proteolytic enzyme degradation since 
the host protease can identify and hydrolyze the natural L-amino 
acids (Lu et al., 2020). Zhao et al. (2016), isolated a lysine-rich 
AMP from the venom of social wasp MPI, which exhibited activity 
against Gram-positive and Gram-negative bacteria.

The researchers have developed two peptides: one composed 
entirely of D-amino acids, known as D-MPI, and the second pep-
tide sequence in which only the lysine residues were replaced with 
D-amino acids, referred to as D-lys-MPI to test the proteolytic ac-
tivity of trypsin. This is because trypsin cleaves positively charged 
amino acids like lysine. Results showed that both peptides, D-MPI 
and D-lys-MPI, were resistant to trypsin digestion. Interestingly, 
only D-MPI was equal in terms of activity compared to MPI. 
Meanwhile, D-Lys-MPI was inert because introducing of a single 
D-amino acids destabilized the secondary structure (Zhao et al., 
2016).

Improving the function of AMPs may be achieved by conju-
gating peptides to other active molecules, such as incorporating 
peptides into non-biological molecules such as polyethylene gly-
col (PEG) or biological molecules like sugar, lipids and proteins, 

. -
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hence taking advantage of both types of biological molecules to 
be combined and overcome their limitations (Chen and Lu, 2020; 
Erak et al., 2018; Wijesinghe et al., 2022; Zaman et al., 2019)

-

In recent years, many bioactive peptides have been made to serve 
as antioxidants and antimicrobial peptides with limited success 
(Chalamaiah et al., 2019; Jakubczyk et al., 2020; Pei et al., 2022; 
Ulug et al., 2021). There are many reasons for this failure, but the 
main issue involves poor oral bioavailability and a short half-life 
in bloodstream stability observed for some bioactive peptides (Tan 
et al., 2018).

Bioactive or antimicrobial peptides, like dietary peptides, are 
susceptible to digestive enzymes in the gastrointestinal tract. Fur-
thermore, even if peptides manage to pass through the stomach, 
their size often restricts their ability to permeate the intestines into 
the systemic circulation (Tan et al., 2018; Zhu et al., 2022, Fatoki 
et al., 2022).

The efficiency of the bioactive peptide depends on its ability to 
reach the organs where it would perform its function. Therefore, it 
is important to consider the in vivo differences between bioactive 
peptides. Peptides that are not broken down during gastrointestinal 
digestion, or their resulting fragments, must also navigate through 
additional breakdown by peptidases located at the brush border 
and/or on the cell membranes of the intestinal lining (Abeer et al., 
2021). Before these peptides can enter the bloodstream through 
the cells of the intestinal wall, they face several barriers. There are 
four primary pathways for peptides to cross the intestinal barrier. 
These include the active transport via H+-coupled peptide trans-
porters PepT1 and PepT2, sodium-coupled oligopeptide transport 
mechanisms SOPT1 and SOPT2, passive movement through the 
tight junctions between cells, and trans-cellular movement via en-
docytosis, which is influenced by the molecular size and character-
istics like the hydrophobicity of the peptides (Zhang et al., 2021).

For hydrolysates or peptides to effectively perform their bio-
logical functions, it is crucial to assess their digestibility and the 
subsequent liberation of bioactive peptides using appropriate in 
vitro intestinal models and in vivo studies within the gastrointesti-
nal (GI) tract. Employing in vitro techniques, such as the use of hu-
man intestinal Caco-2 epithelial cell monolayers, alongside in vivo 
models that measure permeability, helps in predicting the oral bio-
availability of these compounds (Mukker et al., 2014; Kellett et al., 
2018). The ability of the intestinal barrier to selectively allow these 
candidate peptides through depends on a comprehensive under-
standing of the peptides’ structural and chemical characteristics, 
their interactions within the GI tract, and a solid knowledge base 
regarding GI tract physiology (Vij et al., 2016). A few important 
properties of peptides, such as structural effects, hydrophobicity, 
size, and surface charge, affect the transport pathway.

As previously discussed, it is well-established that hydrolysates 
containing numerous short-chain peptides, particularly dipeptides 
and tripeptides, enhance absorption and are more effective than free 
amino acids or larger precursor peptides (Vij et al., 2016). When 
the molecular weight of a molecule exceeds 500 daltons (Da), its 
oral bioavailability declines. For instance, bioavailability was ob-
served at 16.23% for casein-derived peptide fractions under 500 
Da, whereas it dropped to 9.54% for those with a molecular weight 
between 500 and 1,000 Da (Singh et al., 2022). Additionally, the 
length of the peptide chain hints at the involvement of a transder-
mal transporter. Specifically, dipeptides and tripeptides are known 

as substrates for the PepT1 transporter, facilitating their transport 
across the cell membrane of enterocytes, utilizing an electrochemi-
cal protein gradient (Abeer et al., 2021). This transporter is located 
on the apical membrane of these intestinal cells. However, it was 
noticed that as the molecular weight of peptides increases, their 
ability to pass through the intestinal passage decreases (Wang and 
Li, 2017). Therefore, due to the incomplete bioavailability of a 
peptide after oral ingestion, a peptide with significant bioactivity 
observed in vitro may not necessarily translate to significant activ-
ity in vivo (Xue et al., 2021).

The process of gastrointestinal (GI) digestion has been studied 
merely for its capacity to transform food into nutrients, the energy 
source for our body. Only recently has the GI tract been consid-
ered a dynamic interface between the luminal environment and the 
internal environment. Interaction between nutrients and the intes-
tinal barrier elicits the activation of multiple signalling pathways, 
including some involved in energy homeostasis regulation (Caron 
et al., 2017). With the exponential increase in the number of people 
affected by metabolic syndrome, alimentary proteins have become 
the subject of increasing interest since they reduce food intake, 
induce satiety by diseases, and increase energy expenditure. Yet, 
the underlying mechanisms are still not completely elucidated. 
The in vitro study of some mechanisms, notably the production 
and secretion of the GI hormones, highlighted the primary role of 
bioactive peptides originating from protein GI digestion (Sánchez-
Velázquez et al., 2021).

Nonetheless, alternative delivery methods can enhance the like-
lihood of peptide absorption and decrease the problem (Erdmann 
et al., 2008). Vilcacundo et al. (2017) purified concentrate of qui-
noa protein that was digested under in vitro gastrointestinal condi-
tions. Pepsin completely hydrolyzed quinoa proteins at pH 1.2, 2.0 
and 3.2. At high pH, only partial hydrolysis was observed. No in-
tact proteins were seen during the duodenal phase, indicating their 
susceptibility to simulate digestive conditions in vitro (Vilcacundo 
et al., 2017; Aluko and Monu, 2003).

Bioactive peptides can modulate the renin-angiotensin system 
(RAS) because they decrease the activities of renin and angioten-
sin-converting enzyme (ACE). These two main enzymes regulate 
mammalian blood pressure (Balgir, 2016). Antihypertensive pep-
tides, known as ACE inhibitors, have been extracted from fish pro-
tein, milk and corn (Xue et al., 2021). Although milk proteins are 
the main antihypertensive peptides, other dietary sources, includ-
ing soy and cereals, have recently been studied as antihypertensive 
peptides (Xue et al., 2021).

Various antihypertensive constituents from food sources, such 
as soybean, fish, milk, cereal, egg, vegetables, and fruits, have 
been characterized. They provide cardiovascular health by inhibit-
ing ACE inhibitory, reducing free radical formation, inducing vas-
orelaxation, and lowering blood pressure and lipid levels (Huang 
et al., 2013; Wu and Ding, 2002). Among cereals, wheat gliadin 
hydrolysates can act as ACE inhibitors. The peptide IAP (Ile-Ala-
Pro) prepared with acid protease significantly decreased blood 
pressure in spontaneously hypertensive rats (SHRs) with intra-
peritoneal administration (Matsumura et al., 1993). Arginine-rich 
peptides from flaxseed protein isolate (FPI) obtained by enzymatic 
hydrolysis with trypsin and Pronase were observed to produce in 
vivo vasodilatory effects (Udenigwe et al., 2012). Cheonggukjang, 
an antihypertensive peptide, has been identified and characterized 
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in a Korean soy product and obtained by fermentation with Bacil-
lus subtilis CH-1023 (Korhonen and Pihlanto, 2003; Kim et al., 
2021).

It is also known that antihypertensive drugs cause negative side 
effects in patients and could reduce compliance with prescribed 
drug treatment for example, using Aliskiren, a recently approved 
renin-inhibitory antihypertensive drug, has been associated with 
gastrointestinal disorders (Iijima et al., 2022). Therefore, increased 
interest has been shown in developing natural compounds that are 
less likely to induce negative side effects (Aluko, 2015; Udenigwe 
and Aluko, 2012).

Inflammation is a biological response by which the immune 
system defends the body from harmful pathogens, cell injury, toxic 
substances, and irritation (Abril et al., 2022; Sánchez-Velázquez 
et al., 2021). Peptides from different food sources have been re-
ported to have a neutralizing effect on the inflammatory process. 
Bioactive peptides extracted from fish and shellfish proteins have 
shown relevant anti-inflammatory effects. Gao et al. (2020) identi-
fied peptide sequences with potential anti-inflammatory activity 
derived from sturgeon muscle protein in the lipopolysaccharide 
(LPS)-induced RAW264.7 cell inflammatory model. LC-MS/MS 
identified fourteen novel peptides by mass spectrometry, and from 
that three peptides were synthesized (KIWHHTF, VHYAGTVDY, 
and HLDDALRGQE) for further studies. These synthetic peptides 
decreased the release of inflammatory mediators and inflamma-

-
ing superoxide dismutase (SOD) activity in the cell model. Salmon 
by-products have been reported to be important sources with an-
ti-inflammatory properties. An enzymatic hydrolysate of salmon 
(Salmo salar) skin exhibited anti-inflammatory activity (Liu and 
Bo, 2022). Milk is another food source of bioactive peptides. Pre-
vious studies isolated the milk casein-derived peptide QEPVL 
(Gln-Glu-Pro-Val-Leu) from fermented milk. The results showed 
that QEPVL significantly activated lymphocytes in vitro and in 
vivo (Jiehui et al., 2014).

Opioid peptides derived from food proteins have affinities 
to bind to opiate receptors and express opiate activity, which in 
turn can be reversed by an opioid antagonist, such as naloxone 
(Froehlich, 1997; Kitts and Weiler, 2003). Naloxone crosses the 
blood-brain barrier and blocks opioid activity, thus being a help-
ful tool for determining the specific effects of agonist opioid pep-
tides (Tyagi et al., 2020; Liu and Udenigwe, 2019). Food-derived 
opioid peptides resist further hydrolysis by intestinal brush border 
enzymes and directly affect specific gastrointestinal target recep-
tors (Kostyra et al., 2004). Peptides with opioid activity have been 
generated by in vitro digestion of casein and separated using milk 
protein hydrolysates by solvent extraction and chromatography 

Kostyra et al., 2004; Aslam et 
al., 2020). Bioactive peptides that have opioid activity have also 
been separated from plant protein hydrolysate, such as wheat glu-
ten is a well-known source of opioid peptides among food proteins 
(Zaky et al., 2022).

 The isolation and purification of bioactive peptides are very im-
portant for exploring their physicochemical properties and evaluat-
ing their in vitro and in vivo bioactivities. Bioactive peptides can 
be separated from a protein hydrolysate mixture by several ap-
proaches, mainly different chromatography and membrane-based 
separation techniques. For example, Enzymatic hydrolysis is a 

common method for procuring proteins and hydrolysates/peptides 
from various food sources, especially by using digestive enzymes. 
The microbial fermentation role in fermented products is not only 
due to their physiological effect but also their technological impor-
tance in developing texture and taste.

Bioactive peptides hold promise as potential food ingredients 
and pharmaceutical ingredients aimed at addressing or preventing 
certain medical conditions and lifestyle-related diseases like obe-
sity, type II diabetes, and hypertension. Regardless of the signifi-
cant progress in the isolation and purification of bioactive peptides 
from different natural sources and the characterization of their bio-
activities, there are still several obstacles to overcome, particularly 
from the production prospect of large scale production without los-
ing activity. Thus, this review article has made an attempt to shed 
light on a few factors that may contribute to the translational gap 
in bioactive peptide antioxidant and antimicrobial activities. While 
it is certain that bioactive peptides will hold an important place 
as food additives, in the fields of pharmaceuticals and healthcare, 
we are optimistic that future translational research will accelerate 
the integration of these advancements, incorporating these bioac-
tive peptide therapeutics into general use as health promoting food 
ingredients.

We are grateful to the Natural Science and Engineering Research 
Council (NSERC) of Canada for financial support in the form of a 
Discovery Grant to FS (RGPIN-2016-04468).
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Abstract

Turmeric (Curcuma longa), widely used in Asia as a spice, preservative, and colorant, contains curcuminoids 
known for diverse pharmacological benefits, including antimicrobial properties. However, their hydrophobic na-
ture hampers bioavailability. Addressing this, we hypothesized that Lactic Acid Bacteria (LAB) fermentation could 
enhance curcuminoid content and bioactivity. This study isolated LAB strains to ferment turmeric and investigated 
the phytochemical and pharmacological outcomes. Twelve LAB strains from various sources were tested for fer-
menting 3% turmeric in MRS broth. L. rhamnosus FN7 emerged as a robust strain, tolerating turmeric’s antibacte-
rial properties and increasing curcuminoid content and anti-inflammatory effects. Fermented turmeric exhibited 
higher phenolic and flavonoid contents and improved radical scavenging activity than its non-fermented coun-
terpart. Additionally, L. rhamnosus FN7 survived under simulated gastrointestinal conditions, indicating probiotic 
potential. Our findings suggest that L. rhamnosus FN7 fermentation significantly boosts turmeric’s biochemical 
attributes, positioning it as a promising functional food.

Keywords: Fermented turmeric; Curcuminoids; Lactic acid bacteria; L. rhamnosus.

Turmeric, a member of the Zingiberaceae family, is derived from 
the rhizome of Curcuma longa which is extensively cultivated in 
India, China, and various South Asian countries (Li et al., 2011). It 
has a rich history of traditional medicinal use, serving as both the 
natural coloring and flavoring agent in food (Prasad and Aggarwal, 
2011). Previous research has highlighted the diverse health ben-
efits of turmeric, encompassing anti-inflammatory, antineoplastic, 
hypolipidemic, and other pharmacological activities (Sharifi-Rad 
et al., 2020). In contemporary times, turmeric has gained wide-
spread popularity as one of the most sought-after medicinal herbs, 

spices, and functional dietary supplements. The biological activ-
ity of turmeric is predominantly attributed to its abundant array 
of bioactive compounds, including curcuminoids, monoterpenes, 
sesquiterpenes, diterpenes, triterpenoids, alkaloids, and sterols (Li 
et al., 2011). Among these constituents, curcuminoids, which con-
stitute 5% of the total weight in turmeric, have garnered significant 
global scientific attention for their pharmacological and therapeu-
tic properties (Sharifi-Rad et al., 2020).

Within turmeric, curcuminoids exist three notable analogs 
including curcumin (diferuloylmethane), demethoxycurcumin 
(DMC), and bisdemethoxycurcumin (BDMC). These compounds 
manifest distinctions in their methoxy substitutions on the aro-
matic ring. Curcumin features two symmetric o-methoxy phenols 
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conne
BDMC, also symmetric, lacks two o-methoxy substitutions, and 
DMC displays an asymmetric structure with one phenyl ring in-
corporating o-methoxy substitution. Among these curcuminoids, 
curcumin predominates in turmeric, succeeded by DMC and 
BDMC (Jayaprakasha et al., 2002). A commercially available 
curcumin mixture comprises 77% curcumin, 17% DMC, and 3% 
BDMC (Anand et al., 2008). So far, extensive in vitro research 
indicates the antioxidant, cardioprotective, anti-inflammatory, 
anti-cancer, anti-Alzheimer, anti-diabetic, anti-microbial activi-
ties, and other medicinal properties of curcuminoids (Sharifi-
Rad et al., 2020). However, despite their diverse bioactivities, 
the hydrophobic nature of dietary turmeric curcuminoids poses 
a limitation, rendering them practically insoluble in water. Addi-
tionally, the curcuminoid constituents of turmeric exhibit low ab-
sorption, rapid metabolism, and elimination in the body, thereby 
restricting their bioavailability when orally consumed as a sup-
plement (Anand et al., 2007). To tackle these challenges, increas-
ing the curcuminoid content in turmeric products or modifying 
curcuminoids to enhance their bioavailability presents a potential 
solution.

Fermentation has played a crucial role in human food pro-
duction and consumption for an extended period. The process 
involves the breakdown of complex organic substances using 
microorganisms to enhance various aspects of food, including 
vitamins, essential amino acids, anti-nutrients, proteins, appear-
ance, flavor, and aroma (Sharma et al., 2020). The United States 
Food and Drug Administration (USFDA) recognizes certain mi-
croorganisms as safe for producing fermented foods, such as As-
pergillus oryzae and Penicillium roqueforti for koji and cheese, 
Saccharomyces cerevisiae for bread, and lactic acid bacteria 
(LAB) for yogurt and pickles. The market offers a variety of fer-
mented food products based on the selection of microorganisms, 
raw materials, and manufacturing techniques (Anal, 2019). Re-
cently, several reports have shown that the fermentation of tur-
meric by Generally Recognized as Safe (GRAS) microorganisms 
can enhance its efficacy. For instance, Trichoderma spp. fungus 
can boost the antioxidant and antibacterial activity of non-fer-
mented turmeric, while fermented Aspergillus oryzae turmeric 
improves protective effects on CCl4-induced liver damage in rats 
(Mohamed et al., 2016). The solid-state fermentation of turmeric 
using Rhizopus oligosporus increases major curcuminoids, total 
flavonoids, and antioxidant activity (Lim et al., 2022). Similarly, 
turmeric fermented with L. fermentum increases total curcumin 
content, exhibiting higher anti-inflammatory activity compared 
to unfermented turmeric (Sharma et al., 2022; Yong et al., 2019). 
Likewise, L. johnsonii IDCC 9203 fermented turmeric strongly 
inhibits pro-inflammatory cytokines, enhances water solubil-
ity of major curcuminoids, and improves consumer acceptance 
compared to non-fermented turmeric (Kim et al., 2011). These 
findings suggest that the fermentation of turmeric using micro-
organisms could serve as an alternative approach to enhance the 
overall efficacy of turmeric.

To date, a few specific strains of LAB that exhibit effective-
ness on turmeric have been documented. However, the impact of 
a diverse array of LAB strains on turmeric remains unexplored. 
Furthermore, the identification of a potential strain within diverse 
LAB strains that can withstand the antimicrobial effects of turmer-
ic is very crucial. In addition, there are still unanswered questions 
regarding the effects of LAB fermentation on the phytochemical 
changes in turmeric, particularly in terms of its anti-inflammatory 
properties. Thus, the study aimed to address these gaps through 
LAB isolation from different sources and comparing their ability 
to ferment turmeric. The results revealed that turmeric fermented 

with the L. rhamnosus FN7 strain displayed a notable capability to 
increase curcuminoid content and overall phytochemicals in tur-
meric, thereby enhancing its anti-inflammatory activity. Further-
more, L. rhamnosus FN7 exhibited potential probiotic properties. 
These findings suggest that the utilization of Lactobacillus fer-
mentation in turmeric has the potential to elevate its curcuminoid 
content and phytochemical properties, positioning fermented tur-
meric as a promising functional food for addressing inflammation.

The turmeric powder utilized in the study was supplied by 
ASAKUSA AGRICULTURE PROCESSING CO., located in 
Hualien City, Taiwan. The powder underwent a cool-air dry-

LAB isolation, strains were isolated from distinct sources which 
included healthy human faeces, soil from turmeric cultivation 
(Hualien City, Taiwan), and a yogurt product from Uni-president 
in Taiwan. Briefly, each sample was mixed with 0.85% NaCl 
distilled water at a ratio of 1:10 and vortexed (Scientific Indus-
tries, USA) for 30 seconds. Subsequently, the mixture was sus-
pended in sterilized 0.85% NaCl distilled water to prepare serial 
dilutions and 100 μL of each dilution were evenly spread on the 
surface of De Man-Rogosa-Sharpe (MRS) agar plates containing 
3% turmeric powder (TMRS) using a sterilized L-shaped glass 
spreader. The plates were then anaerobically incubated with oxy-
gen adsorbent packs (Mitsubishi Gas Chemical Co., Japan) for 

from each source on the MRS agar plate was selected, and a new 
series of dilutions was prepared. The colonies were streaked in a 
zig-zag pattern on TMRS agar. The isolation process was repeat-
ed until pure colonies were observed on an agar plate. Finally, the 
putative LAB colony from the agar plate was cultured in MRS 

-
amination whether it was a single strain.

The genomic DNA extraction was performed using the phe-
nol/chloroform extraction method. After the centrifugation at 
15,000×g for one minute, cells were collected, and 600 μL of 
phenol/chloroform/isopropanol (25:24:1) was added, and mixed 
well. Then the mixture was centrifuged at 15,000×g for 5 min-
utes and the upper aqueous phase was carefully transferred to a 
fresh tube. The step was repeated two times. Subsequently, an 
equal volume of chloroform was added to mix with the aqueous 
layer, and centrifugated at 15,000×g for 5 minutes. The result-
ing aqueous layer was again transferred to a fresh tube and four 
times the volume of absolute ethanol was added for DNA pre-

centrifugation at 15,000×g for 15 minutes and washed twice with 
70% ethanol at the same condition. DNA pellets were briefly air-
dried and resuspended in TE buffer to obtain a DNA sample. The 
qualification was performed using the NANODROP 1000 spec-
trophotometer (Thermo Scientific, Taiwan) at 260 nm and 280 
nm. The DNA samples prepared were used for PCR reactions and 
sequencing analysis.

The PCR reactions were done to amplify16S rRNA using uni-
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were purified using a DNA Clean & Concentrator-5 kit (Zymo Re-
search, USA) and sequenced by the Center for Biotechnology at 
National Taiwan University.

Individual 16S rRNA sequences were compared against the 
NCBI non-redundant nucleotide database using the Basic Local 
Alignment Search Tool (BLAST). For phylogenetic analysis, the 
sequences of type strains most similar to the isolates were down-
loaded from the NCBI database and aligned using BioEdit with the 
ClustalW multiple alignment program under default settings. The 
MEGA11 software was utilized to construct the topological tree of 
LAB strains using the maximum likelihood program with the gen-
eral time-reversible model and gamma-distributed with the invari-
ant model. One thousand resamplings were employed to evaluate 
the level of support for the internal branches.

The bacterial culture medium employed for turmeric fermentation 
was MRS powder (NEOGEN, Lansing, MI). A single activated 
bacterial colony was picked up and transferred to a glass tube 

hours. Subsequently, 10% of the culture broth was transferred to 

turmeric fermentation, 1% of the bacterial cultures grown for 20 
hours (adjusted OD600 value to 1.0) in the log phase were inocu-
lated into the MRS medium containing 3% turmeric and incubated 

-
ples were collected at 12 hours intervals up to 72 hours. Colony-
forming units were used to measure the growth of bacteria on the 
MRS agar plates. All experiments were performed with three bio-
logical replications.

For HPLC analysis, curcuminoids were extracted from the freeze-
dried fermented turmeric with little modifications from the previ-
ous study. Briefly, fermented turmeric was mixed with 1 mL of 
ethyl acetate containing 10 μg/mL methyl red (internal control) 
and vortexed vigorously. Next, the supernatant was collected by 
centrifugation at 15,000×g for 5 minutes, and the residual pellets 
were repeatedly extracted until became colorless. All of the su-
pernatants were collected together and dried using nitrogen gas 

-
tered with a 0.22 μm syringe filter to obtain curcuminoid extract.

HPLC analysis was according to the previous study and per-
formed by Jasco Pu-2080 plus an Intelligent HPLC pump system 
coupled with a UV-vis detector (set at 425 nm). The chromato-
graphic separation was achieved using the C18 column (150 × 4.6 

was 0.1% formic acid in deionized water (A) and acetonitrile (B) at 
a flow rate of 1 mL/min. The elution gradient was used as follows: 
60% A and 40% B in the beginning, decreased to 36% A at 7 min-
utes, maintained for 3 minutes, decreased to 10% A at 15 minutes, 
and returned to the original ratio at 17 minutes. The content of 
curcuminoids in sample extracts was calculated using the standard 
curve of pure curcumin, BDMC, and DMC.

For sample preparation, 50 mg samples from both fermented and 
unfermented turmeric powders were taken and suspended in 1 mL 

-
tract the bioactive compounds. Subsequently, the supernatant was 
collected using centrifugation at 3,000×g for 5 minutes and lyo-
philized. Finally, the residues were redissolved in methanol and 
filtered through a 0.22 μm filter membrane for further use. The 
total phenolic content was measured by the Folin-Ciocalteau (FC) 
method with slight modification. In short, 12.5 μL of the sample 
and 50 μL of distilled H2O were mixed and added to a 96-well 
plate. Subsequently, 12.5 μL of FC reagent was added, and the 
mixture was allowed to mix for 5 minutes. Finally, 125 μL of 7% 
Na2CO3 was added and shaken for 90 minutes. The absorbance 
was measured at 750 nm against water blank (Synergy Instrument 
Inc., Vermont, USA). Gallic acid was served as the standard. For 
flavonoid content, an Aluminium chloride (AlCl3) colorimetric as-
say with slight modification was used. Briefly, 15 μL of sample ex-
tracts and 45 μL of methanol were added to a 96-well plate, along 
with 3 μL of AlCl3 and 3 μL of 0.1 M potassium acetate. Subse-
quently, 84 μL of distilled H2O was added and incubated for 30 
minutes. The absorbance of the acid-stable complex was measured 
at 415 nm against blank water (Synergy HT, BioTek Instrument 
Inc., Vermont, USA). Quercetin was applied as the standard. The 
DPPH, a stable radical was used to measure the total antioxidant 
potential of both fermented and unfermented turmeric samples. 
Briefly, 180 μL of 0.1 mM DPPH in methanol was added into a 
96-well plate, followed by 20 μL of sample extracts. Further, the 
plate was incubated in the dark for 30 minutes and absorbance was 
measured at 517 nm. Ascorbic acid was used as standard.

To investigate the anti-inflammatory activity of fermented turmer-
ic, RAW264.7 murine macrophages (derived from the American 
Type Culture Collection, Rockville, MD, USA) were selected in 
the study. RAW264.7 cells were seeded at a density of 1 × 106 
cells/well in 24-well plates containing 1 mL of Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10% (v/v) fetal 
bovine serum (FBS), 100 μg/mL streptomycin, and 100 μg/mL 
penicillin. The cells were cultured in a humidified atmosphere 
with 5% CO2
removed, and cells were gently washed twice with phosphate-buff-
ered saline (PBS). Subsequently, the cells were incubated in FBS-
phenol red-free DMEM containing four mM glutamic acid, then 
treated with various concentrations (final concentrations were 50, 
100, 200, 250, 300, 350, and 400 μg/mL) of both unfermented and 
fermented turmeric powder for 24 hours with lipopolysaccharide 
(LPS) at a final concentration of 100 ng/mL. The cell viability was 
analyzed by using a classical MTT assay. The Griess assay was 
used to evaluate the nitrite production in RAW264.7 macrophages.

The simulation of gastric fluid tolerance in isolated strain through 
different pH values. Briefly, 2% (v/v) overnight cultured bacterial 
broth was incubated in an MRS medium with different pH val-
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samples were collected at 3 hours intervals up to 6 hours. Colo-
ny-forming units were used to measure the growth of bacteria on 
MRS agar medium, while the samples taken at 0 hours were used 
as a control. To determine bile salt tolerance, 2% (v/v) overnight 
cultured L. rhamnosus FN7 isolate was added into 6 mL of fresh 
MRS medium containing 0.1, 0.2, 0.3, 0.4, 0.5, and 1% of bile 
salts (Sigma-Aldrich, New Zealand) under anaerobic conditions at 

up to 6 hours, and colony-forming units were used to measure the 
growth of bacteria on MRS agar medium. To analyze the milk fer-
mentation capacity, one hundred milliliter aliquots of 10% (w/v) 

of L. rhamnosus
for 24 hours under anaerobic conditions. After incubation, the pH 
of cultured milk was measured.

The results are expressed as the mean ± SD from three separate 
trials. Statistical distinctions among groups were assessed using 
one-way ANOVA followed by student’s t-test analysis. A p-value 
<0.05 was considered indicative of a statistically significant differ-
ence between each group.

LAB strains are often associated with dairy products, human oral 
cavities and intestines, fecal matter, and compost. To isolate LAB 
strains suitable for the fermentation of turmeric, we selected soil 
from turmeric fields, commercial yogurt, and the gut microbiome 
of an Indian adult as potential sources for performing the isola-
tion. Around 14 cultures were isolated from different sources that, 
include ten from human faeces (FN1, FN3, FN4, FN6, FN7, FN8, 
FN9, FN11, FN13, and FN14), three from yogurt (YN2, YN5, and 
YN10), and one from soil (SN12). As the morphological structure 
of microbes provides a better understanding of microbial physiol-
ogy and allows us to identify them by species, we observed the 
morphology of all isolated strains. All the isolates were found to be 
rod-shaped except isolate FN6, which was cocci-shaped, consist-
ent with the morphotype in a majority of LAB (Axelsson, 2004). 
Moreover, most of the isolates were Gram-positive bacteria except 
isolates FN6 and SN12. According to the previous reports, Lac-
tobacillales are an order of gram-positive, thereby deducing that 
both strains (FN6 and SN12) may not belong to LAB. We further 
used 16S rRNA sequencing to identify these isolates. The result of 
the phylogenetic tree showed that the most of isolates from the hu-
man faeces have high identical similarities to the species L. rham-
nosus (similarity >99%), including FN1, FN3, FN4, FN7, FN8, 
FN9, and FN11; they were grouped into the same clades (boot-
strap support of 100%). The isolated strains from the yogurt were 
placed in the same group with L. casei ATCC393 (bootstrap sup-
port of 95%). However, two isolates (FN6 and SN12) from faeces 
and soil were grouped outside the Lactobacillus spp., and clus-
tered to Enterococcus faecalis and Klebsiella variicola (Figure 1). 
Both E. faecalis and K. variicola are pathogens causing infection 
in humans and animals (Horsley et al., 2013; Martínez-Romero et 
al., 2018). Therefore, both these pathogenic strains were not intro-
duced in turmeric fermentation.

To investigate whether the isolates present a potential ability to 
ferment turmeric, isolated LAB strains were introduced in MRS 
medium containing 3% turmeric to check the growth. In our study, 
results demonstrated that most of isolated strains unexpectedly 
encountered growth inhibition after inoculation which might be 
attributed to the antimicrobial properties of curcuminoids found in 
turmeric. Nevertheless, despite encountering suppression in their 
growth during the initial phase, these bacterial strains exhibit a 
sustained, albeit gradual, and growth rate (Figure 2). Remarkably, 
some strains even demonstrated a capacity to proliferate to levels 
equivalent to the control group in the later stages of the fermenta-
tion process, such as L. rhamnosus FN1, L. rhamnosus FN7, and L. 
rhamnosus FN8 (Figure 2a, f, and g). The enhanced resilience can 
be linked to the strain’s prior adaptation to external stress condi-
tions within their specific sources, resulting in their ability to adapt 
more rapidly to the novel conditions presented by turmeric. Due 
to the fact that these strains still exhibit a certain level of growth 
ability during the fermentation of turmeric, all the isolated Lacto-
bacilli strains were initially identified as potential strains capable 
of withstanding the curcuminoid effects of 3% turmeric.

It is noteworthy that two isolated strains, L. crispatus FN13 and 
L. crispatus FN14, exhibit a significant decrease in biomass after 
24 hours of cultivation under MRS medium. However, the addi-
tion of turmeric appears to sustain their growth (Figure 2k and l). 
Intriguingly, both strains belong to the L. crispatus species. These 
findings suggest that L. crispatus may recognize components with-
in turmeric as nutritional sources, thereby supporting their growth 
and metabolic activities. To elucidate whether the strain is a critical 
factor for the survival of strains during turmeric fermentation, we 
conducted additional experiments using various standard strains. 
Our experimental results revealed that the majority of strains were 
significantly inhibited in media containing turmeric. Only a lim-
ited number of strains were able to survive, including B. longum 
BCRC 11847, L. gasseri BCRC 14619, L. reuteri BCRC 14625, 
L. rhamnosus BCRC 10940, L. rhamnosus GG BCRC 16000, and 
L. fermentum BCRC 12190 (Figure S1). The behavior of these 
specific strains could be attributed to the presence of specific cell 
surface components and genes that enable bacteria to withstand the 
antimicrobial effects of curcuminoids found in turmeric (Marathe 
et al., 2010). These results may also explain why the variety of 
strains we selected is not extensive (Figure 1). Furthermore, it also 
indicates that, despite certain strains being evolutionarily closely 
related, there are still significant differences in their characteristics 
of turmeric fermentation.

Curcuminoids are the key bioactive compounds that contribute to 
the wide range of pharmacological activities of turmeric (Sharifi-
Rad et al., 2020). Despite the numerous bioactivities, the use of 
curcuminoids has been limited due to their thermal degradation, 
photodegradation, oxidation, alkaline hydrolysis, and acid hydrol-
ysis (Peram et al., 2017). Therefore, it was curious to investigate 
the effect of identified potential LAB strains on the curcuminoid 
content of fermented turmeric. The curcuminoid content of fer-
mented samples were analyzed using HPLC. The results revealed 
that fermentation with Lactobacillus improved the curcuminoid 
content (Figure 3). After the fermentation of turmeric, the cur-
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cuminoid content was significantly improved by the L. rhamnosus 
FN7 strain. Meanwhile, the curcuminoid content after fermenta-
tion by other isolated strains was insignificant except for FN8, 
FN9, FN10, and FN11 isolates. A possible explanation for the 
curcuminoid increase in turmeric after fermentation could be the 
utilization of enzymes by LAB strains. As reported in the earlier 
study, microorganisms use enzymes such as cellulases to aid in 
the extraction process by breaking or hydrolyzing plant tissues 
(Rosenthal et al., 1996). Similar results were observed by Yong, 
during the fermentation of turmeric using lactic acid bacteria 
(Yong et al., 2019). Unfortunately, our result revealed that none 
of the LAB strains displayed cellulase activity in isolates, as illus-
trated by L. rhamnosus FN7 (Figure S2). It is worth noting that we 
also assessed the curcuminoid concentration in fermented turmeric 
using six different types of strains with the potential for turmeric 

fermentation (Figure S1). The results indicated that there was no 
significant increase in curcumin content after fermentation (Figure 
S3). These results indicate that not all strains are capable of surviv-
ing the fermentation process possessing the ability to increase the 
curcuminoid content.

To explore the potential mechanism of L. rhamnosus FN7 im-
proving curcuminoid content, we further examined the interaction 
between varying percentages of bacterial inoculation in an MRS 
medium containing various concentrations of pure curcumin to as-
certain whether LAB either uptake or binds curcumin to the cell 
wall components. As illustrated in Figure S4, it was observed that 
the increase in curcumin was directly proportional to the biomass 
of bacteria. The observation suggests that the peptidoglycan within 
the bacterial cell wall can bind to curcumin, which may contribute 
to part of the mechanism leading to an increase in curcuminoids 

.  The tree was constructed using the maximum likelihood method. The bootstrap 
value expressed as a percentage of 1,000 replicates is given at each node. Nucleotide sequence accession numbers are indicated in parentheses.
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during the fermentation of turmeric by L. rhamnosus FN7. Moreo-
ver, our findings are also consistent with previous studies (Mun et 
al., 2014).

On the other hand, it has been commonly seen that curcum-

in is present in higher concentrations than DMC and BDMC 
(Jayaprakasha et al., 2002). However, during HPLC quantification, 
an abnormal change in the ratio of curcuminoid content (especially 
Curcumin and DMC) of turmeric was observed (Figure 3). To fur-

.  MRS medium (circle) and MRS medium containing 3% turmeric (square). (a) L. 
rhamnosus FN1 (b) L. paracasei YN2 (c) L. rhamnosus FN3 (d) L. rhamnosus FN4 (e) L. paracasei YN5 (f) L. rhamnosus FN7 (g) L. rhamnosus FN8 (h) L. rham-
nosus FN9 (i) L. paracasei YN10 (j) L. rhamnosus FN11 (k) L. crispatus FN13 (l) L. crispatus FN14. The 1% of bacterial broth (OD600 = 1.0) was inoculated into 
the MRS medium containing 3% turmeric powder within the static culture under 37°C for 72 hours. The bacterial growth was evaluated using viable colonies 
forming unit (CFU). All experiments were carried out in triplicate, and bar values are expressed as the mean ± standard deviation.
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.  (a) L. rhamnosus FN1 (b) L. paracasei YN2 (c) L. 
rhamnosus FN3 (d) L. rhamnosus FN4 (e) I L. paracasei YN5 (f) L. rhamnosus FN7 (g) L. rhamnosus FN8 (h) L. rhmanosus FN9 (i) L. paracasei YN10 (j) L. rham-
nosus FN11 (k) L. crispatus FN13 (l) L. crispatus FN14. After fermentation, curcuminoids were extracted from the freeze-dried fermented turmeric powders 
and analyzed using the HPLC system comprised of a C18 column with the UV-vis detector (set at 425 nm). All experiments were carried out in triplicate, and 
bar values are expressed as the mean ± standard deviation. Statistics were analyzed by unpaired t-test, *p < 0.05.
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ther resolve this problem, an experiment was conducted to exam-
ine the impact of two different heating methods i.e. pasteurization 
and sterilization. The results, outlined in Figure S5, revealed that 
after the pasteurization, the concentration of curcumin and DMC 
was similar. Whereas, following the sterilization of turmeric, the 
concentration of the DMC was found to be higher than that of cur-
cumin demonstrating its higher thermal stability than curcumin. 
There are two main possible reasons for curcumin decrease: (1) the 

(Suresh et al., 2009). (2) The presence of additional functional 
methoxy groups in the curcumin structure lowers its stability (Hef-
fernan et al., 2017).

LPS is an endotoxin derived from the outer cell wall of gram-
negative bacteria, which plays a critical role in the regulation of 
inflammation (Yang et al., 2016). To assess the potential anti-
inflammatory properties of unfermented and fermented turmeric, 
LPS-induced in vitro model was conducted. As turmeric fermented 
by L. rhamnosus, FN7 showed a higher curcuminoid than other 
groups. The turmeric sample derived from L. rhamnosus FN7 
fermentation was selected as a target in our study. As shown in 
Figure 4a, it was found that the LPS reduced the cell viability of 
RAW264.7 cells more than 80% compared to the control group, 
while tested unfermented and fermented turmeric exhibited an 
influence on cell viability across all concentrations. The turmeric 
concentrations below 200 μg/mL had a significant difference in the 
cell viability compared to the control. As the concentration of the 
treatment increased, the cell proliferation gradually increased from 
the lower concentration to the higher concentration in fermented 
turmeric compared to unfermented turmeric. The result demon-
strated the stimulatory effects of fermented and unfermented tur-
meric on the growth of RAW264.7 cells. However, there was no 
significant difference between unfermented and fermented turmer-
ic treatment upon cell viability.

As mentioned in previous studies, a high level of NO could 

induce apoptosis directly or indirectly rendering many cells sus-
ceptible to apoptosis (Allione et al., 1999). In the current study, 
the accumulated nitrite in the cell culture supernatant was deter-
mined via Griess method as an index for NO produced by the 
LPS-induced RAW264.7 cells. To investigate the anti-inflam-
matory effect, we examined whether fermented turmeric could 
modulate nitrite (NO) synthesis in LPS-stimulated cultures of the 
RAW264.7 murine macrophages cells. As shown in the Figure 4b, 
it is evident that the production of NO in LPS-stimulated cells was 
significantly decreased when exposed to the fermented turmeric, 
starting from the concentrations of 50 μg/mL to 300 μg/mL, as 
compared to the unfermented turmeric, suggesting that the protec-
tive effect of fermented turmeric was attributed to the reduction 
of NO. While, concentrations beyond 300 μg/mL, there was no 
significant difference in the inhibitory effect on nitrite production 
between the two types of turmeric. Therefore, the analysis of our 
data strongly suggests that fermented turmeric showed more sig-
nificant reductions in LPS-induced NO production in comparison 
to unfermented turmeric. The result is also consistent with a recent 
study, suggesting the suppression of the JNK signal pathway by 
fermented turmeric results in a profound protective effect on the 
LPS-induced RAW264.7 cells (Yong et al., 2019).

To date, around 235 compounds, primarily phenolic compounds 
and terpenoids, have been identified from the turmeric (Li et al., 
2011). Due to their antioxidative properties of phenolic com-
pounds, they are beneficial against diabetes, cardiovascular, mu-
tagenesis, carcinogenesis, and neurogenerative disease. Thus, the 
content of phenolic compounds in fermented turmeric was dis-
closed before and after fermentation. As shown in Figure 5a, the 
results revealed a significant elevation in the phenolic compounds 
after fermentation. Numerically, the total phenolic compounds 
value of unfermented sample was 7.06 mg gallic acid/g which was 
significantly enhanced to 8.57 mg gallic acid/g after L. rhamnosus 
FN7 turmeric fermentation. The result was similar with previous 
research work in which phenolic compound content was investi-

. 
 RAW264.7 murine macrophages were cultured with lipopolysaccharide (LPS) and treated 

with various unfermented and fermented turmeric powder for 24 hours under a humidified atmosphere with 5% CO2 at 37°C. The cell viability was analyzed 
using a classical MTT assay, and the Griess assay was used to evaluate the nitrite production. Results were statistically analyzed with the LSD method. Data 
are present as mean ± SD from at least triplicate wells and three independent experiments. Statistics were analyzed by unpaired t-test, *p < 0.05.
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gated during the fermentation of the blueberry-carrot blend and 
mulberry juice using Lactobacillus strains. These two fermented 
products possess more phenolic compounds after fermentation 
(Kwaw et al., 2018; Mauro et al., 2016). The possible reasons for 
the rise in phenolic levels in fermented turmeric can be associ-
ated with the breakdown of glycosylated phenolics present in the 
unfermented turmeric matrix, resulting in the release of bound and 
insoluble phenolics from the cellular structures of plant material 
during the fermentation process (Mauro et al., 2016). Moreover, 
the existing research supports the notion that microorganisms can 
break down phenolic complexes into simpler and more bioavail-
able phenolic compounds that can be easily absorbed (Adetuyi and 
Ibrahim, 2014). Therefore, the conversion and depolymerization 
of complex compounds by LAB during fermentation could be a 
possible explanation for the rise in phenolic content.

We further evaluated the total flavonoid content in the ferment-
ed turmeric and compared it with unfermented turmeric. The fla-
vonoids are low molecular weight, secondary metabolites having 
a polyphenolic structure that not only play a role in determining 
the color and fragrance of flowers in fruits and vegetables but also 
have health-promoting effects (Panche et al., 2016). In turmeric, 
the flavonoids include not only curcuminoids but also other bio-

-
side (Shabana et al., 2015). As shown in Figure 5b, the total flavo-
noid contents of fermented turmeric showed a similar trend as total 
phenolic compounds. The total flavonoid content in fermented tur-
meric was determined significantly higher in comparison to unfer-
mented turmeric. Before fermentation, the total flavonoid content 
value of the unfermented turmeric was 23.2 mg quercetin/g, which 
was significantly enhanced to 32.7 mg quercetin/g after L. rham-
nosus FN7 fermentation. The increase in total flavonoid contents 
might be attributed to the enzymatic breakdown of complex poly-
phenols into simpler flavanol compounds during the fermentation 
process (Kwaw et al., 2018). Moreover, it may also be resulted 
from the higher curcuminoid content (Priyadarsini, 2013).

Reactive oxygen species (ROS) are molecules with unpaired 
electrons generated by various factors, including environmental 
pollutants, radiation, chemicals, toxins, physical stress, deep-fried 
and spicy foods. It has been reported that ROS significantly con-
tributes to the onset of various physiological disorders, such as 
cellular damage, aging, cancer, and conditions affecting the liver, 

nervous system, heart, and kidneys (Madamanchi et al., 2005). To 
determine whether the scavenging ability of turmeric is enhanced 
after L. rhamnosus FN7 fermentation, the scavenging ability of 
DPPH radicals was investigated before and after fermentation. As 
shown in Figure 5c, the radical scavenging ability of fermented 
turmeric was significantly improved by L. rhamnosus FN7 fermen-
tation. The radical scavenging ability of unfermented turmeric was 
30.0 ± 2.6% which significantly increased to 44.6 ± 2.6% after fer-
mentation of turmeric, indicating fermentation as the main cause 
of the enhancement in scavenging ability which may be due to the 
increase in total phenolic content (Ng et al., 2011). Moreover, it 
can also be attributed to the bacteria metabolization of the sugar 
attached to phenolic compounds and anthocyanins, leading to in-
creased aglycone production, which enhances the radical scaveng-
ing capabilities of fermented turmeric (Sharma et al., 2023). In the 
past, it also has been reported that probiotic microorganisms che-
late the metal ion and scavenge free radicals (Curiel et al., 2015). 
Overall, these findings suggested that turmeric fermented with L. 
rhamnosus FN7 helps in enhancing its phytochemical properties.

LAB to become probiotic, need to exhibit specific attributes, in-
cluding the ability to withstand gastrointestinal conditions (such as 
low pH and high bile salt concentrations) (Collins et al., 1998). In 
past, Lactobacilli strains are highly recognized as promising pro-
biotics, and are extensively employed in both food and non-food 
applications. In order to be used as a probiotic, the Lactobacilli 
strain must survive in the low pH conditions of gastric juice in the 
stomach (Goldin and Gorbach, 1992). In this study, to investigate 
whether L. rhamnosus FN7 can be employed as a potential pro-
biotic, we further utilized in vitro assays to simulate and analyze 
the survival rate of L. rhamnosus FN7 in GI conditions. As shown 
in Figure 6a, at pH 3, the results revealed that the strain CFU/mL 
remained constant even after 6 hours. When exposed to pH 2.5, the 
CFU/mL of the L. rhamnosus FN7 showed a slight decrease after 
6 hours of incubation. However, when the strain was introduced 
to pH 2, it was not able to survive and succumbed within hours of 
incubation. In addition, it is important to note that in the presence 
of food, the pH level typically rises around pH 3 which usually 
takes 2 to 4 hours for the stomach to empty after food ingestion 
(Erkkilä and Petäjä, 2000). Therefore, such conditions can enhance 

.  (a) Total Phenolic Content (b) Total Flavonoid Content (c) Radical Scavenging 
Activity of unfermented turmeric (UT) and fermented turmeric (FT). Freeze-drying fermented and unfermented turmeric powders were used to extract the total 
Phenolic and Flavonoid compounds and quantification was performed with a slightly modified Folin-Ciocalteau (FC) method and Aluminium chloride (AlCl3) 
colorimetric assay, respectively. DPPH analysis was used to evaluate the Radical Scavenging Activity of fermented and unfermented turmeric. All experiments 
were carried out in triplicate, and bar values are expressed as the mean ± standard deviation. Statistics were analyzed by unpaired t-test, *p < 0.05.
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the survivability of L. rhamnosus FN7 strain within the low pH of 
the human gastrointestinal tract.

Bile salts synthesized in the liver from cholesterol are known to 
create critical conditions for Lactobacillus strains to survive in the 
gastrointestinal tract (Erkkilä and Petäjä, 2000). To address this, 
we investigated the bile tolerance ability of L. rhamnosus FN7 
strain. Previous research has identified a concentration of 0.3% 
bile salts as a crucial threshold for screening bile-resistant strains 
(Gilliland et al., 1984). Similarly, Goldin and Gorbach suggested 
the same concentration level to select probiotics for human use 
(Goldin and Gorbach, 1992). In our test, the colony-forming units 
(CFU/mL) of L. rhamnosus FN7 were evaluated in bile salt con-
centrations of 0.1, 0.2, 0.3, 0.4, 0.5, and 1.0%. The results showed 
a gradual decrease in CFU/mL following inoculation, with succes-
sive colony counts at 3 hours intervals up to 6 hours (Figure 6b). 
Notably, no colony was observed at bile concentrations of 0.5% 
and 1%, respectively. Hence, the resistance of the L. rhamnosus 
FN7 strain to bile salts diminishes as the salt percentage increases. 
However, the strain can effectively survive at usual concentrations 
of bile salt in the gastrointestinal tract which typically encountered 
after food consumption (Erkkilä and Petäjä, 2000).

Milk fermentation generally involves the conversion of lactose 
into lactic acid by LAB, particularly Lactobacilli and Lactococci, 
which leads in the reduction of the pH of the fermented milk (Su-
rono and Hosono, 2011). To assess the milk fermentation capabil-
ity and the ability of L. rhamnosus FN7 strain to digest lactose, 
an experiment was conducted. Thus, it was observed that there 

while the strain CFU/mL increased from 6.3 to 8.2, suggesting that 
milk as a source of energy for the strain growth (Figure 6c and d). 
In addition, it is worth noting that various report indicates that L. 

rhamnosus GG strain cannot ferment lactose, which is consistent 
with our finding (Gorbach et al., 2017). However, a few strains of 
the same species have been reported to possess the capacity to fer-
ment milk (Jeffrey et al., 2020). Hence, the probable reason for the 
L. rhamnosus FN7 inability to ferment the milk could be attributed 
to the frameshifts in the anti-terminator (lacT
galactosidase (lacG) genes, which affect the Lactobacillus strain 
ability to utilize D-lactose (Kankainen et al., 2009).

Recent research has increasingly focused on leveraging LAB fer-
mentation to augment the bioactive functionality of foods. In this 
vein, our study has targeted the bioactivity enhancement of tur-
meric, a spice renowned for its health benefits but limited by the 
bioavailability of its active compounds, curcuminoids. Through 
meticulous strain selection, we have identified L. rhamnosus FN7 
as a potent strain for turmeric fermentation, capable of augmenting 
its curcuminoid content. This process not only improves the phyto-
chemical attributes of turmeric but also transforms it into a potent 
functional food with significant anti-inflammatory properties.

Our findings reveal that fermented turmeric, through the ac-
tion of L. rhamnosus FN7, exhibits an increased concentration of 
curcuminoids and a broader spectrum of phytochemicals, thereby 
enhancing its efficacy in treating inflammatory conditions. Look-
ing ahead, it is imperative to conduct thorough research to unravel 
the full spectrum of health benefits offered by L. rhamnosus FN7, 
particularly in its role as a probiotic for commercial application.

Moreover, our investigation has shed light on the mechanisms 
underlying the enhanced bioactivity post-fermentation. It has 

. L. rhamnosus  (a) pH tolerance, (b) Bile tolerance, (c and d) Milk fermentation capac-
ity. For pH and bile tolerance, the L. rhamnosus FN7 strain was cultured in the MRS medium with different conditions under anaerobic at 37°C for 6 hours. 
Milk fermentation capacity was performed by incubation of L. rhamnosus FN7 in 10% (w/v) skim milk. The viable colonies forming unit (CFU) was used to 
evaluate the growth of the L. rhamnosus FN7 strain in all experiments, and the pH of cultured milk was measured. Statistics were analyzed by unpaired 
t-test, *p < 0.05.
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been elucidated that the peptidoglycan layer in the cell walls of 
Gram-positive bacteria such as Lactobacillus forms a complex 
with curcuminoids, facilitating their bioavailability. This binding 
phenomenon positions the Lactobacillus-curcuminoid complex as 
a promising natural vehicle for disease prevention, offering a novel 
approach to utilizing turmeric and its derivatives in therapeutic ap-
plications. The potential of such a natural carrier holds immense 
promise, warranting further exploration into its role in disease 
management and prevention strategies
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Suppl 1. Growth curve of different BCRC LAB strains in 3% tur-
meric conditions. MRS medium (circle) and MRS medium con-
taining 3% turmeric (square). (a) L. gasseri BCRC 14619, (b) L. 
rhamnosus GG BCRC 16000, (c) Lactobacillus sp. MCL40.

Suppl 2. Cellulase activity test of L. rhamnosus FN7.

Suppl 3. Quantification of curcuminoids in unfermented (black 
bar) and fermented turmeric (grey bar) by different BCRC LAB 
strains. (a) B. longum BCRC 11847 (b) L. rhamnosus GG BCRC 
16000 (c) L. gasseri BCRC 14619 (d) L. reuteri BCRC 14625 (e) 
L. rhamnosus BCRC 10940 (f) L. fermentum BCRC 12190.

Suppl 4. Effect of various percentage of L. rhamnosus FN7 bio-
mass cell wall binding property in curcumin medium.

Suppl 5. Comparison of curcuminoids change in unfermented tur-
meric (UT) during Post-Heat retention time after autoclave.
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Abstract

Phenolic and amino acid profiles along with organic acid, vitamin and mineral contents, major and minor sugars 
and enzyme activities of selected honey samples collected in North America were analyzed using different methods 
and potential markers of their botanical origin were identified. A total of 29 phenolic compounds were detected, 
of which some were found to be a good chemical markers to distinguish a genuine honey given its propolis origin. 
Quantitative data and principal component analysis showed that hesperidin, caffeic acid/isoferulic acid, and p-hy-
droxybenzoic acid/p-coumaric acid have the most positive relationship to the orange, alfalfa, and buckwheat honey, 
respectively, indicating their potential roles as chemical markers of these floral honeys. Free amino acid profiles were 
similar in all honeys except buckwheat which not only had significantly higher branched-chain amino acids but was 
the only floral honey that contained L-norvaline that was identified for the first time. The enzyme activities and the 
major and rare sugar composition helped explain the presence of the various organic acids in the honeys. Compo-
sitional data of these bioactives and other nutrients will not only serve as database information for honey derived 
from North America but also provide insightful knowledge for the underlining potential health benefits.

Keywords: Honey composition; Botanical origin; Phenolic compounds; Amino acids; L-norvaline; Rare sugar.

Honey is a natural sweetener produced from honeydew or flower 
nectar by bees (Olas, 2020). In addition to sugars, mainly glucose 

and fructose, honey contains a variety of other nutrients and bio-
active compounds, including phenolics, proteins/amino acids, or-
ganic acids, vitamins, minerals and enzymes (da Silva et al., 2016; 
Machado De-Melo et al., 2018). Honey is a nutritious food that of-
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fers numerous health benefits (Battino et al., 2021; Zammit Young 
and Blundell, 2023). Its unique composition, particularly that of 
phenolic compounds and amino acids, makes it a valuable addition 
to a balanced diet.

Phenolic compounds are a class of naturally occurring com-
pounds found in many plant-based foods. They are produced as 
secondary metabolites by plants and act as strong antioxidants to 
suppress oxidative stress, which has been linked to many adverse 
effects and chronic diseases such as obesity, metabolic disorders, 
type 2 diabetes, cardiovascular disease, and cancers (Battino et 
al., 2021; Cianciosi et al., 2018; Zammit Young and Blundell, 
2023). In addition to their direct antioxidant function, pheno-
lics have been shown to enhance antioxidant enzyme activities, 
inhibit production of pro-inflammatory cytokines, and directly 
attenuate oxidative stress-induced inflammatory signalling path-
ways, thereby reducing the risk of chronic diseases (Zhang and 
Tsao, 2016). Although relatively low in concentration, amino ac-
ids are another class of compounds found in honey with bioac-
tive functions, mainly acting as precursors of protein synthesis 
and intermediates of various metabolic processes (Janiszewska 
et al., 2012).

Among honey products, floral honeys have garnered particular 
attention due to their specific composition and unique bioactivi-
ties. The documented health-promoting properties of such honeys 
have led to increased demand and high market value (Sultana et al., 
2022). To determine the plant origin and differentiate adulterated 
products from natural honey, a melissopalynological strategy has 
been commonly used, using methods such as microscopic tech-
niques to study the pollen contained in the honey. However, recent 
advances in analytical techniques capable of profiling honey con-
stituents, such as carbohydrates, phenolic compounds, amino ac-
ids, volatile compounds, organic acids, proteins and nucleic acids, 
have immensely helped in providing insights on the nutrient and/or 
therapeutic characters of specific honey varieties, and identifying 
markers for discriminating the botanical origins of floral honeys 
(Wang et al., 2022). As a main source of phytochemicals, nectar-
derived phenolic acids and flavonoids have therefore become good 
candidates for chemical markers of floral honeys. Previous studies 
have proposed hesperetin, kaempferol, and quercetin as botanical 
markers of citrus, rosemary, and sunflower honey, respectively 
(Tomás-Barberán et al., 2001). p-Coumaric acid and p-hydroxy-
benzoic acids were also reported to be unique in buckwheat hon-
ey (Sergiel et al., 2014; Shen et al., 2019). Free amino acids in 
honey originate from both plants and honeybees. Except for the 
predominant proline which originates from the hypopharyngeal 
glands in the worker honeybee (Davies, 1978), some other free 
amino acids were identified as botanical markers. For examples, 
leucine, isoleucine, and tyrosine are major amino acids in buck-
wheat honey (Dimins et al., 2022), and asparagine is enriched in 
ilex honey (Paramás et al., 2006). A non-proteinogenic amino acid, 

Paramás 
et al., 2006).

Even when honeys shares the same botanical origin, their com-
positions could be influenced by a number of factors including geo-
graphic location, environmental condition, processing method, and 
storage condition (Hermosín et al., 2003), which add challenges in 
identifying the right chemical markers. High-resolution instrumental 
analysis in combination with multivariable statistical analysis can 
offer a unique solution to this problem. Moreover, use of multiple 
markers from different groups of honey constituents could improve 
the confidence level in discriminating different honeys.

Meanwhile, although chemical profiling of phenolics and in 
some cases, free amino acids of honeys of many countries has been 
studied, such data and other compositional information including 

total protein, vitamins, mineral and amino acid compositions, or-
ganic acids, rare sugars and enzyme activities is lacking for North 
American honey varieties. Contribution of these components to 
health benefits and usefulness of them as markers for honey’s 
plant origin have not been studied for North American honeys. 
This study therefore aims to carry out a comprehensive analysis of 
the composition of four selected floral honeys, alfalfa (Medicago 
sativa), buckwheat (Fagopyrum esculentum), clover (Trifolium 
spp.), orange (Citrus sinensis), and one multifloral honey (wild-
flower honey) purchased in North America, to identify chemical 
markers for their botanical origins, and to provide a nutritional and 
bioactives database for further studies on the potential health ben-
efits of honey.

Honey samples were provided by the US National Honey Board. 
Fifteen honey samples with five varieties including alfalfa (n = 3), 
buckwheat (n = 3), clover (n = 4), orange (n = 3), and wildflower 
(n = 2) were produced and collected between 2020 and 2022. De-
tails on honey samples are in Table S1. All samples were stored at 

Phenolic standards, including gallic acid, protocatechuic acid, 
neochlorogenic acid, p-hydroxybenzoic acid, vanillic acid, caffeic 
acid, chlorogenic acid, syringic acid, p-coumaric acid, trans-ferulic 
acid, isoferulic acid, o-coumaric acid, ellagic acid, hesperidin, myri-
cetin, kaempferol-rutinoside, pinobanksin-5-methyl ether (P5ME), 
pinobanksin, quercetin, naringenin, luteolin, hesperetin, kaempferol, 
apigenin, isohamnetin, pinocembrin, chrysin, galangin, acacetin, 
5-hydroxymethylfurfural (5-HMF), furfural, abscisic acid, 20 pro-
teinogenic L-amino acids and L-norvaline, organic acid standards 
including acetic acid, citric acid, formic acid, gluconic acid, glutaric 
acid, glycolic acid, lactic acid, maleic acid, malic acid, malonic acid, 
oxalic acid, propionic acid, succinic acid, vitamin standards includ-
ing ascorbic acid, riboflavin (B2), nicotinic acid (B3), pantothenic 
acid (B5), pyridoxine (B6), 2-ethylbutyric acid, glucose, fructose, 
sucrose, trehalose, kojibiose, maltose, isomaltose, turanose, palati-
nose, nigerose, melezitose. isomaltotriose and maltotriose, and other 
solvents and reagents including acetonitrile, formic acid, ammoni-
um formate were obtained from Sigma-Aldrich (Oakville, ON, Can-
ada). LC-MS grade methanol was obtained from Fisher Scientific 
(Ottawa, ON, Canada). Distilled and deionized water was purified 
in-house using a Milli-Q system (Bedford, MA, USA).

Phenolic extracts of honey were prepared using acidified aqueous 
methanol as previously described with modification (Zhang et al., 
2017a). Briefly, honey samples were weighed and diluted to 30 
% (w/v) solution with water and were acidified by formic acid to 
the final concentration of 1 % (v/v). 2-Hydroxy-4-methoxybenzoic 
acid was spiked in samples as an internal standard (IS) for evaluat-
ing the recovery efficiency of the extraction method. Twenty-five 
mL of acidified honey solution was then purified using OASIS 
HLB polymeric solid phase extraction cartridges (150 mg, Wa-
ters, Mississauga, ON, Canada) and eluted with 2 mL of 1 % (v/v) 

before LC-MS analysis.
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LC-MS/MS analysis was performed using a Thermo® Scien-
tific Q-Exactive™ Orbitrap mass spectrometer coupled to a Van-
quish™ Flex Binary UPLC System with a diode array detector 
(DAD) (Waltham, MA, USA). A Kinetex XB-C18 100A column 
(100 × 4.6 mm, 2.6 μm, Phenomenex Inc., Torrance, CA, USA) 
was used. The binary mobile phase consisted of solvent A (99.9% 
H2O / 0.1% formic acid) and solvent B (94.9% methanol / 5% ace-
tonitrile / 0.1% formic acid). The phenolic compounds and abscisic 
acid ([M-H]  = m/z 263.1289) were analyzed by using negative 
ionization mode and 5-HMF ([M+H]+ = m/z 127.0390) and fur-
fural ([M+H]+ = m/z 97.0286) were detected in positive ionization 
mode. The negative mode solvent gradient was: 0–5 min, 0% to 
12% B; 5–15 min, 12% to 23% B; 15–30 min, 23% to 50% B; 30 
- 40 min, 50% to 80% B; 40–42 min, 80% to 100% B; 42–45 min, 
100% B; 45–46 min, 100% to 0% B; 46–52 min, 0% B. The posi-
tive mode solvent gradient was: 0–10 min 2% B; 10–11 min, 2% to 
100% B; 11–14 min, 100% B; 14–15 min, 100% to 2% B; 15–21 

rate was 0.700 mL/min, and the injection volume was 2 μL. UV 
peaks were monitored at 280 nm, 320 nm, 360 nm and 520 nm for 
the phenolic compounds. The spray voltages for both negative and 
positive modes were set at 4.5 kV. Mass spectrometry data were 
collected using DDMS2 method (TopN = 10, NCE = 30, intensity 
threshold was set at 1.0e5 counts) for compound identification, 
and with Full-MS mode for quantification. Data were visualized 
and analysed using Thermo FreeStyle™ 1.7PS2 software. Quan-
tification was achieved using standard curves generated from the 
molecular ions of individual compounds in serial dilutions (0.005–
10 mg/L; r2 > 0.995).

Honey samples were diluted to 30 % (w/v) solution by distilled 
water. The solution was filtered through a 0.22 μm PVDF sy-
ringe filter to remove any insoluble materials. Protein in honey 
was separated by centrifuging at 5,000 × g using an Amicon ultra 
centrifugal filter device with a molecular weight cut-off of 3,000 
(Merck KGaA, Darmstadt, Germany) twice. The concentrated pro-
tein was collected and dissolved up to 2 mL in PBS buffer which 
was equivalent to 7.5 % (w/v) honey solution. Total protein was 
measured using a colorimetric assay kit (Bio-Rad, Mississauga, 
ON, Canada) according to the manufacturer’s instructions. Briefly, 
5 μL of sample or bovine serum albumin (BSA) standards were 
mixed with 25 μL of alkaline copper tartrate solution and 200 μL 
of diluted Folin reagent in a 96-well plate. The color developed 
by the reduction of Folin reagent by the copper-treated protein 
was measured at 750 nm. The total protein concentration was ex-
pressed as mg /100 g honey by using the BSA calibration curve.

Honey samples were diluted to 5 % (w/v) solution with water. L-
Norvaline was spiked in samples as an IS for recovery of amino 
acids after the derivatization. Diluted honey samples were filtered 
through a 0.22 μm syringe filter before derivatization. A mixed 

solution containing 20 proteinogenic amino acids and L-norvaline 
(IS) was prepared by dissolving the amino acids in 0.1 M hydro-
gen chloride (final concentration was each at 200 μM). Further 
dilutions were made for generating standard curves for amino 
acid quantification. Samples and standards were treated with the 
AccQ·Tag Ultra Derivatization Kit (Waters Limited, Mississauga, 
ON, Canada) according to the product manual.

Derivatized samples and standards were analyzed by an Agilent 
1260 series HPLC system consisting of an autosampler, a degasser, 
a quaternary pump, a thermostatted column compartment and a 
DAD. Amino acids were separated on a Phenomenex Kinetex XB-

CA, USA). A binary mobile phase consisting of 0.2 % formic acid 
in water (v/v, solvent A) and 95 % methanol mixed with 5 % ace-

B. An extra 9 min of a post-run was added to allow for column 
restoration. The flow rate was 0.7 mL/min and peaks were mon-
itored at 360 nm. Quantification of amino acids was performed 
using linear curves (R2 > 0.999) generated from standards with 

-
ies were 99.0% to 103.7% as determined using the IS, L-norvaline. 
The limit of detection (LOD) and limit of quantification (LOQ) of 
individual amino acids ranged from 0.17 to 0.71 and 0.57 to 2.35 
μg/g honey, respectively. Data analysis was conducted using Agi-
lent Chem-Station software.

Honey samples were diluted to 10 % (w/v) solution with distilled 
water. L-Norvaline was spiked in samples as an IS for evaluating 
the recovery efficiency of amino acids after the derivatization. The 
samples were further diluted by the same volume of 12 M HCl in 
glass tubes. The oxygen in tubes was removed by nitrogen flush-
ing for 1 min in order to avoid oxidation during the heat treatment. 
A FisherbrandTM heating block (Fisher Chemicals, Ottawa, ON, 

Samples were neutralized with 6 M sodium hydroxide and were 
finally adjusted to 2.5% (w/v) solution with distilled water, filtered 
through a 0.22 μm syringe filter before derivatization and HPLC 
analysis following the same aforementioned protocols for the free 
amino acids.

The same LC-MS system as described in Section 2.3 was used. 
Separation of L-norvaline in honey samples was done on an In-
finityLab Poroshell 120 HILIC-Z column (2.1 × 100 mm, 2.7 μm, 
Agilent Technologies, Santa Clara, California, USA). The binary 
mobile phase consisted of solvent A (10 mM ammonium formate 
in 100% H2O) and solvent B (10 mM ammonium formate in 90% 
acetonitrile / 10% H2O). The solvent gradient was: 0–5 min, 100% 
to 80% B; 5–6 min, 80% to 70% B; 6–7 min, 70% to 50% B; 
7 - 9 min, 50% to 20% B; 9–10 min, 20% B; 10–10.5 min, 20% 
to 100% B; 10.5–17 min, 100% B. The column temperature was 

volume was 2 μL. The positive mode was used for ionization and 
the spray voltage was set at 4.5 kV. Mass spectrometry data were 
collected using a parallel reaction monitoring (PRM) method with 
nominal collision energy (NCE) set at 20. Data were visualized 
and analyzed using Thermo FreeStyle™ 1.7PS2 software.
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The minerals of calcium, iron, magnesium, phosphorus, potas-
sium, sodium, and zinc in honey samples (50 g) were analyzed 
by SGS Crop Science Canada (Guelph, ON, Canada) according to 
the AOAC 965.09 - atomic absorption spectrophotometric method.

Honey samples were diluted to 5% (w/v) solution by distilled wa-
ter before subject to analysis of vitamin C and B2, B3, B5 and B6. 
The solution was filtered through a 0.22 μm filter before analysis. 
LC-MS/MS analysis was performed using the same instrumenta-
tion as stated above. A Kinetex 2.6μ F5 100A column (150 × 4.6 
mm, Phenomenex Inc., Torrance, CA, USA) was used. The binary 
mobile phase consisted of solvent A (99.9% H2O / 0.1% formic 
acid) and solvent B (99.9% AcN / 0.1% formic acid). The solvent 
gradient was: 0–8 min, 3% B; 8–13 min, 3% to 100% B; 13–17 
min, 100% B; 17–18 min, 100% to 3% B; 18–24 min, 3% B. The 

mL/min, and the injection volume was 5 μL. The positive ioniza-
tion mode was used with spray voltage set at 3.75 kV. Mass spec-
trometry data were collected using either Full-MS/DDMS2 meth-
od (TopN = 10, NCE =30) for qualitative study, or PRM method 
(NCE = 30) for quantification. Data were visualized and analyzed 
using Thermo FreeStyle™ 1.7PS2 and Xcalibur software.

Honey samples were diluted to 1% (w/v) solution by distilled wa-
ter. The solution was filtered through a 0.22 μm filter to remove 
any insoluble materials. The same LC-MS system as described 
in Section 2.3 was used. Separation was done on a Phenomenex 
RezexTM ROA-Organic Acid H+ (8 %) column (150 × 4.6 mm, 
Phenomenex Inc., Torrance, CA, USA). The mobile phase was 0.5 
% formic acid in water and the flow rate was set at 0.3 mL/min. 

was 0.5 μL. Mass spectrometry data were collected using Full MS 
method in negative ionization mode. The spray voltage was set at 
4.0 kV. Data were visualized using Thermo FreeStyle™ 1.7PS2 
software. Quantification of citric acid, formic acid, gluconic acid, 
glutaric acid, glycolic acid, lactic acid, maleic acid, malic acid, 
malonic acid, oxalic acid, succinic acid was achieved using stand-
ard curves generated from individual compounds in serial dilutions 
(0.05–20 mg/L; r2 > 0.980).

Honey samples were diluted to 2.5% (w/v) solution by 1 M formic 
acid and were spiked with the IS 2-ethylbutyric acid dissolved in 
100% ethanol (final concentration was each at 100 μM). Samples 
were placed at room temperature for 2 h and vortexed vigorously 
for 15 s every 30 min. The samples were filtered into 2 mL GC 

using Agilent 6890A equipped with autosampler and FID detector. 
Acetic acid and propionic acid were analyzed using a Supelco Nu-

for 1 

rates as follows: 30 mL/min H2, 350 mL/min Air, and 26.3 mL/
min Makeup flow (N2). The flow rate of He2 carrier gas was 1.7 
mL/min. Calibration curves were made in the range of 0.78–200 
μM for both acetic and propionic acid. The LOD for acetic acid 
and propionic acid was 0.120 mg/100g and 0.296 mg/100 g honey, 
respectively.

Honey samples were diluted to 10% (w/v) solution by distilled wa-
ter. The solution was filtered through a 0.22 μm filter to remove 
any insoluble materials. Oxalic acid was measured using a colori-
metric assay kit (Abcam, Waltham, MA, USA) according to the 
manufacturer’s instructions. Briefly, 25 μL of sample was mixed 
with the assay buffer up to 50 μL in wells of a 96-well plate. Two 
μL of oxalate converter was added to wells of each sample, oxalate 
standard, and blank (assay buffer). The conversion was done in 1 

in 1 h with protection from light and was measured at 450 nm. The 
oxalic acid in honey sample was expressed as mg /100 g honey by 
using the oxalate calibration curve.

Honey samples were diluted to 30% (w/v) solution by distilled 
water. The solution was filtered through a 0.22 μm filter to re-
move any insoluble materials. Formic acid was measured using 
a colorimetric assay kit (Neogen Megazyme, Lansing, MI, USA) 
according to the manufacturer’s instructions. Briefly, 10 μL of 
sample or formate standard was mixed with 200 μL of distilled 
water in wells of a 96-well plate, then 20 μL of assay buffer and 
NAD+ were added to each sample, formate standard, and blank 
(distilled water) well. The reaction was initiated by adding 5 μL of 

absorbance change due to the production of NADH was measured 
at 340 nm before and after FDH reaction. The formic acid in honey 
sample was expressed as mg /100 g honey by calculation from the 
standard curve of formate.

Honey samples were diluted to 30% (w/v) solution by distilled wa-
ter. The solution was filtered through a 0.22 μm filter to remove 
any insoluble materials. Amylase activities were measured using 
a colorimetric assay kit (Abcam, Waltham, MA, USA) according 
to the manufacturer’s instructions. Briefly, 50 μL of diluted hon-
ey samples or nitrophenol standard (0–20 nmol/well) was mixed 
with 100 μL of amylase reaction mix (ethylidene-pNP-G7 and 

-

G7 to produce smaller fragments that are eventually modified by 

measured at 405 nm. The amylase activity was expressed as U/100 
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g honey by using the nitrophenol calibration curve. One U was 
defined as the amount of amylase that cleaves ethylidene-pNP-G7 

Honey samples were diluted to 1% (w/v) solution by 0.1 M acetate 
buffer (pH = 5.2). The solution was filtered through a 0.22 μm 
filter to remove any insoluble materials. Diastase activities were 
measured using a colorimetric assay kit (Phadebas, Cambridge, 
MA, USA) according to the manufacturer’s instructions. Briefly, 
5.0 mL of diluted honey samples or 0.1M acetate buffer used as a 

30 min. The Phadebas® tablet contained 45 mg of water-insoluble, 
cross-linked starch polymer carrying blue dye, which upon hydrol-
ysis by diastase can generate a blue water-soluble product. The 
reaction was stopped by adding 1 mL of 0.5M sodium hydroxide 
solution. The absorbance of the supernatant after centrifugation at 
1500 × g for 5 min was measured in 1 cm cuvette at 620 nm. The 
diastase activity was expressed as diastase number (DN) according 
to the formula provided by the manufacturer based on the differ-
ence of absorption at 620 nm between the sample and the blank.

Honey samples were diluted to 30% (w/v) solution by distilled wa-
ter. The solution was filtered through a 0.22 μm filter to remove 
any insoluble materials. Glucose oxidase activities were measured 
using a colorimetric assay kit (Abcam, Waltham, MA, USA) ac-
cording to the manufacturer’s instructions. Briefly, 50 μL of dilut-
ed honey samples or glucose oxidase standard was mixed with 50 
μL of glucose oxidase reaction mix (glucose, AbRed indicator, and 
horseradish peroxidase) in wells of a 96-well plate. Absorbance 
was measured immediately at 570 nm in a kinetic mode for 30 min 

The produced hydrogen peroxide reacted with AbRed indicator 
when catalyzed by horseradish peroxidase to generate the com-
pound which can be measured at 570 nm. The glucose oxidase 
activity was expressed as U /100 g honey by using the calibration 
curve. One U was defined as amount of glucose oxidase that reacts 

Honey samples were diluted to 3% (w/v) solution by distilled wa-
ter. The solution was filtered through a 0.22 μm filter to remove 
any insoluble materials. Catalase activities were measured using a 
colorimetric assay kit (Cayman Chemical, Ann Arbor, MI, USA) 
according to the manufacturer’s instructions. Briefly, 20 μL of di-
luted honey samples or formaldehyde standard was mixed with 
100 μL of assay buffer, 30 μL of methanol, and 20 μL of 35.3 mM 
hydrogen peroxide in wells of a 96-well plate. Catalase in samples 
catalyzes the peroxidation of methanol to produce formaldehyde 
after 20 min incubation at room temperature. The formaldehyde 
was measured calorimetrically at 540 nm with 4-amino-3-hydrazi-
no-5-mercapto-1,2,4-triazole (purpald) and potassium periodate. 
The catalase activity was expressed as U/100 g honey by using the 
formaldehyde calibration curve. One U was defined as the amount 

-
dehyde per min at room temperature.

Honey samples were diluted to 30% (w/v) solution by distilled wa-
ter. The solution was filtered through a 0.22 μm filter to remove any 
insoluble materials. Glucose in honey was removed by centrifuging 
at 5,000 × g using an Amicon ultra centrifugal filter device with a 
molecular weight cut-off of 10,000 Da (Merck KGaA, Darmstadt, 
Germany) for at least seven times. The concentrated protein was 
collected and dissolved up to 500 μL in PBS buffer. Invertase activi-
ties were measured using a colorimetric assay kit (Abcam, Waltham, 
MA, USA) according to the manufacturer’s instructions. Briefly, 
25 μL of concentrated protein solution was mixed with 15 μL of 
assay buffer and 10 μL of sucrose (i.e. invertase substrate) in mi-
croplate wells. The same volume of sample without adding sucrose 
was prepared simultaneously as a background control. Invertase in 
honey catalyzes the hydrolysis of sucrose by cleaving its glycosidic 
bond to form glucose and fructose. After 20 min of reaction, sam-
ples, background controls, and sucrose standards were mixed with 
provided enzyme mix and probe to generate a chromogen that can 
be measured at 570 nm. The absorption of background control was 
subtracted from the sample in order to eliminate the influence of 
residual glucose in a sample. The invertase activity was expressed 
as mU/100 g honey by using the glucose calibration curve. One mU 
was defined as the amount of invertase that cleaves sucrose to gener-

Honey samples were diluted to 30% (w/v) solution by distilled 
water. The solution was filtered through a 0.22 μm filter to re-
move any insoluble materials. Acid phosphatase activities were 
measured using a colorimetric assay kit (Abcam, Waltham, MA, 
USA) according to the manufacturer’s instructions. Briefly, 20 μL 
of diluted honey samples were mixed with 60 μL of assay buffer in 
wells of a 96-well plate. Standard dilutions were prepared by mix-
ing p-nitrophenyl phosphate (pNPP) and the assay buffer up to 120 
μL to obtain the final concentrations of 0–20 nmol/well. Reaction 
was initiated by adding 50 μL of pNPP in samples and 10 μL of 
acid phosphatase in standards simultaneously. The same volume of 
sample was mixed with 50 μL of pNPP and 20 μL of stop solution 
as a background control. Acid phosphatase converts pNPP sub-
strate to an equal amount of colored p-nitrophenol (pNP). The re-
action was stopped by adding 20 μL of stop solution after incuba-

at 405 nm. The absorption of background control was subtracted 
from the sample in order to eliminate the influence of the natural 
color in the sample. The acid phosphatase activity was expressed 
as mg P/100 g honey/24 h by using the pNPP calibration curve.

TPC in honey was determined by the Folin-Ciocalteu method as 
described previously with slight modifications (Li et al., 2012). 
Briefly, honey samples were diluted to 30 % (w/v) solution by 
distilled water. Twenty-five μL of diluted sample or standard was 
mixed with 125 μL 0.2 M Folin-Ciocalteu reagent in wells of a 96-
well microplate and allowed to react for 10 min at room tempera-
ture. Then 125 μL 7.5% (w/v) Na2CO3 was added and incubated 
for 60 min at room temperature. The absorbance was measured at 
765 nm using a UV-visible microplate kinetic reader (EL 340, Bio-
Tek Instruments, Inc., Winooski, VT, USA). TPC was expressed as 
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the gallic acid calibration curve.

Common and rare sugars of honey were analyzed using high per-
formance anion exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD, Dionex ICS-5000, Thermo-Fisher, 
USA). in conjunction with Dionex™ CarboPac™ PA1 analytical 
(250 mm × 4 mm) and guard ( 4 mm × 50 mm) columns. Glucose, 

15 min, followed by 100 mM NaOH for 30 min at a flow rate of 
1 mL/min. Separation of maltose, isomaltose, turanose, palatinose 
and nigerose was done under the same conditions as above-stated, 
except elution with 100 mM NaOH was 45 min. Honey samples 
were diluted in deionized water and filtered through a 0.45 μm 
nylon filter prior to injection. Quantification of all sugars was 
achieved by using calibration curves of standards. Concentrations 
were expressed as g/100 g honey. The moisture percentage was 
calculated using a digital refractometer with a pea sized honey 
sample (5 g) while taking temperature into account.

The total sugars were measured using the phenol-sulfuric acid 
method. Quantification was done using serial dilutions of glucose/
fructose standards at concentrations ranging from 0–0.1 mg/mL. 
Standard or honey samples (0.1 mg/mL, 0.5 mL) were transferred 
into separate test tubes, to which phenol solution (5% in water, 
0.5 mL) and sulfuric acid concentrate (2.5 mL) were added. The 
test tubes were vortexed and then cooled in a water bath for 15 
min. Samples were transferred to cuvettes and the absorbance was 
measured at 490 nm using a spectrophotometer. Total sugar con-
centration of the honey samples was calculated using the standard 
curve generated from the standards and expressed as g/100 g.

Ash (mineral content) was measured according to the methods 
of (AOAC, 1999). Five g of honey was placed in a combustion 
pot, which was preheated to darkness with a gas flame to prevent 
honey foaming. Then, the darkened samples were incinerated at 

After cooling to room temperature, the obtained ash was weighed. 
Percentage of ash was determined by dividing the weight of the 
ash content by the original weight of the honey sample.

The colour of honey samples was measured using Pfund classi-
fier. Homogenous honey samples devoid of air bubbles were trans-
ferred into a cuvette with a 10 mm light path until the cuvette was 
approximately half full. Deionized water was used as a blank. The 
cuvette was then placed in a spectrophotometer (GENESYS 50 
UV-Visible Spectrophotometer, Thermo Fisher Scientific, ), and 
the absorbance of the samples was measured at 560 nm. Meas-
urements were performed in triplicate for each sample. The Pfund 
value (in mm) was a result of the mean absorbance value multi-
plied by the Pfund factor 3.15, and the colour was determined us-
ing the approved colour standards of the United States Department 
of Agriculture (USDA, 1985).

All honey samples were extracted and analyzed in triplicates, and 
the results were expressed as mean ± standard deviation. A one-
way analysis of variance (ANOVA) followed by Tukey’s Honest 
Significant Difference (HSD) test was performed using SigmaPlot 
15.0 (Palo Alto, CA, USA) to analyze the difference of mean val-
ues of phenolics, free/hydrolyzed amino acids, TPC, and total pro-
tein in honeys of different botanical origins. Significant differences 

were considered at p < 0.05. Principal component analyses (PCA) 
were performed using original concentration units to gain an over-
view of the relationships between individual phenolics and free 
amino acids in various honeys. The PCA analysis was performed 
and visualized using biplot generated by R Studio Software (Bos-
ton, MA, USA). All raw data are tabulated in Table S2a-l.

TPC in honeys ranged from 379–1269 μg GAE/g, with buckwheat 
honey having the highest and significantly higher content than the 
rest of the honeys in the study (Table 1) .

A total of 29 phenolic compounds including phenolic acids, fla-
vonoids, and flavonoid glycosides were identified based on con-
gruent retention time, UVmax, exact mass of molecular ion [M-
H]- and major fragment ions with the standards, and quantified by 
LC-MS/MS (Tables 2 and 3, Figure 1). Pinobanksin (1.012 - 7.481 
μg/g), pinocembrin (0.985 - 7.514 μg/g), chrysin (0.229 - 2.159 
μg/g) and galangin (0.194 - 2.005 μg/g) were the main phenolic 
compounds in all honeys. These are categorized as propolis-de-
rived flavonoids since they are abundant in bud exudates of pop-
lars which are collected by bees to produce propolis (Ferreres et 
al., 1996). P5ME was originally detected in propolis (Greenaway 
et al., 1990) but rarely reported in honey (Tomás-Barberán et al., 
2001). Our present work identified the P5ME based on its [M-H]- 
at m/z 285.0768 and the major fragment ions of [M-H-H2O]- at 
m/z 267.0663 and [M-H-H2O-CH3]- at m/z 252.0430, which was 
later confirmed with the authentic P5ME standard. Our study pre-
sents the first quantitative data of P5ME in honey (0.337 to 2.497 
μg/g) (Table 3). Most nectar-derived flavonoids were detected 
in all floral and multifloral honeys, but the concentrations var-
ied significantly. Clover honey possessed the greatest amount of 
kaempferol (4.784 ± 0.801 μg/g), quercetin (0.929 ± 0.170 μg/g), 
isorhamnetin (0.765 ± 0.100 μg/g), and naringenin (0.111 ± 0.079 
μg/g), whereas alfalfa honey had the highest level of apigenin 
(0.876 ± 0.340 μg/g). Compared with flavonoids, phenolic acids 
were more honey-specific. For instance, caffeic acid and isoferu-
lic acid were identified as the dominant phenolic acids in alfalfa 
honey. P-Hydroxybenzoic acid and p-coumaric acid, on the other 
hand, were uniquely abundant in buckwheat honey. These honey-
specific phenolic acids and some unique flavonoids, such as hes-
peridin and hesperetin, are discussed below.

The PCA results of the main phenolic compounds (>2 μg/g) 
in the studied honey samples are shown in Figure 2A. Since the 
first two components (61.0 % and 23.9 %) accounted for most of 
the variance in the observations, the score plot was used to as-
sess the observations for their clusters, outliers, and trends. The 
loading plot (Figure 2A) showed that flavonoids greatly influenced 
the first principal component, whereas phenolic acids mainly con-
tributed to the second one. The correlations among pinobanksin, 
pinocembrin, chrysin, galangin and P5ME ranged from 0.738 to 
0.994 (Table S3). Although the flavonoid profile can be helpful in 
differentiating adulterated honey from natural honey, the presence 
of these five flavonoids in all studied honey samples make them 
unsuitable candidates as molecular markers to distinguish specific 
botanical origin (Mao, Schuler, and Berenbaum (2013). Interest-
ingly, hesperidin was in an opposite direction of all other flavo-
noids in the loading plot, suggesting a very unique compound in 
honey samples. By grouping these observations by honey variety, 
it was clear that three orange honey samples loaded the most posi-
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379.4 ± 42.2a 1269.1 ± 275.3b 425.4 ± 89.1a 414.6 ± 34.8a 507.0 ± 120.5a
3807.9 ± 420.0a 8830.7 ± 537.3b 4172.3 ± 357.3a 4346.6 ± 804.7a 5158.6 ± 252.1a

t
4.63 270 C7 6O5 169.0141 125.0245

Protocatechuic acid 7.00 260 C7 6O4 153.0194 109.0296

7.49 285 C6 6O3 127.0390* 109.0286, 81.0340

Furfural 8.24 275 C5 4O2 97.0286* 69.0342

Neochlorogenic acid 8.65 325 C16 18O9 353.0878 191.0564, 179.0353, 135.0452

9.70 255 C7 6O3 137.0242 93.0348

Vanillic acid 12.66 260 C8 8O4 167.0348 152.0118, 123.0452, 108.0220

Caffeic acid 13.00 320 C9 8O4 179.0352 135.0452

Chlorogenic acid 13.10 325 C16 18O9 353.0878 191.0563

15.09 270 C9 10O5 197.0452 182.0223

p-Coumaric_acid 17.81 310 C9 8O3 163.0401 119.0502

trans-Ferulic acid 19.79 320 C10 10O4 193.0505 178.0274, 149.0611, 134.0374

21.34 320 C10 10O4 193.0506 178.0274, 134.0374

o-Coumaric acid 22.83 275 C9 8O3 163.0401 119.0502

25.59 250 C14 6O8 300.9990 155.1080

25.66 280 C28 34O15 609.1825 301.0723

26.35 250, 370 C15 10O8 317.0305 178.9989, 151.0039, 137.0245

Kaempferol-rutinoside 27.47 265, 345 C27 30O15 593.1512 285.0407, 284.0328

Abscisic acid 27.75 260 C15 20O4 263.1289 219.1394, 204.1159, 151.0768

Pinobanksin-5-methyl ether 28.80 285 C16 14O5 285.0768 267.0663, 252.0430

Pinobanksin 29.56 290 C15 10O7 301.0354 253.0507

Quercetin 29.73 250, 370 C15 12O5 271.0612 178.9989, 151.0039

Naringenin 29.97 290 C15 12O5 271.0612 151.0039, 119.0502

Luteolin 31.18 250, 350 C15 10O6 285.0406 133.0293

31.34 285 C16 14O6 301.0718 286.0485, 151.0039

Kaempferol 32.59 265, 365 C15 10O6 285.0406 151.0039

Apigenin 33.23 265, 340 C15 10O5 269.0455 151.0038

33.51 250, 370 C16 12O7 315.0512 300.0282

Pinocembrin 35.31 285 C15 12O4 255.0663 213.0560, 151.0039

Chrysin 36.73 265 C15 10O4 253.0507 209.0611

36.91 265, 360 C15 10O5 269.0453 -

Acacetin 37.25 265, 330 C16 12O5 283.0613 268.0377
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tive direction of the vector of hesperidin, which indicated an ex-
clusively high hesperidin level in orange honey. In fact, hesperidin 
was only quantifiable in orange honey with an average concentra-
tion of 1.981 μg/g in our study (Table 3). Hesperetin, an aglycone 
of hesperidin, has been considered a chemical marker for citrus 

honey (Citrus sp.) because it was found in the nectar of citrus blos-
soms (Ferreres et al., 1994; Mao et al., 2013). Our results showed 
that the concentration of hesperidin and hesperetin are in a ratio 
of 9.1 to 1.0, which is in agreement with a recent report (Mal-
donado et al., 2021). Based on data obtained in the present study, 

Phenolic compounds
0.049 ± 0.028a 0.034 ± 0.001a 0.038 ± 0.040a 0.046 ± 0.021a 0.017 ± 0.004a

0.297 ± 0.076ab 0.400 ± 0.021ab 0.266 ± 0.112a 0.695 ± 0.288b 0.338 ± 0.056ab

0.025 ± 0.003a 0.128 ± 0.083a 0.037 ± 0.014a 0.100 ± 0.078a 0.321 ± 0.339a

1.734 ± 0.494a 12.483 ± 4.230b 2.562 ± 0.394a 1.166 ± 0.625a 3.139 ± 1.415a

0.148 ± 0.028a 0.232 ± 0.025a 0.583 ± 0.071b 0.266 ± 0.080ac 0.507 ± 0.190bc

6.884 ± 0.320a 1.092 ± 0.082b 1.945 ± 1.259b 0.384 ± 0.232b 1.185 ± 0.603b

0.084 ± 0.006a 0.336 ± 0.208a 0.093 ± 0.028a 0.104 ± 0.032a 0.811 ± 0.728a

0.179 ± 0.066a 0.221 ± 0.120a 0.283 ± 0.058a 0.157 ± 0.094a 0.283 ± 0.029a

1.673 ± 0.313ab 4.910 ± 1.224c 3.230 ± 0.714ac 0.847 ± 0.672b 1.993 ± 0.447ab

0.360 ± 0.017a 0.346 ± 0.048a 0.731 ± 0.170b 0.222 ± 0.163a 0.493 ± 0.135ab

3.262 ± 0.228a 0.179 ± 0.080b 0.615 ± 0.677b n.d. 0.214 ± 0.174b

0.019 ± 0.008a 0.029 ± 0.006a 0.118 ± 0.046b 0.003 ± 0.002a 0.063 ± 0.029ab

0.040 ± 0.008a 0.089 ± 0.066a 0.098 ± 0.086a 0.122 ± 0.034a 0.157 ± 0.153a

0.063 ± 0.109a n.d. 0.011 ± 0.013a 1.981 ± 0.234b n.d.
0.089 ± 0.093a 0.129 ± 0.095a 0.058 ± 0.024a 0.016 ± 0.018a 0.126 ± 0.073a

0.020 ± 0.019ab 0.008 ± 0.014a 0.035 ± 0.012ab 0.049 ± 0.014b 0.038 ± 0.016ab

1.448 ± 0.482ab 1.997 ± 0.421a 2.497 ± 0.804a 0.337 ± 0.419b 0.979 ± 0.111ab

7.259 ± 1.003a 5.155 ± 1.694ac 7.481 ± 1.527a 1.012 ± 1.298b 2.539 ± 0.333bc

0.625 ± 0.148a 0.950 ± 0.211a 0.929 ± 0.170a 0.496 ± 0.284a 1.076 ± 0.181a

0.037 ± 0.064a 0.033 ± 0.056a 0.111 ± 0.079a 0.023 ± 0.039a 0.055 ± 0.077a

0.143 ± 0.013a 0.118 ± 0.024a 0.150 ± 0.048a 0.185 ± 0.099ab 0.348 ± 0.130a

0.037 ± 0.011a 0.007 ± 0.000a 0.012 ± 0.006a 0.218 ± 0.075b 0.009 ± 0.001a

3.444 ± 1.052ab 4.380 ± 0.343a 4.784 ± 0.801a 0.906 ± 0.338b 4.369 ± 2.180a

0.876 ± 0.340a 0.531 ± 0.157ab 0.653 ± 0.042a 0.123 ± 0.103b 0.589 ± 0.023ab

0.469 ± 0.076ab 0.590 ± 0.075a 0.765 ± 0.100a 0.209 ± 0.187b 0.464 ± 0.035ab

6.468 ± 1.570ab 5.618 ± 1.309ab 7.514 ± 1.503a 0.985 ± 1.322c 2.794 ± 0.028bc

2.052 ± 0.269ab 1.883 ± 0.295ab 2.159 ± 0.455a 0.229 ± 0.215c 1.116 ± 0.096bc

1.932 ± 0.227a 1.656 ± 0.206ab 2.005 ± 0.431a 0.194 ± 0.199c 0.875 ± 0.057bc

0.263 ± 0.439a 0.287 ± 0.209a 0.024 ± 0.008a 0.006 ± 0.004a 0.008 ± 0.001a

Sub-total 39.982 ± 4.252ab 43.820 ± 8.674a 39.786 ± 4.316ab 11.080 ± 6.862c 24.903 ± 2.246bc

Non-phenolics
10.059 ± 5.582a 4.407 ± 4.744a 6.317 ± 4.609a 9.658 ± 1.285a 4.131 ± 2.466a

0.956 ± 0.331a 8.124 ± 2.575b 0.858 ± 0.419a 0.873 ± 0.324a 0.977 ± 0.078a

1.147 ± 0.595a 1.080 ± 0.774a 1.354 ± 0.945a 7.634 ± 2.400b 0.849 ± 0.172a
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we believe that hesperidin, a diglycoside of hesperetin, serves as a 
better chemical marker than hesperetin for orange honey. The sec-
ond principal component mostly represents phenolic acids, among 
which the loadings of caffeic acid and isoferulic acid accumulated 

closely with a correlation of 0.996 (Table S3). These two phenolic 
acids in alfalfa honey samples were 6.884 ± 0.320 and 3.262 ± 
0.228 μg/g, respectively, which were at least 3-fold higher than 
in other honeys (Table 3). The chemical markers of alfalfa honey 

. p p
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have not been clearly identified although several works made good 
attempts (Akbari et al., 2020; Ciappini, 2019). In the present study, 
isoferulic acid was identified and quantified for the first time in 
alfalfa honey. p-Hydroxybenzoic acid and p-coumaric acid, with 
a correlation of 0.858 (Table S3), was plotted in an opposite di-
rection to the caffeic acid and isoferulic acid (Figure 2A). Buck-
wheat honey loaded the most positive direction of the vectors of 
p-hydroxybenzoic acid and p-coumaric acid with concentrations 
of 12.483 ± 4.230 and 4.910 ± 1.224 μg/g, respectively (Table 
3). These two phenolic acids have been reported for buckwheat 
honey (Jiang et al., 2020; Sergiel et al., 2014; Shen et al., 2019) 
and shown to be representative compounds for buckwheat honey. 
Our result confirmed that p-hydroxybenzoic acid and p-coumaric 
acid can be employed collectively as good chemical markers for 
buckwheat honey.

5-HMF, furfural, and abscisic acid are three major non-phenolic 
compounds detected in each of tested honey samples. The concen-
trations were 4.131–10.059, 0.858–8.124, and 0.849–7.634 μg/g , 
respectively. 5-HMF is a dehydration product of reducing sugars 
such as glucose and fructose mostly via Maillard reaction, and has 
been found in honey and many food. Even though minor negative 
health effects have been reported for 5-HMF, it also contributes 
to many health benefits including antioxidant, anti-allergic, and 
anti-hypoxic effects (Chen et al., 2014; Suri and Chhabra, 2020). 
Although the safe level is not well clarified, the maximum limit 
of 5-HMF was established at 40 mg/kg honey in order to avoid 
extensive thermal processing (WHO, 1981). Furfural, produced by 
dehydration of pentose such as xylose, was also quantified in all 
honey samples. Except for the buckwheat honey which had a simi-
lar level of furfural to 5-HMF, furfural concentrations in all other 
honeys were significantly lower compared with 5-HMF (Table 
3). Since both 5-HMF and furfural in honey are mainly produced 
during thermal processing and long storage, they are therefore not 
suitable for serving as chemical markers of the honey’s botanical 
source.

Abscisic acid could be used as a botanical marker because of 
its differentiable contents in floral nectars. It has been reported as 
a marker of heather honey based on its high concentration of 4–18 
μg/g (Tomás-Barberán et al., 2001). Our data showed a high con-
centration of abscisic acid in orange honey (7.634 ± 2.400 μg/g), 
which is 5.6–9.0 folds of that of other honeys (Table 3). Abscisic 
acid could be used as a secondary marker in combination with oth-
er primary chemical markers for discriminating between honeys of 
different botanic origins.

The total protein contents of different honeys were between 3808–
8831 μg/g, with buckwheat honey having significantly higher con-
centration (ca. 2-fold) than the rest four honey varieties (Table 1). 
The intrinsic free amino acids and those produced by hydrolysis of 
the protein fraction of different honeys were also analyzed and the 
results are presented in Table 4.

The HPLC chromatograms of derivatized amino acids in a 
standard mix and different honey varieties are shown in Figure 
3. All 21 L-amino acids including the IS were well baseline sepa-
rated. Total free amino acids (sum of all quantified amino acids) 
ranged from 549.8 ± 72.7 to 1421.9 ± 53.5 μg/g for all honeys. 
Proline was the prevalent amino acid in all honey samples, rang-
ing from 286.9 ± 33.6 μg/g in orange honey to 547.1 ± 162.4 μg/g 
in wildflower honey (Table 4). Proline in honey mostly originates 
from both nectar and hemolymph of honeybees (
2021). A significant decrease in proline concentration in honey 
was reported when honeybee was fed with sucrose rather than pol-
lens (Nisbet et al., 2018). The prevalence and the pollen origin 
make proline an important criterion for detecting honey adultera-
tion (Dimins et al., 2022). Buckwheat honey contained the high-
est total free amino acid content, and total branched-chain amino 
acids (BCAA), including leucine, isoleucine and valine. The to-
tal BCAA in buckwheat honey was 276.6 μg/g, which was 6.7 to 
16.5 folds of the BCAA concentrations found in other floral hon-
eys (Table 4). Our result was highly comparable with the BCAA 
contents in buckwheat honey collected in Latvia (Dimins et al., 

. 

Trp: tryptophan, Tyr: tyrosine, Val: valine.
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13.37 ± 2.54ab 31.67 ± 6.70c 12.52 ± 2.30ab 10.21 ± 0.64b 29.48 ± 15.52ac

14.76 ± 5.02a 15.05 ± 4.29a 17.00 ± 3.62a 16.81 ± 4.62a 14.53 ± 2.77a

40.76 ± 11.78a 49.29 ± 12.67a 52.98 ± 36.76a 34.18 ± 7.05a 71.59 ± 44.39a

37.65 ± 2.13a 24.49 ± 4.43a 21.86 ± 4.45a 16.86 ± 0.66a 30.27 ± 8.29a

n.d. 0.50 ± 0.87 n.d. n.d. n.d.
7.51 ± 0.96a 72.00 ± 31.07a 20.69 ± 6.44a 12.01 ± 1.81a 69.52 ± 64.61a

26.11 ± 5.20a 22.21 ± 3.25ab 23.92 ± 5.48a 10.04 ± 3.73b 28.51 ± 9.67a

18.90 ± 12.41a 30.78 ± 11.53a 12.70 ± 0.52a 18.08 ± 11.15a 14.14 ± 1.06a

16.46 ± 2.26a 15.89 ± 2.06a 18.20 ± 5.59a 14.73 ± 2.31a 23.64 ± 9.17a

4.70 ± 0.94a 98.26 ± 36.83b 11.70 ± 6.12a 3.88 ± 0.57a 20.39 ± 13.14a

5.89 ± 0.99a 115.26 ± 47.07b 15.58 ± 8.15a 5.90 ± 0.75a 22.59 ± 12.45a

12.83 ± 0.50ab 14.04 ± 2.43ab 17.34 ± 2.90a 8.50 ± 1.89b 15.13 ± 1.43a

n.d. 0.47 ± 0.81 n.d. n.d. n.d.
n.d. 38.98 ± 13.21 n.d. n.d. n.d.
32.17 ± 15.22a 147.10 ± 7.10a 252.65 ± 272.37a 60.82 ± 31.64a 152.04 ± 26.32a

449.26 ± 117.20ab 473.33 ± 18.42ab 367.73 ± 68.07ab 286.94 ± 33.57a 547.05 ± 162.43b

17.48 ± 3.52a 34.82 ± 4.65a 19.87 ± 2.50a 18.28 ± 1.74a 35.82 ± 19.83a

8.25 ± 0.23a 21.52 ± 1.46a 8.41 ± 1.74a 5.84 ± 0.22a 28.10 ± 25.85a

n.d. n.d. 9.88 ± 14.69a 0.28 ± 0.48a 2.37 ± 0.00a

13.32 ± 2.86a 153.26 ± 35.56b 77.82 ± 77.82ab 19.48 ± 10.27a 63.83 ± 21.18ab

8.27 ± 0.87a 63.03 ± 12.36b 14.15 ± 6.98a 6.98 ± 0.69a 19.86 ± 7.26a

727.68 ± 133.58ab 1421.93 ± 53.53a 975.01 ± 496.75ab 549.82 ± 72.71b 1188.86 ± 442.49ab

55.44 ± 13.80a 177.78 ± 38.20b 60.77 ± 7.57a 46.26 ± 11.83a 103.33 ± 34.11a

40.82 ± 23.44a 115.89 ± 8.45b 46.80 ± 12.29a 41.25 ± 3.94a 68.80 ± 8.31a

n.d. n.d. n.d. n.d. n.d.
214.19 ± 28.04a 517.61 ± 135.17b 218.58 ± 43.49a 149.42 ± 31.30a 340.40 ± 144.19ab

18.06 ± 3.72a 25.81 ± 1.40a 20.84 ± 2.13a 25.15 ± 5.87a 28.80 ± 4.62a

n.d. n.d. n.d. n.d. n.d.
182.59 ± 29.73ab 510.71 ± 58.82c 175.50 ± 19.44ab 130.85 ± 24.62a 396.76 ± 249.22bc

74.69 ± 33.20a 223.50 ± 7.03b 58.32 ± 7.88a 75.41 ± 37.57a 78.72 ± 25.83a

21.45 ± 1.60a 66.00 ± 5.04b 28.57 ± 7.98a 25.22 ± 4.29a 52.33 ± 28.65ab

47.46 ± 9.29a 290.31 ± 121.12b 59.80 ± 11.22a 37.20 ± 7.42a 109.21 ± 15.21a

72.55 ± 11.86a 440.89 ± 166.35b 88.96 ± 15.60a 58.02 ± 10.82a 138.27 ± 41.57a

62.43 ± 11.01a 135.83 ± 1.66b 71.85 ± 14.99a 55.50 ± 3.66a 91.57 ± 28.20a

21.59 ± 4.40a 68.44 ± 28.82b 24.64 ± 5.93a 25.20 ± 9.15a 39.07 ± 0.62ab

n.d. 40.08 ± 13.63 n.d. n.d. n.d.
95.33 ± 38.46a 421.42 ± 56.81a 325.09 ± 276.17a 132.04 ± 48.79a 300.36 ± 81.98a

450.57 ± 106.69ab 624.57 ± 63.12a 400.83 ± 76.80ab 313.10 ± 45.34b 614.20 ± 237.51ab

75.63 ± 12.49a 243.24 ± 36.73b 77.29 ± 9.98a 59.12 ± 5.17a 126.10 ± 47.49a

50.64 ± 9.38a 208.31 ± 45.25b 52.45 ± 7.17a 39.80 ± 4.42a 101.53 ± 51.10a

n.d. n.d. n.d. n.d. n.d.
37.72 ± 15.45a 221.64 ± 82.85b 90.91 ± 38.34a 51.27 ± 25.95a 109.82 ± 16.94ab

58.00 ± 9.68a 296.08 ± 86.44b 68.71 ± 13.77a 52.10 ± 3.56a 107.82 ± 35.99a

1579.16 ± 299.20a 4628.11 ± 918.98b 1869.91 ± 451.09a 1316.89 ± 186.77a 2807.10 ± 1041.06a
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2022). BCAA are essential amino acids and must be obtained from 
the diet. Their major health benefits, both acting as materials to 
build muscle tissues and to increase protein synthesis through the 
activation of mTOR signaling pathway, have been widely reported 
and understood (Zhang et al., 2017b). The high content of BCAA 
could make buckwheat honey a natural supplement of these essen-
tial nutrients. Phenylalanine is the most abundant essential amino 
acid in all studied honeys, at 252.7, 152.0, 147.1, 60.8, and 32.2 
μg/g in clover, wildflower, buckwheat, orange, and alfalfa honey, 
respectively (Table 4). In addition to being a precursor of tyros-
ine, a recent study showed that phenylalanine may increase brain-
derived neurotrophic factor in honey-treated rats and reduce the 
depressive-like behavior (Mustafa et al., 2019). As a conditionally 
essential amino acid, tyrosine was quantifiable mostly in buck-
wheat honey, followed by clover and wildflower honeys (Table 4).

The total amino acid contents after acid hydrolysis were gen-
erally 2–3 folds higher than the total free amino acids (Table 4). 
Again, buckwheat honey had the highest total concentration at 
4,628.11 μg/g which was significantly higher than the rest of the 
honeys. This can be explained by its significantly higher total pro-

tein content compared to other honeys (Table 1). It is worth noting 
that asparagine, glutamine and tryptophan are known to be prone 
to acid hydrolysis (Mustatea et al., 2019), therefore they were not 
detected in samples subjected to this method (Table 4).

L-Norvaline has never before been reported for honey, and it 
was serendipitously found only in buckwheat honey of the present 
study when the spiked L-norvaline, serving as IS, showed abnor-
mally higher concentration than its actual amount. The buckwheat 
honey samples were reanalyzed without spiked L-norvaline and 
its intrinsic L-norvaline was identified by MS/MS based on its 
matching [M+H]+ at m/z 118.0864 and the major fragment ion of 
[M-COOH+H]+ at m/z 72.0815 with the L-norvaline standard. It 
should be noted that the relative intensity of the ion at m/z 118 
in buckwheat honey sample was lower than that of L-norvaline 
standard (tR = 4.9 min) (Figure 4A, 4B). The extra m/z 118 ions are 
present due to an abundant unknown compound eluted earlier (tR 
= 4.5 min) than L-norvaline, which produces a high background at 
m/z 118 (Figure 4C). L-Norvaline averaged 39.0 μg/g, which was 
the ninth most abundant among all 21 free amino acids in buck-
wheat honey, and it seems to be all in free form as the concentra-

. 

. 
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tion was similar to that after the hydrolysis (Table 4). To the best 
of the authors’ knowledge, the present finding is the first report 
of naturally occurring L-norvaline in buckwheat honey. Given its 
exclusive existence in the buckwheat honey, L-norvaline could 
mostly be originating from buckwheat flower, although further 
work on the amino acid profiling of buckwheat flower should be 
performed. As a potential inhibitor of arginase, L-norvaline raises 
the endogenous stock of L-arginine and consequently promotes the 
activity of nitric oxide synthase (NOS) which utilizes L-arginine 
as a substrate and produces nitric oxide. In contrast, substrate defi-
ciency of NOS results in the production of superoxide anion rather 
than nitric oxide, which leads to the development of endothelial 
dysfunction due to the lack of nitric oxide. (Gilinsky et al., 2020; 
Pokrovskiy et al., 2011). This suggests the potential higher health 
benefits of buckwheat honey.

The contents of free amino acids were subjected to PCA to 
seek insights on the relationship between the amino acid composi-
tion and the honey varieties. We did not perform PCA analysis of 
amino acids resulted from acid hydrolysis because of the instabil-
ity of certain amino acids and that in general all other amino acid 
concentrations followed similar trend as those for the intrinsic free 
amino acids. As shown in Figure 2B, the first two principal com-
ponents explain about 64.70% of the total variance in all observa-
tions, thus were used to create the visualized biplot. The loading 
plot showed a cluster of vectors representing isoleucine, leucine, 
valine, tyrosine, and norvaline, resulting from their high correla-
tion values between 0.717 and 0.995 (Table S4). By grouping the 
observations by honey variety, three buckwheat honey samples 
loaded the most positive direction of the vectors, which indicates 
that the BCAA, tyrosine, and norvaline level are most strongly 
correlated with buckwheat honey. While amino acids isoleucine, 
leucine, and tyrosine have been suggested as chemical markers for 
buckwheat honey (Dimins et al., 2022), the present study strongly 
points to L-norvaline, an non-proteinogenic amino acid, as a more 
appropriate marker or identifier for buckwheat honey.

The organic acid and mineral contents of selected honeys are 
shown in Table 5. A total of 7 minerals, i.e., calcium, iron, magne-
sium, phosphorus, potassium, sodium and zinc were detected and 
quantified. No statistical analysis was performed for the mineral 
contents due to their relatively insignificant amounts in the honey.

Organic acids are metabolites from oxidation of sugars during 
aerobic and/anaerobic fermentation of honey. They not only con-
tribute to the organoleptic and physicochemical properties, but also 
act as antimicrobial and antioxidant agents, and have been used as 
indicators of honey freshness ( ). The 
predominant organic acid was gluconic acid in all honey samples, 
ranging from 2,574.58 to 6,430.92 μg/g (Table 5), which is in 
agreement with existing reports. Gluconic acid formation is known 
to be catalyzed by glucose oxidase from honeybees (
Cinkmanis, 2019) whose activity was also detected in the present 
study along with other enzymes (Table 5). This oxidation reaction 
also produces hydrogen peroxide, which is responsible for the an-
timicrobial activities; but the extra hydrogen peroxide is reduced 
by catalase to water and oxygen. Catalase activity was detected in 
all honey samples (Table 5). Hydrolytic enzymes such as amylase, 
diastase, and invertase are secreted by honeybees for converting 
oligo- and polysaccharides to monosaccharides; for example, dia-
stase converts nectar polysaccharides (amylose) to glucose, and 
invertase converts the sucrose into fructose and glucose (Alaerjani 

et al., 2022). Acid phosphatase is also a hydrolytic enzyme but 
it catalyzes the production of inorganic phosphate from organic 
phosphate. Enzymatic activities of different honeys are listed in 
Table 5. Enzyme activities of honey have been used as markers of 
honey quality and botanic origin (Alaerjani et al., 2022). Among 
the vitamins, only B vitamins were detected and quantified, and 
buckwheat honey had significantly higher concentrations than 
other honey samples (Table 5).

Table 6 shows the concentrations of individual and total sugars 
and the moisture contents of the honey samples. Total sugar con-
tent ranged from 78.53 g/100 g to 81.87 g/100 g with predominant 
sugars being the monosaccharides, fructose and glucose, which is 
in line with other reports (da Silva et al., 2016). Rare sugars in 
the honey samples included turanose, isomaltulose, nigerose and 
kojibiose among others sugars (de la Fuente et al., 2011; Doner, 
1977; Escuredo et al., 2013). While we only measured some key 
rare disaccharides and trisaccharides, more than 25 of such have 
been reported (de la Fuente et al., 2011; Doner, 1977; Escuredo et 
al., 2013), comprising 5–15% of honey sugars. Our results show a 
similar amount of rare sugars when we subtract major sugars from 
total sugars measured using the phenol-sulfuric acid method. Rare 
sugars have individually shown to have metabolic benefits with 
majority being non-cariogenic (Ooshima et al., 1983) and exerting 
prebiotic (Chung et al., 2017; Hodoniczky et al., 2012; Sanz et al., 
2005), anti-glycemic (Lee et al., 2016), anti-inflammatory (Chung 
et al., 2017), and immune modulation (Mirosaki et al., 1999) ef-
fects in animal models. These rare sugars have also been found to 
reduce blood glucose, body weight (Ahmed et al., 2022), and acute 
metabolic hormones related to obesity like GIP and GLP-1 activi-
ties in human studies (Keyhani-Nejad et al., 2015), thus explaining 
some metabolic benefits of honey (Ahmed et al., 2023).

The present study characterized the composition of major bioac-
tive components and nutrients of typical honeys available in North 
America. Qualitative and quantitative data of phenolic compounds, 
protein and amino acids, organic acids, minerals, vitamins, and 
other minor components, including abscisic acid and furans were 
collected. A total of 29 phenolic compounds, mostly phenolic ac-
ids and flavonoids were identified and quantified. P5ME, along 
with pinobanksin, pinocembrin, chrysin and galangin, were found 
commonly and abundantly in all tested honeys. The propolis or-
igin of P5ME could help to differentiate a genuine honey from 
an adulterated one. The profile of nectar-derived phenolic com-
pounds displayed significant differences among different honey 
varieties. Results of the present study not only confirmed the use 
of previously reported chemical markers (e.g. p-hydroxybenzoic 
acid and p-coumaric acid for buckwheat honey, and hesperidin for 
orange honey), but also showed the potential use of caffeic acid 
and isoferulic acid as markers for alfalfa honey. Conversely, un-
like the phenolic compounds, the free amino acid profiles of the 
studied honeys showed less diversity in all but buckwheat honey. 
The buckwheat honey possessed significantly higher levels of 
BCAA than other honeys, and contained L-norvaline exclusively. 
The serendipitous new finding of L-norvaline in buckwheat honey 
not only adds a new marker for identifying its botanic origin, but 
the unique bioactivity of L-norvaline may also confer additional 
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health-promoting properties for buckwheat honey. It should be not-
ed that the composition of floral honey may be affected by several 
factors including geographical origin, seasonal changes, process-
ing, and storage conditions; therefore, single components, such 
as phenolics, alone may not be sufficient markers for identifying 
the botanical origin of honeys. Our results suggest that combining 
markers of different chemical categories, such as phenolics and 
amino acids, and other phytochemicals (e.g., abscisic acid) could 

enhance the confidence in discriminating origins between different 
floral honeys. The current study also provides important baseline 
data for all major bioactive components of honeys, and thus, will 
contribute significantly to the identification of honey components 
for various health benefits. Moreover, our study showed that in 
addition to major sugars (glucose and fructose), the studied honeys 
were also sources of minor and rare sugars, which may further 
contribute to the different bioactivities of honey. Future work will 

Fructose 38.48 ± 0.57 37.84 ± 1.55 40.36 ± 1.89 40.69 ± 1.60 38.25 ± 0.41 39.44 ± 1.15
34.57 ± 0.25 32.8 ± 1.32 32.03 ± 0.95 36.94 ± 1.62 31.78 ± 0.34 33.50 ± 0.89
0.72 ± 0.01 1.1 ± 0.05 0.58 ± 0.02 0.13 ± 0.003 0.68 ± 0.02 0.16 ± 0.003

Trehalose n.t. 0.06 ± 0 0.42 ± 0.03 n.t. n.t. n.t.
Kojibiose n.t. 1.47 ± 0.02 1.68 ± 0.03 n.t. n.t. n.t.
Turanose n.t. 1.42 ± 0.03 1.53 ± 0.03 1.57 ± 0.06 n.d. 2.36 ± 0.09

n.t. 2.47 ± 0.03 2.2 ± 0.03 1.41 ± 0.06 n.d. 1.39 ± 0.04
n.t. 0.51 ± 0.01 0.55 ± 0.01 0.56 ± 0.02 n.d. 0.79 ± 0.03
n.t. 0.15 ± 0.01 0.15 ± 0.01 0.24 ± 0.007 n.d. 0.43 ± 0.03

Nigerose n.t. 0.28 ± 0.01 0.31 ± 0.01 0.31 ± 0.02 n.d. 0.39 ± 0.02
n.t. 2.35 ± 0.22 1.29 ± 0.1 n.d. n.d. n.d.
n.t. 0.02 ± 0.01 0.01 ± 0 n.d. n.d. n.d.
n.t. 0.32 ± 0.01 0.48 ± 0.01 n.d. n.d. n.d.

Total sugars 78.52 ± 2.28 81.22 ± 4.77 81.14 ± 2.98 79.30 ± 2.80 78.34 ± 2.27 80.57 ± 0.90
17.73 ± 0.42 16.67 ± 1.39 15.53 ± 0.64 15.27 ± 0.47 17.93 ± 0.46 15.33 ± 0.05

Fructose 36.60 ± 1.28 39.66 ± 1.70 40.2 ± 1.87 41.53 ± 1.90 37.51 ± 0.60 37.47 ± 1.53
32.49 ± 0.90 36.08 ±2.35 34.37 ± 0.88 36.98 ± 0.82 33.62 ± 0.33 33.56 ± 1.04
0.42 ± 0.04 0.17 ± 0.002 0.26 ± 0.02 0.11 ± 0.01 0.61 ± 0.08 0.12 ± 0.01

Trehalose n.t. n.t. 0.15 ± 0.01 n.t. 0.1 ± 0 n.t.
Kojibiose n.t. n.t. 1.58 ± 0.02 n.t. 1.57 ± 0.02 n.t.
Turanose n.d. 1.99 ± 0.04 1.46 ± 0.07 1.31 ± 0.07 1.46 ± 0.05 n.t.

n.d. 1.12 ± 0.01 1.81 ± 0.07 1.31 ± 0.04 1.45 ± 0.04 n.t.
n.d. 0.56 ± 0.01 0.54 ± 0.03 0.41 ± 0.02 0.53 ± 0.01 n.t.
n.d. 0.33 ± 0.01 0.23 ± 0.02 0.17 ± 0.02 0.22 ± 0.01 n.t.

Nigerose n.d. 0.29 ± 0.01 0.30 ± 0.01 0.23 ± 0.01 0.25 ± 0.01 n.t.
n.d. n.d. 1.81 ± 0.31 n.d. 1.29 ± 0.1 n.d.
n.d. n.d. 0.03 ± 0 n.d. 0.01 ± 0 n.d.
n.d. n.d. 0.37 ± 0.01 n.d. 0.48 ± 0.01 n.d.

Total sugars 79.30 ± 5.23 81.81 ± 2.21 81.78 ± 2.79 80.67 ± 1.67 81.87 ± 2.2 78.94 ± 2.52
17 ± 0.001 15.57 ± 0.19 16.13 ± 1.43 15.76 ± 0.51 16.8 ± 0 19.2 ± 0.72
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focus on the uniquely identified phenolic compounds, free amino 
acids, and rare sugars or their combinations for their contribution 
to potential health benefits.

We thank the National Honey Board of the United States of Amer-
ica and Glycemia Consulting Inc. (Toronto, Ontario, Canada) for 
providing honey samples and financial support. This is Project #J-
002712 of Agriculture & Agri-Food Canada.

Table S1. Sample information of tested honeys.

Table S2. (a) Raw data of the concentrations of individual phenol-
ic compounds detected in different honey samples; (b) Raw data of 
the concentrations of individual amino acids detected in different 
honey samples; (c) Raw data of the concentrations of individual 
organic acids detected in different honey samples; (d) Raw data 
of the concentrations of minerals detected in different honey sam-
ples; (e) Raw data of the total phenolic contents (TPC) of differ-
ent honey samples; (f) Raw data of the total protein contents of 
different honey samples; (g) Raw data of the enzyme activities of 
different honey samples; (h) Raw data of sugar concentrations of 
different honey samples; (i) Raw data of total carbohydrate con-
centrations of different honey samples; (j) Raw data of moisture 
contents of different honey samples; (k) Raw data of USDA color 
(Pfund Scale, mm) of different honey samples; (l) Raw data of ash 
contents of different honey samples.

Table S3. Correlation matrix of phenolics in honey samples.

Table S4. Correlation matrix of free amino acids in honey samples.
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Abstract

Sesamolin, one of the prominent lignans in sesame seeds, offers diverse physiological benefits. However, the 
longevity effects and mechanisms of sesamolin remain unclear. We hypothesized that sesamolin can exert the 
longevity effects in the Caenorhabditis (C.) elegans

C. elegans
significantly extended the C. elegans’ lifespan and improved the health indexes, such as the pharyngeal pumping 

C. 
elegans. This study confirms that sesamolin exhibits the longevity effects, and its mechanism relies on the signal

Keywords Caenorhabditis elegans.

Sesame (Sesamum indicum L.) is one of the earliest oil crops cul-
tivated and consumed by humans within the Pedaliaceae family 
(Wei et al., 2022). In addition to its rich nutritional content, sesame 
contains various lignans such as sesamin, sesamolin, and sesamol 
(Pathak et al., 2014; Wei et al., 2022). Sesamolin, therefore, is a 
lignan present in sesame second only to sesamin in abundance 
(Wei et al., 2022), and its structure is similar to that of sesamin 
(Michailidis et al., 2019). Researches have confirmed that sesamo-
lin has several beneficial effects on human health, including neuro-
protection, inhibition of lipid peroxidation in the liver and kidneys, 
suppression of proliferation, and the induction of apoptosis in 
colorectal cancer cells, regulation of lipid metabolism, inhibition 
of melanin production, and the enhancement of the NK cell lytic 

activity (Kushiro et al., 2002; Michailidis et al., 2019; Rosalina 
and Weerapreeyakul, 2021; Wu et al., 2019). Previous studies have 
demonstrated the ability of sesamin to extend the lifespan of the C. 
elegans (Nakatani et al., 2018; Yaguchi et al., 2014); however, it 
is currently unclear as to whether sesamolin possesses the similar 
longevity effects so as to extend the lifespan and to improve the 
health in the C. elegans.

Although there have been studies investigating the ability of 
sesamolin to extend the lifespan of the nematodes, they have 
reached negative conclusions (Kashima et al., 2012). Compounds 
suitable for testing in the nematode models typically require a wa-
ter solubility, as the test components must dissolve in the nema-
tode growth medium (NGM) or the Luria Bertani (LB) broth used 
to spray the testing agent on the top surface of the NGM plates. 
Previous research has indicated that the liposoluble components 
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are not miscible with the water-soluble environment of the C. el-
egans’ model (Avery and Thomas, 1997). To address this issue, 

resolve the insolubility of the liposoluble components in a water-
soluble environment (Kashima et al., 2012
molecule composed of glucopyranose monomers, featuring a hy-
drophilic surface and a lipophilic central cavity (Saokham and 
Loftsson, 2017). It includes the liposoluble components within its 
central cavity, thereby enhancing the solubility in a water-soluble 
environment (Echezarreta-Lopez et al., 2002; Uekama et al., 1982; 
Vianna et al., 1998). Research results have demonstrated that the 

C. elegans (Kashi-
ma et al., 2012). In the two previously mentioned reports exploring 
the longevity effects and mechanisms of the sesamin, researchers 

NGM plates for the C. elegans (Nakatani et al., 2018; Yaguchi et 
al., 2014). Given that sesamolin also exhibits a high liposolubility, 
it theoretically cannot dissolve in a liquid medium or broth, and be 
applied in or onto the NGM plates. Therefore, we are interested in 
the possibility that the lack of the longevity effects observed in the 
previous studies on sesamolin (Keowkase et al., 2018) may be at-

Additionally, past research has proposed that, for the lifespan 
assay in the C. elegans, using dead bacteria as a food source is 
more suitable so as to avoid the potential effects of the live bac-
teria on the test substance (Collins et al., 2006; Garigan et al., 
2002); for instance, live E. coli can be pathogenic to the older 
nematodes; hence, a substance that reduces the pathogenicity of 
E. coli might extend the lifespan of the C. elegans. Furthermore, 
metabolites produced by the live bacteria could be detrimental to 
the C. elegans (Garigan et al., 2002). Moreover, the test substance 
itself might undergo metabolic transformations by the live bacte-
ria, influencing the lifespan of the C. elegans; this could directly 
or indirectly influence the nematodes, leading to the distorted re-
search results (Collins et al., 2006; Garigan et al., 2002; Liao et 
al., 2011). Indeed, the paper reporting the inability of sesamolin 
to induce the nematode longevity used live bacteria (Keowkase et 
al., 2018). Therefore, we are also interested in investigating as to 
whether interference in the results occurred due to the usage of the 
live bacteria.

In the mechanistic aspect, previous research has revealed that 
the ability of sesamin to extend the lifespan is lost in the mutants 
such as the SIR-2.1, AAK-2, and DAF-15 (note: these are all the 
loss-of-function mutants). This suggests that sesamin can extend 
the lifespan of the nematodes through the signal pathways related 
to the calorie restriction, including the SIR-2.1, AAK-2, and DAF-
15 (Nakatani et al., 2018). The SIR-2.1, AAK-2, and the DAF-15 
correspondingly represent the homologous proteins of the human 
Sirtuin 1 (SIRT1), AMP-activated protein kinase (AMPK), and the 
regulatory unit of the mTOR (raptor) in the C. elegans. Addition-
ally, sesamin also has been demonstrated to extend the lifespan 
of the C. elegans by modulating the IIS pathway (Yaguchi et al., 
2014). However, it remains unclear whether sesamolin can also 
extend the lifespan of the C. elegans through the similar signaling 
mechanisms.

Therefore, this study aims to investigate as to whether sesamo-

and improve the health in the C. elegans. Initially, we prepared 
pure samples of sesamolin and sesamin using a preparative HPLC. 

and the preparation efficiency of both the inclusion complexes that 
were then analyzed using the analytical HPLC. We first examined 
the effects of the sesamin dosage on the lifespan assay to reveal the 

required dosage and extrapolate the dosage range for the sesamolin 
experiments. We then explored the effects of different dosages of 
the sesamolin on the lifespan of the C. elegans, and investigated 
the influence of using live or dead bacteria on the longevity capa-

a positive control. Next, we assessed the effects of sesamolin on 
the health indexes, including the pharyngeal pumping and body 
bends. We also investigated the signal pathways using the loss-
of-function mutants, including the SIR-2.1, AAK-2, DAF-15, and 
AKT-1 mutants. The SIR-2.1, AAK-2, and DAF-15 are crucial 
proteins in the signaling mechanisms of the calorie restriction lon-
gevity effects, while the AKT-1 is an important signaling protein 
in the IIS pathway (Sun et al., 2017). These pathways have been 
reported to be involved in the mechanisms underlying the effects 
of the sesamin on extending the lifespan of the C. elegans.

All chemicals used were of the analytical grade. The NaCl, KCl, 
NaOH, Na2HPO4, and HCl were purchased from Merck (Darm-
stadt, Germany). Ampicillin sodium salt, fluorodeoxyuridine 
(FUdR), cholesterol, sodium dodecyl sulfate, and sodium azide 
were obtained from Sigma (St. Louis, MO, USA). The KH2PO4, 
MgSO4, and CaCl2 were purchased from J.T. Baker® (Phillips-
burg, NJ, USA). The American bacteriological agar and yeast ex-
tract were obtained from Conda (Madrid, Spain). The vegetable 
peptone and tryptone were obtained from Fluka (Buchs, Switzer-

(Tokyo, Japan). The wild-type C. elegans strain N2 was a gift from 
the C. elegans core facility (National Taiwan University, Taiwan). 
The AAK-2, AKT-1, DAF-15, SIR-2.1 mutants (note: all of these 
were loss-of-function mutants) obtained from the Caenorhabdi-
tis Genetics Center (University of Minnesota, USA). The sesame 
lignan samples were obtained from the Distinguished Professor 
Min-Hsiung Lee, Department of Agricultural Chemistry, National 
Taiwan University.

The obtained sesame lignan samples (prepared from waste sesame 
cakes by Professor Lee through processes such as grinding, extrac-
tion, and column chromatography) were subjected to purification 
through the preparative HPLC, as the system consisted of a Wa-
tersTM 600 controller and pump, a Reprosil C18 column (30 × 250 

TM 
486 tunable absorbance detector. The separation was achieved us-
ing a mobile phase of 40% methanol with isocratic elution for 150 
minutes at a flow rate of 20 mL/min. UV signals were detected at 
a wavelength of 280 nm. The sample loop volume was 5 mL, and 
the column temperature was maintained at 25°C. The quality of the 
prepared sesamolin and sesamin were evaluated by the obtained 
chromatograms by following the analytic HPLC method.

According to the previous studies (Nakatani et al., 2018; Yaguchi 
et al., 2014
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prepared and filtered under aseptic conditions so as to obtain a 
-

amolin or sesamin in ethanol (2.5 mg/mL) was prepared. Subse-
quently, the two solutions were mixed in a 10:1 ratio, stirred using 
a rotary mixer for 12–24 hours, and then subjected to high-speed 
centrifugation (4°C, 1,0000 rpm, 20 min) to obtain the solid inclu-
sion complex to be weighed. To evaluate the efficiency of the in-
clusion, 5 mL of pure water containing a 0.5-mL sterile solution of 

-

mixtures, was subjected to extraction using 5 mL of ethyl acetate 
(EA) three times. The collected extracts were combined, and 1 mL 

was added for the reconstitution, and the concentration of sesamo-
lin or sesamin was analyzed by the HPLC. Five concentrations of 
purified sesamolin or sesamin were used to establish the calibra-
tion curves for the quantifications. The efficiency was determined 
using the equation: [the total amount of sesamolin or sesamin in 
the 15-mL EA extracts for the pure water sample] – (the amount 
of sesamolin or sesamin in the suspension)/[the total amount of 
sesamolin or sesamin in the 15-mL EA extracts for the pure water 
sample]*100%. It has been calculated that approximately 1 mg of 

The sesamolin and sesamin were analyzed by using an analytical 
HPLC system that included a Shimadzu system controller (Osaka, 
Japan), Shimadzu LC-10AD pump, Athena C18 column (4.6 × 250 

-
sis conditions involved a mobile phase of 60% methanol solution 
with isocratic elution for 40 minutes at a flow rate of 1 mL/min. 
UV signals were detected at a wavelength of 280 nm. The sample 

-
tained at 25°C.

The nematodes’ lifespan was assessed by following the previous 
methods with slight modifications (Sutphin and Kaeberlein, 2009). 
Synchronized larvae at the L2-3 stages were gently transferred onto 
a 5-cm Amp/FUdR plate (30 worms/plate; three plates per treat-
ment, n
varying doses of sesamolin or sesamin on the surface, and cultured 
at 20°C. Plates were replaced every four days, and survival was 
assessed every two days. Nematodes were considered deceased if 
unresponsive to a platinum wire touch or lacking pharyngeal pump-
ing. Survival data, along with an average, median, and maximum 
lifespan values, were analyzed using the SPSS, and the survival per-
centage was plotted using the Sigma Plot 8.0. As we described in the 
previous report (Yang et al., 2023), we used the proper concentra-

the LB medium would dry out after spreading onto the surface of the 
NGM, thus, the dosage unit of nmol/plate was used rather than the 
molar concentration of the tested samples. All of the other handling 
procedures for the C. elegans have been described in our previous 
paper including the NGM plates with the dead bacteria that was pre-
pared by the exposed plates to the UV at two doses of 9,999 × 100 
mJ/cm2 to eliminate bacteria (Yang et al., 2023).

Pharyngeal pumping was determined as previously described 
(Iwasa et al., 2010; Zhao et al., 2017). The 10 nematodes for each 
group were randomly chosen to record the pharyngeal pumping 
with a charge-coupled device (CCD) video camera under a micro-
scope on the 6th, 8th, 10th, 12th and 14th day of life. The number 
of pharyngeal beats within 60 seconds was calculated based on the 
slow-motion playback.

Body bend was determined by the swimming test as described pre-
viously (Iwasa et al., 2010). The 10 nematodes for each group were 
randomly picked up to determine the body bends on the 10th day 
of life. After crawling on an NGM plate without the OP50 for 30 
seconds to remove the excess E. coli from the worms, each nema-
tode was placed in a well of a 24-well plate containing 1 mL of M9 
buffer. The motility of the nematodes was recorded with a CCD 
video camera under a microscope, and the number of body bends 
within 30 seconds was calculated based on the slow-motion play-
back. Body bends were defined as the number of repeated twists at 
the center point of the nematode.

One of the powerful advantages of the C. elegans model is used 
for the loss-of-function mutants to reveal the signaling pathway 
of a certain tested molecule. If a certain function, such as the 
lifespan-extending effect disappears in a certain loss-of-function 
mutant, the result indicates that the signaling mechanism of the 
tested molecule is via the mutated protein. The SIR-2.1, AAK-2, 
DAF-15, AKT-1 mutants were used for the loss-of function test in 
this study. With the exception that the wild-type nematodes were 
replaced with the mutants, all the procedures performed were the 
same as the above assay of the lifespan, pharyngeal pumping, and 
the body bend of the C. elegans.

Data were analyzed using the Student’s t-test or analysis of vari-
ance (ANOVA), followed by the Duncan’s test for group mean 
comparisons using the SPSS v.14.0 software (SPSS, Inc., Chi-
cago, IL, USA). The differences in the lifespan of the nematodes 
between the groups were analyzed using the Cox regression. The 
pharyngeal pumping was analyzed using a simple regression anal-
ysis method. A difference with a p < 0.05 was considered statisti-
cally significant.

Initially, the sesame lignan samples obtained from Prof. Lee were 
subjected to the HPLC analysis, revealing a composition of ap-
proximately 60% sesamolin and 40% sesamin (Figure 1a). Sub-
sequently, a preparative HPLC was employed for further separa-
tion and purification of the sesamolin and sesamin, followed by 
an analytical HPLC to assess the purification results. From the 
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chromatograms (Figures 1b and c), we confirmed that, aside from 
the solvent signals, only the signals corresponding to the sesamolin 
and sesamin were present. This indicates that the purified sesamo-
lin and sesamin samples should be of sufficient quality and purity 
for use in this study.

for the preparation of the sesamolin or sesamin inclusion com-
plex. Using the analytical HPLC, we evaluated the efficiency of 

sesamolin or sesamin in the EA extracts for the pure water sample 
or after the high-speed centrifugation. The more lignans included 

-
tant after the centrifugation. The analysis results indicated that, for 

lignans is only about 7.2% i.e., the concentration decreased by ap-
proximately 92.8% after the high-speed centrifugation (Figures 2a 
and b; Table 1
residual amount of not included lignans is only about 7.4% i.e., 
the analysis showed a concentration reduction of about 92.6% af-
ter the high-speed centrifugation (Figures 2c and d; Table 1). This 

suggests that, for both sesamolin and sesamin, after the inclusion 
and the high-speed centrifugation, the preparation efficiency of ap-
proximately 93% for both the sesamolin and sesamin in the solid 
inclusion complexes.

Subsequently, we investigated as to whether the sesamolin has the 
ability to extend the lifespan of the C. elegans by the administrated 

256 nmol/plate sesamolin. The results showed a significant exten-

SM contained with 64 and 256 nmol/plate of sesamolin, with the 
mean lifespans extended by 15.7% and 18.7%, respectively (Fig-
ure 3b; Table 2). However, as the effects at 64 and 256 nmol/plate 
of sesamolin approached similarity, it suggests that the 256 nmol/
plate of sesamolin is close to the dosage with the highest lifespan 
extension capacity. Additionally, we selected experimental doses 

Ya-
guchi et al., 2014). The report indicated that the optimal dosage 

. 
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which, when converted to the units used in this study, equals 16 

and 64 nmol/plate of sesamin to perform the lifespan assay, and the 
results were similar to the previous report, showing that 16 nmol/
plate of sesamin was the optimal dosage, extending the average 
lifespan by 11.5% (p < 0.05), while the 64 nmol/plate of sesamin 
only extended the mean lifespan by 2.6% (p > 0.05) (Figure 3a; Ta-
ble 2
contained with 16 nmol/plate of sesamin as the dosage for the posi-

with 4, 16, 64, and 256 nmol/plate of sesamolin. When combining 
the results of these two lifespan assays, it demonstrates that sesa-

molin has a broader effective dosage range compared to sesamin, 
and the optimal dosage of sesamolin for extending the nematode 
lifespan is approximately 1.6 times higher than the optimal dosage 
for sesamin.

In previous studies on the lifespan assay of sesamolin, the cultiva-
tion was carried out using live bacteria (Keowkase et al., 2018). 
Whether this could potentially be a reason for the previous inabil-

#

Sesamolin Original
After centrifugation

Sesamin Original
After centrifugation

#The total amount of sesamolin or sesamin extracted by three rounds of 5 mL ethyl acetate (EA), expressed as a percentage, and the lignan content in the EA extracts after cen
trifugation, compared to the original.

. 



Journal of Food Bioactives | www.isnff-jfb.com 47

Chin et al. Longevity effects of sesamolin in the C. elegans

ity of sesamolin to extend the lifespan of the C. elegans. Therefore, 

extend the lifespan of the C. elegans under live and dead bacterial 
culture conditions. Three independent lifespan assays were carried 
out for each of the bacterial culture conditions, and the resulting 
mean lifespans were subjected to a statistical analysis to assess the 
percentage increase in the mean lifespan. The results showed that, 
whether it was sesamolin or sesamin, there was no significant dif-
ference in the ability to extend the lifespan of the C. elegans under 
live or dead bacterial culture conditions (Figure 4; Figure S1).

Furthermore, we investigated whether the sesamolin has the ability 

to improve the health indexes in the C. elegans, including the phar-
yngeal pumping and body bends. Experiments were conducted us-

a 256 nmol/plate of sesamolin. The results indicated that, com-

frequency of the pharyngeal pumping and body bends in the C. 
elegans (Figure 5a, b). Taken together, these results demonstrated 
the ability of sesamolin to improve the health of the C. elegans.

We aimed to reveal the signaling pathways for sesamolin to extend 
the lifespan of the C. elegans. The mutants including the SIR-2.1, 
AAK-2, DAF-15 and AKT-1 were used for the loss-of function 

. C. elegans.

n = 90).

.
##

Sesamin

#

Sesamolin

#

nmol of sesamin, and administrated for the C. elegans, vis versa. ##P
lifespan (n
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test. The results revealed that the longevity-extending and health-

and the AAK-2 mutants (Figures 6a, b; Table S1). However, the 

SM were still observed in the DAF-15 mutant (Figure 6c; Table S1) 
and in the AKT-1 mutant (Figure 6d; Table S1). Since the longevity 
effects of sesamolin do not depend on the AKT-1 in the IIS pathway 
and the downstream protein DAF-15, mutually confirming that the 
IIS pathway was not involved in the mechanism of the sesamolin’s 
longevity effects. In summary, the longevity effects of sesamolin re-
quired the signaling mechanisms of the SIR-2.1 and AAK-2.

The amount of sesamin and sesamolin in the sesame seeds is 200–

500 mg/100 g and 200–300 mg/100 g, respectively (Hadipour et 
al., 2023). Previous studies have confirmed the longevity-enhanc-
ing ability of the sesamin. However, the sesamolin, structurally 
similar to the sesamin, does not exhibit a lifespan-extending ef-
fect in the C. elegans. Therefore, this study aims to explore as to 

the sesamolin so as to increase the solubility in the medium or 

in the C. elegans, significantly extending the lifespan of the C. el-
egans, with 256 nmol/plate of sesamolin showing the highest effi-

including the pharyngeal pumping and body bends. Furthermore, 
we found that whether using live or dead bacteria, there is no sig-

-
terfere with the results. Additionally, through the loss-of-function 
tests with the mutants, we further explored the possible pathways 

. C. elegans

mean lifespan as compared to the control from the lifespan assay under the dead bacterial and live bacterial culture. The data are from three independent 
lifespan assays, with n = 90 in each group. P values are indicated in the figures.

. C. elegans. For health indexes analysis, the nematodes were grown on plates contain

mined (n P values are as shown in the figures.
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for the longevity effect of the sesamolin. The results showed that 
-

lin to extend the lifespan and improve the health indicators disap-
pears in the SIR-2.1 and AAK-2 mutants. This suggests that the 
longevity effect of the sesamolin in the C. elegans relies on the 
signaling pathways of the SIR-2.1 and AAK-2. To the best of our 

knowledge, this study is the first to demonstrate that sesamolin, 
a lignan in sesame, has the potential to extend the lifespan and 
improve the health indexes, suggesting its potential as a health-
promoting substance for slowing the aging process.

Previous studies have shown that under the conditions of the 

. 

n

mined (n P values are as shown in the figures.
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live E. coli OP50, there is a significant extension of the lifespan 
of the C. elegans (Yaguchi et al., 2014). However, past research 
has indicated that in the lifespan experiments, using dead bacte-
ria as a food source is more appropriate so as to avoid interfer-
ence with the test substance, being mainly due to the effects of the 
live bacteria, either directly or indirectly affecting the nematodes 
(Collins et al., 2006; Garigan et al., 2002; Liao et al., 2011). Nev-
ertheless, the results of this study demonstrate that using live or 
dead bacteria does not affect the ability of sesamin to extend the 
lifespan of the C. elegans. Additionally, previous research showed 

inclusion and live E. coli OP50, did not significantly extend the 
lifespan of the C. elegans (Keowkase et al., 2018). This study also 
confirms that using live or dead bacteria as a food source has little 
impact on the ability of sesamolin to extend the lifespan of the C. 
elegans. However, the results indicated that the primary alteration 

demonstrate the longevity effect of the sesamolin. This highlights 
the critical step of ensuring the solubility of the lipophilic com-
ponents, such as sesamolin, in aqueous solutions. Although the 
effect of applying live or dead bacteria on the lifespan extension 
of sesamin and sesamolin is not significant, it is still recommend-
ed to use dead bacteria when evaluating other nutrients using the 
model of the C. elegans.

However, previous studies have demonstrated that the mecha-
nism underlying the lifespan extension by sesamin relies on the IIS 
signaling and proteins such as the SIR-2.1, AAK-2, and DAF-15. 
It has also been shown that sesamin’s ability to extend the lifes-
pan of the C. elegans disappears under the conditions of caloric 
restriction (Vianna et al.), suggesting sesamin’s potential as a CR 
mimetic. The CR involves reducing the calorie intake by approxi-
mately 25–30% without depriving the essential nutrients (Pignatti 
et al., 2020) and has been demonstrated to extend the healthspan 
and the lifespan in rodent and primate models (Acosta-Rodriguez 
et al., 2022; Mattison et al., 2017). The CR generally achieves 
its effects by (1) downregulating the IIS pathway, (2) reducing 
the mTOR signaling, (3) activating the sirtuin 1 pathway, and (4) 
modulating the AMPK pathway (Green et al., 2022). Increasing 
evidence indicates that the mTOR is a downstream molecule in 
the IIS pathway (Testa et al., 2014). Thus, the downregulation 
of the IIS pathway and the reduction of mTOR signaling under 
the CR likely represents the coordinated effects within the same 
signaling pathway. In this study, we found that the sesamolin’s 
longevity effect on the nematodes relies on the assistance of the 
SIR-2.1 and AAK-2, indicating that the sesamolin may achieve its 
longevity effect through the SIR-2.1 and AAK-2 pathways. How-
ever, unlike sesamin, sesamolin’s mechanism does not depend on 
the IIS pathway or its downstream TOR protein, suggesting that 
sesamolin may not completely act in the same manner as sesamin. 
Interestingly, the results of this study indicate that sesamolin’s 
longevity effect seems to be superior to sesamin. For instance, 
the optimal dosage of sesamolin can extend the nematode lifes-
pan by approximately 18.7% under conditions of dead bacteria 
cultivation, while the optimal dosage of sesamin only extends the 
nematode lifespan by 11.5%. Furthermore, this study also demon-
strates that sesamolin has a broader effective dosage range when 
compared to sesamin. Therefore, the health-promoting longev-
ity effect of sesamolin appears to be better than that of sesamin. 
This suggests that the longevity effect of the sesame extract may 
at least be the sum of the effects of various lignans, including 
sesamin and sesamolin. Future research will further evaluate the 
longevity effects of the sesame extract, including assessing the ef-
fects of other sesame lignans and the potential synergistic effects 
of the different lignans.

In conclusion, this study confirms that sesamolin, when included 

and improve the health in the C. elegans, demonstrating the lon-
gevity effect of sesamolin. Moreover, sesamolin’s capacity to ex-
tend the lifespan of the C. elegans appears to be more significant 
than that of the sesamin, and it exhibits a broader effective dosage 
range as compared to sesamin. Mechanistically, sesamolin’s lon-
gevity effect on the C. elegans relies on the signaling mechanisms 
of the SIR-2.1 and AAK-2. However, the usage of live or dead 
bacteria as a food source does not significantly affect the ability of 
the sesamolin and sesamin to extend the lifespan of the C. elegans. 
In summary, sesamolin shows potential for development as a func-
tional ingredient for the longevity.
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Abstract

This study aimed to assess the antibacterial and antioxidant properties of both crude polyphenol extract (CPE) 
and purified polyphenol extract (PPE) obtained from Fuji apple pomace. The antibacterial capacity of both ex-
tracts against Staphylococcus aureus was investigated by evaluating the inhibition zones, minimum bactericidal 
concentrations (MBC), growth curves and bacterial morphology of S. aureus treated with CPE or PPE, as well as 
the performance in simulated food systems. The antioxidant activity of CPE or PPE was assessed using the ABTS 
radical scavenging and ferric reducing antioxidant power (FRAP) assays. The results showed that PPE exhibited 
potent antibacterial activity against S. aureus, which was further confirmed by the bacterial morphology. It was 
revealed that PPE only exerted strong antibacterial effect in starch-based food system while CEP did not show 
such effect in all systems. The results of the ABTS and FRAP assays indicated that both PPE and CPE possess strong 
antioxidant activity, from which PPE showed much higher capacity than that of CPE. Therefore, PPE from Fuji ap-
ple pomace can be used as a novel antibacterial agent for food preservation and natural antioxidant for functional 
food and nutraceutical products.

Keywords: Fuji apple pomace; Crude polyphenol extract; Purified polyphenol extract; Antibacterial activity; Staphylococcus aureus; An-
tioxidant activity.

There has been a growing awareness about harmful effects of 
chemical preservatives in food, which has led to an increase in 
research on extracts from natural botanical sources, especially 
those possessing the antimicrobial and antioxidant properties 
(Shahidi and Santhiravel, 2022; Gupta and Yadav, 2021). Polyphe-
nols have been known for their abundant sources and antibacte-
rial effects, which primarily exert such effects by modifying the 
permeability of cell membrane, disrupting cell wall rigidity and 
integrity, and inhibiting the synthesis of biomolecules in bacterial 
cells (Bouarab Chibane et al., 2019; Fei et al., 2018). Moreover, 
their hydroxyl structure renders antioxidant properties, which was 

mainly achieved by scavenging radicals and chelating redox-active 
metals (Fraga, 2007). Apple is one of the most broadly distrib-
uted and consumed fruit all over the world (Gulzar, 2023). Ap-
ple polyphenols, which are secondary metabolites in apples, are a 
collective term for the polyphenolic compounds found in different 
parts of the fruit, primarily including phenolic acid derivatives and 
flavonoids. They have been reported to have various physiological 
functions, such as the prevention of cancer, diabetes, liver dys-
function and hypertension (Wang et al., 2023; Clemens and Sha-
hidi, 2022). Apple pomace, a by-product from apple processing, 
is a rich source of high value-added bioactive compounds such as 
polyphenols. Millions of tons of apples are processed to produce 
apple cider, juices, or concentrates every year worldwide, which 
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yield huge amounts of pomace (Fernandes et al., 2019), and apple 
pomace can be used for the extraction of polyphenols. Therefore, 
a complete understanding of functions of polyphenol extracts ob-
tained from apple pomace can enhance the utilization of by-prod-
ucts from apple processing.

Staphylococcus aureus, a gram-positive bacterium, is among 
the prevalent foodborne pathogens. Chambers (2001) reported that 

carrier of S. aureus S. 
aureus is highly pathogenic, which can cause a spectrum of infec-
tions on the skin and soft tissues (Chmielowiec-Korzeniowska et 
al., 2020). The heat and salt resistance of S. aureus facilitate its 
growth and multiplication in food products (Yehia et al., 2020), 
and it affects human body mainly by secreting staphylococcal en-
terotoxins, causing pathological reactions such as vomiting, diar-
rhea and cramps in the host (Wattinger et al., 2012). The serious 
threat posed by S. aureus to human health necessitates the identi-
fication of effective and safe strategies for inhibiting its reproduc-
tion in food. The antibacterial effect of Golden Delicious apple 
pomace polyphenols on Escherichia coli was evaluated using the 
diameter of inhibition zone and the minimum inhibitory concen-
tration as the indexes, confirming its robust antibacterial activity 
(Zhang et al., 2016). Thus, it is important to extend the evaluation 
of the inhibitory effect of apple polyphenol to other commonly 
found foodborne bacteria, such as S. aureus. Antioxidant capacity 
of polyphenols can be evaluated using a variety of methods, from 
which the most used ones are free radical scavenging and ferric re-
ducing power (FRAP) assays (Bai et al., 2013). The antioxidant ca-
pacities measured by ABTS assay are strongly correlated with the 
phenolics and flavonoids from antioxidant-rich foods, and ABTS 
assay is superior to other free radical scavenging assays when used 
on a range of plant foods (Floegel et al., 2011). Therefore, ABTS 
radical scavenging assay is suitable for evaluating the antioxidant 
activity of polyphenol extracts from apple pomace. The FRAP 
assay has demonstrated features of high reproducibility and easy 
operation, and thus it is widely used to understand the antioxidant 
capacity of polyphenol extracts (Thaipong et al., 2006).

In this study, crude polyphenol extract (CPE) and purified poly-
phenol extract (PPE) derived from Fuji apple (Malus domestica 
Borkh. cv. Red Fuji) pomace were selected to evaluate their bacte-
ricidal and antioxidant activities in various systems, respectively. 
Antibacterial effects of these polyphenol extracts were assessed 
by investigating the inhibition zones, minimum bactericidal con-
centrations (MBC), growth curves and bacterial morphology of S. 
aureus treated with CPE or PPE, as well as the bacteriostatic activ-
ity of both two extracts in simulated food matrices. The antioxidant 
activities of CPE or PPE were assessed according to their ferric 
reduction capacity using the FRAP method.

Crude polyphenol extract (CPE) and purified polyphenol extract 
(PPE) from Fuji apple (Malus domestica Borkh. cv. Red Fuji) 
pomace were prepared in our laboratory. Staphylococcus aureus 
25923 were purchased from ATCC. Phosphate buffered saline (1×, 

thiazoline-6-sulfonic acid) (ABTS), 2,4,6-tris-(2-pyridyl)-s-tri-
azine (TPTZ), ethanol (ACS grade), K2S2O8 (AR grade), NaOH 
(AR grade), NaCl (AR grade), HCl (AR grade), FeCl3 (AR grade), 
FeSO4 (AR grade), L-ascorbic acid (AR grade), and Tween-80 

(CR grade) was purchased from Merck (Shanghai, China). Isoa-
myl acetate (AR grade) was purchased from FUCHEN (Tianjin, 
China). Other reagents were purchased from OXOID (UK) unless 
otherwise specified.

S. aureus was cultured for 40 h in tryptone soya broth (TSB) at 
37°C accompanying a passage at the 24 h. The cultured bacteria 
were centrifuged at 1,700 r/min for 5 min and the supernatant was 
removed. The bacterial pellet was re-suspended in PBS buffer at 
an optical density (OD) at 600 nm of 1 followed by twice dilutions 
to get a final concentration of 6 log CFU/mL.

The growth inhibition of S. aureus by CPE or PPE was determined 
using a modified agar diffusion method by measuring the diam-
eters of inhibition zones (Singh et al., 2005). The assay involved 

-
face of Luria-Bertani (LB) agar plates followed by attaching four 

containing PPE (100 mg/mL) or CPE (100 mg/mL) was added 
onto each of three filter papers. In the negative control, the PBS 
buffer without PPE or CPE was added to the remaining filter paper. 
All tests were performed in triplicate. After incubating at 37°C for 
24 h, the inhibition zones were measured accurately using a ver-
nier caliper. When diameters of inhibitory zones were greater than 
7 mm, inhibitory effects were considered. The larger the diameter 
of the inhibitory zone, the stronger the inhibitory effect is. On the 
other hand, when the diameter was 7 mm or less, it was considered 
ineffective.

The minimum bactericidal concentrations (MBC) of polyphenol 
extracts against S. aureus were determined following the method 
described by Obroh et al. (2021) with minor modifications. CPE 
and PPE were diluted using the two-fold serial dilution method 
(Chandrasekaran and Venkatesalu, 2004) to concentrations of 
25, 12.50, 6.25, 3.13, and 1.56 mg/mL. Four hundred microliter 
of polyphenol solution was mixed with the same volume of TSB 

as negative and positive controls, respectively. The assay was 
conducted in triplicate. Following an incubation at 37°C for 24 h, 

incubated at 37°C for 24 h. The MBC was determined as the low-
est concentration of the polyphenol extracts applied that did not 
permit the presence of any visible bacterial colonies on the agar 
plate after the incubation.

The growth curves of S. aureus under treatments of CPE or PPE 
with different concentrations were established following the meth-
od of Pagliarulo et al. (2016) with minor modifications. Bacterial 
suspensions were prepared as described in section 2.2.1. Subse-
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quently, PBS buffer containing either CPE or PPE were added to 
the bacterial-containing TSB culture to achieve final polyphenol 
concentrations of 50, 25, 12.50, 6.25 and 3.13 mg/mL. The afore-
mentioned polyphenol concentrations were selected based on the 
results of the MBC assay. Moreover, the CPE was tested using the 
same concentration as PPE, although its MBC was not obtained. 
PBS buffer was included as the negative control, and sterile TSB 
medium only containing equal concentration of CPE or PPE was 
used as the blank control. All samples were set in triplicate. Two-
hundred microliter of tested samples were incubated in a 96-well 
plate covered by a film at 37°C for 12h at OD600 nm, with 10-min 
intervals to determine growths of bacteria in a microplate reader. 
The absorbance value of bacteria in the results was calculated by 
the formula: OD600 0, where “OD600” was the ordinate in 
Figure 1, “a” was the absorbance value of S. aureus treated with 
CPE or PPE at 600 nm, and “A0” was the absorbance value of 
blank control at 600 nm.

Scanning electron microscopy (SEM) was employed to examine 
the morphological changes of S. aureus cells treated with CPE or 
PPE with minor modifications (El-Maati et al., 2016). The cultured 
bacteria were diluted to an OD (600 nm) of 0.6 before use in subse-
quent assay. CPE or PPE was added to the bacterial suspension to 
achieve final concentrations of 0, 12.50 and 25 mg/mL. The cells 
were centrifuged at 8,000 r/min for 10 min at room temperature af-
ter an incubation at 37°C for 4 h. After twice re-suspensions in PBS 
buffer and centrifugations followed by a 10 min static standing for 

(v/v) solution and incubated at 4°C for 12 h. The cells were fixed 

at 4°C for 12 h. After washes with PBS buffer and sterile water, re-
spectively, the cells were dehydrated using ethanol solutions with 

left undisturbed for 10 min before centrifugation. Subsequently, 
the cells were resuspended in isoamyl acetate and were set to stand 
for 30 min before being centrifuged at 8,000 r/min for 10 min. The 
samples were finally dried at 40°C for 2 h, freeze-dried for 2 h to 
dryness, then loaded onto a carrier stage and sprayed with plati-
num before being visualized using a SEM.

simulated food systems

The bacteriostatic activities of polyphenol extracts were further 
analyzed in simulated food systems containing starch, lipid or pro-
tein, respectively. The samples were prepared using the method 
described by Li et al. (2022) with minor modifications as a lower 
concentration of bacterial suspension was used.

Different weights of corn starch (CS) were dissolved in 5 mL of 
-

pH of the solutions was adjusted to 8.0 with 0.1 mol/L NaOH, and 
then the solutions were boiled for 2 min until the simulated system 
was formed with a high clarity. The test solution was prepared by 
adding CPE or PPE into the above simulated starch-based food 
matrices until the final concentration of 50 mg/mL (2 × MBC) was 
achieved. The solutions were left undisturbed for 60 min following 
mixing, and then they were centrifuged at 5,000 r/min for 2 min, 
which was followed by the collection of the supernatant.

Four sterilized Oxford cups (stainless cylinders with an outside 
diameter of 8.0 mm, inner diameter of 6.0 mm, and height of 10.0 
mm) were placed on each LB agar plate previously coated by 0.1 

of test solution. Additionally, the PBS buffer was used instead of 
the test solution as a control in one of the Oxford cups.

Different volumes of canola oil (CO) were pipetted to a 50-mL 
-

luted to volume with sterile water, which was shaken vigorously 
for preliminary mixing. The above solution was transferred to the 
beaker, they were then emulsified at 10,000 r/min three times with 
1min intervals and 30 seconds each time to form the lipid-based 
food system, and the final concentrations of the canola oil were 

Section 2.2.6.1.

.  (a) S. aureus was treated with PPE; (b) S. aureus was 
treated with CPE.
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Different weights of soybean protein isolate (SPI) were added into 
5mL of sterile water, and then the solutions were stirred magneti-
cally at 500 r/min for 1 h at room temperature to form the protein-

-
tion 2.2.6.1.

The ABTS radical scavenging capacity of CPE or PPE was deter-
mined according to the method by Nguyen et al. (2020) with minor 
modifications. The ABTS stock solution (7 mmol/L) was evenly 
mixed with K2S2O8 (7.35 mmol/L) solution at the ratio of 1:1 
(v/v), and kept in the dark at room temperature for 12 h to became 
ABTS radical solution. Further, the absorbance of the ABTS radi-
cal solution at 734 nm was adjusted to 0.7 ± 0.02 by dilution with 
ethanol, and the ABTS working solution was obtained. An aliquot 
of 200 μL of CPE or PPE with different concentrations (12.50, 25, 

-
tion, and they were placed under the condition of avoiding lights 
before the measurement of their absorbance. Additionally, distilled 
water and L-ascorbic were used as negative and positive controls, 
respectively. Distilled water mixed with CPE or PPE solution was 
used as a blank control. The absorbance of all samples was meas-
ured at 734 nm after incubating at 30°C for 6 min, and the results 
were calculated by the following formula:

0 1 2

0

A (A A )Scavenging ability of free radicals (100
A

where “A0” was the absorbance of the negative control at 734 nm, 
“A1” was the absorbance of ABTS working solution treated with 
L-ascorbic, CPE or PPE at 734 nm, and “A2” was the absorbance 
of the blank control at 734 nm.

The ferric reducing antioxidant power (FRAP) was used to deter-
mine the antioxidant capacity of CPE or PPE (

2016). An aliquot of 2.5 mL of 0.01 mol/L TPTZ (0.04 mol/L HCl) 
solution and 2.5 mL of 0.02 mol/L FeCl3 were added to 25 mL of 
0.3 mol/L acetic acid buffer (pH = 3.6) to create the FRAP reagent. 
Then, 120 μL of FeS04 solutions with various concentrations (0.2, 
0.4, 0.6, 0.8, and 1.0 mmol/L) were added to 3.6 mL of FRAP 
reagent to prepare standard curve samples. After standing at 37°C 
for 10 min, the absorbance of all the samples were measured at 
593 nm with a microplate reader, and a standard curve was created 
based on the absorbance. An aliquot of 120 μL of CPE or PPE 

was added to 3.6 mL of FRAP reagent, which was placed under 
the condition of avoiding lights before the measurement of their 
absorbance. Additionally, the samples with L-ascorbic acid instead 
of CPE or PPE were used as a control. The absorbance of samples 
was measured at 593 nm after incubating at 37°C for 10 min. The 
results were expressed as mmol/g FeS04 equivalent.

Each assay was carried out in triplicate, and the results were re-
corded as means ± standard deviation (SD). The data were ana-
lyzed using SPSS 26.0.

The agar diffusion assay was based on the formation of inhibition 
zones, due to the diffusion of the antimicrobial agent in the solid 
agar culture medium inhibiting the growth of microorganisms 
(Galvão et al., 2016). Zhu et al. (2019) reported that the inhibitory 
zone of purified polyphenol extract constituents from Sanguisorba 
offcinalis L. against S. aureus was twice that of crude polyphenol 
extract. In this study, the results of the antibacterial activities of 
PPE and CPE against S. aureus based on the diameter of inhibi-
tion zones are shown in Figure 2 and Table 1. It was observed that 
colonies formed on LB agar showed a transparent “halo” around 
the filter paper with the addition of PPE compared to the control 
group, while the filter paper treated CPE did not exhibit this effect. 
The diameter of the inhibition zone recorded in Table 1 further 

.  (a) circle filter papers treated with 
PPE; (b) circle filter papers treated with CPE; Control: the control group.
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reflects the antibacterial capacities of PPE and CPE. PPE exhibited 
robust bacteriostatic activity with a diameter up to 11.15 ± 0.39 
mm, while CPE had no inhibitory effect against S. aureus as a lim-

be attributed to the higher content of polyphenols of PPE, which 
mainly include epicatechin acid, ferulic acid and chlorogenic acid, 
the key polyphenol species in Fuji apple pomace (Jakobek et al., 
2020; Liu et al., 2021), which was confirmed to have strong anti-
bacterial activity against gram-positive bacteria (Martinengo et al., 
2021; Motallebi et al., 2020). It was reported that the purification 
process effectively increased the total phenolic content by 3.35 
folds, from 13.83 to 46.45 mg of gallic acid equivalents per g of 
CPE/PPE (Mohammadi et al., 2024).

It had been reported that some of the bactericidal agents can act as 
both bacteriostatic and bactericidal depending on their concentra-
tion (Chikezie, 2017). The lowest concentrations of PPE or CPE 
required to kill bacteria were identified as the minimum bacteri-
cidal concentrations (MBCs). Table 2 showed the MBC of PPE 
and CPE against S. aureus, which provided the basis for the selec-
tion of concentration of PPE or CPE in the subsequent bacterio-
static assay. PPE exhibited a strong bactericidal effect even at rel-
atively low concentrations with an MBC of 25 mg/mL. The MBC 
of PPE was lower than the reported MBC of polyphenol extract 
from pomegranate against S. aureus (Lima et al., 2019), which 
could be explained by variations in their phenol content, strains 
sensitivity as well as antibacterial procedures employed in the test 
(Gullon et al., 2016). On the contrary, no apparent bactericidal ac-
tivity was observed for CPE within the tested concentration range 
(1.56–50 mg/mL). Additional assays with high concentrations of 
CPE (100–400 mg/mL) were carried out (data not shown) to iden-
tify its MBC, and even though the number of bacteria decreased 
with increasing concentrations, colonies still did not completely 
disappear from the growing medium, and thus the MBC of CPE 
was not identified. As no specific MBC value was identified for 
CPE, the three subsequent antibacterial assays including growth 
curves, observation by scanning electron microscopy as well as 
antibacterial effect in simulated food systems were used the same 
concentration as PPE where the concentration selection was based 
on MBC.

The growth curves of S. aureus with the treatment of PPE (3.13–50 
mg/mL) or CPE (3.13–50 mg/mL) over 12 h of incubation period 
were plotted to monitor the impact of these polyphenol extracts 
on the growth of S. aureus, which was depicted in Figure 1. The 
growth and life cycle of bacteria are divided into four periods: ad-
aptation period, logarithmic period, stationary period, and decline 
period, and these stages are determined based on the number of 
surviving organisms at various intervals (Chesney, 1916). In this 
study, the growth curve of S. aureus in the control group showed 
the first three stages aforementioned, which indicated a normal 
growth of S. aureus cells. However, when PPE with concentrations 
from 6.25 to 50 mg/mL were added, the growth of S. aureus was 
completely inhibited, but when the concentration of PPE decreased 
to 3.13 mg/mL, the growth of S. aureus was inhibited at the ini-
tial stage. The growth curve showed different fluctuations when 
the concentration of PPE increased to 25 or 50 mg/mL. Higher 
concentrations of PPE may react with casein in tryptone soya 
broth (TSB), thereby impacting the absorbance (El-Messery et al., 
2020). However, the trend of growth curves of S. aureus treated 
with CPE showed limited changes compared to the control group, 
the growth rate of the S. aureus decreased slightly, but the effect 
on the growth curve were stronger when higher concentrations of 
CPE were applied. Thus, both PPE and CPE demonstrated inhibi-
tory effect on the growth of S. aureus, with PPE being more potent, 
which could be due to the higher polyphenol content of PPE and 
lower interference from the impurities, and the inhibitory effect 
improved as the concentrations of PPE or CPE increased.

The morphological damage of S. aureus was observed by scanning 
electron microscope (SEM) in order to further reveal the antibacte-
rial activity of PPE or CPE against S. aureus and its mechanism. 
The results are shown using photomicrographs at 30.0 K × and 
50.0 K × magnification in Figure 3. It can be clearly seen that the 
majority cells of S. aureus in the control group were in uniform, 
full, and spherical shape with relatively smooth surfaces, and they 
displayed normal cell morphology without extracellular spillage or 
apparent damage. In spite of this, there were still a few cells with 

Control ND –
PPE 11.15 ± 0.39 +
CPE 6.20 ± 0.14 –

1.56 3.13 6.25 12.50 25
S. aureus PPE ++ + + + –

CPE ++ ++ ++ ++ ++
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a small degree of invagination, which could be due to the long 
drying time of cells before being loaded onto a carrier stage. In 
contrast to the control group, the surface of S. aureus cells treated 
with PPE or CPE showed wrinkles and cracks with some particu-
late matters, and these particulate matters might consist of cellular 
debris or leakage of cellular contents (Shen et al., 2015). These ob-
servations were similar to the morphological changes of S. aureus 
after being treated with punicalagin, a phenolic compound present 
in leaves of pomegranate peel, which was reported by Xu et al. 
(2017). In summary, PPE and CPE exhibited strong antibacterial 

activity against S. aureus at different degrees. The antibacterial 
activity of polyphenol extracts derived from Fuji apple pomace 
was primarily due to their ability to damage the cell membrane 
and cell wall of S. aureus. This may be because polyphenols can 
alter the fatty acid composition in the cell membrane, and inhibit 
the synthesis of ergosterol, thereby changing the cell membrane’s 
permeability (Di Pasqua et al., 2006). Additionally, polyphenols 
can bind with the bivalent cations of the bacterial outer membrane 
(Nohynek et al., 2006). The destruction of the bacterial cell mem-
brane and cell wall can lead to the leakage of intracellular compo-

. 
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nents, which affected its normal growth and could even cause cell 
death (Zhong et al., 2023).

simulated food systems

Natural preservatives’ antimicrobial efficacy would be hampered 
by the intricate, multi-scale structure of food, which may consist of 
starch, lipid or protein (Wang et al., 2023). Thus, corn starch (CS), 
canola oil (CO) and soy protein isolate (SPI) were used to form simu-
lated starch-based, lipid-based and protein-based food systems with 
their varying concentrations in order to evaluate the antibacterial ac-
tivity of PPE or CPE in food matrices with different macronutrients. 
It was observed that PPE has strong antibacterial activity in simulated 
starch-based food matrices against S. aureus, which is supported by 
the presence of inhibition zones, but there was no significant differ-
ence (p > 0.05) among the effects of all concentrations employed. 
However, the antibacterial activity was not demonstrated in the simu-
lated lipid-based and protein-based food matrices (data not shown), 
which were proved by the absence of the inhibition zone. Limited 
miscibility of PPE in lipid-based food systems may lead to its lim-
ited contact time with bacteria present in the emulsion (Pastene et al., 
2009), and thus improving the solubility of polyphenol extracts can 

be one of the means to improve its antibacterial activity in the lipid-
based food systems. On the other hand, polyphenols from the PPE 
could interact with proteins or lipids, which is leading to the forma-
tion of complexes that restrict their antimicrobial activity (Mandalari 
et al., 2016). CPE did not show any antibacterial activity in the three 
simulated food matrices, which could be due to its lower content of 
polyphenols as well as the interference from its impurities (Table 3).

The ABTS radical scavenging assay is one of the commonly used 
methods to evaluate the antioxidant capacity of polyphenol extracts 
(Floegel et al., 2011). The principle of this method is that K2S2O8 
solution reacts with ABTS solution to oxidize ABTS into blue-
green ABTS radicals, and after the addition of antioxidant sub-
stances such as L-ascorbic and polyphenols, ABTS radicals will 
be reduced into ABTS, and the color of the solution will change. 
Therefore, the ABTS radical scavenging capacity of L-ascorbic 
acid, polyphenols and other substances can be evaluated by detect-
ing the absorbance of the sample at 734 nm. The ABTS radical 
scavenging ability of PPE and CPE were shown in Figure 4. The 

.  Different letters marked in the same con-
centration indicate significant differences (p < 0.05) between any two groups.

0% 1% 2% 3% 5%
PPE 11.06 ± 0.60a 11.28 ± 0.24a 11.24 ± 0.34a 11.86 ± 0.26a 11.88 ± 0.28a a

CPE – – – – – –
Control – – – – – –

p
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results indicated that the ABTS radical scavenging capacity of PPE 
increased when concentrations increased, and was significantly 
stronger (p < 0.05) than that of CPE with all concentrations tested. 

scavenging capacity of tested materials was as follows: L-ascorbic 
acid > PPE > CPE. However, when the concentration increased to 

of CPE, from which demonstrated the strong antioxidant activity 
of PPE. In conclusion, both PPE and CPE showed strong ABTS 
radical scavenging capacity, from which PPE being more potent, 
which could be due to its higher content of polyphenols, mainly 
including chlorogenic acid, epicatechin and catechin (Qing et al., 
2023; Serra et al., 2021).

The ferric reducing antioxidant power (FRAP) assay demonstrated 
features of high reproducibility, easy operation, and thus it is wide-
ly used to evaluate the antioxidant capacity of polyphenol extracts 
(Thaipong et al., 2006). The principle of this assay is to determine 
the reduction of Fe3+ to Fe2+ by measuring the absorbance of the 
Perl’s Prussian blue complex (El-Maati et al., 2016), and a higher 
absorbance indicates a higher Fe3+ reducing capacity. Figure 5 il-
lustrated the ferric reducing antioxidant power of PPE and CPE. 
The results indicated that PPE had a potent reducing capacity for 
Fe3+, and its capacity increased when concentrations increased. 
However, CPE exhibited limited Fe3+ reducing activity at the con-
centration range selected. Both PPE and CPE showed significantly 
lower (p < 0.05) reducing power with all concentrations tested 
compared to that of L-ascorbic acid; meanwhile, PPE exhibited 
a significantly higher (p < 0.05) reducing power than that of CPE 
with all concentrations tested. In summary, the reducing capacity 
of tested materials to Fe3+ in this assay was as follows: L-ascorbic 
acid > PPE > CPE, and it demonstrated that PPE had stronger anti-

oxidant activity than that of CPE, which could be due to its higher 
content of polyphenols (Guo et al., 2018).

Purified polyphenol extract (PPE) from Fuji apple pomace showed 
strong antibacterial activities in various systems tested, mainly by 
damaging the cell wall and membrane of bacteria, while it also 
demonstrated potent antioxidant activity in ABTS radical scaveng-
ing and FRAP assays due to its strong quenching capacity of ABTS 
radicals and reducing effect of Fe3+ to Fe2+. The crude polyphenol 
extract exhibited limited antimicrobial and antioxidant properties 
in tested systems comparing to that of PPE, which may be due to 
its lower polyphenol content and the interference from the impuri-
ties. Therefore, polyphenol extract, especially its purified forms 
from Fuji apple pomace, can be used as a novel antibacterial agent 
for food preservation as well as natural antioxidant for functional 
food and nutraceutical products.
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Abstract

Supplementing collagen is considered to contribute to delaying skin aging. In this work, we developed a novel 
combination for improving skin aging by stimulating the biosynthesis of collagen. By screening a library of Chinese 
herbal medicines (CHM), we found that Angelicae Dahuricae Radix (Baizhi), Lilii bulbus (Baihe), Glycyrrhizae radix 
et rhizoma (Gancao), and Jujubae fructus (Dazao) substantially increased the mRNA expression levels of type I 
collagen, suggesting their potential anti-skin-aging activity. To keep the structural integrity of collagen, prolyl 4-hy-
droxylase (P4H), a key enzyme in collagen synthesis, was recombinantly expressed in Escherichia coli. In addition, 
the transfersome with added P-4H was prepared to improve the transdermal absorption of combination. Vitamin 
C (VC), the substrate required for the activity of P4H, was also incorporated into the combination. Eventually, an 
optimal combination, consisting of Baizhi, Baihe, Gancao, P4H transfersome and VC, was obtained by a series of 
combination experiments. Based on traditional CHM and modern biological agents, we developed a novel com-
bination against skin aging by promoting the synthesis of collagen. Collectively, the combination show the high 
potential of application to delay skin aging.

Keywords: Chinese herbal medicines; Collagen; Hydroxyprolin; Skin aging; Transfersome.

The skin undergoes morphological and physiological changes 
with aging, such as discolorations and wrinkles. How to restore 
youthfulness of skin has attracted much attention. Skin aging is a 

spontaneous and complex process of skin degeneration. Both en-
vironmental and hormonal factors affect the skin aging (Schäfer 
et al., 2020). Collagen, the most abundant extracellular matrix 
protein, accounts for 70 80% of the dry weight of skin (Zhang 
et al., 2020). During the skin aging process, the collagen stability 
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decreases greatly. Besides, the ability to replenish collagen natu-
rally decreases by about 1% per year, also causing accelerated se-
nescence in human skin (Edgar et al., 2018). Therefore, strategies 
of supplementing collagen hold great potential in delaying skin 
aging.

At present, topical treatments have become one of the most 
common methods in supplementing collagen (Kwatra, 2022). 
However, macromolecular collagen barely penetrates the skin due 
to the resistance of cuticle, so it merely plays a moisturizing role in 
the epidermis (Jepps et al., 2013). Besides, the collagen absorbed 
by skin is easily degraded by collagenases (Lagarto et al., 2020). 
Most topical supplements face the challenge of unsatisfactory ther-
apeutic effects. It is urgent to develop an efficient topical collagen 
supplement.

We focused on supplementing skin collagen by endogenously 
promoting the biosynthesis of collagen and increasing collagenous 
stability. Among the various collagens, type I and III collagen are 
the most abundant (Chen et al., 2021). Different collagens have 
a common triple-helix conformation that consists of three almost 
identical polypeptide chains (Ricard-Blum, 2011). Proline (Pro) 
- hydroxyproline (Hyp) - glycine (Gly) is usually the most com-
mon triplet in collagens (Chattopadhyay and Raines, 2014). The 
interchain H-bondings between the hydrogen atom of Gly and the 
hydroxyl group of Hyp exert a critical action in stabilitizing col-
lagen structure (Huang et al., 2009). It is noteworthy that the for-
mation of Hyp is catalyzed by prolyl 4-hydroxylases (P4H) that 
act on Pro residues in peptides (Eriksson et al., 1999). So, P4H is 
the rate-limiting enzyme in the synthesis of collagen (Zhang et al., 
2018). Vitamin C (VC), as a cofactor, participates in the synthesis 
of collagen (Stephens and Grande-Allen, 2007). In addition, some 
studies have confirmed Chinese herbal medicines (CHM) has a 
promoting role in collagen synthesis, such as Lycium chinense 
Mill. and Angelica dahurica (Lin and Chen, 2007). Transfersome 
can effectively protect the drug against undesired absorption into 
cutaneous blood vessels and are capable of retaining the drug in 
the skin (Elsayed et al., 2007).

Taken together, wwe developed a novel combination consist-
ing of Baizhi, Baihe, Gancao, P4H transfersome and VC for pro-
moting collagen production and stabilizing the collagen structure 
in skin. We then evaluated whether the combination functions on 
D-galactose-induced aging mice to determine whether the combi-
nation could promote collagen synthesis and improve skin condi-
tions.Taken together, we attempted to combine the advantages of 
P4H and CHM to design a novel anti-skin aging combination.

NIH-3T3 fibroblasts were purchased from Beijing Beina Institute 
of Biotechnology. All Chinese medicinal materials were provided 
by Anguo Kanghua Traditional Chinese Medicine sales Co. Ltd. 
Dulbecco’s modifed eagle medium (DMEM), fetal bovine serum 
(FBS), dNTPs, T4 DNA ligase, Pfu polymerase, and Gene ruler 
were obtained from Thermo Fisher Scientific. RNA extraction kits, 
RNA reverse transcription kits, plasmid DNA mini-extraction kits, 
and gel recovery kits were purchased from Tiangen Biochemical 
Technology Company. Isopropyl-bate-D-thiogalactopyranoside 
(IPTG), VC, and soy lecithin (purity > 95%) were obtained from 
Shanghai Sangon Biological Company. FastDigest NcoI, FastDi-
gest XbaI, GeneRulerT 1 kb DNA ladder, protein marker, FastDi-
gest BamHI, and FastDigest XhoI were purchased from Thermo 

Scientific. Commercially available kits bicinchoninic acid assay 
(BCA) and hydroxyproline were provided by Nanjing Jiancheng 
Bioengineering Institute.

Firstly, 80 g of each herb was pulverized and passed through a 
60-mesh sieve. The pretreated dried powder was reflux-extracted 
twice with purified water (1 : 8, w/v) at 100°C for 2 h each time. 
After 50 h lyophilization (lyophilizer VS-502FD,Wuxi Woxin In-
strument Co., Ltd.,China) the extracts were concentrated under 
reduced pressure at 45°C using rotary evaporator (Heidolph Hei 
VAP Rotary Evaporator, Germany) and then freeze-dried. Finally, 

NIH-3T3 fibroblasts grown in DMEM medium supplemented with 
10% FBS and 1% penicillin/streptomycin. Cells were incubated at 
37°C in an atmosphere containing 5% CO2/95%. The growth of 
the cells was observed using an inverted microscope (Chongqing 
Optec Instrument Co. Ltd., China).

In 96-well culture plates, 1 × 104 cells/well were seeded for 24 h 
and treated with CHM extracts (5 mg/mL). After 24 h of treatment, 
cell viability was determined using the 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Schoeman 
et al., 2020). MTT reagent (20 μL) was added to each well and in-

-
foxide (DMSO). Next, the 96-well plate was incubated for 15 min 
at room temperature. Cell proliferation was assessed by measuring 
the absorbance at 570 nm.

NIH-3T3 cells (2 × 105 cells/mL) plated for 24 h were exposed 
with concentrations of CHM extracts. After 24 h, total RNA was 
extracted from the NIH-3T3 fibroblasts using the TRIzol reagent. 
Then total RNA was used to synthesize cDNA by reverse tran-
scription. We performed PCR on the resultant cDNA from each 
sample using specific primers (Table 1). The amplification was 
carried out on a Thermal Cycler (Applied Biosystems, Thermo 

GAPDH F: TTGCTGATCCACATCTGCTGGAAG
R: GGCCACTGCCGCATCCTCTTC

Collagen-I F: ATGTTCAGCTTTGTGGACCTCCGGC
R: CTTAGGACCAGCAGGACCAGTATCT

Collagen-III F: ATGATGAGCTTTGTGCAATGTGGGA
R: CATGGGGCCAGGAGCTCCGTTGTCT

pET16b(+) F: GCTCTAGAATGGAGGGGTTTGAAACCAGCGAT
R: CATGCCATGGTTTAACAGCACGGATCCATC
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fisher scientific, Waltham, MA, USA). The 20 μL reaction mixture 
contained 5 μL of cDNA, 1 μL of sense and antisense primers, 200 
μM of each deoxynucleotide (DTT), 2 μL of GoTaq polymerase, 
2 μL of 10 × Taq polymerase buffer. The reaction was cycled 40 
times for 50 s at 95°C, 60 s at 58°C, and 90 s at 72°C. Data was 

expression levels of GAPDH.

P4H gene of eukaryotic algal virus, Paramecium bursaria Chlo-
rella virus-1 (PBCV-1) was selected for as the target gene. Because 
it is small in size and simple in structure, and can be recombinantly 
expressed in prokaryotic expression system Escherichia coli (E 
coli) (Eriksson et al., 1999). Firstly, we obtained the sequence of 
P4H gene from GeneBank database. Plasmid vector pET16b(+) 
was used for expression in E coli. The Primer 5.0 was used to de-
sign primers (Primer sequences are provided in Table 1). Then, 
PCR was used to amplify fragments of the target genes.

The PCR product was digested with BamHI and XhoI, and li-
gated with into the corresponding sites of the expression vector 
pET16b(+). Subsequently, the ligation product was transformed 

Froger and 
Hall, 2007). E. coli
containing ampicillin. The monoclonal colony was picked and in-
oculated in LB medium for 6 h. The plasmid extraction followed 
the manual provided with the kit. The recombinant plasmids were 
identified by PCR, double restriction enzyme digestion and se-
quencing analysis, respectively.

Thereafter, the recombinant plasmid was transferred into BL-
21 competent cells, and added IPTG (final concentration: 1 mM) 
to induce the expression of target protein. Then the bacterial so-
lution was shaken at 28°C, 220 rpm for 4 h. After centrifuging 
the bacterial liquid culture, the supernatant was discarded and the 
sediment was resuspended. The suspension was centrifuged and 
the supernatant was removed. A Ni column was used for affin-
ity purification of the His-tagged P4H. Briefly, the supernatant 
was collected and applied to a Ni-NTA affinity chromatography 
column. Then the Ni-NTA column was washed with the wash 
buffer (His-Trap buffer supplemented with 60 mM imidazole) 
and the protein was eluted with elution buffer (His-Trap buffer 
supplemented with 300 mM imidazole). Eluted protein was con-
centrated using a 10 KD centrifugal filter to 1 mL. Finally, the 
protein were further purified by Superdex-200 gel-filtration size 
column. Single peak fractions were collected, snap frozen and 

by 12% SDS-PAGE.

According to literature, the P4H activity was evaluated by monitor-
ing the hydroxylation of (PAPK)3, a short proline-rich peptide sub-
strate (Myllyharju, 2003; Eriksson et al., 1999). The P4H enzyme 
activity reaction system (1.0 mL) was established in vitro. The 
system comprised the following components: Fe(NH4)2(SO4)2, 50 

-

bovine serum albumin, 2 mg; catalase, 200 ug; and nicotinamide-
adenine dinucleotide (NADH), 200 μg. The reaction mixtures 
were incubated at 37°C for 4 h and then quenched by methanol. 
Finally, the molecular weight difference of sample was analyzed 
using MALDI-TOF MS.

The effect of temperature on the stability of the P4H was studied. 

days, respectively, and samples were drawn at 1, 2, 3, 4, 5, 6, 7, and 
8 days. Separately, the protease solution was also placed in a 50°C 
constant temperature water bath for 1 h and samples were taken at 
5, 10, 15, 20, 25, 30, 40, and 60 min. Variation in P4H stability was 
confirmed qualitatively by 12% SDS-PAGE.

P4H transfersome was prepared by the thin-film hydration 
method followed by extrusion. First, 1 mg/mL P4H solution was 
prepared using PBS as solvent. The different proportions of soy 
lecithin and cholesterol were dissolved in 5 mL organic solvent 
(methanol:dichloromethane = 1:3), and the solvent was evaporated 
under reduced pressure to obtain a thin lipid film in bottle bottom. 
Next, 5 mL P4H solution was add it to the bottle. The lipid film 
was eluted to obtain emulsion, ultrasonicated for 30 s, and filtered 

-
fersome solution. After centrifugation, the P4H transfersome was 
obtained. The softening material (cholesterol) was replaced by an 
equal amount of distilled water to prepare the normal liposome.

Then, the P4H transfersome solution was centrifuged at high 
speed. We measured the free P4H content in the supernatant by the 
BCA method (Schoel et al., 1995). The factors affecting the en-
capsulation rate are mainly the ratio of soy lecithin and cholesterol 
(A), drug concentration (B), and lipid concentration in the aqueous 
phase (C). In this study, orthogonal experiment on above three fac-
tors was preformed (Table 2), and the optimal preparation process 
parameters were determined. Encapsulation efficiency was calcu-
lated by the following formula:

unencapsulated drugEE% 1 100%.
total drug

The skin of nude mice was harvested and refrigerated at 4°C for 
later use. P4H transfersome solution, P4H liposome solution, and 
P4H solution each was smeared by 0.5 mL to the skin surfaces and 
recovered after 12 h. Then the free P4H content in each solution 
was measured, and the transdermal efficiency was compared. Ad-
ditionally, the morphological characteristics of P4H transfersome 
were observed under the transmission electron microscope.

According to the composition of the formula (Table 3), all the in-
gredients are weighed in equal proportion and mixed. We pretreat-
ed NIH-3T3 cells with different formulae. After a 24 h incubation, 
cells were collected to detect the content of hydroxyproline. Simi-

1 90 : 10 6 2
2 85 : 15 3 5
3 80 : 20 1 10

A, B and C are the ratio of soy lecithin and cholesterol, total lipid concentration, and 
enzyme concentration, respectively.



Journal of Food Bioactives | www.isnff-jfb.com 65

Dong et al. Novel combination against skin aging

larly, the mice skin were collected, rinsed with normal saline, and 
cut into pieces. Then skin pieces were grinded using a tissue grinde 
(Thermo, USA) and the homogenate was centrifuged at 4,000 rpm 
for 10 min to obtain the supernatant. Subsequently, the hydroxy-
proline content of supernatant was measured using the ELISA kit.

Kunming mice (female, 8 weeks old, 25 30 g) were obtained from 
Xuhe Pharmaceutical Technology Co., Ltd. (Tianjin, China) and ran-
domly divided into 6 groups (10 per group). Mice were housed in a 
ventilated animal room where the temperature and humidity were 
maintained (temperature 25 ± 1°C and humidity control 60 ± 5%). All 
mice experiments were performed according to the animal experiment 
guidelines approved by the Institutional Animal Care Committee at 
Nankai University and Tianjin Institute of Pharmaceutical Research 
New Drug Evaluation Co. Ltd. (Tianjin, China; approval ID: IACUC 
2017532268, validity period: 22 March 2017 to 22 March 2022).

Mice were provided with water and pelleted diet and libitum. 
Drug dosage was calculated according to the calculation formula: 
DM (dose per kg body weight) = DH × R × (WH/WM), as detailed 
in The Methodology of Pharmacological Experiment. DM and DH 
are doses for mice and humans, and WM and WH are body weights 
of mice and humans, respectively (Lin et al., 2007). According to 
the method of pharmacology, the dosage for mice is adjusted to 9 

times of the human dosage. In the control group, 0.2 mL of 0.9% 
saline water was injected subcutaneously in the back neck every 
day. The remaining mice received subcutaneous injections of 10% 
D-galactose every day for 42 d to prepare the subacute mouse ag-
ing model. The mice of drug treatment group were subcutaneously 
injected with different concentrations of CHM-3-4, respectively. 
The specific grouping situation was as Table 4 follows:

HE staining was performed to observe the changes of collagen fib-
ers using a HE staining kit. Following sacrifice, the dorsal skin was 
excised from mice. Then the skin specimens (approximately 1 cm2) 
were fixed in the buffered neutral formalin (4%, w/v) for 24 h. After 
deparaffinization and rehydration, tissue sections were stained with 
hematoxylin solution for 5 minutes and soaked in 1% acid ethanol 
(1% HCl in 75% ethanol) for 30 s and then rinsed in distilled water. 
Finally the sections were cleared by xylene and mounted. Pictures 
were taken with an inverted microscope (Nikon, Tokyo, Japan).

All statistical analyses were performed by GraphPad Prism 9.0 soft-
ware. Significant differences were evaluated via the one-way analy-

CHM-1-1 Dazao + P4H transfersome + VC
CHM-1-2 Gancao + P4H transfersome + VC
CHM-1-3 Baizhi+ P4H transfersome + VC
CHM-1-4 Baihe + P4H transfersome + VC
CHM-2-1 Dazao + Gancao + P4H transfersome + VC
CHM-2-2 Dazao + Baizhi + P4H transfersome + VC
CHM-2-3 Dazao + Baihe + P4H transfersome + VC
CHM-2-4 Gancao + Baizhi + P4H transfersome + VC
CHM-2-5 Gancao + Baihe + P4H transfersome + VC
CHM-2-6 Baihe + Baizhi + P4H transfersome + VC
CHM-3-1 Dazao + Gancao + Baizhi+ P4H transfersome + VC
CHM-3-2 Dazao + Gancao + Baihe P4H transfersome + VC
CHM-3-3 Dazao + Baizhi + Baihe+ P4H transfersome + VC
CHM-3-4 Baizhi + Baihe+ Gancao + P4H transfersome + VC
CHM-4-1 Dazao + Baizhi + Baihe+ Gancao + P4H transfersome + VC

Control 0.2 0 0
Model 0 0.2 0
L (200 mg/mL CHM-3-4 ) 0 0.2 0.2
M (400 mg/mL CHM-3-4 ) 0 0.2 0.2
H (800 mg/mL CHM-3-4 ) 0 0.2 0.2
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sis of variance (one-way ANOVA) were performed with GraphPad 
Prism. The experimental results are presented as the means ± stand-
ard deviation (SD), and P value< 0.05 was considered significant.

In order to obtain the CHM that could promote collagen expres-
sion, we measured the mRNA levels of collagen type I and III after 
drugs action. The effects of 82 CHM extracts on NIH-3T3 cells 
viability were studied through the MTT assay to to preliminarily 
screen drugs (Table S1, Figure S1). The top ten CHM extracts with 
an obvious effect on promoting cell proliferation were determined, 
including Baihe, Pogostemincablin benth (Huoxiang), Baizhi, 
Dazao, Platycodonis radix (Jiegeng), Coicis semen (Yiyiren), 
Chaenomelis fructus (Mugua), Zaocys dhumnades (Wushaoshe), 
Gancao, and Lonicerae japonicae flos (Jinyinhua) (Figure 1a). 
And the above CHM extracts at 5 mg/mL increased cell viability 
by 246.0%, 210.1%, 209.3%, 154.9%, 152.8%, 130.0%, 119.6%, 
109.8%, 90.0%, and 80.8%, respectively.

Collagen type I and III are the main constituent structure of the 
skin (Tiganescu et al., 2018). We further evaluated the mRNA levels 
of collagen type I and III under the ten above CHM extracts treat-
ment. The qRT-PCR results showed that the extracts of Gancao, 
Baizhi, Baihe and Dazao significantly increased the mRNA levels 
of collagen I by 82%, 69%, 63%, and 60%, respectively (Figure 1b). 
Mugua and Yiyiren both inhibited the transcript levels of type I col-

lagen, and the other CHM extracts had no significant effect (Figure 
1c). In addition, the results showed that treatment with the ten CHM 
extracts did not appear to significantly affect the expression of type 
III collagen. In this preliminary screen, four kinds of CHM had sig-
nificantly promoting effects on the mRNA of collagen type I.

The initial screen unveiled four CHM extracts that promoted the ex-
pression of collagen. Next, we intended to improve the stability of 
collagen. The P4H was recombinantly expressed and its activity and 
stability was examined. Viral P4H has been cloned from PBCV-1 
and it can hydroxylate several synthetic peptides that corresponding 
to proline-rich repeats coded by the PBCV-1 genome, such as (Pro-
Ala-Pro-Lys)n and (Pro-Glu-Pro-Pro-Ala)5 (Myllyharju, 2003). 
Moreover, the proline in both positions in these repeats were hy-
droxylated by P4H (Eriksson et al., 1999). Mass spectrometry analy-
sis indicated that the molecular weight of (PAPK)3 increased from 
1,198.8 Da to 1,262.7 Da after incubation with P4H (Figure 2a). 
The result showed that the recombined P4H had the ability to selec-
tively hydroxylate proline that located in the repeating position of 
(PAPK)3. Moreover, to study the stability of P4H, we measured the 
enzyme stability under different temperatures. We found the stability 
of P4H dropped as temperature increased. P4H is stable relatively 
when stored at 4 and 25°C (Figure 2b). In conclusion, P4H is active 
in proline hydroxylation and stable at room temperature.

P4H has high molecular weight and is not easily absorbed by 

.  (a) Determination of cell viability in 
NIH-3T3 cells pretreated with ten CHM extracts. The mRNA levels of collagen I (b) and collagen III (c) in NIH-3T3 cells.

.  (a) MALDI-TOF-TOF mass spectra of (PAGP)3 before and after application of P4H. (b) Effect of different tempera-
tures on P4H stability.
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the skin. So, transfersome was prepared to make P4H achieve 
a higher transdermal permeability. Transfersome is highly flex-
ible vesicle and is widely used for skin delivery systems (Azimi 
et al., 2019). The stability of transfersome is involved with the 
types and the ratio of constituents used in their preparation (Hua 
et al., 2017). An orthogonal test was designed to study the opti-
mum conditions for the preparation of P4H transfersome (Table 
5). According to the value of range R (Table 6), the order of im-
portance that influenced encapsulation rate of P4H transfersome 
was found to be (B) total lipid concentration > (A) ratio of soy 
lecithin and cholesterol > (C) enzyme concentration. The opti-
mum combination of factors was A1B1C2, namely, ratio of soy 
lecithin to cholesterol of 9 : 1, total lipid concentration of 6%, 
and enzyme concentration of 5 mg/mL, while the encapsulation 
rate of P4H transfersome was 36.9%. In addition, as shown in the 
electron micrograph (Figure 3a), the newly prepared P4H trans-
fersome was uniform in size and shape.

Next, the transdermal permeation efficiency of different P4H solu-
tions was compared. Result showed that P4H transfersome solu-
tion had a better transdermal rate in a time- and concentration-de-
pendent manner, reaching 13.05% at 10 h (Figure 3b). In contrast, 
P4H liposome solution and P4H solution had no permeation of 
P4H basically. The transfersome greatly overcome the insufficient 
skin penetration of P4H.

The concept of the composition is to combine Chinese herbal 
medicines and P4H to explore a method of efficiently replenish-
ing collagen in skin. To select the most efficient combination, a 
hydroxyproline assay was used to measure collagen content. The 
measurement of hydroxyproline levels can be used as an indicator 
of collagen content (Qiu et al., 2020). After 24 h of combination 
treatment, we assessed the levels of hydroxyproline in NIH-3T3 
cells. Compared with the control group, the collagen content in 
combination treated groups was higher (P < 0.05), especially in 
CHM-3-4 treated group (Figure 4). Results suggested that CHM-
3-4 treatment of NIH-3T3 fibroblasts could effectively promote 
collagen synthesis.

Mouse chronically injected with D-galactose has been widely used 
as an aging animal model for anti-aging pharmacology research. 
Excessive D-galactose accumulated in the body will be converted 
into galactitol which can not be metabolized normally. The galac-
titol will further affect the osmotic pressure of cells, resulting in 
increased levels of reactive oxygen species, and damage to cells, 
and finally leading to aging (Palacios-Pedrero et al., 2021). HE 
staining illustrated the increased epidermal thickness of mice skin 
caused by D-galactose (Figure 5). In the control group, the epider-
mal thickness of mice was uniform and the collagen fibers in the 
dermis were wavy and arranged in order. Compared with the con-
trol group, D-galactose altered the epidermal and dermal morphol-
ogy, which was characterized by epidermal thickening and a frac-
ture of collagen fibers. Compared with the model group, the mice 

A B C
K1 75.4 84.2 54.5
K2 55.6 60.1 74.6
K3 67.5 54.2 69.4
k1 25.1 28.1 18.2
k2 18.5 20.0 24.9
k3 22.5 18.1 23.1
R 6.6 10.0 6.7

. 
 (a) Transmission electron microscopy 

image of the P4H transfersome. (b) Cumulative P4H permeation of P4H 
transfersome solution, P4H liposome solution, and P4H solution, respec-
tively.

A B C

1 1 2 1 22.0

2 1 1 2 36.9

3 1 3 3 18.5

4 2 2 2 15.6

5 2 1 3 26.4

6 2 3 1 13.6

7 3 2 3 24.5

8 3 1 1 20.9

9 3 3 2 22.1
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skin treated with CHM-3-4 had thinner epidermal thickness and 
more normal collagen fibers. The result confirmed that CHM-3-4 
provided effective protection against D-galactose-induced dam-
ages to skin. It indicated that CHM-3-4 could alleviate collagen 
degradation in skin aging caused by D-galactose to some extent.

In addition, we examined whether the collagen content was in-
creased in mice skin after combination treatment. Compared with 
the control group, the collagen content of mice skin in the model 
group was decreased by 25.4% (P < 0.01) (Figure 6). Compared 
with the model group, skin treated with high-dose combination had 
high collagen content. We have also seen an increase of collagen 

content in mice skin treated with the low-dose and middle-dose 
combination. It can be concluded that the CHM-3-4 could promote 
collagen synthesis in mice skin.

In this study, we developed a novel combination consisting of 
Baizhi, Baihe, Gancao, P4H transfersome and VC for promoting 
collagen production and stabilizing the collagen structure in skin. 
We found that the combination showed an enhanced effect on the 
mRNA levels of type I collagen. Moreover, this combination also 
delayed the D-galactose-induced skin aging in mice. Thus, we sug-
gested that this combination could be a potential candidate to be 
used as an anti-skin-aging product.

It has been reported that the therapeutic effect of reasonable com-
binations may be superior to single component (Ruan et al., 2006). 
Multicomponent interventions offer bright prospects for the control 
of complex diseases in a synergistic manner (Li et al., 2011). The 
concept of our study is to combine CHM with modern biotechnol-
ogy to develop an anti-skin-aging agent. CHM, a kind of natural 
resources with abundant sources, has the characteristics of small 
side effects, simple and easy to use, and has been widely applied to 
skin maintenance (Li et al., 2022). Alternatively, mostly of topical 
collagen-containing products only focus on promoting collagen pro-
duction and ignore to stabilize the structure of collagen. To compen-
sate this defect, the recombinant P4H was successfully expressed 
in E. coli. At the same time, we added cofactors in the combination 
with P4H. In this study, the novel combination we prepared could 
play to the advantages of each component. It not only promoted col-

.  

.  

.  
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lagen synthesis but also stabilized the structure of collagen. Besides, 
we prepared transfersome which greatly improved the transdermal 
absorption of combination. In a word, this combination holds great 
promise for the resistance of skin aging due to its excellent ability in 
collagen biosynthesis and structural stability.

The choice of CHM to promoting collagen production for this 
study is because some traditional Chinese medicines could ef-
fectively delay skin aging and were expected to be developed as 
anti-skin-aging drugs in the future. And we selected 82 CHM ex-
tracts to determine whether could be used for skin benefit (Wang 
et al., 2021). Immediately afterward, we utilized the cell viability 
experiments to screen ten CHM extracts. Then in the in vitro stud-
ies, we found that four kinds of CHM (Baizhi, Baihe, Gancao, and 
Dazao) among ten above could promote the expression of type 
I collagen in NIH-3T3 cells. This indicated that these CHM ex-
tracts have beneficial action for the alleviation of skin aging. It 
has been reported that glycyrrhizin, a natural extract from the li-
corice roots, is generally considered to offer protection against cel-
lular senescence (Zhang et al., 2022). Matrix metalloproteinases 
(MMPs) are known to contribute to the degradation of collagen 
during ultraviolet irradiation (Yamada et al., 2021). The flavonoid 
aicalein from Baihe protects cells from UVB irradiation–induced 
MMP-1 expression. Ursonic acid from Dazao downregulates the 
transcriptional expression of gelatinases (MMP-2 and MMP-9) by 
inhibiting of ERK and CREB signaling pathways in NSCLC cells 
(Maione-Silva et al., 2019). Moreover, ursonic acid suppresses 
the transcriptional levels of MMP-1 through reduced activation of 
ERK and c-Fos signaling pathways in HaCaT keratinocytes (Son 
and Lee, 2020). From the available literature, we speculated that 
the combination may play an important role in collagen synthesis 
by downregulating MAPK signaling. Future studies will further 
explore how the combination promotes the expression of collagen 
and the underlying mechanisms involved.

In this study, P4H was recombinantly expressed in E. coli to 
maintain the collagen structure. Prolyl hydroxylation is a post-trans-
lational modification that affects the structure, stability and function 
of collagen. P4H can catalyse hydroxylation of proline to hydroxy-
proline and plays a central role in the formation and stabilization 
of the triple helical domain of collagens (Zou et al., 2017). VC is 
a cofactor of P4H that modifies newly synthesized collagen on the 
route for secretion (Zhao et al., 2019). Stability tests at different tem-
peratures showed that P4H was highly stable at room temperature. 
Additionally, the skin permeation of P4H is poor, due to its high mo-
lecular weight and hydrophilicity. Therefore, we prepared the P4H 
transfersome for the purposes of increasing permeability. Transfer-
some, also known as flexible liposome, has good biocompatibility 
and biodegradability (Gai et al., 2020). In addition, the transfersome 
is highly hydrophilic, which helps the drug to permeate through the 
hydrophilic layer of the skin, i.e., epidermis (Krenczkowska et al., 
2020). Here, we prepared the P4H transfersome by thin film hydra-
tion method. On the basis of the orthogonal experiments, the opti-
mal conditions were determined as following: ratio of soy lecithin to 
cholesterol of 9 : 1, total lipid concentration of 6%, and enzyme con-
centration of 5 mg/mL. The encapsulation rate of P4H transfersome 
was 36.9% under these conditions. Soy lecithin and cholesterol are 
used as liposome wall materials and are able to enhance the bioactiv-
ity by improving drug solubility and bioavailability. This might be 
explained by the fact that if the ratio was small, cholesterol content 
was relatively high, and the formed film is relatively flexible (Park 
et al., 2019). After screening various combinations of solvents, soy 
lecithin: cholesterol in ratio 9 : 1 was selected to prepare the P4H 
transfersome.

The current study established an in vitro cell model using NIH-
3T3 to investigate the functions of CHM extracts in regulating col-

lagen synthesis. The murine cell line NIH-3T3 has been used as 
a model system in a multitude of different studies since its first 
description in 1963 (Salih et al., 2017). In practice, NIH-3T3 fi-
broblasts are often used as adesirable cell models for evaluating 
collagen expression. During the biological progression of skin ag-
ing, the aberrant production of collagen plays a crucial role. Thus 
we assayed cell proliferation and collagen production of CHM 
extracts in NIH-3T3. The effect of combination on the skin of ag-
ing mice was assessed. We are aware that there is still room for 
improvement in our study. Our current study showed the beneficial 
effects of CHM with the use of simple NIH-3T3 cells and animal 
models. And in the future, more diverse cell lines and more ad-
vanced experimental models such as human 3D skin equivalents 
will be used to optimize our combination. Moreover, novel tech-
nologies such as network pharmacology will be used to explore the 
mechanism of action of the CHM combination in the present work 
(Wang et al., 2022; Zuo et al., 2018).

In this study, we designed a novel combination (Baizhi+Baihe+ 
Gancao+P4H transfersome+VC), which effectively promoted the 
mRNA levels of collagen in NIH-3T3 cells. Moreover, this conclu-
sion also verified in animal models. Taken together, we obtained 
a combination that could delay skin aging by promoting the gen-
eration of collagen.These findings suggest the combination to be a 
promising component for use in cosmetics or supplements that is 
being developed for anti-aging applications.
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Table S1. Chinese herbal medicines datebase.

Figure S1. Determination of cell viability in NIH-3T3 cells pre-
treated with CHM extracts.
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Abstract

Clove (Syzygium aromaticum L) is a precious spice that has been extensively used by many countries over the 
centuries to add flavor and for medicinal purposes. Because of its abundance of phytochemical compounds, clove 
has been shown to have positive benefits on human health. Hence, we investigated the anti-inflammatory activity 
of clove water extract (CWE) in LPS-stimulated RAW264.7 cells and mouse peritoneal macrophages. The results 

the production of nitric oxide (NO), without any cytotoxic effects at less than 20 mg/mL, through down-regulating 

Keywords

Inflammation plays a key role in the body’s immune defense mecha-
nism (Venkatalakshmi et al., 2016) and thus has been of special con-
cern to scientists around the world for a long time. It is an immune 
response that recognizes and neutralizes invasion by harmful mi-
crobes, prevents infection, and initiates the wound-healing process 
(Duque and Descoteaux, 2014; Oishi and Manabe, 2018). Inflam-
mation can be either chronic or linked to disorders such as mental 
illness, cardiovascular diseases, cancer, autoimmune diseases, and 
diabetes (Netea et al., 2017; Hirano, 2021). Cell and tissue damage 
may arise from an unbalanced response between immune stimula-
tion and resolution, which causes excessive inflammatory cytokine 
production (Leiherer et al., 2013; Duque and Descoteaux, 2014).

Macrophages, important components of the immune system, 
are capable of eliminating pathogens, destroying dead cells, and 
initiating inflammation through cytokine signaling regulation and 
growth factors (Sigola et al., 2016; Hamidzadeh et al., 2017). Sup-
pressing production of inflammatory mediators is one effective 
therapeutic approach for treating inflammatory disorders and com-
bating harmful chronic inflammation (Scull et al., 2010; Oishi and 
Manabe, 2018). Recently, healthy food choices and therapeutic 
compounds from herbal medicine have gained interest for treating 
and reducing the risk of inflammation diseases. Natural products 
also have several other characteristics such as being non-toxic, 
effective, and secure in applying pharmacologically due to their 
pleiotropic immunomodulatory properties (Ali et al., 2008; Jiang, 
2019; Ugbogu et al., 2021).

Clove (Syzygium aromaticum L) is a dried flower bud from the 
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clove tree in the family Myrtaceae, and is commercially cultivated 
in Indonesia, Madagascar, India, and China. Since ancient times, 
clove has been largely used as a spice in cooking to improve fla-
vor, as a cosmetic, and for medicinal purposes (Cortés-Rojas et al., 
2014). This plant is abundant in phytochemical compounds such as 
eugenol, gallic acid, and eugenol acetate. The essential oil of clove 
has been reported to possess positive biological activities such as 
antioxidant, antimicrobial, antinociceptive, anti-depressant, and 
anticancer (El-Maati et al., 2016; Hu et al., 2018; Haro-González 
et al., 2023). However, there are only a limited number of studies 
on the potential of water extracts of clove. Hence, this study aimed 
to investigate the anti-inflammatory effect of clove water extract 
(CWE) in lipopolysaccharide (LPS)-stimulated RAW264.7 cells 
and mouse peritoneal macrophages (P-mac), and its mechanism 
of action involved in the iNOS, mitogen-activated protein kinase 

Clove powder was purchased from S&B Foods Inc. (Tokyo, Japan). 
Roswell Park Memorial Institute 1640 (RPMI 1640) medium and 
WST-8 reagent were obtained from Nacalai Tesque (Kyoto, Japan). 
Fetal bovine serum (FBS), Dulbecco's modified Eagle’s medium 
(DMEM), and LPS from Escherichia coli 026/B6 were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). The enzyme-linked im-

from BioLegend (San Diego, CA, USA) and Invitrogen (Carlsbad, 
CA, USA), respectively. Goat anti-rabbit IgG antibody and antibod-
ies against ERK1/2, phosphorylated ERK1/2, JNK, phosphorylated 

-
eraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased 
from Cell Signaling Technology (Danvers, MA, USA). The reagents 
and chemicals used were of analytical grade.

Based on previous research (Pandey et al., 2024) which mentions 
several components contained in clove and following the method 
by Nishi et al. (2021), the water extraction of clove components 
was performed as followings. Clove powder was suspended in dis-
tilled water at 100 mg/mL and homogenized overnight at 12°C. 
The mixture was subsequently centrifuged at 70,000 ×g for 1 h 
at 4°C, filtrated using a 0.45 μm membrane, and freeze-dried. 
The freeze-dried clove extract was weighed and then dissolved in 
distilled water at 40 mg/mL. The clove extract was filtered using 

-
ferred to as CWE and used for further experiments.

The mouse macrophage-like cell line RAW264.7 cells were ob-
tained from the European Collection of Authenticated Cell Cul-
tures (ECACC, London, UK). The medium used to culture the 
cells was DMEM supplemented with 10% FBS and antibacterial 
compounds (100 U/mL of penicillin and 100 μg/mL of streptomy-
cin). The cells were incubated at 37°C under humidified 5% CO2 
in air. Meanwhile, to collect P-mac, 8-week-old female BALB/c 
mice (Japan SLC, Hamamatsu, Japan) were injected into the peri-

toneum with 3 mL of sterile 3.0% thioglycolate and left for 3 days 
to deteriorate the peritoneum. Three days after injection, perito-
neal exudate cells were collected through lavaging the peritoneal 
cavity by injection of 3 mL of phosphate-buffered saline (PBS, 
pH 7.4). Harvested cells were centrifuged at 200 ×g for 5 min at 
4°C, and the cell pellet was washed with RPMI 1640 medium and 
centrifuged again. The cell pellet was then suspended in 10% FBS-
RPMI 1640 medium and incubated for 2 h. After incubation for 2 
h, adherent cells were used as P-mac. In the subsequent experi-
ments, P-mac was detached by pipetting in cold PBS. All animal 
experiments described were conducted by protocols approved by 
the Ehime University Animal Care and Use Committee and were 
performed under applicable guidelines and regulations for the Care 
and Use of Laboratory Animals of Ehime University.

The cytotoxicity of CWE against RAW264.7 cells and P-mac was 
analyzed using WST-8 reagents according to a published method 
(Ishida et al., 2022). The RAW264.7 cells and P-mac were seeded 
in 96-well culture plates (Violamo, Osaka, Japan) at a concentra-
tion of 2.0 × 105 cells/well in 10% FBS-DMEM and 10% FBS-
RPMI 1640 medium, respectively, and cultured for 18 h in a CO2 
incubator. After removing the medium, 200 μL of fresh 10% FBS-

LPS and serial concentrations of CWE were added to each well 
and cultured for 6 h. Subsequently, after washing the cells with 

added to each well, and the cells were incubated for 30 min at 37°C 
in the dark. Cell viability was measured at 450 nm with reference 
at 655 nm using an iMark microplate reader (Bio-Rad Laborato-
ries, Hercules, CA, USA).

RAW264.7 cells and P-mac were measured according to a previ-
ous study (Gurusmatika et al., 2023) by using the mouse IL-6 and 

P-mac at a density of 2.0 × 105 cells/well were seeded in 96-well 
culture plate in 10% FBS-DMEM for the RAW264.7 cells or 10% 
FBS-RPMI 1640 medium for the P-mac in a CO2 incubator. After 
18 h of incubation and the culture medium was discharged, the 
cells were treated with fresh 10% FBS-DMEM for the RAW264.7 
cells or 10% FBS-RPMI 1640 medium for the P-mac. To stimulate 

presence or absence of CWE, then incubated for 6 h in a CO2 incu-
bator. After incubation, the culture media were collected, and the 

respective ELISA kits. The assays were done in triplicate.

RAW264.7 cells were seeded into a 96-well culture plate (2.0 × 
105 cells/well) in 10% FBS-DMEM and cultured for 28 h in a CO2 

administered to change the medium, followed by incubation for 24 
h in a CO2 incubator. The NO concentration in the culture medium 
was analyzed by using a Griess Reagent System kit (Promega, 
Madison, WI, USA) according to the manufacturer’s instructions. 
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The absorbance of the mixture solution at 540 nm was measured 
using the iMark microplate reader.

RAW264.7 cells were cultured in a 24-well culture plate at 3.0 
× 105 cells/well in 10% FBS-DMEM for 18 h in a CO2 incuba-

and serial concentrations of CWE or distilled water as control in 
10% FBS-DMEM, then incubated for 6 h in a CO2 incubator. Total 
RNA was collected from the cells using Sepasol-RNA I super G 
(Nacalai Tesque) and used as a template for cDNA synthesis. As 
described by Ishida et al. (2019), real-time RT-PCR was performed 
with slight modifications. In brief, the reagents were prepared as 

cDNA sample. The PCR amplification conditions were 3 s at 95°C 
and 30 s at 60°C. The PCR was performed using a StepOnePlus 
System (Applied Biosystems, Foster City, CA, USA). Relative 

level. Specific oligonucleotide sequences used for each gene are 
-

 

RAW264.7 cells were seeded in a 6-well culture plate at 5.0 × 105 
cells/well in 10% FBS-DMEM and cultured in a CO2 incubator for 
18 h. After the cells were twice washed with sterilized PBS, the 

LPS and serial concentrations of CWE or distilled water as con-
trol, then incubated for 15 min in a CO2 incubator. The cells were 
lysed using a homogenizer and centrifuged at 12,000 rpm, 4°C for 
1 min (cytosol) and 5 min (nucleus). The cytosolic and nuclear 
proteins were prepared using a CelLytic NuCLEAR Extraction 
kit (Sigma-Aldrich). After processing the protein separation us-
ing SDS-PAGE, the proteins were transferred to a polyvinylidene 
fluoride (PVDF) membrane (Hybond-P; GE Healthcare, Bucking-
hamshire, UK) using a transblotting instrument. Immunoblotting 
with various antibodies was performed as previously described 
(Gurusmatika et al., 2017). Specific protein and serial concentra-
tions of CWE or distilled water as control bands were visualized 
using a ChemiDoc XRS Plus apparatus (Bio-Rad Laboratories), 
and the chemiluminescent intensity was quantified using Quantity 
One software (Bio-Rad Laboratories).

All experiments were repeated in triplicate. Data were shown as 
mean ± standard deviation (SD). Differences among groups were 
tested using the Tukey multiple comparison test. *p < 0.05, **p < 
0.01, and ***p < 0.001 against control were considered statistically 
significant.

The cytotoxic effect of CWE was evaluated using a WST-8 as-
say to determine the optimal concentration that is acceptable for 
subsequent experiments. A cell viability test was performed using 
a WST-8 kit after 6 h incubation of the RAW264.7 cells and P-mac 

CWE. As shown in Figure 1a, the survival rate was from 83.5 to 

. 

was then measured using a WST-8 reagent. Data are presented as the mean ± SD (n = 3). NS indicates no statistical significance against control (LPS) using the 
Tukey test. (a) RAW264.7 cells. (b) P-mac. Black circle: LPS without CWE (control); grey circle: distilled water without LPS (blank); open circles: LPS with CWE.
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113%, showing that there was no significant cytotoxicity of CWE 
to the LPS-stimulated RAW264.7 cells at the tested concentra-
tions. Similarly, Figure 1b shows that CL also did not affect the 
cell viability of P-mac. The WST-8 assay results indicated that the 
viability of the RAW264.7 cells and P-mac is not affected by CWE 
at the various concentrations tested. Therefore, the subsequent ex-
periments were performed at less than 40 mg/mL of CWE.

Macrophages regulate inflammation and trigger the production 

through several inflammation signaling pathways when undergoing 
LPS stimulation (Scull et al., 2010; Duque and Descoteaux, 2014). 

LPS-stimulated macrophages was analyzed. As shown in Figure 
2a
the RAW264.7 cells compared with control, as well as in the P-mac 

experiment (Figure 2b). CWE significantly suppressed the produc-

manner (Figure 2a). Similar results were also observed in P-mac 
(Figure 2b). According to these results, CWE has anti-inflammatory 

macrophage cell line but also the primary macrophages.

using RT-PCR to determine the mechanism of the anti-inflamma-
tory effect of CWE. Similarly to the previous result in the ELISA 
experiment, as shown in Figure 3, LPS treatment (control; black 
circle) markedly increased the gene expression levels of IL-6 and 

circle), while CWE treatment significantly downregulated their 
gene expression levels at 10 mg/mL (p<0.01) in the LPS-stimu-
lated RAW264.7 cells (open circles). These results suggested that 

.  The RAW264.7 cells 

the ELISA kits. Data are presented as the mean ± SD (n = 3). **p < 0.01 against control (LPS) using the Tukey test. (a) RAW264.7 cells. (b) P-mac. Black circle: 
LPS without CWE (control); grey circle: distilled water without LPS (blank); open circle: LPS with CWE.
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the mode of action of the anti-inflammatory activity of CWE was 
related to the inhibition of inflammatory gene transcription.

Nitric oxide (NO), an inflammatory mediator, can stimulate the 
production of pro-inflammatory cytokines, which can also stimu-
late the production of NO, creating a positive feedback loop that 
intensifies inflammation (Baek et al., 2020; Park et al., 2020). 
Therefore, inhibiting NO production reduces inflammation. In this 
study, NO production was evaluated using a Griess kit by measur-
ing NO released in a culture medium. After treating the LPS-stim-
ulated RAW264.7 cells with serial concentrations of CWE for 24 
h, the NO concentration in the culture medium was subsequently 
measured. The result showed that NO production was suppressed 
by CWE in the LPS-stimulated RAW264.7 cells in a dose-depend-
ent manner (Figure 4a).

In addition, the mRNA of iNOS was examined to explore the 
possibility that CWE suppresses the synthesis of NO by inhibit-
ing the gene expression of the corresponding synthase, iNOS. As 
shown in Figure 4b, CWE inhibited iNOS mRNA expression at 10 
mg/mL in the LPS-stimulated RAW264.7 cells, which is similar to 
the suppression of NO production. In brief, these data revealed that 
CWE suppresses NO production by downregulating iNOS gene 
expression in the LPS-stimulated RAW264.7 cells.

important transcription factors in the inflammation-regulating 
system (Nishi et al., 2021). Therefore, to investigate the potential 
mechanism of the anti-inflammatory effect of CWE, the effect of 
CWE on the essential intracellular signaling pathways such as 

investigated using Western blot analysis. As shown in Figure 5a, 
the MAPK family such as JNK, p38, and ERK in the RAW264.7 
cells induced by LPS were highly phosphorylated, while JNK and 
p38 phosphorylation was significantly inactivated by CWE at 10 
mg/mL. In contrast, CWE treatment notably increased ERK phos-
phorylation at 10 mg/mL. Moreover, as depicted in Figure 4b, 
CWE treatment significantly suppressed the translocation of NF-

cells. Next, we further analyzed the inflammation-related iNOS 
expression. iNOS is another key signaling pathway that regulates 
the release and gene expression of pro-inflammatory mediators 
and the inflammatory cytokine response. As shown in Figure 4c, 
the iNOS protein expression level was attenuated by CWE treat-
ment compared with control. The results suggested that CWE in-
hibits the production of inflammatory cytokines and the inflamma-
tory mediator NO by LPS-induced inflammation in the RAW264.7 

translocation, and iNOS expression.

Clove is a high-priced spice due to its large range of applications 
in food and beverages, use in fragrances, and for pharmacological 
purposes. Several studies have revealed the biological activities 
of compounds contained in clove. Haro-González et al. (2021) 
reported that the main constituents of clove are eugenol, eugenol 
acetate, and caryophyllene. In addition, clove is one of the most 
abundant plant sources of phenolic compounds such as eugenol, 

Uddin et al., 2017; Gaspar 
et al., 2018). The essential oil of clove has been reported to possess 
many positive benefits through its antioxidant, antimicrobial, an-
ticancer, and wound-healing activities (Bachiega et al., 2012; Per-
cival et al., 2012; Cortés-Rojas et al., 2014; Zari et al., 2021). In 
this study, we investigated the anti-inflammatory activity and un-
derlying mechanisms of CWE against LPS-stimulated RAW264.7 

. 

time RT-PCR. Data are presented as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 against control (LPS) using the Tukey test. Blank: distilled water 
without LPS; Control: distilled water with LPS.
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cells and P-mac.
Macrophages are key immune cells that play an important role 

in the inflammation system. Various cells can change their primary 
transcriptional program to combat harmful molecules, such as LPS 
(Sigola et al., 2016). Macrophages are pivotal in the inflammatory 
response through their ability to release inflammatory cytokines 

-
posure (Guha and Mackman, 2001; Duque and Descoteaux, 2014). 
Therefore, we used mouse macrophage cell line RAW264.7 cells 
and P-mac as a model for this study. The RAW264.7 cells and P-
mac treated with LPS were cultured in 10% FBS-DMEM and 10% 
FBS-RPMI 1640 medium, respectively, with the addition of CWE. 

NO in the culture medium was measured. The synthesis of IL-6 
-

sure (Figure 2a, b). Our result showed that CWE significantly 

manner without cytotoxicity (Figure 1a, b) in the LPS-stimulated 
RAW264.7 cells as well as in P-mac (Figure 2a, b). Pro-inflamma-

predominates and subsequently promotes the production of several 
Baek 

et al., 2020). Many human disorders, including cancer, severe de-
pression, Alzheimer’s disease, and inflammatory bowel disease, 

Susanto 
et al., 2018; Heloneida et al., 2019). Consequently, measurement 

anti-inflammatory agents as long as this cytokine contributes to 
the inflammation mediation system. Furthermore, to confirm the 
relationship between the inhibition of the mRNA level and the 
anti-inflammation effect of CWE, real-time RT-PCR analysis was 
conducted. CWE at 20 mg/mL and 10 mg/mL significantly inhibit-

control treated with LPS only (Figure 3). These findings indicated 
that the anti-inflammatory activity of CWE is mediated through 
transcriptional regulation of inflammatory cytokines.

Next, we also explored the potential role of CWE in the modu-
lation of another inflammatory mediator, NO, and its gene expres-
sion of the corresponding synthase, iNOS. The result showed that 
CWE inhibited iNOS gene expression (Figure 4b) and iNOS pro-
duction (Figure 5c). In the human immune system, NO formation 
is biosynthesized by iNOS in macrophages. In addition, LPS-ex-
posed macrophages induce inflammatory mediators, such as COX-
2, an essential enzyme in the production of PGE2, and inflamma-

Baek et al., 2020; Kang et 
al., 2022). Pathogenesis is the process in which an infection leads 
to disease from prolonged inflammatory responses modulated by 

-
tory mediators like NO and PGE2. During the inflammatory pro-
cess, iNOS and COX-2 gene expression is markedly up-regulated 
in the accelerated synthesis of NO and PGE2, respectively. Fur-
thermore, IL-6 is suspected to be involved in LPS-stimulated in-

consequences, such as sepsis and cytotoxicity. These inflammatory 
cytokines promote overexpression of NO and iNOS, and excessive 
inflammatory mediators are linked to tissue damage and multiple 
organ failure. Hence, the efficacy of anti-inflammatory medication 
may be assessed by blocking the synthesis of pro-inflammatory 
mediators (Jeong et al., 2019; Lee et al., 2021).

Selective intracellular systems, such as the signaling cascade 
that initiates the activation of MAPKs and the nuclear factor NF-

-
tracellular stimuli. The family of serine-threonine kinases known 
as MAPKs has a vital role in transducing signals to control im-
mune responses and inflammatory factors in response to an ex-
tensive range of extracellular stimuli, involving cytotoxic agents 
and oxidative stress (Zhang and Liu, 2002; Jeong et al., 2019). 

. 

SD (n = 3). **p < 0.01, ***p < 0.001 against control (LPS) using the Tukey test. (a) NO production. Black circle: LPS without CWE (control); grey circle: distilled 
water without LPS (blank); open circle: LPS with CWE. (b) iNOS gene expression level.



Journal of Food Bioactives | www.isnff-jfb.com78

Anti-inflammatory effect of clove water extract Gurusmatika et al.

.  The RAW264.7 cells 

presented as the mean ± SD (n = 3). **p < 0.01, ***p < 0.001 against control (LPS) using the Tukey test.
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can regulate pro-inflammatory cytokines and mediators in LPS-
stimulated macrophages (Harbeoui et al., 2019; Gurusmatika et 
al., 2023). Hence, in this current research, we analyzed proteins 

mechanism. Our finding showed that the phosphorylation level of 
JNK and p38 MAPK was attenuated by CWE, whereas the phos-
phorylation level of ERK was elevated (Figure 5a). In addition, as 
shown in Figure 5b, CWE inhibited the translocation level of NF-

cells. These results suggested that JNK and p38 MAPK signaling 
cascade, are involved in the anti-inflammatory effect of CWE, as 

MAPK regulates the secretion of various inflammatory mediators 
including NO and cytokines. As a result, p38 and JNK are mol-
ecules that have an anti-inflammatory effect (Ishida et al., 2013; 
Ishida et al., 2022; Gurusmatika et al., 2017).

GTP-binding proteins initiate the JNK cascade, similar to the 
ERK pathway. While Ras generates ERK, small GTPases that re-
semble Ras, such as Rac and Cdc42, generate signals that trigger 
JNK. On the other hand, the kinase p38 is described as a MAPK 
that is involved in regulating inflammation responses. In the cyto-

is inactivated under normal physiological circumstances, while the 
IKK complex is activated by pro-inflammatory cytokines, causing 

-
cated from the cytosol into the nucleus, where it binds to nucleo-
tropic DNA to initiate expression factors to produce inflammation 
mediators and cytokines (Xu et al., 2021; Liu et al., 2022).

NO, resulting from iNOS protein expression, is a pro-inflam-
matory mediator that is released by macrophages. It initiates the 
inflammatory response, increases vascular permeability, and 
promotes the production of pro-inflammatory mediators and cy-
tokines. Our findings indicated that CWE imparts anti-inflamma-

LPS-stimulated RAW264.7 cells and P-mac. In addition, inhibi-
tion of iNOS gene and protein expression undoubtedly affects NO 
synthesis, thereby reducing NO production through down-regula-
tion of iNOS gene expression by CWE treatment in the LPS-stim-
ulated RAW264.7 cells. Furthermore, suppression is regulated by 

with the attenuation of the p38 and JNK pathways. Clove con-
sists of many natural compounds, such as phenolics, proteins, vi-
tamins, and minerals. Although many studies have shown the anti-
inflammatory activity of eugenol, the major component in clove, 
in the present study we conducted a sample extraction with water. 
Eugenol is optimally extracted in ethanol solvent but low water 
solubility (Pandey et al., 2024). In addition to some flavonoids like 
kaempferol and its derivatives, clove also contains the phenolic ac-
ids caffeic, elagic, and ferulic. Therefore, phenolic substances such 
as gallic acid, flavonolglucosides, phenolic volatile oils (eugenol, 
acetyl eugenol), and tannins are responsible for the health benefits 
of cloves (El-Maati et al., 2016; Chniguir et al., 2019; Zari et al., 
2021). Active compounds in CWE have not yet been studied, and 
will be explored in future studies.

The current study provides evidence that clove water extract ex-
erts anti-inflammatory activity in LPS-stimulated RAW264.7 cells 
and peritoneal macrophages. The extract significantly attenuated 

-
rophages. The anti-inflammatory activity of the extract was attrib-

signaling cascade, and iNOS protein. The results of this study 
show that clove water extract is a safe and better natural alterna-
tive candidate as a therapeutic agent for chronic inflammation and 
oxidative stress-related diseases.

The animal experiment was conducted at the Division of Genet-
ic Research Support of the Advanced Research Support Center 
(ADRES), Ehime University.
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Abstract

Annona muricata Lin is known for its ethnomedicinal uses as food, decoctions, or infusions to address various 
conditions like skin infections, fever, diabetes, insomnia, malaria, hypertension, nervous disorders, diarrhea, and 
cancer. The study aimed to analyze the phytochemicals such as acetogenins, alkaloids, cyclopeptides, and flavo-
noids, present in A. muricata fruit, evaluate their pharmacokinetics, and understand binding dynamics with key 
molecular targets relevant to human well-being. Results indicated a mix of high and low gastrointestinal absorp-
tion (GIA) among A. muricata phytochemicals, with some demonstrating blood-brain barrier (BBB) permeability. 
Molecular target prediction highlighted frequent interactions with Programmed cell death protein 4 (PDCD4). 
Protein-protein interaction analysis revealed central connectivity of tyrosinase (TYR), Tyrosine 3-monooxygenase 
(TH), interleukin 2 (IL2), and others. Molecular docking results identified Luteolin 3,7-di-O-glucoside with the 

); meanwhile, 
. Molecular dynamic simu-

) 
). In conclusion, this study suggests potential antican-

cer properties of A. muricata based on modulation of PDCD4 protein, influencing the CDK/Akt/STAT3 pathway. 
Further in vivo investigations are necessary to validate these findings.

Keywords: A. muricata; Phytoconstituents; Muricatocin A; Muricatetrocin B; PDCD4; anticancer.
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Annona muricata Lin., commonly referred to as soursop, is a mem-
ber of the Annonaceae plant family and is extensively cultivated in 
tropical and subtropical regions, including Southeast Asia, South 
America, and the rainforests of Africa (Mutakin et al., 2022). The 
various plant parts of A. muricata L, encompassing leaves, bark, 
fruit, and seeds, have been traditionally used for ethnomedicinal 
purposes to address a diverse range of health issues (Mutakin et al., 
2022; Nwonuma et al., 2023).

A. muricata is known for containing compounds with pharma-
cological activity, such as flavonoids, terpenoids, saponins, cou-
marins, lactones, anthraquinones, glycosides, tannins, and phytos-
terols, as identified in its leaf extract (Gavamukulya et al., 2014). 
The plant harbors approximately 100 phytochemicals distributed 
across its various parts (Mutakin et al., 2022). Notably, all parts of 
A. muricata, including fruit, stem, leaf, seed, root, and twigs, ex-
hibit specific anticancer properties. These properties are believed 
to involve the inhibition of matrix metallopeptidases (MMP-2 and 
MMP-9), induction of apoptosis by enhancing caspase-3 expres-
sion, and modulation of the Bax/Bcl-2 ratio with cell cycle arrest 
at G0/G1 phase (Pieme et al., 2014; Moghadamtousi et al., 2014; 
Yang et al., 2015; Abdullah et al., 2017; Indrawati et al., 2017; Kim 
et al., 2018; Drishya et al., 2020; Hadisaputri et al., 2021).

This study adopts a comprehensive computational approach to 
unveil the inherent pharmacological importance of A. muricata, 
offering insights that are challenging to obtain in wet labs. Compu-
tational methods play a crucial role in expanding the understanding 
of the plant’s medicinal applications and its mechanism of action. 
Previous computational studies have explored A. muricata’s poten-
tial in treating hypertension by targeting angiotensin I converting 
enzyme (Suhandi et al., 2022), and antimalarial effect by analyzing 
interaction with six Plasmodium falciparum proteins (Nwonuma 
et al., 2023). Computational study of anti-prostate cancer poten-
tial of showed binding affinities between - 9.854 and 8.179 kcal.
mol -

 
(Apeh et al., 2023). Molecular docking results of the study of hy-
poglycemic effect of phytochemicals in A. muricata ripe fruit pulp 
showed better binding affinity for aldose reductase, afterwards 
alpha-amylase and alpha-glucosidase, through the interaction of 
epoxymurin-A, montecristin, and dicaffeoylquinic acid (Akinlolu 
et al., 2023). Therefore, the objective of this study is to compu-
tationally investigate A. muricata’s fruit phytochemicals (such as 
acetogenins, alkaloids, cyclopeptides, and flavonoids), assessing 
their pharmacokinetics and binding dynamics with key molecular 
targets, contributing to the overall promotion of human well-being.

The primary phytochemical constituents of A. muricata (L.) 
fruit were identified based on literature findings (Coria-Tellez 
et al., 2018), and their structures were retrieved from the NCBI 
PubChem Compound database (https://pubchem.ncbi.nlm.nih.
gov/) in SMILES formats.

The in silico ADME (absorption, distribution, metabolism, and 

excretion) screening of the compounds was conducted using the 
SwissADME server (www.swissadme.ch), employing default pa-
rameters and the SMILES format (Daina et al., 2017).

The SMILES representation of each ligand facilitated target pre-
diction analysis on the SEA Search Server (http://www.sea.bkslab.
org/) (Keiser et al., 2007), with Homo sapiens selected as the target 
organism.

To establish relationships among the predicted targets of A. mu-
ricata phytochemicals, target proteins underwent protein-protein 
interaction (PPI) profiling on the STRING webserver (https://
string-db.org/, Szklarczyk et al., 2021).

Predicted target gene IDs were compiled for network analyses, 
including transcription factor enrichment analysis, protein-protein 
interaction network expansion, and kinase enrichment analysis. 
This comprehensive analysis utilized the eXpression2Kinases 
(X2K) Web server (https://maayanlab.cloud/X2K/), with the hu-
man organism selected as the background reference (Clarke et al., 
2018).

The SMILES of the ligands underwent 3D structure optimization 
using ACDLab/Chemsketch software, saved in .mol format, and 
further converted to .pdb format using PyMol software. The 3D 
structure of c-Myc was obtained as AlphFold pdb format from 
UniProt database (UniProt ID: P01106). Both ligand and c-Myc 
target protein structures were formatted to pdbqt using AutoDock 
Tools (ADT) v1.5.6 (Morris et al., 2009). Ligand-protein dock-
ing was executed with AutoDock Vina v1.2.3 (Trott and Olson, 
2010; Eberhardt et al., 2021), following established protocols (Fa-
toki et al., 2023). The resulting binding affinity and ligand-target 
interactions were analyzed and visualized using ezLigPlot on the 
ezCADD webserver (http://dxulab.org/software) (Tao et al., 2019).

Molecular dynamics simulations lasting 100 nanoseconds were 
conducted using Desmond, a Schrödinger LLC package (Bowers 
et al., 2006; Schrödinger, 2018; Fatoki et al., 2024). Initial protein 
and ligand complexes from the docking studies underwent pre-
processing with Maestro’s protein preparation wizard, including 
optimization and minimization. The systems were prepared us-
ing the System Builder tool, employing an orthorhombic TIP3P 
solvent model. The OPLS-2005 force field governed the simula-
tion, with neutralization achieved by adding 0.15 M NaCl coun-
ter ions to mimic physiological conditions (Fatoki, 2022). The 
NPT ensemble with 310 K temperature and 1 atm pressure was 
selected, and models were relaxed before simulation. Trajectories 
were saved every 100 ps, and post-simulation analysis assessed for 
root-mean-square deviation (RMSD), root-mean-square fluctua-
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tion (RMSF), and protein-ligand interaction profiles. Additionally, 
prime molecular mechanics/generalized Born surface area (MMG-
BSA) was used to evaluate binding free energy (Zhang et al., 2017; 
Schrödinger, 2019; Fatoki et al., 2024).

The investigation into the phytoconstituents of A. muricata (L) re-
vealed diverse pharmacokinetic characteristics. Table 1 illustrates 
that certain phytoconstituents exhibit low gastrointestinal absorp-
tion (GIA) due to insolubility, except for Annonaine, Asimilobine, 
Cinnamic acid, Coumaric acid, Fisetin, Kaempferol, Morin, Nor-
nuciferine, and Reticuline, which are soluble and demonstrate high 
GIA. Additionally, Annonaine, Asimilobine, Cinnamic acid, Cou-
maric acid, N-methylcoclaurine, Nornuciferine, and Reticuline 
permeate the blood-brain barrier (BBB), while some compounds 
can inhibit specific cytochromes (CYPs) and act as substrates for 
P-glycoprotein (P-gp).

Table 2 presents the results of molecular target prediction, 
highlighting that A. muricata phytocompounds frequently target 
Programmed cell death protein 4 (PDCD4), followed by nuclear 
receptor subfamily 0 group B member 2 (NR0B2), Cytochrome 
P450 1B1 (CYP1B1), and others. Rankings are based on p-value 
and Maximum Tanimoto Coefficient (MTC), indicating similarity 
between compounds from reference and query targets.

The protein-protein interaction network of A. muricata molecu-
lar targets identifies Cytochrome P450 1B1 (CYP1B1) as a central 
protein linking metabolism to functional activity pathways. This 
is illustrated by key proteins such as tyrosinase (TYR), Tyrosine 
3-monooxygenase (TH), interleukin 2 (IL2), Testosterone 17-beta-
dehydrogenase 3 (HSD17B3), and others, as shown in Figure 1. 
Furthermore, the molecular target genes network of A. muricata 
bioactive compounds reveals signaling pathways involving ki-
nases (e.g., MAPK3, MAPK14, CDK1, CDK2, GSK3B, ERK1, 
ERK2, CSNK2A1, CLK2, CHEK2, PRKDC, BUB1B) and tran-
scription factors (e.g., PPARG, STAT3, FOS, TRIM28, EZH2, 
TCF3, REST, ZBTB44, ZNF529, NANOG), as depicted in Figures 
2 and 3.

Table 3 displays the molecular docking results of A. muricata 
phytochemicals with the highly targeted protein PDCD4. Luteo-
lin 3,7-di-O-glucoside exhibited the highest binding affinity for 

mol ). In 
comparison, the standard compound Dexamethasone showed a 

. Figure 4 illustrates the bind-
ing pose of the complex with high binding affinity, highlighting the 
involved amino acid residues.

MDS was employed to assess the structural stability of both 
the protein and the binding status of the ligand in a physiologi-
cally relevant environment. The outcomes of the MDS studies, us-
ing the PDCD4-Annonaine and PDCD4-Dexamethasone binding 
complexes, are presented in Figure 5, providing valuable insights 
into the dynamic behavior and interactions of the protein-ligand 
complexes under realistic conditions.

For the Annonaine - PDCD4 complex, RMSD analysis indi-
cated an RMSD of 18.0 Å for the protein and 16 Å for the ligand 
over the 0–100 ns period (Figure 5a). RMSF of PDCD4 showed 
maximal fluctuation at amino acid residues 100–150 and C-termi-
nal (Figure 5b). Protein-ligand interactions revealed details about 
the involved amino acid residues in hydrophobic interactions, 
hydrogen bonds, water bridges, and ionic interactions, including 
GLU161, PHE164, GLU165, and LYS242 (Figure 5c). For the 

Dexamethasone - PDCD4 complex, RMSD analysis indicated an 
RMSD of 21 Å for the protein and 12.5 Å for the ligand over the 
0–100 ns period (Figure 5d). RMSF of PDCD4 showed maximal 
fluctuation at amino acid residues 100–150 and N-terminal (Fig-
ure 5e). Protein-ligand interactions revealed details about the in-
volved amino acid residues in hydrophobic interactions, hydrogen 
bonds, water bridges, and ionic interactions, including GLU165, 
GLU195, SER198, and LYS238 (Figure 5f).

A schematic of detailed ligand atom interactions with the pro-
tein residues is presented in Figure 6, validating the amino acid 
residues involved in the docking interactions. The computed bind-
ing free energies using MMGBSA are presented in Table 4, provid-
ing insights into the stability and energetics of the protein-ligand 
interactions throughout the simulation. Notably, the Annonaine - 
PDCD4 complex at 0ns and 100ns exhibited a binding energy of 

 respectively, while the 
Dexamethasone - PDCD4 complex at 0ns and 100ns displayed a 

 respectively. 
Thus, the stability of the two complexes were maintained during 
the simulation.

A. muricata, a noteworthy member of the Annonaceae family, 
exhibits diverse pharmacological properties. This study computa-
tionally evaluated the phytoconstituents of A. muricata for phar-
macokinetic properties, molecular targets, gene signaling pathway 
kinases, transcription factors, binding affinity, and stability with 
PDCD4.

According to Mutakin et al. (2022), the major compounds and 
secondary metabolites are present in the A. muricata plant are 
acetogenins, flavonoids, alkaloids, essential oils, carotenoids, vi-
tamins, and cyclopeptides; and that its pharmacological properties 
included wound healing properties (4%), antihypertensive (6%), 
antiviral (8%), antibacterial (8%), antidiarrhea (8%), antiprotozoal 
(10%), antidiabetic (14%), antiulcer (17%), and anticancer (25%). 
Also, previous studies have reported cytotoxic effect of annona-
cin, annonacin-10-one cis-annoreticuin, and corossolone; whereas 
kaempferol, montecristin, luteolin 3,7-di-o-glucoside, kaempferol 
3-o-rutinoside, and morin possessed antioxidant properties (Coria-
Tellez et al., 2018; Akinlolu et al., 2023)

The pharmacokinetics assessment unveiled that most phyto-
constituents possess moderate solubility and intestinal absorption, 
with some capable of permeating the blood-brain barrier (BBB). 
Moreover, insolubility of some phytochemicals especially phe-
nolic compounds, could be modified by their interactions within 
the food product matrix to form soluble complexes and conjugates, 
that increase absorption rate, reduce first-pass metabolism and sub-
sequent increase bioavailability. Notably, Annonaine demonstrated 
favorable gastrointestinal absorption (GIA), potentially attributed 
to its large molecular size without predicted inhibitory effects on 
cytochromes (CYPs). Conversely, quercetin displayed high GIA, 
likely due to its moderate molecular size and some inhibitory ef-
fects on specific CYPs. GIA plays a pivotal role in drug efficacy, 
influencing the bioavailability of administered doses. Alterations 
in CYP activity can impact drug metabolism, affecting bioavail-
ability or efficacy (Martin et al., 2013). Molecular size, expressed 
in terms of molecular weight and volume, serves as crucial toxicity 
metrics influencing compound bioavailability and toxicity (Kostal, 
2016). The toxicity of drug decreases as the lipophilicity (Log P 
value) decreases, because the higher the lipophilicity the lesser the 
solubility. Log P value around 2.2 are considered more suitable for 
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SN

Annonacin PDCD4 Programmed cell death protein 4

PTGER2 Prostaglandin E2 receptor EP2 subtype 0.32

2 PDCD4 Programmed cell death protein 4 0.33

0.30

3 Annonaine

4 Cis-Annoreticuin PDCD4 Programmed cell death protein 4

Asimilobine TH Tyrosine 3-monooxygenase 0.32

0.32

Cinnamic acid HCAR2 Hydroxycarboxylic acid receptor 2

NR0B2 Nuclear receptor subfamily 0 group B member 2

SENP2 Sentrin-specific protease 2 0.33

RCOR3 REST corepressor 3

PAM Peptidyl-glycine alpha-amidating monooxygenase

7 Corossolone PDCD4 Programmed cell death protein 4 3.7e-33 0.30

Coumaric acid CA3 Carbonic anhydrase 3

CA7 Carbonic anhydrase 7

Dicaffeoylquinic acid NSD2 Histone-lysine N-methyltransferase NSD2

NR0B2 Nuclear receptor subfamily 0 group B member 2 0.33

MYOC Myocilin

Dihydrokaempferol-
hexoside Sodium/glucose cotransporter 2 0.43

0.42

TYR Tyrosinase 0.42

IL2 Interleukin-2 0.40

CBS Cystathionine beta-synthase

Epoxymurin-A PDCD4 Programmed cell death protein 4

LYPLA2 Acyl-protein thioesterase 2
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SN

Epoxymurin-B PDCD4 Programmed cell death protein 4

LYPLA2 Acyl-protein thioesterase 2

Epomusenin-A PDCD4 Programmed cell death protein 4

LYPLA2 Acyl-protein thioesterase 2

Epomusenin-B PDCD4 Programmed cell death protein 4

LYPLA2 Acyl-protein thioesterase 2

Fisetin ELAVL3 ELAV-like protein 3

0.43

ALDH2 Aldehyde dehydrogenase, mitochondrial

Kaempferol ELAVL3 ELAV-like protein 3

PTPRS Receptor-type tyrosine-protein phosphatase S

CBS Cystathionine beta-synthase

0.30

P4HB Protein disulfide-isomerase

Kaempferol 
3-O-rutinoside

P4HB Protein disulfide-isomerase

ELAVL3 ELAV-like protein 3 2.773e-43

IL2 Interleukin-2 0.42

TYR Tyrosinase 0.34

XDH Xanthine dehydrogenase/oxidase

Luteolin 3,7-di-
O-glucoside Sodium/glucose cotransporter 2

0.40

IL2 Interleukin-2

Montecristin PDCD4 Programmed cell death protein 4

0.32

POLH DNA polymerase eta

20 Morin PTPRS Receptor-type tyrosine-protein phosphatase S

MPG DNA-3-methyladenine glycosylase

ELAVL3 ELAV-like protein 3

P4HB Protein disulfide-isomerase 0.44

Muricatetrocin B PDCD4 Programmed cell death protein 4 0.33

22 Muricatocin A PDCD4 Programmed cell death protein 4 0.40

23 Myricetin ELAVL3 ELAV-like protein 3

XDH Xanthine dehydrogenase/oxidase

24 N-methylcoclaurine

DHCR7 7-dehydrocholesterol reductase

- (continued)
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.  

SN

Synaptic vesicular amine transporter
Nornuciferine TUBB Tubulin beta chain
Reticuline

DHCR7 7-dehydrocholesterol reductase
0.40

FSHR Follicle-stimulating hormone receptor 0.30
0.32

27 Sabadelin PDCD4 Programmed cell death protein 4
LYPLA2 Acyl-protein thioesterase 2

Xylomatenin PDCD4 Programmed cell death protein 4

- (continued)
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oral bioavailability (Arnott and Planey, 2012).
The number of hydrogen-bond donors and acceptors serves as 

fundamental molecular descriptors predicting the oral bioavail-
ability of small drug candidates, while the number of heavy atoms, 

combined with binding affinity from docking, determines ligand 
efficiency (Ibraheem et al., 2019). Generally, hydrogen-bond do-
nors and acceptors are presumed to impact passive diffusion across 
cell membranes, a critical event in drug absorption and distribu-

.  

.  
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tion (Coimbra et al., 2021). P-glycoprotein (P-gp), a membrane 
transporter, actively pumps drugs out of cells, influencing drug 
bioavailability. The interplay of gastrointestinal absorption (GIA), 
blood-brain barrier (BBB) penetration, P-gp modulation, and cy-
tochrome inhibition collectively shapes the pharmacokinetics and 
pharmacodynamics of phytochemicals or bioactive compounds.

Target prediction revealed that human programmed cell death 
4 (PDCD4) is possibly the most frequent protein modulated by A. 
muricata phytochemicals. However, those targeting PDCD4 were 
found to be poorly soluble or insoluble, exhibit low GIA, and were 
not BBB permeants. PDCD4, an apoptosis-associated gene, is reg-
ulated by interleukins IL-2, IL-12, and IL-15, and functions as a 
tumor suppressor gene, playing essential roles in apoptosis, protein 
translation, signal transduction, and inflammation mediator stimu-

lation (Zhang et al., 2014; Pin et al., 2020). Loss or downregulation 
of PDCD4 expression promotes tumor cell proliferation, invasion, 
and metastasis while reducing tumor cell apoptosis in various can-
cer types (Wang et al., 2019). PDCD4 downregulation is associ-
ated with chemoresistance, coinciding with a reduction in eukary-
otic initiation factor-4A (eIF4A) interaction (González-Ortiz et 
al., 2022). Notably, cryptotanshinone, a natural terpene, has been 
reported to potentially upregulate eIF4A, suggesting a potential 
increase in PDCD4 expression (Galindo-Hernandez et al., 2019; 
González-Ortiz et al., 2022). Thus, A. muricata phytochemicals 
could be extrapolated with the same effect on PDCD4 directly or 
indirectly, because activation but not inhibition of PDCD4 expres-
sion could account for anticancer properties of A. muricata.

Numerous studies have demonstrated that PDCD4 overexpres-

S.N )
Annonacin

2
3 Annonaine
4 Cis-Annoreticuin

Asimilobine
Cinnamic acid

7 Corossolone
Coumaric acid
Dicaffeoylquinic acid
Dihydrokaempferol-hexoside
Epoxymurin-A
Epoxymurin-B
Epomusenin-A
Epomusenin-B
Fisetin
Kaempferol
Kaempferol 3-O-rutinoside
Luteolin 3,7-di-O-glucoside
Montecristin

20 Morin
Muricatetrocin B

22 Muricatocin A
23 Myricetin
24 N-methylcoclaurine

Nornuciferine
Reticuline

27 Sabadelin
Xylomatenin

STD Dexamethasone
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sion significantly enhances the chemosensitivity of various cancer 
cells, including acute myeloid leukemia, breast cancer, ovarian 
cancer, non-small cell lung cancer (NSCLC), rectal cancer, and 
pancreatic cancer, to chemotherapy drugs like dexamethasone and 
taxol (Shibahara et al., 1995; Wang et al., 2019). PDCD4 overex-
pression in lung tumor cells has been linked to the suppression of 
the transcriptional activation of Nrf2 through its negative regula-
tor, Keap1 (Hwang et al., 2020).

This study predicted several kinases involved in the mechanism 
of action of A. muricata phytochemicals. The implicated signal-
ing pathways connecting many of these kinases and transcription 
factors include MAPK, PI3K/Akt, and JAK/STAT3 pathways, 
crucial for cell survival, proliferation, and apoptosis. These find-
ings align with previous report that inhibition of STAT3 pathway 
led to the downregulation of MicroRNA-21 and upregulation of 
PDCD4 (Asangani et al., 2008; Singh et al., 2015). Additionally, 
AKT2, among the AKT isoforms, has been reported to interact 
with PDCD4, suppressing PDCD4 in glioma cells. PDCD4 regu-
lates the expression of IL-5, CCL-5, VEGF, and CXCL10 via the 
NF-kB pathway. Depletion of PDCD4 levels promotes angiogenic 
activity of glioma cells through the VEGF-STAT3 pathway (Pin 
et al., 2020
dependent matrix metallopeptidase (MMP-9) expression in cancer 
cells, impacting tumor cell migration and apoptosis (Parks et al., 
2004; Mao et al., 2017). A study by Drishya et al. (2020) reported 
that transcription factors RECK and TIMP-2 mediate the inhibi-
tion of MMP-2 and MMP-9 by A. muricata. Reduced PDCD4 
expression promotes cell growth through the PI3K/Akt signaling 

pathway in NSCLC (Zhen et al., 2016). Furthermore, upregula-
tion of PDCD4 suppresses the expression of the cell cycle regula-
tory molecule, cyclin-dependent kinase 4 (CDK4), while down-
regulation of PDCD4 enhances CDK4 expression (Jin et al., 2006; 
Hwang et al., 2010).

Molecular docking, a computational technique, predicts ligand 
binding sites and affinities on receptor surfaces. It involves gener-
ating numerous ligands poses on the receptor surface and scoring 
their predicted binding affinities (Rentzsch and Renard, 2015). The 
results of molecular docking studies revealed that only two com-

) and Muricatocin A 
), among the 13 compounds targeting PDCD4, 

kcal.mol  indicates a strong affinity between the target protein 
and the ligand (Wong et al., 2022). Also, aromatic pi-pi interac-
tions of the ligands with amino acid residues such as tryptophan, 
tyrosine, histidine, and phenylalanine within the target proteins, 
are very essential in drug design because it promotes molecular 
recognition and interactions, improve specificity and efficacy 
(Apeh et al., 2023).

Molecular dynamics simulation (MDS) was employed to assess 
atomic-level variations in the protein-ligand system and evalu-
ate the stability of the protein-ligand complex in a dynamic en-
vironment (Fatoki, 2023). MD simulations track the evolution of 
cartesian coordinates for every atom in a system using a general 
physics model governing particle interaction (McCammon and 
Karplus, 2002). RMSD and Rg are utilized for assessing flexibil-
ity, compactness, and conformational divergence of protein struc-

. 
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tural ensembles. RMSD values less than 4 Å indicate relatively 
small conformational changes, suggesting stability during simula-
tion (Fatoki et al., 2023). Protein-ligand interactions (or contacts) 
showed the contribution of amino acid residues in terms of hydro-
gen bonds, hydrophobic, ionic and water bridges, during the simu-
lation, and could be used to elaborate the RMSF of the protein. 
The protein-ligand interactions stacked bar charts are normalized 
over the course of the trajectory; for instance, a value of 0.7 sug-
gests that 70% of the simulation time the specific interaction was 
maintained. Prime MM-GBSA provides various energy properties, 
reporting energies for ligand, receptor, and complex structures, 

along with energy differences related to strain and binding (Fatoki, 
2023). The total binding free energy confirms the stability of the 
complexes under physiological conditions.

Natural molecules emerge as promising candidates in drug de-
velopment, offering numerous advantages and minimal side ef-
fects. The extract from A. muricata or its specific phytochemicals 
presents potential implications in drug discovery for conditions 

. 
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like cancer and neurodegenerative diseases, operating through a 
mechanism of action that targets PDCD4. This study pioneers the 
notion that the anticancer properties of A. muricata may be attrib-
uted to PDCD4 overexpression, influencing the CDK/Akt/STAT3 
pathway. Future research should delve into in vivo gene expression 
studies to evaluate the therapeutic efficacy of A. muricata extract 
or its specific phytochemicals, Muricatocin A and Muricatetrocin 
B, across various cancer types.
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