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Abstract: Jania rubens red seaweed has various bioactive compounds that can be used for several
medicinal and pharmaceutical applications. In this study, we investigate the antidiabetic, anti-
inflammatory, and antioxidant competency of Jania rubens polyphenolic extract (JRPE) by assessing
their interactions with x-amylase, lipase, and trypsin enzymes. HPLC analysis revealed the domi-
nance of twelve polyphenolic compounds. We performed computational analysis using x-amylase,
lipase, and trypsin as target proteins for the polyphenols to explore their activities based on their
predicted modes of binding sites following molecular modeling analysis. The molecular docking
analysis demonstrated a good affinity score with a noticeable affinity to polyphenolic compositions
of Jania rubens. The compounds with the highest affinity score for x-amylase (PDB: 4W93) were
kaempferol, quercetin, and chlorogenic acid, with —8.4, —8.8 and —8 kcal/mol, respectively. Sim-
ilarly, lipase (PDB: 1LPB) demonstrated high docking scores of —7.1, —7.4, and —7.2 kcal/mol for
kaempferol, quercetin, and chlorogenic acid, respectively. Furthermore, for trypsin (PDB: 4DOQ) re-
sults, kaempferol, quercetin, and chlorogenic acid docking scores were —7.2, —7.2, and —7.1 kcal/mol,
respectively. The docking findings were verified using in vitro evaluations, manifesting comparable
results. Overall, these findings enlighten that the JRPE has antidiabetic, anti-inflammatory, and
antioxidant properties using different diabetics” enzymes that could be further studied using in vivo
investigations for diabetes treatment.

Keywords: Jania rubens; x-amylase; lipase; trypsin; antidiabetic; in silico analysis

1. Introduction

Obesity and diabetes (diabetes mellitus, DM) instigate several chronic diseases, includ-
ing cardiovascular disease, kidney disease, eye disease, hypertension, osteoarthritis, and
some forms of cancer. The worldwide rise of these conditions has become a major health
concern. Excess fat mass accumulation is the defining feature of obesity, a complicated
metabolic condition often accompanied by insulin resistance, elevated oxidative stress,
and low-grade inflammation. Diabetes is a metabolic disorder caused by either a lack of
pancreatic beta cells or a deficiency in insulin secretion and performance in terms of insulin
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resistance and sensitivity with different cell types. Genetic predisposition, a Western-style
fast food diet, insufficient exercise, and socioeconomic standing are all thought to play
a role in the epidemic of obesity. More than 600 million adults are overweight or obese,
and an alarmingly rising percentage of infants are born overweight or obese in developing
nations, according to research by the International Obesity Task Force.

By 2045, it is projected that 629 million people will have diabetes, up from 425 million
in 2017. More than 85% of the diagnosed cases of diabetes were type 2 diabetes. Vascular
diseases such as nephropathy, retinopathy, peripheral neuropathy, and stroke were present
in many diabetic patients [1]. According to the International Diabetes Federation’s (IDF)
ninth-edition report on global diabetes (2019), the worldwide prevalence of diabetes was
9.3%, and approximately 463 million people were affected by diabetes worldwide (Inter-
national Diabetes Federation 2019) [2]. Another study looking at the global prevalence of
overweight and obesity between 1980 and 2015 found that, while the rate of obesity was
highest in disadvantaged groups in high-income countries, it was highest in wealthy and
urban families in low-income countries. The rapid changes in socioeconomic status and the
acceptance of high-calorie, fat-rich foods and less active lifestyles have led to a considerable
increase in obesity rates worldwide [3].

Obesity is currently treated with a variety of conventional medications; for instance,
sibutramine (Meridia) and lorcaserin (Belviq). Despite their effectiveness, these drugs are
rarely used due to concerns about their accessibility and safety. Moreover, recent studies
reported the synthesis of new compounds to inhibit glycosidase enzymes implicated in
various biomedical applications [4,5]. However, it is important to create accessible entities
that are also secure, efficient, and cheap to use. It is widely accepted that medicines
derived from plants should be used as the first line of defense in preventing illness and its
complications [6,7]. Traditional synthetics have consistently provided a rich vein of novel
chemical compounds from which to extract useful pharmaceuticals. Phytogenic herbal
products account for over half of all FDA-approved prescriptions. Proteins, minerals, and
vitamins can all be abundant in seaweeds, as can dietary fiber (non-starch polysaccharides)
due to their low lipid content and reduced caloric value, as well as the fact that they
disrupt increasing the other nutrients in your diet’s bioavailability [8]. In addition, the
dietary fiber found in seaweeds comes mostly from polysaccharides, including alginates,
cellulose, fucans, and laminarins, all of which are indigestible to humans due to a lack of
certain enzymes.

Marine biotechnology (also called blue biotechnology) involves the application of
biological resources from the sea for industrial, medical, or environmental purposes [9-11].
On the other hand, enzymes are the dominant molecular targets for the major medicinal
molecules introduced to the market. Moreover, they are considered a favorable target for
new drug discovery due to their protein structures, which facilitate the exploration of di-
verse drugs with potential target validation. Clinical applications of enzyme inhibitors have
suggested new avenues for enzyme implementation in various medical fields, including on-
cology, cardiology, diabetes, and neurology [12-14]. Trypsin and o-amylase inhibitors play
vital roles in diabetes management since they hinder the digestion of dietary carbohydrates,
reducing the risk of postprandial hyperglycemia [15,16]. Additionally, lipase enzymes are
widely exploited in various biotechnological applications [17]. Importantly, carbohydrate
and pancreatic lipase inhibition effectively impede weight gain and treat obesity through
calorie restrictions [18,19]. Therefore, x-amylase, lipase, and trypsin inhibition assays
are broadly applied in the screening of different plant extracts and natural products as a
typical approach to the development of novel antidiabetic and anti-obesity medications.
Polyphenols are one of the key plant compounds that have been demonstrated to possess
considerable biomedical activity, such as their application in preventing cancer and heart
disease and their significant role as natural antioxidants in the food industry.

Green algae (Chlorophyta), red algae (Rhodophyta), and brown algae (Phaeophyta) are
the three main types of marine macroalgae based on their pigmentation [20,21]. Chemically
speaking, macroalgae are characterized by a high percentage of water, carbohydrates, and
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proteins in addition to a low amount of lipids [22]. Rhodophyta, the red algae phylum,
has the highest concentration of bioactive compounds, with over 1600 unique compounds
accounting for 53% of all bioactive compounds found in algae [23]. Therefore, the current
study investigates the biomedical application of the polyphenolic extract from Egyptian red
algae (Jania rubens), JRPE, for the first time using different in vitro approaches, including
antioxidant, anti-inflammatory, and antibacterial evaluations. Furthermore, the antidiabetic
property of the JRPE was appraised through investigation for its ability to inhibit the
pancreatic enzymes activity, such as x-amylase, lipase, and trypsin. Moreover, in silico
computational drug screening studies were performed against these enzymes responsible
for obesity and diabetes, which are targets for anti-diabetes treatment.

2. Results
2.1. The HPLC Analysis of JRPE

The HPLC analysis results of Jania rubens polyphenolic extract (JRPE) exhibited high
concentrations of polyphenolic compositions, revealing the presence of 12 compounds,
as depicted in Figure S1. Figure 1 illustrates the chemical structures of the identified
polyphenolic compounds. It can be observed from the data in Table 1 that kaempferol,
resveratrol, quercetin, and syringic acid are dominant products at concentrations of 140.68,
96.88, 67.48, and 49.60 mg/kg, respectively. In terms of the ratio of the polyphenolic
compounds in JRPE, kaempferol revealed the highest percentage of 32.5%, followed by
resveratrol (22%), quercetin (15%), syringic acid (11%), ferulic acid (6%), o-coumaric, vanillic,
and caffeic acid (2%), while p-coumaric acid had the lowest concentration.

Table 1. Concentrations of polyphenolic compounds in JRPE based on HPLC analysis.

Polyphenolic Compounds R. T/min Con. (mg/kg)
p-Hydroxybenzoic acid 7.618 14.61616
Caffeic acid 9.954 6.93052
Catechin 9.124 3.99015
Chlorogenic 9.408 17.91833
Ferulic acid 15.715 25.81511
Kaempferol 24.757 140.68073
o-Coumaric acid 17.874 8.01992
p-Coumaric acid 13.526 1.71484
Quercetin 21.666 67.48636
Resveratrol 19.470 96.88487
Syringic acid 10.705 49.60852
Vanillic acid 15.40824 7.13708

2.2. The Antioxidant Properties of the JRPE

Figure 2A depicts the total antioxidant capacity (TAC) of JRPE in the presence of VitC
as a reference, demonstrating that the TAC for JRPE is greater than VitC at all concentrations
tested. However, the VitC demonstrated a slight increase in TAC compared to the JRPE at a
concentration of 1000 pg/mL. In addition, the IC50 of TAC for JRE is 253.43 pg/mL, which
is equivalent to VitC.

The antioxidant activity of the JRPE using DPPH methods compared with VitC as the
standard antioxidant natural material revealed that JRPE had higher activity at concen-
trations from 300 to 700 ug/mL compared to VitC. Nevertheless, comparable antioxidant
capacities for the JRPE and VitC were perceived at concentrations of 900 pg/mL and
1000 ug/mL. These findings substantiate those obtained from TAC. Furthermore, the
IC50 values for the JRPE and VitC were 3.8772 ug/mL and 5601 ug/mL, respectively, as
demonstrated in Figure 2B.
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Figure 1. Chemical structures of the polyphenolic compounds in JRPE.

Figure 2C exhibited that the JRPE exerted the maximum ABTS®** scavenging capacity
of 98.91% at the highest concentration of 1000 pg/mL, whereas VitC manifested a scaveng-
ing capacity of 100% at a concentration of 700 pg/mL. In addition, the IC50 for JRPE was
1202.24 ug/mL, while the IC50 for VitC. was perceived at 345.40 ng/mL.
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Figure 2. Antioxidant capacity of the JRPE using TAC (A), DPPH (B), ABTS** (C), and anti-
inflammatory using nitric oxide (D) compared with VitC as a standard drug. The results are expressed
as mean =+ SD.

2.3. The Anti-Inflammatory Activity Using Nitric Oxides Assay

The anti-inflammatory activity of the JRPE using the NO model reveals that the JRPE
has higher anti-inflammatory activity at all levels compared to VitC with the highest activity
of 98.92% at the highest concentration, as portrayed in Figure 2D. Furthermore, the IC50
values for JRPE and VitC in relation to the NO inhibition were reported to be 5326.53 and
5287.20, respectively.

2.4. The Antibacterial Activity of the JRPE

In this work, we also sought to determine whether the JRPE has antibacterial activity
against  gram-positive  (Streptococcus  pyogenes,  Staphylococcus — aureus,  and
Enterococcus faecalis) and gram-negative (Escherichia coli ATCC 8739, Pseudomonas aeruginosa,
and Klebsiella pneumonia). From first sight, it could be discerned that the JRPE exerted signifi-
cant growth hindrance in relation to the entire indicator bacteria, which was higher than the
two reference antibiotics (ampicillin and amoxicillin), and even the later antibiotic is broad-
spectrum. The first concentration of the extract (25 ug/mL) revealed low activity against
all pathogenic bacteria, which significantly increased with the rise in the concentration of
the extract, reaching full bacterial inhibition as presented in Figure 3. The antibacterial
findings manifested that the JRPE has remarkable antibacterial properties, particularly
against S. pyogenes (98.6%) and S. aureus (98.69%), which are higher than the antibacterial
activities of the empirical antibiotics, ampicillin and amoxicillin. Notably, the JRPE demon-
strated almost full bacterial growth inhibition of 99.8% in relation to Enterococcus faecalis,
whereas ampicillin and amoxicillin exerted growth hindrance ratios of 87.7% and 95.98%,
respectively, against the same bacteria. With regard to gram-negative bacteria, the JRPE
exhibited a significant growth inhibition of 98.73% toward E. coli. By contrast, ampicillin
and amoxicillin showed antibacterial rates of 91.68% and 97.05%, respectively, toward
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Figure 3. Antibacterial activity of the JRPE compared with two standard antibiotics (ampicillin and
amoxicillin) against (A) S. pyogenes, (B) S. aureus, (C) E. coli, (D) P. aeruginosa, (E) E. faecalis, and
(F) K. pneumonia. The results are shown as mean =+ SD.

2.5. Inhibitory Effects of JRPE toward «-Amylase, Pepsin, Trypsin, and Lipase

The antidiabetic activity of JRPE was evaluated against three digestive enzymes (ot-
amylase, lipase, and trypsin) as illustrated in Figure 4. Alpha-amylase: considering the
a-amylase inhibition after treatment with the JRPE, a minimum enzyme inhibition of
73.71% was detected at a JRPE concentration of 25 pg/mL. Additionally, the enzyme
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inhibition was augmented with the increase in JRPE concentration, reporting an inhibitory
ratio of 97.43% at 1000 pug/mL. Furthermore, the IC50 value of JRPE against o-amylase
was reported to be 2349.16 ug/mL. Lipase: in terms of the lipase enzyme, the minimum
inhibition of lipolytic activity was perceived at 25 pg/mL with an inhibition ratio of 38.26%,
while the maximum inhibition activity of lipase was 95.96% at 1000 pg/mL with an IC50
of 38.26 ug/mL. Trypsin: the minimum inhibitory activity of trypsin was 30.07% at a
concentration of 25 pg/mL. On the other hand, the maximum inhibition of trypsin was
95.48% at 1000 png/mL with an IC50 value of 517.9548 pg/mL.
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Figure 4. Inhibition properties of JRPE toward (A) x-amylase, (B) lipase, and (C) trypsin. The results
are presented as mean =+ SD.

2.6. Docking Studies of Polyphenolics in JRPE against Amylase, Lipase, and Trypsin

Docking studies were carried out to assess the interaction and potential binding
model, affinity, and binding free energy (AG) of the polyphenolics in JRPE in relation to «-
amylase, trypsin, and lipase as illustrated in Figures 5-7. The docking scores of the different
polyphenolic compounds in the JRPE are enumerated in Table S1. Moreover, the rest of
the docking results and the two-dimensional docking analyses for other polyphenolics are
illustrated in Tables 52-54.
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Figure 5. The 2D and 3D docking between a-amylase and polyphenolics compound in the JRPE.
(A) 2D and (B) 3D of docking between kaempferol and ax-amylase. (C) 2D and (D) 3D of docking

between quercetin and x-amylase. (E) 2D and (F) 3D of docking analysis between chlorogenic acid
and x-amylase.
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Figure 6. The 2D and 3D docking between lipase and polyphenolics compound in the JRPE.
(A) 2D and (B) 3D of docking between kaempferol and lipase. (C) 2D and (D) 3D of docking
between quercetin and lipase. (E) 2D and (F) 3D of docking between chlorogenic acid and lipase.
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Figure 7. The 2D and 3D docking between trypsin and polyphenolics compound in the JRPE. (A) 2D
and (B) 3D of docking between kaempferol and trypsin. (C) 2D and (D) 3D of docking between
quercetin and trypsin. (E) 2D and (F) 3D of docking between chlorogenic acid and trypsin.

2.7. Interactions Assessment between the Twelve Polyphenolic Compounds and a-Amylase

According to the results obtained from in vitro studies, the computational docking
analyses indicated that the twelve compounds could bind to the active site of x-amylase
with the lowest binding energies of —4.5, —5.3, —6.43, and —5.7 kcal/mol, respectively,
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as presented in Table S1. Among all compounds, kaempferol, quercetin, and chlorogenic
acid exhibited the highest docking scores of —8.4, —8.8, and —8 kcal/mol, respectively.
As shown in Figure 5, all these residues are involved in the enzyme’s binding to the
docked compounds. Noticeably, the quercetin demonstrated the highest affinity score
of —8.8 with x-amylase, revealing the interaction between the x-amylase and quercetin
as shown in Figure 6. Furthermore, the amino acid residues (ARG A:398, PRO A:332,
ARG A:421, and ARG A:252) exhibited a standard hydrogen bond with a-amylase. In
addition, the ASP A:402 showed a carbon-hydrogen bond, whereas the PRO A:332 revealed
p-alkyl and p-sigma bonds. The interaction of kaempferol with x-amylase exposed the
second highest affinity score of —8.4, showing two types of interaction bond, including
the conventional hydrogen bond (GLN A:63, TYR A:62, GLU A:233), and Pi-Pi stacked
(TRP A:59). Chlorogenic acid demonstrated the third highest affinity score of —8, showing
two types of interaction bonds, involving conventional hydrogen bonds (THR A:6, ASP A:402,
ARG A:421, PRO A:332, SER A:289, GLY A334, ARG:252) and pi-Alkyl bonds (PRO A:4).

2.8. Interactions between the Twelve Polyphenolic Compounds and Lipase

Based on the findings of the in vitro investigations, the computational docking results
exhibited that the twelve compounds attached to the active site of the lipase enzyme
were catechin, p-coumaric acid, and vanillic acid with the lowest binding energies of
—4.1, —4.3, and —4.3, kcal/mol, respectively. Out of the entire compounds, kaempferol,
quercetin, and chlorogenic acid demonstrated the highest docking scores of —7.1, —7.4, and
—7.2 kcal/mol, respectively. All these residues that participated in the enzyme binding to
the docked compounds are represented in Table S1. The interaction between quercetin and
lipase showed four types of interaction bonds, including the standard hydrogen bond (THR
A:82), the pi—donor hydrogen bond (TYR A:59), (Pi-Pi stacked TYR A:59), and (Pi-Alkyl
ILE A:33) as delineated in Figure 6. For kaempferol interaction bonds, it showed also
four types of interaction bond, involving conventional (SER A:37, TYR A:55, THR A:80),
pi-sigma (VALA: 57), Pi-Pi stacked (His A:30), and Pi-Pi shaped (TYR A:55). On the other
hand, the chlorogenic acid had two types of interaction bonds: (SER A:37, SER A:35, LEU
A:18,ILEA:33, HIS A:30, THR A:80, ILE A:79), and Pi-stacked (TYR A:55).

2.9. Interactions between the Twelve Polyphenolic Compounds and Trypsin

The computational docking results indicated that the twelve compounds bound to the
active site of trypsin with the lowest binding energies of —4.1, —4.3, and —4.3, kcal/mol,
for catechin, p-coumaric acid, and vanillic acid, respectively. As mentioned above in the
docking analysis for lipase, the highest docking scores were observed for kaempferol,
quercetin, and chlorogenic acid with affinity scores of —7.2, —7.2, and —7.1 kcal/mol,
respectively. All these residues are contributed in the enzyme binding and the docked
compounds are illustrated in Table S1. The interaction between lipase and quercetin is
shown in Figure 7. Specifically, the interaction between quercetin and trypsin showed four
types of interaction bonds, involving the conventional hydrogen bond (THR A:82), the
pi—donor hydrogen bond (TYR A:59), Pi-Pi stacked (TYR A:59), and the pi-Alkyl bond
(ILE A:33). Similarly, kaempferol docking with trypsin revealed conventional (SER A:37,
TYR A:55, THR A:80), pi-sigma (VALA: 57), pi—pi stacked (His A:30), and pi—pi shaped
(TYR A:55) interaction bonds. As observed above in the docking of lipase, chlorogenic acid
displayed two types of interaction bonds: (SER A:37, SER A:35, LEU A:18, ILEA:33, HIS
A:30, THR A:80, ILE A:79), and Pi-stacked (TYR A:55).

2.10. Pharmacodynamics and Pharmacokinetics of Polyphenolics Composition in JRPE

The pharmacokinetics, medicinal chemistry, drug-likeness, physicochemical proper-
ties, lipophilicity, and water solubility data are summarized in Table S5. According to the
pharmacokinetic and ADMET properties, JRPE showed a high human intestinal absorption
rate for almost all compounds, with the exception of chlorogenic acid and quercetin, which
revealed a low intestinal absorption rate. Furthermore, polyphenolic compounds in the
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JRPE exposed very low BBB permeability except for five compounds, involving o-coumaric,
p-coumaric, ferulate, p-hydroxybenzoic acid and resveratrol. On the other hand, JRPE
showed no effect on cytochrome P450 isomers for eight compounds, including caffeic,
ferulate, quercetin, 4-hydroxybenzoic acid, chlorogenic acid, p-coumaric acid, o-coumaric
acid, syringic acid, and vanillic acid. Most importantly, JRPE toxicity (non-mutagenic),
hepatotoxicity, or skin sensitization were not perceived in the JRPE.

3. Discussion

In this study, the influence of Jania rubens polyphenolic extract (JRPE) on the activ-
ity of three common digestive enzymes, including «-amylase, lipase, and trypsin was
investigated to comprehend their potential application as anti-obesity and anti-diabetic
extract. Moreover, the antibacterial, anti-inflammatory, and antioxidant properties of JRPE
polyphenols were examined. The polyphenolic contents bestow on JRPE the competency
to deactivate various digestive enzymes. Thus, we investigated the inhibition of x-amylase,
lipase, and trypsin activities by JRPE. After treatment with JRPE, the maximum inhibition
ratios of -amylase, trypsin, and lipase were reported to be 97.43%, 98.20%, and 95.96%,
respectively. This implies that the JRPE may have powerful anti-diabetic and anti-obesity
properties. It is believed that polyphenol chemicals possess substantial antioxidant and
antibacterial properties. Nevertheless, due to the binding of polyphenols and proteins, they
are impounded into either soluble or insoluble complexes, which may frustrate the func-
tion of both polyphenols and proteins [11,24]. This makes seaweed extracts a promising
candidate for the expansion of natural alternatives to synthetic compounds applied in food
and cosmetic production [25-29].

The attachment of polyphenols to proteins can alter the structure, solubility, hydropho-
bicity, thermal stability, and isoelectric point of the protein by blocking specific amino acids,
which certainly instigates conformational remodeling of the protein. Given the protein-
phenolic complex, the digestibility and exploitation of dietary proteins, in addition to the
activity of digestive enzymes, are altered [30,31]. Naturally occurring polyphenols have
been shown to inhibit the activity of various digestive enzymes, including x-glycosidase,
a-amylase, lipase, and trypsin [32]. This alters the nutrient availability and, in turn, the
microbiota composition.

Considering the antibacterial activity of polyphenols, they have been evinced to have
antibacterial effects by binding and inactivating essential bacterial proteins such as adhesins,
enzymes, and cell envelope transport proteins. Previous studies reported that kaempferol
and its derivatives could thwart the replication of Streptococcus mutans through disruption
of a membrane enzyme identified as sortase A. Since this enzyme is vitally responsible for
bacterial adherence and host cell invasion, it significantly contributes to the pathogenicity
and even the virulence of the bacteria [33]. Moreover, recent studies evidenced the potent
inhibitory impacts of quercetin, flavonoids, rutin, and phenolic acid against sortases A and
B of S. aureus [34,35]. Inhibition of bacterial nucleic acid production is likely related to the B
ring of the flavonoids intercalating or forming a hydrogen bond with the stacking of nucleic
acid bases. Lou et al. [36] postulated two mechanisms to decipher the bactericidal activity of
p-coumaric acid: (I) binding to bacterial genomic DNA, resulting in suppression of various
metabolic pathways and, ultimately, cell death; and (II) disruption of bacterial cell mem-
branes. It is worth mentioning that previous investigations highlighted the competency of
chlorogenic acid to thwart biofilm production, swarming, and other virulence influences
such as protease and elastase activity in P. aeruginosa along with the disordering of other
mechanisms such as rhamnolipid and pyocyanin synthesis [37,38]. Likewise, quercetin
effectively inhibited biofilm formation in K. pneumoniae, P. aeruginosa, and Y. enterocolitica,
as well as other quorum-sensing-regulated attributes; for instance, inhibition of violacein
and production of exopolysaccharide production as alginate [35]. Crucially, the swimming
and swarming of P. aeruginosa and Y. enterocolitica were also drastically suppressed by
quercetin [39,40]. Besides, resveratrol as another phenolic compound, it has the competency
to disturb the physicochemical properties of the surface of Lactobacillus paracasei. More-
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over, the adhesion, bacterial aggregation, and biofilm capabilities were also blocked as a
consequence of L. paracasei treatment with resveratrol [41]. Overall, the substantial antibac-
terial activity of the JRPE compared to a broad-spectrum antibiotic, such as amoxicillin is
most likely due to the synergistic influence of the polyphenolic compounds implicated in
the extract.

In addition, we also studied the inhibitory impacts of the twelve polyphenolic com-
pounds against digestive enzymes. The synergistic/antagonistic actions among bioactive
features in JRPE may account for why it has a greater pancreatic digestive-inhibitory effect
than other extracts with similar activity levels [42]. The systems were characterized by
a predominance of the competitive part of mixed inhibition. These findings support the
hypothesis that polyphenolic extract inhibits the activity of pancreatic x-amylase, lipase
and trypsin through competitive mechanisms [43]. Additionally, the effect of quercetin on
other pancreatic enzymes, including «-amylase, was previously investigated [44].

To determine the potential binding sites of polyphenolics with pancreatic enzymes (-
amylase, lipase, and trypsin), docking analyses were conducted employing the structures
of all compounds. The competitive component of the polyphenolic compounds’ mixed-
inhibition may be explained by their interactions with residues close to the active site.
Taking into account that the enzyme inhibitors interact with the substrate—enzyme, binding
may shed light on the inhibitory process. To reiterate, the inhibitor would bind not to the
substrate—enzyme combination itself but to the enzyme itself, and it would do so in close
proximity to the substrate binding site.

The binding to the active site attains in a fashion that only influences on the catalytic
cascades and not the substrate binding, which may explain why polyphenolic compound
mixed-type inhibition is non-competitive. Zhu et al. [45] reported that polyphenolic sub-
stances could bind to a pancreatic lipase through hydrophobic interactions. For instance,
pancreatic digesting enzymes and aromatic rings from polyphenolic substances generate
m-stacking interactions. Our findings are in line with those of Swilam et al. [46], who ob-
served that hydrophobic bonds were the primary form of interaction between polyphenolic
chemicals and digestive enzymes. Furthermore, it was predicted by the docking study that
the hydroxyl groups of polyphenolics and the polar groups of digestive enzymes could
form a hydrophobic bond [47]. Compared to other polyphenolic compound—pancreatic
lipase complexes, the quercetin—digestive enzyme complex had greater polar interactions.
The larger size and rigid structure of quercetin may account for its predominant binding
qualities (more polar contacts) and, by extension, its greater inhibitory competency in the
digestive tract. Zhang et al. [48] also found that quercetin was more effective at inhibiting
the target enzyme. Moreover, Ullah et al. [49] demonstrated that quercetin has a stronger
affinity for proteins due to its structural features. The catechol structure in the B ring
and the double bond between C2 and C3 are two of quercetin’s distinguishing features.
The capability of polyphenolics to bind proteins is predominantly correlated to structural
features, including free hydroxyl groups and number of aromatic rings and [50].

4. Materials and Methods
4.1. Samples Collection

Jania rubens was collected during 2019 at a depth of 1-27 m in the Red Sea region,
Hurghada (latitude: 27°11'37.5” and longitude: 33°50'48.4"), Egypt and immediately
transported to the lab. The collected samples were identified at the National Institute of
Oceanography and Fisheries (NIOF), Egypt.

4.2. Extraction and Preparation of Jania rubens Polyphenolic Extract (JRPE)

To extract the polyphenolic compounds from Jania rubens, the samples were dried
in air before being ground to obtain the powder with a weight of 500 g. Afterward,
the powder was immersed in ethyl acetate for 1 h, followed by sonication before being
maintained overnight in the fridge at 4 °C in the dark bottle. The extraction process was
conducted three times to maximize the yield of polyphenolic compounds. Following this,
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the solvent was eliminated by means of a rotary evaporator (R-300, Biichi Labortechnik
GmbH, Essen, Germany) at 45 °C under a low pressure before being stored at 4 °C for
further investigations [49,50].

4.3. High-Performance Liquid Chromatography (HPLC) Analysis of JRPE

To ascertain the phenolic and flavonoid compounds in the JRPE, HPLC analysis was
performed by means of HPLC (Agilent 1260, Santa Clara, CA, USA) using a Kinetex® 5 um
EVO C18 column (100 mm x 4.6 mm) purchased from Phenomenex®, Torrance, CA, USA.
The separation was accomplished utilizing a tertiary liner elution gradient with HPLC
grade water, 0.2% H3POy (v/v), methanol, and acetonitrile. The injection volume was
20 puL, and the detection was performed using WWD at 284 nm.

4.4. Antioxidant Activity of JRPE

To assess the antioxidant properties of the JRPE, DPPH and ABTS®** assays were
conducted using 2,2-diphenyl-1-picrylhydrazyl and 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid), respectively, following the previous protocols with minor adaptations [51,52].
All investigations were performed in triplicate, and the free radical scavenging was then
calculated using Equation (1):

Scavenging (%) = [(Ac — As)/Ac] x100 1

where Ac and As point to the absorbance of the control and the sample after reaction,
respectively.

To assess the total antioxidant capacity (TAC) of the JRPE, the phosphomolybdenum
approach was performed following the procedures reported by Prieto et al. [53]. Vitamin C
(VitC) was utilized as a standard, and the reactions were replicated three times.

4.5. Anti-Inflammatory Activity of JRPE

To estimate the anti-inflammatory properties of the JRPE, a nitric oxide scavenging
approach was performed in accordance with the protocol delineated by Garrat [54]. Vit. C
was applied as a standard drug in this assay, and the investigations were accomplished in
triplicate. The inhibition ratio of nitric oxide was computed using Equation (2):

Nitric oxide scavenging (%) = [(Ac — As)/Ac] x 100. 2)

where Ac is the absorbance of the control, while as indicates the absorbance of the sample
after reaction.

4.6. Antibacterial Assessments of JRPE

The antibacterial properties of JRPE were evaluated toward three gram-positive bacteria
(Streptococcus pyogenes ATCC 19615, Staphylococcus aureus ATCC 25923, and Enterococcus faecalis
ATCC 29212) and three gram-negative bacteria (Escherichia coli ATCC 8739,
Pseudomonas aeruginosa ATCC 15442, and Klebsiella pneumoniae ATCC 13883) in accordance
with the resazurin assay using a microtiter plate (Sigma-Aldrich, Taufkirchen, Germany).
Each bacterial strain was revitalized by growing overnight at 37 °C in LB medium, followed
by adjustment of their turbidities at 600 nm by means of a spectrophotometer in compliance
with the McFarland 0.5 standard [55,56]. A volume of 50 uL representing different con-
centrations of the JRPE from 25 to 1000 pug/mL) was loaded into a sterile microtiter plate
(96-well), followed by the addition of 10 uL of resazurin indicator solution to each well. Fol-
lowing this, 30 pL of LB medium was added to the wells before being inoculated with 10 pL
of bacterial suspension (5 x 10 CFU/mL). Ampicillin and amoxicillin (Sigma-Aldrich,
Taufkirchen, Germany) were applied as reference antibiotics to the microtiter plate with
concentrations comparable to the extract. To avoid the rehydration of bacteria, each plate
was wrapped with cling film before being incubated overnight at 37 °C. The antibacterial
evaluations were carried out in triplicate and the bacterial cultures in each microplate were
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measured at 520 nm by means of a microplate reader (SpectraMax i3x Multi-Mode, San
Jose, CA, USA). The growth inhibition ratio of bacteria was quantified using Equation (3):

Growth inhibition of bacteria (%) = [(Ac — As)/Ac)] x 100 3)

where Ac and As indicate the absorbance of untreated bacterial cultures and bacterial
cultures treated with JRPE, respectively.

4.7. Anti-Diabetics and Anti-Obesity of JRPE Using Inhibition of Digestive Enzymes

The anti-diabetics and anti-obesity of JRPE were evaluated utilizing x-amylase, lipase,
and trypsin (Loba chemie, Mumbai, India). To estimate the activity of pancreatic x-amylase
activity, we utilized soluble starch as a substrate and the reducing sugars were then calori-
metrically evaluated adopting the dinitrosalicylic acid method demonstrated by Miller [57].
The reaction was performed by adding 20 puL of x-amylase solution containing 20 pug of
the enzyme to 280 uL of starch solution (1%, w/v) prepared in phosphate buffer (pH 7)
supplemented with 20 mM CaCl,. The reaction was commenced by incubation at 37 °C
before being terminated by the addition of a DNSA reagent. To evaluate the ability of the
JRPE to inhibit the x-amylase activity, different concentrations of the extract from 25 to
1000 pg/mL were added to 20 pL of x-amylase enzyme solutions before being incubated
for 5 min. Following this, the enzyme activity was estimated using the DNS method and
measured at 540 nm by means of a spectrophotometer.

To assess the lipase inhibition, a stock solution of pancreatic lipase (1 mg/mL) was
prepared in 10 mM Tris-HCI buffer (PH 7.5). The lipase activity was assayed as previously
described by Choi et al. [58] with slight modifications. DMPTB (2,3- mercapto-1-propanol
tributyrate) was utilized as a substrate and dissolved in 50 mM Tris-HCl buffer (PH
7.2) complemented with 6% of Triton X-100, while the DTNB reagent (5,5-dithio-bis-(2-
nitrobenzoic acid) at concentration of 40 mM was prepared in isobutanol. The lipase
inhibition using the JRPE was conducted using different concentrations within a range from
25 to 1000 pg/mL. The reaction was performed by adding 200 pL from each concentration
of JRPE to 100 pL of the enzyme solution, followed by addition of 700 pL of tris-HCI buffer
(pH 7.4) to the mixture. After incubation of the tubes at 37 °C for 15 min, 100 uL of DMPTB
substrate was added to the mixture for the enzyme assay. The activity of the lipase enzyme
was evaluated at 405 nm employing a spectrophotometer.

For estimating the capacity of the JRPE to inhibit the activity of trypsin, 1.5 mL of
trypsin solution prepared in Tris-HCI buffer (0.2 M, pH 8) was pre-incubated at 25 °C for
15 min with 1.5 mL of different concentrations of JRPE, ranging from 25 to 1000 pg/mL.
Casein was used as a substrate and was prepared in Tris-HCI buffer (0.2 M, pH 8) supple-
mented with 20 mM CaCl, in a ratio of 1:1.8, respectively, before being incubated in a water
bath at 37 °C for 20 min to fully dissolve. To estimate the enzyme activity, 2.8 mL of the
substrate was thoroughly mixed with 200 pL of the enzyme and JRPE. After incubation for
20 min at 37 °C, the reaction was terminated by adding 6 mL of 2.5% trichloroacetic acid
(TCA) and the tubes were then maintained on ice for 20 min. The tubes were centrifuged
at 10,000 rpm for 10 min, and the supernatants were further measured at 280 nm using a
spectrophotometer. The inhibition percentage was calculated using Equation (4):

Enzyme inhibition (%) = [(Ac — At)/Ac] x 100 4)

where Ac points to the absorbance of the control, which contains all reagents and 20%
DMSO in the absence of the tested solution, while At indicates the absorbance of the
examined sample.

The half-maximal inhibitory concentration (IC50) values were estimated following
fitting inhibition parameters with standard log inhibitor vs. normalized response mod-
els using AAT Bioquest (https://www.aatbio.com/tools/ic50-calculator, accessed on 20
November 2022).
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4.8. Molecular Docking Studies

The crystal structures of x-amylase (PDB ID: 4W93), lipase (PDB ID: 1LPB), and trypsin
(PDB ID: 4DOQ) were retrieved from the Protein Data Bank website: http:/ /www.rcsb.org
(accessed on 20 November 2022) and the target proteins were prepared for docking analysis
employing Pymol Opensource, Shirley, NY, USA. Furthermore, to prepare the ligands,
the 3D structures of the investigated 12 polyphenolic compounds and the co-crystallized
compound were obtained from the PubChem database (www.pubchem.ncbi.nlm.nih.gov
(accessed on 20 November 2022)) and their chemical structures were then transformed
into PDB using Pymol [59]. Afterward, the ligands were transformed into PDBQT format
by means of AutoDock Tools, San Diego, CA, USA for molecular docking simulation.
Before commencing the docking examinations, the docking procedure was verified by
redocking the native inhibitors into the active site of the enzyme. The binding model with
the minimum binding energy was superimposed on the retrieved co-crystallized inhibitor.
Then, polyphenolics in JRPE were docked into the active sites of the enzymes employing the
AutoDock Vina docking system. The prepared structures of enzymes were also imported,
and the docking examination was commenced with all other parameters. The docked
complexes were visualized by means of the Discovery Studio Visualizer, Shirley, NY, USA
(V. 21) to explore and report the different molecular interactions.

4.9. In Silico Pharmacodynamics and Pharmacokinetics

To assess the drug-likeness of the 12 polyphenolic compounds in JRPE, in silico
evaluation was attained adopting (http://www.swissadme.ch/index.php#, accessed on
20 November 2022) [60] based on specific properties of compounds, including absorption,
distribution, metabolism, and excretion as assessments for pharmacokinetic features [61].

4.10. Statistical Analysis

All the experimental assays were carried out at least in triplicate, and results are shown
as mean & SD. The results were analyzed by means of GraphPad Prism (Version 8, GraphPad
Software Inc., San Diego, CA, USA) and were considered to be significant at p < 0.05.

5. Conclusions

Twelve polyphenolic compounds were identified in the extract of Jania rubens (JRPE)
collected from Egypt. The JRPE demonstrated remarkable antioxidant and antibacterial ac-
tivities. Among the identified polyphenolic compounds, quercetin, kaempferol, and chloro-
genic exposed the highest inhibition toward «-amylase, lipase, and trypsin with acceptable
ICsp. This may be related to the antioxidant and anti-inflammatory properties of JRPE ex-
tract, which enable them to bind with digestive enzymes, forming a polyphenolic-enzyme
complex. Furthermore, computational studies following molecular docking analysis for
the twelve polyphenolic compounds in JRPE exhibited that the polyphenolics may develop
a complex with digestive enzymes, demonstrating that all compounds could closely bind
to the active site of digestive enzymes. Significantly, the in vitro studies substantiated the
powerful inhibitory activity of JRPE, indicating the anti-obesity and anti-diabetes character-
istics of the implicated polyphenolic compounds. Further in vivo investigations should be
performed to evaluate the capacity of the JRPE to govern diabetes in animal models, and
the polyphenolic compounds could be purified to assess their independent bioactivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ catal13020443/s1, Figure S1: HPLC chromatogram for the JRPE
shows different polyphenolic compounds (phenolic and flavonoids); Table S1: The docking affinity
scores of the different polyphenolics’ compounds in the JRPE; Table S2: Affinity scores for docking
analysis of c-amylase (PDB ID: 4W93) using twelve polyphenolic compounds identified from JRPE;
Table S3: Affinity scores for docking analysis of lipase (PDB ID: 1LPB) using twelve polyphenolic
compounds identified from JRPE; Table S4: Affinity scores for docking analysis of trypsin (PDB ID:
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4DOQ) using twelve polyphenolic compounds identified from JRPE; Table S5: Pharmacodynamics
and pharmacokinetics analysis of twelve polyphenolic compounds identified from JRPE.
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