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Abstract

Lime peels are rich in flavonoids, alkaloids, phenols, saponins, and tannins, exhibiting antibacterial, antioxidant, anti-
inflammatory, anti-hypertensive, and anti-hypercholesterolemia properties. However, the specific active constituents of
Acehnese lime peels and their impact on anti-hypercholesterolemia effects remain undisclosed. This present investigation
aims to identify the active compounds in the ethanolic extract of locally obtained Acehnese lime (Citrus aurantifolia
(Christm.) Swingle) peels and assess their potential as inhibitors of Proprotein Convertase Subtilisin/Kexin Type 9
(PCSK9) and 3-hydroxy-3-methylglutaryl-coenzyme-A (HMG Co-A) reductase using in-silico approach. The composition
of the ethanolic extract Acehnese lime peel was determined through phytochemical analysis, 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay, gas chromatography-mass spectrometry (GC-MS) analysis, and predictions of biological activity, while the
biological activities of their compounds were evaluated through molecular docking. Phytochemicals revealed the presence
of phenolics, flavonoids, tannins, saponins, and terpenoids in the ethanolic extract of local Aceh lime peel. The total
phenolic and flavonoid contents were 29.992 + 0.274 mg gallic acid equivalents (GAE)/g extract and 5.983 + 0.017 mg
quercetin equivalents (QE)/g extract, respectively. The anti-oxidant activity was notably strong with an 1Cso value of 49.51
ppm. GC-MS analysis identified 6-methoxychroman-2-one (27.64%) as the primary component in ethanolic extract
Acehnese lime peel, along with neric acid (CisH2202) known as a regulator of lipid metabolism (Pa: 0.941). In-silico
investigations indicated that pterin-6-carboxylic acid (-7.8 kcal/mol) exhibited a higher binding free energy for the PCSK9
receptor compared to simvastatin (-7.6 kcal/mol), whereas the active compound (R)-9-(2,3-dihydroxy-3-methylbutoxy)-4-
exhibited the highest binding capacity for HMG Co-A reductase (-6.9 kcal/mol) compared to other compounds. These
findings suggest that the ethanolic extract of Acehnese lime peels could serve as an effective inhibitor of PCSK9 and HMG
Co-A reductase, highlighting its potential as a novel anti-hypercholesterolemia agent.

Keywords: Citrus aurantifolia; Aceh Lime Peel; Anti-Hypercholesterolemia Agent; PCSK9; HMG-Coa Reductase.

1. Introduction

Hypercholesterolemia stands as a significant contributor to cardiovascular disease [1], representing a leading cause
of mortality worldwide, accounting for approximately 17.9 million deaths annually [2]. Elevated levels of low-density
lipoprotein (LDL) and total cholesterol in the bloodstream characterize hypercholesterolemia [3]. Lifestyle and stress
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influence patients' cholesterol levels, affecting lipid metabolism and adaptive responses to pathophysiological changes.
Although elevated blood lipids are necessary for people to survive and adapt to stressors, long-term changes in lipid
metabolism due to chronic stress can lead to atherosclerosis, coronary heart disease, and stroke [4]. Atherosclerotic
lesions typically exhibit an abundant number of monocytes, macrophages, lipoproteins, and LDL, manifesting through
a degenerative process unfolding in multiple stages. This accumulation of lipids, calcium, platelets, and other blood
components leads to damage to the blood vessel walls [5]. Statins are commonly employed in the management of
hypercholesterolemia. Within the liver, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase plays a pivotal
role in cholesterol synthesis. This enzyme catalyzes the initial step of cholesterol biosynthesis, converting HMG-CoA
to mevalonic acid [6].

Statins are potent HMG-CoA inhibitors that show highly effective cholesterol reduction; however, the residual risk
of cardiovascular disease remains high despite optimal therapy [7]. Moreover, statins have been reportedly intolerable
for over 30% of individuals with hypercholesterolemia [8]. Thus, there is a need for a more effective LDL -lowering
agent, with a PCSK9 inhibitor emerging as a potential candidate [9]. Proprotein Convertase Subtilisin/Kexin Type 9
(PCSKD9) inhibitors offer promising responses to hypercholesterolemia, as this molecule is responsible for the occurrence
of familial hypercholesterolemia [10], regulates apoB lipoprotein degradation and cholesterol metabolism [11], and
reduces blood LDL particle concentration [12]. For patients intolerant to statins, PCSK9 inhibition presents a significant
therapeutic advancement in managing lipid disorders and reducing the risk of cardiovascular disease [13]. When
maximally tolerated statin doses are inadequate to control chronically elevated LDL levels, the use of PCSK9 inhibitors
is advised [14].

To provide another treatment option for hypercholesterolemia, scientists have explored the use of natural compounds.
Approximately 80% of people have utilized herbal plants as a kind of treatment for various illnesses [15]. Due to their
numerous health benefits, including lowering levels of inflammation, LDL cholesterol, and oxidative stress, many
different types of plants are used as medication [16]. Plants, rich in secondary metabolites, are increasingly employed
in both medicine and diet [17]. Many phytochemical compounds, also known as secondary metabolites, are produced
by plants that are advantageous to health [18]. Plant-derived flavonoid compounds play crucial roles in balancing diet
and preventing diseases such as obesity, diabetes mellitus (DM), lowering blood fat levels, cardiovascular disease, and
several types of cancer [19]. Among herbal plants, lime (Citrus aurantifolia) has often been used as medicine due to its
various biological properties, including anti-obesity [20], spasmolytic agent [21], anti-oxidant [22], anti-inflammatory
[23], anti-bacterial, and anti-fungal activities [24]. Lime peel is difficult to process, so it is frequently discarded despite
its numerous benefits. Previous studies discovered that lime peels contain antibacterial compounds [25] and can lower
the levels of aspartate transaminase, triglycerides, LDL, alanine aminotransferase, and total cholesterol in
hyperlipidemic mice [26]. Limonene, linalool, and 4-terpineol extracted from lime peels can help reduce cardiovascular
disease and hypertension [22].

Previous studies showed that Tacca leontopetaloides from Aceh Province can be used as inhibitors of HMG-CoA
[26]. However, studies on the potential of Acehnese lime peels (C. aurantiifolia (Christm.) Swingle) in the treatment of
hypercholesterolemia and its inhibitory effects on PCSK9, especially, and HMG Co-A reductase are still limited.
Therefore, this study aimed to investigate active compounds contained in the ethanol extract of Acehnese lime peel as
well as identify its in-silico potential as a PCSK9 and HMG Co-A reductase inhibitor using six different analyses. This
research not only will show an active compound from Acehnese lime but can be a milestone in the exploration of anti-
hypercholesterolemia agents.

2. Materials and Methods
2.1. Plant Material

The plant sample used in this study was lime peels, cultivated by the community in Suka Damai village, Lembah
Seulawah District, Aceh Besar Regency, Aceh, Indonesia, with coordinates 5° 25’ 37°” East longitude, 95° 42° 49’
South latitude, and an altitude of 421 meters above sea level (Figure 1).

2.2. Plant Identification

The plant was identified at the National Research and Innovation Agency (BRIN) Laboratory, Indonesia.

2.3. Sample Preparation and Extraction

In total, 20 kg of fresh lime fruit was washed using tap water to remove dirt from the peel. The peel was then separated
from the fruit, thinly sliced to obtain 2000 g, and dried at room temperature for 14 days until it became thin, dry, and
dark brown. The dried lime peels were weighed, yielding 444 g, and then ground using a blender. The obtained dried
leaf samples were extracted using a 3x24-hour maceration method using 96% ethanol solvent with a ratio of 1:10 [27].
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Figure 1. Sampling Location (Suka Damai village, Lembah Seulawah District, Aceh Besar Regency, Aceh, Indonesia)

2.4. Total Phenolics and Total Flavonoids Analysis

The Total Phenolic Content (TPC) and Total Flavonoid Content (TFC) were measured using the Dowd method using
Spectrophotometry (Thermo Fisher Scientific Genesys Model 10UV, CAT 335906-02, SN 2L7N006001). TFC was
expressed as milligrams of quercetin per gram of sample (mgQE/g sample) with concentrations ranging from 0-100
g/mL. A 1 mL aliquot of the sample solution at a concentration of 10 mg/mL was mixed with 0.2 mL of 10% (w/v)
AICI; solution in methanol. Afterward, the sample solution was mixed with 0.2 mL of 1 M CH3sCOOK and 5.6 mL of
distilled water, homogenized, and allowed to incubate for 30 minutes. Following incubation, the absorbance of the
sample solution was measured using a spectrophotometer at a wavelength of 415 nm [28].

The Total Phenolic Content (TPC) was quantified in milligrams of gallic acid equivalents per gram of sample
(mgGAE/g sample) within concentrations of 0-200 ug/mL. A 0.2 mL aliquot of the sample (at 10 mg/mL) was mixed
with 1.8 mL of distilled water and 0.2 mL of Folin-Ciocalteu reagent. This mixture was thoroughly mixed and allowed
to incubate for 6 minutes. Subsequently, the sample mixture was supplemented with 2 mL of a 7% (w/v) Na,COs
solution, thoroughly mixed again, and then allowed to incubate for 90 minutes. Finally, the absorbance of the resulting
solution was measured at a wavelength of 750 nm using a spectrophotometer [29].

2.5. 2,2-diphenyl-1-picrylhydrazyl (DPPH) Assay

The ethanol extract of lime peels was diluted with methanol to obtain concentrations of 6.25, 12.5, 25, 50, and 100
parts per million (ppm). In the reaction tube containing the dissolved sample (5 mL), one milliliter (1 mL) of 0.4 mM
DPPH was added. The concoction was then mixed and homogenized using a vortex and incubated for 30 minutes at
37°C. A mini-1240 ultraviolet-visible spectrophotometer (Kyoto, Japan) was used to measure the lower concentration
at A =517 nm. The minimum concentration required to reduce the reagent concentration by 50% (ICso) was previously
calculated using a linear curve equation. Ascorbic acid (3-9 ppm) was shown to have an ICsq using the same method
and was used in a previous study [30].

2.6. Gas Chromatography-Mass Spectrometry (GC-MS) for Active Compound Identification

The ethanol extract of lime peels was analyzed using an iSQ 7000 Single Quadrupole GC-MS System (Thermo Fisher
Scientific Inc.) with TraceGOLD™ 1300/1310 GC TG-5MS column (column length: 30 m x 0.25 mm ID X 0.25 pm
and column mode: Flow (constant). The carrier gas used was helium (1.2 mL/min). Oven temperature: Initial
temperature 35°C (0 min), further increased 18°C/min to 100°C (2 min) and 20°C/min to 250°C (1.0 min). Injection site
temperature: 250°C. lon source temperature: 300°C. lonization mode: El. Injection volume: 5 pL. Method data: Thermo
Scientific™ Chromeleon™ Chromatography Data System (CDS) 7.2.

350



Journal of Human, Earth, and Future Vol. 5, No. 3, September, 2024

2.7. Biological Activity Predictions

The prediction of activity spectra for substances (PASS) method is used in further analysis to identify the most active
phytochemical constituent in the ethanol extract of lime peels [31, 32]. The examination results were represented as Pa
(probability of activity) and Pi (probability of inactivity), where the values of Pa and Pi could range from 0.000 to 1.000.
A molecule's bioactivity is determined by Pa values surpassing Pi and exceeding 0.700 [33].

2.8. Molecular Docking (In-silico)

The in-silico test was conducted in several steps, including protein preparation, ligand preparation, active site
determination, molecular docking, and analysis [27, 34, 35]. A molecular analysis was conducted on the active
compounds from the ethanol extract of orange peel identified through GC-MS analysis. These active compounds were
used as ligands, and PCSK9 and HMG-CoA, which could be accessed and downloaded from the Protein Data Bank
(PDB), as of August 20, 2023, were used as the protein targets. The protein targets were prepared using BIOVIA
Discovery Studio 2021 software. The ligands were obtained from the PubChem database and then prepared with OPEN
BABEL Sketch. Subsequently, the ligands were docked onto the protein targets and compared with simvastatin as the
control ligand. Simvastatin is a standard drug known to inhibit the activity of PCSK9 and HMG-CoA reductase proteins.
The docking procedure was performed using Autodock Vina software with PyRx. During this process, the ligand
molecules would engage with the active site of the receptor, potentially leading to the inhibition of receptor function,
thus serving as a prospective drug. The flowchart of the research methodology can be seen in Figure 2.

— Plant Determination and Extraction Yield

———+ Total Phenolics and Total Flavonoids Analysis

—— 2.2-diphenil-1-picrylhydrazyl (DPPH) assay
— Anti-Hypercholesterolemia

— Gas Chromatography-Mass Spectrometry Analysis Agent

—— Biological Activity Prediction

Citrus aurantiifolia
(Cristm.) Swingle

—» Molecular Docking (In-silico)

Figure 2. A flowchart

3. Results and Discussion
3.1. Plant Determination and Extraction Yield

The plant was identified (Number: B-2035/11.6.2/R.01.02/8/2023) as Citrus aurantiifolia (Cristm.) Swingle, a species
of the Rutaceae family (Figure 3). The thick lime peel extract used was 11.38 grams, and the yield percentage value was
2.49%.

Figure 3. Local Aceh C. aurantifolia plants
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3.2. Total Phenolics and Total Flavonoids Analysis

Qualitative phytochemical screening revealed the presence of tannins, phenolics, flavonoids, saponins, and
terpenoids in the ethanol extract of Acehnese lime peels. Meanwhile, alkaloid and steroid compounds were negative.
This finding was slightly different from that reported in a previous study, suggesting the presence of alkaloids, phenols,
flavonoids, saponins, and tannins in lime peels [36]. C. aurantifolia peels contain various bioactive substances, including
terpenoids, flavonoids, phenolics, alkaloids, and essential oils [37]. Environmental conditions, especially altitude, exert
a notable influence on plant growth and development, including secondary metabolites [38]. Climate, geographical
conditions, genetic variations, agronomy, and plant storage [39, 40], as well as the plant parts used [41], are other factors
contributing to secondary metabolites contained in plants [42]. Table 1 shows the results of total phenolics and total
flavonoids analysis, and Figure 4 shows the standard curves for gallic acid (Figure 4-a) and quercetin standard curve
(Figure 4-b).

Table 1. Total phenolics and total flavonoids

Phytochemicals Results
Total phenolic 29.99+0.27 mg gallic acid equivalents g extract
Total flavonoid 5.98+0.02 mg quercetin equivalents g extract
1.000 - Gallic acid standart curve 0.700 A Quercetin standart curve
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Figure 4. (a) Gallic acid standard curve, and Figure (b) Quercetin standard curve

The total phenolic content in the ethanol extract of lime peels was 29.99 + 0.27 mg GAE/g extract, while the total
flavonoid content was 5.98 + 0.02 mg QE/g extract. Previous research indicated that C. australasica peels contain a
higher concentration of phenolic compounds, whereas the fruit exhibits higher levels of flavonoids [43]. The degree of
fruit development affects the number of phenolic compounds in lime fruit, in which young fruit has the highest phenolic
content [44].

Alkaloids, phenolics, terpenoids, and tannins play a significant role in disease prevention [45]. Several studies on
plant phytochemicals that reduce blood cholesterol levels in hypercholesterolemia along with various heart-related
conditions have been carried out [46], specifically polyphenols [47] and flavonoids [48]. Polyphenols serve as anti-
oxidants that may decrease the levels of cholesterol by preventing the production of mevalonate through gene regulation
[49]. On the other hand, flavonoids and saponin function as anti-oxidants as they can prevent reactive oxygen species
(ROS)-associated cell damage [50]. Phenolics also play crucial roles in plant defense mechanisms against a wide range
of bacterial, viral, and fungal infections [51], thus making them potential anti-oxidant compounds [52].

Many plants and fruits contain secondary metabolites, which are useful for the prevention and treatment of various
diseases in humans [53]. Plant-based secondary metabolites are powerful biological process effectors that can lower the
risk of illness through complementary pathways. Additionally, an in-vitro study showed that plant extracts' bioactive
components have an anti-hypercholesterolemia effect [54] and could cure a large number of chronic diseases, including
diabetes mellitus [55], cancer [56], and cardiovascular [57]. Plant secondary metabolites can reduce cholesterol levels
significantly. Alkaloids from the rhizome root extract can reduce total cholesterol, triglyceride (TG), and LDL levels
[45].

3.3. 2,2-diphenyl-1-picrylhydrazyl (DPPH) Assay

Anti-oxidant activities were tested at various concentrations of 6.25, 12.5, 25, 50, and 100 ppm. Absorbance
measurements were conducted at 517 nm using a UV-Vis spectrophotometer, and the results were reported as an 1Csp
value. As presented in Table 2, the anti-oxidant activity of lime peels was categorized as very strong, with an ICso value
0f 49.51 ppm (<50 ppm). Anti-oxidant activity is considered very strong if a compound's ICs; value is <50 ppm; strong
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(50 - 100 ppm); moderate (100 - 150 ppm); weak (150 - 200 ppm); and very weak >200 ppm [58]. Many factors affect
a plant's anti-oxidant activity and strength, such as the process by which plants and their derivative chemicals are
screened for anti-oxidant qualities [59], as well as the extraction solvent [60]. The polarity of the extraction solvent can
have an impact on the phytochemical and antioxidant constituents of plants [61]. Ethanol, being a safe solvent, is suitable
for extracting a wide range of bioactive compounds with different polarities [62]. Among extraction solvents, ethanol is
deemed the most effective, and it can also impact a plant's inherent anti-oxidant properties [63]. The ethanol extract of
lime peels in this study contains beneficial chemical compounds, including flavonoid and phenolic compounds.
Flavonoids have the ability to scavenge free radicals, thereby preventing liver damage [64, 65]. The results of a study
carried out by Kumar et al. (2014) showed a relationship between total phenolic contents to suppress lipid peroxidation
and anti-oxidant capability [66].

Table 2. Results of testing the anti-oxidant activity of lime peel ethanol extract using DPPH

Concentration (ppm)  Absorbance Average Inhibition (%0) 1Cs0 (Ppm)

6.25 0.69 17.44

125 0.68 18.64

25 0.56 33.09 49.51
50 0.35 58.42

100 0.14 83.15

3.4. Gas Chromatography-Mass Spectrometry Analysis

The GC-MS analysis is able to analyze molecules at the lowest concentration and identify secondary metabolites in
plants using information from mass spectra and chromatograms [67]. The GC-MS chromatogram of the ethanol extract
of lime peels showed the presence of 22 peaks (Figure 4). However, due to the repetition of 1 compound, 21 active
compounds were found (Table 3), comprising 5 compounds with a percent area of >5% and 16 compounds with a percent
area of <5%. Compounds with a percentage of more than 5% included m-toluic acid, 2-ethylcyclohexyl ester (12.34%),
neric acid (7.19%), 6-methoxychroman-2-one (27.64%), n-hexadecanoic acid (5.79%), and 1H-inden-1-one, 2,3-
dihydro-5,6-dimethoxy-3-methyl- (10.07%) (Figure 5).

Table 3. Data on compound components of ethanolic extract lime peel

Retgntion Compound Name X Molecular  Area  Similarity Index
Time Formula (%) (%)
11.09 2-furanmethanol,5-ethenyltetrahydro-a,a,5-trimethyl-, cis- C14H20, 1.44 80.2
11.54 a-methyl-a-[4-methyl-3pentenyl] oxirane methanol Ci2H2,0, 1.27 713
15.52 m-toluic acid, 2-ethyl cyclohexyl ester C2oH3200, 12.34 62.9
16.31 2-methyl-oct-2-enedial CoH1.0, 2.66 67.2
17.94 Phenol, 5-ethenyl-2-methoxy- C1oH1002 2.72 81.9
18.16 Pterin-6-carboxylic acid C;HsN50, 0.40 67.2
19.59 Neric acid C13H20; 7.19 78.9
21.83 E-8-methyl-7-dodecen-1-ol acetate Ci16H300, 1.00 66.2
23.75 2h-oxecin-2-one, 3,4,7,8,9,10-hexahydro-4-hydroxy-10-methyl-,[4S-(4R*,5E,10S*)]- Ci5H2404 1.23 68.7
24.31 1,2,4 cyclopentanetrione, 3-(2-pentenyl)- C11H1403 151 61.5
26.18 6-methoxychroman-2-one C10HgO3 27.64 69.4
27.99 2h-1-benzopyran-2-one, 7-methoxy- C10HgO3 3.86 68.4
28.65 (2,4,6-trimethyl-5-oxocyclohex-3-enyl) acetic acid, methyl ester C14H2003 3.85 61.2
31.88 Hexadecanoic acid, methyl ester C17H340, 1.45 715
32.75 n-hexadecanoic acid C1sH30; 5.79 80.0
33.10 1h-inden-1-one, 2,3-dihydro-5,6-dimethoxy-3-methyl- Ci6H1804 10.07 76.0
35.87 [1,1"-bicyclopropyl]-2-octanoic acid, 2'-hexyl-, methyl ester C24H420, 1.82 80.7
35.99 Cis-vaccenic acid C1gH3407 3.80 84.7
44,51 3-(octanoyloxy)propane-1,2-diyl bis (decanoate) CaoH760s 3.84 67.5
45.16 Dodecanoic acid, 1-(hydroxymethyl)-1,2-ethanediy! ester C16H320,4 2.68 65.0
47.40 (R)-9-(2,3-dihydroxy-3-methylbutoxy)-4-methoxy-7h-furo(3,2-g)(1)benzopyran-7-one  CyH24Og 242 64.5
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Figure 5. Chromatogram of ethanolic extract C. aurantifolia peel

Among the total 21 compounds obtained in the lime peel ethanol extract, 6-methoxychroman-2-one (27.64%) was
found as the most dominant compound, followed by m-toluic acid, 2-ethylcyclohexy! ester (12.34%), 1H-inden-1-one,
2,3-dihydro-5,6-dimethoxy-3-methyl- (10.07%), neric acid (7.19%), and n-hexadecanoic acid (5.79%). 6-
Methoxychroman-2-one, a coumarin compound, has been reported to possess various biological activities. Previous
studies showed that coumarin and its derivatives can reduce lipid levels [68, 69] and exhibited anti-inflammatory and
anti-nociceptive effects [70]. Another study reported the presence of 62 compounds in the ethanol extract of lime peels,
which belonged to the groups of alkaloids, glycosides, flavonoids, saccharides, furanocoumarins, amino acids,
terpenoids, organic acids, and glycosides [71]. Based on this, Seulawah Valley, Aceh Province, Indonesia, influenced
the phytochemical components contained in lime peels, including a unique class of secondary metabolite compounds,
which is considerably important to be analyzed using molecular docking.

3.5. Biological Activity Prediction

Table 4 presents the biological activity predictions of compounds found in C. aurantifolia peels. The results of
predicting activity spectra for substances are reported as active (Pa) and inactive (Pi) outputs, with probability ranging
from 0 to 1, with values closer to 1 indicating higher activity of the compound [72]. Based on the PASS online test,
secondary metabolites from ethanolic extracts of lime peels showed numerous activities as an inhibitor of human
diseases. m-toluic acid, 2-ethylcyclohexyl ester (Figure 6-a) served as CYP2H substrate (Pa: 0.956), neric acid (Figure
6-b) as muco-membranous protector (Pa: 0.971), 6-methoxychroman-2-one (Figure 6-c) as aspulvinone dimethylallyl
transferase inhibitor (Pa: 0.911), n-hexadecanoic acid (Figure 6-d) as acylcarnitine hydrolase inhibitor (Pa: 0.973), and
1h-inden-1-one, 2,3-dihydro-5,6-dimethoxy-3-methyl- (Figure 6-e) as cholinergic (Pa: 0.788). Neric acid (C13H2202)
was found to regulate lipid metabolism (Pa: 0.941). Numerous metabolic diseases, including diabetes, the metabolic
syndrome, and cancer, are largely influenced by lipid metabolism [73, 74]. Metabolic disorders are those involving lipid
metabolism. Inflammatory and immunological responses are linked to lipid metabolism [75]. The results of previous
research on the screened compounds from non-oilseed legumes using PASS found compounds that have functioned as
anti-infective, muco-membranous protective, anti-eczematic, anti-septic, anti-mutagenic, fibrinolytic, anti-carcinogenic,
cardio-protective, hepato-protective, anti-oxidant, and astringent effects [76].

Table 4. Biological activity of metabolite compounds

m-toluic acid, 2-ethylcyclohexyl ester

Pa Pi Activity name
0.956  0.003 CYP2H substrate
0.879  0.009 Testosterone 17f3-dehydrogenase (NADP+) inhibitor
0.819 0.015 Alkenylglycerophosphocholine hydrolase inhibitor
0.817 0.017 CYP2J substrate
0.815 0.015 Antieczematic
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Neric acid

Pa Pi Activity name
0.971  0.002 Muco-membranous protector
0.948  0.000 BRAF expression inhibitor
0.941 0.003 Lipid metabolism regulator
0.915 0.004 CYP2J substrate
0.900 0.002  Undecaprenyl-phosphate mannosyltransferase inhibitor

6-methoxychroman-2-one

Pa Pi Activity name
0.911  0.006 Aspulvinone dimethylallyltransferase inhibitor
0.907 0.010 CYP2C12 substrate
0.852  0.003 CYP2BS5 substrate
0.848  0.003 4-Nitrophenol 2-monooxygenase inhibitor
0.853 0.011 Chlordecone reductase inhibitor

n-hexadecenoic acid

Pa Pi Activity name
0.973 0.001 Acylcarnitine hydrolase inhibitor
0.966 0.001 Alkylacetylglycerophosphatase inhibitor
0.963 0.002 Alkenylglycerophosphocholine hydrolase inhibitor
0.962 0.002 CYP2J substrate
0.961 0.001 CYP2J2 substrate

1H-inden-1-one, 2,3-dihydro-5,6-dimethoxy-3-methyl-

Pa Pi Activity name
0.788  0.003 Cholinergic
0.705 0.054 Gluconate 2-dehydrogenase (acceptor) inhibitor
0.675 0.029 5 Hydroxytryptamine release stimulant
0.651 0.019 Neurotransmitter uptake inhibitor
0.638 0.011 MAP kinase stimulant
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Figure 6. Metabolite active from ethanolic extract of lime peel from C. aurantifolia

The compound m-toluic acid, 2-ethylcyclohexyl ester, acted as an inhibitor of testosterone 17B-dehydrogenase
(NADP+) with Pa = 0.879. Testosterone hormone functions distinctly from estrogen, primarily stimulating de novo
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lipogenesis (DNL), whereas estrogen can reduce plasma triglyceride and LDL cholesterol levels. Treatment with
dihydrotestosterone (DHT) has been shown to increase triglyceride formation, resulting in increased body weight and
visceral fat mass. Treatment with DHT reduces phosphorylation that inactivates Acetyl CoA carboxylase (ACC) and
increases the production of fatty acid synthase (FAS) and sterol regulatory element binding transcription factor 2
(SREBP2) [77]. The intricate process known as de novo lipogenesis transforms circulating carbohydrates into fatty
acids, which are then utilized to create triglycerides and other lipid molecules. Fat formation is determined by the
equilibrium between TG production and breakdown [78]. Lipid oxidation is stimulated by testosterone as one of the
mechanisms involved in controlling fat mass [79]. Transdermal testosterone treatment improves body fat oxidation [80]
and growth hormone (GH) secretion [79, 81]. Hormonal therapy has the potential as a new therapy for treating obesity
and complications such as morbidity and mortality [82].

3.6. Molecular Docking (In-silico)

In-silico is a method for identifying interactions between active ligands and target proteins using computers [83].
Molecular docking studies offer a cost-effective and efficient means of discovering new drug candidates [84]. A study
by El Fadili et al. (2023) suggested that C19 ligands have the potential to treat schizophrenia and other disorders caused
by glutaminergic N-methyl-D-aspartate (NMDA\) receptor hypofunction [84]. Another docking study on the methanol
extract of Polygonatum odoratum (Mill.) Druce found five main compounds, namely, 9-aminocamptothecin, 9-
methoxycampothecin, 5,7,30-tri hydroxy-6,40,50-trimethoxyflavone, diacerein, and 5-hydroxy-1- tetralin had potential
as an anti-diabetic type 2 [85]. In the present study, molecular docking was performed by docking 21 active compounds
contained in the ethanol extract of lime peels as test ligands and simvastatin as a control ligand against the target proteins
PCSK9 and HMG-CoA reductase. The PCSK9 and HMG-CoA reductase enzyme 3D structures were obtained from the
Protein Data Bank (PDB). The PCSK9 receptor's molecular structure is PDB ID: 6U26, while the HMG-CoA reductase
receptor's is PDB ID: 1HW9. Molecular docking results of active compounds of ethanol extract lime peels and
simvastatin against PCSK9 and HMG-CoA are shown in Table 5. Determination of the docking score is carried out by
selecting the protein ligand that has the highest binding free energy (BFE) [86].

Table 5. Molecular docking results of active compounds of ethanol extract lime peels and simvastatin against
PCSK9 and HMG-CoA

Binding Free Energy (Kcal/mol)

Ligand

PCSK9 HMG-CoA
Pterin-6- carboxylic acid -7.8 -6.5
Simvastatin -7.6 -7.6
(2,4,6-trimethyl-5-oxocyclohex-3-enyl)acetic -7.2 -5.5
2h-oxecin-2-one_3 4 7 8 9 10-hexahydro-4- -7.1 -5.5
1h-inden-1-one_2,3-dihydro-5,6-dimethoxy-3 methyl- -7 -54
E-8-methyl-7-dodecen-1-ol acetate -7 -4.7
[1,1_-bicyclopropyl]-2-octanoic_acid_2_-hexyl- -6.9 -4.7
(R)-9-(2,3-dihydroxy-3-methylbutoxy) 4- -6.8 -6.9
2H-1-benzopyran-2-one_7-methoxy- -6.8 -5.8
6-methoxychroman-2-one -6.7 -5.5
m-toluic_acid_2-ethylcyclohexyl_ester -6.4 -6.4
1,2,4_cyclopentanetrione 3-(2-pentenyl)- -6.2 -4.9
Neric_acid -6.1 -4.9
Hexadecanoic_acid_methyl_ester -5.9 -4.1
a-Methyl-a-[4-methyl-3pentenyl] oxiranemethanol -5.8 -4.8
Hexadecanoic acid -5.8 -4.4
Phenol_5-ethenyl-2-methoxy -5.7 -4.9
2-furanmethanol 5-ethenyltetrahydro 5-trimethyl-cis- -5.4 -4.9
Dodecanoic acid, 1-(hydroxymethyl)-1,2- -5.4 -4.6
2-methyl-oct-2-enedial -5.3 -4.3
3-(octanoyloxy)propane-1 2-diyl_bis_(decanoate) -5.3 -4.3
Cis-vaccenic_acid -4.7 -4.6
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The findings of the molecular docking test in this study indicated that pterin-6- carboxylic acid compound had a lower
free binding energy compared to simvastatin, indicating that pterin-6-carboxylic acid (-7.8 kcal/moal) in the ethanol
extract of lime peels exhibited higher binding affinity against the PCSK9 receptor compared to simvastatin (-7.6
kcal/mol). These results prove that pterin-6- carboxylic acid has more potential to be a PCSK9 inhibitor. Pterin-6-
carboxylic acid (CsHsNsO4) is a derivative of pterin that plays a role in maintaining biochemical balance and
physiological functions in living organisms [87]. The interaction between the pterin-6- carboxylic acid molecule and
PCSKQ as a ligand has the maximum binding value (Figure 7), with eight amino acid residues and six hydrogen bonds,
as shown in Table 6. Hydrogen bonds are particularly significant in medications because they mediate drug interaction
with receptors and alter physicochemical qualities such as solubility and absorption [87, 88]. Previous clinical trial
results suggest that PCSKO9 inhibitors are potential agents representing statins [89].

2D Interactions 3D Interactions

Interactions
- Conventional Hydrogen Bond - Amide-Pi Stacked

D Carbon Hydrogen Bond D Pi-Alkyl

Pterin-6-carboxylic acid

B:476

AU—\

%}? B 331
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B:360
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B:525
"'
H-Bonds ",
Donor CYS P
. y. B:457
‘ - < Interactions
I:I van der Waals - Conwventional Hydrogen Bond
(2,4,6-Trimethyl-5-oxocyclohex-3-enyl) acetic (2,4,6-Trimethyl-5-oxocyclohex-3-enyl) acetic

Figure 7. PCSKO receptor docking visualization (PDB ID: 6U26) with Pterin-6-carboxylic acid, simvastatin and (2,4,6-
Trimethyl-5-oxocyclohex-3-enyl) acetic
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Table 6. Description of PCSK9 amino acid residues

Ligand Amino Acid Residue

Conventional Hydrogen Bond: ARG B:357, VAL B:435, ARG B:458
Carbon Hydrogen Bond: ARG B:357, VAL B:359, ASP B:360
Amide Pi Stacked: THR B:437

Pi-Alkyl: PRO B:438

Pterin-6- carboxylic acid

Conventional Hydrogen Bond: ARG B:357, CYS B:358, ARG B:458
Pi-Alkyl: PRO B:331, ARG B: 476, ALA B:478

Simvastatin

. . van der Waals: ASP B:360, ILE B:416, CYS B:457, ARG B:458, ARG B:525
(2,4,6-Trimethyl-5-oxocyclohex-3-enyl) acetic
Conventional Hydrogen Bond: THR B:459, ASP B:651

The outcomes of molecular docking of the active components in the lime peel ethanol extract against the HMG-CoA
receptor showed that simvastatin had a lower free binding energy than its active ligand, indicating that simvastatin had
a higher binding affinity towards the HMG-CoA reductase receptor (Figure 8) with two Van der Waals bonds, one
hydrogen bond, one hydrocarbon bond, one amide bond, and one alkyl bond (Table 7). This docking examination also
identified the active component with the highest binding affinity in the ethanol extract of lime peels, namely (R)-9-(2,3-
dihydroxy-3-methylbutoxy)-4 at 6.9 kcal/mol, which is a furanocoumarin whose molecular structure is equivalent to
coumarin [90], having a furan ring structure connected to carbon 6 and 7 or 7 and benzo-a-pyrone coumarin [91]. Many
plants, especially members of the Rutaceae and Apiaceae families, contain these chemicals. This metabolite is known
to exhibit anticancer [92, 93], anti-oxidant, anti-inflammatory, anti-cancer, and bone health-promoting activities [91].
In this present study, it is known that Acehnese lime (C. aurantifolia) can gain high attention to be one of the natural
products from Aceh Province, Indonesia, as anti-hypercholesterolemia agents. The two main compounds, namely pterin-
6-carboxylic acid and (R)-9-(2,3-dihydroxy-3-methylbutoxy)-4, can be used as promising candidates from C.
aurantifolia.

Table 7. Description of HMG-CoA amino acid residues

Ligand Amino Acid Residue

Van der waals: THR A:689, ILE A:696
Conventional hydrogen bond: ASN A: 658

Simvastatin Carbon hydrogen bond: ASN A: 686, LYS A:692
Amide pi stacked: TYR A:644, TYR A:687
Pi-alkyl: ALA A:639

Van der waals: GLY A:807

Conventional hydrogen bond: ASN A: 658
Carbon hydrogen bond: GLY A:765
Unforable donor-donor: ASN A: 658
Amide pi stacked: GLY A:806

(R)-9-(2,3-dihydroxy-3-methylbutoxy)-4-

Pi-alkyl: MET A:655

Van der waals: ASN A:658, GLY A:808

Conventional hydrogen bond: MET A: 655, GLY A:656, GLY A:765
Unforable donor-donor: MET A: 657

Pi donor hydrogen bond: GLY A:808

Pi-sigma: GLY A:807

Pi-alkyl: MET A:655

Pterin-6-carboxylic acid
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Figure 8. HMG-CoA receptor docking visualization (PDB ID: 1HW9) with simvastatin, (R)-9-(2,3-dihydroxy-3-
methylbutoxy)-4, and pterin-6-carboxylic acid

4. Conclusion

This study highlights the potential of the ethanol extract of Acehnese lime peels as a natural anti-
hypercholesterolemia agent, attributed to the ability of its active chemical constituents to inhibit PCSK9 and HMG Co-
A reductase. Using six different analyses, namely plant determination and extraction yield, total phenolics and total
flavonoids analysis, 2,2-diphenil-1-picrylhydrazyl (DPPH) assay, gas chromatography-mass spectrometry analysis,
biological activity predictions, and in-silico approach using molecular docking, it is known that the ethanolic extract of
Acehnese lime peels meet the criteria as a candidate for anti-hypercholesterolemia. The ethanol extract of lime peels
exhibited various phytochemicals, including tannins, phenolics, flavonoids, saponins, and terpenoids. Next, the total
phenalic and flavonoid content found in the extract were 29.99 + 0.27 mg GAE/g extract and 5.98 + 0.02 mg QE/g
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extract, respectively, along with a high anti-oxidant activity using DPPH assays (49.51 ppm). The biological activity
prediction using the PASS online test indicated that several compounds in the lime peel extract, such as m-toluic acid,
2-ethylcyclohexyl ester, nerat acid, 6-methoxychroman-2-one, n-hexadecanoic acid, and 1H-inden-1-one, 2,3-dihydro-
5,6-dimethoxy-3-methyl, exhibited a promising anti-hypercholesterolemia activity and other relative to human diseases.
Molecular docking analysis confirmed that there are interactions between the active compounds from the extract and
the target proteins PCSK9 and HMG-CoA reductase, with the compound pterin-6-carboxylic acid showing higher
binding free energy to the PCSK9 receptor compared to simvastatin (-7.8 kcal/mol > -7.6 kcal/mol), thus potentially
acting as a PCSK9 inhibitor, and the active molecule (R)-9-(2,3-dihydroxy-3-methylbutoxy)-4- showing the highest
binding affinity to HMG Co-A reductase (-6.9 kcal/mol) compared to other components in the lime peel extract. This
study not only showed the activity of Acehnese lime but also confirmed that it is one of the natural medicinal plants
from Aceh as anti-hypercholesterolemia.
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