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INTRODUCTION
Obesity is one of the most pressing health concerns 

worldwide. The prevalence of obesity has dramatically 
increased worldwide over the last four decades, with predictions 
indicating that the majority of the world’s adult population will 
be overweight or obese by 2030 [1]. Obesity is classified as 
a chronic, non-communicable disease that poses significant 
risks for the development of other chronic diseases such as 

cardiovascular disease and diabetes mellitus [2]. Obesity is 
characterized by abnormal fat accumulation, which poses 
significant health risks [3]. This condition arises when energy 
intake consistently exceeds energy expenditure, leading to 
the storage of excess energy, primarily as triglycerides in 
white adipose tissue (WAT) [4]. The expansion of adipose 
tissue in obesity results in adipocyte hypertrophy, triggering 
a cascade of inflammatory responses within the tissue. This 
inflammation is marked by enhanced lipolysis, the production 
of proinflammatory cytokines and chemokines, and the 
secretion of free fatty acids into the circulation. The release 
of chemokines that facilitate the recruitment of macrophages 
from the bloodstream, thereby increasing their infiltration and 
exacerbating inflammation, which is further compounded by 
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ABSTRACT
Obesity is characterized by abnormal fat accumulation in the white adipose tissue (WAT), posing a significant 
health risk. Enhancing energy expenditure through WAT browning using dietary components and natural extracts 
is a promising therapeutic strategy for obesity management. This study explored the efficacy of citral isomers from 
Cymbopogon citratus (lemongrass) essential oil as agents for WAT browning by activating primarily the proliferator-
activated receptor gamma (PPARγ) and AMPK, utilizing an in silico approach. Essentials oil were extracted from 
lemongrass leaves and stalks via steam-hydro distillation, and the citral isomer content was analyzed through gas 
chromatography-mass spectrophotometry. Molecular docking was performed using AutoDock Vina, and molecular 
dynamics simulations were conducted using YASARA. Five citral isomers were identified: geranial, neral, geranial 
diethyl acetal (GDA), isogeranial, and isoneral isomers. This study identified GDA and neral as the most effective 
AMPK agonists, acting by directly activating their allosteric sites. Additionally, GDA, isoneral, and neral demonstrate 
PPARγ agonist properties by stabilising the protein’s active site. In conclusion, citral isomers in lemongrass essential 
oil hold the potential to act as WAT browning agents in obesity management through the activation of AMPK and 
PPARγ. Future in vitro and in vivo studies are required to validate these findings.
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elevated levels of proinflammatory cytokines such as tumor 
necrosis factor α and interleukin-6 (IL-6). Additionally, the 
dysregulation of adipokine secretion—including leptin, 
adiponectin, and resistin—contributes to this inflammatory 
state. These adipokines, whether derived from macrophages 
or adipose tissue, operate in a paracrine or autocrine manner, 
intensifying the inflammatory response in the adipose tissue. 
Systemically, alterations in adipokine secretion can lead to 
decreased insulin sensitivity in skeletal muscles and the liver, 
primarily because of increased ectopic lipid deposition and 
persistent inflammation [5,6].

Current recommended therapies for obesity are 
supported by evidence-based research, including lifestyle 
interventions, pharmacotherapy, and bariatric surgery 
[7]. Although lifestyle-based programs typically result in 
approximately 10% weight loss, the challenge of preventing 
weight regain remains significant [8,9]. Most patients regain 
approximately 30% of their lost weight within 1 year and often 
return to their original weight within 3–5 years [9]. As lifestyle 
and behavioral interventions demonstrate only moderate 
effectiveness, it is essential to enhance obesity treatment 
strategies by incorporating pharmacological or surgical 
interventions. However, surgical interventions alone are 
insufficient to address the global medical demand. Achieving 
long-term weight normalization through pharmacotherapy 
while ensuring tolerability and safety remains a formidable 
challenge [10].

The adipose tissue in mammals comprises WAT and 
brown adipose tissue (BAT). WAT serves primarily as a lipid 
store, whereas BAT oxidizes lipids to fuel thermogenesis by 
expressing uncoupling protein-1 (UCP-1) [4,11,12]. Recent 
studies have demonstrated that increased WAT browning 
has significant therapeutic potential for treating obesity and 
associated metabolic disorders [13–15]. White adipocytes can be 
transformed into brown-like adipocytes or beige adipocytes in 
response to various stimuli, including chronic exposure to cold 
temperatures, physical exercise, nutrition, and pharmaceutical 
agents (e.g., PPARγ, β3-AR, and AMPK agonists) [16–18]. 
WAT browning promotes lipid oxidation, increases energy 
expenditure, and reducing adiposity [19].

These white-to-beige transformations increase 
mitochondrial content and induce the expression of UCP-1, a 
thermogenic protein that boosts energy expenditure following 
stimulation [16,20,21]. UCP-1 expression in beige adipocytes 
is regulated by several transcription factors, primarily the 
proliferator-activated receptor gamma (PPARγ). In addition 
to transcription factors, coactivators such as the proliferator-
activated receptor-gamma coactivator 1 α and positive 
regulatory domain zinc finger region protein 16 (PRDM16) 
play essential roles. PPARγ recruits PRDM16 to form a core 
transcription complex that differentiates beige adipocytes 
from white adipocytes. This complex also recruits PGC1α, 
enhancing the thermogenic capacity and mitochondrial 
biogenesis in beige adipocytes [13,16,20,22,23]. Another 
browning pathway involves the activation of AMP-activated 
protein kinase (AMPK), which activates Sirtuin-1 (SIRT1), 
leading to deacetylation and enhanced interaction between 
PPARγ/PRDM16/PGC1α. Furthermore, AMPK can amplify 

PGC1α activity through phosphorylation, thereby fostering 
mitochondrial biogenesis [13,16,20,22–25].

Despite advances in understanding the developmental 
lineages and transcription factors that regulate brown and beige 
adipocytes, the role of environmental modifiers, such as dietary 
components and natural extracts, remains to be elucidated. 
Furthermore, the undesirable pleiotropic effects associated 
with synthetic drugs targeting adipose tissue browning and 
thermogenesis highlight the need for research on alternative 
natural sources to combat obesity and related metabolic 
disorders [16].

Lemongrass (Cymbopogon citratus) has gained 
attention because of the commercial value of its essential oil, 
which is widely utilized in food technology and traditional 
medicine. Lemongrass has also been shown to help reduce 
uric acid, cholesterol, blood pressure, and excess fat while 
stimulating digestion, blood circulation, and lactation [26]. An 
analysis of lemongrass essential oil, obtained through hydro-
distillation and characterized using gas chromatography-mass 
spectrophotometry (GC-MS), revealed that citral (a blend of 
neral and geranial) constitutes the primary component [27,28].

Citral has been shown to function as a PPARγ agonist 
[29,30]. When activated by citral, PPARγ can therapeutically 
address metabolic syndrome and lifestyle-related diseases 
[29–31]. PPARγ agonists are potent regulators of the browning 
process. PPARγ agonists are considered potential agents for 
inducing browning in adipose tissue [32,33].

Administration of lemongrass ethanol extract to 
3T3-L1 preadipocyte cultures significantly increased AMPK 
activity [34]. Following this activation, AMPK can activate 
SIRT1, following this activation, leading to the deacetylation 
and enhanced interaction with the PPARγ/PRDM16/PGC1α 
complex. Moreover, AMPK can also directly improve the 
PGC1α activity [13,16,25], illustrating that lemongrass 
essential oil, particularly its citral content, has the potential to 
act as a browning agent through the activation of both PPARγ 
and AMPK pathways. However, the effectiveness of citral 
as a browning agent has not yet been extensively explored 
in research. This study aimed to evaluate the citral content 
and its isomers in the essential oil of lemongrass leaves and 
stalks using GC-MS and computational analysis to examine 
its potential as a browning agent for WAT via the AMPK and 
PPARγ pathways. This study represents the first comprehensive 
interaction analysis of the interaction of all five citral isomers in 
lemongrass with AMPK and PPARγ.

MATERIALS AND METHODS

Plant material
Cymbopogon citratus was sourced from local 

lemongrass farmers in Wagir, Malang Regency, East Java, 
Indonesia (-9°59’4.51”N, 112°32’52.93”W). The species was 
authenticated as Cymbopogon citratus by Balai Materia Medica 
Laboratory in Batu, East Java, Indonesia, under determination 
number 067/1957/102.20/2023. Following harvesting, the 
lemongrass was thoroughly cleaned, and the leaves and the 
stalks were separated and then cut into small pieces ranging 
from 4 to 8 mm for distillation in their fresh form.
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Table 1. Active side residues in the binding pocket area and grid box coordinates for specific docking.

Protein PDB ID Active site
Grid box coordinate (A) References

Center Dimension

AMPK 4CFF Val11; Leu18; Lys29; Lys31; Ile46; Asn48; 
Val81; Arg83; Asp88; Phe90; Thr106; Arg107; 

Asn111; Val113; Ile115

X: -23.5676

Y: -9.2633

Z: 205.0694

X: 21.0932

Y: 22.3059

Z: 23.4946

[35]

PPARG 1FM6 Phe282; Gly284; Cys285; Gln286; Arg288; 
Ser289; His323; Ile326; Tyr327; Leu330; 
Leu333; Val339; Leu340; Ile341; Ser342; 

Met364; His449; Leu453; Leu465; Leu469; 
Tyr473

X: 17.6241

Y: -17.4264

Z: 11.2950

X: 27.9639

Y: 24.7435

Z: 25.0544

[36]

Table 2. Compounds of essential oils of lemongrass leaves and stalks.

No. Name of compound Molecular 
formula

Molecular 
weight

Lemongrass 
leaves

Lemongrass 
stalks

RT %A RT %A

1 Geranial* C10H16O 152 15.91 34.86 16.14 24.25

2 Neral* C10H16O 152 15.02 28.49 15.23 19.36

3 β-Pinene C10H16 136 7.89 12.01 7.91 3.02

4 Geranial diethyl acetal* C14H26O2 226 19.73 10.28 20.35 17.84

5 Isogeranial* C10H16O 152 13.37 1.81 13.37 1.29

6 Isoneral* C10H16O 152 12.86 1.28 12.85 0.83

7 5,5-Dimethyl-1-vinylbicyclo[2.1.1]hexane C10H16 136 7.87 1.19 − −

8 Linalool C10H18O 154 11.03 1.10 11.02 0.72

9 Geraniol C10H18O 154 15.59 0.92 15.72 0.94

10 Ethyl iso-allocholate C26H44O5 436 34.80 0.88 49.33 0.19

11 ß-Ocimene C10H16 136 9.21 0.56 9.21 0.58

12 1-Heptatriacotanol C37H76O 536 21.07 0.52 34.52 0.36

13 Selin-6-en-4a-ol C15H26O 222 24.56 0.51 24.59 8.95

14 Geranyl acetate C12H20O2 196 18.90 0.46 − −

15 7-epi-cis-sesquisabinene hydrate C15H26O 222 18.74 0.42 18.39 0.14

16 Citronellal C10H18O 154 12.51 0.41 12.51 0.43

17 trans-Chrysanthemal C10H16O 152 12.38 0.38 − −

18 9-Desoxo-9-x-acetoxy-3,8,12-tri-O-acetylingol C28H40O10 536 51.60 0.29 − −

19 Linalool formate C11H18O2 182 19.03 0.29 − −

20 6-Methyl-4,6-bis(4-methylpent-3-en-1-yl) cyclohexa-1,3-
dienecarbaldehyde

C20H30O 286 34.51 0.28 − −

21 Cyclopropanemethanol, 2-methyl-2-(4-methyl-3-pentenyl)- C11H20O 168 13.72 0.26 − −

22 Patchouli alcohol C15H26O 222 25.44 0.26 − −

23 2-Pentadecyn-1-ol C15H28O 224 10.65 0.19 − −

24 cis-a-Bergamotene C15H24 204 20.14 0.15 − −

25 α-Cadinol C15H26O 222 25.37 0.13 25.47 3.41

26 2-Isopropenyl-5-methylhex-4-enal C10H16O 152 16.56 0.12 17.33 0.11

27 1-Pentanol, 5-(methylenecyclopropyl)- C9H16O 140 10.80 0.12 − −

28 Isochavibetol C10H12O2 164 18.42 0.11 − −

29 1-Undecyne C11H20 152 12.08 0.10 − −

30 T-Muurolol C15H26O 222 − − 25.16 2.02

31 Intermedeol C15H26O 222 − − 25.53 1.82

32 a-epi-7-epi-5-Eudesmol C15H26O 222 − − 24.32 1.62

Continued
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No. Name of compound Molecular 
formula

Molecular 
weight

Lemongrass 
leaves

Lemongrass 
stalks

RT %A RT %A

33 1-Naphthalenol, decahydro-1,4a-dimethyl-7-(1-methylethylidene)-, 
[1R-(1a,4aß,8aa)]-

C15H26O 222 − − 26.34 1.50

34 Kusenol C15H26O 222 − − 24.97 1.36

35 Germacrene D-4-ol C15H26O 222 − − 23.58 1.03

36 a-acorenol C15H26O 222 − − 25.71 0.65

37 Kessane C15H26O 222 − − 28.87 0.61

38 Cadina-1(10),4-diene C15H24 204 − − 22.31 0.58

39 3,7-Cyclodecadiene-1-methanol, a,a,4,8-tetramethyl-, [s-(Z,Z)] C15H26O 222 − − 22.96 0.47

40 2-Naphthalenemethanol, decahydro-a,a,4a-trimethyl-8-methylene-, 
[2R-(2a,4aa,8aß)]-

C15H26O 222 − − 25.34 0.45

41 3-Buten-2-one, 3-methyl-4-(1,3,3-trimethyl-7-oxabicyclo[4.1.0]heptan-
1-yl)-

C14H22O2 222 − − 28.99 0.43

42 1-Naphthalenol, 1,2,3,4,4a,7,8,8a-octahydro-1,6-dimethyl-4-(1-
methylethyl)-, [1R-(1a,4ß,4aß,8aß)]-

C15H26O 222 − − 25.23 0.42

43 Cyclohexane, 1-ethenyl-1-methyl-2,4-bis(1-methylethenyl)-, 
[1S-(1a,2ß,4ß)]-

C15H24 204 − − 19.04 0.31

44 2,6-Octadien-1-ol, 2,7-dimethyl- C10H18O 154 − − 8.22 0.29

45 Cis-beta-Copaene C15H24 204 − − 21.31 0.29

46 Froggatt ether/4-Epi-cis-Dihydroagarofuran C15H26O 222 − − 21.86 0.25

47 2,5,5,8a-Tetramethyl-4-methylene-6,7,8,8a-tetrahydro-4H,5H-chromen-
4a-yl hydroperoxide

C14H22O3 238 − − 29.22 0.23

48 6-Octenal, 7-methyl-3-methylene- C10H16O 152 − − 12.29 0.23

49 Epiglobulol C15H26O 222 - − 25.91 0.22

50 Geranyl vinyl ether C12H20O 180 - − 18.92 0.19

51 (3S,3aR,3bR,4S,7R,7aR)-4-Isopropyl-3,7-dimethyloctahydro-1H-
cyclopenta[1,3]cyclopropa[1,2]benzen-3-ol

C15H26O 222 − − 22.16 0.18

52 9-Desoxo-9-x-acetoxy-3,8,12-tri-O-acetylingol C28H40O10 536 − − 51.59 0.15

53 a-Muurolene C15H24 204 − − 21.75 0.15

54 Muurolene C15H24 204 − − 22.08 0.15

55 Shyobunol C15H26O 222 − − 27.07 0.14

56 Methyl heptenone C8H14O 126 − − 7.80 0.13

57 Eucalyptol C10H18O 154 − − 8.97 0.13

58 (3R,3aR,3bR,4S,7R,7aR)-4-Isopropyl-3,7-dimethyloctahydro-1H-
cyclopenta[1,3]cyclopropa[1,2]benzen-3-ol

C15H26O 222 − − 21.65 0.12

59 Caryophyllene oxide C15H24O 220 − − 23.72 0.11

*: citral isomers; RT: retention times; %A: peak area.

Extraction
The lemongrass essential oil was extracted using 

steam-hydrodistillation. The distillation kettle was filled with 
water up to 5 cm below the filter level. The raw material was 
then placed in the filter, and water-vapor-carrying essential oil 
particles flowed through the pipe to the cooler, where the vapor 
condensed, allowing the essential oil to liquefy. The resulting 
essential oil was collected in a separator to distinguish it from 
water. An essential oil distillation apparatus with a capacity of 
3 kg to conduct the distillation over 4 hours at a temperature 
of approximately 100°C. The essential oil obtained from the 
lemongrass leaves and stalks was stored in a sealed glass bottle 
at room temperature and shielded from direct sunlight.

Gas chromatography-mass spectrometry
The GC-MS analysis of the essential oil derived 

from lemongrass leaves and stalks was conducted using a 
Thermo ScientificTM TRACE 1310 GC coupled with a Thermo 
ScientificTM ISQ LT Single Quadrupole Mass Spectrometer 
with an HP-5MS UI column (30 m × 0.25 mm × 0.25 µm) 
(5%-diphenyl, 95% dimethyl polysiloxane). GC-grade helium 
was utilized as a carrier gas at a 1 ml/minute flow rate, and 1 µl 
splitless injection was employed. The injector temperature was 
maintained at 300°C, and the source temperature was 250°C. 
The oven temperature was initially set to 50°C and held for 2 
minutes, then ramped to 280°C at 5°C/minute, maintained this 
temperature for 5 minutes. The identification and calculation of 
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the relative percentage of each component in the lemongrass 
essential oil were determined using the Thermo Fisher Scientific 
Chromeleon 7 software library.

Ligand preparation

The 3D structures of citral isomers, the AMPK agonist 
(cordycepin), and the PPARγ agonist (rosiglitazone) used as a 

control were retrieved from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/). The compound molecules were 
prepared for energy minimization using OpenBabel in PyRx 
0.8 software.

Protein preparation
The 3D structures of the target proteins AMPK (PDB 

ID: 4CFF) and PPARγ (PDB ID: 1FM6) were retrieved from 
the RCSB PDB database (https://www.rcsb.org/). Each protein 
was prepared by removing unnecessary molecules or atoms in 
preparation for the molecular docking process using the PyMol 
ver 2.6 software.

Molecular docking
Molecular docking was performed by targeting 

specific docking sites on the grid box and binding pocket of 
each protein using AutoDock Vina integrated into PyR× 0.8. 
The active site of the protein and coordinates of the grid box 
of the molecular docking area are listed in Table 1 [35,36]. 
The Molecular docking results were subsequently analyzed to 
compare the binding affinity values of each complex against 
the control compound for each protein, expressed in kcal/
mol. Compounds demonstrating the best binding affinity were 

Table 3. Binding affinity values of each compound that binds to 
AMPK and PPARγ.

Compound PDB ID/
PubChem ID

Binding affinity (kcal/
mol)

AMPK PPARγ

Cordycepin (AMPK Control) 6303 −7.0 −

Rosiglitazone (PPARγ Control) 1FM6 − −8.5

Geranial diethyl acetal (GDA) 5365794 −5.8 −5.5

Geranial 638011 −5.2 −5.3

Isogeranial 6428928 −5.2 −5.2

Isoneral 20837773 −5.1 −5.6

Neral 643779 −5.1 −5.4

Figure 2. Binding pocket and binding pose of (a) AMPK protein and (b) PPARγ protein.
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selected and visualized using Biovia Discovery Studio 2019 to 
analyze their interactions and optimal binding positions within 
the binding pocket [37].

Molecular dynamics
The interactions between the compounds and 

protein complexes exhibiting the highest binding affinity 
from molecular docking were further investigated to assess 
binding using molecular dynamics simulations. This simulation 
employed YASARA (Yet Another Scientific Artificial Reality 
Application) software, utilizing a modified AMBER14 force 
field [38]. Each complex was simulated for 20 ns under 
conditions mimicking cellular physiology (temperature 310K, 
pH 7.4, pressure 1 atm, and 0.9% NaCl) for 20 ns. The macro 
program utilized included md_runfast to start the simulation, 

md_analyze to analyze the root mean square deviation (RMSD) 
results, and md_analyzerez to evaluate the root mean square 
fluctuation (RMSF) results.

RESULTS

Compounds in essential oils of lemongrass leaves and stalks
The pale-yellow essential oils obtained from 

lemongrass leaves and stalks via steam distillation yielded 
0.28% and 0.27%, respectively. A total of 67 compounds 
were identified in the leaves, whereas 80 compounds were 
identified in the oil from the stalks, potentially contributing 
to their medicinal properties. The percentage values of the 
compounds in the essential oils of lemongrass leaves and stalks 
are presented in Table 2, and their corresponding spectral peaks 
are shown in Figure 1.

Figure 3. Visualization of lemongrass essential oil compound structure and interactions involved 
in molecular docking results with (a) AMPK and (b) PPARγ proteins. The red circle indicated the 
same amino acid residue in the active sites.
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Five isomers of citral were identified: geranial, neral, 
geranial diethyl acetal (GDA), isogeranial, and isoneral. The 
dominant compounds were geranial (trans-citral) and neral 
(cis-citral), with citral accounting for 63.35% of the total 
composition (comprising 34.86% geranial and 28.49% neral). 
The essential oil from the leaves contained 10.28% GDA, 
1.81% isogeranial, and 1.28% isoneral. In contrast, the essential 
oil from lemongrass stalks showed that citral accounted for 
43.60% citral (24.25% geranial and 19.36% neral), 17.84% 
GDA, 1.29% isogeranial, and 0.83% isoneral).

Interaction of citral isomers with AMPK and PPARγ proteins
Molecular docking analysis of citral isomers with 

AMPK and PPARγ revealed diverse results (Table 3). The 
docking of AMPK with the five citral isomers demonstrated 
varying binding affinities, ranked from the lowest to highest 
as follows: GDA at −5.8 kcal/mol, geranial at −5.2 kcal/mol, 
isogeranial at −5.2 kcal/mol, isoneral at −5.1 kcal/mol, and 
neral at −5.1 kcal/mol. In the case of PPARγ, the binding 
affinities for the citral isomers were also ranked from lowest 
to highest: at −5.6 kcal/mol, GDA at −5.5 kcal/mol, neral at 
−5.4 kcal/mol, geranial at −5.3 kcal/mol, and isogeranial at 
−5.2 kcal/mol. Although the binding affinity values of all 
compounds were lower than those of the control compounds 
with the AMPK agonist cordycepin at −7.0 kcal/mol and the 
PPARγ agonist rosiglitazone at −8.5 kcal/mol, all compounds 
demonstrated similar binding sites in the binding pocket of 
AMPK and PPARγ (Fig. 2).

Based on the analysis of the chemical interactions 
shown in Figure 3 and Table 4, most compounds interacted 

with identical amino acid residues as the active site residues and 
control compounds. GDA, isogeranial, and neral formed the 
same hydrogen bond at Lys31 along with several hydrophobic 
interactions with the active site residues of AMPK. In contrast, 
isoneral and geranial did not form hydrogen bonds but were 
supported by multiple hydrophobic interactions. GDA, 
isoneral, and isogeranial interaction with PPARγ also involved 
interactions with most of the residues in the binding pocket. 
Specifically, GDA forms hydrogen bonds at Cys285, isoneral 
at Tyr327, and isogeranial at Tyr473. In contrast, neral and 
geranial did not form hydrogen bonds but exhibited higher 
hydrophobic bonds than GDA, isoneral, and isogeranial.

Molecular dynamics
The RMSD backbone simulations of AMPK with 

all compounds indicated that geranial and neral demonstrated 
relatively good stability. Other compounds, including 
cordycepin and isoneral, exhibited high fluctuations with 
RMSD values exceeding 3Å. The RMSD Ligand Movement 
showed good stability for the neral, with cordycepin being 
the most unstable ligand. The RMSF graph for AMPK protein 
showed similar fluctuations during simulations with all ligands, 
particularly in residues Glu295, Gln145, and Cys173 (Fig. 4a).

The results of the molecular dynamics simulations of 
PPARγ are illustrated in Figure 4b, demonstrating relatively 
more stable protein-ligand interactions. The backbone protein 
RMSD graph indicated the stability of the protein when 
interacting with all compounds. The RMSD Ligand Movement 
analysis showed minor fluctuations with isoneral and geranial, 
while the other compounds did not exhibit significant movement. 

Table 4. List of chemical interactions on protein amino acid residues.

Protein Ligand
Position of chemical bonds

Hydrogen bond Hydrophobic interaction

AMPK Cordycepin (Control) B: Arg83; Tyr125 −

GDA A: Lys 31 A: Ile46; Phe90

B: Val81; Val 113

Isogeranial A: Lys 31 A: Val11; Leu18; Ile46, Phe90

B: Val113; Ile115

Neral A: Lys 31 A: Val11; Leu18; Ile46, Phe90

B: Val81; Val113; Ile115

Isoneral − A: Leu18; Lys29; Ile46; Phe90

B: Val81; Val113, Ile115

Geranial − A: Val11

B: Val113

PPARγ Rosiglitazone (Control) D: Ser289; Leu340; Tyr473 D: Cys285; Arg288; Leu330; Ile341

GDA D: Cys285 D: Arg288; His323; Ile326; Tyr327

Isoneral D: Tyr327 D: Cys285; Leu453; Met364; Tyr473

Neral − D: Phe282; His323; Ile326; Tyr327; His449; Leu453; Leu465; Leu469; Tyr473

Geranial − D: Phe282; His323; Ile326; Tyr327; His449; Leu453; Leu465; Leu469; Tyr473

Isogeranial D: Tyr473 D: Cys285; Arg288; His323; Ile326; Try327

Bold: Chemical interaction at the same residue as the control compound or active side of the protein
A/B/D: Protein chain.
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Specific amino acid residues, such as Lys263, His266, and 
Leu270, showed fluctuations in the RMSF graph but stabilized 
toward the end of the simulation.

DISCUSSION
The yields of lemongrass essential oil in this study 

were consistent with previous research, which indicated that 
lemongrass leaves typically contain essential oil concentrations 
ranging from 0.2% to 1.4% and can reach up to 3% [39]. 
Another study reported that the oil content in regular cuts 
should average 0.25%–0.50%, but with optimal management, 
it can reach 0.66%–0.90% [28]. The chemical composition of 
lemongrass essential oil varies depending on several factors, 
including geographic region, genetic differences, the plant part 
extracted, age of maturity, harvest season, drying method, and 
plant health status [40–43]. The findings align with those of 
previous research, which noted that the chemical composition 
of essential oils in lemongrass stalks is more significant than 
that in leaves [44–46].

In molecular docking, the binding affinity between 
a ligand and protein is defined as the average binding free 
energy in the conformation of all molecules in the molecular 

complex. A lower binding affinity value indicates a greater 
ease of interaction between the molecule and the protein [47]. 
While a low binding affinity in molecular docking can suggest 
limited interaction with proteins, it does not necessarily indicate 
a complete lack of interaction. The structural characteristics 
of citral compounds and their binding sites on proteins can 
significantly influence their interaction [48]. Further research 
is required to investigate the targeting mechanisms of citral 
compounds in the upstream and downstream pathways beyond 
AMPK and PPARγ.

The chemical bonds and interactions between 
compounds and proteins contributed to the stability of these 
interactions. Several types of interactions are involved, 
including hydrogen bonds, hydrophobic bonds, and van der 
Waals interactions [49]. The binding sites of all compounds 
were more proximal to the active site area than that of the 
control compound, cordycepin, suggesting the potential of 
these compounds as potent agonists of AMPK. Binding sites 
were also similar to the control PPARγ agonist, rosiglitazone, in 
the binding pocket, indicating the potential of these compounds 
to activate PPARγ. These interactions strongly supported the 

Figure 4. Molecular dynamics of protein (RMSD Backbone Protein), ligand (RMSD Ligand Movement), and stability of a) AMPK 
and b) PPARγ amino acid residues during simulation.
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stability of compound interactions with AMPK and PPARγ 
[50].

This research is supported by previous studies 
showing that the administration of citral suppresses lipogenesis 
in prostate cancer cells through the activation of AMPK 
phosphorylation [51], and that the administration of anethanol 
extract of lemongrass in 3T3-L1 preadipocyte cultures increases 
AMPK activity [34]. Citral inhibits lipopolysaccharide-induced 
acute lung injury by activating PPARγ both in vitro and in vivo 
[30]. As a lemongrass oil component, citral activated PPARγ in 
cell-based transfection assays, potentially offering therapeutic 
benefits for addressing metabolic syndrome and lifestyle-
related diseases [29].

The interaction of all compounds with the active site of 
AMPK suggests potential agonistic activity, as they bind near the 
cordycepin-binding area in the AMPK-binding pocket. AMPK 
is a heterodimer complex comprising α-catalytic subunits and 
β- and γ- regulatory subunits [52]. Three mechanisms of AMPK 
activation by activator molecules have been identified: indirect 
activation by increasing intracellular AMP and ADP levels, 
direct activation by binding to the allosteric binding site, and 
activation that mimics the character of AMP or ATP for binding 
to the γ-subunit [53].

Cordycepin, a bioactive compound from Cordyceps 
militaris, was used as a control compound because of its ability 
to activate AMPK by acting as an AMP analogue in the form 
of cordycepin monophosphate, which binds to the γ1-subunit 
[54]. The structure of the compounds in lemongrass essential 
oil presented marked variations and conformations compared 
to cordycepin, as evidenced by the difference in binding sites 
between the compounds and cordycepin (Fig. 3). Most of 
the compounds could bind specifically to the allosteric drug 
and metabolite (ADaM) site of AMPK. The ADaM site is 
located between the kinase domain of the α-subunit and the 
carbohydrate binding module on the β-subunit [55]. Direct 
activation at this site can enhance AMPK via allosteric kinase 
or prevent dephosphorylation at Thr-172, thus inhibiting AMPK 
inactivation [56]. Therefore, the binding of these compounds to 
the ADaM site has the potential to exert an agonistic effect on 
AMPK.

As a critical regulator of the adipocyte browning 
process, AMPK plays a vital role in modulating adipogenesis 
by inhibiting the mammalian target of the rapamycin signaling 
pathway, demethylation of PRDM16, and activation of PPARγ 
[57]. Several signaling cascades, including PGC1α, PPARγ, 
mitochondrial fission factor, and unc-51-like autophagy 
activating kinase 1, contribute to white adipocytes’ browning 
process [58,59].

The binding affinity values and specific binding 
residues of each compound in lemongrass essential oil 
support the potential PPARγ agonist activities of most 
compounds. Rosiglitazone, a control compound, belongs to 
the thiazolidinediones, a group of antidiabetic agents that 
function as PPARγ agonist ligands [60]. PPARγ is a type II 
nuclear receptor that functions as a transcription factor [61]. 
The activation of PPARγ by rosiglitazone involves several 
critical amino acid residues, including Ser289, His323, 

His449, and Tyr473, which form hydrogen bonds [62]. The 
interactions formed by most compounds had identical binding 
residues as rosiglitazone, suggesting a similar PPARγ agonist 
activity. PPARγ and CCAAT-enhancer-binding proteins alpha 
(C/EBP-α) are essential for adipogenic differentiation and are 
expressed in mature adipocytes at the late adipogenic stage 
[63,64]. In 3T3-L1 fibroblast cells, the expression of the 
transcription factors PPARγ and C/EBP-α was also shown to 
be involved in the regulation of adipogenic-related genes [65]. 
PPARγ agonists may enhance the stabilization of PRDM16 
protein, recruit PRDM16 to gene targets of PPARγ, increase 
its formation, and strengthen the PRDM16-PPARγ complex, 
thereby maintaining thermogenic capacity in beige adipocytes 
[32,33,66]. Activation of the complex modulates the expression 
of early B-cell factor and UCP-1, both crucial for the adipocyte 
browning process [67].

Molecular dynamics simulations of each complex 
were analyzed using parameters such as the RMSD Backbone 
Protein, RMSD Ligand Movement, and RMSF. The RMSD 
backbone protein indicated protein stability, while RMSD 
ligand movement represented the stability of ligands during 
simulation. RMSF measures the fluctuation stability of each 
amino acid residue throughout the simulation [68]. An RMSD 
value is considered stable if it does not exceed 3Å [38,69]. 
Elevated RMSF values at specific residues indicate instability 
of the corresponding amino acid during the interaction [70]. 
The molecular dynamics results suggested that GDA and 
neral were potentially more effective agonists and exhibited 
more excellent stability than cordycepin, which served as a 
control. Based on all the parameters assessed, the interaction 
of these compounds with PPARγ demonstrated good 
stability, indicating that they could function as competitive 
agonists alongside existing activator compounds, including 
rosiglitazone.

CONCLUSION
The citral content and its isomers in lemongrass 

essential oil have demonstrated potential as browning agents of 
WAT in obesity management through the activation of AMPK 
and PPARγ. GDA and neral emerged as the most potentially 
stable compounds acting as AMPK agonists by directly 
activating their allosteric sites. Additionally, GDA, isoneral, 
and neral exhibited characteristics indicative of PPARγ agonists 
by stabilizing their binding to the protein’s active site of the 
protein. This research establishes a foundation for further in 
vitro and in vivo studies to validate these effects.
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