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A B S T R A C T   

This study aimed to identify the key volatile compounds in two types of processed arabica coffee husk tea, 
elucidate their olfactory characteristics, and investigate their antioxidant and anti-inflammatory activities. 
Sensory evaluation indicated differences between the two groups. A total of 64 and 99 compounds were iden-
tified in the C and FC groups, respectively, with 5 identified as key aroma compounds (ROAV≥1). Molecular 
simulations indicated that four common key aroma compounds were successfully docked with OR1A1 and 
OR5M3 receptors, forming stable complexes. Furthermore, 14 volatile compounds interacted with 140 targets 
associated with oxidation and inflammation, linking to 919 gene ontology (GO) terms and 135 kyoto encyclo-
pedia of genes and genomes (KEGG) pathways. Molecular simulations revealed that these volatile components 
showed antioxidant and anti-inflammatory effects by interacting with core receptors through several forces, 
including van der Waals, Pi-alkyl, and Pi-cation interactions and hydrogen bonds.   

1. Introduction 

Coffee husks represent the initial by-product generated during coffee 
production, comprising approximately 45–50% of the coffee cherries 
and an yielding around 160,000 tons annually (Li, Wei, et al., 2023; Li, 
Wu, et al., 2023; Li, Yuan, et al., 2023; Li, Zhou, et al., 2023). The 
rational utilization of coffee husks has emerged as a global imperative 
demanding resolution. However, improper handling of coffee husks can 
result in rapid structural degradation and environmental contamination, 
posing a risk to human health (Fernandes et al., 2017). Using coffee 
husks as a food source, such as in coffee husk tea preparation, is a 
rational approach due to their abundant bioactive compounds, which 
offer significant health benefits (Sales, Cunha, et al., 2023; Sales, 
Iriondo-DeHond, et al., 2023). Coffee husk tea is referred to by a variety 
of names in different countries, including “sultana” in Bolivia, “qishr” in 
Yemen, “hashara” in Ethiopia, and “cascara” in El Salvador and 

Colombia (DePaula et al., 2022). Traditionally, it has been consumed as 
a tea-like beverage or medicinal infusion, appreciated for its delectable 
taste profile and nutritional attributes (DePaula et al., 2022). The pro-
duction of coffee husk tea involves using husks from fully matured coffee 
cherries, which undergo various drying techniques. The European Food 
Safety Authority (EFSA) authorized the application of coffee husk tea as 
a novel food in the European market (Sales, Cunha, et al., 2023; Sales, 
Iriondo-DeHond, et al., 2023). Considering the intrinsic coffee husk tea 
and its historical consumption as a food, EFSA has deemed further 
toxicological investigations unnecessary while asserting a minimal risk 
of allergic reactions (Sales, Cunha, et al., 2023; Sales, Iriondo-DeHond, 
et al., 2023). Nevertheless, coffee is susceptible to mycotoxin contami-
nation, especially ochratoxins which are classified as possibly carcino-
genic to humans (Group 2B) by the International Agency for Research on 
Cancer (IARC) (Paterson et al., 2014). Hence, the correct utilization of 
the coffee husk holds significant importance. 
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In China, coffee husks have traditionally been used to prepare tea- 
like beverages over an extended period of time. The coffee husk tea 
has been reported to exhibit potent in vitro antioxidant, anti- 
inflammatory, antibacterial, adipogenic, and lipolytic properties 
(Heeger et al., 2017; Sales, Cunha, et al., 2023; Sales, Iriondo-DeHond, 
et al., 2023). The aroma of infused coffee husk tea has aromatically 
sweet, floral, tea-like, herbal, woody, prune-like, fruity, and honey notes 
(DePaula et al., 2022; Kristanti et al., 2022). A previous study demon-
strated that the aromas could exhibit their olfactory characteristics by 
binding the OR8D1, OR7D4, OR5M3, OR2W1, OR1G1, and OR1A1 re-
ceptors to form van der Waals, Pi-sigma, Pi-alkyl, alkyl, and Pi-cation 
interactions and hydrogen bonds after the molecular docking analysis 
(Mei et al., 2023). To date, there is still a lack of literature on the 
identification and characterization of key aroma compounds in coffee 
husk tea, along with their corresponding biological activities. 

Certain aroma compounds derived from plants exhibit distinct aro-
matic characteristics and significant biological activities. Monoterpenes 
are associated not only with fruity, floral, and minty aromas but also 
exhibit several bioactivities, including antimicrobial, antidiabetic, hep-
atoprotective, cardioprotective, and neuroprotective effects (Paulino 
et al., 2022). The aroma compound β-ionone is found in various plant 
organs, including roots, stems, leaves, flowers, and fruits. It possesses 
several beneficial effects on human health, such as anti-cancer, anti-
bacterial, anti-inflammatory, antimicrobial activities and regulation of 
blood lipid levels (Hou et al., 2023; Huang et al., 2024). Volatile com-
pounds such as N-capric acid isopropyl ester, (E)-octadec-11-enoic acid, 
and 2H-pyran-2,4(3H)-dione found in Synechococcus sp. biomass have 
been identified as potential regulators for Alzheimer's disease (Xie, 
Chen, et al., 2023; Xie, Wang, et al., 2023). Network pharmacology of-
fers a means to investigate the intricate interplay among drugs, com-
ponents, targets, and diseases, providing a highly efficient approach for 
the targeted screening of potent molecules within complex mixtures 
(Mei & Chen, 2023). Furthermore, the computer-based techniques such 
as molecular docking and molecular dynamics simulation analysis are 
effective methods for evaluating the binding affinity and stability of the 
complex (Zhao et al., 2024). 

In this study, the volatile compounds from two different arabica 
coffee husk tea processing methods were identified, and their odor 
characteristics, along with potential antioxidant and anti-inflammatory 
activities, were investigated using flavoromics, targeted screening, and 
in silico methodologies. 

2. Materials and methods 

2.1. Coffee husk tea samples 

Fresh arabica coffee cherries were harvested from Baoshan City, 
Yunnan Province, China. Subsequently, the coffee husks, free from any 
pests, diseases, or signs of decay, were used to produce husk tea and 
comprised two groups (Fig. S1). In the coffee husk tea (C) group, 5 kg 
fully mature coffee cherries were washed, drained, peeled, and dried at 
45 ◦C to approximately 5% moisture content. In the fermented coffee 
husk tea (FC) group, the samples were treated the same way as the C 
group, followed by fermentation of the husks in the fermenter (23 ±
1 ◦C) to induce anaerobic conditions, according to the method described 
by Batista Da Mota et al.'s (2022) methods with some modifications. 
Each fermenter was filled with approximately 10 L of pulped coffee 
husks for 48 h fermentation (Fig. S1). Subsequently, all samples were 
dried to achieve a moisture content of 5%. A total 20 g was randomly 
weighed six times from a 1 kg sample as six biological replicates (n = 6). 

2.2. Chemicals 

The 2-methyl-3-heptanone (purity>99%) was purchased from 
Sigma-Aldrich Corporation (MO, USA). Helium (He, purity>99.999%) 
was purchased from Wuhan Newride Trading Co., Ltd. (Wuhan, China). 

The DB-WAX (30 m × 0.25 mm × 0.25 μm) column was purchased from 
Agilent Technologies(CA, USA). 

2.3. Sensory evaluation 

The samples (20 g) were placed in a beaker, and 100 mL of boiling 
water was added for rapid brewing. The water was promptly decanted, 
and the samples were incubated for 30 s. Subsequently, another 100 mL 
of boiling water was added, and sensory evaluation was conducted once 
the temperature was below 50 ◦C. 

Professional panelists comprising four males and five females with 
an average age of 30 years, were recruited from Yunnan Agricultural 
University in China. The panelists had been trained to evaluate the 
sensory characteristic of tea and different beverages according to the 
Chinese national standard procedure (Li, Wei, et al., 2023; Li, Wu, et al., 
2023; Li, Yuan, et al., 2023; Li, Zhou, et al., 2023). After the training, a 
comprehensive discussion was conducted to precisely determine the 
appropriate terminology for describing the flavor characteristics of both 
coffee husk teas. Before the commencement of the sensory experiment, 
all participants were thoroughly briefed on the experimental details, and 
their informed consent was obtained. The study protocol received 
ethical approval from the Research Ethics Committee of Yunnan Agri-
cultural University. The sensory attributes assessed included aromatic, 
acidity, fatty, medicine-like, grassy, floral, fruity, sweet, and after-taste 
characteristics. The maximum score for each sensory attributes was 5. 
Each panelist rated the quality of the two coffee husk tea samples by a 
multi-index comprehensive evaluation method. 

2.4. Analysis of volatile compounds 

2.4.1. HS-SPME extraction 
The headspace solid-phase microextraction (HS-SPME) was used for 

volatile compound extraction according to the method of Li, Wei, et al. 
(2023)), Li, Wu, et al. (2023)), Li, Yuan, et al. (2023)) and Li, Zhou, et al. 
(2023)) with some modifications. Briefly, the 50/30 μm divinylben-
zene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) extraction 
head (Supelco, Bellefonte, USA) was first heated at 250 ◦C for 15min to 
eliminate the effects of impurities. Chopped finger citron samples (2 g) 
was weighed into a 20mL headspace bottle and brewed with 10 mL 
boiling water following the Section 2.3. Afterward, 5 mL of the sample 
was supplemented with a 10 μL aliquot of an internal standard solution 
containing 2-methyl-3-heptanone (0.408 mg/mL) for testing. 

2.4.2. GC–MS analysis 
An Agilent 7890B–5977B gas chromatography–mass spectrometry 

(GC–MS) system (Agilent Technologies, CA, USA) equipped with a DB- 
WAX (30 m × 0.25 mm × 0.25 μm) column was used for volatile com-
pound detection according to the method of Xu et al. (2022) with some 
modifications. He was used as carrier gas with a flow rate of 1 mL/min. 
The injector temperature was maintained at 260 ◦C with a splitless inlet. 
The temperature in the GC oven was maintained at 40 ◦C for 5 min, and 
then raised to 220 ◦C at a rate of 5 ◦C/min and to 250 ◦C at a rate of 
20 ◦C/min and maintained for 2.5 min. MS condition setup was as fol-
lows: electron ionization source was used with an electron energy of 
70eV, a ion source temperature 230 ◦C, a quadrupole temperature 
150 ◦C and a full scan mode (20–400 m/z). 

2.4.3. Qualitative and quantitative of volatile compounds 
The recorded mass spectra was compared with the National Institute 

of Standards and Technology (NIST) 14.0 database to qualitative and 
quantitative the volatile compounds. The retention index (RI) was 
calculated by using the retention time of n-alkanes as the standard and 
combined with the known RI for the characterization (Xu et al., 2022). 
The retention index was calculated as shown in Eq. (1). 
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RI = 100×n+
100(TV − Tn)

Tn+1 − Tn
(1)  

Tv, retention time of chromatographic peak of volatile compounds; Tn, 
Tn+1, retention time of n-alkanes Cn and Cn+1. 

The relative content of each volatile compound was calculated based 
on the peak area normalization method (Eq. 2). 

Relative content (%) =
M
N
× 100% (2)  

M, peak area of aroma compounds of individual component. N, overall 
peak area. 

2.4.4. Determination of relative olfactory activity value (ROAV) 
The ROAVi of the component that contributes the most to the overall 

flavor of the sample was defined as 100, the ROAV of other components 
(i) was calculated according to the Eq. (3) (Li, Wei, et al., 2023; Li, Wu, 
et al., 2023; Li, Yuan, et al., 2023; Li, Zhou, et al., 2023). 

ROAVi ≈
Ci × Tmax

Cmax × Ti
×100 (3)  

Ci, the content of an aroma compound in sample (%), Ti, the aroma 
threshold of a compound in water (μg/kg); Cmax and Tmax, the relative 
content and aroma threshold of the compound that contributed the most 
to the sample flavor, respectively. 

2.5. Target prediction 

To explore the potential antioxidant and anti-inflammatory effects of 
14 key aroma compounds identified from Section 2.4, the targeted 
network screening was conducted. The SMILES number of 14 key aroma 
compounds was obtained from the PubChem database (https://p 
ubchem.ncbi.nlm.nih.gov/). The compounds targets were collected 
using the Swiss Target Prediction database (http://www.swisstarget 
prediction.ch/) and TargetNet database (http://targetnet.scbdd. 
com/calcnet/index/). 

The oxidative stress and inflammation related targets were collected 
through DisGeNet database (http://www.disgenet.org/, with a score of 
≥0.3), and GeneCards database (https://www.genecards.org/, with a 
relevance score of ≥2) (Hong et al., 2023; Mei & Chen, 2023). These 
targets were combined and duplicates were removed and considered as 
relevant targets for oxidative stress and inflammation. Venn diagrams of 
compounds and the oxidative stress and inflammatory targets were 
drawn using the Bioinformatics website (https://www.bioinformatics. 
com.cn/). 

2.6. Network and pathway construction 

A network connecting the targets of key volatile compounds in 
arabica coffee husk tea with oxidative stress and inflammation-related 
targets was established based on a previous study (Cai et al., 2023). 
Briefly, the Network Analyzer (Cytoscape 3.8.2 software, University of 
California, San Diego, California, USA) and the STRING 12.0 database 
(https://string-db.org/) were used to generate a protein-protein inter-
action (PPI) network with a minimum required interaction score of 0.7. 
The network topology parameters (degree) and key targets were then 
determined. Furthermore, GO and KEGG pathway enrichment analyses 
were performed using the DAVID database (https://DAVID.ncifcrf.gov/ 
), with the top 10 pathways determined based on their p-values. 

2.7. Molecular docking analysis 

Molecular docking analysis was performed following the method 
described by Mei et al. (2023). The information on ligands and receptors 
is presented in Table S1. The center coordinates were set as x = 47.25 Å, 

y = 34.50 Å, z = 47.25 Å. Docking and visual analysis of the three- 
dimensional (3D) and two-dimensional (2D) binding processes were 
performed using PyMOL (DeLano Scientific LLC, USA), AutoDockTool 
1.5.7 (Scripps Research, USA), and Discovery Studio 2019 (BIOVIA Inc., 
France) software. 

2.8. Molecular dynamic simulations 

Molecular dynamic simulations of complexes OR1A1–2-heptanol, 
OR1A1-butyrolactone, OR5M3-damascenone, HSP90AA1-benzyl 
alcohol, TNF-benzyl alcohol, and SRC-benzyl alcohol were performed 
using AMBER 18 software. The preparation for molecular dynamics 
simulation followed the methodology outlined by Salomon-Ferrer et al. 
(2013). Subsequently, molecular dynamic simulations were conducted 
for 100 ns. The root-mean-square deviation (RMSD), radius of gyration 
(RoG), solvent accessible surface area (SASA), and number of hydrogen 
bonds were computed to assess the stability of the seven complex 
systems. 

2.9. Statistical analysis 

All experiments were conducted six times. Spider diagrams and 
principal component analysis (PCA) were generated using Origin 2022 
software(OriginLab Co., LTD, USA). Multivariate analysis, including 
heat map and partial least squares discriminant analysis (PLS-DA), were 
performed using SIMCA-P 14.1 software(Umetrics Co., LTD, Sweden). 
One-way analysis of variance followed by Duncan's post hoc analysis was 
performed using SPSS Statistics version 21 software (IBM, NY, USA). p <
0.05 was considered statistically significant difference. 

3. Results and discussion 

3.1. Sensory evaluation of coffee husk tea 

The spider diagram in Fig. 1a illustrates the sensory scores of the two 
sample groups. Differences in sensory attributes were observed between 
the C and FC groups. Specifically, the FC group showed decreased aro-
matic, acidity, after-taste, and grassy flavors while showing increased 
intensity in sweet and medicine-like qualities compared to the C group. 
These observations could be associated with the metabolic activity of 
microorganisms during fermentation, resulting in the consumption of 
nutrients such as sugars and proteins, thereby decreasing the formation 
of flavor compounds. Additionally, fermentation induced changes in the 
composition of flavor precursors, consequently contributing to differ-
ences in aroma profiles during the brewing process (Sales, Cunha, et al., 
2023; Sales, Iriondo-DeHond, et al., 2023). 

3.2. Volatile compounds identification and screening 

A total of 10,110 peaks were detected in the total ion chromatograms 
of both groups of coffee husk tea (Fig. S2). Further screening identified 
64 and 99 volatile compounds with chemical abstracts service (CAS) 
numbers in the C and FC groups, respectively (Supplementary Data). 
PCA and PLS-DA revealed complete separation of the samples into two 
clusters, with further permutation tests confirming no over fitting 
(Fig. 1b-c). These results indicated that different processing methods for 
coffee husk tea could lead to different flavor profiles. Furthermore, 
compounds with variable importance for the projection (VIP) scores>1 
and p-value<0.05 were considered significantly different. A total of 14 
volatile compounds, including 3 aldehydes, 3 alcohols, 3 ketones, 2 
naphthalenes, and 3 others, were identified as significantly different 
(Fig. 1d and Table 1). Additionally, 5 key volatile compounds 
(ROAV≥1) were identified (Table 1). Consequently, the C group 
exhibited higher abundances of “acidity”, “floral”, “green”, and “fatty” 
aromas, while the FC group showed a greater prevalence of “medicine- 
like” and “sweet” aromas. These findings were subjected to further 
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discussion. 
The ROAV is commonly used to assess the contribution of volatile 

compounds to aroma. A ROAV value greater than one generally in-
dicates a crucial contribution of the volatile compound to the aroma, 
while between 0.1 and 1 suggest that the compound has some effects on 
the aroma (Li, Wei, et al., 2023; Li, Wu, et al., 2023; Li, Yuan, et al., 
2023; Li, Zhou, et al., 2023). It has been demonstrated that volatile al-
dehydes and alcohols are essential components contributing to coffee 
aroma (Wang et al., 2023). Aldehydes are characteristic flavor sub-
stances with low thresholds (Lin et al., 2024). Hexanal, an oxidation 
product of linoleic acid contributes to fresh, green, fatty, and grassy 
aromas (Xie, Chen, et al., 2023; Xie, Wang, et al., 2023). Furfural can 
produce a roasted coffee bean-like, fragrant, bread, woody, sweet, 
caramel, and cinnamon odors (Gao et al., 2023; Wang et al., 2023). 
Octanal has significant fatty, fruity, orange peel, and lemon aroma 
characteristics (Fang et al., 2024). Among these three aldehydes, only 
hexanal in the C group demonstrated an ROAV >1, indicating a higher 
contribution to grassy and green odors within this subgroup (Table 1). 
Conversely, all ROAV values for different volatile aldehydes in the FC 
group were lower than those in the C group, suggesting that self-induced 
anaerobic fermentation had a modifying effect (Table 1). 

Alcohols typically contribute distinct floral, sweet, and fruity 
aromas, which harmonize effectively with beverage aromas (Li, Wei, 
et al., 2023; Li, Wu, et al., 2023; Li, Yuan, et al., 2023; Li, Zhou, et al., 
2023). They also serve as an aromatic compound in coffee husk. 3-Hep-
tanol was detected in wet primary processing treatments of arabica 

coffee husk with arctic bramble, melon, fruit-fresh, and mushroom 
aromas (Li, Wei, et al., 2023; Li, Wu, et al., 2023; Li, Yuan, et al., 2023; 
Li, Zhou, et al., 2023; Wan et al., 2024). In this study, 2-heptanol was 
detected in both sample groups with ROAV values >1 (Table 1), and the 
FC group showed lower levels than the C group. This observation could 
be attributed to fermentation depleting the contents of coffee husk. 

Ketones are commonly associated with tallow, burnt, and floral 
aromas, which gradually intensify with the elongation of the carbon 
chain (Xu et al., 2024). Butyrolactone and damascenone, with remark-
ably low odor thresholds, significantly contribute to the “floral” and 
“fruit” aroma profiles (Lan et al., 2021; Tian et al., 2023). Butyrolactone 
and damascenone had ROAV values of >10 in both sample groups 
(Table 1), indicating the significant influence of ketones the aromatic 
profile of coffee husk tea. Ketones primarily originate from processes 
such as the Maillard reaction, thermal modification of amino acids in 
food, and oxidation of free fatty acids (Sevindik et al., 2022). Therefore, 
differences in aroma between the two groups may have emerged during 
the brewing process. Naphthalene belongs to a class of polycyclic aro-
matic hydrocarbon compounds known for their distinctive pungent 
naphthyl and sweet odors (Li et al., 2024). This is consistent with the 
from evaluation findings. Aroma contribution analysis through network 
analysis revealed a complex correlation among the aromas of differen-
tial volatile compounds (Fig. S3), suggesting that the presence of one 
aroma compound could either enhance or suppress the perception of 
another. Therefore, this interplay is also one of the factors contributing 
to the variations in aroma observed among different types of tea made 

Fig. 1. Sensory evaluation and multivariate statistical analysis. (a) Sensory evaluation of C and FC group samples; (b) principal component analysis (PCA); (c) partial 
least square discriminate analysis (PLS-DA) and its permutation test; (d) heatmap of different volatile compounds. 
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from coffee husk. 

3.3. Simulation analysis of key aroma perception 

Elucidating the binding characteristics and differential mechanisms 
between ligands and receptors through molecular docking is crucial for 
understanding fundamental biological processes (Harini & Sowdhamini, 
2015). Four key differential compounds (ROAV>1) in the two coffee 
husk tea samples, namely, 2-heptanol, butyrolactone, damascenone, and 
1-methylnaphthalene, predominantly contributed the aroma profiles of 
“floral”, “fruity”, “fatty”, “sweet”, and “medicine-like”. However, some 
1-methylnaphthalene might be produced in the SPME extraction pro-
cess. Therefore, 2-heptanol, butyrolactone, damascenone were used to 
investigate their binding interactions with six of the most widely studied 
olfactory receptors, including OR8D1, OR7D4, OR5M3, OR2W1, 
OR1G1, and OR1A1 (Mei et al., 2023). The binding affinity of the above 
three compounds to these six olfactory receptors, as presented in 
Table S2, was lower than − 3.1 kcal/mol, indicating a spontaneous 
interaction between them. Butyrolactone and 2-heptanol showed the 
most favorable binding energies (− 4.5 and − 5.0 kcal/mol, respectively) 
with the OR1A1 receptor. Notably, the complexes formed between 
OR1A1 and 2-heptanol or butyrolactone were engaged in four hydrogen 
bonds at Asn109, Ile105, Asn109, and Asn155 residues (Fig. 2a-b). 
Moreover, these compounds showed hydrophobic interactions with 
Phe206, Val203, Tyr258, Val254, Phe206, Gly202, Asn155, and Try258 
at the binding site of OR1A1 (Table S2). These results suggested that 
butyrolactone and 2-heptanol of arabica coffee husk tea might generate 
fruity, fresh, and sweet aromas by activating OR1A1. The damascenone 
compounds exhibited the highest binding affinity (− 7.6 kcal/mol) to-
wards OR5M3, forming six hydrophobic interactions at Ala201, Phe205, 
Tyr250, Leu253, Ile254, and Try257 (Table S2 and Fig. 2c). Previous 
research has shown that hydrophobic amino acid residues create a 
favorable hydrophobic environment for odorants, facilitating their 

stable binding (Sun et al., 2024). These results implied that activation of 
the OR5M3 receptor may potentially generate “floral” aromas. 

In this study, the stability and binding ability of the four complexes, 
including OR1A1–2-heptanol, OR1A1-butyrolactone, and OR5M3- 
damascenone were further investigated using molecular dynamic 
simulation. RMSD serves as a quantitative indicator of the system's 
stability. The fluctuation of RMSD values of the complexes remained 
within a reasonable range, indicating that the structural equilibrium of 
the complexes within the system was preserved throughout the simu-
lation (Zhao et al., 2023). The RMSD of the four complexes with the 
lowest binding energy, which ranged from 2 Å to 4 Å over the 0–100 ns 
interval, are shown in Fig. 4a. RoG and SASA can serve as character-
ization parameters for assessing changes in protein structure during 
molecular dynamic simulations. The RoG can also help assess for the 
assessment of molecular stability and motion characteristics (Zhao et al., 
2024). The SASA method enables the prediction of conformational 
changes upon binding and is widely used for assessing protein accessi-
bility (Pan et al., 2021). The RoG value of the four complexes showed a 
consistent fluctuation within the range of 21–22 Å throughout the 
simulation (Fig. 3b-c), demonstrating no significant difference. Addi-
tionally, the SASA value of four complexes fluctuated between 
16,000–18,000 Å2. This observation suggested that the binding of 
complexes induced minimal conformational changes, thereby demon-
strating their remarkable stability. In molecular dynamics simulations of 
this dynamic system, hydrogen bonds were considered stable when the 
fluctuation in the number of hydrogen bonds formed between ligands 
and acceptors is minimal (Zhao et al., 2024). During the 100 ns simu-
lation, a certain number of hydrogen bonds were observed in complexes 
at any given time (Fig. 3d). These findings demonstrated that the core 
aroma compounds in coffee husk tea exhibited showed their distinct 
flavor characteristics by binding to the OR1A1 and OR5M3 receptors. 

Table 1 
Aroma characteristics and ROAV values of 14 key different volatile compounds.  

No. Volatile compounds RT 
(min) 

RI OT 
(μg/ 
kg) 

Odor description Relative content 
(%) 

ROAV 

Calculate Reference C FC C FC 

1 Hexanal 7.86 1102 1090 4.50a Fresh, green, fatty, grassy 5.34 ±
0.95 

3.62 ±
0.86 

1.59 1.08 

2 Octanal 14.32 1311 1301 3.4b Fatty, fruity, orange peel, lemon 1.43 ±
0.41 

1.04 ±
0.25 

0.57 0.41 

3 Furfural 19.20 1439 1462 282c Fragrant, bread, woody, sweet, caramel, 
cinnamon, baked, almond 

4.06 ±
0.83 

2.41 ±
0.57 0.02 0.01 

4 2-Heptanol 15.64 1346 1318 0.1h Arctic bramble, melon, fruit-fresh, 
mushroom, lemon, citrus 

1.97 ±
0.94 

0.69 ±
0.27 26.48 9.2 

5 2,3-Butanediol 22.33 1520 1553 95.1i Fruity, onion 3.52 ±
0.51 

0.03 ±
0.00 

0.05 0.00 

6 Benzyl alcohol 28.89 1690 1821 100a Aromatic, floral, sweet, bitter almond 1.32 ±
0.26 

0.75 ±
0.11 

0.02 0.01 

7 6-Methyl-5-hepten-2-one 15.83 1351 1337 50ac 
Pepper, apple, mushroom, citrus, musty, 
rubber, nutty, green, hazelnut, bitter, 
lemongrass 

0.46 ±
0.26 

0.03 ±
0.00 

0.12 0.00 

8 Butyrolactone 23.30 1546 1595 0.02e Apple, pineapple, sweet, caramel 1.13 ±
0.19 

0.24 ±
0.10 

75.94 16.13 

9 Damascenone 27.77 1762 1774 0.05f Roses, plums, pomelo, raspberries, apple, 
honey, tobacco, sweet 

3.72 ±
1.23 

1.48 ±
0.29 

100 39.78 

10 1-Methylnaphthalene 28.26 1774 1844 0.1g medicinal, sweet, vanilla-like 
0.18 ±
0.06 

1.31 ±
0.33 2.42 17.61 

11 Naphthalene 25.81 1611 1694 6.00d Phenolic, mothballs, greasy, oily, 
pungent, tarry 

0.51 ±
0.14 

0.92 ±
0.21 0.11 0.21 

12 1H-Pyrazole, 4,5-dihydro-5,5- 
dimethyl-4-isopropylidene- 

22.60 1527 – – – 
0.82 ±
0.14 

0.03 ±
0.00 

– – 

13 2,2,4,6,6-Pentamethylheptane 4.47 855 915 – Alkane-like 0.83 ±
0.39 

0.97 ±
0.48 

– – 

14 1-Octadecanesulphonyl chloride 17.57 1398 – – Wax-like 
1.40 ±
0.27 

0.03 ±
0.00 – – 

Note: “–”: not detected. a: (Xie, Chen, et al., 2023; Xie, Wang, et al., 2023); b: (Fang et al., 2024); c: (Gao et al., 2023); d: (Li et al., 2024); e: (Tian et al., 2023); f: (Lan 
et al., 2021); g: (Liang et al., 2022); h: (Li, Wei, et al., 2023; Li, Wu, et al., 2023; Li, Yuan, et al., 2023; Li, Zhou, et al., 2023); i: (Giri, Osako, & Ohshima, 2010). 
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3.4. Targeted screening of key aroma compounds 

Volatile compounds in food have been noted not only for their aroma 
characteristics but also for their potential health benefits, including anti- 
inflammatory and antioxidant properties, as well as their role in regu-
lating insomnia and other chronic diseases (Ayseli & İpek, 2016; Gu 
et al., 2020; Manyi-Loh et al., 2011). Therefore, the antioxidant and anti- 
inflammatory effects of 14 key volatile compounds in arabica coffee 
husk tea were investigated using network pharmacology. A total of 393 
targets were identified for these 14 compounds, with benzyl alcohol and 

naphthalene showing the highest degree of interaction at 304 (Supple-
mentary Data and Fig. 4a). The network of targets and compounds is 
shown in Fig. S4. These volatile compounds, commonly found in berries 
and characterized by high vapor pressure and low boiling point, are 
typically present in concentrations ranging from parts per billion to 
parts per million. Furthermore, they not only play a crucial role in 
sensory perception but also contribute to various health benefits (Gu 
et al., 2020). Safranal, is a monoterpenoid aldehyde with a sweet aroma, 
has demonstrated excellent antioxidant and anti-inflammatory activities 
by decreasing reduced glutathione (GSH) levels and the activities of 

Fig. 2. 3D and 2D molecular docking diagrams depicting the interaction of 4 core volatiles with olfactory receptors. (a) OR1A1–2-heptanol complex; (b) OR1A1- 
butyrolactone complex; (c) OR5M3-damascenone complex. 
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superoxide dismutase (SOD) and glutathione-S-transferase (GST), while 
also increasing the ratio of interferon-γ (IFN-γ) to interleukin-4 (IL-4) in 
peripheral blood mononuclear cells (Nanda & Madan, 2021). The key 
volatile benzene derivatives identified in coffee husk tea (Table 1), 
including benzyl alcohol, 1-methylnaphthalene, and naphthalene, 
contribute significantly to various biomedical activities such as anti-
viral, antibacterial, antifungal, antitumor, antioxidant, anti- 
inflammatory, and immunomodulatory effects (Manyi-Loh et al., 2011). 

The targets of these compounds were further analyzed using a Venn 
diagram to identify key genes associated with antioxidant and anti- 
inflammatory activities, resulting in the selection of 140 target genes 
(Fig. 4b), with detailed gene information shown in the Supplementary 
Data. A PPI network was constructed with high confidence using the 
STRING database, showing a PPI enrichment p-value of <1.0 × 10− 16 

(Fig. S5). The visualized PPI network comprised 129 nodes and 1154 
edges, with an average node degree of 8.946. Nodes were represented by 
larger size and darker color to indicate their relative importance. Using 
the degree as a screening criterion, the top three target genes identified 
in the antioxidant and anti-inflammatory process were SRC, HSP90AA1, 
and TNF (Fig. 4c). These genes demonstrated distinct separation from 
other genes in the scatter plot, further validating their significance 
(Fig. 4d). SRC family kinases, functioning as nonreceptor tyrosine ki-
nases, are crucial in regulating cell differentiation, proliferation, sur-
vival, adhesion, morphology, and motility. Additionally, they play a role 
in activating the inflammasome (Sekiguchi et al., 2023). Hsp90AA1, a 
member of the Hsp90 family, plays a crucial role in various pathological 
and physiological conditions, including cancer, viral infections, oxida-
tive stress, inflammation, and autoimmune diseases (Radhakrishnan 
et al., 2023). Inhibition of Hsp90 with different pharmacological in-
hibitors could effectively alleviate a range of inflammatory responses, 
including macrophage-mediated pro-inflammatory responses, 
interleukin-1 receptor-associated kinases, TNF, mitogen-activated pro-
tein kinase, and SRC-family kinase activation (Rice et al., 2008). 
Moreover, the TNF family represents a well-established group of factors 
closely associated with inflammation and oxidative stress (Li et al., 2023 
(Li, Wei, et al., 2023; Li, Wu, et al., 2023; Li, Yuan, et al., 2023; Li, Zhou, 

et al., 2023)). Hence, the obtained results confirmed that the selected 
target genes of volatile compounds serve as core candidates for regu-
lating oxidative stress and inflammation. 

3.5. GO and KEGG analysis of core target genes 

The 140 core target genes were further investigated for key pathways 
through GO and KEGG enrichment analysis using the DAVID database. 
The findings revealed 667, 85, and 167 entries associated with biolog-
ical processes (BP), cellular components (CC), and molecular functions 
(MF), respectively. Fig. 4e illustrates the top 10 entries. For example, the 
BP primarily encompassed the cellular response to xenobiotic stimuli, 
positive regulation of apoptotic processes, and responses to lipopoly-
saccharides. Notable CC entries comprised membrane rafts, plasma 
membranes, perinuclear regions of cytoplasm, and related entities. In 
terms of MF, enriched terms primarily involved enzyme binding, RNA 
polymerase II transcription factor activity, and ligand-activated 
sequence-specific DNA binding. Previous studies have demonstrated 
that naturally derived compounds can alleviate oxidative stress and 
inflammatory responses induced by H2O2 and lipopolysaccharide by 
modulating relevant enzyme activity (Cao et al., 2023; Yang et al., 
2021). These findings effectively demonstrated the potential of volatile 
compounds in coffee husk tea to mitigate oxidative stress damage and 
inflammation by influencing various cellular compartments and 
functions. 

Additionally, a total of 135 KEGG signaling pathways associated with 
oxidative damage and inflammation were identified, with the top 10 
pathways illustrated in Fig. 4f. Notably, the targets associated with 
oxidative damage and inflammation mainly participated in chemical 
carcinogenesis, lipid and atherosclerosis, and the TNF signaling 
pathway. The activation of these pathways has been widely documented 
to trigger oxidative stress and prompt inflammatory responses (Cao 
et al., 2023). Interestingly, the targeted screening revealed significant 
identification of TNF proteins within the TNF signaling pathway 
(Fig. 4c-d). Therefore, the findings of this study suggested that volatile 
compounds in coffee husk tea exert their antioxidant and anti- 

Fig. 3. Molecular simulation analysis of 3 key aroma compounds. (a) The variation of complexes root mean square deviation (RMSD) with time; (b) The change of 
complexes radius of gyration (RoG) with time; (c)The change of solvent accessible surface area (SASA) with time; (d) Changes in the number of hydrogen bonds 
between ligands and receptors with time. 
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inflammatory effects by modulating pathways associated with chemical 
carcinogenesis, lipid metabolism, atherosclerosis, and TNF signaling, 
among others. 

3.6. Molecular simulation verification between volatile compound and 
targets 

In molecular interactions, ligand-receptor binding typically involves 
a combination of hydrogen bonds, van der Waals interactions, electro-
static interactions, and alkyl interactions. However, hydrogen bonding 

Fig. 4. Targeted screening of 14 different compounds. (a) Volatile compounds degree of coffee husk tea; (b) Venn diagram analysis of target genes; (c) core genes PPI 
network; (d) the scatter plot of core genes degree; (e) GO analysis of core genes; (f) KEGG enrichment analysis of core genes. C1-C14 represents hexanal, octanal, 
furfural, 2-heptanol, 2,3-butanediol, benzyl alcohol, 6-methyl-5-hepten-2-one, butyrolactone, damascenone, 1-methylnaphthalene, naphthalene, 1H-pyrazole, 4,5- 
dihydro-5,5-dimethyl-4-isopropylidene-, 2,2,4,6,6-pentamethylheptane, 1-octadecanesulphonyl chloride. 
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is widely recognized as the primary force in this interaction (Asghar-
zadeh et al., 2024). Table S3 presents the binding affinity of the top 3 
screened their respective targets with benzyl alcohol. The results 
showed that benzyl alcohol binds to the HSP90AA1, TNF, and SRC re-
ceptors with the binding energy of − 4.7, − 5,2,and − 4.5 kcal/mol, 
respectively. Furthermore, the targets-benzyl alcohol complexes are 
primarily stabilized by van der Waals, Pi-sigma, Pi-alkyl, and Pi-cation 
interactions and hydrogen bonds (Fig. 5). A previous study has re-
ported the significance of van der Waals forces and Pi bonding in-
teractions in facilitating strong binding between ligands and receptors 
(Zheng et al., 2023). Among the three complexes, the most interaction is 
van der Waals interaction, followed by hydrogen bond interaction 
(Fig. 5a-c). In particular, TNF-benzyl alcohol complex only demonstrates 
van der Waals interactions and hydrogen bond interactions (Fig. 5b). 

The stability of these three complexes was further investigated 
through molecular dynamics simulations to validate their binding af-
finities. As shown in Fig. 6a, both the HSP90AA1-benzyl alcohol and 
TNF-benzyl alcohol complexes exhibited lower RMSD values (0.15–0.30 
Å) compared to the SRC-benzyl alcohol complex (1–0.45 Å). Notably, 
the TNF-benzyl alcohol complex exhibited the largest RoG (21.5 Å) and 
SASA (180–200 Å), suggesting a higher binding potential and stability 

between the TNF target and benzyl alcohol within 0–100 ns timeframe 
(Fig. 6b-c). Throughout the 100 ns simulation, the number of hydrogen 
bonds was observed in the three complexes range from 0 to 7 (Fig. 6d), 
indicating the crucial role played by hydrogen bonding during benzyl 
alcohol binding to the targets. The increase in SASA, hydrogen bonding, 
and RoG indicated enhanced exposure of the amino acid residues to the 
aqueous environment, thereby facilitating interaction with surrounding 
solvent molecules (Asgharzadeh et al., 2024). In addition, the RMSD, 
RoG, SASA, and hydrogen bonds of the three complexes were basically 
stable during the 100 ns simulation, indicating that the ligands-receptors 
binding was stable. Therefore, these results suggested that the key vol-
atile compounds have the potential to bind to core targets and alleviate 
oxidative stress and inflammation. 

4. Conclusion 

The present study comprehensively analyzed the key volatile com-
pounds in arabica coffee husk tea, explored their olfactory properties, 
and assessed their potential antioxidant and anti-inflammatory effects. 
Sensory evaluation outcomes indicated differences between samples 
from the C and FC groups. A total of 14 volatile compounds were 

Fig. 5. 3D and 2D molecular docking diagrams of core targets with benzyl alcohol. (a) HSP90AA1-benzyl alcohol complex; (b) TNF-benzyl alcohol complex; (c) SRC- 
benzyl alcohol complex. 
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identified as the significantly different, including 3 aldehydes, 3 alco-
hols, 3 ketones, 2 naphthalenes, and 3 others. Among these, 5 key aroma 
compounds (ROAV≥1) were identified. Furthermore, three key differ-
ential compounds (ROAV≥1) were successfully modeled to form stable 
complexes with olfactory receptors through molecular docking. Subse-
quent molecular dynamics simulations validated the stability of these 
complexes. Furthermore, our investigation revealed that 140 crucial 
genes associated with oxidative stress and inflammation could be 
potentially targeted by the 14 identified volatile compounds. These 
genes are associated with 919 GO terms and 135 KEGG signaling 
pathways. Through molecular docking and molecular dynamics simu-
lations, it was established that the volatile components present in coffee 
husk tea may exhibit antioxidant and anti-inflammatory effects by 
interacting with core receptors through van der Waals, Pi-sigma, Pi- 
alkyl, and Pi-cation interaction forces. However, it is essential to note 
that these findings are based solely on computational predictions and 
require further validation through in vivo and in vitro experiments. 
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